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 Preface to the Third Edition Almost a decade has gone by since the second edition of this book was published. The fundamental understanding of fiber reinforcement has not changed, but many new advancements have taken place in the materials area, especially after the discovery of carbon nanotubes in 1991. There has also been increasing applications of composite materials, which started mainly in the aerospace industry in the 1950s, but now can be seen in many nonaerospace industries, including consumer goods, automotive, power transmission, and biomedical. It is now becoming a part of the ‘‘regular’’ materials vocabulary. The third edition is written to update the book with recent advancements and applications. Almost all the chapters in the book have been extended with new information, example problems and chapter-end problems. Chapter 1 has been rewritten to show the increasing range of applications of fiber-reinforced polymers and emphasize the material selection process. Chapter 2 has two new sections, one on natural fibers and the other on fiber architecture. Chapter 7 has a new section on carbon–carbon composites. Chapter 8 has been added to introduce polymer-based nanocomposites, which are the most recent addition to the composite family and are receiving great attention from both researchers as well as potential users. As before, I have tried to maintain a balance between materials, mechanics, processing and design of fiber-reinforced composites. This book is best-suited for senior-level undergraduate or first-level graduate students, who I believe will be able to acquire a broad knowledge on composite materials from this book. Numerous example problems and chapter-end problems will help them better understand and apply the concepts to practical solutions. Numerous references cited in the book will help them find additional research information and go deeper into topics that are of interest to them. I would like to thank the students, faculty and others who have used the earlier editions of this book in the past. I have received suggestions and encouragement from several faculty on writing the third edition—thanks to them. Finally, the editorial and production staff of the CRC Press needs to be acknowledged for their work and patience—thanks to them also. P.K. Mallick
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 1
 
 Introduction
 
 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 (boundaries) 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 fiberreinforced 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. The matrix material may be a polymer, a metal, or a ceramic. Various chemical compositions 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 laminates, 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 discussed; 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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 commercial interest is classified as particulate composites. The major constituents in these composites are particles of mica, silica, glass spheres, calcium carbonate, and others. In general, these particles do not contribute to the loadcarrying capacity of the material and act more like a filler than a reinforcement for the matrix. Particulate composites, by themselves, deserve a special attention and are not addressed in this book. Another type of composites that have the potential of becoming an important material in the future is the nanocomposites. Even though nanocomposites are in the early stages of development, they are now receiving a high degree of attention from academia as well as a large number of industries, including aerospace, automotive, and biomedical industries. The reinforcement in nanocomposites is either nanoparticles, nanofibers, or carbon nanotubes. The effective diameter of these reinforcements is of the order of 109 m, whereas the effective diameter of the reinforcements used in traditional fiber-reinforced composites is of the order of 106 m. The nanocomposites are introduced in Chapter 8.
 
 1.2 GENERAL CHARACTERISTICS Many fiber-reinforced polymers offer a combination of strength and modulus that are either comparable to or better than many traditional metallic materials. Because of their low density, the strength–weight ratios and modulus–weight ratios of these composite materials are markedly superior to those of metallic materials (Table 1.1). In addition, fatigue strength as well as fatigue damage tolerance of many composite laminates are excellent. For these reasons, fiberreinforced 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 considered isotropic, since they exhibit equal or nearly equal properties irrespective of the direction of measurement. In general, the properties of a fiber-reinforced composite depend strongly on the direction of measurement, and therefore, they are not isotropic materials. For example, the tensile strength and modulus of a unidirectionally oriented fiber-reinforced polymer are maximum when these properties are measured in the longitudinal direction of fibers. At any other angle of measurement, 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
 
 ß 2007 by Taylor & Francis Group, LLC.
 
 ß 2007 by Taylor & Francis Group, LLC.
 
 TABLE 1.1 Tensile Properties of Some Metallic and Structural Composite Materials
 
 Materiala SAE 1010 steel (cold-worked) AISI 4340 steel (quenched and tempered) 6061-T6 aluminum alloy 7178-T6 aluminum alloy Ti-6A1-4V titanium alloy (aged) 17-7 PH stainless steel (aged) INCO 718 nickel alloy (aged) High-strength carbon fiber–epoxy matrix (unidirectional)a High-modulus carbon fiber–epoxy matrix (unidirectional) E-glass fiber–epoxy matrix (unidirectional) Kevlar 49 fiber–epoxy matrix (unidirectional) Boron fiber-6061 A1 alloy matrix (annealed) Carbon fiber–epoxy matrix (quasi-isotropic) Sheet-molding compound (SMC) composite (isotropic) a
 
 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
 
 7.87 7.87 2.70 2.70 4.43 7.87 8.2 1.55
 
 207 (30) 207 (30) 68.9 (10) 68.9 (10) 110 (16) 196 (28.5) 207 (30) 137.8 (20)
 
 365 (53) 1722 (250) 310 (45) 606 (88) 1171 (170) 1619 (235) 1399 (203) 1550 (225)
 
 303 (44) 1515 (220) 275 (40) 537 (78) 1068 (155) 1515 (220) 1247 (181) —
 
 2.68 2.68 2.60 2.60 2.53 2.54 2.57 9.06
 
 4.72 22.3 11.7 22.9 26.9 21.0 17.4 101.9
 
 1.63
 
 215 (31.2)
 
 1240 (180)
 
 —
 
 13.44
 
 77.5
 
 1.85 1.38 2.35 1.55 1.87
 
 39.3 (5.7) 75.8 (11) 220 (32) 45.5 (6.6) 15.8 (2.3)
 
 965 (140) 1378 (200) 1109 (161) 579 (84) 164 (23.8)
 
 — — — —
 
 2.16 5.60 9.54 2.99 0.86
 
 53.2 101.8 48.1 38 8.9
 
 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.
 
 properties in different directions. However, the nonisotropic nature of a fiberreinforced composite material creates a unique opportunity of tailoring its properties according to the design requirements. This design flexibility can be used to selectively reinforce a structure in the directions of major stresses, increase its stiffness in a preferred direction, fabricate curved panels without any secondary forming operation, or produce structures with zero coefficients of thermal expansion. The use of fiber-reinforced polymer as the skin material and a lightweight core, such as aluminum honeycomb, plastic foam, metal foam, and balsa wood, to build a sandwich beam, plate, or shell provides another degree of design flexibility that is not easily achievable with metals. Such sandwich construction can produce high stiffness with very little, if any, increase in weight. Another sandwich construction in which the skin material is an aluminum alloy and the core material is a fiber-reinforced polymer has found widespread use in aircrafts and other applications, primarily due to their higher fatigue performance and damage tolerance than aluminum alloys. In addition to the directional dependence of properties, there are a number of other differences between structural metals and fiber-reinforced composites. For example, metals in general exhibit yielding and plastic deformation. Most fiber-reinforced composites are elastic in their tensile stress–strain characteristics. However, the heterogeneous nature of these materials provides mechanisms for energy absorption on a microscopic scale, which is comparable to the yielding process. Depending on the type and severity of external loads, a composite laminate may exhibit gradual deterioration in properties 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. However, the differences in thermal expansion between metals and composite materials 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 combination of their high thermal conductivity–weight ratio (Table 1.2) and low CTE. 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 Plain carbon steels Copper Aluminum alloys Ti-6Al-4V titanium alloy Invar K1100 carbon fiber–epoxy matrix Glass fiber–epoxy matrix SiC particle-reinforced aluminum
 
 Density (g=cm3) 7.87 8.9 2.7 4.43 8.05 1.8 2.1 3
 
 Coefficient of Thermal Expansion (106=8C) 11.7 17 23.5 8.6 1.6 1.1 11–20 6.2–7.3
 
 Thermal Conductivity (W=m8K)
 
 Ratio of Thermal Conductivity to Weight (103 m4=s3 8K)
 
 52 388 130–220 6.7 10 300 0.16–0.26 170–220
 
 6.6 43.6 48.1–81.5 1.51 1.24 166.7 0.08–0.12 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 behavior 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 different 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
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 processes, such as filament winding and pultrusion, used for making many fiber-reinforced polymer parts, either reduce or eliminate the finishing operations such as machining and grinding, which are commonly required as finishing operations for cast or forged metallic parts.
 
 1.3 APPLICATIONS Commercial and industrial applications of fiber-reinforced polymer composites are so varied that it is impossible to list them all. In this section, we highlight only the major structural application areas, which include aircraft, space, automotive, sporting goods, marine, and infrastructure. Fiber-reinforced polymer composites are also used in electronics (e.g., printed circuit boards), building construction (e.g., floor beams), furniture (e.g., chair springs), 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 fracture fixation, implants, and prosthetics), and in many industrial products, such as step ladders, oxygen tanks, and power transmission shafts. Potential use of fiber-reinforced composites exists in many engineering fields. Putting them to actual use requires careful design practice and appropriate process development based on the understanding of their unique mechanical, physical, and thermal characteristics.
 
 1.3.1 AIRCRAFT
 
 AND
 
 MILITARY APPLICATIONS
 
 The major structural applications for fiber-reinforced composites are in the field of military and commercial aircrafts, for which weight reduction is critical for higher speeds and increased payloads. Ever since the production application of boron fiber-reinforced epoxy skins for F-14 horizontal stabilizers in 1969, the use of fiber-reinforced polymers has experienced a steady growth in the aircraft industry. With the introduction of carbon fibers in the 1970s, carbon fiber-reinforced epoxy has become the primary material in many wing, fuselage, and empennage components (Table 1.3). The structural integrity and durability of these early components have built up confidence in their performance and prompted developments of other structural aircraft components, 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 fiberreinforced 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.
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 TABLE 1.3 Early Applications of Fiber-Reinforced Polymers in Military Aircrafts
 
 Aircraft F-14 (1969) F-11 F-15 (1975) F-16 (1977) F=A-18 (1978)
 
 AV-8B (1982)
 
 Component
 
 Material
 
 Overall Weight Saving Over Metal Component (%)
 
 Skin on the horizontal stabilizer box Under the wing fairings Fin, rudder, and stabilizer skins Skins on vertical fin box, fin leading edge Wing skins, horizontal and vertical tail boxes; wing and tail control surfaces, etc. Wing skins and substructures; forward fuselage; horizontal stabilizer; flaps; ailerons
 
 Boron fiber–epoxy
 
 19
 
 Carbon fiber–epoxy Boron fiber–epoxy Carbon fiber–epoxy
 
 25 23
 
 Carbon fiber–epoxy
 
 35
 
 Carbon fiber–epoxy
 
 25
 
 Source: Adapted from Riggs, J.P., Mater. Soc., 8, 351, 1984.
 
 The composite applications on commercial aircrafts began with a few selective secondary structural components, all of which were made of a highstrength carbon fiber-reinforced epoxy (Table 1.4). They were designed and produced under the NASA Aircraft Energy Efficiency (ACEE) program and were installed in various airplanes during 1972–1986 [1]. By 1987, 350 composite components were placed in service in various commercial aircrafts, and over the next few years, they accumulated millions of flight hours. Periodic inspection and evaluation of these components showed some damages caused by ground handling accidents, foreign object impacts, and lightning strikes.
 
 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 Boeing 727 737 737 756
 
 Component
 
 Weight (lb)
 
 Weight Reduction (%)
 
 Elevator face sheets Horizontal stabilizer Wing spoilers Ailerons, rudders, elevators, fairings, etc.
 
 98 204 — 3340 (total)
 
 25 22 37 31
 
 Comments
 
 10 units installed in 1980 Installed in 1973
 
 McDonnell-Douglas DC-10 Upper rudder DC-10 Vertical stabilizer
 
 67 834
 
 26 17
 
 13 units installed in 1976
 
 Lockheed L-1011 Aileron L-1011 Vertical stabilizer
 
 107 622
 
 23 25
 
 10 units installed in 1981
 
 Apart from these damages, there was no degradation of residual strengths due to either fatigue or environmental exposure. A good correlation was found between the on-ground environmental test program and the performance of the composite components after flight exposure. Airbus was the first commercial aircraft manufacturer to make extensive use of composites in their A310 aircraft, which was introduced in 1987. The composite components weighed about 10% of the aircraft’s weight and included such components as the lower access panels and top panels of the wing leading edge, outer deflector doors, nose wheel doors, main wheel leg fairing doors, engine cowling panels, elevators and fin box, leading and trailing edges of fins, flap track fairings, flap access doors, rear and forward wing–body fairings, pylon fairings, nose radome, cooling air inlet fairings, tail leading edges, upper surface skin panels above the main wheel bay, glide slope antenna cover, and rudder. The composite vertical stabilizer, which is 8.3 m high by 7.8 m wide at the base, is about 400 kg lighter than the aluminum 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 cone, vertical stabilizer, and horizontal stabilizer. Figure 1.2 schematically shows the composite usage in Airbus A380 introduced in 2006. About 25% of its weight is made of composites. Among the major composite components 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.
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 Wing box
 
 Vertical stabilizer
 
 Outer wing Ailerons
 
 Pressure bulkhead
 
 Tail cone Horizontal stabilizer
 
 Flap track fairings Outer flap
 
 Keel beam
 
 Fixed leading edge upper and lower panels
 
 Belly fairing skins Over-wing panel Trailing edge upper and lower panels and shroud box
 
 Radome Nose landing gear doors
 
 Outer boxes
 
 Main and center landing gear doors
 
 Main landing gear leg fairing door
 
 Spoilers Pylon fairings, nacelles, and cowlings
 
 Central torsion box
 
 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
 
 Outboard aileron
 
 Leading and trailing edge panels
 
 Outboard flap Wing fixed leading edge
 
 Fin torque box
 
 Rudder
 
 Trailing edge panels
 
 Elevator Stabilizer torque box
 
 Strut–Fwd and aft fairing
 
 Floor beams Wing landing gear doors Flaps
 
 Nose radome Nose gear doors
 
 Flaperon
 
 Inboard and outboard spoilers
 
 Engine cowlings
 
 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 composite 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 firstever 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 helicopters 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 controlled by varying the type, concentration, distribution, as well as orientation of fibers along the blade’s chord length. Another advantage of using fiberreinforced 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 aircraft’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 aluminum 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 of mechanical properties and CTE has 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 other modules. Carbon fiber-reinforced epoxies are preferred over metals or metal matrix composites because of their lower weight as well as very low CTE. 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 environment 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 formation. 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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 components. Exterior body components, such as the hood or door panels, require high stiffness and damage tolerance (dent resistance) as well as a ‘‘Class A’’ surface finish for appearance. The composite material used for these components is E-glass fiber-reinforced sheet molding compound (SMC) composites, in which discontinuous glass fibers (typically 25 mm in length) are randomly dispersed in a polyester or a vinyl ester resin. E-glass fiber is used instead of carbon fiber because of its significantly lower cost. The manufacturing process used for making SMC parts is called compression molding. One of the design requirements for many exterior body panels is the ‘‘Class A’’ surface finish, which is not easily achieved with compression-molded SMC. This problem is usually overcome by in-mold coating of the exterior molded surface with a flexible resin. However, there are many underbody and under-the-hood components in which the external appearance is not critical. Examples 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 applications 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 reduction, 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.)
 
 radiator support is typically made of two SMC parts bonded together by an adhesive instead of 20 or more steel parts assembled together by large number of screws. The material in the composite radiator support is randomly oriented discontinuous E-glass fiber-reinforced vinyl ester. Another example of parts integration can be found in the station wagon tailgate assembly [9], which has significant load-bearing requirements in the open position. The composite tailgate consists of two pieces, an outer SMC shell and an inner reinforcing SMC piece. They are bonded together using a urethane adhesive. The composite tailgate replaces a seven-piece steel tailgate assembly, at about one-third its weight. The material for both the outer shell and the inner reinforcement is a randomly oriented discontinuous E-glass fiber-reinforced polyester. Another manufacturing process for making composite body panels in the automotive industry is called the structural reaction injection molding (SRIM). The fibers in these parts are usually randomly oriented discontinuous E-glass fibers and the matrix is a polyurethane or polyurea. Figure 1.7 shows the photograph of a one-piece 2 m long cargo box that is molded using this process. The wall thickness of the SRIM cargo box is 3 mm and its one-piece construction 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. Development 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 automotive applications are significantly different from those for aircraft applications. 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 laborintensive 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 composites; however, the curing time for epoxy resin is very long, which means the production time for epoxy matrix composites is also very long. For this reason, epoxy is not considered the primary matrix material in automotive composites. The polymer matrix used in automotive applications is either a polyester, a vinyl ester, or polyurethane, all of which require significantly lower curing time than epoxy. The high cost of carbon fibers has prevented their use in the cost-conscious automotive industry. Instead of carbon fibers, E-glass fibers are used in automotive composites because of their significantly lower cost. Even with E-glass fiber-reinforced composites, the cost-effectiveness issue has remained particularly critical, since the basic material of construction in present-day automobiles is low-carbon steel, which is much less expensive than most fiber-reinforced composites on a unit weight basis. Although glass fiber-reinforced polymers are the primary composite materials used in today’s automobiles, it is well recognized that significant vehicle weight reduction needed for improved fuel efficiency can be achieved only with carbon fiber-reinforced polymers, since they have much higher strength–weight and modulus–weight ratios. The problem is that the current carbon fiber price, at $16=kg or higher, is not considered cost-effective for automotive applications. Nevertheless, many attempts have been made in the past to manufacture structural automotive parts using carbon fiber-reinforced polymers; unfortunately most of them did not go beyond the stages of prototyping and structural testing. Recently, several high-priced vehicles have started using carbon fiberreinforced polymers in a few selected components. One recent example of this is seen in the BMW M6 roof panel (Figure 1.8), which was produced by a process called resin transfer molding (RTM). This panel is twice as thick as a comparable steel panel, but 5.5 kg lighter. One added benefit of reducing the weight of the roof panel is that it slightly lowers the center of gravity of the vehicle, which is important for sports coupe. Fiber-reinforced composites have become the material of choice in motor sports where lightweight structure is used for gaining competitive advantage of higher speed [11] and cost is not a major material selection decision factor. The first major application of composites in race cars was in the 1950s when glass fiber-reinforced polyester was introduced as replacement for aluminum body panels. Today, the composite material used in race cars is mostly carbon fiberreinforced epoxy. All major body, chassis, interior, and suspension components in today’s Formula 1 race cars use carbon fiber-reinforced epoxy. Figure 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. (Photograph 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 SPORTING GOODS APPLICATIONS Fiber-reinforced polymers are extensively used in sporting goods ranging from tennis rackets to athletic shoes (Table 1.5) and are selected over such traditional materials as wood, metals, and leather in many of these applications [12]. The advantages of using fiber-reinforced polymers are weight reduction, vibration damping, and design flexibility. Weight reduction achieved by substituting carbon fiber-reinforced epoxies for metals leads to higher speeds and quick maneuvering in competitive sports, such as bicycle races and canoe races. In some applications, such as tennis rackets or snow skis, sandwich constructions of carbon or boron fiber-reinforced epoxies as the skin material and a soft, lighter weight urethane foam as the core material produces a higher weight reduction without sacrificing stiffness. Faster damping of vibrations provided by fiber-reinforced polymers reduces the shock transmitted 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 high stiffness–weight ratio of fiberreinforced composites is used to store high elastic energy per unit weight, which helps in propelling the arrow over a longer distance or the pole-vaulter to jump a greater height. Some of these applications are described later. Bicycle frames for racing bikes today are mostly made of carbon fiberreinforced epoxy tubes, fitted together by titanium fittings and inserts. An example is shown in Figure 1.10. The primary purpose 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 additional weight in the club head, which results in faster swing and longer drive. Glass fiber-reinforced epoxy is preferred over wood and aluminum in polevault 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 deformation 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 affordable 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 components are constructed using carbon fiber-reinforced epoxy laminates and sandwich 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 polyethylene 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 commissioned a 24 m long combat ship, called Stiletto, in which carbon fiberreinforced epoxy will be the primary material of construction. The selection
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 of carbon fiber-reinforced epoxy is based on the design requirements of lightweight and high strength needed for high speed, maneuverability, range, and payload capacity of these ships. Their stealth characteristics are also important in minimizing radar reflection.
 
 1.3.6 INFRASTRUCTURE Fiber-reinforced polymers have a great potential for replacing reinforced concrete and steel in bridges, buildings, and other civil infrastructures [15]. The principal reason for selecting these composites is their corrosion resistance, which leads to longer life and lower maintenance and repair costs. Reinforced concrete bridges tend to deteriorate after several years of use because of corrosion of steel-reinforcing bars (rebars) used in their construction. The corrosion problem is exacerbated because of deicing salt spread on the bridge road surface in winter months in many parts of the world. The deterioration can become so severe that the concrete surrounding the steel rebars can start to crack (due to the expansion of corroding steel bars) and ultimately fall off, thus weakening the structure’s load-carrying capacity. The corrosion problem does not exist with fiber-reinforced polymers. Another advantage of using fiberreinforced polymers for large bridge structures is their lightweight, which means lower dead weight for the bridge, easier transportation from the production factory (where the composite structure can be prefabricated) to the bridge location, easier hauling and installation, and less injuries to people in case of an earthquake. With lightweight construction, it is also possible to design bridges with longer span between the supports. One of the early demonstrations of a composite traffic bridge was made in 1995 by Lockheed Martin Research Laboratories in Palo Alto, California. The bridge deck was a 9 m long 3 5.4 m wide quarter-scale section and the material selected was E-glass fiber-reinforced polyester. The composite deck was a sandwich laminate of 15 mm thick E-glass fiber-reinforced polyester face sheets and a series of E-glass fiber-reinforced polyester tubes bonded together to form the core. The deck was supported on three U-shaped beams made of E-glass fabric-reinforced polyester. The design was modular and the components were stackable, which simplified both their transportation and assembly. 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. Another example of a composite bridge structure is shown 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 twolayer 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 adhesive, 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 stiffness and strength. The strengthening of reinforced concrete columns in earthquake 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 maintenance, 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 consideration. 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, buckling, excessive deflection, fatigue, creep, corrosion, thermal failure due to overheating, 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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 application of the load. If, on the other hand, there is a possibility of brittle failure because of the influence of the operating environmental conditions, fracture toughness is the material property to consider. In many designs the performance requirement may include stiffness, which is defined as load per unit deformation. Stiffness should not be confused with modulus, since stiffness depends not only on the modulus of the material (which is a material property), but also on the design. For example, the stiffness of a straight beam with solid circular cross section depends not only on the modulus of the material, but also on its length, diameter, and how it is supported (i.e., boundary conditions). For a given beam length and support conditions, the stiffness of the beam with solid circular cross section is proportional to Ed 4, where E is the modulus of the beam material and d is its diameter. Therefore, the stiffness of this beam can be increased by either selecting a higher modulus material, or increasing the diameter, or doing both. Increasing the diameter is more effective in increasing the stiffness, but it also increases the weight and cost of the beam. In some designs, it may be possible to increase the beam stiffness by incorporating other design features, such as ribs, or by using a sandwich construction. In designing structures with minimum mass or minimum cost, material properties must be combined with mass density (r), cost per unit mass ($=kg), and so on. For example, if the design objective for a tension linkage or a tie bar is to meet the stiffness performance criterion with minimum mass, the material 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 depends on the application and the design objective. Table 1.6 lists 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 stiffnesscritical structures. This can be easily verified by comparing the values of 1=3 the material index Er 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 Material Index Constraints
 
 Design Variable
 
 Round tie bar loaded in axial tension
 
 Length fixed
 
 Diameter
 
 E r
 
 Sf r
 
 Rectangular beam loaded in bending
 
 Length and width fixed
 
 Height
 
 E 1=3 r
 
 Sf r
 
 Round bar or shaft loaded in torsion
 
 Length fixed
 
 Diameter
 
 G1=2 r
 
 Sf r
 
 Flat plate loaded in bending
 
 Length and width fixed
 
 Thickness
 
 E 1=3 r
 
 Sf r
 
 Round column loaded in compression
 
 Length
 
 Diameter
 
 E 1=2 r
 
 Sf r
 
 Structure
 
 Stiffness-Critical Design
 
 Strength-Critical Design
 
 1=2
 
 2=3
 
 1=2
 
 Source: Adapted from Ashby, M.F., Material Selection in Mechanical Design, 3rd Ed., Elsevier, Oxford, UK, 2005. Note: r ¼ mass density, E ¼ Young’s modulus, G ¼ shear modulus, and Sf ¼ strength.
 
