
(a) One relatively complex composite structure is the 

modern ski. This illustration, a cross section of a high-

performance snow ski, shows the various components. 

The function of each component is noted, as well as 

the material used in its construction.

(b) Photograph of a skier in fresh powder snow.

(b)
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(a)

Top sheetTT . Polyamide polymer that has a
relatively low glass transition temperature
and resists chipping.

To x wrrsion box aprr . Fiber-reinforced composites that use
mid, or carbon fglass, aram ibers. ff A variety of weaves and

reinforcement are possible that are utilized toweights of r
fle“tune” the f xural characteristics of the ski.

Corerr F. oam, vertical laminates of wood,
-foam laminates, honewood- ycomb, and other
ials. Commonly used woods include popularmateri
e, bamboo, balsa, and birch.spruce

BaseB . Ultra-high-molecular-weight polyethylene
is used because of its loi w coeffff icient of frictionff
and abrasion resistancea .

Edges. Carbon steel that has been treated
to have a hardness of 48 HRC. Facilitates
turning by “cutting” into the snow.

Reinforcement layerrr srr . Fiber-reinforced
composites that normally use glass fibers.ff
A variety of weaves and wweights of
reinforcement are possiblee to provide
longitudinal stiffness.ff

VibrVV ationrr –absorbing material. Rubber is
normally used.

Courtesy of Black Diamond Equipment, Ltd.
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With knowledge of the various types of composites, as 

well as an understanding of the dependence of their 

behaviors on the characteristics, relative amounts, 

 geometry/distribution, and properties of the constituent 

phases, it is possible to design materials with property 

combinations that are better than those found in any 

monolithic metal alloys, ceramics, and polymeric mate-

rials. For example, in Design Example 16.1, we discuss 

how a tubular shaft is designed that meets specified 

stiffness requirements.

The advent of the composites as a distinct classification of materials began during the 

mid-20th century with the manufacturing of deliberately designed and engineered mul-

tiphase composites such as fiberglass-reinforced polymers. Although multiphase mate-

rials, such as wood, bricks made from straw-reinforced clay, seashells, and even alloys 

such as steel had been known for millennia, recognition of this novel concept of combin-

ing dissimilar materials during manufacture led to the identification of composites as a 

new class that was separate from familiar metals, ceramics, and polymers. This concept 

of multiphase composites provides exciting opportunities for designing an exceedingly 

large variety of materials with property combinations that cannot be met by any of the 

monolithic conventional metal alloys, ceramics, and polymeric materials.1

 Materials that have specific and unusual properties are needed for a host of high-

technology applications such as those found in the aerospace, underwater, bioengineer-

ing, and transportation industries. For example, aircraft engineers are increasingly 

searching for structural materials that have low densities; are strong, stiff, and abrasion 

and impact resistant; and do not easily corrode. This is a rather formidable combination 

of characteristics. Among monolithic materials, strong materials are relatively dense; 

increasing the strength or stiffness generally results in a decrease in toughness.

 Material property combinations and ranges have been, and are yet being, ex-

tended by the development of composite materials. Generally speaking, a composite is 

considered to be any multiphase material that exhibits a significant proportion of the 
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Learning Objectives

After studying this chapter, you should be able to do the following:

1.  Name the four main divisions of composite 
materials and cite the distinguishing feature of each.

2.  Cite the difference in strengthening mechanism 
for large-particle and dispersion-strengthened 
particle-reinforced composites.

3.  Distinguish the three different types of fiber-
reinforced composites on the basis of fiber length 
and orientation; comment on the distinctive 
mechanical characteristics for each type.

4.  Calculate longitudinal modulus and longitudinal 
strength for an aligned and continuous fiber-
reinforced composite.

5.  Compute longitudinal strengths for discontinu-
ous and aligned fibrous composite materials.

6.  Note the three common fiber reinforcements 
used in polymer-matrix composites and, for 
each, cite both desirable characteristics and 
limitations.

7.  Cite the desirable features of metal–matrix 
composites.

8.  Note the primary reason for the creation of 
ceramic-matrix composites.

9.  Name and briefly describe the two subclassifica-
tions of structural composites.

WHY STUDY Composites?

1By monolithic we mean having a microstructure that is uniform and continuous and was formed from a single mate-

rial; furthermore, more than one microconstituent may be present. In contrast, the microstructure of a composite is 

nonuniform, discontinuous, and multiphase, in the sense that it is a mixture of two or more distinct materials.
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properties of both constituent phases such that a better combination of properties is 

realized. According to this principle of combined action, better property combinations 

are fashioned by the judicious combination of two or more distinct materials. Property 

trade-offs are also made for many composites.

 Composites of sorts have already been discussed; these include multiphase metal 

alloys, ceramics, and polymers. For example, pearlitic steels (Section 9.19) have a 

microstructure consisting of alternating layers of a-ferrite and cementite (Figure 

9.27). The ferrite phase is soft and ductile, whereas cementite is hard and very brittle. 

The combined mechanical characteristics of the pearlite (reasonably high ductility 

and strength) are superior to those of either of the constituent phases. A number of 

composites also occur in nature. For example, wood consists of strong and flexible 

cellulose fibers surrounded and held together by a stiffer material called lignin. Also, 

bone is a composite of the strong yet soft protein collagen and the hard, brittle min-

eral apatite.

 A composite, in the present context, is a multiphase material that is artificially 
made, as opposed to one that occurs or forms naturally. In addition, the constituent 

phases must be chemically dissimilar and separated by a distinct interface.

 In designing composite materials, scientists and engineers have ingeniously combined 

various metals, ceramics, and polymers to produce a new generation of extraordinary 

materials. Most composites have been created to improve combinations of  mechanical 

characteristics such as stiffness, toughness, and ambient and high-temperature strength.

 Many composite materials are composed of just two phases; one is termed the 

matrix, which is continuous and surrounds the other phase, often called the dispersed 
phase. The properties of composites are a function of the properties of the constituent 

phases, their relative amounts, and the geometry of the dispersed phase. Dispersed 
phase geometry in this context means the shape of the particles and the particle size, 

distribution, and orientation; these characteristics are represented in Figure 16.1.

principle of 
 combined action

matrix phase

dispersed phase

Figure 16.1 Schematic representations of the various geometrical and spatial characteristics of particles of 

the dispersed phase that may influence the properties of composites: (a) concentration, (b) size, (c) shape, 

(d) distribution, and (e) orientation. 
(From Richard A. Flinn and Paul K. Trojan, Engineering Materials and Their Applications, 4th edition. Copyright © 1990 by John 

Wiley & Sons, Inc. Adapted by permission of John Wiley & Sons, Inc.)

Dispersed
phase

Matrix
phase

(a) (b) (c)

(d) (e)
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 One simple scheme for the classification of composite materials is shown in 

Figure  16.2, which consists of four main divisions: particle-reinforced, fiber-rein-

forced, structural, and nanocomposites. The dispersed phase for particle-reinforced 

composites is equiaxed (i.e., particle dimensions are approximately the same in all 

directions); for fiber-reinforced composites, the dispersed phase has the geometry 

of a fiber (i.e., a large length-to-diameter ratio). Structural composites are multi-

layered and designed to have low densities and high degrees of structural integrity. 

For nanocomposites dimensions of the dispersed phase particles are on the order of 

nanometers. The discussion of the remainder of this chapter is organized according 

to this classification scheme.

Figure 16.2 A classification 

scheme for the various composite 

types  discussed in this chapter.

Composites

Fiber-reinforcedParticle-reinforced

Large-
particle

Dispersion-
strengthened

Continuous
(aligned)

Discontinuous
(short)

Laminates Sandwich
panels

Structural Nano

Aligned Randomly
oriented

As noted in Figure 16.2, large-particle and dispersion-strengthened composites are the 

two subclassifications of particle-reinforced composites. The distinction between these 

is based on the reinforcement or strengthening mechanism. The term large is used to 

indicate that particle–matrix interactions cannot be treated on the atomic or molecular 

level; rather, continuum mechanics is used. For most of these composites, the par-

ticulate phase is harder and stiffer than the matrix. These reinforcing particles tend to 

restrain movement of the matrix phase in the vicinity of each particle. In essence, the 

matrix transfers some of the applied stress to the particles, which bear a fraction of the 

load. The degree of reinforcement or improvement of mechanical behavior depends on 

strong bonding at the matrix–particle interface.

 For dispersion-strengthened composites, particles are normally much smaller, 

with diameters between 0.01 and 0.1 �m (10 and 100 nm). Particle–matrix interactions 

that lead to strengthening occur on the atomic or molecular level. The mechanism of 

strengthening is similar to that for precipitation hardening discussed in Section 11.9. 

Whereas the matrix bears the major portion of an applied load, the small dispersed par-

ticles hinder or impede the motion of dislocations. Thus, plastic deformation is restricted 

such that yield and tensile strengths, as well as hardness, improve.

large-particle 
 composite

dispersion-
 strengthened 
 composite

Particle-Reinforced Composites

Some polymeric materials to which fillers have been added (Section 15.21) are really 

large-particle composites. Again, the fillers modify or improve the properties of the mate-

rial and/or replace some of the polymer volume with a less expensive material—the filler.

16.2 LARGE-PARTICLE COMPOSITES
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 Another familiar large-particle composite is concrete, which is composed of cement 

(the matrix) and sand and gravel (the particulates). Concrete is the discussion topic of a 

succeeding section.

 Particles can have quite a variety of geometries, but they should be of approxi-

mately the same dimension in all directions (equiaxed). For effective reinforcement, the 

particles should be small and evenly distributed throughout the matrix. Furthermore, 

the volume fraction of the two phases influences the behavior; mechanical properties 

are enhanced with increasing particulate content. Two mathematical expressions have 

been formulated for the dependence of the elastic modulus on the volume fraction of 

the constituent phases for a two-phase composite. These rule-of-mixtures equations 

predict that the elastic modulus should fall between an upper bound represented by

 Ec(u) = EmVm + EpVp  (16.1)

and a lower bound, or limit,

 Ec(l) =
EmEp

VmEp + VpEm
 (16.2)

In these expressions, E and V denote the elastic modulus and volume fraction, re-

spectively, and the subscripts c, m, and p represent composite, matrix, and particulate 

phases, respectively. Figure 16.3 plots upper- and lower-bound Ec-versus-Vp curves for 

a copper–tungsten composite, in which tungsten is the particulate phase; experimental 

data points fall between the two curves. Equations analogous to 16.1 and 16.2 for fiber-

reinforced composites are derived in Section 16.5.

 Large-particle composites are used with all three material types (metals, polymers, 

and ceramics). The cermets are examples of ceramic–metal composites. The most com-

mon cermet is cemented carbide, which is composed of extremely hard particles of a 

refractory carbide ceramic such as tungsten carbide (WC) or titanium carbide (TiC) 

embedded in a matrix of a metal such as cobalt or nickel. These composites are used 

extensively as cutting tools for hardened steels. The hard carbide particles provide the 

cutting surface but, being extremely brittle, are not capable of withstanding the cutting 

stresses. Toughness is enhanced by their inclusion in the ductile metal matrix, which 

isolates the carbide particles from one another and prevents particle-to-particle crack 

propagation. Both matrix and particulate phases are quite refractory to the high temper-

rule of mixtures

For a two-phase 
composite, modulus 
of elasticity upper-
bound expression

For a two-phase 
composite, modulus 
of elasticity lower-
bound expression
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Figure 16.3 Modulus of elasticity versus volume 

percent tungsten for a composite of tungsten particles 

dispersed within a copper matrix. Upper and lower 

bounds are according to Equations 16.1 and 16.2, 

respectively; experimental data points are included. 
(Reprinted with permission from R. H. Krock, ASTM 
Proceedings, Vol. 63, 1963. Copyright ASTM International, 

100 Barr Harbor Drive, West Conschohocken, PA 19428.)
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atures generated by the cutting action on materials that are extremely hard. No single 

material could possibly provide the combination of properties possessed by a cermet. 

Relatively large volume fractions of the particulate phase may be used, often exceeding 

90 vol%; thus the abrasive action of the composite is maximized. A photomicrograph of 

a WC–Co cemented carbide is shown in Figure 16.4.

 Both elastomers and plastics are frequently reinforced with various particulate 

materials. Use of many modern rubbers would be severely restricted without reinforc-

ing particulate materials such as carbon black. Carbon black consists of very small and 

essentially spherical particles of carbon, produced by the combustion of natural gas 

or oil in an atmosphere that has only a limited air supply. When added to vulcanized 

rubber, this extremely inexpensive material enhances tensile strength, toughness, and 

tear and abrasion resistance. Automobile tires contain on the order of 15 to 30 vol% 

carbon black. For the carbon black to provide significant reinforcement, the particle 

size must be extremely small, with diameters between 20 and 50 nm; also, the particles 

must be evenly distributed throughout the rubber and must form a strong adhesive 

bond with the rubber matrix. Particle reinforcement using other materials (e.g., silica) 

is much less effective because this special interaction between the rubber molecules 

and particle surfaces does not exist. Figure 16.5 is an electron micrograph of a carbon 

black–reinforced rubber.

Concrete

Concrete is a common large-particle composite in which both matrix and dispersed phases 

are ceramic materials. Because the terms concrete and cement are sometimes incorrectly 

concrete

Figure 16.4 Photomicrograph of a 

WC–Co cemented carbide. Light areas are 

the cobalt matrix; dark regions are the parti-

cles of tungsten carbide. 100�.

100 �m
Figure 16.5 Electron micrograph 

showing the spherical reinforcing carbon 

black particles in a synthetic rubber tire 

tread compound. The areas resembling 

water marks are tiny air pockets in the 

 rubber. 80,000�. 

100 nm
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interchanged, it is appropriate to make a distinction between them. In a broad sense, con-

crete implies a composite material consisting of an aggregate of particles that are bound 

together in a solid body by some type of binding medium, that is, a cement. The two most 

familiar concretes are those made with Portland and asphaltic cements, in which the ag-

gregate is gravel and sand. Asphaltic concrete is widely used primarily as a paving mate-

rial, whereas Portland cement concrete is employed extensively as a structural building 

material. Only the latter is treated in this discussion.

Portland Cement Concrete
 The ingredients for this concrete are Portland cement, a fine aggregate (sand), a 

coarse aggregate (gravel), and water. The process by which Portland cement is produced 

and the mechanism of setting and hardening were discussed very briefly in Section 13.7. 

The aggregate particles act as a filler material to reduce the overall cost of the concrete 

product because they are cheap, whereas cement is relatively expensive. To achieve the 

optimum strength and workability of a concrete mixture, the ingredients must be added in 

the correct proportions. Dense packing of the aggregate and good interfacial contact are 

achieved by having particles of two different sizes; the fine particles of sand should fill the 

void spaces between the gravel particles. Typically, these aggregates constitute between 

60% and 80% of the total volume. The amount of cement–water paste should be sufficient 

to coat all the sand and gravel particles; otherwise, the cementitious bond will be incom-

plete. Furthermore, all of the constituents should be thoroughly mixed. Complete bonding 

between cement and the aggregate particles is contingent on the addition of the correct 

quantity of water. Too little water leads to incomplete bonding, and too much results in 

excessive porosity; in either case, the final strength is less than the optimum.

 The character of the aggregate particles is an important consideration. In particu-

lar, the size distribution of the aggregates influences the amount of cement–water paste 

required. Also, the surfaces should be clean and free from clay and silt, which prevent 

the formation of a sound bond at the particle surface.

