
2 Materials

Major constituents in a fiber-reinforced composite material are the reinforcing

fibers and a matrix, which acts as a binder for the fibers. Other constituents that

may also be found are coupling agents, coatings, and fillers. Coupling agents

and coatings are applied on the fibers to improve their wetting with the matrix

as well as to promote bonding across the fiber–matrix interface. Both in turn

promote a better load transfer between the fibers and the matrix. Fillers are

used with some polymeric matrices primarily to reduce cost and improve their

dimensional stability.

Manufacturing of a composite structure starts with the incorporation of a

large number of fibers into a thin layer of matrix to form a lamina (ply). The

thickness of a lamina is usually in the range of 0.1–1 mm (0.004–0.04 in.). If

continuous (long) fibers are used in making the lamina, they may be arranged

either in a unidirectional orientation (i.e., all fibers in one direction, Figure 2.1a),

in a bidirectional orientation (i.e., fibers in two directions, usually normal to

each other, Figure 2.1b), or in a multidirectional orientation (i.e., fibers in more

than two directions, Figure 2.1c). The bi- or multidirectional orientation of

fibers is obtained by weaving or other processes used in the textile industry. The

bidirectional orientations in the form of fabrics are shown in Appendix A.1.

For a lamina containing unidirectional fibers, the composite material has the

highest strength and modulus in the longitudinal direction of the fibers. How-

ever, in the transverse direction, its strength and modulus are very low. For a

lamina containing bidirectional fibers, the strength and modulus can be varied

using different amounts of fibers in the longitudinal and transverse directions.

For a balanced lamina, these properties are the same in both directions.

A lamina can also be constructed using discontinuous (short) fibers in a

matrix. The discontinuous fibers can be arranged either in unidirectional

orientation (Figure 2.1c) or in random orientation (Figure 2.1d). Disconti-

nuous fiber-reinforced composites have lower strength and modulus than

continuous fiber composites. However, with random orientation of fibers

(Figure 2.1e), it is possible to obtain equal mechanical and physical properties

in all directions in the plane of the lamina.

The thickness required to support a given load or to maintain a given

deflection in a fiber-reinforced composite structure is obtained by stacking

several laminas in a specified sequence and then consolidating them to form a

laminate. Various laminas in a laminate may contain fibers either all in one
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Constituents

Fibers + matrix +
coupling agent or fiber surface coating +

fillers and other additives 

Lamina
(thin ply or layer)

(a) Unidirectional continuous fibers

(b) Bidirectional continuous fibers

(c) Multidirectional continuous fibers 

(d) Unidirectional discontinuous fibers

(e) Random discontinuous fibers

Laminate
(consolidated stack of many layers)

FIGURE 2.1 Basic building blocks in fiber-reinforced composites.
direction or in different directions. It is also possible to combine different

kinds of fibers to form either an interply or an intraply hybrid laminate. An

interply hybrid laminate consists of different kinds of fibers in different laminas,

whereas an intraply hybrid laminate consists of two or more different kinds

of fibers interspersed in the same lamina. Generally, the same matrix is used

throughout the laminate so that a coherent interlaminar bond is formed between

the laminas.

Fiber-reinforced polymer laminas can also be combined with thin

aluminum or other metallic sheets to form metal–composite hybrids,

commonly known as fiber metal laminates (FML). Two such commercial

metal–composite hybrids are ARALL and GLARE. ARALL uses alternate

layers of aluminum sheets and unidirectional aramid fiber–epoxy laminates
� 2007 by Taylor & Francis Group, LLC.
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Construction of a 3/2 ARALL 

Layers 1, 3, and 5: Aluminum alloy sheet (each 0.3 mm thick) 
Layers 2 and 4:  Unidirectional aramid fiber/epoxy laminate (each 0.2 mm thick) 

FIGURE 2.2 Construction of an ARALL laminate.
(Figur e 2.2) . GLARE uses alte rnate layers of alumi num sh eets and either

unidir ectiona l or bidir ection al S-gla ss fiber–epoxy lami nates. Both metal–

composi te hybrids have be en prim arily developed for aircraft struc tures such

as wi ng panels an d fusel age sections.
2.1 FIBERS

Fibers are the princi pal constituent s in a fiber -reinforce d compo site material .

They occup y the largest vo lume fraction in a composi te lamin ate and share the

major portio n of the load acting on a composi te structure. Prop er selection of

the fiber type, fiber volume fraction , fiber lengt h, and fiber orient ation is very

impor tant, since it influen ces the followi ng charact eristic s of a co mposite

laminate:

1. Densi ty

2. Tensil e strength and modu lus

3. Com pressive stren gth and mod ulus

4. Fatigue strength as well as fatigue failure mechani sms

5. Electr ical and therm al con ductivities

6. Cost

A num ber of commerc ially available fibers and their propert ies are lis ted in

Table 2.1. The first point to note in this table is the extre mely smal l filamen t

diame ter for the fiber s. Since such small sizes are diff icult to han dle, the useful

form of co mmercial fiber s is a bundle, whi ch is produced by gather ing a large

number of continuous filaments, either in untwisted or twisted form. The

untwisted form is called strand or end for glass and Kevlar fibers and tow for

carbon fiber s (Figur e 2.3a). The twisted form is called yarn (Figur e 2.3b).

Tensile properties listed in Table 2.1 are the average values reported by the

fiber manufacturers. One of the test methods used for determining the tensile

properties of filaments is the single filament test. In this test method, designated

as ASTM D3379, a single filament is mounted along the centerline of a slotted
� 2007 by Taylor & Francis Group, LLC.



TABLE 2.1
Properties of Selected Commercial Reinforcing Fibers

Fiber

Typical

Diameter

(mm)a
Density

(g=cm3)

Tensile

Modulus

GPa (Msi)

Tensile

Strength

GPa (ksi)

Strain-to-Failure

(%)

Coefficient of

Thermal

Expansion

(10�6=8C)b
Poisson’s

Ratio

Glass

E-glass 10 (round) 2.54 72.4 (10.5) 3.45 (500) 4.8 5 0.2

S-glass 10 (round) 2.49 86.9 (12.6) 4.30 (625) 5.0 2.9 0.22

PAN carbon

T-300c 7 (round) 1.76 231 (33.5) 3.65 (530) 1.4 �0.6 (longitudinal) 0.2

7–12 (radial)

AS-1d 8 (round) 1.80 228 (33) 3.10 (450) 1.32

AS-4d 7 (round) 1.80 248 (36) 4.07 (590) 1.65

T-40c 5.1 (round) 1.81 290 (42) 5.65 (820) 1.8 �0.75 (longitudinal)

IM-7d 5 (round) 1.78 301 (43.6) 5.31 (770) 1.81

HMS-4d 8 (round) 1.80 345 (50) 2.48 (360) 0.7

GY-70e 8.4 (bilobal) 1.96 483 (70) 1.52 (220) 0.38

Pitch carbon

P-55c 10 2.0 380 (55) 1.90 (275) 0.5 �1.3 (longitudinal)

P-100c 10 2.15 758 (110) 2.41 (350) 0.32 �1.45 (longitudinal)

Aramid

Kevlar 49f 11.9 (round) 1.45 131 (19) 3.62 (525) 2.8 �2 (longitudinal) 0.35

59 (radial)

Kevlar 149f 1.47 179 (26) 3.45 (500) 1.9

Technorag 1.39 70 (10.1) 3.0 (435) 4.6 �6 (longitudinal)
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Extended chain polyethylene

Spectra 900h 38 0.97 117 (17) 2.59 (375) 3.5

Spectra 1000h 27 0.97 172 (25) 3.0 (435) 2.7

Boron 140 (round) 2.7 393 (57) 3.1 (450) 0.79 5 0.2

SiC

Monofilament 140 (round) 3.08 400 (58) 3.44 (499) 0.86 1.5

Nicaloni (multifilament) 14.5 (round) 2.55 196 (28.4) 2.75 (399) 1.4

Al2O3

Nextel 610j 10–12 (round) 3.9 380 (55) 3.1 (450) 8

Nextel 720j 10–12 3.4 260 (38) 2.1 (300) 6

Al2O3–SiO2

Fiberfrax (discontinuous) 2–12 2.73 103 (15) 1.03–1.72

(150–250)

a 1 mm ¼ 0.0000393 in.
b m=m per 8C ¼ 0.556 in.=in. per 8F.
c Amoco.
d Hercules.
e BASF.
f DuPont.
g Teijin.
h Honeywell.
i Nippon carbon.
j 3-M.
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(a)

(b)

FIGURE 2.3 (a) Untwisted and (b) twisted fiber bundle.
tab by means of a suitable adhesive (Figure 2.4). After clamping the tab in the

grips of a tensile testing machine, its midsection is either cut or burned away.

The tension test is carried out at a constant loading rate until the filament
Cement or sealing
wax

Cut or burned out

Single filament specimen
Tab

slot

20−30 mm

60−90 mm

10−15 mm

Grip
area

Grip
area

FIGURE 2.4 Mounting tab for tensile testing of single filament.
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fractures . Fro m the load-t ime record of the test, the followin g tensi le propert ies

are de termined:

Tensi le strength sfu ¼ Fu

Af

( 2: 1)

and

Tensile modu lus Ef ¼ Lf

CAf

, ( 2: 2)

where

Fu ¼ force at fail ure

Af ¼ average filament cross-sect ional area, measur ed by a planim eter from

the photomi crographs of fil ament end s

Lf ¼ gage length

C ¼ true co mpliance, determ ined from the chart speed, loading rate, and

the syst em complian ce

Tensil e stre ss–strain diagra ms obtaine d from single filament test of reinforcing

fibers in use are almos t linea r up to the point of failu re, as shown in Figure 2.5.

They also exh ibit very low strain-to-f ailure an d a brit tle failure mod e. Alth ough

the absence of yield ing does not reduce the load-c arryi ng capacity of the fiber s,

it does make them prone to damage during handling as well as during co ntact

with other surfa ces. In con tinuous manufa cturin g operati ons, such as filamen t

winding, frequen t fiber breakage resul ting from such damages may slow the

rate of producti on.

The high tensile strengths of the reinforcing fiber s are gen erally attribut ed

to their filamentary form in which there are statistically fewer surface flaws than

in the bulk form . However, as in other brit tle mate rials, their tensi le strength

data e xhibit a large amount of scatt er. An exampl e is shown in Figure 2.6.

The experimental strength variation of brittle filaments is modeled using the

following Weibull distribution function [1]:

f (sfu) ¼ as�a
o sa�1

fu

Lf

Lo

� �
exp � Lf

Lo

� �
sfu

so

� �a� �
, (2:3)

where

f(sfu) ¼ probability of filament failure at a stress level equal to sfu

sfu ¼ filament strength

Lf ¼ filament length

Lo ¼ reference length

a ¼ shape parameter

so ¼ scale parameter (the filament strength at Lf¼Lo)
� 2007 by Taylor & Francis Group, LLC.



700 4830

4140

3450

2760

2070

T
en

si
le

 s
tr

es
s 

(M
P

a)

T
en

si
le

 s
tr

es
s 

(1
03  

ps
i)

1380

690

0

600

500

High-strength
carbon

High-
modulus
carbon

400

300

200

100

0
0 1.0 2.0

Tensile strain (%)

S-glass

E-glass

Kevlar 49

3.0 4.0 5.0

FIGURE 2.5 Tensile stress–strain diagrams for various reinforcing fibers.
The cumu lative dist ribut ion of stren gth is given by the followi ng eq uation:

F ( sfu ) ¼ 1 � exp � Lf

Lo

� �
sfu

so

� �a� �
, ( 2: 4)

wher e F( sfu ) represen ts the pro bability of filament failure at a stre ss level

lower than or equal to sfu . The parame ters a and s o in Equat ions 2.3

and 2.4 are called the Weibull parameters, and are determined using the

experimental data. a can be regarded as an inverse measure of the coefficient

of variation. The higher the value of a, the narrower is the distribution

of filament strength. The scale parameter so may be regarded as a reference

stress level.
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 2.6 Histograms of tensile strengths for (a) Modmor I carbon fibers and (b)

GY-70 carbon fibers. (After McMahon, P.E., Analysis of the Test Methods for High

Modulus Fibers and Composites, ASTM STP, 521, 367, 1973.)
The mean filament strength �fu is given by

sfu ¼ s o
Lf

Lo

� �� 1 =a

G 1 þ 1

a

� �
, ( 2: 5)

where G repres ents a gamm a functi on. Equat ion 2.5 clear ly shows that the

mean strength of a brittle filamen t decreas es wi th increa sing lengt h. This is also

demonst rated in Figure 2.7.

Tensile properties of fibers can also be determined using fiber bundles. It has

been observed that even though the tensile strength distribution of individual

filaments follows the Weibull distribution, the tensile strength distribution of

fiber bundles containing a large number of parallel filaments follows a normal

distribution [1]. The maximum strength, sfm, that the filaments in the bundle will

exhibit and the mean bundle strength, �b, can be expressed in terms of the Weibull

parameters determined for individual filaments. They are given as follows:

sfm ¼ s o
Lf

Lo

� �
a

� �� 1= a

,

sb ¼ s o
Lf

Lo

� �
a

� �� 1= a

e � 1 = a : ( 2: 6)
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FIGURE 2.7 Filament strength variation as a function of gage length-to-diameter ratio.

(After Kevlar 49 Data Manual, E. I. duPont de Nemours & Co., 1975.)
The fiber bundle test method is simila r to the single filament test method. The

fiber bundl e can be test ed either in dry or resi n-impregna ted con dition. Gener-

ally, the average tensi le stre ngth and modulus of fiber bundl es are lower than

those measur ed on single fila ments. Figure 2.8 shows the stress–s train diagra m

of a dry glass fiber bundle contai ning 3000 filament s. Even thou gh a single glass

filament shows a linea r tensile stre ss–strai n diagra m until failure, the glass fiber

stran d shows not only a nonlinear stress–s train diagram be fore reach ing the

maxi mum stre ss, but also a progres sive failure after reachi ng the maximum

stress. Both nonlinear ity and pro gressive failu re occur due to the stat istical

distribut ion of the strength of glass filamen ts. The weake r filament s in the

bundle fail at low stre sses, a nd the survi ving filament s continue to carry the

tensile load; howeve r, the stre ss in each survi ving fil ament be comes higher.

Some of them fail as the load is increased. After the maximum stress is reach ed,

the remai ning surviving filament s con tinue to ca rry even higher stre sses and

start to fail, but not all at one tim e, thu s giving the progres sive failure mode as

seen in Figure 2.8. Simi lar tensile stress–s train diagrams are observed with

carbon and other fiber s in fiber bundle tests.

In addition to tensile pro perties, compres sive pro perties of fibers are also of

interest in many app lications . Un like the tensi le pro perties, the compres sive

propert ies canno t be de termined directly by simp le compres sion tests on fila-

ments or strand s. Var ious indirect methods ha ve been used to determine the

compres sive strength of fiber s [2]. One such method is the loop test in which a

filament is ben t into the form of a loop unt il it fails. The comp ressive streng th
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 2.8 Tensile stress–strain diagram of an untwisted E-glass fiber bundle contain-

ing 3000 filaments.
of the fiber is determined from the compressive strain at the fiber surface.

In general, compressive strength of fibers is lower than their tensile strength,

as is shown in Table 2.2. The compressive strength of boron fibers is higher

than that of carbon and glass fibers. All organic fibers have low compressive
TABLE 2.2
Compressive Strength of a Few Selected Reinforcing Fibers

Fiber

Tensile

Strengtha (GPa)

Compressive

Strengtha (GPa)

E-glass fiber 3.4 4.2

T-300 carbon fiber 3.2 2.7–3.2

AS 4 carbon fiber 3.6 2.7

GY-70 carbon fiber 1.86 1.06

P100 carbon fiber 2.2 0.5

Kevlar 49 fiber 3.5 0.35–0.45

Boron 3.5 5

Source: Adapted from Kozey, V.V., Jiang, H., Mehta, V.R., and Kumar, S.,

J. Mater. Res., 10, 1044, 1995.

a In the longitudinal direction.
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strength. This includes Kevlar 49, which has a compressive strength almost 10

times lower than its tensile strength.
2.1.1 GLASS FIBERS

Glass fibers are the most common of all reinforcing fibers for polymeric matrix

composites (PMC). The principal advantages of glass fibers are low cost, high

tensile strength, high chemical resistance, and excellent insulating properties.

The disadvantages are relatively low tensile modulus and high density (among

the commercial fibers), sensitivity to abrasion during handling (which fre-

quently decreases its tensile strength), relatively low fatigue resistance, and

high hardness (which causes excessive wear on molding dies and cutting tools).

The two types of glass fibers commonly used in the fiber-reinforced plastics

(FRP) industry are E-glass and S-glass. Another type, known as C-glass, is

used in chemical applications requiring greater corrosion resistance to acids

than is provided by E-glass. E-glass has the lowest cost of all commercially

available reinforcing fibers, which is the reason for its widespread use in the

FRP industry. S-glass, originally developed for aircraft components and missile

casings, has the highest tensile strength among all fibers in use. However,

the compositional difference and higher manufacturing cost make it more

expensive than E-glass. A lower cost version of S-glass, called S-2-glass, is

also available. Although S-2-glass is manufactured with less-stringent nonmili-

tary specifications, its tensile strength and modulus are similar to those of

S-glass.

The chemical compositions of E- and S-glass fibers are shown in Table 2.3.

As in common soda-lime glass (window and container glasses), the principal

ingredient in all glass fibers is silica (SiO2). Other oxides, such as B2O3 and

Al2O3, are added to modify the network structure of SiO2 as well as to improve

its workability. Unlike soda-lime glass, the Na2O and K2O content in E- and

S-glass fibers is quite low, which gives them a better corrosion resistance to

water as well as higher surface resistivity. The internal structure of glass fibers is

a three-dimensional, long network of silicon, oxygen, and other atoms arranged

in a random fashion. Thus, glass fibers are amorphous (noncrystalline) and

isotropic (equal properties in all directions).
TABLE 2.3
Typical Compositions of Glass Fibers (in wt%)

Type SiO2 Al2O3 CaO MgO B2O3 Na2O

E-glass 54.5 14.5 17 4.5 8.5 0.5

S-glass 64 26 — 10 — —
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FIGURE 2.9 Flow diagram in glass fiber manufacturing. (Courtesy of PPG Industries.