 Weight reduction is often the principal consideration for selecting fiberreinforced 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 fiberreinforced 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
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 selecting carbon fiber-reinforced epoxy or polyether ether ketone (PEEK) for such an application [18,19].
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 PROBLEMS* P1.1. The modulus and tensile strength of a SMC composite are reported as 15 GPa and 230 MPa, respectively. Assuming that the density of the SMC is 1.85 g=cm3, calculate the strength–weight ratio and modulus– weight ratio for the composite. P1.2. The material of a tension member is changed from AISI 4340 steel to a unidirectional high-modulus (HM) carbon fiber-reinforced epoxy. 1. Calculate the ratio of the cross-sectional areas, axial stiffnesses, and weights of these two members for equal load-carrying capacities 2. Calculate the ratio of the cross-sectional areas, load-carrying capacities, and weights of these two members for equal axial stiffness (Hint: Load ¼ strength 3 cross-sectional area, and axial stiffness ¼ modulus 3 cross-sectional area) P1.3. Compare the heights and weights of three rectangular 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 length and width. (Hint: The bending stiffness is proportional to Eh3 and the bending moment is proportional to Sh2, where E, S, and h are the modulus, strength, and height, respectively.) P1.4. Calculate the flexural (bending) stiffness ratio of two cantilever beams of equal weight, one made of AISI 4340 steel and the other made of a unidirectional high-modulus carbon fiber–epoxy composite. Assume that both beams have the same length and width, but different heights. If the beams were simply supported instead of fixed at one end like a cantilever beam, how will the ratio change? P1.5. In a certain application, a steel beam of round cross section (diameter ¼ 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, highmodulus carbon fiber, and Kevlar 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 wn ¼ fundamental natural frequency C ¼ a constant that depends on the beam support conditions E ¼ modulus of the beam material I ¼ moment of inertia of the beam cross section m ¼ mass 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 (thickness ¼ 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 , where E is the modulus of the panel material, n is the 12(1  n2 ) Poisson’s ratio of the panel material, and h is the panel thickness. The following is known for the two materials:
 
 Modulus (GPa) Poisson’s ratio Density (g=cm3) Cost ($=kg)
 
 Steel
 
 SMC
 
 207 0.30 7.87 0.80
 
 16 0.30 1.85 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?
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 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 proportional 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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 2
 
 Materials
 
 Major constituents in a fiber-reinforced composite material are the reinforcing fibers and a matrix, which acts as a binder for the fibers. Other constituents that may also be found are coupling agents, coatings, and fillers. Coupling agents and coatings are applied on the fibers to improve their wetting with the matrix as well as to promote bonding across the fiber–matrix interface. Both in turn promote a better load transfer between the fibers and the matrix. Fillers are used with some polymeric matrices primarily to reduce cost and improve their dimensional stability. Manufacturing of a composite structure starts with the incorporation of a large number of fibers into a thin layer of matrix to form a lamina (ply). The thickness of a lamina is usually in the range of 0.1–1 mm (0.004–0.04 in.). If continuous (long) fibers are used in making the lamina, they may be arranged either in a unidirectional orientation (i.e., all fibers in one direction, Figure 2.1a), in a bidirectional orientation (i.e., fibers in two directions, usually normal to each other, Figure 2.1b), or in a multidirectional orientation (i.e., fibers in more than two directions, Figure 2.1c). The bi- or multidirectional orientation of fibers is obtained by weaving or other processes used in the textile industry. The bidirectional orientations in the form of fabrics are shown in Appendix A.1. For a lamina containing unidirectional fibers, the composite material has the highest strength and modulus in the longitudinal direction of the fibers. However, in the transverse direction, its strength and modulus are very low. For a lamina containing bidirectional fibers, the strength and modulus can be varied using different amounts of fibers in the longitudinal and transverse directions. For a balanced lamina, these properties are the same in both directions. A lamina can also be constructed using discontinuous (short) fibers in a matrix. The discontinuous fibers can be arranged either in unidirectional orientation (Figure 2.1c) or in random orientation (Figure 2.1d). Discontinuous fiber-reinforced composites have lower strength and modulus than continuous fiber composites. However, with random orientation of fibers (Figure 2.1e), it is possible to obtain equal mechanical and physical properties in all directions in the plane of the lamina. The thickness required to support a given load or to maintain a given deflection in a fiber-reinforced composite structure is obtained by stacking several laminas in a specified sequence and then consolidating them to form a laminate. Various laminas in a laminate may contain fibers either all in one
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 Constituents Fibers + matrix + coupling agent or fiber surface coating + fillers and other additives
 
 Lamina (thin ply or layer)
 
 (a) Unidirectional continuous fibers (b) Bidirectional continuous fibers (c) Multidirectional continuous fibers
 
 (d) Unidirectional discontinuous fibers (e) Random discontinuous fibers
 
 Laminate (consolidated stack of many layers)
 
 FIGURE 2.1 Basic building blocks in fiber-reinforced composites.
 
 direction or in different directions. It is also possible to combine different kinds of fibers to form either an interply or an intraply hybrid laminate. An interply hybrid laminate consists of different kinds of fibers in different laminas, whereas an intraply hybrid laminate consists of two or more different kinds of fibers interspersed in the same lamina. Generally, the same matrix is used throughout the laminate so that a coherent interlaminar bond is formed between the laminas. Fiber-reinforced polymer laminas can also be combined with thin aluminum or other metallic sheets to form metal–composite hybrids, commonly known as fiber metal laminates (FML). Two such commercial metal–composite hybrids are ARALL and GLARE. ARALL uses alternate layers of aluminum sheets and unidirectional aramid fiber–epoxy laminates
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 1
 
 2
 
 3 4
 
 5
 
 Nominal thickness = 1.3 mm
 
 Construction of a 3/2 ARALL Layers 1, 3, and 5: Aluminum alloy sheet (each 0.3 mm thick) Layers 2 and 4: Unidirectional aramid fiber/epoxy laminate (each 0.2 mm thick)
 
 FIGURE 2.2 Construction of an ARALL laminate.
 
 (Figure 2.2). GLARE uses alternate layers of aluminum sheets and either unidirectional or bidirectional S-glass fiber–epoxy laminates. Both metal– composite hybrids have been primarily developed for aircraft structures such as wing panels and fuselage sections.
 
 2.1 FIBERS Fibers are the principal constituents in a fiber-reinforced composite material. They occupy the largest volume fraction in a composite laminate and share the major portion of the load acting on a composite structure. Proper selection of the fiber type, fiber volume fraction, fiber length, and fiber orientation is very important, since it influences the following characteristics of a composite laminate: 1. 2. 3. 4. 5. 6.
 
 Density Tensile strength and modulus Compressive strength and modulus Fatigue strength as well as fatigue failure mechanisms Electrical and thermal conductivities Cost
 
 A number of commercially available fibers and their properties are listed in Table 2.1. The first point to note in this table is the extremely small filament diameter for the fibers. Since such small sizes are difficult to handle, the useful form of commercial fibers is a bundle, which is produced by gathering a large number of continuous filaments, either in untwisted or twisted form. The untwisted form is called strand or end for glass and Kevlar fibers and tow for carbon fibers (Figure 2.3a). The twisted form is called yarn (Figure 2.3b). Tensile properties listed in Table 2.1 are the average values reported by the fiber manufacturers. One of the test methods used for determining the tensile properties of filaments is the single filament test. In this test method, designated as ASTM D3379, a single filament is mounted along the centerline of a slotted
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 TABLE 2.1 Properties of Selected Commercial Reinforcing Fibers
 
 Fiber
 
 Typical Diameter (mm)a
 
 Density (g=cm3)
 
 Tensile Modulus GPa (Msi)
 
 Tensile Strength GPa (ksi)
 
 Strain-to-Failure (%)
 
 Coefficient of Thermal Expansion (106=8C)b
 
 Poisson’s Ratio
 
 Glass E-glass S-glass
 
 10 (round) 10 (round)
 
 2.54 2.49
 
 72.4 (10.5) 86.9 (12.6)
 
 3.45 (500) 4.30 (625)
 
 4.8 5.0
 
 5 2.9
 
 0.2 0.22
 
 PAN carbon T-300c
 
 7 (round)
 
 1.76
 
 231 (33.5)
 
 3.65 (530)
 
 1.4
 
 0.6 (longitudinal) 7–12 (radial)
 
 0.2
 
 AS-1d AS-4d T-40c IM-7d HMS-4d GY-70e
 
 8 (round) 7 (round) 5.1 (round) 5 (round) 8 (round) 8.4 (bilobal)
 
 1.80 1.80 1.81 1.78 1.80 1.96
 
 228 (33) 248 (36) 290 (42) 301 (43.6) 345 (50) 483 (70)
 
 3.10 (450) 4.07 (590) 5.65 (820) 5.31 (770) 2.48 (360) 1.52 (220)
 
 1.32 1.65 1.8 1.81 0.7 0.38
 
 Pitch carbon P-55c P-100c
 
 10 10
 
 2.0 2.15
 
 380 (55) 758 (110)
 
 1.90 (275) 2.41 (350)
 
 0.5 0.32
 
 1.3 (longitudinal) 1.45 (longitudinal)
 
 Aramid Kevlar 49f
 
 11.9 (round)
 
 1.45
 
 131 (19)
 
 3.62 (525)
 
 2.8
 
 2 (longitudinal) 59 (radial)
 
 1.47 1.39
 
 179 (26) 70 (10.1)
 
 3.45 (500) 3.0 (435)
 
 1.9 4.6
 
 Kevlar 149f Technorag
 
 0.75 (longitudinal)
 
 6 (longitudinal)
 
 0.35
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 Extended chain polyethylene Spectra 900h Spectra 1000h
 
 38 27
 
 0.97 0.97
 
 117 (17) 172 (25)
 
 2.59 (375) 3.0 (435)
 
 3.5 2.7
 
 Boron
 
 140 (round)
 
 2.7
 
 393 (57)
 
 3.1 (450)
 
 0.79
 
 5
 
 SiC Monofilament Nicaloni (multifilament)
 
 140 (round) 14.5 (round)
 
 3.08 2.55
 
 400 (58) 196 (28.4)
 
 3.44 (499) 2.75 (399)
 
 0.86 1.4
 
 1.5
 
 Al2O3 Nextel 610j Nextel 720j
 
 10–12 (round) 10–12
 
 3.9 3.4
 
 380 (55) 260 (38)
 
 3.1 (450) 2.1 (300)
 
 Al2O3–SiO2 Fiberfrax (discontinuous)
 
 2–12
 
 2.73
 
 103 (15)
 
 1.03–1.72 (150–250)
 
 1 mm ¼ 0.0000393 in. m=m per 8C ¼ 0.556 in.=in. per 8F. c Amoco. d Hercules. e BASF. f DuPont. g Teijin. h Honeywell. i Nippon carbon. j 3-M. a
 
 b
 
 8 6
 
 0.2
 
 (a)
 
 (b)
 
 FIGURE 2.3 (a) Untwisted and (b) twisted fiber bundle.
 
 tab by means of a suitable adhesive (Figure 2.4). After clamping the tab in the grips of a tensile testing machine, its midsection is either cut or burned away. The tension test is carried out at a constant loading rate until the filament Cut or burned out Cement or sealing wax
 
 Single filament specimen Tab slot
 
 10−15 mm
 
 Grip area
 
 20−30 mm
 
 Grip area
 
 60−90 mm
 
 FIGURE 2.4 Mounting tab for tensile testing of single filament.
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 fractures. From the load-time record of the test, the following tensile properties are determined: Fu Af
 
 (2:1)
 
 Lf , CAf
 
 (2:2)
 
 Tensile strength sfu ¼ and Tensile modulus Ef ¼
 
 where Fu ¼ force at failure Af ¼ average filament cross-sectional area, measured by a planimeter from the photomicrographs of filament ends Lf ¼ gage length C ¼ true compliance, determined from the chart speed, loading rate, and the system compliance Tensile stress–strain diagrams obtained from single filament test of reinforcing fibers in use are almost linear up to the point of failure, as shown in Figure 2.5. They also exhibit very low strain-to-failure and a brittle failure mode. Although the absence of yielding does not reduce the load-carrying capacity of the fibers, it does make them prone to damage during handling as well as during contact with other surfaces. In continuous manufacturing operations, such as filament winding, frequent fiber breakage resulting from such damages may slow the rate of production. The high tensile strengths of the reinforcing fibers are generally attributed to their filamentary form in which there are statistically fewer surface flaws than in the bulk form. However, as in other brittle materials, their tensile strength data exhibit a large amount of scatter. An example is shown in Figure 2.6. The experimental strength variation of brittle filaments is modeled using the following Weibull distribution function [1]: f (sfu ) ¼ where f(sfu) sfu Lf Lo a so
 
 ¼ ¼ ¼ ¼ ¼ ¼
 
 a1 asa o sfu
 
 
 
     a  Lf Lf sfu exp  , Lo Lo so
 
 probability of filament failure at a stress level equal to sfu filament strength filament length reference length shape parameter scale parameter (the filament strength at Lf ¼ Lo)
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 (2:3)
 
 700
 
 4830
 
 600
 
 4140 S-glass
 
 Tensile stress (103 psi)
 
 Kevlar 49
 
 High-strength carbon
 
 2760
 
 400 E-glass
 
 Highmodulus carbon 300
 
 2070
 
 200
 
 1380
 
 100
 
 690
 
 Tensile stress (MPa)
 
 3450
 
 500
 
 0
 
 0 0
 
 1.0
 
 2.0
 
 3.0
 
 4.0
 
 5.0
 
 Tensile strain (%)
 
 FIGURE 2.5 Tensile stress–strain diagrams for various reinforcing fibers.
 
 The cumulative distribution of strength is given by the following equation:    a  Lf sfu , F (sfu ) ¼ 1  exp  Lo so
 
 (2:4)
 
 where F(sfu) represents the probability of filament failure at a stress level lower than or equal to sfu. The parameters a and so in Equations 2.3 and 2.4 are called the Weibull parameters, and are determined using the experimental data. a can be regarded as an inverse measure of the coefficient of variation. The higher the value of a, the narrower is the distribution of filament strength. The scale parameter so may be regarded as a reference stress level.
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 MODMOR I Carbon fiber
 
 Frequency
 
 20
 
 10
 
 0 (a)
 
 Frequency
 
 20 GY-70 Carbon fiber
 
 10 0 100
 
 200
 
 300
 
 400
 
 500 ksi
 
 690
 
 1380
 
 2070
 
 2760
 
 3450 MPa
 
 (b)
 
 Tensile strength
 
 FIGURE 2.6 Histograms of tensile strengths for (a) Modmor I carbon fibers and (b) GY-70 carbon fibers. (After McMahon, P.E., Analysis of the Test Methods for High Modulus Fibers and Composites, ASTM STP, 521, 367, 1973.)
 
 The mean filament strength fu is given by  sfu ¼ so
 
 Lf Lo
 
 1=a
 
   1 G 1þ , a
 
 (2:5)
 
 where G represents a gamma function. Equation 2.5 clearly shows that the mean strength of a brittle filament decreases with increasing length. This is also demonstrated in Figure 2.7. Tensile properties of fibers can also be determined using fiber bundles. It has been observed that even though the tensile strength distribution of individual filaments follows the Weibull distribution, the tensile strength distribution of fiber bundles containing a large number of parallel filaments follows a normal distribution [1]. The maximum strength, sfm, that the filaments in the bundle will exhibit and the mean bundle strength, b, can be expressed in terms of the Weibull parameters determined for individual filaments. They are given as follows: 
 
  1=a Lf a , sfm ¼ so Lo   1=a Lf a sb ¼ so e 1 = a : Lo
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 (2:6)
 
 4140
 
 Kevlar 49
 
 Bo
 
 ron
 
 High
 
 -stre
 
 400
 
 ngth
 
 S-g
 
 carb
 
 on
 
 las
 
 s
 
 2760
 
 300
 
 E-glas
 
 s 1380
 
 200
 
 (x) Corresponds to 1 in. (25.4 mm) gage length
 
 Filament tensile strength (MPa)
 
 Filament tensile strength (103 psi)
 
 600 500
 
 690
 
 100 50
 
 100
 
 200
 
 500
 
 1000
 
 2000
 
 5000
 
 Gage length/filament diameter ratio (10−4 )
 
 FIGURE 2.7 Filament strength variation as a function of gage length-to-diameter ratio. (After Kevlar 49 Data Manual, E. I. duPont de Nemours & Co., 1975.)
 
 The fiber bundle test method is similar to the single filament test method. The fiber bundle can be tested either in dry or resin-impregnated condition. Generally, the average tensile strength and modulus of fiber bundles are lower than those measured on single filaments. Figure 2.8 shows the stress–strain diagram of a dry glass fiber bundle containing 3000 filaments. Even though a single glass filament shows a linear tensile stress–strain diagram until failure, the glass fiber strand shows not only a nonlinear stress–strain diagram before reaching the maximum stress, but also a progressive failure after reaching the maximum stress. Both nonlinearity and progressive failure occur due to the statistical distribution of the strength of glass filaments. The weaker filaments in the bundle fail at low stresses, and the surviving filaments continue to carry the tensile load; however, the stress in each surviving filament becomes higher. Some of them fail as the load is increased. After the maximum stress is reached, the remaining surviving filaments continue to carry even higher stresses and start to fail, but not all at one time, thus giving the progressive failure mode as seen in Figure 2.8. Similar tensile stress–strain diagrams are observed with carbon and other fibers in fiber bundle tests. In addition to tensile properties, compressive properties of fibers are also of interest in many applications. Unlike the tensile properties, the compressive properties cannot be determined directly by simple compression tests on filaments or strands. Various indirect methods have been used to determine the compressive strength of fibers [2]. One such method is the loop test in which a filament is bent into the form of a loop until it fails. The compressive strength
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 1.60
 
 Stress (GPa)
 
 1.20
 
 0.80
 
 0.40
 
 0.00 0.00
 
 0.02
 
 0.04
 
 0.06
 
 Strain
 
 FIGURE 2.8 Tensile stress–strain diagram of an untwisted E-glass fiber bundle containing 3000 filaments.
 
 of the fiber is determined from the compressive strain at the fiber surface. In general, compressive strength of fibers is lower than their tensile strength, as is shown in Table 2.2. The compressive strength of boron fibers is higher than that of carbon and glass fibers. All organic fibers have low compressive
 
 TABLE 2.2 Compressive Strength of a Few Selected Reinforcing Fibers Fiber E-glass fiber T-300 carbon fiber AS 4 carbon fiber GY-70 carbon fiber P100 carbon fiber Kevlar 49 fiber Boron
 
 Tensile Strengtha (GPa)
 
 Compressive Strengtha (GPa)
 
 3.4 3.2 3.6 1.86 2.2 3.5 3.5
 
 4.2 2.7–3.2 2.7 1.06 0.5 0.35–0.45 5
 
 Source: Adapted from Kozey, V.V., Jiang, H., Mehta, V.R., and Kumar, S., J. Mater. Res., 10, 1044, 1995. a
 
 In the longitudinal direction.
 
 ß 2007 by Taylor & Francis Group, LLC.
 
 strength. This includes Kevlar 49, which has a compressive strength almost 10 times lower than its tensile strength.
 
 2.1.1 GLASS FIBERS Glass fibers are the most common of all reinforcing fibers for polymeric matrix composites (PMC). The principal advantages of glass fibers are low cost, high tensile strength, high chemical resistance, and excellent insulating properties. The disadvantages are relatively low tensile modulus and high density (among the commercial fibers), sensitivity to abrasion during handling (which frequently decreases its tensile strength), relatively low fatigue resistance, and high hardness (which causes excessive wear on molding dies and cutting tools). The two types of glass fibers commonly used in the fiber-reinforced plastics (FRP) industry are E-glass and S-glass. Another type, known as C-glass, is used in chemical applications requiring greater corrosion resistance to acids than is provided by E-glass. E-glass has the lowest cost of all commercially available reinforcing fibers, which is the reason for its widespread use in the FRP industry. S-glass, originally developed for aircraft components and missile casings, has the highest tensile strength among all fibers in use. However, the compositional difference and higher manufacturing cost make it more expensive than E-glass. A lower cost version of S-glass, called S-2-glass, is also available. Although S-2-glass is manufactured with less-stringent nonmilitary specifications, its tensile strength and modulus are similar to those of S-glass. The chemical compositions of E- and S-glass fibers are shown in Table 2.3. As in common soda-lime glass (window and container glasses), the principal ingredient in all glass fibers is silica (SiO2). Other oxides, such as B2O3 and Al2O3, are added to modify the network structure of SiO2 as well as to improve its workability. Unlike soda-lime glass, the Na2O and K2O content in E- and S-glass fibers is quite low, which gives them a better corrosion resistance to water as well as higher surface resistivity. The internal structure of glass fibers is a three-dimensional, long network of silicon, oxygen, and other atoms arranged in a random fashion. Thus, glass fibers are amorphous (noncrystalline) and isotropic (equal properties in all directions).
 
 TABLE 2.3 Typical Compositions of Glass Fibers (in wt%) Type
 
 SiO2
 
 Al2O3
 
 CaO
 
 MgO
 
 B2O3
 
 Na2O
 
 E-glass S-glass
 
 54.5 64
 
 14.5 26
 
 17 —
 
 4.5 10
 
 8.5 —
 
 0.5 —
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 Raw materials Limestone Silica sand Boric acid Clay Coal Fluorspar
 
 Hopper
 
 Binder formulation Platinum bushings (electrically heated and electrically controlled)
 
 Glass batch Tank (melting & refining) Screw feeder
 
 Filaments Inspection and weighing
 
 Automatic controls Binder applicator Strand Mixer High speed winder
 
 Hopper
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 FIGURE 2.9 Flow diagram in glass fiber manufacturing. (Courtesy of PPG Industries. With permission.)
 
