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I. INTRO. ION

Fracture failure in multi-layer epoxy-based composite laminates seldom

-

begins with breaking of the load-carrying reinforcing fiinu. Rather, small

[—

cracks in the matrix-phase of the material appear first, ususlly at a low

stress level. Transverse cracks and free-edge delaminations are among the
s wost often observed sub-laminate fracture modes in, e.g., glass—-epoxy and graph-

ite-epoxy composite laminates. Although these matrix-dominated crackings do

not generally cause catastrophic laminate failure, these are capable of propa-
gating into large proportions under sustained loading. Thus, the growth be-
- A f . havior of the sub-laminate cracks has been the oubject of intensive research
L. in recent years.

From a fracture analysis point of view, the growth pechanisu of sub~
laminate crackings may be described at two different dimensional levels. The
- first approach is at the micromechanics level. At this level, quantities of

dimension comparable to the fiber diameter must be considered. Thus, the

- analysis would d:lst‘inguish the exact physical configurations in the fiber-matrix
B microstructure; and as far as fracture mechanisms are concerned, the analysis

’ would also include the effects of micro-defects, such as voids, fiber-matrix
disbonds, etc. Since the latter may distribute randomly throughout the
material, any fracture analysis method based on micromechanics must also address

[ the statistical characteristics of the material micro-defects.
[ Owing to the extreme complexity in the microstructures of any given fibrous

composite, fracture analysis of sub-laminate cracks based on micromechanies

is almost impossible if not ispractical. Nevertheless, the approach has been

I applied extensively to study failure mechanisms of unidirectional fibrous
composites, vhere fiber failure is predominant.
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At a much larger dimensional level, a phenomsnological fracture analysis
way be performed. In this approach, each of the material layers in the lami-
nate is idealized as a homogeneous anisotropic medium, where the fiber-matrix
distinction disappears. The physical properties of the individually idealized

layexrs are represented by some average vﬂm from that of the fiber and the

matrix phases. Consequently, all of the micro-defects in the idealized layer

become indistinguishable; and their resultant macroscopic effect on failure may
be regarded as some inherent material property.

Generally, a crack of dimension much larger than the fiber diameter will
be recognized at the macroscopic level, such as a transverse crack in a layer,
or a delamination crack in a layer-interface. At this level of analysis,
methods of the classical fracture mechanics may be used, where the effective
properties of the material layers are required in order to perform the necessary
stress analysis. In fact, it is at this level, material characterizations of
various composite material systems are conducted in practice.

Research on the sub~laminate fracture growth in laminates has been
mostly experimental. And serious analytical studies of the m:l.oul. growth
mechanisms from either a microscopic approach or a macroscopic npproach have
been very limited (see, e.g., the review on fracture analysis of composites
given recently in a treatise by Cﬁcnpmv n. |

In what follows, a more detailed discussion will be givean to the two
types of sub~laminate crackings, which have been the focus of considerable
recent interest. Specifically we shall discuss the growth behavior of

transverse cracks and free edge delamination in graphit:-epoxy composite

laminates.




Transverse cracking is gemerally asescisted with the in-plane tamsils
otreass vhich 1is normsl o the fibers in s given meterial layer. Congider, for
isstance, the [0/90], laximate under uniaxial tension as shows in Fig. 1.1.
muph:mucrmhmum:ommﬂu”'-lq;r. Assume that
the 90°-layer luora uniform tensile strength, thn multiple cracks would
appear simultaneously at a regular spacing vhen some critical 'tm' is reached
transverse to the fibers. The crack spacing is determined by the shear stress
transfer zons on the 90/0 interface where the transverse crack terminates.
Thus, first intuition would suggest that the critical stress 1n the 90°-layer
at the onset of multiple cracking must be the tensile strength of the 90°-

.layer. The latter is, of course, a material property of the 90'-hy_ct.w‘_




}ri Actually, experiments have indicated that the tensile stress in the
90°-layer at onset of transverse cracking varies greatly with the thickness
of the 90°-layer itself. The general trend is that the critical tensile stress [«

in 90°-layer increases as the actual thickness of the 90°-layer decreases.

;'f This layer-thickness effect was first documented experimentally by Bader,
et al. [2], who tested laminates made of glass-epoxy and graphite-epoxy com- -
posites.

Bader, et al. [2] attributed the layer-thickness effect on transverse
cracking to the constraining actions from the adjacent 0°-~layers. The pres-
ence of the 0°-layers not only arrests the crack, but also restrains it from
forming in the first place. Depending on. the thickness of the 90°-layer, the
quantity which creates transverse cracks is associated with the amount of
}"; strain energy stored in the 90°-layer.

B The exact kinematics in the transverse cracking formation are not clear.

A closer examination of the cracking process indicates that the crack generally
_follows the fiber-matrix interface, when viewed in the plane. For example, él

Fig. 1.2 shows an x-ray plane-view of a (#25/90,], graphite-epoxy laminate.

P e §

It is seen that all the transverse cracks span the entire width of the test

i e

specimen. Similarly, a photo-micrograph in the thickness view, is shown 7
in Fig. 1.3 for the same laminate. Here, the trangverse cracks span across
é the thickness of the 90°-layer and terminate at the 90/25 interfaces. These

photographs do not reveal the actual growth path of the transverse cracks.

Rather, it tends to suggest a sudden formation of a large plane crack, con-

fined by the thickness of the 90°-layer and the width of the specimen. The 1}

dynamic nature in the crack formation requires further verification, however.
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Figure 1.2 A Plane View X-Radiograph of Transverse Cracka
in [1-_25/902] o Laminates
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Exanmination of the transverse crack surface by scanning electronic.
microscope reveals a generally rough failure surface scattered with tiny epoxy
debris and some broken fibers. Clearly, the cracking path is not entirely confined

in the matrix phase of the composite.,
Let us now turn to the problem of free edge delamination which is another

frequently observed sub-laminate fracture mode in epoxy-based laminates. Fig.

1.4 illustrates schematically a free edge delamination crack in a straight-edge
s specimen under uniaxial tension. It shows again a plane crack which forms
along the free edge of the laminate and propagates inward along an interface

."{‘ of two adjacent layers.

The driving force for the free edge delamination crack stems from the.:

interlaminar stresses that exist near the free edge region of the laminate.

These stresses are generally singular in nature with high stress gradient. As

the cracking forms and propagates inward, the singular interlaminar stress field

i_ moves also with the crack-tip. The process is apparently stable as is evidenced
by numerous experiments. On the other hand, there is no crack-arresting mecha-
nisms in the process; and the crack can therefore propagate indefinitely until
the laminate is separated through the cracking interface. At this point,

failure of the laminate is resulted.
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Fig. 1.5 shows the x-ray plane-view pictures of a [zﬁ5/0/90]. graphite-
epoxy laminate undergoing free~edge delamination at three different loading
stages, where a stable crack growth is indicated. The interface in which the
crack is supposed to be contained should be the mid-plane of the laminate.
However, a sidc-view micrograph of the same laminate taken at the loading stage
(b) is showm in Fig. 1.6. It is seen here that the edge crack is actually
formed within the 90°-layer, but it zig-zags along the length of the specimen.

Apparently, the crack is not always confined in any one given layer interface.
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Pigure 1.5 X~-ray Pictures of a [+45/0/90], Graphite-Epoxy
Laminate under Going Delamination in the Mid-Plane

—

= -




9jvuTwe] aaoo\o\n.m..v Axodg-a3yydesy e 3o
10487 06 343 UT uUojIvUFMBI3Q 9BpF Va1 Supmaoys ydeaBoxdoyy ¢°T 2an81a

s

S




Another side-view micrograph of this laminate taken at the loading stage
(c) 1s shown in FPig. 1.6. Of particular interest is the formation Aof other
delamination cracks in the +45°-interfaces and the 0/45 interfaces. These cracks
are generally in shear-dominant modes. Clearly, the growth process of free edge
delamination is much more conplicated than the transversse cracking process that
has been discussed earlier.

Analytical investigations of the free edge delamination problem have been
miniy efforts for calculating the boundary lsyer interlaminar ctt@un. Almost
without any exception, all the calculation methods were based on the effective
property assumption, that the material layers in the laminate are individually
homogeneous (but anisotropic) media. Within this assumption, material and
geometrical discontinuities exist only across the layer interfaces.

Even at this dimensional level, the elasticity boundary-value problem is
quite complicated; only numerical solutions fur the free edge stress field have
so far been obtained [3-6]*. '

The knowledge of the free edge stresses has provided qualitative correla-
tions with some delamination experiments. For example, in a ,or:l.u of strength
tests, Bjeletich, et al. reported the average tensile strength of six families
of quasi-isotropic laminates by alternating the stacking n_qundc of the 0°,
90°, and +45° layers [9]. An edge stress analysis identified correctly that
the laminate of [0/90/;0;45]. developed a compressive o stress along the free
edge. Consequently, the laminate suffered no delamination until final failure.

* Recently, Wang and Choi (7] have determined the elasticity solution for the
singularity of the edge stresses. Other efforts in computing the free edge
stresses are discussed more extensively in a survey paper by Salamon (8].
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On the other hand, the laminate of [3&5/0/90]. construction developed a
tensile o, stress along the free edge boundary, which caused prematured
delsmination; and, the growth of the delamination resulted in a lowered
laminate tensile strangth.

In a nerioo of tests using graphite-epoxy laminates, Rodini, et al.

[10] found that the critical stress at the onset of cd;i delamination in a
[ibS'nIOn/%n] g n" 1,2,3 -fnily varied greatly with the value of n. The
critical stress decreases at the rate of about vn. In addition, the location
and the mode of crack also varied with n. Clearly, the actual thickness of

the material layers in the laminate influences the mechanisms of delamination.
Yet, a free edge stress analysis for the laminates would yisld identical edge
stress field for all values of n. Thus, a stress analysis alone cannot explain
the initiation and growth events in the delamination process,

The layet-thipkn..slcffcct on edge delamination is, coincidentally,
similar in nature with that found in the transverse cracking processes. In
both cases it requires a rigorous physical and mathematical explanatiomn.

All of this points to the need for a fracture analysis of the problems.
In particular, the critical conditions under which a crack initiates and
propagates must be defined. And the growth behavior as a function of loading

also needs a closer examination.
As discussed earlier, transverse cracks aud delamination are sub-laminate

cracks, which may be anelysed at two different dimensional levels. At the
microscopic level, the basic assumption is that in each material layer there

is a distribution of micro-defects. And, a similar micro-defects distributiom
may also exist on the layer interfaces. Thus, increasing the thickness of the

material lasyer increases the prodbability of crack initiation and growth.
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This reasoning can certainly explain, albeit qualitatively, the cbserved
layer-thickness effect on transverse cracking [2) and edge delaminatiom ‘f10].
But the analysis must include the interrelatiocnships between the stress fislds,
the defects, defect interactions and their coalescence mechanisms at the
aicroscopic level. This approach, however, is practically unattainsble.

The alternative is to perform a fracture analysis at the macroscopic
level, where a stress analysis based on layer~elasticity may be coupled with
the classical fracture mechanics. Within this context, one must perform a
number of fundamental preparations in order to construct a physically realistic
fr:ae.t:ure~ model. In particular, some conceptual and technical questions must
be resolved first.

As in any analytical model construction, idealization and simplication
are made in order to reduce mathematical complexity. In the case of free-
edge delamination, for instance, one iny idealize the crack growth as a self-
similar, or co-planar crack contained in an interface between two layers.

The growth is one-dimensional and the crack front is rapresented by a point.
Similarly, transverse cracking may also be idealized as a self-similar crack
along the matrix-fiber interface in the 90°~layer. In either case, the crack
surface is assumed flat and smooth. In reality, of course, the crack surface
is ragged and warped depending on the exact nature of the crack, even when
vieved at the macroscopic level. But, the idealization may be tolerated in..
the overall modeling, if the material property (e.g., the critical energy re-
lease rate, G, or K ) is measured as a bulk quantity, and the sizve of crack

is large. -This kind of idealization is, on one hand, a mathematical nacessity;
and on the other hand, it must ba adjudicated by physical experiment.

yry




The above eoniidnration brings upon another conceptual quastion, which
is how Gc or xc should be physically determined. Although transverse cracks
and edge delamination may all be regarded as matrix-dominant cracks, their
individual resistance against crack growth when measured macroscopically could
differ considerably. Consider, for example, the two differeat crack actions
in a unidirectionsl laminate as shown in Fig. 1.8. Case (a) 1illustrates a
mode-I delamination action between 0°/0° layers, and case (b) depicts g mode-I
crack action between 90°/90° layers. The two crack actions may produce distinc=
tive crack surfaces at the microscopic level, and thus give different values
for Gc which is measured at the !acroscopic level. .

In a series of tests, conducted recently at Texas A & M University [11,12],

different values for the critical energy release rate, G o? ‘'were found for a

unidirectional composite, depanding on how the crack is propagated. In particu-
lar, for the AS-3502 composite system, G, measured under 0°/0° delamination
action, case (a) Fig. 1.8, was about 0.8-0.9 lb/in; while G_, under 90°/90°
cracking action, case (b), Fig. 1.8, was found to be 1.2-1.35 1b/in, Gc for
the neat resin (without reinforcement) had a value of only 0.4 lb/in. The
differences all stem from the individual characteristics of the crack surfaces.
This clearly raises the question of whether Gc can be regarded as a general
material property for the class of the so-called matrix-dominated .cracks.
The difficulty comes, obviously, from the fact that Gc is measured without
regard to the microscopic details of the cracking surfaces.
Closely related to the question of G o’ there is also some concern about
a possible non-linear yielding that occurs in tha vicinity of the crack-tip,
especially under shearing crack actions. In a recent experiment by Vanderkley
(13], it was shown that the total energy release rate measured under mixed-

mode (GI II) crack action is much larger than under a pure mode-I action.
1 4
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(a) 0°/0° Delaminstion Action , Mode-I

(b) Transverse Cracking Action(90°/90%), Mode-I

Figure 1.8 Schematics of Two Different Crackiag Actions
in Unidirectional Lsminate
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This suggests that energy dissipation in the mixed-mode cracking may contain
some amount of inelastic deformation energy. In view of the fact that the
epoxy matrix generally exhibits a considerable inelasticity under shearing
deformation, the measured value of 'Gc under mixed-mode crack action may' depand
on the amount of shearing action. . . R :

Clearly, all these questions require in-depth investigation before a
reliable fracture model can be formulated.

It is therefore the purpose of this research to conduct a detailed and
comprehensive examination into the growth mechanisms of transverse cracking
and free edge delamination. The main objective is fo formulate a predictive
fracture model which is capable of describing the basic behavior in the two
types of sub-laminate crack processes. To this end, the macroscopic approach
based on layer-elasticity is taken, and the physical concepts of the classical
fracture mechanics will be employed. In order to resolve some of the fumda-
mental questions associated with this approach, an extensive experimental
study is also conducted, with results correlated with the fracture analysia.

Section II details the fracture model development. A review of the basic

methods in classical fracture mechanics is included. And, the special method

of the crack-closure integral is singled out for adaptation in a finite element .

computational scheme. In this section, the crack initiation, growth and
growth stability criteria for transverse cracking and free edge delamination
are proposed.

_s.ction III contains the results and other data documented in the
experimental case study. It includes the macroscopically measured material
properties, crack events in the [0/90n].. n=1,2,3,4 family, ¢rack eveats in
the (+25/90 ], o = 1/2,1,2,3,4,6,8 fanily, and the crack events in the [#45 ],

16
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n= 2,3 family. In particular, in tho.[:25/90n]. family, both transverse
cracking and edge delamination occur either independently or interactively,
depending on the value of n. Other peculiar aspects in the crack events are
sunmarized and discussed.

