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ABSTRACT

Failure mechanisms in composite laminates are quite different from those in
homogeneous materials. While homogeneous materials under fatigue fail as

4 result of initiation and growth of a single dominant crack, composite
laminates can sustain many cracks in the weak phase before ultimate failure.
In unidirectional composites under longitudinal fatigue the subcritical
failure can take the form of interfiber matrix cracking normal to the fibers.
The matrix cracking is enhanced by {he biaxial state of stress between fibers
especially when applied stress is outside linear elastic range of the resin.
The dominant modes of subcritical failure in multidirectional laminates are
ply cracking and delamination. Ply cracking leads to a stress relaxation

in the cracked ply and hence slows down with fatigue cycles. Even of the
same stacking sequence a laminate with thicker plies shows earlier crack
initiation but slower crack multiplication than a laminate with thinner
plies. Delamination between plies can start not only at free edges but also
from ply cracks. Both ply cracking and delamination reduce stored energy

and hence stiffness. The energy release rates associated with ply cracking
and delamination are independent of crack size, unlike the crack growth in
homogeneous materials.
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INTRODUCTION

Polymer composites reinforced with glass, graphite or aramid fibers now find
many applications as structural materials because they offer high strength-to-
weight ratio, excellent dimensional stability and good corrosion resistance.
Since most structural applications involve fatigue environment, fatigue
behavior of these relatively new materials must be fully known to insure
structural integrity and safety.
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Because of inherent heterogeneity and anisotropy, failure of composites
entails many competing mecheanisms. Whereas fatigue failure of homogeneous
materials such as metals and unreinforced plastics is the result of initiation
and propagation of a single dominant crack, fatigue failure of composites is
characterized by initiation and multiplication of many cracks in the weak
phase.

Although failure sequence i1 a given laminate depends on the type of material
and the stacking sequence, the most common initial failure is the through-
the-thickness cracking of off-axis plies along the fibers. Ply cracking
rarely requires fiber fracture and runs through the matrix and interface.

In many laminates ply cracking is followed by delamination between plies
especially at free edges. fhile ply cracks are not necessarily a precursor
to delamination at free edges, they definitely are in regions far away there-
from.

As off-axis plies fail and delamination grows, load is increasingly carried
by on-axis plies, i.e., plies with fibers in the loading direction. The
ultimate failure of a laminate coincides with the failure of on-axis plies.

Since ply cracking and delamination do not immediately trigger ultimate

failure, they constitute suheritical failure modes. Nevertheless, they can
degrade structural performance by reducing stiffness, strength and environmental
resistance. Therefore, a more efficient application of composite laminates
calls for a better understanding and control of these subcritical failures,

as well as critical failure of on-axis plies.

The present paper provides a review of the fatigue failure mechanisms in
composite laminates with emphasis on subcritical failure under tension-
tension fatigue. It is shown that matrix cracking is possible even in on-
axis fatigue of unidirectional composites. The sudden nature of ply cracking
and delamination are also discussed in the paper.

UNIDIRECTIONAL COMPOSITES
On-Axis Fatigue

Epoxy resins are viscoelastoplastic materials: they show a strain-rate
dependence and are capable of plastic flow. The particular behavior of a
given epoxy depends on its formulation as well as on the spatial arrangement
of molecular chains and the crosslink density. On the other hand, glass,
graphite and aramid fibers are much stronger and stiffer than resins and
carry most of the load in properly designed composite laminates.

Static failure of most unidirectional composites is fiber-dominated as the
matrix has higher strain capability than the fibers. When a weak fiber fails,
the subsequent failure sequence depends on the behavior of the matrix and
interface. If the matrix is brittle and the interface strong, the crack
induced by the failure of the weak fiber is likely to propagate across the
neighboring fibers, leading to ultimate failure of the composite. However,
if the matrix and interface are weak, the fiber break is more likely to be
followed by matrix/interface failure along the fiber, so that stress
concentration on the adjacent fibers is reduced (Hahn, 1979).
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Although dispersed fiber breaks can occur in composites with low fiber
content, ultimate failure of real composites with fiber volume content in
the range of 50 to 70% usually shows a stress concentration effect (Rosen,
1965; Owen, 1974).