 The manufacturing process for glass fibers is depicted in the flow diagram in Figure 2.9. Various ingredients in the glass formulation are first dry-mixed and melted in a refractory furnace at about 13708C. The molten glass is exuded
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 through a number of orifices contained in a platinum bushing and rapidly drawn into filaments of ~10 mm in diameter. A protective coating (size) is then applied on individual filaments before they are gathered together into a strand and wound on a drum. The coating or size is a mixture of lubricants (which prevent abrasion between the filaments), antistatic agents (which reduce static friction between the filaments), and a binder (which packs the filaments together into a strand). It may also contain small percentages of a coupling agent that promotes adhesion between fibers and the specific polymer matrix for which it is formulated. The basic commercial form of continuous glass fibers is a strand, which is a collection of parallel filaments numbering 204 or more. Other common forms of glass fibers are illustrated in Figure 2.10. A roving is a group of untwisted parallel strands (also called ends) wound on a cylindrical forming package. Rovings are used in continuous molding operations, such as filament winding and pultrusion. They can also be preimpregnated with a thin layer of polymeric resin matrix to form prepregs. Prepregs are subsequently cut into required dimensions, stacked, and cured into the final shape in batch molding operations, such as compression molding and hand layup molding. Chopped strands are produced by cutting continuous strands into short lengths. The ability of the individual filaments to hold together during or after the chopping process depends largely on the type and amount of the size applied during fiber manufacturing operation. Strands of high integrity are called ‘‘hard’’ and those that separate more readily are called ‘‘soft.’’ Chopped strands ranging in length from 3.2 to 12.7 mm (0.125–0.5 in.) are used in injection-molding operations. Longer strands, up to 50.8 mm (2 in.) in length, are mixed with a resinous binder and spread in a two-dimensional random fashion to form chopped strand mats (CSMs). These mats are used mostly for hand layup moldings and provide nearly equal properties in all directions in the plane of the structure. Milled glass fibers are produced by grinding continuous strands in a hammer mill into lengths ranging from 0.79 to 3.2 mm (0.031–0.125 in.). They are primarily used as a filler in the plastics industry and do not possess any significant reinforcement value. Glass fibers are also available in woven form, such as woven roving or woven cloth. Woven roving is a coarse drapable fabric in which continuous rovings are woven in two mutually perpendicular directions. Woven cloth is weaved using twisted continuous strands, called yarns. Both woven roving and cloth provide bidirectional properties that depend on the style of weaving as well as relative fiber counts in the length (warp) and crosswise ( fill ) directions (See Appendix A.1). A layer of woven roving is sometimes bonded with a layer of CSM to produce a woven roving mat. All of these forms of glass fibers are suitable for hand layup molding and liquid composite molding. The average tensile strength of freshly drawn glass fibers may exceed 3.45 GPa (500,000 psi). However, surface damage (flaws) produced by abrasion, either by rubbing against each other or by contact with the processing
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 FIGURE 2.10 Common forms of glass fibers. (Courtesy of Owens Corning Fiberglas Corporation.)
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 FIGURE 2.11 Reduction of tensile stress in E-glass fibers as a function of time at various temperatures. (After Otto, W.H., Properties of glass fibers at elevated temperatures, Owens Corning Fiberglas Corporation, AD 228551, 1958.)
 
 equipment, tends to reduce it to values that are in the range of 1.72–2.07 GPa (250,000–300,000 psi). Strength degradation is increased as the surface flaws grow under cyclic loads, which is one of the major disadvantages of using glass fibers in fatigue applications. Surface compressive stresses obtained by alkali ion exchange [3] or elimination of surface flaws by chemical etching may reduce the problem; however, commercial glass fibers are not available with any such surface modifications. The tensile strength of glass fibers is also reduced in the presence of water or under sustained loads (static fatigue). Water bleaches out the alkalis from the surface and deepens the surface flaws already present in fibers. Under sustained loads, the growth of surface flaws is accelerated owing to stress corrosion by atmospheric moisture. As a result, the tensile strength of glass fibers is decreased with increasing time of load duration (Figure 2.11).
 
 2.1.2 CARBON FIBERS Carbon fibers are commercially available with a variety of tensile modulus values ranging from 207 GPa (30 3 106 psi) on the low side to 1035 GPa (150 3 106 psi) on the high side. In general, the low-modulus fibers have lower density, lower cost, higher tensile and compressive strengths, and higher tensile strains-to-failure than the high-modulus fibers. Among the advantages of carbon fibers are their exceptionally high tensile strength–weight ratios as well as tensile modulus–weight ratios, very low coefficient of linear thermal expansion (which provides dimensional stability in such applications as space antennas), high fatigue strengths, and high thermal conductivity (which is even
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 3.4 Å 1.42 Å
 
 FIGURE 2.12 Arrangement of carbon atoms in a graphite crystal.
 
 higher than that of copper). The disadvantages are their low strain-to-failure, low impact resistance, and high electrical conductivity, which may cause ‘‘shorting’’ in unprotected electrical machinery. Their high cost has so far excluded them from widespread commercial applications. They are used mostly in the aerospace industry, where weight saving is considered more critical than cost. Structurally, carbon fibers contain a blend of amorphous carbon and graphitic carbon. Their high tensile modulus results from the graphitic form, in which carbon atoms are arranged in a crystallographic structure of parallel planes or layers. The carbon atoms in each plane are arranged at the corners of interconnecting regular hexagons (Figure 2.12). The distance between the ˚ ) is larger than that between the adjacent atoms in each plane planes (3.4 A ˚ (1.42 A). Strong covalent bonds exist between the carbon atoms in each plane, but the bond between the planes is due to van der Waals-type forces, which is much weaker. This results in highly anisotropic physical and mechanical properties for the carbon fiber. The basal planes in graphite crystals are aligned along the fiber axis. However, in the transverse direction, the alignment can be either circumferential, radial, random, or a combination of these arrangements (Figure 2.13). Depending on which of these arrangements exists, the thermoelastic properties, such as modulus (E ) and coefficient of thermal expansion (a), in the radial (r) and circumferential (u) directions of the fiber can be different from those in the axial (a) or longitudinal direction. For example, if the arrangement is circumferential, Ea ¼ Eu > Er, and the fiber is said to be circumferentially orthotropic. For the radial arrangement, Ea ¼ Er > Eu, and the fiber is radially orthotropic. When there is a random arrangement, Ea > Eu ¼ Er, the fiber is transversely isotropic. In commercial fibers, a two-zone structure with circumferential
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 FIGURE 2.13 Arrangement of graphite crystals in a direction transverse to the fiber axis: (a) circumferential, (b) radial, (c) random, (d) radial–circumferential, and (e) random–circumferential.
 
 arrangement in the skin and either radial or random arrangement in the core is commonly observed [4]. Carbon fibers are manufactured from two types of precursors (starting materials), namely, textile precursors and pitch precursors. The manufacturing process from both precursors is outlined in Figure 2.14. The most common textile precursor is polyacrylonitrile (PAN). The molecular structure of PAN, illustrated schematically in Figure 2.15a, contains highly polar CN groups that are randomly arranged on either side of the chain. Filaments are wet spun from a solution of PAN and stretched at an elevated temperature during which the polymer chains are aligned in the filament direction. The stretched filaments are then heated in air at 2008C–3008C for a few hours. At this stage, the CN groups located on the same side of the original chain combine to form a more stable and rigid ladder structure (Figure 2.15b), and some of the CH2 groups are oxidized. In the next step, PAN filaments are carbonized by heating them at a controlled rate at 10008C–20008C in an inert atmosphere. Tension is maintained on the filaments to prevent shrinking as well as to improve molecular orientation. With the elimination of oxygen and nitrogen atoms, the filaments now contain mostly carbon atoms, arranged in aromatic ring patterns in parallel planes. However, the carbon atoms in the neighboring planes are not yet perfectly ordered, and the filaments have a relatively low tensile modulus. As the carbonized filaments are subsequently heat-treated at or above 20008C,
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 FIGURE 2.14 Flow diagram in carbon fiber manufacturing.
 
 their structure becomes more ordered and turns toward a true graphitic form with increasing heat treatment temperature. The graphitized filaments attain a high tensile modulus, but their tensile strength may be relatively low (Figure 2.16). Their tensile strength can be increased by hot stretching them above 20008C, during which the graphitic planes are aligned in the filament direction. Other properties of carbon fibers (e.g., electrical conductivity, thermal conductivity, longitudinal coefficient of thermal expansion, and oxidation resistance) can be improved by controlling the amount of crystallinity and eliminating the defects, such as missing carbon atoms or catalyst impurities. Tensile strength and tensile modulus are also affected by the amount of crystallinity and the presence of defects (Table 2.4).
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 FIGURE 2.15 Ladder structure in an oxidized PAN molecule. (a) Molecular structure of PAN and (b) rigid ladder structure.
 
 Pitch, a by-product of petroleum refining or coal coking, is a lower cost precursor than PAN. The carbon atoms in pitch are arranged in low-molecularweight aromatic ring patterns. Heating to temperatures above 3008C polymerizes ( joins) these molecules into long, two-dimensional sheetlike structures. The highly viscous state of pitch at this stage is referred to as ‘‘mesophase.’’ Pitch filaments are produced by melt spinning mesophase pitch through a spinneret (Figure 2.17). While passing through the spinneret die, the mesophase pitch molecules become aligned in the filament direction. The filaments are cooled to freeze the molecular orientation, and subsequently heated between 2008C and 3008C in an oxygen-containing atmosphere to stabilize them and make them infusible (to avoid fusing the filaments together). In the next step, the filaments are carbonized at temperatures around 20008C. The rest of the process of transforming the structure to graphitic form is similar to that followed for PAN precursors. PAN carbon fibers are generally categorized into high tensile strength (HT), high modulus (HM), and ultrahigh modulus (UHM) types. The high tensile strength PAN carbon fibers, such as T-300 and AS-4 in Table 2.1, have the
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 FIGURE 2.16 Influence of heat treatment temperature on strength and modulus of carbon fibers. (After Watt, W., Proc. R. Soc. Lond., A319, 5, 1970.)
 
 lowest modulus, while the ultrahigh-modulus PAN carbon fibers, such as GY-70, have the lowest tensile strength as well as the lowest tensile strainto-failure. A number of intermediate modulus (IM) high-strength PAN carbon fibers, such as T-40 and IM-7, have also been developed that possess the highest strain-to-failure among carbon fibers. Another point to note in Table 2.1 is that the pitch carbon fibers have very high modulus values, but their tensile strength and strain-to-failure are lower than those of the PAN carbon fibers. The high modulus of pitch fibers is the result of the fact that they are more graphitizable; however, since shear is easier between parallel planes of a graphitized fiber and graphitic fibers are more sensitive to defects and flaws, their tensile strength is not as high as that of PAN fibers. The axial compressive strength of carbon fibers is lower than their tensile strength. The PAN carbon fibers have higher compressive strength than pitch carbon fibers. It is also observed that the higher the modulus of a carbon fiber, the lower is its compressive strength. Among the factors that contribute to the reduction in compressive strength are higher orientation, higher graphitic order, and larger crystal size [5,6].
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 TABLE 2.4 Structural Features and Controlling Parameters Affecting the Properties of Carbon Fibers Properties Structural Feature
 
 Controlling Parameters
 
 Increase
 
 Increasing orientation of crystallographic basal planes parallel to the fiber axis
 
 Fiber drawing, fiber structure, restraint against shrinkage during heat treatment
 
 Increasing crystallinity (larger and perfect crystals)
 
 Precursor chemistry, heat treatment
 
 Decreasing defect content
 
 Precursor purity, fiber handling
 
 Longitudinal strength and modulus, longitudinal negative CTE, thermal and electrical conductivities Thermal and electrical conductivities, longitudinal negative CTE, oxidation resistance Tensile strength, thermal and electrical conductivities, oxidation resistance
 
 Decrease Transverse strength and modulus
 
 Longitudinal tensile and compressive strengths, transverse strength and modulus
 
 Pressure
 
 Spinneret
 
 Molten mesophase pitch molecules
 
 Orifice
 
 Pitch filament
 
 FIGURE 2.17 Alignment of mesophase pitch into a pitch filament. (After Commercial Opportunities for Advanced Composites, ASTM STP, 704, 1980.)
 
 The PAN carbon fibers have lower thermal conductivity and electrical conductivity than pitch carbon fibers [6]. For example, thermal conductivity of PAN carbon fibers is in the range of 10–100 W=m 8K compared with 20–1000 W=m 8K for pitch carbon fibers. Similarly, electrical conductivity of PAN carbon fibers is in the range of 104–105 S=m compared with 105–106 S=m for pitch carbon fibers. For both types of carbon fibers, the higher the tensile modulus, the higher are the thermal and electrical conductivities. Carbon fibers are commercially available in three basic forms, namely, long and continuous tow, chopped (6–50 mm long), and milled (30–3000 mm long). The long and continuous tow, which is simply an untwisted bundle of 1,000–160,000 parallel filaments, is used for high-performance applications. The price of carbon fiber tow decreases with increasing filament count. Although high filament counts are desirable for improving productivity in continuous molding operations, such as filament winding and pultrusion, it becomes increasingly difficult to wet them with the matrix. ‘‘Dry’’ filaments are not conducive to good mechanical properties.
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 Carbon fiber tows can also be weaved into two-dimensional fabrics of various styles (see Appendix A.1). Hybrid fabrics containing commingled or coweaved carbon and other fibers, such as E-glass, Kevlar, PEEK, PPS, and so on, are also available. Techniques of forming three-dimensional weaves with fibers running in the thickness direction have also been developed.
 
 2.1.3 ARAMID FIBERS Aramid fibers are highly crystalline aromatic polyamide fibers that have the lowest density and the highest tensile strength-to-weight ratio among the current reinforcing fibers. Kevlar 49 is the trade name of one of the aramid fibers available in the market. As a reinforcement, aramid fibers are used in many marine and aerospace applications where lightweight, high tensile strength, and resistance to impact damage (e.g., caused by accidentally dropping a hand tool) are important. Like carbon fibers, they also have a negative coefficient of thermal expansion in the longitudinal direction, which is used in designing low thermal expansion composite panels. The major disadvantages of aramid fiber-reinforced composites are their low compressive strengths and difficulty in cutting or machining. The molecular structure of aramid fibers, such as Kevlar 49 fibers, is illustrated in Figure 2.18. The repeating unit in its molecules contains an amide (NH) group (which is also found in nylons) and an aromatic ring in Figure 2.18. The aromatic ring gives it a higher
 
 represented by
 
 chain stiffness (modulus) as well as better chemical and thermal stability over other commercial organic fibers, such as nylons. Repeating unit in a Kevlar 49 molecule
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 FIGURE 2.18 Molecular structure of Kevlar 49 fiber.
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 Kevlar 49 filaments are manufactured by extruding an acidic solution of a proprietary precursor (a polycondensation product of terephthaloyol chloride and p-phenylene diamine) from a spinneret. During the filament drawing process, Kevlar 49 molecules become highly oriented in the direction of the filament axis. Weak hydrogen bonds between hydrogen and oxygen atoms in adjacent molecules hold them together in the transverse direction. The resulting filament is highly anisotropic, with much better physical and mechanical properties in the longitudinal direction than in the radial direction. Although the tensile stress–strain behavior of Kevlar 49 is linear, fiber fracture is usually preceded by longitudinal fragmentation, splintering, and even localized drawing. In bending, Kevlar 49 fibers exhibit a high degree of yielding on the compression side. Such a noncatastrophic failure mode is not observed in glass or carbon fibers, and gives Kevlar 49 composites superior damage tolerance against impact or other dynamic loading. One interesting application of this characteristic of Kevlar 49 fibers is found in soft lightweight body armors and helmets used for protecting police officers and military personnel. Kevlar 49 fibers do not melt or support combustion but will start to carbonize at about 4278C. The maximum long-term use temperature recommended for Kevlar 49 is 1608C. They have very low thermal conductivity, but a very high vibration damping coefficient. Except for a few strong acids and alkalis, their chemical resistance is good. However, they are quite sensitive to ultraviolet lights. Prolonged direct exposure to sunlight causes discoloration and significant loss in tensile strength. The problem is less pronounced in composite laminates in which the fibers are covered with a matrix. Ultraviolet light-absorbing fillers can be added to the matrix to further reduce the problem. Kevlar 49 fibers are hygroscopic and can absorb up to 6% moisture at 100% relative humidity and 238C. The equilibrium moisture content (i.e., maximum moisture absorption) is directly proportional to relative humidity and is attained in 16–36 h. Absorbed moisture seems to have very little effect on the tensile properties of Kevlar 49 fibers. However, at high moisture content, they tend to crack internally at the preexisting microvoids and produce longitudinal splitting [7]. A second-generation Kevlar fiber is Kevlar 149, which has the highest tensile modulus of all commercially available aramid fibers. The tensile modulus of Kevlar 149 is 40% higher than that of Kevlar 49; however, its strain-to-failure is lower. Kevlar 149 has the equilibrium moisture content of 1.2% at 65% relative humidity and 228C, which is nearly 70% lower than that of Kevlar 49 under similar conditions. Kevlar 149 also has a lower creep rate than Kevlar 49.
 
 2.1.4 EXTENDED CHAIN POLYETHYLENE FIBERS Extended chain polyethylene fibers, commercially available under the trade name Spectra, are produced by gel spinning a high-molecular-weight polyethylene. Gel spinning yields a highly oriented fibrous structure with exceptionally
 
 ß 2007 by Taylor & Francis Group, LLC.
 
 high crystallinity (95%–99%) relative to melt spinning used for conventional polyethylene fibers. Spectra polyethylene fibers have the highest strength-to-weight ratio of all commercial fibers available to date. Two other outstanding features of Spectra fibers are their low moisture absorption (1% compared with 5%–6% for Kevlar 49) and high abrasion resistance, which make them very useful in marine composites, such as boat hulls and water skis. The melting point of Spectra fibers is 1478C; however, since they exhibit a high level of creep above 1008C, their application temperature is limited to 808C–908C. The safe manufacturing temperature for composites containing Spectra fibers is below 1258C, since they exhibit a significant and rapid reduction in strength as well as increase in thermal shrinkage above this temperature. Another problem with Spectra fibers is their poor adhesion with resin matrices, which can be partially improved by their surface modification with gas plasma treatment. Spectra fibers provide high impact resistance for composite laminates even at low temperatures and are finding growing applications in ballistic composites, such as armors, helmets, and so on. However, their use in high-performance aerospace composites is limited, unless they are used in conjunction with stiffer carbon fibers to produce hybrid laminates with improved impact damage tolerance than all-carbon fiber laminates.
 
 2.1.5 NATURAL FIBERS Examples of natural fibers are jute, flax, hemp, remi, sisal, coconut fiber (coir), and banana fiber (abaca). All these fibers are grown as agricultural plants in various parts of the world and are commonly used for making ropes, carpet backing, bags, and so on. The components of natural fibers are cellulose microfibrils dispersed in an amorphous matrix of lignin and hemicellulose [8]. Depending on the type of the natural fiber, the cellulose content is in the range of 60–80 wt% and the lignin content is in the range of 5–20 wt%. In addition, the moisture content in natural fibers can be up to 20 wt%. The properties of some of the natural fibers in use are given in Table 2.5.
 
 TABLE 2.5 Properties of Selected Natural Fibers Property Density (g=cm3) Modulus (GPa) Tensile strength (MPa) Elongation to failure (%)
 
 Hemp
 
 Flax
 
 Sisal
 
 Jute
 
 1.48 70 550–900 1.6
 
 1.4 60–80 800–1500 1.2–1.6
 
 1.33 38 600–700 2–3
 
 1.46 10–30 400–800 1.8
 
 Source: Adapted from Wambua, P., Ivens, J., and Verpoest, I., Compos. Sci. Tech., 63, 1259, 2003.
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 Recently, natural fiber-reinforced polymers have created interest in the automotive industry for the following reasons. The applications in which natural fiber composites are now used include door inner panel, seat back, roof inner panel, and so on. 1. They are environment-friendly, meaning that they are biodegradable, and unlike glass and carbon fibers, the energy consumption to produce them is very small. 2. The density of natural fibers is in the range of 1.251.5 g=cm3 compared with 2.54 g=cm3 for E-glass fibers and 1.8–2.1 g=cm3 for carbon fibers. 3. The modulus–weight ratio of some natural fibers is greater than that of E-glass fibers, which means that they can be very competitive with E-glass fibers in stiffness-critical designs. 4. Natural fiber composites provide higher acoustic damping than glass or carbon fiber composites, and therefore are more suitable for noise attenuation, an increasingly important requirement in interior automotive applications. 5. Natural fibers are much less expensive than glass and carbon fibers. However, there are several limitations of natural fibers. The tensile strength of natural fibers is relatively low. Among the other limitations are low melting point and moisture absorption. At temperatures higher than 2008C, natural fibers start to degrade, first by the degradation of hemicellulose and then by the degradation of lignin. The degradation leads to odor, discoloration, release of volatiles, and deterioration of mechanical properties.
 
 2.1.6 BORON FIBERS The most prominent feature of boron fibers is their extremely high tensile modulus, which is in the range of 379–414 GPa (55–60 3 106 psi). Coupled with their relatively large diameter, boron fibers offer excellent resistance to buckling, which in turn contributes to high compressive strength for boron fiber-reinforced composites. The principal disadvantage of boron fibers is their high cost, which is even higher than that of many forms of carbon fibers. For this reason, its use is at present restricted to a few aerospace applications. Boron fibers are manufactured by chemical vapor deposition (CVD) of boron onto a heated substrate (either a tungsten wire or a carbon monofilament). Boron vapor is produced by the reaction of boron chloride with hydrogen: 2BCl3 þ 3H2 ¼ 2B þ 6HCl The most common substrate used in the production of boron fibers is tungsten wire, typically 0.0127 mm (0.0005 in.) in diameter. It is continuously pulled
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 through a reaction chamber in which boron is deposited on its surface at 11008C–13008C. The speed of pulling and the deposition temperature can be varied to control the resulting fiber diameter. Currently, commercial boron fibers are produced in diameters of 0.1, 0.142, and 0.203 mm (0.004, 0.0056, and 0.008 in.), which are much larger than those of other reinforcing fibers. During boron deposition, the tungsten substrate is converted into tungsten boride by diffusion and reaction of boron with tungsten. The core diameter increases in diameter from 0.0127 mm (0.0005 in.) to 0.0165 mm (0.00065 in.), placing boron near the core in tension. However, near the outer surface of the boron layer, a state of biaxial compression exists, which makes the boron fiber less sensitive to mechanical damage [9]. The adverse reactivity of boron fibers with metals is reduced by chemical vapor deposition of silicon carbide on boron fibers, which produces borsic fibers.
 
