
4 Performance

The performance of an engineering material is judged by its properties and

behavior under tensile, compressive, shear, and other static or dynamic loading

conditions in both normal and adverse test environments. This information is

essential for selecting the proper material in a given application as well as

designing a structure with the selected material. In this chapter, we describe

the performance of fiber-reinforced polymer composites with an emphasis

on the general trends observed in their properties and behavior. A wealth of

property data for continuous fiber thermoset matrix composites exists in the

published literature. Continuous fiber-reinforced thermoplastic matrix com-

posites are not as widely used as continuous fiber-reinforced thermoset matrix

composites and lack a wide database.

Material properties are usually determined by conducting mechanical and

physical tests under controlled laboratory conditions. The orthotropic nature

of fiber-reinforced composites has led to the development of standard test

methods that are often different from those used for traditional isotropic

materials. These unique test methods and their limitations are discussed

in relation to many of the properties considered in this chapter. The effects of

environmental conditions, such as elevated temperature or humidity, on the

physical and mechanical properties of composite laminates are presented near

the end of the chapter. Finally, long-term behavior, such as creep and stress

rupture, and damage tolerance are also discussed.

4.1 STATIC MECHANICAL PROPERTIES

Static mechanical properties, such as tensile, compressive, flexural, and shear

properties, of a material are the basic design data in many, if not most,

applications. Typical mechanical property values for a number of 08 laminates

and sheet-molding compound (SMC) laminates are given in Appendix A.5 and

Appendix A.6, respectively.

4.1.1 TENSILE PROPERTIES

4.1.1.1 Test Method and Analysis

Tensile properties, such as tensile strength, tensile modulus, and Poisson’s ratio

of flat composite laminates, are determined by static tension tests in accordance
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FIGURE 4.1 Tensile test specimen configuration.
with ASTM D3039. The tensile specimen is straight-sided and has a constant

cross section with beveled tabs adhesively bonded at its ends (Figure 4.1).

A compliant and strain-compatible material is used for the end tabs to reduce

stress concentrations in the gripped area and thereby promote tensile failure in

the gage section. Balanced [0=90] cross-ply tabs of nonwoven E-glass–epoxy

have shown satisfactory results. Any high-elongation (tough) adhesive system

can be used for mounting the end tabs to the test specimen.

The tensile specimen is held in a testing machine by wedge action grips and

pulled at a recommended cross-head speed of 2 mm=min (0.08 in.=min).

Longitudinal and transverse strains aremeasured employing electrical resistance

strain gages that are bonded in the gage section of the specimen. Longitudinal

tensile modulus E11 and the major Poisson’s ratio n12 are determined from the

tension test data of 08 unidirectional laminates. The transverse modulus E22 and

the minor Poisson’s ratio n21 are determined from the tension test data of 908
unidirectional laminates.

For an off-axis unidirectional specimen (08 < u < 908), a tensile load creates

both extension and shear deformations (since A16 and A26 6¼ 0). Since the

specimen ends are constrained by the grips, shear forces and bending couples

are induced that create a nonuniform S-shaped deformation in the specimen

(Figur e 4.2). For this reason, the experi menta lly determ ined modulus of an off-

axis specimen is corrected to obtain its true modulus [1]:

Etrue ¼ (1� h) Eexperimental,

where

h ¼ 3�S2
16

�S2
11[3(

�S66=�S11)þ 2(L=w)2]
, (4:1)
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where

L is the specimen lengt h between grips

w is the specimen wid th
�S11 , �S16 , and  �S66 are elem ents in the complian ce matr ix (see Chapter 3)

The value of h approaches zero for large values of L=w. Based on the

investigation performed by Rizzo [2], L=w ratios >10 are recommended for

the tensile testing of off-axis specimens.

The inhomogeneity of a composite laminate and the statistical nature of its

constituent properties often lead to large variation in its tensile strength.

Assuming a normal distribution, the average strength, standard deviation,

and coefficient of variation are usually reported as

Average strength ¼ save ¼
Xsi

n
,

Standard deviation ¼ d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

si � saveð Þ2
(n� 1)

s
,

Coefficient of variation ¼ 100d

save

, (4:2)

where

n is the number of specimens tested

si is the tensile strength of the ith specimen

Instead of a normal distribution, a more realistic representation of the

tensile strength variation of a composite laminate is the Weibull distribution.

Using two-parameter Weibull statistics, the cumulative density function for the

composite laminate strength is

F (s) ¼ Probability of surviving stress s ¼ exp � s

s0

� �a� �
, (4:3)

FIGURE 4.2 Nonuniform deformation in a gripped off-axis tension specimen.
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FIGURE 4.3 Tensile strength distribution in various carbon fiber–epoxy laminates.

(Adapted from Kaminski, B.E., Analysis of the Test Methods for High Modulus Fibers

and Composites, ASTM STP, 521, 181, 1973.)
wher e

a is a dimension less shape parame ter

s0 is the locat ion parame ter (MP a or psi)

The mean tensi le stre ngth a nd varianc e of the laminates are

�s ¼ s0 G
1 þ a

a

� �
,

s 2 ¼ s 20 G
2 þ a

a

� �
� G2 1 þ a

a

� �� �
, ( 4: 4)

wher e G repres ents a gamm a functio n.

Figure 4.3 shows typical stre ngth dist ribution s for various compo site lami n-

ates. Typical values of a and s0 are shown in Tabl e 4.1. Note that the

decreasing value of the shape parameter a is an indication of greater scatter

in the tensile strength data.

EXAMPLE 4.1

Static tension test results of 22 specimens of a 08 carbon–epoxy laminate shows

the following variations in its longitudinal tensile strength (in MPa): 57.54, 49.34,

68.67, 50.89, 53.20, 46.15, 71.49, 72.84, 58.10, 47.14, 67.64, 67.10, 72.95, 50.78,

63.59, 54.87, 55.96, 65.13, 47.93, 60.67, 57.42, and 67.51. Plot the Weibull

distribution curve, and determine the Weibull parameters a and s0 for this

distribution.
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TABLE 4.1
Typical Weibull Parameters for Composite Laminates

Material Laminate

Shape

Parameter, a

Location Parameter,

s0 MPa (ksi)

Boron–epoxya [0] 24.3 1324.2 (192.0)

[90] 15.2 66.1 (9.6)

[02=±45]S 18.7 734.5 (106.6)

[0=±45=90]S 19.8 419.6 (60.9)

[902=45]S 19.8 111.9 (16.1)

T-300 Carbon–epoxyb [08] 17.7 1784.5 (259)

[016] 18.5 1660.5 (241)

E-glass–polyester SMCc SMC-R25 7.6 74.2 (10.8)

SMC-R50 8.7 150.7 (21.9)

a From B.E. Kaminski, Analysis of the Test Methods for High Modulus Fibers and Composites,

ASTM STP, 521, 181, 1973.
b From R.E. Bullock, J. Composite Mater., 8, 200, 1974.
c From C.D. Shirrell, Polym. Compos., 4, 172, 1983.
SOLUTION

Step 1: Starting with the smallest number, arrange the observed strength values in

ascending order and assign the following probability of failure value for

each strength.

P ¼ i

nþ 1
,

where

i ¼ 1, 2, 3, . . . , n

n ¼ total number of specimens tested
� 2007 by Taylor & Francis Group, LL
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s
 P
1
 46.15
 1=23 ¼ 0.0435
2
 47.14
 2=23 ¼ 0.0869
3
 47.94
 3=23 ¼ 0.1304
. . .
 . . .
 . . .
. . .
 . . .
 . . .
21
 72.84
 21=23 ¼ 0.9130
22
 72.95
 22=23 ¼ 0.9565
Step 2: Plot P vs. tensile strength s to obtain the Weibull distribution plot (see the

following figure).
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Step 3: Calculate YP ¼ ln{ln[1=(1 � P)]} for each strength value, and plot YP vs . l n s.
Use a linear least-squares method to fit a straight line to the data. The slope of

this line is equal to a, and its intersection with the ln s axis is equal to ln s0. In

our example, a ¼ 7 .62 an d l n s0 ¼ 4. 13 , w hi ch g ive s s0 ¼ 62.1 MPa.

4.1.1 .2 Uni directi onal Lami nates

For unidir ectio nal polyme r matrix laminates co ntaining fibers paralle l to the

tensile loading direction (i.e., u ¼ 08 ), the tensile stre ss–strai n cu rve is linear up to
the poi nt of failure (Figur e 4.4). These specimen s fail by tensile rup ture of fiber s,

which is followe d or acco mpanie d by longitudinal splitting (debo nding along the

fiber–mat rix inter face) parallel to the fiber s. This gives a typic al bro om-type

appearan ce in the failed area of 08 specim ens (Figure 4.5a). For off- axis specimen s

with 08 < u < 90 8 , the tensi le stress–s train curves may exh ibit nonl inearity. For 908
specim ens in which the fibers are 90 8 to the tensile loading direct ion, tensile
rupture of the matrix or the fiber –mat rix inter face causes the ulti mate fail ure.

For inter mediate angles , failure may occur by a co mbination of fiber–mat rix

interfaci al shear failure, matr ix shear failure, an d matrix tensi le rupture . For

many of these off-axis specim ens (inclu ding 90 8), matrix craze marks pa rallel to

the fiber direct ion may appear throu ghout the gage lengt h at low loads. Repre -

sentative failure profiles for these sp ecimens are sh own in Figure 4.5b and c.

Both tensile strength and modulus for unidirectional specimens depend

strong ly on the fiber orient ation an gle u (Figur e 4.6) . The maximum tensi le

strength and modulus are at u¼ 08. With increasing fiber orientation angle,

both tensile strength and modulus are reduced. The maximum reduction is

observed near u¼ 08 orientations.
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 4.4 Tensile stress–strain curves for various 08 laminates.
4.1.1.3 Cro ss-Ply Laminate s

The tensi le stre ss–strai n curve for a cross-p ly [0 =90]S lami nate test ed at u ¼ 08
direction is sligh tly nonlinear ; howeve r, it is common ly approxim ated a s a

bilinear curve (Figur e 4.7) . The point at which the two linea r sections inter sect

is ca lled the kne e and repres ents the failure of 90 8 plies . Ult imate failure of the
Longitudinal
splitting

Craze
marks

(a) (b) (c)

FIGURE 4.5 Schematic failure modes in unidirectional laminates: (a) u¼ 08, (b) u¼ 908,
and (c) 0 < u < 908.
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FIGURE 4.6 Variations of tensile modulus and tensile strength of a unidirectional

carbon fiber–epoxy laminate with fiber orientation angle. (After Chamis, C.C. and

Sinclair, J.H., Mechanical behavior and fracture characteristics of off-axis fiber com-

posites, II—Theory and comparisons, NASA Technical Paper 1082, 1978.)
laminate occurs at the fracture strain of 08 plies. The change in slope of

the stress–strain curve at the knee can be reasonably predicted by assuming

that all 908 plies have failed at the knee and can no longer contribute to the

laminate modulus.

Denoting the moduli of the 08 and 908 plies as E11 and E22, respectively, the

initial (primary) modulus of the cross-ply laminate can be approximated as

E ¼ A0

A
E11 þ A90

A
E22, (4:5)
[90]

[0]

s

sF

sk

[0/90]S

KneeE

e Tt e Lt e

ES

FIGURE 4.7 Schematic tensile stress–strain diagram for a [0=90]S cross-plied laminate

tested at u ¼ 08 direction.
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where

A0 ¼ net cross-sectional area of the 08 plies
A90¼ net cross-sectional area of the 908 plies
A ¼A0 þ A90

At the knee, the laminate strain is equal to the ultimate tensile strain «TU of

the 908 plies. Therefore, the corresponding stress level in the laminate is

sk ¼ E«TU, (4:6)

where sk is the laminate stress at the knee.

If 908plies are assumed to be completely ineffective after they fail, the second-

ary modulus (slope after the knee) Es of the laminate can be approximated as

Es ¼ A0

A
E11: (4:7)

Failure of the laminate occurs at the ultimate tensile strain «LU of the 08 plies.
Therefore, the laminate failure stress sF is

sF ¼ sk þ Es «LU � «TUð Þ: (4:8)

Unloading of the cross-ply laminate from a stress level sL above the knee

follows a path AB (Figure 4.8) and leaves a small residual strain in the

laminate. Reloading takes place along the same path until the stress level sL

is recovered. If the load is increased further, the slope before unloading is also
A
s L

s k

C

B D

S
tr

es
s

Strain 

FIGURE 4.8 Unloading and reloading of a [0=90]S laminate.
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recover ed. Unloadi ng from a high er stre ss level follows a path CD, which ha s a

smaller slope than AB. The difference in slope between the two unloading pa ths

AB and CD is eviden ce that the 90 8 plies fail in a pro gressive manner. Negl ect-

ing the smal l resi dual strains after unloading, Hahn and Tsai [6] predicted the

elastic modulus ED of the damaged laminate as

ED ¼ E

1 þ [(AE =A0 E11 ) � 1]( 1 � s k =s L ) 
: ( 4: 9)

4.1.1 .4 Mult idirect ional Laminate s

Tensil e stre ss–strai n curves for laminates co ntaining different fiber orient ations

in different lami nas are in gen eral nonl inear. A few exampl es are shown in

Figure 4.9. For the purposes of analys is, these cu rves are app roximated by a

number of linea r por tions that have different slopes . When these linea r portion s

are extend ed, a number of kne es, simila r to that observed in a cross-ply

laminate, can be iden tified. The first knee in these diagra ms is called the first

ply failure (FPF) point. Man y lami nates retai n a signi ficant load-c arrying

capacit y bey ond the FPF point, but for some laminates with high notch

sensi tivity, failure occurs just after FPF (Tab le 4.2). Furtherm ore, crack s

appeari ng at the FPF may increa se the possibi lity of environm en tal damage

(such a s mois ture pickup ) as wel l as fatigu e failu re. For all these reasons , the

FPF point ha s specia l importance in many laminate designs.

Angl e-ply laminates con taining [± u] layup s exhibi t two kind s of stress–
strain nonlinear ity (Figur e 4.10). At va lues of u closer to 08 , a stiffen ing effe ct
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FIGURE 4.9 Typical tensile stress–strain diagrams for multidirectional laminates.
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TABLE 4.2
Tensile Strengths and First-Ply Failure (FPF) Stresses in High-Strength

Carbon–Epoxy Symmetric Laminatesa

UTS, MPa (ksi)

Estimated FPF Stress,

MPa (ksi)

Tensile

Modulus,

GPa (Msi)

Initial

Tensile

Strain (%)

Laminate Resin 1 Resin 2 Resin 1 Resin 2

[0]S 1378 (200) 1378 (200) — — 151.6 (22) 0.3

[90]S 41.3 (6) 82.7 (12) — — 8.96 (1.3) 0.5–0.9

[±45]S 137.8 (20) 89.6 (13) 89.6 (13) 89.6 (13) 17.2 (2.5) 1.5–4.5

[0=90]S 447.8 (65) 757.9 (110) 413.4 (60) 689 (100) 82.7 (12) 0.5–0.9

[02=±45]S 599.4 (87) 689 (110) 592.5 (86) 689 (100) 82.7 (12) 0.8–0.9

[0=±60]S 461.6 (67) 551.2 (80) 323.8 (47) 378.9 (55) 62 (9) 0.8–0.9

[0=90=±45]S 385.8 (56) 413.4 (60) 275.6 (40) 413.4 (60) 55.1 (8) 0.8–0.9

Source : Adapted from Freeman, W.T. and Kuebeler, G.C., Composite Materials: Testing and

Design (Third Conference), ASTM STP, 546, 435, 1974.

a Resin 2 is more flexible than resin 1 and has a higher strain-to-failure.
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FIGURE 4.10 Typical tensile stress–strain diagrams for angle-ply laminates. (Adapted

from Lagace, P.A., AIAA J., 23, 1583, 1985.)
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is observed so that the modulus increases with increasing load. At larger values

of u, a softening effect is observed so that the modulus decreases with the

increasing load [7]. The stiffening effect is attributed to the longitudinal tensile

stresses in various plies, whereas the softening effect is attributed to the

shear stresses. Stiffening laminates do not exhibit residual strain on unloading.

Softening laminates, on the other hand, exhibit a residual strain on unloading

and a hysteresis loop on reloading. However, the slope of the stress–strain

curve during reloading does not change from the slope of the original stress–

strain curve.

The tensile failure mode and the tensile strength of a multidirectional

laminate containing laminas of different fiber orientations depend strongly

on the lamina stacking sequence. An example of the stacking sequence effect

is observed in the development of cracks in [0=±45=90]S and [0=90=±45]S
laminates (Figure 4.11). In both laminates, intralaminar transverse cracks

(parallel to fibers) appear in the 908 plies. However, they are arrested at the
0

0

0

+45
−45
90

+45

+45

−45
−45

90

90

90
−45
+45
0

Delamination

Transverse cracks

Transverse cracks

(a)

(b)

FIGURE 4.11 Damage development in (a) [0=±45=90]S and (b) [0=90=±45]S laminates

subjected to static tension loads in the 08 direction.
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lamina interfaces and do not imm ediately propagat e into the a djacent plies. The

number of transverse cracks in the 908 plies increases unt il unifor mly spaced

cracks a re form ed throughout the specim en lengt h [8]; howeve r, these trans -

verse crack s are more closely spaced in [0 =90 =±45]S laminates than [0 =±45 =90]S
laminates . Increas ing the tensi le load also creates a few intralam inar cracks

parallel to the fiber direct ions in both � 45 8 and þ 45 8 plies. Apart from these

intralam inar crack patterns, su bsequent fail ure modes in these tw o ap parently

simila r lamina tes are distinct ly diff erent. In [0 =±45=90]S lami nates, longitud inal

interlam inar cracks grow between the 90 8 plies , which join toget her to form
continuous edge delam inatio ns with occ asional jogging into the 90 =� 45 inter -

faces. With increa sing load, the edge delam ination extends toward the c enter of

the specimen ; howeve r, the spec imen fails by the rupture of 08 fiber s be fore the
entire wid th is delam inated . In con trast to the [0 =±45=90]S laminate, there is no

edge de laminatio n in the [0 =90 =±45 ]S lami nate; instead, trans verse cracks

appear in both þ45 8 an d � 45 8 plies before the laminate fail ure. The difference

in ed ge de laminati on behavior between the [0 =±45=90]S an d [0=90 =±45 ] S lamin -

ates can be explain ed in term s of the inter laminar normal stress szz , which is

tensile in the former and compres sive in the latter.

Table 4.3 pr esents the tensile test da ta and failu re modes observed in severa l

multidir ection al carb on fiber –epoxy lamin ates. If the laminate con tains 90 8
plies, failure begins with transv erse micr ocracks appeari ng in these plies . W ith

increa sing stre ss level , the numb er of these transve rse micr ocracks increa ses

until a saturati on num ber, called the charact eristic damage state (C DS),

is reached. Other types of damages that may follow trans verse micr ocracki ng

are de laminati on, long itudinal crackin g, and fiber fail ure.

4.1.1.5 Wo ven Fabric Laminate s

The princi pal advantag e of using woven fabric lamin ates is that they provide

propert ies that are more balanced in the 0 8 and 908 directions than unidir ec-
tional laminates . Although multil ayered lamin ates can also be designe d to

produc e balanced prop erties, the fabricati on (layup) time for woven fabric

laminates is less than that of a multil ayered laminate. How ever, the tensi le

strength and mod ulus of a woven fabri c lami nate are, in general , lower than

those of multil ayered laminates . The princi pal reason for their lower tensi le

propert ies is the presence of fiber undulati on in woven fabri cs as the fiber yarns

in the fil l direct ion cross ov er and unde r the fiber yarns in the war p direction to

create an inter locked structure. Under tensile loading , these crim ped fibers tend

to straight en out, which creat es high stresses in the matrix. As a resul t, micro -

cracks are form ed in the matr ix at relat ively low loads. This is also ev idenced by

the a ppearance of one or more kne es in the stress–s train diagra ms of woven

fabric laminates (Figure 4.12) . Anothe r fact or to consider is that the fiber s in

woven fabrics are subjected to additional mechanical handling during the

weaving process, which tends to reduce their tensile strength.
� 2007 by Taylor & Francis Group, LLC.



TABLE 4.3
Tensile Test Data and Failure Modes of Several Symmetric Carbon Fiber-Reinforced Epoxy Laminates

Laminate Type

Secant Modulus

at Low

Strain, GPa

Failure Stress,

MPa

Failure

Strain

Transverse

Ply Strain

Cracking Failure Modes (in Sequence)

[04=90]S
[04=902]S
[04=904]S
[04=908]S

122

109

93

72

1620

1340

1230

930

0.0116

0.011

0.0114

0.0115

0.0065

0.004

0.0035

0.003

Small transverse ply cracks in 908 plies, transverse cracks growing

in number as well as in length up to 08 plies, delamination at 0=90

interfaces, 08 ply failure

[±45]S
[þ452=�452]S
[þ453=�453]S
[þ45=�452=45]S
[(þ45=�45)2]S

17.3

19

14

18.2

17

126

135

89

152

125

0.017

0.0117

0.01

0.016

0.014

—

—

—

—

—

Edge crack formation, edge cracks growing across the width parallel

to fiber direction, delamination at the þ45=�45 interfaces, single

or multiple ply failure

[±45=902=02]S
[±45=02=902]S
[02=±45=902]S
[02=902=±45]S

64.2

61.2

56.4

59.1

690

630

640

670

0.014

0.014

0.012

0.012

0.0028

0.0022

0.0016

0.0035

Transverse microcracks in 908 plies, longitudinal or angled cracks

in 908 plies in the first three laminates, a few edge cracks in 458 plies,

delamination (45=90, 0=90, ±45, and 45=0 interfaces in ascending

order of threshold strain), longitudinal ply failure

Source: Adapted from Harrison, R.P. and Bader, M.G., Fibre Sci. Technol., 18, 163, 1983.
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Tensil e prop erties of woven fabric laminates can be co ntrolled by varyi ng the

yarn charact eristics and the fabric style (see Appendix A.1). The y arn ch arac-

teristics include the number of fiber ends, amount of twist in the yarn, and

relative number of yarns in the warp and fill directions. The effect of fiber ends

can be seen in Table 4.4 when the differences in the 08 and 908 tensile properties of
the parallel laminates with 181 fabric style and 143 fabric style are compared.

The difference in the tensile properties of each of these laminates in the 08 and 908
directions reflects the difference in the number of fiber ends in the warp and fill

100

80

60

S
tr

es
s 

(k
si

)

S
tr

es
s 

(M
P

a)

Style 143

Style 181

40

20

0
0 0.01 0.02 0.03

Strain

0.04 0.05

690

552

414

276

138

0

0�

0�
90�

90�

45�

45�

FIGURE 4.12 Stress–strain diagrams of woven glass fabric-epoxy laminates with fabric

style 143 (crowfoot weave with 493 30 ends) and fabric style 181 (8-harness satin weave

with 57 3 54 ends).

TABLE 4.4
Tensile Properties of Glass Fabric Laminates

Tensile Strength, MPa

Direction of Testing

Tensile Modulus, GPa

Direction of Testing

Fabric Stylea 08 (Warp) 908 (Fill) 458 08 (Warp) 908 (Fill) 458

181 Parallel lamination 310.4 287.7 182.8 21.4 20.34 15.5

143 Parallel lamination 293.1 34.5 31.0 16.5 6.9 5.5

143 Cross lamination 327.6 327.6 110.3 23.4 23.4 12.2

Source: Adapted from Broutman, L.J., in Modern Composite Materials, L.J. Broutman and

R.H. Krock, eds., Addison-Wesley, Reading, MA, 1967.

a Style 181: 8-harness satin weave, 57 (warp)3 54 (fill) ends, Style 143: Crowfoot weave, 49 (warp)

3 30 (fill) ends.

� 2007 by Taylor & Francis Group, LLC.



direction s, which is smaller for the 181 fabric style than for the 143 fabri c styl e.

Tensile properties of fabric-reinforced laminates can also be controlled by chang-

ing the lamination pattern (see, e.g., parallel lamination vs. cross lamination of the

laminates with 143 fabric style in Table 4.4) and stacking sequence (Figure 4.13).

4.1.1 .6 Sh eet-Mol ding Com pounds

Figure 4.14 shows the typica l tensile stress–s train diagra m for a random fiber

SMC (SM C-R) composi te contai ning ran domly orient ed chopped fiber s in a

CaCO3-filled polyest er matr ix. The kne e in this diagra m corresp onds to the

developm ent of craze marks in the sp ecimen [9]. At higher loads, the de nsity of

craze marks increa ses until failu re occurs by tensi le crack ing in the matrix and

fiber pullout . Both tensi le stren gth and tensile modulus increase with fiber

volume fraction. The stre ss at the knee is nearly independen t of fiber vo lume

fractions > 20%. Except for very flexible matrices (with high elongat ions at

failure) , the stra in at the kne e is nearly equal to the matrix fail ure strain. In

general , SM C-R co mposites exhibi t isotro pic prop erties in the plane of the

laminate; howeve r, they are capable of exhibi ting large scatte r in stre ngth values

from specim en to specim en within a batch or between batches . The v ariation in

stren gth can be attribut ed to the manu facturing pro cess for SM C-R compo sites.

They are compres sion-molded instead of the caref ully control led han d layup

techni que use d for many con tinuous fiber laminates . A discussion of process -

induced defects in compres sion-molded composi tes is present ed in Chapter 5.
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FIGURE 4.13 Effect of stacking sequence on the tensile properties of woven fabric

laminates with a central hole. (Adapted from Naik, N.K., Shembekar, P.S., and

Verma, M.K., J. Compos. Mater., 24, 838, 1990.)
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FIGURE 4.14 Tensile stress–strain diagram of an SMC-R laminate. (After Watanabe, T.

and Yasuda, M., Composites, 13, 54, 1982.)
Tensil e stre ss–strai n diagra ms for SMC compo sites co ntaining both

continuous and randoml y orient ed fiber s (SMC -CR and XMC ) are shown in

Figure 4.15. As in the case of SM C-R composi tes, these stre ss–strain diagra ms

are also bilin ear. Unlik e SM C-R composi tes, the tensi le stre ngth and modu lus

of SMC- CR and XMC c omposi tes de pend strong ly on the fiber orientati on

angle of continuous fibers relative to the tensile loading axis. Althou gh the

longitu dinal tensile stre ngth and modulus of SMC-CR and XMC are consi-

derably higher than those of SMC-R contai ning eq uivalen t fiber volume

fractions , they decreas e rapidl y to low values as the fiber orient ation angle is

increa sed (Figur e 4.16). The macros copic failure mode varies from fiber failure

and longit udinal splittin g at u ¼ 08 to matrix tensile cracki ng at u ¼ 90 8 . For
other orient ation angles , a combinat ion of fiber –matrix inter facial shear fail -

ure and matr ix tensile cracki ng is obs erved.