Under cyclic loading, fatigue sensitivities of matrix and interface
additionally affect fatigue response of composites. Figure 1 shows schematic
strain-life relations for fiber, resin and composite where the fiber is
ssumed to be much more fatigue-resistant than the resin at low strains.
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Fig. 1. Fatiguc behavior of compositc and conmstituent materials.

in the low-cycle region, life of the resin exceeds that of the fiber because
of better strain capability of the former. As a result, the composite
failure in low-cycle fatigue is due to failure of fibers as in static
tension. However, in the high-cycle region, the fiber has higher fatigue
strength than the resin. Consequently, high-cycle fatigue is expected to be
sesociated with more damage in the matrix. The extent of fatigue damage will
depend on fatigue strength of the fiber; i.e., the lower the fiber fatigue
strength, the less damage in the matrix (Hahn, 1979).

e exact failure mechanisms in the high-cycle region still remain to be
inown. A glass/epoxy composite was found to exhibit only slightly higher
fatigue limit strain than its matrix resin regardless of fiber volume content,
thereby prompting a suggestion of a matrix-dominated fatigue failure (Dharan,
1975a, 1975b). However, a fiber-dominated fatigue was also proposed in

light of the observation that resin-impregnated glass strands showed the same
rate of fatigue degradation as dry bundles (Mandell, 1981). In any case,
¢lass composites show some accumulation of fiber damage as evidenced by the
reduction of axial stiffness (Dharan, 1975a; Hahn and others, 1982).

Craphite fibers such as AS and T300 have static failure strains which are
“lose to fatigue limit strains of epoxy resins. Thus, the fatigue ratios of
sraphite/epoxy composites are much higher than those of glass/epoxy

ymposites (Hahn, 1979). For high-modulus graphite composites with a
failure strain of about 0.5%, the fatigue limit strain is near the lower
1211 end of the static strength distribution (Owen, 1974; Sturgeon, 1973] -

\]so, graphite/epoxy composites fail abruptly with most damage occurring
within a few loading cycles immediately before ultimate failure (Sturgeon,
1073; Awerbuch and Hahn, 1977). The lack of strength and stiffness reduction
further confirms the absence of gradual damage growth in graphite composites.
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Aramid fiber composites are different from glass or graphite composites in
that both failure strain and fatigue 1imit are high (Hahn and Chin, 1982).
These composites have higher fatigue limit strain than resins, indicating
a fiber-controlled failure.

If fatigue failure is dominated by fibers, failure is likely to be sudden
without much visible evidence of fiber breaks because fibers are load-
carrying members. In the case of matrix-dominated failure, on the other hand,
matrix cracking will be steble and matrix cracks should be visible before
ultimate failure.

Matrix cracks were found on edges of E-glass/epoxy specimens (Dharan, 1975a) .
However, no such cracks could be seen on surfaces of S2-glass/epoxy specimens
(Hahn and others, 1982). Jossible reasons for matrix cracking also seem
contradictory. Even under longitudinal tension the matrix is subjected to

a multiaxial state of stress that favors cracking. However, the smallness

of the matrix phase betweern fibers tends to retard cracking (Hahn, 1983a;
Aveston and Kelly, 1973). Thus, the net effect will be a compromise between
these two competing mechanisms.

A better understanding of failure mechanisms in composites requires an
understanding of failure processes at the constituent level. Specimens
containing a bundle of fibers in transparent epoxy allow for monitoring of
failure sequence in the fiders and matrix (Lorenzo and Hahn, 1983; Lorenzo
and Hahn, 1984). Results of this study are summarized below.

Figure 2 shows stress-life (S-N) relations for a ductile epoxy, Epon 815/
Versamid 140 (60/40 by weight), when the epoxy contains a bundle of E-glass

or T300 graphite fibers. The reduction in fatigue life in the presence of
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Fig. 2. S-Urelations of ductile epoxy specimens.
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The lower fatigue strengths observed of T300 specimens in the high-cycle
region is due to the lower strain capability of T300 fibers compared with
E-glass fibers. Again, creep of the resin overloaded the graphite bundle
whose failure then triggered final failure without any noticeable damage in
the resin.

In fatigue E-glass fibers started to fail randomly along the bundle mainly
because of creer of the resin, Fig. 4.

Fig. 5. Accumulation of fiber breaks due to stress concentration in a 815/
E-G1 bundle specimen.

Fig. 4. Isolated fiber failure in a 815/E-G1 bundle specimen.

Only at a few places several fibers fractured on the same plane (Fig. 5). With
further cycling complete bundle failure occurred at some of these clustered
fiber breaks indicating a strong stress concentration effect.

Farly in the life matrix cracks were detected between unbroken fibers while
no crack growth was seen in the resin outside the bundle. These cracks were
normal to the fibers and did not seem to grow around the fibers (Fig. 6). The
appearance of matrix cracks indicates that the biaxial state of stress in
the matrix within the bundle promotes cracking.

Graphite fibers also failed in fatigue but without much matrix cracking
because these fibers had mwch lower strain capability than E-glass fibers.
Isolated fiber breaks were scarce: when they appeared the surrounding fibers

4 . Fig. 6. Isolated matrix cracks between fibers in a 815/E-G1 bundle specimen.
started to fracture due to stress concentration. The stress concentration
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effect was much stronger than in the glass bundle probably due to better (7
interfacial bonding and higher fiber-to-matrix modulus ratio in the graphite 50
bundle. Figure 7 shows an accumulation of fiber breaks with minimal matrix
cracking between fibers. Most matrix cracks are seen to be confined to the
regions of fiber breaks.
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Fig. 8. S-N relations of brittle epoxy specimens.