 2.1.7 CERAMIC FIBERS Silicon carbide (SiC) and aluminum oxide (Al2O3) fibers are examples of ceramic fibers notable for their high-temperature applications in metal and ceramic matrix composites. Their melting points are 28308C and 20458C, respectively. Silicon carbide retains its strength well above 6508C, and aluminum oxide has excellent strength retention up to about 13708C. Both fibers are suitable for reinforcing metal matrices in which carbon and boron fibers exhibit adverse reactivity. Aluminum oxide fibers have lower thermal and electrical conductivities and have higher coefficient of thermal expansion than silicon carbide fibers. Silicon carbide fibers are available in three different forms [10]: 1. Monofilaments that are produced by chemical vapor deposition of b-SiC on a 10–25 mm diameter carbon monofilament substrate. The carbon monofilament is previously coated with ~1 mm thick pyrolitic graphite to smoothen its surface as well as to enhance its thermal conductivity. b-SiC is produced by the reaction of silanes and hydrogen gases at around 13008C. The average fiber diameter is 140 mm. 2. Multifilament yarn produced by melt spinning of a polymeric precursor, such as polycarbosilane, at 3508C in nitrogen gas. The resulting polycarbosilane fiber is first heated in air to 1908C for 30 min to cross-link the polycarbosilane molecules by oxygen and then heat-treated to 10008C–12008C to form a crystalline structure. The average fiber diameter in the yarn is 14.5 mm and a commercial yarn contains 500 fibers. Yarn fibers have a considerably lower strength than the monofilaments. 3. Whiskers, which are 0.1–1 mm in diameter and around 50 mm in length. They are produced from rice hulls, which contain 10–20 wt% SiO2. Rice hulls are first heated in an oxygen-free atmosphere to 7008C–9008C to remove the volatiles and then to 15008C–16008C for 1 h to produce SiC
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 whiskers. The final heat treatment is at 8008C in air, which removes free carbon. The resulting SiC whiskers contain 10 wt% of SiO2 and up to 10 wt% Si3N4. The tensile modulus and tensile strength of these whiskers are reported as 700 GPa and 13 GPa (101.5 3 106 psi and 1.88 3 106 psi), respectively. Many different aluminum oxide fibers have been developed over the years, but many of them at present are not commercially available. One of the early aluminum oxide fibers, but not currently available in the market, is called the Fiber FP [11]. It is a high-purity (>99%) polycrystalline a-Al2O3 fiber, dry spun from a slurry mix of alumina and proprietary spinning additives. The spun filaments are fired in two stages: low firing to control shrinkage, followed by flame firing to produce a suitably dense a-Al2O3. The fired filaments may be coated with a thin layer of silica to improve their strength (by healing the surface flaws) as well as their wettability with the matrix. The filament diameter is 20 mm. The tensile modulus and tensile strength of Fiber FP are reported as 379 GPa and 1.9 GPa (55 3 106 psi and 275,500 psi), respectively. Experiments have shown that Fiber FP retains almost 100% of its room temperature tensile strength after 300 h of exposure in air at 10008C. Borsic fiber, on the other hand, loses 50% of its room temperature tensile strength after only 1 h of exposure in air at 5008C. Another attribute of Fiber FP is its remarkably high compressive strength, which is estimated to be about 6.9 GPa (1,000,000 psi). Nextel 610 and Nextel 720, produced by 3 M, are two of the few aluminum oxide fibers available in the market now [12]. Both fibers are produced in continuous multifilament form using the sol–gel process. Nextel 610 contains greater than 99% Al2O3 and has a single-phase structure of a-Al2O3. The average grain size is 0.1 mm and the average filament diameter is 14 mm. Because of its fine-grained structure, it has a high tensile strength at room temperature; but because of grain growth, its tensile strength decreases rapidly as the temperature is increased above 11008C. Nextel 720, which contains 85% Al2O3 and 15% SiO2, has a lower tensile strength at room temperature, but is able to retain about 85% of its tensile strength even at 14008C. Nextel 720 also has a much lower creep rate than Nextel 610 and other oxide fibers at temperatures above 10008C. The structure of Nextel 720 contains a-Al2O3 grains embedded in mullite grains. The strength retention of Nextel 720 at high temperatures is attributed to reduced grain boundary sliding and reduced grain growth. Another ceramic fiber, containing approximately equal parts of Al2O3 and silica (SiO2), is available in short, discontinuous lengths under the trade name Fiberfrax. The fiber diameter is 2–12 mm and the fiber aspect ratio (length to diameter ratio) is greater than 200. It is manufactured either by a melt blowing or by a melt spinning process. Saffil, produced by Saffil Ltd., is also a discontinuous aluminosilicate fiber, containing 95% Al2O3 and 5% SiO2. Its diameter is 1–5 mm. It is produced by blow extrusion of partially hydrolyzed solution of
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 aluminum salts with a small amount of SiO2. It contains mainly d-Al2O3 grains of 50 nm size, but it also contains some larger size a-Al2O3. These two fibers are mostly used for high temperature insulation.
 
 2.2 MATRIX The roles of the matrix in a fiber-reinforced composite are: (1) to keep the fibers in place, (2) to transfer stresses between the fibers, (3) to provide a barrier against an adverse environment, such as chemicals and moisture, and (4) to protect the surface of the fibers from mechanical degradation (e.g., by abrasion). The matrix plays a minor role in the tensile load-carrying capacity of a composite structure. However, selection of a matrix has a major influence on the compressive, interlaminar shear as well as in-plane shear properties of the composite material. The matrix provides lateral support against the possibility of fiber buckling under compressive loading, thus influencing to a large extent, the compressive strength of the composite material. The interlaminar shear strength is an important design consideration for structures under bending loads, whereas the in-plane shear strength is important under torsional loads. The interaction between fibers and matrix is also important in designing damage-tolerant structures. Finally, the processing and defects in a composite material depend strongly on the processing characteristics of the matrix. For example, for epoxy polymers used as matrix in many aerospace composites, the processing characteristics include the liquid viscosity, the curing temperature, and the curing time. Table 2.6 lists various matrix materials that have been used either commercially or in research. Among these, thermoset polymers, such as epoxies, polyesters, and vinyl esters, are more commonly used as matrix material in continuous or long fiber-reinforced composites, mainly because of the ease of processing due to their low viscosity. Thermoplastic polymers are more commonly used with short fiber-reinforced composites that are injection-molded; however, the interest in continuous fiber-reinforced thermoplastic matrix is growing. Metallic and ceramic matrices are primarily considered for hightemperature applications. We briefly discuss these three categories of matrix in this section.
 
 2.2.1 POLYMER MATRIX A polymer is defined as a long-chain molecule containing one or more repeating units of atoms (Figure 2.19), joined together by strong covalent bonds. A polymeric material (commonly called a plastic) is a collection of a large number of polymer molecules of similar chemical structure (but not of equal length). In the solid state, these molecules are frozen in space, either in a random fashion in amorphous polymers or in a mixture of random fashion
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 TABLE 2.6 Matrix Materials Polymeric Thermoset polymers Epoxies: principally used in aerospace and aircraft applications Polyesters, vinyl esters: commonly used in automotive, marine, chemical, and electrical applications Phenolics: used in bulk molding compounds Polyimides, polybenzimidazoles (PBI), polyphenylquinoxaline (PPQ): for high-temperature aerospace applications (temperature range: 2508C–4008C) Cyanate ester 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), polyetherimide (PEI): suitable for moderately high temperature applications with continuous fibers Metallic Aluminum and its alloys, titanium alloys, magnesium alloys, copper-based alloys, nickel-based superalloys, stainless steel: suitable for high-temperature applications (temperature range: 3008C–5008C) Ceramic Aluminum oxide (Al2O3), carbon, silicon carbide (SiC), silicon nitride (Si3N4): suitable for high-temperature applications
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 FIGURE 2.19 Examples of repeating units in polymer molecules. (a) A polypropylene molecule. (b) A nylon 6,6 molecule.
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 and orderly fashion (folded chains) in semicrystalline polymers (Figure 2.20). However, on a submicroscopic scale, various segments in a polymer molecule may be in a state of random excitation. The frequency, intensity, and number of these segmental motions increase with increasing temperature, giving rise to the temperature-dependent properties of a polymeric solid.
 
 2.2.1.1 Thermoplastic and Thermoset Polymers Polymers are divided into two broad categories: thermoplastics and thermosets. In a thermoplastic polymer, individual molecules are not chemically joined together (Figure 2.21a). They are held in place by weak secondary bonds or intermolecular forces, such as van der Waals bonds and hydrogen bonds. With the application of heat, these secondary bonds in a solid thermoplastic polymer can be temporarily broken and the molecules can now be moved relative to each other or flow to a new configuration if pressure is applied on them. On cooling, the molecules can be frozen in their new configuration and the secondary bonds are restored, resulting in a new solid shape. Thus, a thermoplastic polymer can be heat-softened, melted, and reshaped (or postformed) as many times as desired. In a thermoset polymer, on the other hand, the molecules are chemically joined together by cross-links, forming a rigid, three-dimensional network structure (Figure 2.21b). Once these cross-links are formed during the polymerization reaction (also called the curing reaction), the thermoset polymer
 
 Crystallite
 
 (a)
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 FIGURE 2.20 Arrangement of molecules in (a) amorphous polymers and (b) semicrystalline polymers.
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 (a)
 
 Cross-links
 
 (b)
 
 FIGURE 2.21 Schematic representation of (a) thermoplastic polymer and (b) thermoset polymer.
 
 cannot be melted by the application of heat. However, if the number of crosslinks is low, it may still be possible to soften them at elevated temperatures. 2.2.1.2
 
 Unique Characteristics of Polymeric Solids
 
 There are two unique characteristics of polymeric solids that are not observed in metals under ordinary conditions, namely, that their mechanical properties depend strongly on both the ambient temperature and the loading rate. Figure 2.22 schematically shows the general trends in the variation of tensile modulus of various types of polymers with temperature. Near the glass transition temperature, denoted by Tg in this diagram, the polymeric solid changes from a hard, sometimes brittle (glass-like) material to a soft, tough (leatherlike) material. Over a temperature range around Tg, its modulus is reduced by as much as five orders of magnitude. Near this temperature, the material is also highly viscoelastic. Thus, when an external load is applied, it exhibits an
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 FIGURE 2.22 Variation of tensile modulus with temperature for three different types of polymers: (a) amorphous thermoplastic, (b) semicrystalline thermoplastic, and (c) thermoset.
 
 instantaneous elastic deformation followed by a slow viscous deformation. With increasing temperature, the polymer changes into a rubber-like solid capable of undergoing large, elastic deformations under external loads. As the temperature is increased further, both amorphous and semicrystalline thermoplastics achieve highly viscous liquid states, with the latter showing a sharp transition at the crystalline melting point, denoted by Tm. However, for a thermoset polymer, no melting occurs; instead, it chars and finally burns at very high temperatures. The glass transition temperature of a thermoset polymer can be controlled by varying the amount of cross-linking between the molecules. For very highly cross-linked polymers, the glass transition and the accompanying softening may not be observed. The mechanical characteristics of a polymeric solid depend on the ambient temperature relative to the glass transition temperature of the polymer. If the ambient temperature is above Tg, the polymeric solid exhibits low surface hardness, low modulus, and high ductility. At temperatures below Tg, the segmental motion in a polymer plays an important role. If the molecular structure of a polymer allows many segmental motions, it behaves in a ductile manner even below Tg. Polycarbonate (PC), polyethylene terephthalate (PET), and various nylons fall into this category. If, on the other hand, the segmental motions are restricted, as in polymethyl methacrylate (PMMA), polystyrene (PS), and many thermoset polymers, it shows essentially a brittle failure. Figure 2.23 shows the effects of temperature and loading rate on the stress– strain behavior of polymeric solids. At low temperatures, the stress–strain behavior is much like that of a brittle material. The polymer may not exhibit any signs of yielding and the strain-to-failure is low. As the temperature is increased, yielding may occur; but the yield strength decreases with increasing temperature. The strain-to-failure, on the other hand, increases with increasing temperature, transforming the polymer from a brittle material at low temperatures to a ductile material at elevated temperatures.
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 FIGURE 2.23 Effects of loading rate and temperature on the stress–strain behavior of polymeric solids.
 
 The effect of loading rate on the stress–strain behavior is opposite to that due to temperature (Figure 2.23). At low loading rates or long durations of loading, the polymer may behave in a ductile manner and show high toughness. At high loading rates or short durations of loading, the same polymer behaves in a rigid, brittle (glass-like) manner. 2.2.1.3
 
 Creep and Stress Relaxation
 
 The viscoelastic characteristic of a polymeric solid is best demonstrated by creep and stress relaxation tests. In creep tests, a constant stress is maintained on a specimen while its deformation (or strain) is monitored as a function to time. As the polymer creeps, the strain increases with time. In stress relaxation tests, a constant deformation (strain) is maintained while the stress on the specimen is monitored as a function of time. In stress relaxation, stress decreases with time. Both tests are performed at various ambient temperatures of interest. Typical creep and stress relaxation diagrams, shown schematically in Figure 2.24, exhibit an instantaneous elastic response followed by a delayed viscous response. In general, thermoset polymers exhibit lower creep and stress relaxation than thermoplastic polymers. 2.2.1.4
 
 Heat Deflection Temperature
 
 Softening characteristics of various polymers are often compared on the basis of their heat deflection temperatures (HDT). Measurement of HDT is
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 FIGURE 2.24 (a) Creep and (b) stress relaxation in solid polymers.
 
 described in ASTM test method D648. In this test, a polymer bar of rectangular cross section is loaded as a simply supported beam (Figure 2.25) inside a suitable nonreacting liquid medium, such as mineral oil. The load on the bar is adjusted to create a maximum fiber stress of either 1.82 MPa (264 psi) or 0.455 MPa (66 psi). The center deflection of the bar is monitored as the temperature of the liquid medium is increased at a uniform rate of 2 ± 0.28C=min. The temperature at which the bar deflection increases by 0.25 mm
 
 Weight
 
 Liquid, such as mineral oil
 
 Dial gage Beam specimen
 
 Immersion bath
 
 10 cm (4 in.)
 
 FIGURE 2.25 Test setup for measuring heat deflection temperature (HDT).
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 (0.01 in.) from its initial room temperature deflection is called the HDT at the specific fiber stress. Although HDT is widely reported in the plastics product literature, it should not be used in predicting the elevated temperature performance of a polymer. It is used mostly for quality control and material development purposes. It should be pointed out that HDT is not a measure of the glass transition temperature. For glass transition temperature measurements, such methods as differential scanning calorimetry (DSC) or differential thermal analysis (DTA) are used [13]. 2.2.1.5
 
 Selection of Matrix: Thermosets vs. Thermoplastics
 
 The primary consideration in the selection of a matrix is its basic mechanical properties. For high-performance composites, the most desirable mechanical properties of a matrix are 1. High tensile modulus, which influences the compressive strength of the composite 2. High tensile strength, which controls the intraply cracking in a composite laminate 3. High fracture toughness, which controls ply delamination and crack growth For a polymer matrix composite, there may be other considerations, such as good dimensional stability at elevated temperatures and resistance to moisture or solvents. The former usually means that the polymer must have a high glass transition temperature Tg. In practice, the glass transition temperature should be higher than the maximum use temperature. Resistance to moisture and solvent means that the polymer should not dissolve, swell, crack (craze), or otherwise degrade in hot–wet environments or when exposed to solvents. Some common solvents in aircraft applications are jet fuels, deicing fluids, and paint strippers. Similarly, gasoline, motor oil, and antifreeze are common solvents in the automotive environment. Traditionally, thermoset polymers (also called resins) have been used as a matrix material for fiber-reinforced composites. The starting materials used in the polymerization of a thermoset polymer are usually low-molecular-weight liquid chemicals with very low viscosities. Fibers are either pulled through or immersed in these chemicals before the polymerization reaction begins. Since the viscosity of the polymer at the time of fiber incorporation is very low, it is possible to achieve a good wet-out between the fibers and the matrix without the aid of either high temperature or pressure. Fiber surface wetting is extremely important in achieving fiber–matrix interaction in the composite, an essential requirement for good mechanical performance. Among other
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 FIGURE 2.26 Tensile stress–strain diagrams of a thermoset polymer (epoxy) and a thermoplastic polymer (polysulfone).
 
 advantages of using thermoset polymers are their thermal stability and chemical resistance. They also exhibit much less creep and stress relaxation than thermoplastic polymers. The disadvantages are 1. Limited storage life (before the final shape is molded) at room temperature 2. Long fabrication time in the mold (where the polymerization reaction, called the curing reaction or simply called curing, is carried out to transform the liquid polymer to a solid polymer) 3. Low strain-to-failure (Figure 2.26), which also contributes to their low impact strengths The most important advantage of thermoplastic polymers over thermoset polymers is their high impact strength and fracture resistance, which in turn impart an excellent damage tolerance characteristic to the composite material. In general, thermoplastic polymers have higher strain-to-failure (Figure 2.25) than thermoset polymers, which may provide a better resistance to matrix microcracking in the composite laminate. Other advantages of thermoplastic polymers are 1. Unlimited storage (shelf) life at room temperature 2. Shorter fabrication time 3. Postformability (e.g., by thermoforming)
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 TABLE 2.7 Maximum Service Temperature for Selected Polymeric Matrices Tg, 8C
 
 Maximum Service Temperature, 8C (8F)
 
 Thermoset matrix DGEBA epoxy TGDDM epoxy Bismaleimides (BMI) Acetylene-terminated polyimide (ACTP) PMR-15
 
 180 240–260 230–290 320 340
 
 125 (257) 190 (374) 232 (450) 280 (536) 316 (600)
 
 Thermoplastic matrix Polyether ether ketone (PEEK) Polyphenylene sulfide (PPS) Polysulfone Polyetherimide (PEI) Polyamide-imide (PAI) K-III polyimide LARC-TPI polyimide
 
 143 85 185 217 280 250 265
 
 250 (482) 240 (464) 160 (320) 267 (512) 230 (446) 225 (437) 300 (572)
 
 Polymer
 
 4. Ease of joining and repair by welding, solvent bonding, and so on 5. Ease of handling (no tackiness) 6. Can be reprocessed and recycled In spite of such distinct advantages, the development of continuous fiberreinforced thermoplastic matrix composites has been much slower than that of continuous fiber-reinforced thermoset matrix composites. Because of their high melt or solution viscosities, incorporation of continuous fibers into a thermoplastic matrix is difficult. Commercial engineering thermoplastic polymers, such as nylons and polycarbonate, are of very limited interest in structural applications because they exhibit lower creep resistance and lower thermal stability than thermoset polymers. Recently, a number of thermoplastic polymers have been developed that possess high heat resistance (Table 2.7) and they are of interest in aerospace applications.
 
 2.2.2 METAL MATRIX Metal matrix has the advantage over polymeric matrix in applications requiring a long-term resistance to severe environments, such as high temperature [14]. The yield strength and modulus of most metals are higher than those for polymers, and this is an important consideration for applications requiring high transverse strength and modulus as well as compressive strength for the composite. Another advantage of using metals is that they can be plastically deformed and strengthened by a variety of thermal and mechanical treatments. However, metals have a number of disadvantages, namely, they have high
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 densities, high melting points (therefore, high process temperatures), and a tendency toward corrosion at the fiber–matrix interface. The two most commonly used metal matrices are based on aluminum and titanium. Both of these metals have comparatively low densities and are available in a variety of alloy forms. Although magnesium is even lighter, its great affinity toward oxygen promotes atmospheric corrosion and makes it less suitable for many applications. Beryllium is the lightest of all structural metals and has a tensile modulus higher than that of steel. However, it suffers from extreme brittleness, which is the reason for its exclusion as a potential matrix material. Nickel- and cobalt-based superalloys have also been used as matrix; however, the alloying elements in these materials tend to accentuate the oxidation of fibers at elevated temperatures. Aluminum and its alloys have attracted the most attention as matrix material in metal matrix composites. Commercially, pure aluminum has been used for its good corrosion resistance. Aluminum alloys, such as 201, 6061, and 1100, have been used for their higher tensile strength–weight ratios. Carbon fiber is used with aluminum alloys; however, at typical fabrication temperatures of 5008C or higher, carbon reacts with aluminum to form aluminum carbide (Al4C3), which severely degrades the mechanical properties of the composite. Protective coatings of either titanium boride (TiB2) or sodium has been used on carbon fibers to reduce the problem of fiber degradation as well as to improve their wetting with the aluminum alloy matrix [15]. Carbon fiber-reinforced aluminum composites are inherently prone to galvanic corrosion, in which carbon fibers act as a cathode owing to a corrosion potential of 1 V higher than that of aluminum. A more common reinforcement for aluminum alloys is SiC. Titanium alloys that are most useful in metal matrix composites [16] are a, b alloys (e.g., Ti-6Al-9V) and metastable b-alloys (e.g., Ti-10V-2Fe-3Al). These titanium alloys have higher tensile strength–weight ratios as well as better strength retentions at 4008C–5008C over those of aluminum alloys. The thermal expansion coefficient of titanium alloys is closer to that of reinforcing fibers, which reduces the thermal mismatch between them. One of the problems with titanium alloys is their high reactivity with boron and Al2O3 fibers at normal fabrication temperatures. Borsic (boron fibers coated with silicon carbide) and silicon carbide (SiC) fibers show less reactivity with titanium. Improved tensile strength retention is obtained by coating boron and SiC fibers with carbon-rich layers.
 
 2.2.3 CERAMIC MATRIX Ceramics are known for their high temperature stability, high thermal shock resistance, high modulus, high hardness, high corrosion resistance, and low density. However, they are brittle materials and possess low resistance to crack propagation, which is manifested in their low fracture toughness. The primary reason for reinforcing a ceramic matrix is to increase its fracture toughness.
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 Structural ceramics used as matrix materials can be categorized as either oxides or nonoxides. Alumina (Al2O3) and mullite (Al2O3–SiO2) are the two most commonly used oxide ceramics. They are known for their thermal and chemical stability. The common nonoxide ceramics are silicon carbide (SiC), silicon nitride (Si3N4), boron carbide (B4C), and aluminum nitride (AlN). Of these, SiC has found wider applications, particularly where high modulus is desired. It also has an excellent high temperature resistance. Si3N4 is considered for applications requiring high strength and AlN is of interest because of its high thermal conductivity. The reinforcements used in ceramic matrix composites are SiC, Si3N4, AlN, and other ceramic fibers. Of these, SiC has been the most commonly used reinforcement because of its thermal stability and compatibility with a broad range of both oxide and nonoxide ceramic matrices. The forms in which the reinforcement is used in ceramic matrix composites include whiskers (with length to diameter ratio as high as 500), platelets, particulates, and both monofilament and multifilament continuous fibers.
 