4.1.1.7 Inter ply Hybr id Lami nates

Interp ly hybrid lamin ates are mad e of separat e layer s of low-el ongatio n (LE )

fibers, such as high-mod ulus carbo n fiber s, and high-e longation (HE) fiber s,

such as E-glas s or Kevl ar 49 , both in a common matr ix. When tested in tension ,

the interp ly hybrid lamin ate exhibits a mu ch higher ulti mate strain at failure

than the LE fiber compo sites (Figur e 4.17) . The stra in at whi ch the LE fibers
� 2007 by Taylor & Francis Group, LLC.
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interply hybrid laminate. (After Aveston, J. and Kelly, A., Phil. Trans. R. Soc. Lond.,

A, 294, 519, 1980.)
in the hybrid begin to fail is either greater than or equal to the ultimate tensile

strain of the LE fibers. Furthermore, instead of failing catastrophically, the LE

fibers now fail in a controlled manner, giving rise to a step or smooth inflection

in the tensile stress–strain diagram. During this period, multiple cracks are

observed in the LE fiber layers [10].

The ultimate strength of interply hybrid laminates is lower than the tensile

strengths of either the LE or the HE fiber composites (Figure 4.18). Note that
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interply hybrid laminate with carbon fiber content. (After Kalnin, L.E., Composite
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the ultimate strain of interply hybrid laminates is also lower than that of the

HE fiber composite. The tensile modulus of the interply hybrid laminate falls

between the tensile modulus values of the LE and HE fiber composites. Thus, in

comparison to the LE fiber composite, the advantage of an interply hybrid

laminate subjected to tensile loading is the enhanced strain-to-failure. However,

this enhancement of strain, referred to as the hybrid effect, is achieved at the

sacrifice of tensile strength and tensile modulus.

The strength variation of hybrid laminates as a function of LE fiber content

was explained by Manders and Bader [11]. Their explanation is demonstrated

in Figure 4.19, where points A and D represent the tensile strengths of an

all-HE fiber composite and an all-LE fiber composite, respectively. If each type

of fiber is assumed to have its unique failure strain, the first failure event in

the interply hybrid composite will occur when the average tensile strain in it

exceeds the failure strain of the LE fibers. The line BD represents the stress

in the interply hybrid composite at which failure of the LE fibers occurs. The

line AE represents the stress in the interply hybrid composite assuming that

the LE fibers carry no load. Thus, if the LE fiber content is less than vc, the

ultimate tensile strength of the interply hybrid laminate is controlled by the HE

fibers. Even though the LE fibers have failed at stress levels given by the line

BC, the HE fibers continue to sustain increasing load up to the level given by

the line AC. For LE fiber contents greater than vc, the HE fibers fail almost

immediately after the failure of the LE fibers. Thus, the line ACD represents the

tensile strength of the interply hybrid laminate. For comparison, the rule of

mixture prediction, given by the line AD, is also shown in Figure 4.19.
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FIGURE 4.19 Model for tensile strength variation in interply hybrid laminates.

� 2007 by Taylor & Francis Group, LLC.



4.1.2 COMPRESSIVE PROPERTIES

Compressive properties of thin composite laminates are difficult to measure

owing to sidewise buckling of specimens. A number of test methods and

specimen designs have been developed to overcome the buckling problem

[12]. Three of these test methods are described as follows.

Celanese test: This was the first ASTM standard test developed for testing

fiber-reinforced composites in compression; however, because of its several

deficiencies, it is no longer a standard test. It employs a straight-sided specimen

with tabs bonded at its ends and 108 tapered collet-type grips that fit into

sleeves with a matching inner taper (Figure 4.20). An outer cylindrical shell is

used for ease of assembly and alignment. As the compressive load is applied at
Specimen

3.99 mm

(a)

Collet
grip

Tapered
sleeve

Cylindrical
shell

63.5
mm

diameter

63.5 mm

12.7 mm

63.5 mm10�

FIGURE 4.20 (a) Celanese test specimen and fixture for compression testing.

(continued)
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FIGURE 4.20 (continued) (b) Celanese compression test fixture. (Courtesy of MTS

Systems Corporation. With permission.)
the en ds of the tapere d sleev es, the grip on the specime n tighten s and the gage

section of the specim en is comp ressed by the fricti onal forces trans mitted

through the end tabs. Strain gages are mounted in the gage section to measu re

longitu dinal and trans verse strain data from which co mpres sive modulus and

Poisson’ s ratio are de termined.

IITR I test : The IIT RI test was first developed at the Illinois In stitute of

Tech nology Rese arch Institut e and was late r adopted as a standar d compres -

sion test for fiber -reinforce d composi tes (ASTM D3410) . It is simila r to the

Celanese test , e xcept it uses flat wedge grips instea d of conical wedge grips

(Figur e 4.21). Flat wedge surfa ces provide a better con tact betwe en the wedge

and the colle t than co nical wedge surface s an d improve the axial alignment. Flat

wedge grips can also acco mmodat e varia tion in specim en thickne ss. The IITRI

test fixture co ntains two parallel guide pins in its bottom ha lf that slide into two

roller bushings that are locat ed in its top half. The guide pins he lp maintain

good lateral alignment between the two halves during testing. The standar d

specim en lengt h is 140 mm, out of which the middle 12.7 mm is uns upported

and serves as the gage lengt h. Either untab bed or tabbed specim ens can be use d;

howeve r, tabb ing is prefer red, since it preven ts surfa ce damage and end crush-

ing of the specimen if the clamping force becomes too high.

Sandwich edgewise compression test: In this test, two straight-sided speci-

mens are bonded to an aluminum honeycomb core that provides the necessary
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 4.21 IITRI compression test fixture. (Courtesy of MTS Systems Corporation.

With permission.)
support for lateral stabi lity (Figur e 4.22). Compressi ve load is applie d through

the end c aps, whi ch are used for supporti ng the specim en as wel l as prev enting

end crushi ng. The average compres sive stress in the co mposi te laminate is

calcula ted assum ing that the core doe s not carry an y load. Table 4.5 shows

repres entative compres sive propert ies for carbon fiber–epo xy and boro n fiber–

epoxy lami nates obtaine d in a sandw ich edgew ise comp ression test. The data in

this table show that the comp ressive pr operties depend strong ly on the fiber

type a s well as the lamina te config uration .

Com pressive test da ta on fiber-re inforced compo sites are limited. From the

availab le data on 08 lami nates, the following gen eral observat ions can be made.

1. Unlik e ductil e meta ls, the co mpressive mo dulus of a 0 8 laminate is not

equal to its tensi le mod ulus.

2. Unlike tensile stress–strain curves, compressive stress–strain curves of 08
laminates may not be linear.
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FIGURE 4.22 Sandwich edgewise compression testing specimen.
3. The longitudinal compressive strength of a 08 laminate depends on the fiber

type, fiber volume fraction, matrix yield strength, fiber length–diameter

ratio, fiber straightness, fiber alignment as well as fiber–matrix interfacial

shear strength. The effects of some of these variables on the compressive

properties of unidirectional fiber-reinforced polyester composites have

been studied by Piggott and Harris and are described in Ref. [4].
TABLE 4.5
Compressive Properties of Carbon and Boron Fiber-Reinforced

Epoxy Composites

Carbon–Epoxy Boron–Epoxy

Laminate

Strength, MPa

(ksi)

Modulus, GPa

(Msi)

Strength, MPa

(ksi)

Modulus, GPa

(Msi)

[0] 1219.5 (177) 110.9 (16.1) 2101.4 (305) 215.6 (31.3)

[±15] 799.2 (116) 95.8 (13.9) 943.9 (137) 162.9 (23.65)

[±45] 259.7 (37.7) 15.6 (2.27) 235.6 (34.2) 17.4 (2.53)

[90] 194.3 (28.2) 13.1 (1.91) 211.5 (30.7) 20.5 (2.98)

[0=90] 778.6 (113) 60.6 (8.79) 1412.4 (205) 118.3 (17.17)

[0=±45=90] 642.8 (93.3) 46.4 (6.74) 1054.2 (153) 79.0 (11.47)

Source: Adapted from Weller, T., Experimental studies of graphite=epoxy and boron=epoxy angle

ply laminates in compression, NASA Report No. NASA-CR-145233, September 1977.
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4. Among the commercially used fibers, the compressive strength and

modulus of Kevlar 49-reinforced composites are much lower than

their tensile strength and modulus. Carbon and glass fiber-reinforced

composites exhibit slightly lower compressive strength and modulus

than their respective tensile values, and boron fiber-reinforced compos-

ites exhibit virtually no difference between the tensile and compressive

properties.

4.1.3 FLEXURAL PROPERTIES

Flexural properties, such as flexural strength and modulus, are determined

by ASTM test method D790. In this test, a composite beam specimen of

rectangular cross section is loaded in either a three-point bending mode (Figure

4.23a) or a four-point bending mode (Figure 4.23b). In either mode, a large

span–thickness (L=h) ratio is recommended. We will consider only the three-

point flexural test for our discussion.

The maximum fiber stress at failure on the tension side of a flexural

specimen is considered the flexural strength of the material. Thus, using a

homogeneous beam theory, the flexural strength in a three-point flexural test

is given by

sUF ¼ 3Pmax L

2bh2
, (4:10)

where

Pmax¼maximum load at failure

b ¼ specimen width

h ¼ specimen thickness

L ¼ specimen length between the two support points

Flexural modulus is calculated from the initial slope of the load–deflection

curve:
h

L

P/2 P/2P

(a) (b)

L /2L /2

h

L

b h

FIGURE 4.23 Flexural test arrangements in (a) three-point bending and (b) four-point

bending modes.
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EF ¼ mL 3

4bh 3 
, ( 4: 11 )

wher e m is the initial slope of the load–def lect ion cu rve.

Thr ee-poin t flexural tests ha ve recei ved wide accepta nce in the composi te

mate rial ind ustry because the sp ecimen preparat ion and fixtures are very

simp le. How ever, the follo wing lim itations of three- point flexu ral tests should

be recogni zed.

1. The maxi mum fiber stre ss may not always oc cur at the outerm ost layer

in a composite laminate. An example is shown in Figure 4.24. Thus,

Equat ion 4.10 gives onl y an appa rent stre ngth value. For mo re accurate

values, lamination theory should be employed.

2. In the three-point bending mode, both normal stress sxx and shear stress

txz are present throughout the beam span. If contributions from both

stresses are taken into account, the total deflection at the midspan of the

beam is

D ¼ PL3

4Ebh3|fflffl{zfflffl}
normal

þ 3PL

10Gbh|fflfflffl{zfflfflffl}
shear

¼ PL3

4Ebh3
1þ 12

10

E

G

� �
h

L

� �2
" #

: (4:12)
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FIGURE 4.24 Normal stress (sxx) distributions in various layers of (a) [90=0=
(90)6=0=90] and (b) [0=90=(0)6=90=0] laminates under flexural loading.
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This equati on shows that the shear deflection can be quite signifi cant in

a composi te lamin ate, since the E=G ratio for fiber-re inforced comp os-

ites is often quite large . The shear de flection can be reduced emp loying a

high span–thi ckne ss ( L=h) ratio for the bea m. Based on data of Zweben

et al. [13] , L=h ratios of 60:1 are recomm ended for the determinat ion of

flexu ral modulus.

3. Owing to large defle ction at high L=h ratios, signifi cant end forces are
developed at the supp orts. This in turn a ffects the flex ural stre sses in a

beam. Un less a low er L= h ratio , say 16 :1, is used, Equat ion 4.10 must be

correct ed for these end forces in the foll owing way:

�max ¼ 3Pmax L

2bh 2
1 þ 6

D

L

� �2

�4
h

L

� �
D

L

� �" #
, ( 4: 13 )

wher e D is given by Equat ion 4.12.
4. Although the flexural strength value is based on the maximum tensile

stress in the outer fiber, it does not reflect the true tensile strength of the

material. The discrepancy arises owing to the difference in stress dis-

tributions in flexural and tensile loadings. Flexural loads create a non-

uniform stress distribution along the length, but a tensile load creates a

uniform stress distribution. Using a two-parameter Weibull distribution

for both tensile strength and flexural strength variations, the ratio of

the median flexural strength to the median tensile strength can be

written as

sUF

sUT

¼ 2(1þ a)2
VT

VF

� �1=a
, (4:14)

where

a ¼ shape parameter in the Weibull distribution function (assumed

to be equal in both tests)

VT¼ volume of material stressed in a tension test

VF¼ volume of material stressed in a three-point flexural test
Assuming VT ¼ VF and using typical values of a ¼ 15 and 25 for 08
E-glass–epoxy and 08 carbon–epoxy laminates, respectively [12], Equation 4.14

shows that

sUF ¼ 1.52sUT for 08 E-glass–epoxy laminates

sUF ¼ 1.33sUT for 08 carbon–epoxy laminates
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Thus , the three- point flexu ral stre ngth of a composi te laminate can be signifi -

cantl y higher than its tensile stren gth. The experi mental data present ed by

Bullock [14] as well as Wh itney and Knight [15] verify this observat ion.

Figure 4.25 sh ows the flex ural load -deflect ion diagra ms for four unidir ec-

tional 08 laminates . The mate rials of co nstruction are an ultrah igh-modu lus

carbon (GY -70), a high-s trength c arbon (T-300 ), Kevla r 49, and E-glas s fiber -

reinfo rced ep oxies. The difference in slope in their load–def lection diagra ms

reflects the diff erence in their respect ive fiber modu lus. The GY- 70 lamin ate

exhibi ts a brit tle behavior , but other lamina tes exhibit a progres sive failure

mode co nsisting of fiber failure, debon ding (splitting) , and de laminati on. The

Kevl ar 49 lami nate has a highly nonl inear load–def lection curve due to com-

pressive yielding. Fib er micro buckling damages are observed on the compres -

sion side of both E-glass an d T-300 laminates . Since high contact stresses just

under the loading point create such damage, it is recommended that a large

loading nose radius be used.

The flexural modulus is a critical function of the lamina stacking sequence

(Table 4.6) , and theref ore, it doe s not alw ays correla te wi th the tensi le modulus,

which is less dependent on the stacking sequence. In angle-ply laminates,

a bending moment creates both bending and twisting curvatures. Twisting

curvature causes the opposite corners of a flexural specimen to lift off its

supports. This also influences the measured flexural modulus. The twisting

curvature is reduced with an increasing length–width (L=b) ratio and a decreasing

degree of orthotropy (i.e., decreasing E11=E22).
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TABLE 4.6
Tensile and Flexural Properties of Quasi-Isotropic Laminates

Tension Test Flexural Testa

Laminate

Configurationb
Strength,

MPa (ksi)

Modulus,

GPa (Msi)

Strength,

MPa (ksi)

Modulus,

GPa (Msi)

[0=±45=90]S 506.4 (73.5) 48.23 (7) 1219.5 (177) 68.9 (10)

[90=±45=0]S 405.8 (58.9) 45.47 (6.6) 141.2 (20.5) 18.6 (2.7)

[45=0=�45=90]S 460.9 (66.9) 46.85 (6.8) 263.9 (38.3) 47.54 (6.9)

Source: Adapted fromWhitney, J.M., Browning, C.E., and Mair, A., Composite Materials: Testing

and Design (Third Conference), ASTM STP, 546, 30, 1974.

a Four-point flexural test with L=h ¼ 32 and L=b ¼ 4.8.
b Material: AS carbon fiber–epoxy composite, vf ¼ 0.6, eight plies.
4.1.4 IN -PLANE S HEAR P ROPERTIES

A varie ty of test methods [16, 17] have been used for measur ing in-pl ane shear

propert ies, such as the shear modu lus G12 and the ultimat e shear stre ngth t 12U
of unidir ection al fiber -reinforce d composi tes. Thr ee common in-pl ane shear

test methods for measur ing these two pro perties are descri bed as follows .

±45 Shear test : The ±45 she ar test (ASTM D3518) involv es uniaxi al tensi le

testing of a [ þ 45 =�45]nS symm etric lamin ate (Figur e 4.26) . The specim en

dimens ions, prep aration, and test pro cedure are the same as those descri bed

in the tension test method ASTM D3039. A diagra m of the shear stress t12 vs.
the sh ear stra in g12 is plott ed using the follo wing equati ons:

t12 ¼ 1

2 
s xx ,

g12 ¼ «xx � «yy , ( 4: 15 )

where sxx, «xx , and « yy rep resent tensi le stress, longitudinal stra in, an d trans -
verse stra in, respectivel y, in the [±45]nS tensile specim en. A typical tensi le stre ss–

tensile strain respo nse of a [±45]S boron–ep oxy lami nate and the corres ponding

shear stress–s hear strain diagra m are shown in Fig ure 4.27.

10 8 Off-axis test : The 10 8 off-axis test [18] involves uniaxi al tensile testing of
a unidir ectional lamin ate with fiber s oriented at 10 8 from the tensi le loading

direction (Figur e 4.28). The sh ear stress t12 is calculated from the tensile stress

sxx using the following expression:

t12 ¼ 1

2
sxx sin 2uju¼10� ¼ 0:171sxx: (4:16)
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FIGURE 4.27 (a) Tensile stress–strain diagram for a [±45]S boron–epoxy specimen and

(b) the corresponding shear stress–shear strain diagram. (Adapted from the data in

Rosen, B.M., J. Compos. Mater., 6, 552, 1972.)
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FIGURE 4.28 Test configuration for a 108 off-axis shear test.
Calculation of the shear strain g12 requires measurements of three normal

strains using either a rectangular strain gage rosette or a 608 D-strain gage

rosette. If a rectangular strain gage rosette is used (Figure 4.28), the expression

for shear strain g12 is

g12 ¼ 0:5977«g1 � 1:8794«g2 þ 1:2817«g3, (4:17)

where «g1, «g2, and «g3 are normal strains in gage 1, 2, and 3, respectively.

Iosipescu shear test: The Iosipescu shear test (ASTM D5379) was originally

developed by Nicolai Iosipescu for shear testing of isotropic materials and was

later adopted by Walrath and Adams [19] for determining the shear strength
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and modulus of fiber-reinforced composites. It uses a double V-notched test

specimen, which is tested in a four-point bending fixture (Figure 4.29).

A uniform transverse shear force is created in the gage section of the specimen,

while the bending moment at the notch plane is zero. Various analyses have

shown that except at the close vicinity of the notch roots, a state of pure
P

P

P

0

Shear
force

Pa

Bending
moment

(e)(d)

(b) (c)

2

Pa
2

L

w

a

Pa
(L – a)

PL
(L – a)

Pa
(L – a)

Pa
(L – a)

PL
(L – a)

− −

FIGURE 4.29 Iosipescu shear test: (a) test fixture (Courtesy of MTS System Corpo-

ration), (b) schematic representation, (c) free body, (d) shear force, and (e) bending

moment distribution.
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shear exist s at the notch plane. The presence of notch creates a shear stre ss

concen tration at the notch root, whi ch reduces wi th increa sing notc h an gle and

notch root radius , but increa ses with increa sing orthot ropy, that is, increasing

(E11 =E22 ). Typi cal Io sipescu specim ens use a 90 8 notch angle, notch depth equ al
to 20% of the specim en width, and notch root radius of 1.3 mm.

The shear stress in a n Io sipescu shear test is calcul ated as

t12 ¼ P

wh 
, ( 4: 18 )

where

P ¼ app lied load

w ¼ dist ance between the notches

h ¼ sp ecimen thickne ss

A ±45 8 strain ro sette, center ed in the gage section of the specimen , is used to

measur e the shear strain at the mids ection between the not ches. The shear

strain is given as

g12 ¼ «þ 45 � � «� 45� : ( 4: 19 )

Based on a roun d rob in test condu cted by the ASTM [20] , it is recomm ended

that 0 8 specim ens be used for measuring she ar stre ngth t12U and shear modu lus

G12 of a continuou s fiber -reinforce d compo site material . The 90 8 sp ecimens

show eviden ce of failure due to trans verse tensi le stre sses that exist outsid e the

notch plane. A schema tic of the ac ceptable and una cceptabl e fail ure mo des in

08 and 90 8 specim ens is shown in Figure 4.30.

In-plane shear properties txyU and Gxy of a general laminate are commonly

determined by either a two-rail or a three-rail edgewise shear test method (ASTM

D4255). In a two-rail shear test, two pairs of steel rails are fastened along the long

edges of a 76.2 mm wide3 152.4 mm long rectangular specimen, usually by three

bolts on each side (Figure 4.31a). At the other two edges, the specimen remains free.
Lo
ad

Notch root
crack develops

Ultimate
failure

Load–deflection
curve for 0� specimen

Deflection

Acceptable failure

Unacceptable failure

(b) (a) 

FIGURE 4.30 (a) Load-deflection diagram and (b) acceptable and unacceptable failure

modes in an Iosipescu shear test.
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FIGURE 4.31 Test configuration for (a) two-rail and (b) three-rail shear tests.
Atensile loadapplied to the rails tends todisplace one rail relative to theother, thus

inducing an in-plane shear load on the test laminate. In a three-rail shear test, three

pairs of steel rails are fastened to a 136 mm wide 3 152 mm long rectangular

specimen, two along its long edges, and one along its centerline (Figure 4.31b).

A compressive load applied at the center rail creates an in-plane shear load in

the specimen. The shear stress txy is calculated from the applied load P as

Two-rail: txy ¼ P

Lh
,

Three-rail: txy ¼ P

2Lh
, (4:20)

where

L is the specimen length

h is the specimen thickness

The shear strain gxy is determined using a strain gage mounted in the center

of the test section at 458 to the specimen’s longitudinal axis. The shear strain gxy
is calculated from the normal strain in the 458 direction:

gxy ¼ 2«45� : (4:21)

In order to assure a uniform shear stress field at a short distance away from the

free edges of a rail shear specimen [21], the length–width ratio must be greater

than 10:1. A low effective Poisson’s ratio for the laminate is also desirable, since
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TABLE 4.7
In-Plane Shear Properties of [0] and [±45]S Laminatesa

Shear Strength, MPa (ksi) Shear Modulus, GPa (Msi)

Material (vf 5 60%) [0] [±45]S [0] [±45]S

Boron–epoxy 62 (9) 530.5 (77) 4.82 (0.7) 54.4 (7.9)

Carbon–epoxy 62 (9) 454.7 (66) 4.48 (0.65) 37.9 (5.5)

Kevlar 49–epoxy 55.1 (8) 192.9 (28) 2.07 (0.3) 20.7 (3)

S-Glass–epoxy 55.1 (8) 241.1 (35) 5.51 (0.8) 15.1 (2.2)

a For comparison, the shear modulus of steel¼ 75.8 GPa (11 Msi) and that of

aluminum alloys¼ 26.9 GPa (3.9 Msi).
the shear stress distribution in laminates of a high Poisson’s ratio is irregular

across the width. For shear properties of unidirectional laminates, either 08 or 908
orientation (fibers parallel or perpendicular to the rails) can be used. However,

normal stress concentration near the free edges is transverse to the fibers in a 08
orientation and parallel to the fibers in the 908 orientation. Since normal stresses

may cause premature failure in the 08 laminate, it is recommended that a 908
laminate be used for determining t12U and G12 [22].

Although the results from various in-plane shear tests do not always

correlate, several general conclusions can be made:

1. The shear stress–strain response for fiber-reinforced composite mater-

ials is nonlinear.

2. Even though 08 laminates have superior tensile strength and modulus,

their shear properties are poor.

The shear strength and modulus depend on the fiber orientation angle and

laminate configuration. The highest shear modulus is obtained with [±45]S
symmetric laminates (Table 4.7). The addition of 08 layers reduces both the

shear modulus and the shear strength of [±45]S laminates.

4.1.5 INTERLAMINAR SHEAR STRENGTH

Interlaminar shear strength (ILSS) refers to the shear strength parallel to the

plane of lamination. It is measured in a short-beam shear test in accordance

with ASTM D2344. A flexural specimen of small span–depth (L=h) ratio is

tested in three-point bending to produce a horizontal shear failure between the

laminas. To explain the short-beam shear test, let us consider the following

homogeneous beam equations:

Maximum normal stress sxx ¼ 3PL

2bh2
¼ 3P

2bh

L

h

� �
, (4:22a)
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FIGURE 4.32 Interlaminar shear failure in a 08 laminate in a short-beam shear test.
Maxi mum shear stress txz ¼ 3P

4bh 
: (4 : 22b)

From Equat ion 4.22, it can be seen that the maxi mum normal stre ss in the

beam dec reases wi th decreas ing L=h rati o and the maximum sh ear stress (at the

neutral axis) is not a ffected by the L =h rati o. Thus , for suffici ently smal l L=h
ratios, the maximu m shear stre ss in the beam wi ll reach the ILSS of the mate rial

even though the maximum normal stress is still quite low. Thus , the beam will

fail in the interlam inar shear mode by cracki ng along a horizont al plane

between the lami nas (Figur e 4.32). The recomm ended L=h ratios for short-
beam shear tests are between 4 and 5. Howev er, testing a few specim ens at

various L =h rati os is us ually needed before the prop er L =h ratio for interlam inar

shear failu re is found. For very smal l L=h rati os a co mpressive failu re may occu r

on the top surface of the specim en, wher eas for large L=h rati os a tensile failu re
may oc cur at the bottom surface of the specimen [23] . Know ing the maximum

load at failure, the IL SS is de termined using Equat ion 4.22b.