In the low-cycle region, matrix cracking between fibers was quite extensive
in the glass bundle, but it was absent in the graphite bundle because the
matrix was subjected to a higher strain in the former than in the latter,
(Fig. 9). In the high-cycle region, the same difference between the two types
of fibers was observed. However, even in the glass bundle the matrix

Fig. 7. Fiber breaks and matrix cracking in a 815/T300 bundle specimen. cracking was not so extensive as in the low-cycle region.
Fi 3 3 3 1y, 1 nyn - i . N . T
iber breaks are indicated by "v'"' and matrix cracks by "Y". The study of fiber bundles embedded in epoxy has shown that interfiber matrix
cracking can occur prior to fiber failure probably because of the biaxial
state of stress. The matrix cracking is more pronounced when applied strain
is outside the linear elastic range of the resin. Thus, matrix cracking is

more likely in a composite reinforced with high-strain fibers.

In the high-cycle region, E-glass fibers are expected to have higher fatigue
strength than most resins currently used in composites when strain is used
When a brittle resin, Epon 8§28/Z (80/20 by weight), was used in place of the for comparison. Yet, the results of Mandel (1981) indicate that the
ductile one, failure modes changed. The lack of any appreciable creep difference is not much. Thus, fatigue of E-glass/epoxy composites 1s
prevented fibers from being overloaded, and hence final failure of the concluded to be dominated equally by the fiber and matrix.
specimen was always the results of resin failure regardless of fiber type.

Such resin-controlled fatigue failure is in contrast to the fiber-controlled Off-A Fatigue
static failure.

Uniaxial static strength decreases rapidly as the off-axis angle between
The S-N relations in Fig. 8 reflect the observed failure modes in the brittle applied lQaq and_fibor direction increases. Such a decrease curTCSponds to
resin. The glass bundle has no effect on initiation and growth of a crack the transition of failure mode from a fiber-controlled tq‘u mqrrlx/lnrerfacc-
in the resin. The graphite bundle, however, reduces the stress in the controlled fracture (Awerbuch and Hahn, 1981). As rho.nff—uxxs ngglc
resin and thus leads to a longer life. The difference between the effects increases, the resolved transverse and shear stresses increasc while the
of the glass and graphite bundles is mainly the result of the latter bundle fiber stress decreases. Since the transverse and shear strengths are lower
having a larger number of stiffer filaments than the former (~3000 filaments than the longitudinal strength, failure is initiated in the matrix or at the
versus ~200). interface. The mode of matrix/interface-controlled failure depends on the

relative magnitudes of the resolved transverse and longitudinal shear stresses.
When the off-axis angle is greater than 45 degrees, the transverse stress is
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greater than the shear stress, and vice versa. In the presence of the shear
stress, matrix cracks form it an angle to the fibers (Fig. 10). These cracks
are fairly normal to the average maximum principal stress in the matrix,
indicating the applicability of the maximum stress fracture criterion to the
matrix cracking (Hahn and Johannesson, 1983a). The resulting fracture
surface thus shows many matrix serrations (Sinclair and Chamis, 1977;
Awerbuck and Hahn, 1981; Hain and Johannesson, 1983a) .

vhen the resolved shear stress is low, a cleavage type of fracture is seen
on the fracture surface. Trat is, the fracture surface is smooth and very
few.matrix serrations are found as a result of the matrix cracks being ’
parallel to the fibers. Such behavior is expected from the state of stress.

Off-axis fatigue failure of graphite/epoxy composites ts sudden and no
reduction in strength is observed in run-out specimens. The fracture sur-
faces in fatigue failure do not differ much from those in static failure.
Unlike in homogenecous materials,no region of crack initiation can be detected
on fatigue fracture surfaces. Therefore, most of the fatigue life is
believed to be spent on crack initiation.

The crack growth parallel to the fibers is very sensitive to the energy
release rate G. For graphite/epoxy composites the exponent n in a crack

Fig. 10. Formation of matrix cracks in shear.

growth law of the ferm

da 5
c" (1)
dn
ranges from 20 to 30 for mode I and from 6 to 9 for mode I1 loading (Wilkins,
1982). These values are much higher than those for metals. Thus, a crack,

once initiated, will accelerate rapidly leading to catastrophic failure.