Numerical modeling based on the methods developed in Section II are
conducted for the laminates tested in Section IXI. Thus, a complete cor-
relation between the analysis and experiment is presented in Section IV.

This includes the modeling of the transverse cracking, free edge delamination
and their interactions effect.

A concluding discussion on the gains as well as shortcomings in the

fracture model is given in Section V.




II. DEVELOPMENT OF FRACTURE MODELS

In the previous section, we have discussed some aspects of the physical

process of transverse cracks and edge delamination in epoxy-based laminates.

It is found that the fracture events cannot be explained from the standpoint é

5‘1 of the concept of strength as a constant material property. Actually, there
- is a broad range of failure processes for which the concept of strength is

not applicable. This fact is particularly well known for brittle failures.

r The essence of the classical fracture mechanics is not to apply the strength
concept, but base the theory on the actual process of fracture. It is founded
] on the work of Griffith [14), published originally im 1920.

2.1 The Griffith's Energy Release Rate Concept
Griffith's original work [14] is concerned with a thin, brittle plate

e

which is uniformly stretched in one direction by o, Fig. 2.1. -The plate has

a through-crack of length 2a, orientated transverse to the direction of the

applied stress 0. The length of the crack is assumed small compared to the

4

dimension of the plate; a << L; a << W. Griffith introduced the surface

L3

energy of the brittle material and formulated the criterion according to which
7 the existing crack begins to propagate unstably. He postulated that an in-
crease in the crack size causes a decrease in the stored strain energy near ;
the crack-tip; and the loss of the strain energy is converted entirely into

surface energy. The latter is the result of an increase in the free surface

R

area due to the crack extension.

Let U and U be the total strain energy of the plate with and without the

fe! crack, respectively. And, let AU = Uo
L

plate due to the presence of the crack. Then, for the existing crack of sise

= U be the loss of strain energy of the !

2a, the Griffith criterion states that the crack begins to propagate when

18
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3-"; (AU)da > (4y)da 2.1)

where y is the material surface energy of a unit of free aurface.
For the Griffith problem (plane stress), AU is given by

2 2
- I 8 0
au = 3 E 2.2)

Upon substitution into (2.1), the following dependence of the critical stress on

crack size 1is obtained:

o " (%§%>1/2 (2.3)

na

According to Eq. (2.3), the crack of original length 2a remains unchanged
until the applied stress ¢ reaches the value given by (2.3); at this instant

a dynamic process of crack growth begins.
The Griffith equation (2.3) brings upon two important practical questionms.

The first is that using (2.3), O *™asa + 0. Of course, no real material

can sustain an infinite stress. In fact, given a plate having no crack at all,
one finds only a finite strength for the plate. This contradictiox 1is citcuw~
vented by introducing the concept of inherent material flaws, that arz assumed

to exist naturally within the plate. The real physical identity of the flaws

is lost within the frame-work of the "continuum assumption" from which stresses,
strain energy, etc. are calculated. In reality, the flaws exist, perhaps, at
the dimensional level of the grain-boundary, or the molecular structure of the
material. The macroscopic effect of these microflaws is then represented by
assuming a macroscopic crack of size a5 from which the no-crack strength of the

plate can be calculated from (2.3). Clearly, the existence of a, at the macro-

scopic level can only be viewed as a necessary postulation.
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Another question is related to the definition of y, the free surface
energy. Actually, it represents the irreversible work required to create a
unit free surface area. For brittle material such as glass, crack growth as
defined by (2.3) has been shown to be quite valid. For most other structural
materials, the crack-tip region usually exhibit some degree of ductile deforma- i
tion. Early studies by Irwin [15], Orowan [16] and others led to the concept {
of the so~-called "quasi-brittle fracture." According to this concept, Eq. (2.3)
is also correct for most materials under éonditionl of quasi-brittle fracture, i
if the quantity vy is replaced by the irreversible energy dissipated in the »
surface region of the crack per unit area of free surface. This last quantity

depends on the ductility or inelasticity of the material near the crack-tip;
and it is usually found to be orders of magnitude larger than the theoretically
calculated value of the material's free surface energy Y.

The foregoing discussions become practically more important when we try
to describe crack-like failures in composite materials. The fundamental

assumptions in the Griffith theory must be propertly re-interpretated in order
for it to apply to the fracture problems of composites.

As has been discussed in Section I, practical stress analysis for multi-
layer laminates can be performed only at the level of layer-elasticity. That
is the individual layer is idealized as a homogeneous medium in much the same
manner as the "continuum" assumption in the theory of elasticity. Consequently,
when we analyze a crack-like failure in this idealized material, the same con-
cern arises in identifying properly the quantity a, and the quantity vy if the
Griffith theory is to be employed. As before, these quantities must be con-
;idcrtd a material property and are measured at the dimensional level where

the stress analysis is performed. As far as composite materials are concerned,




the size of a8, can be very large, depending on the sise and the di-tributiog
of the microflaws. Similarly the quantity y has to be the averaged value
over a large crack o?rtacc area.
In this sense, the Griffith equation (2.3) can be generalized to treat
the types of crack growth problems which are found in layeraed composites.
Now, consider the quantity AU in (2.1). Since Uo does not depend on a,

the Griffith criterion may be rewritten as

o0 3S
%a 2 %a (2.4)

where S is the total surface energy of the solid in the context of the afore-
mentioned "quasi-brittle" fracture.

The quantity 3U/3a depends on the stress fleld near the crack-tip, which
in turn depends on the geometry of the crack. It represents the driving force
in propagating the crack and is commonly referred to as the available strain
release rate, G(a), a function of crack size a. The quantity 3S/3a depends
on the imcrostructure of the crack surface and it represents the resistance
of the material against the crack propagation. For material of uniform
property, 3S/3a is independent of a. It is commonly called the critical

energy release rate Gc’ which is identified as 2v.
Thus, the Griffith criterion (2.4) becomes,

G(a) 2 Gc (2.5)

Accordingly, the development of the classical fracture mechanics rests
upon the calculation of C(a) analytically, and the measurement of Gc physically.
In view of the mathematical complexity in the singular stress field near the

crack-tip and the practical uncertainties involved in the material behavior at
failure, both tasks have not been a simple matter.
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2.2 Irwin's Crack-Closure Integral
For plane problems in elastic homogeneous solids, the strain and dis~

Placement variables are independent of one of the Cartesian coordinates, say
z. In this general case, the singular stress field near the crack tip can be
represented by analytical functions in the theory of complex variables [17].
Generally, stress field solutions are obtained for three particular modes of-
crack action. These three modes, illustrated in Fig. 2.2, are known respec~
tively as mode I or opening mode, mode II or sliding mode and mode III or
tearing mode. For isotropic material, the distribution of stresses near the
tip of an arbitrary brittle crack undergoing pure mode I extension is given

by ([18].

K
el cos & (1 - sin @ 10 2
9, 75;; cos 3 (1 - sin 2 sin 2

K 9 .3

9
- —-— + - _9
oy ;E=; cos 2 (1 + gin 2 sin 3

o, = v(a‘ + oy) (2.6)

X 39

Q 8
Txy = 75;: sin 2 cos 2 cos 2

1"xaz - tyz =0.
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And the crack-tip stress field of a mode II crack is

-] ") 3
sin 2 2+ cfc 3 o8 3 0)

e ¢

X JZwr

"‘n

9 8 3
y —75:: sin 2 cos 3 cos 5 -]

v(ox + ay) (2.7)

Q
[}

Q
[}

Q
[}

S ¢ SR RO S |
T Tzw?-cosz(l smznmze)
.= 1 = 0.
yz xz

And the crack-tip stress field of a mode III crack is

1r ., e ' *

T
I - )
Tyz 72—'-;- cos 2 (2.8)

o =0 mg =¢ =0,
y z xy

The real parameters KI, KII and KIII are known as the stress intensity
factors, which depend generally on the shape of the body, loading, location
and size of the crack. v

Knowing the crack-tip stress field and the functional dependence of the
stress intensity factors on the crack size a, the corresponding valus of the

available energy release rate G(a) can be calculated.

1--v2 2
G(a) = 7 ‘I (plane strain) (2.9)
or
G(a) = %LIZ (plane stress) (2.10)
25 ,




In the general case of mixed-mode crack action, the energy release rate
is given by

2
1=y 2 2 14v 2
G(a) = = (xI + ‘II ) + -—E—ILHI . (2.11)

Thus, by applying the Griffith criterion (2.5), we relate Gc as follows:

2
1-v 2 2 1+ 2
Gc ) (‘Ic + ‘I'Ic )+ TxIIIc * (2.12)

In particular, for pure mode I crack extension,

2
1-v 2
GIc 5 ch (plane strain). (2.13)
And similarly,

l-vz 2
GII(: " 7E KIIc (2.14)

v 2
®r11e T F Frre (2.15)

From the original statement of Griffith, we can :I;dnntify only
Gc - GIc = 2y. For mixed-mode cracks, experience has shown that the value of
Gc depends on the ratios of &I/Ln and ‘I/IIII‘ In fact, in most brittle
saterials, GIc is much less than G c found under mixed-mode actioms.

Thus, traditionally some semi-empirical crack growth criteris are used,
depending on the particular situation. These criteria are in the general form

of

f(!Ie' ‘IIc’ :IIIc) - 0. (2.16)

Note that in a criterion such as (2.16), the quantities tc'l and Gc'o
are interchangeable through the one~to-one relations (2.13) to (2.15).
Ralations between K and G for orthotropic homogeneous media with the

crack orientated along one of .thn major axes can also be obtained [19]. But,




for layered media such as composite laminates, an explicit relationship
between K and G is usually not available. Moreover, in a generally aniso-
tropic solid, the mode I, mode II and mode III crack actions are uutually
coupled.

Even with isotropic media, the evaluation of the stress intensity factors

may become difficult if not untractable. Irwin [20] showed that the elastic

strain energy released during an incremental crack extension can be equated

to the work done in closing the incremental crack. In what is known as the
crack=-closure representation, the method provides for a direct determination
of G's from the crack-tip stresses and displacements. E
Let Aa represent an infinitesimal crack extension from the initial size |
of a as shown in Figure 2.3. Let Au be the relative displacements between
the mating crack surfaces along Aa when the crack is open as in Figure 2.3b.
Let 0 be the surface stress distribution along Aa when the crack is closed as
in Figure 2.3c. Then the work done to close the crack extension is given by
da _ -
AW = 1/2 Io g * Au da (2.17)

Thus, by means of Irwin's crack closure equivalence, the available energy

release rete G, for a crack of size a, is expressed by the integral,
G ¢ Au da (2.18)

Substituting the components of the surface stresses G and the relative dis-

placements Au into equation (2.18) yields G in component form as
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Aa
e Um _1
GII pa+0 283 [o T‘y Au da (2.19)
Aa
lim 1
GIII ® 2a+0 2Aa IO tyz bw da

where GI’ GII’ GIII denote the mode I, mode II and mode III components re-
spectively; and the total energy release rate under generally mixed-mode crack
action 1is,

G(a) =G, + G, + G (2.20)

I I1 IIT®

The crack-closure representation is particularly convenient for adapta-

tion in numerical computation. Other methods such as the well known J-integral
technique [21,22] are also used to evaluate G(a). These, however, will not

be detailed here, as they are not pertinent to our subsequent development.

2.3 Finite Element Representation
A numerical technique to calculate the strain energy release rate G(a)

has been presented by Rybicki and Kanninen [23]. Their approach involves a
finite element solution of Irwin's crack closure integral given in (2.18).

In the finite element representation, the continuous stress and displacement
fields of the solid are approximated by the nodal forces and displacements,
respectively. Fig. 2.4 illustrates the finite element representation of a
crack tip region. Here, a crack of length a is shown with the crack tip at
node c. The finite element solution determines the displacement components
(u.v,w)c of the crack tip node c¢. An incremental crack extension Aa is intro-

duced by replacing the crack tip node ¢ with two separate nodes f and g as shown.
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Figure 2.4 Finite Element Mesh at a Crack Tip Illustrating
the Crack Closure Technique
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With this new crack geometry taken into account, the finite element solution

for the nodal displacements (u,v.w)f and (u.v.w)8 are found for nodes £ and

g respectively. The crack extension is then closed by applying equal and

opposite forces at nodes £ and g such that their common displacements match

the displacements found earlier for node ¢. Of c.urse, these forces are

actually the internal nodal forces which existed st node c before it is opened.
The work required to close the crack extension is approximated by

AW~[Fx(uf-u8) + Fy(vf-vg) + Fz(wf-wg)]/z (2.21)

where Fx’Fy’Fz are the components of the nodal forces required to close nodes
f and g together. Thus, the energy release rates for the three crack extension

modes are approximated by

GI -~ Fy (vf-vs) /24a

Gy ~ Fx(uf-ug)/ZAa (2.22)

GIII ~ Fz (wf-ws)/ 24a

The method presented here does not require that the stresses be calcu-
lated because the stress and strain fields are approxiﬁated by the nodal forces
and displacements in the finite element solution. Rybicki and Kanninen [23]
applied conventional constant strain finite elements to the solution of three
fracture problems: the double cantilever beam specimens; a finite strip com-
taining a central crack; and a bolt fastened double lap joint containing radial
cracks. They reported that a relatively coarse grid in the crack tip region
was sufficient for a good comparison between their example problems and refer-

ence golutions.

1




Nevertheless, the adequacy of this kind of approximation remains a sub-
ject of great concern because the mathematical singular nature of the crack-
tip is disregarded in the approximation. But, even within the exact definition
of G(a) such as by Irwin's integral (2.18), the quantity G ¢ AU at the crack-
tip must be finite (¢ is singular, Au s gero). Thus, the approximation of
G(a) in (2.21) is logically acceptable. The only question is the degree of
accuracy. The latter is ultimately related to the manner under which the
material properties are determined.

In this report, the numerical technique described above is applied to

calculate the strain energy release rate as a function of crack length for the
transverse cracking and delamination fracture processes in composite laminates.

The formulation of the actual finite elements appropriate in these calculations

are presented in Section IV. The detials of the fracture initiation and growth

criteria, however, will be presented next.

2.4 Initiation and Growth Criteria

In this study, we investigate two types of sub-laminate cracks. Namely,
the 90°-cracking and the free edge delamination. In order to set up a crack
initiation and growth criterion for each of the two types of cracking, we
assume that micro-flaws exist along the fiber-matrix interface, and the ply-
to-ply interfaces. These flaws are generally of a size in the order of the
fiber diameter, whose crack propagation mechanisms is in the realm of micro-
mechanics. Here, we postulate only that these micro-flaws propagate and
coalesce into a macroscopic proportion under a certain critical far field load-
ing condition; the initiation process is dynamical at the instance of forma-
tion. The size of the crack at the macro-scale depends on the micro-structure
of the material (perhaps also on a host of other material processing factors,

such as the curing process, post-cure handling, etc). This initial macrocrack
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is called here the initial "flaw" whose size is denoted by a5 The value of
80 is generally unknown and can be random in nature. It is regarded here, how-

3 ever, as a known macroscopic material property along with other properties

%’ such as the stiffness constant, Gc. etc. of the basic material.
: J_ As has been discussed previously, both the transverse cracking and free
R
' edge delamination processes may be modeled as one-dimensional self-similar
{
J b crack propagation. Thus, the energy release rate G(a) in each case can be
; calculated by the numerical finite element technique.
' The Griffith criterion of (2.5), when applied to predict the initiation
of the sub-laminate cracks, is replaced by the general statement,
G(ao) 26,. (2.23)
And, the stability of growth following initiation is governed by the
. E, conditions,
vi G(a + Aa) < Gc stable growth (2.254)
:
1
3 G(a + Aa) > Gc unstable growth (2.25) ‘
;‘ i G(a + Aa) ~ G, neutral growth (2.26)
1

where a (> ao) is the size of an existing crack for which the growth stability

{' 1s to ba determined, We must note here that the definition of a, is in accordance

with the original Griffith problem. It 1s a property of the basic material system.