With permission.)
The manufacturing process for glass fibers is depicted in the flow diagram

in Figure 2.9. Various ingredients in the glass formulation are first dry-mixed

and melted in a refractory furnace at about 13708C. The molten glass is exuded
� 2007 by Taylor & Francis Group, LLC.



through a number of orifices co ntaine d in a platinu m bush ing an d rapidly

draw n into filament s of ~10 m m in diame ter. A pro tective co ating (size) is

then app lied on individu al fil aments be fore they a re g athered togeth er into a

stran d and woun d on a dru m. The coati ng or size is a mixt ure of lubri cants

(which prevent abrasio n be tween the fila ments), antis tatic a gents (which reduce

static fri ction between the filamen ts), and a binder (which packs the filament s

toget her into a strand ). It may also con tain small percent ages of a cou pling

agent that promot es adhesion betwee n fiber s and the specific pol ymer matr ix

for whi ch it is form ulated .

The basic co mmercial form of continuous glass fiber s is a strand , whi ch is a

colle ction of pa rallel filament s num bering 204 or more. Other common form s

of glass fibers are illu strated in Fig ure 2.10. A rovin g is a gro up of untw isted

parallel stra nds (als o called ends ) wound on a cyli ndrical forming packag e.

Rovi ngs are used in con tinuous moldin g operatio ns, su ch as filament winding

and pultr usion. They can also be preim pregnat ed with a thin layer of polyme ric

resin matrix to form prepre gs . Prepregs are sub sequentl y cut into requir ed

dimens ions, stacke d, and cu red into the final shap e in ba tch molding ope r-

ations , such as compres sion moldi ng and han d layup moldi ng.

Chop ped stra nds are produced by cutting continuous strand s into short

lengt hs. The ability of the indivi dual filament s to hold toget her during or

after the chop ping process de pends largely on the type and a mount of the

size ap plied dur ing fiber manufa cturing ope ration. Strands of high integ rity

are called ‘‘hard’’ and those that separat e more readil y are called ‘‘s oft.’’

Chopped stran ds ranging in length from 3.2 to 12.7 mm (0.12 5–0.5 in.) are

used in injec tion-moldi ng operati ons. Longe r stra nds, up to 50.8 mm (2 in.) in

lengt h, are mixed with a resi nous binder and spread in a tw o-dimen sional

random fashi on to form ch opped stra nd mats (CSMs). Thes e mats are used

most ly for hand layup moldings and provide nearly equal propert ies in all

direction s in the plane of the structure. Milled glass fibe rs are produ ced by

grindi ng con tinuous stra nds in a hamme r mil l into length s ranging from 0.79 to

3.2 mm (0.031–0. 125 in.). They are prim arily used as a filler in the plast ics

indust ry an d do not pos sess any signi ficant reinforcem ent value.

Glas s fiber s are also availa ble in woven form , such as woven rovin g or woven

cloth . Woven roving is a coarse drapable fabric in which co ntinuous rovings are

woven in two mutual ly perpen dicular directions. Wo ven cloth is weav ed us ing

twisted continuous strands, called yarns. Both woven roving and cloth provide

bidirectional properties that depend on the style of weaving as well as relative

fiber counts in the length ( warp ) and crosswi se ( fill ) direction s (See Append ix

A.1). A layer of woven roving is sometime s bonded wi th a layer of CSM to

produce a woven roving mat. All of these forms of glass fibers are suitable for

hand layup molding and liquid composite molding.

The average tensile strength of freshly drawn glass fibers may exceed 3.45

GPa (500,000 psi). However, surface damage (flaws) produced by abrasion,

either by rubbing against each other or by contact with the processing
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FIGURE 2.10 Common forms of glass fibers. (Courtesy of Owens Corning Fiberglas

Corporation.)
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FIGURE 2.11 Reduction of tensile stress in E-glass fibers as a function of time at various

temperatures. (After Otto, W.H., Properties of glass fibers at elevated temperatures,

Owens Corning Fiberglas Corporation, AD 228551, 1958.)
equipment, tends to reduce it to values that are in the range of 1.72–2.07 GPa

(250,000–300,000 psi). Strength degradation is increased as the surface flaws

grow under cyclic loads, which is one of the major disadvantages of using glass

fibers in fatigue applications. Surface compressive stresses obtained by alkali

ion exchange [3] or elimination of surface flaws by chemical etching may reduce

the problem; however, commercial glass fibers are not available with any such

surface modifications.

The tensile strength of glass fibers is also reduced in the presence of water or

under sustained loads (static fatigue). Water bleaches out the alkalis from the

surface and deepens the surface flaws already present in fibers. Under sustained

loads, the growth of surface flaws is accelerated owing to stress corrosion by

atmospheric moisture. As a result, the tensile strength of glass fibers is

decreased with increasing time of load duration (Figure 2.11).

2.1.2 CARBON FIBERS

Carbon fibers are commercially available with a variety of tensile modulus

values ranging from 207 GPa (303 106 psi) on the low side to 1035 GPa

(1503 106 psi) on the high side. In general, the low-modulus fibers have

lower density, lower cost, higher tensile and compressive strengths, and higher

tensile strains-to-failure than the high-modulus fibers. Among the advantages

of carbon fibers are their exceptionally high tensile strength–weight ratios as

well as tensile modulus–weight ratios, very low coefficient of linear thermal

expansion (which provides dimensional stability in such applications as space

antennas), high fatigue strengths, and high thermal conductivity (which is even
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FIGURE 2.12 Arrangement of carbon atoms in a graphite crystal.
higher than that of copper). The disadvantages are their low strain-to-failure, low

impact resistance, and high electrical conductivity, which may cause ‘‘shorting’’

in unprotected electrical machinery. Their high cost has so far excluded them

from widespread commercial applications. They are used mostly in the aerospace

industry, where weight saving is considered more critical than cost.

Struct urally, carbon fibers con tain a blend of amorph ous carbon and

graphit ic carb on. Their high tensi le modulus resul ts from the graph itic form ,

in which carbon atoms are arrange d in a cryst allograp hic structure of parall el

planes or layer s. The carbon atoms in each plane are arrange d at the corners of

interco nnectin g regula r hexagons (Figur e 2.12) . The dist ance between the

planes (3.4 Å ) is larger than that be tween the adjacent atoms in each plane

(1.42 Å ). Strong co valent bonds exist between the carbon atoms in each plan e,

but the bond between the planes is due to van der Waals -type forces , whi ch is

much weaker. This resul ts in highly anisotropic physica l and mechani cal prop -

erties for the carbon fiber .

The basal plan es in grap hite cryst als are alig ned along the fiber axis.

Howev er, in the trans verse direction, the alig nment can be either circum feren-

tial, radial, rando m, or a combinat ion of these arrange ments (Figur e 2.13) .

Depending on whi ch of these a rrangemen ts e xists, the therm oelastic prope rties,

such as modulus ( E ) and coefficie nt of therm al expansi on ( a), in the radial (r)
a n d c ir cu m f er en t i al ( u) directions of the fiber can be different from those in the

axial (a) or longitudinal direction. For example, if the arrangement is circumfer-

ential, Ea¼Eu>Er, and the fiber is said to be circumferentially orthotropic. For

the radial arrangement, Ea¼Er>Eu, and the fiber is radially orthotropic.

When there is a random arrangement, Ea>Eu¼Er, the fiber is transversely

isotropic. In commercial fibers, a two-zone structure with circumferential
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FIGURE 2.13 Arrangement of graphite crystals in a direction transverse to the fiber

axis: (a) circumferential, (b) radial, (c) random, (d) radial–circumferential, and (e)

random–circumferential.
arrange ment in the skin and eithe r radial or ran dom arrange ment in the core is

commonl y observed [4].

Car bon fiber s are manufa ctured from two types of pr ecursor s (st arting

mate rials), namely, textile precurs ors an d pitch pr ecursor s. The manufa cturing

process from both precurs ors is outlined in Figure 2 .14. The most common

textile precurs or is polyacr ylonitri le (PAN ). The mo lecular structure of PAN,

illustr ated schema tically in Figu re 2.15a, con tains highly polar CN gro ups that

are rando mly arrange d on either side of the chain. Filamen ts are wet spun from

a solut ion of PAN and stretched a t an elevated temperatur e dur ing which the

polyme r chains are align ed in the filament direction . The stretched filament s are

then he ated in air at 200 8 C–30 08C for a few hour s. At this stage , the CN group s

locat ed on the same side of the origin al chain combine to form a more stable

and rigid ladd er structure (Figure 2.15b), a nd some of the CH2 groups are

oxidiz ed. In the next step, PAN filament s are carbonize d by heating them at a

control led rate at 1000 8 C–2000 8 C in an inert atmos phere. Tension is main-

taine d on the fil aments to prevent shrinking as well as to impr ove molec ular

orient ation. With the eliminat ion of oxygen and nitr ogen atoms , the filament s

now con tain mostly carbo n atoms , arrange d in aromatic ring pa tterns in

parallel planes. However, the carbon atoms in the neighboring planes are not

yet perfectly ordered, and the filaments have a relatively low tensile modulus.

As the carbonized filaments are subsequently heat-treated at or above 20008C,
� 2007 by Taylor & Francis Group, LLC.



Polyacrylonitrile
(PAN)

Two types of precursors

Pitch
(isotropic) 

Wet spinning and stretching
followed by heat stabilization in
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at 3008C–5008C
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(anisotropic)

Melt spinning and drawing
followed by heat stabilization

at 2008C–3008C

Pitch filament 

Carbonization

Heating and stretching at 10008C–20008C
in an inert atmosphere for ~30 min
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with or without stretching

Relatively low-modulus (between
200 and 300 GPa),

high-strength carbon fibers 

Graphitization 

Without stretching: relatively high-modulus
(between 500 and 600 GPa) carbon fibers

With stretching: carbon fibers with
improved strength 

FIGURE 2.14 Flow diagram in carbon fiber manufacturing.
their struc ture beco mes more ordered and turns toward a true grap hitic form

with increa sing heat treatmen t temperatur e. The graphit ized filament s attain a

high tensi le modulus, but their tensile stre ngth may be relat ively low (Figur e

2.16). Their tensi le strength can be increa sed by hot stre tching them above

2000 8 C, dur ing whi ch the graphit ic planes are alig ned in the filament direct ion.

Other propert ies of c arbon fiber s (e.g., electrica l condu ctivity , therm al cond uct-

ivity, longitud inal coeff icien t of therm al expansi on, and ox idation resi stance )

can be impro ved by control ling the amount of cryst allinity and elim inating the

defects, such as mis sing carbon atoms or catal yst impur ities. Tensil e strength

and tensi le modulus are a lso a ffected by the amount of cryst allinity and the

presence of de fects (Table 2.4) .
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FIGURE 2.15 Ladder structure in an oxidized PANmolecule. (a) Molecular structure of

PAN and (b) rigid ladder structure.
Pitch, a by-product of pe troleum refin ing or co al cok ing, is a low er cost

precurs or than PAN. The carbon atoms in pitch are arrange d in low-mol ecular -

weight aromat ic ring pattern s. Heat ing to tempe ratur es ab ove 300 8C polyme r-

izes ( joins) these molec ules into long, two-dim ensional sheetlike struc tures. The

highly viscous state of pitch at this stage is referred to as ‘‘m esophase. ’’ Pitch

filament s are produce d by melt spinnin g mesophas e pitch through a spinner et

(Figur e 2.17) . Wh ile passing through the spinner et die, the mesophas e pitch

molec ules be come aligned in the filament direct ion. The filament s are co oled to

freez e the molec ular orient ation, an d su bsequentl y he ated be tween 200 8 C and
300 8 C in an oxygen-c ontaini ng atmos phere to stabilize them and make them

infus ible (to avoid fusin g the fil aments toget her). In the ne xt step, the filament s

are carbonize d at tempe ratur es aro und 2000 8 C. The rest of the process of
trans forming the struc ture to graphit ic form is sim ilar to that foll owed for

PAN precurs ors.

PAN carbon fiber s are general ly categor ized into high tensile strength (HT) ,

high modulus (HM), and ultrahigh modulus (UHM ) types. The high tensi le

stren gth PAN carbon fibers, su ch as T-300 and AS-4 in Table 2 .1, have the
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FIGURE 2.16 Influence of heat treatment temperature on strength and modulus of

carbon fibers. (After Watt, W., Proc. R. Soc. Lond., A319, 5, 1970.)
lowest modulus, whi le the ultrah igh-modu lus PAN carbon fiber s, such as

GY-70, ha ve the lowest tensile stre ngth as well as the lowest tensi le stra in-

to-failu re. A num ber of intermedi ate modu lus (IM) high-s trength PAN carbon

fibers, such as T-40 and IM-7, have also been developed that possess the highest

strain-t o-failur e amon g ca rbon fibers. Anothe r point to note in Table 2.1 is

that the pitch carbon fiber s have very high modu lus values , but their tensile

strength and strain-t o-failur e are lower than those of the PAN carbon

fibers. The high modulus of pitch fiber s is the resul t of the fact that they are

more graphitizabl e; howeve r, since shear is easie r between pa rallel plan es of a

graphit ized fiber and graphit ic fiber s are more sensi tive to defects and flaws, their

tensile stre ngth is not as high as that of PAN fibers.

The ax ial compres sive stre ngth of carbon fibers is lower than their tensi le

strength. The PAN carbon fiber s have higher compres sive stre ngth than pitch

carbon fibers. It is also observed that the higher the modulus of a c arbon fiber ,

the low er is its c ompres sive strength. Among the facto rs that contri bute to the

reducti on in comp ressive stren gth are higher orient ation, high er graphitic

order, and larger crystal size [5,6].
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TABLE 2.4
Structural Features and Controlling Parameters Affecting the Properties of Carbon Fibers

Structural Feature Controlling Parameters

Properties

Increase Decrease

Increasing orientation of

crystallographic basal planes

parallel to the fiber axis

Fiber drawing, fiber structure,

restraint against shrinkage during

heat treatment

Longitudinal strength and modulus,

longitudinal negative CTE,

thermal and electrical

conductivities

Transverse strength and modulus

Increasing crystallinity (larger and

perfect crystals)

Precursor chemistry, heat treatment Thermal and electrical

conductivities, longitudinal

negative CTE, oxidation

resistance

Longitudinal tensile and

compressive strengths,

transverse strength and modulus

Decreasing defect content Precursor purity, fiber handling Tensile strength, thermal and

electrical conductivities, oxidation

resistance
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FIGURE 2.17 Alignment of mesophase pitch into a pitch filament. (After Commercial

Opportunities for Advanced Composites, ASTM STP, 704, 1980.)
The PAN carbon fibers have lower thermal conductivity and electrical

conductivity than pitch carbon fibers [6]. For example, thermal conductivity

of PAN carbon fibers is in the range of 10–100 W=m 8K compared with

20–1000 W=m 8K for pitch carbon fibers. Similarly, electrical conductivity of

PAN carbon fibers is in the range of 104–105 S=m compared with 105–106 S=m
for pitch carbon fibers. For both types of carbon fibers, the higher the tensile

modulus, the higher are the thermal and electrical conductivities.

Carbon fibers are commercially available in three basic forms, namely, long

and continuous tow, chopped (6–50 mm long), and milled (30–3000 mm
long). The long and continuous tow, which is simply an untwisted bundle of

1,000–160,000 parallel filaments, is used for high-performance applications.

The price of carbon fiber tow decreases with increasing filament count.

Although high filament counts are desirable for improving productivity in

continuous molding operations, such as filament winding and pultrusion, it

becomes increasingly difficult to wet them with the matrix. ‘‘Dry’’ filaments are

not conducive to good mechanical properties.
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Car bon fiber tow s can also be weaved into two-dim ensional fabri cs of

various styles (see App endix A.1). Hyb rid fabri cs contain ing commingled or

cowea ved carbon and other fiber s, such as E-glass, Kevl ar, PEEK, PPS, and so

on, are also availab le. Techn iques of forming three- dimension al weav es with

fibers running in the thickne ss direction have also been developed.

2.1.3 ARAMID FIBERS

Aramid fibers are highly cryst alline aromatic polyam ide fiber s that have the

lowest de nsity an d the highest tensile stre ngth-to-w eight ratio among the cur-

rent reinfo rcing fiber s. Kevlar 49 is the trade name of one of the arami d fiber s

availab le in the market. As a reinf orcement, arami d fiber s are used in many

marin e a nd aerospac e applic ations wher e lightw eight, high tensile streng th, and

resistance to impac t da mage (e.g., caused by accident ally dropp ing a ha nd tool)

are impor tant. Li ke carbon fibers, they also ha ve a negati ve coeff icient of

therm al expan sion in the longitudinal direction, which is us ed in designi ng

low therm al exp ansion c omposi te pan els. The major disadva ntages of aramid

fiber-re infor ced composi tes are their low co mpressive stre ngths a nd difficul ty in

cutting or machi ning.

The molecular struc ture of arami d fibers, such as Kevl ar 49 fibers, is

illustr ated in Figu re 2.18. The repeat ing unit in its molecules contai ns an

amide ( � NH) group (which is also found in ny lons) and an aromatic ring

represented by in Figure 2.18. The aromatic ring gives it a higher

chain stiffness (modulus) as well as better chemical and thermal stability over

other commercial organic fibers, such as nylons.

Repeating unit in a
Kevlar 49 molecule

Hydrogen bonding

C

O

H

C C CN

N N N

N

H O

O

C

O H O

C C C

O

H

O

O

H

FIGURE 2.18 Molecular structure of Kevlar 49 fiber.
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Kevlar 49 filaments are manufactured by extruding an acidic solution of a

proprietary precursor (a polycondensation product of terephthaloyol chloride

and p-phenylene diamine) from a spinneret. During the filament drawing

process, Kevlar 49 molecules become highly oriented in the direction of the

filament axis. Weak hydrogen bonds between hydrogen and oxygen atoms in

adjacent molecules hold them together in the transverse direction. The resulting

filament is highly anisotropic, with much better physical and mechanical prop-

erties in the longitudinal direction than in the radial direction.

Although the tensile stress–strain behavior of Kevlar 49 is linear, fiber

fracture is usually preceded by longitudinal fragmentation, splintering, and even

localized drawing. In bending,Kevlar 49 fibers exhibit a high degree of yielding on

the compression side. Such a noncatastrophic failuremode is not observed in glass

or carbon fibers, and gives Kevlar 49 composites superior damage tolerance

against impact or other dynamic loading. One interesting application of this

characteristic of Kevlar 49 fibers is found in soft lightweight body armors and

helmets used for protecting police officers and military personnel.

Kevlar 49 fibers do not melt or support combustion but will start to

carbonize at about 4278C. The maximum long-term use temperature recom-

mended for Kevlar 49 is 1608C. They have very low thermal conductivity, but a

very high vibration damping coefficient. Except for a few strong acids and

alkalis, their chemical resistance is good. However, they are quite sensitive to

ultraviolet lights. Prolonged direct exposure to sunlight causes discoloration

and significant loss in tensile strength. The problem is less pronounced in

composite laminates in which the fibers are covered with a matrix. Ultraviolet

light-absorbing fillers can be added to the matrix to further reduce the problem.