MULTIDTRECTIONAL COMPOSITES

Failure Modes

fatigue of multidirectional laminates

ailure modes and failure sequence in
An analogy can be drawn between

are similar to those in static tension.
the two types of loading if the applied stress in static tension is replaced
by the number of cycles endured in fatigue. Damage initiation takes the

form of longitudinal fracture of the weakest plies. As fatigue proceecds
further, cracks begin to appear in the next weakest plies while the weakest
ply undergoes additional cracking. Since the ply stress in a ply is reduced
by multiple cracking, further cracking becomes more difficult. Also, the
existing cracks start growing along the interfaces, producing delamination
and thereby reducing stress concentration on the neighboring plies. Ultimate
failure of the laminate occurs when the fibers in the loading direction fail.

el
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A comparison in damage growth between composite laminates and homogeneous
materials under constant-amplitude fatigue is schematically shown in Fig. 11. ¥
Here damage represents crack density while it stands for crack length in the
latter. The damage ratio is then the current damage normalized with respect

to the damage at ultimate failure. While damage in composite laminates is

seen to accelerate and then decelerate with fatigue cycles, it accelerates
monotonically in homogeneous materials.

1
Composite
i Laminates :
&
Homogeneous
Materials
o
o 1
Cycle Ratio :

Fig. 11. A schematic view of fatigue damage accumulation in composites and

homogeneous materials.

Decelerating damage ratio in laminates is the result of the ply stress in the
cracked ply decreasing with increasing crack density. If this ply stress
reaches a fatigue limit before O-degree plies fail, an equilibrium crack
density will be obtained. Otherwise, the crack density will still be on the
increase when the laminate fails.

The load carrying capability cf a ply diminishes when cracks appear. Also,
the interruption of interlaminar load transfer by delamination impairs the
synergistic effect of lamination. Therefore, both ply cracking and
delamination in a laminate reduce stiffness and strenth (Broutman and Sahu,
1969; Hahn and Kim, 1976; Highsmith and Reifsnider, 1982; Stinchcomb and
Reifsnider, 1983; Ryder and Crossman, 1983; O'Brien, 1982).

Although ply angle may be chosen arbitrarily, the most frequently used ones
are 0, *45 and 90 degrees. Therefore, the following discussion will be
limited to (#45) angle-ply laminates, (0/90) cross-ply laminates and finally
(0/+45/90) laminates. Failure mechanisms of any other laminate can be
fairly well understood from those of the aforementioned laminates.

In angle-ply laminates, the first ply-failure occurs almost simultaneously
in both plies at their weakest points. The resulting cracks do not lead to
immediate failure of the laninate because further crack propagation through
the thickness is prevented by the neighboring plies with opposite fiber
direction. As fatigue proceeds further, more cracks appear in the plies
until delamination connects cracks in different plies and final fracture
occurs.
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The ability of angle-ply laminates to contain ply cracks manifests itself in
a low scatter in fatigue life (Yang and Jones, 1978). Since no plies have
fibers in the loading direction, the ply cracks add to the apparent creep
of the laminate. Therefore, angle-ply laminates behave like a ductile
material.

In cross-ply laminates 90-degree plies fail much before O-degree plies.
Although ply cracking is quite extensive in 90-degree plies, it can also
occur in O-degree plies because of a relatively high transverse tensile
stress resulting from mismatch in Poisson's ratio between 0- and 90-degree
plies (Broutman and Sahu, 1969; Ryder and Crossman, 1983). The transverse
stress op in the 0-degree plies of a [0/90]s laminate subjected to a stress
ois given by the laminated plate theory as

2
v, (E E -E_.°)
GT_Z LT LT T 2)

o 2
(EL+ET) - 4vLT2E

=N

where E. and E_ are the longitudinal and transverse moduli, respectively,

and Vv T is the major Poisson's ratio. For graphite/epoxy composites the
ratio /o is about 0.03. However, for glass/epoxy the ratio can be as high
as 0.06. Therefore, if the corresponding fatigue strength ratio is lower
than the calculated stress ratio, even the 0O-degree plies will crack along
the fibers.

Failure modes in (0/%45/90) family of laminates are combinations of those in
angle-ply and cross-ply laminates. Figure 12 shows normalized S-N relations
for glass/epoxy (Hahn and Kim, 1976) and graphite/epoxy (Ryder and Walter,
1976) quasi-isotropic laminates. The graphite laminate is seen to be more
fatigue resistant than the glass laminate because of better fatigue resis-
tance of graphite fibers.