Bec ause of its sim plicity, the sh ort-beam shear test is wid ely accepte d for

mate rial screeni ng and qua lity co ntrol purposes [24] . How ever, it doe s not

provide design data for the foll owing reasons :

1. Equat ion 4.22b is ba sed on homogene ous beam theory for long slender

beams, whi ch predicts a con tinuous parab olic shear stre ss distribut ion in

the thickne ss direct ion (Figur e 4.33). Such symm etrical sh ear stre ss

dist ribution may not oc cur in a short-beam shear test [25]. Additional ly,

it may also con tain discont inuit ies at lamina inter faces . Ther efore,

Equat ion 4.22b is only an app roximate formu la for ILSS.

2. In the homogeneous beam theory, maximum shear stress occurs at the

neutral plane where normal stresses are zero. In short-beam shear tests of

many laminates, maximum shear stress may occur in an area where other

stressesmay exist. As a result, a combination of failuremodes, such as fiber

rupture, microbuckling, and interlaminar shear cracking, are observed.

Interlaminar shear failuremayalsonot takeplace at the laminatemidplane.
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FIGURE 4.33 Shear stress distributions in a short-beam shear specimen: (a) near the

support points and (b) near the midspan.
For these reasons, it is often difficult to interpret the short-beam shear test

data and compare the test results for various materials.

The ILSS, txzU is not the same as the in-plane shear strength, txyU.
Furthermore, the short-beam shear test should not be used to determine the

shear modulus of a material.

Despite the limitations of the short-beam shear test, interlaminar shear

failure is recognized as one of the critical failure modes in fiber-reinforced

composite laminates. ILSS depends primarily on the matrix properties and

fiber–matrix interfacial shear strengths rather than the fiber properties. The

ILSS is improved by increasing the matrix tensile strength as well as the matrix

volume fraction. Because of better adhesion with glass fibers, epoxies in general

produce higher ILSS than vinyl ester and polyester resins in glass fiber-reinforced

composites. The ILSS decreases, often linearly, with increasing void content.

Fabrication defects, such as internal microcracks and dry strands, also reduce

the ILSS.

4.2 FATIGUE PROPERTIES

The fatigue properties of a material represent its response to cyclic loading,

which is a common occurrence in many applications. It is well recognized

that the strength of a material is significantly reduced under cyclic loads.

Metallic materials, which are ductile in nature under normal operating condi-

tions, are known to fail in a brittle manner when they are subjected to repeated

cyclic stresses (or strains). The cycle to failure depends on a number of vari-

ables, such as stress level, stress state, mode of cycling, process history, material

composition, and environmental conditions.

Fatigue behavior of a material is usually characterized by an S–N diagram,

which shows the relationship between the stress amplitude or maximum stress

and number of cycles to failure on a semilogarithmic scale. This diagram is

obtained by testing a number of specimens at various stress levels under
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sinusoidal loading conditions. For a majority of materials, the number of cycles

to failure increases continually as the stress level is reduced. For low-carbon

steel and a few other alloys, a fatigue limit or endurance limit is observed

between 105 and 106 cycles. For low-carbon steels, the fatigue limit is ffi50%

of its ultimate tensile strength. Below the fatigue limit, no fatigue failure occurs

so that the material has essentially an infinite life. For many fiber-reinforced

composites, a fatigue limit may not be observed; however, the slope of the S–N

plot is markedly reduced at low stress levels. In these situations, it is common

practice to specify the fatigue strength of the material at very high cycles, say,

106 or 107 cycles.

4.2.1 FATIGUE TEST METHODS

The majority of fatigue tests on fiber-reinforced composite materials have been

performed with uniaxial tension–tension cycling (Figure 4.34). Tension–

compression and compression–compression cycling are not commonly used

since failure by compressive buckling may occur in thin laminates. Completely

reversed tension–compression cycling is achieved by flexural fatigue tests. In

addition, a limited number of interlaminar shear fatigue and in-plane shear

fatigue tests have also been performed.

The tension–tension fatigue cycling test procedure is described in ASTM

D3479. It uses a straight-sided specimen with the same dimensions and end tabs

as in static tension tests. At high cyclic frequencies, polymer matrix composites

may generate appreciable heat due to internal damping, which is turn increases

the specimen temperature. Since a frequency-induced temperature rise can

affect the fatigue performance adversely, low cyclic frequencies (<10 Hz) are
S
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FIGURE 4.34 Stress vs. time diagram in a fatigue test.
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preferred. Both stress-controlled and strain-controlled tests are performed. In a

stress-controlled test, the specimen is cycled between specified maximum

and minimum stresses so that a constant stress amplitude is maintained. In a

strain-controlled test, the specimen is cycled between specified maximum and

minimum strains so that a constant strain amplitude is maintained.

A unique feature of a fiber-reinforced composite material is that it exhibits

a gradual softening or loss in stiffness due to the appearance of microscopic

damages long before any visible damage occurs. As a result, the strain in the

specimen increases in load-controlled tests, but the stress in the specimen

decreases in strain-controlled tests (Figure 4.35). Microscopic damages also

cause a loss in residual strength of the material. Instead of specimen separation,
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FIGURE 4.35 (a) Fatigue cycling in stress-controlled or strain-controlled fatigue tests.

Differences in (b) stress-controlled test and (c) strain-controlled fatigue test of polymer

matrix composites.
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many fatigue tests are performed until the specimen stiffness or residual

strength decreases to a predetermined level. Thus, cycles to failure may not

always represent the specimen life at complete fracture.

Many investigators have attempted to describe the S–log N plot for various

fiber-reinforced composites by a straight line:

S ¼ sU(m logN þ b), (4:23)

where

S ¼maximum fatigue stress

N ¼ number of cycles to failure

sU ¼ average static strength

m, b¼ constants

Values of m and b for a few epoxy matrix composites are given in Table 4.8.

A power-law representation for the S–N plot is also used:

S

sU

Nd ¼ c, (4:24)

where c and d are constants. Similar expressions can be written for «�N plots

obtained in strain-controlled fatigue tests.

The number of cycles to failure, also called the fatigue life, usually exhibits a

significant degree of scatter. Following a two-parameter Weibull distribution,

the probability of fatigue life exceeding L can be written as

F (L) ¼ exp � L

L0

� �af
� �

, (4:25)
TABLE 4.8
Constants in S–N Representation of Composite Laminates

Constants in Equation 4.23

Material Layup R m b References

E-glass–ductile epoxy 08 0.1 �0.1573 1.3743 [26]

T-300 Carbon–ductile epoxy 08 0.1 �0.0542 1.0420 [26]

E-glass–brittle epoxy 08 0.1 �0.1110 1.0935 [26]

T-300 Carbon–brittle epoxy 08 0.1 �0.0873 1.2103 [26]

E-glass–epoxy [0=±45=90]S 0.1 �0.1201 1.1156 [27]

E-glass–epoxy [0=90]S 0.05 �0.0815 0.934 [28]

Note: R represents the ratio of the minimum stress and the maximum stress in fatigue cycling.
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where

af is the shap e pa rameter in fatigu e

L0 is the locat ion parame ter for the fati gue lif e dist ribution (cycl es)

Com paring the static strength data and fatigue life data of unidir ectio nal 08
E-glass–ep oxy, Hahn an d Kim [29] proposed the followin g co rrelatio n between

the stat ic stre ngth an d fatigue data:

L

L0

¼ S

sU

� �a = af

: ( 4: 26 )

Equation 4.26 implies that the higher the stat ic stren gth of a specim en, the

longer would be its fatigue life.

4.2.2 FATIGUE PERFORMANCE

4.2.2.1 Ten sion–Te nsion F atigue

Tension–t ension fatigu e tests on unidir ectio nal 0 8 ultr ahigh- modulus carbon

fiber-re inforc ed therm oset polyme rs produ ce S –N curves that are almost hori-

zontal and fall within the stat ic scatter ban d (Figur e 4.36) . The fati gue effe ct

is slightl y great er for relative ly low er mod ulus carbon fiber s. Unidi rectional 0 8
boron and Kevlar 49 fiber composites also exhibit exceptionally good fatigue

strength in tensi on–tensio n loading (Figur e 4.37). Other lami nates, such as

[0=±45=90]S carbon, [0=90]S carbon, [0=±30]S carbon, and [0=±45]S boron
Static tensile failure scatter band

High modulus carbon fibers in
a polyester matrix (vf = 0.4)
(Ef = 360 GPa (52.2 Msi))
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FIGURE 4.36 Tension–tension S–N diagram for a 08 ultrahigh-modulus carbon fiber–

polyester composite. (After Owen, M.J. and Morris, S., Carbon Fibres: Their Composites

and Applications, Plastics Institute, London, 1971.)
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composites. (After Miner, L.H., Wolfe, R.A., and Zweben, C.H., Composite Reliability,

ASTM STP, 580, 1975.)
(Figur e 4.38), sho w very similar S–N diagra ms, althoug h the actual fatigue

effect depe nds on the prop ortion of fiber s aligned wi th the load ing axis, stacking

sequence , and mode of cyclin g. The effe ct of cyclin g mo de is demonst rated in

Figure 4.39, in which a tensi on–comp ression cyclin g (R ¼ �1 .6) produces a

steepe r S –N plot than the tensi on–tensi on c ycling (R ¼ 0.1) and the compres -

sion–com pressi on cyclin g (R ¼ 10) gives the low est S– N plot.

The fati gue perfor mances of both E- and S-gla ss fiber -reinforce d comp o-

sites are infer ior to those of c arbon, boron , and Kevl ar 49 fiber -reinforce d
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FIGURE 4.38 Tension–tension S–N diagram for a [0=±45]S boron fiber–epoxy laminate.

(After Donat, R.C., J. Compos. Mater., 4, 124, 1970.)
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fatigue stress ratios (Note: R¼ 0.1 in tension–tension cycling, R¼�1.6 in tension–

compression cycling, and R¼ 10 in compression–compression cycling). (After Ramani, S.

V. andWilliams, D.P., Failure Mode in Composites III, AIME, 1976.)
composi tes. Both types of fibers produce steep S –N plots for unidir ection al

08 composi tes (F igures 4.40 an d 4.41). An impr ovement in their fatigue

perfor mance can be achieve d by hy bridizing them wi th other high-m odulus

fibers, such as T-300 carbon (Figur e 4.42).
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fatigue stress ratios. (After Tobler, R.L. and Read, D.L., J. Compos. Mater., 10, 32,

1976.)
The tensio n–tension fatigue pr operties of SM C composi tes ha ve been

report ed by several investiga tors [30–32 ]. SM C material s con taining E-glas s

fiber-re infor ced polyest er or vinyl ester matr ix also do not exh ibit fatigue limit .

Their fatigue pe rformance depen ds on the proporti on of continuous and

chop ped fibers in the lamin ate (Figur e 4.43).

4.2.2 .2 Flexur al Fati gue

The flexu ral fatigue perfor mance of fiber-re infor ced co mposite mate rials is in

general less satisfa ctory than the tensi on–tensi on fatigue pe rformance. This can
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S-glass=T-300 carbon interply hybrid laminates. (After Hofer, K.E., Jr., Stander, M.,

and Bennett, L.C., Polym. Eng. Sci., 18, 120, 1978.)
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be observed in Figure 4.44, where the slope of the flexural S–N curve is greater

than that of the tension–tension S–N curve for high-modulus carbon fibers.

The lower fatigue strength in flexure is attributed to the weakness of composites

on the compression side.
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4.2.2.3 Interlaminar Shear Fatigue

Fatigue characteristics of fiber-reinforced composite materials in the inter-

laminar shear (txz) mode have been studied by Pipes [33] and several other

investigators [34,35]. The interlaminar shear fatigue experiments were

conducted using short-beam shear specimens. For a unidirectional 08 carbon
fiber-reinforced epoxy, the interlaminar shear fatigue strength at 106 cycles was

reduced to <55% of its static ILSS even though its tension–tension fatigue

strength was nearly 80% of its static tensile strength (Figure 4.45). The inter-

laminar shear fatigue performance of a unidirectional 08 boron–epoxy system

was similar to that of unidirectional 08 carbon–epoxy system. However, a

reverse trend was observed for a unidirectional 08 S-glass-reinforced epoxy.

For this material, the interlaminar shear fatigue strength at 106 cycles was ~60%

of its static ILSS, but the tension–tension fatigue strength at 106 cycles was

<40% of its static tensile strength. Unlike the static interlaminar strengths, fiber

volume fraction [34] and fiber surface treatment [35] did not exhibit any

significant influence on the high cycle interlaminar fatigue strength.

Wilson [36] has studied the interlaminar shear fatigue behavior of an SMC-

R50 laminate. His results show that the interlaminar shear fatigue strength

of this material at 106 cycles and 268C is equal to 64% of its static ILSS.

The interlaminar shear fatigue strength at 106 cycles and 908C is between 45%

and 50% of the corresponding ILSS.
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FIGURE 4.45 Interlaminar shear S–N diagrams for 08 carbon and glass fiber–epoxy

laminates. (After Pipes, R.B., Composite Materials: Testing and Design (Third Confe-

rence), ASTM STP, 546, 419, 1974.)
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4.2.2.4 Tor sional Fatigue

The torsiona l fatigue be havior of carbon fiber -reinforce d ep oxy thin tubes is

shown in Figure 4.46 for 08 and ±458 orientati ons. On a log–lo g scale , the S –N

plot in alternati ng ( R ¼ �1) torsion al fatigue exhibi ts linear be havior. The

torsion al fatigu e strength of ±45 8 specimen s is ~3.7–3. 8 times higher than that

of the 08 spec imens at an equ ivalent num ber of cycles . The data for [0 =±45 ]
tubes fall be tween the 08 and ±458 lines. The 08 specim ens fail ed by a few

longitu dinal cracks (crack s parall el to fibers), and the ±458 sp ecimens failed

by crack ing along the ±458 lines an d extens ive delam inatio n. Althou gh the 08
specime ns exhibited a lower torsion al fatig ue strength than ±45 8 specime ns,

they retai ned a much higher pos tfatigue static torsi onal stre ngth.

Torsional fatigue data for a number of unidirectional 08 fiber-reinforced
composites are compared in Figure 4.47. The data in this figure were obtained

by shear strain cycling of solid rod specimens [37]. Fatigue testing under pure shear

conditions clearly has a severe effect on unidirectional composites, all failing at

~1 03 cycles at approximately half the static shear strain to failure. Short-beam

interlaminar shear fatigue experiments do not exhibit such rapid deterioration.

4.2.2.5 Com pressive Fatigue

Comp ression–co mpression fatigu e S–N diagram of various E-glass fiber-

reinforced polyest er an d epoxy composi tes is shown in Figu re 4.48. Simi lar

trends are also observed for T-300 carbon fiber-reinforced epoxy systems [38].
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4.2.3 VARIABLES IN F ATIGUE PERFORMANCE

4.2.3.1 Effect of Materia l Variabl es

Fatigue tests on unid irectional composi tes co ntaining off- axis fiber s (i. e.,

u 6¼ 08 ) show a steady deteri oration in fati gue strength wi th increa sing
fiber orientati on angle [39]. Anal ogo us to stat ic tests, the fatigu e failure

mode in off-axis composi tes changes from progres sive fiber failure at u < 58
to matrix failure or fiber –mat rix inter face failure at u > 58 . However, a lamin ate

contai ning alternate layer s of ±5 8 fiber s has higher fatigue stren gth than a 08
laminate (Figur e 4.49). The fatigue perfor mance of 0 8 laminates is also

impro ved by the add ition of a small pe rcentag e of 90 8 plies , which reduce the
tendency of splitti ng (crac ks run ning parall el to fiber s in the 08 laminas) due to

low trans verse stre ngths of 08 laminas [40]. However, as the percent age of 9 0 8
plies increa ses, the fatigue strength is redu ced.

Figure 4.50 shows the zero-ten sion fati gue data of two ca rbon fiber-

reinforced PEEK lami nates, namely, [ � 45 =0=45 =90]2S and [±45]4S. Higher

fatigue stren gth of the [ � 45 =0=45 =90]2S is due to the presence of 08 fiber s.
Expe riments by Bol ler [40] and Davi s et al. [41] have also sho wn that the

fatigue perfor mance of lami nates co ntaining woven fabrics or randoml y

oriented fibers is lower than that of unidirectional or nonwoven cross-ply lamin-

ates (Figur e 4.51). Fatigue pe rformance of laminates contain ing co mbinations
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FIGURE 4.49 Effect of fiber orientation angles on the fatigue performance of E-glass–

epoxy composites. (After Boller, K.H., Mod. Plast., 41, 145, 1964.)
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(After Carlile, D.R., Leach, D.C., Moore, D.R., and Zahlan, N., Advances in Thermo-

plastic Matrix Composite Materials, ASTM STP, 1044, 199, 1989.)
of fiber orienta tions, such as [0 =90]S an d [0=±45 =90] S, are particular ly sensi tive
to laminate con figuratio n, since the signs of interlam inar stresses may be

revers ed by simp le varia tions in stacki ng sequence (F igure 4.52) .
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Materials in Design Engineering, 1964.)
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performance of carbon fiber–epoxy laminates.
A systemat ic study of the effects of resin type and co upling agents on the

fatigue perfor mance of fiber-re infor ced polyme r composi tes is lackin g. Ear ly

work by Boller [40] on balanced E-glas s fabric-r einforced lami nates ha s sho wn

the superi ority of epoxies over polyesters an d other therm oset resi ns. Mallick

[32] has shown that vinyl ester resin provides a bette r fatigue damage resistance

than polyester resin in an SMS-R65 laminate. However, within the same resin

category, the effects of compositional differences (e.g., low reactivity vs. high

reactivity in polyester resins or hard vs. flexible in epoxy resins) on the long-

life fatigue performance are relatively small. In zero-tension fatigue (R ¼ 0)

experiments with chopped E-glass strand mat–polyester laminates, Owen and

Rose [42] have shown that the principal effect of flexibilizing the resin is to delay

the onset of fatigue damage. The long-term fatigue lives are not affected by the resin

flexibility.

Invest igations by Tanimot o and Ami jima [43] as well as Dharan [44] have

shown that, ana logous to static tensile stren gth, the fatigu e strength also

increa ses with increa sing fiber volume fraction. An ex ample of the effect of

fiber volume fraction is shown in Fi gure 4.53.

4.2.3.2 Effect of Mean Stress

The effect of tensile mean stress on the fatigue propert ies of fiber-

reinforced composi te mate rials was fir st studi ed by Boller [45]. For 08 and
±158 E-glas s–epoxy laminates , the stre ss a mplitude at a constant lif e tend s to

decreas e wi th increa sing tensile mean stress (Figure 4.54). Thi s behavior is
� 2007 by Taylor & Francis Group, LLC.
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simila r to that of duc tile metals. Howev er, the Good man equati on,* which is

commonl y used for duc tile meta ls, may not be applic able for fiber -reinforce d

composi te mate rials.

Figure 4.55 shows the relationship between mean stress and stress ampli-

tude at 106 cycles for a cross-ply high-modulus carbon–epoxy composite. At

high tensile mean stresses, the fatigue curve lies within the static tensile strength

scatter band. However, low tensile mean stresses as well as compressive

mean stresses have a significant adverse effect on the fatigue strength of this

material. Similar behavior was also observed for a [0=±30]6S carbon–epoxy
composite [46].

Smith an d Owen [47] have report ed the effe ct of mean stresses on the stre ss

amplitude for chop ped E-glas s stra nd mat– polyest er compo sites. Their da ta

(Figur e 4.56) show that a smal l compres sive mean stress may have a bene ficial

effect on the fati gue performan ce of random fiber comp osites.
* The Goodman equation used for taking into account the effect of tensile mean stresses for high

cycle fatigue design of metals is given by

sa

Sf

þ sm

Sut

¼ 1,

where

sa ¼ alternating stress

sm ¼ mean stress

Sf ¼ fatigue strength with sm ¼ 0

Sut ¼ ultimate tensile strength
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4.2.3 .3 Effec t of Frequency

The viscoelast ic na ture of poly mers causes a pha se difference betw een cyclic

stresses and strains in polyme r matr ix compo sites, whi ch is exempl ified by

hyster esis loops even at low stre ss level s. This resul ts in energy a ccumula tion

in the form of he at wi thin the mate rial. Owing to the low therm al condu ctivity

of the material , the heat is not easily dissipated, whi ch in turn creat es a

tempe rature difference betw een the center an d surfa ces of a polyme r matr ix

laminate. At a constant stress level, the tempe rature difference due to viscoelast ic

heati ng increa ses with increa sing frequency of cycling (Figur e 4.57). Depending

on the frequency , it may attain a steady -st ate co ndition after a few cycles and

then rise rapidl y to high values shortly before the specim en failure.

In spite of the heating effect at high cyclic frequencies, Dally and Broutman

[48] found only a modest decrease in fatigue life with increasing frequency up to

40 Hz for cross-ply as well as quasi-isotropic E-glass–epoxy composites.

On the other hand, Mandell and Meier [49] found a decrease in the fatigue life

of a cross-ply E-glass–epoxy laminate as the cyclic frequency was reduced from

1 to 0.1 Hz. For  a [±45]2S T-300 carbon–epoxy laminate containing a center hole,

Sun and Chan [50] have reported a moderate increase in fatigue life to a peak value

between 1 and 30 Hz (Figure 4.58). The frequency at which the peak life was

observed shifted toward a higher value as the load level was decreased. Similar

results were observed by Saff [51] for [±45]2S AS carbon–epoxy laminates with

center holes and Reifsnider et al. [52] for [0=±45=0]S boron–aluminum laminates

with center holes.
� 2007 by Taylor & Francis Group, LLC.
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ASTM STP, 1044, 199, 1989.)
Freq uency-depend ent tempe ratur e rise was a lso detect ed in zero-tensi on

fatigue test ing of carb on fiber-re infor ced PEEK laminates . Temperat ure rise

was found to be depend ent on the lamin ate config uration. For ex ample, the

tempe rature rise in [� 45=0=45 =90]2S laminates was only 20 8 C above the ambi-

ent temperatur e, but it was up to 150 8 C in [± 45]4S laminates , when both were

fatigue- tested at 5 Hz. Highe r tempe rature rise in the latter was attribu ted to

their matrix- dominated layup. The difference in the fatigue respo nse at 0.5 and

5 Hz for these lami nate co nfigurati ons is shown in Figure 4.59.

4.2.3 .4 Effec t of Notch es

The fatigue strength of a fiber-reinforced polymer decreases with increasing notch

depth (Figure 4.60) as well as increasing notch tip sharpness (Figure 4.61). Stack-

ing sequence also plays an important role in the notch effect in fiber-reinforced

polymers. Underwood and Kendall [53] have shown that multidirectional

laminates containing 08 layers in the outer surfaces have a much longer fatigue

life than either 908 or off-axis layers in the outer surfaces.
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Many fiber -reinforce d polyme rs exhibit less notch sensi tivity in fatigue than

conven tional meta ls. Fatigue damage c reated at the notch tip of these lami nates

tends to blunt the notch severity and increa ses their resid ual stre ngths. A

compari son of fatigue stre ngth red uctions due to notching in a 20 24-T4 alumi -

num alloy with those in a HT carbon–epo xy laminate (Table 4.9) demonst rates

this important advantage of composite materials.
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FIGURE 4.61 Effect of notch sharpness on the fatigue performance of a cross-ply

E-glass–epoxy laminate. (After Carswell, W.S., Composites, 8, 251, 1977.)

� 2007 by Taylor & Francis Group, LLC.



TABLE 4.9
Comparison of Unnotched and Notched Fatigue Strengthsa

Ratio of Fatigue Strength to UTS

Unnotched Notched (Kt 5 3)b

Material

Lamination

Configuration

UTS, Mpa

(ksi)

At 104

Cycles

At 107

Cycles

At 104

Cycles

At 107

Cycles

High tensile strength

carbon fiber–epoxy

(r ¼ 1.57 g=cm3)

08 1138 (165) 0.76 0.70 0.42 0.36

[0=90]S 759 (110) 0.71 0.59 0.57 0.55

[0=90=±45]S 400 (58) 0.83 0.78 0.55 0.52

2024-T4 aluminum

(r ¼ 2.77 g=cm3)

— 531 (77) 0.83 0.55 0.65 0.23

Source: Adapted from Freeman, W.T. and Kuebeler, G.C., Composite Materials: Testing and

Design (Third Conference), ASTM STP, 546, 435, 1974.

a Fatigue stress ratio R ¼ 0.1 for all experiments.
b Kt is the theoretical stress concentration factor.
4.2.4 F ATIGUE DAMAGE MECHANISMS IN TENSION –TENSION FATIGUE T ESTS

4.2.4 .1 Cont inuous Fiber 08 Laminate s

Depending on the maxi mum stress level , fiber type, an d matr ix fatigu e prop -

erties, fatigue da mage in continuous fiber 08 lami nates is dom inated either by

fiber break age or by matrix micro crackin g [54–56]. At very high fatigue stre ss

levels, the fiber stress may exceed the lower limit of the fiber stre ngth scatte r

band . Thus , on the fir st app lication on the maximu m stre ss, the weake st fiber s

break. The locat ions of fiber break age are rando mly distribut ed in the vo lume

of the composi te (Figur e 4.62a) . High stress concentra tion at the broken

fiber ends initiat es more fiber breakage in the nearby areas. Rapidly increa sing

zones of fiber failure weake n the composi te severe ly, leadi ng even tually to

catas trophic failure in a few hundr ed cycles .