Kevlar 49 fibers are hygroscopic and can absorb up to 6% moisture at 100%

relative humidity and 238C. The equilibrium moisture content (i.e., maximum

moisture absorption) is directly proportional to relative humidity and is

attained in 16–36 h. Absorbed moisture seems to have very little effect on the

tensile properties of Kevlar 49 fibers. However, at high moisture content, they

tend to crack internally at the preexisting microvoids and produce longitudinal

splitting [7].

A second-generation Kevlar fiber is Kevlar 149, which has the highest

tensile modulus of all commercially available aramid fibers. The tensile modulus

of Kevlar 149 is 40% higher than that of Kevlar 49; however, its strain-to-failure

is lower. Kevlar 149 has the equilibrium moisture content of 1.2% at 65% relative

humidity and 228C, which is nearly 70% lower than that of Kevlar 49 under

similar conditions. Kevlar 149 also has a lower creep rate than Kevlar 49.

2.1.4 EXTENDED CHAIN POLYETHYLENE FIBERS

Extended chain polyethylene fibers, commercially available under the trade

name Spectra, are produced by gel spinning a high-molecular-weight polyethyl-

ene. Gel spinning yields a highly oriented fibrous structure with exceptionally
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high crystallinity (95%–99%) relative to melt spinning used for conventional

polyethylene fibers.

Spectra polyethylene fibers have the highest strength-to-weight ratio of all

commercial fibers available to date. Two other outstanding features of Spectra

fibers are their low moisture absorption (1% compared with 5%–6% for Kevlar

49) and high abrasion resistance, which make them very useful in marine

composites, such as boat hulls and water skis.

The melting point of Spectra fibers is 1478C; however, since they exhibit a

high level of creep above 1008C, their application temperature is limited to

808C–908C. The safe manufacturing temperature for composites containing Spec-

tra fibers is below 1258C, since they exhibit a significant and rapid reduction in

strength as well as increase in thermal shrinkage above this temperature. Another

problemwithSpectra fibers is their pooradhesionwith resinmatrices,whichcanbe

partially improved by their surface modification with gas plasma treatment.

Spectra fibers provide high impact resistance for composite laminates even

at low temperatures and are finding growing applications in ballistic composites,

such as armors, helmets, and so on. However, their use in high-performance

aerospace composites is limited, unless they are used in conjunction with stiffer

carbon fibers to produce hybrid laminates with improved impact damage

tolerance than all-carbon fiber laminates.

2.1.5 NATURAL FIBERS

Examples of natural fibers are jute, flax, hemp, remi, sisal, coconut fiber (coir),

and banana fiber (abaca). All these fibers are grown as agricultural plants in

various parts of the world and are commonly used for making ropes, carpet

backing, bags, and so on. The components of natural fibers are cellulose

microfibrils dispersed in an amorphous matrix of lignin and hemicellulose [8].

Depending on the type of the natural fiber, the cellulose content is in the range

of 60–80 wt% and the lignin content is in the range of 5–20 wt%. In addition,

the moisture content in natural fibers can be up to 20 wt%. The properties of

some of the natural fibers in use are given in Table 2.5.
TABLE 2.5
Properties of Selected Natural Fibers

Property Hemp Flax Sisal Jute

Density (g=cm3) 1.48 1.4 1.33 1.46

Modulus (GPa) 70 60–80 38 10–30

Tensile strength (MPa) 550–900 800–1500 600–700 400–800

Elongation to failure (%) 1.6 1.2–1.6 2–3 1.8

Source: Adapted from Wambua, P., Ivens, J., and Verpoest, I., Compos. Sci. Tech., 63, 1259, 2003.
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Recently, natural fiber-reinforced polymers have created interest in the

automotive industry for the following reasons. The applications in which

natural fiber composites are now used include door inner panel, seat back,

roof inner panel, and so on.

1. They are environment-friendly, meaning that they are biodegradable,

and unlike glass and carbon fibers, the energy consumption to produce

them is very small.

2. The density of natural fibers is in the range of 1.25�1.5 g=cm3 compared

with 2.54 g=cm3 for E-glass fibers and 1.8–2.1 g=cm3 for carbon fibers.

3. The modulus–weight ratio of some natural fibers is greater than that of

E-glass fibers, which means that they can be very competitive with

E-glass fibers in stiffness-critical designs.

4. Natural fiber composites provide higher acoustic damping than glass or

carbon fiber composites, and therefore are more suitable for noise

attenuation, an increasingly important requirement in interior automo-

tive applications.

5. Natural fibers are much less expensive than glass and carbon fibers.

However, there are several limitations of natural fibers. The tensile strength of

natural fibers is relatively low. Among the other limitations are low melting

point and moisture absorption. At temperatures higher than 2008C, natural
fibers start to degrade, first by the degradation of hemicellulose and then by the

degradation of lignin. The degradation leads to odor, discoloration, release of

volatiles, and deterioration of mechanical properties.
2.1.6 BORON FIBERS

The most prominent feature of boron fibers is their extremely high tensile

modulus, which is in the range of 379–414 GPa (55–603 106 psi). Coupled

with their relatively large diameter, boron fibers offer excellent resistance to

buckling, which in turn contributes to high compressive strength for boron

fiber-reinforced composites. The principal disadvantage of boron fibers is their

high cost, which is even higher than that of many forms of carbon fibers. For

this reason, its use is at present restricted to a few aerospace applications.

Boron fibers are manufactured by chemical vapor deposition (CVD) of

boron onto a heated substrate (either a tungsten wire or a carbon monofilament).

Boron vapor is produced by the reaction of boron chloride with hydrogen:

2BCl3 þ 3H2 ¼ 2Bþ 6HCl

The most common substrate used in the production of boron fibers is tungsten

wire, typically 0.0127 mm (0.0005 in.) in diameter. It is continuously pulled
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through a reaction chamber in which boron is deposited on its surface at

11008C–13008C. The speed of pulling and the deposition temperature can be

varied to control the resulting fiber diameter. Currently, commercial boron

fibers are produced in diameters of 0.1, 0.142, and 0.203 mm (0.004, 0.0056, and

0.008 in.), which are much larger than those of other reinforcing fibers.

During boron deposition, the tungsten substrate is converted into tungsten

boride by diffusion and reaction of boron with tungsten. The core diameter

increases in diameter from 0.0127 mm (0.0005 in.) to 0.0165 mm (0.00065 in.),

placing boron near the core in tension. However, near the outer surface of the

boron layer, a state of biaxial compression exists, which makes the boron fiber

less sensitive to mechanical damage [9]. The adverse reactivity of boron fibers

with metals is reduced by chemical vapor deposition of silicon carbide on boron

fibers, which produces borsic fibers.

2.1.7 CERAMIC FIBERS

Silicon carbide (SiC) and aluminum oxide (Al2O3) fibers are examples of

ceramic fibers notable for their high-temperature applications in metal and

ceramic matrix composites. Their melting points are 28308C and 20458C,
respectively. Silicon carbide retains its strength well above 6508C, and alumi-

num oxide has excellent strength retention up to about 13708C. Both fibers are

suitable for reinforcing metal matrices in which carbon and boron fibers exhibit

adverse reactivity. Aluminum oxide fibers have lower thermal and electrical

conductivities and have higher coefficient of thermal expansion than silicon

carbide fibers.

Silicon carbide fibers are available in three different forms [10]:

1. Monofilaments that are produced by chemical vapor deposition of b-SiC
on a 10–25 mm diameter carbon monofilament substrate. The carbon

monofilament is previously coated with ~1 mm thick pyrolitic graphite to

smoothen its surface as well as to enhance its thermal conductivity. b-SiC
is produced by the reaction of silanes and hydrogen gases at around

13008C. The average fiber diameter is 140 mm.

2. Multifilament yarn produced by melt spinning of a polymeric precursor,

such as polycarbosilane, at 3508C in nitrogen gas. The resulting poly-

carbosilane fiber is first heated in air to 1908C for 30 min to cross-link

the polycarbosilane molecules by oxygen and then heat-treated to

10008C–12008C to form a crystalline structure. The average fiber dia-

meter in the yarn is 14.5 mm and a commercial yarn contains 500 fibers.

Yarn fibers have a considerably lower strength than the monofilaments.

3. Whiskers, which are 0.1–1 mm in diameter and around 50 mm in length.

They are produced from rice hulls, which contain 10–20 wt% SiO2. Rice

hulls are first heated in an oxygen-free atmosphere to 7008C–9008C to

remove the volatiles and then to 15008C–16008C for 1 h to produce SiC
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whiskers. The final heat treatment is at 8008C in air, which removes free

carbon. The resulting SiC whiskers contain 10 wt% of SiO2 and up to 10

wt% Si3N4. The tensile modulus and tensile strength of these whiskers

are reported as 700 GPa and 13 GPa (101.53 106 psi and 1.883 106 psi),

respectively.

Many different aluminum oxide fibers have been developed over the years, but

many of them at present are not commercially available. One of the early

aluminum oxide fibers, but not currently available in the market, is called the

Fiber FP [11]. It is a high-purity (>99%) polycrystalline a-Al2O3 fiber, dry spun

from a slurry mix of alumina and proprietary spinning additives. The spun

filaments are fired in two stages: low firing to control shrinkage, followed by

flame firing to produce a suitably dense a-Al2O3. The fired filaments may be

coated with a thin layer of silica to improve their strength (by healing the

surface flaws) as well as their wettability with the matrix. The filament diameter

is 20 mm. The tensile modulus and tensile strength of Fiber FP are reported as

379 GPa and 1.9 GPa (553 106 psi and 275,500 psi), respectively. Experiments

have shown that Fiber FP retains almost 100% of its room temperature tensile

strength after 300 h of exposure in air at 10008C. Borsic fiber, on the other

hand, loses 50% of its room temperature tensile strength after only 1 h of

exposure in air at 5008C. Another attribute of Fiber FP is its remarkably high

compressive strength, which is estimated to be about 6.9 GPa (1,000,000 psi).

Nextel 610 and Nextel 720, produced by 3 M, are two of the few aluminum

oxide fibers available in the market now [12]. Both fibers are produced in

continuous multifilament form using the sol–gel process. Nextel 610 contains

greater than 99% Al2O3 and has a single-phase structure of a-Al2O3. The

average grain size is 0.1 mm and the average filament diameter is 14 mm.

Because of its fine-grained structure, it has a high tensile strength at room

temperature; but because of grain growth, its tensile strength decreases rapidly

as the temperature is increased above 11008C. Nextel 720, which contains 85%

Al2O3 and 15% SiO2, has a lower tensile strength at room temperature, but is

able to retain about 85% of its tensile strength even at 14008C. Nextel 720 also

has a much lower creep rate than Nextel 610 and other oxide fibers at temper-

atures above 10008C. The structure of Nextel 720 contains a-Al2O3 grains

embedded in mullite grains. The strength retention of Nextel 720 at high

temperatures is attributed to reduced grain boundary sliding and reduced

grain growth.

Another ceramic fiber, containing approximately equal parts of Al2O3 and

silica (SiO2), is available in short, discontinuous lengths under the trade name

Fiberfrax. The fiber diameter is 2–12 mm and the fiber aspect ratio (length to

diameter ratio) is greater than 200. It is manufactured either by a melt blowing

or by a melt spinning process. Saffil, produced by Saffil Ltd., is also a discon-

tinuous aluminosilicate fiber, containing 95% Al2O3 and 5% SiO2. Its diameter

is 1–5 mm. It is produced by blow extrusion of partially hydrolyzed solution of
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alumin um salt s with a small amount of SiO2. It co ntains mainl y d-Al 2O 3 grains

of 5 0 nm size, but it also con tains some large r size a-Al2O 3. Thes e tw o fibers are

most ly used for high tempe ratur e insulati on.
2.2 MATRIX

The roles of the matrix in a fiber -reinforce d compo site are: (1) to ke ep the fiber s

in place, (2) to trans fer stre sses between the fiber s, (3) to provide a barrie r

agains t an adverse environm ent, such as chemi cals and mois ture, an d (4) to

protect the surface of the fibers from mechan ical degradat ion (e.g ., by abra-

sion) . The matrix plays a minor role in the tensi le load -carrying capacit y of a

composi te struc ture. How ever, selec tion of a matrix ha s a major influen ce on

the co mpres sive, inter laminar shear as well as in-plan e shear propert ies of the

composi te mate rial. The matr ix provides late ral support agains t the possibili ty

of fiber buc kling unde r co mpressive loading , thus infl uencing to a large extent ,

the compres sive stren gth of the composi te mate rial. The interlam inar shea r

stren gth is an impor tant de sign consider ation for struc tures unde r bending

loads, wher eas the in-plane shear stren gth is impor tant unde r torsi onal loads.

The inter action be tween fibers and matrix is also important in de signing

damage- toleran t struc tures. Finally, the pro cessing and defect s in a composi te

mate rial depend strong ly on the process ing charact eristic s of the matr ix. For

exampl e, for ep oxy polyme rs used as matr ix in man y aerospac e compo sites, the

process ing charact eris tics include the liquid viscosit y, the curing tempe ratur e,

and the curing tim e.

Table 2.6 lists various matrix material s that have been used either commer -

cially or in research . Among these, therm oset poly mers, such as epoxies ,

polyest ers, and vinyl ester s, are more commonl y used as matr ix material in

continuou s or long fiber -reinforce d composi tes, mainl y becau se of the ease of

process ing due to their low viscosit y. Thermop lastic polyme rs are more com-

monly us ed with short fiber -reinforce d composi tes that are injec tion-mo lded;

howeve r, the inter est in con tinuous fiber -reinforce d thermop lastic matr ix is

grow ing. Metal lic and ceram ic matrices are prim arily consider ed for high-

tempe rature applications . We brief ly discus s these three categories of matr ix

in this section.
2.2.1 P OLYMER MATRIX

A polyme r is define d as a long-c hain mo lecule contai ning one or more repeat -

ing units of atoms (Figur e 2.19), joined together by strong covalent bonds .

A polymeric material (commonly called a plastic) is a collection of a large

number of polymer molecules of similar chemical structure (but not of equal

length). In the solid state, these molecules are frozen in space, either in a

random fashion in amorphous polymers or in a mixture of random fashion
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TABLE 2.6
Matrix Materials

Polymeric

Thermoset polymers

Epoxies: principally used in aerospace and aircraft applications

Polyesters, vinyl esters: commonly used in automotive, marine, chemical, and electrical

applications

Phenolics: used in bulk molding compounds

Polyimides, polybenzimidazoles (PBI), polyphenylquinoxaline (PPQ): for high-temperature

aerospace applications (temperature range: 2508C–4008C)

Cyanate ester

Thermoplastic polymers

Nylons (such as nylon 6, nylon 6,6), thermoplastic polyesters (such as PET, PBT),

polycarbonate (PC), polyacetals: used with discontinuous fibers in injection-molded

articles

Polyamide-imide (PAI), polyether ether ketone (PEEK), polysulfone (PSUL), polyphenylene

sulfide (PPS), polyetherimide (PEI): suitable for moderately high temperature applications

with continuous fibers

Metallic

Aluminum and its alloys, titanium alloys, magnesium alloys, copper-based alloys, nickel-based

superalloys, stainless steel: suitable for high-temperature applications (temperature range:

3008C–5008C)

Ceramic

Aluminum oxide (Al2O3), carbon, silicon carbide (SiC), silicon nitride (Si3N4): suitable for

high-temperature applications
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FIGURE 2.19 Examples of repeating units in polymer molecules. (a) A polypropylene

molecule. (b) A nylon 6,6 molecule.
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and orderly fashion (folded chains) in semicryst alline polyme rs (Figur e 2.20) .

How ever, on a submi croscopi c scale , various segme nts in a polyme r molecule

may be in a state of rando m excitatio n. The frequen cy, intensit y, an d numb er of

these segmen tal motio ns increase with increa sing tempe rature, giving rise to the

tempe rature-dep endent propert ies of a polyme ric solid.
2.2.1 .1 The rmoplast ic and The rmoset Polym ers

Polymer s are divide d into two broad ca tegories: therm oplast ics and therm osets .

In a thermoplastic polymer, individual molecules are not chemically joined

toget her (Figur e 2.21a). They are held in place by weak secondary bonds or

intermolecular forces, such as van der Waals bonds and hydrogen bonds. With

the application of heat, these secondary bonds in a solid thermoplastic polymer

can be temporarily broken and the molecules can now be moved relative to

each other or flow to a new configuration if pressure is applied on them. On

cooling, the molecules can be frozen in their new configuration and the sec-

ondary bonds are restored, resulting in a new solid shape. Thus, a thermoplas-

tic polymer can be heat-softened, melted, and reshaped (or postformed) as

many times as desired.

In a thermoset polymer, on the other hand, the molecules are chemically

joined together by cross-links, forming a rigid, three-dimensional network

structure (Figure 2.21b). Once these cross-links are formed during the poly-

merization reaction (also called the curing reaction), the thermoset polymer
Crystallite

(a) (b)

FIGURE 2.20 Arrangement of molecules in (a) amorphous polymers and (b) semicrys-

talline polymers.
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(a)

(b)

FIGURE 2.21 Schematic representation of (a) thermoplastic polymer and (b) thermoset

polymer.
cannot be melted by the app lication of he at. Howev er, if the number of cross-

links is low , it may still be pos sible to soft en them at elevated tempe ratur es.

2.2.1.2 Uni que Characte ristics of Polym eric Solids

There are tw o uni que characteris tics of polyme ric soli ds that are not observed

in metals under ordinary conditions, namely, that their m echanical properties

depend strongly on bot h the ambient temperature and the l oading rate.

Figure 2.22 schema tically shows the general trends in the variation of tensi le

modulus of various types of pol ymers with temperatur e. Near the glass trans i-

tion tempe rature, deno ted by Tg in this diagra m, the poly meric soli d changes

from a hard, somet imes brittle (gla ss-like) mate rial to a soft, tou gh (lea ther-

like) material . Over a tempe rature range around Tg, its modulus is reduced by

as much as five or ders of magn itude. Near this tempe rature, the mate rial is also

highly viscoelastic. Thus, when an external load is applied, it exhibits an
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FIGURE 2.22 Variation of tensile modulus with temperature for three different types

of polymers: (a) amorphous thermoplastic, (b) semicrystalline thermoplastic, and

(c) thermoset.
instan taneous elast ic deform ation foll owed by a slow viscous deform ation.