100
75|
E
2
{ so :
3 i
n
é; 1
25|
1 GI/Ep R=0.1
2 Gr/Ep R=0
[+] 1 1 1
10° 102 104 10°

Cycles to Failure

Fig. 12. S-N relations of quasi-isotropic glass/epoxy and graphite/epoxy

laminates.
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The initial failure mode in multidirectional laminates is the cracking of
90-degree plies. The 90-degree ply failure is then followed by cracking of
off-axis plies and interlaminar delamination. Ultimate failure of the
laminate coincides with failure of O-degree plies. A typical sequence of
failure observed on an edge is schematically shown in Fig. 13 (Stinchcomb
and Reifsnider, 1983).
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Fig. 13. Schematic changes of crack density, delamination and modulus in

composite laminates under fatigue.

While ply cracking is the result of low strain capability of constituent
plies in the transverse direction (Hahn and Tsai, 1974), delamination
between plies is caused by interlaminar stresses. Interlaminar stresses
can be quite high at free edges or at ply cracks (Pipes and Pagano, 1970;
Wang and Crossman, 1977). The free-edge interlaminar stresses are induced
to make ply deformation compatible with one another.

Ply cracks and delamination reduce modulus and strength of a laminate. When
a ply cracks, its load carrying capability decreases and hence more load

is carried by 0O-degree plies. Consequently, the laminate stiffness is
reduced. Also, since 0-degree plies have to carry more load, they will fail
at a lower level of applied stress. 1In the limiting case of extensive ply
cracking, the only load carrying plies will be O-degree plies. Therefore,
the resulting stiffness and strength of the laminate will be equal to those
of the surviving O-degree plies adjusted for appropriate cross-sectional area.

Cracked plies also become completely ineffective when delamination separates
those plies from O-degree plies. Even in the absence of ply cracking,
delamination eliminates the synergistic effect of lamination in load sharing
amongst plies. For example, the laminated plate theory predicts a modulus
of 55 GPa for a AS/3501 [(/90/%45] laminate (Hahn, 1982). When all plies
are completely separated from one another, the resulting modulus is 45 GPa.
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turthermore, if all off-axis plies crack, the laminate modulus is reduced
>
again to only 35 GPa.

in most laminates, ply cracks do not seem to have much de?ctex.“xouftc:"cjitozn
the neighboring 0-degree plies, probably be‘cguqe of dclfjmnat‘lc'm a p ],to.
ply cracks. VYet there is some evidence of increased fiber i’?l{ur(‘ ue
vt’ress concentration at ply cracks (Reifsnider and others, 1983) .

'he damage-induced reduction in modulus is Schomaticalll}';j}gown l‘ﬂ i:)g }):e
in a delamination-prone laminate, such as a narrow [(-)2/7-‘1?, O]F, Q?Ll] tt;; ;h;m
delamination period as well as the ply crgcklng per1od.15 r;uc} smog o

the fiber fatigue period (Hwang, 1982). ]herefq‘rc, most o tle-r;u; ng;
reduction takes place in the early stage of fatigue, and the sti ne .
remains constant thereafter until failure. However, \\'hep de?amlndt%oz ~L7\'er§
retarded by using a wide [0/90/245]g laminate, the g_k—‘lumlnatlc?n_]?er}l)c? «,Cd S
most of th‘c life, and hence a monotonically decrcasing modulus 1s obsery
(Kim, 1980).

Most laminates ultimately fail before the 1z1r-nina§o modulus fnl}:}'(dc‘crjc:\;cs
to the value predicted from the initial ]ongl_tud]nn‘l modulu%. ,C? ) ;_f‘o“;qgm
plies alone (Hahn and Kim 19765 Kim, 198(_1; I1ighsmith and l<e_n">nug,’t. 2).
One reason is that no complete delamination takes place bcfolo ul_tn}n% e
failure. Yet such incomplete reduction of modulu§ zll§o 1ndlcat1e% t‘itil
0-degree plies retain most of their original longitudinal modulus un
ultimate failure.

Strength reduction in fatigue is not likely unlcsx‘ fat}guo qilrli]ge t;:}:\zei:
the damage at static failure. [If damage grouth in fntlg_uo iie 1ei e <
that in static tension up to the maximum static d:}mugc statre; I‘L?\u;}tiuuc
strength will remain cqual to static STI‘CH‘Q‘[“h until the tnodu]‘u.\ ‘1n-Vd( '11.\
falls below the secant modulus at static fmlm‘ot Thercaftm»,' 1(‘1.\; 1‘1k
strength can be obtained as a product of the lﬂnnr_mtAc- n}n?flul_u&“«jnl;‘r;z Slies
longitudinal static failure strain of 0-degree phes'ha_‘.au,\vo ‘ ( gmes JRLIE

r in longitudinal properties (Ryder and Crossman,

show much degradation : and Gross
e . ] llowever, this hypothesis has vet

1983; Reifsnider and Stinchcomb, 1983).
to be proven conclusively.

