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ABSTRACT

The growth of triangular-shaped delaminations bordered by matrix cracks, defired herein as
"compound delaminations”, occurring at the free edges of [115n]s and [:tlSn/OD] s laminates in
static tensile loading was investigated. This triangular compound delamination is the first
macroscopic damage observed. Failure of the laminates occurs by unstable growth of these
delaminations. The experimental study involved the manufacture of specimens with teflon
implants to create an initial delamination configuration with the delamination oriented at.
90° to the matrix crack. The delamination front was monitored using strain gages and X-ray
radiographs. Growth was observed to occur at the delamination front near the free edge
region with no growth at the matrix crack front resulting in the same configuration as
observed in originally unflawed specimens. A three-dimensional displacement-based finite
element model of the delaminated region was created and the equivalent domain integral
was used to determine the energy release rate at the delamination and matrix crack fronts.
The energy release rate was predicted to be highest at the intersection of the delamination
and the free edge and was lowest at the intersection of the delamination and the matrix
crack. The peak energy release rate predicted at the matrix crack front was smaller than
that at the delamination front. Growth was simulated in the model by tilting the
delamination front about the matrix crack front. The maximum energy release rate along
the delamination dropped and became more uniform as the delamination was tilted. These
results indicate that the stable delamination configuration observed is formed by the growth
of the delamination front at the free edge region in regions of high energy release rate in
preference to the growth of the matrix crack resulting in a curved delamination contour. The
overall decrease in energy release rate associated with this delamination growth indicates
that the resulting curved delamination is a more stable configuration. The failure process in
these specimens involves the formation of these stable delaminations, followed by secondary
cracking in the plies adjacent to the delamination, and lastly final failure via unstable

growth of the entire triangular region to the ends of the specimen.
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Title: Associate Professor of Aeronautics and Astronautics
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Integrated value of the shape function, S, at the crack front
Total strain energy release rate

Critical value of total strain energy release rate

"Mode I" strain energy release rate for materials with oscillatory
singularity

"Mode II" strain energy release rate for materials with
oscillatory singularity

"Mode III" strain energy release rate for materials with
oscillatory singularity

Mode I strain energy release rate for materials without
oscillatory singularity

Critical value of strain energy release rate in Mode I

Mode II strain energy release rate for materials without
oscillatory singularity
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NOMENCLATURE

Critical value of strain energy release rate in Mode 11

Mode III strain energy release rate for materials without
oscillatory singularity

Critical value of strain energy release rate in Mode III

Intermediate matrix involving material properties of bimaterials
used in the evaluation of the oscillatory singularity

Conjugate of H

Parameter evaluated by the J-Integral

Complex stress intensity factor consisiting of the mode I stress
intensity factor as the real part and the mode II stress intensity
factor as the imaginary part.

Conjugate of K

"Mode I" stress intensity factor for materials with oscillatory
gingularity

"Mode II" stress intensity factor for materials with oscillatory
singularity

"Mode III" stress intensity factor for materials with oscillatory
singularity

Mode I stress intensity factor for materials without oscillatory
singularity

Mode II stress intensity factor for materials without oscillatory
singularity

Mode III stress intensity factor for materials without oscillatory
singularity

Intermediate matrix involving material properties of bimaterials
used in the evaluation of the oscillatory singularity

Length of delamination front

number of delaminations adjacent to a matrix crack
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NOMENCLATURE

Isoparametric shape function used in finite element analysis

local axis system located at intersection of delamination and
matrix crack fronts

Shape function used in the Equivalent Domain Integral

Thickness of undelaminated portion of the laminate

Thickness of any individual sublaminate formed by
delamination of a laminate

Strain energy per unit volume

Component of the displacement vector

Displacement vector used in the decomposition method to give
mode I energy release rate

Displacement vector used in the decomposition method to give
made II energy release rate

Displacement vecter used in the decomposition method to give
mode III energy release rate

Work Density per unit volume

Coordinate axes
Local coordinate system at delamination front

Magnitude of the oscillatory singularity

Component of the strain tensor

Strain vector used in the decomposition method to give mode I
energy release rate

Strain vector used in the decomposition method to give mode 1I
energy release rate

Strain vector used in the decomposition method to give mode IIT
energy release rate
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NOMENCLATURE

Coordinate system used in the definition of shape functions of
isoparametric elements

Component of the stress tensor

Stress vector used in the decomposition method to give mode I
energy release rate

Stress vector used in the decomposition method te give mode II
energy release rate

Stress vector used in the decomposition method to give mode II1
energy release rate

Characteristic eigenvalues of any material
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CHAPTER 1
INTRODUCTION

Graphite/epoxy composites have been widely employed in both the
military and commercial aerospace industries. Many of the wide-bodied
commercial jets such as the 1-1011 and Airbus A-320, have secondary structures
made from composite materials. The use of composites in primary structures is
also gaining acceptance and the Boeing-777, currently under develcpment, will
involve a significant amount of composites in its primary structures, notably the
empennage. Some smaller aircrafts, notably the Beechcraft Starship already
have a certified all-composite design. Among the newly designed military
aircrafts, the F-117 and B-2 Stealth Bomber are most noteworthy for their
extensive use of composites. Some of the space applications of composites are in
launch vehicles, such as the solid rocket boaster nozzles on the space shuttle.
Composites are also being used in the design of the space station 'Freedom'.
Other industries such as automotive and sporting goods are increasingly using
composites.

The use of graphite/epoxy composites in place of conventional metals in
the design of structures, requires a rethinking of the design process since the
tailoring of the material properties occurs with the design of the structure
according to the strength and stiffness requirements of the structure. In many
designs utilizing composites. the material has been used more like "black
aluminum" (or steel) with the conventional design procedures used for metals.
Some examples of this can be seen in the tendency towards the use of quasi-

isotropic layups to simulate the isotropy of metals, or in the restriction of ply
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orientations to 0° 90° and 45°. Such conservative design results in the
inefficient use of composites and, given the rather high cost of the material could
portray composites as uneconomical and hinder their use in a wide spectrum of
applications.

One of the primary reasons for such caution in the design procedure is a
lack of thorough understanding of the failure mechanisms of composites. Unlike
metals, where there are a few well-deﬁ’ned modes of failure, composites exhibit a
wide variety of failure mechanisms such as delamination, matrix cracking, fiber
failure, fiber buckling, fiber pullout, sublaminate failure, and sublaminate
buckling. These failures could occur individually or in concert with each other,
making their analysis a complicated icsue. The behavior of each individual
mechanism has been examined by several researchers over the years with some
success in terms of either prediction, suppression, or circumvention. of that
failure mode. The area of multiple or compound damage, which is a typical mode
of failure seen in many laminates still, is an area of considerable research
interest.

Delamination is a mode of failure which is unique to composite structures
due to their laminated nature. This failure mode involves the separation of the
individual layers which constituie the structure. This failure mode occurs in a
thin layer (on the order of a fiber diameter in graphite/epoxy [7]) of matrix
material which exists between plies, referred to as the interply matrix layer.
This mode of failure initiates due to the presence of out-of-plane stresses that act
to separate plies of the laminate [8]. These stresses are referred to as
‘interlaminar stresses’. Delamination results in the loss of structural integrity
and stiffness, and can reduce the failure stress of composite laminates well below
that predicted by in-plane failure criteria [9, 10]. The stage at which

delamination occurs within a laminate is dependent on the material properties,
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geometric characteristics and specifice of loading. Some typical locations where
interlaminar stresses occur are free edges, ply dropoffs and fastener locations
and these therefore constitute potential sites of delaminations. Delamination is
often an intermediate stage in the failure process occurring between matrix
cracking and fiber failure leading to overall failure of the laminate.

Delamination is not limited to laboratory type specimens, but manifests
itself in typical composite structures as well. Experience in the NASA ACEE
program with the composite vertical fin for the L-1011 aircraft indicated that the
failure of that part was prompted by delamination[11]. Wilkins [12] says this
about the experience of aircraft manufacturers with delamination: "....when test
conditions were extended to explore failure mechanisms, delamination is
observed to be the most prevalent life limiting growth mode". Therefore, the use
of laminated composite media in structures presents the designer with the
challenge of understanding this failure mode and effectively designing for it.
This requires an understanding of the failure/damage modes, their interactions
and their growth.

Some of the typical stages observed in the course of tensile testing of a
specimen are shown in Figure 1.1 [1]. The initial failure is usually either the
occurrence of delamination in between certain plies (or matrix cracking in some
laminates with 90° plies). The final failure of the laminate is usually in-plane
failure of some plies. In laminates where delamination initiates at the free edge,
the process subsequently results in the development of additional modes, such as
matrix cracking in adjoining plies as shown in Figure 1.1. Hence, delamination
in association with matrix cracks in adjoining plies is a naturally occurring state
in many laminates in static tensile testing and fatigue.

The aim of this thesis is therefore, to provide an understanding of the

interaction of delamination with matrix cracking in the overall growth of this
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Figure 1.1 Some typical stages observed in the failure process of a composite
laminate (left) delamination initiation by out-of-plane stresses
(center) development of additional in-plane and out-of-plane damage
(right) primarily in-plane failure [1].
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damage configuration. The various approaches adopted in the study of fracture
in composites and the research done to uate on delamination problems and its
interaction with matrix cracking are examined in Chapter 2. The previous
experimental evidence prompting the current study and the experimental and
analytical aspects of the current study are examined in Chapter 3. In Chapter 4,
the details of the analytical models and the techniques adopted to obtain the
necessary fracture parameters are provided. The manufacture and testing
procedure employed for the experimental work are described in Chapter 5. The
results of the experiment and the analysis are given in Chapter 6. The
mechanisms responsible for the failure process are proposed in Chapter 7.
Finally in Chapter 8, the conclusions from the study and recommendations for

future research possibilities are discussed.
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CHAPTER 2
REVIEW OF PREVIOUS WORK

In the study of failure of composite materials to date, two basic
approaches have been adopted. They are the strength of materials approach and
the fracture mechanics approach. Several methods have been proposed ./ithin
these two approaches to study delemination and other damage modes. It has
been experimentally observed that delamination and matrix cracking are
competing damage modes in terms of their sequence of occurrence. The
existence or sequence of accurrence «f these are dependent on both the laminate
type and on the overall ply thickness. The prediction of initiation as well as
growth of intralaminar (matrix) and interlaminar cracks (delamination), or their
combination, has been attempted using the above mentioned approaches with
varying degrees of success. The limitations of these methods along with the

types of problems solved are briefly discussed herein.

2.1 Strength of Materials Approach

There have been several studies applying the strength of materials
approach to study the initiation of delamination in a wide variety of composite
materials. Interlaminar stresses have been evaluated both by numerical and
analytical techniques. The numerical evaluations are mostly based on the finite
difference method [8] or the finite element method [13-15] or perturbation
methods [16]. Analytical evaluations are based on the force balance method [17]
and elasticity solutions [18, 19]. These stresses may then be used in point or

average stress critcria to predict delamination initiation.
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Various forms of an average stress criterion [20, 21] have been used to
predict delamination initiation. ¥. -.ample, the Quadratic Delamination
Criterion [20] has been success ::iiv .:.ed to predict initiaticn in a wide variety of
graphite/epoxy laminates, wien applied in association with interlaminar
stresses calculated using the force balance method [17]. The averaging
dimension and interlaminar strengths used are found to be material dependent
only. There have been however, limited applications of these criteria. Vizzini
and Lagace [22] used this approach to predict growth of delamination due to
sublaminate buckling under compressive loading. The interlaminar normal
stresses ahead of the crack tip were averaged over a small distance and
comparad with the interlaminar normal strength. The analytical results showed
a trend similar to that obtained from experimental data. However, further work
needs to be done to examine its applicability to delamination growth problems
when the interlaminar shear stresses are also significant.

The strain energy density method [23] is a point energy criterion and has
been proposed to predict both initiation as well as growth of delamination and
matrix cracks. This apprecach depends on the strain energy density within a
body and assumes that the crack will grow when the critical value of strain
energy density is reached at a specific distance ahead of the crack. Both the
critical parameters are expected to be material dependent only, but no
experimental evidence has been obtained to that effect. This criterion has been
successfully applied to predict the unstable growth of matrix cracks in off-axis
unidirectional plies. Its use in the prediction of initiation and growth of matrix
cracks and delaminations in angie ply laminates has been proposed, but no
comparisons have been made with the experimental data to ascertain its

applicability.
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2.2 Fracture Mechanics Techniques

Fracture mechanics techniques have been widely used to predict the
initiation of delamination in composites. The conventional techniques used for
crack growth in isotropic materials have been extended to composite materials.
This method is based on the Griffith-Irwin crack growth criterion [24, 25] where
it is assumed that crack growth occurs when the energy released due to crack
growth reaches a critical value. The energy release rate, usually denoted by G,

is defined for a virtual crack extension as,

_3(W-U)
da

where a is the crack length, W is the work done by external forces and U is the

G (2.1)

strain energy in the body.

The growth of a crack occurs when the energy release rate, G, reaches a
critical value. This critical value is the rate at which energy is expended in
creating new surface as the crack progresses through the material, and is often
referred to as the ' fracture toughness' of the material and is denoted by G,. The
basis of fracture mechanics lies in the experimental determination of a realistic
single-parameter characterization of the material's resistance to fracture. The

criterion for crack growth can be broadly stated as,

G=G, (2.2)
These concepts, which have been successfully used in metals, have been
applied to predict initiation as well as growth of delamination and matrix cracks
1: composite laminates. The fracture mechanics approach assumes the existence
of fiaws within the material, hence the term 'initiation' only implies the growth
of these inherent flaws to some predefined size. This size may be defined such

that it is detected by some physical means, such as a drop in load carried by the
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specimen. In the case of delamination problems, G, is known as the
'interlaminar fracture toughness'. In order for G, to be a useful parameter, it
should be dependent only on the material and not on the laminate lay-up.

In order to describe how the growth of delamination cracks occurs,
consider a laminate with a delamination growing from the free edge and
extending along the width of the laminate under uniaxial far-field loading as
shown in Figure 2.1. Some hypothetical strain energy release rate curves for
this problem are shown in Figure 2.2 for different stress levels applied to the
laminate. The nature of the curves shown are similar to that obtained by finite
element analyses [26]. The crack length a, refers to the inherent flaw size
within the manufactured material. The various curves represent the
hypothetical strain energy release rate that would be obtained from the crack as
it progresses through the material when the body is subjected to various levels of
far-field stress. The line marked as G, is the critical value of strain energy for
the material and it is assumed to be a known function of the crack length
(techniques of obtaining this will be discussed later in this review). At a stress
level o;, the strain energy release rate available for crack progression is equal to
or greater than G, at all points up to a crack length of a; and hence the initial
flaw can grow up to this size. This process iz known as delamination initiation.

The remaining discussion addresses the growth of delamination thus
obtained. At the initiation stress o;, the G curve dips below the G, level and
any further increase in crack size can only be achieved by incrementing the load
level to oywhen the crack grows to a size a; and is arrested until further
increase in load. This represents a post-initiation stable growth phase. This
process continues until a crack size of a, and a load of 0,, Where the G curve
monotonically increases and is always greater than G, This represents the

unstable growth phase of the delamination. Alternatively, a crack may also
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Figure 2.1 Top and end view illustration of a laminate subjected to uniaxial
tensile loading and with a free edge delamination of uniform width
extending the length of the laminate.
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Figure 2.2 Illustration of strain energy release rate and fracture toughness
curves for various levels of loading for a uniform width free edge
delamination problem.
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show no stable growth phase, and this would be represented either by a steadily
increasing strain energy release curve or a constant G curve for a given stress
level.

The growth of a delamination as described above involves the total strain
energy release rate. In classical fracture mechanics, the total strain energy
release rate is divided into three components: mode I lcading, which accounts for
the opening mode of the crack due to the normal stresses on the crack; mode II
loading which accounts for the in-plane shearing of the crack; and mode III
loading which occurs due to the shear stresses which are out of the plane of the
crack (anti-plane shear) and result in the tearing action on the crack face. The
deformation of a specimen subjected to such modes is shown in Figure 2.3. The
strain energy components of these is henceforth indicated by Gy, G;; and Gy,

respectively, and the total strain energy released is denoted by G, where

G=G,+G,+G,, (2.3)
It has been found in many materials that the ‘fracture toughness' may not be
adequately described by the total value G, alone, as distributing the modes in
different proportions may lead to different values for the critical strain energy
release rate. Various other criteria have been proposed using combinations of

GI, GII and GIII to predict mixed mode behavior, rather than the use of total G.
These basic concepts of fracture mechanics have been applied to
delamination and matrix cracking problems in composites with the aim to
predict the failure load and the mechanisms responsible for the failure process.
In the next section, some of the models developed for this purpose, and their
limitations, are examined. Comparisons of predictions for growth or failure are

made with any experimental results that are available.



-35-

Figure 2.3 Modes of crack surface displacements (left) Mode I: symmetric
loading, (center) Mode II: skew symmetric shear loading and (right)
Mode III: antiplane shear loading (adapted from [2]).
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2.2.] Previous Study of Delamination Prob]

Delamination in composites can be classified into simple or compound
delamination problems depending on the physical characteristics of the damage.
The classification of delaminations into 'simple' and 'compound’ types has not
previously been used in the literature, Thus these terms are further defined in
this section along with some examples of their occurrence. As a consequence of
either delamination state, the laminate may fail in an in-plane manner in
locations where the strength of the plies are exceeded either due to the
breakdown of combined action or due to stress concentrations caused by the
damage and resultant siress redistribution. In either event, the failure occurs
earlier than that predicted by a maximum stress or strain criterion for an intact
laminate accounting for only in-plane mechanisms.

A simple delamination state refers to the presence of a delamination
without matrix cracking in any adjacent plies of the laminate. Some of the
models that are examined here address only simple delamination problems.
The growth of circular/elliptical delaminations or through-width delaminations
under compressive loading has been studied in a few laminates. In the uniaxial
tensile loading of composite laminates, the case of the approximately uniform-
width, free edge delamination shown in Figure 2.1 has been shown to occur in a
few laminates such as [+25/90], graphite/epoxy [27] and [+30/+30/90/90],
boron/epoxy laminates [28].

A compound delamination involves a delamination coupled with the
presence of matrix cracks in adjacent plies of the laminate. Many off-axis
composite laminates under tensile loading exhibit compound delamination states
at or before failure. In the case of uniaxial tensile loading of graphite/epoxy
laminates, two naturally occurring compound delaminations have been observed.

The first can be approximated as a uniform deiamination extending from the
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free edge into the laminate guided by matrix cracking in adjacent plies [26, 27]
as shown in Figure 2.4(a). In the study of such cases, some researchers have
modelled the matrix cracking indirectly by just reducing the modulus of the
cracked ply. The resulting problem is then effectively identical to the simple
delamination mentioned earlier. The second type of compound delamination
observed is a triangular-shaped delamination as shown in Figure 2.4(b) bordered
by matrix cracking in adjacent plies [1, 5, 6, 29].

The specific cases of simple and compound delaminations which have been
experimentally observed, as well as the analysis adopted for the prediction of
their initiation and growth, are briefly discussed here.

Simple delaminations such as through-width delamination [30-32] or
approximately circular [33] delaminations occur in composites either under
impact loading or due to manufacturing defects. When subjected to compressive
loading, the plies on either side of this delamination have been observed to
buckle and the delaminations grow as a result of the high crack tip stresses at
the delamination front. It has been shown that the mode I strain energy release
rate dominates the instability-related delamination growth [32, 33]. The critical
value of strain energy in mode I, G,, has been successfully used to predict the
load at which unstable growth of such delaminations begins [32, 33].
Considerable work has been done on this area of growth of delamination due to
sublaminate buckling under compressive loads. However, since the area of
interest in this thesis is the growth of delamination under tensile loading, this
work has not been explored in further detail.

A numerical technique commonly used in analyzing the uniform-width
free edge delamination is the quasi-three-dimensional finite element method
which implies that there is no change in strain or stress in one direction, hence

the problem is not a full three-dimensional problem. This methcd has been
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described in further detail in section 2.2.3. Rybicki et al [28] were the first to
apply fracture mechanics and experimentally validate this usage to delamination
problems in fiber-reinforced composites. A numerical version of the virtual crack
closure method was applied in order to evaluate the strain energy release rate of
a uniform-width delamination in [i:30/:t30/90/§(!s boron/epoxy laminates. There
was no matrix cracking cbserved and hence this was a simple delamination
problem analyzed by a quasi-three-dimensional method. The analytical results
predicted stable delamination growth, as was observed experimentally. A
constant value of G, observed during propagation of delamination indicated the
possibility of the existence of a critical strain energy rate material parameter.
These results led to further investigation of fracture mechanics techniques to
predict initiation and growth of delamination in composites.

The same technique has been adopted to predict initiation and growth of
compound delaminations of the type shown in Figure 2.4(a) which occur in
laminates containing 90° plies subject to uniaxial tension. The matrix cracking
occurring in the 80° plies in the early stages of the loading leads to delamination
growth in an approximately uniform fashion through the width. Wang et al [26,
27, 34] developed this model to predict delamination and matrix crack initiation
and growth in [:*_-25/90n]S T300/934 laminates (n=1/2,1,2,3,4,6,8) and the results
were compared to the experimental results shown in Figure 2.5 [3, 4]. It is seen
from Figure 2.5 that a wide variety of behavior from simple to compound
delamination can be obtained by changing ply thickness, n. An important
feature of the data is the case of n equal to three, where a sudden drop in the
failure and delamination initiation stresses occur and the delamination switches
location from the midplane to the 25/90 interface for all subsequent values of n.
Using only a single value of G_ for both delamination and matrix crack initiation,

the delamination initiatior in the laminates where no matrix cracking occurred
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Figure 2.4 Two naturally observed compound delaminations (delamination
with matrix crack), under uniaxial tensile test conditions (left)

uniform-width delamination, and (right) triangular-shaped
delamination.
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(n=1/2,1) and also the initiation of matrix cracking (for n=2,3,4,6,8) in the 90° ply
were successfully predicted. In cases where delamination initiation occurred
subsequent to matrix cracking, the cracking was only considered indirectly by
modelling the cracked $0° ply with reduced modulus properties. However, this
approximation was successful in predicting delamination initiation only for
laminates with n less than or equal to three. This was attributed to two reasons,
the first was that for n greater than three, the delamination became significantly
of the mixed mode type and hence for these cases the same value of G could not
be used to predict it and the individual modes need to be separated and
compared individually to critical values or used in a criterion. The second reason
is that a reduced modulus was insufficient and three-dimensional modelling was
needed to account for the local stress concentrations at the matrix crack(s).

An analytical expression was suggested by O'Brien [35] with an aim to simplify
the evaluation of strain energy release rates for the case of a uniform
delamination strip. This expression was derived on the basis of a simple rule of
mixtures for the global change in stiffness of the laminate when complete
delamination has occurred at an interface symmetrically. This expression for G

18 given as ,

te? (2.4)

where E is the modulus of the intact laminate, E* is the modulus of the

lam
completely delaminated laminate along one or more interfaces as determined by
a rule of mixtures, €, is the applied far-field strain and t is thickness of the
laminate. While this expression may be evaluated without finite element
analysis, it also has the disadvantage that the different modes of strain energy
release rate cannot be separated. The strain energy release rate, G, is also seen

to be independent of the delamination length, according to equation (4).
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Figure 2.5 Test data for [+25,/90, ], T300/934 graphite/epoxy laminates

indicating matrix cracking, delamination initiation and final feilure
strains [3, 4].
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Evaluations by numerical methods for some graphite/epoxy laminates have also
borne out the fact that the value of G is almost independent of the crack length.
Hence, the form of the curves shown in Figure 2.2 are mostly flat for the case of
& uniform free edge delamination except for a small region (on the order of a
laminate thickness) near the free edges of the laminate [35] which is the
boundary layer region with significant interlaminar stresses. The criterion in
equation (2.2) was once again adopted to predict delamination initiation.

Free edge delamination initiation was successfully predicted in
[145n/0n/90n]s laminates (n=1,2,3), where delamination occurred at the 0/90
interface for all three thicknesses. The effects of altering the -elative
contributions of the different modes to the total strain energy release rate and its
effect on the failure behavior [36] were studied by examining several different
layups of the same laminate viz. [i45/0/90]8, [0/i45/90]s and [45/0/-45/90]5. in
all three cases, delamination was seen to occur at the interface of the 90° ply and
the rest of the laminate, but no mention was made about any matrix cracking.
Therefore, the strain energy release rate according to equation {2.4) is the same
in all three cases. Assuming that there exists only a single critical value of G,
delamination should initiate at the same strain in all three cases, which is not
observed experimentally. A finite element model was used to determine the
components of the strain energy release rates. The contribution of mode III was
negligible in all cases, and the ratio of G,/G|; was different in each case. The
results showed that delamination initiation strain values decreased with
increasing percentage of mode I. These results indicate that though the global
energy release rate based criterion are successful in a few cases to predict
delamination initiation, the determination of individual modes is necessary in
most cases to predict the observed trends in experimental data.

Compound delaminations of the type shown in Figure 2.4(b) have been
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observed in certain classes of laminates, such as [ienlon]s , [0n/:i:0n]8 and [+6 1.
The free <dge delamination is in the form of a triangular shaped region located
near the free edge [1, 10] as shown in Figure 2.4(b). It is usually bordered on one
side by the free edge and on the second side by a matrix crack. The third side
forms the delamination front which, in association with the matrix crack, is seen
to grow along the laminate up to failure. This typical damage state occurring in
a [+15 g laminate is shown in a three-dimensional illustration in Figure 2.6,
where the top +15° ply has the matrix crack and the delamination is at the +15/-
15 interface. It has seen that the profile of the matrix crack is not a straight line
bui is8 curved as shown in Figure 2.6 [5].

In such cases, the quasi-three-dimensional fracture mechanics models can
no longer be readily applied to predict either initiation or growth for these cases
as this problem cannot be treated as a generalized plane strain problem. Brewer
and Lagace [1] attempted to model this form of damage as a modified quasi-
three-dimensional problem. The [+15 ], laminate shown in Figure 2.6 was
modelled as a series of quasi-three-dimensional sections along the loading
direction and the total strain energy released by the laminate was obtained by
adding the contribution of each individual section. They also experimentally
monitored the far-field strain level for increasing sizes of the triangular
delamination region. These strain levels and delamination sizes were used in
the finite element model to obtain the global energy release rate, G, with the
intention of finding a trend in the growth as well as the effect on this trend of
increasing the effective ply thickness 'n'. As the triangular region grew larger,
the strain energy release rate did not reach a constant value of G¢. In fact, no
logical trend with increasing delamination size was displayed by the strain

energy release rate as obtained from the experimental data. This model ignores
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Figure 2.6 Characteristic damage mode observed in some laminates consisting
of triangular-shaped delamination bordered by the free edge and a
matrix crack.
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the specifics of the delamination crack front and the matrix crack tip and
evaiuates only global energy changes in the laminate. These results indicate
that the overall strain energy release rate is not sufficient to examine the
behavior of this type of damage configuration and the variation of the strain
energy release rate along the delamination front and the matrix crack front may
be of key significance in understanding the controlling mechanisms responsible
for the growth of this form of damage. An experimental study [6] with only the
delamination implants was made, and the matrix crack was seen to appear
bordering the delamination before the growth of the delamination occurred. An
implanted delamination with a matrix crack bordering the delamination, but
extending much beyond the delamination was also tested [6]. In this case, the
delamination was seen to extend up to the implanted matrix crack before any
damage growth. Both these indicate that neither damage state could grow to
failure individually.

Salpekar and O'Brien [37] also modelled a similar damage configuration
with the aim of predicting delamination initiation in [+6/0]; and [0/16]
laminates. The model was based on the assumption that the delamination grew
from a pre-existing matrix crack. They showed that the interlaminar normal
stresses at the region of intersection of the matrix crack and the free edges were
tensile and hence concluded that the conditions in that region were conducive to
the initiation of delamination. They also studied a delamination frent growing
from the matrix crack with the front parallel to the matrix crack as it grew along
the length of the laminate. The results show that the strain energy release rate
along the delamination front was large near the free edge, with mode I being the
dominant component. Hence, they concluded that the growth of such a
delamination from the intersection of the matrix crack and the free edge was

feasible. The occurrence of such matrix cracks without delamination were not
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observed in tensile tests where the only observed form of damage was compound
delamination [5]. Radiographic examination under fatigue loading showed some
matrix cracks before the formation of delamination [29], but the mechanisms in
fatigue could be different from that in static tensile testing.