,,,.h

(a) Transverse Cracking Model

The crack growth geometry for a single transverse crack is illustrated in

Fig. 2.5. Under the idealized cracking geometry, as shown in Fig. 2.5(a),

y 1. assume that the thickness of the 90°-layer 2b > 2ag. The crack growth path

0 is assumed to initiate in the middle of the

90°~layer. The growth geometry is then represented by the finite element model

i [j from the initial size of 2a
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(a) Single Transverse Crack Geometry
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(b) Single Transverse.Crack Finite Element Model

Figure 2.5 Cracking Geometry and Finite Element Representation
of a Transverse Crack.
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as shown in Fig. 2,5(b). Thus, the solution domain is the 2-dimensional
x-z plane, resulting in a generalized plane strain deformation field.

Fig. 2.6 shows a typical finite element mesh for the growth of a trans-
verse crack in the upper half of the laminate. If the laminate is subjected
to a uniaxial tension represented by a far field uniform displacement 6;

the energy release rate function G(a) may be calculated and expressed by

G(a) = [Ce(a)ZxZ]t, (2.27)

where t 1s a characteristic length (e.g., thickness of a ply) and ;x is
the far field laminate strain induced by §. The coefficient function Ce(a)
is calculated by imposing ;x = 1. Note that C,(a) is independent of the
loading §.

Fig. 2.7 shows the general behavior of ce(a) for the crack in the
laminate whose 90°-layer thi&kness is larger than 230. Note that the crack
size 2a is limited by the thickness of the 90°-layer, 2b. The strain energy
release rate increases initially with the increase of cracking size; as the
crack approaches the ply interface, the energy release rate begins to decrease;
the rate of decrease depends on the relative rigidity of the outside layer.
Generally, the maximum of G(a) is located at a < b,

Similarly, if the laminate is subjected to a uniform temperature drop
of At, and if tensile stress in the 90°-layer is also induced, then the calcu-

lated energy release rate function for the transverse crack is expressed by

G(a) = [CT(a)ATZIt. (2.28)
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Typical behavior of Cr(c) for a transverse crack is similar to that of

l; C‘(a) as shown in Fig. 2.7. And, CT(a) has a maximum value also at the same

a < b. The entire CT(a) curve is generated numerically by imposing AT = - 1.

In practice, all epoxy-based laminates are subjected to some thermal
residual loading when cured. The effects of the residual stresses on trans-

verse cracking can be evaluated by simply assuming a uniform temperature change.

AT = T - To (2.29)

where To 18 usually the curing temperature, or the temperature at which the

laminate is free of residual stresses.

Thus, when the liminate is loaded by uniaxial tension, denoted by the
i- far-field strain ;x’ a combined loading condition must be considered. Im

this case, the total energy release rate G(a) is expressed in the form

Ga) = [C (a)e ® + C_o(a)a_ AT + Cpla)aT’]e (2.30)

where
) C p(a) = 2(C, (@) -Cp @)1/ 2 @D

) (f The growth of transverse cracking is primarily in mode-~I, or the open-
) ing mode. Accordingly, onset of a transverse crack in the 90°-layer whose
90°~layer thickness is larger than 2;0 is defined when

G(ao) - GIc’ if b > 8 (2.32)

With the definition (2.32) for crack initiation, Eq. (2.30) becomes a

4 quadratic equation in ;x' if AT is given. The positive root of ;x defines
E the critical applied laminate stress at onset of the crack,
(ox)cr = Bx(‘x)ct (2.33)

vhere ix is the laminate stiffness in the loading direction.
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Fig. 2.8 illustrates the criterion for the onset of transverse crack
graphically. It is seen that G(ap) at the applied laminate stress given by

(2.33) has a valus equal to GIc' Once the crack is formed, the available

G(a) > G e for all a > a5 Hence, the growth is unstable, or is dynamical.

I
The crack is, of course, eventually arrested by the outside constraining layers.
During this unstable crack growth, excess snsrgy is released, represented by
the shaded area in Fig. 2.8. The effect of the excess energy on the laminate
will be discussed later in this report.

In cases where the thickness of the 90°-layer is small, such as the
{0/90/0) laminate, them, b = one~half the 90°-ply thickness. Since a,
property of the basic material determined within the premise of original

is a

Griffith problem, while b can be made arbitrarily small, it is possible that
b < 2 In this case, the avilable energy release rate is limited by b, Fig.
2.9. In fact, the maximum available G 1s at a = a < b. Hence, the onset
of trangverse crack is defined by

G(an) = GIc' if b < ay- (2.34)

Eq. (2.34) determines essentially the smallest possible load for a transverse

crack.,

G(a)

Ic

(2 9

A

.0

- &

Figure 2.9 Criterion for Onset of a Transverse Crack
in 90°~layer with Thickness b < aj.
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It is seen that the crack is started dt. the size of a = c';-andlthe growth

is stable because the available G(a) < GIc as a grows larger than . A

slightly higher load is then required to propagate the crack to the interface.
The foregoing discussion is concerned with the critical condition under

which a transverse crack is formed. If the macroscopic properties of the lami-

nate are ideally umiform throughout, then theoretically, multiple transverse

cracks in the 90°-layer will appear simultanecusly at a regular spacing. The

latter is sometimes referred to as the characteristic spacing [24].

The characteristic spacing of multiple transverse cracks has been explained
by the so-called shear-lag [25]. It is simply that an interlaminar shear stress
Tox (refer to coordinates in Fig. 2.'5) is developed along the interface where a

transverse crack is terminated. This shear stress is highly concentrated near

. the root of the crack and it decays rapidly at a distance away from the crack

root, Fig. 2.10 shows, for example, the shear stress tzx acting along the
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l , Figure 2.10 Interlaminar Shear Stress on -25/90 Interface.
' x is measured from the root of the crack.
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-25/90 interface of a graphite-epoxy [_4_'25/90n]', a=1,2,3,

From Fig. 2.10, it is seen that the shear stress is singular at the crack
root, and it diminishes completely at a distance of about 4b away from the
crack root. As the interlaminar shear stress diminishes, the tensile stress ax
in the 90°-layer mcna.aes; it reaches the far-field value outside the shear~-
lag zone. A second transverse crack can form only outside this zone. Hence,
the so-called characterigtic spacing between two neighboring cracks should be
equal or greater than the size of the shear-lag zone. In the case of the ex-
ample illustrated in Fig. 2.10, the characteristic spacing S 1s 4 times the
thickness of the 90°-layer (S = 8b). Or, the characteristic crack deansity
(cracks per unit length) is N = 1/S,

Indeed, 1f we place the second crack outgide the shear-lag zone, see
Fig. 2.6, and generate the energy release rate curve G(a), an identical curve
will be obtained as that for the first crack. On the other hand, if we place
the second crack inside the shear-lag zone, the energy release rate curve would
be smaller than that for the first crack [26].

In reality, the idealized multiple cracking process does not occur.
Rather, if the first crack forms at some critical far-field load, Ecr, then
" the second crack would form at a different location (not necessarily at the
characteristic spacing) under a slightly higher load, and so forth. Hence,
the density of the cracks is generally rising with the applied load, such as
1llustrated in Fig. 2.11. Moreover, no characteristic crack density can be
defined. And, often, the event of multiple crack formation is interrupted by
other sub-laminate cracking event at higher load, such as edge delamination,
oi- other interface crackings.

Assuming :ho_ formation of each transverse crack is the result of an
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initial macro-flaw in the 90°-layer, it may thus be appropriate to postulate
that a random distribution of the initial macro-flaw exists in the 90°-layer.
But, this aspect pertains to the statistical nature of material property, not

the machanism of crack formation. Therefore, we shall defer the subject to a

later study. '
4Crack density ;
| i
{ y L _ Theor. characteristic
‘ L crack density
\ actual multiple crack
l growth curve
_ onset of
g . . 1st ToCo
. -+ g
o x
cr
‘ . Figure 2.11 Transverse Crack Density vs. Applied Load ﬂ
1 N 1s the Theoretical Characteristic Density
PR
{
§
‘ l (b) Free Edge Delamination Model

The cracking geometry of free edge delamination in a symmetrical laminate
is illustrated in Figs. 2.12 and 2.13. Fig. 2.12 shows a mid-plane delamina-
tion and the corresponding finite element modeling scheme; and Fig. 2.13

shows a delamination along an interface other than the mid-plane of the lami-

nate. Owing to the symmetry of the laminate, the cracking action in the former

case is essentially of mode I, while in the latter case the crack action is

generally mixed, including modes I, II and III.
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Figure 2.12 Cracking Geometry and Finite Element Representation
of Mid-plane Edge Delaminatiom.
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Figure 13 Cracking Geometry and Finite Element Representation
of An Off-mid-plane Interface Delamination.
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In both cases, the crack is assumed to form along the prescribed inter-
face, and to propagate in self-similar manner toward the interior of the
laminate. Hence, the solution domain is the 2-dimensional y-z plane, being a
generalized plane strain deformation field.

Fig. 2.14 shows a typical finite element mesh for the growth model of an
edge crack along a given layer interface. It is assumed that an initial macro-
flaw of size a, exists near the free edge and it can be propagated once the
applied far-field laminate stress Ex reaches a certain critical value.

In order to determine this critical condition, the energy release rate

curve G(a) is first generated numerically by the finite element procedure.

Since a laminate has more than one interface, it is not generaliy possible to

- pin point exactly which interface 1is going to delaminate under the applied load.

Normally, a free edge interlaminar stress analysis is conducted first, before
any edge delamination calculation. The details of the interlaminar stress field
can provide some indication as to on which one of the interfaces an edge crack
is likely to occur. Then, a calculation of G(a) for crack propagation along
the selected interface is performed next. In case there are more than one
possible interfaces which are likely to delaminate, then the G(a) curves for
each of these poassible cracks have to be generated.

As has been discussed earlier, mid-plane delamination is primarily of
mode I, or opening mode, in a symmetric laminate; while an off-mid-plane
delamination is generally a mixed-mode crack. Between the two different modes
of delamination, the cracﬁ'gtowth criteria may also be different. Depending
on the microscopic details of the cracking surfaces, the critical energy release

rates Gc for mid-plane cracking and for off-mid-plane cracking may actually be
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distinct. And this has been shown experimentally for some unidirectional
graphite-epoxy [13]. Hence, a trial calculation is usually required to

determine just which interface is the most energetically possible for an edge

delamination.

Fig. 2.15 shows a typical G(a) curve for a delamination growth along
either the mid-plane, or an interface other than the mid-plane. Thq general
behavior of G(a) is that it will increase rapidly to reach a maximum value

at a = am. After this point, the value of G becomes essentially a constant,

independent of the crack size a (assuming the width of the laminate is large

\q\

———

G(a)
| /
pd :
a .
: x
,/‘:\/' .I
/) ‘ i
/7 | | {
/ } !
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! y |
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Figure 2.15 Typical G(a) for Edge Delamination.
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compared to the crack size a). The value of a at which G attains its maximum,

depends on a number of geometrical factors. The most notable factor is the

layer thickness of the two adjacent layers on whose interface the delamination
propagates. For example, if G(a) represents the total energy release rate
curve for a mid-plane delamination for the laminates [:ﬁsn/on/9on]', ns=1,2,3,
then the maximum of G would occur at about a =t t being the thickness of
one ply. Since G increases with a before a + a the available maximum G in
the case of n = 1, for instance, is much smaller than the available maximum G
in the case of n = 2,

This thickness dependence nature of Gpax O0 layer thickness s nmot

exactly the same as the previously discussed transverse cracking problems. But,

the reason for the existance of a maximum is also due to the constraining effect
from the layer structure of the lamimate.

As in the transverse cracking problems, G(a) curve of an edge delamina-~
tion growth can also be expressed in terms of the applied thermal and mechanical

loads:
Ga) = [C ()3 % + ¢ & AT + ¢ (a)aT’]e 2.35)

where the coefficient functions Ce, CT and ce are defined identically as those

T
expressed in Eqs. (2.27), (2.28) and (2.31), respectively. -

If the computed G(a) is for a mid-plane delamination growth, then the

onset of delsmination is defined when

G(ao) - Glc’ if a8 < a (2.36)
or
G(a.) - Glc' if 8 >a. 2.37)
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The physical reason for the difference between (2.36) and (2.37) is the same l;
{

as in the transverse cracking problems discussed earlier.

If the computed G(a) is for an off-mid-plane delamination growth, then

prem—a-

G(a) so computed is consisted of three modal parts, as is expressed generally

in Eq. (2.20). A general criterion for the onset of such a mixed-mode crack ;

can thus be similarly given as

if a; < a_ (2.38) -

6lag) = 61,11, 111)e? 0

or

Glay) = S(r,11,11m)c* £ %0 % (2.39) -

In actual problems, experiment is required to decide whether or not -
GIc is equal to G(I,II,III)c; or whether or not G(I,II,III)c depends on the

ratios of GI/GII and GI/GIII’ etc.

Whichever final growth criterion .is used, the growth stability of B

delamination is theoretically stable if a, < a; and it is neutral if

80 > a,. In reality, however, the growth is generally stable. This is because

(1) the interface flaw size a, is not uniform along the specimen; the weakest

location always starts delamination first; and (2) the actual width of the

specimen is finite, say 1 inch wide; as the delamination growth becomes larger

relative to the width, the structural stiffness of the specimen is reduced;
and so is the available energy release rate G under the same load.:
This last aspect on growth stability will be discussed again in Sectiong

II1 and IV where we shall examine the relevant experimental results as they

are ¢correlated with their computed. counterparts.
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III. EXPERIMENTAL STUDY

- 3.1 Scope of Experiment

The main objective of the experiment is to conduct an extensive case-
study, which will complement the development of the analytical fracture models.
As has been discussed in the previous section, there are several physical and
conceptual questions that must be resolved by experiment if the methods of
classical fracture mechanics are to be used in the fracture analysis of sub-
laminate failures. Thus, the experimental study will provide not only physical
insights in model development, but also guidance for an effective numerical
computation. The experiment identifies the important material and geometrical
parameters which influences the various fracture processes.

Accordingly, the experimental study consisted of the following major
tasks:

(a) Basic Material Characterization. Since all the laminates tested
were made by laminating unidirectional plies, the basic ply properties were
characterized within the frame work of "ply elasticity,” or the macroscopic
"effective" moduli approach. Both the elastic compliances and the strength
properties were determined by experiments.

In addition to the unidirectional ply properties, some basic laminates
were also tested. Among them included [08]' [908]’ L:;S]z.. [3$52]. and
[#45,] . These were tested for their laminate tensile wodulus (E ) and their
laminate tensile strength (ou) only. No attempt was made to examine their
failure mechanisms.

The proper values for the residual-stress-free temperature, To, has also

been investigated experimentally.
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These basic material data are required as input information in the numer-

ical simulation of fracture growth,

(b) Transverse Cracks in [0/90,/0] - Family, This series of tests in-

cluded laminates in the form [0/90,/0], n = 1,2,3,4 and [02/902nloz], n=1,2,
Because of the relatively small edge normal stress o,, these laminate do not
suffer edge delamination under uniaxial temsion. Rather, only transverse
cracks in the 90°-layer can be induced. Hence, this series of tests provides
an ideal case study for the transverse cracking model developed earlier in
Section II.