Analysis of P1

@ z 2 - miis . one sn its

The extent of ply cracking and delamination in a Lx.nmd‘_cc duund,x.tlu i
stacking sequence and ply thickness. lIncreasing ply ‘lthlcknc.\.\, whi .L' ;'mn g
the 5'1111;\ stacking sequence facilitates both ply cracking and ]dola;num N <

) " b S F: describe 1s sO-
'hus, any reasonable analysis method should be able to describe th

S, ) :

called thickness effect.

redicti g initiation of ply
'here arc two generic approaches to the prediction of th§ ”'”“1 1:.'19; or Pl
cracking and delamination. The first method uses a sTutx,\t_J‘ux (;1 U F, s
'l‘iteerm based on stress statg whereas the second method is based on g
olastic fracture mechanics employing energy relcase rate.

i 5S me st 2 wi ralecula-
prediction of first ply-failure using the stress method starts \\;rhrk Alg
tion of the stresses in the weakest ply in terms of the appliced ]:11.\113‘1 Lt]‘ -
stress The probability of failurc of the weakest ply at the applic
i< then obtained by
otatistical failure criterion.

substituting the ply stresses into an appropriate

i ~ee ie f ickness , the
For laminates containing contiguous 90-degree plies of Thnghng{\i‘ '19%1‘

X - i v s e e S —— =4 sed for e
analvsis can be simplified if the rule of mixtures can be used for th
analysis <
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laminate modulus, and the maximum stress criterion for failure. Suppose
the laminate is subjected to uniaxial tension in the O-degree direction.
Then, the average laminate strain CEpF at failure of 90-degree plies can be
shown to be (Hahn, 1982)

-1/a : X
eepr © Pog (3)

Here, the transverse tensile strength has been assumed to have a two-
parameter Weibull distribution and a is the corresponding shape parameter.
However, Eq. (3) underestimates the thickness dependence experimentally
observed by Bader and others (1979) .

To predict delamination, the interlaminar normal stress o. is detrer:zinad in
terms of the laminate stress. The Weibull theory of voluiie effect is then
used over the free-edge region of tensile 0. (Rodini and Eisenmann, 1978).
While this method provided a good experimenfal correlation for various
graphite/epoxy laminates. a deterministic method based on average of a over
the plane of maximum c. has also been found to be equally successful

(Kim and Soni, 1984).

In the energy method applied to ply cracking, an inherent crack is assumed
to exist through the thickness of the 90-degree ply to be analyzed. This
crack is further assumed to be longer than the ply thickness. The associated
energy release rate G is then independent of the crack length and given by
(llahn and Johannesson, 1983a

G = Elm LU (4)
S0

where AU is the difference between stored energies per unit width of the
laminate before and after full cracking of the 90-degree ply. Thus, full
cracking of the 90-degree plr is expected to occur when G equals the energy
absorption rate GC, that is,

AU = hQOGg (5)

LEquation (5) was successtfully used by Parvizi, Garret and Bailey (1978),
Bader and others (1979), and Nuismer and Tan (1982) to explain the thickness
dependence of ply cracking.

The energy difference AU canalso be calculated for multiple cracking. In
general, AU decreases with increasing crack density so that the predicted
rate of increase in crack deisity decreases with increasing applied stress.
xperimental observations hecur out the predicted behavior.

When the energy method is used, choosing a proper inherent flaw is important.
If an inherent crack is assuicd to be entirely through the ply width but only
partially through the ply thickness, a different model results (Wang and
Crossman, 1980; Crossman and others, 1980). llowever, this through-the-width
flaw is more difficult to justify than the through-the-thickness flaw, and
introduces computational complexity.

The energy release rate associated with free-edge delamination becomes
independent of delamination size once delamination grows longer than one ply
thickness or two (O'Brien, 1982; Wang and Choi, 1983). Furthermore, this
steady-state encrgy release rate G can be estimated from the difference
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between stored energies before and after full delamination as (O'Brien, 1982)

5
) €h
3 == - (6)
G =5 (ByByey)
llere £ is the applied strain, h the laminate thickness, and E and EDel are
the laminate moduli before and after full delamination, respectively. If

the inherent delamination is larger than the critical size, the strain

€hel at the onset of delamination is given by
e
=
_GC 1/2 i
el | h(E_-E. ) "
‘o Del
Note that £, is inversely proportional to the square root of the thickness
h.

The effect of ply cracks on overall laminate stiffness reduction has been
predicted by Nuismer and Tan (1982), and Dvorak, Laws and Hejazi (1983). On
the other hand, the laminate modulus [ after a partial delamination can be
estimated by a rule of mixtures equation (O'Brien, 1982),

a

= B - (B -E - (8)
: I0 “o l)cl’ W

where a and w are the delamination and specimen widths, respectively. Since
£ is less than L, Lq. (8) correctly predicts a decrecase of laminate

Del . . : ; .
modilus with increasing delamination.