At lower fatigu e loads, the fiber stre ss may be less than the low er limit of

the fiber stre ngth scatt er band , but the matrix stra in may exceed the cyclic

strain limit of the matrix. Thus failure init iation takes place by matr ix

micro crackin g (Figur e 4.62b) inst ead of fiber fail ure. High stre ss co ncentra -

tions at the end s of matrix microcracks may cause de bonding at the fiber–

matrix interface and occasi onal fiber failure. Since the pro pagatio n of matr ix

micro cracks is frequent ly inter rupted by debon ding, the fatigue failure in

this region is progressive and, depending on the stress level, may span over

106 cycles.
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(a) (b)

FIGURE 4.62 Damage development during tension–tension fatigue cycling of a 08
laminate. (a) Fiber breakage at high stress levels and (b) Matrix microcracks followed

by debonding at low stress levels.
An important factor in determining the fatigue failure mechanism and the

nature of the fatigue life diagram in 08 laminates is the fiber stiffness [56], which

also controls the composite stiffness. For 08 composites, the composite fracture

strain «cu in the longitudinal direction is equal to the fiber fracture strain «fu.
Their scatter bands are also similar. Now, consider the tensile stress–strain

diagrams (Figure 4.63) of a high-modulus fiber composite and a low-modulus

fiber composite. For high-modulus fibers, such as GY-70 fibers, «cu is less than
Fiber

Fiber

efu emf

s

s

(a)
e  e fuemf

(b)
e

Composite Composite

Matrix Matrix

FIGURE 4.63 Schematic longitudinal tensile stress–strain diagrams for (a) high-modulus

and (b) low-modulus 08 fiber-reinforced composite laminates. Note that «mf is the fatigue

strain limit of the matrix.
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the fatigu e stra in limit of the matrix «mf. In this case, catastroph ic fatigue

failure, init iated by fiber breakage, is expecte d if the maxi mum fatigue stra in

due to applied load, «max, falls within the fiber fractu re scatter ban d. The

fatigue life diagram for such composi tes is nearly horizont al (as seen for the

carbon fiber–epo xy composi te in Figure 4.64) and the fatigu e streng th values

are rest ricted wi thin the fiber strength scatt er band, as seen in Figure 4.36. No

fatigue failure is expecte d below this scatter band.

For low-modul us fibers, such as T-300 carbo n or E-glas s, «mf falls below

the low er bound of «cu. Thus, if «max is such that the matrix is strained above

«mf, fatig ue failure wi ll be initiated by matr ix microcrack ing and wi ll con tinue

in a progres sive manner. The fatigue life diagra m in this region will sh ow a

slopi ng ban d. At very low strain levels, wher e «max is less than «mf , there will be

no fatigu e failu re. On the other ha nd, if «max exceed s the lowe r bound of «cu
there wi ll sti ll be a catas trophic failure dominat ed by fiber breaka ge. The entire

fatigue stra in-lif e diagra m for such compo sites shows three distinct regions , as

seen for the glass fiber –epoxy composi te in Figure 4.64:

1. Regi on I (high strain levels): catas trophi c fatig ue fail ure, low cycles to

failure, nearly hor izontal

2. Regi on II (int ermediate strain level s): pro gressive fati gue failu re,

inter mediate to high cycles to failu re, steep slope

3. Regi on III (low strain levels): infi nite life, hor izonta l

4.2.4 .2 Cr oss-Ply and Othe r Multidi rectional Cont inuous Fiber Lami nates

Fatigue failure in cro ss-ply [0=90]S laminates begins wi th the form ation of trans -

verse micr ocracks at the fiber –matrix inter face in the 90 8 layer s (Figure 4.65) .
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FIGURE 4.65 Damage development during tension–tension fatigue tests of a [0=90]S
laminate.
As the cycling con tinues, these micr ocracks propagat e across the 90 8 layers until
they reach the adjacent 08 layer s. Some of the micro cracks are then deflected

parallel to the 08 layer s, causing delam ination s be tween the 08 an d the 9 0 8 layer s.
Depending on the stre ss level , a num ber of these trans verse microcrack s may

appear at random locat ions in the first cycle; howeve r as noted by Br outman and

Sahu [57] , the transverse crack densit y (numb er of microc racks per unit area)

becomes nearly constant in a few cycles after their first appearance. It has been

found by Agar wal and Dally [28] that delam ination s do not prop agate for ne arly

95% of the fatig ue life at a given stress level . It is only during the last 5% of the

fatigue life that delam inations prop agate rapidl y across the 0 8=90 8 inter faces
before fiber failure in the 08 layers.

The sequ ence of damage developm ent events in other multidirecti onal

laminates c ontaining off-axis fibers is similar to that found in cross- ply lamin -

ates. Reifsni der et al. [58] have divide d this sequence into three regions (Figur e

4.66). Regi on I usuall y involv es matrix micr ocracki ng through the thickne ss of

off-axis or 90 8 layers. These microcrack s are parallel to fiber direction in these

layers and develop quite early in the life cycle, but they quickly stabilize to a

nearly uniform pattern with fixed spacing. The crack pattern developed in

region I is called the characteristic damage state (CDS) and is similar to that
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 4.66 Three stages of fatigue damage development in multidirectional lami-

nates. (After Reifsnider, K., Schultz, K., and Duke, J.C., Long-Term Behavior of

Composites, ASTM STP, 813, 136, 1983.)
observed in quasi-static loadings. The CDS is a laminate property in the sense

that it depends on the properties of individual layers, their thicknesses, and

the stacking sequence. The CDS is found to be independent of load history,

environment, residual stresses, or stresses due to moisture absorption.

Region II involves coupling and growth of matrix microcracks that ulti-

mately lead to debonding at fiber–matrix interfaces and delaminations along

layer interfaces. Both occur owing to high normal and shear stresses created at

the tips of matrix microcracks. Edge delamination may also occur in some

laminates (e.g., in [0=±45=90]S laminates) because of high interlaminar stresses

between various layers. As a result of delamination, local stresses in the 08
layers increase, since the delaminated off-axis plies cease to share the 08 load.
Additional stresses in 08 layers, in turn, cause fiber failure and accelerate the

fatigue failure process.

The principal failure mechanism in region III is the fiber fracture in 08
layers followed by debonding (longitudinal splitting) at fiber–matrix interfaces

in these layers. These fiber fractures usually develop in local areas adjacent to

the matrix microcracks in off-axis plies. It should be noted that fiber fracture

occurs in both regions II and III; however, the rate of fiber fracture is much

higher in region III, which leads quickly to laminate failure.

4.2.4.3 SMC-R Laminates

The inhomogeneous fiber distribution and random fiber orientation in SMC-R

laminates give rise to a multitude of microscopic cracking modes, such as
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 4.67 Damage development during flexural fatigue testing of SMC-R65 lami-

nates containing polyester and vinyl ester matrix. Dark lines at the center of each

specimen indicate the formation of microcracks nearly normal to the loading direction.

Note that more microcracks were formed in polyester laminates than in vinyl ester

laminates.
matrix cracking, fiber–matrix interfacial debonding, and fiber failure [59]. In

matrix-rich areas containing sparsely dispersed fibers, matrix cracks are formed

normal to the loading direction. Matrix cracks also develop in fiber-rich areas;

however, these cracks are shorter in length owing to close interfiber spacing.

Furthermore, if the fibers are at an angle with the loading direction, fiber–

matrix debonding is observed. Fiber fracture is rarely observed in SMC-R

laminates.

Crack density as well as average crack length in SMC-R laminates depends

strongly on the stress level. At high fatigue stress levels (>60% of the ultimate

tensile strength), the crack density is high but the average crack length is small.

At lower stress levels, cracks have a lower density and longer lengths. Another

important parameter in controlling crack density and length is the resin

type [32]. This is demonstrated in Figure 4.67.

4.2.5 FATIGUE DAMAGE AND ITS CONSEQUENCES

Unlike metals, fiber-reinforced composites seldom fail along a self-similar

and well-defined crack path. Instead, fatigue damage in fiber-reinforced

composites occurs at multiple locations in the form of fiber breakage, delami-

nation, debonding, and matrix cracking or yielding. Depending on the stress

level, fiber length, fiber orientation, constituent properties, and lamination

configuration, some of these failure modes may appear either individually

or in combination quite early in the life cycle of a composite. However, they
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FIGURE 4.68 Various stages of damage growth during tension–tension fatigue cycling

of E-glass mat-reinforced polyester laminates. (After Smith, T.R. and Owen, M.J.,Mod.

Plast., 46, 128, 1969.)
may not immediat ely precipi tate a failure in the mate rial. The damage grows in

size or intens ity in a progres sive manner until the final rup ture takes place.

Figure 4.68 shows the S–N curve of a rand omly oriented chopped E-glass

fiber strand mat–p olyester co mposite in which the onset of deb onding

and matrix crack ing was observed two to three de cades earlier than its final

rupture [60].

As the fatigu e damage accumul ates wi th cycli ng, the dy namic mod ulus of

the mate rial is continuous ly de creased . This cycli c ‘‘so ftening’’ phen omenon

causes an increa se in stra in level if a stress- control led test is us ed and a de crease

in stre ss level if a stra in-cont rolled test is used. Bec ause of less damage devel-

opment in a continuou sly reduc ing stre ss field, a strain-c ontrolled test is

expecte d to pr oduce a higher fati gue life than a stress- control led test .

Man y invest igators have used the reducti on in dyn amic modulus as a

method of monit oring the fatigue damage de velopm ent in a composi te. Since

dynami c mod ulus can be measur ed frequent ly during fatigue cycli ng witho ut

discont inuing the test or affe cting the material, it is a pot ential nonde struc tive

test parame ter and can be used to provide adeq uate war ning before a struc ture

becomes total ly ineff ective [61] . Fi gure 4.69 shows the dy namic modulus loss of

[±45]S bor on fiber– epoxy laminates in strain-c ontrol led tensi on–tensi on fatigue

tests. Redu ction in the dy namic mod ulus of an SMC-R in de flection- control led

flexu ral fatigue test s is shown in Figure 4.70. Thes e examples demo nstrate that

the red uction in dynami c modulus de pends on the stre ss or strain level, resin

type, and lamination configuration. Other factors that may influence the

dynamic modulus reduction are fiber type, fiber orientation angle, temperature,
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 4.69 Reduction in dynamic modulus during strain-controlled fatigue testing of

[±45]S boron–epoxy laminates. (After O’Brien, T.K. and Reifsnider, K.L., J. Compos.

Mater., 15, 55, 1981.)
humidity, frequency, and test control mode. The significance of the fiber

orientation angle is observed in unidirectional laminates in which the dynamic

modulus reduction for u ¼ 08 orientation is considerably smaller than that for

u ¼ 908 orientation.
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FIGURE 4.70 Reduction in dynamic modulus during flexural fatigue cycling of SMC-
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Several phenomenological models have been proposed to describe themodu-

lus reduction due to fatigue loading. One of them is due to Whitworth [62], who

suggested the following equation for calculating the residual modulusEN afterN

fatigue cycles in a stress-controlled fatigue test with a maximum stress level S:

Ea
N ¼ Ea

0 �H(E0 � Eff )
a N

Nf

� �
, (4:27)

where

E0 ¼ initial modulus

Eff ¼modulus at the time of fatigue failure

a,H¼ damage parameters determined by fitting Equation 4.27 to experimen-

tal data (Figure 4.71)

Nf ¼ number of cycles to failure when the maximum stress level is S(Nf>N)

If the fatigue test is conducted between fixed maximum and minimum stress

levels, then the strain level increases with fatigue cycling due to increasing

damage accumulation in the material. Assuming that the stress–strain response

of the material is linear and the fatigue failure occurs when the maximum strain

level reaches the static ultimate strain,

Eff ¼ E0

S

sU

¼ E0
�S, (4:28)

where

sU ¼ ultimate static strength
�S ¼ S

sU
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FIGURE 4.71 Dynamic modulus reduction ratio as a function of fractional life for

[±35]2S carbon fiber–epoxy laminates (after Whitworth, H.W., ASME J. Eng. Mater.

Technol., 112, 358, 1990.)
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Thus , Equat ion 4.27 can be rewritten as

E aN ¼ E a0 � HE a0 ( 1 � �S ) a
N

Nf

� �
: ( 4: 29 )

Whitwort h defined the fract ional damage Di in a comp osite lami nate afte r N i
cycles of fatigue loading with a maxi mum stress level Si as

Di ¼
Ea
0 � Ea

Ni

Ea
0 � Ea

ffi

: (4:30)

Comb ining Equations 4.28 through 4.30, the fractional damage can be

written as

Di ¼ ri
Ni

Nfi

, (4:31)

where

ri ¼ H(1� �Si)
a

1� �Sa
i

:

In a variable amplitude stress loading, the total damage can be expressed as

D ¼
Xm
i¼1

ri

rm

Ni

Nfi

, (4:32)

where
ri

rm
¼ (1� �Si)(1� �Sa

m)

(1� �Sa
i )(1� �Sm)

Ni ¼ number of cycles endured at a maximum stress level Si

Nfi¼ fatigue life at Si

m ¼ number of the stress level
In a variable amplitude stress loading, failure occurs when the sum of the

fractional damages equals 1, that is, D ¼ 1. In addition, note that for a ¼ 1,
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Equation 4.32 trans forms into the linear damage rule (Mine r’s rule) , whi ch is

frequent ly used for describ ing da mage in metals:

Miner’s rule : D ¼
Xm
i ¼ 1

Ni

Nf i

: ( 4: 33 )
EXAMPLE 4.2

A quasi-isotropic T-300 carbon fiber–epoxy laminate is subjected to 100,000

cycles at 382 MPa after which the stress level is increased to 437 MPa. Estimate

the number of cycles the laminate will survive at the second stress level. Median

fatigue lives at 382 and 437 MPa are 252,852 and 18,922 cycles, respectively. From

the modulus vs. fatigue cycle data, the constant a and H in Equation 4.27 have

been determined as 1.47 and 1.66, respectively (see Ref. [62]). The ultimate static

strength of this material is 545 MPa.

SOLUTION

Using Equation 4.32, we can write, for failure to occur at the end of second stress

cycling,

D ¼ 1 ¼ r1

r2

N1

Nf1

þ r2

r2

N2

Nf2

which gives,

N2 ¼ Nf2 1� r1

r2

N1

Nf1

� �
:

In this example,
Th

� 2
sU ¼ 545 MPa

S1 ¼ 382 MPa

Nf1 ¼ 252,852 cycles

N1 ¼ 100,000 cycles

S2 ¼ 437 MPa

Nf2 ¼ 18,922 cycles

Therefore,

r1 ¼ (1:66)

1� 382

545

� �1:47

1� 382

545

� �1:47
¼ 0:6917:

Similarly, r2 ¼ 0.5551

us,
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N2 ¼ (18,922) 1� 0:6917

0:5551

� �
100,000

252,852

� �� �
ffi 9,600 cycles:

This compares favorably with the experimental median value of 10,800 cycles [62].

4.2.6 POSTFATIGUE RESIDUAL STRENGTH

The postfatigue performance of a fiber-reinforced composite is studied by

measuring its static modulus and strength after cycling it for various fractions

of its total life. Both static modulus and strength are reduced with increasing

number of cycles. Broutman and Sahu [57] reported that much of the static

strength of a [0=90]S E-glass fiber–epoxy composite is reduced rapidly in the

first 25% of its fatigue life, which is then followed by a much slower rate of

strength reduction until the final rupture occurs (Figure 4.72). Tanimoto

and Amijima [43] also observed similar behavior for a woven E-glass cloth–

polyester laminate; however, in this case the reduction in strength takes place

only after a slight increase at <2% of the total life.

An initial increase in static strength was also observed by Reifsnider et al.

[52] for a [0=±45=0]S boron fiber–epoxy laminate containing a center hole. This

unique postfatigue behavior of a composite material was explained by means of

a wear-in and wear-out mechanism in damage development. The wear-in

process takes place in the early stages of fatigue cycling. During this process,
[0/90]S E-glass–epoxy laminates
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FIGURE 4.72 Reduction in residual static strengths of [0=90]S laminates after fatigue

testing to various cycles. (After Broutman, L.J. and Sahu, S., Progressive damage of a

glass reinforced plastic during fatigue, Proceedings 20th Annual Technical Conference,

Society of the Plastics Industry, 1969.)
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the damage developed locally around the center hole reduces the stress concen-

tration in the vicinity of the hole, thus resulting in increased strength. This

beneficial stage of fatigue cycling is followed by the wear-out process, which

comprises large-scale and widespread damage development leading to strength

reduction. Thus, the residual strength of a composite after a period of fatigue

cycling is modeled as

sresidual ¼ sU þ swear-in � swear-out,

where

sU ¼ ultimate static strength

swear-in ¼ change in static strength due to wear-in

swear-out ¼ change in static strength due to wear-out

The effect of wear-in is more pronounced at high fatigue load levels. Since

fatigue life is longer at low load levels, there is a greater possibility of develop-

ing large-scale damage throughout the material. Thus, at low load levels, the

effect of wear-out is more pronounced.

A number of phenomenological equations have been proposed to predict

the residual static strength of a fatigued composite laminate [63,64]. The

simplest among them is based on the assumption of linear strength reduction

[63] and is given as

sri ¼ sUi�1
� (sU0

� Si)
Ni

Nfi

, (4:34)

where

sri
¼ residual strength after Ni cycles at the ith stress level Si

Nfi ¼ fatigue life at Si

sU0
¼ ultimate static strength of the original laminate

sUi�1
¼ ultimate static strength before being cycled at Si

In Equation 4.34, the ratio Ni=Nfi represents the fractional fatigue life

spent at Si.

Assuming a nonlinear strength degradation model, Yang [64] proposed

the following equation for the residual strength for a composite laminate

after N fatigue cycles:

sc
res ¼ sc

U � sc
0KS

d N, (4:35)

where

c ¼ damage development parameter

s0 ¼ location parameter in a two-parameterWeibull function for the static

strength distribution of the laminate

S ¼ stress range in the fatigue test ¼ smax�smin

K, d ¼ parameters used to describe the S–N diagram as KSdNf ¼ 1
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FIGURE 4.73 Residual strength distribution in postfatigue tension tests. (After Yang,

J.N., J. Compos. Mater., 12, 19, 1978.)
Procedures for determining c, d, and K are given in Ref. [64]. It is worth

noting that, just as the static strengths, the residual strengths at the end of a

prescribed number of cycles also follow the Weibull distribution (Figure 4.73).
4.3 IMPACT PROPERTIES

The impact properties of a material represent its capacity to absorb and

dissipate energies under impact or shock loading. In practice, the impact

condition may range from the accidental dropping of hand tools to high-

speed collisions, and the response of a structure may range from localized

damage to total disintegration. If a material is strain rate sensitive, its static

mechanical properties cannot be used in designing against impact failure.

Furthermore, the fracture modes in impact conditions can be quite different

from those observed in static tests.

A variety of standard impact test methods are available for metals (ASTM

E23) and unreinforced polymers (ASTM D256). Some of these tests have also

been adopted for fiber-reinforced composite materials. However, as in the case

of metals and unreinforced polymers, the impact tests do not yield basic

material property data that can be used for design purposes. They are useful

in comparing the failure modes and energy absorption capabilities of two

different materials under identical impact conditions. They can also be used

in the areas of quality control and materials development.
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4.3.1 CHARPY, IZOD, AND DROP-WEIGHT IMPACT TEST

Charpy and Izod impact tests are performed on commercially available

machines in which a pendulum hammer is released from a standard height to

contact a beam specimen (either notched or unnotched) with a specified kinetic

energy. A horizontal simply supported beam specimen is used in the Charpy

test (Figure 4.74a), whereas a vertical cantilever beam specimen is used in

the Izod test (Figure 4.74b). The energy absorbed in breaking the specimen,

usually indicated by the position of a pointer on a calibrated dial attached to

the testing machine, is equal to the difference between the energy of the

pendulum hammer at the instant of impact and the energy remaining in

the pendulum hammer after breaking the specimen.
Striking edge

Specimen

Specimen
support

Striking edge

Specimen

Jaw

(b)

22 mm (0.866 in.)

Anvil

(a)

95.3 mm
(3.75 in.)

FIGURE 4.74 Schematic arrangements for (a) Charpy and (b) Izod impact tests.
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TABLE 4.10
Standar d V-Notc hed Charpy and Izod Impa ct Ene rgies

of Various Materia ls

Impact Energy, kJ=m2 (ft lb= in.2)

Material Charpy Izod

S-glass–epoxy, 08, vf ¼ 55% 734 (348) —

Boron–epoxy, 08, vf ¼ 55% 109–190 (51.5–90) —

Kevlar 49–epoxy, 08, vf ¼ 60% 317 (150) 158 (75)

AS carbon–epoxy, 08, vf ¼ 60% 101 (48) 33 (15.5)

HMS carbon–epoxy, 08, vf ¼ 60% 23 (11) 7.5 (3.6)

T-300 carbon–epoxy, 08, vf ¼ 60% 132 (62.6) 67.3 (31.9)

4340 Steel (Rc ¼ 43–46) 214 (102) —

6061-T6 aluminum alloy 153 (72.5) —

7075-T6 aluminum alloy 67 (31.7) —
Table 4.10 compa res the longit udinal Char py and Izod impact energies of a

number of unidirecti onal 08 lamin ates and con vention al meta ls. In gen eral,

carbon and bor on fiber -reinforce d epoxies have lower impac t energi es than

many metals. How ever, the impac t en ergies of glass and Kevl ar 49 fiber -

reinforced epo xies are eq ual to or be tter than those of steel an d alumi num

alloys. Anothe r point to note in this table is that the Izod impac t energies are

lower than the Char py impac t energi es.

The drop -weight impac t test uses the free fall of a known weight to supp ly

the energy to break a beam or a plate specim en (Figur e 4.75) . The specime n can

be either simply sup ported or fixed . The kinetic energy of the fall ing weight is

adjuste d by varyi ng its drop height . The impac t load on the specimen is

measured by instrumenting either the striking head or the specimen supports.

Energy absorbed by the specimen is calculated as

Ut ¼ W

2g
u21 � u22
� 	

, (4: 36)

where

W ¼weight of the strik ing head

u1 ¼ velocity of the striking head just before impac t ( ¼ ffiffiffiffiffiffiffiffiffiffi
2gH

p 
)

u2 ¼ measured veloci ty of the striking head just after impac t

g ¼ accele ration due to gravity

H ¼ drop height

A comparison of drop-weight impact energies of carbon, Kevlar 49, and

E-glass fiber -reinforce d epoxy laminates is given in Tabl e 4.11.
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FIGURE 4.75 Schematic arrangement for a drop-weight impact test.

TABLE 4.11
Drop-Weight Impact Force and Energy Valuesa

Material

Force per Unit

Thickness,

kN=mm (lb=in.)

Energy per Unit

Thickness,

J=mm (ft lb=in.)

AS-4 carbon–epoxy

10-ply cross-ply 1.07 (6,110) 0.155 (2.92)

10-ply fabric 1.21 (6,910) 0.209 (3.94)

Kevlar 49–epoxy

10-ply cross-ply 1.16 (6,630) 0.284 (5.36)

10-ply fabric 0.91 (5,200) 0.233 (4.39)

E-glass–epoxy

6-ply cross-ply 2.83 (16,170) 0.739 (13.95)

10-ply cross-ply 2.90 (16,570) 0.789 (14.89)

10-ply fabric 0.99 (5,660) 0.206 (3.89)

Source: Adapted fromWinkel, J.D. and Adams, D.F., Composites, 16, 268, 1985.

a Simply supported 127 mm2 plate specimens were used in these experiments.
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The impac t energy measur ed in all these test s de pends on the ratio of beam

length to effe ctive de pth. Below a crit ical value of this ratio, there is a c onsider -

able increa se in impact energy caused by extensive delaminati on [65]. The effe ct

of notch geomet ry has relat ively littl e influence on the impac t energy because

delam ination at the notch root at low stresses tends to reduce its severi ty.
4.3.2 FRACTURE I NITIATION AND P ROPAGATION E NERGIES

The impac t energy measur ed in eithe r of the impac t tests doe s not indica te the

fracture behavior of a mate rial unless the relat ive values of fract ure initiation

and prop agation en ergies are known. Thus, for exampl e, a high-s trength br ittle

material may have a high fract ure initiat ion energy but a low fracture prop a-

gation energy, and the reverse may be true for a low -strengt h ductil e material .

Even tho ugh the sum of these two energi es may be the same, their fracture

behavior is c ompletely different . Unless the broken specimen s are avail able for

fracture mod e inspect ion, the toughness of a mate rial c annot be jud ged by the

total impac t energy alone.

Fractur e initiat ion and propagat ion en ergies are de termined from the

measur ement s of the dynami c load an d stri king hea d veloci ty dur ing the

time of contact . Throug h proper inst rumentati on, the load and velocity signals

are integrated to produce the variation of cumulative energy as a function of

time. Both load–time and energy–time responses are recorded and are then

used for energy absorption analysis.

The load–time response during the impact test of a unidirectional composite

(Figur e 4.76) can be co nvenient ly divide d into three regions [66]:

Preinitial fracture region: The preinitial fracture behavior represents

the strain energy in the beam specimen before the initial fracture occurs. In

unidirectional 08 specimens, strain energy is stored principally by the fibers.

The contribution from the matrix is negligible. The fiber strain energy Uf is

estimated as

Uf ¼ s2
f

6Ef

vf , (4:37)

where

sf ¼ longitudinal stress at the outermost fibers in the beam specimen

Ef ¼ fiber modulus

vf ¼ fiber volume fraction

This equation indicates that the energy absorption in this region can be

increased by using a low-modulus fiber and a high fiber volume fraction.

Initial fracture region: Fracture initiation at or near the peak load occurs

either by the tensile failure of the outermost fibers or by interlaminar shear
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 4.76 Schematic (a) load–time and (b) energy–time curves obtained in an

instrumented impact test.
failure. In many cases, fiber microbuckling is observed at the location of impact

(i.e., on the compression side of the specimen) before reaching the peak load.

Compressive yielding is observed in Kevlar 49 composites.

Interlaminar shear failure precedes fiber tensile failure if either the specimen

length-to-depth ratio is low or the ILSS is lower than the tensile strength of the

material. If the ILSS is high and fibers have either a low tensile strength or a

low tensile strain-to-failure, shear failure would not be the first event in the

fracture process. Instead, fiber tensile failure would occur on the nonimpacting

side as the peak load is reached.