In addition, laminates of the form [02/904/02] were tested under differeant

temperature environments,

(c) Transverse Cracks and Delaminations in [+25/905]g - Family .,

This series of tests included laminates in the form Qt25/90n]8, n=1/2, 1,2,
3,4,6,8. The reason for selecting the +25°-layer as the major load-carrying
element is that it offers the optimal lamina constraint which induces free-edge
delamination under uniaxial tension. Indeed, aslwill be shown by the experi-~
mental results, the laminates of n = 1/2 and 1 suffered free edge delamination
without any transverse cracking; and, the delamination mode was primarily of
mode-I. This, then provides an ideal case study for the delamination modeling.
As for those laminates with n > 1, both transverse cracking and edge delamina-
tion were induced, resulting in complicated interacting effects. In particular,
for cases of n > 3, other modes of fracture became predominant., Thus, this

series of tests presented a multitude of interesting fracture growth processes.




In addition to the [:25/90n]. series, laminates of Et252/902]. were also

tested. This is to check whether or not the ultimate strength of the load

carrying layer (the 3?5;-layor) would be affected by the layer-thickness
effect. This can be accomplished by comparing it to the Q:25/90]. laminate,
whose load-carrying +25-layer has only half the thickness.

(d) Mixed Mode Fracture in Notched [8g] - Family, A series of tests

was conducted in [98], @ = 0°, 15°, 30°, 45°, 60°, 75° and 90°. In each case

the specimen had double side notches of 0.15" sgize. Under uniaxial tension,

fracture failure was induced along the fiber direction., The fracture 1s of
mixed-mode in general, and the ratio between mode-I and mode-II depends on
the value of 8. Results of this test has provided some insights about the mater-

o [ ial resistance under various degrees of mixed-mode fracture.

Sl B
o ) 3.2 Experimental Procedures
?:_; 1. Throughout this study, all laminates tested were fabricated from Fiberite

RN T300/934 prepreg tape. They were autoclave cured at 350°F (450°K) according
to the manufacturer's specifications. Nominal fiber volume.was determined in 1
the range of 66 + 22. The 12"x12" laminated panels were cut by diamond saw

to a coupon length of 9" and width of 1". Fiberglass tabs of length 1.5"

1 were bonded to each end of the coupon. Coupons were stored under normal room
7 conditions (70780°F and 60 +5% relative humidity) for a typical duration of
3 to 6 months before test.

All tests were conducted on an Instron Universal Tester under normal

room conditions (except otherwise stated). Load was applied at a displace-

ment-control rate of 0.01" per minute.




The experimental procedure for documenting damage sequence in the various
laninates was as follows:

(1) The ultimate tensile strength (UTS) for each laminate in the series was
deternined by a minimum of four ramp tensile tests. These specimens were
strain gaged to determine the tensile stiffness properties, including the
laminate's Young's modulus and Poisson ratios.

(2) For each laminate type, a minimum of four specimens were step-loaded
under axial tension. The initial step loading increment was approximately
10X UTS until damage in the form of transverse cracks and/or delamina-
tion was detected. Then the load increment was subsequently reduced to
approximately 5% UTS until the ultimate laminate failure.

(3) After each step loading, the specimen was removed from the testing
machine and was inspected for damage by means of DIB (di~iodobutane)
enhanced x-radiography.

(4) 1In addition to x-ray examination, the free edges of each specimen were
also optically examined using a microscope to obgserve the details of the
damaged area.

(5) In many cases, tested specimens were selectively sectioned, polished
and examined under SEM (Scanning Electronic Microscope). The SEM exami-
nation provides additional internal cracking details in the thickness
sectional view of the laminates.

Figure 3.1 illustrates a typical x-ray sequence taken during the incre-
mental testing process for a (+25/90,], specimen. Here, the load-damage
relationship of the specimen can be studied in detail by examining the series

of x-radiographs. In this case, damage of any form was not detected up to

§ w—ie .

[ R




- d

. 4 . .
H T B
.. N s 1
r - cm——
1 a
; e, :
. L=  — -
e . B
r PR X RS
XISV : : i L LIy
=" . e t
. j - —

. —— —— ——
0 e e -

C temi et - e - —

Al
0
¢

AN I @ O

s

p———
[

;, 90% UTS 91% UTS 95% UTS 99% UTS 100% UTS

Flgure 3.1 X-radiographs Showing Transverse Cracking and Rige Delamination
. Growth Sequence Under Step-load For A [325/903]. Specimen.

| : ss

N-I




a load of 502 the ultimate tensile strength (UTS). The first sign of damage
wia a transverse crack which appeared at 55X UTS, identified by the thin dark
line perpendicular to the load direction in the x~ray picture. More cracks
were seen to appear in the next several load increments.

At the load of 882 UTS, the first sign of edge delamination appeared in

‘the form of a thumbnail shaped crack at the left side of the specimen. The

area of delamination extended stably as the applied load was increased. From

the x-ray pictures, it is seen that a higher density of transverse cracks exists

in the delaminated area. And, by comparing the pictures at 992 UTS and 100%
UTS, it is evident that the final failure was quite sudden and it did not seem
to involve extensive delamination in this particular sample (the reason for
this growth behavior will be explained later in this section).

Optical edge-view examination of the delaminated specimen showed that
the delamination crack in this case followed primarily the -25°/90° interface.

Fig. 3.2 shows another sequence of x-radiographs (enlarged) taken for a
[;:25/90]s specimen. It is seen here that edge delamination grew much more
extensively before final failure. Furthermore, in this case, no transverse
cracks were detected before delamination. And, when they appeared, they ‘
existed only in the delaminated area. The delamination crack was observed to
zig-zag within the 90°~layer in an edge-view optical examinationm.

From the load-sequence x-ray pictures, either the transverse crack

density or the percent of delamination may be plotted as a function of the

applied load. For example, a relationship between the transverse crack density

(number of transverse cracks per unit length, N) and the applied load ¢ can
be obtained from the x-ray sequence shown in Figure 3.1. This relation is

shown graphically in Figure 3.3. The load required to initiate transverse
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cracking % is determined by the o-intercept of the curve as shown in the
figure. As previously discussed, at the onset of free-edge delamination a
higher density of transverse cracks is observed in the delaminated region of
the laminate. This indicates that there is a certain interaction between
the two cracking events., Thus, the measurement of the N-¢o relationship is
terminated at the onset of edge delamination.

The area of free-edge delamination can also be related to the applied
load from these experimental results. The onset load for free-edge delamina-
tion may then be obtained in a manner similar to the method that determines the
onset load for transverse-cracking ag described above. '

As has been mentioned earlier, a number of specimens were also sectioned
for SEM examination. Typical transverse cracks in the 90°~layer can be.seen
in a thickness sectional view, such as shown in Fig. 1.3. Similarly, edge

sectional view of the laminate gives the internal details of the edge crack,

such as shown in Fig. 1.5.

3.3 Experimental Results.

For all the results reported in this section, each represents the
averaged values from three or four (sometimes more than four) replicate
specimens. Generally, data scatter is in the 5% (standard deviation) range
for the compliance properties, 102 range for the strength properties. In this
section, the statistical nature of the data scatter will not be discussed.
However, whenever appropriate, the range of the data scatter will be indicated.
Otherwise, only the averaged value will be used.

(a) Basic Ply and Laminate Properties
For the T300/934 graphite-epoxy composite material used in this study,

a routine material property characterization test was conducted. Some
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details of the characterization test are found in Ref. [9]. We shall mention

only that the unidirectional fiber reinforced system was considered macro-

scopically a homogeneous medium which possesses a momwclinic symmetry in its

principal material coordinates (L.T.z) [27]. The engineering stiffness con-

stants determined using 8-ply laminates and tested under nominal room con-

ditions are as follows:

EL = 21.0 Msi ET =1,70 Msi Ez =],70 Msi
v *® 0.3 Veg * 0.54 vz ® 0.3
GLT a 0.94 Msi GTz = 0.5 Msi GLz = 0,94 Msi
- ° = ° = e
a 0.2 ne/°F L 16 pue/°F @, 16 ue/°F

Each material ply when cured in a laminate has a nominal thickness,

t = 0.0052" (0.0132 cm)

(3.1)

(3.2)

The strengthk property of the unidirectional system is given in Table

3.1. Since both the longitudinal and the transverse stress-strain relations

(under uniaxial tension and room conditions) are essentially linear, except

near failure, it is sometimes more convenient to use the ultimate strain e,

to characterize the strength of the material. Note, however, that the

physically measured quantity is always the far field applied load; the term

ultimate strength % or ultimate strain e, (= ou/Ex) represents only an average

over the gross dimension of the test specimen.
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Table 3.1 Test Data of Some Basic Laminates

Laminate Ex’ msi L ksi e, Z

[081 21.00(20 -~ 23.5) - 250(231 - 270) 1.1(1.0 - 1.15)
[908] 1.70 (.65 - 1.77) 6.4(6.0 - 7.0) 0.39(0.34 ~ 0.44)
[:;25]2s 11.1(11 - 11.15) - 75(70 - 78) 0.67(0.66 ~ 0.68)
[:ﬁszls 3.3(3.26 - 3.41) 20(18.6 ~ 22) 0.61(0.56 ~ 0.67)
[jﬁ53]s 3.15(3.04 - 3.27) 18.1(17.5 -~ 19.5) 0.57(0.55 - 0.62)

Results from testing the [i;S]és, [:ﬁSZ]s and [:ﬁ53]s laminates are also
sumarized in Table 3.1,

The longitudinal stress-strain relation of the [:_25]2s specimen maintained
a perfect linearity up to failure. The specimen was severed in the mid-
section of the specimen, involving predominantly fiber breakage, Fig. 3.4.
It should be noted that the stacking sequence of the [125]28 specimen is
actually [25/-25/-25/25]8. It is to be distinguished from, say [:252]8 which
is actually [252/~25213p The failure behavior betwean the two can be
drastically different.

The reason for the difference in the failure mechanisms of the [3_25]28
and [:gszls laminates {s due to the layer-thickness effect. This same effect

is 1llustrated more vividly ' by the strength results of the [3_452]s and the
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[:.453]s laminates, see Table 3.1. It is noted that the average strength of
the former is 20 ksi while the average strength of the latter is only 18 ksi,
a reduction of 10% because of an increase in material layer thickness.

A closer examination of the failure process of the previous two lami-
nates indicates that failure modes in both cases involved primarily matrix
cracking, not fiber breakage. Fig. 3.5 shows the x-radiographs of a [:ﬁ53]s'
laminate which is loaded near final failure. At about 98% UTS, a single
surface 45°-crack is induced, Fig. 3.5(a), which is almost immediately followed
by multiple ~45° -cracks in the inner -45°-layer, Fig. 3.5(b). It may thus
be concluded that the formation of the first major 45°-crack initiated the
process of failure of the laminate. Clearly, the formation of the 45°-crack
must be a fracture phenomenon, which depends, to some extent, on the thickness
of the layer in which the crack is formed.

The £final failure mechanisms in these basic laminates, however, will
be investigated in a future study. They are outside the scope of the present
report.

Finally, experiments on the residual-stress-free temperature yilelded a
value of Ty ranging from 300°-325°F. In this experiment, an unsymmetric
[04/904] laminate was used. When cured at 350°F, the laminate configuration
was flat. After cooling down to room temperature, the laminate curved into
an arc as shown in Fig. 3.6. Thus, upon re-heating the laminate at a higher

temperature, the curvature of the specimen decreases. By optically measuring

the laminate cord height, hy at various test temperature, it is then
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(a) (b)

Figure 3.5 Failure Mode of a [:_653]s Specimen, (a) A Major
45°~Crack Formed at 98% UTS, (b) Multiple -45°~

Cracks Formed at 99% UTS.
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possible to determine experimentally the residual-stress-free temperature To*

Fig. 3.5 showvs the measured cord height h versus.temperature; the test was
conducted for a specimen immediately after curing. It is seen that a loss

of about 10°F is resulted due to some initial stress relaxation. Upon storage
in room conditions for 3-6 months, further relaxation due to time and moisture
absorption was encountered. This caused an additional decrease in the stress-
free temperature. For simplicity, and without causing significant discrepancy,
the stress;free temperature To for all lsminates tested in this report is

approximated by a constant value of,

To = 300°F (3.3)

(b) Crack Growth in the [0/9011/0] - Family In this family, the laminates

[0/90n/0], n=1.2.3.4 and the laminates [_02/902n/02]. n=1,2 vere tested
under room conditions. All, except the [0/90/0] laminates, showed transverse
cracks under the uniaxial tensile load. In the case of the [0/90/0] specimens,
no transverse cracking was observed until the specimens were severed at final
failure. Table 3.2 summarizes the test results, including the stiffness Ex’
onset stress for transverse cracking and the final failure stress of the
various laminates.

Plots of transverse crack demsity N versus the applied load o were ob- -

tained from the load-sequence x-radiographs of all specimens, except those of

[0/90/0] lamination. These plots are shown in Fig. 3.7. It is seen that for
the cases of n = 2 and 3, N increases nonbton:l.cally with o until final failure;
there is no evidence of the existence of the so-called "characteristic" spacing
discussed earlier in Sections I and II. However, for the case of n = 4, a

slight leveling off of N is indicated. But, for this case, the theoretical
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i characteristic spacing is S~16t, and the corresponding characteristic crack
denaity would be N = 1/s~12. From Fig. 3.7, the leveling off crack demsity

- is more than 25.

Table 3.2 Test Results of the [0/90n/0]-Fanily

Laminate Ex’ msi T.C. onset stress, ° Final failure stress,
EE ksi ksi
- h ' [0/90/0] 13.9 No visible cracks 144(126~158)
1. [0/90,/0] 11.3 68(59.0-70.5) 108(85-122)
r ‘
[0/90,/0] 8.9 48(44-53) 86(84-88)
: [0/90,/0] 7.9 41 (34=44) 76(73.5-80.5)
: [0,/90,/0,] 13.8 85 (26-98) 162(140-180)
' [ (0,/90,/0,] 11.1 50(42-57) 114(106-117)

The results listed in Table 3.2 are graphically displayed in Fig. 3.8,
and Fig. 3.9. In particular, comparé the results shown in Fig. 3.9, and
note the different transverse crack onset load between {0/90/0] and [02/902/0].
and between [0/902/0] and [02/904/02]. The effect of the 90°-layer thickness
on the transverse crack formation is clearly illustrated. The final failure

of the laminates is basically determined by the load-carrying 0°-layer;

and the thickness of the 90°-layer does not seem to have any effect on final

failure.
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Finally, a number of the [02/904/02] laminates were tested under com-
trolled temperature enviromments. In addition to tests in room temperature
(78°F), tests were also conducted under -80°F and 156°F conditions. Test
results are displayed in Fig. 3.10. It is seen that the onset stress for

transverse cracking increases with the test temperature, suggesting that a

toughening effect against 90°-cracking is developed by the increase temperature.
“L However, these results are only exploratory in nature, more comprehensive ex-
periments are needed to draw any concrete conclusion. The final failure of

the laminate is controlled by the 0°- layer, and it is not effected by the

increase of the test temperature.

(C) Crack Growth in the [125/90n]s‘Fam11y- In this series’ laminates of

[125/90n]s, a=1/2, 1,2,3,4,6,8 as well as [1252/90213 were incrementally

loaded and radiographically examined. Table 3.3 summarizes the results ob-

tained in these tests. For purpose of comparison, tests results for L:QSIZ‘

. and [908] laminates are also listed in Table 3.3. The average stresses at

- onset of transverse cracking, edge delamination and final failure are tabu-
lated ,with the range of scatter given in parenthesis.

H In all cases, the laminate stress-strain response was found to be
essentially linear until failure. It is thus convenient to use the laminate
tensile strain 3‘ as a measure of the applied load. A graphical representa-

] . tion of the data given in Table 3.3 is displayed in Fig. 3.11. Here, the
applied laminate strain ix at the onset of transverse cracking, edge delamina-

tion and final failure is plotted against the number of 90°-plies, denoted by n.
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Both the averaged value and the range of the scatter are shown for each case.