 Portland cement concrete is a major material of construction, primarily because it 

can be poured in place and hardens at room temperature and even when submerged in 

water. However, as a structural material, it has some limitations and disadvantages. Like 

most ceramics, Portland cement concrete is relatively weak and extremely brittle; its ten-

sile strength is approximately one-fifteenth to one-tenth its compressive strength. Also, 

large concrete structures can experience considerable thermal expansion and contraction 

with temperature fluctuations. In addition, water penetrates into external pores, which 

can cause severe cracking in cold weather as a consequence of freeze–thaw cycles. Most 

of these inadequacies may be eliminated or at least reduced by reinforcement and/or the 

incorporation of additives.

Reinforced Concrete
 The strength of Portland cement concrete may be increased by additional rein-

forcement. This is usually accomplished by means of steel rods, wires, bars (rebar), or 

mesh, which are embedded into the fresh and uncured concrete. Thus, the reinforce-

ment renders the hardened structure capable of supporting greater tensile, compres-

sive, and shear stresses. Even if cracks develop in the concrete, considerable reinforce-

ment is maintained.

 Steel serves as a suitable reinforcement material because its coefficient of thermal 

expansion is nearly the same as that of concrete. In addition, steel is not rapidly cor-

roded in the cement environment, and a relatively strong adhesive bond is formed 

between it and the cured concrete. This adhesion may be enhanced by the incorpora-

tion of contours into the surface of the steel member, which permits a greater degree 

of mechanical interlocking.
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 Portland cement concrete may also be reinforced by mixing fibers of a high-modulus 

material such as glass, steel, nylon, or polyethylene into the fresh concrete. Care must 

be exercised in using this type of reinforcement because some fiber materials experience 

rapid deterioration when exposed to the cement environment.

 Another reinforcement technique for strengthening concrete involves the introduc-

tion of residual compressive stresses into the structural member; the resulting material 

is called prestressed concrete. This method uses one characteristic of brittle ceramics—

namely, that they are stronger in compression than in tension. Thus, to fracture a pre-

stressed concrete member, the magnitude of the precompressive stress must be exceeded 

by an applied tensile stress.

 In one such prestressing technique, high-strength steel wires are positioned inside 

the empty molds and stretched with a high tensile force, which is maintained constant. 

After the concrete has been placed and allowed to harden, the tension is released. As 

the wires contract, they put the structure in a state of compression because the stress is 

transmitted to the concrete via the concrete–wire bond that is formed.

 Another technique, in which stresses are applied after the concrete hardens, is ap-

propriately called posttensioning. Sheet metal or rubber tubes are situated inside and 

pass through the concrete forms, around which the concrete is cast. After the cement 

has hardened, steel wires are fed through the resulting holes, and tension is applied to 

the wires by means of jacks attached and abutted to the faces of the structure. Again, a 

compressive stress is imposed on the concrete piece, this time by the jacks. Finally, the 

empty spaces inside the tubing are filled with a grout to protect the wire from corrosion.

 Concrete that is prestressed should be of high quality with low shrinkage and low 

creep rate. Prestressed concretes, usually prefabricated, are commonly used for highway 

and railway bridges.

prestressed concrete

Metals and metal alloys may be strengthened and hardened by the uniform dispersion 

of several volume percent of fine particles of a very hard and inert material. The dis-

persed phase may be metallic or nonmetallic; oxide materials are often used. Again, the 

strengthening mechanism involves interactions between the particles and dislocations 

within the matrix, as with precipitation hardening. The dispersion strengthening effect 

is not as pronounced as with precipitation hardening; however, the strengthening is 

retained at elevated temperatures and for extended time periods because the dispersed 

particles are chosen to be unreactive with the matrix phase. For precipitation-hardened 

alloys, the increase in strength may disappear upon heat treatment as a consequence of 

precipitate growth or dissolution of the precipitate phase.

 The high-temperature strength of nickel alloys may be enhanced significantly by 

the addition of about 3 vol% thoria (ThO2) as finely dispersed particles; this material is 

known as thoria-dispersed (or TD) nickel. The same effect is produced in the aluminum–

aluminum oxide system. A very thin and adherent alumina coating is caused to form 

on the surface of extremely small (0.1 to 0.2 �m thick) flakes of aluminum, which are 

dispersed within an aluminum metal matrix; this material is termed sintered aluminum 
powder (SAP).

16.3 DISPERSION-STRENGTHENED COMPOSITES

Concept Check 16.1 Cite the general difference in strengthening mechanism between 

large-particle and dispersion-strengthened particle-reinforced composites.

[The answer may be found at www.wiley.com/college/callister (Student Companion Site).]
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Technologically, the most important composites are those in which the dispersed phase 

is in the form of a fiber. Design goals of fiber-reinforced composites often include high 

strength and/or stiffness on a weight basis. These characteristics are expressed in terms 

of specific strength and specific modulus parameters, which correspond, respectively, to 

the ratios of tensile strength to specific gravity and modulus of elasticity to specific grav-

ity. Fiber-reinforced composites with exceptionally high specific strengths and moduli 

have been produced that use low-density fiber and matrix materials.

 As noted in Figure 16.2, fiber-reinforced composites are subclassified by fiber 

length. For short-fiber composites, the fibers are too short to produce a significant im-

provement in strength.

fiber-reinforced 
 composite

specific strength

specific modulus

Fiber-Reinforced Composites

The mechanical characteristics of a fiber-reinforced composite depend not only on the 

properties of the fiber, but also on the degree to which an applied load is transmitted 

to the fibers by the matrix phase. Important to the extent of this load transmittance is 

the magnitude of the interfacial bond between the fiber and matrix phases. Under an 

applied stress, this fiber–matrix bond ceases at the fiber ends, yielding a matrix defor-

mation pattern as shown schematically in Figure 16.6; in other words, there is no load 

transmittance from the matrix at each fiber extremity.

 Some critical fiber length is necessary for effective strengthening and stiffening of 

the composite material. This critical length lc is dependent on the fiber diameter d and 

its ultimate (or tensile) strength s*f  and on the fiber–matrix bond strength (or the shear 

yield strength of the matrix, whichever is smaller) tc according to

 lc =
s*f d

2tc
 (16.3)

For a number of glass and carbon fiber–matrix combinations, this critical length is on the 

order of 1 mm, which ranges between 20 and 150 times the fiber diameter.

 When a stress equal to s*f  is applied to a fiber having just this critical length, the 

stress–position profile shown in Figure 16.7a results—that is, the maximum fiber load is 

achieved only at the axial center of the fiber. As fiber length l increases, the fiber rein-

forcement becomes more effective; this is demonstrated in Figure 16.7b, a stress–axial 

position profile for l � lc when the applied stress is equal to the fiber strength. Figure 

16.7c shows the stress–position profile for l � lc.

 Fibers for which l W lc (normally l � 15lc) are termed continuous; discontinuous 

or short fibers have lengths shorter than this. For discontinuous fibers of lengths signifi-

cantly less than lc, the matrix deforms around the fiber such that there is virtually no 

Critical fiber 
length—dependence 
on fiber strength and 
diameter and fiber–
matrix bond strength 
(or matrix shear 
yield strength)

16.4 INFLUENCE OF FIBER LENGTH

Figure 16.6 The deformation pattern in the 

matrix surrounding a fiber that is subjected to an 

applied tensile load.

�

�

� Matrix

Fiber
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stress transference and little reinforcement by the fiber. These are essentially the par-

ticulate composites as described earlier. To effect a significant improvement in strength 

of the composite, the fibers must be continuous.

Figure 16.7 

Stress–position pro-

files when the fiber 

length l (a) is equal 

to the critical length 

lc, (b) is greater than 

the critical length, 

and (c) is less than 

the critical length 

for a fiber-reinforced 

composite that 

is subjected to a 

tensile stress equal 

to the fiber tensile 

strength s*f .
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The arrangement or orientation of the fibers relative to one another, the fiber concen-

tration, and the distribution all have a significant influence on the strength and other 

properties of fiber-reinforced composites. With respect to orientation, two extremes are 

possible: (1) a parallel alignment of the longitudinal axis of the fibers in a single direc-

tion, and (2) a totally random alignment. Continuous fibers are normally aligned (Figure 

16.8a), whereas discontinuous fibers may be aligned (Figure 16.8b), randomly oriented 

(Figure 16.8c), or partially oriented. Better overall composite properties are realized 

when the fiber distribution is uniform.

Continuous and Aligned Fiber Composites

Tensile Stress–Strain Behavior—Longitudinal Loading
 Mechanical responses of this type of composite depend on several factors, includ-

ing the stress–strain behaviors of fiber and matrix phases, the phase volume fractions 

and the direction in which the stress or load is applied. Furthermore, the properties of 

a composite having its fibers aligned are highly anisotropic, that is, they depend on the 

direction in which they are measured. Let us first consider the stress–strain behavior for 

the situation in which the stress is applied along the direction of alignment, the longitu-
dinal direction, which is indicated in Figure 16.8a.

longitudinal 
 direction

16.5 INFLUENCE OF FIBER ORIENTATION AND CONCENTRATION
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 To begin, assume the stress-versus-strain behaviors for fiber and matrix phases that 

are represented schematically in Figure 16.9a; in this treatment we consider the fiber to 

be totally brittle and the matrix phase to be reasonably ductile. Also indicated in this 

figure are fracture strengths in tension for fiber and matrix, s*f , and sm*, respectively, 

and their corresponding fracture strains, P*f , and P*m; furthermore, it is assumed that 

P*m 7 P*f , which is normally the case.

 A fiber-reinforced composite consisting of these fiber and matrix materials exhib-

its the uniaxial stress–strain response illustrated in Figure 16.9b; the fiber and matrix 

Figure 16.8 Schematic representations of (a) 

continuous and aligned, (b) discontinuous and 

aligned, and (c) discontinuous and randomly 

oriented fiber–reinforced composites.

Transverse
direction

Longitudinal
direction

(a) (b) (c)

Figure 16.9 (a) Schematic stress–strain curves for brittle fiber and ductile matrix materials. Fracture stresses and 

strains for both materials are noted. (b) Schematic stress–strain curve for an aligned fiber–reinforced composite that 

is exposed to a uniaxial stress applied in the direction of alignment; curves for the fiber and matrix materials shown 

in part (a) are also superimposed.
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behaviors from Figure 16.9a are included to provide perspective. In the initial Stage I 

region, both fibers and matrix deform elastically; normally this portion of the curve is 

linear. Typically, for a composite of this type, the matrix yields and deforms plastically 

(at Pym, Figure 16.9b) while the fibers continue to stretch elastically, inasmuch as the 

tensile strength of the fibers is significantly higher than the yield strength of the matrix. 

This process constitutes Stage II as noted in the figure; this stage is typically very nearly 

linear but of diminished slope relative to Stage I. In passing from Stage I to Stage II, the 

proportion of the applied load borne by the fibers increases.

 The onset of composite failure begins as the fibers start to fracture, which cor-

responds to a strain of approximately P*f  as noted in Figure 16.9b. Composite failure 

is not catastrophic for a couple of reasons. First, not all fibers fracture at the same 

time, because there will always be considerable variations in the fracture strength of 

brittle fiber materials (Section 12.8). In addition, even after fiber failure, the matrix 

is still intact inasmuch as P*f 6 P*m (Figure 16.9a). Thus, these fractured fibers, which 

are shorter than the original ones, are still embedded within the intact matrix and 

consequently are capable of sustaining a diminished load as the matrix continues to 

plastically deform.

Elastic Behavior—Longitudinal Loading
 Let us now consider the elastic behavior of a continuous and oriented fibrous compos-

ite that is loaded in the direction of fiber alignment. First, it is assumed that the fiber–matrix 

interfacial bond is very good, such that deformation of both matrix and fibers is the same 

(an isostrain situation). Under these conditions, the total load sustained by the composite 

Fc is equal to the sum of the loads carried by the matrix phase Fm and the fiber phase Ff, or

 Fc = Fm + Ff  (16.4)

From the definition of stress, Equation 6.1, F � sA; thus expressions for Fc, Fm, and Ff 

in terms of their respective stresses (sc, sm, and sf) and cross-sectional areas (Ac, Am, 

and Af) are possible. Substitution of these into Equation 16.4 yields

 scAc = sm Am + sf Af  (16.5)

Dividing through by the total cross-sectional area of the composite, Ac, we have

 sc = sm
Am

Ac
+ sf

Af

Ac
 (16.6)

where Am/Ac and Af/Ac are the area fractions of the matrix and fiber phases, respec-

tively. If the composite, matrix, and fiber phase lengths are all equal, Am/Ac is equiva-

lent to the volume fraction of the matrix, Vm, and likewise for the fibers, Vf � Af /Ac. 

Equation 16.6 becomes

 sc = smVm + sfVf  (16.7)

 The previous assumption of an isostrain state means that

 Pc = Pm = Pf  (16.8)

and when each term in Equation 16.7 is divided by its respective strain,

 
sc

Pc
=

sm

Pm
Vm +

sf

Pf
Vf  (16.9)

Furthermore, if composite, matrix, and fiber deformations are all elastic, then 

sc/Pc = Ec, sm/Pm = Em, and sf /Pf = Ef, the Es being the moduli of elasticity for the 

respective phases. Substitution into Equation 16.9 yields an expression for the modulus 
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of elasticity of a continuous and aligned fibrous composite in the direction of alignment 
(or longitudinal direction), Ecl, as

 Ecl = EmVm + EfVf  (16.10a)

or

 Ecl = Em(1 - Vf) + EfVf  (16.10b)

because the composite consists of only matrix and fiber phases; that is, Vm � Vf � 1.

 Thus, Ecl is equal to the volume-fraction weighted average of the moduli of elastic-

ity of the fiber and matrix phases. Other properties, including density, also have this 

dependence on volume fractions. Equation 16.10a is the fiber analogue of Equation 

16.1, the upper bound for particle-reinforced composites.

 It can also be shown, for longitudinal loading, that the ratio of the load carried by 

the fibers to that carried by the matrix is

 
Ff

Fm
=

EfVf

EmVm
 (16.11)

The demonstration is left as a homework problem.

For a continuous 
and aligned fiber–
reinforced 
composite, modulus 
of elasticity in the 
longitudinal 
direction

Ratio of load carried 
by fibers and the 
matrix phase, for 
longitudinal loading

EXAMPLE PROBLEM 16.1

Property Determinations for a Glass Fiber–Reinforced 
Composite—Longitudinal Direction

A continuous and aligned glass fiber–reinforced composite consists of 40 vol% glass fibers 

having a modulus of elasticity of 69 GPa (10 � 106 psi) and 60 vol% polyester resin that, when 

hardened, displays a modulus of 3.4 GPa (0.5 � 106 psi).

(a) Compute the modulus of elasticity of this composite in the longitudinal direction.

(b) If the cross-sectional area is 250 mm2 (0.4 in.2) and a stress of 50 MPa (7250 psi) is applied in 

this longitudinal direction, compute the magnitude of the load carried by each of the fiber 

and matrix phases.

(c) Determine the strain that is sustained by each phase when the stress in part (b) is applied.

Solution

(a) The modulus of elasticity of the composite is calculated using Equation 16.10a:

 Ecl = (3.4 GPa)(0.6) + (69 GPa)(0.4)

 = 30 GPa (4.3 * 106 psi)

(b) To solve this portion of the problem, first find the ratio of fiber load to matrix load, using 

Equation 16.11; thus,

Ff

Fm
=

(69 GPa)(0.4)

(3.4 GPa)(0.6)
= 13.5

 or Ff � 13.5 Fm.

In addition, the total force sustained by the composite Fc may be computed from the 

applied stress s and total composite cross-sectional area Ac according to

Fc = Acs = (250 mm2)(50 MPa) = 12,500 N (2900 lbf)
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 However, this total load is just the sum of the loads carried by fiber and matrix phases; 

that is,

Fc = Ff + Fm = 12,500 N (2900 lbf)

 Substitution for Ff from the preceding equation yields

13.5 Fm + Fm = 12,500 N

 or

Fm = 860 N (200 lbf)

 whereas

Ff = Fc - Fm = 12,500 N - 860 N = 11,640 N (2700 lbf)

 Thus, the fiber phase supports the vast majority of the applied load.