With increa sing tempe ratur e, the poly mer changes into a rub ber-like solid

capable of undergoing large , elast ic deform ations under extern al loads. As

the tempe ratur e is increa sed further, both amorphous an d semi crystalline

therm oplastics achieve high ly viscous liquid states, with the latter showin g a

sharp trans ition at the cryst alline melt ing point, den oted by Tm . However, for a

therm oset polyme r, no melting occurs; inst ead, it ch ars and final ly burns at ve ry

high tempe ratures. The glass trans ition tempe ratur e of a therm oset pol ymer

can be con trolled by varyi ng the amount of cross-li nking be tween the mol-

ecules . For very highly cross- linked polyme rs, the glass trans ition and the

accompan ying soft ening may not be observed.

The mech anical charact eristic s of a polyme ric solid de pend on the ambie nt

tempe rature relat ive to the glass trans ition tempe ratur e of the pol ymer. If the

ambie nt tempe ratur e is above Tg, the polyme ric soli d e xhibits low surface

hardness , low mod ulus, and high duc tility. At tempe ratures below Tg, the

segme ntal moti on in a polyme r plays an important role. If the molec ular

struc ture of a polyme r allows man y segme ntal motions, it behaves in a ductile

manner even be low Tg. Polyca rbonate (PC), polyet hylene terepht halate (PE T),

and various nylon s fall into this categor y. If, on the other hand, the segme ntal

motio ns are rest ricted, a s in polyme thyl metha cryla te (PMM A), polystyrene

(PS), an d man y therm oset pol ymers, it shows essent ially a brit tle failure.

Figure 2.23 shows the effects of tempe rature and loading rate on the stre ss–

strain behavior of polyme ric soli ds. At low tempe rature s, the stress–s train

behavior is much like that of a brittle material. The polymer may not exhibit any

signs of yielding and the strain-to-failure is low. As the temperature is increased,

yield ing may occur; but the yield stre ngth decreas es with increa sing tempe ra-

ture. The strain-to-failure, on the other hand, increases with increasing tem-

perature, transforming the polymer from a brittle material at low temperatures

to a ductile material at elevated temperatures.
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FIGURE 2.23 Effects of loading rate and temperature on the stress–strain behavior of

polymeric solids.
The effec t of loading rate on the stress–s train behavior is opposit e to that

due to tempe ratur e (F igure 2.23). At low loading rates or long durati ons of

loading , the polyme r may behave in a ductile mann er an d show high tough ness.

At high load ing rates or short dura tions of loading , the same poly mer behaves

in a rigid , brittle (glass-like) man ner.

2.2.1.3 Cre ep a nd Stress Relaxa tion

The viscoe lastic characteris tic of a polyme ric soli d is best demon strated by

creep and stre ss relaxati on tests. In creep tests, a constant stress is maintained

on a specim en whi le its deformati on (or strain) is monitored as a fun ction to

time. As the pol ymer creeps, the stra in increa ses with tim e. In stress relaxa tion

tests, a constant deform ation (st rain) is maintained whi le the stre ss on the

specime n is monit ored as a functi on of time. In stress relax ation, stress

decreas es with tim e. Both tests are perfor med at various ambie nt tempe ratures

of interest . Typi cal creep an d stress relaxati on diagra ms, sho wn schema tica lly

in Fi gure 2.24, exhibit an instan taneous elastic respon se foll owed by a delayed

viscous response. In ge neral, therm oset polyme rs exhibi t low er creep and stre ss

relaxati on than therm oplastic polyme rs.

2.2.1.4 Heat Deflection Temperature

Softening characteristics of various polymers are often compared on the basis

of their heat deflection temperatures (HDT). Measurement of HDT is
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FIGURE 2.24 (a) Creep and (b) stress relaxation in solid polymers.
described in ASTM test method D648. In this test, a polymer bar of rectangular

cross section is loaded as a simply supported beam (Figure 2.25) inside a

suitable nonreacting liquid medium, such as mineral oil. The load on the bar

is adjusted to create a maximum fiber stress of either 1.82 MPa (264 psi) or

0.455 MPa (66 psi). The center deflection of the bar is monitored as the

temperature of the liquid medium is increased at a uniform rate of 2 ±

0.28C=min. The temperature at which the bar deflection increases by 0.25 mm
Weight

10 cm
(4 in.)

Immersion
bath

Liquid, such as
mineral oil

Beam
specimen

Dial
gage

FIGURE 2.25 Test setup for measuring heat deflection temperature (HDT).
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(0.01 in.) from its initial room temperature deflection is called the HDT at the

specific fiber stress.

Although HDT is widely reported in the plastics product literature, it

should not be used in predicting the elevated temperature performance of a

polymer. It is used mostly for quality control and material development pur-

poses. It should be pointed out that HDT is not a measure of the glass

transition temperature. For glass transition temperature measurements, such

methods as differential scanning calorimetry (DSC) or differential thermal

analysis (DTA) are used [13].

2.2.1.5 Selection of Matrix: Thermosets vs. Thermoplastics

The primary consideration in the selection of a matrix is its basic mechanical

properties. For high-performance composites, the most desirable mechanical

properties of a matrix are

1. High tensile modulus, which influences the compressive strength of the

composite

2. High tensile strength, which controls the intraply cracking in a compos-

ite laminate

3. High fracture toughness, which controls ply delamination and crack

growth

For a polymer matrix composite, there may be other considerations, such as

good dimensional stability at elevated temperatures and resistance to moisture

or solvents. The former usually means that the polymer must have a high glass

transition temperature Tg. In practice, the glass transition temperature should

be higher than the maximum use temperature. Resistance to moisture and

solvent means that the polymer should not dissolve, swell, crack (craze), or

otherwise degrade in hot–wet environments or when exposed to solvents. Some

common solvents in aircraft applications are jet fuels, deicing fluids, and paint

strippers. Similarly, gasoline, motor oil, and antifreeze are common solvents in

the automotive environment.

Traditionally, thermoset polymers (also called resins) have been used as a

matrix material for fiber-reinforced composites. The starting materials used in

the polymerization of a thermoset polymer are usually low-molecular-weight

liquid chemicals with very low viscosities. Fibers are either pulled through or

immersed in these chemicals before the polymerization reaction begins. Since

the viscosity of the polymer at the time of fiber incorporation is very low, it is

possible to achieve a good wet-out between the fibers and the matrix without

the aid of either high temperature or pressure. Fiber surface wetting is

extremely important in achieving fiber–matrix interaction in the composite,

an essential requirement for good mechanical performance. Among other
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 2.26 Tensile stress–strain diagrams of a thermoset polymer (epoxy) and a

thermoplastic polymer (polysulfone).
advantag es of using therm oset polyme rs a re their therm al stabi lity an d chem-

ical resi stance . They also exhibi t much less creep and stre ss relaxati on than

therm oplastic polyme rs. The disadva ntages are

1. Limi ted storag e life (befor e the final sh ape is molded) at room tempe ra-

ture

2. Long fabricati on time in the mold (where the polyme rization react ion,

call ed the curing reaction or sim ply called c uring , is carri ed out to

trans form the liquid polyme r to a soli d pol ymer)

3. Low stra in-to-f ailure (Figur e 2.26) , whi ch also contrib utes to their low

impac t stre ngths

The most impor tant advantag e of therm oplast ic polyme rs ov er thermo set

polyme rs is their high impact stren gth an d fracture resi stance, whic h in turn

impar t an excellent damage toler ance charact eris tic to the composi te material .

In gen eral, therm oplast ic polyme rs have higher stra in-to-f ailure (Figure 2.25)

than therm oset polyme rs, whi ch may provide a bette r resistance to matrix

micro crackin g in the comp osite laminate. Othe r advan tages of therm oplast ic

polyme rs are

1. Unli mited storage (shel f) life at room tempe rature

2. Shorter fabrication time

3. Postformability (e.g., by thermoforming)
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TABLE 2.7
Maximum Service Temperature for Selected Polymeric Matrices

Polymer Tg, 8C Maximum Service Temperature, 8C (8F)

Thermoset matrix

DGEBA epoxy 180 125 (257)

TGDDM epoxy 240–260 190 (374)

Bismaleimides (BMI) 230–290 232 (450)

Acetylene-terminated polyimide (ACTP) 320 280 (536)

PMR-15 340 316 (600)

Thermoplastic matrix

Polyether ether ketone (PEEK) 143 250 (482)

Polyphenylene sulfide (PPS) 85 240 (464)

Polysulfone 185 160 (320)

Polyetherimide (PEI) 217 267 (512)

Polyamide-imide (PAI) 280 230 (446)

K-III polyimide 250 225 (437)

LARC-TPI polyimide 265 300 (572)
4. Ease of joining and repair by welding, solvent bonding, and so on

5. Ease of handling (no tackiness)

6. Can be reprocessed and recycled

In spite of such distinct advantages, the development of continuous fiber-

reinforced thermoplastic matrix composites has been much slower than that

of continuous fiber-reinforced thermoset matrix composites. Because of their

high melt or solution viscosities, incorporation of continuous fibers into a

thermoplastic matrix is difficult. Commercial engineering thermoplastic poly-

mers, such as nylons and polycarbonate, are of very limited interest in struc-

tural applications because they exhibit lower creep resistance and lower thermal

stability than thermoset polymers. Recently, a number of thermoplastic poly-

mers have been developed that possess high heat resistance (Table 2.7) and they

are of interest in aerospace applications.

2.2.2 METAL MATRIX

Metal matrix has the advantage over polymeric matrix in applications requiring

a long-term resistance to severe environments, such as high temperature [14].

The yield strength and modulus of most metals are higher than those for

polymers, and this is an important consideration for applications requiring

high transverse strength and modulus as well as compressive strength for the

composite. Another advantage of using metals is that they can be plastically

deformed and strengthened by a variety of thermal and mechanical treatments.

However, metals have a number of disadvantages, namely, they have high
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densities, high melting points (therefore, high process temperatures), and a

tendency toward corrosion at the fiber–matrix interface.

The two most commonly used metal matrices are based on aluminum and

titanium. Both of these metals have comparatively low densities and are avail-

able in a variety of alloy forms. Although magnesium is even lighter, its great

affinity toward oxygen promotes atmospheric corrosion and makes it less

suitable for many applications. Beryllium is the lightest of all structural metals

and has a tensile modulus higher than that of steel. However, it suffers from

extreme brittleness, which is the reason for its exclusion as a potential matrix

material. Nickel- and cobalt-based superalloys have also been used as matrix;

however, the alloying elements in these materials tend to accentuate the oxida-

tion of fibers at elevated temperatures.

Aluminum and its alloys have attracted the most attention as matrix

material in metal matrix composites. Commercially, pure aluminum has been

used for its good corrosion resistance. Aluminum alloys, such as 201, 6061, and

1100, have been used for their higher tensile strength–weight ratios. Carbon

fiber is used with aluminum alloys; however, at typical fabrication temperatures

of 5008C or higher, carbon reacts with aluminum to form aluminum carbide

(Al4C3), which severely degrades the mechanical properties of the composite.

Protective coatings of either titanium boride (TiB2) or sodium has been used on

carbon fibers to reduce the problemof fiber degradation aswell as to improve their

wetting with the aluminum alloy matrix [15]. Carbon fiber-reinforced aluminum

composites are inherently prone to galvanic corrosion, in which carbon fibers

act as a cathode owing to a corrosion potential of 1 V higher than that of

aluminum. A more common reinforcement for aluminum alloys is SiC.

Titanium alloys that are most useful in metal matrix composites [16] are a,
b alloys (e.g., Ti-6Al-9V) and metastable b-alloys (e.g., Ti-10V-2Fe-3Al). These

titanium alloys have higher tensile strength–weight ratios as well as better

strength retentions at 4008C–5008C over those of aluminum alloys. The thermal

expansion coefficient of titanium alloys is closer to that of reinforcing fibers,

which reduces the thermal mismatch between them. One of the problems with

titanium alloys is their high reactivity with boron and Al2O3 fibers at normal

fabrication temperatures. Borsic (boron fibers coated with silicon carbide) and

silicon carbide (SiC) fibers show less reactivity with titanium. Improved

tensile strength retention is obtained by coating boron and SiC fibers with

carbon-rich layers.

2.2.3 CERAMIC MATRIX

Ceramics are known for their high temperature stability, high thermal shock

resistance, high modulus, high hardness, high corrosion resistance, and low

density. However, they are brittle materials and possess low resistance to crack

propagation, which is manifested in their low fracture toughness. The primary

reason for reinforcing a ceramic matrix is to increase its fracture toughness.
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Struct ural ceram ics used as matrix mate rials can be categor ized as either

oxides or nonoxides. Alumina (Al2O 3) an d mullite (Al 2O 3–SiO 2) are the two

most co mmonly use d oxide ceram ics. They are known for their thermal and

chemi cal stabili ty. The common nonox ide ceram ics are sil icon carbide (SiC),

silicon nitr ide (Si3N 4), bor on carbide (B 4C), and alumi num nitr ide (Al N). Of

these, SiC ha s found wi der applications , particular ly wher e high modulus is

desired . It also has a n excell ent high temperatur e resistance . Si3N 4 is consider ed

for applica tions requ iring high stre ngth and AlN is of inter est because of its

high thermal condu ctivity.

The reinforcem ents used in ceram ic matr ix co mposi tes are SiC, Si3N 4, AlN ,

and other ceram ic fibers. Of these, SiC has been the most common ly used

reinforcem en t becau se of its therm al stabi lity and comp atibility with a broad

range of bot h oxide and nonox ide ceram ic matr ices. The form s in whi ch the

reinforcem en t is use d in ceram ic matrix composi tes include whisk ers (with

length to diame ter ratio as high as 500), platelet s, parti culates, a nd both

monofi lamen t and mult ifilament continuou s fiber s.

2.3 THERMOSET MATRIX

2.3.1 EPOXY

Starting material s for epo xy matrix are low-mol ecular -weight organic liquid

resins contain ing a numb er of epoxide g roups, which are three-mem ber rings of

one oxygen atom and two carbon atoms :

C C

O

A common starting mate rial is digly cidyl ether of bisphen ol A (DGE BA),

which con tains two epoxide groups, one at each end of the molec ule (Figur e

2.27a). Othe r ingredi ents that may be mixe d with the star ting liqui d are diluents

to reduce its viscosit y and flex ibilizers to impr ove the impac t stren gth of the

cured epoxy matr ix.

The polyme rizat ion (curi ng) react ion to trans form the liqui d resi n to the

solid state is init iated by add ing small amou nts of a react ive curing a gent just

before incorpo rating fibers into the liquid mix. One such curing agent is

diethy lene triami ne (DET A, Figure 2.27b) . Hydroge n atoms in the amine

(NH2) groups of a DETA molec ule react with the epoxide group s of DGEB A

molec ules in the man ner illustr ated in Fi gure 2.28a. As the react ion c ontinues ,

DGEBA molecules form cross-links with each other (Figure 2.28b) and a

three-dimensional network structure is slowly formed (Figure 2.28c). The

resulting material is a solid epoxy polymer.
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FIGURE 2.28 (continued) (c) three-dimensional network structure of solid epoxy.
If the curing reaction is slowed by external means (e.g., by lowering the

reaction temperature) before all the molecules are cross-linked, the resin would

exist in B-stage form. At this stage, cross-links have formed at widely spaced

points in the reactive mass. Hardness, tackiness, and the solvent reactivity of

the B-staged resin depend on the cure advancement or the degree of cure at the

end of B-staging. The B-staged resin can be transformed into a hard, insoluble

mass by completing the cure at a later time.

Curing time (also called pot life) and temperature to complete the polymer-

ization reaction depend on the type and amount of curing agent. With some

curing agents, the reaction initiates and proceeds at room temperature; but with

others, elevated temperatures are required. Accelerators are sometimes added

to the liquid mix to speed up a slow reaction and shorten the curing time.

The properties of a cured epoxy resin depend principally on the cross-link

density (spacing between successive cross-link sites). In general, the tensile

modulus, glass transition temperature, and thermal stability as well as chemical

resistance are improved with increasing cross-link density, but the strain-

to-failure and fracture toughness are reduced. Factors that control the cross-

link density are the chemical structure of the starting liquid resin (e.g., number

of epoxide groups per molecule and spacing between epoxide groups), func-

tionality of the curing agent (e.g., number of active hydrogen atoms in DETA),

and the reaction conditions, such as temperature and time.

The continuous use temperature for DGEBA-based epoxies is 1508C or

less. Higher heat resistance can be obtained with epoxies based on novolac and

cycloaliphatics, for example, which have a continuous use temperature ranging

up to 2508C. In general, the heat resistance of an epoxy is improved if it

contains more aromatic
� �

rings in its basic molecular chain.
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TABLE 2.8
Typical Properties of Cast Epoxy Resin (at 238C)

Density (g=cm3) 1.2–1.3

Tensile strength, MPa (psi) 55–130 (8,000–19,000)

Tensile modulus, GPa (106 psi) 2.75–4.10 (0.4–0.595)

Poisson’s ratio 0.2–0.33

Coefficient of thermal expansion, 10�6 m=m per 8C

(10�6 in.=in. per 8F)

50–80 (28–44)

Cure shrinkage, % 1–5
Epoxy matr ix, as a class, has the followin g advan tages over oth er therm oset

matrices :

1. Wide varie ty of pro perties, since a large number of star ting mate rials,

curing agents , and mod ifiers are available

2. Absenc e of volatile matt ers during cure

3. Low shrinka ge during cure

4. Exc ellent resistance to chemi cals an d solvents

5. Exc ellent adh esion to a wide va riety of filler s, fibers, an d other sub -

stra tes

The princip al disadva ntages are its relat ively high cost and long cure tim e.

Typical propert ies of cast epoxy resi ns are given in Tabl e 2.8.

One of the epo xy resi ns used in the aerospac e indu stry is based on tetr a-

glycid al diami nodiphen yl metha ne (TGD DM). It is cured wi th diami nodiph e-

nyl sulf one (DD S) with or wi thout an accele rator . The TGDD M–DD S syste m

is used due to its relat ively high glass trans ition tempe rature (240 8 C–260 8 C,
compared with 180 8C–19 08 C for DGEBA syst ems) and good strength retention

even after prolonged exposure to elevat ed tempe ratur es. Prepregs made with

this syste m can be store d for a longer tim e period due to relative ly low cu ring

react ivity of DDS in the ‘‘B- stage d’’ resin. Limi tations of the TG DDM syst em

are their poor hot–wet perfor mance, low strain-t o-failur e, and high level of

atmos pheric moisture a bsorption (due to its highly polar molec ules). High

mois ture ab sorption reduces its glass transition tempe rature as well as its

modulus and other mechani cal pro perties.