The strain at failure is seen to be approximately constant for the cases of

a——rnes Pom——, Pronnniny,
. . . . .

n=1/2, 1,2,3. This value is roughly equal to the tensile strain at failure

of the [_-!-_25]2s laminate. For larger n, the strain at failure drops off

significantly (discussions on this point are presented in Sections IV and V).

The onset strain for edge delamination also appears comstant for the
n=1l/2, 1,2,3 laminates and it drops off significantly for mn > 3. The
free-edge delamination generally initiates at about 90% of the strain-at-

failure. In fact, the onset of edge delamination and the final failure were

almost simultaneous in the [1?5/904]s laminates. i

Transverse cracks were not observed in the n = 1/2 and n = 1 laminates

8 ——

prior to the onset of edge delamination; and the transverse cracks were

= largely confined within the delaminated area when they occurred. In the

cases of n » 2, transverse cracks appeared before edge delamination. The

]-. onset strain for transverse cracking decreases in laminates of n = 2,3,4;

’ and then increases slightly for n = 6 and n = 8. Generally, for the cases
of n > 2, the onset strain for transverse cracking is less than the ultimate

- tensile strain of the [908]s laminate. It wiil be shown in Section IV that

) this 1s caused by the residual thermal curing stresses in the laminate.

et s e

on n.

~re e

’. Clearly, the onset strain for transverse cracking shows a strong dependence

It is also noted that the onset strains for transverse cracking,
: edge delamination, and the final failure for the [+25,/-25,/90,] laminate
are ®#elow the values observed for the [135/90]slam1nate even though these

two laminates are essentially of the same constructiorn except for the layer

B =Y we. At e
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thickness. Again, the layer thickness in this laminate plays an important

role in both the cracking processes and the final failure mechanisms. i

In fact, the strains at the onset of transverse cracking for the [+252/-252/902)s

.V
[ S

and the [1-;5/-25/902]s laminates are about the same. Interestingly, the
thickness of the 90°~layer is the same in both cases. ]

The transverse crack density as a function of the applied load is

;' summarized in Figure 3.12 for the cases of n = 2,3,4,6. The range of the
i data is shown by the shaded bsnd for each case. The transverse crack demsity -

N is seen to rise sharply following the onset of transverse cracking. The e

process of transverse cracking is enhanced, however, by free-edge delamination.

Thus, an experimental limit for the transverse crack denmsity could not be

- defined in .these laminates either.

" With this overview, it is seen that the development and transitionm cf
damage modes is dependent upon thickness of the 90°-layer. It is now con-
venient to separate the laminates of the [:;25/90n]8 series into three groups

as: (1) thin 90°-layer (n = 1/2, 1); (2) thick 90°-layer (n = 2,3); and (3)

1 ey

very thick 90°-layer (n = 4,6 8). The damage development results for these
three groups will be discussed in more detail next.

Thin 90°~layer Laminates (n = 1/2, 1)

The thin 90°~layer laminates did not suffer transverse cracks prior

1.

to delamination. Their edge delamination occurred primarily inside the

j

5 o m——

90°~layer of the laminate; and it propagated stably. Final failure occurred
i at the laminate strain approximately equal to the fallure strain of the
(425, laminates.
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The damage development in the [+25/901/, ], laminates (n = 1/2)
started with a free—edge delamination along the length of one side of the
test coupon and then grew larger with delamination on both sides., X-radio-
graphs of three specimens loaded to an axial strain of i‘ = 0.63X are shown
in Figure 3.13. These x-rays show what appears to be transverse cracks in
the delaminated region, As the ultimate load was approached, delaminations
on both gsides were observed to grow stably until they coalesced in the middle
of the test coupon and resulted in final failure. This is shown by the failed
specimen in Figure 3.13. An oblique section cut from this failed specimen
was SEM examined. A magnified section view of the SEM picture shows that
the delamination crack seen in the x-radiograph actually occurred mainly inside
the 90°-ply, see Fig. 3.14. No transverse cracks were found to form in this
laminate even after failure. The delamination is seen to initiate in the
mid-plane at the free-edge, but grew inward along the 25/90 interface. Several
oblique cracks are seen in the 90°-ply which may be responsible for the
delamination shift. The orientation of the oblique cracks strongly suggest
ﬁhnt a locally complex state of stress exists in the vicinity of the 25/90 -
interface delamination crack tip.

In the case of the [;:25/90]s (n = 1) laminate, mid-plane delamination was
also observed ag the first form of damage. However, transverse cracks occurred

in the delaminated region, see Fig. 3.15; and these extended across the entire l
width of the specimen. The strains at the onset of delamination and at the

ey

final failure are approximately equal to those for the n = 1/2 case. It appears

(lp———

that the transverse cracks in the [125/90]‘ laminate did not have any effect

on the mechanisms that caused edge delamination. And the final failure is
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Figure 3.14 Photomicrograph of the Delaminated Region in the [£25/90 J2ls
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controlled by the load-carrying +25°-layer. The sub-lsminste cracking .
event did nmot seem to affect the losd-carrying capacity of the 25%°-layer.

Thick 90°-~layer Lsminates (n = 2,3)

The thickness of the 90°-layer in these laminates is typically found in
most practical laminates. For both cases of n = 2 and o = 3, transverse crack-
ing wvas the first damage mode under the load. A high density of trans~-
verse cuekl» was reached prior to the onset of delamination. Delsmination i
occurred aainly in the 96'-1.yet for n = 2, but mainly along the 25/90 inter~ |
face for n = 3, Delamination crack growth was generally stable, although
the growth was quite limited in the case of n = 3, see, e.g., Fig. 3.1. The

ultimate strength of the n = 2 laminates is also approximately equal to the

strength of the [+25], laminates. But, a reduction in‘the final fallure !
stratn 1s indicated for the case of n = 3, see Fig. 3.11. A degradation

in strength hu slso been found in the laminates to be discussed next. u
Very Thick 90°-layer Laminates (n = 4,6,8) ﬂ!

The first form of damage for the very thick 90°~layer laminates is also
transverse cracks, which occur at a much lower stress level. Stress con-
centrations at the transverse crack tip and at the free-edge of the specimen
cause a8 delamination along the 25/90 interface. The triangular shape of the
delamipation plane observed in the x-radiographs indicates that there is an
interaction between these two modes of damage. The growth of this type of
delsmination appeared very unstable; and the final failure occurred at a
laminate strength significantly less than the strength of the [_4;25]2 . laminate.
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it first formed. This difference in the shape of delamination indicates

The delamination growth process of a [+25/90 laminate 1s illustrated

4]s
by the x-radiographs shown in Figure 3.16. The x~rays show that no typical
edge delamination occurred up to a load of 96.8% UIS. At the load of 99.9% UTS,
a delamination originated at the transverse crack tips is developed, which
extends across the full width of the coupon. A small increase in load was them
sufficient to cause the final failure. An important feature of the damage in
this (n = 4) laminate is the triangular shape of the delamination near the

free edge. The apex of the triangle is clearly aligned with the transverse

crack shown by the arrow in the figure. In the previously discussed cases

of n < 4, the delamination crack front was always of a thumbnail shape when :

clearly a change in the mechanisms that control the initiation and growth of i
the delamination. The damage development process for the case of n = 6 is
similar, with more pronounced transverse crack-induced delamination which was
obgerved in the experiment of this laminate.

Figure 3.17 displays the damage in two [1;25/908]B laminates after
tensile loading to 97X UTS. An example of transverse crack tip induced
delamination is shown in picture (a), vhere a dark zone (delamination)
associated with a transverse crack is indicated by an arrow. The x-radio-
graph in (b) shows delaminations occurred in both the upper and lower 25/90
interfaces. The apex of the triangular shaped dark areas marked by the
arrows are clearly aligned with a transverse crack tip delamination. It is
concluded that the stress concentrations at a transverse crack tip interact

with the free-edge strasses to cause this dalaninn;ion.
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Figure 3.16 X.~-radiographs Showing Edge Delamination
Growth in a [125/904]' Specimen.







The foregoing discussions illustrated the significant effect of the I
90°-layer on the damage modes and their growth mechanisms in the [+25/ 9°n]s
laminates. Fig. 3.18 provides a achematic summary of the fracture sequences

in this [+25/90 n]- series. Column (a) shows the development of transverse

cracks just before the onset of edge delsmination, as seen in the plane view

x-radiographs. Column (b) shows the plane and edge views (the broken lines

are the 25/90 interface) of the test coupon immediately after edge delamina-
tion. Column (c) shows the plane views and edge views of the specimen before .
] their final failure (transverse cracks are shown in the edge views only when
they are associated with the initiation of a 25/90 delamination at the trans-
verse crack tip). ;

The fracture sequences shown in Fig. 3.18 illustrate that the chosen

grouping by 90°-ldiyer thickness coincides with transitions in the several

different dmge modes in the [i-_25/9€\n]s series found in the experiment.

Rec_.all for the [+ 25/90,1, laminates, that the observed fracture modes
consisted of mainly fiber breakage. The failure section of the specimen

was essentially transverse to the load direction, see Fig. 3.4. Similar

fracture modes were observed for the +25°-layer in the final failure of all
the laminates in the [+25/ 9°n]a series. The morphology of the fracture of

the j-_ZS‘—layera appears to be the same for g1y of the laminates investigated.

However, the laminate strains i: at the final failure show a strong dependence
on the thickneas of the 90°-layer, especially when it is thick. PFurther,
once edge delamination occurs, final failure is imsinent. Appareantly, the

growth of delamination has some ill-effects on the final failure; the exact

mechanisus will not be investigated in this report, however.
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(d) Mixed-Mode Fracture in Notched [@g]-Family. This series of tests con-

sisted of a class of off-axis, [Og] laminates. The test specimens were cut
with 0.15" double~side notches using a nominal 8-mil diamond blade. The off-
axis angle © varied from 0° to 90° at 15° intervals. A general configuration
of the test specimen is illustrated in Fig. 3.19.

Under uniaxial tension, fracture failure was induced in each specimen
with the crack initiating from the notch tip and propagating along the fiber
direction. Thus, a class of matrix-dominated, mixed-mode fracture was ex-
perimentally determined. Fig. 3.19 shows a plot of the far-field laminate
stress % at onset of fracture versus the fiber angle 8.

A finite element simulation of the crack propagating from the notch
tip along the fiber direction was then conduéted (the numerical details are
presented in Section IV). The calculated energy release rates Gy and Gry
for each value of O are displayed in Fig. 3.20. It is seen that for @ > 60
the fracture is essentially of mode I only. For smaller 8, mode~II1 contri-~
butioniincreases rapidly. Fig. 3.21 shows the ratio of GII/GI as a function
of O. .

Correlating the calculated energy release rates with the experimental
results, the materials fracture resistance property may be evaluated. For
example, Fig. 3.22 shows the experimentally determined mixed-mode energy
release rate G(I,Il)c of the material as a function of the Gn/GI ratio. It
is seen that for @ > 60°, QE,II)c"'GIc because the fracture was essentially

of mode I, the average value for GIc is

Gy 0.9 in-1b/4n2 (3.4)

—
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Figure 3.20 Calculated GI and GII as a Function of O.
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Note that the value of GIc determined in this experiment represents
the fracture resistance of the unidirectional composite against the type '
of cracking as illustrated in Fig. 1.8(a); it is essentially s case of 0°/0°
interface delamination.

Similar values for G, (0.8-0.92 in-1b/in®) were obtained by Culles [11]
and Willisms [12] who used the AS-3502 composite system and tested undet
a different set of specimen configurationms.

From Fig. 3.22, it is also seen that the value of G(I,II)c incresses
with the ratio of Gn/GI, suggesting that the energy required to fracture
a mixed-mode crack is not constant; it may be dependent on the amount of the

shearing action. In addition, the plot in Fig. 3.22 indicates the existence

of GIIc' being

‘ 2
Gryo~2-80 in-1b/1in 3.5)

Dependence of the fracture energy on the GII/GI ratio has been encountered

recently by Vanderkley [13], who also tested the unidirectional AS-3502
composite system. And, the existence of G]’.Ic (at the macroscopic level)
has been discussed by Wilkins [28]. For the AS-3501-06 graphite-epoxy
system used, Wilkins founq the value of G(I’n)c(OVO' delamination) ranged
from 2.1 to 2.98 in-1b/in” with G;/G, equaled 3.4. This range is within
the same experimental range of the present study.

Apparently, the problem of mixed-mode crack propagation is much more
complicated than the limited study has shown here. It requires concentrated
efforts on this particular subject, both experimentally and analytically.
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In the case of the dauble—sidc notched [90 ] laminate, the calculated

energy release rate GI can be expressed in terms of the notch -u. a,
6 =2
GI(a) = 4,75x10 a.8 " (3.6)

Now, using the failure strain of the unnotched [908] specimen. ix- 6.391
from Table 3.1, and the critical energy release rate Gy = 0.9 1b/in from (3.4),

we obtained for the macroscopic material flaw size

ao~0.0125". : 3.7

This is about 2.5 times the thickness of a single material ply.
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IV. FINITE ELEMENT ANALYSIS AND EXPERIMENTAL CORRELATIONS

4.1 Finite Element Formulstion
Shown in Fig. 4.1 is the cross—-section of s symmetric lsminate. Assume

the laminate is long in the axial x-~direction. Then, under the axial
tensile load Fx’ the displacement field of the laminate can be expressed in

the general form [3].

u(x,y,2) = ex + U(y,s)
v(x,7,2) = V(y,2) (4.1)

w(x,y,z) = V_(y.:)

vhere e is the uniform axizl laminate strain induced by rx, and V and W
are the y and z displacements respectively, which are independent of x.
The function U represents the warping of the laminates cross-section. Owing
to symmetry, the solution field can be reduced to the first quadrant of
the laminate cross section as shown by the shaded region in Fig. 4.1. The
solution region is then represented by a network of nodes and trisngular
elements as shown in Fig. 4.2 with the following symmetric boundary con-~
ditions,

u(0,2) = v(0,2z) = O

w(y,0) = 0

(4.2)

The formulation of the (constant strain) triangular finite element
based on the displacement field of (4.1) begins with the nodal force-dis~
placement relationship for a typical element,

0

R, R, =K, ¢§ 1, = 1,9 (4.3)

i i 13 3
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where K is the element stiffness matrix sand RO represents the element
residual nodal force vector. The § vector denotes the u, v, w functions

at the three nodes of the element and R represents the "reactive" nodal

forces (see detalls in Ref, [6]).
Assume the material of the element is described by the generalized

Hooke's Law as

o = Cyqley - a,aT) 1,5 = 1,6 (4.4)

Then, the element stiffness matrix K is given by [6],

Ky

j-(BDB)V i,j=1
m 1

12 nn®ny iz (4.5)

and the residual nodal forces RO are given by

0. *®
R (anmen* + B 2%n W n, i,

5
i 9 (4.6)

n=
. i =
where B 18 a 5 x 9 operator matrix depending on the coordinates of the

three nodes. In (4.5) and (4.6), V is the volume (area) of the element and

Dm = c(n-!-l) (n+1)v

e*=-q AT m,n =~ 1,5 (4.7)

n n+l

0," = C) ae1y[®g = 972T]

If the axial strain e, is known, then the "residual” nodal forces Ro
can be calculated. Thus, for a total of N elements in the network, N seta
of nine equations are obtained. However, these 9N equations can be con-

solidated into a set of 3M linear equations in the fora

£, = Aijdj 1, =1, M (4.8)




M being the mumber of nodes in the network. In (4.8), £ denotes the systes
resultant nodal force vector which consists of both the residusl force R0
and the reactive force R; A denotes the global stiffness matrix; and d
represents the displacement vector of the M nodes in the fields. Egquation
(4.8) can be solved either given a force boundary condition, a displacement
boundary condition, or mixed boundary conditions for the nodal network.