Postinitial fracture region: The postinitial fracture region represents the

fracture propagation stage. In unidirectional composites containing low

strain-to-failure fibers (e.g., GY-70 carbon fiber), a brittle failure mode is

observed. On the other hand, many other fiber-reinforced composites, including
� 2007 by Taylor & Francis Group, LLC.



unidir ectiona l E-glass, S-gla ss, T-30 0 or AS ca rbon, and Kevlar 49, fail in a

sequenti al man ner starting with fiber failure, whi ch is followe d by de bonding

and fiber pullout within each layer an d delaminati on between various layer s.

Additional ly, Kevl ar 49 composi tes exh ibit consider able yielding and may not

even fractu re in an impac t test.

Progress ive delam ination is the most desir able fracture mode in high-e nergy

impac t situati ons. High shear stress ahead of the crack tip cau ses delam ination

between adjacent layer s, whi ch in turn arrests the ad vancing crack an d reduces

its severi ty as it reaches the delam inated interface. Thus, the specim en con tinues

to carry the load until the fiber s in the next layer fail in tension . Depen ding on

the material an d laminati on config uration , this pr ocess is repeat ed severa l times

until the crack runs through the en tire thickne ss. Ener gy absorbed in delam ina-

tion depend s on the interlam inar shear fracture en ergy and the lengt h of

delam ination, as well as the number of delam inations. Owing to progres sive

delam ination, the mate rial ex hibits a ‘‘ductil e’’ behavior and a bsorbs a signifi -

cant a mount of impac t en ergy.

Referri ng to Figu re 4.76b, the en ergy corres pondi ng to the peak load is

called the fractu re initiation energy Ui . The remain ing energy is call ed the

fracture propagat ion energy Up, wher e

Up ¼ U t � U i : ( 4: 38 )

These energy values are often nor malized by dividin g them eithe r by the

specime n wi dth or by specim en cross-sect ional area (effect ive cross- section al

area in notched specim ens).

The fracture initiation and pro pagation energi es of a number of uni-

directional fiber -reinforce d epo xies are compa red in Table 4.12. W ith the

excepti on of GY-70, oth er comp osites in this table fail in a progres sive man ner.

An E-glas s–epoxy compo site has a much higher fracture initiat ion en ergy than

other composi tes owin g to higher strain energy. The fracture propagat ion

energy for E-glas s and Kevl ar 49 fiber composi tes are higher than that for a

T-300 carbon fiber composi te. Thus , both E-glass and Kevl ar 49 fiber comp os-

ites have higher impact toughness than carbon fiber compo sites.

4.3.3 MATERIAL PARAMETERS

The primary factor infl uencing the impac t energy of a unidirec tional 0 8
composi te is the fiber type. E-glas s fiber comp osites ha ve high er impac t energy

due to the relat ively high stra in-to-f ailure of E-glas s fibers. Carb on and boron

fiber composi tes have low strain-t o-failur e that leads to low impac t energies

for these composi tes. In creasing the fiber vo lume fraction also leads to higher

impac t energy, as illu strated in Figu re 4.77.
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TABLE 4.12
Static and Impact Properties of Unidirectional 08 Fiber-Reinforced Epoxy Composites

Static Flexure

Test Unnotched Charpy Impact Test

Fiber Type

Fiber Strain

Energy Index L=h

smax,

MPa

(ksi) L=h

smax,

MPa

(ksi)

Ui,

kJ=m2

(ft lb=in.2)

Up,

kJ=m2

(ft lb=in.2)

Ut, kJ=m
2

(ft lb=in.2)

E-Glass 82 15.8 1641

(238)

16.1 1938

(281)

466.2

(222)

155.4

(74)

621.6

(296)

Kevlar 49 29 11 703

(102)

10.5 676

(98)

76

(36.2)

162.5

(77.4)

238.5

(113.6)

T-300 Carbon 10.7 14.6 1572

(228)

14.6 1579

(229)

85.7

(40.8)

101.2

(48.2)

186.9

(89)

GY-70 Carbon 2.8 12.8 662

(96)

14.6 483

(70)

12.3

(5.85)

0 12.3

(5.85)

Source: Adapted from Mallick, P.K. and Broutman, L.J., J. Test. Eval., 5, 190, 1977.
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FIGURE 4.77 Variation of unnotched Izod impact energy with fiber volume fraction in

08 carbon–epoxy laminates. (After Hancox, N.L., Composites, 3, 41, 1971.)
The next impor tant fact or influ encing the impac t energy is the fiber–mat rix

interfaci al shear stre ngth. Se veral invest igators [69–71 ] ha ve reported that

impac t energy is reduced when fiber s are surface-t reated for impr oved adhesion

with the matr ix. At high level s of adhesion, the failu re mode is brit tle and

relative ly little energy is absorb ed. At very low levels of adhesion, mult iple

delam ination may occur without significa nt fiber failu re. Althou gh the energy

absorpt ion is high, failure may take place catas trophi cally. At inter media te

levels of adhesion, pro gressive de laminatio n oc curs, which in turn prod uces a

high impact energy absorpt ion.

Yeung and Br outman [71] have shown that a co rrelati on exists between the

impac t energy and ILSS of a composi te lami nate (Figur e 4.78). Dif ferent

coupling agents wer e used on E- glass woven fabri cs to achieve various ILSSs

in short-b eam shear tests. It was observed that the fract ure initiat ion energy

increa ses modestly wi th increasing IL SS. Howe ver, the fract ure propagat ion

energy as well as the total impac t energy decreas e with increa sing ILSS, exhibi t

a mini mum, and app ear to level off to inter mediate values . The princi pal failure

mode at low IL SSs was delaminati on. At very high ILSS s, fiber failure was

predomi nant.

The stra in energy contrib ution from the matrix in the develop ment of

impac t energy is negli gible. How ever, the matrix can infl uence the impact

damage mech anism since delam ination, de bonding, and fiber pullout energies

depend on the fiber –matrix inter facial shear strength. Since epoxies have better
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 4.78 Variation of unnotched Charpy impact energy with interlaminar shear

strength in E-glass fabric–polyester laminates. (After Yeung, P. and Broutman, L.J.,

Polym. Eng. Sci., 18, 62, 1978.)
adhesion wi th E-glass fiber s than polyest ers, E-glas s–epoxy comp osites exhibi t

higher impact energi es than E-glas s–polye ster composi tes when the failure

mode is a combinat ion of fiber failure an d delaminati on.

In uni directional compo sites, the great est impac t energy is exh ibited when

the fiber s are orient ed in the direction of the maxi mum stre ss, that is, at 08 fiber
orient ation. Any varia tion from this orient ation reduces the load-carryi ng

capacit y as wel l as the impac t ene rgy of the c omposi te laminate. Figure 4.79

shows an exampl e of the effect of fiber orienta tion on the drop -weight impac t

energy of [0 =90 =04=0] S and [(0=90) 3=0] S laminates [72]. In bot h cases, a min-

imum impac t energy was observed at an inter mediate angle between u ¼ 08 and
90 8 . Furtherm ore, fracture in off-axis specim ens took place princi pally by

interfi ber cleavage parall el to the fiber direction in e ach layer.

The most efficie nt way of impro ving the impac t en ergy of a low stra in-

to-fail ure fiber composi te is to hy bridize it wi th high stra in-to-f ailure fiber

laminas. For exampl e, co nsider the GY-70 carbo n fiber composi te in Table

4.12 that exhibi ts a brittle failure mod e and a low impact en ergy. Mallick

and Broutman [67] have shown that a hybrid sandwich composite containing

GY-70 fiber laminas in the outer skins and E-glass fiber laminas in the core has
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 4.79 Variation of drop-weight impact energy with fiber orientation angle.

(After Mallick, P.K. and Broutman, L.J., Eng. Fracture Mech., 8, 631, 1976.)
a 35 tim es higher impac t energy than the GY- 70 fiber composi te. This is

achieve d without mu ch sacri fice in eithe r the flexu ral strength or the flexu ral

modulus. The improvemen t in impac t en ergy is due to delam ination at the

GY-70 =E-glas s inter face, whi ch occurs after the GY- 70 skin on the tensio n side

has fail ed. Eve n afte r the GY-70 skin sheds owin g to complete delam ination ,

the E-glass lami nas continue to withst and high er stresses , prev enting br ittle

failure of the whol e struc ture. By varying the lamin ation config uration as wel l

as the fiber combinat ions, a varie ty of impac t pro perties can be obtaine d (Tab le

4.13). Furtherm ore, the impact energy of a hybrid compo site can be varie d by

control ling the ratio of va rious fiber volume fractions (Figur e 4.80).

4.3.4 LOW-ENERGY IMPACT TESTS

Low-e nergy impac t tests are perfor med to study local ized da mage withou t

destro ying the specimen . Two types of low -energ y impac t test s are performed ,

namel y, the ballist ic impac t test and the low -velocit y drop -weight impact test .

In ballistic impact tests, the specimen surface is impinged with very low
� 2007 by Taylor & Francis Group, LLC.



TABLE 4.13
Unnotched Charpy Impact Energies of Various Interply Hybrid Laminates

Impact Energy, kJ=m2 (ft lb=in.2)

Laminate Ui Up Ut

GY-70=E-glass: (05G=05E)S
a 6.7 (3.2) 419.6 (199.8) 426.3 (203)

T-300=E-glass: (05T=05E)S
a 60.3 (28.7) 374.4 (178.3) 434.7 (207)

GY-70=Kevlar 49: (05G=05K)S
a 7.3 (3.5) 86.9 (41.4) 94.2 (44.9)

GY-70=E-glass: [(0G=0E)5=0G]S
a 13.9 (6.6) 204 (97.2) 217.9 (103.8)

T-300=E-glass: [(0T=0E)5=0T]S
a 59.4 (28.3) 80.2 (38.2) 139.6 (66.5)

Modmor II carbon=E-glass:b

[(0E=(45=90=0=�45)M)7=0E=(45=90)M]S

29.4 (14) 264.8 (126) 294.2 (140)

For comparison: All Modmor II carbon:b

[(0=45=90=0=�45)7=0=45=90]S

27.3 (13) 56.8 (27) 84.1 (40)

a From P.K. Mallick and L.J. Broutman, J. Test. Eval., 5, 190, 1977.
b From J.L. Perry and D.F. Adams, Composites, 7, 166, 1975.
mass spherical balls at high speeds. In low-velocity drop-weight impact tests,

a relatively heavier weight or ball is dropped from small heights onto the

specimen surface. After the impact test, the specimen is visually as well as

nondestructively inspected for internal and surface damages and then tested
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FIGURE 4.80 Effect of carbon fiber content on the unnotched Izod impact energy of

08 carbon=E-glass–epoxy interply hybrid laminates. (After Hancox, N.L. and Wells, H.,

The Izod impact properties of carbon fibre=glass fibre sandwich structures, U.K.

Atomic Energy Research Establishment Report AERE-R7016, 1972.)
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in static tension or compression modes to determine its postimpact residual

properties.

Sidey and Bradshaw [73] performed ballistic impact experiments on

both unidirectional 08 and [(0=90)]2S carbon fiber–epoxy composites. Steel

balls, 3 mm in diameter, were impacted on 3 mm thick rectangular specimens.

The impact velocity ranged from 70 to 300 m=s. Failure mode in unidirectional

composites was longitudinal splitting (through-the-thickness cracks running

parallel to the fibers) and subsurface delamination. In cross-ply laminates, the

908 layers prevented the longitudinal cracks from running through the thickness

and restricted them to the surface layers only. Delamination was more pro-

nounced with untreated fibers.

Rhodes et al. [74] performed similar ballistic impact experiments on carbon

fiber–epoxy composites containing various arrangements of 08, 908, and ±458
laminas. Aluminum balls, 12.7 mm in diameter, were impacted on 5–8 mm

thick rectangular specimens at impact velocities ranging from 35 to 125 m=s.
Their experiments showed that, over a threshold velocity, appreciable internal

damage appeared in the impacted area even though the surfaces remained

undamaged. The principal internal damage was delamination, which was pro-

nounced at interfaces between 08 and 908 or 08 and 458 laminas. The damaged

specimens exhibited lower values of critical buckling loads and strains than the

unimpacted specimens.

Ramkumar [75] studied the effects of low-velocity drop-weight impact

tests on the static and fatigue strengths of two multidirectional AS carbon

fiber–epoxy composites. His experiments indicate that impact-induced delami-

nations, with or without visible surface damages, can severely reduce the

static compressive strengths. Static tensile strengths were affected only if dela-

minations were accompanied with surface cracks. Fatigue strengths at 106

cycles were reduced considerably more in compression–compression and

tension–compression fatigue tests than in tension–tension fatigue tests.

The growth of impact-induced delaminations toward the free edges was the

predominant failure mechanism in these fatigue tests.

Morton and Godwin [76] compared the low-velocity impact damage in

carbon fiber-reinforced [02=±45]2S and [±45=03=±45=0]S laminates containing

either a toughened epoxy or PEEK as the matrix. They observed that the

incident impact energy level to produce barely visible impact damage was

approximately equal for both toughened epoxy and PEEK composites; how-

ever, energy to produce perforation was significantly higher in PEEK compos-

ites. Nondestructive inspection of impacted laminates showed that the PEEK

laminates had less damage at or near perforation energy. Both epoxy and

PEEK laminates showed matrix cracking and ply delamination, but the latter

also exhibited local permanent deformation. Morton and Godwin [76] also

observed that the stacking sequence with 458 fibers in the outside layers pro-

vided a higher residual strength after low-energy impact than that with 08 layers
in the outside layers.
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4.3.5 RESIDUAL STRENGTH AFTER IMPACT

If a composite laminate does not completely fail by impact loading, it may still

be able to carry loads even though it has sustained internal as well as surface

damages. The load-carrying capacity of an impact-damaged laminate is meas-

ured by testing it for residual strength in a uniaxial tension test.

The postimpact residual strength as well as the damage growth with

increasing impact velocity is shown schematically in Figure 4.81. For small

impact velocities, no strength degradation is observed (region I). As the damage

appears, the residual tensile strength is reduced with increasing impact velocity

(region II) until a minimum value is reached just before complete perforation

(region III). Higher impact velocities produce complete perforation, and the

hole diameter becomes practically independent of impact velocity (region IV).

The residual strength in this region remains constant and is equal to the

notched tensile strength of the laminate containing a hole of the same diameter

as the impacting ball. Husman et al. [77] proposed the following relationship

between the residual tensile strength in region II and the input kinetic energy:

sR ¼ sU

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Us � kUKE

Us

s
, (4:39)

where

sR¼ residual tensile strength after impact

sU¼ tensile strength of an undamaged laminate
I

II

Residual
strength

Impact velocity

III IV

Damage size

FIGURE 4.81 Schematic representation of the residual static strength in impact-

damaged laminates. (AfterAwerbuch, J. andHahn,H.T.,J.Compos.Mater., 10, 231, 1976.)
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Us ¼ area unde r the stress–s train curve for an unda maged laminate

UKE ¼ input kinetic energy per unit lami nate thickne ss

k ¼ a constant that dep ends on the lamin ate stacking sequence and

bounda ry con ditions (e.g., one end fixed vs. bot h en ds fixe d)

Two experiments are required to determine the value of k, namely, a static

tension test on an undamaged specimen and a static tension test on an impact-

damaged specimen. Knowing the preimpact kinetic energy, the value of k can be

calculated using Equation 4.39. Although the value of k is not significantly affected

by the laminate thickness, it becomes independent of laminate width only for wide

specimens. Residual strength measurements on [0=90]3S laminates of various

fiber–matrix combinations have shown reasonable agreement with Equation 4.39.

4.3.6 COMPRESSION -AFTER-I MPACT T EST

The compres sion- after-impact test is used for assessing the nonv isible or ba rely

visible impac t damage in compo site laminates . An edge-s uppor ted qua si-

isotrop ic lamina ted plate , 153 mm 3 102 mm 3 3–5 mm thick, is impac ted at

the c enter with an energy level of 6.7 J =mm (1500 in. lb =in.). Afte r nonde struc -

tively exami ning the extent of impac t da mage (e.g ., by ultr asonic C-scan) , the

plate is co mpression- tested in a fixture with a ntibuckling guides (Figur e 4.82) .

The compres sive stre ngth of an impac t-dam aged laminate is lower than the

undamaged co mpressive strength. Fai lure modes observed in co mpression-

after-imp act tests are shear crippl ing of fiber s and ply de laminatio n. In brit tle

epoxy laminates , delam ination is the predomi nant failu re mode, whi le in

toughened ep oxy matrix composi tes, signifi cant shear crippl ing oc curs before

failure by ply de laminatio n.

Postim pact compres sive stre ngth (PICS ) of a lamin ate can be impr oved by

reducing the impac t-induced delam ination . One way of achievin g this is by

increa sing the interlam inar fractu re toughn ess of the lamina te. Figure 4.83

shows that the PICS of carbon fiber-re inforced laminates increa ses co nsiderab ly
Fixture with side 
grooves to support 
the composite plate 

against buckling
Composite 
plate with 

impact 
damage at 
the center 

Impact 
damage 

FIGURE 4.82 Test fixture for compression test after impact.
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FIGURE 4.83 Postimpact compressive strength of carbon fiber-reinforced laminates as a

function of their interlaminar fracture toughness (impact energy ¼ 6.7 J=mm). (Adapted

from Leach, D., Tough and damage tolerant composites, Symposium on Damage Devel-

opment and Failure Mechanisms in Composite Materials, Leuven, Belgium, 1987.)
when their inter laminar fracture tough ness is increa sed from 200 to 500 J =m 2;

howeve r, above 1000 J=m 2, PICS is nearly independ ent of the inter laminar

fracture toug hness. In this case, higher interlam inar fracture tough ness was

obtaine d by increa sing the fracture tou ghness of the matrix eithe r by toughen ing

it or by changing the matr ix from the standar d ep oxy to a therm oplastic. Othe r

methods of increa sing the interlam inar fracture tough ness and reducing ply

delam ination are discus sed in Secti on 4.7.3.

4.4 OTHER PROPERTIES

4.4.1 P IN-BEARING S TRENGTH

Pin-bear ing strength is an important design parame ter for bolted joint s an d ha s

been studi ed by a numb er of invest igators. It is obtaine d by tensio n testing a pin-

loaded hole in a flat specimen (Figur e 4.84). The failure mode in pin-bea ring test s

depen ds on a numb er of geomet ric varia bles [78]. Genera lly, at low w=d rati os,
the failure is by net tensio n with cracks origi nating at the hole bounda ry, and at

low e=d ratios, the failure is by shear- out. The load-c arryin g capacity of the
laminate is low if either of these failu re modes occurs inst ead of bearing failure.

For bearing failure, relative ly high values of w=d and e=d ratios are require d.
The minimum values of w=d and e=d ratios needed to develop full bearing
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FIGURE 4.84 Pin-bearing test and various failure modes: (a) shear-out, (b) net tension,

(c) cleavage, and (d) bearing failure (accompanied by hole elongation).
strength depend on the mate rial and fiber orient ation as well as on the stacking

sequence. Anothe r geo metric va riable control ling the be aring stre ngth is the d=h
ratio of the specim en. In general , bearing stre ngth is decreas ed at higher

d=h ratios, and a tendency tow ard shear failure is observed at low d=h rati os.
A d=h ratio betw een 1 and 1.2 is recomm ended for developi ng the full bearing

strength. A few repres entative pin-bea ring strengths are given in Table 4.14.

For 08 laminates, failure in pin-bearing tests occurs by longitudinal split-

ting, since such laminates have poor resistance to in-plane transverse stresses at

the loaded hole. The bearing stress at failure for 08 laminates is also quite low.

Inclusion of 908 layers [79], ±458 layers, or ±608 layers [80] at or near the

surfaces improves the bearing strength significantly. However, [±45]S, [±60]S,

or [90=±45]S laminates have lower bearing strengths than [0=±45]S and [0=±60]S
� 2007 by Taylor & Francis Group, LLC.



TABLE 4.14
Representative Pin-Bearing Strength of Various Laminates

Laminates

Tightening Torque,

Nm (in. lb) e=d

Pin-Bearing

Strength, MPa (ksi) References

E-glass–vinyl ester SMC-R50 0 3 325 (47.1) [79]

E-glass–vinyl ester SMC-C40R30 0 3 400 (58) [79]

E-glass–epoxy

[0=90]S 1.85 (16.4) 6 600 (87) [78]

[0=±45]S 1.85 (16.4) 4.5 725 (105.1) [78]

[±45]S 1.85 (16.4) 5 720 (104.4) [78]

HTS carbon–epoxy

[0=90]S 3.40 (30.2) 6 800 (116) [80]

[0=±45]S 3.40 (30.2) 3 900 (130) [80]

[±45]S 3.40 (30.2) 5 820 (118.9) [80]
laminates. A number of other observations on the pin-bearing strength of

composite laminates are listed as follows.

1. Stacking sequence has a significant influence on the pin-bearing strength

of composite laminates. Quinn and Matthews [81] have shown that

a [90=±45=0]S layup is nearly 30% stronger in pin-bearing tests than a

[0=90=±45]S layup.
2. The number of ±u layers present in a [0=±u]S laminate has a great effect

on its pin-bearing strength. Collings [80] has shown that a [0=±45]S
laminate attains its maximum pin-bearing strength when the ratio of

08 and 458 layers is 60:40.
3. Fiber type is an important material parameter for developing high pin-

bearing strength in [0=±u]S laminates. Kretsis and Matthews [78] have

shown that for the same specimen geometry, the bearing strength of a

[0=±45]S carbon fiber-reinforced epoxy laminate is nearly 20% higher

than a [0=±45]S E-glass fiber-reinforced epoxy.

4. The pin-bearing strength of a composite laminate can be increased sig-

nificantly by adhesively bonding a metal insert (preferably an aluminum

insert) at the hole boundary [82].

5. Lateral clamping pressure distributed around the hole by washers can

significantly increase the pin-bearing strength of a laminate [83]. The

increase is attributed to the lateral restraint provided by the washers as

well as frictional resistance against slip. The lateral restraint contains the

shear cracks developed at the hole boundary within the washer peri-

meter and allows the delamination to spread over a wider area before

final failure occurs. The increase in pin-bearing strength levels off at

high clamping pressure. If the clamping pressure is too high, causing the

washers to dig into the laminate, the pin-bearing strength may decrease.
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4.4.2 DAMPING P ROPERTIES

The damping prop erty of a mate rial repres ents its cap acity to red uce the

transmis sion of vibration caused by mechan ical dist urbances to a struc ture.

The measur e of damping of a mate rial is its da mping fact or h. A high value of h
is desirable for red ucing the resonan ce amplitude of vibration in a struc ture.

Table 4.15 co mpares the typic al damping fact ors for a numb er of material s.

Fiber- reinforced composi tes, in general, ha ve a high er damping fact or than

metals. However, its value de pends on a number of fact ors, includi ng fiber and

resin types, fiber orientati on angle, and stacki ng sequence.

4.4.3 COEFFICIENT OF T HERMAL E XPANSION

The c oefficient of thermal expan sion (CTE) repres ents the chang e in unit lengt h

of a mate rial due to unit tempe rature rise or drop. Its value is used for calcul ating

dimens ional ch anges as wel l as therm al stre sses cau sed by tempe rature varia tion.

The CTE of unreinf orced polyme rs is high er than that of meta ls. The

additio n of fiber s to a polyme r matr ix general ly lowers its CTE . Depending

on the fiber type, orient ation, an d fiber volume fraction, the CTE of fiber -

reinforced pol ymers can vary over a wide range of values . In unid irectional 08
laminates , the longitud inal CTE, a11 , reflects the fiber charact eristic s. Thus ,

both carbon and Kevlar 49 fibers produce a negative CTE, and glass and boron

fibers produce a positive CTE in the longitudinal direction. As in the case of

elastic properties, the CTEs for unidirectional 08 laminates are different in

longitu dinal and trans verse directions (Table 4.16). Comp ared wi th carb on

fiber-reinforced epoxies, Kevlar 49 fiber-reinforced epoxies exhibit a greater

anisotropy in their CTE due to greater anisotropy in the CTE of Kevlar 49
TABLE 4.15
Representative Damping Factors of Various Polymeric Laminates

Material Fiber Orientation Modulus (106 psi) Damping Factor h

Mild steel — 28 0.0017

6061 Al alloy — 10 0.0009

E-glass–epoxy 08 5.1 0.0070

Boron–epoxy 08 26.8 0.0067

Carbon–epoxy 08 27.4 0.0157

22.58 4.7 0.0164

908 1.0 0.0319

[0=22.5=45=90]S 10.0 0.0201

Source: Adapted from Friend, C.A., Poesch, J.G., and Leslie, J.C., Graphite fiber composites fill

engineering needs, Proceedings 27th Annual Technical Conference, Society of the Plastics Industry,

1972.
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TABLE 4.16
Coefficients of Thermal Expansion of Various Laminatesa

Coefficient of Thermal Expansion, 10�6 m=m per 8C (10�6 in.=in. per 8F)

Unidirectional (08)

Material Longitudinal Transverse Quasi-Isotropic

S-glass–epoxy 6.3 (3.5) 19.8 (11) 10.8 (6)

Kevlar 49–epoxy �3.6 (�2) 54 (30) �0.9 to 0.9 (�0.5 to 0.5)

Carbon–epoxy

High-modulus carbon �0.9 (�0.5) 27 (15) 0 to 0.9 (0 to 0.5)

Ultrahigh-modulus carbon �1.44 (�0.8) 30.6 (17) �0.9 to 0.9 (�0.5 to 0.5)

Boron–epoxy 4.5 (2.5) 14.4 (8) 3.6 to 5.4 (2 to 3)

Aluminum 21.6 to 25.2 (12 to 14)

Steel 10.8 to 18 (6 to 10)

Epoxy 54 to 90 (30 to 50)

Source: Adapted from Freeman, W.T. and Kuebeler, G.C., Composite Materials: Testing and Design (Third Conference), ASTM

STP, 546, 435, 1974.

a The fiber content in all composite laminates is 60% by volume.
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TABLE 4.17
Coefficients of Thermal Expansion of Various E-Glass–Epoxy Laminates

Laminate

Fiber Volume

Fraction (%)

Direction of

Measurement

Coefficient of Thermal

Expansion, 10�6 m=m per 8C

(10�6 in.=in. per 8F)

Unidirectional 63 08 7.13 (3.96)

158 9.45 (5.25)

308 13.23 (7.35)

458 30.65 (12.08)

608 30.65 (17.03)

758 31.57 (17.54)

908 32.63 (18.13)

[±30=90]7S 60 In-plane 15.66 (8.7)

[(0=90=)9=(±45)2]S 71 In-plane 12.6 (7.0)

Source: Adapted from Raghava, R., Polym. Compos., 5, 173, 1984.
fibers [84]. The anisotropic nature of the CTE of a unidirectional laminate is

further demonstrated in Table 4.17.