O'Brien also developed an expression for the energy release rate of a
triangular compound delaminations [29] based on the change in the modulus due
to the delamination. The model was based on the assumption that the regions
near the free edges containing the partial local delaminations act as a system of
sublaminates in series and this series system was in parallel with the
undamaged laminate. Three possible ways that were visualized for the growing
delamination are shown in Figure 2.7. The derived expression showed that the
total strain energy release rate of the delamination was not dependent on the
shape of the delamination, but was dependent on the intrusion, a, of the

delamination as,

2
Elam L) 1 Ba
G= — W Ejgm — + 2.5
2m (a [ Lam = (Ba+C) (Ba+C)? (2:5)
where,
\
p=lf_1 __ 1 L) (2.6)
2 tLDELD tLamELam L
and
c=1_ @.7)
—Em )

where E; is the modulus of the intact laminate, E; ;, is modulus of the
delaminated sublaminate, L is the length of the specimen, a is the intrusion of
the delamination into the specimen, tram is the thickness of the specimen, t; pis
the thickness of the delaminated sublaminate, € is the applied far-field strain

and m is equal to unity for a single delamination and has the value two for a
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delamination located symmetrically through the thickness. The E.p of the
gublaminate which has delaminated is determined by the detailed expressions
derived in reference [29] depending on whether the bending-extension coupling
or ghear-extension coupling i8 of importance. The expression in equation (2.5)
showed that the global gtrain energy release rate of the delamination was
independent of the shape of the delamination for gelf-similar delamination
propagation, but was dependent on the intrusion into the laminate, and with
increasing intrusion the gtrain energy release rate dropped. The effect of the
matrix crack front relative 0 the delamination was not studied.

Thus, from the review of the previous models it appears that most of the
work dwells on the prediction of initiation and growth of simple delamination
and certain gpecific compound delaminations like those shown in Figure 2.4(a).
Specifically in the case of such compound delaminations, the matrix cracking
occurs first at low load levels due to the presence of 90° plies and the
delamination grows subsequently along these matrix cracks. The mechanism of
growth i8 reasonably understood and the impetus lies in the area of prediction of
load/strain levels at which such delamination growth occur. The results have
shown that even in these cases, the criterion in equation (2.2) has limited
guccess. Individual modes of strain energy release are gseen to provide more
insight into prediction of the growth process.

In the case of compound delaminations of the type shown in Figure 2.4(b),
no models exist t0 examine the mechanism of the interaction of the jelamination
front and the matrix crack in the 6° ply. It is evident from the nature of the
Jamage and from previous work that a full three-dimensional model is necessary
to examine the mechanisms involved 1n the growth of this compound

delamination and to arrive at guccessful methods to predict such growth.
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Figure 2.7 Three possible orientations of the delamination in (0/:8], laminates
during growth of delamination as suggested by O'Brien [5].
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2.9.2 Prob  Bimaterial Interf:
Experimental investigation of failure of composites in the three different
modes of fracture shown in Figure 2.3 have indicated that there is significant
difference in the critical values of strain energy release between the three modes.
This will be further elaborated in section 2.2.4. Hence, the evaluation of the
individual modes becomes necessary to better understand the growth of
delaminations. Delamination usually occurs between plies of different materials
and therefore typically represents the case of a crack between two different
materials. Unlike the cracks in isotropic materials where the modes may easily
be separated, the cracks between bimaterials possess some special
characteristics which make it difficult to uniquely define the modes. These
characteristics as well as their consequences are briefly discussed here.

The behavior of cracks occurring at bimaterial interfaces have been
studied since the late 1950's. The bimaterial crack problem was first solved by
Williams [38] who showed that the stresses at the bimaterial interface did not
just have a singularity of the (INr) type but also an additional term of the type
0 (where i=V-1 ), where 3 is the magnitude of the oscillatory singularity. The
complex term indicates that the crack opening displacements of the crack
surfaces are oscillatory in nature, implying that the crack surfaces
interpenetrate each other. Since interpenetration is not physically possible,
there is a zone near the crack tip where crack surface contact occurs and, hence,
this implies that the linear elastic solution is incorrect in this region.

In the case of isotropic materials, the solution of (1A ) singularity is
invalid near the crack tip because the stresses cannot physically approach
infinite values and a small nonlinear zone (known as the 'process zone') develops
in the vicinity of the crack tip. Consequently the linear elastic solution is not

valid near the crack tip. Nevertheless, as long as the process zone remains small
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relative to the size of the crack, the behavior of the crack is governed by the bulk
of the material around it and hence by the stress intensity factor found in the
linear elastic solution. This was one of the principal conclusions drawn by Irwin
[24] leading to the widespread use of the stress intensity factor and the strain
energy release rate after it had been verified by extensive experimentation. Rice
[39] suggested that the same reasoning of 'small scale yielding' may be carried
over to the bimaterial case when the scale of the contact zone is extremely small
compared to the size of the crack length. The conditions for crack growth can
then be phrased in terms of the stress intensity factors, K; Ky and Kg.

These stress intensity factors are very different from the traditional stress
intensity factors where, in the isotropic case or a bimaterial case with no
oscillatery singularity, the crack opening stresses are a function K, alone, the
crack shear stresses are a function of K,; alone and the crack tearing stresses are
a function of K;; alone. Hence, these stress intensity factors have a one-to-one
relation with the type of loading experienced by the crack. In the case of
bimaterials with an oscillatory singularity, the crack opening, shearing and
tearing stresses are dependent on all three stress intensity factors. Hence, there
is no one-to-one relationship between the types of loading experienced by the
crack and the stress intensity factors. The stress intensity factors are therefore
written as Kl’ K2 and K3 where, unlike the classical stress intensity factors, the
subscripts have nothing to do with the modes. Another interpretation of these
new form of stress intensity factors are that the opening and shearing modes are
now coupled together and cannot be completely separated. For example, an
applied far-field loading of either mode I or mode II induces both mode I and
mode II response at the crack tip. The degree of cross-linking is dependent on
the magnitude of the escillatory singularity. Another interpretation of this same

effect is that, in the case of isotropic materials, the ratio of the normal to shear
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stresses is also the ratio of mode I to meode II and is independent of the distance
ahead of the crack tip where this ratio is evaluated. But for a bimaterial, this
ratio of stresses changes as one moves ahead of the crack tip. It has been
suggested by Rice [39] that this ratio can be analytically evaluated at a specific
distance ahead of the crack tip, thus requiring a distance parameter to uniquely
specify the 'stress intensity factors'. However, this approach has not yet been
developed to experimentally classify the fracture toughness of interface cracks in
composite materials.

The case of interface cracks between anisotropic bimaterials has also been
studied [40-44] to discover that the stress intensity factors need to be defined in
a manner similar to that in isotropic bimaterials. Suo [40] has given explicit
expressions for the stresses ahead of the crack tip, the crack surface opening
displacements, and the total strain energy release rate in terms of the complex
stress intensity factors mentioned earlier. These may be used in the study of
delaminations as the parameters which control crack growth.

Therefore, no clear cut definitions of modes exist for delaminations
between plies of differing orientation. If the oscillatory singularity is found to be
small relative to the maximum possible value, then the coupling between the
modes is weak and conventional methods may be used with little error to
separate the modes. Alternatively, as discussed earlier, the ratio of the stresses
at a certain distance ahead of the crack tip may be used to separate the modes.
The disadvantage of this method lies in the fact that there are no experimental
results currently available regarding the distance at which this ratio needs to be
evaluated. Substantial experimentation needs to be done in this area to validate
this technique before it can be used.

The approach that may be most suited at the present time for complex

delamination problems is the conventional technique for separating the modes.
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Since the problem involves a delamination, evaluation of the oscillatory
singularity is necessary to determine the severity of the coupling between the
various modes. A low degree of coupling between the various modes would imply
that the errors in these conventional methods for determining the modes are
marginal and the components thus obtained could be used to represent the
physical modes of separation in that particular bimaterial problem. This method
also enables the comparison of the modes obtained with experimentally
determined critical values for these modes to obtain some insight into the
mechanisms that may be respensible for the propagation of specific types of

delaminations.

If the techniques of fracture mechanics are to be applied to the
delamination problem, the numerical evaluation of the strain energy release rate
18 an issue which needs to be addressed. In the case of three-dimensional
modelling via finite elements, one of the primary requirements is the robustness,
as well as efficiency, since computer memory restrictions usually impose
limitations on the mesh refinements. Problems where the strain and the cross-
gection do not vary in one direction are referred to as generalized plane
strain/stress problems. In such cases, it is inefficient to use three-dimensional
finite elements, as with specially written programs only a two-dimensional cross-
section needs to be analyzed. This is accomplished by giving the elements an
additional degree of freedom in the direction of loading making it
computationally efficient. These are referred to as quasi-three-dimensional
problems.

The definition given in equation (2.1) involves the rate of change of energy

of the entire body. Irwin showed that the strain energy may be equivalently
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calculated by censidering only the local asymptotic fields arcund the crack. This
approach is known as the Virtual Crack Closure Integral and is an equivalent
method for evaluating G,

| %

G = lim E_!o'.(r)uj(Aa—-r)dr (2.8)
where o;; are the stresses ahead of the crack tip, u; are the crack opening
displacements behind the crack tip and r is the distance measured ahead of the
crack tip in its plane. The crack is assumed to grow in a self-similar fashion.
Hence, Aa is a small crack extension measured along the direction of the crack
length.

Three-dimensional and quasi-three-dimensional finite elements have been
used by the majority of researchers to evaluate the strain energy release rate
and its components for cracks in composites. The Virtual Crack Closure
Technique and J-Integral Approach (discussed later) are the two basic
techniques used to evaluate strain energy release rate in linear elastic materials.
The Virtual Crack Closure Technique has been the most widely used in

evaluating the strain energy release rate at the tip of a delamination. The

expression shown in equation (2.8) is modified as follows,

1
G = (R (r) + B, () (-r) + F, () (1) 29)

where the crack tip element is of size Aa; Fs Fy and F, are the nodal forces
within this element at a distance 'r' ahead of the crack tip; and Uy, Uy and u, are
the crack opening displacements behind the crack tip. A twu-dimensicnal
version of this is shown in Figure 2.8. There have been many versions of this
method currently in use though the basic premise remains the same as that of
equation (2.8). One such improvement is the use of singular elements which are

typically used along the crack front to model the (ANT) type of singularity at
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the crack tip enabling the evaluation of the strain energy

release rate with coarse meshes. This, however, ignores the ri® type of
oscillatory singularity mentioned earlier. The separation of modes is also easgily
possible as the three individual terms in equation (2.9) evaluate the
contributions due to opening (GI)' shearing (GII) and tearing modes (Gm),
respectively. However, three-dimensional formulations of this approach are not
available in the literature to the best of this author's knowledge. The typical
approach in three dimensions is to measure the forces ahead of the crack tip and
then to extend the crack and measure the crack-opening displacements at the
same location and use them in equation (2.9). This approach, though adopted by
some researchers in the analysis of three-dimensional problems (37] may be
uneconomical as the scale of the problem increases since two runs of the problem
are necessary to obtain G.

It has been suggested in some recent review papers [45, 46] that the J-
Integral approach may give fairly accurate measures of G along three-
dimensional crack fronts in an efficient manner. As originally formulated, the J-
Integral is a closed contour integral in two dimensions (or a surface integral in
three dimensions), which, in the case of linear elastic solids, i8 equal to G, and is

evaluated along any contour around the crack tip as,

G=j(wq—qj%n,)¢s (2.10)
r 1

where I' is the path around the crack tip where this integral is evaluated, W ic
the strain energy density, and n; is a component of the normal to the contour
surface.

Surface integrals are cumbersome to evaluate numerically, hence this definition

has been modified to a volume integral form by the application of the
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Figure 2.8 Nodal forces ahead of the crack tip and crack opening
displacements behind the crack used in the virtual crack closure
method.
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divergence theorem. The resulting integral is called the 'Equivalent Domain
Integral’. This method has been successfully applied to a wide variety of three-
dimensiona! problems [47-49]. In this case, only the total strain energy release
rate is obtained and, in order to obtain the individual components, a
‘decomposition method' has been suggested [47, 50]. The decomposition method
requires a symmetric mesh around the crack tip so that the displacement,
stresses, and strains in the region around the crack tip can be easily obtained at
mirror image points on either side of the crack tip. The crack tip load data is
then broken dewn into three components. The first component consists of only
those types of displacement, stresses, and strains which can cause a mode I type
of loading on the crack, i.e. the loading on the regions above and below the crack
are mirror images of each other and can hence only 'open’ the crack but cannot
'shear’ or 'tear’ the crack. The second component consists of only those loading
which can cause a mode II type of behavior, i.e. the loading above and below the
crack are anti-symmetric to each other in a manner to cause a pure shearing (in-
plane) deformation of the crack. The third component consists of only those
loading which can cause a mode III type of behavior, i.e. the loading above and
below the crack are anti-symmetric to each other so that they cause a pure
tearing (cut-of-plane) deformation of the crack. Once these individual
components of loading have been determined, the equivalent domain integral
may be used with the symmetric part of the loading to provide the value G|
When used with the anti-symmetric parts, the integral provides values for G
and Gp;. Thus, the components of the loading provide the modes of the strain
energy release rate. Althcugh the componernts of the strain energy release rate
can be determined, these are not unique for bimaterial interfaces.

The oscillatory characteristics of the singularity at bimaterial interfaces

are reflected in the numerical evaluation of the individual modes of the strain



refers to the size of the crack tip element. It hag been shown by Raju [51] and
subsequently by Sun [52] that choosing different values for Aa results in
different values for GI, GH and Gm, although the total G is unaffected. With
increasing valueg of Aa, the values of the modes have almost constant values, hut
as the crack tip element gize grows smaller, considerably different values may be
cbtained. The Constant values attained for larger values of Aa occur becausge the
solution fer stress and strain have been averaged over a distance large enough to
eliminate the effects of the oscillations. The physical ramifications of the
components thus obtained are st;]] a much debated igsye, The total G, which is a
sum of G, GII and Gm, however, does not vary with the size of the crack tip
element.

Therefore, the approach that seems most efficient for three-dimensional
problems is g volume or domain based J-Integral approach along with g

decomposition method for mode separation purposes.

Once the strain energy release rate and itg modes have been determined

for any crack problem, the next step is to use them in the prediction of the
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successfully predict delamination within a certain class of laminates with
varying ply thickness [35]. Experimentally, no single value of G . was seen to be
valid across different layups or for different mode ratios. Other similar criteria

involve individual modes instead of the total G,

G, =G, or G,=G,, or Gy=G,, (2.11)
According to equation (2.11), whichever mode satisfies the criterion first will be
responsible for the failure. The mode I version of equation (2.11) has been
validated in the case of delamination propagation under compressive loading,
where the mode I dominates. The mode II and mode III versions have not been
tested.

Several mixed mode growth criteria have been proposed to predict the
growth of delaminations under mixed mode (mode I & mode II only) conditions.
The criteria that are proposed are based on data available either from tensile
tests of off-axis unidirectional ply specimen, with a crack parallel to the fiber
direction [53, 54], or by some form of a mixed-mode bending specimen [55, 56].
Many or these criteria are power laws whose indices are determined by curve fits
to the data and are generally restricted to mode I and mode II only [15). A

general form of the criterion is,

m n q
(i] +(G"J +(G"l) -1 2.12)
Gye Gyrc Grire

where m, n and q are dependent on the material and have been determined for

some graphite/epoxy and graphite/PEEK systems [15]. To the best of the
author's knowledge, no data is available for the mixed-mode case involving mode
III, although it has been shown to be the dominant mode in the case of free-edge
delamination in some laminates [42].

Once a criterion is adopted, the values of the parameters G, Gy and G

Ilc Illc
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need to be determined. There are several tests which have been developed for
this purpose, the double cantilever beam (DCB) specimen [12] and modified
versions of that [57] for mode I behavior; the edge notch flexure (ENF) specimen,
the cracked lap shear (CLS) specimen [12], and the three rail shear test [54] for
mode II behavier; and the Arcan specimen [58], the edge delamination test
(EDT) specimen [35], the four point bend (FPB) specimer [69] and Sandwiched
Brazil Nut specimens [60] for mixed mode behavior. There are very few resulis
available to determine the mode III belavior. Donaldson [61] used the DCB
specimen loaded in the tearing mode to determine G;; . This specimen is known
as the split cantilever beam specimen.

Delamination in most cases is seen to occur at the interfaces between
dissimilar plies, but most of the tests mentioned earlier determine the critical
values for G;, G;, and for the mixed mode G, by causing and propagating a
delamination between similar plies, usually 0° or 90° plies. There have been
some attempts to extend the tests such as the DCB to examine multidirectional
laminates [62] with little success due to wandering of cracks to different
interfaces.

There are several sets of data available for various fiber/matrix systems
with considerable difference even for similar fiber/matrix systems. In the case of
Mode I testing via the DCB specimen and the EDT specimens, the variation in
G,, for T300/5208 system ranges from 80 to 240 J/m?2 and the G, data for the
T300/6208 system vary from 150 to 1200 J/m? {€3]. The methods for calculating
these from the basic measured data vary from the use of simple formulae based
on compliance measurements to detailed finite element analysis. Furthermore,
the use of the basic data changes depending upon what is regarded as
"initiation". The variations in mode I data are attributed to various phenomenon

[64], such as the method used to make the starter crack, crack wandering and
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fiber bridging. When the specimens used for mode I testing consist of several
identical plies, nesting or intermingling of plies occurs and there may be no
distinct interlaminar layer available for delamination propagation. The crack
then weaves between layers of fibers causing these bridges. Thicker specimens
are seen to contribute more to fiber bridging and hence give increasing G,
values with increasing crack length [(65]. Similarly in the case of mode II test
results, crack surface friction and the type of starter crack are issues currently of
concern [64, 66]. In the case of mode II, it has been shown that scaling the
specimens results in different values of Gy;_ [67].

Most research on delamination growth in fiber reinforced composites is
centered around the application of G;, G;; and Gy, to identify modes of failure.
However, there has recently been work done on glass to epoxy interfaces [68, 69]
where the new definition of stress intensity factors (K, K, and K;) for
bimaterial interfaces discussed in the earlier section has been used. However,
this data is for cracks between two isotropic materials and is not directly
applicable to laminated composites. No such data is available for delaminaticns

in any composite materials.

2.3 Summary
The strength of materials approach has been successful in the prediction

of delamination initiation but has not yet been widely applied to crack growth
problems in composite materials. The method first needs to be tested for
predicting growth of cracks in cases such as double cantilever beam specimens or
other such problems where adequate amounts of experimental data is available.
This basic groundwork would be needed before a criterion based on the strength
of materials could be validated and applied to compound delamination problems.

The fracture mechanics method has been long established to work in the
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case of isotropic materials even for complex crack configurations with the aid of
parameters such as the stress intensity factors and strain energy release rates.
The methods of evaluation of these parameters around the crack tip have also
been well-established, even in the case of three-dimensional problems. In the
case of delamination growth, this method has shown some success in predicting
the growth of circular delaminations and free edge delaminations. The
inadequacy of this approach lies primarily in the lack of a universal mixed mode
criterion. In spite of this, it has been shown that the method is capable of
predicting trends in the data and alse in serving as a technique for recognizing
incipient crack growth .

The problem of compound delamination has not been adequately tackled
thus far in literature. This involves both in-plane damage/failures and out-of-
plane damage/failures and hence the relative importance of either mode along
with their interaction needs to be determined. The evidence so far indicates that

this problem is still a research issue which needs to be addressed.
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CHAPTER 3
PROBLEM DEFINITION

In this chapter, the mechanics of the triangular-shaped compound
delamination are explored in the light of the detailed experimental evidence
available from the previous work done in this area as described in Chapter two.
The issues for further research in this area are identified and the experimentai

and analytical procedures adopted to pursue them are outlined.

3.1 Mechanics of Compound Delaminations: Current Status

The research on triangular-shaped compound delaminations has been
mostly carried out on the [:I:Bn]s, [:tOn/On]B, and [Onlzten]S families of laminates.
The subscript n is a discrete number indicating the number of plies of the same
angle that have been layed together to form an 'effective ply', and the resulting
thickness is known as the effective ply thickness. These types of delaminations
are observed under tensile loading, for values of 8 between 0° and 30° {1, 9, 29,
70]. As a consequence of the delamination, the failure stresses of these
laminates fall considerably below predictions made via in-plane failure criteria
[9]. Further investigations have been carried out with values of 8 equal to 15°,
20°, 25° and 30° and for values of n ranging from to 2 to 8 [1, 5, 29] in order to
examine the growth of the triangular-shaped delaminations in these laminates
from initiation to unstable growth (failure). The effect of ply thickness on this
process has also been considered.

In all these families of laminates, the experimental data consistently
indicates that the first stable mode of damage visible by radiographic

examination is a triangular compound delamination with a curved delamination
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front and bordered by a matrix crack as shown in the X-ray radiographs in
Figure 3.1 [6]. In the case of [+153]; specimens, the delamination was observed
to be at the +15/-15 interface and the matrix crack was in the surface +15° ply
[6]. Though this observation was not made earlier, the current author notices,
from the observation of these specimens, that the delamination is located
symmetrically through the thickness for tiie [+15,]; laminates. The [£15,/0,1,
laminates also show an almost identical stable damage mode consisting of
cracking in the top +15° plies and delamination at the +15/-15 interface [6]. In
this case, the delamination is not always symmetric through the thickness. The
(0,46, ]; laminates show an identical delamination configuration at the +0/-6
interface located symmetrically through the thickness. However, the matrix
cracking in this case is not in the surface plies, but in the central [-69,]
sublaminates [5, 6]. There was no consistency in the size (areas) of the
delaminations observed in the various laminates. In the case of [+155]; and
[+15,/0,,]; laminates, the size of the delaminations that are first observed via X-
ray radiographs are generally smaller than in the case of the [On/:i:15n]s
laminate.

The formation of these triangular delaminations during testing was
usually accompanied by a loud click and a drop in the load [6]. On further
loading, this primary mode of damage was generally followed by the formation of
matrix cracks in the plies neighboring the delamination, henceforth this is
referred to as "secondary cracking”. In the case of (1535l and [+15 /0]
laminates, the secondary matrix cracks usually formed as tangents to the curved
delamination front at the free edge region in the -15° sublaminates, as shown in
Figure 3.2 [6]. In the case of the [On/iﬂn]s laminates, it cannot be conclusively
said that the matrix cracking occurred tangential to the delamination front.

However, these cracks still originate in the region where the delamination front



Figure 3.1 X-ray picture gshowing triangular compound delamination with a
curved delamination front observed in [10,], [iE)n/OH]s and

[0n/:t9n]s laminates at the +6/-0 interface [6].
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meets the free edge as shown in Figure 3.2 [5, 6].

In all three families of laminates, the original triangular delamination
with the matrix crack propagated to the ends of the specimen and were stopped
when they encountered the loading grips. This was usually accompanied with a
significant (40%-50%) drop in load carried by the specimens and this was
regarded as final failure of the specimen. A typical delamination which has
grown to the loading tabs is shown in Figure 3.3 [6]. The delaminated regicn in
all the cases had considerable secondary matrix cracking, as seen in Figure 3.3,
which may have occurred either during, or subsequent to, final failure of the
specimen as defined earlier.

The initial triangular delamination usually occurred at or above 95% of
the failure load in the case of the [+153]; laminate. In the case of the [+15 /0 1,
and the [0 /+15 L laminates, the delaminations occurred at about 80-90% of the
final failure load [6]. The final failure load in these latter two laminates was
higher due to the presence of the 0° plies which carried substantial load even
after the initial delamination and loss of load-carrying capability in the cracked
and delaminated +15° or -15° plies.

In certain laminates, it has been observed that delamination initiates at.
the free edge. This first mode of damage can be observed only by microscopic
examination. Subsequently, the triangular-shaped compound delamination with
a curved front and an adjoining matrix crack is the first stable mode of damage
that is macroscopically visible. This is further strengthened by an earlier study
discussud in Chapter 2 [6]. In this study, only cone form of damage was
implanted into specimens, i.e. either delamination alore or a matrix crack alone.
Loading of these specimens resulted in the formation of the complementary form
of damage such that the end result was the formation of a triangular-shaped

compound delamination of a configuration similar to that observed naturally.
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No further information is availabie regarding the development of the initial
microscopic delamination into this me croscopic damage.

On further loading, the existing damage excites secondary matrix
cracking in adjoining plies and this overall damage subsequently propagates to
the ends of the specimen resulting in significant amounts of delaminations
within the specimen, recognized as final failure. Some of the issues pertaining to
this failure are further identified in this section. Further work needs to be done
to resolve these issues in order to provide a better understanding of the reasons
for the occurrence and propagation of the observed damage mode.

A previous analysis based on the global energy release rate of specimens
with triangular delaminations was discussed in Chapter two. This work
concluded that there was no difference in the global energy release rate for
different orientations of the delamination front, relative to the matrix crack, as
shown in Figure 2.7 [29]. The local effects along the delamination front were not
considered and the global energy release rate refers to the total energy released
for the growth of the entire triangular delamination region. However,
delaminations of various orientations are seldom found in the experiments
involving these laminates. Therefore, one of the issues that needs to be
addressed is the stability of the observed delamination contour and the
mechanisms involved in the growth of the delamination into this configuration
from its initiation configuration.

In order to further examine this, a greater detail in the modelling is
necessary to determine the differences between the various delamination
orientations on a local level, rather than at a global level. This requires a
three-dimensional model of the delamination front in order to obtain the

distribution of the energy release rate and the individual modes of the
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Figure 3.2

Secondary matrix cracking observed (left) in the [-0,] sublaminates
in_ [0pl, and [0;/0,] laminates and (right) in the [+8]
sublaminates near the defaminated region in [0 /16 ] laminates

[6]. !



Figure 3.3 X-ray photograph after failure, showing delamination propagation
along with secondary matrix cracking observed in [i:eni, [i()n/()n]B
and [0 /36, 1. laminates [6].
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delamination along the delamination front. The delamination front within this
model will be oriented at different angles to the matrix crack in an attempt to
simulate the growth of the delamination. Since the fracture mechanics approach
is adopted in the current study, the distribution of strain energy release rate is
used to determine the patterns of growth. Such growth is likely to occur in
regions where the energy release rate exceeds a critical value and this could
result in a delamination with a different orientation. The examination of the
strain energy release rate may also help to identify the mechanisms involved in
the arrest of the delamination growth in the form of the experimentally-observed
delamination contour.

The second issue that needs investigation is the interaction between the
delamination and the matrix cracking in this configuration. Since the triangular
delamination region including the matrix crack propagates as a 'unit', the
relative importance of the matrix crack and the delamination front in the
propagation needs to be determined to ascertain whether one of these two
damage types, or their interaction, is responsible for the unstable growth of this
damage configuration. In order to examine this, it i8 necessary to mndel both the
delamination front and the ma.rix crack front. Any such model necesaarily
involves a three-dimensional modelling of the damage state.

For small delamination sizes, subsequent to the formation of the
trianguler-shaped delamination, the secondary damage is seen to occur in the
vicinity of the triangular delamination. No other isolated matrix cracks are
visible anywhere within the laminate. This suggests that the causes of these
matrix cracks are related to the stress state around the delamination front. It is
likely that as the delamination front changes orientation, the stress state
becomes conducive to the formation of secondary matrix cracks in those plies.

One of the benefits of the three-dimensional model is the ablility to examine such



-70-

stress states in the vicinity of the delamination front for different delamination
orientations.