The local stresses snd strains for each of the N elemeuts can then be

calculated from the nodal displacement solution as

31 - eo
2+l = B,,d, ma=1,5;1=1,9 4.9)
01 - cl:l(‘j - GJAT) i = 1,6

(.10)
m( n

o) T 9. mem = 1,5

If the applied axial force Fx is specified, then the value of e, aust
be determined to satisfy the equilibrium condition that the sum of the
forces in the x-direction be equal to Fx' For the case of a thermal load
condition, the applied axial force F_ is equal to zero. Then, e, must be
determined; ¢, represents the thermal axial strain in the plate caused
by the constant thermal load AT. '

The present formulation can be applied to solve the free-edge delemi-
nation and transverse cracking processes by m of the "crack-closure”

technique described in Section II.
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‘The delsmination process is modeled by taking the axial x-direction as
the load direction of the laminate, and the applied leminate load is €5 " The
free-edge of the laminate is at y = L as shown in Fig. 4.2. Then the delamina-

tion process may be modeled by a crack starting at the free—edge and exténd-

ing towards the z-axis along a chosen plane defined by z = constant.

The transverase cracking process is nodcléd by taking the y-direction as
the load direction of the laminate. The laminate 1s losded by prescribing a
uniform y-displacement boundary condition along y = L. The applied load in .
the x-direction, Fx, is specified as zero to maintain a uniaxial temnsile load
éondit:ion in the y~direction. Then, the transverse cracking proceas may
be modeled by a crack starting at z = 0 and extending in the positive z
direction.

Some simplifications in the calculation of G may be made when a crack
is extended along a line of symmetry. The details concerning these sim-
plifications, the loading conditions, and the boundary conditions will be
discussed next in the actual calculation of the transverse cracking and

delamination processes.

4.2 Calculation Of The Enexgy Relesse Rate

In the present analysis, both mechanical and thermal loadings are
considered. The mechanical load is the uniaxial tension ¢ and the thermal
losding is the uniform temperature drop AT. Within the context of linear
cl_utic:ley. the mechanical a.nd' thermal loading cases may be solved indepen-
dently under unit load conditicns and then superimposed to cbtain thu
solution for a combined load comdition. It is convenieant to chaou the
sechanical load as the far field lsatnate strain ¢, *qual to one microstrain
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(1x 10”6). This represents a "fixed-grip" load condition. The thermal
load AT is chosen as minus one degree Fahrenheit for convenience. Let E;
and ﬁ; be the nodal forces and displacements respectively, due to the unit
mechanical strain load as determined by the finite element solution of
Equation (4.8). Similarly, let T& and 3} be the nodal forces and displace-
ments reapectively, due to the unit thermal load of AT = -1°F, Then, under
a combined loading of e, and AT, the nodal forces and displacements can be

expressed as

f= fme + fTAT

' p (4.11)
d=de + d,.AT
m T

To calculate the strain energy release rate it is necessary to intro-
duce a crack in the finite element network as described in Section II.
'Referring to Fig. 2.4, let D be the relative displacements of nodes f and g
when the crack is extended to a + Aa defined as
] - g - 8 4.12)
D may be represented in terms of a combined mechanical and thermal load
of e and AT as

D= e+Bar (4.13)

-

where 5; and DT are the relative displacements associated with the unit
mechanical and unit thermal loadings respectively. Let T be the nodal
forces required to close nodes £ and g together. F may be expressed in

terms of a combined load of e and AT as

i'n. + ¥t (4.16)
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where ?m and ?T are the nodal closing forces associated with the unit
mechanical and unit thermal loadings respectively. The energy release

rate per unit thickness may then be expressed as

G = [7%_5 ('fme + 'fTA'r) . (Sme + 'D'TAT)]t (4.15)

where Aa is the incremental crack extension as showm in Fig. 2.4.
Equation (4.15) may be rewritten in the form
¢ = [C.(e)? +C.(aT)? + C . (e)(AT)] (4.16)
e’ 0 T eT t *
where

C = (?m . ﬁm)/ZAa

(¢]

L}
~
o
[w)
~
~
[
&

(4.17)

The parameter t, appearing in Eq. (4.16) is the scale factor of length
between the actual dimension and the finite element dimension of the specimen.
Note that, for a given geometry and material properties, equations (4.17)
are functions of the non-dimensional crack length a/t and are 1ndependent‘
of the applied loading. Thus, the functions Ce’ CT’ and ceT are character-
istic for a particular crack growth and are hereafter denoted as the "energy
release rate coefficient functions".

The mechanical load coefficient function Ce may be expressed in terms

of the x, y, z components of ﬁm and 5m as

* The expression for Cer 18 equivalent to Eq. (2,31)
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CeI = (me * Dny)/ZAa
ceII = (an . Dm!)IZAa (4.18)
ceIII - (sz ' Dnz)/ua

noting that

Co ™ Cor * Cerx * Cernx (4.19)

The subscripts I, II, and III are identified with the mode 1, mode Il
and mode 1II crack extension modes respectively. Similar expressions may be
obtained for the thermal and mixed load coefficient functions. Thus, the
mode I, mode II, and mode III components of the energy release rate may be

expressed in terms of the coefficient function as
G, =tlc ()2 +cC, (AT +C . (e)(AT)]
el TI eTl

Gy = t[Cen(e)z + c,m(mt)2 + € ppp(e) (4T)] (4.20)

Grpp = tIC, ppp(@)? + Crpr (ADF 4 €y 11 () (4T)]

II1 elll TII1

4.3 Numerical Solution Convergence Study

The numerical solution of the transverse cracking and delamination
problems requires an optimal finite element discretization which yields
sufficiently accurate results with minimum computational requirements.
Lacking an exact solution fof comparison, the acceptability of the numerical
approximation is determined here by comparisons between the results obtained

from various node and mesh distributions.

Y S

I e
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For example, consider the interlaminar shear stress distribution in
the vicinity of a transverse crack of the [1-_25/90]s laminate, see Fig. 2.10

The calculated interlaminar shear stress Tyz along the 25/90 interface is

plotted against the logarithm of the distance from the transverse crack tip

in Fig. 4.3. It 18 seen that by using different crack tip nodal spacing, the

convergence of the shear stress near the crack tip can be evaluated. For a
- i ] spacing of Aa = 0.025t (t being a single ply thickness), the semi~log plot
1 of the shear stress Tyz is almost a straight line; the slope of the line is
nearly -0.5. This agrees with the commonly accepted notion that the stress
singularity at a crack tip in an isotropic mediumis associated with 1/7/¥.

Similarly, the calculated energy release rates GI for a transverse crack

growing in the [1_25/9011]s laminates are plotted against the increment crack

length Aa/nt in Fig. 4.4. Here, it is seen that for da = 0.05t, the calcu~ I

lated GI reaches almost 99% the converged value (using 4da = 0.025t).
Apparently, the numerical convergence of G is faster than the crack-tip stress,
Fig. 4.5. This 1is due to the fact that G is calculated from the nodal forces
and displacements, while the stress is calculated from the first derivatives
of the nodal displacements.

Use of a . nodal spacing Aa = 0.050t {s sufficient for purpose of ex-
perimental correlation of the fracture processes discussed in this study. It

should be noted that, the single ply thickness of the material is nominally
6

t = 0.0052", Eq. (3.2). Then, Aa(= 0.05t) is in the order of 250 x 10° inch,
which is about 2-3 times the graphite fiber diameter. Thus, the choice of Aa
is probably the limit for which the assumption of "ply-elasticity" remains

valid.
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4.4 Correlation with the [0/90,/0]-Family

Recall in the experiment that laminates of the form [0/90n/0]. ne=1,2,3,4
and [02,9°2n/°2]’ n~=)1,2 wvere tested under uniaxial tension under room
temperature condition. The [02/9°2n/°2] laninates were also tested under
varying test temperatures. In all cases, except [0/90/0], transverse cracks
in the 90°-layer were recorded before final laminate failure. Experimental
results obtained in this test series have been summarized and tabulated in
Table 3.2, Section III.

According to the finite element simulation procedures discussed pre-
viously for the growth of transverse cracking, energy release rate coefficient
functions are generated for each type of laminate in this series. The
material constants for the basic material ply used in the calculation are
31v¢§ in Eq. (3.1) in Section III. Figs. 4.6, 4.7 and 4.8 display the
coefficient functions C., Cer and CT’ respectively for the [0/90n/0] series.

In order to use the coefficient functions for predicting the initiation
of transverse cracking in these laminate, it is necessary to define, at
the outset, the fracture quantities GIc and ag.

As has been already discussed earlier, transverse cracking in the
90°~layer is of mode-I fracture. The associated material resistance GIc
must be determined experimentally in a manner analogous to the cracking
process 1itself. The experiment discussed in Section 3.3(d), however, was
not appropriate for simulating transverse cracking. Rather, it determined

the G, value for cracking similar to 0°/0° delamination. In that case,

Iec
it vas found that G ~ 0.9 in-1b/in’.




William (12], who used the AS-3502 graphite-epoxy system, found that
GIc for 0°/Q° delamination cracking was in the range of 0.8 to 0.92 1n-1b/1n2.
and G, for 90°/90° delamination cracking was in the range of 1.2 to 1.4
1n-1b/1n2. The latter simulates more closely with the transverse cracking
process discussed here.

Since the T300/934 material system used in this test series is very
similar to the AS-3502 systea used by Williams [12], we shall use the value
G, = 1.3 in-lb/in2 for all transverse cracking simulations conducted in

Ic
this study. Thus,

Gy, = 1.3 {n-1b/4n> (4.21)

As for the‘quantity a, it 1s much more difficult to determine experi-

mentally. Recall that the definition of a. must be viewed at the macroscopic

0
level and in the.sense of the Griffith's original problem (see discussion in
Section II). It represents some effective flaw interior to the 90°~layer
with a size of 2:0.

Again, in the experiment discussed in Section 3.3(d), where specimens
of double-side notches were tested, on the basis of the experimental strength
of the [908] specimens, it was suggested that the specimen had an effective
side notch of size a; = 2.5 timea the ply thickness (ply thickness = 0.0052").
This a, value is associated with specimens having cut edges; man-made flaws

along the edge may have contributed greatly to the size a,.

.
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In the case where the 90°-layer without edges (the Griffith problem), or
its edges are constrained from cracking, it is believed that the effective
flaw should be nﬁch saaller. Thus, without & direct experimental determina~
tion, we shall assume here that if the thickness of the 90°-layer is un-

bounded, an interior flaw of size 2a. = 3t exists, which determines the un-

0
stable mode-I crack propagation of the 90°-layer under tension. Or, slterna-

tively, the quantity a, associated with the traunsverse cracking simulation is

0
defined as

a, = 1.5¢ (4.22)

t being one ply thickness (equal 0.0052").

With GIc and a, defined, the prediction of the onset of transverse
cracking in this series of tests are presented in the following.

Consider first the laminate [0/90/0], n = 1. The total thickness of
the 90°-layer is only t = 0.0052". Any inherent flaws in the thickness
direction cannot be more than 0.0052" in size, but can be anything smaller
than t. Thus, for all possible sizes, the largest possible energy release
rate is associated with amﬁ 0.4t, see Fig. 4.6. The energy release rate
coefficients ce. ceT and CT at a = a  are found from, respectively, Figs.

4.6, 4.7, and 4.8:

4 -4
Ce(an) = 136x10; cet(am) = 39; CT(am) = 2.9x10 .

Then by means of Eq. (2.30), the maximum available energy release rate

for transverse cracking is

Ga) = [C (a)e 2 + C.r(‘m’;xzﬂ + c.r(.n)arzlc (4.23)




; “: e e . - .
| And, according to the criterion for initiation, Eq. (2.32), onsat of
transverse cracking is defined by
Gla) = G (4.24)
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Using the prescribed values of Gy = 1.3 in-1b/in%, ¢ = 0.0052" and

AT = to,- T = 300°-75° = 235°F, we calculate from (4.23) and (4.24)

| test
the onset laminate strain ;x’

ex = 1,03%.

The calculated laminate modulus Eg is 14.55 msi. Hence, the onset laminate

gtress °x is

oy = 150 ksi.

Similarly, onset strains for the {0/90,/0] and [0/90,/0] laminates
can also be found using the maximum strain energy release rate ;é a=a:
forn = 2, a = 0.8t, and for n = 3, a - 1.2t; all are smaller than

a, = 1.5t. Thus, for n = 2
4, - 17 - =4
c‘(o.at)-zmxm H ca(o.ac) 17; cT(o.sc) 5.5x10
forn=> 3, , '

C (1.2t) = 415x10% C .(1.2t) = 115; C.(L1.2t) = 8x10°%,
e eT T
The predicted onset strains are

g-oJu_fun-z
Zx = 0.464% for n = 3

The computed laminate moduli !: are, respectively 11.35 and 9.4 msi; hence,

the redpective onset laminate stresses are,
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Ex - 72,6 ksi forn= 2

3: = 43.6 ksi for n = 3.

In the case of [0/90‘/0], n = 4, the total thickness of the 90°-layer
is larger than 2‘0 = 3t. Hence, the worst flaw in the thickness direction
cannot be larger than 2;0 = 3t, Then, using the energy release rate

ccefficient curves in Figs. 4.6, 4.7 and 4.8, we determine

4 -2
Ce(ao) 550x10 '; C‘T(ao) = 150; CT(ao) = 0.1x10 ~.

By equating G(ao) - GIc’ we obtain the onset laminate strain,
e = 0.372
x
With the computed laminate modulus Ex = 8.12 msi, the onset stress is
Ex = 30 ksi.

The prediction for the [02/902/02] laminates is carried out using the
energy release rate coefficients found for the [0/90/0] laminate. But,
in this case, t takes the value of 2x0.0052" for double plies in each of

the layers. Hence, the predicted onset laminate strain is

e, " 0.632

and the corresponding stress is

5; = 91.6 ksi.
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. As for the [02/904/02] laminate, the energy release rate coefficient
curve for [0/902/0] may be used. Here, the length scale t takes the value
2x0,0052" . The value of G 1s evaluated at a = a; = 0.75¢ (because the
90°-layer thickness is now larger than ao). Hence, from Figs. 4.6, 4.7 and
4.8, we determine Ce’ CeT and C.r at a/t = 0.75, from the curves corresponding

tons= 2,

4 -4
Ce(ao) = 260x10 ; CeT(ao) = 70; CT(a) = 5,2x10

{ -
1{ and the calculated onset strain for transverse cracking is then

- e, = 0.3842

or the stress is

’

Ex = 43.5 ksi.

Btemmivon 4
.

Table 4.1 below summarizes the calculated results. Values in the

parentheses indicate the corresponding experimentsl results. A comparison

between the calculated and the experimental results is illustrated in Fig.

4.9. It is seen that the transverse cracking model not only provided the

correct trend reflecting the effect of the 90°-layer thickness on the

v Wma’m—-‘-&fﬂ:';’aﬁ" N

cracking initiation, but also yielded reasonably close agreement numerically
with the experiment. It should also be noted that the prediction actually
gives the "minimum" load required for cracking initiation, and it is,
therefore, the lower bound descriptionm.

In the calculations of the onset laminate strain or stress, it is
noted that the contribution to the energy release rate from thermal curing
stress 1s rather significant. Fig. 4.10 shows for the [0/90n/°] gseries,

the actual proportions of Ge’ Ge and GT in the total energy release rate.

T
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It is seen that the thermal energy itself is relatively small, especially
in the laminates of thin 90°-layer. On the other hand, the thermal/
mechanical coupling energy is the most dominant{ it is more pronounced in

the laminates with thicker 90°-layer.