In quasi-isotropic laminates as well as randomly oriented discontinuous

fiber laminates, the CTEs are equal in all directions in the plane of the laminate.

Furthermore, with proper fiber type and lamination configuration, CTE in

the plane of the laminate can be made close to zero. An example is shown in

Figure 4.85, in which the proportions of fibers in 08, 908, and ±458 layers
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FIGURE 4.85 Coefficients of thermal expansion of [0=±45]S and [90=±45]S carbon

fiber-epoxy laminates. (After Parker, S.F.H., Chandra, M., Yates, B., Dootson, M.,

and Walters, B.J., Composites, 12, 281, 1981.)
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were controlled to obtain a variety of CTEs in the [0=±45]S and [90=±45]S
laminates [85].

4.4.4 THERMAL CONDUCTIVITY

The thermal conductivity of a material represents its capacity to conduct heat.

Polymers in general have low thermal conductivities, which make them useful

as insulating materials. However, in some circumstances, they may also act as a

heat sink with little ability to dissipate heat efficiently. As a result, there may be

a temperature rise within the material.

The thermal conductivity of a fiber-reinforced polymer depends on the fiber

type, orientation, fiber volume fraction, and lamination configuration. A few

representative values are shown in Table 4.18. With the exception of carbon

fibers, fiber-reinforced polymers in general have low thermal conductivities.

Carbon fiber-reinforced polymers possess relatively high thermal conductivities

due to the highly conductive nature of carbon fibers. For unidirectional 08
composites, the longitudinal thermal conductivity is controlled by the fibers and

the transverse thermal conductivity is controlled by the matrix. This is reflected

in widely different values of thermal conductivities in these two directions.

The electrical conductivities of fiber-reinforced polymers are similar in

nature to their thermal counterparts. For example, E-glass fiber-reinforced

polymers are poor electrical conductors and tend to accumulate static electri-

city. For protection against static charge buildup and the resulting electromag-

netic interference (EMI) or radio frequency interference (RFI), small quantities

of conductive fibers, such as carbon fibers, aluminum flakes, or aluminum-

coated glass fibers, are added to glass fiber composites.
TABLE 4.18
Thermal Conductivities of Various Composite Laminates

Thermal Conductivity, W=m per 8C (Btu=h ft per 8F)

Unidirectional (08)

Material Longitudinal Transverse Quasi-Isotropic

S-glass–epoxy 3.46 (2) 0.35 (0.2) 0.346 (0.2)

Kevlar 49–epoxy 1.73 (1) 0.173 (0.1) 0.173 (0.1)

Carbon–epoxy

High modulus 48.44–60.55 (28–35) 0.865 (0.5) 10.38–20.76 (6–12)

Ultrahigh modulus 121.1–29.75 (70–75) 1.04 (0.6) 24.22–31.14 (14–18)

Boron–epoxy 1.73 (1) 1.04 (0.6) 1.384 (0.8)

Aluminum 138.4–216.25 (80–125)

Steel 15.57–46.71 (9–27)

Epoxy 0.346 (0.2)

Source: Adapted from Freeman, W.T. and Kuebeler, G.C., Composite Materials: Testing and

Design (Third Conference), ASTM STP, 546, 435, 1974.
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4.5 ENVIRONMENTAL EFFECTS

The influence of environmental factors, such as elevated temperatures,

high humidity, corrosive fluids, and ultraviolet (UV) rays, on the performance

of polymer matrix composites is of concern in many applications. These

environmental conditions may cause degradation in the mechanical and

physical properties of a fiber-reinforced polymer because of one or more of

the following reasons:

1. Physical and chemical degradation of the polymer matrix, for example,

reduction in modulus due to increasing temperature, volumetric expan-

sion due to moisture absorption, and scission or alteration of polymer

molecules due to chemical attack or ultraviolet rays. However, it is

important to note that different groups of polymers or even different

molecular configurations within the same group of polymers would

respond differently to the same environment.

2. Loss of adhesion or debonding at the fiber–matrix interface, which may be

followed by diffusion of water or other fluids into this area. In turn, this

may cause a reduction in fiber strength due to stress corrosion. Many

experimental studies have shown that compatible coupling agents are

capable of either slowing down or preventing the debonding process even

under severe environmental conditions, such as exposure to boiling water.

3. Reduction in fiber strength and modulus. For a short-term or intermit-

tent temperature rise up to 1508C–3008C, reduction in the properties of

most commercial fibers is insignificant. However, depending on the fiber

type, other environmental conditions may cause deterioration in fiber

properties. For example, moisture is known to accelerate the static

fatigue in glass fibers. Kevlar 49 fibers are capable of absorbing mois-

ture from the environment, which reduces its tensile strength and

modulus. The tensile strength of Kevlar 49 fibers is also reduced with

direct exposure to ultraviolet rays.

In this section, we consider the effect of elevated temperature and high

humidity on the performance of composite laminates containing polymer matrix.
4.5.1 ELEVATED TEMPERATURE

When a polymer specimen is tension-tested at elevated temperatures, its mod-

ulus and strength decrease with increasing temperature because of thermal

softening. In a polymeric matrix composite, the matrix-dominated properties

are more affected by increasing temperature than the fiber-dominated proper-

ties. For example, the longitudinal strength and modulus of a unidirectional 08
laminate remain virtually unaltered with increasing temperature, but its trans-

verse and off-axis properties are significantly reduced as the temperature

approaches the Tg of the polymer. For a randomly oriented discontinuous
� 2007 by Taylor & Francis Group, LLC.



fiber composi te, stre ngth and mo dulus are reduced in all direct ions. Reduction s

in modulus as a functi on of increa sing test tempe ratur e are sho wn for unidir -

ectio nal co ntinuous and rando mly orient ed discont inuous fiber lami nates in

Figures 4.86 and 4.87, respectivel y.

Thermal aging due to long-term exposure to elevated temperatures without

load can cause deterioration in the properties of a polymer matrix composite.

Kerr and Haskins [86] reported the effects of 100–50,000 h of thermal aging on

the tensile strength of AS carbon fiber–epoxy and HTS carbon fiber–polyimide

unidirectional and cross-ply laminates. For the AS carbon–epoxy systems,

thermal aging at 1218C produced no degradation for the first 10,000 h. Matrix

degradation began between 10,000 and 25,000 h and was severe after 50,000 h.

After 5000 h, the matrix was severely embrittled. Longitudinal tensile strength

was considerably reduced for aging times of 5000 h or longer. The HTS

carbon–polyimide systems were aged at higher temperatures but showed less

degradation than the AS carbon–epoxy systems.

Devine [87] reported the effects of thermal aging on the flexural strength

retention in SMC-R laminates containing four different thermoset polyester

resins and a vinyl ester resin. At 1308C, all SMC-R laminates retained >80%

of their respective room temperature flexural strengths even after thermal

aging for 12 months. At 1808C, all SMC-R laminates showed deterioration;
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howeve r, vinyl ester lami nates had higher stren gth retention than all polyester

laminates .

The concern for the reducti on in mechani cal prope rties of therm oplast ic

matrix compo sites at elevated tempe ratures is more than the therm oset matr ix

composi tes, since the pro perties of therm oplastic polyme rs redu ce signifi cantly

at or sli ghtly abo ve their glass trans ition tempe ratur es. As in thermo set matr ix

composi tes, the effect of increasing tempe rature is more pronoun ced for matr ix-

dominat ed propert ies than for fiber -domin ated pro perties (Figur e 4.88).

4.5.2 MOISTURE

When exposed to hum id air or wat er environm ents, man y polyme r matrix

composi tes absorb mois ture by instantaneo us surface absorpt ion followe d by

diffusion throu gh the matr ix. Anal ysis of moisture ab sorption data for epoxy

and polyest er matrix composi tes shows that the moisture concen tration

increa ses init ially with time and app roaches an equilib rium (satu ration) level

after several days of exposure to humid environm ent (Figur e 4.89). The rate at

which the co mposite laminate atta ins the eq uilibrium mois ture con centration is

determ ined by its thickne ss as well as the ambie nt tempe rature . On drying, the

moisture conc entration is co ntinually reduced until the compo site laminate

return s to the original as-dr y state. In general , the rate of de sorption is higher

than the rate of absorption, although for the purposes of analysis they are

assumed to be equal.
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4.5.2.1 Moisture Concentration

The moisture concentration M, averaged over the thickness, of a composite

laminate at any time during its exposure to humid environment at a given

temperature can be calculated from the following equation [88]:

M ¼ Mi þ G(Mm �Mi), (4:40)
Temperature = 24°C (758F) 97% R.H.

75% R.H.

45% R.H.
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FIGURE 4.89 Moisture absorption in a carbon–epoxy laminate at 248C (758F). (After

Shen, C.H. and Springer, G.S., J. Compos. Mater., 10, 2, 1976.)
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where

Mi ¼ initial moisture concentration, which is equal to zero if the material is

completely dried

Mm ¼ equilibrium (maximum) moisture concentration in the saturated

condition

G ¼ time-dependent dimensionless parameter related to the diffusion

coefficient of the material

For a material immersed in water, the equilibrium moisture concentration

Mm is a constant. If the material is exposed to humid air, the equilibrium

moisture concentration Mm increases with increasing relative humidity of the

surrounding air (Table 4.19); however, it is found that Mm is relatively insensi-

tive to the ambient temperature. For the humid air environment, Mm is

expressed as

Mm ¼ A(RH)B, (4:41)

where RH is the relative humidity (percent) of the surrounding air, and A and
_
B

are constants that depend primarily on the type of polymer; the exponent B has

a value between 1 and 2.

Assuming a Fickian diffusion through the laminate thickness, the time-

dependent parameter G can be approximated as

G � 1� 8

p2
exp �p2Dzt

c2

� �
, (4:42)
TABLE 4.19
Equilibrium Moisture Content in Various Composite Laminates

Material Laminate RH (%)

Temperature

(8C) Mm (%)

T-300 carbon–epoxya

(vf ¼ 68%)

Unidirectional

(08) and

quasi-isotropic

50 23 0.35

75 23 0.7875

100 23 1.4

Fully submerged

in water

23 1.8

E-glass–polyesterb

(wf ¼ 50%)

SMC-R50 50 23 0.10

100 23 1.35

E-glass–vinyl esterb

(wf ¼ 50%)

SMC-R50 50 23 0.13

100 23 0.63

a Adapted from C.H. Shen and G.S. Springer, J. Composite Matls., 10, 2, 1976.
b Adapted from G.S. Springer, B.A. Sanders and R.W. Tung, J. Composite Matls., 14, 213, 1980.
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wher e

Dz ¼ diff usion co efficient (mm 2=s) of the mate rial in the direction normal to

the surfa ce (moi sture diff usion is in the thickne ss direct ion)

c ¼ lamina te thickne ss h if both sides of the laminate are exp osed to hum id

environm ent; for exposure on one side, c ¼ 2h

t ¼ time (s)

Equat ion 4.42 is valid at suff icien tly large values of t. For shorte r times, the

average mois ture conce ntration increa ses linea rly with t 1=2, and the parame ter

G can be app roximated as

G ¼ 4
Dz t

pc2

� �1 =2

: ( 4: 43 )

The diffusion co efficient Dz is related to the matrix diffusion coefficie nt Dm by

the following equ ation:

Dz ¼ D 11 cos 
2 f þ D 22 sin

2 f, ( 4: 44 )

wher e

D11 ¼ Dm (1 � vf)

D12 ¼ Dm 1 � 2

ffiffiffiffi
vf
p

q
 �)
Assuming fiber diffusiv ity ( D f) � matrix

diffusiv ity (D m )

f ¼ fiber an gle with the z direct ion (f ¼ 90 8 for fiber s pa rallel to the
laminate surface)

vf ¼ fiber volume fraction

Equat ions 4.40 through 4.44 can be used to estimat e the moisture co ncentra -

tion in a polymermatrix composite.However, the following internal and external

parameters may cause deviations from the calculated moisture concentrations.

Void content: The presence of voids has a dramatic effect on increasing the

equilibrium moisture concentration as well as the diffusion coefficient.

Fiber type: Equation 4.44 assumes that the fiber diffusivity is negligible

compared with the matrix diffusivity. This assumption is valid for glass,

carbon, and boron fibers. However, Kevlar 49 fibers are capable of absorbing

and diffusing significant amounts of moisture from the environment. As a

result, Kevlar 49 fiber-reinforced composites absorb much more moisture

than other composites.

Resin type: Moisture absorption in a resin depends on its chemical structure

and the curing agent as well as the degree of cure. Analysis of the water

absorption data of various epoxy resin compositions shows that the weight

gain due to water absorption may differ by a factor of 10 or more between

different resin chemical structures and by a factor of 3 or more for the same

resin that has different curing formulations [90]. For many resin systems,
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TABLE 4.20
Diffusion Coefficients for Absorption and Desorption

in an Epoxy Resin at 100% Relative Humidity

Diffusion Coefficient (10�8 mm2=s)

Temperature (8C) Absorption Desorption

0.2 3 3

25 21 17

37 41 40

50 102 88

60 179 152

70 316 282

80 411 489

90 630 661

Source: After Wright, W.W., Composites, 12, 201, 1981.
the water absorption process may continue for a long time and equilibrium may

not be attained for months or even years.

Temperature: Moisture diffusion in a polymer is an energy-activated

process, and the diffusion coefficient depends strongly on the temperature

(Table 4.20). In general, the temperature dependence can be predicted from

an Arrhenius-type equation:

Dz ¼ Dz0 exp � E

RT

� �
, (4:45)

where
E ¼ activation energy (cal=g mol)

R ¼ universal gas constant ¼ 1.987 cal=(g mol K)

T ¼ absolute temperature (K)

Dz0¼ a constant (mm2=s)

Stress level: Gillat and Broutman [91] have shown that increasing the

applied stress level on a T-300 carbon–epoxy cross-ply laminate produces

higher diffusion coefficients but does not influence the equilibrium moisture

content. Similar experiments by Marom and Broutman [92] show that the

moisture absorption is a function of fiber orientation angle relative to the

loading direction. The maximum effect is observed at u ¼ 908.
Microcracks: The moisture concentration in a laminate may exceed the

equilibrium moisture concentration if microcracks develop in the material.

Moisture absorption is accelerated owing to capillary action at the microcracks

as well as exposed fiber–matrix interfaces at the laminate edges. On the other
� 2007 by Taylor & Francis Group, LLC.



hand, there may be an ‘‘apparent’’ reduction in moisture concentration if there

is a loss of material from leaching or cracking.

Thermal spikes: Diffusion characteristics of composite laminates may

alter significantly if they are rapidly heated to high temperatures followed by

rapid cooling to the ambient condition, a process known as thermal spiking.

McKague et al. [93] have shown that the moisture absorption in specimens

exposed to 75% relative humidity at 248C and occasional (twice weekly) thermal

spikes (rapid heating to 1498C followed by rapid cooling to 248C) is twice that of
specimens not exposed to spikes. Additionally, thermally spiked specimens

exhibit a permanent change in their moisture absorption characteristics.

The increased diffusion rate and higher moisture absorption are attributed

to microcracks formed owing to stress gradients caused by thermal cycling and

resin swelling. The service temperature in a spike environment should be limited

to the glass transition temperature Tg of the resin, since spike temperatures

above Tg cause much higher moisture absorption than those below Tg.

Reverse thermal effect: Adamson [94] has observed that cast-epoxy resins

or epoxy-based laminates containing an equilibrium moisture concentration

exhibit a rapid rate of moisture absorption when the ambient temperature

is reduced. For example, an AS carbon fiber-reinforced epoxy laminate

attained an equilibrium moisture concentration of 2.3 wt% after 140 days of

exposure at 748C. When the exposure temperature was reduced to 258C, the
equilibrium moisture concentration increased to 2.6% within 40 days. This

inverse temperature dependence of moisture absorption is called the reverse

thermal effect.

4.5.2.2 Physical Effects of Moisture Absorption

Moisture absorption produces volumetric changes (swelling) in the resin, which

in turn cause dimensional changes in the material. Assuming that the swollen

volume of the resin is equal to the volume of absorbed water, the resulting

volume change can be computed from the following relationship:

DV (t)

V0

¼ rm
rw

M, (4:46)

where

rm ¼matrix density

rw ¼water density (�1 kg=mm3)

M ¼moisture content at time t

The corresponding dilatational (volumetric) strain in the resin is

«m ¼ 1

3

DV

V0

¼ 1

3

rm
rw

M ¼ bmM, (4:47)
� 2007 by Taylor & Francis Group, LLC.



where

bm ¼
1

3

rm
rw

bm is call ed the swe lling coefficie nt

In practic e, swe lling is ne gligible until a thres hold moisture con centration

M0 is exceeded . Therefor e, the dilat ational strain in the resi n is

«m ¼ 0 for M < M 0 ,

¼ bm ( M � M 0 ) for M > M 0 ( 4: 48)

The threshold moisture concentration M0 represents the amount of water

absorbed in the free volume as well as microvoids present in the resin. For a

variety of cast-epoxy resins, the measured swelling coefficient ranges from 0.26 to

0.33 and the threshold moisture concentration is in the range of 0.3%–0.7% [95].

The dilatati onal stra in in a unidir ectional 08 composi te laminate due to

moisture absorpt ion can be calculated as

Longitudi nal: «mL ¼ 0, ( 4: 49 a)

Transv erse : «mT ¼ bT (M � M v ) , ( 4:49b)

where

bT ¼ (1 þ nm )b m( rm=rc )
rc ¼ co mposi te densit y

vm ¼matrix Poisson’s ratio

Mv¼ vv(rw=rc)
vv ¼ void volume fraction

Another physical effect of moisture absorption is the reduction in

glass trans ition tempe ratur e of the resi n (Figur e 4.90). Although the roo m-

temperature performance of a resin may not change with a reduction in Tg, its

elevated-temperature properties are severely affected. For example, the modu-

lus of an epoxy resin at 1508C decreases from 2,070 MPa (300,000 psi) to 20.7

MPa (3,000 psi) as its Tg is reduced from 2158C to 1278C. Similar effects may be

expected for the matrix-dominated properties of a polymer matrix composite.

Finally, the dilatational expansion of the matrix around the fiber reduces

the residual compressive stresses at the fiber–matrix interface caused by curing

shrinkage. As a result, the mechanical interlocking between the fiber and the

matrix may be relieved.

4.5.2.3 Changes in Performance Due to Moisture and Temperature

From the available data on the effects of temperature and moisture content on

the tensile strength and modulus of carbon and boron fiber-reinforced epoxy

laminates [96,97], the following conclusions can be made.
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 4.90 Variation of glass transition temperature of various epoxy matrices

and their composites with moisture content. (After Shirrell, C.D., Halpin, J.C., and

Browning, C.E., Moisture—an assessment of its impact on the design of resin based

advanced composites, NASA Technical Report, NASA-44-TM-X-3377, April 1976.)
For 08 and [0=±45=90]S quasi-isotropic laminates, changes in temperature

up to 1078C (2258F) have negligible effects on tensile strength and modulus

values regardless of the moisture concentration in the material. Although the

effect on modulus is negligible up to 1778C (3508F), there may be up to a 20%

decrease in tensile strength as the temperature increases from 1078C (2258F) to
1778C (3508F).

For 08 and [0=±45=90]S laminates, the tensile strength and modulus are not

affected by moisture absorption below 1% moisture concentration. Although

the modulus is not affected by even higher moisture concentration, the tensile

strength may decrease by as much as 20% for moisture concentrations

above 1%.

For 908 laminates, increasing temperature and moisture concentration

reduce both the tensile strength and the modulus by significant amounts.

Depending on the temperature and moisture concentration, the reduction

may range as high as 60%–90% of the room temperature properties under dry

conditions.

The ILSS of composite laminates is also reduced by increasing moisture

absorption. For example, short-beam shear tests of a unidirectional carbon

fiber–epoxy show nearly a 10% reduction in ILSS at a moisture concentration

of 1.2 wt% that was attained after 33 days of exposure to humid air of 95%

relative humidity at 508C. Immersion in boiling water reduced the ILSS by 35%
� 2007 by Taylor & Francis Group, LLC.



for the same expo sure time [98] . Expe riments by Gillat and Br outman [91] on

cross-p ly carbon fiber –epoxy show nearly a 25% reduction in ILSS as the

moisture concen tration increa sed by 1.5 wt%.

Jones et al. [99] report ed the effect of moisture absorpt ion on the tensi on–

tension fatigue a nd flex ural fatigue prop erties of [0 =90]S cross-ply ep oxy matr ix

composi tes reinf orced with E-glas s, HTS carbo n, and Kevl ar 49 fibers. Con-

ditioning treatmen ts included exposure to humid air (65% relat ive humidi ty)

and imm ersion in boilin g water. The fatigue resistance of carbon fiber –epoxy

was fou nd to be unaffe cted by the conditio ning treatment . Expos ure to humid

air also did not affect the fatigue response of E-glas s fiber –epoxy composi tes;

howeve r, immersi on in boili ng wat er reduce d the fatigue strength by signi fican t

amounts , princi pally due to the damage incurr ed on the glass fibers by boiling

water. On the other ha nd, the fatigu e respo nse of Kevl ar 49–ep oxy composi tes

was improved owing to moisture absorption, although at high cycles there

appears to be a rapid deterioration as indicated by the sharp downward

curvat ure of the S–N curve (F igure 4.91) .

Curtis and Moore [100] reported the effect of moisture absorption on the

zero tension and zero compression fatigue performance of two matrix-dominated

laminates, namely, [(90=±30)3]S and [02=�452=902=þ452]S layups of carbon

fibers in an epoxy matrix. Conditioning was performed in humid air of 95%

humidity at 708C. Despite the matrix-dominated behavior of these laminates,

moisture absorption had very little effect on their fatigue lives.

Chamis et al. [101] proposed the following empirical equation for estimating

the hygrothermal effect on the matrix properties, which can subsequently be

used in modifying the matrix-dominated properties of a unidirectional lamina:

PwT

P0

¼ Tgw � T

Tgd � T0

� �1=2

, (4:50)

where

PwT¼matrix property at the use temperature T and moisture content M

P0 ¼matrix property at a reference temperature T0

Tgd ¼ glass transition temperature in the dry condition

Tgw ¼ glass transition temperature in the wet condition with a moisture

content M

The glass transition temperature in the wet condition, Tgw is calculated

using the following equation:

Tgw ¼ (0:005M2 � 0:1M þ 1)Tgd for M � 10%: (4:51)

Equations 4.50 and 4.51 have been used to estimate the hygrothermal effect on

epoxy matrix composites, but need experimental validation for other polymer

matrix systems.
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 4.91 Effect of moisture absorption on the fatigue behavior of epoxy compo-

sites with (a) carbon, (b) E-glass, and (c) Kevlar 49. (After Jones, C.J., Dickson, R.F.,

Adam, T., Reiter, H., and Harris, B., Composites, 14, 288, 1983.)
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EXAMPLE 4.3

The tensile strength and modulus of an epoxy matrix at 238 C and dry conditions
are 100 MPa and 3.45 GPa, respectively. Estimate its tensile strength and modulus

at 1008C and 0.5% moisture content. The glass transition temperature of this

epoxy matrix in the dry condition is 2158 C.

SOLUTIO N

Using Equation 4.51, estimate the glass transition temperature at 0.5% moisture

content:

Tgw ¼ [(0: 005)( 0: 5)2 � (0 :1)( 0: 5) þ 1](215)

¼ 204: 5� C:

Now, using Equation 4.50, estimate PwT :

PwT ¼ 204: 5 � 100

215 � 23

� �1=2

P0 ¼ 0: 738P0 :

Thus, the tensile strength and modulus of the epoxy matrix at 1008 C and 0.5%
moisture content are estimated as:

smu ¼ ( 0: 738)(100 MPa) ¼ 73: 8 MPa,

Em ¼ ( 0: 738)(3: 45 GPa) ¼ 2: 546 GPa :

These values can now be used to estimate the transverse modulus and strength of a

unidirectional 08 composite using Equations 3.26 and 3.27, respectively.

4.6 LONG-TERM PROPERTIES

4.6.1 CREEP

Creep is defined as the increase in strain with time at a constant stress level. In

polymers, creep occurs because of a combination of elastic deformation and

viscous flow, commonly known as viscoelastic deformation. The resulting creep

strain increases nonlinearly with increasing time (Figure 4.92). When the stress
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FIGURE 4.92 Schematic representation of creep strain and recovery strain in a polymer.
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is relea sed afte r a period of time, the e lastic deform ation is imm ediately recov-

ered. The deform ation caused by the viscous flow recover s slowly to an asymp-

totic value called recover y strain.

Cre ep strain in polyme rs a nd polyme r matrix composi tes de pends on the

stress level and tempe rature. Many polyme rs can exhibi t large creep strains at

room tempe rature and at low stress levels. At elevated tempe ratur es or high

stress levels, the creep pheno menon becomes even more critical . In general ,

highly cro ss-linked thermoset polyme rs exhibi t low er creep stra ins than

therm oplastic polyme rs. With the exception of Kevlar 49 fiber s, commer cial

reinfo rcing fiber s, such as g lass, carbo n, an d bor on, do not c reep [102] .