Altho ugh the problem s of moisture absorpt ion a nd hot –wet pe rformance

can be redu ced by chan ging the resi n ch emistry (Table 2.9), brit tleness or low

strain-t o-failur e is an inh erent prob lem of an y highly cross-li nked resin .

Improvement in the matrix strain-to-failure and fracture toughness is consid-

ered essential for damage-tolerant composite laminates. For epoxy resins, this

can be accomplished by adding a small amount of highly reactive carboxyl-

terminated butadiene–acrylonitrile (CTBN) liquid elastomer, which forms a
� 2007 by Taylor & Francis Group, LLC.



TABLE 2.9
Mechanical Properties of High-Performance Epoxy Resinsa,b

Property Epoxy 1

Epoxy 2

(Epon HPT 1072,

Shell Chemical)

Epoxy 3 (Tactix 742,

Dow Chemical)

Tg, 8C 262 261 334

Flexural properties

(at room temperature)

Strength, MPa (ksi) 140.7 (20.4) 111.7 (16.2) 124.1 (18)

Modulus, GPa (Msi) 3.854 (0.559) 3.378 (0.490) 2.965 (0.430)

Flexural properties (hot–wet)c

Strength (% retained) 55 65 —

Modulus (% retained) 64.5 87.3 —

Fracture energy, GIc,

kJ=m2 (in. lb=in.2)

0.09 (0.51) 0.68 (3.87) 0.09 (0.51)

Moisture gain, % 5.7 2.6 —

O

N

H

H

Epoxy 1

C N

O

CH2 CH2 CH2 CH2CH

CH2CH

O

O

CH2

CH

CH2 CH2CH

Epoxy 2

O

O CH2

CH2
CH2

CH

CH CH

O

O O

O

CH2CH

(continued)
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TABLE 2.9 (continued)
Mechanical Properties of High-Performance Epoxy Resinsa,b

Epoxy 3

CH2

CH2

CH3

CH3

CH3 CH3 CH2 CH2CH

CH2CHCH2

CH3

CH3
CH3

CH3
CH2 CH

CH2 CH

N C

O

C N

OO

O

a All epoxies were cured with DDS.
b Molecular structures for Epoxies 1–3 are given in the accompanying figures.
c Percent retained with room temperature and dry properties when tested in water at 938C after 2

week immersion at 938C.
second phase in the cured matrix and impedes its microcracking. Although the

resin is toughened, its glass transition temperature, modulus, and tensile

strength as well as solvent resistance are reduced (Table 2.10). This problem

is overcome by blending epoxy with a tough thermoplastic resin, such as

polyethersulfone, but the toughness improvement depends on properly match-

ing the epoxy and thermoplastic resin functionalities, their molecular weights,

and so on [17].

2.3.2 POLYESTER

The starting material for a thermoset polyester matrix is an unsaturated poly-

ester resin that contains a number of C¼¼C double bonds. It is prepared by the
TABLE 2.10
Effect of CTBN Addition on the Properties of Cast Epoxy Resin

CTBN parts per 100 parts of epoxya 0 5 10 15

Tensile strength, MPa 65.8 62.8 58.4 51.4

Tensile modulus, GPa 2.8 2.5 2.3 2.1

Elongation at break (%) 4.8 4.6 6.2 8.9

Fracture energy, GIc, kJ=m
2 1.75 26.3 33.3 47.3

HDT, 8C (at 1.82 MPa) 80 76 74 71

Source: Adapted from Riew, C.K., Rowe, E.H., and Siebert, A.R., Toughness and Brittleness of

Plastics, R.D. Deanin and A.M. Crugnola, eds., American Chemical Society, Washington, D.C.,

1976.

a DGEBA epoxy (Epon 828, Shell) cured with five parts of piperidine at 1208C for 16 h.
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reaction of maleic anhydride and ethylene glycol or propylene glycol (Figure

2.29a). Saturated acids, such as isophthalic acid or orthophthalic acid, are also

added to modify the chemical structure between the cross-linking sites; how-

ever, these acids do not contain any C¼¼C double bonds. The resulting poly-

meric liquid is dissolved in a reactive (polymerizable) diluent, such as styrene

(Figure 2.29b), which reduces its viscosity and makes it easier to handle. The

diluent also contains C¼¼C double bonds and acts as a cross-linking agent by

bridging the adjacent polyester molecules at their unsaturation points. Trace

amounts of an inhibitor, such as hydroquinone or benzoquinone, are added to

the liquid mix to prevent premature polymerization during storage.

The curing reaction for polyester resins is initiated by adding small quantities

of a catalyst, such as an organic peroxide or an aliphatic azo compound (Figure

2.29c), to the liquid mix. With the application of heat (in the temperature range
+

∗ ∗

HO

(a)

(b)

(c)

OH OHH  O

H H

H H

C C C C

HO C C C C C C

H H

H HO H H

H

H

H

C C

O

O

O

COOC(CH3)3

O O H

n = 3 to 5

H2O+

O H H

Maleic anhydride

Unsaturated polyester molecule

Ethylene glycol
O

C C

FIGURE 2.29 Principal ingredients in the preparation of a thermoset polyester matrix.

(a) Unsaturated polyester molecule. The asterisk denotes unsaturation points (reactive

sites) in the unsaturated polyester molecule; (b) styrene molecule; and (c) t-butyl

perbenzoate molecule (tBPB).
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FIGURE 2.30 Schematic representation of a cross-linked polyester resin.
of 1078C–1638C), the catalyst decomposes rapidly into free radicals, which react

(mostly) with the styrene molecules and break their C¼¼C bonds. Styrene

radicals, in turn, join with the polyester molecules at their unsaturation points

and eventually form cross-links between them (Figure 2.30). The resulting

material is a solid polyester resin.

The curing time for polyester resins depends on the decomposition rate of

the catalyst, which can be increased by increasing the curing temperature.

However, for a given resin–catalyst system, there is an optimum temperature

at which all of the free radicals generated from the catalyst are used in curing

the resin. Above this optimum temperature, free radicals are formed so rapidly

that wasteful side reactions occur and deterioration of the curing reaction is

observed. At temperatures below the optimum, the curing reaction is very slow.

The decomposition rate of a catalyst is increased by adding small quantities of

an accelerator, such as cobalt naphthanate (which essentially acts as a catalyst

for the primary catalyst).

As in the case of epoxy resins, the properties of polyester resins depend

strongly on the cross-link density. The modulus, glass transition temperature,

and thermal stability of cured polyester resins are improved by increasing the

cross-link density, but the strain-to-failure and impact energy are reduced. The

major factor influencing the cross-link density is the number of unsaturation

points in an uncured polyester molecule. The simplest way of controlling the

frequency of unsaturation points is to vary the weight ratio of various ingredi-

ents used for making unsaturated polyesters. For example, the frequency of

unsaturation in an isophthalic polyester resin decreases as the weight ratio
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 2.31 Effect of unsaturation level on the properties of a thermoset polyester

resin. (After How ingredients influence unsaturated polyester properties, Amoco Chemi-

cals Corporation, Bulletin IP-70, 1980.)
of isophthalic acid to maleic anhydride is increased. The effect of such weight

ratio variation on various properties of a cured isophthalic polyester resin is

shown in Figure 2.31. The type of ingredients also influences the properties and

processing characteristics of polyester resins. For example, terephthalic acid

generally provides a higher HDT than either isophthalic or orthophthalic acid,

but it has the slowest reactivity of the three phthalic acids. Adipic acid, if used

instead of any of the phthalic acids, lowers the stiffness of polyester molecules,

since it does not contain an aromatic ring in its backbone. Thus, it can be used

as a flexibilizer for polyester resins. Another ingredient that can also lower the

stiffness is diethylene glycol. Propylene glycol, on the other hand, makes the

polyester resin more rigid, since the pendant methyl groups in its structure

restrict the rotation of polyester molecules.

The amount and type of diluent are also important factors in controlling

the properties and processing characteristics of polyester resins. Styrene is the

most widely used diluent because it has low viscosity, high solvency, and low

cost. Its drawbacks are flammability and potential (carcinogenic) health hazard

due to excessive emissions. Increasing the amount of styrene reduces the

modulus of the cured polyester resin, since it increases the space between

polyester molecules. Because styrene also contributes unsaturation points,

higher styrene content in the resin solution increases the total amount of

unsaturation and, consequently, the curing time is increased. An excessive

amount of styrene tends to promote self-polymerization (i.e., formation of
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 2.32 Effect of increasing styrene content on the properties of a thermoset

polyester resin.
polystyrene) and causes polystyrene-like properties to dominate the cured

polyester resin (Figure 2.32).

Polyester resins can be formulated in a variety of properties ranging from

hard and brittle to soft and flexible. Its advantages are low viscosity, fast cure

time, and low cost. Its properties (Table 2.11) are generally lower than those for

epoxies. The principal disadvantage of polyesters over epoxies is their high

volumetric shrinkage. Although this allows easier release of parts from the

mold, the difference in shrinkage between the resin and fibers results in uneven

depressions (called sink marks) on the molded surface. The sink marks are

undesirable for exterior surfaces requiring high gloss and good appearance
TABLE 2.11
Typical Properties of Cast Thermoset Polyester

Resins (at 238C)

Density (g=cm3) 1.1–1.43

Tensile strength, MPa (psi) 34.5–103.5 (5,000–15,000)

Tensile modulus, GPa (106 psi) 2.1–3.45 (0.3–0.5)

Elongation, % 1–5

HDT, 8C (8F) 60–205 (140–400)

Cure shrinkage, % 5–12
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(e.g., Class A surfa ce qua lity in automot ive body pan els, such as hoods ). One

way of reducing these surface defects is to use low-shr inkage (als o call ed low -

profile) pol yester resins that con tain a therm oplast ic compo nent (such as

polysty rene or PMMA). As curing pro ceeds, phase changes in the therm oplas-

tic compo nent allow the formati on of micro voids that comp ensate for the

normal shrinka ge of the pol yester resin.

2.3.3 VINYL E STER

The star ting material for a vinyl ester matr ix is an uns aturated vinyl ester resin

produc ed by the reaction of an uns aturated carboxyl ic acid, su ch as metha crylic

or acrylic acid, and an epoxy (Figure 2.33). The C¼¼C double bonds (unsaturation

points) occur only at the ends of a vinyl ester molecule, and therefore, cross-

linking can take place only at the en ds, as shown schema tica lly in Figu re 2.34.

Because of fewer cross-links, a cured vinyl ester resin is more flexible and has

higher fracture toughness than a cured polyester resin. Another unique char-

acteristic of a vinyl ester molecule is that it contains a number of OH (hydroxyl)

groups along its length. These OH groups can form hydrogen bonds with

similar groups on a glass fiber surface resulting in excellent wet-out and good

adhesion with glass fibers.
C C C

C C C C C

OH

C

R O OC

CH3

CH3

−CH3

=

C

n  = 1 to 2

C

Vinyl ester resin

C C C CR

O

O O

R

Epoxy resin

where

and

Unsaturated carboxylic
acid

R9

R9

R9 or−H
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C C
O

C +

O

C2HO

OH O

C C

O

=

∗ ∗ ∗∗

FIGURE 2.33 Chemistry of a vinyl ester resin. The asterisk denotes unsaturation points

(reactive sites).
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FIGURE 2.34 Schematic representation of a cross-linked vinyl ester resin.
Vinyl ester resins, like unsaturated polyester resins, are dissolved in styrene

monomer, which reduces their viscosity. During polymerization, styrene core-

acts with the vinyl ester resin to form cross-links between the unsaturation

points in adjacent vinyl ester molecules. The curing reaction for vinyl ester

resins is similar to that for unsaturated polyesters.

Vinyl ester resinspossessgoodcharacteristicsof epoxyresins, suchasexcellent

chemical resistance and tensile strength, andof unsaturated polyester resins, such

as low viscosity and fast curing. However, the volumetric shrinkage of vinyl ester

resins is in the range of 5%–10%, which is higher than that of the parent epoxy

resins (Table 2.12). They also exhibit onlymoderate adhesive strengths compared

with epoxy resins.The tensile and flexural properties of cured vinyl ester resins do

not vary appreciably with the molecular weight and type of epoxy resin or other

coreactants. However, the HDT and thermal stability can be improved by using

heat-resistant epoxy resins, such as phenolic-novolac types.
TABLE 2.12
Typical Properties of Cast Vinyl Ester Resins

(at 238C)

Density (g=cm3) 1.12–1.32

Tensile strength, MPa (psi) 73–81 (10,500–11,750)

Tensile modulus, GPa (106 psi) 3–3.5 (0.44–0.51)

Elongation, % 3.5–5.5

HDT, 8C (8F) 93–135 (200–275)

Cure shrinkage, % 5.4–10.3
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2.3.4 BISMALEIMIDES AND OTHER THERMOSET POLYIMIDES

Bismaleimide (BMI), PMR-15 (for polymerization of monomer reactants), and

acetylene-terminated polyimide (ACTP) are examples of thermoset polyimides

(Table 2.13). Among these, BMIs are suitable for applications requiring a

service temperature of 1278C–2328C. PMR and ACTP can be used up to

2888C and 3168C, respectively. PMR and ACTP also have exceptional

thermo-oxidative stability and show only 20% weight loss over a period of

1000 h at 3168C in flowing air [18].

Thermoset polyimides are obtained by addition polymerization of liquid

monomeric or oligomeric imides to form a cross-linked infusible structure.

They are available either in solution form or in hot-melt liquid form. Fibers

can be coated with the liquid imides or their solutions before the cross-linking

reaction. On curing, they not only offer high temperature resistance, but also

high chemical and solvent resistance. However, these materials are inherently

very brittle due to their densely cross-linked molecular structure. As a result,

their composites are prone to excessive microcracking. One useful method of

reducing their brittleness without affecting their heat resistance is to combine

them with one or more tough thermoplastic polyimides. The combination

produces a semi-interpenetrating network (semi-IPN) polymer [19], which

retains the easy processability of a thermoset and exhibits the good toughness

of a thermoplastic. Although the reaction time is increased, this helps in

broadening the processing window, which otherwise is very narrow for some
TABLE 2.13
Properties of Thermoset Polyimide Resins (at 238C)

Bismaleimidea

Property

Without

Modifier

Withb

Modifier PMR-15c ACTPd

Density (g=cm3) — 1.28 1.32 1.34

Tensile strength, MPa (ksi) — — 38.6 (5.6) 82.7 (12)

Tensile modulus, GPa (Msi) — — 3.9 (0.57) 4.1 (0.60)

Strain-to-failure (%) — — 1.5 1.5

Flexural strength, MPa (ksi) 60 (8.7) 126.2 (18.3) 176 (25.5) 145 (21)

Flexural modulus, GPa (Msi) 5.5 (0.8) 3.7 (0.54) 4 (0.58) 4.5 (0.66)

Fracture energy, GIc,

J=m2 (in. lb=in.2)

24.5 (0.14) 348 (1.99) 275 (1.57) —

a Compimide 353 (Shell Chemical Co.).
b Compimide 353 melt blended with a bis-allylphenyl compound (TM 121), which acts as a

toughening modifier (Shell Chemical Co.).
c From Ref. [18].
d Thermid 600 (National Starch and Chemical Corporation).
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of these polyimides and causes problems in manufacturing large or complex

composite parts.

BMIs are the most widely used thermoset polyimides in the advanced

composite industry. BMI monomers (prepolymers) are prepared by the reac-

tion of maleic anhydride with a diamine. A variety of BMI monomers can be

prepared by changing the diamine. One commercially available BMI monomer

has the following chemical formula:

N C N

H

H

Bismaleimide (BMI)

C

C

C

C

O

O

C

C

C

C

O

O

BMI monomers are mixed with reactive diluents to reduce their viscosity and

other comonomers, such as vinyl, acrylic, and epoxy, to improve the toughness

of cured BMI. The handling and processing techniques for BMI resins are

similar to those for epoxy resins. The curing of BMI occurs through addition-

type homopolymerization or copolymerization that can be thermally induced

at 1708C–1908C.
2.3.5 CYANATE ESTER

Cyanate ester resin has a high glass transition temperature (Tg¼ 2658C), lower
moisture absorption than epoxies, good chemical resistance, and good dimen-

sional stability [20]. Its mechanical properties are similar to those of epoxies.

The curing reaction of cyanate ester involves the formation of thermally stable

triazine rings, which is the reason for its high temperature resistance. The

curing shrinkage of cyanate ester is also relatively small. For all these reasons,

cyanate ester is considered a good replacement for epoxy in some aerospace

applications. Cyanate ester is also considered for printed circuit boards, encap-

sulants, and other electronic components because of its low dielectric constant

and high dielectric breakdown strength, two very important characteristics for

many electronic applications.

Cyanate ester is commonly used in blended form with other polymers. For

example, it is sometimes blended with epoxy to reduce cost. Blending it with

BMI has shown to improve its Tg. Like many other thermoset polymers,

cyanate ester has low fracture toughness. Blending it with thermoplastics,

such as polyarylsulfone and polyethersulfone, has shown to improve its

fracture toughness.
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2.4 THERMOPLASTIC MATRIX

Table 2.14 lists the mechanical properties of selected thermoplastic polymers

that are considered suitable for high-performance composite applications. The

molecules in these polymers contain rigid aromatic rings that give them

a relatively high glass transition temperature and an excellent dimensional

stability at elevated temperatures. The actual value of Tg depends on the size

and flexibility of other chemical groups or linkages in the chain.

2.4.1 POLYETHER ETHER KETONE

Polyether ether ketone (PEEK) is a linear aromatic thermoplastic based on the

following repeating unit in its molecules:
TABLE 2.14
Properties of Selected Thermoplastic Matrix Resins (at 238C)

Property PEEKa PPSb PSULc PEId PAIe K-IIIf LARC-TPIg

Density (g=cm3) 1.30–1.32 1.36 1.24 1.27 1.40 1.31 1.37

Yield (Y ) or

tensile

(T ) strength,

MPa (ksi)

100 82.7 70.3 105 185.5 102 138

(14.5) (12) (10.2) (15.2) (26.9) (14.8) (20)

(Y) (T) (Y) (Y) (T) (T) (T)

Tensile

modulus,

GPa (Msi)

3.24 3.3 2.48 3 3.03 3.76 3.45

(0.47) (0.48) (0.36) (0.43) (0.44) (0.545) (0.5)

Elongation-at-break (%) 50 4 75 60 12 14 5

Poisson’s ratio 0.4 — 0.37 — — 0.365 0.36

Flexural

strength,

MPa (ksi)

170 152 106.2 150 212 — —

(24.65) (22) (15.4) (21.75) (30.7) — —

Flexural

modulus,

GPa (Msi)

4.1 3.45 2.69 3.3 4.55 — —

(0.594) (0.5) (0.39) (0.48) (0.66) — —

Fracture energy

(GIc), kJ=m
2

6.6 — 3.4 3.7 3.9 1.9 —

HDT, 8C (at 1.82 MPa) 160 135 174 200 274 — —

CLTE, 10�5=8C 4.7 4.9 5.6 5.6 3.6 — 3.5

a Victrex.
b Ryton.
c Udel.
d Ultem.
e Torlon.
f Avimid.
g Durimid.
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Continuous carbon fiber-reinforced PEEK composites are known in the indus-

try as aromatic polymer composite or APC.