(c) The stress for both fiber and matrix phases must first be calculated. Then, by using the 

elastic modulus for each [from part (a)], the strain values may be determined.

For stress calculations, phase cross-sectional areas are necessary:

Am = Vm Ac = (0.6)(250 mm2) = 150 mm2 (0.24 in.2)

 and

Af = Vf Ac = (0.4)(250 mm2) = 100 mm2 (0.16 in.2)

 Thus,

sm =
Fm

Am
=

860 N

150 mm2 = 5.73 MPa (833 psi)

sf =
Ff

Af
=

11,640 N

100 mm2 = 116.4 MPa (16,875 psi)

 Finally, strains are computed as

Pm =
sm

Em
=

5.73 MPa

3.4 * 103 MPa
= 1.69 * 10-3

Pf =
sf

Ef
=

116.4 MPa

69 * 103 MPa
= 1.69 * 10-3

Therefore, strains for both matrix and fiber phases are identical, which they should be, 

 according to Equation 16.8 in the previous development.

Elastic Behavior—Transverse Loading
 A continuous and oriented fiber composite may be loaded in the transverse direction; 
that is, the load is applied at a 90� angle to the direction of fiber alignment as shown in 

Figure 16.8a. For this situation the stress s to which the composite and both phases are 

exposed is the same, or

 sc = sm = sf = s (16.12)

This is termed an isostress state. The strain or deformation of the entire composite 

Pc is

 Pc = PmVm + PfVf  (16.13)

transverse direction
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but, because P = s/E,

 
s

Ect
=

s

Em
Vm +

s

Ef
Vf  (16.14)

where Ect is the modulus of elasticity in the transverse direction. Now, dividing through 

by s yields

 
1

Ect
=

Vm

Em
+

Vf

Ef
 (16.15)

which reduces to

 Ect =
EmEf

VmEf + VfEm
=

EmEf

(1 - Vf)Ef + VfEm
 (16.16)

 Equation 16.16 is analogous to the lower-bound expression for particulate composites, 

Equation 16.2.

For a continuous 
and aligned fiber–
reinforced 
composite, modulus 
of elasticity in the 
 transverse direction

EXAMPLE PROBLEM 16.2

Elastic Modulus Determination for a Glass Fiber–Reinforced 
Composite—Transverse Direction

Compute the elastic modulus of the composite material described in Example Problem 16.1, 

but assume that the stress is applied perpendicular to the direction of fiber alignment.

Solution

According to Equation 16.16,

 Ect =
(3.4 GPa)(69 GPa)

(0.6)(69 GPa) + (0.4)(3.4 GPa)

 = 5.5 GPa (0.81 * 106 psi)

 This value for Ect is slightly greater than that of the matrix phase but, from Example 

Problem 16.1a, only approximately one-fifth of the modulus of elasticity along the fiber direction 

(Ecl), which indicates the degree of anisotropy of continuous and oriented fiber composites.

Longitudinal Tensile Strength
 We now consider the strength characteristics of continuous and aligned fiber–

reinforced composites that are loaded in the longitudinal direction. Under these 

circumstances, strength is normally taken as the maximum stress on the stress–strain 

curve, Figure 16.9b; often this point corresponds to fiber fracture and marks the on-

set of composite failure. Table 16.1 lists typical longitudinal tensile strength values 

for three common fibrous composites. Failure of this type of composite material is 

a relatively complex process, and several different failure modes are possible. The 

mode that operates for a specific composite depends on fiber and matrix properties 

and the nature and strength of the fiber–matrix interfacial bond.

 If we assume that P*f 6 P*m (Figure 16.9a), which is the usual case, then fibers will 

fail before the matrix. Once the fibers have fractured, most of the load that was borne 

by the fibers will be transferred to the matrix. This being the case, it is possible to adapt 



16.5 Influence of Fiber Orientation and Concentration  •  649

the expression for the stress on this type of composite, Equation 16.7, into the following 

expression for the longitudinal strength of the composite, s*cl:

 s*cl = s	m(1 - Vf) + s*f  Vf  (16.17)

Here, s	m is the stress in the matrix at fiber failure (as illustrated in Figure 16.9a) and, as 

previously, s*f  is the fiber tensile strength.

Transverse Tensile Strength
 The strengths of continuous and unidirectional fibrous composites are highly 

anisotropic, and such composites are normally designed to be loaded along the high-

strength, longitudinal direction. However, during in-service applications, transverse 

tensile loads may also be present. Under these circumstances, premature failure may 

result inasmuch as transverse strength is usually extremely low—it sometimes lies be-

low the tensile strength of the matrix. Thus, the reinforcing effect of the fibers is nega-

tive. Typical transverse tensile strengths for three unidirectional composites are listed 

in Table 16.1.

 Whereas longitudinal strength is dominated by fiber strength, a variety of factors 

will have a significant influence on the transverse strength; these factors include proper-

ties of both the fiber and matrix, the fiber–matrix bond strength, and the presence of 

voids. Measures that have been used to improve the transverse strength of these com-

posites usually involve modifying properties of the matrix.

For a continuous 
and aligned fiber–
reinforced 
composite, 
longitudinal strength 
in tension

 Longitudinal Transverse 
 Tensile Tensile
Material Strength (MPa) Strength (MPa)

Glass–polyester  700 20

Carbon (high modulus)–epoxy 1000 35

Kevlar–epoxy 1200 20

aThe fi ber content for each is approximately 50 vol%.
Source: D. Hull and T. W. Clyne, An Introduction to Composite Materials, 2nd edition, Cambridge 

 University Press, New York, 1996, p. 179.

Table 16.1 
Typical Longitudinal 
and Transverse 
Tensile Strengths for 
Three Unidirectional 
Fiber–Reinforced 
Composites.a

Concept Check 16.2 The following table lists four hypothetical aligned fi ber–reinforced 

composites (labeled A through D), along with their characteristics. On the basis of these data, 

rank the four composites from highest to lowest strength in the longitudinal direction, and then 

justify your ranking.

   Volume Fiber Average Fiber Critical 
  Fiber Fraction Strength Length Length
Composite Type Fibers (MPa) (mm) (mm)

 A Glass 0.20 3.5 � 103 8 0.70

 B Glass 0.35 3.5 � 103 12 0.75

 C Carbon 0.40 5.5 � 103 8 0.40

 D Carbon 0.30 5.5 � 103 8 0.50

[The answer may be found at www.wiley.com/college/callister (Student Companion Site).]
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Discontinuous and Aligned-Fiber Composites

Even though reinforcement efficiency is lower for discontinuous than for continuous 

fibers, discontinuous and aligned-fiber composites (Figure 16.8b) are becoming increas-

ingly more important in the commercial market. Chopped-glass fibers are used most 

extensively; however, carbon and aramid discontinuous fibers are also used. These 

short-fiber composites can be produced with moduli of elasticity and tensile strengths 

that approach 90% and 50%, respectively, of their continuous-fiber counterparts.

 For a discontinuous and aligned-fiber composite having a uniform distribution of 

fibers and in which l > lc, the longitudinal strength (s*cd) is given by the relationship

 s*cd = s*fVf  a1 -
lc
2l
b + s	m (1 - Vf)  (16.18)

where sf* and s	m represent, respectively, the fracture strength of the fiber and the stress 

in the matrix when the composite fails (Figure 16.9a).

 If the fiber length is less than critical (l < lc), then the longitudinal strength (s*cd	) is 

given by

 s*cd	 =
ltc

d
 Vf + s	m(1 - Vf)  (16.19)

where d is the fiber diameter and tc is the smaller of either the fiber–matrix bond 

strength or the matrix shear yield strength.

Discontinuous and Randomly Oriented–Fiber Composites

Normally, when the fiber orientation is random, short and discontinuous fibers are used; 

reinforcement of this type is schematically demonstrated in Figure 16.8c. Under these 

circumstances, a rule-of-mixtures expression for the elastic modulus similar to Equation 

16.10a may be used, as follows:

 Ecd = KEfVf + EmVm  (16.20)

In this expression, K is a fiber efficiency parameter that depends on Vf and the Ef /Em ratio. 

Its magnitude will be less than unity, usually in the range 0.1 to 0.6. Thus, for random-

fiber reinforcement (as with oriented-fiber reinforcement), the modulus increases with 

increasing volume fraction of fiber. Table 16.2, which gives some of the mechanical 

For a discontinuous 
(l � lc,) and aligned 
fiber–reinforced 
composite, 
longitudinal 
strength in tension

For a discontinuous 
(l � lc) and aligned 
fiber–reinforced 
composite, 
longitudinal 
strength in tension

For a discontinuous 
and randomly 
oriented fiber– 
reinforced 
composite, modulus 
of elasticity

Value for Given Amount of 
Reinforcement (vol%)

Property Unreinforced 20 30 40

Specific gravity 1.19–1.22 1.35 1.43 1.52

Tensile strength 59–62 110 131 159

 [MPa (ksi)] (8.5–9.0) (16) (19) (23)

Modulus of elasticity 2.24–2.345 5.93 8.62 11.6

 [GPa (106 psi)] (0.325–0.340) (0.86) (1.25) (1.68)

Elongation (%) 90–115 4–6 3–5 3–5

Impact strength,  12–16 2.0 2.0 2.5

 notched Izod (lbf/in.)

Source: Adapted from Materials Engineering’s Materials Selector, copyright © Penton/IPC.

Table 16.2

Properties of 
Unreinforced 
and Reinforced 
Polycarbonates with 
Randomly Oriented 
Glass Fibers
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properties of unreinforced and reinforced polycarbonates for discontinuous and ran-

domly oriented glass fibers, provides an idea of the magnitude of the reinforcement 

that is possible.

 By way of summary, then, we say that aligned fibrous composites are inherently aniso-

tropic in that the maximum strength and reinforcement are achieved along the alignment 

(longitudinal) direction. In the transverse direction, fiber reinforcement is virtually nonex-

istent: fracture usually occurs at relatively low tensile stresses. For other stress orientations, 

composite strength lies between these extremes. The efficiency of fiber reinforcement 

for several situations is presented in Table 16.3; this efficiency is taken to be unity for an 

oriented-fiber composite in the alignment direction and zero perpendicular to it.

 When multidirectional stresses are imposed within a single plane, aligned layers 

that are fastened together on top of one another at different orientations are frequently 

used. These are termed laminar composites, which are discussed in Section 16.14.

 Applications involving totally multidirectional applied stresses normally use dis-

continuous fibers, which are randomly oriented in the matrix material. Table 16.3 shows 

that the reinforcement efficiency is only one-fifth that of an aligned composite in the 

longitudinal direction; however, the mechanical characteristics are isotropic.

 Consideration of orientation and fiber length for a particular composite depends on the 

level and nature of the applied stress as well as on the fabrication cost. Production rates for 

short-fiber composites (both aligned and randomly oriented) are rapid, and intricate shapes 

can be formed that are not possible with continuous fiber reinforcement. Furthermore, 

fabrication costs are considerably lower than for continuous and aligned fibers; fabrication 

techniques applied to short-fiber composite materials include compression, injection, and 

extrusion molding, which are described for unreinforced polymers in Section 15.22.

  Reinforcement 
Fiber Orientation Stress Direction Efficiency

All fibers parallel Parallel to fibers 1

 Perpendicular to fibers 0

Fibers randomly and uniformly  Any direction in the plane 3
8 distributed within a specific plane  of the fibers

Fibers randomly and uniformly  Any direction 1
5

 distributed within three 

 dimensions in space

Source: H. Krenchel, Fibre Reinforcement, Copenhagen: Akademisk Forlag, 1964 [33].

Table 16.3 
Reinforcement 
Efficiency of 
Fiber–Reinforced 
Composites for 
Several Fiber 
Orientations and at 
Various Directions of 
Stress Application

Concept Check 16.3 Cite one desirable characteristic and one less-desirable characteris-

tic for (1) discontinuous- and oriented-fi ber-reinforced composites and (2) discontinuous- and 

randomly oriented–fi ber–reinforced composites.

[The answer may be found at www.wiley.com/college/callister (Student Companion Site).]

An important characteristic of most materials, especially brittle ones, is that a small-

diameter fiber is much stronger than the bulk material. As discussed in Section 12.8, the 

probability of the presence of a critical surface flaw that can lead to fracture decreases 

with decreasing specimen volume, and this feature is used to advantage in fiber-reinforced 

composites. Also, the materials used for reinforcing fibers have high tensile strengths.

16.6 THE FIBER PHASE
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 On the basis of diameter and character, fibers are grouped into three different clas-

sifications: whiskers, fibers, and wires. Whiskers are very thin single crystals that have 

extremely large length-to-diameter ratios. As a consequence of their small size, they 

have a high degree of crystalline perfection and are virtually flaw-free, which accounts 

for their exceptionally high strengths; they are among the strongest known materials. In 

spite of these high strengths, whiskers are not used extensively as a reinforcement me-

dium because they are extremely expensive. Moreover, it is difficult and often impracti-

cal to incorporate whiskers into a matrix. Whisker materials include graphite, silicon 

carbide, silicon nitride, and aluminum oxide; some mechanical characteristics of these 

materials are given in Table 16.4.

whisker

Table 16.4 Characteristics of Several Fiber–Reinforcement Materials

Material Specific Gravity
Tensile Strength 
[GPa (106 psi)]

Specific 
Strength 
(GPa)

Modulus 
of Elasticity 

[GPa (106 psi)]

Specific 
Modulus 

(GPa)

Whiskers

Graphite 2.2 20 9.1 700 318
  (3)  (100)  

Silicon nitride 3.2 5–7

(0.75–1.0)

1.56–2.2 350–380

(50–55)

109–118

Aluminum oxide 4.0 10–20

(1–3)

2.5–5.0 700–1500

(100–220)

175–375

Silicon carbide 3.2 20

(3)

6.25 480

(70)

150

Fibers

Aluminum oxide 3.95 1.38

(0.2)

0.35 379

(55)

96

Aramid (Kevlar 49) 1.44 3.6–4.1

(0.525–0.600)

2.5–2.85 131

(19)

91

Carbona 1.78–2.15 1.5–4.8

(0.22–0.70)

0.70–2.70 228–724

(32–100)

106–407

E-glass 2.58 3.45

(0.5)

1.34 72.5

(10.5)

28.1

Boron 2.57 3.6

(0.52)

1.40 400

(60)

156

Silicon carbide 3.0 3.9

(0.57)

1.30 400

(60)

133

UHMWPE (Spectra 900) 0.97 2.6

(0.38)

2.68 117

(17)

121

Metallic Wires

High-strength steel 7.9 2.39

(0.35)

0.30 210

(30)

26.6

Molybdenum 10.2 2.2

(0.32)

0.22 324

(47)

31.8

Tungsten 19.3 2.89

(0.42)

0.15 407

(59)

21.1

aAs explained in Section 13.8, because these fi bers are composed of both graphitic and turbostratic forms of carbon, 

the term  carbon instead of graphite is used to denote these fi bers.
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 Materials that are classified as fibers are either polycrystalline or amorphous and 

have small diameters; fibrous materials are generally either polymers or ceramics (e.g., 

the polymer aramids, glass, carbon, boron, aluminum oxide, and silicon carbide). Table 

16.4 also presents some data on a few materials that are used in fiber form.

 Fine wires have relatively large diameters; typical materials include steel, molybde-

num, and tungsten. Wires are used as a radial steel reinforcement in automobile tires, in 

filament-wound rocket casings, and in wire-wound high-pressure hoses.

fiber

The matrix phase of fibrous composites may be a metal, polymer, or ceramic. In general, 

metals and polymers are used as matrix materials because some ductility is desirable; 

for ceramic-matrix composites (Section 16.10), the reinforcing component is added to 

improve fracture toughness. The discussion of this section focuses on polymer and metal 

matrices.