 2.3 THERMOSET MATRIX 2.3.1 EPOXY Starting materials for epoxy matrix are low-molecular-weight organic liquid resins containing a number of epoxide groups, which are three-member rings of one oxygen atom and two carbon atoms: O
 
 C
 
 C
 
 A common starting material is diglycidyl ether of bisphenol A (DGEBA), which contains two epoxide groups, one at each end of the molecule (Figure 2.27a). Other ingredients that may be mixed with the starting liquid are diluents to reduce its viscosity and flexibilizers to improve the impact strength of the cured epoxy matrix. The polymerization (curing) reaction to transform the liquid resin to the solid state is initiated by adding small amounts of a reactive curing agent just before incorporating fibers into the liquid mix. One such curing agent is diethylene triamine (DETA, Figure 2.27b). Hydrogen atoms in the amine (NH2) groups of a DETA molecule react with the epoxide groups of DGEBA molecules in the manner illustrated in Figure 2.28a. As the reaction continues, DGEBA molecules form cross-links with each other (Figure 2.28b) and a three-dimensional network structure is slowly formed (Figure 2.28c). The resulting material is a solid epoxy polymer.
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 FIGURE 2.27 Principal ingredients in the preparation of an epoxy matrix. (a) A molecule of diglycidyl ether of bisphenol A (DGEBA) epoxy resin. (b) A molecule of diethylene triamine (DETA) curing agent.
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 FIGURE 2.28 Schematic representation of a cross-linked epoxy resin. (a) Reaction of epoxide group with DETA molecule; (b) formation of cross-links; and
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 Liquid epoxy resin + curing agent
 
 Heat
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 FIGURE 2.28 (continued) (c) three-dimensional network structure of solid epoxy.
 
 If the curing reaction is slowed by external means (e.g., by lowering the reaction temperature) before all the molecules are cross-linked, the resin would exist in B-stage form. At this stage, cross-links have formed at widely spaced points in the reactive mass. Hardness, tackiness, and the solvent reactivity of the B-staged resin depend on the cure advancement or the degree of cure at the end of B-staging. The B-staged resin can be transformed into a hard, insoluble mass by completing the cure at a later time. Curing time (also called pot life) and temperature to complete the polymerization reaction depend on the type and amount of curing agent. With some curing agents, the reaction initiates and proceeds at room temperature; but with others, elevated temperatures are required. Accelerators are sometimes added to the liquid mix to speed up a slow reaction and shorten the curing time. The properties of a cured epoxy resin depend principally on the cross-link density (spacing between successive cross-link sites). In general, the tensile modulus, glass transition temperature, and thermal stability as well as chemical resistance are improved with increasing cross-link density, but the strainto-failure and fracture toughness are reduced. Factors that control the crosslink density are the chemical structure of the starting liquid resin (e.g., number of epoxide groups per molecule and spacing between epoxide groups), functionality of the curing agent (e.g., number of active hydrogen atoms in DETA), and the reaction conditions, such as temperature and time. The continuous use temperature for DGEBA-based epoxies is 1508C or less. Higher heat resistance can be obtained with epoxies based on novolac and cycloaliphatics, for example, which have a continuous use temperature ranging up to 2508C. In general, of an epoxy is improved if it  the heat resistance  contains more aromatic
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 rings in its basic molecular chain.
 
 TABLE 2.8 Typical Properties of Cast Epoxy Resin (at 238C) Density (g=cm3) Tensile strength, MPa (psi) Tensile modulus, GPa (106 psi) Poisson’s ratio Coefficient of thermal expansion, 106 m=m per 8C (106 in.=in. per 8F) Cure shrinkage, %
 
 1.2–1.3 55–130 (8,000–19,000) 2.75–4.10 (0.4–0.595) 0.2–0.33 50–80 (28–44) 1–5
 
 Epoxy matrix, as a class, has the following advantages over other thermoset matrices: 1. Wide variety of properties, since a large number of starting materials, curing agents, and modifiers are available 2. Absence of volatile matters during cure 3. Low shrinkage during cure 4. Excellent resistance to chemicals and solvents 5. Excellent adhesion to a wide variety of fillers, fibers, and other substrates The principal disadvantages are its relatively high cost and long cure time. Typical properties of cast epoxy resins are given in Table 2.8. One of the epoxy resins used in the aerospace industry is based on tetraglycidal diaminodiphenyl methane (TGDDM). It is cured with diaminodiphenyl sulfone (DDS) with or without an accelerator. The TGDDM–DDS system is used due to its relatively high glass transition temperature (2408C–2608C, compared with 1808C–1908C for DGEBA systems) and good strength retention even after prolonged exposure to elevated temperatures. Prepregs made with this system can be stored for a longer time period due to relatively low curing reactivity of DDS in the ‘‘B-staged’’ resin. Limitations of the TGDDM system are their poor hot–wet performance, low strain-to-failure, and high level of atmospheric moisture absorption (due to its highly polar molecules). High moisture absorption reduces its glass transition temperature as well as its modulus and other mechanical properties. Although the problems of moisture absorption and hot–wet performance can be reduced by changing the resin chemistry (Table 2.9), brittleness or low strain-to-failure is an inherent problem of any highly cross-linked resin. Improvement in the matrix strain-to-failure and fracture toughness is considered essential for damage-tolerant composite laminates. For epoxy resins, this can be accomplished by adding a small amount of highly reactive carboxylterminated butadiene–acrylonitrile (CTBN) liquid elastomer, which forms a
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 TABLE 2.9 Mechanical Properties of High-Performance Epoxy Resinsa,b
 
 Property
 
 Epoxy 2 (Epon HPT 1072, Shell Chemical)
 
 Epoxy 1
 
 Tg, 8C Flexural properties (at room temperature) Strength, MPa (ksi) Modulus, GPa (Msi) Flexural properties (hot–wet)c Strength (% retained) Modulus (% retained) Fracture energy, GIc, kJ=m2 (in. lb=in.2) Moisture gain, %
 
 Epoxy 3 (Tactix 742, Dow Chemical)
 
 262
 
 261
 
 334
 
 140.7 (20.4) 3.854 (0.559)
 
 111.7 (16.2) 3.378 (0.490)
 
 124.1 (18) 2.965 (0.430)
 
 55 64.5 0.09 (0.51)
 
 65 87.3 0.68 (3.87)
 
 — — 0.09 (0.51)
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 TABLE 2.9 (continued) Mechanical Properties of High-Performance Epoxy Resinsa,b O
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 All epoxies were cured with DDS. Molecular structures for Epoxies 1–3 are given in the accompanying figures. c Percent retained with room temperature and dry properties when tested in water at 938C after 2 week immersion at 938C. b
 
 second phase in the cured matrix and impedes its microcracking. Although the resin is toughened, its glass transition temperature, modulus, and tensile strength as well as solvent resistance are reduced (Table 2.10). This problem is overcome by blending epoxy with a tough thermoplastic resin, such as polyethersulfone, but the toughness improvement depends on properly matching the epoxy and thermoplastic resin functionalities, their molecular weights, and so on [17].
 
 2.3.2 POLYESTER The starting material for a thermoset polyester matrix is an unsaturated polyester resin that contains a number of C¼¼C double bonds. It is prepared by the TABLE 2.10 Effect of CTBN Addition on the Properties of Cast Epoxy Resin CTBN parts per 100 parts of epoxya Tensile strength, MPa Tensile modulus, GPa Elongation at break (%) Fracture energy, GIc, kJ=m2 HDT, 8C (at 1.82 MPa)
 
 0 65.8 2.8 4.8 1.75 80
 
 5 62.8 2.5 4.6 26.3 76
 
 10 58.4 2.3 6.2 33.3 74
 
 15 51.4 2.1 8.9 47.3 71
 
 Source: Adapted from Riew, C.K., Rowe, E.H., and Siebert, A.R., Toughness and Brittleness of Plastics, R.D. Deanin and A.M. Crugnola, eds., American Chemical Society, Washington, D.C., 1976. a
 
 DGEBA epoxy (Epon 828, Shell) cured with five parts of piperidine at 1208C for 16 h.
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 reaction of maleic anhydride and ethylene glycol or propylene glycol (Figure 2.29a). Saturated acids, such as isophthalic acid or orthophthalic acid, are also added to modify the chemical structure between the cross-linking sites; however, these acids do not contain any C¼¼C double bonds. The resulting polymeric liquid is dissolved in a reactive (polymerizable) diluent, such as styrene (Figure 2.29b), which reduces its viscosity and makes it easier to handle. The diluent also contains C¼¼C double bonds and acts as a cross-linking agent by bridging the adjacent polyester molecules at their unsaturation points. Trace amounts of an inhibitor, such as hydroquinone or benzoquinone, are added to the liquid mix to prevent premature polymerization during storage. The curing reaction for polyester resins is initiated by adding small quantities of a catalyst, such as an organic peroxide or an aliphatic azo compound (Figure 2.29c), to the liquid mix. With the application of heat (in the temperature range
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 FIGURE 2.29 Principal ingredients in the preparation of a thermoset polyester matrix. (a) Unsaturated polyester molecule. The asterisk denotes unsaturation points (reactive sites) in the unsaturated polyester molecule; (b) styrene molecule; and (c) t-butyl perbenzoate molecule (tBPB).
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 FIGURE 2.30 Schematic representation of a cross-linked polyester resin.
 
 of 1078C–1638C), the catalyst decomposes rapidly into free radicals, which react (mostly) with the styrene molecules and break their C¼¼C bonds. Styrene radicals, in turn, join with the polyester molecules at their unsaturation points and eventually form cross-links between them (Figure 2.30). The resulting material is a solid polyester resin. The curing time for polyester resins depends on the decomposition rate of the catalyst, which can be increased by increasing the curing temperature. However, for a given resin–catalyst system, there is an optimum temperature at which all of the free radicals generated from the catalyst are used in curing the resin. Above this optimum temperature, free radicals are formed so rapidly that wasteful side reactions occur and deterioration of the curing reaction is observed. At temperatures below the optimum, the curing reaction is very slow. The decomposition rate of a catalyst is increased by adding small quantities of an accelerator, such as cobalt naphthanate (which essentially acts as a catalyst for the primary catalyst). As in the case of epoxy resins, the properties of polyester resins depend strongly on the cross-link density. The modulus, glass transition temperature, and thermal stability of cured polyester resins are improved by increasing the cross-link density, but the strain-to-failure and impact energy are reduced. The major factor influencing the cross-link density is the number of unsaturation points in an uncured polyester molecule. The simplest way of controlling the frequency of unsaturation points is to vary the weight ratio of various ingredients used for making unsaturated polyesters. For example, the frequency of unsaturation in an isophthalic polyester resin decreases as the weight ratio
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 FIGURE 2.31 Effect of unsaturation level on the properties of a thermoset polyester resin. (After How ingredients influence unsaturated polyester properties, Amoco Chemicals Corporation, Bulletin IP-70, 1980.)
 
 of isophthalic acid to maleic anhydride is increased. The effect of such weight ratio variation on various properties of a cured isophthalic polyester resin is shown in Figure 2.31. The type of ingredients also influences the properties and processing characteristics of polyester resins. For example, terephthalic acid generally provides a higher HDT than either isophthalic or orthophthalic acid, but it has the slowest reactivity of the three phthalic acids. Adipic acid, if used instead of any of the phthalic acids, lowers the stiffness of polyester molecules, since it does not contain an aromatic ring in its backbone. Thus, it can be used as a flexibilizer for polyester resins. Another ingredient that can also lower the stiffness is diethylene glycol. Propylene glycol, on the other hand, makes the polyester resin more rigid, since the pendant methyl groups in its structure restrict the rotation of polyester molecules. The amount and type of diluent are also important factors in controlling the properties and processing characteristics of polyester resins. Styrene is the most widely used diluent because it has low viscosity, high solvency, and low cost. Its drawbacks are flammability and potential (carcinogenic) health hazard due to excessive emissions. Increasing the amount of styrene reduces the modulus of the cured polyester resin, since it increases the space between polyester molecules. Because styrene also contributes unsaturation points, higher styrene content in the resin solution increases the total amount of unsaturation and, consequently, the curing time is increased. An excessive amount of styrene tends to promote self-polymerization (i.e., formation of
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 FIGURE 2.32 Effect of increasing styrene content on the properties of a thermoset polyester resin.
 
 polystyrene) and causes polystyrene-like properties to dominate the cured polyester resin (Figure 2.32). Polyester resins can be formulated in a variety of properties ranging from hard and brittle to soft and flexible. Its advantages are low viscosity, fast cure time, and low cost. Its properties (Table 2.11) are generally lower than those for epoxies. The principal disadvantage of polyesters over epoxies is their high volumetric shrinkage. Although this allows easier release of parts from the mold, the difference in shrinkage between the resin and fibers results in uneven depressions (called sink marks) on the molded surface. The sink marks are undesirable for exterior surfaces requiring high gloss and good appearance
 
 TABLE 2.11 Typical Properties of Cast Thermoset Polyester Resins (at 238C) Density (g=cm3) Tensile strength, MPa (psi) Tensile modulus, GPa (106 psi) Elongation, % HDT, 8C (8F) Cure shrinkage, %
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 1.1–1.43 34.5–103.5 (5,000–15,000) 2.1–3.45 (0.3–0.5) 1–5 60–205 (140–400) 5–12
 
 (e.g., Class A surface quality in automotive body panels, such as hoods). One way of reducing these surface defects is to use low-shrinkage (also called lowprofile) polyester resins that contain a thermoplastic component (such as polystyrene or PMMA). As curing proceeds, phase changes in the thermoplastic component allow the formation of microvoids that compensate for the normal shrinkage of the polyester resin.
 
 2.3.3 VINYL ESTER The starting material for a vinyl ester matrix is an unsaturated vinyl ester resin produced by the reaction of an unsaturated carboxylic acid, such as methacrylic or acrylic acid, and an epoxy (Figure 2.33). The C¼¼C double bonds (unsaturation points) occur only at the ends of a vinyl ester molecule, and therefore, crosslinking can take place only at the ends, as shown schematically in Figure 2.34. Because of fewer cross-links, a cured vinyl ester resin is more flexible and has higher fracture toughness than a cured polyester resin. Another unique characteristic of a vinyl ester molecule is that it contains a number of OH (hydroxyl) groups along its length. These OH groups can form hydrogen bonds with similar groups on a glass fiber surface resulting in excellent wet-out and good adhesion with glass fibers.
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 FIGURE 2.33 Chemistry of a vinyl ester resin. The asterisk denotes unsaturation points (reactive sites).
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 FIGURE 2.34 Schematic representation of a cross-linked vinyl ester resin.
 
 Vinyl ester resins, like unsaturated polyester resins, are dissolved in styrene monomer, which reduces their viscosity. During polymerization, styrene coreacts with the vinyl ester resin to form cross-links between the unsaturation points in adjacent vinyl ester molecules. The curing reaction for vinyl ester resins is similar to that for unsaturated polyesters. Vinyl ester resins possess good characteristics of epoxy resins, such as excellent chemical resistance and tensile strength, and of unsaturated polyester resins, such as low viscosity and fast curing. However, the volumetric shrinkage of vinyl ester resins is in the range of 5%–10%, which is higher than that of the parent epoxy resins (Table 2.12). They also exhibit only moderate adhesive strengths compared with epoxy resins. The tensile and flexural properties of cured vinyl ester resins do not vary appreciably with the molecular weight and type of epoxy resin or other coreactants. However, the HDT and thermal stability can be improved by using heat-resistant epoxy resins, such as phenolic-novolac types.
 
 TABLE 2.12 Typical Properties of Cast Vinyl Ester Resins (at 238C) Density (g=cm3) Tensile strength, MPa (psi) Tensile modulus, GPa (106 psi) Elongation, % HDT, 8C (8F) Cure shrinkage, %
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 1.12–1.32 73–81 (10,500–11,750) 3–3.5 (0.44–0.51) 3.5–5.5 93–135 (200–275) 5.4–10.3
 
 2.3.4 BISMALEIMIDES
 
 AND
 
 OTHER THERMOSET POLYIMIDES
 
 Bismaleimide (BMI), PMR-15 (for polymerization of monomer reactants), and acetylene-terminated polyimide (ACTP) are examples of thermoset polyimides (Table 2.13). Among these, BMIs are suitable for applications requiring a service temperature of 1278C–2328C. PMR and ACTP can be used up to 2888C and 3168C, respectively. PMR and ACTP also have exceptional thermo-oxidative stability and show only 20% weight loss over a period of 1000 h at 3168C in flowing air [18]. Thermoset polyimides are obtained by addition polymerization of liquid monomeric or oligomeric imides to form a cross-linked infusible structure. They are available either in solution form or in hot-melt liquid form. Fibers can be coated with the liquid imides or their solutions before the cross-linking reaction. On curing, they not only offer high temperature resistance, but also high chemical and solvent resistance. However, these materials are inherently very brittle due to their densely cross-linked molecular structure. As a result, their composites are prone to excessive microcracking. One useful method of reducing their brittleness without affecting their heat resistance is to combine them with one or more tough thermoplastic polyimides. The combination produces a semi-interpenetrating network (semi-IPN) polymer [19], which retains the easy processability of a thermoset and exhibits the good toughness of a thermoplastic. Although the reaction time is increased, this helps in broadening the processing window, which otherwise is very narrow for some
 
 TABLE 2.13 Properties of Thermoset Polyimide Resins (at 238C) Bismaleimidea Property Density (g=cm3) Tensile strength, MPa (ksi) Tensile modulus, GPa (Msi) Strain-to-failure (%) Flexural strength, MPa (ksi) Flexural modulus, GPa (Msi) Fracture energy, GIc, J=m2 (in. lb=in.2) a
 
 Without Modifier — — — — 60 (8.7) 5.5 (0.8) 24.5 (0.14)
 
 Withb Modifier 1.28 — — — 126.2 (18.3) 3.7 (0.54) 348 (1.99)
 
 PMR-15c
 
 ACTPd
 
 1.32 38.6 (5.6) 3.9 (0.57) 1.5 176 (25.5) 4 (0.58) 275 (1.57)
 
 1.34 82.7 (12) 4.1 (0.60) 1.5 145 (21) 4.5 (0.66) —
 
 Compimide 353 (Shell Chemical Co.). Compimide 353 melt blended with a bis-allylphenyl compound (TM 121), which acts as a toughening modifier (Shell Chemical Co.). c From Ref. [18]. d Thermid 600 (National Starch and Chemical Corporation). b
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 of these polyimides and causes problems in manufacturing large or complex composite parts. BMIs are the most widely used thermoset polyimides in the advanced composite industry. BMI monomers (prepolymers) are prepared by the reaction of maleic anhydride with a diamine. A variety of BMI monomers can be prepared by changing the diamine. One commercially available BMI monomer has the following chemical formula: O
 
 O H
 
 C
 
 C
 
 C
 
 C N
 
 C
 
 N
 
 C
 
 C C
 
 H
 
 C
 
 O
 
 Bismaleimide (BMI)
 
 O
 
 BMI monomers are mixed with reactive diluents to reduce their viscosity and other comonomers, such as vinyl, acrylic, and epoxy, to improve the toughness of cured BMI. The handling and processing techniques for BMI resins are similar to those for epoxy resins. The curing of BMI occurs through additiontype homopolymerization or copolymerization that can be thermally induced at 1708C–1908C.
 
 2.3.5 CYANATE ESTER Cyanate ester resin has a high glass transition temperature (Tg ¼ 2658C), lower moisture absorption than epoxies, good chemical resistance, and good dimensional stability [20]. Its mechanical properties are similar to those of epoxies. The curing reaction of cyanate ester involves the formation of thermally stable triazine rings, which is the reason for its high temperature resistance. The curing shrinkage of cyanate ester is also relatively small. For all these reasons, cyanate ester is considered a good replacement for epoxy in some aerospace applications. Cyanate ester is also considered for printed circuit boards, encapsulants, and other electronic components because of its low dielectric constant and high dielectric breakdown strength, two very important characteristics for many electronic applications. Cyanate ester is commonly used in blended form with other polymers. For example, it is sometimes blended with epoxy to reduce cost. Blending it with BMI has shown to improve its Tg. Like many other thermoset polymers, cyanate ester has low fracture toughness. Blending it with thermoplastics, such as polyarylsulfone and polyethersulfone, has shown to improve its fracture toughness.
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 2.4 THERMOPLASTIC MATRIX Table 2.14 lists the mechanical properties of selected thermoplastic polymers that are considered suitable for high-performance composite applications. The molecules in these polymers contain rigid aromatic rings that give them a relatively high glass transition temperature and an excellent dimensional stability at elevated temperatures. The actual value of Tg depends on the size and flexibility of other chemical groups or linkages in the chain.
 
 2.4.1 POLYETHER ETHER KETONE Polyether ether ketone (PEEK) is a linear aromatic thermoplastic based on the following repeating unit in its molecules:
 
 TABLE 2.14 Properties of Selected Thermoplastic Matrix Resins (at 238C) Property Density (g=cm3) Yield (Y ) or tensile (T ) strength, MPa (ksi) Tensile modulus, GPa (Msi) Elongation-at-break (%) Poisson’s ratio Flexural strength, MPa (ksi) Flexural modulus, GPa (Msi) Fracture energy (GIc), kJ=m2 HDT, 8C (at 1.82 MPa) CLTE, 105=8C a b c d e f g
 
 PEEKa
 
 PPSb
 
 PSULc
 
 PEId
 
 PAIe
 
 K-IIIf
 
 LARC-TPIg
 
 1.30–1.32 100 (14.5) (Y)
 
 1.36 82.7 (12) (T)
 
 1.24 70.3 (10.2) (Y)
 
 1.27 105 (15.2) (Y)
 
 1.40 185.5 (26.9) (T)
 
 1.31 102 (14.8) (T)
 
 1.37 138 (20) (T)
 
 3.24 (0.47)
 
 3.3 (0.48)
 
 2.48 (0.36)
 
 3 (0.43)
 
 3.03 (0.44)
 
 3.76 (0.545)
 
 3.45 (0.5)
 
 50 0.4 170 (24.65)
 
 4 — 152 (22)
 
 75 0.37 106.2 (15.4)
 
 60 — 150 (21.75)
 
 12 — 212 (30.7)
 
 14 0.365 — —
 
 5 0.36 — —
 
 4.1 (0.594)
 
 3.45 (0.5)
 
 2.69 (0.39)
 
 3.3 (0.48)
 
 4.55 (0.66)
 
 6.6
 
 —
 
 3.4
 
 3.7
 
 3.9
 
 160 4.7
 
 135 4.9
 
 174 5.6
 
 200 5.6
 
 274 3.6
 
 Victrex. Ryton. Udel. Ultem. Torlon. Avimid. Durimid.
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 — — 1.9 — —
 
 — — — — 3.5
 
 O
 
 O
 
 O
 
 C
 
 n Ketone
 
 Ether
 
 Ether
 
 Polyetherether ketone (PEEK)
 
 Continuous carbon fiber-reinforced PEEK composites are known in the industry as aromatic polymer composite or APC. PEEK is a semicrystalline polymer with a maximum achievable crystallinity of 48% when it is cooled slowly from its melt. Amorphous PEEK is produced if the melt is quenched. At normal cooling rates, the crystallinity is between 30% and 35%. The presence of fibers in PEEK composites tends to increase the crystallinity to a higher level, since the fibers act as nucleation sites for crystal formation [21]. Increasing the crystallinity increases both modulus and yield strength of PEEK, but reduces its strain-to-failure (Figure 2.35). PEEK has a glass transition temperature of 1438C and a crystalline melting point of 3358C. Melt processing of PEEK requires a temperature range of 3708C–4008C. The maximum continuous use temperature is 2508C. The outstanding property of PEEK is its high fracture toughness, which is 50–100 times higher than that of epoxies. Another important advantage of PEEK is its low water absorption, which is less than 0.5% at 238C compared with 4%–5% for conventional aerospace epoxies. As it is semicrystalline, it does not dissolve in common solvents. However, it may absorb some of these 15
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 FIGURE 2.35 Tensile stress–strain diagram of PEEK at different crystallinities. (Adapted from Seferis, J.C., Polym. Compos., 71, 58, 1986.)
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 solvents, most notably methylene chloride. The amount of solvent absorption decreases with increasing crystallinity.
 