Both a ply crack and delamination grow under a constant energy release rate
independent of their size. Therefore, their growth should be more stable
than a crack growth in homogencous materials.

Delamination growth is similar to a crack growth except that,in realitx,the
delamination surface is neither well defined nor smooth on a microscopic
scale. Therefore, the same type of growth analysis as for homogeneous
materials can be applied at least on a macroscopic scale. However, a mnew
approach should be developed to analyze multiplication of ply cracks (Wang,
1983) .

As discussed earlier, both ply cracks and delamination may be present in
fatigue. Therefore, their interaction should be taken into account in an
improved analysis. Further, ply crack growth and delamination in general
are mixed-mode fracture processes, and hence call for a suitable mixed-mode
fracture criterion (Hahn, 1983b).

CONCLUSTONS

Fatigue failure of composite laminates has been extensively studied during
the past decade. As a result, a good understanding of failure modes of these
materials exists today.

Because of the inherent heterogencity and anisotropy, failure mechanisms in
composites are varied and compete with one another. Although most of thQ
key failure modes have been identified, their temporal sequence and SPaTJGl
interaction remain to be elucidated in order to develop simple analysis
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models. For example, if delamination does not start until ply cracking is
almost complete, analysis of the latter needs not take delamination-into
account.

Once a damage state is known, there are available analysis methods, both
sophisticated and simple, that can predict the consequent mechanical proper-
ties. Yet a synthesis of all different effects of damage including damage
growth modeling is needed.

Since ultimate failure of laminates is controlled by on-axis plies,
longitudinal fatigue of unidirectional composites should be fully understood.
Especially important is an understanding of the roles of constituent
materials in fatigue so thet guidelines for material improvement can be more
specifically set forth. The use of model composites can be useful in
delineating failure mechanisms.

ACKNOWLEDGMENTS

This paper is based on worl supported by the National Science Foundation
through Grant No. MEA-8110777 with Clifford J. Astill as Program Director.

REFERENCES

Aveston, J., and A. Kelly 1973}« J« Mat. Seci., 8, 352-562.

Aawerbuch, J., and . T. Haha (1977). Fatigue of Filamentary Composite
Materials, STP 630, ASTM, pp. 248-2066.
Awerbuch, J.,and . T. Haha (1981). Fatigue of Fibrous Composite Materials,

STP 723, ASTM, pp. 243-273.

Bader, M. G., and others (1979). Proc. 3rd Int. Symp. Mech. Behavior of
Materials, Vol. 3, United Kingdom, pp. 227-233.

Broutman, L. J., and S. Sahu (1969). Proc. of the 24th Annual Technical
Conference, SPI, Section 11-D, pp. 1-12.

Crossman, F. W., and others (1980). J. Composite Materials, 14, 88-108.

Dharan, C. K. H. (1975a). Fatigue of Composite Materials, STP 569, ASTM,
pp. 171-188.

Dharan, C. K. H. (1975b). Journal of Materials Science, 10, 1665-1670.

Dvorak, G. J.,
Materials and Dynamics, Ad-06, ASME, pp. 23-29.

Flaggs, D. L., and M. H. kural (1982). J. Composite Materials, 10, 103-116.

Hahn, H. T., and S. W. Tséi (1974). J. Composite Materials, 8, 288-305.

Hahn, H. T., and R. Y. Kin (1976). J. of Composite Materials, 10, 156-179.

Hahn, H. T. (1979). gpmpositc Materials: Testing and Design (Sixth
Conference), STP 674, ASIM, pp. 583-417.

Hahn, H. T., and others (1982) . Mechanical Properties of a Filament -Wound
S2-Glass/Epoxy Composite for Flywheel Application, UCRL-15365, Lawrence
Livermore National Laboratory.

Hahn, H. T. (1982). Fracture of Composite Materials, Report LiTH-1KP-R-256,
Linkdping Inst. of Tech
Hahn, H. T., and D. G. Hwing (1982). Composite Materials: Testing and Design

(Sixth Conference), STP 787, ASTM, pp. 247-273.

Hahn, H. T., and T. Johaniesson (1983a). Mechanical Rehavior of Mnip[igli";_D.

1. Carlson and N. G. Olson (Eds), Pergamon, pp. 431-438.
Hahn, H. T., and T. Johamesson (1983b). Mechanics of Composite Materials -
1983, AMD-Vol. 58, ASME, pp. 135-142.

Hahn, 1. T. (1983a). A Syiergistic Cffect in Fatigue of Composites, presented

N. Laws, and M. Hejazi (1983). Advances in Aerospace Structure:

at 1983 Winter Annual Meeting, ASTM (unpublished) .

Hahn, H. T. (1983b). Egmgosires_Technology, Review, 5, 26-29.