 For fiber-reinforced composites, the matrix phase serves several functions. First, it 

binds the fibers together and acts as the medium by which an externally applied stress is 

transmitted and distributed to the fibers; only a very small proportion of an applied load 

is sustained by the matrix phase. Furthermore, the matrix material should be ductile. In 

addition, the elastic modulus of the fiber should be much higher than that of the matrix. 

The second function of the matrix is to protect the individual fibers from surface dam-

age as a result of mechanical abrasion or chemical reactions with the environment. Such 

interactions may introduce surface flaws capable of forming cracks, which may lead to 

failure at low tensile stress levels. Finally, the matrix separates the fibers and, by virtue 

of its relative softness and plasticity, prevents the propagation of brittle cracks from 

fiber to fiber, which could result in catastrophic failure; in other words, the matrix phase 

serves as a barrier to crack propagation. Even though some of the individual fibers fail, 

total composite fracture will not occur until large numbers of adjacent fibers fail and 

form a cluster of critical size.

 It is essential that adhesive bonding forces between fiber and matrix be high to 

minimize fiber pullout. Bonding strength is an important consideration in the choice of 

the matrix–fiber combination. The ultimate strength of the composite depends to a large 

degree on the magnitude of this bond; adequate bonding is essential to maximize the 

stress transmittance from the weak matrix to the strong fibers.

16.7 THE MATRIX PHASE

Polymer–matrix composites (PMCs) consist of a polymer resin2 as the matrix and fibers 

as the reinforcement medium. These materials are used in the greatest diversity of com-

posite applications, as well as in the largest quantities, in light of their room-temperature 

properties, ease of fabrication, and cost. In this section the various classifications of 

PMCs are discussed according to reinforcement type (i.e., glass, carbon, and aramid), 

along with their applications and the various polymer resins that are employed.

Glass Fiber–Reinforced Polymer (GFRP) Composites

Fiberglass is simply a composite consisting of glass fibers, either continuous or discontinu-

ous, contained within a polymer matrix; this type of composite is produced in the largest 

quantities. The composition of the glass that is most commonly drawn into fibers (sometimes 

polymer–matrix 
 composite

16.8 POLYMER–MATRIX COMPOSITES

2The term resin is used in this context to denote a high-molecular-weight reinforcing plastic.
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referred to as E-glass) is given in Table 13.1; fiber diameters normally range between 3 and 

20 �m. Glass is popular as a fiber reinforcement material for several reasons:

 1. It is easily drawn into high-strength fibers from the molten state.

 2. It is readily available and may be fabricated into a glass-reinforced plastic 

economically using a wide variety of composite-manufacturing techniques.

 3. As a fiber it is relatively strong, and when embedded in a plastic matrix, it 

produces a composite having a very high specific strength.

 4. When coupled with the various plastics, it possesses a chemical inertness that 

renders the composite useful in a variety of corrosive environments.

 The surface characteristics of glass fibers are extremely important because even 

minute surface flaws can deleteriously affect the tensile properties, as discussed in 

Section 12.8. Surface flaws are easily introduced by rubbing or abrading the surface 

with another hard material. Also, glass surfaces that have been exposed to the normal 

atmosphere for even short time periods generally have a weakened surface layer that 

interferes with bonding to the matrix. Newly drawn fibers are normally coated during 

drawing with a size, a thin layer of a substance that protects the fiber surface from dam-

age and undesirable environmental interactions. This size is ordinarily removed before 

composite fabrication and replaced with a coupling agent or finish that produces a 

chemical bond between the fiber and matrix.

 There are several limitations to this group of materials. In spite of having high 

strengths, they are not very stiff and do not display the rigidity that is necessary for some 

applications (e.g., as structural members for airplanes and bridges). Most fiberglass ma-

terials are limited to service temperatures below 200�C (400�F); at higher temperatures, 

most polymers begin to flow or to deteriorate. Service temperatures may be extended 

to approximately 300�C (575�F) by using high-purity fused silica for the fibers and high-

temperature polymers such as the polyimide resins.

 Many fiberglass applications are familiar: automotive and marine bodies, plastic 

pipes, storage containers, and industrial floorings. The transportation industries are us-

ing increasing amounts of glass fiber–reinforced plastics in an effort to decrease vehicle 

weight and boost fuel efficiencies. A host of new applications is being used or currently 

investigated by the automotive industry.

Carbon Fiber–Reinforced Polymer (CFRP) Composites

Carbon is a high-performance fiber material that is the most commonly used reinforce-

ment in advanced (i.e., nonfiberglass) polymer-matrix composites. The reasons for this 

are as follows:

 1. Carbon fibers have high specific moduli and specific strengths.

 2. They retain their high tensile modulus and high strength at elevated 

temperatures; high-temperature oxidation, however, may be a problem.

 3. At room temperature, carbon fibers are not affected by moisture or a wide 

variety of solvents, acids, and bases.

 4. These fibers exhibit a diversity of physical and mechanical characteristics, 

allowing composites incorporating these fibers to have specific engineered properties.

 5. Fiber- and composite-manufacturing processes have been developed that are rela-

tively inexpensive and cost effective.

 A schematic representation of a typical carbon fiber is shown in Figure 13.5, where 

it may be noted that the fiber is composed of both graphitic (ordered) and turbostratic 

(disordered) structures.
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 Manufacturing techniques for producing carbon fibers are relatively complex and 

are not discussed. However, three different organic precursor materials are used: rayon, 

polyacrylonitrile (PAN), and pitch. Processing techniques vary from precursor to pre-

cursor, as do the resultant fiber characteristics.

 One classification scheme for carbon fibers is by tensile modulus; on this basis, the 

four classes are standard, intermediate, high, and ultrahigh moduli. Fiber diameters 

normally range between 4 and 10 �m; both continuous and chopped forms are available. 

In addition, carbon fibers are normally coated with a protective epoxy size that also 

improves adhesion with the polymer matrix.

 Carbon-reinforced polymer composites are currently being used extensively in 

sports and recreational equipment (fishing rods, golf clubs), filament-wound rocket 

motor cases, pressure vessels, and aircraft structural components—both military and 

commercial, both fixed-wing aircraft and helicopters (e.g., as wing, body, stabilizer, and 

rudder components).

Aramid Fiber–Reinforced Polymer Composites

Aramid fibers are high-strength, high-modulus materials that were introduced in the 

early 1970s. They are especially desirable for their outstanding strength-to-weight ratios, 

which are superior to those of metals. Chemically, this group of materials is known as 

poly(paraphenylene terephthalamide). There are a number of aramid materials; trade 

names for two of the most common are Kevlar and Nomex. For the former, there are 

several grades (Kevlar 29, 49, and 149) that have different mechanical behaviors. During 

synthesis, the rigid molecules are aligned in the direction of the fiber axis, as liquid crys-

tal domains (Section 15.19); the repeat unit and the mode of chain alignment are repre-

sented in Figure 16.10. Mechanically, these fibers have longitudinal tensile strengths and 

tensile moduli (Table 16.4) that are higher than those of other polymeric fiber materials; 

however, they are relatively weak in compression. In addition, this material is known 

for its toughness, impact resistance, and resistance to creep and fatigue failure. Even 

though the aramids are thermoplastics, they are, nevertheless, resistant to combustion 

and stable to relatively high temperatures; the temperature range over which they retain 

their high mechanical properties is between 
200�C and 200�C (
330�F and 390�F). 

Chemically, they are susceptible to degradation by strong acids and bases, but they are 

relatively inert in other solvents and chemicals.

 The aramid fibers are most often used in composites having polymer matrices; com-

mon matrix materials are the epoxies and polyesters. Because the fibers are relatively 

flexible and somewhat ductile, they may be processed by most common textile operations. 

Typical applications of these aramid composites are in ballistic products (bulletproof 

Figure 16.10 Schematic representation of repeat unit 

and chain structures for aramid (Kevlar) fibers. Chain 

alignment with the fiber direction and hydrogen bonds 

that form between adjacent chains are also shown. 
[From F. R. Jones (Editor), Handbook of Polymer-Fibre 
Composites. Copyright © 1994 by Addison-Wesley Longman. 

Reprinted with permission.]
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vests and armor), sporting goods, tires, ropes, missile cases, and pressure vessels and as a 

replacement for asbestos in automotive brake and clutch linings and gaskets.

 The properties of continuous and aligned glass, carbon, and aramid fiber–reinforced 

epoxy composites are given in Table 16.5. A comparison of the mechanical characteristics 

of these three materials may be made in both longitudinal and transverse directions.

Other Fiber Reinforcement Materials

Glass, carbon, and the aramids are the most common fiber reinforcements incorporated 

into polymer matrices. Other fiber materials that are used to much lesser degrees are 

boron, silicon carbide, and aluminum oxide; tensile moduli, tensile strengths, specific 

strengths, and specific moduli of these materials in fiber form are given in Table 16.4. 

Boron fiber–reinforced polymer composites have been used in military aircraft compo-

nents, helicopter rotor blades, and sporting goods. Silicon carbide and aluminum oxide 

fibers are used in tennis rackets, circuit boards, military armor, and rocket nose cones.

Polymer-Matrix Materials

The roles assumed by the polymer matrix are outlined in Section 16.7. In addition, the 

matrix often determines the maximum service temperature because it normally softens, 

melts, or degrades at a much lower temperature than the fiber reinforcement.

 The most widely used and least expensive polymer resins are the polyesters and 

vinyl esters.3 These matrix materials are used primarily for glass fiber–reinforced com-

posites. A large number of resin formulations provide a wide range of properties for 

these polymers. The epoxies are more expensive and, in addition to commercial appli-

cations, are also used extensively in PMCs for aerospace applications; they have better 

mechanical properties and resistance to moisture than the polyesters and vinyl resins. 

For high-temperature applications, polyimide resins are employed; their continuous-

use, upper-temperature limit is approximately 230�C (450�F). Finally, high-temperature 

thermoplastic resins offer the potential to be used in future aerospace applications; such 

materials include polyetheretherketone (PEEK), poly(phenylene sulfide) (PPS), and 

polyetherimide (PEI).

 Glass Carbon Aramid
Property (E-Glass) (High Strength) (Kevlar 49)

Specific gravity 2.1 1.6 1.4

Tensile modulus

Longitudinal [GPa (106 psi)] 45 (6.5) 145 (21) 76 (11)

 Transverse [GPa (106 psi)] 12 (1.8) 10 (1.5) 5.5 (0.8)

Tensile strength

Longitudinal [MPa (ksi)] 1020 (150) 1240 (180) 1380 (200)

 Transverse [MPa (ksi)] 40 (5.8) 41 (6) 30 (4.3)

Ultimate tensile strain

Longitudinal 2.3 0.9 1.8

 Transverse 0.4 0.4 0.5

aIn all cases, the fi ber volume fraction is 0.60.

Source: Adapted from R. F. Floral and S. T. Peters, “Composite Structures and Technologies,” tutorial 

notes, 1989.

Table 16.5 
Properties of 
Continuous and 
Aligned Glass, 
Carbon, and Aramid 
Fiber–Reinforced 
Epoxy–Matrix 
Composites in 
Longitudinal and 
Transverse Directionsa

3The chemistry and typical properties of some of the matrix materials discussed in this section are given in 

Appendices B, D, and E.
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DESIGN EXAMPLE 16.1

Design of a Tubular Composite Shaft

A tubular composite shaft is to be designed that has an outside diameter of 70 mm (2.75 in.), 

an inside diameter of 50 mm (1.97 in.), and a length of 1.0 m (39.4 in.); such is represented 

schematically in Figure 16.11. The mechanical characteristic of prime importance is bending 

stiffness in terms of the longitudinal modulus of elasticity; strength and fatigue resistance are 

not significant parameters for this application when filament composites are used. Stiffness is 

to be specified as maximum allowable deflection in bending; when subjected to three-point 

bending as in Figure 12.30 (i.e., support points at both tube extremities and load application at 

the longitudinal midpoint), a load of 1000 N (225 lbf) is to produce an elastic deflection of no 

more than 0.35 mm (0.014 in.) at the midpoint position.

 Continuous fibers that are oriented parallel to the tube axis will be used; possible fiber ma-

terials are glass, and carbon in standard-, intermediate-, and high-modulus grades. The matrix 

material is to be an epoxy resin, and the maximum allowable fiber volume fraction is 0.60.

 This design problem calls for us to do the following:

(a) Decide which of the four fiber materials, when embedded in the epoxy matrix, meet the 

stipulated criteria.

(b) Of these possibilities, select the one fiber material that will yield the lowest-cost composite 

material (assuming fabrication costs are the same for all fibers).

 Elastic modulus, density, and cost data for the fiber and matrix materials are given in 

Table 16.6.

Figure 16.11 Schematic representation of a tubular composite shaft, the subject of 

Design Example 16.1.

50
mm

70
mm

1.0 m

Table 16.6  Elastic Modulus, Density, and Cost Data for Glass and Various Carbon Fibers and 
Epoxy Resin

 Elastic Modulus Density Cost
Material (GPa) (g/cm3) ($US/kg)

Glass fibers 72.5 2.58 2.10

Carbon fibers 230 1.80 60.00 

 (standard modulus)

Carbon fibers 285 1.80 95.00 

 (intermediate modulus)

Carbon fibers 400 1.80 250.00 

 (high modulus)

Epoxy resin 2.4 1.14 6.00
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Solution

(a) It is first necessary to determine the required longitudinal modulus of elasticity for this 

composite material consistent with the stipulated criteria. This computation requires the 

use of the three-point deflection expression

 �y =
FL3

48 EI
 (16.21)

 in which �y is the midpoint deflection, F is the applied force, L is the support point separa-

tion distance, E is the modulus of elasticity, and I is the cross-sectional moment of inertia. 

For a tube having inside and outside diameters of di and do, respectively,

 I =
p

64
(d4

o - d4
i ) (16.22)

 and

 E =
4FL3

3p �y (d4
o - d4

i )
 (16.23)

 For this shaft design,

  F = 1000 N

 L = 1.0 m

 �y = 0.35 mm

 do = 70 mm

 di = 50 mm

 Thus, the required longitudinal modulus of elasticity for this shaft is

 E =
4(1000 N)(1.0 m)3

3p(0.35 * 10-3 m)[(70 * 10-3 m)4 - (50 * 10-3 m)4]

 = 69.3 GPa (9.9 * 106 psi)

The next step is to determine the fiber and matrix volume fractions for each of the 

four candidate fiber materials. This is possible using the rule-of-mixtures expression, 

Equation 16.10b:

Ecs = EmVm + EfVf = Em(1 - Vf) + EfVf

 Table 16.7 lists the Vm and Vf values required for Ecs = 69.3 GPa; Equation 16.10b and the 

moduli data in Table 16.6 were used in these computations. Only the three carbon-fiber 

types are possible candidates because their Vf values are less than 0.6.

(b) At this point it becomes necessary to determine the volume of fibers and matrix for each 

of the three carbon types. The total tube volume Vc in centimeters is

  Vc =
pL
4

  (do
2 - di

2)  (16.24)

  =
p(100 cm)

4
 [(7.0 cm)2 - (5.0 cm)2] 

  = 1885 cm3 (114 in.3)  

 Thus, fiber and matrix volumes result from products of this value and the Vf and Vm values 

cited in Table 16.7. These volume values are presented in Table 16.8, which are then converted 
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into masses using densities (Table 16.6), and finally into material costs, from the per unit mass 

cost (also given in Table 16.6).

As may be noted in Table 16.8, the material of choice (i.e., the least expensive) is the 

standard-modulus carbon-fiber composite; the relatively low cost per unit mass of this fiber 

material offsets its relatively low modulus of elasticity and required high volume fraction.