 2.4.2 POLYPHENYLENE SULFIDE Polyphenylene sulfide (PPS) is a semicrystalline polymer with the following repeating unit in its molecules:
 
 S n
 
 PPS is normally 65% crystalline. It has a glass transition temperature of 858C and a crystalline melting point of 2858C. The relatively low Tg of PPS is due to the flexible sulfide linkage between the aromatic rings. Its relatively high crystallinity is attributed to the chain flexibility and structural regularity of its molecules. Melt processing of PPS requires heating the polymer in the temperature range of 3008C–3458C. The continuous use temperature is 2408C. It has excellent chemical resistance.
 
 2.4.3 POLYSULFONE Polysulfone is an amorphous thermoplastic with the repeating unit shown as follows: CH3
 
 O S
 
 O
 
 C
 
 O n
 
 O
 
 CH3
 
 Diphenylene sulfone group Polysulfone
 
 Polysulfone has a glass transition temperature of 1858C and a continuous use temperature of 1608C. The melt processing temperature is between 3108C and 4108C. It has a high tensile strain-to-failure (50%–100%) and an excellent hydrolytic stability under hot–wet conditions (e.g., in steam). Although polysulfone has good resistance to mineral acids, alkalis, and salt solutions, it will swell, stress-crack, or dissolve in polar organic solvents such as ketones, chlorinated hydrocarbons, and aromatic hydrocarbons.
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 2.4.4 THERMOPLASTIC POLYIMIDES Thermoplastic polyimides are linear polymers derived by condensation polymerization of a polyamic acid and an alcohol. Depending on the types of the polyamic acid and alcohol, various thermoplastic polyimides can be produced. The polymerization reaction takes place in the presence of a solvent and produces water as its by-product. The resulting polymer has a high melt viscosity and must be processed at relatively high temperatures. Unlike thermosetting polyimides, they can be reprocessed by the application of heat and pressure. Polyetherimide (PEI) and polyamide-imide (PAI) are melt-processable thermoplastic polyimides. Their chemical structures are shown as follows. O
 
 O CH3
 
 C
 
 C N
 
 N
 
 C
 
 O
 
 O
 
 C CH3
 
 O
 
 n
 
 C O
 
 Polyetherimide (PEI)
 
 O C
 
 H
 
 N R
 
 N
 
 C C
 
 n
 
 O O Polyamide-imide (PAI)
 
 Both are amorphous polymers with high glass transition temperatures, 2178C for PEI and 2808C for PAI. The processing temperature is 3508C or above. Two other thermoplastic polyimides, known as K polymers and Langley Research Center Thermoplastic Imide (LARC-TPI), are generally available as prepolymers dissolved in suitable solvents. In this form, they have low viscosities so that the fibers can be coated with their prepolymers to produce flexible prepregs. Polymerization, which for these polymers means imidization or imide ring formation, requires heating up to 3008C or above. The glass transition temperatures of K polymers and LARC-TPI are 2508C and 2658C, respectively. Both are amorphous polymers, and offer excellent heat and solvent resistance. Since their molecules are not cross-linked, they
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 are not as brittle as thermoset polymers. They are processed with fibers from low-viscosity solutions much like the thermoset resins; yet after imidization, they can be made to flow and be shape-formed like conventional thermoplastics by heating them over their Tg. This latter characteristic is due to the presence of flexible chemical groups between the stiff, fused-ring imide groups in their backbones. In LARC-TPI, for example, the sources of flexibility are the carbonyl groups and the meta-substitution of the phenyl rings in the diamine-derived portion of the chain. The meta-substitution, in contrast to para-substitution, allows the polymer molecules to bend and flow.
 
 O
 
 O
 
 O
 
 C
 
 C
 
 C
 
 O C N
 
 N C
 
 C
 
 n
 
 O
 
 O
 
 LARC-TPI
 
 2.5 FIBER SURFACE TREATMENTS The primary function of a fiber surface treatment is to improve the fiber surface wettability with the matrix and to create a strong bond at the fiber–matrix interface. Both are essential for effective stress transfer from the matrix to the fiber and vice versa. Surface treatments for glass, carbon, and Kevlar fibers for their use in polymeric matrices are described in this section.*
 
 2.5.1 GLASS FIBERS Chemical coupling agents are used with glass fibers to (1) improve the fiber– matrix interfacial strength through physical and chemical bonds and (2) protect the fiber surface from moisture and reactive fluids.
 
 * Several investigators [27] have suggested that there is a thin but distinct interphase between the fibers and the matrix. The interphase surrounds the fiber and has properties that are different from the bulk of the matrix. It may be created by local variation of the matrix microstructure close to the fiber surface. For example, there may be a variation in cross-link density in the case of a thermosetting matrix, or a variation of crystallinity in the case of a semicrystalline thermoplastic matrix, both of which are influenced by the presence of fibers as well as the fiber surface chemistry. The interphase may also contain microvoids (resulting from poor fiber surface wetting by the matrix or air entrapment) and unreacted solvents or curing agents that tend to migrate toward the fiber surface.
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 Common coupling agents used with glass fibers are organofunctional silicon compounds, known as silanes. Their chemical structure is represented by R0 -Si(OR)3, in which the functional group R0 must be compatible with the matrix resin in order for it to be an effective coupling agent. Some representative commercial silane coupling agents are listed in Table 2.15. The glass fiber surface is treated with silanes in aqueous solution. When a silane is added to water, it is hydrolyzed to form R0 -Si(OH)3: R0  Si(OR)3 þ 3H2 O ! R0  Si(OH)3 þ 3HOR: Water Silane
 
 Before treating glass fiber with a coupling agent, its surface must be cleaned from the size applied at the time of forming. The size is burned away by heating the fiber in an air-circulating oven at 3408C for 15–20 h. As the heat-cleaned fibers are immersed into the aqueous solution of a silane, chemical bonds (Si–O–Si) as well as physical bonds (hydrogen bonds) are established between the (OH) groups on the glass fiber surface (which is hydroscopic owing to alkaline content) and R0 – Si(OH)3 molecules.
 
 TABLE 2.15 Recommended Silane Coupling Agents for Glass Fiber-Reinforced Thermoset Polymers With epoxy matrix: 1. g-Aminopropyltriethoxysilane H2 N  (CH2 )3  Si(OC2 H5 )3 2. g-Glycidyloxypropyltrimethoxysilane
 
 O H2C – CH – CH2 – O(CH2)3 – Si(OCH3)3 3. N-b-Aminoethyl-g-aminopropyltrimethoxysilane H2 N  CH2  CH2  NH  (CH2 )3  Si(OCH3 )3 With polyester and vinyl ester matrix: 1. g-Methacryloxypropyltrimethoxysilane CH3 O j k H2 ¼ C  C  O(CH2 )3  Si(OCH3 )3 2. Vinyl triethoxysilane H2 C ¼ CH  Si(OC2 H5 )3 3. Vinyl tris(b-methoxyethoxy)silane H2 C ¼ CH  Si(OCH2  CH2  O  CH3 )3
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 When treated glass fibers are incorporated into a resin matrix, the functional group R0 in the silane film reacts with the resin to form chemical coupling between fibers and matrix.
 
 Glass fiber surface
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 Without a coupling agent, stress transfer between the fibers and the polymer matrix is possible owing to a mechanical interlocking that arises because of higher thermal contraction of the matrix relative to the fibers. Since the coefficient of thermal expansion (and contraction) of the polymer matrix is nearly 10 times higher than that of the fibers, the matrix shrinks considerably more than the fibers as both cool down from the high processing temperature. In addition, polymerization shrinkage in the case of a thermoset polymer and crystallization shrinkage in the case of a semicrystalline polymer contribute to mechanical interlocking. Residual stresses are generated in the fiber as well as the matrix surrounding the fiber as a result of mechanical interlocking. However, at elevated service temperatures or at high applied loads, the difference in expansion of fibers and matrix may relieve this mechanical interlocking and residual stresses. Under extreme circumstances, a microcrack may be formed at the interface, resulting in reduced mechanical properties for the composite. Furthermore, moisture or other reactive fluids that may diffuse through the resin can accumulate at the interface and cause deterioration in fiber properties. Evidence of fiber–matrix coupling effect can be observed in Figure 2.36, in which fracture surfaces of uncoupled and coupled fiber-reinforced epoxies are compared. In the uncoupled system (Figure 2.36a), the interfacial failure
 
 ß 2007 by Taylor & Francis Group, LLC.
 
 (a)
 
 (b)
 
 FIGURE 2.36 Photomicrographs of fracture surfaces of E-glass–epoxy composites demonstrating (a) poor adhesion with an incompatible silane coupling agent and (b) good adhesion with a compatible silane coupling agent.
 
 is characterized by clean fiber surfaces, thin cracks (debonding) between fibers and matrix, and clear impressions in the matrix from which the fibers have pulled out or separated. In the coupled system (Figure 2.36b), strong interfacial strength is characterized by fiber surfaces coated with thin layers of matrix and the absence of fiber–matrix debonding as well as absence of clear fiber surface impressions in the matrix. In the former, debonding occurs at
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 TABLE 2.16 Effect of Silane Coupling Agent on the Strength of E-Glass Fiber-Reinforced Polyester Rods Strength (MPa) Treatment
 
 Dry
 
 Weta
 
 No silane Vinyl silane Glycidyl silane Methacryl silane
 
 916 740 990 1100
 
 240 285 380 720
 
 a
 
 After boiling in water at 1008C for 72 h.
 
 the fiber–matrix interface, but in the latter, cohesive failure occurs in the matrix. The interfacial bond created by silanes or other coupling agents allows a better load stress transfer between fibers and matrix, which in turn improves the tensile strength as well as the interlaminar shear strength of the composite. However, the extent of strength improvement depends on the compatibility of the coupling agent with the matrix resin. Furthermore, it has been observed that although a strong interface produces higher strength, a relatively weaker interface may contribute to higher energy dissipation through debonding at the fiber–matrix interface, which may be beneficial for attaining higher fracture toughness. The data in Table 2.16 show the improvement in strength achieved by using different silane coupling agents on the glass fiber surface of a glass fiber– polyester composite. The wet strength of the composite, measured after boiling in water for 72 h, is lower than the dry strength; however, by adding the silane coupling agent and creating a stronger interfacial bond between the fibers and the matrix, the wet strength is significantly improved.
 
 2.5.2 CARBON FIBERS Carbon fiber surfaces are chemically inactive and must be treated to form surface functional groups that promote good chemical bonding with the polymer matrix. Surface treatments also increase the surface area by creating micropores or surface pits on already porous carbon fiber surface. Increase in surface area provides a larger number of contact points for fiber–matrix bonding. Commercial surface treatments for carbon fibers are of two types, oxidative or nonoxidative [4,5]:
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 1. Oxidative surface treatments produce acidic functional groups, such as carboxylic, phenolic, and hydroxylic, on the carbon fiber surface. They may be carried out either in an oxygen-containing gas (air, oxygen, carbon dioxide, ozone, etc.) or in a liquid (nitric acid, sodium hypochloride, etc.). The gas-phase oxidation is conducted at 2508C or above and often in the presence of a catalyst. Oxidation at very high temperatures causes excessive pitting on the carbon fiber surface and reduces the fiber strength. Nitric acid is the most common liquid used for the liquid-phase oxidation. The effectiveness of treatment in improving the surface properties depends on the acid concentration, treatment time, and temperature, as well as the fiber type. 2. Several nonoxidative surface treatments have been developed for carbon fibers. In one of these treatments, the carbon fiber surface is coated with an organic polymer that has functional groups capable of reacting with the resin matrix. Examples of polymer coatings are styrene–maleic anhydride copolymers, methyl acrylate–acrylonitrile copolymer, and polyamides. The preferred method of coating the fiber surface is electropolymerization, in which carbon fibers are used as one of the electrodes in an acidic solution of monomers or monomer mixtures [22]. Improved results are obtained if the carbon fiber surface is oxidized before the coating process.
 
 2.5.3 KEVLAR FIBERS Similar to carbon fibers, Kevlar 49 fibers also suffer from weak interfacial adhesion with most matrix resins. Two methods have been successful in improving the interfacial adhesion of Kevlar 49 with epoxy resin [7]: 1. Filament surface oxidation or plasma etching, which reduces the fiber tensile strength but tends to improve the off-axis strength of the composite, which depends on better fiber–matrix interfacial strength. 2. Formation of reactive groups, such as amines (NH2), on the fiber surface. These reactive groups form covalent bonds with the epoxide groups across the interface.
 
 2.6 FILLERS AND OTHER ADDITIVES Fillers are added to a polymer matrix for one or more of the following reasons: 1. Reduce cost (since most fillers are much less expensive than the matrix resin) 2. Increase modulus
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 TABLE 2.17 Properties of Calcium Carbonate-Filled Polyester Resin Property Density, g=cm3 HDT, 8C (8F) Flexural strength, MPa (psi) Flexural modulus, GPa (106 psi)
 
 Unfilled Polyester
 
 Polyester Filled with 30 phr CaCO3
 
 1.30 79 (174) 121 (17,600) 4.34 (0.63)
 
 1.48 83 (181) 62 (9,000) 7.1 (1.03)
 
 3. Reduce mold shrinkage 4. Control viscosity 5. Produce smoother surface The most common filler for polyester and vinyl ester resins is calcium carbonate (CaCO3), which is used to reduce cost as well as mold shrinkage. Examples of other fillers are clay, mica, and glass microspheres (solid as well as hollow). Although fillers increase the modulus of an unreinforced matrix, they tend to reduce its strength and impact resistance. Typical properties obtained with calcium carbonate-filled polyester matrix are shown in Table 2.17. Impact strength and crack resistance of brittle thermosetting polymers can be improved by mixing them with small amounts of a liquid elastomeric toughener, such as carboxyl-terminated polybutadiene acrylonitrile (CTBN) [23]. In addition to fillers and tougheners, colorants, flame retardants, and ultraviolet (UV) absorbers may also be added to the matrix resin [24].
 
 2.7 INCORPORATION OF FIBERS INTO MATRIX Processes for incorporating fibers into a polymer matrix can be divided into two categories. In one category, fibers and matrix are processed directly into the finished product or structure. Examples of such processes are filament winding and pultrusion. In the second category, fibers are incorporated into the matrix to prepare ready-to-mold sheets that can be stored and later processed to form laminated structures by autoclave molding or compression molding. In this section, we briefly describe the processes used in preparing these ready-to-mold sheets. Knowledge of these processes will be helpful in understanding the performance of various composite laminates. Methods for manufacturing composite structures by filament winding, pultrusion, autoclave molding, compression molding, and others are described in Chapter 5. Ready-to-mold fiber-reinforced polymer sheets are available in two basic forms, prepregs and sheet-molding compounds.
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 Controlled heating elements Back-up material (Release film) Fiber collimator Take-up roll
 
 Metering device Fiber package
 
 Resin solution
 
 FIGURE 2.37 Schematic of prepreg manufacturing.
 
 2.7.1 PREPREGS These are thin sheets of fibers impregnated with predetermined amounts of uniformly distributed polymer matrix. Fibers may be in the form of continuous rovings, mat, or woven fabric. Epoxy is the primary matrix material in prepreg sheets, although other thermoset and thermoplastic polymers have also been used. The width of prepreg sheets may vary from less than 25 mm (1 in.) to over 457 mm (18 in.). Sheets wider than 457 mm are called broadgoods. The thickness of a ply cured from prepreg sheets is normally in the range of 0.13–0.25 mm (0.005–0.01 in.). Resin content in commercially available prepregs is between 30% and 45% by weight. Unidirectional fiber-reinforced epoxy prepregs are manufactured by pulling a row of uniformly spaced (collimated) fibers through a resin bath containing catalyzed epoxy resin dissolved in an appropriate solvent (Figure 2.37). The solvent is used to control the viscosity of the liquid resin. Fibers preimpregnated with liquid resin are then passed through a chamber in which heat is applied in a controlled manner to advance the curing reaction to the B-stage. At the end of B-staging, the prepreg sheet is backed up with a release film or waxed paper and wound around a take-up roll. The backup material is separated from the prepreg sheet just before it is placed in the mold to manufacture the composite part. The normal shelf life (storage time before molding) for epoxy prepregs is 6–8 days at 238C; however, it can be prolonged up to 6 months or more if stored at 188C.
 
 2.7.2 SHEET-MOLDING COMPOUNDS Sheet-molding compounds (SMC) are thin sheets of fibers precompounded with a thermoset resin and are used primarily in compression molding process [25]. Common thermoset resins for SMC sheets are polyesters and vinyl esters. The longer cure time for epoxies has limited their use in SMC.
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 (a)
 
 (b)
 
 (c)
 
 FIGURE 2.38 Various types of sheet-molding compounds (SMC): (a) SMC-R, (b) SMC-CR, and (c) XMC.
 
 The various types of sheet-molding compounds in current use (Figure 2.38) are as follows: 1. SMC-R, containing randomly oriented discontinuous fibers. The nominal fiber content (by weight percent) is usually indicated by two-digit numbers after the letter R. For example, the nominal fiber content in SMC-R30 is 30% by weight. 2. SMC-CR, containing a layer of unidirectional continuous fibers on top of a layer of randomly oriented discontinuous fibers. The nominal fiber contents are usually indicated by two-digit numbers after the letters C and R. For example, the nominal fiber contents in SMC-C40R30 are 40% by weight of unidirectional continuous fibers and 30% by weight of randomly oriented discontinuous fibers. 3. XMC (trademark of PPG Industries), containing continuous fibers arranged in an X pattern, where the angle between the interlaced fibers is between 58 and 78. Additionally, it may also contain randomly oriented discontinuous fibers interspersed with the continuous fibers. A typical formulation for sheet-molding compound SMC-R30 is presented in Table 2.18. In this formulation, the unsaturated polyester and styrene are polymerized together to form the polyester matrix. The role of the low shrink additive, which is a thermoplastic polymer powder, is to reduce the polymerization shrinkage. The function of the catalyst (also called the initiator) is to initiate the polymerization reaction, but only at an elevated temperature. The function of the inhibitor is to prevent premature curing (gelation) of the resin that may start by the action of the catalyst while the ingredients are blended together. The mold release agent acts as an internal lubricant, and helps in releasing the molded part from the die. Fillers assist in reducing shrinkage of
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 TABLE 2.18 Typical Formulation of SMC-R30 Material Resin paste Unsaturated polyester Low shrink additive Styrene monomer Filler (CaCO3) Thickener (MgO) Catalyst (TBPB) Mold release agent (zinc stearate) Inhibitor (benzoquinone) Glass fiber (25.4 mm, chopped) Total
 
 Weight (%) 70% 10.50 3.45 13.40 40.70 0.70 0.25 1.00 lc
 
 (6:7)
 
   2=3 «Td(d) ¼ «Tt 1  1:21vf :
 
 The procedure followed by Halpin and Kardos [10] for estimating the ultimate strength of random fiber laminates is the same as the ply-by-ply analysis used for continuous fiber quasi-isotropic [0=±45=90]S laminates.
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 6.1.4 FAILURE PREDICTION
 
 IN
 
 NOTCHED LAMINATES
 
 6.1.4.1 Stress Concentration Factor It is well known that the presence of a notch in a stressed member creates highly localized stresses at the root of the notch. The ratio of the maximum stress at the notch root to the nominal stress is called the stress concentration factor. Consider, for example, the presence of a small circular hole in an infinitely wide plate (i.e., w >> R, Figure 6.5). The plate is subjected to a uniaxial tensile stress s far from the hole. The tangential stress syy at the two ends of the horizontal diameter of the hole is much higher than the nominal stress s. In this case, the hole stress concentration factor KT is defined as KT ¼
 
 syy (R,0) : s
 
 For an infinitely wide isotropic plate, the hole stress concentration factor is 3. For a symmetric laminated plate with orthotropic in-plane stiffness properties, the hole stress concentration factor is given by sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ   A11 A22  A212 2 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ , (6:8) KT ¼ 1 þ A11 A22  A12 þ 2A66 A22 where A11, A12,, A22, and A66 are the in-plane stiffnesses defined in Chapter 3. s
 
 w >> R y
 
 x 2R
 
 s
 
 FIGURE 6.5 A uniaxially loaded infinite plate with a circular hole.
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 TABLE 6.2 Circular Hole Stress Concentration Factors Material Isotropic material S-glass–epoxy
 
 T-300 carbon–epoxy
 
 Laminate
 
 Circular Hole Stress Concentration Factor (KT)
 
 — 0 [02=±45]S [0=90=±45]S [±45]S 0 [04=±45]S [0=90=±45]S [0=±45]S [±45]S
 
 3 4 3.313 3 2.382 6.863 4.126 3 2.979 1.984
 
 Note that, for an infinitely wide plate, the hole stress concentration factor KT is independent of the hole size. However, for a finite width plate, KT increases with increasing ratio of hole diameter to plate width. No closedform solutions are available for the hole stress concentration factors in finite width orthotropic plates. They are determined either by finite element methods [11,12] or by experimental techniques, such as strain gaging, moire interferometry, and birefringent coating, among other techniques [13]. Appendix A.7 gives the finite width correction factor for isotropic plates, which can be used for approximate calculation of hole stress concentration factors for orthotropic plates of finite width. Table 6.2 lists values of hole stress concentration factors for a number of symmetric laminates. For each material, the highest value of KT is observed with 08 fiber orientation. However, KT decreases with increasing proportions of ±458 layers in the laminate. It is interesting to note that a [0=90=±45]S laminate has the same KT value as an isotropic material and a [±458]S laminate has a much lower KT than an isotropic material. 6.1.4.2
 
 Hole Size Effect on Strength
 
 The hole stress concentration factor in wide plates containing very small holes (R  w) is constant, yet experimental results show that the tensile strength of many laminates is influenced by the hole diameter instead of remaining constant. This hole size effect has been explained by Waddoups et al. [14] on the basis of intense energy regions on each side of the hole. These energy regions were modeled as incipient cracks extending symmetrically from the hole boundary perpendicular to the loading direction. Later, Whitney and Nuismer [15,16] proposed two stress criteria to predict the strength of notched composites. These two failure criteria are discussed next.
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 s
 
 y syy sUt x
 
 2R
 
 d0
 
 s
 
 FIGURE 6.6 Failure prediction in a notched laminate according to the point stress criterion.
 