These issues provide a breakdown of the problem of final failure via
propagation of the triancular-shaped compound delamination into key stages.
An understanding of each individual issue via analyticnl and experimental
modelling would provide an insight into the mechanisms responsible for each
stage of the growth as well as the relative importance of the component damage

modes.

3.2 Proposed Method of Study

In order to address these issues, a model of the initial damage state is
necessary. ldeally, the initiation of either the delamination or the matrix crack
would be a convenient point to start the analysis. However, the order in which
these occur is still a debated issue. In the case of some laminates mentioned
earlier, the occurrence of delamination prior to matrix cracking has been
observed [6]. However, a finite element analysis performed for [O/iﬁi.)]S leminates
suggests the feasibility of delamination arising from matrix cracking [5],
although no experimental evidence is available in quasi-static tensile testing to
show that matrix cracks occur prior to delamination. The existence of a matrix
crack without delamination is show in the case of tensile fatigue loading. It is
likely that the mechanisms responsible for initiation could vary with laminate
angles and effective ply thickness and with types of loading, hence it would be
impossible to generalize the occurrence of one specific mode as the starting point.
The existence of flaws near the free edges of the laminate may also play an
important part in causing either the delamination or matrix crack to occur first.
Hence, this thesis will not go into the details of the initiation of the delamination

»nd matrix cracking. This has been discussed at length in reference [71]. The
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starting point for the current study is the presence of both the matrix crack and
delaminaticn. The delamination front is assumed to initially be at right angles
to the matriz crack. The configuration gize is defined by its intrusion, a, which
measures the length of the damage extending along a normal to the free edge.
This configuration is illustrated in Figure 3.4. This situation is not identical to
that observed naturally, but is meant to represent a possible stage in the growth
towards the naturally occurring contour.
Ancther aspect of the damage observed from radiographs and micrographs, is
that the delamination front as well as the matrix cracks are curved in these
laminates. In the case of matrix cracks, it is important to distinguish the crack
profile from the crack front. In order to distinguish between these two terms, an
example of a penny-shaped crack is shown in Figure 3.5. The straight lines seen
on the plane PQRS normal to the crack is the crack profile. The curve seen on
the section A-A, which slices through the crack, is known as the crack front. In
the case of the laminate families discussed earlier, the shape of the matrix crack
front is not known, however, the crack profile is almost parabolic at the free edge
as illustrated in Figure 2.6 [5]. Since this geometry is still not properly
documented, the matrix crack front and the crack profilc will be medelled as
straight lines, normal to the interface of the laminate, as shown in Figure 3.6.
As mentioned in Chapter two, the delamination front is also curved in the
regions close to the free edge. However, for simplicity, the present study will
also approximate the delamination front as a straight line, as in previous studies
[29].

The study is separated into the experimental and analytical parts,

described in succeeding sections, along with their particular objectives.
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Figure 3.4 Top view of the delamination front used as the initial configuration
in the present analysis of growth of the compound delamination.
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Figure 3.5 Definition of a crack front and crack profile in the case of a penny-
shaped crack.
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Figure 3.6 Model of the delamination and matrix crack adopted for the current
study approximating the delaminaticn front and the matrix crack
front and profiles as straight lines.
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3.2.1 Experimental Study

The objective of the experimental study is to examine the growth of the
damage state from the initial assumed configuration, shown in Figure 3.4, o
that observed naturally. This includes the examination of the relative growth
tendencies of the triangular delamination and the matrix crack bordering it.
The local behavior of the matrix crack tip and the delamination front are
monitored for changes in local strains via strain gages placed strategically on the
specimen.

The laminates adopted for the current study are made from AS4/3501-6
graphite/epoxy. The layups chosen are [+154], and [+15,/0 1 with n equal to 2,
3, 5. These laminates are chosen because virgin specimens of [i15n/0n]S and
[+155]g have been tested earlier {6]. The naturally occurring delaminations at
different stages of the growth process in these specimens have been documented
and therefore these specimens will be used to study the growth behavior of
artificially-created delaminations which resemble the initial configuration
chosen for the present study. The virgin specimens of the [1154]; layup are not
available from earlier tests . These have therefore been tested in the current
study. Furthermore, the [0, /15 1 laminates were not chosen because the
intact 0° plies on the surface make it difficult to monitor the internal damage.
Additionally, the frictional effect between the intact outer plies and the
delaminated internal plies introduces another uncertainty in the interpretation
of the experimental results and in the analysis of this configuration.

In order to simulate the occurrence of the delamination and associated
matrix crack, the [i152]S and [:I:15n/0n]s laminates were implanted with teflon
pieces during the layup of the laminate and then cured. The manner in which
the teflon pieces were placed before the curing of the specimens is shown in

Figure 3.7. The presence of the teflon piece prevents the boncing of the plies, or
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regions of plies, in contact with the teflon. When cured, the teflon piece can be
removed and it leaves behind a simulated triangular-shaped compound
delamination. The resulting laminate conforms to the initial configuration
discussed earlier and shown in Figure 3.4.

The naturally occurring delaminations are seen to be quite small in the case of
the [+154]; laminate, ag shown in the radiograph in Figure 3.8. However,
implanting of such smail delaminations, as well as the monitoring of the growth
of such delaminations via radiographs or strain gages, is extremely difficult.
Therefore, 10 mm intrusions were utilized in all [:|:152]B and [:1:15n/0n]s
laminates that were implanted. The delamination may be conceptually divided
into three regions: A, B and C as shown in Figure 3.9. Regions A and C are
boundary layer regions affected by the free edge and the matrix crack,
respectively, and any steep gradients in stresses, strains, energy release rates
etc. manifest themselves in these regions. Region B basically does not have any
gradients along the delamination front. Thus, enlarging the delamination size
does not significantly affect regions A and C, but has the effect of enlarging
region B. However the stresses in this region are virtually unaffected.
Therefore, even though the dimensions of the delaminations that are implanted
within the laminate are different from those that occur naturally, it includes all
the important regions of interest and must behave in a manner similar to that
occurring naturally.

Strain gages were placad along the delamination front and along the
matrix crack tip to monitor any change in strain in the local region due to the
propagation of either the delamination or the matrix crack. A typical coupon
specimen with the implanted delamination and the strain gages is illustrated in
Figure 3.10. The manufacturing and testing procedures for these specimens is

discussed further in Chapter five. Radiographs of the specimens are also taken
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Matrix Crack
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Figure 3.7 Placement of teflon piece before curing of the laminate to simulate
delamination and matrix crack.



Figure 3.8 Radiograph of triangular-shaped compound delaminations in
[£155]; laminate [6].



Delamination
Front

Matrix Crack

Figure 3.9 Illustration of three regions A, B and C, spanned by the
delamination front representing respectively the boundary layer
region at the free edge, the intermediate region and the boundary
layer region at the matrix crack.
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at predetermined load levels to monitor changes in the implanted damage.

The strain data obtained from the gages lacated at the delamination front
and the matrix crack front was used to find changes in the local strain due to the
propagation of the respective crack fronts. It is expected that any such changes
would register as kinks or distortions in the strain data. This strain data is used
to further support the radiographic evidence in determining whether one
damage front has a preference to grow over the other.

In summary, the experimental data collected from radiographic
examination and from the strain gages should help to resolve the issue of
whether the growth of the delamination is possible from the initial configuration.
In the event that this growth occurs, the relative importance of the delamination
front (or regions along the delamination front) to that of the matrix crack will be
identified. Such growth data would also help to establish the tendency of the
delamination to grow into the naturally observed configuration, identifying that
this is a possible mechanism by which the delamination grew into the naturally

observed state.

The objective of the analytical portion of the study is to determine regions
where growth is likely to occur from the initial configuratior, and the
mechanisms by which this occurs. A fracture mechanics approach is adopted
and strain energy release rates along the delamination and matrix crack fronts
are used to measure the ability to grow, as discussed in Chapter two. A complete
model of the compound delamination requires the modelling of the delamination
crack front as well as the matrix crack tip. Since this requires a three-
dimensional modelling, three-dimensional finite elements are used in the

current study to capture the details of interest.
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Figure 3.10 Ilustration of typical implanted coupon specimen with strain gages
at the delamination front, matrix crack front and far-field.
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The analytical study starts from the initial configuration shown in Figure
3.4. The strain energy release rate is evaluated along the delamination frent
and the matrix crack front using the Equivalent Domain Integral. The
individual components of the strain energy release rate are obtained from the
decomposition method. The limitations of using the decomposition method for
delamination problems are discussed later in this section. The crack front with
the highest strain energy release rate is expected to grow in preference over
regions of lower strain energy. Such growth could result in a curved crack front.
However, in the present study such a crack front is approximated by a straight
line for ease of computation. The initial configuration of the delamination front
is taken to be 90° to the matrix crack as shown in Figure 3.4. Subsequent
orientations are taken at 105° and 120° as a simulation of the process of growth
of the delamination into the naturally observed configuration. The changes in
the strain energy release rate and its components at different orientations of the
delamination would also provide insight into the mechanisms responsible for
causing a stable configuration. These parameters are also evaluated along the
matrix crack front for the different delamination orientations. This helps to
determine whether the matrix crack front has an increasing tendency to grow
with the changes in the delamination front.

An attempt is aleo made to ~xamine the tendencies of the delamination to
excite secondary damage in neighboring plies. The experimentally observed
secondary cracking has been seen to occur in the intact plies neighboring the
delamination. Hence, all the components of the in-plane stresses in the
neighborhood of the delamination are examined to assess the change in the
stress state due to changes in the orientation of the delamination. The initiation
of the secondary matrix crack could have occurred from any location in the

neighborhood of the delamination. Since no experimental evidence is available
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to suggest the actual region of origin of these cracks, the stresses are examined
at the free edge region where the effects of the change in delamination
orientation can be conveniently observed. It is expected that an increase in the
stresses in this area may accompany the changing delamination orientation,
making this region more prone to secondary matrix cracking.

The [£155]; laminate is chosen for the finite element model. The
symmetry observed in the delamination pattern along with the smaller number
cf plies make it an attractive choice for the analysis. The detailed reasons for
this laminate choice are described in section 4.1. The delamination in these
laminates i8 located at the +15°/-15° interface and the strain energy release rate
along the delamination front is generally mixed-mode in nature. The variation
of the total strain energy release rate and the individual modes along the
delamination front both need to be evaluated, to determine any change in the
total strain energy release rate or its mode mixity as the delamination grows and
changes its orientation from the initial assumed configuration.

Since the delamination is a crack at the interface of two different
anisotropic materials, there does not exist a unique definition of the ‘'modes' as
discussed earlier in section 2.2.2. The stresses at the tip of the delamination
crack exhibit an oscillatory singularity in addition to the square root singularity
seen in isotropic materials. The magnitude of this oscillatory singularity
determines the extent of coupling at the delamination tip between the various
stresses. As a consequence of this coupling between stresses, there is no unique
single parameter which controls the behavior of each individual stress, and
hence there is no unique definition for the modes. However, to provide an
understanding of the delamination behavior, two methods have been adopted to
separate the modes in the present study. The first is known as the

decomposition method and the second is known as the crack opening
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displacement approach.

The decomposition method is conventionally used in isotropic materials.
It ignores the presence of the oscillatory singularity, and separates the modes by
breaking the stresses, strains and displacement near the crack tip region into
symmetric and antisymmetric components. Using the analogy of isotropic
materials, the symmetric components are considered to provide the crack
opening modes (mode I) and the antisymmetric components are considered to
provide the shearing (mode II) and tearing (mode III) modes.

The crack opening displacement approach, which has been developed in
this study, does not ignore the presence of the oscillatory singularity. The crack
opening displacements behind the crack front are used to compute the stress
intensity factors and these are then used to obtain the stress state ahead of the
crack tip [40]. The ratio of the normal stresses to the in-plane shear stresses
ahead of the crack tip is taken to be the mode ratios (mode I to mode II) and the
ratio of the normal stresses to the out-of-plane shear is taken to be the other
mode ratio (mode I to mode III). The presence of the oscillatory singularity
causes these ratios to be different at different distances ahead of the crack tip.
Hence, a distance ahead of the crack tip must be chosen to determine these
ratios. However, the crack opening displacement approach may also be used by
approximating the oscillatory singularity to zero. In this case, the modal ratios
obtained are independent of the distance ahead of the crack tip. This process of
ignoring the oscillatory singularity is an approximation that is valid in cases
where the oscillatory singularity is small. The current study uses the crack
opening displacement approach both by utilizing the oscillatory singularity as
well as by assuming it to be zero. This provides a new perspective on the
separation of modes ahead of the delamination front.

A theoretical solutior: exists for the global energy released in a free edge
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delamination. Hence, the case of a simple delamination at the free edge in a
[05/905], laminate is studied using both the decomposition appreach and the
crack opening displacement approach and the results from the two methods are
compared to theory. This example is also used to examine the differences
between the modes of strain energy release rate predicted from different
approaches. However, no theoretical values of modes exist for comparison.

Since the previous problem involves only orthotropic plies, another more
general laminate, [:1:752]B was choren for a similar study, to compare the results
obtained by the two approaches. In this case, no theoretical results exist for
either the total energy release rates or the individual modes and hence this
serves as a check of consistency between the various approaches, rather than a
validification of the approaches themselves.

In summary, the analytical study provides information regarding the
changes in the total strain energy release rate of crack fronts with differing
orientations. It also provides the individual modes and the changes observed for
differeat orientations of the crack. This should provide insights into the
mechanisms responsible for causing the stable configuration of the delamination
during its growth. The strain energy release rate at the delamination front may
be compared te that at the matrix crack front to determine which may be
responsible for the growth to failure. A method known as the crack opening
displacement approach is developed to enable a new methed for mode separation
in delamination problems with the option of either utilizing or neglecting the

oscillatory singularity.

The experimental study and the analytical study are together aimed at
resolving the issues posed in section 3.2. Both these studies start with the same

initial configuration for the triangular-shaped delamination. The analysis
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provides a numerical estimate of the parameters controlling the growth of such
initial delamination configurations and also provides insight into possible
mechanisms by which any such growth is likely to occur. The experirnents are
expected to provide a qualitative validation of these analytical results with
radiographs of any actual growth from the initial delamination configuration.
The analysis also compares the energy release rate at the delamination and the
matrix crack fronts to determine the relative importance of these two crack
fronts. Strain gages are utilized in the experiments to monitor the growth of the
delamination and the matrix crack and determine which of the two propagates
first from the initial configuration. Though no quantitative estimates of the
growth are obtained, the experiments will help to determine if growth does

actually occur where it is predicted to occur.
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CHAPTER 4

ANALYSIS METHODOLOGY

The details of the different analysis methods used to evaluate the strain
energy release rate are examined in this chapter along with the finite element
modelling procedure adopted for the compound delamination. In order te
validate the programs that were developed for the analysis, a verification

problem has been solved.

4.1 Finite Element Model of the Compound Delamination

The triangular compound delamination is analyzed with the aid of the
finite element method using the software ADINA® (Automatic Dynamic
Incremental Nonlinear Analysis) [72]. This software has a pre-processor, called
ADINA-IN®, which was used to create the mesh. However, since this pre-
processor produces several groups of elements and joins them together, some
programs had to be written by the author to check whether different regions had
been appropriately connected to each other. A three-dimensional model of the
laminate was made using 20-noded isoparametric brick elements, shown in
Figure 4.1 with three displacement degrees of freedom per node. The degrees of
freedom are extensional displacement along the x, y and z directions designated
88 u;, u, and u;. These elements have been used extensively in previous models
of composite laminates [37, 73, 74]. The model consisted of 5100 elements and
had about 65,000 degrees of freedom.

The laminate analyzed was the [t159]; laminate with an effective ply

thickness of 0.268 mm. Only one quarter of the laminate was modelled implying
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Figure 4.1 Twenty-noded isoparametric brick element, with three degrees of
freedom per node, used in the finite element analysis.
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Figure 4.2 Dimensions of the quarter model of the triangular-shaped
compound delamination in a [+15,], laminate used in the finite

clernent analysis.
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the presence of four symmetrically located triangular compound delaminations
at the +15/-15 interfaces, as shown in Figure 4.2 along with the dimensions of
the model. Since the distribution of the strain energy release rate was needed
along the delamination front as well as along the matrix crack front, the mesh
was refined locally in these regions. There are twenty elements along the
delamination front and six elements along the matrix crack front within the +15°
ply. These six elements through the thickness of the +15° ply were local to the
region around the matrix crack tip and were gradually reduced in number at
regions away from the crack tip to one element through the thickness at the
outer boundaries of the model. This was done in order to reduce the elements in
the far-field regions where the stress gradients are not steep and the stresses
approach classical laminated plate theory values. The -15° ply has only four
elements through the thickness, since no matrix cracks are assumed to exist
within this ply and these elements were reduced to a single element through the
thickness at the outer boundaries in the same manner as the meshing in the
+15° ply. In order to obtain accurate results with finite elements in regions of
steep stress gradients, the aspect ratio of the elements must be less than
approximately four or five. In the model, the aspect ratio cf the elements was
preserved to within these limits in regions near the delamination and matrix
crack front where steep stress gradients were expected. The aspect ratios were
relaxed to ten or larger in regions with insignificant gradients.

The smallest elements are in the ring around the crack tip where the brick
elements are 0.01mm by 0.01mm normal to the crack and are of various widths
along the crack front ranging from refined at the free edges and near the matrix
crack front with aspect ratios of about unity, to slightly coarser in the mic e of
the delamination front with aspect ratios of about two or three, as seen from the

mesh in Figure 4.3. The loading on the laminate is imposed in the form of a
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Figure 4.3 Planar representation of the mesh used in the analysis of a [+15,],
laminate with applied loading and boundary conditions.
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uniform displacement along the top surface. Boundary conditions consistent
with symmetry as: 'mptions mentioned earlier are also imposed on the model as
shown in Figure 4.3. The location of the delamination and the matrix crack front
are shown in the three-dimensional outline drawing of the finite element model
in Figure 4.4.

Three different orientations of the delamination front are examined
relative to the matrix crack and these are shown in Figure 4.5 along with
dimensione of the model and the size of the intrusion. The intrusion of the
delamination in the finite element model was chosen to be 1 mm. This distance
is greater than three effective ply thicknesses away from the free edge. Thus,
the delamination spanned the region from the free edge with highly gradient
interlaminar stresses to areas outside the boundary layer where the
interlaminar stresses are negligibly small. The delaminations observed to occur
naturally in these class of laminates are about 3 to 4 mm wide. Modelling of
such large delamination fronts would require the model to have a much larger
size in-plane, but would not change dimensions out-of-plane. Therefore, this
would require a significant increase in the number of elements but would not
provide any additional information since the delamination spans the same three
important regions shown in Figure 3.9. Region A is affected by free edge
interlaminar stresses, region C is affected by the presence of the matrix crack
and region B is the intermediate region. On increasing the delamination
intrusion, regions A and C, which are 'boundary layer' regions, do not change
significantly. Hence, only the size of region B increases. Since the crack tip
parameters are relatively uniform in region B, increasing its size does not
provide any additional information regarding the delamination front. Therefore,

the delamination was restricted to a smaller size in the currrent model.
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Figure 4.4 Outline of the finite element model indicating the location of the
delamination and the matrix crack.
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Figure 4.5 Three cases modelled using the finite element model with differing
orientation of the delamination front relative to the matrix crack:
(left) 90°, (center) 105°, and (right) 120°.
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The meshing at the delamination and the matrix crack front is critical,
since the stresses in these regions are singular and hence have steep gradients.
Quarter-point singular elements have typically been used at the crack front to
model the 17t singularity [45]. In the case of the delamination front, there
exists both the W;singu]arity and an additional oscillatory singularity. These
singular elements cannot, however, capture the oscillatory part of the
singularity.

There are two mesh choices available along the crackfronts: the crack
front could be surrounded by a square ring of four brick elements or by a circular
ring consisting of several prism-shaped elements (brick elements with one side
collapsed) as shown in Figure 4.6. The ring of prism-shaped elements is
advantageous in terms of the increased element concentration at the crack front.
It has also been shown that this type of element has a NT singularity
throughout the element and hence efficiently models the stresses arcund the
crack tip. However, the compound delamination problem involves the
intergection of two cracks and requires that the ring of elements around the
delamination front be able to merge into the ring of elements around the
delamination front. If prism-shaped elements are used, then the mesh is
geometrically incompatible at regions of crack intersection. To avoid this
problem, the configuration of four brick elements at the crack tip has been used
in the current analysis.

The brick element has two disadvangtages in this case. One, the number
of crack tip elements are restricted to four, hence a dense mesh in the immediate
vicinity of the crack front is not possible. Two, the quarter-point brick element
has a 11 singularity not within the entire element, as in the case of the
collapsed brick element, but only in the vicinity of the crack front [45]. However,

the intersection of cracks does not present a problem in this case as is shown by



Figure 4.6 Illustration of two pessible meshes around the crack front: ({eft) a
square ring of four brick elements and (right) a circular ring of
prism-shaped clements.
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Matrix Crack

Deiamintion Front

Figure 4.7 Compatible intersection of the rings of elements along the
delamination front and along the matrix crack front (r-s-t are local
coordinates to help identify the orientation of the mesh).
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their geometric compatibility in Figure 4.7. A local coordinate system (r,s,t) has
been defined in Figure 4.7 to help identify the orientation of the crack tip ringe
within the model. In this figure, the mesh along the delamination front has been
terminated after a few elements for convenience of presentation. The ring
consists of four brick-shaped elements which surround the mesh. In the endview
(along either the s- or t-axis) these rings would appear like the ring of brick
elements shown in Figure 4.6. The symmetry of the mesh around the crack tip
allows convenient application of the decomposition method, which demands
mesh symmetry to separate the modes.

The model was executed on the CRAY-YMP at the MIT Supercomputer
facility. A typical run requires about three hours of CPU time. The post-
processing was done with the ADINA-PLOT post-processer and also with some
programs written by the author to isolate the stresses, strains and
displacements at the crack front. A program was also developed to use the
equivalent domain integral technique to cbtain the strain energy release rate
around the crack front. The equivalent domain intergral along with the
decomposition technique used to separate the modes are briefly described in the

next section.

4.2 Techniques for Evaluating Strain Energy Release Rate

Two methods for evaluating the strain energy release rate are described here.
The first is based on the J-integral technique and is called the equivalent domain
integral. It is the method which is used in association with a decompostion
technique to obtain the total energy release rate and the individual energy
release rates in isotropic material. The second method is based on the crack
opening displacement behind the crack tip which is used to obtain the stress

intensity factors. These are then used to obtain the strain energy rel:ase rates
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Figure 4.8 Illustration of the coordinate system adopted for the evaluation of
the J-Intesral along the crack front, along with the surface on
which it is evaluated.



-100-

and the individual modes. The coordinates Xy, Xg and X4 are defined locally at
the crack (or delamination) front, as shown in Figure 4.8. The Xg-axis is located
along the crack front, and the x5 and x;-axes are located such that they measure
the crack opening and shearing distances along them respectively. These

coordinates are used in the evaluation of the crack tip parameters.

4.2.1 Equivaleit Domain Integral (EDI)

The J-Integral, as originally formulated in two-dimensions, is a path-
independent integral around the crack tip. The strain energy density and work
done by tractions on any path around the crack tip are used to obtain a crack tip
parameter, J. This parameter J is equal to the strain energy release rate, G, in
the case of linear elastic bodies. The J-integral is convenient for crack tip
analysis in two dimensions because it requires only a line integral. However, in
three-dimensional problems, it requires the evaluation of a surface integral.
Evaluation of surface integrals requires the evaluation of normals to the surface
and hence are computationally quite difficult and unwieldy. Therefore, alternate
forms of this integral have been proposed for ease of computation. In references
[47, 49, 50], the J-integral has been modified into a volume integral, also known
as a domain integral, through the use of the divergence theorem and hence the
name Equivalent Domain Integral (EDI). The EDI formulation is
computationally very efficient compared to the J-integral formulation. It is also
much preferred over the virtual crack extension technique since it does not
require the crack to be incremented in order to evaluate the strain energy
release rate.

In the case of two-dimensional problems, the crack tip is represented by a
single point where the stresses are singular. Therefore, only one value of strain

energy release rate exists at that point. In the case of linear elastic problems,
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this may be evaluated using tiie J-Integral as,
J=G=Irgl:wnl_oij%nj:|dr (4.1)

where I i8 a contour of radius € around the crack tip, n, is the component of the

normal in the x,-direction to the surface I'c and W is the work energy density

defined as,

E;f
W = IO Y Ojj dE,'j (4.2)

In three dimensions, however, there is a crack front as opposed to a point and
hence, there is a line singularity along the crack front instead of the point
singularity observed in two dimensions. Therefore, in a manner similar to the
two-dimensional case where the G was evaluated at the singular point, viz. the
crack tip, in the three-dimensional case there is a distribution of strain energy
release rate along the crack front. In order to obtain the G distribution along the
three-dimensional crack front like the one shown in Figure 4.8, the crack front is
broken down into discrete bits of infinitesimal length A, in each of which G is
evaluated. The three-dimensional J-integral is defined over one such length of

the crackfront, A in Figure 4.8, as,

Ol
Gdxy= li [Wnl - G--—n-]dA (4.3)
a6 o= ) L[ =t

where Agisa surface of radius € around the crack front, A is the small limiting
unit of length along the crack front where this surface integral is evaluated, and
the remaining parameters have the same definition as in the two-dimensional
case in equation (4.1). Equation (4.3) has two limits imposed on it, the first one
is on A such that, in the limit, a continuous distribution of G may be obtained.

The second limit is on the ratio (¢/A) and this restriction arises because the crack
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front presents a line of singularities, while the original definition of the path-
independent iritegral shown in equation (4.1) was for a point singularity. In the
case of a line of singularities, there is an additional effect of one singularity on
the line affecting the adjacent singularity. In order to reduce the effect of the
adjacent singularities on the region of the crack under consideration, a
restriction is placed on the radius of the ring €. Therefore, in three dimensions,
the J-Integral is path independent only to a limited extent. Henceforth, these
limits on € and A will not explicitly be shown for convienience of presentation.

In order to convert this surface integral into an EDI, the strain energy
release rate is assumed to be constant along the small length A of the
delamination front considered in equation (4.3). Both sides of the equation are
multiplied by a2 shape function, S. This shape function has different values at
different nodes. Hence, it multiplies the displacements at these nodes by
different values, simulating a virtual displacement in these nodes. This process
therefore simulates the virtual crack displacement approach without having to
actually open up the crack physically. The rigorous proof of this has been given

in {75]. The resulting equation is,
Gf——j Wny — 0;; 2 n; | SdA (4.4)
Ag 1 Yy &xl J )

where,

f= jAde3 (4.5)

Another ring, A, larger than Agis selected, as shown in Figure 4.9, such that the
S-function gces to zero on the outer ring and on the sides of the cylindrical

surface with areas A; and A9 shown in Figure 4.9. These conditions may be
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thought of as the boundary conditions to be satisfied by the S-function.
Therefore, this method is similar to other methcds in mechanics based on the
principle of virtual werk, where any virtual displacement satisfying the
geometric boundary conditions may be used to obtain solutions to problems.
Since S is identically zero on the area A, equation (4.4) can be rewritten

as,

) o o
C f=—JA{WII1—Gij&ri;nj:lSdA-l-jAe[Wnl—O','j;;ﬁl-nj-lSdA (4.6)

or writing it as a single integral,

ou:
Gf Z_IA—AE[WHI —O'ij-é;ufnj:lSdA (4.7)

This integral is over the surface area, A-A, which encloses the annular volume
V-V, around the crack front. On application of the divergence theorem [50],
equation (4.7) gets converted to a volume integral over the volume V-V, and the
integral may then be written as,

S Ju IS [ow o ( o .
Gf=- w2 g, 22 gy - - . 48
f ‘[V_Ve[ 6‘x1 Glj 8x1 8111 J‘,_Velaxl 8x] (O-U &'xl )}de { )

In order to convert equation (4.8) into the equivalent domain integral, some

relations that are necessary are the equations of equilibrium without body

forces:

90+
% _ (4.9)

oxj
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Figure 4.9 Illustration of the annular region used in equivalent domain
integral along with a typical S-function used for analysis.
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and the definition of stress in terms of the work energy density,

oW

=2 4.1
0':1 98;,- ( 0)

This latter equation is evident from equation (4.2). These relations are then
used in the second integral in equation (4.8) to prove that it reduces to zero. The
differentials are first evaluated to give:

ow o ou; | oW O€jj d oy ) 90y
- . = -0 - 4.11
o, axj("‘faxl) Je; ox GU&xl(ij Jx; oy (4.11)

Equation (4.10) is substituted into the first term and the third term of equation
(4.11) is zero by comparing it with equation (4.9). The second term may be

expressed in terms of strain, thus yielding:

oW IEi 9 {314,-)_90:'1 oy _ o % _ o 98 _ (4.12)

38,-]- 311 G'j 3x1 3xj 3xj axl G'j 311 _G‘j 3x1

This leaves G, from equation (4.8), in terms of a single integral known as the
equivalent domain integral (EDI),

1 3 _ ou oS
2 w2 _ g S22 4.13
¢ [ ox, G”&xlax]dv (4.13)

i
This is the final form of the EDI that has been used in this work for evaluating
the strain energy release rate. This integral gives only the total strain energy
release rate and has to be used in association with some other method to obtain
the individual modes.