Table 16.7  Fiber and Matrix Volume Fractions for Glass 
and Three Carbon-Fiber Types as Required 
to Give a Composite Modulus of 69.3 GPa

Fiber Type Vf Vm

Glass 0.954 0.046

Carbon 0.293 0.707

 (standard modulus)

Carbon 0.237 0.763

 (intermediate modulus)

Carbon 0.168 0.832

 (high modulus)

Table 16.8  Fiber and Matrix Volumes, Masses, and Costs and Total Material Cost for Three 
Carbon-Fiber Epoxy–Matrix Composites

Fiber Type

Fiber 
Volume 

(cm3)

Fiber 
Mass 
(kg)

Fiber 
Cost 

($US)

Matrix 
Volume 

(cm3)

Matrix 
Mass 
(kg)

Matrix 
Cost 

($US)

Total 
Cost 

($US)

Carbon 

 (standard modulus)

552 0.994 59.60 1333 1.520 9.10 68.70

Carbon 

 (intermediate modulus)

447 0.805 76.50 1438 1.639 9.80 86.30

Carbon 

 (high modulus)

317 0.571 142.80 1568 1.788 10.70 153.50

As the name implies, for metal-matrix composites (MMCs) the matrix is a ductile metal. 

These materials may be used at higher service temperatures than their base-metal 

counterparts; furthermore, the reinforcement may improve specific stiffness, specific 

strength, abrasion resistance, creep resistance, thermal conductivity, and dimensional 

stability. Some of the advantages of these materials over the polymer-matrix composites 

include higher operating temperatures, nonflammability, and greater resistance to 

degradation by organic fluids. Metal-matrix composites are much more expensive than 

PMCs, and, therefore, MMC use is somewhat restricted.

 The superalloys, as well as alloys of aluminum, magnesium, titanium, and copper, 

are used as matrix materials. The reinforcement may be in the form of particulates, 

both continuous and discontinuous fibers, and whiskers; concentrations normally range 

between 10 and 60 vol%. Continuous-fiber materials include carbon, silicon carbide, 

boron, aluminum oxide, and the refractory metals. However, discontinuous reinforce-

ments consist primarily of silicon carbide whiskers, chopped fibers of aluminum oxide 

and carbon, or particulates of silicon carbide and aluminum oxide. In a sense, the cer-

mets (Section 16.2) fall within this MMC scheme. Table 16.9 presents the properties of 

several common metal-matrix, continuous and aligned fiber–reinforced composites.

metal-matrix 
 composite

16.9 METAL-MATRIX COMPOSITES
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 Some matrix–reinforcement combinations are highly reactive at elevated tem-

peratures. Consequently, composite degradation may be caused by high-temperature 

processing or by subjecting the MMC to elevated temperatures during service. This 

problem is commonly resolved either by applying a protective surface coating to the 

reinforcement or by modifying the matrix alloy composition.

 Normally the processing of MMCs involves at least two steps: consolidation or 

synthesis (i.e., introduction of reinforcement into the matrix), followed by a shaping 

operation. A host of consolidation techniques are available, some of which are relatively 

sophisticated; discontinuous-fiber MMCs are amenable to shaping by standard metal-

forming operations (e.g., forging, extrusion, rolling).

 Automobile manufacturers have recently begun to use MMCs in their products. For 

example, some engine components have been introduced consisting of an aluminum-

alloy matrix that is reinforced with aluminum oxide and carbon fibers; this MMC is light 

in weight and resists wear and thermal distortion. Metal-matrix composites are also em-

ployed in driveshafts (that have higher rotational speeds and reduced vibrational noise 

levels), extruded stabilizer bars, and forged suspension and transmission components.

 The aerospace industry also employs MMCs in the form of advanced aluminum-

alloy metal-matrix composites. These materials have low densities, and it is possible to 

control their properties (i.e., mechanical and thermal properties). Continuous graph-

ite fibers are used as the reinforcement for an antenna boom on the Hubble Space 

Telescope; this boom stabilizes the antenna position during space maneuvers. In ad-

dition, Global Positioning System (GPS) satellites use silicon carbide–aluminum and 

graphite–aluminum MMCs for electronic packaging and thermal management systems. 

These MMCs have high thermal conductivities, and it is possible to match their coef-

ficients of expansion with those of other electronic materials in the GPS components.

 The high-temperature creep and rupture properties of some superalloys (Ni- and 

Co-based alloys) may be enhanced by fiber reinforcement using refractory metals such 

as tungsten. Excellent high-temperature oxidation resistance and impact strength are 

also maintained. Designs incorporating these composites permit higher operating tem-

peratures and better efficiencies for turbine engines.

Table 16.9 Properties of Several Metal-Matrix Composites Reinforced with Continuous and Aligned Fibers

  Fiber Content Density Longitudinal Tensile Longitudinal Tensile 
Fiber Matrix (vol%) (g/cm3) Modulus (GPa) Strength (MPa)

Carbon 6061 Al 41 2.44 320  620

Boron 6061 Al 48 — 207 1515

SiC 6061 Al 50 2.93 230 1480

Alumina 380.0 Al 24 — 120  340

Carbon AZ31 Mg 38 1.83 300  510

Borsic Ti 45 3.68 220 1270

Source: Adapted from J. W. Weeton, D. M. Peters, and K. L. Thomas, Engineers’ Guide to Composite Materials, ASM International, 

Materials Park, OH, 1987.

As discussed in Chapters 12 and 13, ceramic materials are inherently resilient to 

oxidation and deterioration at elevated temperatures; were it not for their disposition 

to brittle fracture, some of these materials would be ideal candidates for use in high-

temperature and severe-stress applications, specifically for components in automobile 

and aircraft gas turbine engines. Fracture toughness values for ceramic materials are low 

16.10 CERAMIC-MATRIX COMPOSITES
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and typically lie between 1 and 5 MPa1m (0.9 and 4.5 ksi1in.); see Table 8.1 and Table 

B.5 in Appendix B. By way of contrast, KIc values for most metals are much higher 

[15 to greater than 150 MPa1m (14 to 7 140 ksi1in.)].

 The fracture toughnesses of ceramics have been improved significantly by the de-

velopment of a new generation of ceramic-matrix composites (CMCs)—particulates, 

fibers, or whiskers of one ceramic material that have been embedded into a matrix of 

another ceramic. Ceramic-matrix composite materials have extended fracture tough-

nesses to between about 6 and 20 MPa1m (5.5 and 18 ksi1in.).

 In essence, this improvement in the fracture properties results from interactions 

between advancing cracks and dispersed phase particles. Crack initiation normally oc-

curs with the matrix phase, whereas crack propagation is impeded or hindered by the 

particles, fibers, or whiskers. Several techniques are used to retard crack propagation, 

which are discussed as follows.

 One particularly interesting toughening technique uses a phase transformation to 

arrest the propagation of cracks and is aptly termed transformation toughening. Small 

particles of partially stabilized zirconia (Section 12.7) are dispersed within the matrix 

material, often Al2O3 or ZrO2 itself. Typically, CaO, MgO, Y2O3, and CeO are used 

as stabilizers. Partial stabilization allows retention of the metastable tetragonal phase 

at ambient conditions rather than the stable monoclinic phase; these two phases are 

noted on the ZrO2–CaZrO3 phase diagram in Figure 12.24. The stress field in front of 

a propagating crack causes these metastably retained tetragonal particles to undergo 

transformation to the stable monoclinic phase. Accompanying this transformation is a 

slight particle volume increase, and the net result is that compressive stresses are estab-

lished on the crack surfaces near the crack tip that tend to pinch the crack shut, thereby 

arresting its growth. This process is demonstrated schematically in Figure 16.12.

 Other recently developed toughening techniques involve the use of ceramic whisk-

ers, often SiC or Si3N4. These whiskers may inhibit crack propagation by (1) deflecting 

crack tips, (2) forming bridges across crack faces, (3) absorbing energy during pullout as 

the whiskers debond from the matrix, and/or (4) causing a redistribution of stresses in 

regions adjacent to the crack tips.

 In general, increasing fiber content improves strength and fracture toughness; this 

is demonstrated in Table 16.10 for SiC whisker-reinforced alumina. Furthermore, there 

is a considerable reduction in the scatter of fracture strengths for whisker-reinforced 

ceramics relative to their unreinforced counterparts. In addition, these CMCs exhibit 

ceramic-matrix 
 composite

Figure 16.12 

Schematic demonstration 

of transformation tough-

ening. (a) A crack prior to 

inducement of the ZrO2 

particle phase transforma-

tion. (b) Crack arrestment 

due to the stress-induced 

phase transformation.
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improved high-temperature creep behavior and resistance to thermal shock (i.e., failure 

resulting from sudden changes in temperature).

 Ceramic-matrix composites may be fabricated using hot pressing, hot isostatic 

pressing, and liquid-phase sintering techniques. Relative to applications, SiC whisker-

reinforced aluminas are being used as cutting-tool inserts for machining hard metal al-

loys; tool lives for these materials are greater than for cemented carbides (Section 16.2).

 Whisker  Fracture Fracture Toughness 
Content (vol%) Strength (MPa) (MPa1m)

  0 — 4.5

 10 455 � 55 7.1

 20 655 � 135 7.5–9.0

 40 850 � 130 6.0

Source: Adapted from Engineered Materials Handbook, Vol. 1, Composites, C. A. Dostal 

(Senior Editor), ASM International, Materials Park, OH, 1987.

Table 16.10

Room Temperature 
Fracture Strengths 
and Fracture 
Toughnesses for 
Various SiC Whisker 
Contents in Al2O3

One of the most advanced and promising of engineering materials is the carbon fiber–

reinforced carbon-matrix composite, often termed a carbon–carbon composite; as the 

name implies, both reinforcement and matrix are carbon. These materials are relatively 

new and expensive and, therefore, are not currently being used extensively. Their de-

sirable properties include high-tensile moduli and tensile strengths that are retained to 

temperatures in excess of 2000�C (3630�F), resistance to creep, and relatively large frac-

ture toughness values. Furthermore, carbon–carbon composites have low coefficients 

of thermal expansion and relatively high thermal conductivities; these characteristics, 

coupled with high strengths, give rise to a relatively low susceptibility to thermal shock. 

Their major drawback is a propensity to high-temperature oxidation.

 The carbon–carbon composites are employed in rocket motors, as friction materials 

in aircraft and high-performance automobiles, for hot-pressing molds, in components 

for advanced turbine engines, and as ablative shields for re-entry vehicles.

 The primary reason that these composite materials are so expensive is the require-

ment for relatively complex processing techniques. Preliminary procedures are similar 

to those used for carbon-fiber, polymer-matrix composites—that is, the continuous 

carbon fibers are laid down having the desired two- or three-dimensional pattern; these 

fibers are then impregnated with a liquid polymer resin, often a phenolic; the workpiece 

is next formed into the final shape, and the resin is allowed to cure. At this time the 

matrix resin is pyrolyzed—that is, converted into carbon by heating in an inert atmos-

phere; during pyrolysis, molecular components consisting of oxygen, hydrogen, and 

nitrogen are driven off, leaving behind large carbon-chain molecules. Subsequent heat 

treatments at higher temperatures cause this carbon matrix to densify and increase in 

strength. The resulting composite consists of the original carbon fibers, which remained 

essentially unaltered, contained in this pyrolyzed carbon matrix.

carbon–carbon 
 composite

16.11 CARBON–CARBON COMPOSITES

A relatively new fiber-reinforced composite is the hybrid, which is obtained by using 

two or more different kinds of fibers in a single matrix; hybrids have a better all-around 

combination of properties than composites containing only a single fiber type. A variety 

hybrid composite

16.12 HYBRID COMPOSITES
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of fiber combinations and matrix materials are used, but in the most common system, 

both carbon and glass fibers are incorporated into a polymeric resin. The carbon fibers 

are strong and relatively stiff and provide a low-density reinforcement; however, they are 

expensive. Glass fibers are inexpensive and lack the stiffness of carbon. The glass–carbon 

hybrid is stronger and tougher, has a higher impact resistance, and may be produced at a 

lower cost than either of the comparable all-carbon or all-glass reinforced plastics.

 The two different fibers may be combined in a number of ways, which will ulti-

mately affect the overall properties. For example, the fibers may all be aligned and inti-

mately mixed with one another, or laminations may be constructed consisting of layers, 

each of which consists of a single fiber type, alternating with one another. In virtually all 

hybrids, the properties are anisotropic.

 When hybrid composites are stressed in tension, failure is usually noncatastrophic 

(i.e., does not occur suddenly). The carbon fibers are the first to fail, at which time the load 

is transferred to the glass fibers. Upon failure of the glass fibers, the matrix phase must 

sustain the applied load. Eventual composite failure concurs with that of the matrix phase.

 Principal applications for hybrid composites are lightweight land, water, and air trans-

port structural components, sporting goods, and lightweight orthopedic components.

To fabricate continuous fiber–reinforced plastics that meet design specifications, the fib-

ers should be uniformly distributed within the plastic matrix and, in most instances, all 

oriented in virtually the same direction. This section discusses several techniques (pul-

trusion, filament winding, and prepreg production processes) by which useful products 

of these materials are manufactured.

Pultrusion

Pultrusion is used for the manufacture of components having continuous lengths and a 

constant cross-sectional shape (rods, tubes, beams, etc.). With this technique, illustrated 

schematically in Figure 16.13, continuous-fiber rovings, or tows,4 are first impregnated 

with a thermosetting resin; these are then pulled through a steel die that preforms to the 

desired shape and also establishes the resin/fiber ratio. The stock then passes through a 

curing die that is precision machined so as to impart the final shape; this die is also heated 

to initiate curing of the resin matrix. A pulling device draws the stock through the dies 

and also determines the production speed. Tubes and hollow sections are made possible 

by using center mandrels or inserted hollow cores. Principal reinforcements are glass, 

16.13 PROCESSING OF FIBER-REINFORCED COMPOSITES

4A roving, or tow, is a loose and untwisted bundle of continuous fibers that are drawn together as parallel strands.

Figure 16.13 Schematic diagram showing the pultrusion process.
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carbon, and aramid fibers, normally added in concentrations between 40 and 70 vol%. 

Commonly used matrix materials include polyesters, vinyl esters, and epoxy resins.

 Pultrusion is a continuous process that is easily automated; production rates are rela-

tively high, making it very cost effective. Furthermore, a wide variety of shapes are pos-

sible, and there is really no practical limit to the length of stock that may be manufactured.

Prepreg Production Processes

Prepreg is the composite industry’s term for continuous-fiber reinforcement preimpreg-

nated with a polymer resin that is only partially cured. This material is delivered in tape 

form to the manufacturer, which then directly molds and fully cures the product without 

having to add any resin. It is probably the composite material form most widely used for 

structural applications.

 The prepregging process, represented schematically for thermoset polymers in 

Figure 16.14, begins by collimating a series of spool-wound continuous-fiber tows. These 

tows are then sandwiched and pressed between sheets of release and carrier paper using 

heated rollers, a process termed calendering. The release paper sheet has been coated 

with a thin film of heated resin solution of relatively low viscosity so as to provide for 

its thorough impregnation of the fibers. A doctor blade spreads the resin into a film of 

uniform thickness and width. The final prepreg product—the thin tape consisting of con-

tinuous and aligned fibers embedded in a partially cured resin—is prepared for packag-

ing by winding onto a cardboard core. As shown in Figure 16.14, the release paper sheet 

is removed as the impregnated tape is spooled. Typical tape thicknesses range between 

0.08 and 0.25 mm (3 � 10
3 and 10
2 in.) and tape widths range between 25 and 

1525 mm (1 and 60 in.); resin content usually lies between about 35 and 45 vol%.