4.6.1 .1 Cr eep Data

Under uniaxi al stre ss, the creep behavior of a pol ymer or a polyme r matr ix

composi te is commonl y represen ted by creep compli ance, de fined as

Creep complianc e ¼ D (t ) ¼ «( t )

s
, ( 4: 52 )

wher e

s is the c onstant stre ss level in a creep exp eriment

«(t ) is the stra in measur ed as a function of time

Figure 4.93 shows typic al creep curves for an SMC-R25 lami nate at

various stress levels. Creep compli ances are determined from the slopes of

these curves. In general , creep complia nce increa ses wi th time, stress level ,

and tempe ratur e. For unid irectional fiber -reinforce d polyme rs, it is also a

functio n of fiber orient ation an gle u. For u ¼ 08 creep compli ance is nearly

constant , which indica tes that creep in the longit udinal direct ion of a unidir ec-

tional 08 lamina te is negligible . How ever, at other fiber orient ation angles creep

strain can be quite signi fican t.

Fiber orient ation angle also infl uences the tempe ratur e depen dence of creep

compli ance. If the fibers are in the loading direction, creep in the comp osite is

governed by the creep in fibers. Thus , with the exce ption of Kevlar 49 fiber s,

little tempe ratur e depend ence is exp ected in the fiber direct ion. For other fiber

orient ations, creep in the matrix be comes the control ling factor. As a resul t,

creep compli ance for off-axis lami nates increa ses with increa sing tempe rature

(Table 4.21) . Creep in SMC- R laminates [103] contai ning rando mly or iented

discont inuous fiber s is also largely control led by the matrix creep.

Cre ep in multidir ectiona l lami nates de pends on the laminate constr uction.

For exampl e, roo m tempe ratur e creep stra ins of [±45] a nd [90=±45 ] lami nates

are nearly an order of magn itude different (Figur e 4.94) , even thou gh the stat ic

mechanical properties of these two laminates are similar. The addition of 908
layers to a ±458 construction tends to restrain the rotational tendency of ±458
fibers toward the loading direction and reduces the creep strain significantly.
� 2007 by Taylor & Francis Group, LLC.



Room temperature

C
re

ep
 s

tr
ai

n 
(1

0−3
)

6

5

4

2

3

1

0
0 20 40 60 80

Time (min)

10.62 MPa

21.24 MPa

31.86 MPa

42.69 MPa

47.80 MPa

53.11 MPa

FIGURE 4.93 Tensile creep curves for SMC-R25 polyester laminates. (After Cartner,

J.S., Griffith, W.I., and Brinson, H.F., in Composite Materials in the Automotive Indus-

try, S.V. Kulkarni, C.H. Zweben, and R.B. Pipes, eds., American Society of Mechanical

Engineers, New York, 1978.)
4.6.1.2 Long-Term Creep Behavior

Creep data for a material are generated in the laboratory by conducting either a

tensile creep test or a flexural creep test over a period of a few hours to a few

hundred hours. Long-term creep behavior of a polymer composite can be predicted

from such short-term creep data by the time–temperature superposition method.

The modulus of a polymer at time t and a reference temperature T0 can be

related to its modulus at time t1 and temperature T1 by the following equation:

E(t,T0) ¼ r1T1

r0T0

E(t1,T1), (4:53)

where r1 and r0 are the densities of the polymer at absolute temperatures T1

and T0, respectively.

t ¼ aT jat T¼T1


 �
t1 (4:54)
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TABLE 4.21
Creep Compliancea of Unidirectional E-Glass–Epoxy Laminates

Fiber Orientation Angle

Temperature Property 308 458 608 908

288C Tensile strength (MPa) 278 186.4 88.8 55.2

1 h compliance (10�6 per MPa) 0.0883 0.2065 0.3346 0.5123

10 h compliance (10�6 per MPa) 0.1300 0.3356 0.6295 1.4390

758C Tensile strength (MPa) 230 162.8 74.8 43.2

1 h compliance (10�6 per MPa) 0.1217 0.2511 0.4342 0.6689

10 h compliance (10�6 per MPa) 0.1461 0.3841 0.6539 1.5377

1008C Tensile strength (MPa) 206 134.4 67.7 40.2

1 h compliance (10�6 per MPa) 0.1460 0.3586 0.6931 0.7728

10 h compliance (10�6 per MPa) 0.1751 0.5739 1.2084 1.9031

Source: Sturgeon, J.B., in Creep of Engineering Materials, C.D. Pomeroy, ed., Mechanical

Engineering Publishing Ltd., London, 1978.

a All compliance values are at stress levels equal to 40% of the tensile strength at the corresponding

temperature.
where aT is the horizontal shift factor. Formost solids, the variation of density with

temperature is negligible so that r1 ¼ r0. The horizontal shift factor aT represents
the distance along the time scale over which the modulus value at (t1, T1) is shifted

to create an equivalent response at the reference temperature T0. Note that aT is a

function of temperature and is determined from short-term creep test data.
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FIGURE 4.94 Comparison of creep curves for [±45]S and [90=±45]S laminates. (After

Sturgeon, J.B., in Creep of Engineering Materials, C.D. Pomeroy, ed., Mechanical

Engineering Publishing Ltd., London, 1978.)
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The procedure for using the time–temperature superposition method is

given as follows.

1. Perform short-term (15 min–1 h) creep tests at various temperatures.

2. Plot creep modulus (or compliance) vs. log (time) for these experiments

(Figure 4.95).

3. Select a reference temperature from among the test temperatures used in

Step 1.

4. Displace the modulus curves at temperatures other than T0 horizontally

and vertically to match these curves with the modulus curve at T0.
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FIGURE 4.95 Creep compliance curves and a portion of the master curve for a T-300

carbon–epoxy laminate. (After Yeow, Y.T., Morris, D.H., and Brinson, H.F., Compo-

site Materials: Testing and Design (Fifth Conference), ASTM STP, 674, 263, 1979.)
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used in Figure 4.95. (After Yeow, Y.T., Morris, D.H., and Brinson, H.F., Composite

Materials: Testing and Design (Fifth Conference), ASTM STP, 674, 263, 1979.)
The modu lus curves below the refer ence tempe ratur e are sh ifted to the left;

those ab ove the reference temperatur es are shifted to the right. The mod u-

lus cu rve thus obtaine d is called the mast er curve at the selected reference

tempe ratur e and may extend over severa l de cades of tim e (Figure 4.95) .

5. Plot the horizont al displacement s (which are equ al to log aT ) as

a functio n of the co rrespondi ng tempe rature. This shift factor curve

(Figur e 4.96) can now be used to determine the value of aT at any

other tempe rature within the ran ge of test tempe ratures used.

6. The master curve at an y tempe ratur e within the ran ge of test tempe rat-

ures used can be de termined by multiply ing the referen ce master curve

with the appropri ate aT value obtaine d from the shift factor curve.

The time–te mperat ure superpo sition method describ ed earlier has been used by

Yeow et al. [104] to generat e mast er curves for T-300 carb on fiber –epoxy

composi tes.

4.6.1 .3 Sch apery Creep and Recovery Equ ations

For the case of uniaxi al loading at a c onstant tempe rature, Schapery and his

cowor ker [105] have de veloped the follo wing constitut ive eq uation relating

creep strain to the app lied stress s0:
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«(t ) ¼ g0 D ( 0) þ C
g1 g2 t 

n

a ns

� �
s0 , ( 4: 55 )

where

D(0) ¼ init ial complia nce

g0, g1, g2, as ¼ stre ss-depen dent constants

C, n ¼ constant s (indepe nde nt of stress level)

Duri ng recover y afte r t > t1, the recover y strain «r is

«r ( t ) ¼ D«1
g1

[(1 þ as l) 
n � ( as l) 

n ] , ( 4: 56 )

where

D«1 ¼ g1 g2 Ct 
n
1

ans
s0

l ¼ t � t1

t1

where t1 is the time at whi ch the stress is released . Deta iled derivations

of Equations 4.55 and 4.56 as well as the assum ptions involv ed are g iven in

Ref. [105].

At low stre ss levels, the constants g0, g 1, g 2, and as are equ al to unity. Creep

data obtaine d at low stress level s are used to determine the remaining three

constant s D (0), C , and n. At high stress level s, the constant s g0 6¼ g1 6¼ g2 6¼ as 6¼ 1;

howeve r, the con stants D (0), C, and n do not change.

Dete rminati on of g0, g1, g2, and a s requir es creep and creep recover y tests at

high stress level s. Lou and Sch apery [105] have presen ted a graphic al techni que

to redu ce the high-s tress creep data to determ ine these constant s. Com puter-

based routines have been developed by Brinson and his coworkers and are

described in Ref. [104]. Tuttle and Brinson [106] have also presented a scheme

for predicting the long-term creep behavior of a general laminate. In this

scheme, the lami nation theory (see Chapter 3) and the Schap ery theory are

combined to predict the long-term creep compliance of the general laminate

from the long-term creep compliances of individual laminas.

4.6.2 STRESS RUPTURE

Stress rupture is defined as the failure of a material under sustained constant

load. It is usually performed by applying a constant tensile stress to a specimen

until it fractures completely. The time at which the fracture occurs is termed the

lifetime or stress rupture time. The objective of this test is to determine a range

of applied stresses and lifetimes within which the material can be considered

‘‘safe’’ in long-term static load applications.
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The data obtained from stress rupture tests are plotted with the applied

stress on a linear scale along the ordinate and the lifetime on a logarithmic scale

along the abscissa. The functional relationship between the applied stress level

and lifetime [107] is often represented as

s

sU

¼ A� B log t
(4:57)

where sU is the static tensile strength, and A and B are constants. Since the

stress-rupture data show a wide range of scatter, the constants are determined

by the linear regression method.

Glass, Kevlar 49, and boron fibers and their composites exhibit failure by

stress rupture. Carbon fibers, on the other hand, are relatively less prone to stress

rupture failure. Chiao and his coworkers [108,109] have gathered the most

extensive stress rupture data on epoxy-impregnated S-glass and Kevlar 49 fiber

strands. For bothmaterials, the lifetime at a stress level varied over a wide range.

However, the rate of degradation under sustained tensile load was lower in

Kevlar 49 strands than in S-glass strands. The data were analyzed using a two-

parameter Weibull distribution in which the Weibull parameters a and s0 were

the functions of both stress level s and test temperature T. An example of the

maximum likelihood estimates of lifetimes for Kevlar 49 strands is shown in

Figure 4.97. To illustrate the use of this figure, consider the first percentile
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FIGURE 4.97 Maximum likelihood estimates of lifetimes for Kevlar 49–epoxy strands

(under ambient conditions with ultraviolet light) for quantile probabilities. (After

Glaser, R.E., Moore, R.L., and Chiao, T.T., Compos. Technol. Rev., 6, 26, 1984.)
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lifetime estimate of Kevlar 49 strands at 1380 MPa (200 ksi). Corresponding to

the first percentile (10�2) curve, log t ffi 5.1, which gives a maximum likelihood

estimate for the lifetime as 105.1¼ 126,000 h¼ 14.4 years.

4.7 FRACTURE BEHAVIOR AND DAMAGE TOLERANCE

The fracture behavior of materials is concerned with the initiation and

growth of critical cracks that may cause premature failure in a structure.

In fiber-reinforced composite materials, such cracks may originate at manufac-

turing defects, such as microvoids, matrix microcracks, and ply overlaps, or at

localized damages caused by in-service loadings, such as subsurface delamina-

tions due to low-energy impacts and hole-edge delaminations due to static or

fatigue loads. The resistance to the growth of cracks that originate at the

localized damage sites is frequently referred to as the damage tolerance of

the material.

4.7.1 CRACK GROWTH RESISTANCE

Many investigators [110–112] have used the linear elastic fracture mechanics

(LEFM) approach for studying the crack growth resistance of fiber-reinforced

composite materials. The LEFM approach, originally developed for metallic

materials, is valid for crack growth with little or no plastic deformation at the

crack tip. It uses the concept of stress intensity factor KI, which is defined as

KI ¼ so

ffiffiffiffiffiffi
pa

p
Y , (4:58)

where

KI ¼Mode I stress intensity factor (Mode I refers to the opening mode of

crack propagation due to an applied tensile stress normal to the crack

plane)

so ¼ applied stress

a ¼ crack length

Y ¼ geometric function that depends on the crack length, crack location,

and mode of loading

Equation 4.58 shows that the stress intensity factor increases with both

applied stress and crack length. An existing crack in a material may propagate

rapidly in an unstable manner (i.e., with little or no plastic deformation), when

the KI value reaches a critical level. The critical stress intensity factor, KIc, also

called the fracture toughness, indicates the resistance of the material to unstable

crack growth.

The critical stress intensity factor of metals is determined by standard test

methods, such as ASTM E399. No such standard test method is currently

available for fiber-reinforced composite materials. Most investigators have
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 4.98 Notched specimens for determining the fracture toughness of a material:

(a) center notched, (b) single-edge notched, and (c) double-edge notched.
used static tensile testing of prenotched straight-sided specimens to experimen-

tally determine the stress intensity factor of fiber-reinforced composite lamin-

ates. Three types of specimens, namely, center-notched (CN), single-edge

notched (SEN), and double-edge notched (DEN) specimens, are commonly

used (Figure 4.98). Load vs. crack opening displacement records (Figure 4.99)

obtained in these tests are initially linear. However, they become increasingly

nonlinear or even discontinuous as irreversible subcritical damages appear in
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FIGURE 4.99 Typical load vs. crack opening displacement (COD) records obtained in

tension testing of center-notched specimens. (After Harris, C.E. and Morris, D.H.,

J. Compos. Technol. Res., 7, 77, 1985.)
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the vicinity of the notch tip. Since the load–displacement curve deviates from

linearity, it becomes difficult to determine the load at which crack growth

begins in an unstable manner. The critical stress intensity factor calculated on

the basis of the maximum load tends to depend on the notch size, laminate

thickness, and laminate stacking sequence. Instead of using the maximum load,

Harris and Morris [110] calculated the stress intensity factor on the basis of the

load where a line drawn through the origin with 95% of the initial slope (i.e., 5%

offset from the initial slope) intercepts the load–displacement curve. Physically,

this stress intensity factor, denoted as K5, has been associated with the onset of

significant notch tip damage. Harris and Morris found the K5 value to be

relatively insensitive to the geometric variables, such as notch length, laminate

thickness, and laminate stacking sequence (Table 4.22), and called it the frac-

ture toughness of the composite material.
TABLE 4.22
Fracture Toughness of T-300 Carbon

Fiber–Epoxy Laminates

Fracture Toughness, K5 Values

Laminate Type (MPa m1=2) (ksi in.1=2)

[0=90=±45]S 37.0 33.7

[0=±45=90]S 33.5 30.5

[±45=0=90]S 31.4 28.6

[0=±45=90]8S 29.8 27.1

[0=±45=90]15S 29.9 27.2

[±45=0]S 32.3 29.4

[0=±45]S 32.0 29.1

[0=±45]10S 32.2 29.3

[0=±45]20S 31.6 28.8

[45=0=�45]S 27.5 25.0

[0=90]S 27.8 25.3

[0=90]16S 28.7 26.1

[0=90]30S 26.6 24.2

[±30=90]S 35.7 32.5

[90=±30]S 36.4 33.1

[30=90=�30]S 37.6 34.2

[90=±30]16S 28.2 25.7

[60=0=�60]S 26.4 24.0

[0=±60]S 33.8 30.8

[±60=0]S 35.9 32.7

[0=±60]S 27.4 24.9

Source: Adapted from Harris, C.E. and Morris, D.H.,

J. Compos. Technol. Res., 7, 77, 1985.
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Harris and Morris [110,113] have also observed that the fracture process in

continuous fiber laminates depends on the laminate type and laminate thickness.

For example, in thin [0=±45]nS laminates, massive delaminations at the crack tip

create uncoupling between the þ458 and �458 plies, which is followed by an

immediate failure of the laminate. The nonlinearity in the load–displacement

diagram of this laminate ensues at or near the maximum load. As the laminate

thickness increases, the thickness constraint provided by the outer layers prevents

ply delaminations at the interior layers and the notched laminate strength is

increased. In contrast, thin [0=±45=90]nS laminates develop minor delaminations

as well as matrix microcracks at the crack tip at lower than the maximum load;

however, the damage developed at the crack tip tends to relieve the stress concent-

ration in its vicinity. As a result, the load–displacement diagram for [0=±45=90]nS
laminates is more nonlinear and their notched laminate strength is also higher

than that of [0=±45]nS laminates. With increasing thickness, the size of the crack

tip damage in [0=±45=90]nS decreases and there is less stress relief in the crack tip

region, which in turn lowers the value of their notched tensile strength.

In laminates containing randomly oriented fibers, crack tip damage con-

tains matrix microcracks, fiber–matrix interfacial debonding, fiber breakage,

and so on. This damage may start accumulating at load levels as low as

50%–60% of the maximum load observed in a fracture toughness test. Thus

the load–displacement diagrams are also nonlinear for these laminates.

From the load–displacement records for various initial crack lengths, Gaggar

and Broutman [112] developed a crack growth resistance curve similar to that

given in Figure 4.100. This curve can be used to predict the stress intensity

factor at the point of unstable crack growth.
Crack growth
resistance curve
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Crack driving
force curves

at three stress
levels

Crack length (a)

S
tr

ee
s 

in
te

ns
ity

 fa
ct

or
 (

K
I)

s3

s3 > s2 > s1

s2 s1

FIGURE 4.100 Crack growth resistance curve of a random fiber laminate. (After

Gaggar, S.K. and Broutman, L.J., J. Compos. Mater., 9, 216, 1975.)
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4.7.2 DELAMINATION GROWTH R ESISTANCE

Interp ly de laminatio n is con sidered the most critical fail ure mode limiting the

long-term fatigue life of certain composi te lamina tes [114]. In general , delam i-

nation develops at the free edges of a lamina te wher e adverse inter laminar

stresses may exist owi ng to its pa rticular stacking sequence. Once developed ,

the delam inate d areas may grow steadily wi th increa sing number of cycles ,

which in turn reduces the effe ctive mo dulus of the lamin ate. The presence of

delam ination also ca uses a redistri bution of stre sses within the lamin ate, which

may influ ence the initiation of fiber breakage in the primary load-be aring plies

and reduce the fati gue lif e of the lami nate. In recogni tion of this problem , a

number of test methods [115] have been developed to measur e the inter laminar

fracture toughness of composi te lamin ates.

The inter laminar fracture toughn ess, measur ed in term s of the critical strain

energy relea se rate, is defined as the amount of strain ene rgy relea sed in

propagat ing delam ination by a unit length. This LEFM parame ter is frequent ly

used for co mparin g the resi stance of various resin systems agains t the grow th of

delam ination failure.

Dela mination may occur in Mo de I (opening mode or tensi le mode of crack

propagat ion), Mod e II (sliding mode or in-plan e shear mo de of c rack prop a-

gation ), Mo de III (tearing mode or an tiplane shear mod e of crack propa ga-

tion), or a combinat ion of these mod es. The test methods used for determini ng

the crit ical strain energy relea se rate in Mo de I and Mode II de laminati ons are

briefly describ ed here. In Mod e I, crack propagat ion occurs as the crack

surface s pull apart due to a nor mal stress perpendicul ar to the crack plane. In

Mode II, crack pro pagatio n oc curs as the crack surfaces slid e ov er each other

due to a shear stre ss pa rallel to the crack plane. The comp liance method is used

in the calculation of the strain energy release rate for each mode, which is

related to the specimen compliance by the following equation:

GI or GII ¼ P2

2w

dC

da
, (4:59)

where

P ¼ applied load

w ¼ specimen width

a ¼ crack length (measured by a traveling microscope during the test)

C ¼ specimen compli ance (slope of the load–di splace ment curve for each

crack length) (see Figure 4.102)
dC
da

¼ slope of the compliance vs. crack length curve

The interlaminar fracture toughness, GIc in Mode I and GIIc in Mode II, are

calculated using the critical load Pc and
dC
da

corresponding to the crack length at

the onset of delamination propagation.
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4.7.2 .1 Mod e I Delam ination

Two co mmonly used Mo de I inter laminar fract ure energy test s are the doubl e-

canti lever beam (DCB) test and the e dge delaminati on tension (EDT ) test.

DCB test : The DCB test is used for determini ng the strain energy relea se

rate GI for delam ination growth under M ode I loading . It commonl y uses a

straight -sided 08 unidirecti onal specim en (Figur e 4.101) in which an initial

crack (dela mination) is created by inser ting a thin Teflon film (typical ly 0.013

mm thick) at the midplan e before moldin g the lami nate. Hinge d meta l tabs are

bonde d at the de laminated end of the specim en. Load is app lied through the

meta l tabs unt il the initial crack grow s slowly by a predete rmin ed length. The

specim en is unloade d a nd then reloade d until the new crack in the sp ecimen

grow s slowly by ano ther predete rmine d lengt h. This process is repeat ed severa l

times with the same specim en to obtain a seri es of load–di splace ment records ,

as shown in Figure 4.102. For each crack length , a specim en complian ce va lue

is calcul ated using the slope of the loading porti on of the corres pondi ng load–

displ acement record. A typical co mpliance vs. crack lengt h curve is shown in

Figure 4.103.

EDT test: The EDT test uses a straight-sided 11-ply [(�30)2=90=90]S
laminate that exhibits free-edge delaminations at both �308=908 interfaces

under a tensile load. It involves determining the laminate stiffness ELAM and
Initial crack Laminate

Hinged end tab

P

P

FIGURE 4.101 A double-cantilever beam (DCB) specimen.
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FIGURE 4.102 Typical load–displacement records obtained in a DCB test.
the nor mal strain «c at the onset of de laminatio n from the stre ss–strai n diagram

(Figur e 4.104) obt ained in a static tensi on test of the [( � 30)2 =90 =90]S lami nate.

The critical strain energy release rate at the ons et of delaminati on is then

calcula ted using the foll owing equ ation [116] :
dC
da

at crack

length ai

ai
Crack length (mm or in.)

C
om

pl
ia

nc
e,

 C
 (

m
/N

 o
r 

in
./l

b)

FIGURE 4.103 Schematic representation of compliance vs. crack length in a DCB test.
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FIGURE 4.104 An edge delamination tension (EDT) test.
GIc ¼ «2c t

2
( ELAM � E *) , ( 4: 60 )

wher e

h ¼ spe cimen thickne ss

«c ¼ stra in at the onset of delam ination

ELAM ¼ initial laminate stiffne ss

E* ¼ [8 E(30) þ þ  3E(90) ] =11

The E* term in Equat ion 4.60 repres ents a simp le rule of mixt ure calcul a-

tion for the laminate sti ffness afte r complet e delam inatio n has taken place at

both � 30 8=90 8 interfaces .
Both DCB an d EDT tests are useful in qua litatively ranking various matr ix

mate rials for their role in delam inatio n growth resi stance of a lamin ate. Both

tests pro duce comp arable results (Figur e 4.105) . In general , the delam ination

grow th resistance increa ses with increasing fracture toughness of the matrix;

howeve r, impr oving the fracture toughn ess of a matrix may not trans late into

an equival ent increa se in the delam ination grow th of a lamina te.

4.7.2 .2 Mod e II Delaminat ion

End notched flex ure tests are us ed to determine the interlam inar fracture

toughness in Mode II de laminati on of [0] unidir ectio nal laminates . There a re

two types of end notched flexure tests: (a) 3-point or 3-ENF test and (b) 4-point

or 4-E NF test . The specimen and loading configu rations for these two tests are

shown in Figure 4.106. In both spec imens, a starter crack is creat ed at one end

of the specimen by placing a thin Teflon film (typically 0.013 mm thick) at the
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 4.105 Comparison of the interlaminar fracture toughness of various resin

systems. (After O’Brien, T.K., Tough Composite Materials: Recent Developments,

Noyes Publications, Park Ridge, NJ, 1985.)
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(a) 3-ENF test arrangement 

(b) 4-ENF test arrangement  

FIGURE 4.106 Schematic of the (a) 3-ENF and (b) 4-ENF specimens and tests.
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midpl ane of the laminate before moldi ng the lami nate. The test is condu cted at

a constant displ acement rate of the loading point an d the crack grow th is

monit ored. The load–di splace ment diagra m is also recorded dur ing the test.

In the 3-E NF test , it is diff icult to obtain stable crack growth, and there-

fore, multiple specim ens with diff erent initial crack lengt hs are requir ed to plot

the comp liance vs. crack lengt h curve. On the other han d, the 4-ENF test

produ ces a stabl e crack grow th, and theref ore, one specim en is suff icient to

determ ine the Mo de II stra in en ergy relea se rate. In the 4-E NF test, the

specim en is unlo aded after every 2–3 mm stable crack grow th and then

reloade d until the new crack grow s slow ly by ano ther 2–3 mm. As with the

DCB specim en, the specim en complianc e, C, is determined from the slope of

the load– displacement curve co rrespondi ng to each new crack length. From the

compli ance vs. crack length cu rve dc=da is calculated, which is then used in
Equation 4.59 for calcula ting GIIc. Schueck er an d David son [117] have sho wn

that if crack lengt h and complia nce are measur ed accurat ely, the 3-E NF and

4-ENF tests yield sim ilar GIIc .

4.7.3 METHODS OF IMPROVING DAMAGE TOLERANCE

Dama ge tolerance of lamin ated co mposites is impr oved if the init iation and

grow th of delam inatio n can be eithe r pre vented or delayed. Effort s to control

delam ination have focused on both impr oving the interlam inar fract ure toug h-

ness an d redu cing the inter laminar stresses by means of laminate tailorin g.

Mater ial an d structural parame ters that infl uence the damage tolerance are

matrix toughn ess, fiber –matrix interfaci al strength, fiber orient ation, stacking

sequence , lami nate thickne ss, and su pport conditio ns. Som e of these para-

mete rs ha ve been studi ed by many investiga tors and are discus sed in the

followi ng section.

4.7.3 .1 Matr ix Toug hness

The fracture toughn ess of ep oxy resin s commonl y used in the aerospac e indus-

try is 1 00 J =m 2 or less. Laminates using these resi ns have an inter lamina r (Mode

I delam ination) fract ure toughness in the range of 100–200 J =m 2. Increasing

the fractu re toughness of ep oxy resin s has been shown to increa se the inter -

laminar fracture toughness of the co mposi te. Ho wever, the relative increa se in

the inter laminar fractu re toughness of the lami nate is not as high as that of the

resin its elf.