 Point Stress Criterion: According to the point stress criterion, failure occurs when the stress over a distance d0 away from the notch (Figure 6.6) is equal to or greater than the strength of the unnotched laminate. This characteristic distance d0 is assumed to be a material property, independent of the laminate geometry as well as the stress distribution. It represents the distance over which the material must be critically stressed to find a flaw of sufficient length to initiate failure. To apply the point stress criterion, the stress field ahead of the notch root must be known. For an infinitely wide plate containing a circular hole of radius R and subjected to a uniform tensile stress s away from the hole, the most significant stress is syy acting along the x axis on both sides of the hole edges. For an orthotropic plate, this normal stress component is approximated as [17]: (   "    4  8 #) s R 2 R R 6 R 2þ þ3  (KT  3) 5 7 , syy (x, 0) ¼ 2 x x x x
 
 (6:9)
 
 which is valid for x  R. In this equation, KT is the hole stress concentration factor given in Equation 6.8.
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 According to the point stress criterion, failure occurs at s ¼ sN for which syy (R þ d0 , 0) ¼ sUt , where sN is the notched tensile strength and sUt is the unnotched tensile strength for the laminate. Thus from Equation 6.9, the ratio of notched to unnotched tensile strength is sN 2 , ¼ sUt 2 þ l21 þ 3l41  (KT  3)(5l61  7l81 )
 
 (6:10)
 
 where l1 ¼
 
 R : R þ d0
 
 Average Stress Criterion: According to the average stress criterion, failure of the laminate occurs when the average stress over a distance a0 ahead of the notch reaches the unnotched laminate strength. The characteristic distance a0 is assumed to be a material property. It represents the distance over which incipient failure has taken place in the laminate owing to highly localized stresses. In a plate containing a circular hole of radius R, failure by the average stress criterion occurs when 1 a0
 
 ð Rþa0 R
 
 syy (x, 0)dx ¼ sUt :
 
 If the plate is made of a symmetric laminate with orthotropic properties, substitution of Equation 6.9 gives sN 2(1  l2 ) , ¼ sUt 2  l22  l42 þ (KT  3)(l62  l82 )
 
 (6:11)
 
 where l2 ¼
 
 R : R þ a0
 
 Both Equations 6.10 and 6.11 show that the notched tensile strength sN decreases with increasing hole radius. At very small hole radius, that is, as sUt R ! 0, sN ! sUt. At very large hole radius, as l1 or l2 ! 1, sN ! . KT The following points should be noted in applying the point stress and the average stress criteria for notched laminates.
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 1. The application of both the criteria requires the knowledge of the overall stress field surrounding the notch tip. Since closed-form solutions are seldom available for notch geometries other than circular holes, this stress field must be determined by either numerical or experimental methods. 2. As a first approximation, the characteristic lengths d0 and a0 appearing in Equations 6.10 and 6.11 are considered independent of the notch geometry and the laminate configuration. Thus, the values d0 and a0 determined from a single hole test on one laminate configuration can be used for predicting the notched laminate strength of any laminate of the same material system. Nuismer and Whitney [16] have observed that d0 ¼ 1.02 mm (0.04 in.) and a0 ¼ 3.81 mm (0.15 in.) are applicable for a variety of laminate configurations of both E-glass fiber–epoxy and T-300 carbon fiber–epoxy composites. 3. Both the failure criteria make adequate failure predictions for notched laminates under uniaxial loading conditions only. The point stress criterion is simpler to apply than the average stress criterion. However, the errors resulting from the approximate analysis of the notch tip stresses tend to have less effect on the average stress criterion because of the averaging process itself. It is important to note that, for many laminates, the unnotched tensile strength is strongly affected by the stacking sequence and the notched tensile strength is relatively insensitive to the stacking sequence. An example of this behavior is given in Table 6.3. In uniaxial tensile loading, unnotched [±45=90=0]S TABLE 6.3 Tensile Strengths of Unnotched and Notched Laminatesa Average Tensile Strength, MPa (ksi) Test Condition
 
 [±45=0=90]S
 
 [90=0=±45]S
 
 Unnotched Notched 2.5 mm (0.1 in.) hole 7.5 mm (0.3 in.) hole 15.0 mm (0.6 in.) hole 2.5 mm (0.1 in.) crack 7.5 mm (0.3 in.) crack 15.0 mm (0.6 in.) crack
 
 451 (65.4)
 
 499.3 (72.4)
 
 331.7 (48.1) 273.1 (39.6) 235.2 (34.1) 324.2 (47.0) 268.3 (38.9) 222.1 (32.2)
 
 322.8 (46.8) 273.1 (39.6) 233.1 (33.8) 325.5 (47.2) 255.9 (37.1) 214.5 (31.1)
 
 Source: Adapted from Whitney, J.M. and Kim, R.Y., Composite Materials: Testing and Design (Fourth Conference), ASTM STP, 617, 229, 1977. a
 
 Material: T-300 carbon–epoxy.
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 laminates fail by gross edge delaminations due to the presence of tensile interlaminar normal stress szz throughout the thickness. In contrast, the interlaminar normal stress at the free edges of [90=0=±45]S laminates under similar loading conditions is compressive in nature and no free-edge delaminations are found in these laminates. When notched, both laminates fail by the initiation and propagation of tensile cracks from the hole boundary, regardless of the interlaminar stress distributions at the free edges of the hole or the straight boundaries.
 
 EXAMPLE 6.6 Failure Prediction in a Centrally Cracked Plate. Using the point stress criterion, estimate the strength of an infinitely wide symmetric laminated plate containing a central straight crack of length 2c subjected to a uniform tensile stress applied normal to the crack plane at infinity. s
 
 y x 2c
 
 s
 
 SOLUTION The expression for the normal stress syy ahead of the crack is x syy (x, 0) ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ s, 2 x  c2 which is valid for x > c. According to the point stress criterion, failure occurs at s ¼ sN for which syy (c þ d0, 0) ¼ sUt. Thus, (c þ d0 )sN pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ¼ sUt (c þ d0 )2  c2
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 or sN ¼ sUt
 
 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 1  l23 ,
 
 where l3 ¼
 
 c : c þ d0
 
 The mode I stress intensity factor for this condition can be written as qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃ K1 ¼ sN pc ¼ sUt pc(1  l23 ):
 
 6.1.5 FAILURE PREDICTION
 
 FOR
 
 DELAMINATION INITIATION
 
 Delamination or ply separation due to interlaminar stresses is a critical failure mode in many composite laminates. It can reduce the failure strength of some laminates well below that predicted by the in-plane failure theories discussed in Section 6.1.1. Brewer and Lagace [18] as well as Zhou and Sun [19] proposed the following quadratic failure criterion to predict the initiation of delamination at the free edges: 2 2 2 tyz s zz txz þ þ ¼ 1, 2 2 Szt2 Sxz Syz
 
 (6:12)
 
 where ¼ tensile strength in the thickness direction Szt Sxz, Syz ¼ interlaminar shear strengths s zz , txz , and tyz are the average interlaminar stresses defined by (s zz, txz , tyz ) ¼
 
 1 xc
 
 ð xc
 
 (szz , t xz , t yz )dx,
 
 0
 
 where xc is the critical distance over which the interlaminar stresses are averaged. Since the interlaminar strength data are not usually available, Zhou and Sun [19] have suggested using Sxz ¼ Syz ¼ SLTs and Szt ¼ STt.. They also recommend using xc equal to twice the ply thickness.
 
 EXAMPLE 6.7 The average interlaminar shear stresses in a [±45]2S laminate under an in-plane tensile force Nxx ¼ 410 kN=m are given as:
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 Interface 1 2 3
 
  zz (MPa) s
 
 txz (MPa)
 
 tyz (MPa)
 
 0.9 1.45 0.73
 
 5.67 2.71 9.91
 
 68.71 26.60 67.47
 
 Using Szt ¼ 42.75 MPa and Sxz ¼ Syz ¼ 68.95 MPa, investigate whether any of the interfaces will fail by delamination at this load.
 
 SOLUTION Interface 1: Since s zz is compressive, we will not consider it in the failure prediction by Equation 6.12. Thus, the left-hand side (LHS) of Equation 6.12 is     5:67 2 68:71 2 þ  1: 68:95 68:95 Interface 2: The term s zz is also compressive at this interface. Therefore, we will not consider szz in the failure prediction by Equation 6.12. Thus the LHS of Equation 6.12 is     2:71 2 26:6 2 þ ¼ 0:1504: 68:95 68:95 Interface 3: We will consider all three interlaminar stresses at this interface and compute the LHS of Equation 6.12 as: 
 
      0:73 2 9:91 2 67:47 2 þ þ ¼ 0:9784: 42:75 68:95 68:95
 
 Thus, according to Equation 6.12, only interface 1 is expected to fail by delamination at Nxx ¼ 410 kN=m.
 
 6.2 LAMINATE DESIGN CONSIDERATIONS 6.2.1 DESIGN PHILOSOPHY The design of a structure or a component is in general based on the philosophy of avoiding failure during a predetermined service life. However, what constitutes failure depends principally on the type of application involved. For example, the most common failure mode in a statically loaded structure made of a ductile metal is yielding beyond which a permanent deformation may occur in the structure. On the other hand, the design of the same structure in a fatigue load application must take into account the possibility of a brittle failure accompanied by negligible yielding and rapid crack propagation.
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 Unlike ductile metals, composite laminates containing fiber-reinforced thermoset polymers do not exhibit gross yielding, yet they are also not classic brittle materials. Under a static tensile load, many of these laminates show nonlinear characteristics attributed to sequential ply failures. The question that often arises in designing with such composite laminates is, ‘‘Should the design be based on the ultimate failure or the first ply failure?’’ The current design practice in the aircraft or aerospace industry uses the FPF approach, primarily since cracks appearing in the failed ply may make the neighboring plies susceptible to mechanical and environmental damage. In many laminated constructions, the ultimate failure occurs soon after the FPF (Table 6.4), and therefore with these laminates an FPF design approach is justified. For many other laminates, the difference between the FPF stress level and the ultimate strength level is quite high. An FPF design approach with these laminates may be considered somewhat conservative. The behavior of a fiber-reinforced composite laminate in a fatigue load application is also quite different from that of metals. In a metal, nearly 80%–90% of its fatigue life is spent in the formation of a critical crack. Generally, the fatigue crack in a metal is not detectable by the present-day NDT techniques until it reaches the critical length. However, once the fatigue crack attains the critical length, it propagates rapidly through the structure, failing it in a catastrophic manner (Figure 6.7). In many polymer matrix composites, fatigue damage may appear at multiple locations in the first few hundred to a thousand cycles. Some of these damages, such as surface craze marks, fiber splitting, and edge delaminations, may also be visible in the early stages of the fatigue life. Unlike metals, the propagation or further accumulation of damage in a fiberreinforced composite takes place in a progressive manner resulting in a gradual loss in the stiffness of the structure. Thus, the laminated composite structure continues to carry the load without failing catastrophically; however, the loss of its stiffness may create gradually increasing deflections or vibrations. In these situations, a fatigue design approach based on the appearance of the first mechanical damage may again be considered conservative. Since the history of their development is new, very few long-term field performance experiences exist. Design data in the areas of combined stresses, cumulative fatigue, repeated impact, environmental damage, and so on are not available. There is very little agreement among designers about what constitutes a structural failure and how to predict it. Industry-wide standards for material specifications, quality control, test methods, and failure analysis have not yet been developed. For all these reasons, the development of fiberreinforced composite parts often relies on empirical approaches and requires extensive prototyping and testing.
 
 6.2.2 DESIGN CRITERIA In general, the current design practice for fiber-reinforced composite structures uses the same design criteria as those used for metals. For example, the primary
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 TABLE 6.4 Predicted Tensile Properties of [02=±45]S and [0=90]S Laminates First Ply Failure (FPF)
 
 Ultimate Failure
 
 Material
 
 Laminate
 
 Stress, MPa (ksi)
 
 Strain (%)
 
 Modulus, GPa (Msi)
 
 Stress, MPa (ksi)
 
 Strain (%)
 
 Modulus, GPa (Msi)
 
 S-glass–epoxy
 
 [02=±45]S [0=90]S [02=±45]S [0=90]S
 
 345.5 (50.1) 89.7 (13.0) 591.1 (85.7) 353.1 (51.2)
 
 1.34 0.38 0.72 0.45
 
 25.5 (3.7) 23.4 (3.4) 82.1 (11.9) 78.6 (11.4)
 
 618.0 (89.6) 547.6 (79.4) 600.0 (87.0) 549.0 (79.6)
 
 2.75 2.75 0.83 0.72
 
 19.3 (2.8) 19.3 (2.8) 82.8 (12.0) 72.4 (10.5)
 
 HTS carbon–epoxy
 
 Source: Adapted from Halpin, J.C., J. Compos. Mater., 6, 208, 1972.
 
 Damage size
 
 Fracture
 
 Fiber-reinforced polymers
 
 Metals
 
 Fracture Critical damage size Inspection threshold
 
 Number of fatigue cycles
 
 FIGURE 6.7 Schematic representation of damage development in metals and fiberreinforced polymers. (Adapted from Salkind, M.J., Composite Materials: Testing and Design (2nd Conference), ASTM STP, 497, 143, 1972.)
 
 structural components in an aircraft, whether made from an aluminum alloy or a carbon fiber-reinforced epoxy, are designed on the basis of the following criteria. 1. They must sustain the design ultimate load (DUL) in static testing. 2. The fatigue life must equal or exceed the projected vehicle life. 3. Deformations resulting from the applications of repeated loads and limit design load must not interfere with the mechanical operation of the aircraft, adversely affect its aerodynamic characteristics, or require repair or replacement of parts. The DUL consists of the design limit load (DLL) multiplied by a specified ultimate factor of safety. The DLL is the maximum load that the structure (or any of its parts) is likely to experience during its design life. At the DLL, the structure should not undergo any permanent deformation. For metallic components, the most commonly used factor of safety is 1.5, although in fatiguecritical components it may be raised to 1.95. A higher factor of safety, such as 2 or more, is often used with fiber-reinforced composite materials, principally owing to the lack of design and field experience with these materials.
 
 6.2.3 DESIGN ALLOWABLES Design allowable properties of a composite laminate are established by two different methods, namely, either by testing the laminate itself or by using
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 the lamination theory along with a ply-level material property database. Considering the wide variety of lamination possibilities with a given fiber– resin combination, the second method is preferred by many designers since it has the flexibility of creating new design allowables without recourse to extensive testing. The ply-level database is generated by testing unnotched unidirectional specimens in the tension, compression, and shear modes. The basic characteristics of the lamina, such as its longitudinal, transverse, and shear moduli, Poisson’s ratios, and longitudinal, transverse, and shear strengths, as well as strains-to-failure, are determined by the various static test procedures described in Chapter 4. These tests are usually performed at room temperature; however, the actual application environment should also be included in the test program. The lamination theory combined with a failure criterion and a definition of failure is then used to predict the design allowables for the selected lamination configuration. This approach is particularly advantageous in generating design charts (also called carpet plots) for a family of laminates with the same basic ply orientations. Two of these charts for the [0=±45=90]S family of a carbon fiber– epoxy composite are shown in Figures 6.8 and 6.9. Such charts are very useful in selecting the proportions of the various ply orientations required to meet the particular design criteria involved [20]. Owing to the statistical nature of the ultimate properties, the design allowable strengths and strains are usually presented on one of the following bases:
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 FIGURE 6.8 Carpet plot for tensile modulus Exx of a carbon fiber–epoxy [0=90=±45]S laminate family. Note that the percentage of 908 plies is equal to 100  (percentage of 08 plies)  (percentage of ±458 plies).
 
 ß 2007 by Taylor & Francis Group, LLC.
 
 y
 
 90
 
 150
 
 1035
 
 08
 
 80
 
 x
 
 70 60 100
 
 Percent 08 plies
 
 50
 
 690
 
 40
 
 (MPa)
 
 Allowable tensile strength (ksi)
 
 100
 
 30 20
 
 50
 
 345
 
 10
 
 0 0 0
 
 20
 
 40
 
 60
 
 80
 
 0 100
 
 Percent ± 458 plies
 
 FIGURE 6.9 Carpet plot for tensile strength sxx of a carbon fiber–epoxy [0=90=±45]S laminate family.
 
 1. A basis: Designed on the A-basis strength or strain, a component has at least a 99% probability of survival with a confidence level of 95%. 2. B basis: Designed on the B-basis strength or strain, a component has at least a 90% probability of survival with a confidence level of 95%. Statistical methods to generate A- and B-basis design allowables are briefly described in Appendix A.8. The B-basis design allowables are commonly used for fiber-reinforced composite laminates, since the failure of one or more plies in these materials does not always result in the loss of structural integrity. Ekvall and Griffin [21] have described a step-by-step procedure of formulating the B-basis design allowables for T-300 carbon fiber–epoxy unidirectional and multidirectional laminates. Their approach also takes into account the effects of a 4.76 mm (0.1875 in.) diameter hole on the design allowable static strengths of these laminates. In establishing the fatigue strength allowables for composite helicopter structures, Rich and Maass [22] used the mean fatigue strength minus 3 standard deviations. They observed that extrapolating the tension–tension fatigue data to the tension–compression or compression–compression mode may not be applicable for composite materials since significant fatigue strength reductions are possible in these two modes. Ply-level static and fatigue tests in their program were conducted under a room-temperature dry (RTD) as well as at an elevated-temperature wet (ETW) condition. The ETW condition selected was more severe than the actual design environment for helicopters. However, this
 
 ß 2007 by Taylor & Francis Group, LLC.
 
 A or B allowable strength
 
 Inte
 
 rpol
 
 ated
 
 Dry line
 
 Design condition
 
 Wet
 
 Room
 
 Elevated Test temperature
 
 FIGURE 6.10 Linear interpolation method for determining design allowables.
 
 procedure of testing at an ETW exceeding the design condition allows the designer to determine the allowable values for a variety of environmental conditions within the range investigated by interpolation rather than by extrapolation (Figure 6.10).
 
 6.2.4 GENERAL DESIGN GUIDELINES The principal steps in designing a composite laminate are 1. Selection of fiber, resin, and fiber volume fraction 2. Selection of the optimum fiber orientation in each ply and the lamina stacking sequence 3. Selection of the number of plies needed in each orientation, which also determines the final thickness of the part Considering these variables, it is obvious that a large variety of laminates may be created even if the ply orientations are restricted to a single family, such as a [0=±45=90]S family. Thus in most cases there is no straightforward method of designing a composite laminate unless the problem involves a simple structure, such as a rod or a column, and the loading is uniaxial. From the standpoint of design as well as analytic simplicity, symmetric laminates are commonly preferred over unsymmetric laminates. This eliminates the extension–bending coupling represented by the [B] matrix. The presence of
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 extension–bending coupling is also undesirable from the stiffness standpoint, since it reduces the effective stiffness of the laminate and thereby increases its deflection, reduces the critical buckling loads, and decreases the natural frequency of vibration. Similar but lesser effects are observed if the laminate has bending–twisting coupling due to the presence of D16 and D26 terms. However, unless the fibers are at 0, 90, or 0=90 combinations, a symmetric laminate cannot be designed with D16 ¼ D26 ¼ 0. The deleterious free-edge effects in a laminate can be reduced through proper selection of lamina stacking sequence. If angle-ply laminates are used, the layers with þu and u orientations should be alternated instead of in a clustered configuration [23]. Thus, for example, an eight-layer laminate with four layers of þu orientations and four layers of u orientations should be designed as [þu=u=þu=u]S instead of [u=u=u=u]S or [u=u=þu=þu]S. However, if a laminate contains 0, 90, and ±u layers, adjacent þu and u layers should be avoided. For example, in the quasi-isotropic laminate family containing 0, 90, and ±45 layers, a [45=0=90=45]S configuration is preferred over a [90=þ45=45=0]S or a [0=þ45=45=90]S configuration. 6.2.4.1 Laminate Design for Strength When the state of stress in a structure is known and does not change during the course of its service operation, the lamina orientations may be selected in the following way [24]. Using the standard Mohr’s circle technique, determine the principal normal loads and the principal directions. Analytically, the principal normal loads are 1 N1 ¼ (Nxx þ Nyy ) þ 2 1 N2 ¼ (Nxx þ Nyy )  2
 
 "
 
 #1=2  Nxx  Nyy 2 2 þ Nxy , 2
 
 "
 
 #1=2  Nxx  Nyy 2 2 þ Nxy , 2
 
 (6:13)
 
 and the principal direction with respect to the x axis is tan 2u ¼
 
 2Nxy : Nxx  Nyy
 
 (6:14)
 
 Select a [0i=90j]S cross-ply configuration with the 08 layers aligned in the direction of the maximum principal load N1 and the 908 layers aligned in the direction of the minimum principal load N2. Thus with respect to the x axis, the laminate configuration is [ui=(90 þ u)j]S. The ratio of 08 to 908 plies, i=j, is equal to the principal load ratio N1=N2. When the stress state in a structure varies in direction or is unknown, a common approach in laminate design is to make it quasi-isotropic, for example,
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 [0i=±45j=90k]S. The design procedure is then reduced to the selection of ply ratios (i=j=k) and the total thickness of the laminate. Design charts or carpet plots of the types shown in Figures 6.8 and 6.9 can be used to select the initial ply ratios; however, the final design must include a ply-by-ply analysis of the entire laminate. Massard [25] has used an iterative ply-by-ply approach for designing symmetric laminates under in-plane and bending loads. In this approach, an initial laminate configuration is assumed and additional plies are added in a stepwise fashion to achieve the most efficient laminate that can sustain the given loading condition. At each step, strains in each lamina and the margin of safety (ratio of lamina strength to effective lamina stress) for each lamina are calculated. A margin of safety greater than unity indicates a safe ply in the laminate. The process is repeated until the margin of safety in each lamina is greater than unity. Park [26] has used a simple optimization procedure to determine the fiber orientation angle u for maximum FPF stress in symmetric laminates, such as [±u]S, [u=0=u]S, and so on. The objective function F was expressed as 1    F ¼ «xx2 þ «yy2 þ gxy2 : 2
 
 (6:15)
 
 For a given laminate configuration, the midplane strain components are functions of the applied in-plane loads (Nxx, Nyy, and Nxy) as well as the fiber orientation angle u. If the in-plane loads are specified, the design optimization procedure reduces to finding u for which the objective function is minimum.
 