Highsmith, A. L., and K. L. Reifsnider (1982). Damage in Composite Materials.
STP 775, ASTM, pp. 103-117.

lwang, D. G. (1982). The proof Testing and Fatigue Behavior of Graphite/
Epoxy Laminate, Doctoral Thesis, Washington University.

Kim, R. Y. (1980). Advances in Composite Materials. Vol. 3, A. R. Bunsell and
others (Eds), pp. 1015-1028.

Kim, R. Y., and S. R. Soni (1984). J. Composite Materials, 18, 70-80.

Lorenzo, L., and H. T. Hahn (1983). Proc. of the 1st Int. Symp. on Acoustic

Emission from Reinforced Composites, SPI, Session 2, pp- 1-13.

Lorenzo, .., and H. T. Hahn (1984). Egtique Failure MEChaniﬁﬂEi,iﬂ_lbllgilfﬂi‘
tional Composites, To be presented at the ASTM Symp. on Composite Materials:
Fracturc and Fatigue, Dallas/Ft. Worth, Oct. 1984.

Mandell, J. F., D. D. Huang, and F. J. McGarry (1981). EEEEQEiISLLFCChUiﬂjﬁii
Review, 96-102.

Nuismer, R. J., and S. C. Tan (1982). The role of matrix cracking in the

continuum constitutive behavior of a damaved composite ply, Presented at

TUTAM Symp. on Mechanics of Composite Material, VPI & SU.

0'Brien, T. K. (1982). Damage in Composite Materials, ASTM STP 775, ASTM,
pp. 140-167.

Owen, M. J. (1974). Composite Materials: Fracture and patigue, Vol. 5,

L. J. Broutman (Ed), Academic Press, pp. 341-369.

parvizi, A., K. W. Garrett, and J. E. Bailey (1978). J. Mat. Sci., 8. 195-201

parvizi, A., K. W. Garrett, and J. E. Bailey (1978). J. Mat, Seil:s 134
195-201.

Pipes, R. B., and N. J. Pagano (1970). J. Composite Materials, 4, 538-548.

Reifsnider, K. L., and W. W. Stinchcomb (1083). Advances in Aerospace
Structures, Materials and Dynamics, AD-06, ASME, pp. 1-6.

Reifsnider, K. L., and others (1983) . Fatigue damage-strength relationships
in composite laminates, Proc. of the 8th-Annual Mechanics of Composites
Review, L. A. Wilson (Ed), AFWAL-TR-83-4005, AFWAL, pp- 159-170.

Rodini, B. T., Jr., and J. R. Eisenmann (1978). Fibrous Composites in
Structural Design, E. M. Lenoe, D. W. Oplinger, and J. J. Burke (Eds),
Plenum Press, pp. 441-457.

Rosen, B. W. (1965). Fiber Composite Materials, ASM, pp. 37-75.

Ryder, J. T., and F. W. Crossman (1983). A Study of Stiffness, Residual

Strength and Fatigue Life Relationships for Composite Laminates, NASA

Contract Report CR-172211.

Sinclair, J. H., and C. C. Chamis (1977). Mechanical Behavior and Fr

Characteristics of Off-Axis Composites I~ Exﬁerimental Investigation,
NASA Technical Paper TP 1081.

Stinchcomb, W. W., and K. L. Reifsnider (1983). ﬂEEbﬂBiEfkfdiflﬂﬂﬂgﬁiffi
Materials - 1983, ADM-Vol. 58, ASME, pp. 143-148.

Sturgeon, J. B. (1973). Proc. 28th Annual Technical Conf., SPI, Sec. 12-B,

. 1-8.

ISE?,-S. W., and H. T. Hahn (1980). Introduction to Composlte Materials,
Technomic Pub. Co., Lancaster, PA. \

wang, A. S. D., and F. W, Crossman (1977). J. Composite MaTerlﬁlf;,ljg
92-106.

acture

wang, A. S. D., and F. W. Crossman (1980). J. Composite Materials, 14,
(Supplement), 71-87. )
Wang, A. S. D. (1983). Advances in Aerospace Structures, Materials, and

Dynamics, AD-06, ASME, pp. 7-16.

Wang, 5. S., and I. Choi (1983) . Mechanics of Composite Materials - 1985,
AMD-Vol. 58, ASME, pp. 83-133.



, 568

Wang, A. S. D., P. C. Chou, and S. C. Lei (1983). Advances in Aerospace

Structures, Materials, and Dynamics, AD-06, ASME, pp. 7-16.

Wilkins, D. J., and others (1982). Damage in Composite Materials, ASTM STP
775, ASTM, pp. 168-183.

Yang, J. N., and D. L. Jones (1978). J.

Composite Materials, 12, 371-389.

P PE—————



User
Rettangolo