 At room temperature, the thermoset matrix undergoes curing reactions; therefore, 

the prepreg is stored at 0�C (32�F) or lower. Also, the time in use at room temperature 

(or out-time) must be minimized. If properly handled, thermoset prepregs have a life-

time of at least six months and usually longer.

 Both thermoplastic and thermosetting resins are used; carbon, glass, and aramid 

fibers are the common reinforcements.

 Actual fabrication begins with the lay-up—laying of the prepreg tape onto a tooled 

surface. Normally a number of plies are laid up (after removal from the carrier backing 

paper) to provide the desired thickness. The lay-up arrangement may be unidirectional, 

but more often the fiber orientation is alternated to produce a cross-ply or angle-ply 

laminate (Section 16.14). Final curing is accomplished by the simultaneous application 

of heat and pressure.

 The lay-up procedure may be carried out entirely by hand (hand lay-up), in which 

the operator both cuts the lengths of tape and then positions them in the desired orienta-

tion on the tooled surface. Alternatively, tape patterns may be machine cut, then hand 

laid. Fabrication costs can be further reduced by automation of prepreg lay-up and other 

manufacturing procedures (e.g., filament winding, as discussed next), which virtually 

eliminates the need for hand labor. These automated methods are essential for many 

applications of composite materials to be cost effective.

Filament Winding

Filament winding is a process by which continuous reinforcing fibers are accurately posi-

tioned in a predetermined pattern to form a hollow (usually cylindrical) shape. The fibers, 

either as individual strands or as tows, are first fed through a resin bath and then are contin-

uously wound onto a mandrel, usually using automated winding equipment (Figure 16.15). 

After the appropriate number of layers have been applied, curing is carried out either in 

an oven or at room temperature, after which the mandrel is removed. As an alternative, 

narrow and thin prepregs (i.e., tow pregs) 10 mm or less in width may be filament wound.

prepreg
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 Various winding patterns are possible (i.e., circumferential, helical, and polar) 

to give the desired mechanical characteristics. Filament-wound parts have very high 

strength-to-weight ratios. Also, a high degree of control over winding uniformity and 

orientation is afforded with this technique. Furthermore, when automated, the process 

is most economically attractive. Common filament-wound structures include rocket mo-

tor casings, storage tanks and pipes, and pressure vessels.

 Manufacturing techniques are being used to produce a wide variety of structural 

shapes that are not necessarily limited to surfaces of revolution (e.g., I-beams). This 

technology is advancing very rapidly because it is very cost effective.

Figure 16.14 Schematic diagram illustrating the production of 

prepreg tape using a thermoset polymer.
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Figure 16.15 Schematic representations 

of helical, circumferential, and polar 

filament winding techniques. 
[From N. L. Hancox, (Editor), Fibre Composite 
Hybrid Materials, The Macmillan Company, New 

York, 1981.]

A structural composite is a multi-layered and normally low-density composite used 

in applications requiring structural integrity, ordinarily high tensile, compressive, and 

torsional strengths and stiffnesses. The properties of these composites depend not only 

on the properties of the constituent materials, but also on the geometrical design of the 

structural elements. Laminar composites and sandwich panels are two of the most com-

mon structural composites.

structural composite

Structural Composites

A laminar composite is composed of two-dimensional sheets or panels (plies or laminae) 

bonded to one another. Each ply has a preferred high-strength direction, such as is found 

in continuous and aligned fiber–reinforced polymers. A multi-layered structure such as 

laminar composite

16.14 LAMINAR COMPOSITES
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this is termed a laminate. Laminate properties depend on several factors to include 

how the high-strength direction varies from layer to layer. In this regard, there are four 

classes of laminar composites: unidirectional, cross-ply, angle-ply and multidirectional. 
For unidirectional, the orientation of the high-strength direction for all laminae is the 

same (Figure 16.16a); cross-ply laminates have alternating high-strength layer orienta-

tions of 0� and 90� (Figure 16.16b); and for angle-ply, successive layers alternate between 

�u and 
u high-strength orientations (e.g., �45�) (Figure 16.16c). The multidirectional 

laminates have several high-strength orientations (Figure 16.16d). For virtually all lami-

nates, layers are typically stacked such that fiber orientations are symmetric relative to 

the laminate midplane; this arrangement prevents any out-of-plane twisting or bending.

 In-plane properties (e.g., modulus of elasticity and strength) of unidirectional lami-

nates are highly anisotropic. Cross-, angle-, and multidirectional laminates are designed 

to increase the degree of in-plane isotropy; multidirectional can be fabricated to be most 

isotropic; degree of isotropy decreases with angle- and cross-ply materials.

 Stress and strain relationships for laminates have been developed that are analogous 

to Equations 16.10 and 16.16 for continuous and aligned fiber–reinforced composites. 

However, these expressions use tensor algebra, which is beyond the scope of this discussion.
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Figure 16.16 Lay-ups 

(schematics) for laminar 

composites. (a) Undirectional; 

(b) cross-ply; (c) angle-ply; 

and (d) multidirectional.
(Adapted from ASM Handbook, 
Vol. 21, Composites, 2001. 

Reproduced with permission from 

ASM International, Materials 

Park, OH, 44073.)
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 One of the most common laminate materials is unidirectional prepreg tape in an 

uncured matrix resin. A multi-layered structure having the desired configuration is pro-

duced during lay-up as a number of tapes are laid one upon another at a variety of pre-

determined high-strength orientations. Overall strength and degree of isotropy depends 

on fiber material, number of layers, as well as orientation sequence. Most laminate fiber 

materials are carbon, glass, and aramid. Subsequent to lay-up, the resin must be cured 

and layers bonded together; this is accomplished by heating the part while pressure is 

being applied. Techniques used for post-lay-up processing include autoclave molding, 

pressure-bag molding, and vacuum-bag molding.

 Laminations may also be constructed using fabric material such as cotton, paper, or 

woven-glass fibers embedded in a plastic matrix. In-plane degree of isotropy is relatively 

high in this group of materials.

 Applications that use laminate composites are primarily in aircraft, automotive, 

marine, and building/civil-infrastructure sectors. Specific applications include the fol-

lowing: aircraft—fuselage, vertical and horizontal stabilizers, landing-gear hatch, floors, 

fairings, and rotor blades for helicopters; automotive—automobile panels, sports car 

bodies, and drive shafts; marine—ship hulls, hatch covers, deckhouses, bulkheads, and 

propellers; building/civil-infrastructure—bridge components, long-span roof structures, 

beams, structural panels, roof panels, and tanks.

 Laminates are also used extensively in sports and recreation equipment. For ex-

ample, the modern ski (see the chapter-opening illustration) is a relatively complex 

laminated structure.

Sandwich panels, a class of structural composites, are designed to be lightweight beams 

or panels having relatively high stiffnesses and strengths. A sandwich panel consists of 

two outer sheets, faces, or skins that are separated by and adhesively bonded to a thicker 

core (Figure 16.17). The outer sheets are made of a relatively stiff and strong material, 

typically aluminum alloys, steel and stainless steel, fiber-reinforced plastics, and ply-

wood; they carry bending loads that are applied to the panel. When a sandwich panel is 

bent, one face experiences compressive stresses, the other tensile stresses.

 The core material is lightweight and normally has a low modulus of elasticity. 

Structurally, it serves several functions. First, it provides continuous support for the 

faces and holds them together. In addition, it must have sufficient shear strength to 

withstand transverse shear stresses and also be thick enough to provide high shear stiff-

ness (to resist buckling of the panel). Tensile and compressive stresses on the core are 

much lower than on the faces. Panel stiffness depends primarily on the properties of the 

core material and core thickness; bending stiffness increases significantly with increasing 

core thickness. Furthermore, it is essential that faces be bonded strongly to the core. The 

sandwich panel

16.15 SANDWICH PANELS

Transverse
direction

Faces Core

Figure 16.17 

Schematic diagram 

showing the cross section 

of a sandwich panel.
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sandwich panel is a cost-effective composite because core materials are less expensive 

than materials used for the faces.

 Core materials typically fall within three categories: rigid polymeric foams, wood, 

and honeycombs.

• Both thermoplastic and thermosetting polymers are used as rigid foam materials; 

these include (and are ranked from least to most expensive) polystyrene, phenol-

formaldehyde (phenolic), polyurethane, poly(vinyl chloride), polypropylene, 

polyetherimide, and polymethacrylimide.

• Balsa wood is also commonly used as a core material for several reasons: (1) Its 

density is extremely low (0.10 to 0.25 g/cm3), which, however, is higher than some 

other core materials; (2) it is relatively inexpensive; and (3) it has relatively high 

compression and shear strengths.

• Another popular core consists of a “honeycomb” structure—thin foils that have been 

formed into interlocking cells (having hexagonal as well as other confi gurations), with 

axes oriented perpendicular to the face planes; Figure 16.18 shows a cutaway view of 

a hexagonal honeycomb core sandwich panel. Mechanical properties of honeycombs 

are anisotropic: tensile and compressive strengths are greatest in a direction parallel to 

the cell axis; shear strength is highest in the plane of the panel. Strength and stiffness 

of honeycomb structures depend on cell size, cell wall thickness, and the material from 

which the honeycomb is made. Honeycomb structures also have excellent sound and 

vibration damping characteristics because of the high volume fraction of void space 

within each cell. Honeycombs are fabricated from thin sheets. Materials used for these 

core structures include metal alloys— aluminum, titanium, nickel-based, and stainless 

steels; and polymers—polypropylene, polyurethane, kraft paper (a tough brown paper 

used for heavy-duty shopping bags and cardboard), and aramid fi bers.

 Sandwich panels are used in a wide variety aircraft, construction, automotive, 

and marine applications, including the following: aircraft—leading and trailing edges, 

radomes, fairings, nacelles (cowlings and fan-duct sections around turbine engines), 

flaps, rudders, stabilizers, and rotor blades for helicopters; construction—architectural 

cladding for buildings, decorative facades and interior surfaces, insulated roof and wall 

systems, clean-room panels, and built-in cabinetry; automotive—headliners, luggage 

compartment floors, spare wheel covers, and cabin floors; marine—bulkheads, furniture, 

and wall, ceiling, and partition panels.

Figure 16.18 Schematic diagram showing the construction of a honeycomb core sandwich panel. 
(Reprinted with permission from Engineered Materials Handbook, Vol. 1, Composites, ASM International, Materials Park, OH, 1987.)
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Use of Composites in the Boeing 787 Dreamliner

C A S E  S T U D Y

A revolution in the use of composite materials for 

commercial aircraft has recently commenced with 

the advent of the Boeing 787 Dreamliner (Figure 16.19). 

This aircraft—a long-range, mid-size (210 to 290 passen-

ger capacity), twin-engine jet airliner—is the first to use 

composite materials for the majority of its construction. 

Thus, it is lighter in weight than its predecessors, which 

leads to greater fuel efficiency (a reduction of approxi-

mately 20%), fewer emissions, and longer flying ranges. 

Furthermore, this composite construction makes for a 

more comfortable flying experience—cabin pressure 

and humidity levels are higher than for its ancestors and 

noise levels have been reduced. In addition, overhead 

bins are roomier and windows are larger.

 Composite materials account for 50% (by 

weight) of the Dreamliner and aluminum alloys 20%. 

By way of contrast, the Boeing 777 consists of 11% 

composites and 70% aluminum alloys. These com-

posite and aluminum contents as well as contents for 

other materials used in the construction of both 777 

and 787 aircraft (i.e., titanium alloys, steel, and other) 

are listed in Table 16.11.

 By far the most common composite structures are 

continuous carbon fiber–epoxy laminates, the majority 

of which are used in the fuselage (Figure 16.20). These 

laminates are composed of prepreg tapes that are laid 

one upon another in predetermined orientations using 

a continuous tape–laying machine. A single-piece sec-

tion of fuselage (or barrel) is fashioned in this manner, 

which is subsequently cured under pressure in a huge 

autoclave. Six such barrel units are attached to one 

another to form the complete fuselage. For previous 

commercial aircraft, the primary components of the 

fuselage structure were aluminum sheets fastened 

together using rivets. Advantages of this composite 

barrel structure over previous designs using aluminum 

alloys include the following:

• Reductions in assembly costs—approximately 

1500 aluminum sheets that are fastened together 

with approximately 50,000 rivets are eliminated.

• Cost reductions for scheduled maintenance and 

inspections for corrosion and fatigue cracks.

• Reductions in aerodynamic drag—rivets protrud-

ing from surfaces increase wind resistance and 

decrease fuel effi ciency.

 The fuselage of the Dreamliner was the first at-

tempt to mass produce extremely large composite 

structures composed of carbon fibers embedded in 

a thermosetting polymer (i.e., an epoxy). Thus, it 

became necessary for Boeing (and its subcontractors) 

Figure 16.20 Locations of the various material types 

used in the Boeing 787 Dreamliner. 
(Adapted from Ghabchi, Arash, “Thermal Spray at Boeing: 

Past, Present, and Future.” International Thermal Spray & 
Surface Engineering (iTSSe), Vol. 8, No, 1, February 2013, 

ASM International, Materials Park, OH.)Figure 16.19 A Boeing 787 Dreamliner. 

Table 16.11  Material Types and Contents for Boeing 
787 and 777 Aircraft

Material Content (Weight Percent)

Aircraft  Al Ti  
 Composites Alloys Alloys Steel Other

787 50 20 15 10 5

777 11 70  7 11 1
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to develop and implement new and innovative manu-

facturing technologies.

 As Figure 16.20 notes, carbon laminates are 

also used in wing and tail structures. The other 

composites indicated in this same illustration are 

glass fiber–reinforced epoxy and hybrid composites, 

which are composed of both glass and carbon fibers. 

These other composites are used primarily in tail and 

trailing wing structures.

 Sandwich panels are used in nacelles (i.e., hous-

ing structures that surround the engines) as well 

as trailing tail components (Figure 16.20). Faces 

for most of these panels are carbon fiber–epoxy 

laminates, whereas cores are honeycomb structures 

typically made from aluminum alloy sheet. Noise re-

duction of some nacelle components is increased by 

embedding a nonmetallic (or “cap” material) within 

the honeycomb cells.

The material’s world is experiencing a revolution with the development of a new class 

composite materials—the nanocomposites. Nanocomposites are composed of nano-

sized particles (or nanoparticles)5 that are embedded in a matrix material. They can 

be designed to have mechanical, electrical, magnetic, optical, thermal, biological, and 

transport properties that are superior to conventional filler materials; furthermore, 

these properties can be tailored for use in specific applications. For these reasons, nano-

composites are becoming infused in a number of modern technologies.6

 An interesting and novel phenomenon accompanies the decrease in size of a 

nanoparticle—its physical and chemical properties experience dramatic changes; fur-

thermore, the degree of change depends on particle size (i.e., number of atoms). For 

example, the permanent magnetic behavior of some materials [e.g., iron, cobalt, and 

iron oxide (Fe3O4)] disappears for particles having diameters smaller than about 50 nm.7

 Two factors account for these size-induced properties of nanoparticles: (1) the 

increase in ratio of particle surface area to volume; and (2) particle size. As Section 

4.6 notes, surface atoms behave differently than atoms located in the interior of a 

material. Consequently, as the size of a particle decreases, the relative ratio of surface 

atoms to bulk atoms increases; this means that surface phenomena begin to dominate. 

Furthermore, for extremely small particles, quantum effects begin to appear.

 Although nanocomposite matrix materials may be metals and ceramics, the most 

common matrices are polymers. For these polymer nanocomposites, a large number of 

thermoplastic, thermosetting, and elastomeric matrices are used, including epoxy resins, 

polyurethanes, polypropylene, polycarbonate, poly(ethylene terephthalate), silicone 

resins, poly(methyl methacrylate), polyamides (nylons), poly(vinylidene chloride), eth-

ylene vinyl alcohol, butyl rubber, and natural rubber.