 EXAMPLE 6.8 Using the carpet plots in Figures 6.8 and 6.9, determine the number of layers of 0, 90, and ±458 orientations in a quasi-isotropic [0=90=±45]S laminate that meets the following criteria: 1. Minimum modulus in the axial (08) direction ¼ 6 3 106 psi 2. Minimum B-allowable strength in the axial (08) direction ¼ 65 ksi
 
 SOLUTION Step 1: Referring to Figure 6.8, determine the ply ratio that gives Exx ¼ 6 3 106 psi. 0:90: 45 ¼ 20%: 60%: 20% Step 2: Referring to Figure 6.9, check the B-allowable strength for the ply ratio determined in Step 1, which in our case is 51 ksi. Since this value is less than the minimum required, we select a new ply ratio that will give a minimum B-allowable strength of 65 ksi. This new ply ratio is 0:90:±45 ¼ 30:50:20. Referring back to Figure 6.8, we find that this ply ratio gives an axial modulus of 7 3 106 psi, which is higher than the minimum required in the present design. Thus, the laminate configuration selected is [03=905=±452]S.
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 Step 3: Assuming that the ply thickness is 0.005 in., we determine the ply thickness for each fiber orientation as 0 : 6  0:005 in: ¼ 0:03 in: 90 : 10  0:005 in: ¼ 0:05 in: þ45 : 4  0:005 in: ¼ 0:02 in: 45 : 4  0:005 in: ¼ 0:02 in: Thus, the total laminate thickness is 0.12 in.
 
 6.2.4.2 Laminate Design for Stiffness The stiffness of a member is a measure of its resistance to deformation or deflection owing to applied loads. If the member is made of an isotropic material, its stiffnesses are given by Axial stiffness ¼ EA0 , Bending stiffness ¼ EIc , Torsional stiffness ¼ GJc , where E ¼ G ¼ A0 ¼ Ic ¼ Jc ¼
 
 (6:16)
 
 modulus of elasticity shear modulus cross-sectional area moment of inertia of the cross section about the neutral axis polar moment of inertia of the cross section
 
 The stiffness equations for composite members are in general more involved than those given in Equation 6.16. If the composite member is made of a symmetric laminate, its stiffness against the in-plane loads is related to the elements in the [A] matrix, whereas its stiffness against bending, buckling, and torsional loads is related to the elements in the [D] matrix. The elements in both [A] and [D] matrices are functions of the fiber type, fiber volume fraction, fiber orientation angles, lamina thicknesses, and the number of layers of each orientation. In addition, the elements in the [D] matrix depend strongly on the lamina stacking sequence. Except for 0, 90, and 0=90 combinations, the [D] matrix for all symmetric laminates contains nonzero D16 and D26 terms. Closed-form solutions for bending deflections, buckling loads, and vibrational frequencies of general symmetric laminates are not available. The following closed-form solutions [27,28] are valid for the special class of laminates for which D16 ¼ D26 ¼ 0 and the elements in the [B] matrix are negligible:
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 1. Center deflection of a simply supported rectangular plate carrying a uniformly distributed load p0:   16p0 R4 b4 1 wﬃ (6:17) p6 D11 þ 2(D12 þ 2D66 )R2 þ D22 R4 2. Critical buckling load for a rectangular plate with pinned edges at the ends of its long dimension: Ncr ﬃ
 
 p2 [D11 þ 2(D12 þ 2D66 )R2 þ D22 R4 ] b2 R2
 
 (6:18)
 
 3. Fundamental frequency of vibration for a simply supported rectangular plate: f2 ﬃ where a ¼ b ¼ R ¼ r ¼
 
 p4 [D11 þ 2(D12 þ 2D66 )R2 þ D22 R4 ] rR4 b4
 
 (6:19)
 
 plate length plate width plate aspect ratio ¼ a=b density of the plate material
 
 A few closed-form solutions are also available in the literature for unsymmetric laminates with a nonzero [B] matrix [27,28]. However, it has been shown that the coupling effect of the [B] matrix becomes small when the laminate contains more than six to eight layers [29]. Therefore, for most practical laminates, Equations 6.17 through 6.19 can be used for initial design purposes.
 
 6.2.5 FINITE ELEMENT ANALYSIS Design analysis of a laminated composite structure almost invariably requires the use of computers to calculate stresses and strains in each ply and to investigate whether the structure is ‘‘safe.’’ For simple structures, such as a plate or a beam, the design analysis can be performed relatively easily. If the structure and the loading are complex, it may be necessary to perform the design analysis using finite element analysis. Commercially available finite element softwares, such as MSC-NASTRAN, ANSYS, ABAQUS, and LS-DYNA, have the capability of combining the lamination theory with the finite element codes. Many of these packages are capable of calculating in-plane as well as interlaminar stresses, incorporate more than one failure criterion, and contain a library of plate, shell, or solid elements with orthotropic material properties [30]. Although finite element analyses for both isotropic materials and laminated composite materials follow the same procedure, the problem of preparing the
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 input data and interpreting the output data for composite structures is much more complex than in the case of metallic structures. Typical input information for an isotropic element includes its modulus, Poisson’s ratio, and thickness. Its properties are assumed invariant in the thickness direction. An element for a composite structure may contain the entire stack of laminas. Consequently, in this case, the element specification must include the fiber orientation angle in each lamina, lamina thicknesses, and the location of each lamina with respect to the element midplane. Furthermore, the basic material property data for plane stress analysis of thin fiber-reinforced composite structure include four elastic constants, namely, the longitudinal modulus, transverse modulus, major Poisson’s ratio, and shear modulus. Thus, the amount of input information even for a static load analysis of a composite structure is quite large compared with a similar analysis of a metallic structure. The stress output from the finite element analysis of an isotropic material includes only three stress components for each element. In contrast, the stress output for a composite structure can be very large since it contains three in-plane stresses in each individual lamina as well as the interlaminar stresses between various laminas for every element. The lamina in-plane stresses are usually computed in the material principal directions, which vary from layer to layer within the same element. To examine the occurrence of failure in an element, a preselected failure criterion is applied to each lamina. In many finite element packages, the stress output may be reduced by calculating stress resultants, which are integrals of the lamina stresses through the thickness. However, interpretation of these stress resultants is difficult since they do not provide information regarding the adequacy of a design.
 
 6.3 JOINT DESIGN The purpose of a joint is to transfer loads from one member to another in a structure. The design of joints has a special significance in fiber-reinforced composite structures for two reasons: (1) the joints are often the weakest areas in a composite structure and (2) the composite materials do not possess the forgiving characteristics of ductile metals, namely, their capacity to redistribute local high stresses by yielding. For composite laminates, the basic joints are either mechanical or bonded. Mechanical joints are created by fastening the substrates with bolts or rivets; bonded joints use an adhesive interlayer between the substrates (commonly called the adherends). The advantages and disadvantages of these two types of joints are listed as follows. Mechanical Joints: 1. Permit quick and repeated disassembly for repairs or replacements without destroying the substrates 2. Require little or no surface preparation
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 3. Are easy to inspect for joint quality 4. Require machining of holes that interrupt the fiber continuity and may reduce the strength of the substrate laminates 5. Create highly localized stress concentrations around the joints that may induce failure in the substrates 6. Add weight to the structure 7. May create a potential corrosion problem, for example, in an aluminum fastener if used for joining carbon fiber–epoxy laminates Bonded Joints: 1. Distribute the load over a larger area than mechanical joints 2. Require no holes, but may need surface preparation (cleaning, pretreatment, etc.) 3. Add very little weight to the structure 4. Are difficult to disassemble without either destroying or damaging substrates 5. May be affected by service temperature, humidity, and other environmental conditions 6. Are difficult to inspect for joint quality We will now discuss the general design considerations with these two types of joints.
 
 6.3.1 MECHANICAL JOINTS The strength of mechanical joints depends on the following. 1. Geometric parameters, such as the ratios of edge distance to bolt hole diameter (e=d ), width to bolt hole diameter (w=d ), and laminate thickness to bolt hole diameter (h=d ). In multibolt joints, spacing between holes and their arrangements are also important. 2. Material parameters, such as fiber orientation and laminate stacking sequence. Some of these material parameters are discussed in Chapter 4 (see Section 4.4.1). In applications involving mechanical joints, three basic failure modes are observed in the substrates, namely, shear-out, net tension, and bearing failure (Figure 6.11). If the laminate contains nearly all 08 fibers, cleavage failure is also possible. From a safe design standpoint, a bearing failure is more desirable than either a shear-out or a net tension failure. However, unless the e=d and w=d ratios are very large, the full bearing strength is seldom achieved. In general, shear-out and net tension failures are avoided if e=d > 3 and w=d > 6. The actual geometric parameters are usually determined by conducting pin-bearing tests on the specific laminates involved. However, a bolted joint
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 (a)
 
 (b)
 
 (c)
 
 (d)
 
 FIGURE 6.11 Basic failure modes in bolted laminates: (a) shear-out, (b) net tension failure, (c) cleavage, and (d) bearing failure. Combinations of these failure modes are possible.
 
 differs from a pinned joint, since in the former the clamping torque is an added factor contributing to the joint strength. The edge distance needed to reduce shear-out failure can be reduced by increasing the laminate thickness at the edge or by inserting metal shims between various composite layers near the bolted area. The strength of a mechanical joint can be improved significantly by relieving the stress concentrations surrounding the joint. The following are some of the methods used for relieving stress concentrations. Softening strips of lower modulus material are used in the bolt bearing area. For example, strips made of E-glass fiber plies can be used to replace some of the carbon fiber plies aligned with the loading direction in a carbon fiberreinforced laminate. Laminate tailoring method [31] divides the bolt hole area of structure into two regions, namely, a primary region and a bearing region. This is demonstrated in Figure 6.12 for a structure made of a [02=±45]2S laminate. In the bearing region surrounding the bolt hole, the 08 plies in the laminate are replaced by ±458 plies. Thus, the lower modulus bearing region is bounded on both sides by the primary region of [02=±45] laminate containing 20%–60% 08 plies. The majority of the axial load in the joint is carried by the high-modulus primary region, which is free of fastener holes. The combination of low axial stress in the bearing region and the relatively low notch sensitivity of the [±45] laminate delays the onset of the net tension failure commonly observed in nontailored [02=±45]S laminates.
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 + 45⬚ or −45⬚ Bearing region
 
 Bolt hole
 
 Primary region
 
 + 45
 
 0 0
 
 + 45
 
 0 0
 
 − 45 − 45 − 45
 
 A
 
 A
 
 + 45
 
 0 0
 
 − 45 + 45
 
 Primary region
 
 0 0 Bearing region
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 Section AA
 
 FIGURE 6.12 Laminate tailoring method for improving bolted joint strength.
 
 Interference fit fasteners increase the possibility of localized delamination instead of fiber failure in the joint area (Figure 6.13). This leads to a redistribution of high stresses surrounding the joint. However, care must be taken not to damage the fibers while installing the interference fit fasteners. Holes for mechanical joints can either be machined in a postmolding operation or formed during the molding of the part. Machining is preferred, since molded
 
 Delaminated zone
 
 (a)
 
 (b)
 
 FIGURE 6.13 Stress distributions in areas adjacent to a bolt hole with (a) no delaminated zone and (b) a delaminated zone. (After Jones, R.M., Morgan, H.S., and Whitney, J.M., J. Appl. Mech., 40, 1143, 1973.)
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 holes may be surrounded by misoriented fibers, resin-rich areas, or knit lines. Drilling is the most common method of machining holes in a cured laminate; however, unless proper cutting speed, sharp tools, and fixturing are used, the material around the drilled hole (particularly at the exit side of the drill) may be damaged. High-speed water jets or lasers produce cleaner holes and little or no damage compared with the common drilling process.
 
 6.3.2 BONDED JOINTS The simplest and most widely used bonded joint is a single-lap joint (Figure 6.14a) in which the load transfer between the substrates takes place through a distribution of shear stresses in the adhesive. However, since the loads applied at the substrates are off-centered, the bending action sets up a normal (peel) stress in the thickness direction of the adhesive. Both shear and normal stress distributions exhibit high values at the lap ends of the adhesive layer, which tends to reduce the joint strength. The double-lap joint, shown in Figure 6.14b, eliminates much of the bending and normal stresses present in the single-lap joint. Since the average shear stress in the adhesive is also reduced by nearly one-half, a double-lap joint has a higher joint strength than a single-lap joint (Figure 6.15). The use of a longbonded strap on either side or on each side of the substrates (Figure 6.14c) also improves the joint strength over that of single-lap joints. Stepped lap (Figure 6.14d) and scarf joints (Figure 6.14e) can potentially achieve very high joint strengths, however in practice, the difficulty in machining the steps or steep scarf angles often overshadows their advantages. If a
 
 h
 
 L
 
 h
 
 (a)
 
 (b)
 
 (c)
 
 (d)
 
 (e)
 
 FIGURE 6.14 Basic bonded joint configurations: (a) single-lap joint, (b) double-lap joint, (c) single- and double-strap joints, (d) stepped lap joint, and (e) scarf joint.
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 FIGURE 6.15 Increase in the joint strength of single-lap bonded joints with lap length. (After Griffin, O.H., Compos. Technol. Rev., 4, 136, 1982.)
 
 stepped lap joint is used, it may often be easier and less expensive to lay up the steps before cure. This eliminates the machining operation and prevents damage to the fibers. The following points are important in designing a bonded joint and selecting an appropriate adhesive for the joint. 1. Increasing the ratio of lap length to substrate thickness h improves the joint strength significantly at small L=h ratios. At high L=h ratios, the improvement is marginal (Figure 6.16). 2. Tapering the substrate ends at the ends of the overlap reduces the high normal stresses at these locations [32]. 3. Equal axial stiffnesses for the substrates are highly desirable for achieving the maximum joint strength (Figure 6.16). Since stiffness is a product of modulus E and thickness h, it is important to select the proper thickness of each substrate so that E1h1 ¼ E2h2. If the two substrates are of the same material, their thicknesses must be equal. 4. The important characteristics of a good adhesive are high shear and tensile strengths but low shear and tensile moduli. An efficient way of
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 FIGURE 6.16 Comparison of joint strengths of various bonded joint configurations. (After Griffin, O.H., Compos. Technol. Rev., 4, 136, 1982.)
 
 increasing the joint strength is to use a low-modulus adhesive only near the ends of the overlap, which reduces stress concentrations, and a higher modulus adhesive in the central region, which carries a large share of the load. High ductility for the adhesive becomes an important selection criterion if the substrates are of dissimilar stiffnesses or if the joint is subjected to impact loads. 5. Fiber orientation in the laminate surface layers adjacent to the lap joints should be parallel to the loading direction (Figure 6.17). Otherwise, a scarf joint should be considered even though machining is required to produce this configuration.
 
 6.4 DESIGN EXAMPLES 6.4.1 DESIGN
 
 OF A
 
 TENSION MEMBER
 
 The simplest and the most efficient structure to design with a fiber-reinforced composite material is a two-force tension member, such as a slender rod or a slender bar subjected to tensile forces along its axis. Since the fibers have
 
 ß 2007 by Taylor & Francis Group, LLC.
 
 Load
 
 Adhesive bond line
 
 x x
 
 90⬚ Lamina 0⬚ Lamina Load
 
 Resin (a)
 
 Load
 
 λ
 
 Adhesive bond line
 
 λ
 
 Resin
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 (b)
 
 FIGURE 6.17 Examples of (a) poor and (b) good laminate designs for bonded joints. (After Ref. Griffin, O.H., Compos. Technol. Rev., 4, 136, 1982.)
 
 exceptionally high tensile strength–weight ratios, the load-carrying capacity of a tension member with fibers oriented parallel to its axis can be very high. The static tension load that can be supported by a tension member containing longitudinal continuous fibers is P ¼ SLt A0 ﬃ sfu vf A0 ,
 
 (6:20)
 
 where sfu ¼ ultimate tensile strength of the fibers vf ¼ fiber volume fraction A0 ¼ cross-sectional area The axial stiffness of the tension member is EA0 ﬃ Ef vf A0 ,
 
 (6:21)
 
 so that its axial elongation can be written as D¼
 
 PL0 sfu ¼ L0 : EA0 Ef
 
 (6:22)
 
 Equations 6.20 and 6.21 indicate the importance of selecting the proper fiber type as well as the fiber volume fraction for maximum load-carrying capacity and stiffness of a tension member. For good fiber wet-out, the practical limit for the maximum fiber volume fraction is about 0.6. Thus, for a specified design load, the minimum cross-sectional area is obtained by selecting the strongest fiber. In many applications, however, the maximum elongation may also be specified. In that case, the ratio of fiber strength to fiber modulus should also be checked. Although selection of the matrix has little influence on the loadcarrying capacity or the elongation, it can influence the manufacturing and environmental considerations for the member.
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 TABLE 6.5 Tensile Fatigue Strength Coefficient b for Various 08 Laminates b
 
 Fiber Type Ultrahigh-modulus carbon High-modulus carbon High-strength carbon Kevlar 49 S-glass E-glass
 
 0.021 0.035 0.05 0.035 0.088 0.093
 
 For most 08 continuous fiber composites, the fatigue strength in tension– tension cycling can be approximated as S ¼ SLt (1  b log N ),
 
 (6:23)
 
 where the value of the constant b depends primarily on the fiber type (Table 6.5). If the tension member is exposed to tension–tension fatigue, its design should be based on the fatigue strength of the material at the desired number of cycles. It should be noted that ranking of the fibers based on the fatigue strength can be different from that based on the fiber tensile strength. The most critical design issue for a tension member involves the joints or connections at its ends. A few joint design ideas other than the simple bolted or bonded joints are shown in Figure 6.18.
 
 6.4.2 DESIGN
 
 OF A
 
 COMPRESSION MEMBER
 
 Tubular compression members made from fiber-reinforced polymeric materials are finding applications in many aerospace structures, such as satellite trusses, support struts, and flight control rods. Since these compression members are mostly slender tubes, their design is usually based on preventing overall column buckling as well as local buckling [33]. The compressive stress on a thin tube of radius r and wall thickness t is s¼
 
 P P , ¼ A0 2prt
 
 (6:24)
 
 where P is the axial compressive load. For a pin-ended column, the overall buckling stress is given by  scol ¼
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 2L2 2 þ 2 p Exx r2 Gxy
 
 1 ,
 
 (6:25)
 
 (a)
 
 (b)
 
 (c)
 
 FIGURE 6.18 Joints in tension members: (a) tube with bonded shear fitting, (b) tube with wedge fitting, and (c) wrapping around a bushing. (Adapted from Taig, I.C., Composites— Standards, Testing and Design, National Physical Laboratory, London, 1974.)
 
 where L ¼ length of the compression member Exx ¼ modulus of elasticity in the axial direction Gxy ¼ shear modulus Note that the second term in Equation 6.25 represents the shear effect on the critical buckling stress. The local buckling stress of a thin-walled tube is given by t slocal ¼ b0 , r where
 
 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ gF Exx Eyy b0 ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 3(1  nxy nyx )
 
 g ¼ a correlation coefficient " #1=2 2Gxy F ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ (1 þ nxy nyx ) Exx Eyy
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 or 1, whichever is smaller
 
 (6:26)
 
 Using Equations 6.24 through 6.26, Maass [33] developed the following optimum stress equation for a compression tube design:  s3opt
 
    4 2 þ sopt ¼ 1: pExx b0 (P=L2 ) Gxy
 
 (6:27)
 
 Neglecting the shear term, an approximate sopt can be calculated as 
 
 sopt
 
 pExx b0 (P=L2 ) ¼ 4
 
 1=3 ,
 
 (6:28)
 
 where (P=L2) is called the loading index. Knowing sopt from either Equation 6.27 or 6.28, the actual tube dimensions can be determined from the following equations: ropt ¼
 
 Pb0 2ps2opt
 
 topt ¼
 
 sopt ropt : b0
 
 !1=2 , (6:29)
 
 Equations 6.27 through 6.29 show that the optimum design of a compression tube depends very much on the laminate configuration. Maass [33] used these equations to determine the optimum stress and the corresponding ply ratio for various [0=±u]S tubes made of high-strength carbon–epoxy laminates. For a unit loading index, the highest optimum stress occurs for a [03=±45]S tube, although a [±15]S tube with no 08 fibers exhibits approximately the same optimum stress. The optimum design with increasing off-axis angle u is obtained with increasing percentages of 08 layers in the tube.
 
 6.4.3 DESIGN
 
 OF A
 
 BEAM
 
 Beams are slender structural members designed principally to resist transverse loads. In general, the stress state at any point in the beam consists of an axial normal stress sxx and a transverse shear stress txz. Both these stresses are nonuniformly distributed across the thickness (depth) of the beam. In an isotropic homogeneous beam, these stress distributions are continuous with the maximum and minimum normal stresses occurring at the outermost surfaces and the maximum shear stress occurring at the neutral axis. In laminated beams, the normal stress and shear stress distributions are not only nonuniform, but also they are discontinuous at the interfaces of dissimilar laminas. Depending on the lamination configuration, it is possible to create maximum normal stresses in the interior of the beam thickness and the maximum shear
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 stress away from the midplane of the beam. For this reason, the actual stress distribution in a laminated composite beam should always be calculated using the lamination theory instead of the homogeneous beam theory. Except all 0, all 90, and 0=90 combinations for which D16 ¼ D26 ¼ 0, there will be a bending–twisting coupling in all symmetric beams. This means that a bending moment will create not only bending deformations, but also tend to twist the beam. Whitney et al. [34] have shown that the deflection equation for a symmetric beam has the same form as that for a homogeneous beam, namely, d2 w bMxx , ¼ d x2 Eb I where w b Mxx I Eb
 
 ¼ ¼ ¼ ¼ ¼
 
 (6:30)
 
 beam deflection beam width bending moment per unit width moment of inertia of the cross section about the midplane effective bending modulus of the beam
 
 The effective bending modulus Eb is defined as Eb ¼
 
 12
 
 ,
 
 h3 D * 11
 
 (6:31)
 
 where h is the beam thickness D* 11 is the first element in the inverse [D] matrix (see Example 3.13) Equation 6.31 neglects the effect due to transverse shear, which can be significant for beams with small span-to-thickness ratio. For long beams, for which the effect of the transverse shear is negligible, the maximum deflection can be calculated by replacing the isotropic modulus E with the effective bending modulus Eb in the deflection formulas for homogeneous beams. From Equation 6.31, the effective bending stiffness for a laminated beam can be written as Eb I ¼
 
 b : D* 11
 
 (6:32)
 
 For a symmetric beam containing isotropic layers or specially orthotropic layers (such as all 08, all 908, or combinations of 08 and 908 layers), the effective bending stiffness becomes (EI)b ¼ S(E11 )j Ij ,
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 (6:33)
 
 t Skin Core d Skin t
 
 FIGURE 6.19 Construction of a sandwich beam.
 
 where (E11)j is the longitudinal modulus of the jth layer and Ij is the moment of inertia of the jth layer with respect to the midplane The most effective method of reducing the weight of a beam (or a panel) without sacrificing its bending stiffness is to use a sandwich construction (Figure 6.19). This consists of a lightweight, low-modulus foam or honeycomb core adhesively bonded to high-modulus fiber-reinforced laminate skins (facesheets). The bending stiffness of the sandwich beam is (EI)b ¼ Es where Es ¼ Ec ¼ b ¼ t ¼ d ¼
 
   bt3 d þt 2 bd 3 þ 2bEs t , þ Ec 6 12 2
 
 (6:34)
 
 modulus of the skin material modulus of the core material (Ec					    
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