In the finite element formulation, the volume Ve is reduced to zero,
implying that the volume V-V, will consist of all the crack tip elements where

equation (4.13) is evaluated. As mentioned earlier, this volume consists of the

four elements adjacent to the crack tip and, therefere, the outer surface of the
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Crack Front

Figure 4.10 Illustration of S-function, used in the analysis, on one of the faces of
a typical brick element surrounding the crack front.



-107-

cylinder shown in Figure 4.9 is the outer surface of these elements. The length A
then refers to the width of the ring of elements surrounding the crack front. The
shape function used for all calculations was of the forin shown in Figure 4.10. It

has been shown [47, 50] that there is no significant difference between the
various shape functions that may be used as long as they satisfy the boundary
conditions mentioned earlier. The S-function chosen for this study is shown
relative to the nodes of the crack tip e!ement in Figure 4.9. It has the value of
unity at one node along the crack front, and is zero at all other nodes of the
element. It was chosen over other shape functions due to its simplicity. The S-
function was interpolated using the nodal values and the same interpolation
functions as used for the 20-noded brick elements in the finite element model.

Thus, the S-function may be expressed in terms of the nodal values as,

B

S=YsN(EnL) (4.14)

where £, 1 and ( are the isoparameteric coordinates used in the shape functions
for the 20-noded brick element.

The EDI in equation (4.13) is evaluated using the FORTRAN-77 program
given in Appendix A. The details followed in the programming procedure are

those given in references [47, 50] which have been used here without changes.

4.2.2 Decomposition Method

This method is used in association with the equivalent domain integral,
EDI, to separate the individual modes from the total strain energy release rate,
G. The decomposition method splits the siress, strain and displacement data, in
the velume around the crack front, into symmetric and antisymmetric

components which are used in the EDI to obtain the individual modes.
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Figure 4.11 Two-dimensional illustration of the decomposition technique for the
displacements using two symmetric points, P and P', relative to the
crack front.
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The method involves the use of data at symmetric points above and below
the crack front, necessitating a symmetric mesh in that region. The
displacement data at two symmetric points, shown as P and P' in Figure 4.11,
may be manipulated to split them into three components. For simplicity, these
are shown in Figure 4.11 for a two-dimensional case. In three dimensions, the

components are as follows:

{u={u'}+ {u”} + {u’"}

[metmp ) (mpwp) [ O
=5 u2P—u'2P“'+_2_ Wp +Usp +§' 0
Uyp + u‘JP'J 0 e —lhp:

(4.15)

The superscripts are used to refer to the modes, (i.e. I refers to mode I etc.) to
which these displacements contribute. In a similar fashion, the stress data may

be split into three modes:

{o}={o"}+{c"}+{a"}

(G,1p + Oyyp (0,10 = 01 | ’ 0 w
Opnp T Opp Onp ~ Onp 0 (4.16)
- l< Ossp + Onyp | | 1 0 [ 1)03p = Oyp
2 | O12p — Ojap ( 2|0p T 0p | 2 G
Onp — Oyp: 0 Opp + O3
\Um' - 013?', L 0 ) \O-ISP - olsp',

just as the strain data may also be split to give:

{eb={e"}+{e"}+{e"}

(€11 + €15 (&1p — €11p ] 0 W
Epp + Expp: Ey,p — Epp 0 (4.17)
_1[EuptEpp +lj 0 >+l< E33p ~ Exzpr T
2 | €2p ~ Ep2p r 2| E2p T ERp| 2 0
Enp ~ Expr 0 Exp t Expr
~£I3P - 813P'J L 0 J \813P - Elsp',

It has been shown [76] that the values of ul, ol and &l may be subsiituted into

equation (4.13) to obtain the mode I component (G;) of the energy release rate.
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The process may be repeated with the other two components to obtain Gy, and
Gqp» respectively. Hence, the decomposition method is a cemputationally
advantageous way of obtaining the strain energy release rate.

One of the cracks of interest in this study is a delamination crack between
dissimilar plies of the material. It has been stated [48] that this approach may
not be used for separation of modes in a bimaterial problem since the three
modes cannot be obtained by using the individual components of displacements
and stresses due to the oscillatory singularity as mentioned earlier. That is, in
general each of the three modes of the strain energy release rate is related to all

of the displacements, stresses and strains,

G,,G,.G, = f(u' u" u", 0", 0", 0" €' " ") (4.18)

This inability to apply the decomposition methed is true for bimaterials with
oscillatory singularities. However, if the material constants for the bimaterials
satisfy some constraints, as described in the next section, there are no oscillatory
singularities at the crack tip. It has been shown that in such a case, the stresses
in each individual material may be obtained by pretending that the whole plate
is made of that material alone [77]. The absence of the oscillatory singularity
implies that there is a unique definition for the individual modes. It is shown in
Appendix B that for such a bimaterial case with no osacillatory singularity, the
decomposition method is capable of performing the mode separation correctly.
Hence. the generalization that the decomposition method does not work for any
bimaterial interfaces is not entirely true.

There are almost no naturally occurring bimaterial combinations where
the oscillatory singularity is perfectly zero. But many problems have very weak
oscillatory singularities relative to the maximum possible oscillatory singularity

of 0.175 which occurs when one of the bimaterials is perfectly rigid [39]. In the



-111-

present study, the decomposition method of mode separation has been extended
further to include such cases. This assumption inherently implies that the
coupling between different modes is small and may hence be neglected and the
problem treated as that of a bimaterial without any oscillatory singularity.
Thus, there are some errors introduced by this approximation and the exact
magnitude of this error introduced cannot be determined because there exist no

‘correct’ or 'ideal’ values to which these modes may be compared.

1 2.3 Crack Opening Disp] (COD) A |

As is obvious from the preceeding discussions, the presence of oscillatory
singularities is still a much discussed and debated issue in the case of bimaterial
problema. A mode separation technique which accounts for this singularity is
proposed and utilized in a delamination problem here. It is based on the
analytical results developed for stresses and the crack opening displacements for
a crack located at the interface of two anisotropic materials [40]. These
analytical results are applicable to the general case of delaminations in
composites.

The process starts with the evaluation of the oscillatory singularity. This
may be performed with the aid of a formulation known as the Lekhnitskii-
Eshelby-Stroh (LES) formulation, after the three researchers who independently
arrived at this approach [40]. This approach is briefly described here.

The constitutive law for a generally anisotropic material can be writter
as:

du
O"-j = C,-jkIEH = Cijkl Fxf (4.19)

This equation may be substituted into the equilibrium equation without body
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force, i.e. equation (4.10). This results in the equilibrium equation in terms of

the displacement, known as the Navier-Cauchy equations:

azuk
Cijit ;00 =0 (4.20)

If only the simpler case of a generalized plane stress or plane strain is

considered, then the solution to equation (4.20) is of the forra [44]:

j=1

3
U = 2Re{2A,-jfj(xl + U sz)} (4.21)

and the resulting stresses of interest are of the form,

3
0y = 2Re[2[11f;(xl +yj12)] (422)

j=1
where Ky Aij and Lij need to be determined. Equation (4.21) may be substituted
into equation (4.20) and under generalired plane strain assumptions, the

resulting equation is:

[Cilkl +1j(Cinkz + Cizg) + #,Z'Ci?.n]Aki =0 (4.23)
This i8 an eigenvalue problem where the eigenvalues W may be determined by

setting the determinant of the matrix in equation (4.23) to zero:

Icilkl +(Cinez +Cizier) +#,2'Ci2k2| =0 (4.24)
When equation (4.24) is expanded, it results in a sixth-order polynomial which
has no real roots. If the roots are distinct, then they are seen to be three pairs of
complex conjugate roots. The three & with the positive imaginary parts are
chosen (their conjugates may be chosen also without any difference). The A]-j are
also determined from equation (4.23) since they are the eigenvectors associated
with the K- Since the Aij determine the displacements in equation (4.21) and
the Lij determine the stresses through equation (4.22) using the Aij , they are
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related through the constitutive relations as:

3
L; = ;[Cuu + AujCleZ]AH (4.25)
=1

Assuming that the roots of Equation (4.24) are positive definite, a

hermitian matrix, H, may be defined for later use as follows,

H=i(AL")  ~i(AL") (4.26)

materiall moterial 2
where A and L are square three by three matrices whose components are Aij and
Lij respectively. Since only the constitutive properties of the two materials have
been used so far, the matrix H involves the bimaterial elastic constants. As
shown further on, this matrix H is an indicator of the existence of any oscillatory
singularity at any bimaterial interface.

In order to obtain the magnitude of the oscillatory singularity, the nature

of the stresses of interest and the functions are assumed to be of the form,

a2 = wim + 1%, )'%”5 4.27)
where w is a constant and & is the oscillatory singularity. Both these values
need to be determined. This solutien i8 compatible with the form of Og; that was
assumed earlier in equation (4.22). This solution has both the INT singularity
as well as the oscillatory singularity, §, and this determines the exact nature of
the function f(x1+psz) in equation (4.22) except for a constant, w. The
displacements can be expressed in terms of both w and 8 using equation {4.21).
In order to obtain the value of 8, the stresses and the displacements are matched
at the interface of the bimaterials. This procedure can be seen in detail in
reference [40, 44] . This matching of the stresses and diplacements results in the

foilowing eigenvalue problem,

Hw=e™Hw (4.28)
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where the overbar implies the complex conjugate and e2md

is the eigenvalue in
equation (4.28) and w is the eigenvector. It can be seen in Eqguation (4.28) that

if H is a real matrix, i.e.

H=H (4.29)
then the oscillatory singularity, 9, i8 zero. This is the condition that needs to be
satisfied by the material properties of the bimaterial tc have no oscillatory
singularity.

If the matrix H is real, then there are no oscillatory singularities and the
stresses and displacements have only a Nt singularity as in the case of

isotropic materials and the stresses at the crack tip can be expressed as,
031 1 | Kn 430)
[o] =< K .
22 -\/ﬁ I
and the displacements behind the crack tip can be expressed as,

Auy 27 Ky
Aul = \/: H Kl (43 1)
Aua r

where the K's are the classical intensity factors. The total strain energy release
rate can thus be obtained by using equations (4.30) and (4.31) in Irwin's virtual
crack closure integral, equation (2.8) discussed in Chapter two. The resulting

expression for G is,

1 Kir
G=Z{K” K[ K”]} H Kl (432)
Knr

However, if the condition in equation (4.29) is not satisfied, then an oscillatory
gingularity, 8, also exists along with the W;singularity and three distinct pairs

of eigenvalues and corresponding eigenvectors exist which are of the form,
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(8.4m) 1 (-6.07,}) and (0.4} 4.39)
These satisfy the three conditions,

Hw, =e*™Hw, (4.343)
Aw, = > Hw, (4.34b)
and Hw, = Hw, (4.34c)

Thus, the stresses may be obtained from equation (4.27), by substituting
the values of w and & shown in equation (4.33). Since there are three pairs of
values, the complete solution is a sum of all the three individual values and the

stresses are expressed as:

021 1 . i
{gz} = ﬁ[“‘ +iK, )rw{wl}+ (K, -iK, )r“"{Wl } + K,{W,H (4.35)

where Kl' K2 and K3 are constants which are called the stress intensity factors,
but not in the same sense as the classical stress intensity factors, K}, K and
K;q which determine the individual modes of fracture. The value r is the
distance ahead of the crack tip in the plane of the crack.

Once the stresses are obtained, the displacements may be obtained by
using the stresses in the constitutive laws in equation (4.19) and integrating

them. The crack opening displacements are given by:

i b (4 )| K b K gk wt|436)
Bty = 27 | (1+128)coshd | |~ (1-i28)coshms | [ 22

Au,

where Auj is the crack opening measured at any distance r, measured along the

crack, behind the crack tip. It represents the difference in the displacement

between the top face of the crack and the bottom face of the crack as follows:

Au; = (u,-)wp - (uj)m (4.37)

]
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Using a finite element analysis, the crack opening displacements could be
obtained for any point behind the crack front. The accuracy with which these
crack opening displacements are obtained is a function of the mesh refinement.
If these crack opening displacements are then substituted into equation (4.36),
they result in a three-by-three matrix equation, which may be solved for the
three unknowns, K;, K5 and K5. It should be noted that the units of these
stress intensity factors are very strange, and depend on the value of 6. In
general the units are of the type: stress"‘(leng'ch)o"i'ﬁ5

The subscripts used for the stress intensification factors have no relation
to the medes, and, as can be seen from equation (4.35), if the vectors wy and wg
are fully populated, then all the stresses are related to all the stress intensity
factors. If both materials are identical to each other, then 8 is zero and the

following eigenvectors are obtained when equation (4.28) is solved:

—0.5i
w, =2 0.5 (4.38a)
0
0.5i
w, =1 0.5 (4.38Db)
0
0
and w, =10 (4.38¢)
1
This simplifies equation (4.35) to that in the case of isotropic materials,
Oy K, K,
1 1
0, =ﬁ Kl ='\/T_7tr— K, (439)
023 K3 KIII

where each stress is associated with the classical stress intensity factor. In the

case of arbitrary anisotropic bimaterials, however, the eigenvectors are usually
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fully populated and hence all the stress intensity factors are related to all the
stresses.

The total G may be obtained by using the stresses given in equation (4.35)
and the displacements given in equation (4.36) in Irwin's virtual crack closure

integral, equation (2.8) discussed in Chapter two. The resulting G is given by:

H+Hwl k2 +K2 1 -
G_wl( (460);12|n18) 2l+§w§(H+H)w,K§ (4.40)

This G may be compared to that obtained by another independent method such
as the EDI. This is only an indirect check that determines whether the K, Kq
and K3 obtained by using the crack opening displacements provide a reasonable
estimate of the total G. The validity of the actual values of K{, Ky and Kgq
cannot be determined from currently known methods.

Thus far, the total G has been obtained, however the individual modal
components of this need to be defined. In the case of isotropic materials, the
mode ratios may be classifed as a ratio of the normal stresses to shear stresses

and, from equation 4.39, two such ratios can be defined,

0. K
= N ={ g [t (2 441
v (Gzz) v (KI) (41

The inverse tangent is used so that the y spans from 0° to 90° for loading cases

ranging from mode I to mode II. Similary, another ratio may be defined as,

= ran”| 2 | = tant| Km
¢ =tan [azz) tan (K,) (4.42)

where ¢ also spans from 0° to 90° for loading cases ranging from mode I to mode
III. In the case of bimaterials, however, due to the presence of the 0 term, the
ratio of 091/099 and 694/099 vary depending on the distance ahead of the crack

tip and do not reduce to simple forms as in the isotrepic cases shown in
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equations (4.41) and (4.42).

This new definition of modes hag been proposed in referer.ce [39] and may

be written as:
v= tan"(EZL) (4.43a)
Gn "'o
¢= tan"(f-’i) (4.43b)
%2 },.,,

where I, i8 a distance measured ahead of the crack tip in the plane of the crack.
It could be a distance characteristic of the fracture process itself. If the stresses
from equation (4.35) are substituted into equations (4.43a,b), then it is seen that
these ratios are functions of the distance ahead of the crack tip and the modes
vary depending on the distance ahead of the crack tip. If the critical value of G
changes for different mode ratios, then a surface defines the failure criterion,

and it can be expressed as:

G.=G.(v.¢.r,) (4.44)
With this particular definition, a crack will start to grow when the total @
reaches a critical value, But, this critical value 18 a function of the modes, and
the characterizing distance at which these modes are determined.
These new definition of modes, y and 9, have beer sed to separate the
modes in a free edge delamination problem in s [02/902]s laminate solved in the
next section as an example. The mode ratio is evaluated for different values of

r, and is then compared to the modes obtained by the decomposition method.

4.3 Verification Problem and Comparison of Methods
The equivalent domain integral approach and the crack opening

displacement approach are compared here by using two example problems. The



-119-

first example is that of a free edge delamination in a [0,/90,] , laminate. This
problem has a theoretical sclution for the total strain energy release rate, G.
Therefore, the results obtained by the EDI and COD methods may be compared
to a known solution. This serves as a verification problem only for the total G.
The comparison of individual modes as obtained by the two methods is also
performed, but no theoretical solutions are available for comparison.

Another approach adopted for separation of modes uses the COD approach
but neglects the small oscillatory singularity observed and obtains the individual
modes. These modes are compared to the modes obtained by the EDI approach.

The second example studied is that of a [+75,]  laminate where the
loading was normal to the delamination front. This example was chosen
because, unlike the earlier example, this is not an orthotropic laminate, but an
example of a more general laminate. In this example, the oscillatory singularity
i8 once again shown to be small and hence is neglected. The results for the total
G and the individual modes obtained by the EDI and the COD approaches are

compared but no theoretical solution is available for comparison in this case.

3.1 Delamination in [0,/90,1 lami

The comparison of the results by the two methods was performed on the
problem of a simple free-edge delamination in a [0,/90,]  laminate loaded in
tension with a far-field strain of 1% (104 ustrain) for which a theoretical solution
was available. The material used in the analysis is AS4/3501-6 and the
properties of the material are listed in Table 4.1 [78]. The length, L, was chosen
tc be 2 mm; the width of the model, b, was 3 mm; and the delamination crack
length, a, was 1 mm. The delamination length was more than three effective ply

thicknesses from the free edge of the laminate and hence the delamination front
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Table 4.1  Material Properties of AS4/3501-62 Graphite/Epoxy

Property Value
En 138 GPa
Eg2 9.81 GPa
Eg3 9.81 GPa
Gig 6.0 GPa
Gy, 6.0 GPa
Go, 4.8 GPa
V12 0.3
Viz 0.3
Voz, 0.57
tply 0.134 mm

8 As reported by Weems [78]
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is in the region where the total strain energy release rate, G, can be predicted by
the theoretical global energy release rate model discussed in Chapter two [36].

A three-dimensional finite element model of this problem is shown in
Figure 4.12 only one quarter of the laminate is modelled due to the symmetry.
The finite element model uses twenty-noded brick elements with three degrees of
freedom per node. The region around the crack tip, with a refined mesh, is
shown in Figure 4.13. The crack front has four singular brick elements
surrounding it and the refined meshing is intended to capture the steep stress
gradients in that region. In order to study the effect of the eize of the elements
at the delamination front on the different parameters evaluated, two different
crack tip element sizes were chosen. Square crack tip elements, seen in
Figure 4.13, with sides a  equal to a/50 and a/100, were used in the analysis.

Since the laminate is ortheotropic, there is no difference in the behavior of
any particular section in the loading (x3) direction. Therefore, the problem is a
quasi-three-dimensional problem and the results that are presented are valid for
any point along the delamination front. This fact was borne out by the model,
where no changes in any parameter was observed at different points along the
delamination front.

The objective of this exercise was twofold. The firsc objective was to use
the EDI and COD approaches to obtain the total G and compare the results to
some theoretically known solution. The second objective was to obtain the
oscillatory singularity and determine how the modes obtained by the
decomposition method differed from the modes obtained by the COD approach.
As described in the earlier section, the modes defined by the COD approach
could have different values at different distances ahead of the crack tip
depending on the magnitude of the oscillatory singularity.

The total strain energy cbtained by the EDI and the COD approach for the
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Table 4.2  Values of total G2 (J/m2) for the case of a [02/90213 laminate with
simple delamination at the 0/90 interface

Methed Crack Tip Element Size (ag)

a/60(=0.02 mm) a/100(=0.01 mm)

EDI 9.48 (-1.8%)P 9.42 (-2.4%)

COD® 9.39 (-2.7%) 9.10(-5.7%)

a _ 2
Gt.h e 01,3',—9.65 J/m
b Values in parentheses are percentage differences from theoretical results

¢ The crack opening displacements are evaluated at a o
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Figure 4.12 Quarter model used in the finite element analysis of a [0,/90,]
laminate with a delamination at the 0/90 interface.
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Crack Tip

- —

Figure 4.13 Illustration of finite element mesh in the region of the crack tip for
[0,/90,]_ case, showing four singular brick elements at the crack tip.
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two crack tip element sizes are shown in Table 4.2. The theoretical value of the
total strain energy release rate, as obtained by using equation (2.4), is 9.65 J/m2.

It is necessary in the COD approach to use crack opening displacement
data to evaluate the stress intensity factors K, K9 and Kg, and consequently
the G. Such data can be evaluated at any distance behind the delamination
front. However, since the displacement data is evailable only at the nodal points
aad since the mesh was refined near the crack tip, the data from the nodes in
that region was mere accurate. Thus the displacement data at the edge of crack
tip elements, i.e. at a distance a behind the delamination front, was used.

Ideally in the case of the EDI method, there should be no discernible
change in the total G with differing cracktip element sizes. However, there are
minor differences (approximately 2 to 3%) observed here. In the case of the EDI,
the use of smaller elements is expected to give a better approximaticn to the J-
Integral shown in equation (4.3) as discussed  section 4.2.1. However, the
results in Table 4.2 indicate that slightly betier results are obtained for larger
element sizes. While the reason for this is unclear, one possible reason is that
the brick-shaped element does not have the 1IN singularity throughout the
laminate and this could affect the way the EDI is evaluated.

"The total G obtained by the COD approach has more error than observed
in the EDI metkod. Since the COD appreach uses just the displacement at one
point behind the crack tip to determine G, this larger error is to be expected. In
order to improve these results, a considerable increase in the mesh density is
required. Note that the results presented in: Table 4.2 are not for different mesh
densities, but for different crack tip element sizes only.

For the EDI approach, the decomposition method is used to separate the modes
in the conventional fashion. The results are shown in Table 4.3. In order to

have a consistent method of comparing mode ratios between the EDI method and
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Table 4.3  Mode ratios obtained by the EDI =y:u:c.cia for the case of a simpie
delamination in a {,/30,], laminate

Crack tip element Gy Gy Gg v=tan™ (-‘/G2 /G, )
size (J/m?2) J/m2) (J/m2)

a/50 (=0.02 mm) 5.77 3.65 0 32°
a/100 (=0.01 mm)  5.85 3.83 ¢ 34°
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the COD method, the parameter vy is redefined here in terms of G. In the case
of isotropic materials or bimaterials without oscillatory singularity, the strain

energy release rate components are related to the stress intensity factors:

G = K2 (4.45a)
Gy = Kyp? (4.45b)
G”[ oc Klllz (4450)

Using these equations and equation (4.41), the ratio y is defined in terms of

components of energy release rate as:

— — . 6

In the present case, an oscillatory singularity exists but its presence is
ignored in using the decomposition method. The outcomes of this mode
separation process are desiguated as G,, G, and G, to indicate that they are only
approximate modes. A definition similar to that in equation (4.46) has then been

used to define the mode ratio shown in Table 4.3:

There is a small difference (3%-5%) between the modes obtained from the two
different crack tip element sizes. Part of this difference could be attributed to
the fact that the total G itself has changed with different element sizes and part
of it could be attributed to the presence of the oscillatory singularity. The
tearing mode, G3, is identically zero as expected.

In order to use the COD method, the oscillatory singularity, o, first needs
to be evaluated. The properties of AS4/3501-6 given in Table 4.1 are used to

obtain the H matrix and then 3, wy, and wg using the procedure described in
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section 4.2.3. The H matrix for the [0/90] interface with the ply properties of
AS4/3501-6 is as follows:

2.148 0473 O
10710 (4.47)

H=|-0.473i 3165 O
0 0 3727

In ¢valuating H all the modulus properties of the 0° and 90° ply are in N/m?, but
no units are presented here for terms in the H matrix, since it involves complex
numbers and units have little meaning. It is evident from equation (4.47) that
the matrix H is not real and hence does not satisfy equation (4.29). Therefore, a
crack at the 0/90 interface has an oscillatory singularity 8 which is equal to 0.058

and the eigenvectors described in equation (4.31a,b,c) are:

-0.5i
w, =1 0.41 (4.48a)
0
0.5i
w, =10.41 (4.48b)
0
0
and w, =40 (4.48¢)
1

Equation (4.48a,b,c) may be compared to equation (4.38a,b,c) and it is
dbserved that the vectors w; and wg, which appear in the expression for
stresses, are not much different from those for an isotropic body for this
delamination crack. The existence of the oscillatory singularity at the interface
couples the stresses 6,, and 6,, at the crack tip as shown in equation (4.35).
The second term in the w, vector reflects this fact as it is different from 0.5, the
value expected in isotropic materials. The presence of the d in the equaticn for
the stresses will couple these stresses together. Once again, the tearing mode,

indicated by 6, is identically zero. This implies that there is no tearing effect
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on the crack tip.

The crack opening displacements were used in equation {4.36) to obtain
the stress intensity factors. These stress intensity factors are given in Table 4.4.
The units of the stress intensity factors are strange due to the presence of the
oscillatory singularity and the values obtained for K,, K, and K, are
meaningless by themselves. They only have meaning as used to evaluate the
stresses using equation (4.35) and the mode ratio, using equation (4.43a).

The mode ratio can be plotted for different distances ahead of the crack
tip. The presence of the oscillatory stresses implies that very near the crack
front, the stresses are oscillatory in nature and hence the linear elasticity
solution is not valid there. Hence finding the ratio, v, in that region is
meaningless. This ratio, y, must be evaluated in regions where the physical
process of fracture actually occurs, although in this case such regions are not
exactly known. Therefore, the mode ratio is evaluated for a wide range of
distances ahead of the crack tip and the results are shown in Figure 4.14.

These results show that ihe mode ratio as measured by this technique
show a significant change over the region spanning from close to the crack tip
(microscopic) to several fiber thicknesses (macroscopic). Within this region, it is
not possible to characterize a single mode ratio for this delamination. It must
also be noted that in crossing across these order of magnitude scales, the manner
in which the material is analyzed must also significantly change. In the case of
the microscopic length scales, the model would have to distinguish between the
fiber and the matrix, and a homogenized composite property is meaningless at
that level. Therefore, only the results beyond r greater than 10"%m are
considered. At scales which are of the order of five to ten fiber diameters, the

material may be treated as a homogenized material and the current analysis is
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Table 4.4  Stress intensity factors®, K, Ko and K3, for the case of a simple
delamination in a [0,/90,], laminate obtained by the COD

approach
Crack Tip Element K, K, Ky
Size (MPa mV2®)  (MPam'2%®)  (MPamV2¥)
a/50 (=0.02 mm) 0.4223 0.05004 0
a/100 (=0.01 mm) 0.4165 0.04162 0

crack opening displacement data at distance a, behind crack are used.



-131-

Element Size, a

80.0 I —e—a/50
L -o--a/100
60.0 |
(¢h)
2 i
> _
20.0

0.0 1 [ [ [} i 1 ]
10°10° 108 107 10° 10° 10* 103 107

Log(r ), r_ in meters

Figure 4.14 Variation of the mode ratio calculated via the COD approach,
defined as the ratio of the stresses at different distances ahead of
the delamination tip, for the case of a [0,/90,] with a simple

delamination at the 0/90 interface.