 The properties of a nanocomposite depend not only on the properties of both 

matrix and nanoparticle, but also on nanoparticle shape and content as well as matrix–

nanoparticle interfacial characteristics. Most of today’s commercial nanocomposites use 

three general nanoparticle types: nanocarbons, nanoclays, and particulate nanocrystals.

• Included in the nanocarbon group are single- and multi-wall carbon nanotubes, 

graphene sheets (Section 13.9), and carbon nanofi bers.

nanocomposite

16.16 NANOCOMPOSITES

5To qualify as a nanoparticle, the largest particle dimension must on the order of at most 100 nm.
6Carbon-black reinforced rubber (Section 16.2) is an example of a nanocomposite; particle sizes typically range 

 between 20 and 50 nm. Strength and toughness as well as tear and abrasion resistance are enhanced because of the 

presence of carbon-black particles.
7This phenomenon is termed superparamagnetism; superparamagnetic particles embedded in a matrix are used for 

magnetic storage, which is discussed in Section 20.11.
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• The nanoclays are layered silicates (Section 12.3); the most common type is 

montmorillonite clay.

• Most particulate nanocrystals are inorganic oxides such silica, alumina, zirconia, 

halfnia, and titania.

Nanoparticle loadings (i.e., contents) vary significantly and depend on application. For 

example, carbon nanotube concentrations on the order of 5 wt% can lead to significant 

increases in strength and stiffness. However, between 15 and 20 wt% of carbon nano-

tubes are required to produce electrical conductivities necessary for some applications 

(e.g., to protect a nanocomposite structure from experiencing electrostatic discharges).

 One of the main challenges in the production of nanocomposite materials is process-

ing. For most applications, the nanosize particles must be dispersed uniformly and homoge-

neously within the matrix. Novel dispersion and fabrication techniques have been and are 

continually being developed for producing nanocomposites with the desired properties.

 These nanocomposite materials have carved out niches in a host of different tech-

nologies and industries, including the following:

• Gas-barrier coatings—The freshness and shelf lives of foods and beverages may 

be increased when they are packaged in nanocomposite thin fi lm bags/containers. 

Normally, these fi lms are composed of montmorillonite nanoclay particles that 

have been exfoliated (i.e., separated from one another) and during incorporation 

into the polymer matrix are aligned such that their lateral axes are parallel to the 

plane of the coating. Furthermore, the coatings may be transparent. The presence 

of nanoclay particles accounts for the ability of the fi lm to effectively contain 

H2O molecules in packaged foods (to preserve freshness) and CO2 molecules in 

carbonated beverages (to retain “fi zz”), and also keep O2 molecules from the air 

outside (to protect packaged foods from oxidation). These platelet particles act as 

multilayer barriers to the diffusion of gas molecules—that is, they slow down the 

diffusion rate because the gas molecules must bypass the particles as they diffuse 

through the coating. Another asset of these coatings is their recyclability.

Nanocomposite coatings are also used to increase air pressure retention for 

automobile tires and sports (e.g., tennis, soccer) balls. These coatings are com-

posed of small and exfoliated vermiculite8 platelets that are embedded in the tire/

sports ball rubber. Furthermore, platelet particles are aligned in the same manner 

as for food/beverage coatings described previously such that diffusion of pressu-

rized air molecules through the rubber walls is suppressed.

• Energy storage—Graphene nanocomposites are used in anodes for lithium-ion 

rechargeable batteries—batteries that store electrical energy in hybrid electric 

vehicles. Surface areas of nanocomposite electrodes that are in contact with the 

lithium electrolyte are greater than for conventional electrodes. Battery capacity is 

higher, life cycles are longer, and double the power is available at high charge/

discharge rates when graphene nanocomposite anodes are used.

• Flame-barrier coatings—Thin coatings composed of multi-walled carbon nano-

tubes dispersed in silicone matrices exhibit outstanding fl ame barrier characteris-

tics (i.e., protection from combustion and decomposition). In addition, they offer 

abrasion and scratch resistance; do not produce toxic gases; and are extremely 

adherent to most glass, metal, wood, plastic, and composite surfaces. Flame-barrier 

coatings are used in aerospace, aviation, electronic, and industrial applications, and 

typically applied on wires and cables, foams, fuel tanks, and reinforced composites.

• Dental restorations—Some newly developed dental restoration (i.e., fi lling) materi-

als are polymer nanocomposites. Nano-fi ller ceramic materials used include silica 

8Vermiculite is another member of the layered silicates group discussed in Section 12.3.
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nanoparticles (approximately 20 nm in diameter), and nanoclusters composed of 

loosely bound agglomerates composed of nano-size particles of both silica and 

zirconia. Most polymer matrix materials belong to the dimethacrylate family. These 

nanocomposite restoration materials have high fracture toughnesses, are wear re-

sistant, have short curing times and curing shrinkages, and can be made to have the 

color and appearance of natural teeth.

• Mechanical strength enhancements—High-strength and lightweight polymer na-

nocomposites are produced by the addition of multi-walled carbon nanotubes into 

epoxy resins; nanotube contents that range between 20 and 30 wt% are normally 

required. These nanocomposites are used in wind turbine blades as well as some 

sports equipment (viz. tennis rackets, baseball bats, golf clubs, skis, bicycle frames, 

and boat hulls and masts).

• Electrostatic dissipation—The motion of highly fl ammable fuels in automotive and 

aircraft polymer fuel lines can lead to the production of static charges. If not elimi-

nated, these charges pose the risk of spark generation and the possibility of explosion. 

However, dissipation of such charge buildups can occur if the fuel lines are made 

electrically conductive. Adequate conductivities may be achieved by incorporating 

multi-walled carbon nanotubes into the polymer. Loading contents as high as 15 to 20 

wt% are required, which normally do not compromise other polymer properties.

 The number of commercial applications of nanocomposites is accelerating rap-

idly, and we can look forward to an explosion in the number and diversity of future 

nanocomposites. Production techniques will improve and, in addition to polymers, 

metallic- and ceramic-matrix nanoncomposite materials will undoubtedly be developed. 

Nanocomposite products will find their way into a number of commercial sectors [e.g., 

fuel cells, solar cells, drug delivery, biomedical, electronic, opto-electronic, and automo-

tive (lubricants, body and under-hood structures, scratch-free paints)].

A can of Double Core tennis balls and an indi-

vidual ball. Each ball retains its original pressure 

and bounces twice as long as a conventional one 

because the inner core has a nanocomposite bar-

rier coating that consists of a matrix of butyl rub-

ber, within which is embedded thin platelets of 

vermiculite. These particles inhibit the permeation 

of air molecules through the walls of the ball.
(Photograph courtesy of Wilson Sporting Goods 

Company.)
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SUMMARY

• Composites are artificially produced multiphase materials with desirable combina-

tions of the best properties of the constituent phases.

• Usually, one phase (the matrix) is continuous and completely surrounds the other 

(the dispersed phase).

• In this discussion, composites were classified as particle-reinforced, fiber-reinforced, 

structural, and nanocomposites.

• Large-particle and dispersion-strengthened composites fall within the particle- 

reinforced classification.

• For dispersion strengthening, improved strength is achieved by extremely small par-

ticles of the dispersed phase, which inhibit dislocation motion.

• The particle size is normally greater with large-particle composites, whose mechanical 

characteristics are enhanced by reinforcement action.

• For large-particle composites, upper and lower elastic modulus values depend on the 

moduli and volume fractions of matrix and particulate phases according to the rule-

of-mixtures expressions Equations 16.1 and 16.2.

• Concrete, a type of large-particle composite, consists of an aggregate of particles 

bonded together with cement. In the case of Portland cement concrete, the aggregate 

consists of sand and gravel; the cementitious bond develops as a result of chemical 

reactions between the Portland cement and water.

• The mechanical strength of concrete may be improved by reinforcement methods 

(e.g., embedment into the fresh concrete of steel rods, wires).

• Of the several composite types, the potential for reinforcement efficiency is greatest 

for those that are fiber reinforced.

• With fiber-reinforced composites, an applied load is transmitted to and distributed 

among the fibers via the matrix phase, which in most cases is at least moderately 

ductile.

• Significant reinforcement is possible only if the matrix–fiber bond is strong. Because 

reinforcement discontinues at the fiber extremities, reinforcement efficiency depends 

on fiber length.

• For each fiber–matrix combination, there exists some critical length (lc), which de-

pends on fiber diameter and strength and fiber–matrix bond strength according to 

Equation 16.3.

• The length of continuous fibers greatly exceeds this critical value (i.e., l � 15lc), 

whereas shorter fibers are discontinuous.

• On the basis of fiber length and orientation, three different types of fiber-reinforced 

composites are possible:

Continuous and aligned (Figure 16.8a)—mechanical properties are highly aniso-

tropic. In the alignment direction, reinforcement and strength are a maximum; 

perpendicular to the alignment, they are a minimum.

Discontinuous and aligned (Figure 16.8b)—significant strengths and stiffnesses 

are possible in the longitudinal direction.

Discontinuous and randomly oriented (Figure 16.8c)—despite some limitations 

on reinforcement efficiency, properties are isotropic.

• For continuous and aligned composites, rule-of-mixtures expressions for the modulus 

in both longitudinal and transverse orientations were developed (Equations 16.10 and 

16.16). In addition, an equation for longitudinal strength was also cited (Equation 16.17).
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• For discontinuous and aligned composites, composite strength equations were pre-

sented for two different situations:

When l � lc, Equation 16.18 is valid.

When l � lc, it is appropriate to use Equation 16.19.

• The elastic modulus for discontinuous and randomly oriented fibrous composites may 

be determined using Equation 16.20.

• On the basis of diameter and material type, fiber reinforcements are classified as follows:

Whiskers—extremely strong single crystals that have very small diameters

Fibers—normally polymers or ceramics that may be either amorphous or 

polycrystalline

Wires—metals/alloys that have relatively large diameters

• Although all three basic material types are used for matrices, the most common are 

polymers and metals.

• The matrix phase normally performs three functions:

It binds the fibers together and transmits an externally applied load to the fibers.

It protects the individual fibers from surface damage.

It prevents the propagation of cracks from fiber to fiber.

• Fibrous reinforced composites are sometimes classified according to matrix type; within 

this scheme are three classifications: polymer-, metal-, and ceramic-matrix composites.

• Polymer-matrix composites are the most common; they may be reinforced with glass, 

carbon, and aramid fibers.

• Service temperatures are higher for metal-matrix composites (MMCs) than for 

polymer-matrix composites. MMCs also use a variety of fiber and whisker types.

• With ceramic-matrix composites, the design goal is increased fracture toughness. This 

is achieved by interactions between advancing cracks and dispersed-phase particles.

• Transformation toughening is one such technique for improving KIc.

• Carbon–carbon composites are composed of carbon fibers embedded in a pyrolyzed 

carbon matrix.

• These materials are expensive and used in applications requiring high strengths and 

stiffnesses (that are retained at elevated temperatures), resistance to creep, and good 

fracture toughnesses.

• The hybrid composites contain at least two different fiber types. By using hybrids, it 

is possible to design composites having better all-around sets of properties.

• Several composite processing techniques have been developed that provide a uniform 

fiber distribution and a high degree of alignment.

• With pultrusion, components of continuous length and constant cross section are 

formed as resin-impregnated fiber tows are pulled through a die.

• Composites used for many structural applications are commonly prepared using a lay-

up operation (either hand or automated), in which prepreg tape plies are laid down 

on a tooled surface and are subsequently fully cured by the simultaneous application 

of heat and pressure.

• Some hollow structures may be fabricated using automated filament winding proce-

dures, by which resin-coated strands or tows or prepreg tape are continuously wound 

onto a mandrel, followed by a curing operation.
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• Two general kinds of structural composites were discussed: laminar composites and 

sandwich panels.

• Laminar composites are composed of a set of two-dimensional sheets that are bonded 

to one another; each sheet has a high-strength direction.

In-plane laminate properties depend on layer-to-layer high-strength-direction 

sequencing—in this regard, there are four laminate types: unidirectional, cross-

ply, angle-ply, and multidirectional. Multidirectional laminates are the most iso-

tropic, whereas unidirectional laminates have the highest degree of anisotropy.

One common laminate material is unidirectional prepreg tape, which can conven-

iently be laid-up in predetermined high-strength orientations.

• Sandwich panels consist of two strong and stiff sheet faces that are separated by a 

core material or structure. These structures combine relatively high strengths and 

stiffnesses with low densities.

Common core types are rigid polymeric foams, low-density woods, and honey-

comb structures.

Honeycomb structures are composed of interlocking cells (often having hexagonal ge-

ometry) made of thin foils; cell axes are oriented perpendicular to the facing sheets.

• Most of the construction of the Boeing 787 Dreamliner uses low-density composite ma-

terials (i.e., honeycomb structures and continuous carbon fiber–epoxy resin laminates).

• Nanocomposites—nanomaterials embedded in a matrix (most often a polymer)—use 

the unusual properties of nanosized particles.

• Nanoparticle types include nanocarbons, nanoclays, and particulate nanocrystals.

• Uniform and homogeneous distribution of nanoparticles within the matrix is the ma-

jor production challenge for nanocomposites.
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Important Terms and Concepts

carbon–carbon composite
ceramic-matrix composite
cermet
concrete
dispersed phase
dispersion-strengthened 
 composite
fiber
fiber-reinforced composite
hybrid composite

laminar composite
large-particle composite
longitudinal direction
matrix phase
metal-matrix composite
nanocomposite
polymer-matrix composite
prepreg
prestressed concrete
principle of combined action

reinforced concrete
rule of mixtures
sandwich panel
specific modulus
specific strength
structural composite
transverse direction
whisker

List of Symbols

Symbol Meaning

 d Fiber diameter

 Ef Modulus of elasticity of fiber phase

 Em Modulus of elasticity of matrix phase

 Ep Modulus of elasticity of particulate phase

 l Fiber length

 lc Critical fiber length

 Vf Volume fraction of fiber phase

 Vm Volume fraction of matrix phase

 Vp Volume fraction of particulate phase

 s*f  Fiber tensile strength

 s	m Stress in matrix at composite failure

 tc Fiber-matrix bond strength or matrix shear yield strength

QUESTIONS AND PROBLEMS

 Problem available (at instructor’s discretion) in WileyPLUS

Large-Particle Composites
16.1 The mechanical properties of cobalt may be im-

proved by incorporating fine particles of tungsten 
carbide (WC). Given that the moduli of elastic-
ity of these materials are, respectively, 200 GPa 

(30 � 106 psi) and 700 GPa (102 � 106 psi), plot the 
modulus of elasticity versus the volume percent of 
WC in Co from 0 to 100 vol%, using both upper- 
and lower-bound expressions.



Questions and Problems  •  677

 Modulus of Tensile 
 Elasticity Strength
 [GPa (psi)] [MPa (psi)]

Aramid fiber 131 (19 � 106) 3600 (520,000)

Polycarbonate 2.4 (3.5 � 105) 65 (9425)

  The stress on the polycarbonate matrix when the 
aramid fibers fail is 35 MPa (5075 psi).

  For this composite, compute the following:

 (a) The longitudinal tensile strength

 (b) The longitudinal modulus of elasticity

16.9 Is it possible to produce a continuous and ori-
ented aramid fiber–epoxy matrix composite hav-
ing longitudinal and transverse moduli of elastic-
ity of 35 GPa (5 � 106 psi) and 5.17 GPa (7.5 � 
105 psi), respectively? Why or why not? Assume 
that the elastic modulus of the epoxy is 3.4 GPa 
(4.93 � 105 psi).

16.10 For a continuous and oriented fiber–reinforced 
composite, the moduli of elasticity in the longitu-
dinal and transverse directions are 33.1 and 3.66 
GPa (4.8 � 106 and 5.3 � 105 psi), respectively. 
If the volume fraction of fibers is 0.30, deter-
mine the moduli of elasticity of fiber and matrix 
phases.