PEEK is a semicrystalline polymer with a maximum achievable crystallinity

of 48% when it is cooled slowly from its melt. Amorphous PEEK is produced if

the melt is quenched. At normal cooling rates, the crystallinity is between 30%

and 35%. The presence of fibers in PEEK composites tends to increase the

crystallinity to a higher level, since the fibers act as nucleation sites for crystal

formation [21]. Increasing the crystallinity increases both modulus and yield

strength of PEEK, but reduces its strain-to-failure (Figure 2.35).

PEEK has a glass transition temperature of 1438C and a crystalline melting

point of 3358C. Melt processing of PEEK requires a temperature range of

3708C–4008C. The maximum continuous use temperature is 2508C.
The outstanding property of PEEK is its high fracture toughness, which is

50–100 times higher than that of epoxies. Another important advantage of

PEEK is its low water absorption, which is less than 0.5% at 238C compared

with 4%–5% for conventional aerospace epoxies. As it is semicrystalline, it does

not dissolve in common solvents. However, it may absorb some of these
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FIGURE 2.35 Tensile stress–strain diagram of PEEK at different crystallinities.

(Adapted from Seferis, J.C., Polym. Compos., 71, 58, 1986.)
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solvents, most notably methylene chloride. The amount of solvent absorption

decreases with increasing crystallinity.
2.4.2 POLYPHENYLENE SULFIDE

Polyphenylene sulfide (PPS) is a semicrystalline polymer with the following

repeating unit in its molecules:

S

n

PPS is normally 65% crystalline. It has a glass transition temperature of 858C
and a crystalline melting point of 2858C. The relatively low Tg of PPS is due to

the flexible sulfide linkage between the aromatic rings. Its relatively high

crystallinity is attributed to the chain flexibility and structural regularity of its

molecules. Melt processing of PPS requires heating the polymer in the tem-

perature range of 3008C–3458C. The continuous use temperature is 2408C. It
has excellent chemical resistance.
2.4.3 POLYSULFONE

Polysulfone is an amorphous thermoplastic with the repeating unit shown as

follows:

O

O

O

Diphenylene sulfone group

Polysulfone

O C

CH3

CH3

n

S

Polysulfone has a glass transition temperature of 1858C and a continuous use

temperature of 1608C. The melt processing temperature is between 3108C and

4108C. It has a high tensile strain-to-failure (50%–100%) and an excellent

hydrolytic stability under hot–wet conditions (e.g., in steam). Although poly-

sulfone has good resistance to mineral acids, alkalis, and salt solutions, it will

swell, stress-crack, or dissolve in polar organic solvents such as ketones, chlor-

inated hydrocarbons, and aromatic hydrocarbons.
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2.4.4 THERMOPLASTIC POLYIMIDES

Thermoplastic polyimides are linear polymers derived by condensation poly-

merization of a polyamic acid and an alcohol. Depending on the types of the

polyamic acid and alcohol, various thermoplastic polyimides can be produced.

The polymerization reaction takes place in the presence of a solvent and pro-

duces water as its by-product. The resulting polymer has a high melt viscosity

and must be processed at relatively high temperatures. Unlike thermosetting

polyimides, they can be reprocessed by the application of heat and pressure.

Polyetherimide (PEI) and polyamide-imide (PAI) are melt-processable

thermoplastic polyimides. Their chemical structures are shown as follows.
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Both are amorphous polymers with high glass transition temperatures, 2178C
for PEI and 2808C for PAI. The processing temperature is 3508C or above.

Two other thermoplastic polyimides, known as K polymers and Langley

Research Center Thermoplastic Imide (LARC-TPI), are generally available as

prepolymers dissolved in suitable solvents. In this form, they have low viscos-

ities so that the fibers can be coated with their prepolymers to produce flexible

prepregs. Polymerization, which for these polymers means imidization or imide

ring formation, requires heating up to 3008C or above.

The glass transition temperatures of K polymers and LARC-TPI are 2508C
and 2658C, respectively. Both are amorphous polymers, and offer excellent

heat and solvent resistance. Since their molecules are not cross-linked, they
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are not as brittle as thermoset polymers. They are processed with fibers from

low-viscosity solutions much like the thermoset resins; yet after imidization,

they can be made to flow and be shape-formed like conventional thermoplastics

by heating them over their Tg. This latter characteristic is due to the presence of

flexible chemical groups between the stiff, fused-ring imide groups in their

backbones. In LARC-TPI, for example, the sources of flexibility are the carbonyl

groups and the meta-substitution of the phenyl rings in the diamine-derived

portion of the chain. The meta-substitution, in contrast to para-substitution,

allows the polymer molecules to bend and flow.

O
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C

O
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N N
2.5 FIBER SURFACE TREATMENTS

The primary function of a fiber surface treatment is to improve the fiber surface

wettability with the matrix and to create a strong bond at the fiber–matrix

interface. Both are essential for effective stress transfer from the matrix to the

fiber and vice versa. Surface treatments for glass, carbon, and Kevlar fibers for

their use in polymeric matrices are described in this section.*

2.5.1 GLASS FIBERS

Chemical coupling agents are used with glass fibers to (1) improve the fiber–

matrix interfacial strength through physical and chemical bonds and (2) protect

the fiber surface from moisture and reactive fluids.
* Several investigators [27] have suggested that there is a thin but distinct interphase between the

fibers and the matrix. The interphase surrounds the fiber and has properties that are different from

the bulk of the matrix. It may be created by local variation of the matrix microstructure close to the

fiber surface. For example, there may be a variation in cross-link density in the case of a thermo-

setting matrix, or a variation of crystallinity in the case of a semicrystalline thermoplastic matrix,

both of which are influenced by the presence of fibers as well as the fiber surface chemistry. The

interphase may also contain microvoids (resulting from poor fiber surface wetting by the matrix or

air entrapment) and unreacted solvents or curing agents that tend to migrate toward the fiber

surface.
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Common coupling agents used with glass fibers are organofunctional

silicon compounds, known as silanes. Their chemical structure is represented

by R0-Si(OR)3, in which the functional group R0 must be compatible with the

matrix resin in order for it to be an effective coupling agent. Some representa-

tive commercial silane coupling agents are listed in Table 2.15.

The glass fiber surface is treated with silanes in aqueous solution. When a

silane is added to water, it is hydrolyzed to form R0-Si(OH)3:

R0 � Si(OR)3
Silane

þ 3H2O
Water

! R0 � Si(OH)3 þ 3HOR:

Before treating glass fiber with a coupling agent, its surface must be cleaned

from the size applied at the time of forming. The size is burned away by heating

the fiber in an air-circulating oven at 3408C for 15–20 h. As the heat-cleaned

fibers are immersed into the aqueous solution of a silane, chemical bonds

(Si–O–Si) as well as physical bonds (hydrogen bonds) are established between

the (OH) groups on the glass fiber surface (which is hydroscopic owing to

alkaline content) and R0 – Si(OH)3 molecules.
TABLE 2.15
Recommended Silane Coupling Agents for

Glass Fiber-Reinforced Thermoset Polymers

With epoxy matrix:

1. g-Aminopropyltriethoxysilane

H2N� (CH2)3 � Si(OC2H5)3

2. g-Glycidyloxypropyltrimethoxysilane

H2C – CH – CH2 – O(CH2)3 – Si(OCH3)3

O

3. N-b-Aminoethyl-g-aminopropyltrimethoxysilane

H2N� CH2 � CH2 � NH� (CH2)3 � Si(OCH3)3

With polyester and vinyl ester matrix:

1. g-Methacryloxypropyltrimethoxysilane

CH3 O

j k
H2 ¼ C� C� O(CH2)3 � Si(OCH3)3

2. Vinyl triethoxysilane

H2C ¼ CH� Si(OC2H5)3

3. Vinyl tris(b-methoxyethoxy)silane

H2C ¼ CH� Si(OCH2 � CH2 � O� CH3)3
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When treated glass fiber s are incorpora ted into a resi n matrix, the function al

group R 0 in the sil ane film react s with the resin to form ch emical coup ling

between fiber s an d matr ix.
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Without a coup ling agen t, stress trans fer between the fiber s and the poly mer

matrix is possibl e owin g to a mech anical inter locking that aris es because of

higher thermal contrac tion of the matr ix relative to the fiber s. Since the

coefficie nt of therm al expansi on (and contrac tion) of the polyme r matr ix is

nearly 10 times higher than that of the fibers, the matrix shrinks con siderab ly

more than the fibers as both coo l down from the high pr ocessing tempe ratur e.

In add ition, polyme rization shrinka ge in the case of a therm oset polyme r and

crystall ization shrinka ge in the case of a semicryst alline polyme r co ntribu te

to mechani cal interlocki ng. Residu al stre sses are generate d in the fiber as wel l

as the matr ix surround ing the fiber as a result of mechan ical interlocki ng.

Howev er, at elevat ed servi ce temperatur es or at high ap plied loads, the

difference in expansi on of fiber s an d matrix may relieve this mech anical inter -

locking and residu al stresses . Un der extre me circumsta nces, a micr ocrack may

be form ed at the interface, resul ting in redu ced mechani cal propert ies for the

composite. Furthermore, moisture or other reactive fluids that may diffuse

through the resin can accumulate at the interface and cause deterioration in

fiber properties.

Eviden ce of fiber–mat rix coupling e ffect can be observed in Figure 2.36,

in which fracture surfaces of uncoupled and coupled fiber-reinforced epoxies

are compared. In the uncoupled system (Figure 2.36a), the interfacial failure
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(a)

(b)

FIGURE 2.36 Photomicrographs of fracture surfaces of E-glass–epoxy composites

demonstrating (a) poor adhesion with an incompatible silane coupling agent and (b)

good adhesion with a compatible silane coupling agent.
is characterized by clean fiber surfaces, thin cracks (debonding) between

fibers and matrix, and clear impressions in the matrix from which the fibers

have pulled out or separated. In the coupled system (Figure 2.36b), strong

interfacial strength is characterized by fiber surfaces coated with thin layers

of matrix and the absence of fiber–matrix debonding as well as absence of

clear fiber surface impressions in the matrix. In the former, debonding occurs at
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TABLE 2.16
Effect of Silane Coupling Agent on the

Strength of E-Glass Fiber-Reinforced

Polyester Rods

Strength (MPa)

Treatment Dry Weta

No silane 916 240

Vinyl silane 740 285

Glycidyl silane 990 380

Methacryl silane 1100 720

a After boiling in water at 1008C for 72 h.
the fiber–matrix interface, but in the latter, cohesive failure occurs in the

matrix.

The interfacial bond created by silanes or other coupling agents allows a

better load stress transfer between fibers and matrix, which in turn improves

the tensile strength as well as the interlaminar shear strength of the composite.

However, the extent of strength improvement depends on the compatibility of

the coupling agent with the matrix resin. Furthermore, it has been observed

that although a strong interface produces higher strength, a relatively weaker

interface may contribute to higher energy dissipation through debonding at

the fiber–matrix interface, which may be beneficial for attaining higher fracture

toughness.

The data in Table 2.16 show the improvement in strength achieved by

using different silane coupling agents on the glass fiber surface of a glass fiber–

polyester composite. Thewet strength of the composite,measured after boiling in

water for 72 h, is lower than the dry strength; however, by adding the silane

coupling agent and creating a stronger interfacial bondbetween the fibers and the

matrix, the wet strength is significantly improved.

2.5.2 CARBON FIBERS

Carbon fiber surfaces are chemically inactive and must be treated to form

surface functional groups that promote good chemical bonding with the poly-

mer matrix. Surface treatments also increase the surface area by creating

micropores or surface pits on already porous carbon fiber surface. Increase in

surface area provides a larger number of contact points for fiber–matrix bonding.

Commercial surface treatments for carbon fibers are of two types, oxidative

or nonoxidative [4,5]:
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1. Oxidative surface treatments produce acidic functional groups, such as

carboxylic, phenolic, and hydroxylic, on the carbon fiber surface. They

may be carried out either in an oxygen-containing gas (air, oxygen, carbon

dioxide, ozone, etc.) or in a liquid (nitric acid, sodium hypochloride, etc.).

The gas-phase oxidation is conducted at 2508C or above and often in

the presence of a catalyst. Oxidation at very high temperatures causes

excessive pitting on the carbon fiber surface and reduces the fiber

strength.

Nitric acid is the most common liquid used for the liquid-phase

oxidation. The effectiveness of treatment in improving the surface prop-

erties depends on the acid concentration, treatment time, and tempera-

ture, as well as the fiber type.

2. Several nonoxidative surface treatments have been developed for carbon

fibers. In one of these treatments, the carbon fiber surface is coated with

an organic polymer that has functional groups capable of reacting with

the resin matrix. Examples of polymer coatings are styrene–maleic

anhydride copolymers, methyl acrylate–acrylonitrile copolymer, and

polyamides. The preferred method of coating the fiber surface is electro-

polymerization, in which carbon fibers are used as one of the electrodes in

an acidic solution of monomers or monomer mixtures [22]. Improved

results are obtained if the carbon fiber surface is oxidized before the

coating process.
2.5.3 KEVLAR FIBERS

Similar to carbon fibers, Kevlar 49 fibers also suffer from weak interfacial

adhesion with most matrix resins. Two methods have been successful in

improving the interfacial adhesion of Kevlar 49 with epoxy resin [7]:

1. Filament surface oxidation or plasma etching, which reduces the fiber

tensile strength but tends to improve the off-axis strength of the com-

posite, which depends on better fiber–matrix interfacial strength.

2. Formation of reactive groups, such as amines (�NH2), on the fiber

surface. These reactive groups form covalent bonds with the epoxide

groups across the interface.
2.6 FILLERS AND OTHER ADDITIVES

Fillers are added to a polymer matrix for one or more of the following reasons:

1. Reduce cost (since most fillers are much less expensive than the matrix

resin)

2. Increase modulus
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3. Reduce mold shrinka ge

4. Cont rol viscos ity

5. Prod uce smooth er surfa ce

The mo st common filler for polyest er and vinyl ester resi ns is calci um carbon ate

(CaCO3), which is used to reduce cost as well as mold shrinka ge. Exa mples of

other filler s are clay, mica , and glass micro spheres (solid as well as hollow ).

Althou gh fillers increa se the mod ulus of an unreinf orced matr ix, they tend to

reduce its stren gth an d impac t resistance . Typical pro perties obtaine d with

calcium carbon ate-filled polyester matr ix are shown in Table 2.17.

Impact stren gth and crack resi stance of brit tle therm osett ing polyme rs can

be improved by mixing them with small amounts of a liquid elastomeric tough-

ener, such as carboxyl -termi nated polyb utadien e acryl onitrile (CTBN ) [23]. In

additio n to filler s an d tou gheners, colorant s, flam e retar dants, an d ultr aviol et

(UV) ab sorbers may also be ad ded to the matrix resin [24] .

2.7 INCORPORATION OF FIBERS INTO MATRIX

Processes for incorporating fibers into a polymer matrix can be divided into

two categories. In one category, fibers and matrix are p rocessed d irectly into

the finished produ ct or structure . E xamples o f such p rocesses are filamen t

win ding and pultrusion. In the se cond c ategory, f ib ers are incorp orated into

the m atrix to p repare ready-to-mol d shee ts t hat ca n b e stored an d l ater

proc essed t o f orm l amin ated structures by a utoclave m old in g or comp re s-

sion molding. In this se ctio n, we brie fly describe the processes used in

preparing these ready-to-mold sheets. Knowledge of these processes w ill be

helpful in u nderstand i ng th e pe rfo rmance of va rio us co m posite lamin ate s.

Methods for manufacturing composite structures by filament winding, pul-

trusion, autoclave molding, compression molding, and others are described

in Chapter 5.

Ready- to-mold fiber-re inforce d polyme r sheets are available in two basic

forms, prepregs and sheet-molding compounds.

TABLE 2.17
Properties of Calcium Carbonate-Filled Polyester Resin

Property Unfilled Polyester Polyester Filled with 30 phr CaCO3

Density, g=cm3 1.30 1.48

HDT, 8C (8F) 79 (174) 83 (181)

Flexural strength, MPa (psi) 121 (17,600) 62 (9,000)

Flexural modulus, GPa (106 psi) 4.34 (0.63) 7.1 (1.03)
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FIGURE 2.37 Schematic of prepreg manufacturing.
2.7.1 PREPREGS

These are thin sheets of fibers impregnated with predetermined amounts of

uniformly distributed polymer matrix. Fibers may be in the form of continuous

rovings, mat, or woven fabric. Epoxy is the primary matrix material in prepreg

sheets, although other thermoset and thermoplastic polymers have also been

used. The width of prepreg sheets may vary from less than 25 mm (1 in.) to

over 457 mm (18 in.). Sheets wider than 457 mm are called broadgoods.

The thickness of a ply cured from prepreg sheets is normally in the range of

0.13–0.25 mm (0.005–0.01 in.). Resin content in commercially available pre-

pregs is between 30% and 45% by weight.

Unidirectional fiber-reinforced epoxy prepregs are manufactured by pulling

a row of uniformly spaced (collimated) fibers through a resin bath containing

catalyzed epoxy resin dissolved in an appropriate solvent (Figure 2.37). The

solvent is used to control the viscosity of the liquid resin. Fibers preimpreg-

nated with liquid resin are then passed through a chamber in which heat is

applied in a controlled manner to advance the curing reaction to the B-stage. At

the end of B-staging, the prepreg sheet is backed up with a release film or waxed

paper and wound around a take-up roll. The backup material is separated from

the prepreg sheet just before it is placed in the mold to manufacture the

composite part. The normal shelf life (storage time before molding) for epoxy

prepregs is 6–8 days at 238C; however, it can be prolonged up to 6 months or

more if stored at �188C.

2.7.2 SHEET-MOLDING COMPOUNDS

Sheet-molding compounds (SMC) are thin sheets of fibers precompounded

with a thermoset resin and are used primarily in compression molding process

[25]. Common thermoset resins for SMC sheets are polyesters and vinyl esters.