-132-

valid over those regions. It is, however, difficult to recognize any relationship
between these mode ratios and that obtained by the EDI.

However, another option that is available to evaluate the modes by the
COD approach is to assume that 8 is small and therefore set it to zero before Ky,
Ky and K3 are evaluated. This also implies that the H matrix must be
considered to be real in order to be consistent with the assumption that the
oscillatory singularity is zero, as was discussed earlier and shown in equation
(4.29). Therefore after eliminating the imaginary terms from the H matrix,
equation (4.47) reduces to:

2148 0 0 32
H=| 0 3165 0 [10710 2 _ (4.49)

0 0 3727 N

Since the matrix is real, it now has well defined units. With the oscillatory
singularity set to zero, the modes are not coupled and three unique modes can be
defined for this case. The crack opening displacements behind the crack, and the
H matrix given in equation (4.49) were used in equation (4.31) to obtain the
stress intensity factors K, K, and K, pertaining to these modes. These stress
intensity factors were then used in equation (4.32) to obtain the total energy
release rate and, since the H matrix is diagonal, the expression for G, the total
strain energy release rate, can be separated into three parts: the ones involving
Ky K2 and K3 are called G4, Gz and G3, respectively. These modes are given in
Table 4.5 and they are seen to be similar to those obtained by the EDI method.

These results indicate that there is a similarity between the modes
cbtained by the EDI method and those obtained by assuming the absence of an
oscillatory singularity in the COD method. However, this does not indicate the
validity of either method, but only implies a consistency in the results obtained
by using the two methods.
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Table 4.5  Mode ratios obtained by the COD approach for the case of a simple
delamination in a [0,/90,] laminate (with & =0)

Crack tip element G, Gy Gy vy= tan”'(\JG, 1 G,)
size (Um?) @m?2) J/m?)

8/60 (=0.02 mm) 5.38 3.89 0 36°
a/100 (=0.01 mm)  5.41 3.57 0 33°




-134-

{ 3.2 Delamination i [:7521&] .

The previous example was that of a delamination in an orthotropic
laminate. In order to study the behavior of a delamination in a more general
laminate, the mesh shown in Figure 4.12 was used, initially, in representing a
[:|:152]3 AS4/3501-6 laminate. However, on analyzing the loading of this
laminate, the results indicated that the surfaces of the delamination would
interpenetrate each other. This is physically impossible since there would be
contact at the crack faces. This makes ti.e problem ncnlinear and, hence, quite
complex.

Therefore, this problem was altered such that the same mesh with
different boundary conditions was adopted to prevent crack surface
interpenetration. The problem now being soived was not that of a free edge
delamination, but that of a laminate with its delamination front located normal
to the loading direction as illustrated in Figure 4.15. The material properties
from the preliminary analysis were retained, and the loading direction was
rotated by 90° resulting in a [175,], laminate relative to the loading direction.
Since the laminate is symmetric, only a half model is used, as shown in
Figure 4.16. The central [-759]; sublaminate is ~rlamped and the [+755]
sublaminates are left unconstrained. Unlike the earlier problem of a [05/905]g
laminate, which was a quasi-three dimensional problem, this is a full three-
dimensional problem since this laminate is not orthotropic. Although this
problem does not represent any useful physical situation, it is useful in the
assessment of the analytical methodology because the deformation, as shown
schematically in Figure 4.15, occurs without any problems associated with crack
surface interpenetration. This model is thus used to compare the results for the

energy release rate by the EDI and the COD approaches.
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Figure 4.15 Illustration of delaminated [+755]; laminate loaded normal to the

delamination front in the (fop) undeformed configuration, and
(bottom) deformed configuration.
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Figure 4.16 Tllustration of the finite element model used in the [£75,]  laminate
with loading normal to the delamination front.
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The H matrix for the +75/-75 interface is given by,

0993 0 0
H=| 0 2855 -0.126i|10710 (4.50)
0 0.126i 3.468

It is evident from equation (4.50) that the matrix is not real and hence does not
satisfy equation (4.29). Therefore, an oscillatory singularity exists for a crack at
the +75/-75 interface and its value can be evaluated using equation (4.28). The
value of § is found to be equal to 0.013. Since the oscillatory singularity is smali,
it is set equal to zero and consequently the H matrix consistent with this

assumption is as follows,

0993 0 0
H=| 0 285 o [10710 (4.51)
0 0 3.468

The cases with a real H matrix were discussed in section 4.2.3 and it was shown
that three unique modes could be defined for this case. The crack opening
displacements were used in equation (4.31) to obtain the stress intensity factors
pertaining to these modes. These stress intensity factors were used in
equation (4.32) to obtain the total energy release rate and, since the H matrix is
diagonal, the expression for G is made up of only three terms each involving one
of the stress intensity factors. These are the individual modal energy release
rates. The results for the total G and the individual modes are compared with
those obtained by the EDI method.

The total strain energy release rate obtained by the EDI is compared with
the two COD results (viz. with the 8 equal to 0.013 and with 8 set to zero) in
Figure 4.17 where the results are presented along the coordinate, s, which is
measured along the delamination front. It is seen that the total energy release

rate by the COD approach is quite close to that obtained by the EDI approach.
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Figure 4.17 Total strain energy release rate along the delamination front for the
case of a delaminated [1755]; laminate.
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Also, there is almost no difference observed in the total energy release rate
between the two resulis obtained via the two COD approaches.

The individual modes are presented in Figure 4.18, 4.19 and 4.20. While
there is no significant Jifference between the mode II energy release rate
obtained by the EDI and the COD approaches, the oscillatory singularity affects
the magnitudes of mode I and mode III as the results by the COD approach not
match those by the EDI approach. In the case of mode I, the results by the EDI
approach are larger than the COD results. In the case of mode 111, the resuits
obtained by the COD approach are larger. However, the trends shown by the
individual modes obtained by the two methods are very similar.

The current research on the issues involved in mode separation is not
sufficient to conclusively determine the practical use of the new definition of the
mode ratios nor is it sufficient to determine what the relationship of these modes
is to the modes determined by the conventional methods. However, as is seen
from the two examples in cases where the oscillatory singularity is small, the
mode ratios separated by the conventional method are very similar to that
obtained by the COD appreach if the cscillatory singularity is forced to zero in
the COD approach. This, however, does not validate either method but implies
consistency between the results by the various methods. No validification is

possible due to a lack of theoretical definitions for the modes.
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Figure 4.18 Mode I energy release rate along the delamination front obtained by
the EDI approach and the COD approach with 8 set equal to zero
for the case of a delaminated [+754]; laminate.
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Figure 4.19 Mode II energy release rate along the delamination front obtained
by the EDI approach and the COD approach with 6 set equal to zero
for the case of a delaminated [+759]; laminate.
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Figure 4.20 Mode III energy release rate along the delamination front obtained
by the EDI appreach and the COD approach with 3 set equal to zero
for the case of delaminated [1755]; laminate.
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CHAPTER §
EXPERIMENTAL METHODOLOGY

The experimental program involves the manufacture and testing of
AS4/3501-6 graphite/epoxy coupons of two types. The first type of specimens are
unflawed specimens, and the second type have teflon strips implanted within
themn in order to simulate a delamination bordered by a matrix crack. The
objectives of the experiments are to monitor the growth of the delamination and
matrix cracks from the initial implanted configuration. Strain gages and X-ray
radiography are used to trace any changes from the initial configuration.

The laminates manufactured for the current study are [+15 /0 ]
specimens with implants (with n equal to 2, 3 and 5) and both unflawed [+15 ],
specimens and those with implants (with n equal to 2). No unflawed specimens
of the [+15 /0 ] specimens were manufactured because these specimens have
been tested in earlier studies and adequate data such as failure stresses, strains
and X-ray radiographs of damage states are available. The complete test matrix

for this study is shown in Table 5.1.

5.1 Manufacture of Specimens

The unflawed specimens were constructed using the basic procedures
developed at TELAC [79]. The second type of specimens were specialized with
delaminations created in them. They therefore required some modifications of

the basic procedures.

2.1.1 Layup Procedure

The unidirectional graphite/epoxy arrives from the manufacturer in rolls



-144-

Table 5.1 Test Matrix Used in Experimental Study

Type of Specimens Laminate Number of
Specimens
Unflawed [+15,], 5
Implanted (10 mm) [£15,], 4
E£15,/03], 3
(£15./0.]1 3
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of semicured preimpregnated tape or "prepreg’. The unidirectional
graphite/epoxy rolls are 305 mm wide (12 inches nominal). The epoxy material
is B-staged and is therefore stored at or below -18°C. Before prepreg is prepared
for curing, it is allowed to warm up to rcom temperature for 30 minutes in a
sealed bag to minimize condensation.

The prepreg is cut into individual plies and laid up into laminates in a
"clean room". The temperature in this room is kept below 25°C and the relative
humidity is kept low. Rubber gloves are worn during the cutting and laying up
procedures to avoid contamination of the ply surface.

The standard TELAC manufacturing precedure involves the layup of
305mm by 350 mm laminates which are cured and subsequently cut into five
coupons of size 50 mm by 350 mm. Razor blades and precisely-milled aluminum
templates covered with guaranteed non-porous teflon (GNPT) are used to cut the
prepreg into individual plies. Angle plies of unidirectional prepregs are cut with
the help of trapezoidal templates. These are then cut in half such that the two
halves can be put together to form a 305 mm by 350 mm rectangular ply with a
precise angular orientation of the fibers such that there is only a matrix joint
where the two halves meet. Hence, there are no fiber breaks in the resulting
plies. The region of the joint then becomes indistinguishable from the remaining
ply after the curing process.

The plies are stacked in a jig which allows precise alignment. The jig is
made of an aluminum plate with two aluminum beams attached to it to form a
90° corner. Plies are carefully positioned into the corner of the jig. This "good
corner” is used as the reference corner in later steps in the manufacturing
procedure. The plies are tacky enough at room temperature to stick together
and maintain proper fiber orientation.

The manufacture of the second type of specimens, which were implanted
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with teflon to create a delamination and matrix crack, differs only at this
particular stage from the conventional manufacturing procedure. First, a
collection of plies of the same orientation are layed up together. These are
known as 'sublaminates’ since they may be put together to form the complete
laminate. The sublaminates are then cut into four pieces of 70 mm width each.
The matrix crack was made along the fiber direction in the necessary
sublaminate with a razor blade at a distance of 145 mm from one of the ends of
the specimens as shown in Figure 5.1. The intrusion of the delamination at this
stage was set at 20 mm. This allowed acheivement of the desired 10 mm
intrusion upon cutting 50 mm wide coupons out of these 70 mm wide specimens.
In the case of [(+15,/0 ], laminates, the matrix crack was placed only in one of
the [+15]n sublaminate. In the case of the [1152]s laminates, the matrix crack
was placed in both the [+ 15], sublaminates.
In order to create the delamination, 2 rectangular piece of teflon is placed
underneath the sublaminate with the matrix crack. One of the edges of the
teflon piece is located at the region where a delamination front is required, and
another part of the teflon is pulied up from under the sublaminate and through
the matrix crack as shown in Figure 5.2. The excess teflon materisal is wrapped
around the triangular region and held in place by a piece of flash tape as shown
in Figure 5.2. The flash tape ends up above the top surface of the laminate, on
the teflon piece. The remaining procedure of layup is identical to that of the
conventional specimens, with the individual sublaminates being layed up with
the help of the aluminum jig discussed earlier. This procedure results in four
specimens of gize 70 mm by 305 mm.

Both sides of the laminates thus formed are covered with a sheet of "peel-
ply” material. The peel-ply is a porous nylon material which protects the
laminate surface before milling. The peel-ply extends approximately 50 mm past
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Figure 5.1 Dimensions and location of the matrix crack cut in the [+15 ]
sublaminate.
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Teflon Flash tape

Figure 5.2 Placement of the (left) rectangular piece of teflon in the laminate
and (right) folding the excess teflon piece to form the delaminated
region.
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the end of the laminate opposing the good corner. It is trimmed on all other

sides to fit the laminate exactly.

£.1.2 Cure Procedure

The curing of the specimens involves setting up the cure assembly on the
caul plate. The assembly includes coverplates, cork dams and a variety of other
cure materials. A schematic of a cross-section of the cure assembly is shown in
Figure 5.3.

The cure plate is a flat aluminum plate, 6.3 mm thick, and having two
12.7 mm diameter holes drilled at each end with appropriate plumbing instialled
to allow a vacuum to be drawn over the plate during a cure. The plate is coated
with a mold release agent and covered with a sheet of GNPT. Aluminum dams
with a "T" shape are positioned on the GNPT and held in position with pressure
sensitive tape. These dams are also coated with a meld release agent. Two
types of top plates were used depending on the size of the composite laminate
being cured. For the 70 mm by 350 mm coupons, individual top plates were used
for each coupon and the individual coupons were separated with corprene rubber
("cork") dams. The larger composite plates which were 305 mm by 350 mm, were
cured using a single large top plate of appropriate size. The corner formed by
the aluminum dams is the location of the good corner of the laminate.

The laminate is surrounded by several "curing materials" during the
preparation for curing. First, a slightly oversized sheet of GNPT is placed in the
curing area. Then the laminate covered with peel-ply is positioned with the
reference corner placed in the corner formed by the aluminum dams. An
oversized sheet of porous teflon is placed on top of the laminate. Precigely cut
layers of a paper bleeder material are then positioned in the curing area. One

layer of bleeder material is used for every two plies in the laminate. An
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oversized sheet of GNPT is placed on top of the bleeder. An aluminum top plate
i8 coated with a mold release agent and placed on top of the GNPT.

After all the laminates to be cured are prepared in a similar manner, the
cure assembly is covered with a large sheet of porous teflon and a sheet of
fiberglass fabric. The fiberglass serves as an "air breather", providing a path for
air and volatiles to be drawn to the vacuum hole and out of the system during
the cure. The assembly is then surrounded with a vacuum tape sealant and
covered with a high temperature vacuum bag.

The curing is done in an autoclave at an applied pressure of 0.59 MPa (85
psig). A vacuum is drawn on the plate through the vacuum holes. The nominal
value of the vacuum is 760 mm (30 in) of mercury pressure differential below
atmospheric pressure.

The cure is a two-stage process. The first stage is a one-hour "flow stage"
at 117°C. The 3501-6 epoxy is at its minimum viscosity at this temperature.
This facilitates the flow or "bleeding” of excess epoxy into the bleeder plies which
in turn assures proper bonding of the plies and aids in the removal of voids by
vacuum and pressure. The second stage is a two-hour "set stage" at 177°C. The
polymer chains in the epoxy complete most of their cross-linking during this
stage. Heat-up and cool-down rates are in the range of 1 to 3°C/min to avoid
thermal shocking of the composites. An eight-hour postcure at 177°C in an
unpressurized oven i8 used to drive the cross-linking process to completion. The

cure cycle is shown schematically in Figure 5.4.

513 P . £C Speci
The resulting cured plates are 305 mm by 350 mm and the individually

cured specimens with implants are 70 mm by 350 mm. These cured parts are

milled to final dimensions with a water-cooled diamond blade. The specimens
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with implants were scribed to mark a 50 mm wide and 359 mm long specimen,
with the desired 10 mm intrusion of the teflon strip within the specimen as
indicated schematically in Figure 5.5. The matrix crack in the [+15]
sublaminate is visible on the top surface of the laminate. Hence, the
measurement of the intrusion can be obtained relative to the matrix crack front.
The specimens were then milled along these scribe lines. In some specimens
with implants, the teflon strips could be removed. However, in specimens where
the teflon offered considerable resistance to removal, or tore into pieces, no
further effort was made to remove them.

After the specimens were cut to the required size, thickness and width
measurements were taken from the test section of each coupon at the marked
points shown in Figure 5.6. Thickness measurements were taken at 9 points
with a digital micrometer and width measurements were taken with calipers at
three points along the length of the specimen. The location of the measurement
points in the case of the implanted specimens was moved so that no points fell on
or within the implanted region as shown in Figure 5.6.

The measured thicknesses are used as quality control checks to enable a
rough estimate of the epoxy content left within the ply. For purposes of stress
calculations, however, the nominal thicknes: (0.134 mm) of the
specimens have been used. The average thickness of the unflawed [£15,],
specimens were about 3% above the nominal thickness. The average thicknesses
of the [:I:152]3 specimens with implants were about 3% below the nominal
thickness, respectively.

The loading tabs used in the coupon specimens are made from [0/901
cross-ply laminates of Scotchply 1002 fiberglass/epoxy. These are obtained as
precured 380 mm by 610 mm sheets of various thicknesses. The thickness of the

tabs that were chosen was based on standard TELAC procedure. These
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Figure 5.4 Cure cycle for AS4/3501-6 graphite epoxy.
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Figure 5.5 Illustration of scribe lines for milling of the laminate down to the
required coupon size.
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Figure 5.6 Location of specimen width and thickness measurements.
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fiberglass/epoxy sheets were cut into rectangular pieces 75 mm long and 50 mm
wide and these pieces beveled on a belt sander to a 30° angle so that the tabs,
when placed on the test specimens, would taper towards the test section, as
shown in Figure 3.9. These loading tabs were bonded to the specimens with
FM-123 film adhesive from American Cyanamid. The FM 123-2 film adhesive
was cured in the autoclave using the cure assembly shown in Figure 5.7. Steel
cover plates 380 mm long were used to help apply even pressure over the tab.
The adhesive was cured at 107°C for two hours, with an external pressure of
0.069 MPa plus a 30 mm Hg vacuum. This provides the recommended 0.35 MPa
pressure on the bond surfaces given the ratio of pressure surface to bond
surfaces.

The final step in the specimen preparation procedure was the
instrumentation of the specimen with strain gages. All unflawed specimens
were outfitted with two primary strain gages at the center of the test section, one
aligned with the longitudinal (loading) axis, the other aligned with the
transverse axis. These gages provide the longitudinal and transverse strains
used to calculate the elastic constants of the specimen. The standard strain gage
configuration is shown in Figure 5.8. In the case of the specimens with implants,
the gages needed to measure far-field strain are located at the bottem of the
specimen as shown in Figure 3.9. Large strain gages of the type EA-06-125AD-
120 manufactured by Micro Measurements were used for measuring the far-field
strain data.

In addition to the far-field gages, the specimens with implants also had
strain gages located at the delamination and matrix crack fronts. In the case of
the [+15 /0 1 laminates, the strain gages were placed at a distance of 5 mm and
10 mm from the free edges of the laminates. These gages were of the type EA-
06-031DE-120 which are small gages manufactured by Micro Measurements.
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Figure 5.7 Cure assembly cross-section for a tab-bond cure.
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Figure 5.8 Location of strain gages on unflawed specimens.
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The gages at the delamination front and the matrix crack front were oriented
along the direction of the loading axis. The gages in the {+15,] specimens, were
placed slightly differently based on the experience and results obtained from the
testing of the [+15 /0 _] specimens. The strain gages at the delamination front
in the [+15,], laminates were relocated to be as close to the free edge as possible
as shown in Figure 5.9 as this was the location where initial growth was
detected in the [+15 /0 ]  specimens. The gages at the matrix crack tip were
tilted so that they were aligned along the axis of the matrix crack, as this
enabled the placement of the gage closer to the tip of the matrix crack. Since the
delamination was implanted symmetrically in the [+15,] laminates, the strain

gages were also located symmetrically on both faces of the laminate.

5.2 Testing Method

The testing system used in this investigation consists of an MTS 810
hydraulic test machine interfaced with a Macintosh computer equipped with an
Analog-Digital board. The testing machine has a capacity of 100,000 pounds
(445kN) and is equipped with hydraulic grips. The computer is set up for data
acquisition.

5.2.1 Basgic Test Procedure

At the beginning of each test, the specimen was placed in the testing
machine and gripped at its upper end only, with the lower grip being placed, but
not closed, around the lower end of the specimen. This is defined as the zero
strain condition. A machinist's square is used to ensure that the longitudinal
axis of the specimen was parallel to the loading axis by using one edge of the
specimen and the upper grip of the machine as references for the square. In the
unloaded condition, the load and strain channels are zeroed and all active strain

gage conditioners balanced and calibrated. Calibration of the strain gage
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Figure 5.9 Location of strain gages on (left) [+15_/0 ] specimens and (right)
[+15 ] specimens.
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conditioners was accomplished by placing a precisicn decade resistor in parallel
with the active gage tc simulate a strain of a certain magnitude, then adjusting
the conditioner gain until the computer read the desired value. After all
calibration is complete, the lower grip was closed. The specimens were loaded at
a constant stroke rate of about 1.09 mm/min, producing a strain rate of
approximately 5000 microstrairvmin which is similar to standard tests. The
resolution of the raw data obtained from the computer was 12.5 microstrain for
strain, and 48.5 pounds (215.7 N) for lecad. The resolution of the load data
depends on the load range used, which in turn was governed by the maximum
expected failure load. The expected failures in the present study were under
20,000 pounds, and hence the machine was set to 20% of its load capacity. The
data files also contain marks which were inserted manually whenever any
visible or audible damage was detected during testing.

One specimen of each type was tested monotonically to failure at a stroke
rate of 0.38 mm/minute. This stroke rate was rather slow and was chosen to
avoid any rate effects on the specimens during testing. The results from this
data was used to determine the points at which the tests of the remaining
specimens were to be stopped for X-ray examination. These points are
determined so that the tests would be halted in order to take X-ray radiographs
in between any points of nonlinearity or kinks observed in the load versus strain
data of all the gages. The specimens were unloaded for X-ray examination and,
after taking the X-ray radiographs, the specimens were reloaded. This process
was repeated until the failure of the specimens and usually resulted in three to
four stops before final failure.

8.2.2 Dve Penetrant-Enhanced X-radiography

The study of delamination growth and final failure requires that the
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damage stiate be nondestructively monitored over a series of tests. The method
used for monitoring delamination growth is dye penetrant-enhanced X-
radiography. The dye penetrant used is di-iodobutane (DiB), which is a liquid.
DiB is applied to the free edge of a specimen with a cotton swab and in the case
of specimens with implants, a syringe is used to inject it inside the delaminated
region. In the case of unflawed specimen, it is done after a test while the
specimen is at half the maximum stroke level. But in the case of implanted
specimens, it was done after removing the specimen from the testing machine.
Since the delamination was open and the DiB seeped in quite easily. The DiB
has a low viscosity and can seep into delaminated regions via capillary action.

After DiB has been applied, the specimen is removed from the testing
machine. The location of the DiB can be detected from the radiographs. The X-
ray machine used in this investigation is a Scanray Torrex 150D X-ray
Inspection Device. The machine is used in "timed radiation" (TIMERAD) mode.
An unexposed sheet of black and white instant film is placed on a sensor in the
X-ray chamber. The film used is 100 mm by 125 mm (4 in by 5 in nominal)
Polaroid PolaPan instant sheet film type 52. The portion of the specimen to be
X-rayed is placed on top of the film. The door to the X-ray chamber is closed and
the X-ray generator is activated. When the sensor detects a certain quantity of
radiation, the X-ray generator is shut off. The quantity of radiation detected by
the sensor is set to between 230-260 mR (milliRoentgens) depending on the level
of contrast desired.

The film can be developed using a standard Polaroid camera back. The
resulting X-radiograph essentially shows three shades of gray. The region of the
film which is not shielded by any portion of the specimen is mostly white. The
region under the undelaminated section of the laminate is a medium gray. This

results from the fact that the specimen absorbs a significant portion of the X-
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rays passing through it. The delaminated region shows up in dark gray. This is
due to the fact that the thin layers of DiB in the delaminations absorb a large
fraction of the X-rays paseing thorough them.

The X-ray radiographs are presumed to represent the approximate
location of the delamination front, matrix crack front and any other form of
damage where the DiB may seep in, such as additional matrix cracking that may

occur.

5.2.2 Data Reduction

The raw data files, as created by the data acquisition program, contain the
load in pounds, stroke in inches, and strain in microstrain. The first step in data
reduction is to snip off extraneous data points which were recorded after final
failure of the specimen or before loading of the specimen began. The failure
loads, stroke and far-field strain of the specimen are recorded from the data files.

With the data reduced to the required form, the elastic modulus and the
Poisson's ratio are determined from linear regressions of the appropriate
stresses and strain. In these cases, a special program was used to determine the
linear regions of maximum correlation, with the elastic constants being taken as
the slope of the first significant linear region [80]. Plots of the stress-strain data
are also used to determine whether any changes in strain are observed in the

gages ahead of the delamination and the matrix crack.
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CHAPTER 6
RESULTS

The results for the [+15,/0 1, and [+155], laminates obtained from the
testing of the unflawed specimens and those with implants are described. In
section 6.1 of this chapter, the experimental results are presented. The results
obtained from the analysis of the finite element model of the [+155]; laminate

are presented in section 6.2.

8.1 Experimental Results
The results are divided by laminate type. The results for the [+15,/0,
specimens are presented in subsection 6.1.1 and the results for the [+159]g

specimens are presented in subsection 6.1.2.

6.1.1 [215 /0 ] laminates

The [+15_ /0 ], specimens with implants were the first to be tested. The
modulus data of these specimens are presented in Table 6.1. The theoretical
modulus as computed from classical laminated plate theory using the basic
material properties listed in Table 4.1 is 125 GPa for unflawed specimens of this
type. The average modulus for the [+155/05]; specimens is 123 GPa which is
gimilar to this theoretical value with a difference of only 5% between the two
despite the presence of the delamination. The average moduli of the [:t153/O3]B
specimens and the [+155/0¢]; specimens are 114 GPa and 117 GPa which are
very close to each other and these deviate from the theoretical value by about
7%. The coefficients of variation for these laminates are less than 4%. These

moduli may be compared to the data available from previous research on
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Table 6.1  Moduli® and failure stresses and strains for [+15 /0 ] specimens
implanted with triangular-shaped delaminations of 10 mm

intrusion.
Laminate Specimen Modulus Failure Strain Failure Stress
(GPa) (uatrain) (MPa)
[+15,/0,], 1 125 7140 861
2 120 7180 837
3 125 6380 785
Average 123 (2.3%)b 6900 (6.5%) 828 (4.7%)
[£155/04], 1 110 6380 689
2 115 5540 663
3 118 6090 718
Average 114 (3.5%) 6003 (7.1%) 690 (4.0%)
[+155/05], 1 119 4890 541
2 117 4320 505
3 116 4150 474
Average 117 (1.3%) 4453 (8.7%) 507 (6.6%)

8 Theoretical value obtained via classical laminated plate theory is 125 GPa
b Numbers in parentheses are coefficients of variation.
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unflawed laminates, presented in Table €.2 [6]. The average modulus for the
unflawed laminates are 122 GPa, 123 GPa and 117 GPa, rispectively, which are
very similar to the values obtained for the specimens with implants.

The failure stresses and strains for these specimens are also listed in
Table 6.1. These are the maximum stresses and strains attained by the
specimen after which there was an abrupt drop in the load to 50% or lower of the
maximum load carried. This was defined as the failure of the specimen. The
failure stresses and strain of the specimens with implants may be compared to
the data available from previous research on unflawed laminates, presented in
Table 6.2 [6]. The difference in the failure strains between the unflawed
specimens and the specimens with implants is 9% or less for the laminates v ith
n equal to two and three. In the case of the laminate with n equal to five, the
specimens with implants failed at strains which were about 21% lower than that
of the unflawed specimens. The presence of the secondary matrix cracking
observed in the cured laminate in the -15° plies may be one reason for their
premature failure.

The stress-strain data for the different specimens with far-field gages,
delamination front gages and matrix crack front gages are presented here. The
arrows placed in the graphs indicate the first sign of a discontinuity observed in
the linear behavior of the data obtained from the delamination front and matrix
crack front gages. These discontinuities indicate the possibility that there is an
alteration in the characteristics of the region around the delamination and
matrix crack front most likely associated with damage growth.