Table 4.1 Summary of Calculated Results

S

-

P TR 3ot

L}
e S

3 T

WJ!-“L’.
A T

Laminate Ex’ msi Stress at Transverse Crack
(0/90/0] 14.55(13.9) 150(No crack), ksi
[0/90,/0] 11.35(11.3) 72.6(59-71)
[0/90,/0] 9.4(8.9) 43.6(LL-53)*
[0/90,/0] 8.1(7.9) | 30 (34-44)*
[0,/90,/0,] 14.55(13.9) 91.6(76-98)
[0,/90,/0,] A11.35(11.z) 43.5(42-57)

* (Cracks found between the load interval indicated.

Finally, for the [02/90a/02] laminates that were tested at different
temperature environments, see Fig. 3.10, prediction of transverse cracking

can be carried out similarly as before, except now

- - -» e - .
AT TO Ttest 300°F Tteat
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Figure 4.9 Comparison of the Predicted and the
Experimental Results; (0/90,/0] Series.
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Experiments [12, 28] have suggested that the value of GIc is generally

affected by temperature, that G. increases slightly with increasing temper-

Ic
ature and vice versa.
Lacking an experimental determination of the dependence of Gc on

temperature for the T300/934 system, we shall defer this question in a latter

study. However, if we use G, = 1,2 and GIc = 1.4 in-lb/inz. respectively

Ic
in the calculation, a narrow band is obtained for the onset laminate stress
(at transverse cracking) as a function of the test temperature, Fig. 4.11.
It is seen that the experimental results generally lie within the band,

- except at higher temperature. The latter suggests that the material GIc

"'
L. . .
e e bt ad e € pee

value may actually be larger than 1.4 1n-1b/1n2 at temperature > 120°%. E

4.5 Correlation with the [+25/90,]g~Family

. In the experimental study on the [1-25/90n]s family, it is recalled

that several different cracking modes occurred in the laminates. The sequence

of occurrence of the various cracking modes was found to depend on the
thickness of the 90°-~layer, or the parameter n. In order to model these
crack growth events, we shall consider separately the onset of transverse

cracking and the onset of delamination that occur in the laminate series.

(a) Prediction for Onset of Transverse Cracking. For the [;t_25/9on]s series,

the transverse cracking mechanisms are identical to the [0/9°n,°] laminates
that were discussed previously. The finite element simulation of the crack

provides the energy release rate coefficients C‘. C‘T and cT for each value

™ N M P v

of n(=~ 1/2,1,2,3,4,6,8). These coefficient curves are plotted as a function

of the crack length a/t, : being the thickness of a single ply (0.005"),

o

Figs. 4.12, 4.13 and 4.14. It is seen that these curves are similar to

those shown in Figs. 4.6, 4.7 and 4.8 for the [0/90_/0] sertes.
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To predict the onset of transverse cracking for this series of laminates,

we shzall use the same material constants as before. Namely, AT = 225°F,

Porvamnang |

= 1.5t = 0.0075" and G__ = 1.3 in-1b/1n2. Table 4.2 below summarizes the

%o 1
appropriate values for c‘. C‘T and CT used in the calculation, and the i

calculated onset laminate strains for transverse cracking in the series.

Table 4.2 Summary of Calculated Results for '
Onset of Transverse Cracking ;

6

-4 - ;
[+25/90_ 1, Ce» x 10 C.r Cps x 10 e % :}
n=1/2 1.0 a1 2.1 1.14 |
1 2.5 75 6.1 0.66 1
g 2 5.4 240 10.5 0.38 ;]
yf 3 5.7 161 10.9 0.352
4 6.0 154 9.5 0.36
6 6.4 148 8.5 0.363
8 6.5 140 7.5 0.378
*
(+25,/90,] 2.45 73 6.0 0.375

* Use t = 2 x 0.0052"

In the above table, it is seen that the thermal/mechanical coupling
effect is largest in the case of n = 3. Hence, the predicted onset laminate
strain for transverse cracking is also the lowest. A4lso, in the cases of

n=1/2 and 1, the calculated onset laminate atrain are large, because of
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the available energy release rates are small. In fact, for these two cases,
there was no transverse crack found in the experiment (instead, free edge
delamination occurred). These calculated results are graphically displayed
in Fig. 4.15 along with the corresponding experimental values found in
Section III. It is noted that the comparison between the prediction and the
experiment is exceptionally close, not only in the trend, but also in the

actual numerical value.,

(b) Prediction for Onset of Edge Delamination It is recalled in the experi-
ment (Section III) that edge delamination was observed prior to final failure

in each of the laminates in the [:;25/90n]s gseries. The observed edge delami-
nations generally occurred at loads in excess of 90X of the ultimate
laminate strength; it, therefore, may be regarded as the initiator of the
laminates' final failure.

In the finite element modeling, the same ply properties were used
in the calculation, except (1) the appropriate critical energy release rate,

whether be it GIc or mixed-mode G )c; (2) the appropriate value for a,

(1,11
and (3) the ply properties of the‘90°-layer after it had suffered trans-
verse cracks.

As has been discussed previously, edge delamination along the mid-plane
of the laminate can be modeled as mode-1 crack. Experimental observations
in this type of delamination, indicated that the cracked surface was similar

to the crack surface of a transverse crack in the 90°-layer. Thus, for

mode-I crack, the value of GIc = 1.3 in-lb/in2 may be confidently used.
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On the other hand, delamination along the 25/90 interface is generally

o &

1 [ 1 mixed-mode. As will be shown later, the calculated Gy to Gyry (G, ~0)

'%‘2 ratio is approximately one to one for laminates n » 3 and n = &4; GIII is
'f [‘much less than GI for n = 2. Referring to the experimental data discussed

in Section IIX(d) and in particular the data shown in Fig. 3.22, the possible

f' range of G(I,Il)c should be

—

2 _
B The appropriate value for a, in the free edge delamination cases should
7“; ‘{ be larger than 1.5t, which was used in the transverse cracking modeling. 3
; ] The reason is that the crack is initiated from the cut edges of the specimen, ’
;‘j rather than from the interior as in the case of transverse cracking. In ]
;~;:? [7 the calculations that follow, a, takes the value of 2t,
o
f a, = 2t = 2x0.0052" (4.26)

Finally, for the laminates of n > 2, multiple transverse cracks were
formed in the 90°-layer before edge delamination. The ply elastic proper-
ties of the 90°~layer have obviéusly been degraded. An approximate estimate
for the reduced 90°~layer stiffness may be determined by a backward calcula-
tion using the laminated plate theory. In the laminate series of n > 2, the

following reduced property for the 90°-layer is used in the calculation:

EL = 21,0 Msi ET = 1,2 Mgi Ez = 1,72 Msi
Vit * 0.3 Vpz ® 0.3 sz = 0.3

- - 4.27)
GLT = 0.66 Msi GTZ 0.35 Msi GLZ 0.94 Msi

a, = 0.2 ue/°F ap = 16 ue/°F a, = 16 ye/°F
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Note that only four moduli are affected and they are underlined. The global
effect of the transverse cracks gives approximately the same reduction
in the effective laminate stiffness as observed experimentally. It will be
shown later that the reduction of the 90°-layer property is not sufficient
to predict the onset of delamination whenever transverse cracking preceded
delamination. In these cases, the interactions between the transverse crack-
ing and delamination processes become more pronounced as has been discussed
previously in Sections II and III.

Mid-Plane Delamination

Calculation for mid-plane delamination was carried out for laminates
of n=1/2, 1,2,3 and 4. The energy release rate coefficients associated
with the mechanical, thermal, and the coupled components are calculated and
shown in Figs. 4.16, 4.17 and 4.18. The general shape of these coefficient
functions . increase from zero to a maximum value followed by a
slow reduction in value as the crack propagates inward. This implies that
once a mid-plane delamination forms, it may undergo stable crack growth.
With the exception of the case of n = 1/2, the magnitude of these shape
functions decreases as n is increased. In the case of n = 1/2, the total
laminate is approaching the limiting case, say, of a [:25]s laminate, which
does not delaminate at all in the assumed opening mode.

These energy release rate coefficient functions are calculated based
on the assumption that delamination is the first mode of damage in the

laminate and hence the full ply properties are used for all plies in the

laminate.
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As discussed before, edge delamination occurred after the formation
of trangverse cracks in the 90°-layer for those laminates of n > 2. Thus,
the post-transverse cracking mid-plane delaminations are modeled a second
time using the reduced effective moduli as given in equation (4.27) for the
cracked 90°-layers only. The corresponding energy release rate coefficient
functions for n = 1/2, 1,2,3 and 4 are shown in Figs. 4.19, 4.20 and 4.21 for
the mechanical, thermal, and the coupled components, respectively. These
coefficient functions are slightly larger in magnitude than those which do not
include the effect of transverse cracking. These indicate a larger available
energy release rate for delamination. Thus, the inclusion of the effect of
transverse cracks in this manner will predict a lower onset load for mid-
plane delamination.

For prediction of mid-plane delamination, we use AT = 225°F and
GIc = 1.3 1n-1b/1n2 as before; and a, = 2t as discussed earlier. The pre-
dicted onset laminate strains for n = 1/2, 1,2,3 and 4 are summarized in
Table 4.3. It 1is gseen that the predicted onset strains, with or without the
effect of reduced 90°-layer property (due to transversé cracks) are practically
the same. Since, for the cases of n = 1/2 and 1, the predicted onset strain
for delamination is lower than the predicted onset strains for transverse
cracking (see Table 4.2), and since the predicted onset strains for delami-~
nation are larger than the onset strains for transverse crack in the cases
of n > 2, the values that are underlined in Table 4.3 govern.

From Table 4.3, it is seen that the mechanical component of the energy
release rate generally dominates the fracture process while the thermal energy

is quite insignificant. Also, with the exception of n = 1/2, the onaet
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laminate strain increases as the thickness of the 90°-layer also increases.
This trend suggests that mid-plane delamination may not be possible when n > 2.
Indeed, as will be shown next, a mixed-mode 25/90 delamination is predominant
when n > 2 (this was also observed in experiment).

Mixed-mode 25/90 Delamination

The schematics of this mixed-mode crack and the finite element representa-
tion have been shown in Fig. 2.13. The energy release rate coefficients Ce,
CeT and Cp for the laminates of n » 1/2, 1,2,3,4,6,8 are calculated for the
25/90 delamination. Figs. 22, 23 and 24 show the coefficients calculated
using full ply properties (no consideration of transverse cracking) for the
90°-layer. And, Figs. 25, 26 and 27 show those calculated with reduced 90°-layer
properties.

For predicting the onset strains for this type of delamination, we used

all the previously used material comstants (AT, ags etc) except that

2
G(I’H)c 1.5 in-1b/1in". (4.28)

" This quantity has been suggested as the lower bound value for mixed-mode

cracking. And, there is no other experimental evidence to indicate a more

def;nite value for G(I,II)c'

Accordingly, the theoretical onset strains are calculated; and they are
tabulated in Table 4.4. Again, the effect of the reduced 90°-layer property
is negligible. Although, the predicted strains for n > 2 are uniformly smaller
than that for mid-plane delamination, the 25/90 delamination may not govern
when n > 4, because the increasing ;rend of the prediction with the increase
of the 90°~layer thickness suggests that a different mode of fallure may
occur bdefore this type of delamination, which 1s due to edge effects alone.

137




*uogjeuTUeT2q IBp7z-9913
90931930 06/ST 303 SIUDIITIJI0) IVY IswATIY ABioug peOT TEOFUBYIIH TZ°Y san8y g

3/® HLONZ'T NOVED FALLVIZY
0y ¢ "2 9°1 8°0 0

] T ] 7 ] [1°




8y

103 83ULTOT3FI0D

0°Y

3wy 989y ABisug [edTuByOS/TPWIAY] paTdnoy ¢Z°y eandra

Al 3

‘uojjeuywe[aq a8pz-9913 208JIIUI 06/5T

3/® HLONAT XOVHD FALLVIAY

9°C

9°1

8°0

L))

|

|

q1 ut

139

-".- f. oy o A




p— . .
‘uorjevuweyaq 23pE-2913 OeFIIIUT 06/ST
103 SJIUDTOTJIIO0) 93wy I8vI[IY LBavug peOTT TewIdY] 4HZ°y IIndyg
/e HLONZT XOVHD AAILVTIHY
8y 0y Te LA 9°1 8°0 . 0
] | _ | _ ¢
g =
./‘\\ ] y
9=t B . 1/\
. Ho g
y=u . : £
: o
’
g =u U
—for &5
. ~N
e e
m o
N
¢ = U e -] 21
u = U . = A.M
5 = u . i
$
91 i
- ‘Nr
54

- TR Sl . 5 g g s O g




*gay3z3doagd A1d .06 P2Onpay YITA UOTIEUFWEBT3(Q a8pg-o91y
@#083J3193uUy (06/SZ 103 SIUSTITIJB0) 2IBY 28WITAY £8asug pvOT TEBIFUBYIIR GZ°'Yy @andrg

3/e RLONFT NOVHD FALIVINY

0'Y (A% e 9°1 8’0 0

_ ] _ 1

SOI X 29
141

a
z ¥
qT ut

ot S G




*satixadoag L1d ,06 peonpoy YITM UOTIvUImEBTA(Q
a8pg-931 sIUATOTIIE0) 23'Yy 9swITaY LBioug TeoyusyddR/TewWIay] paTdno)y 9z°y InByz

3/8 HLONAT AOVND FALLVIAY
8y 0% 't %2 9°1 8'0 0

P | I | J
!
| |
o
g =u .m.
i (g]
| . u
v e
o= .
~ (o'
=1
€ = .
¢ = U
1 =u ==
- 6Y .




*saf3aadoagd
£1d ,06 Paonpay YIFm uorjeutuweaq 38pz-221] 908FIIIUL
06/ST 303 SIUITOTIFI0) 1By ISBIATIY K813uy pero TEWIAYYL ([Z°y danByy

/% HLONZT YOVED AAILVIAY
8y 0y Al vz 9°1 8°0 0

o1

o~ (e} 3
[ ] ] [ ]
[ [ [
| | T
- -] -]
g™ ot x '
qT ut

(4]

am = U -4 %1
.
91
. . . . . . . . P U —— -
— e T N R L ol e wme
v = - ; . : B
% - - “ _ L WA . X

ka *




wpes B s B LS B T T —
w08°0 | €°st t'o | o°vs %08°0 | z°St L0 1°%8 z 8
18c°0 | 981 "1 08 182°0 | w-s1 "1 s 08 4 9
9c1°0 | s°1z ¢ 1 0L gser0 | €1z <1 L z Y
Lo | v 02 9°tL ocL'0 | 6°€2 6°1 (A7 z €
foc'o | 9°9z sz | 6oL o0 | 9°92 Sz 6°0L z 4
voL°0 | s°82 0°¢ <89 90L°0 | v°8¢ 0'¢ 9°89 z 1
@ Cou Com Coo| @ Com Cov Con | 2
hO .—.@U .—.Q 00 kﬂ .HOQ u.u QQ OQ a
ONIMOVED ASHAASNVIL HLIM ONINOVYD ASUAASNVEL ON

crn W faals *uin e - SR

uopjeuTwERTaQ °8pz-9214 advFIIIUL 06/ST 103
gojey 25879y A819uy pue UTEIIS TEOFITAD PIIBINOTED ¢y IIqEL

pU

T Py e




Mixed-Mode Delamination From a Transverse Crack Tip

From the previous discussions, it is evident that formation of free edge
delamination interacts with the formation of transverse cracking in the
[:25/90n)' series. The relative dominance of one over the other depends
closely on the parameter n. For n > 2, transverse cracks always form before

delamination. And, the shear stress concentration at the transverse crack

tip can aggravate delamination along the 25/90 interface where the transverse

crack is terminated. Fig. 4.28 shows the interlaminar shear stresses Tyz as

plotted against the distance from a transverse crack tip along the 25/90 inter-
face. It is seen that the singular stress magnitude near the crack tip is
essentially the same for all values of n. However, the shear stress gradient
away from the crack tip becomes gradual as the value of n increases. Thus, in
terms of the available strain energy'for delamination along the interface,

the larger the value of n, the more available strain energy. Clearly, for

a large n (or thicker 90°-layer), the likelihood of a transverse crack tip
induced delamination becomes predominant, )

Fig. 4.29 illustrates the schematical representation of the transverse
crack tip induced delamination. Without considering other interacting factors,
such a delamination growth can be modeled as a l-dimensional crack propaga-
tion in the load direction along the 25/90 interface. Accordingly, the finite

element simulation, in this case, is shown in Fig. 4.30. The applied load

is represented by a uniform displacement § of the +25-layer, such that the

far-field axial laminate strain is a unity. Delamination growth is denoted

by the crack size a.
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Numerical calculations for the energy release rate coefficients are
conducted for the laminates of n = 3,4,6 and 8. And, these are shown in
FFig. 4,31. These calculated coefficients represent the total sum of the
mode I and II components; the mode-III component is negligible for all
values of n.