The longer cure time for epoxies has limited their use in SMC.
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FIGURE 2.38 Various types of sheet-molding compounds (SMC): (a) SMC-R,

(b) SMC-CR, and (c) XMC.
The various types of sheet-mo lding co mpounds in current use (Figur e 2.38)

are as follo ws:

1. SMC- R, con taining rando mly orient ed discont inuou s fibers. The nom -

inal fiber content (by weigh t percent ) is usu ally indica ted by two-dig it

numbe rs afte r the letter R. For examp le, the nominal fiber co ntent in

SMC- R30 is 30 % by weigh t.

2. SMC- CR, contain ing a layer of unidir ection al con tinuous fibers on top

of a layer of rand omly orient ed discont inuou s fiber s. The nominal fiber

content s are usu ally indica ted by two-dig it num bers after the letters C

and R. For examp le, the nominal fiber co ntents in SM C-C40 R30 are

40% by weigh t of unid irectional continuous fiber s and 30% by weig ht of

randoml y oriente d discon tinuous fiber s.

3. XMC (trademar k of PPG Indu stries), co ntaining continuous fibers

arrange d in an X pa ttern, wher e the a ngle between the inter laced fibers

is between 58 and 78. Addition ally, it may also contai n rando mly

orient ed discontinu ous fibers interspers ed with the co ntinuous fibers.

A typic al formu lation for sheet-mol ding comp ound SM C-R30 is present ed in

Table 2.18. In this form ulation , the uns aturated polyest er and styren e are

polyme rized toget her to form the polyest er matrix. The ro le of the low shrink

additive, whi ch is a thermo plastic polyme r powder , is to reduc e the polyme r-

ization shrinka ge. The functi on of the catal yst (also called the init iator) is to

initiate the pol ymerizati on react ion, but onl y at an elevated tempe ratur e. The

function of the inhibitor is to prevent premature curing (gelation) of the resin

that may start by the action of the catalyst while the ingredients are blended

together. The mold release agent acts as an internal lubricant, and helps in

releasing the molded part from the die. Fillers assist in reducing shrinkage of
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TABLE 2.18
Typical Formulation of SMC-R30

Material Weight (%)

Resin paste 70%

Unsaturated polyester 10.50

Low shrink additive 3.45

Styrene monomer 13.40

Filler (CaCO3) 40.70

Thickener (MgO) 0.70

Catalyst (TBPB) 0.25

Mold release agent (zinc stearate) 1.00

Inhibitor (benzoquinone) <0.005 g

Glass fiber (25.4 mm, chopped) 30%

Total 100%
the molded part, promot e better fiber distribut ion dur ing moldi ng, and reduce

the ov erall co st of the co mpound. Typical filler –resin weight ratios are 1.5:1 for

SMC- R30, 0.5: 1 for SMC-R50 , and ne arly 0:1 for SMC- R65. The thickene r is

an impor tant compon ent in a n SMC form ulation since it increa ses the viscos ity

of the compou nd withou t pe rmanent ly cu ring the resin and thereby makes it

easie r to ha ndle an SM C sheet before moldi ng. Howeve r, the thicke ning

react ion should be suff iciently slow to allow proper wet-ou t and impregn ation

of fibers wi th the resin. At the end of the thicke ning reaction, the comp ound

becomes dry , nont acky, and easy to cut and shape. With the ap plication of he at

in the mold, the thicke ning react ion is revers ed an d the resin pa ste beco mes

suffici ently liquid-li ke to flow in the mold. Commo n thicke ners used in SM C

form ulations are oxides and hy droxides of magnes ium and calciu m, such a s

MgO, Mg(O H)2, CaO, a nd Ca( OH) 2. Anothe r method of thicke ning is known

as the inter penetra ting thicke ning process (ITP ), in whi ch a prop rietary poly-

urethane rubber is used to form a temporary three-dimensional network struc-

ture with the polyester or vinyl ester resin.

SMC-R and SMC-CR sheets are manufactured on a sheet-molding com-

pound machi ne (Figur e 2.39) . The resi n paste is prepared by mechani cally

blending the various components listed in Table 2.18. It is placed on two

moving polyethylene carrier films behind the metering blades. The thickness of

the resin paste on each carrier film is determined by the vertical adjustment

of the metering blades. Continuous rovings are fed into the chopper arbor,

which is commonly set to provide 25.4 mm long discontinuous fibers. Chopped

fibers are deposited randomly on the bottom resin paste. For SMC-CR sheets,

parallel lines of continuous strand rovings are fed on top of the chopped fiber

layer. After covering the fibers with the top resin paste, the carrier films are
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pulled through a number of compact ion roll s to form a sh eet that is then wound

around a take-u p ro ll. Wett ing of fibers with the resi n pa ste takes place at the

compact ion stage .

XMC s heets are manufactured by the filament winding process ( see

Chapte r 5) in which continuous stra nd rovings are pulled through a tank of

resin pa ste and woun d under tensi on around a large rotat ing cyli ndrical dr um.

Chopped fibers, usually 25.4 mm long, are de posited on the continuous fiber

layer dur ing the tim e of wi nding. After the de sired thickne ss is obt ained, the

built-up mate rial is cut by a knife alon g a longitu dinal slit on the dru m to form

the XMC sheet.

At the end of man ufacturing, SM C sheets are allowed to ‘‘matur e’’ (thicken

or increa se in viscos ity) at abou t 30 8 C for 1–7 days. The matur ed sheet can be

either compres sion molded immediat ely or store d at � 18 8 C for futur e use.

2.7.3 INCORPORATION OF FIBERS INTO T HERMOPLASTIC R ESINS

Incorporat ing fiber s into high-v iscosity therm oplastic resi ns and achievi ng a

good fiber wet -out are much harder than tho se in low-vi scosity thermo set

resins. Never thele ss, severa l fiber incorpora tion techn iques in therm oplastic

resins have be en develop ed, and many of them are now commer cial ly used to

produc e therm oplastic pr epregs. These prepregs can be stored for unlim ited

time without any specia l storage faci lity and, whene ver requ ired, stacke d and

consoli dated into lamin ates by the a pplication of he at and pressur e.

1. Hot-me lt imp regnat ion is used mainl y for semi crystall ine thermo plastics ,

such as PEEK and PPS, for which there are no suitable solvents avail-

able for solution impregnation. Amorphous polymers are also used for

hot-melt impregnation.

Continuous strand
Chopper

Resin paste

Carrier film roll

Compaction rollers

Take-up roll

roving

Resin
paste

  

Carrier film roll

Chopped fibers

FIGURE 2.39 Schematic of a sheet molding compounding operation.
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FIGURE 2.40 Hot-melt impregnation of thermoplastic prepregs. (Adapted from

Muzzy, J.D., The Manufacturing Science of Composites, T.G. Gutowski, ed., ASME,

New York, 1988.)
In this process, collimated fiber tows are pulled through a die attached

at the end of an extruder, which delivers a fine sheet of hot polymer melt

under high pressure to the die. To expose the filaments to the polymer

melt, the fiber tows are spread by an air jet before they enter the die

(Figure 2.40). The hot prepreg exiting from the die is rapidly cooled by a

cold air jet and wound around a take-up roll.

For good and uniform polymer coating on filaments, the resin melt

viscosity should be as low as possible. Although the viscosity can be

reduced by increasing the melt temperature, there may be polymer

degradation at very high temperatures. Hot-melt-impregnated prepregs

tend to be stiff, boardy, and tack-free (no stickiness). This may cause

problems in draping the mold surface and sticking the prepreg layers to

each other as they are stacked before consolidation.

2. Solution impregnation is used for polymers that can be dissolved in a

suitable solvent, which usually means an amorphous polymer, such as

polysulfone and PEI. The choice of solvent depends primarily on

the polymer solubility, and therefore, on the chemical structure of the

polymer and its molecular weight. The solvent temperature also affects

the polymer solubility. In general, a low-boiling-point solvent is pre-

ferred, since it is often difficult to remove high-boiling-point solvents

from the prepreg.

Solution impregnation produces drapable and tacky prepregs. How-

ever, solvent removal from the prepreg is a critical issue. If the solvent is

entrapped, it may create a high void content in the consolidated lamin-

ate and seriously affect its properties.

3. Liquid impregnation uses low-molecular-weight monomers or prepoly-

mers (precursors) to coat the fibers. This process is commonly used for

LARC-TPI and a few other thermoplastic polyimides. In this case, the

precursor is dissolved in a solvent to lower its viscosity.
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FIGURE 2.41 (a) Commingled, (b) wrapped, and (c) coweaved fiber arrangements.
Liquid-impregnated prepregs are drapable and tacky. However, the

removal of residual solvents and reaction by-products from the prepreg

during the consolidation stage can be difficult.

4. Film stacking is primarily used with woven fabrics or random fiber mats,

which are interleaved between unreinforced thermoplastic polymer

sheets. The layup is then heated and pressed to force the thermoplastic

into the reinforcement layers and thus form a prepregged sheet.

5. Fiber mixing is a process of intimately mixing thermoplastic fibers with

reinforcement fibers by commingling,wrapping, or coweaving (Figure 2.41).

Commingled and wrapped fibers can be woven, knitted, or braided into

two- or three-dimensional hybrid fabrics. The thermoplastic fibers in

these fabrics can be melted and spread to wet the reinforcement fibers at

the consolidation stage during molding.

The principal advantage of using hybrid fabrics is that they are highly

flexible and can be draped over a contoured mold, whereas the other

thermoplastic prepregs are best suited for relatively flat surfaces. How-

ever, fiber mixing is possible only if the thermoplastic polymer is avail-

able in filamentary form. Such is the case for PEEK and PPS that are

spun into monofilaments with diameters in the range of 16–18 mm.

Polypropylene (PP) and polyethylene terephthalate (PET) fibers are also

used in making commingled rovings and fabrics.
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6. Dry powder coating [26] uses charged and fluidized thermoplastic pow-

ders to coat the reinforcement fibers. After passing through the fluidized

bed, the fibers enter a heated oven, where the polymer coating is melted

on the fiber surface.
2.8 FIBER CONTENT, DENSITY, AND VOID CONTENT

Theoretical calculations for strength, modulus, and other properties of a fiber-

reinforced composite are based on the fiber volume fraction in the material.

Experimentally, it is easier to determine the fiber weight fraction wf, from

which the fiber volume fraction vf and composite density rc can be calculated:

vf ¼ wf=rf
(wf=rf )þ (wm=rm)

, (2:7)

rc ¼
1

(wf=rf )þ (wm=rm)
, (2:8)

where

wf ¼ fiber weight fraction (same as the fiber mass fraction)

wm¼matrix weight fraction (same as the matrix mass fraction) and is equal

to (1�wf)

rf ¼ fiber density

rm ¼matrix density

In terms of volume fractions, the composite density rc can be written as

rc ¼ rfvf þ rmvm, (2:9)

where vf is the fiber volume fraction and vm is the matrix volume fraction. Note

that vm is equal to (1�vf).

The fiber weight fraction can be experimentally determined by either the

ignition loss method (ASTM D2854) or the matrix digestion method (ASTM

D3171). The ignition loss method is used for PMC-containing fibers that do not

lose weight at high temperatures, such as glass fibers. In this method, the cured

resin is burned off from a small test sample at 5008C–6008C in a muffle furnace.

In the matrix digestion method, the matrix (either polymeric or metallic) is

dissolved away in a suitable liquid medium, such as concentrated nitric acid.

In both cases, the fiber weight fraction is determined by comparing the weights

of the test sample before and after the removal of the matrix. For unidirectional

composites containing electrically conductive fibers (such as carbon) in a
� 2007 by Taylor & Francis Group, LLC.



nonco nductiv e matr ix, the fiber volume fraction c an be determ ined direct ly by

compari ng the elect rical resi stivity of the compo site with that of fibers (ASTM

D3355) .

Duri ng the incorpora tion of fibers into the matrix or dur ing the man ufac-

turing of laminates , a ir or other vo latiles may be trapped in the mate rial. The

trapped air or volat iles exist in the laminate as micr ovoids, which may signifi -

cantly affect some of its mechani cal propert ies. A high void content (over 2%

by volume ) usu ally leads to lower fatigue resi stance, greater suscept ibilit y to

water diffu sion, an d increa sed varia tion (scatter) in mechan ical pro perties. The

void content in a composite laminate can be estimated by comparing the

theoretical density with its actual density:

vv ¼ rc � r

rc 
, ( 2:10 )

where

vv¼ volume fraction of vo ids

rc ¼ theoretical de nsity, calculated from Equat ion 2.8 or 2.9

r ¼ actual density, measured experimentally on composite specimens (which

is less than rc due to the presence of voids)
EXAMPLE 2.1

Calculate vf and rc for a composite laminate containing 30 wt% of E-glass fibers in

a polyester resin. Assume rf¼ 2.54 g=cm3 and rm¼ 1.1 g=cm3.
� 2
SOLUTION

Assume a small composite sample of mass 1 g and calculate its volume.
007 by Taylor & Francis
Fiber Matrix
Group, LLC.
Mass (g)
 0.3
 1 � 0.3¼ 0.7
Density (g=cm3)
 2.54
 1.1
Volume (cm3)

0:3

2:54
¼ 0:118
0:7

1:1
¼ 0:636
Therefore, volume of 1 g of composite is (0.118 þ 0.636) or 0.754 cm3. Now, we

calculate

Fiber volume fraction vf ¼ 0:118

0:754
¼ 0:156 or 15.6%

Matrix volume fraction vm¼ 1 � vf¼ 1 � 0.156¼ 0.844 or 84.4%



Composite density r c ¼
1 g

0:754 cm 3 
¼ 1:326 g= cm3

Note: These values can also be obtained using Equations 2.7 and 2.8.

EXAMPLE 2.2

Assume that the fibers in a composite lamina are arranged in a square array as

shown in the figure. Determine the maximum fiber volume fraction that can be

packed in this arrangement.

+Unit
cell

a

a
r f
� 2
SOLUTION

Number of fibers in the unit cell¼ 1 þ (4) (1=4)¼ 2

Fiber cross-sectional area in the unit cell¼ (2) (pr2f )
Unit cell area¼ a2

Therefore,

Fiber volume fraction (vf) ¼ 2pr2f
a2

from which, we can write

a ¼
ffiffiffiffiffiffi
2p

p

v
1=2
f

rf :

Interfiber spacing (R) between the central fiber and each corner fiber is given by

R ¼ affiffiffi
2

p � 2rf ¼ rf
p

vf

� �1=2

�2

" #
:
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For maximum volume fraction, R ¼ 0, which gives

vfmax
¼ 0: 785 or 78:5% :
2.9 FIBER ARCHITECTURE

Fiber a rchitectur e is de fined as the arrange ment of fibers in a composi te, which

not onl y influ ences the propert ies of the composi te, but also its process ing. The

charact eristic s of fiber archit ecture that influence the mechani cal propert ies

include fiber co ntinuity, fiber orient ation, fiber crimping, and fiber interlock -

ing. Durin g process ing, matr ix flow through the fiber archit ecture determ ines

the void content , fiber wet ting, fiber dist ribution, dry area and others in the

final composi te, which in turn, also affect its propert ies and perfor mance.

If co ntinuous fibers are used, the fiber archit ecture ca n be one-dim ensional ,

two-dim ensional , or three- dimensiona l. The one -dimensiona l archit ecture can

be produ ced by the prepregg ing techni que descri bed earlier or by other manu -

facturing methods , su ch as pultr usion. The two- and three-d imensional archi-

tectures are produced by text ile man ufacturing pr ocesses and are used with

liquid comp osite moldin g pro cesses, such as resi n trans fer moldi ng, in which a

liquid polyme r is injec ted into the dry fiber pr eform con taining two- or three-

dimens ional fiber a rchitectur e. Eac h fiber architec ture type has its unique

charact eristic s, and if prop erly used, can provide an opportunit y not onl y to

tailor the struc tural pe rformance of the co mposite, but a lso to produce a

variety of struc tural shap es and form s.

In the one -dimensiona l a rchitectur e, fiber stra nds (or yarns) are or iented all

in one direct ion. The unidire ctional orientati on of co ntinuous fibers in the

composi te pr oduces the highest stre ngth and modu lus in the fiber direction ,

but much lower strength and mo dulus in the transverse to the fiber direction . A

multil ayered composi te laminate can be bui lt using the one-dim ensional archi-

tecture in which each layer may contain unidir ection al co ntinuous fibers, but

the angle of orient ation from layer to layer can be varie d. With prope r orien-

tation of fibers in various layer s, the difference in strength an d modulus va lues

in different directions c an be reduced. Ho wever, one major prob lem with many

multil ayered laminates is that their interlam inar propert ies can be low and they

can be prone to early failure by delamination, in which cracks originated at the

interface between the layers due to high interlaminar tensile and shear stresses

cause separation of layers.

The two-dimensional architecture with continuous fibers can be either

bidirectional or multidirectional. In a bidirectional architecture, fiber yarns

(or strands) are either woven or interlaced together in two mutually perpen-

dicula r direct ions (Figur e 2.42a). Thes e tw o direct ions are called war p a nd fill

directions, and represent 08 and 908 orientations, respectively. The fiber yarns

are crimped or undulated as they move up and down to form the interlaced
007 by Taylor & Francis Group, LLC.



struc ture. The nom enclature used for woven fabric arch itecture is given in

Appendix A.1 . By ch anging the numb er of fiber yarn s per unit width in the

warp and fill directions, a variety of properties can be obtained in these

two directions. If the number of fiber yarns is the same in both warp and

fill directions, then the properties are the same in these two directions and

the fabric is balanced. However, the properties in other directions are still low.

In order to improve the properties in the other directions, fiber yarns

can be interlaced in the other directions to produce multidirectional fabrics

(Figure 2.42b), such as 0=±u or 0=90=±u fabric. The angle ±u refers to þu and

�u orientation of the bias yarns relative to the warp or 08 direction.

(a) (b)

(c) (d)

(e) (f)

FIGURE 2.42 Two-dimensional fiber architectures with continuous fibers. (a) Bidirec-

tional fabric, (b) Multidirectional fabric, (c) Weft-knitted fabric, (d) Warp-knitted

fabric, (e) Biaxial braided fabric, and (f) Triaxial braided fabric.
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Knitti ng and braidi ng are two other textile process es us ed for making

two-dim ensional fiber arch itecture. In a knitt ed fabric , the fiber yarns are

interloop ed inst ead of interlaced (Figure 2.42c and d). If the knitt ing yarn

runs in the cross-mach ine direct ion, the fabric is called the weft knit, and if it

runs in the machi ne direction, it is call ed the warp knit. Knitted fabrics are

produc ed on indust rial knitting mach ines in whic h a set of closely spaced

needles pull the yarns and form the loops. Kn itted fabri cs are more flex ible

than woven fabrics and are more suit able for making shapes with tight

corners . Biaxia l braided fabri cs are produced by intertw ining two sets of

continuous yarns, one in the þu direction and the other in the � u direction
relative to the braidi ng a xis (Figure 2.42e). The angle u is called the braid
angle or the bias angle. Triaxial braids contai n a third set of ya rns orient ed

along the braidi ng axis (Figur e 2.42f). Braided co nstruc tion is most suitab le

for tubular struc tures , a lthough it is also used for flat form.