The first specimen of each laminate type was tested monotonically to failure as
described in Chapter five. The second and third specimens of each laminate type
were loaded to about 60% of the failure stress as obtained from the first

specimen. Subsequently they were incrementally tested with X-ray radiographs
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Table 6.2  Failure stresses and strains for [+15 /0 L specimens unflawed
specimens [6].

Laminate Modulus Growth to Growth Failure Failure
(GPa) Tab Strein to Tab Strain Stress
(ustrain) Stress (ustrain) (MPa)
(MPa)
[£15,/0,1; 122 6355 713 6355 747
[£155/05], 123 5004 603 5997 642
[(£155/051, 117 4824 567 5626 618

8 Theoretical value by classical laminated plate theory is 125 GPa
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taken at intervals of 100 MPa, at which the testing was stopped. For all the
cases tested here, if delamination growth occurred, it was always observed in the
X-ray radiographs taken before the final failure of the specimen occurred.
Hence, in the case of these specimens there are two sets of stress-strain data
presented: the first is the loading penultimate to failure, where discontinuities
are observed in the data obtained from the strain gages, and the X-rays indicate
growth of the delamination front; the second set represents the data when the
specimen is loaded to failure .

The stress-strain data for the first specimen of the [+155/04]; implanted
laminate is shown in Figure 6.1. The gage at the delamination front has a
discontinuity in the data before any other gage as indicated by the arrow in
Figure 6.1 at approximately 635 MPa. It, however, continues to register data till
about 735 MPa when the strain level drops drastically indicating that some
changes have occurred in the damage state along the delamination front. The
latter discontinuity is registered by all the other gages including the far-field
gage indicating that the change in damage configuration is significant enough to
affect the global behavior. There are small discontinuities observed in the data
obtained from the strain gage located at the matrix crack front. However, {":is
latter gage continues to register strain almost up to the failure load of the
specimen. Since this specimen was monotonically tested, there are no X-ray
radicgraphs of the delamination.

The stress-strain data for the second specimen is presented in Figures 6.2
and 6.3 for two consecutive tests, i.e. the test which precedes failure and the test
at which failure of the specimen takes place, respectively. The X-ray radiographs
taken in between these two consecutive tests are shown in Figure 6.4. The same
is repeated here for the third specimen of this type. Figures 6.5 and 6.6 are for

consecutive tests of these specimens and the X-ray radiographs taken in between
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Figure 6.1 Stress-strain data for [£155/09]; specimen #1 with implant tested
monotonically to failure.
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Figure 6.2 Stress-strain data for [+155/05], specimen #2 with implants
obtained for the loading case Which precedes the test to failure.
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Figure 6.3 Stress-strain data for [+154/09]; specimen #2 with implant
obtained on testing to failure.
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these tests are shown in Figure 6.7.

These results show that there is a discontinuity that exists in the stress-
strain data which is barely discernible in Figure 6.2, and may be placed at
around 750 MPa, but more apparent in Figure 6.5, at about 630 MPa, which is
about the same stress level at which the discontinuity was observed in the first
specimen. The X-ray radiographs in Figure 6.4 and 6.7 both display growth of
the delamination.. The growth discernible from these radiographs along the
delamination front has occurred in the vicinity of the free edge and no growth is
observed near the matrix crack front region of the delamination. The
delamination is observed to have grown by approximately 5 mm at the free edge
region in both the cases. This growth reduces as the matrix crack front is
approached and consequently it appears that the entire delamination front has
changed from its initial 90° angle to the matrix crack front to a curved front. No
secondary cracking is visible in the X-ray radiographs at this stage.

The stress-strain data obtained in the test of the specimen to failure
indicates that the delamination front strain is the first to drop, followed by the
strain read by the matrix crack gage at either the same stress level or a higher
stress level and finally the far-field gage ceases to take data at failure. Even
though growth of the delamination occurs, it does not grow unstably to the ends
of the specimen and in almost all the cases it is accompanied with some fiber
failure. The unflawed specimens (6] had delamination growth to the ends of the
specimen and considerable amount of fiber failure was also observed implying
that the delamination growth competes with with fiber failure. In fact, for
unflawed specimens with a smaller value of n, i.e. [i15/0]s laminates (with n
equal to one), the specimen failure was almost entirely due to fiber failure. The
average failure strains for the unflawed specimens and specimens with implants

are similar. The photograph of a typical failed specimen is shown in Figure 6.8
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10 mm

Figure 6.4  X-ray radiographs of [1153%22] specimen #2 with implant (left)
before loading and (right) f foa ing to approximately 800 MPa.
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Figure 6.5 Stress-strain data for [+159/09]; specimen #3 with implant
obtained for the loading case which precedes the test to failure.
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Figure 6.6 Stress-strain data for [+155/09]; specimen #3 with implant
obtained on testing to fmlure
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10 mm

Figure 6.7  X-ray radiographs of [£155/05], specimen #3 with implants (l2ft)
before loading and (right) aﬂ:er qoadmg to approximately 700 MPa.
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where the fiber failure ig visible at the center of the specimen.
The data from the first specimen of the [1153/0319 laminate with the implant is
shown in Figure 6.9, This data exhibits a strange oscillation in the stresses
during the test. The reasons for this are not quite clear, but one possible reason
18 the occurrence of secondary matrix cracking. However, such behavior was not
chserved in the remaining two specimens of this type. The data for the second
and third specimens of this type obtained from the test which preceded the test
to failure are shown in Figure 6.10 and Figure 6.13, respectively, and the results
of the final test for these specimens are shown in Figure 6.11 and Figure 6.14,
respectively. The X-ray radiographs taken between these two tests are shown in
Figures 6.12 and 6.15, respectively. The data for thege 8pecimens is very similar
to that for the [:!:152/02]B specimens and there is alsg no difference in the
behavior of the delaminations ag obtained from X-ray radiographs as the
delamination is again seen to grow in the region of the delamination front
located near the free edge of the laminate. Once again, the delamination extends
about 5 mm along the free edge and this growth is 8een to decrease as the matrix
crack is approached. The delamination front hence appears to have re-oriented
itself at an angle greater than 90° to the matrix crack and the front is now
curved. A photograph of a typical failed [1:153/03]8 specimen with implant is
shown in Figure 6.16. The implanted delamination is seen to grow to the ends of
the specimen and the fiber failure observed is less than that observed in the
[1152/0215 laminates and occurs at locatiens which vary from specimen to
specimen. This failure ig similar to that reported for the unflawed specimens in
previous research [6].

The data for the [:t155/05]B specimens differed from the earlier two types
of specimens since some secondary cracking was observed in the -15° plies,

within the delaminated region, from the X-ray radiographs and also from visual
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Implant

Figure 6.8 Photograph of typical failed [+159/09]; specimen with implant.
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Figure 6.9 Stress-strain data for [1:1.53/03]B specimen #1 tested monotonically
to failure.
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Figure 6.10 Stress-strain data for [+154/03]; specimen #2 with implant
obtained for the loading case wh1ch precedes the test to failure.
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Figure 6.11 Stress-strain data for [+154/04], specimen #2Z with implant
obtained on testing to failure.
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L1
10 mm

Figure 6.12 X-ray radiographs of [+154/04]; specimen #2 with implant (left)
before loading and (right) aat’cer Isoading to approximately 650 MPa.
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Figure 6.13 Stress-strain data for [£155/0g]; specimen #3 with implant
obtained for the loading case wh1ch precedes the test to failure.
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Figure 6.14 Stress-strain data for [+154/03]; specimen #3 with implaant
obtained on testing to failure.
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Figure 6.15 X-ray radiographs of [£155/03]; specimen #3 with implant (left)
tefore loading and (right) atter foa ing to approximately 650 MPa.
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Figure 6.16  Photograph of typical failed [£15 3/()3]8 gpecimen with implant.
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examination even before the testing of these specimens. The data obtained from
the strain gages at the delamination front for the first specimen, shown in
Figure 6.17, which was tested monotonically to failure, are not very informative
because the readings of the gages at the delamination and matrix crack fronts
have many discontinuities starting at about 200 MPa, which is very early in the
loading history of the specimen. This indicates that there are some other forms
of damage occurring at that stage. The test data for the second and third
specimens of this type are not shown because these show the same
characteristics as the data from the first specimen where discontinuities are
observed from the first test in the series of incremental tests itself and these do
not show up as any form of damage on the X-ray radiographs. However, the X-
ray radiographs are shown in Figures 6.18 and 6.19. These indicate that after
loading, the growth observed in the previous two laminates, [+1545/09]; and
[1153/0318, is missing and, instead, additional secondary matrix cracks in the
-15° effective oly are seen to occur ahead of the implanted delamination and
extend backwards and cross the delamination front within the -15° plies. In the
case of the third specimen of this type the X-rays subsequent to loading of the
specimen are incoriclusive. In all cases, the final failure of these specimens still
occurs by the growth of the implanted triangular delamination region itself, as
shown by the photograph of a typical failed specimen in Figure 6.20, even though
secondary matrix cracking that was discussed above also existed within the
specimen. Almost no fiber breakage is observed in the failed specimen. This

type of failure is similar to that observed in the unflawed specimens [1].

§.1.2 [315:1; laminates
The next set of tests involved the [+159], specimens. Both unflawed

specimens and specimens with implants were tested. The unflawed specimens
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Figure 6.17 Stress-strain gage data for [+155/0£], specimen #1 testeu
monotonically to failure.
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Figure 6.18 X-ray radiographs of [5:155/0 ]8 specimen #2 with implant
showing (left) secondary cracks before loading and (right)
increased secondary cracking after loading to 400 MPa.
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Fi_ re 6.19 X-ray radiographs of [£155/05]; specimen #3 with implant (Jeft)
showing secondary crack ffefore loading and (right) subsequent to
loading to 400 MPa (radmgraph i8 inconclusive).
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Figure 6.20 Photographs of failed [£155/05]; specimen with implants.
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were tested since no previous test data was available for these laminates and
these tests would help to determine whether the triargular-shaped
delaminations were observed in these specific laminates as in the [(£155],
laminates discussed in Chapter three. The specimens with implants were
expected to provide X-ray and strain data similar to that of the [(£15,,/0,,]e
specimens. The modulus and failure stresses and strains of the unflawed
specimens are presented in Table 6.3. The modulus of these specimens as
obtained from classical laminated plate theory is 116 MPa. The moduli of these
specimens are within 5% of the theoretical values.

The unflawed [£155]; specimens showed the formation of triangular
delaminations as shown by a photograph of a failed specimen in Figure 6.21. In
some cases, considerably more delamination and fiber damage was also observed
in the failed specimen as shown in Figure 6.22. However, unlike the (£153]4
specimens discussed in Chapter three [6], the [+15,]; specimens did not show
stable triangular delaminations. The triangular delaminations in all the cases
grew unstably through the specimens and stopped at the tabs. In some cases,
there was some fiber failure also seen and there was considerable amount of
delamination. The growth of the delamination to the tabs was almost
instantaneous and this resulted in a steep drop in the load carried by the
specimens which was considered as failure of the specimen. The micrographs of
the edges of the specimen taken after the failure of the specimen are shown in
Figure 6.23. One of the micrographs shows that the delaminations occur
symiretrically at both the top and bottom +15/-15 interfaces and the matrix
crack occurs in both the top and bottom [+159]) sublaminate. The matrix crack
profiles are curved in a manner similar to that observed by previous researchers
for some other families of laminates [5]. The secondary matrix cracks that occur

in the central [-159]; subiaminate during the failure process are also shown in
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Table 6.3 Modulus? and failure stress and strain for unflawed [+15,],

specimens.
Specimen  Modulus Failure Strain Failure Stress
(GPa) (ustrain) (MPa)
1 108 5560 610
2 111 6060 658
3 b - 601
4 113 5370 570
5 115 5600 639
Average 112 (2.7%)° 5648 (5.2%) 616 (5.5%)

8 Theoretical value via classical iaminated plate theory is 116 GPa.
b Could not be determined due to loss of strain gages during test.
€ Values in parentheses are coefficients of variation.



Figure 6.21 Post-failure photograph of an originally unflawed [£159];
specimen showing triangular-shaped delaminations.
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Figure 6.22 Post-failure photograph of an originally unflawed [+154]
laminate showing triangular-shaped delaminations accompame&
by fiber breakage.
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Figure 6.23.

The modulus values and the failure stresses and strains for the [£1545];
specimens with implants are given in Table 6.4. The modulus values for these
specimens are within 4% (except in one case) of the values for this laminate
obtained from classical laminated plate theory for the unflawed case. Therefore,
the presence of the delamination does not alter the modulus of the laminate.
The average failure stresses and strains for these laminates are within 4% of the
values obtained for unflawed specimens. Iience, the presence of an implanted
delamination has not affected the final failure of the laminate.

The {£155]; specimens with implants were tested incrementally to failure
and X-ray radiographs were taken in a manner similar to the testing of the
[+15,/0, ] specimens with implants. On subjecting the specimen to a far-field
displacement, it was observed that the triangular delamination was lifted above
the surface of the laminate. This opening up of the triangular piece was visible
on the edge of the specimen, but no measuremenis of opening were taken. The
implanted triangular region was seen to grow to the specimen tabs in an
unstable manner, as in the case of the unflawed specimens. However, the stress-
strain data shows that there is a discontinuity in the data obtained at the
delamination and the matrix crack gage at about 350 MPa as seen in Figure
6.24. This discontinuity was observed in all the specimens of this kind at
approximately the same value of stress. On taking an X-ray radiograph at that
point, secondary cracking was observed to occur in the [-155]g sublaminate as
can be seen in Figure 6.25. The secondary crack occurs at the free edge region
ahead of the delamination front and extends backward across the delamination
frost into the delaminated region. The X-ray radiograph shows that the region
between this secondary matrix crack and the original delamination front has

also delaminated. It is, however, not clear whether this delamination first grew
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Figure 6.23 Post-failure micrographs of the edges of the originally unflawed
[+154]; laminate exhibiting (fop) a curved matrix crack profile and
(bottom) secondary matrix cracking in the [-154] sublaminate .
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Table 6.4  Modulus® and Failure Stress and Strain for [+15,] ¢ specimens with

implants
Specimen Modulus Failure Strain Failure Stress
(GPa) (ustrain) (MPa)

1 102 6660 682

2 120 4950 572

3 111 5700 637

4 111 5560 613
Average 111 (6.6%)P 5718 (12.4%) 626 (7.3%)

8 Theoretical value via classical laminated plate theory is 116 GPa
b Values in parentheses are coefficients of variation.
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and the matrix crack formed subsequently or vice versa. This was a consistent
feature of ali the specimens of this type tested. The failure of the specimen,
however, occurred by the growth of the implanted delamination to the ends of
the specimen accompanied with some fiber failure as shown in the photograph of
a typical failed specimen in Figure 6.26, The failure is similar to that observed

in the unflawed specimens of this type.

6.2 Analytical Results

The analysis was performed for the case of a [+15,] laminate with implants. A
quarter model of the laminate was used as discussed in Chapter four. The
model, as shown in Figure 4.2, was subject to a displacement of 6.5x10° mn
which is intended to produce a global axial strain of 1% (10,000 pstrain) within
the specimen. The choice of applied strain is arbitrary since the model is linear
and hence the results can be scaled to any desired value of strain. The local
strains vary in the region around the delamination and the matrix crack, but in
far-field regions (located at regions about 2.0 mm to 2.5 mm from the matrix
crack front horizontally and about 2.0 mm to 2.5 mm vertically, as shown in
Figure 6.27) it is expected that the global strain will be imposed on the specimen
and hence the resulting stresses must compare well with the theoretical stresses
obtained by classical laminated plate theory. Such stresses and strains were
evaluated within some elements at the location shown in Figure 6.27. The
stresses in these region matched the classical laminated plate theory within 3%-
5% and the interlaminar stresses were approximately two orders of magnitude
smaller than the in-plane stresses and hence could be approximated as zero.
This verifies that the maierial properties and the applied loading conditions are
those intended.

On subjecting the model to a far-field displacement, it was observed that
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Figure 6.24 Typical stress-strain data for the [+159]; specimens with
implants.
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Figure 6.25 X-ray radiographs of [+155]; specimens with implants (left) before
testing and (right) after béing loaded to approximately 300 MPa.
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Figure 6.26 Photograph of failed [£159]; specimen with implants with the
implanted delamination gréwn to the ends of the specimer.
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the triangular region opened up in a manner similar to that observed during
testing of the specimen. A three-dimensional view of the undeformed mesh and
an exaggerated deformed configuration (3X exaggeration) are shown in Figure
6.28. 'The delamination front is seen to open up and no crack surface
interpenetration is observed to occur along the delamination front for any of the
three orientations of the delamination shown in Figure 4.5. However, in the case
of the 20° and 105° delamination orientations, the matrix crack surfaces were
seen to interpenetrate. This interpenetration was localized around the matrix
crack front alone and for regions away from the crack front, the surfaces of the
matrix crack did not show any interpenetration. The top view of the [+155] ply
is shown in Figure 6.29 and, though the interpenetration is not apparent since it
happens over an extremely small region, the matrix crack surfaces are seen to be
close together in the region near the matrix crack tip but move apart at regions
away from the matrix crack tip. This implies that for a matrix crack of the
configuration assumed in the model, there is the likelihood of some friction at
the tip of the matrix crack. Also, as the angle of the delamination changes from
90° to 105°, the matrix crack is observed to open up and the interpenetration is
restricted to the top region of the matrix crack, i.e. the region of the matrix crack
near the top surface of the laminate. When the delamination crientation is
changed to 120° relative to the matrix crack, no interpenetration is observed at
the matrix crack front.

The average failure strain of the unflawed [+159]; specimens was about
5650 pstrain, as seen in Table 6.3, at which the triangular delaminations were
seen to form and grow through the laminate. The results obtained from the
finite element model are for an applied strain of 1%. These results are scaled to
the observed failure strain of 5650 pustrain in order to examine the magnitudes of

the energy release rates at the point of failure and to study how they compare
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element model of the (£154]; laminate at 1% strain.
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with observed critical values obtained in the literature [81] for the individual
modes. The energv release rate scales as the square of the applied strain [[29]].

The results for the strain energy release rate for the delamination are
presented along the s-axis, which is lecated along the delamination front as
shown in Figure 6.30, and measures the distance from the matrix crack end of
the delamination tc anv point on the delamination. The total length of the
delamination is indicated by L 4, and it changes for different orientations of the
delamination (1.04 mm for 90°, 1.15 mm for 105° and 1.41 mm for 120°).

The results for the total strain energy release rates for the three
configurations of the delamination front are presented in Figure 6.31 using a
nondimensional coordinate system where the distance, s, is non-dimensionalized
by the length of the delamination front, L 4, so that it spans between 0 to 1 from
the end of the delamination near the matrix crack to the end near the free edge.
The same results are presented in Figure 6.32 as a function of the actual
distance along the delamination front as measured from the free edge inwards.
However, this does not convey any additional information regarding the
distribution of the energy release rate in the three different orientations. The
total energy release rate along the delamination front is observed to be highest
near the free edge region and drops to lower values at regions closer te the
matrix crack front. This is the trend observed for all the three delamination
orientations. However, as the orientation of the delamination is changed from
90° to 105° to 120°, the magnitude of the energy release rate at the free edge is
seen to drop, and the values away from that region are seen to increase. This
process, in the model, of effectively tilting the delamination about the matrix
crack front to angles greater than the 90° initial configuration is meant to
approximate a possible manner of growth of the delamination where more

growth occurs at regions near the free edge and less growth occurs at regions
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Figure 6.30 Coordinate system defined at the matrix and delamination fronts
and used in the presentation of results.
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Figure 6.31 Total strain energy release rates along the delamination front as a
function of the nondimensionalized distance at a strain level of
5650ustrain for different delamination orientations.
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5650pustrain for different orientations of the delamination.
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away from the free edge. This simulation is justified if the growth is controiled
by the total strain energy release rate, which is seen to be highest at the free
edge and lowest near the matrix crack front. The energy release rate seems to
become more uniform at higher angles of orientation

The individual components of the energy release rate are evaluated using
the Equivalent Domain Integral approach in combination with the
decomposition method. The results are presented in terms of the
nondimensional coordinate system along the delamination front. Since no
additional information was obtained from the plot of energy release rate against
actual distance along the delamination front, similar plots are not presented
separately. The mode 1, mode 2, and mode 3 data are presented in Figures 6.33,
6.34 and 6.35 (some graphs are presented twice as (a) or (b), on different scales
to enable comparison with related graphs), respectively. Roman numerals I, II
and III are not used to designate these modes, as they are only approximate
modes as discussed in Chapters two and four. The critical values of these modes
for AS4/3501-6, as obtained in the literature are [81], 200 J/m? for mode I, 525
J/m? for mode IT and 832 J/m? for mode III. These critical values of the modal
energy release rate are also plotted along with the modal strain energy release
rates in Figures 6.33- 6.35 to provide a comparison of the relative magnitudes of
the calculated values to a measured critical value and thus to aid in any
conclusions to be drawn about the growth of the delamination. These critical
values are determined from tests on unidirectional specimens and not from
experiments on delamination at the interface of the +15/-15 plies which is of
current interest. It has been observed that there could be a difference in the
critical values for a delamination at a unidirectional interface as compared to
one between plies of differing orientations of the same material [82]. This has

not been considered here due to lack of adequate ezperimental data.
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Figure 6.33a Mode 1 strain energy release rates along the delamination front in
a [t155], laminate as a function of the nondimensionalized
distanCe for a strain level of 5650 pstrain for different
delamination front orientations.
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Figure 6.33b Mode 1 strain energy release rates along the delamination front in

a [t155], laminate as a function of the nondimensicnalized
distanCe for a strain level of 5650 pstrain for different
delamination front orientations (scale changed for comparative
purposes).
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Figure 6.34¢ Mode 2 strain energy release rates along the delamination front in
a [t15,]. laminate as a function of the nondimensionalized
distance for a strain level of 5650 pustrain for different
delamination front orientations.
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The values of mode 1 components are seen to decrease as the delamination

orientation changes from 90° to 120°. The peak value of the mode 1 does not
occur right at the free edge but slightly inside the delamination front and its
value drops both near the free edge and the matrix crack front. The magnitude
of the mode 1 components are lower than the mode 2 and mode 3 components.
However, it is still comparable to the critical value of the mode 1.
The mode 2 and the mode 3 values have a distribution along the delamination
front resembling the distribution of the total strain energy release rate. These
modes have a peak value at the free edge region and their magnitudes reduce as
the matrix crack front is approached. At a delamination orientation of 90°, the
mode 2 value is substantially higher than the critical value of the energy release
rate in the region near the free edges. As the orientation changes, the peak
value sinks below the critical value for most of the delamnination front.

The mode 3 results also have peak values at the delamination front near
the free edge of the laminate. However, unlike the mode 2 energy release rate,
the peak value is lowest for the 90° orientation and the peak value increases as
the delamination changes orientation to the 120° angle. It must, however, be
noted that the critical value of energy release rate for this mode is higher than
that of the mode 2 case. Hence, despite the increase in the energy release rate as
the delamination orientation changes from 90° to 120°, it does not rise
significantly above the critical value.

The results for the strain energy release rate along the matrix crack are
presented along the t-axis, shown in Figure 6.30, normalized by the effective ply

thickness, T , . This axiz measures the distance along the matrix crack front

ply
starting at the end of the matrix crack that is located near the delamination

front. The length of the matrix crack is 0.268 mm, which is the same as the

thickness, T of the [+159] sublaminate. The energy release rate along the

ply’
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matrix crack front is presented for the case with the delamination orientation of
90° and 105° orientation show= in Figure 6.36. These two cases are presented
separately from the 120° delamination orientation case because there is crack
surface interpenetration observed in these two cases. The results from the linear
finite element method used for the analysis neglects any contribution to the
energy release rate from the frictional effect and therefore the energy release
rate is only approximate and the error in the evaluation of the energy release
rate is unknown. The total strain energy release rate along the matrix crack is
presented in Figure 6.36 for these two cases as a function of a nendimensional
parameter UTply' In the case of the delamination oriented at 120° to the matrix
crack, the total strain energy release rate is presented in Figure 6.37 and there
is no crack surface interpenetration in this case. The energy release rate is
highest at the top surface of the laminate and decreases at the region where the
matrix crack makes contact with the delamination front. The peak energy
release rate is small compared to the peak magnitude observed along the
delamination front. However, its magnitude is comparable to the energy release
rate observed along the other parts of the delamination. Even though there is
crack surface interpenetration for the 90° and 105° case, the magnitude of the
energy release rates obtained are very similar to that obtained for the 120° case.
It was suggested in Chapter three that the stress state around the
delamination crack front at the free edge of the laminate may change
significantly as the delamination changes orientation. This was considered to be
a possible explanaticn for the observed secondary matrix cracking at the
delamination front. However, it was found that the -~sh around the
delamination region was not refined enough to obtain smooth stress contours in
that region. Some line contour plots have been plotted within a small region

which includes about six elements around the delamination front as shown in
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Figure 6.36a Total strain energy release rate along the matrix crack front for
the cases of delamination oriented at 90° and 105° to the matrix
crack in a [t15,]_ laminate at a strain level of 5650 pstrain for
different delamination front orientations.
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Figure 6.36b Total strain energy release rate along the matrix crack front for

the cases of delamination oriented at 90° and 105° to the matrix
crack in a [t155] laminate at a strain level of 5650 pstrain for
different delamination front orientations (scale changed for
comparative purposes).
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Figure 6.38. Only the results for the two stresses 0, and o4 are presented
because these are the only stresses which have a significant magnitude at the
free edge of the laminate. The contour plots for the stress 6, normalized by the
far-field value determined by the classical laminated plate theory within each
ply (641 for both plies are identical) are presenied in Figures 6.39, 6.40 and 6.41
for the 90°, 105° and 120° orientations, respectively. The contour plots for the
stress Gyg, also normalized by the classical laminated plate theory values of
Gq1- are presented ir Figures 6.42, 6.43 and 6.44, respectively, for the 90°, 105°
and 120° orientations. These contour plots, however, do not convey much
information due to the inability of the mesh to accurately capture the stresses
around the delaminaticn front as seen by the discontinuities in the stress
contour plots. There is hardly any discernible difference between the stress
states for the 90°, 105° and 120° cases. Therefore, no conclusion can be drawn
regarding any changes in the stress states at the free edge for different
orientations of the delamination. Consequently, no conclusions can be drawn
from this data regarding the secondary cracking which develops at the

delamination front before failure of the laminate.
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Figure 6.37a Total strain energy release rate along the matrix crack front for
the cases of the delamination front oriented at 120° to the matrix
crack in a [+15g]; laminate at & strain level of 5650pstrain.
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Figure 6.37b Total strain energy release rate along the matrix crack front for

the cases of the delamination front oriented at 120° to the matrix
crack in a [+155]; laminate at a strain level of 5650pstrain (scale
changed for comaparative purposes).
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Figure 6.39 Contour plot, viewed at the free edge of the [+15,]. laminate with
delamination front oriented at 90°, for %ﬁe stress Gpq
nondimensionalized by the far-field ciassical laminated pla
theory value of 071 (ply stress).



-225-

Delmination
Front

Figure 6.40 Contour plot, viewed at the free edge of the [{£155] laminate with
delamination front oriented at 105° for 2tﬁe stress Gyq
nondimensionalized by the far-field classical laminated plate
theory value of 6y (ply stress).
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Figure 6.41 Contour plot, viewed at the free edge of the [£15,], laminate with
delamination front oriented at 120°, for 2tﬂe stress ©yy
nondimensionalized by the far-field classical laminated pla
theory value of 67 (ply stress).
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Figure 6.42 Contour plot, viewed at the free edge of the [+15,], laminate with
delamination front oriented at 90°, for %;l%e stress Oj3
nondimensionalized by the far-field classical laminated pla
theory value of 67 (ply stress).
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nondimensionalized by the far-field classical laminated pla]te

theory value of 61 (ply stress).
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Figure 6.44 Contour plot, viewed at the free edge of .he [£155], laminate with
delamination front oriented at 120°, for 2tﬂe stress Gyg
nondimensionalized by the far-field classical laminated pla
theory value of 64 (ply stress).
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CHAPTER 7
DISCUSSION OF RESULTS

The results presented in the previous chapter are discussed in detail in
this chapter. A comparison is made between the results of the specimens with
implants and the unflawed specimens. The analytical model is assessed and the
resulting predictions for the growth of the delamination from its initial
configuration are compared to the experimental results. On the basis of these

results, a mechanism for damage growth in these specimens is proposed.