16.11 (a) Verify that Equation 16.11, the expression 
for the ratio of fiber load to matrix load (Ff /Fm), 
is valid.

 (b) What is the Ff /Fc ratio in terms of Ef, Em, and Vf?

16.12 In an aligned and continuous carbon fiber– 
reinforced nylon 6,6 composite, the fibers are to 
carry 97% of a load applied in the longitudinal 
direction.

 (a) Using the data provided, determine the vol-
ume fraction of fibers required.

 (b) What is the tensile strength of this com-
posite? Assume that the matrix stress at fiber fail-
ure is 50 MPa (7250 psi).

 Modulus of Tensile 
 Elasticity Strength
 [GPa (psi)] [MPa (psi)]

Carbon fiber 260 (37 � 106) 4000 (580,000)

Nylon 6,6 2.8 (4.0 � 105) 76 (11,000)

16.13 Assume that the composite described in 
Problem 16.8 has a cross-sectional area of 480 mm2 
(0.75 in.2) and is subjected to a longitudinal load of 
53,400 N (12,000 lbf).

 (a) Calculate the fiber–matrix load ratio.

16.2 Estimate the maximum and minimum thermal 
conductivity values for a cermet that contains 
90 vol% titanium carbide (TiC) particles in a 
nickel matrix. Assume thermal conductivities of 
27 and 67 W/m #K for TiC and Ni, respectively.

16.3 A large-particle composite consisting of tung-
sten particles within a copper matrix is to be 
prepared. If the volume fractions of tungsten and 
copper are 0.70 and 0.30, respectively, estimate 
the upper limit for the specific stiffness of this 
composite, given the data that follow.

 Specific Modulus of 
 Gravity Elasticity (GPa)

Copper 8.9 110

Tungsten 19.3 407

16.4 (a) What is the distinction between cement and 
concrete?

 (b) Cite three important limitations that restrict 
the use of concrete as a structural material.

 (c) Briefly explain three techniques that are used 
to strengthen concrete by reinforcement.

Dispersion-Strengthened Composites
16.5 Cite one similarity and two differences be-

tween precipitation hardening and dispersion 
 strengthening.

Influence of Fiber Length
16.6 For a glass fiber–epoxy matrix combination, the 

critical ratio of fiber length to fiber diameter is 
40. Using the data in Table 16.4, determine the 
fiber–matrix bond strength.

16.7 (a) For a fiber-reinforced composite, the effi-
ciency of reinforcement h depends on fiber length 
l according to

h =
l - 2x

l

 where x represents the length of the fiber at each 
end that does not contribute to the load transfer. 
Make a plot of h versus l to l � 50 mm (2.0 in.), 
assuming that x � 1.25 mm (0.05 in.).

 (b) What length is required for a 0.90 efficiency 
of reinforcement?

Influence of Fiber Orientation and Concentration
16.8 A continuous and aligned fiber–reinforced com-

posite is to be produced consisting of 45 vol% 
aramid fibers and 55 vol% polycarbonate matrix; 
the mechanical characteristics of these two mate-
rials are as follows:
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 (b) Calculate the actual loads carried by both 
fiber and matrix phases.

 (c) Compute the magnitude of the stress on each 
of the fiber and matrix phases.

 (d) What strain is experienced by the composite?

16.14 A continuous and aligned fibrous reinforced 
composite having a cross-sectional area of 970 mm2 
(1.5 in.2) is subjected to an external tensile load. If 
the stresses sustained by the fiber and matrix phases 
are 215 MPa (31,300 psi) and 5.38 MPa (780 psi), 
respectively, the force sustained by the fiber phase is 
76,800 N (17,265 lbf), and the total longitudinal com-
posite strain is 1.56 � 10
3, determine the following:

 (a) The force sustained by the matrix phase

 (b) The modulus of elasticity of the composite 
material in the longitudinal direction

 (c) The moduli of elasticity for fiber and matrix 
phases

16.15 Compute the longitudinal strength of an 
aligned carbon fiber–epoxy matrix composite 
having a 0.20 volume fraction of fibers, assuming 
the following: (1) an average fiber diameter of 
6 � 10
3 mm (2.4 � 10
4 in.), (2) an average fiber 
length of 8.0 mm (0.31 in.), (3) a fiber fracture 
strength of 4.5 GPa (6.5 � 105 psi), (4) a fiber–
matrix bond strength of 75 MPa (10,900 psi), (5) 
a matrix stress at composite failure of 6.0 MPa 
(870 psi), and (6) a matrix tensile strength of 60 
MPa (8700 psi).

16.16 It is desired to produce an aligned carbon 
fiber–epoxy matrix composite having a longitu-
dinal tensile strength of 500 MPa (72,500 psi). 
Calculate the volume fraction of fibers necessary 
if (1) the average fiber diameter and length are 
0.01 mm (3.9 � 10
4 in.) and 0.5 mm (2 � 10
2 
in.), respectively; (2) the fiber fracture strength 
is 4.0 GPa (5.8 � 105 psi); (3) the fiber–matrix 
bond strength is 25 MPa (3625 psi); and (4) the 
matrix stress at composite failure is 7.0 MPa 
(1000 psi).

16.17 Compute the longitudinal tensile strength of 
an aligned glass fiber–epoxy matrix composite in 
which the average fiber diameter and length are 
0.015 mm (5.9 � 10
4 in.) and 2.0 mm (0.08 in.), 
respectively, and the volume fraction of fibers 
is 0.25. Assume that (1) the fiber–matrix bond 
strength is 100 MPa (14,500 psi), (2) the fracture 
strength of the fibers is 3500 MPa (5 � 105 psi), 
and (3) the matrix stress at composite failure is 
5.5 MPa (800 psi).

16.18 (a) From the moduli of elasticity data in Table 
16.2 for glass fiber–reinforced polycarbonate com-

posites, determine the value of the fiber efficiency 
parameter for each of 20, 30, and 40 vol% fibers.

 (b) Estimate the modulus of elasticity for 50 vol% 
glass fibers.

The Fiber Phase
The Matrix Phase
16.19 For a polymer-matrix fiber-reinforced composite:

 (a) List three functions of the matrix phase.

 (b) Compare the desired mechanical characteris-
tics of matrix and fiber phases.

 (c) Cite two reasons why there must be a strong 
bond between fiber and matrix at their interface.

16.20 (a) What is the distinction between matrix and 
dispersed phases in a composite material?

 (b) Contrast the mechanical characteristics of 
matrix and dispersed phases for fiber-reinforced 
composites.

Polymer-Matrix Composites
16.21 (a) Calculate the specific longitudinal strengths 

of the glass-fiber, carbon-fiber, and aramid-fiber 
reinforced epoxy composites in Table 16.5 and 
compare them with those of the following alloys: 
cold-rolled 17-7PH stainless steel, normalized 
1040 plain-carbon steel, 7075-T6 aluminum al-
loy, cold-worked (H04 temper) C26000 cartridge 
brass, extruded AZ31B magnesium alloy, and 
annealed Ti-5Al–2.5Sn titanium alloy.

 (b) Compare the specific moduli of the same 
three fiber-reinforced epoxy composites with the 
same metal alloys. Densities (i.e., specific gravi-
ties), tensile strengths, and moduli of elasticity 
for these metal alloys are given in Tables B.1, 
B.4, and B.2, respectively, in Appendix B.

16.22 (a) List four reasons why glass fibers are most 
commonly used for reinforcement.

 (b) Why is the surface perfection of glass fibers 
so important?

 (c) What measures are taken to protect the sur-
face of glass fibers?

16.23 Cite the distinction between carbon and graphite.

16.24 (a) Cite several reasons why fiberglass-rein-
forced composites are used extensively.

 (b) Cite several limitations of this type of com-
posite.

Hybrid Composites
16.25 (a) What is a hybrid composite?

 (b) List two important advantages of hybrid com-
posites over normal fiber composites.
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16.26 (a) Write an expression for the modulus of 
elasticity for a hybrid composite in which all fibers 
of both types are oriented in the same direction.

 (b) Using this expression, compute the longi-
tudinal modulus of elasticity of a hybrid com-
posite consisting of aramid and glass fibers in 
volume fractions of 0.25 and 0.35, respectively, 
within a polyester resin matrix [Em � 4.0 GPa 
(6 � 105 psi)].

16.27 Derive a generalized expression analogous to 
Equation 16.16 for the transverse modulus of 
elasticity of an aligned hybrid composite consist-
ing of two types of continuous fibers.

Processing of Fiber-Reinforced Composites
16.28 Briefly describe pultrusion, filament winding, 

and prepreg production fabrication processes; cite 
the advantages and disadvantages of each.

Laminar Composites
Sandwich Panels
16.29 Briefly describe laminar composites. What is 

the prime reason for fabricating these materials?

16.30 (a) Briefly describe sandwich panels.

 (b) What is the prime reason for fabricating 
these structural composites?

 (c) What are the functions of the faces and the 
core?

Spreadsheet Problems
16.1SS For an aligned polymer-matrix composite, de-

velop a spreadsheet that allows the user to com-
pute the longitudinal tensile strength after input-
ting values for the following parameters: volume 
fraction of fibers, average fiber diameter, average 
fiber length, fiber fracture strength, fiber-matrix 
bond strength, matrix stress at composite failure, 
and matrix tensile strength.

16.2SS Generate a spreadsheet for the design of a 
tubular composite shaft (Design Example 16.1)—
that is, for determining which of available fiber 
materials provide the required stiffness, and, of 
these possibilities, which cost the least. The fibers 
are continuous and are to be aligned parallel to 
the tube axis. The user is allowed to input values 
for the following parameters: inside and outside 
tube diameters, tube length, maximum deflection 
at the axial midpoint for some given applied load, 
maximum fiber volume fraction, elastic moduli of 
matrix and all fiber materials, densities of matrix 
and fiber materials, and cost per unit mass for the 
matrix and all fiber materials.

DESIGN PROBLEMS

16.D1 Composite materials are being used exten-
sively in sports equipment.

 (a) List at least four different sports implements 
that are made of, or contain, composites.

 (b) For one of these implements, write an es-
say in which you do the following: (1) Cite the 
materials that are used for matrix and dispersed 
phases and, if possible, the proportions of each 
phase; (2) note the nature of the dispersed phase 
(e.g., continuous fibers); and (3) describe the 
process by which the implement is fabricated.

Influence of Fiber Orientation 
 and Concentration
16.D2 It is desired to produce an aligned and con-

tinuous fiber–reinforced epoxy composite having 
a maximum of 40 vol% fibers. In addition, a mini-
mum longitudinal modulus of elasticity of 55 GPa 
(8 � 106 psi) is required, as is a minimum tensile 
strength of 1200 MPa (175,000 psi). Of E-glass, 
carbon (PAN standard modulus), and aramid 
fiber materials, which are possible candidates 
and why? The epoxy has a modulus of elasticity 
of 3.1 GPa (4.5 � 105 psi) and a tensile strength 
of 69 MPa (11,000 psi). In addition, assume the 
following stress levels on the epoxy matrix at 
fiber failure: E-glass, 70 MPa (10,000 psi); carbon 
(PAN standard modulus), 30 MPa (4350 psi); and 
aramid, 50 MPa (7250 psi). Other fiber data are 
given in Tables B.2 and B.4 in Appendix B. For 
aramid fibers, use the minimum of the range of 
strength values provided in Table B.4.

16.D3 It is desired to produce a continuous and ori-
ented carbon fiber–reinforced epoxy having a mod-
ulus of elasticity of at least 69 GPa (10 � 106 psi) 
in the direction of fiber alignment. The maximum 
permissible specific gravity is 1.40. Given the data 
in the following table, is such a composite possible? 
Why or why not? Assume that composite specific 
gravity may be determined using a relationship 
similar to Equation 16.10a.

 Specific Modulus of 
 Gravity Elasticity [GPa (psi)]

Carbon fiber 1.80 260 (37 � 106)

Epoxy 1.25 2.4 (3.5 � 105)

16.D4 It is desired to fabricate a continuous and 
aligned glass fiber–reinforced polyester having a 
tensile strength of at least 1250 MPa (180,000 psi) 
in the longitudinal direction. The maximum pos-
sible specific gravity is 1.80. Using the following 
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data, determine whether such a composite is pos-
sible. Justify your decision. Assume a value of 20 
MPa for the stress on the matrix at fiber failure.

 Specific Tensile Strength 
 Gravity [MPa (psi)]

Glass fiber 2.50 3500 (5 � 105)

Polyester 1.35 50 (7.25 � 103)

16.D5 It is necessary to fabricate an aligned and dis-
continuous glass fiber–epoxy matrix composite 
having a longitudinal tensile strength of 1200 
MPa (175,000 psi) using a 0.35 volume fraction 
of fibers. Compute the required fiber fracture 
strength, assuming that the average fiber diam-
eter and length are 0.015 mm (5.9 � 10
4 in.) and 
5.0 mm (0.20 in.), respectively. The fiber–matrix 
bond strength is 80 MPa (11,600 psi), and the 
matrix stress at composite failure is 6.55 MPa 
(950 psi).

16.D6 A tubular shaft similar to that shown in Figure 
16.11 is to be designed that has an outside di-
ameter of 100 mm (4 in.) and a length of 1.25 m 
(4.1 ft). The mechanical characteristic of prime 
importance is bending stiffness in terms of the 
longitudinal modulus of elasticity. Stiffness is to 
be specified as maximum allowable deflection in 
bending; when subjected to three-point bending 
as in Figure 12.30, a load of 1700 N (380 lbf) is 
to produce an elastic deflection of no more than 
0.20 mm (0.008 in.) at the midpoint position.

Continuous fibers that are oriented parallel 
to the tube axis will be used; possible fiber ma-
terials are glass, and carbon in standard-, inter-
mediate-, and high-modulus grades. The matrix 
material is to be an epoxy resin, and fiber volume 
fraction is 0.40.

 (a) Decide which of the four fiber materials are 
possible candidates for this application, and for 
each candidate, determine the required inside 
diameter consistent with the preceding criteria.

 (b) For each candidate, determine the required 
cost and, on this basis, specify the fiber that 
would be the least expensive to use.

  Elastic modulus, density, and cost data for the 
fiber and matrix materials are given in Table 16.6.

FUNDAMENTALS OF ENGINEERING 

QUESTIONS AND PROBLEMS

16.1FE The mechanical properties of some metals 
may be improved by incorporating fine particles 

of their oxides. If the moduli of elasticity of a 
 hypothetical metal and its oxide are, respectively, 
55 GPa and 430 GPa, what is the upper-bound 
modulus of elasticity value for a composite that 
has a composition of 31 vol% of oxide particles?

 (A) 48.8 GPa

 (B) 75.4 GPa

 (C) 138 GPa

 (D) 171 GPa

16.2FE How are continuous fibers typically oriented 
in fibrous composites?

 (A) Aligned

 (B) Partially oriented

 (C) Randomly oriented

 (D) All of the above

16.3FE Compared to other ceramic materials, ceramic-
matrix composites have better/higher:

 (A) oxidation resistance

 (B) stability at elevated temperatures

 (C) fracture toughnesses

 (D) all of the above

16.4FE A continuous and aligned hybrid composite 
consists of aramid and glass fibers embedded 
within a polymer resin matrix. Compute the lon-
gitudinal modulus of elasticity of this material if 
the respective volume fractions are 0.24 and 0.28, 
given the following data:

 Modulus of 
Material Elasticity (GPa)

Polyester 2.5

Aramid fibers 131

Glass fibers 72.5

 (A) 5.06 GPa

 (B) 32.6 GPa

 (C) 52.9 GPa

 (D) 131 GPa
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