It is noted that for this type of delamination, the mode<II shearing
action is predominant. Initially, when the crack is small, the crack-tip
"opening” is actually closed. As the crack becomes large (greater than t),
then, the mating surfaces of the crack become separated with some "opening®,
The emergence of the "opening" mode for each value of n is indicated by the
transition of the dashed lines to solid lines in Fig. 4.31.

Let us now examine again the schematic representation in Fig. 4.29.
Along the free edge of the [3?5/90n]s'lan1nate, there is still the competing
delamination action due to the edge interlaminar stresses on the 25/90
interface. The available strain energy for this edge crack action has been
évaluated earlier for the 25/90 mixed-mode delamination cases, and the
corresponding energy release rate coefficients are displayed in Figs. 4.25,
4.26 and 4.27.

The driving forces (energy release rate) for the above discussed crack

are mutually orthogonal at the instant of initliation; the transverse crack tlp

delamination is in the load direction and the edge delamination perpendicular
to the load direction. Thus, in the absence of a truly 3-dimensional crack
gravth simulation model, we simply assume that the two orthogonal energy re-
lease rates can be added as a vector sum, which is then the driving force

for the triangular shaped delamination, as observed in the experiment for

cases of n.> 4.
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Thus, the vector sum of the energy release rate is given by

1, 2 2

is the energy release rate associated with delamination emanating

where GTC
from the transverse crack tip, and G!D is the energy release rate associated
with the mixed-mode 25/90 interface delamination at the free edge. The

corresponding initiation criteria for such a delamination is then given by

Qro,r(ao) 2 G(I,II)C (4.30)

As in the previous cases of mixed mode cracking, we again use values for

G(I,Il)c =1,5 1n-1b/in2 and a, = 2t. A prediction for the onset of these

cracks are then calculated. .These calculated results are given in Table 4.5

below.

Table 4.5 Calculated Critical Strain for Combined Transverse
Crack Tip Delamination and 25/90 Interface Free-
Edge Delamination

n 3 4 6 8

Zx ) 0.611 0.596 0.573 0.555

Figure 4.32 summarizes the p:ndicted onset strains of edge delamination
for the series of laminates, along with the experimentally obtained vglucs.
The different symbols used in the figure distinguish the various delamination
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modes. It seems that the analysis captures the physical mechanisms quite
accurately, although the quantitative prediction showed some discrepancy
with the experiment, especially for n > 4. In the latter case, it is believed

that the reason for the low laminate strain at onset of delamination is due

to the excess strain energy released during the unstable propagation of the

transverse cracks (see Fig. 2.8 and the associated discussion in Section II).

This excess energy in laminates of n = 6 and 8 is very large; the associated [
dynamic effect is believed to cause the prematured delamination growth, which is
emanating from the transverse crack tip. Indeed, if we examine the experi-

g : , mental data shown in Fig. 3.11, we see for example that iﬁ the laminate of

n = 8, delamination along the 25/90 interface followed immediately the for-

mation of transverse cracking, while the final laminate failure followed

immediately the delamination. It seems that the sequence of events from

transverse cracking to final failure is almost continuous whenever. the

90°-layer is excessively thick. .

4.6 Mixed-Mode Fracture in [0g]-Family .

In this sub-section, we shall present some of the numerical details in
simulating the crack growth emanating from the notch-tip, along the fiber
direction for the [98] family. In this case, the same finite element pro-
cedures were followed, except that the basic formulation of the finite
element stiffness matrix was based on a "plane stress" approach, rather than

the "generalized plane strain” approach. Thus, the mode of cracking generally

consists of mode I and mode 1l only. The ratio between Gn and GI depends
on the flber angle 6.
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Fig. 4.33 shows the calculated energy releass rates GI and GII

against the crack growth size a (see Fig. 3.21 for the crack growth geometry).

as plotted

The unit of G shown in the figure is 1n--lb/:|.n2 per unit far-field applied
strain.

From Fig. 4.33, it is seen that mode 1 action is predominant for fiber
angle O > 45°; and the mode~II component of G is practically negligible.
G~curves for @ > 45° are monotonically increasing with the crack size a,
guggesting an unstable crack growth behavior. As the fiber angle decreases
from 45°, mode~II contribution increases rapidly. In particular, when 8 < 30°
the energy release rate curves show a decrease as the crack grows from the
notch tip. As the crack grows further, the available energy then increases
slightly. Thus, a minimum value of G exists for 0.01" < a < 0,04”". This
behavior of the energy release rate indicates a stable crack growth for small
fiber angles, say 8 < 20°.

Assuming that a macroscopic flaw of size about 0.01" exists near the
notch tip along the fiber direction (this is the same as ag~ 2t as before),
then, the values of G

and G.. taken at a = 2, will determine the onset of

1 11

crack growth along the O-direction. These values of GI and GII were shown

earlier in Fig. 3.20; and they were used to correlate with the experimental

data (Fig. 3.19), In the process, we determined the material resistance

G(I IDe under the varying degree of mixed-mode crack actions., As is shown .
?

in Rg. 3.22, G(I.II)c shows a dependence on the ratio Gn/'GI when it is

measured at the macroscopic level,
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V. CONCLUDING REMARKS

In this report, we have presented the research results obtained in the
AFOSR sponsored program under the contract F49620-79-C-0206.
Before this report, a total of six (6) techmnical papers and a Ph.D.

dissertation vwere published during the contract period from 1 September 1979

to 30, September 1981, These papers have dealt individually some of the

major developments accomplished in this program, see Ref. [29-35].

At the conclusion of this report, the following observations are made.

& .
i i g1 28 08 (0 IO

(a) Sub~laminate crack growth, such as transverse cracks and edge delamina-
tion discussed in this report, is basically a fracture failure process. It
has been demonstrated that the phenomenological description, via ply elasticity

and the classical fracture mechanics, can be applied successfully to model

some of the often observed cracking processes.

But, it must be pointed out that, given a laminate under load, there
may be a multitude of crack modes that interact with one another. The result-
ing complex network of crack propagation may present a formidgble mathematical
problem 1if it is also'to be described by the same fracture analysis approach.

Rather, we have learned from the simpler analysis the important material

and geometrical parameters which have profound influences on the sub-laminate
crack growth behavior. For example, the effect of the 90°-layer thickness on g
the ctransverse cracking and delamination processes deserves due attention

in practical design. Similarly, the material toughness Gc is another param-

kA A 5L n kol o el o g
4 * v’ »

eter which should be considered in composite laminate design.
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(b) Sub-laminate crack growth generally lowers the strength of the laminate.
The effect pertains to the growth stability of the sub-laminate cracks. In
the L1-25/90n]s series studied in this report, see Fig. 3.11, it is seen that
the failure strain of the load-bearing ply (the +25°-layer) decreases
dramatically when n > 4. The in-situ stresses in the +25°-plies just before
failure varies profoundly with the value of n, as shown in Fig. 5.1. C(Clearly,
the failure process in the lqad—carrying +25°-plies 1s again a fracture event.
This, however, has not been analyzed in this report.

(c) The finite-element/crack-closure procedure is a useful computational
simulation technique. In view of the dimensional requirement of the phenomeno-
logical model, it is felt that a simple formulation (without inclusion of
stress singularity, for instance) is sufficient for purpose of simulating the
kinds of-crack propagation such as discussed in this report.

(d) It is felt that the determination of Gc assoclated with sub~laminate
cracks has been inadequate. In particular, the process of mixed-mode failure
remains almost unexplored. Continued and future researches may provide more

information soon.
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Laminates vs. the number of 90-plies, n.




(1]

(2]

{3]

[4]

(5]

(6]

(7]

(8}

[9]

[10]

[11]

REFERENCES

G. P. Cherepanov, "Mechanics of Brittle Fracture,"” McGraw~-Hill
Co. New York (1979), p. 8.

M. B. Bader, J. E. Bailey, P. T. Curtis and A. Parvizi, "The Mechanisms
of Initiation and Development of Damage in Multi Axial Fiber -
Reinforced Plastics Laminates,” Mechanical Behavior of Materials,
ICM-3, Vol. 3 (1979), pp. 227-239.

R. B. Pipes and N. J. Pagano, "Interlaminar Stresses in Composite
Laminates under Uniform Axial Tension," J. Comp. Materials, Vol. 4,
(1970), p. 538.

S. Tang, "Interlaminar Stresses of Uniformly Loaded Rectangular
Composite Plates," J. Comp. Materials, Vol. 10 (1976), p. 69.

P. W. Hsu and C. T. Herakovich, "A Perturbation Solution for Inter-
laminar Stresses in Composite Laminates," Composite Materials: Test
and Design, ASTM STP 617 (1977), p. 296.

A.S.D, Wang and F. W. Crossman, ''Some New Results on Edge Effect in
Symmetric Composite Laminates," J. Comp. Materials, Vol. 11 (1977),
po 92. :

S. S. Wang and I. Choi, "Boundary-Layer Effects in Composite Laminates,"

paper #F9-0803. AIAA/ASME/ASCE/AHS 20th Structures, Structural
Dynamics and Materials Conference, St. Louis (1979).

N. J. Salamon, "An Assessment of the Interlaminar Stress Problem in

Laminated Composites," J. Comp. Materials, Supplement, Vol. 14
(1980), p. 177.

J. G. Bjeletich, F. W. Crossman and W. J. Warren, "The Influence of
Stacking Sequence on Failure Modes in Quasi~Isotropic Graphite-Epoxy

Laminates," Failure Modes in Composites - IV, AIME, (1978).

B. T. Rodini, Jr. and J. R. Eisemmann, "An Analytical and Experimental
Investigation of Edge Delamination in Composite Laminates,” Proc.
4th Conf. Fibrous Composites, San Diego, Calif., (Nov. 1978).

J. S. Cullen, "Mode-I Delamination of Unidirectional Graphite-Epoxy
Composite under Complex Load Histories,” M.S. Thesis, Texas A & M
University, (1981).

e e



(12}

f13)

(14]

15]

(16]

{17]

[18]

(19}

{20}

[21]

(22}

(23]

[24]

[25])

D. Williams, '"Mode-I Transverse Cracking in an Epoxy and a Graphite
Fiber Reinforced Ego;z," M.S. Thesis, Texas A & M University (1981).

P. S. Vanderkley, "Mode I and Mode II Delamination Fracture Tcaghness
of a Unidirectional Graphite-Epoxy Composite,” M.S. Thesis, Texas A & M
University (1981).

A. A. Griffith, "The Phenomena of Rupture and Flow in Solids,"
Phil. Trans. Roy. Soc. Vol. A221 (1920), p. 163.

G. R. Irwin, "Fracture Dynamics,"” in "Fracture of Metals" ASM,
Cleveland (1948), p. 147,

E. 0. Orowan, "Fundamentals of Brittle Behavior of Metals,” in
"Fatigue and Fracture of Metals," W. M. Murray, Ed. Wiley,
N.Y. (1950), p. 139.

N. I. Murkhelishvili, "Some Basic Problems from the Mathematical Theory
of Elasticity,” Noordhoff, Holland (1953).

I. N. Sneddon, "Integral Transform Methods," in Methods of Analysis
and Solutions of Crack Problems, Noordhoff, Holland (1973), p. 315.

S. G. Lekhnitsky, "Theory of Elasticity of an Anisotropic Elastic Body,"
Holden-Day, San Francisco (1963). ’

G. R. Irwin, "Fracture," Handbuch der Physik, Vol. V, Springer-
verlags (1958)’ pu 551.

J. R. Rice, "A Path Independent Integral and Approximate Analysis
of Strain Concentration by Notches and Cracks," J. Appl. Mech,
Trans. ASME, (June 1968), pp. 379~386.

R. J. Bucci, P. C. Paris, J. D. Landis and J. R. Rice, "J-Integral
Estimation Procedures," Fracture Toughness, ASTM STP 514, ASTM,
(1972), pp. 40-69.

E. F. Rybicki and M. F. Kanninen, "A Finite Element Calculation of
Stress Intensity Factors by a Modified Crack Closure Integral,"

Enso Fract. M‘cho, Vol- 9’ (1977), PP 931-9380

K. L. Reifsnider and J. E. Masters, "Investigation of Characteristic
Damage States in Composite Laminates," ASME paper No. 78-WA/AERO-4
(1978).

J. Aveston and A. Kelly, "Theory of Multiple Fracture of Fibrous
Composites,"” J. Matl. Science, Vol. 8 (1973), p. 352.



[26] A. S. D. Wang and G. E. Law, "Interlaminar Failure in Epoxy-Based

Composite Laminates," Proc. 29th Symp. Failure Modes in Composites, -
National Bureau of Standards, (1979).

{27] s. W. Tsai, "Mechanics of Composite Hat@riala." I and II,
AFML-TR-66~14, Air Force Materials Laboratory (1966).

{28] D. J. Wilkins, "A Cohpariuon of the Delamination and Environmental

Resistance of a Graphite-Epoxy and a Graphite-Bismaleimide" 1
NAV-GD-0037, Naval Air System Command (1981).

The following papers were written during the course of the research, each of

which dealt with some of the individual aspects reported in this volume. -
[29) A. S. D. Wang, G. E. Law, Jr. and W. J. Warren, "An Energy Method for L
Multiple Transverse Cracks in Graphite-Epoxy Laminates," in Modern i
Developments in Composite Materials and Structures. Ed. J. R. Vinmson g

(1979), p. 17. ;

{30] A. S. D. Wang and F. W. Crossman, "Initiation and Growth of Transverse
Cracks and Edge Delamination in Composite Laminates. Part 1, An Energy
Method," J. Comp. Materials, Vol. 14, (1980), p. 71.

(31] F. W. Crossman, W. J. Warren, A.S.D. Wang and G. E. Law, Jr.,
"Initiation and Growth of Transverse Cracks and Edge Delamination in
Composite Laminates. Part 2. Experimental Correlationm," J. Comp.
Materials, Vol. 14 (1980), p. 87.

[32] A. S. D. Wang, "Growth Mechanisms of Transverse Cracks and Ply
Delamination in Composite Laminates,"” in Advances in Composite Materials,
Proc. ICCM-III (1980), p. 170.

[33] F. W. Crossman and A. S. D. Wang, "The Dependence of Transverse Cracks
and Delamination on Ply Thickness in Graphite-Epoxy Laminates" in

Damage in Composite Materials: Basic Mechanisms, Accumulation, Tolerance
and Characterization,’ ASTM STP (in press).

{34] A. S. D. Wang, N. N. Kishore and W. W. Feng, "On Mixed-Mode Fracture
in Off-Axis Unidirectional Graphite-Epoxy Composites," Proc. ICCM~IV
(1982), (in press).

({35] G. E. Law, Jr., "Fracture Analysis of ([+25/90,]4 Graphite-Epoxy
Composite Laminates,” Ph.D. Dissertation, Drexel University (1981).