7.1 Comparison of Unflawed Specimens and Specimens with Implants

The modulus of both the [+15 /0, ]; and [£155]; specimens with implants
matched the modulus values obtained for the unflawed specimens very closely.
These results are also close to the values predicted by the classical laminated
plate theory. Therefore, the presence of the implants did not alter the far-field
stress-strain response of the specimens.

The failure strains and stresses of the [£154/05];, and [£153/03];
specimens with implants were also identical to those of the similar unflawed
specimens. In the case of the [:t155/05]8 specimens, however, the failure stresses
and strains are 20% lower than for the unflawed specimens which falls well
beyond the experimental scatter of 10%. These [+155/0£]; specimens with
implants show some secondary cracking in the -15° plies within the delaminated
region even before loading. This may be responsible for their early failure.
Thase specimens also showed further secondary matrix cracking after loading,

occurring ahead of the delamination front in the -i15° ply and extending back

across the delamination front into the delaminated region at stresses of about
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350 to 400 MPa, before any delamination growth occurs. These secondary cracks
are seen to occur in [+155/05]; unflawed specimens only after the formation of a
triangular-eshaped delamination with a curved contour at stresses of about 500
MPa [6). These stresses are significantly higher than those observed in the
specimens with implants. It is not clear whether this premature secondary
cracking is respongible for the lower failure strains observed in these gpecimens
because this type of premature secondary cracking is also observed to occur in
the [£15¢]; specimens with implants where it does not alter the failure strains of
these specimens as compared to the unflawed specimens.

Examination of the failed specimens indicates that there is a difference in
the damage states observed in the [+15 /0 1, laminates for different values of n.
For n equal to two, fiber failure was observed in all the plies of the laminate and
gsecondary cracking was observed in the -15° plies in and around the implanted
delamination. The implanted delamination did not grow to the ends of the
specimens. This type of failure is similar to that observed in unflawed
specimens except that the delamination grows all the way tec the tabs in the
unflawed specimens [6]. For n equal to three, the implanted delamination grows
to the tab and secondary cracking is observed in and around the delaminated
region. Fiber failure is localized to some regions of the specimen outside the
delaminated region and this type of failure is almost identical to that observed in
unflawed specimens [6]. For n equal to five, the implanted delamination grows
to the end of the specimen and secondary cracking is observed within the
delaminated region only. This failure is very clean compared to the earlier type
of specimens, with virtually no fiber failure at all, and is almost identical to that
observed in unflawed laminates of this type [6].

The unflawed specimens of the [£155]4 laminates developed triangular-

shaped delamination regions. These regions formed and grew almost
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instantaneously to the ends of the specimens at failure. No stable triangular
delaminations were seen for these specimens before the failure load unlike the
[+155], specimens discussed in Chapter three. An examination of the failed
specimens showed that there was secondary matrix cracking in the delaminated
region and in some cases fiber failure in all the plies, outside the delaminated
region. Since no damage was observed before failure, it appears that the
formation of the secondary cracking and the formation of the triangular-shaped
delamination both occur virtually simultaneously at failure.

The [+155]; specimens with implants also fail in an almost identical
manner to the unflawed specimens with the growth of the implanted
delamination to the ends of the specimen, accompanied with fiber failure at
various locations in the plies outside the region of delamination. The failure
strains and stresses for the unflawed specimens and specimens with implants
are also virtually the same. However, in the case of the specimens with
implants, the secondary cracking is seen to occur before any delamination
growth occurs. Since the triangular-shaped delamination is already present, it
therefore appears that the stress state may Le suitable for the formatien of
secondary matrix cracks before the growth of the delamination.

In summary, the implanted specimens simulate the behavior of unflawed
specimens quite well in most cases in terms of modulus (and general stress-
strain behavior), {ailure stresses and strains, as well as the damage states
observed subsequent to failure. In some cases, though the damage at final
failure resembles that in the unflawed specimens, the intermediate damage does
not occur in the same order that is observed in the unflawed specimens. This is
described further in section 7.3 where the growth of implanted delaminations is

discussed.
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7.2 Assessment of the Analytical Model

The deformed finite element model, as shown in Figure 6.28, indicates
that the delaminated region deforms in a manner which lifis it above the surface
of the laminate, as was observed in the experiments. The top view of the +15°
ply also shows that the matrix crack has a tendency te open up at regions away
from the matrix crack front. However, near the matrix crack front, the crack
surfaces are very close to each other and, for a delamination oriented at 90° to
the matrix crack, interpenetration of crack surfaces is predicted at the crack tip
elements. As the delamination angle is changed te 105°, interpenetration is
restricted t, the region where the matrix crack front meets the top surface of the
[+155] ply. Interpenetration is not predicted by the model for the 120° case.
This interpenetration is likely to depend on both the crack front and crack profile
characteristics. Since both these profiles are modelled as straight lines in the
present model, it is not known whether crack surface contact does occur in the
actual specimens where the crack profile is curved and the shape of the crack
front is unknown. Therefore, the curved crack profile needs to be modelled. If
interpenetration is still predicted by the model, a nonlinear analysis may be
necessary to analyze the problem.

The far-field stress values determined from the model at the locations
shown in Figure 6.24 are seen to be similar to those determined from classical
laminated plate theory. This implies that the model is sufficiently large enough
that regions termed as 'far-field' are not affected by the presence of the
delamination. It needs to be pointed out that only a quarter model of the
laminate has been made for the current study. Therefore, the boundary
condition imposed on the laminate implies that the centerline of the laminate
shown in Figure 6.27 does not move in the Xg-direction. While this boundary

condition is true in the case of an unflawed laminate, it is not completely true in
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the case of a laminate with triangular-shaped delaminations where some
shearing is likely to occur. However, for "small" delamination sizes (in the
present case with a ratio of less than a third for the intrusion to width ratio) the
conditions termed as far-field are much the same as that for an unflawed
laminate. Also, imposing this boundary condition reduced the model from a half
model to a quarter model resulting in considerable reduction in computation
time. The use of this boundary condition was then justified by comparing the
results for the stresses to those obtained via classical laminated plate theory.
The results that are presented for the energy release rate are obtained
only using the Equivalent Domain Integral method. The modes are separated
using the mode decomposition technique. As discussed earlier, this method is
capable of evaluating the total strain energy release rate correctly. However, it
has been shown to be valid in conjunction with the decomposition method to
separate the modes only in cases where the oscillatory singularity does not exist.
In the present case, the oscillatory singularity has a nonzero value, yet this
method has been used to separate the modes for twc reasons. The first reason is
that the oscillatory singularity in the present context is quite small, as is
presented further on in the text. Second, it was shown in the example of the
[:!:752]B laminate in Chapter four that the trends of the individual modes of
energy release rate as obtained from the Equivalent Domain Integral approach
are very similar to the trends that are obtained by the Crack Opening
Displacement approach on ignoring the presence of the oscillatory singularity.
This similarity in trends between the results obtained by the two approaches
does not validate either method but indicates consistency between the results
obtained by two independent methods. Since there are no theoretical definitions
of modes that exist in the cases with oscillatory singularities, there are no

comparisons that could be made to validate these modes.
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The Crack Opening Displacement approach which accounts for the presence of
the oscillatory singularity has not been used in the present context for a number
of reasons as elaborated here. The method had been developed for the case of
generalized plane strain. The present conditions along the delamination front
are more representative of a full three-dimensional problem and cannot be
considered as plane strain or generalized plane strain. Second, there are threc
different configurations of the delamination front analyzed. This means that the
cdelamination is located between two anisotropic materials whose properties
change in the three cases relative to the orientation of the delamination front as
it i changed from 90° to 120°. In the initial configuration, the plies above (+15°)
and below (-15°) the delamination have an orientation of 0° and -30° relative to
the x'y-direction respectively, as shown in Figure 7.1. When the delamination is
reoriented such that it subtends an angle of 105° or 120° with the matrix crack,
the material orientation of the effective ply above the delamination is -15° or
-30°, and the material orientation of the effective ply below the delamination
crack is -45° or -60°, respectively. This implies that the oscillatory singularity at
the delamination front changes at the delamination front for the three cases
modelled. Any use of a new definition of modes discussed in Chapter four or the
use of the results from the COD approach needs to consider this factor, the
consequences of which are not understood. The oscillatory singularities 6 are
evaluated for each of these cases using the method described in Chapter four.
The magnitudes of the oscillatory singularities are 0.0298, 0.0194 and 0.0232 for
the delamination oriented at 90°, 105° and 120° to the matrix crack, respectively.
It is seen that in all the cases, the oscillatory singularity is extremely small
compared to the maximum possible value of 0.175. The problem of dealing with
even a constant oscillatory singularity was itself termed as an unresolved igssue

and hence the consequences of a changing oscillatory singularity are unknown.
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Since the magnitude of the oscillatory singularity was small, the
conventional approach of the Equivalent Domain Integral along with the
decomposition approach appeared to be the most feasible method cof observing
the trends displayed by the individual modes of the energy release rate. The
modes obtained are not necessarily representative of the actual physical
processes that occur at the crack front. However, from the research available to
date, this was the most efficient method that was identified by the author to
provide a separation of the total energy release rate into component modes using
the same basis as in isotropic materials. These modes are therefore presented as
possible measures of the processes occurring at the crack tip. This is an active
research issue which needs to be further resolved before a physical meaning can
be attached to the "modes” that have been obtained by the current study.

The implanted delamination front does start out as a straight line at right
angles to the matrix crack. But, as the implanted delamination grows, it is no
longer a straight line as it does not grow equally at all points of the implant.
However, this growth is modelled by a straight line in the current work. This is
representative of the approximate manner in which the delamination grows due
to complexities involved in modelling the curved delamination front. The
modelling of the curved delamination front is a recommended step for future
studies in the growth of the delamination front.

The stresses at the delamination front were also examined for different
orientations of the delamination. The nonzero stresses at the free edges of the
specimen were examined. The results for the stresses shown in Figures 6.39
through 6.44 indicate that the mesh is still quite coarse since the stresses are
discontinuous across elements. No discernible difference exists between the
stresses examined at the free edge, to which the formation of the matrix cracks

could be atiributed. This may imply three possibilities: one, the mesh needs
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further refinement to detect any differences between the different orientations;
or, two, the matrix crack could initiate at some point on or in the neighborhood of
the delamination front, not at the free edge; or, three, the curved nature of the
delamination not modelled in the current study may be the reason sufficient
stresses arise to cause secondary cracks. Therefore, the mesh must be refined in
future studies and the changes in stresses at the delamination front in regions

away from the free edge must be examined.

7.3 Manifestations of Damage Growth from Implanted Configuration
The experimental results obtained for the growth of implanted triangular-
shaped delaminations are compared here with the predictions from the
analytical results. Although the implants were placed in both the [(£15, /0,1
specimens and the [+159]; specimens, the growth of the implanted
delaminations without the early formation of any secondary cracking occurred
only in the {(+15 /0 ]; laminates. The unflawed [+155]; specimens showed
formation of triangular-shaped delamination which grew instantanecusly to the
ends of the specimens. No stable delaminations were observed and hence no X-
ray radiographs of the intermediate stages are available. Therefore, the
analytical results obtained for the growth of a triangular-shaped delamination in
a [+15¢], laminate are used to explain the results of experimentally observed
stable delamination growth in the [j:15n/0n]S laminates. This may be done since
the unflawed specimens of the [+15]; or [+15 /0 ], laminate families show the
same characteristic delamination, i.e. the delamination is always located at the
+15/-15 interface and the matrix crack is always within the +15° sublaminate.
The delamination front observed in the naturally occurring delamination

configuration is also observed to be curved irrespective of the presence of the

additional 0° plies (as was seen in Chapter two). Furthermore, the classical
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laminated plate theory siresses within the individual plies are very similar
between the two laminates. These values, as a percentage of the far-field stress,
G applied to the laminate, are compared in Table 7.1. The stresses in the 15°
plies of the two laminates vary from each other only by the small transverse
stresses which exist in the [+15,/0, ], laminates and are abegent in the [+15 ]
laminates. In addition, the failed specimens of both these laminates show
similar characteristics, indicating a similar mechanism underlying the failure
behavior of these two types of specimens. Thus, the delamination growth in the
[+159]g laminates is likely to have undergone the same growth patterns observed
in the [:t15n/()n]s laminates, however, in an unstable manner. The explanations
offered, therefore, also pertain to the [+155], laminates despite the unstable
nature of the growth in that case.

The analytical results for the total strain energy release rate were
presented in Figure 6.29. These results are for an applied far-field strain of 5650
ustrain, which is the average failure strain for the unflawed [+155]; laminates
that were tested in the current study. At this failure strain, triangular
delaminations were seen to form and simultaneously grow to the ends of the
specimen in the experiments. The results were presented for this strain so that
the energy release rate values obtained at this strain may be compared to the
critical energy release rates available in the literature.

From these results, it is seen that the energy release rate at the delamination
front is highest at the free edge region and drops considerably at the matrix
crack front region. This implies that the delamination front would have a
tendency to grow from the region near the free edge. The process of growth is
approximated by tilting the delamination front about the matrix crack so that
the maximum amount of growth is at the free edge and there is no growth at the

matrix crack. As the delamination crientation is changed to 105°, the energy
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Classical laminated plate theory stresses in the plies of [+15 ], and

Table 7.1
[ﬂsnlon]s laminates in the laminate axes as a ratio of the far-field
laminate stress (G;y)
Stress (15,1 [£15,/0,, 1
Ratic
+15° -15° +15° -15° 0°
6,,/011 1.00 1.00 0.94 0.94 1.12
Ggo/O11 0 0 0.02 0.02 -0.04
0.23 -0.23 0.21 -0.21 0

0,9/011
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release rate still maintains its relative distribution along the delamination front,
being highest at the free edge region and lowest near the matrix crack.
However, the magnitude of the energy release rate at the free edge is lower than
that observed for the 90° case and it is marginally higher along the other regions
of the delamination front. Further growth is simulated by tilting the
delamination to an angle of 120° relative to the matrix crack. The energy release
rate is seen to drop again near the free edge and it is seen to increase along other
regions of the delamination front in what appears to be a tendency of the strain
energy release rate to become more uniform along the entire delamination front.

This implies that a delamination that starts from the initial configuration
chosen should have a tendency to start growth near the free edges and the
growth should be such that the delamination would have a tendency to build up
a more uniform energy release rate along the delamination front. There is,
however, a decrease in the energy release rate associated with this simulated
growth for a given far-field value of strain. Therefore, as the delamination
grows, it is possible that the criterion governing the growth of the delamination
may no longer be satisfied at some points along the delamination front, and it
would tend to stop growing. This assumes the absence of any additional form of
damage such as secondary cracking which are not addressed in this model.

The energy release rate along the matrix crack tip in the initial
configuration is about a third of that observed along the delamination front.
Hence, any growth of damage that occurs would have to be along the
delamination front. This is, however, true only if the critical values of energy
release rate are similar for the delamination crack and the matrix crack. There
is no data available for the critical values for the matrix crack in AS4/3501-6
graphite/epoxy but, from the data available for T300/934 graphite/epoxy [53], the

critical values for matrix cracks are seen to be of the same order (GI c GII . are
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160 J/m2, 500 J/m?2 respectively, and no data is available for Gy ) as for the
delamination cracks in that material. Though the numerical values for
AS4/3501-6 may be different from these, it appears that, at least in thermoset
graphite/epoxy composites, there is no significant difference in the critical values
of energy release rate for delamination cracks and matrix cracks. Therefore, the
small energy release rate at the matrix crack front implies that the delamination
front is more likely to grow over the matrix crack front. There is no significant
change in the total energy release rate along the matrix crack front as the
delamination changes orientation, though the results for the 90° and 105° case
are only approximate. As mentioned earlier, the specific detail of the energy
distribution may be dependent on the exact crack profile or crack front which are
not modelled in the current study. Hence, the energy release rate along the
matrix crack front is used only for an order of magnitude comparison study.

The strain gages at the delamination front and at the matrix crack front
were intended to be indicators of any changes in the damage from the initial
configuration. The magnitude of the strain measured by these gages is not of
much importance, but the discontinuities observed in the data are expected to be
the indicators of any local changes in damage. The [1159/09]; specimens and
[:t153/03]B specimens showed similar behavior, with a discontinuity observed in
the delamination gage data before a discontinuity was registered in the gage
located at the matrix crack front. This is experimental evidence that
delamination growth near the free edge occurred before either the matrix crack
or the delamination near the matrix crack front had any growth. This evidence
corroborates the predictions obtained from the analytical model.

The X-ray radiographs of the [+155/05]; and [+153/03]; specimens confirm
this by showing that delamination growth has occurred along the delamination

front near the free edge region. In all the cases studied there was no growth
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vigible at either the matrix crack front, or the regions of the delamination
around the matrix crack front. The resulting delamination front after growth is
seen to have an approximately curved contour. Therefore, the observed
delamination growth from the initial configuration matches the trends proposed
from the analytical results. These results indicate that the implanted
delamination grows in a manner as to approach the naturally observed
delamination configuration described in Chapter three and shown in Figure 3.1.
One of the X-ray radiographs shown in Figure 6.7 has been shown again with an
additional outline, in Figure 7.2, and this resembles _he naturally observed
configuration in Figure 3.1 quite closely.

The failure of the specimen occurs subsequent to this initial growth of the
delamination. The stress versus strain data of the [:tl.‘;'>?_‘/02]8 and [:!:1‘.53/03]B
specimens taken up to failure indicates that the strain from the gage at the
delamination front is the first to drop, followed by a drop in the strain read by
the gage at the matrix crack front at either the same stress level or at a slightly
higher stress level, Finally, the far-field Bage ceases to take data at failure.
This indicates that further activity occurs in the region around the delamination
front before failure of the laminate since the far-field gage is virtually unaffected
prior to failure. It is inconclusive as to whether the discontinuity observed in the
strain gage data, after growth is observed from X-ray radiographs, implies
further delamination growth or formation of secondary cracks.

Unlike the earlier two laminates, the [:f:155/05]s specimens do not show
such delamination growth. Thege specimens have initial damage in the form of
secondary cracks in the -15° plies in the delaminated region visible after the
cure. Further secondary cracking is seen to occur at low loads ahead of the
delamination front as described in section 7.1. It may be inferred that secondary

cracking which occurs in the specimens with implantg may be due to the thicker
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effective plies. It has been shown [3, 4] that laminates with thicker effective plies
(i.e. for larger values of n in laminates such as [+15_/0 1) are more prone to
matrix cracking at the free edges and this itself, or coupled with the residual
stresses from the cure cycle, could be a possible reason for the cracks observed
after the cure. Another possible reason for the occurrence of secondary matrix
cracks that form on loading the laminate is that the size of the delamination is
larger than that occurring naturally in unflawed specimens without any
secondary cracking. Hence, the stress state at this delamination front is likely to
be different than that observed in the natural configuration and it is likely that
this contributes to the formation of secondary matrix cracks. There ig, however,
no proof for this hypothesis, but, such premature secondary cracking is also
observed to occur in the [+159]; specimens with implants at loads where no
damage was observed in the unflawed specimens.

In summary, both the analytical predictions and experimental results
indicate that any growth of the implanted delamination configuration manifests
itgelf at the delamination front near the free edge. Experimentally it is alsc
observed that consequent to this growth, the delamination resembles the stable

delamination configuration which appears in the unflawed specimens.

7.4 Proposed Growth Mechanism

A growth mechanism is proposed based on the analytical and
experimental evidence obtained from the current study for the occurrence cf the
stable triangular-shaped delaminations and their subsequent growth.

There are four stages which can be identified in the failure process of the
composite laminetes. The first stage is the initiation of damage, which usually
cccurs at the free edge of the laminate and is microscopic in nature. The nature

of this initiation may be controlled by the defects present at or near the edges of
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the laminate. The second stage is the propagation of this initial damage to a
stable damage configuration coneisting of a triangular-shaped delamination
bordered by a matrix crack. This damage is macrescopic in nature, but the size
of this damage may vary depending on the edge defects or internal defects that
may exist in the laminate. The third stage involves the formation of secondary
matrix cracking in the plies adjacent to the delamination, in the vicinity of the
delamination front. The last stage involves the unstable growth of the
triangular-shaped delamination usually tc the ends of the specimens, and
sometimes accompanied by fiber failure in the laminate.

The initiation of damage and consequent formation of the initial
configuration in an unflawed specimen is stiil a debated issue as mentioned in
Chapter two. Experimentally, it has been shown that delamination initiation
can cccur at the free edges of the [:t:15n/0n]B series of laminates before any
matrix cracking occurs. This is an edge delamination restricted to the free edge
of the specimen. It has also been shown earlier, by implanting delaminations
alone without matrix cracks [6], that a delamination without a matrix crack
tends to develop a matrix crack adjoining it very early in the loading, prier to
any delamination growth, thus producing a configuration approximately similar
to the initial configuration adopted in this study.

Another alternative mechanism that has been shown analytically to be
feasible in [0,/16 ]; laminates is the formation of the matrix crack and the
growth of a delamination initiating from the intersection of the matrix crack and
developing into a triangular-shaped delamination [29]. This has not been
experimentally observed in static tensile testing, but has been observed under
conditions of tensile fatigue loading. This also would lead to the formation of a
situation similar to the initial configuration adopted in this study.
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Whatever the mechanism responsible for the formation of the damage
state consisting of the delamination bordered by a matrix crack, such a damage
state is approximated by the initial configuration that has been adopted in the
present study. The conditions at this initial configuration are such that the
growth is8 energetically feasible due to the steep energy release rates along the -
delamination front near the free edge. This results in the growth of the
delamination in that region only. The energy release rate at the matrix crack
front and the delamination front adjacent to the matrix crack region are much
lower and hence conditions are not conducive to growth. This manner of growth
of the delamination results in a curved delamination front. This resulting
delamination front has a significantly lower peak energy release rate at the free
edge, which is insufficient to satisfy the criterion responsible for growth. Hence
this is more stable than the initial configuration. This is the reason for the
appearance of these types of delaminations in the course of testing of unflawed
specimens. Also, since the energy release rate is more uniformly distributed in
this new configuration, when the applied strain is increased the entire
delamination front has a tendency to propagate. However, an intermediate
stage with secondary cracking also appears at this stage before the delamination
propagates in an unstable fashion.

In order to obtain further insight into this proposed mechanism the
individual modes of the energy release rate are examined. As described earlier,
there are uncertainties in the phyeical implications of these, hence it needs to be
pointed out that the proposed growth mechanism was developed with the aid of
only the total energy release rate.

The peak value of mode 1 data does not occur at the free edge, but a short
distance away from the free edge along the delamination front, and its value

drops beoth at the free edge and at the matrix crack front. The peak magnitude
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of the mode 1 energy release rate is substantially leas than the those of the other
modes, but it is still comparable to the critical value in mode 1. So it plays an
important part if the failure criteria which govern the growth depend on the
ratio (G/Gy,) rather than the absolute magnitude of G, alone.

The mode 2 and the mode 3 values have a peak value at the free edge
region and their magnitudes are reduced as the matrix crack front is
approached. At a delamination orientation of 90°, the mode 2 value is
substantially higher than the critical value of the mode II energy release rate in
the region near the free edges. This indicates that conditions for growth are
most conducive in this region of the delamination. As the delamination changes
orientation to 120°, this component of the energy release rate drops
substantially. While the magnitude of this particular mode is higher than the
mode 1 values, the critical value for this mode is also higher than in mode 1.

The mode 3 results also have peak values at the delamination front near
the free edge of the laminate with the peak value being lowest for the 90°
orientation and the peak value increasing as the delamination changes
orientation to the 120° angle. Therefore, as the delamination changes
orientation, this mode makes the delamination more prone to growth. However,
the critical value of the energy release rate in this mode is higher than either the
critical values in mode 1 or 2. Hence, even if the entire energy carried by the
mode 2 were transferred into mode 3, the higher value of GIIIc as compared to
Gyq, could be another possible reason for the slowdown or stop in the growth of a
delamination.

A common method of employing the energy release rates to predict growth
of the delamination involves the use of a critericn which incorporates all the

energy release rates as well as the critical values of the individual modes. In
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order to predict mixed mode failure in composite materials, the criteria available
in the literature may be generalized as:

p q r
(EL) +(Gn) +(Gm) 21 @.1
Glc Gllc Glllc

where the parameters p, q and r are determined from experiments. There is no

available research which provides a mixed mode criterion for crack growth
involving all three modal components. But for crack growth in mede I and 11
alone, the suggestion of p and g both equal to unity has been given [83]. The
results are presented here for this criterion extended to include r equal to unity.
Since thesz criteria are based on curve fits, there is a possibility that p, q and r
could have non-integer values which are greater than unity. Therefore, as an
approximation to this case, another criterion with p, q and r all equal to two ia
also presented here to examine any possible changes in the proposed growth
mechanism due to a change in the criterion adopted.

The results for the first criterion used viz.:

Glc Gllc Glllc

are presented in Figure 7.3. For regions along the delamination front where Cq
i8 greater than or equal to unity, the <onditions are presumed to be suitable for
the growth of the delamination front. The resuits for the second criterion used
viz.:

2 2 2
(EL) +(§l) +(—GL] =Cy (7.3)
Gy, Gy Guire

are presented in Figure 7.4. This quadratic criterion was chosen as an

approximation to the case where the indices p, q and r may have values greater
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than unity. Once again, growth is presumed to occur where Cy is greater than
or equal to unity along the delamination front.

Both these results show the same trend as shown by the tetal strain energy
-elease rate. That is, the growth criterion is satisfied at the delamination front
in the regions near the free edge as the value of Cl and C,y are greater than
unity. As the orientation of the delamination changes, the values of Cl and 02
are seen to decrease and, in the present study, they stay above the value of unity
indicating that the growth is therefore likely to cccur near the free edges and the
delamination is likely to grow in a manner which is approximated by tilting
about the matrix crack front. In some cases, the tilting of the delamination may
result in the value of C; and Cg lying below unity which would result in arrest of
the delamination growth, since the criteria for growth are no longer satisfied.
The triangular-shaped delamination has also been studied by O'Brien [29]. A
simple formula has been proposed to evaluate the global energy release rate for
this type of delamination, which was discussed in detail in Chapter two. This
equation (2.5) has been used here to evaluate the total energy reclease rate for
the triangular region. This equation is repeated here:

2

=& lLam £)E -~ 428
2m \a)| ™ (Ba+C) (Ba+C) (2.5)

G

where,

p=if_L __ 1 i) 2.6)
2 tlDELD tLamELam L

and

c=L1_ @.7)

Erm
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For the [+155]; laminate, the E;  is equal to 116.1 GP2. In the delaminated
region, agsuming that only the [-155], sublaminate carries the load, the modulus
ELD is 59.7 GPa. For the case with 90° 105° and 120° orientations of the
delamination, the values of a are 4 mm, 4.2 mm and 4.7 tam, respectively. The
expression in equation (2.5) already assumes thac one delamination exists on
each free edge. The existence of symmetric delaminations through the thickness
of the specimen can be accounted by letting the value of the parameter m equal
to 2. The resulting total energy release rates for the 90°, 105° and 120°
orientations are 1162 J/m?, 1126 J/m? and 1045 J/m? respectively. These values
are closer to the peak values than the average values of the energy release rates
as observed in the present study. Though the differences between the energy
release rate in the three orientations are quite small (less than 10%), the trend
shown by these values indicate that the total strain energy reduces as the
delamination changes orientation. However, as observed from the distribution of
the total energy release rate, only the peak values at the free edge region
dropped, but the energy release rate actually increased at regions away from the
free edge. Therefore, evaluation of only a global energy release rate could
possibly mask the underlying mechanisms involved.