The fracture toughness of an epoxy resi n can be increa sed by adding

elastomer s (e.g ., CTBN) , reducing cro ss-link den sity, increa sing the resi n

chain flex ibility between cross-lin ks, or a combinat ion of all three (Table

4.23). Addition of rigid therm oplast ic resi ns also impr oves its fractu re tough -

ness. Another alternative is to use a thermoplastic matrix, such as PEEK, PPS,

PAI, and so on, which has a fracture toughness value in the range of 1000 J=m2,

10-fold higher than that of conventional epoxy resins.
� 2007 by Taylor & Francis Group, LLC.



TABLE 4.23
Mode I Interlaminar Fracture Toughness as Influenced by the Matrix

Composition

Matrix Properties Composite Propertiesa

General Feature

of the Base Resin

Tensile

Strain-to-

Failure (%) GIc (J=m
2) vf (%)

Transverse

Tensile Strain-

to-Failure (%) GIc (J=m
2)

Rigid TGMDA=DDS epoxy 1.34 70 76 0.632 190

Moderately cross-linked with

rigid backbone between

cross-links

1.96 167 54 0.699 335

Same as above plus CTBN

rubber particles

3.10 730 60 0.580 1015

69 520

71 615

Epoxy with low cross-link

density and soft backbone

between cross-links

3.24 460 58 0.538 455

Same as above plus CTBN

rubber particles

18.00 5000 57 0.538 1730

Source: Adapted from Jordan, W.M., Bradley, W.L., and Moulton, R.J., J. Compos. Mater., 23,

923, 1989.

a 08 Unidirectional carbon fiber-reinforced epoxy composites.
4.7.3.2 Interleaving

A second approach of enhancing the interlaminar fracture toughness is to add a

thin layer of tough, ductile polymer or adhesive between each consecutive plies

in the laminate [118] (Figure 4.107). Although the resin-rich interleaves increase

the interlaminar fracture toughness, fiber-dominated properties, such as tensile
Adhesive
layers

(a) (b)

FIGURE 4.107 Interleaving with adhesive layers (a) along the whole laminate width and

(b) along the free edges only.
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stren gth and modu lus, may decreas e due to a reducti on in overal l fiber vo lume

fraction.
4.7.3 .3 Stacki ng Sequence

High inter laminar normal an d shear stre sses at the free edges of a lamina te are

creat ed due to mis match of Poisson’ s ratios and coeff icients of mutual influence

between adjacent layer s. Changi ng the ply stackin g sequence may change

the inter laminar normal stress from tensile to compres sive so that opening

mode delam ination can be supp ressed. Ho wever, the growth of delam ination

may requ ire the presence of an inter rupted load path. For exampl e, Lee and

Chan [119] used discr ete 90 8 plies at the midpl anes of [30 =�302= 30]S
and [±35 =0]S laminates to reduce delam ination in these laminates . Dela mina-

tion was arrested at the bounda ries of these discr ete plies .
4.7.3 .4 Inter ply Hybr idizati on

This can also be used to reduce the mismat ch of Poisson’ s ratios an d co effi-

cient s of mu tual influence betw een co nsecutive layer s, and thus redu ce the

possibi lity of interp ly edge delam ination . For exampl e, replac ing the 90 8 carbon
fiber–ep oxy plies in [±45 =02=90 2] S AS-4 carbon fiber–epo xy laminates wi th 908
E-glas s fiber–epo xy plies increa ses the stress level for the onset of edge delam i-

nation (due to interlam inar normal stre ss, szz ) from 324 to 655 MPa .

The ultimat e tensi le stre ngth is not affected, since it is control led mainl y by

the 08 plies, which are carbon fiber –epoxy for both lami nates [120] .
4.7.3 .5 Thr ough-the -Thic kness Re inforcement

Resist ance to interlam inar delam ination can be impr oved by means of throu gh-

the-thickn ess reinforcem ent that can be in the form of sti tches, meta llic wi res

and pins, or three- dimens ional fabri c struc tures .

Migner y et al. [121] used fine Kevl ar thread to stitch the layers in [±30 =0]S ,
[±30 =90]S , and [± 45 =02=90]S AS-4 carbon fiber –epoxy laminates . Stitches par-

allel to the 08 direct ion wer e added after layup with an indu strial sewing
machine at a distance of 1.3–2.5 mm from the free edges in 32 mm wide test

specimens. Although stitching did not prevent the occurrence of free-edge

delamination in uniaxial tensile tests, it substantially reduced the rate of

delamination growth into the interior of the latter two laminates. No visible

edge delamination occurred in either unstitched or stitched [±30=0]S laminates

before complete fracture.

Figure 4.108 shows the con struction of a three- dimens ional co mposi te

containing alternate 0=90 layers in the laminate plane (xy plane) and vertical

through-the-thickness fibers interlocked with the in-plane layers. Gillespie and

his coworkers [122] reported a 10-fold increase in the Mode I interlaminar
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 4.108 Construction of a three-dimensional laminate.
fracture toughness of such three-dimensional composites over the two-dimen-

sional 0=90 laminates; however, the in-plane stiffness properties are decreased.

4.7.3.6 Ply Termination

High interlaminar stresses created by mismatching plies in a narrow region near

the free edge are reduced if they are terminated away from the free edge. Chan

and Ochoa [123] tension tested [±35=0=09]S laminates in which the 908 layers
were terminated at ~3.2 mm away from the free edges of the tension specimen

and found no edge delamination up to the point of laminate failure. The

ultimate tensile strength of the laminate with 908 ply terminations was 36%

higher than the baseline laminate without ply termination. In the baseline

laminate, free-edge delamination between the central 908 layers was observed
at 49% of the ultimate load.

4.7.3.7 Edge Modification

Sun and Chu [124] introduced a series of narrow and shallow (1.6–3.2 mm deep)

notches (Figure 4.109) along the laminate edges and observed a significant
Machined notches along
the free edges of a laminate

FIGURE 4.109 Edge notched laminate.
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increase (25% or higher) in tensile failure load for laminates that are prone to

interlaminar shear failure. Delamination was either eliminated or delayed

in laminates that are prone to opening mode delamination, but there was no

improvement in tensile failure load. The presence of notches disrupts the load

path near the free edges and reduces the interlaminar stresses. However, they

also introduce high in-plane stress concentration. Thus, suppression of delami-

nation by edge notching may require proper selection of notch size and spacing.
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PROBLEMS

P4.1. The load–strain data obtained in a tension test of a unidirectional

carbon fiber–epoxy composite are given in the following table. Speci-

men dimensions are length ¼ 254 mm, width ¼ 12.7 mm, and thick-

ness ¼ 1.4 mm.

1. Determine the tensile modulus and Poisson’s ratio for each fiber

orientation

2. Using Equation 3.45, determine the shear modulus, G12 of this

material and then verify the validity of Equation 3.46 for the 458
orientation
Load (N) Transverse Strain, %
by Taylor & Francis Gro
up, LLC.
Axial Strain, %
 08
 458
 908
 08
 458
 908
0.05
 2130
 130
 67
 �0.012
 �0.00113
 �0.0004
0.10
 4270
 255
 134
 �0.027
 �0.0021
 �0.001
0.15
 6400
 360
 204
 �0.041
 �0.0029
 �0.0014
0.20
 8620
 485
 333
 �0.054
 �0.0038
 �0.0019
0.25
 —
 565
 396
 —
 �0.0048
 �0.0025
P4.2. The following tensile modulus (Exx) values were calculated from

the tensile stress–strain diagrams of 308 carbon fiber–epoxy off-axis

specimens:
L=w E (106 psi)
xx
2
 2.96
4
 2.71
8
 2.55



Using the following material properties, calculate the corrected tensile

modulus values at each L=w and compare them with the theoretical

modulus: E11 ¼ 203 106 psi, E22 ¼ 13 106 psi, n12 ¼ 0.25, and G12 ¼
0.63 106 psi.

P4.3. The following longitudinal tensile strength data (in MPa) were obtained

for a [0=±45=90]S E-glass fiber–epoxy laminate: 520.25, 470.27, 457.60,

541.18, 566.35, 489.82, 524.55, 557.87, 490.00, 498.99, 496.95, 510.84,

and 558.76.

(a) Determine the average tensile strength, the standard deviation, and

coefficient of variation

(b) Determine the Weibull parameters for the given strength distribu-

tion

(c) Using the Weibull parameters in (b), determine the mean strength

for the material

P4.4. The tensile stress–strain diagram for a [(0=90)2=0=90]S E-glass fiber–

epoxy laminate is shown in the figure. Determine the initial modulus,

the stress at the knee point, the secondary modulus, and the failure

strength for the laminate. Compare these experimental values with the

theoretical estimates.

C

B

A

A: 0�

C: 90�

B: [(0/90)2/0/90]S

Strain
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si
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P4.5. Tensile stress–strain diagram of a [0=904]S AS-4 carbon fiber–epoxy

laminate is shown in the figure. The longitudinal modulus and trans-

verse modulus of a 08 unidirectional laminate of the same material are

142 and 10.3 GPa, respectively.

1. Determine the initial axial modulus of the [0=904]S laminate and

compare it with the theoretical value. How would this value change

if the 908 layers are at the outside or the laminate construction is

changed to [02=903]S?
2. The knee in the stress–strain diagram is at a strain of 0.005 mm=mm.

However, the ultimate longitudinal and transverse strains of the 08
unidirectional laminate are at 0.0146 and 0.006 mm=mm, respect-

ively. Explain what might have caused a lower strain at the knee

3. Describe the reason for the nonlinear portion of the stress–strain

diagram

0
0

100

200
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400
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Strain (percent)
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tr
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(M
P

a)

1.5 1.8

P4.6. The longitudinal compressive strength of a unidirectional 08 carbon

fiber–epoxy laminate is estimated as 190 ksi. Using the Euler buckling

formula for homogeneous materials, design the minimum thickness of a

Celanese compression specimen that will be required to avoid lateral

buckling.

P4.7. The following compressive strength data were obtained for a 08 uni-
directional surface-treated high-strength carbon fiber–epoxy composite

tested in the longitudinal (fiber) direction.* The composite specimens

failed by shear cracks at 458 to the axis of loading.
* N.L. Hancox, The compression strength of unidirectional carbon fibre reinforced plastic,

J. Mater. Sci., 10:234 (1975).
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* S. Tan and R. Kim, Fracture of co

Mech., 28:364 (1988).

� 2007 by Taylor & Francis Group, LLC.
v (%) s (MPa)
f 
mposite lamin
LCU 
10 
325
20 
525
30 
712
40 
915
50 
1100
60 
1250
70 
1750
Plo t the da ta and verify that the co mpres sive stre ngth is linear wi th vf.

Ass uming that the rule of mixtu re ap plies, determine the longitud inal

co mpressive stre ngth of the carbon fiber . How may the compres sive

stre ngth and fail ure mode of the compo site be affe cted by matrix

stre ngth and fiber surfa ce treat ment?

P4.8. The follo wing tensile stre ss–strai n values were obtaine d in uni axial

tensile testing of a [±45]S lami nate:
s (MPa) « (mm=mm) « (mm=mm)
xx 
xx 
ates contain
yy 
27.5 
0.001 
�0.00083
54.4 
0.002 
�0.00170
82.7 
0.003 
�0.00250
96.5 
0.004 
�0.00340
115.7 
0.005 
�0.00700
132.5 
0.006 
�0.00811
161.0 
0.007 
�0.00905
214.0 
0.014 
�0.01242
Plo t the data an d de termine the Exx an d nxy of the lami nate. In

ad dition, red uce the data to plot t12 vs. g12 for the mate rial and

determine G12.

P4.9. Using the stress and strain transformation Equations 3.30 and 3.31, verify

Equations 4.16 and 4.17 for the 108 off-axis test shown in Figure 4.28.

P4.10. The following table* gives the stress–strain data for [0=90=±45]S and

[0=90]2S AS-4 carbon fiber–epoxy laminates obtained in a three-rail

shear test. Plot the data and determine the shear modulus for each

laminate. Compare these values with those predicted by the lamination
ing cracks due to shear loading, Exp.



theory based on the following material properties: E11 ¼ 143.92 GPa,

E22 ¼ 11.86 GPa, G12 ¼ 6.68 GPa, and n12 ¼ 0.326.
� 2007 by Taylor & Francis G
Shear Stress (MPa)
roup, LLC.
Shear Strain (%)
 [0=90=±45]S
 [0=90]2S
0.2
 40
 13.6
0.4
 91
 24.5
0.6
 128.6
 37
0.8
 155
 47.3
1.0
 178
 54.5
1.2
 208
 62
1.4
 232
 65.4
1.6
 260
 70
P4.11. The following figure shows the schematic of an asymmetric four-point

bend (AFPB) test developed for measuring the shear properties of

composite laminates. As in the Iosipescu shear test, it uses a V-notched

beam specimen. Derive an expression for the shear stress at the center of

the specimen and compare it with that in the Iosipescu shear test.

V-notched
specimenw

P

L

a

P4.12. Torsion of a thin-walled tube is considered the best method of creating a

pure shear stress state in a material. Describe some of the practical

problems that may arise in the torsion test of a laminated composite tube.



P4.13. Using Equation 4.12, develop a correction factor for the modulus

measurements in a three-point flexure test with a small span–thickness

ratio and plot the ratio of corrected modulus and measured modulus

as a function of the span–thickness ratio.

P4.14. Using the homogeneous beam theory, develop equations for flexural

strength and modulus calculations from the load–deflection diagram in

a four-point static flexure test.

P4.15. Using the lamination theory, develop the flexural load–deflection

diagram (up to the point of first failure) of a sandwich hybrid beam

containing 08 T-300 carbon fiber-reinforced epoxy in the two outer

layers and 08 E-glass fiber-reinforced epoxy in the core. Describe the

failure mode expected in flexural loading of such a beam.

P4.16. Unidirectional 08 Kevlar 49 composites exhibit a linear stress–strain

curve in a longitudinal tension test; however, their longitudinal compres-

sive stress–strain curve is similar to that of an elastic, perfectly plastic

metal (see the figure). Furthermore, the compressive proportional limit

for a Kevlar 49 composite is lower than its tensile strength. Explain how

these two behaviors may affect the stress distribution across the thick-

ness of a unidirectional Kevlar 49 composite beam as the transversely

applied load on the beam is increased. Estimate the transverse load at

which the flexural load–deflection diagram of aKevlar 49 beam becomes

nonlinear. (Hint: Assume that the strain distribution through the thick-

ness of the beam remains linear at all load levels.)

Tension

Compression

Strain

S
tr

es
s

P4.17. The flexural strength of a unidirectional 08 E-glass–vinyl ester beam is

95 ksi, and the estimated ILSS for the material is 6 ksi. Determine the

maximum span–thickness ratio for a short-beam shear specimen in

which interlaminar shear failure is expected.
� 2007 by Taylor & Francis Group, LLC.



P4.18. Som e invest igators ha ve pro posed using a four-po int flexure test for

ILS S measur ements. Usin g the hom ogeneous beam theory, develop

equ ations for ILSS in a four-p oint flex ure test and discus s the meri ts

of such a test over a three- point sho rt-beam shear test .

P4.19. Usi ng Tabl e 4.8, comp are the fati gue stre ngths of T-300 carbo n–epoxy

and E-glass–epoxy composites at 104 and 107 cycles.

P4.20. The Weibull parameters for the tension–tension fatigue life distribution

of a [0=90=±45]S T-300 carbon fiber–epoxy composite are as follows: at

smax ¼ 340 MPa, L0 ¼ 1,000,000, and af ¼ 1.6. At smax ¼ 410 MPa,

L0 ¼ 40,000, and af ¼ 1.7.

1. Determine the mean fatigue lives at 340 and 410 MPa

2. What is the expected probability of surviving 50,000 cycles at 410MPa?

P4.21. Fatigue lives (numbers of cycles to failure) of twelve 08 Kevlar 49 fiber-

reinforced composite specimens in tension–tension cycling at 90% UTS,

R ¼ 0.1, 0.5 Hz frequency, and 238C are reported as 1,585; 25; 44,160;

28,240; 74,140; 47; 339,689; 50,807; 320,415; 865; 5,805; and 4,930. Plot

the Weibull distribution curve for these fatigue lives and determine the

Weibull parameters for this distribution.

P4.22. For the major portion of the fatigue life of a composite laminate, the

instantaneous modulus can be modeled as

E ¼ E0(1� c logN)

where

E0¼ initial modulus at N ¼ 1

N ¼ number of fatigue cycles

c ¼ an experimentally determined damage-controlling factor

Using this model, determine the number of cycles that a simply sup-

ported centrally loaded beam can endure before its deflection becomes

50% higher than its initial value.

P4.23. For the quasi-isotropic laminate described in Example 4.2, suppose

the loading sequence is 10,000 cycles at 437 MPa followed by cycling

to failure at 382 MPa. Estimate the total life expected in this high–

low stress sequence using (a) the Whitworth model and (b) the

Miner’s rule.

P4.24. The mean fatigue lives of [0=90]S E-glass fiber–epoxy laminates at

maximum stress levels of 56,000 and 35,000 psi are 1,500 and 172,000,

respectively. The static tensile strength of this material is 65,000 psi.
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1. Determine the residual static strength of this material after 50% of

the fatigue life at each stress level

2. After cycling for 50% of the fatigue life at 35,000 psi, the maximum

stress level in a fatigue specimen is increased to 56,000 psi. Estimate

the number of cycles the specimen would survive at 56,000 psi

3. If the first stress level is 56,000 psi, which is then followed by 35,000

psi, estimate the number of cycles at the second stress level

P4.25. Adam et al.* have found that, depending on the fiber type, the post-

fatigue residual strength of [0=90] cross-plied composites may show

either a gradual decrease with increasing number of cycles (usually

after a rapid reduction in the first few cycles) or virtually no change

until they fail catastrophically (sudden death). They proposed the

following empirical equation to predict the residual strength:

sres ¼ smax(sU � smax)(1� rx)1=y,

where

r ¼ logN � log 0:5

logNf � log 0:5

x, y ¼ parameters obtained by fitting the residual strength equation to

the experimental data (both varywithmaterial and environmen-

tal conditions)

Graphically compare the residual strength after fatigue for the follo-

wing [(0=90)2=0=90]S epoxy laminates at smax ¼ 0.9, 0.7, and 0.5 sU:
* T. Adam, R.F. Dicks
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 23.1
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 1.5
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 674
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P4.26. Poursartip et al.y have proposed the following empirical equation to

represent the fatigue damage (delamination) growth rate at R ¼ 0.1 in

[±45=90=45=0]S carbon fiber–epoxy laminate:

dD

dN
¼ k1

Ds

sU

� �k2

,

er law fatigue damage model

(1986).

mage mechanics of fibrous

. (1986).



where

D ¼ damage (ratio of delaminated area to total surface area)

Ds ¼ stress range

sU ¼ ultimate tensile strength

k1, k2¼ constants determined by fitting a least-square regression line

to damage growth rate vs. stress range data

Assuming that the damage can be represented by

D ¼ k3(1� E=E0),

where

E is the modulus after N cycles

E0 is the initial modulus

k3 is a constant

Find expressions for the terminal damage and the number of cycles

to failure in terms of Ds.

P4.27. The following figure shows the load–time curve recorded during the

instrumented Charpy impact testing of an unnotched 08 T-300 carbon–

epoxy specimen. The pendulum velocity just before impacting the speci-

men was 16.8 ft.=s. The specimen dimensions were as follows: length

between specimen supports¼ 1.6 in.; thickness¼ 0.125 in.; and width¼
0.5 in. Calculate the dynamic flexural strength, dynamic flexural modu-

lus, initiation energy, propagation energy, and total impact energy for the

specimen. State your assumptions and critically evaluate your answers.

100 lb

Lo
ad

1 ms

Time
� 2007 by Taylor & Francis Group, LLC.



P4.28. In a drop-weight impact test, a 1 in. diameter spherical ball weighing

0.15 lb is dropped freely on 0.120 in. thick [0=±45=90]3S carbon

fiber–epoxy beam specimens and the rebound heights are recorded.

The beam specimens are simply supported, 0.5 in. wide and 6 in. long

between the supports. The drop heights, rebound heights, and specimen

deflections in three experiments are as follows:
* A.A.J.M. Peijs, P

polyethylene and car

fibers on mechanica

� 2007 by Taylor & Franci
Drop Rebound Measured Maximum
Height (ft)
. Catsman, L.E.

bon fibres, Part 2:

l properties, Comp

s Group, LLC.
Height (ft)
Govaert, and P.J

Influence of comp

osites, 21:513 (199
Deflection (in.)
1
 0.72
 0.056
4
 2.20
 0.138
6
 3.02
 0.150
(a) Calculate the energy lost by the ball in each case.

(b) Assuming that all of the energy lost by the ball is transformed into

strain energy in the beam, calculate the maximum deflection of the

specimen in each case. The flexural modulus of the laminate is 20 3
106 psi.

(c) Explain why the measured maximum deflections are less than those

calculated in (b).
P4.29. The following table* gives the tensile strength and Charpy impact

energy data of a unidirectional hybrid composite containing intermin-

gled carbon and Spectra 1000 polyethylene fibers in an epoxy matrix.

The polyethylene fibers were either untreated or surface-treated to

improve their adhesion with the epoxy matrix. Plot the data as a

function of the polyethylene fiber volume fraction and compare them

with the rule of mixture predictions. Explain the differences in impact

energy in terms of the failure modes that might be expected in untreated

and treated fiber composites. Will you expect differences in other

mechanical properties of these composites?
. Lemstra, Hybrid composites based on

osition and adhesion level of polyethylene

0).



� 200
Tensile Charpy Impact
Polyethylene Fiber

Volume Fraction (%)
7 by Taylor & Francis Group, LLC.
Strength (MPa)
 Energy (kJ=m2)
Untreated
 Treated
 Untreated
 Treated
0
 1776
 1776
 90.8
 98.8
20
 1623
 1666
 206
 100
40
 1367
 1384
 191
 105.1
60
 1222
 1282
 171.2
 118.2
80
 928
 986
 140.8
 124.8
100
 1160
 1273
 116.7
 145.3
P4.30. Show that the time required for a material to attain at least 99.9% of its

maximum possible moisture content is given by

t ¼ 0:679c2

Dz

,

where

t is time in seconds

c is the laminate thickness

P4.31. The maximum possible moisture content in a [0=90=±45]S T-300 carbon
fiber–epoxy composite (vf ¼ 0.6) is given by

Mm ¼ 0:000145(RH)1:8:

A 6.25 mm thick panel of this material is exposed on both sides to air

with 90% relative humidity at 258C. The initial moisture content in the

panel is 0.01%.

(a) Estimate the time required for the moisture content to increase to

the 0.1% level

(b) If the panel is painted on one side with a moisture-impervious

material, what would be the moisture content in the panel at the

end of the time period calculated in (a)?

P4.32. Following Equation 4.43, design an experiment for determining the

diffusion coefficient, Dz of a composite laminate. Be specific about

any calculations that may be required in this experiment.

P4.33. Estimate the transverse tensile strength, transverse modulus, and shear

modulus of a 08 unidirectional T-300 carbon fiber-reinforced epoxy

composite (vf ¼ 0.55) at 508C and 0.1% moisture content. The matrix



tensile strength, modulus, and Poisson’s ratio at 238C and dry condi-

tions are 56 MPa, 2.2 GPa, and 0.43, respectively; Tgd for the matrix

is 1778C.

P4.34. Shivakumar and Crews* have proposed the following equation for the

bolt clamp-up force Ft between two resin-based laminates:

Ft ¼ F0

1þ 0:1126(t=ath)
0:20

,

where

F0 ¼ initial (elastic) clamp-up force

t ¼ elapsed time (weeks)

ath¼ a shift factor corresponding to a specific steady-state tempera-

ture or moisture

1. At 238C, the ath values for an epoxy resin are 1, 0.1, 0.01, and 0.001

for 0%, 0.5%, 1%, and 1.5% moisture levels, respectively. Using these

ath values, estimate the time for 20%, 50%, 80%, and 100% relax-

ation in bolt clamp-up force.

2. At 668C and 0.5% moisture level, the bolt clamp-up force relaxes to

80% of its initial value in 3 weeks. Calculate the ath value for this

environmental condition.

P4.35. A quasi-isotropic [0=±45=90]8S panel of T-300 carbon fiber–epoxy

develops a 12 mm long sharp crack at its center. The panel width and

thickness are 200 and 8 mm, respectively. The unnotched tensile

strength of the laminate is 565 MPa. Determine the safe load that can

be applied normal to the crack plane before an unstable fracture occurs.

Describe the possible fracture modes for the cracked panel.

P4.36. The load–displacement record shown in the figure was obtained in a

double-cantilever beam (DCB) test of a unidirectional 08 carbon fiber–

epoxy laminate. The initial crack length was 25 mm and the specimen

was unloaded–reloaded after crack extension of every 5 mm. Plot (a)

compliance vs. crack length and (b) strain energy release rate G1 vs.

crack length for this specimen. What is the Mode I interlaminar fracture

toughness of this material? The specimen width was 25 mm.
* K.N. Shivakumar and J.H. Crews, Jr., Bolt clamp-up relaxation in a graphite=epoxy laminate,

Long-Term Behavior of Composites, ASTM STP, 813:5 (1983).

� 2007 by Taylor & Francis Group, LLC.
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P4.37. The compliance data obtained in a 4-ENF test of a 08 unidirectional
carbon fiber–epoxy laminate are given in the following table. The

specimen width was 25.4 mm and the initial crack length was 50 mm.

The load at which the initial crack was observed to grow was 700 N.

Determine the Mode II interlaminar fracture toughness of the material.
� 2007 by Taylor & Francis Grou
Crack Length (mm) Compliance (mm=N)
p, LLC.
60
 5.85 3 10�3
65
 6.20 3 10�3
70
 6.60 3 10�3
75
 6.96 3 10�3
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