A two -dimensiona l archit ecture can also be c reated using rando mly

oriente d fibers, either with con tinuous lengths or wi th discon tinuous lengths

(Figur e 2.43) . The former is call ed the continuous fiber mat (C FM), whi le the

latter is called the cho pped stran d mat (CS M). In a CFM, the continuou s yarns

can be eithe r stra ight or orient ed in a random swirl pa ttern. In a CSM, the fiber

yarns are discontinu ous (chop ped) and randoml y oriented. In both mats, the

fibers are he ld in place using a therm oplastic binder. Bec ause of the random

orienta tion of fibers, the compo site made from eithe r CFM or CSM displays

equal or nearly equal propert ies in all directions in the plane of the co mposi te

and thus, can be considered planar isotropic.

Composites made with one- and two-dimensional fiber architectures are

weak in the z-direction (thickness direction) and often fail by delamination. To

improve the interlaminar properties, fibers are added in the thickness direction,

creating a three- dimens ional archite cture (Figur e 2.44) . The simp lest form of
(a) (b)

FIGURE 2.43 Two-dimensional fiber architecture with random fibers. (a) Continuous

fiber mat (CFM) and (b) Chopped strand mat (CSM).
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(i) (ii)

(iii) (iv)

FIGURE 2.44 Examples of three-dimensional fiber architecture. (i) 3D, (ii) 2D or angle

interlock, (iii) 3X, and (iv) 3X with warp stuffer yarns. (From Wilson, S., Wenger, W.,

Simpson, D. and Addis, S., ‘‘SPARC’’ 5 Axis, 3D Woven, Low Crimp Performs, Resin

Transfer Molding, SAMPE Monograph 3, SAMPE, 1999. With permission.)
three-dimensional architecture can be created by stitching a stack of woven

fabrics with stitching threads. The three-dimensional architecture can also be

produced by weaving or braiding.
REFERENCES
1.
� 20
T.-W. Chou, Microstructural Design of Fiber Composites, Cambridge University

Press, Cambridge, UK (1992).
2.
 V.V. Kozey, H. Jiang, V.R. Mehta, and S. Kumar, Compressive behavior of

materials: Part II. High performance fibers, J. Mater. Res., 10:1044 (1995).
3.
 J.F. Macdowell, K. Chyung, and K.P. Gadkaree, Fatigue resistant glass and glass-

ceramic macrofiber reinforced polymer composites, 40th Annual Technical Confer-

ence, Society of Plastics Industry, January (1985).
4.
 J.-B. Donnet and R.C. Bansal, Carbon Fibers, Marcel Dekker, New York (1984).
5.
 S. Chand, Carbon fibres for composites, J. Mater. Sci., 35:1303 (2000).
6.
 M.L. Minus and S. Kumar, The processing, properties, and structure of carbon

fibers, JOM, 57:52 (2005).
7.
 R.J. Morgan and R.E. Allred, Aramid fiber reinforcements, Reference Book for Com-

posites Technology, Vol. 1 (S.M. Lee, ed.), Technomic PublishingCompany, Lancaster,

PA (1989).
8.
 D. Nabi Saheb and J.P. Jog, Natural fiber polymer composites: a review, Adv.

Polym. Tech., 18:351 (1999).
07 by Taylor & Francis Group, LLC.



9.
� 20
J.G. Morley, Fibre reinforcement of metals and alloys, Int. Metals Rev., 21:153

(1976).
10.
 C.-H. Andersson and R. Warren, Silicon carbide fibers and their potential for use in

composite materials, Part 1, Composites, 15:16 (1984).
11.
 A.K. Dhingra, Alumina Fibre FP, Phil. Trans. R. Soc. Lond., A, 294:1 (1980).
12.
 A.R. Bunsell, Oxide fibers for high-temperature reinforcement and insulation,

JOM, 57, 2:48 (2005).
13.
 C.D. Armeniades and E. Baer, Transitions and relaxations in polymers, Introduction

to Polymer Science and Technology (H.S. Kaufman and J.J. Falcetta, eds.), John

Wiley & Sons, New York (1977).
14.
 J.E. Schoutens, Introduction to metal matrix composite materials, MMCIAC

Tutorial Series, DOD Metal Matrix Composites Information Analysis Center,

Santa Barbara, CA (1982).
15.
 M.U. Islam and W. Wallace, Carbon fibre reinforced aluminum matrix composites:

a critical review, Report No. DM-4, National Research Council, Canada (1984).
16.
 P.R. Smith and F.H. Froes, Developments in titanium metal matrix composites,

J. Metal, March (1984).
17.
 H.G. Recker et al., Highly damage tolerant carbon fiber epoxy composites for

primary aircraft structural applications, SAMPE Q., October (1989).
18.
 D.A. Scola and J.H. Vontell, High temperature polyimides: chemistry and proper-

ties, Polym. Compos., 9:443 (1988).
19.
 R.H. Pater, Improving processing and toughness of a high performance composite

matrix through an interpenetrating polymer network, Part 6, SAMPE J., 26 (1990).
20.
 I. Hamerton and J.H. Nay, Recent technological developments in cyanate ester

resins, High Perform. Polym., 10:163 (1998).
21.
 H.X. Nguyen and H. Ishida, Poly(aryl-ether-ether-ketone) and its advanced com-

posites: a review, Polym. Compos., 8:57 (1987).
22.
 J.P. Bell, J. Chang, H.W. Rhee, and R. Joseph, Application of ductile polymeric

coatings onto graphite fibers, Polym. Compos., 8:46 (1987).
23.
 E.H. Rowe, Developments in improved crack resistance of thermoset resins and com-

posites, 37th Annual Technical Conference, Society of Plastics Engineers, May (1979).
24.
 Modern Plastics Encyclopedia, McGraw-Hill, New York (1992).
25.
 P.K. Mallick, Sheet Molding Compounds, Composite Materials Technology

(P.K. Mallick and S. Newman, eds.), Hanser Publishers, Munich (1990).
26.
 J.D. Muzzy, Processing of advanced thermoplastic composites, The Manufacturing

Science of Composites (T.G. Gutowski, ed.), ASME, New York (1988).
27.
 L.T. Drzal, Composite property dependence on the fiber, matrix, and the inter-

phase, Tough Composite Materials: Recent Developments, Noyes Publications, Park

Ridge, NJ, p. 207 (1985).
07 by Taylor & Francis Group, LLC.



� 20
PROBLEMS

P2.1. The linea r density of a dry carbon fiber tow is 0.198 g =m. The

den sity of the carbon fiber is 1.76 g =cm 3 and the average fil ament

diame ter is 7 m m. Dete rmine the number of filamen ts in the tow.

P2.2. Glas s fiber rovings are co mmonly designa ted by the term yield ,

whi ch is the lengt h of the roving pe r unit wei ght (e.g., 1275 yd=lb).
Estim ate the yiel d for a glass fiber roving that contai ns 20 end s

(strand s) per roving. Each strand in the roving is made of 204

filament s, and the average filament diame ter is 40 3 10 � 5 in.

P2.3. The strength of brittle fibers is express ed by the well- known

Gri ffith’s formu la:

sfu ¼ 2Ef g f
pc

� �1 =2

,

wher e
sfu ¼ fiber tensile stre ngth

Ef ¼ fiber tensi le mod ulus

gf ¼ surface energy

c ¼ critical flaw size

1. The average tensile strength of as-dr awn E-glas s fibers is 3.45

GP a, and that of co mmercial ly available E-glas s fiber s is 1.724

GP a. Usi ng Griffith’ s form ula, comp are the critical flaw sizes

in these tw o types of fiber s. Sug gest a few reason s for the

diff erence.

2. Ass uming that the c ritical flaw size in the as-dr awn E-glas s fiber

is 10 �4 cm, e stimate the surface energy of E-glass fibers.

P2.4. Scan ning electron micro scope study of fract ure surfa ces of carbon

fiber s broken in tension shows that they fail either at the surface

flaws (pits) or at the internal voids. The surfa ce e nergy of graph ite is

4.2 J =m 2. Assuming this as the surface energy of carbon fiber s,

estimate the range of critical flaw size in these fibers if the observed

strength values vary between 1.3 and 4.3 GPa. The fiber modulus in

tension is 230 GPa. Use Griffith’s formula in Problem P2.3.

P2.5. The filament strength distribution of a carbon fiber is represented

by the Weibull distribut ion functi on given by Equat ion 2.4. The

following Weibull parameters are known for this particular carbon

fiber: a¼ 6.58 and so¼ 2.56 GPa at Lf¼ 200 mm. Determine the
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filament stren gth at whi ch 99% of the filament s are expecte d to fail

if the filament lengt h is (a) 20 mm, (b) 100 mm, (c) 200 mm, and (d)

500 mm.

P2.6. A carbon fiber bundl e contai ning 2000 parallel filament s is being

tested in tensio n. The filament length is 100 mm. The strength

distribut ion of indivi dual filament s is descri bed in Problem P2. 5.

Com pare the mean filamen t strength and the mean fiber bundle

stren gth. Sc hematical ly show the tensile stress–s train diagram of the

carbon fiber bundl e and comp are it with that of the carbon fil a-

ment. ( Note : For a ¼ 6.58, G 1 þ 1
a

	 
 ffi 0:93.)

P2.7. The Weibull parameters for the filament strength distribution of an

E-glass fiber are a ¼ 11.32 and so ¼ 4.18 GPa at Lf ¼ 50 mm. Assume

that the filament stress–strain relationship obeys Hooke’s law, that is,

sf ¼ Ef«f, where Ef ¼ fiber modulus ¼ 69 GPa, and the tensile load

applied on the bundle in a fiber bundle test is distributed uniformly

among the filaments, develop the tensile load–strain diagram of the

fiber bundle. State any assumption you may make to determine the

load–strain diagram.

P2.8. It has been obse rved that the stre ngth of a matrix- impr egnated fiber

bundle is signifi cantly higher than that of a dr y fiber bundle (i.e.,

without matrix impregnation). Explain.

P2.9. The stre ngth of glass fibers is known to be affe cted by the tim e of

exposure at a given stre ss level. This pheno menon, known as the

static fatigue, can be mod eled by the followi ng equatio n:

s ¼ A � B log ( t þ 1) ,

wher e A and B are co nstants and t is the time of exposure (in

minut es) unde r stre ss. For an as-dr awn E-glas s fiber, A ¼ 450,00 0

psi and B ¼ 2 0,000 psi.

Dete rmine the tensi le stren gth of an as-drawn E-glass fiber after

1000 h of continuous tensile loading at 238C. Using the results of

Pro blem P2.3, determine the rate of increa se of the critical flaw size

in this fiber at 1, 10, and 1000 h.

P2.10. Kevlar 49 fiber strands are used in many high strength cable appli-

cations where its outstanding strength–weight ratio leads to a con-

siderable weight saving over steel cables.
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1. Com pare the breaking loads and wei ghts of Kevl ar 49 and steel

ca bles, each with a 6.4 mm diame ter

2. Com pare the maxi mum stre sses and elongat ions in 1000 m long

Kevl ar 49 a nd steel cables due to their own weights
P2.11. The smallest radius to which a fiber can be bent or knot ted witho ut

fract uring is an indica tion of how easily it can be hand led in a

manu facturing operati on. The ha ndling charact eristic of a fiber is

parti cularly important in continuous man ufacturing operatio ns,

such as filament wind ing or pultru sion, in whi ch continuous strand

rovings are pul led through a numb er of guides or eyelet s wi th sharp

corn ers. Frequen t breakage of fiber s at these locat ions is undesir -

able since it slows down the produ ction rate.

Usi ng the followi ng relat ionship betwee n the be nding rad ius rb
an d the maxi mum tensi le stra in in the fiber,

rb ¼ df

2«max

,

co mpare the smal lest radii to which various glass, carbo n, and

Kevl ar fibers in Table 2.1 can be bent wi thout fract uring.
P2.12. Duri ng a fil ament winding ope ration, T-300 carbon fiber tows

con taining 6000 filament s pe r tow are pulled over a set of guide

roll ers 6 mm in diame ter. The mean tensile strength of the filament s

is 3000 M Pa, an d the standar d deviat ion is 865 MPa (assu ming

a standar d normal dist ribut ion for filament stre ngth). Dete rmine

the pe rcentag e of filament s that may snap as the tows are pulled

ove r the rollers. The fiber modulus is 345 GPa, and the fil ament

diame ter is 7 m m.
P2.13. The energy requir ed to snap (break) a brittle fiber is equal to

the stra in energy store d (w hich is equal to the area under the

stress–strain diagram) in the fiber at the time of its failure. Com-

pare the strain energies of E-glass, T-300, IM-7, GY-70, Kevlar 49,

and Spectra 900 fibers.
P2.14. Assume that the area under the stress–strain diagram of a material

is a measure of its toughness. Using the stress–strain diagrams

shown in the following figure, compare the toughness values of

the three matrix resins considered.
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P2.15. Assuming that the unidirectional continuous fibers of round cross

section are arranged in a simple square array as shown in the

accompanying figure, calculate the theoretical fiber volume fraction

in the composite lamina. What is the maximum fiber volume frac-

tion that can be arranged in this fashion?

a

a

rf
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P2.16. Using the simple square arrangement in the earlier figure , show that

fibers with square or hexagonal cross sections can be packed to

higher fiber volume fractions than fibers with round cross sections.

Compare the fiber surface area per unit volume fraction for each

cross section.What is the significance of the surface area calculation?

(a) Round

2rf 2rf 2rf

(b) Square (c) Hexagonal

P2.17. Assuming that the fibers in a bundle are arranged in a simple square

array, calculate the interfiber spacings in terms of the fiber radius rf
for a fiber volume fraction of 0.6.

P2.18. Assuming that the fibers in a unidirectional continuous fiber com-

posite are arranged in a hexagonal packing as shown in the accom-

panying figure, show that the fiber volume fraction is given by 3.626

(rf=a)
2. Calculate the maximum volume fraction of fibers that can

be packed in this fashion.

a

rf

P2.19. Assume that the unit cell of a composite containing commingled

filaments of E-glass and T-300 carbon fibers can be represented by a
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square array shown in the following figure. The diameters of

the E-glass filaments and T-300 filaments are 73 10�6 m and

103 10�6 m, respectively.

1. Determine the unit cell dimension if the fiber volume fraction is

60%

2. Determine the theoretical density of the composite

E-glass filament 

T-300 filament 

a

a

P2.20. The following data were obtained in a resin burn-off test of an

E-glass–polyester sample:

Weight of an empty crucible¼ 10.1528 g

Weight of crucible þ sample before burn-off¼ 10.5219 g

Weight of crucible þ sample after burn-off¼ 10.3221 g

Calculate the fiber weight fraction, the fiber volume fraction, and

the density of the composite sample. Assume rf¼ 2.54 g=cm3 and

rm¼ 1.25 g=cm3. Do you expect the calculated value to be higher or

lower than the actual value?

P2.21. An interply hybrid composite contains 30 wt% AS-4 carbon fibers,

30 wt% Kevlar 49 fibers, and 40 wt% epoxy resin. Assume that the

density of the epoxy resin is 1.2 g=cm3. Calculate the density of the

composite.

P2.22. The fiber content in an E-glass fiber-reinforced polypropylene is

30% by volume.

1. How many kilograms of E-glass fibers are in the composite for

every 100 kg of polypropylene? The density of polypropylene is

0.9 g=cm3.

2. Assume that half of the E-glass fibers (by weight) in part (1) is

replacedwith T-300 carbon fibers. Howwill the density of the new

composite compare with the density of the original composite?

P2.23. The density, rm, of a semicrystalline polymer matrix, such as PEEK,

can be expressed as
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rm ¼ rmcvmc þ rmavma,

where rmc and rma are the densities of the crystalline phase and the

amorphous phase in the matrix, respectively, and, vmc and vma are

the corresponding volume fractions.

The density of an AS-4 carbon fiber-reinforced PEEK is

reported as 1.6 g=cm3. Knowing that the fiber volume fraction is

0.6, determine the volume and weight fractions of the crystalline

phase in the matrix. For PEEK, rmc¼ 1.401 g=cm3 and rma¼ 1.263

g=cm3.

P2.24. A carbon fiber–epoxy plate of thickness t was prepared by curing N

prepeg plies of equal thickness. The number of fiber yarns per unit

prepreg width is n, and the yarn weight per unit length is Wy. Show

that the fiber volume fraction in the plate is

vf ¼ WynN

trfg
,

where

rf is the fiber density
g is the acceleration due to gravity

P2.25. Determine the weight and cost of prepreg required to produce a

hollow composite tube (outside diameter¼ 50 mm, wall

thickness¼ 5 mm, and length¼ 4 m) if it contains 60 vol% AS-4

carbon fibers (at $60=kg) in an epoxy matrix (at $8=kg). The tube is
manufactured by wrapping the prepreg around a mandrel, and the

cost of prepregging is $70=kg.

P2.26. The material in a composite beam is AS-1 carbon fiber-reinforced

epoxy (vf¼ 0.60). In order to save cost, carbon fibers are being

replaced by equal volume percent of E-glass fibers. To compensate

for the lower modulus of E-glass fibers, the thickness of the beam

is increased threefold. Assuming that the costs of carbon fibers,

E-glass fibers, and epoxy are $40=kg, $4=kg, and $6=kg, respect-
ively, determine the percent material cost saved. The density of

epoxy is 1.25 g=cm3.

P2.27. Calculate the average density of an interply hybrid beam contain-

ing m layers of T-300 carbon fiber–epoxy and n layers of E-glass

fiber–epoxy. The thickness of each carbon fiber layer is tc and that

of each glass layer is tg. The fiber volume fractions in carbon and

glass layers are vc and vg, respectively.
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P2.28. An interply hybrid laminate contains 24 layers of GY-70 carbon

fiber–epoxy and 15 layers of Kevlar 49 fiber–epoxy. The

fiber weight fraction in both carbon and Kevlar 49 layers is 60%.

Determine

1. Overall volume fraction of carbon fibers in the laminate

2. Volume fraction of layers containing carbon fibers
07 by Taylor & Francis Group, LLC.
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