This study of triangular-shaped compound delaminations indicates the
criticality of the delamination front in the failure of the [+15,/0, 1. and the
[+15, ], specimens. The existence of the matrix crack and its interaction with
the delamination front are not as responsible for the damage growth and failure
as is the interaction of the delamination front with the free edge of the laminate.
This can be inferred from the experimental evidence and by considering the
three ditferent cases that are modelled to simulate the actual growth. The case

of the delaminstion front angled at 120° to the matrix crack is considered to be

the best of the three approximations to the naturally occurring curved
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configuration. The energy release rate obtained for this case is lower at the free
edge region of the delamination front as compared te the other orientations of
the delamination approximated by the 90° and 105° configurations. The
resulting delamination at an angle of 120° is, therefeore, less likely to satisfy any
growth criterion which may be satisfied by the higher energy release rates in the
90° and 105° cases. Hence, it may be inferred that the final configuration is
more stable than the implanted configuration simulated in the study. This is
one reason why only delaminations with this curved front are observed during
the testing of the unflawed laminates.

It may also be concluded that an increase in the interlaminar fracture
toughness would be sufficient to delay the unstable growth of this delamination,
at least until the energy release rate at the matrix crack front reached the value
critical for that growth. With the straight profile assumed for the matrix crack
in the current study, it is observed that the peak energy release rate at the
matrix evack, in the 120° configuration, is about half that at the delamination
front. Hence, even if further delamination growth was delayed by increasing the
interlaminar fracture toughness, there may be some growth cbserved when the
criterion for growth is satisfied by the energy release rate at the matrix crack
front. Even in such a case, without sufficient experimentation it is difficult to
judge whether the matrix crack alone ig likely to grow. If, however, such matrix
crack growth does occur, previous experiments have observed, by implanting
matrix cracks which extend beyond the delamination, that the delamination
follows the matrix crack to recreate the natural triangular-shaped compound
delamination state [1]. Therefore, an unstable propagation of the matrix crack
could result in the failure of the specimen with the same triangular-shaped

delamination, although at a higher load.
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It therefore appears that if the delamination initiates and a triangular-
shaped stable delarination is formed despite interlaminar toughening, then the
growth of the triangular delamination will occur, if not by the growth of the
delamination front, then by the growth of the matrix crack at a higher load level.
Hence, the manifestation of the final failure would still involve the growth of
triangular-shaped delaminations to the ends of the specimen and the post
mortem examination of the specimens would not reveal whether the unstable
growth was caused by the delamination front or matrix crack first reaching the
critical growth point. In light of this, it is therefore necessary to consider both
the delamination and the matrix crack in predicting growth and in trying to
prevent such growth. Techniques for preventing the initiation of delamination
itself may thus provide a better means to improve the ultimate failure load of the

laminate than techniques for controlling the growth.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

The growth of delaminations to form stable triangular-shaped compound

delaminations has been studied both experimentally and analytically. The data

obtained from this study have resulted in the following conclusions and

recommend ations.

8.1 Conclusions

The conclusions presented here address the formation and growth of

delaminations in unflawed specimens and in specimens with implants, along

with the predictions from the model used in the analysis.

1.

The macroscopic stable damage observed in unflawed [+15 1, [£15,/0 ],

B’ -~
and [0,,/+15 1, specimens during tensile testing, is in the form of a
triangular-shaped compound delamination at the +15/-15 interface. One

side of the damage is a delamination with a curved front, the other side of

the triangle is a matrix crack with a curved profile occurring in the [+15] ,
effective ply in the [+15 ], and [+15,/0, ], laminates and in the [-15]g,,

effective ply in [0/+15 ), specimens.

The macroscopic failure process in (15,15, [£15,/0,,); and [0, /+15 1

unflawed laminates consists of the formation of the stable triangular-

shaped delamination, followed by secondary cracking in the adjoining
[-15],, effective plies in the [+15 ]; and [+15 /0 ]; laminates and in the

[+15],, effective plies in the [0, /+15 1 laminates, followed by the unstable
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growth of this triangular-shaped delamination.

Secondary cracks in the [-15,]; effective plies in the [£15,,]; and

[+15 /v, ]; laminates, may form prior to unstable delamination growth,

but the effects of these on the growth of the delamination are not known.

The [£159/09]; and [+153/0g]; laminates with implants simulate the

failure stresses and strains observed in the unflawed laminates. The
delamination growth from the implanted configuration alsc occurs in such
a manner that the resulting delamination resembles the naturally
observed configuration. This also implies that the implanted
configuration may be an intermediate stage in the formation of the

natural triangular configuration in unflawed specimens.

The X-ray radiographs and the stress-strain data both indicate that the
naturally observed delamination develops from the implanted
configuration by delamination growth near the free edge and not near the
matrix crack region. This is corroborated by the analytical results which
show that the value of the total strain energy release rate peaks at the
delamination front near the free edge and drops rapidly towards the

matrix crack front.

The peak value of the total strain energy release rate decreases and the
energy release rate becomes more uniform as the angle subtended by the
delamination front with the matrix crack in the different models

increases.
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The observed stable deiamination configuration in unfiawed specimens
occurs due to delamination growth in regions with higher energy release
rate resulting in a curved configuration with a more uniform energy
release rate along its front. This configuration has a lewer peak energy

release rate.

The total energy release rate is predicted to have a higher maximum value
along the delamination front as compared to the matrix crack front and
the growth of the delamination front and the absence of growth at the
matrix crack front in the X-ray radiographs are attributed to this.

For the straight matrix crack profile analyzed, the strain energy release
rate at the matrix crack tip is highest at the top of the laminate and not at

the intersection with the delamination front.

The matrix crack as modelled shows crack tip interpenetration at low

delamination angle and opens up at higher delamination angles.

An increase in the interlaminar toughness may not be sufficient to
prevent the unstable growth of a triangular-shaped delamination, though
it might delay such a growth, as growth of the damage could occur at
higher loads as a consequence of the growth of the matrix crack front.

The individual "modes" obtained by ignoring the oscillatory singularity
for a crack between two anisotropic bimaterials display a trend which is
similar to the modes determined by conventional methods used in

isotropic materials.
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13. There is seen to be a shift in the strain energy release rate from made 2
into mode 3 as the delamination is tilted from the initial configuration to
subtend higher angles with the matrix crack front. This may also
contribute to the arrest of the delamination front in the cbserved stable

configuration.

14. The total energy release rate obtained by a new method bssed on the
crack opening displacement behind the crack front was seen to compare

well with that obtained by the equivalent domain integral approach.

15. The individual modes obtained by the equivalent domain integral using
the decomposition approach display the same trend along the
delamination front as the modes obtained by the crack opening
displacement approach, neglecting the oscillatory singularity. The

magnitudes of the individual modes, however are not the same.

8.2 Recommendations
Based on the results cbtained and the issues raised in some aspects of the
analysis and experiments, the following recommendations are made for future

work in this area:
1. Further study must address the consequences of ignoring the oscillatory
singularities auad the effect on the computation of individual modes of

energy release rate.

2. Analyticai techniques need to be developed to enable the verification of
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modes that may be cbtained by the different techniques of mede

separation.

Techniques must be developed to record the actual giowth of the
delamination from the initiation phase (microscopic) to the stable

triangular-shaped delamination (macroscopic) phase.

The unstable growth of the delamination needs to be studied along with

the consequences of the secondary matrix cracks on the failure process.

The growth of implants of various sizes with the initial configuration of
triangular-shaped delamination must be studied experimentally to

examine whether the proposed mechanism is independent of size.

The growth of implanted delamination fronts with different initiail
configurations, including delamination fronts subtending acute angles
with the matrix crack front, need to be examined to determine if the
initial orientation dictates the formation of the natural configuration from
the implanted configuration and whether such growth is possible only
from select configurations.

Specimens with implanted small penny-shaped delaminations only, and
gspecimens with only a matrix crack must be used to determine if the
naturally observed configuration could be developed from either case.
This could show what the consequence of an initial damage or edge defects

of either kind has on the damage configuration formed.
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The curved delamination front and the curved matrix crack profile
observed in experiments need to be properly modelled to obtain the actual
energy release rate predictions. These need to be compared to the energy
release rate frem the approximate models toc determine the level of

modelling necessary for such problems.

The reascns for the occurrence of the secondary matrix cracking after the
formation of the triangular-shaped delaminaticn need to be investigated

along with its effects on the growth.

The critical values of the energy release rate at interfaces involving other

angles than unidirectional need to be determined.

A criterion for crack growth based on energy release rate involving all the
three modes of energy release rate needs to be developed and tested for

both delamination cracks as well as matrix cracks.

A glcbal-local approach may be needed to refine the mesh near the crack
fronts and obtain the stresses more accurately to determine any changes

in the stress state as the delamination grows.
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APPENDIX A
FORTRAN SOURCE CODE

In this software, the Equivalent Domain Integral (EDI) appreach is
used to caiculate the energy release rate around the crack tip region of a
general three-dimensional crack. The crack tip stresses, strains and
displacements, that are available around the crack tip region from any
analysis can be utilized. In the present study, the same program is used to
obtain the energy release rate at both the delamination frent and the matrix
crack front. This program is based on the method discussed in references [47,
50].

The option of dividing the total energy rclease rate into individual
components using the decomposition method is provided in this program.
However, the modes are accurate only for cracks in isotropic materials or in
bimaterials with no oscillatory singularities. In the case of a bimaterial with
oscillatory singularities, the total energy is unambiguous, but the individual
"modes" that are obtained are not defined analytically and hence there i8 no
means by which they may be verified as described in Chapter two. The
modes are only approximate and may change with the size of the crack tip
element.

The inputs required by this program are the displacements at the
nodeg, and the stresses and strains. In the case where the data is obtained
from finite element packages, good results are obtaired by usging the stresses
and strains at the integration points of the elements located at the crack

front. This data is to be provided in two files: 'top.dat’ provides the data for
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elements on the region above the crack, and 'bot.dat’ provides similar data for

elements below the crack.

The output can be found in the file 'Gmodes.dat’, where the total G and
the individual modes are provided along the crack front. The data is provided
at discrete points along the crack front.
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C**tﬁittﬁ*i***ii*ttir****it*iit*t**ii**it**i***kt**‘k**il\'******************i******x‘:'kc

C—m e e Cc
o PROGRAM for: Equivalent Domain Integral & Decompositicn Method o]
C Author: Narendra V. Bhat
C Date: 3rd September 1993
c ____________________________________________________________________________________ c

ChHAFA A AR A A AN R AR AT R A A AR AR AN AR A AR T A AR RN A AR A AR AR A AR A AR A AARRRAAR AR KRNI AR R A AN AR R RN RRRRC

Copyright c 1993 Massachusetts Institute of Technology

Permission to use, copy and modify this software and its documentation for internal
purposes only and without fee is hereby granted provided that the akove copyright
notice and this permission appear on all copies of the code and supporting
documentation. For any other use of this software, in original and mcdified form,
including but not limited to, adaptation as the basis of a commercial software or
hardware product, or distribution in whole or in part, specific prior permission
and/or the appropriate license must be obtained from MIT. This software is provided
"as is" without any warranties whatsoever, either express or implied, including but
not limited to the implied warranties of merchantability and fitness for a particular
purpose This software is a research program, and MIT does not represent that it is
free of errors or bugs or suitable for any particular task.

This program evaluates the EQUIVALENT DOMAIN INTEGRAL for the 3D case and
separates the modes by the DECOMPOSITION METHOD given in Raju and Sivakumar

This is the program which assumes a2 ring of square elements around
the crack tip, It tackles both the top and bottom regions simultaneously

DATA FILES REQD: top.dat
bot .dat

The program picks up the ring consisting of two elements fromn top.dat
and two elements from bot.dat simultaneously and then prepares the symmetric
and antisymmetric components required to determine the components of G.

OUTPUT FILES: Gmodes .dat

This output file contains all the necessary info for every ring. The midpoint
coordinate of the ring, width of ring and the GI GII GIII and G.

This program uses a circular shape function to evaluate the EDI

and uses the 4 crack tip singular elements only.

OO0 00O00000000O000CO000

IMPLICIT DOUBLE PRECISION (A-H,0-2)

PARAMETER (lHOD=20, IPTS=3, INTG=27, NELEM=2, KELEM=2 *NELZM)
REAL*8 XN (KELEM,NOD, 3), U(KELEM, NOD, 3) ,SIG (KELEM, 3, 3, INTG)
REAL*8 STR(KELEM, 3, 3, INTG) , X (NOD, 3)

REAL*8 UI (NOD, 3),SIGI (3,3,INTG),STRI (3, 3, INTG), WI (INTG)
REAL*8 UII (NOD, 3),SIGII(3,3,INTG),STRII(3,3,INTG),WII{INTG)
REAL*8 UIII (NOD,3),SIGIII(3,3,INTG),STRIII(3,3,INTG),WIII (INTG)
REAL*8 SIGOI (IPTS,IPTS),SIGOII(IPTS,IPTS),SIGOIII (IPTS, IPTS)
REAL*8 PLACE (IPTS),WGT(IPTS), S (KELEM, NOD)

REAL*8 GI(109),GII(100),GIII(100),WIDTH(100)

COMMON /GAUSS/PLACE, WGT

COMMON /SFUNC/S,F

OPEN(UNIT=2,FILE='Gmodes.dat', STATUS="'UNKNOWN"')
OPEN(UNIT=3,FILE='top.dat', STATUS='0OLD")

OPEN (UNIT=4,FILE='bot.dat',K STATUS=‘0OLD')

Variables

[eNeNoNe]
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NELEM : Number of elements around the crack tip.
b4 : Matrix containing nodal coordinates
X{NOD, 1) =x~coordinate of node NOD
X (NOD, 3) =y-coordinate of node NOD
u : Matrix contalning nodal coordinates
U(NOD, 1) =x-displacement (u) of node NOD
U(NOD, 2) =y-displacement (v) of node NOD
Matrix containing stresses at integration points
SIG(1,1,INTG)=sigmall @ integration pt INTG etc.
STR : Matrix containing stresses at integration points
STR(1,1, INTG)=epsilonll @ integration pt INTG etc.
SIG I counterpart of the stresses etc.

[
-
(]

%]
H
@
-

Nodal and Integration Point numbering scheme follows ADINA:

3-POINT GAUSSIAN INTEGRATION

PLACE (1) =-SQRT (3./5.)
PLACE (2} = O.
PLACE (3) =+SQRT (3. /5.)
WGT (1) =5./9.
WGT (2) =8./9.
WGT (3)=5. ‘9.

READ (3, *) NRING1

READ (4, *) NRING2

IF (NRING1.NE.NRING2) THEN

WRITE(6,*) '**ERROR !! TOP AND BOTTOM RINGS HAVE UNEQUAL ELEM**'
ELSE

NRING=NRING1

ENDIF

DO 5 ITMP=1,NRING
GI (ITMP)=0.0
GII(ITMP)=0.0
GIII(ITMP)=0.0
WIDTH(ITMP)=0.0
CONTINUE

DO 7 IELEM=1,KELEM
DO 7 INOD=1,NOD
S (IELEM, INOD) ~0.0
CONTINUE

Nikishkov's paper S-function given by (c), CIRCULAR ALONG THE CRACK FRONT

Element 1
5(1;6)".0
S(1,14)=1.0
S(1,7)=.0
S(1,18)=0.
S(1,19)=0.
S(1,13)=0.
S(1,15)=0.

Element 2
S(2,5)=.0
S(2,16)=1.0
S(2,8)=.0
S(2,17)=0.
S(2,20)=0.
S(2,13)=0.
S(2,15)=0.

Element 3
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S(3,6)=.0
S$(3,14)=1.0
S(3,7)=.0
S$(3,18)=0.
S(3,19)=0.
S$(3,13)=0.
S$(3,15)=0.
C Element 4
S$(4,5)=.0
S(4,16)=1.0
5(4,8)=.0
S(4,17)=0.
S(4,20)=0.
S(4,13)=0.
S(4,15)=0.

DO 1111 IRING=1,NRING

Step 1: Read the finite element data from file : INF.DAT

[eNeNe]

CALL INPUT (IRING, XN,U,SIG,STR,F)
WIDTH (IRING)=(3./2.)*F

Step 2: Pick up one element at a time and evaluate its contribution
to GI and GII.
DO 10 NEL=1, (KELEM)

OO0

Step 3: Preprocess the data separating into I,II.

[eXeNe]

CALL PREPROC (NEL, XN, U, SIG, STR,X,UI,SIGI.STRI,WI,
& UII,SIGII,STRII,WII,UIII,SIGIII,STRIII,WIII)

CALL EVG(NEL, X, UI,SIGI,STRI,WI,SIGOI,GIQ)
CALL EVG(NEL,X,UII,SIGII,STRII,WII,SIGOII, GIIQ)
CALL EVG(NEL,X,UIII,SIGIII,STRIII,WIII,SIGOIII,GIIIQ)

GI (IRING) =GIQ+GI (IRING)
GII (TRING)=GIIQ+GII (IRING)
GIII (IRING)=GIIIQ+GIII (IRING)

Q

sloc=0.0
Gtot=GI (iring)+GII(iring)+GIII(iring)
Gttemp=GIQH-GIIQ+GIIIQ
writ2(6,501) NEL,GIQ,GIIQ,GITIQ,Gttemp

0000

10 CONTINUE
1111 CONTINUE
C
wide=0.0
WRITE (2, %) "~ —————— e e e

WRITE (2, *) 'RING GI GII GIII G
& Location Element-width'
WRITE (2, %) "~ m oo oo o e o

DO 500 ITMP=1,NRING

wide=wide+width (itmp)

sloc=wide-0.5*width (itmp)

Gtot=GI (itmp)+GII (itmp)+GIII (itmp)

WRITE (2,501) itmp,GI(itmp),CGII (itmp),GIII({itmp),Gtot,
&sloc,width(itmp)

500 CONTINUE
501 format (1x,12,4(2x,E11.4),3%,E11.4,3x,E11.4)
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CLOSE (UNIT=2)
EHND

This subroutine evaluates the two components of Gi;i=I,I1I. In the
derivation it is seen that the integral for GI(or GII) is divided
into two parts. This evaluates both these parts, GFl and GF2.

IMPLICIT DOUBLE PRECISION (A-H,0-2)

PARAMETER (NOD=20, IPTS=3, INTG=27 , NELEM=2 , KELEM=2 *NELEM)
REAL*8 X(NOD, 3) ,U(NOD, 3),SIG(3,3,INTG),STR(3,3, INTG),W(INTG)
REAL*8 SIGO (IPTS, IPTS), S (KELEM, NOD)

COMMON /SFUNC/S,F

CALL EVGF1 (NEL,X,U,SIG,STR,W,GF1)
The calling of GF2 1is not necessary unless there are "non-elastic" strains
CALL EVGF2 (NEL,X,U,SIG, STR,W,SIGO,GF2)

GO=(GF1) /F

RETURN
END

This subroutine evaluates the first of the two integrals needed to
evaluate GI (or GII), denoted by GF1l.

GFl= R1%*S1 (sum over 'l', the node#)
Here Rl is evaluated for each node. But, since Rl is an integral, at
each node, 'l' Rl has to be integrated over the gaussian points. Here
instead of evaluating Rl completely for a given 'l', it will be
evaluated for all 'l' at a given integration point and then the process
18 repeated for all integration points.

IMPLICIT DOUBLE PRECISION (A-H,0-2)

PARAMETER (NOD=20, IPTS=3, INTC=27,NELEM=2 , KELEM=2 *NELEM)
REAL*& DN (NOD, 3) ,R(NOD)

REAL*8& X (NOD, 3),U(NOD, 3),SIG(3, 3, INTG),STR(3, 3, INTG),W(INTG)
REAL*8 PLACE (IPTS) ,WGT(IPTS), S(KELEM, NOD)

REAL*8 XI {(NOD), YI (NOD),ZI (NOD)

COMMON /GAUSS/PLACE,WGT

COMMON /SFUNC/S,F

COMMON /COOR/XI,YI,ZI

paTa xI1/1,-1,-1,1,1,-1,-1,1,0,-1,0,1,0,~-1,0,1,1,-1,-1,1/
DATA YI1/1,1,-1,-1,1,1,-1,-1,1,0,-1,0,1,0,-1,0,1,1,-1,-1/
paTAa 21/1,1,1,1,-1,-1,-1,-1,1,1,1,1,-1,-1,-1,-1,0,0,0,0/
Initializations

INT=0

GF1=0.0

DV=0.0

VOLUME=0.0

DO S5 IFLAG=1,NOD
R(IFLAG)=0.0
CONTINUE

DO 10 INTI=1, IPTS
PXI=PLACE (INTI)
DO 20 INTJ=1,IPTS
PET=PLACE (INTJ)
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DO 30 INTK=1, IPTS
PRO=PLACE (IRTK}
INT=INT+1

CALL DERV (X, PXIY,PET,PRO,DETJ,DN)

CALL EVALR (INT.X,U,¥,SIG,DN,R)

DV= (WGT (INTI) *WGT (INTJ) *WGT (INTK) *ABS (DETJ) )
VOLUME=VOLUME+DV

DO 40 I=1,NOD
GF1=GF1+R(I) *S (NEL, I)*DV

CONTINUE
CONTINUE
CONTINUE
CONTINUE

RETURN
END

This subroutine evaluates the matrix R, for all 8 nodes at
one integration point, thus enabling easy evaluation
cf the first integral GF1 evaluated at one integration point.

IMPLICIT DOUBLE PRECISION (A-H,0-2)

PARARMETER (NOD=20, IPTS=3, INTG=27, NELEM=2 , KELEM=2 *NELEM)
REAL*8 X (NOD, 3) ,U(NOD, 3),SIG(3, 3, INTG) ,W(INTG)
REAL*8 DN (NOD, 3) , R(NOD) ,B(3)

Finding R for all the 20 Nodes, at a given integration point,
because, the DN, BI etc have been evaluated at one integration
peint (PXI,PET) only.

DO 5 I=1,3
B(I)=BI(U,DN,I)
CONTINUE

DO 10 L=1,NOD
Initializations
T=0.0

This summation for T, is to account for all the stresses, =11,822...

DO 20 I=1,3
DO 20 J=1,3
T=SIG(I,J, INT) *DN(L, J) *B(I)+T
CONTINUE
R(L)=-(W(INT) *DN(L, 1) -T)
CONTINUE

RETURN
END

IMPLICIT DOUBILE PRECISION (A-H,0-2)
PARRMETER (NOD=20)

REAL*S DN (NOD, 3) , U(NOD, 3)
BI=0.0
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DO 10 J=1,NOD
BI=-BI+DN({J,1)*U(J,I)
10 CONTINUE

RETURN
END

GO

Thie subroutine finds the GLOBAL DERIVATIVES OF N (wrt X and Y)
at & given integration point (PXI,PET)

s e NeN?]

IMPLICIT DOUBLE PRECISION (A--H,0-2)
PARAMETER (NOD=20)

REAL*8 ND /NOD, 3) , JINV (3, 3) , DN(NOD, 3)
REAL*8 X (NOD, 3)

CALL JACOBI (PXI,PET,PRO,X,ND, JINV,DETJ)

DO 10 NODE=1, NCD
DO 10 K=1,3

DN (NODE, K) =ND (NODE, 1) *JINV (K, 1)
& +ND (NODE, 2) *JINV (K, 2)
& +ND (NODE, 3) *JINV (K, 3)

10 CONTINUE
c

RETURN
END

[eN e}

This subroutine evaluates the jacobian, inverse jacobian and
determinant of the jacobian at a given integration )t. (PXI,PET, PRO)

[sNeNeNe!

IMPLICIT DOUBLE PRECISION (A-H,0-2)
DPARAMETER (NOD=20)
REAL*8 ND(NOD,3),J(3,3),JINV(3,3),X(NOD, 3)

00

Initialization
DO 10 I=1,3
DO 19 K=1,3
J(I,K)=0.0
10 CONTINUE

CALL NATDERV (PXI, PET, PRO, ND)

DO 20 I=1,3
DO 30 K=1,3
DO 40 NODE=~1, NOD
J(I,K)=J(I,K)+ND(RODE, I)*X (NODE, K)
40 CONTINUE
30 CONTINUE
20 CONTINUE

DETJ=J(1,1)*(J(2,2)*J(3,3)-J(3,2)*3(2,3))
& -J(1,2)*(J3(2,1)*J3(3,3)-J(3,1)*J(2,3))
& +J(1,23)*(J(2,1)*3(3,2)-J(3,1)*J(2,2))

JINV(1,1)= (1./DETJ)*(J(2,2)*J(3,3)-J(3,2)*J(2,3))
JINV(2,1)=-(1./DETJ) * (J(2,1)*J(3,3}-J(3,1)*3{2,3))
JINV(3,1)= (1./DETJ)* (J(2,1)*J(3,2)-J(3,1)*J(2,2))
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JINV(1,2)=-(1./DETJ)*(J(1,2)*J3(3,3)-J(3,2)*J3(1,3))
JINV(2,2)= (1./DETJ)*(J(1,1)*J(3,3)-J(3,1)*3(1,3)}
JINV(3,2)=-(1./DETJ)*(J(1,1)*J(2,2)-J(3,1)*3(1,2))
JINV(1,3)= (1./DETJ)*(J(1,2)*J(2,3)-J(2,2)*J(1,3))
JINV(2,3)=-(1./DETJ) * (J(1,1)*J(2,3)-J(2,1}%J(1,3))
JINV(3,3)= (1./DETJ)*(J(1,1)*J3(2,2)-J(2,1)*3(1,2))

RETURN
END

Qo0

This Subroutine evaluates the NATURAL DERIVATIVES (wrt PXI,PET) of the
shape functions. They are evaluated for a given GAUSSIAN POINT.

[eNeNeNe!

IMPLICIT DOUBLE PRECISION (A-H,0-2)
PARAMETER (NOD=20)

REAL*S ND (NOD, 3)

REAL*8 XI(NOD) ,YI{NOD),bZI (NOD}
COMMON /COOR/XI,YI,2I

All=(1l.-PXI*PXI)
A22=(1.-PET*PET)
A33=(1.-PRO*PRO)

DO 10 I=1,NCD
Al=1.+PXI*XI (I)
A2=1.+PET*YI (I)
A3=1.+P..O*ZI (I)
Bl=XI(I)*XI(I)
B2=YI (I) *YI (I)
B3=ZI(I)*ZI(I)
BB=B1*B2*B3
CC=P1+A2+A3-3.

o The derivative of N wrt PXI
ND(I,1)=(1./8.)* (A2*A3)* (XI(I)*BB)*(CC-2.+Al)+
& (1./4.)*(A33*XI(I)*A2*(1-B3)+
& A22*A3*XI (I} * (1-B2)+
& (—2.*PXI) *A2*A3~ (1--Bl))
o] The derivative of N wrt PET
ND(I,2)=(1./8.)*(A1*A3)* (YI(I)*BB)*(CC-2.+A2)+
& (1./4.)* (A33*%A1*YI(I)*(1-B3)+
& (~2.*PET) *A3%Al1* (1-B2) +
& A11#*YI(I)*A3*{1-Bl))
Cc The derivative of N wrt PXI
ND(I,3)=(1./8.)* (A1l*A2)* (ZI(I)*BB)* (CC-2.+A3)+
& (1./4.)*((--2.*PRO) *A1*A2* (1-B3) +
A22*Z2I(I)*Al1*(1-B2)+
& AL1*A2*ZT (I)*(1-Bl))

o]

10 CONTINUE

RETURN
END

[eNe]

This subroutine returns the value (SVAL) of a parameter at
a point (PXI,PET) when the nodal values (SMAT) of a parameter
are fed in.

[eNeEeEeNe]
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IMPLICIT DOUBLE PRECISION (A-H,0-2Z)

PARAMETER (NOD=20}

REAL*8 N(NOD), SMAT (NOD) ,XI (NOD), YI (NOD), ZI (NOD)
COMMON /COOR/XI,YI,2I

Initializations
SVAL=0.0

All=(1.-PXI*PXI)
A22=(1.-PET*PET)
A33=(1.-PRO*PRO)

The Shape function N:
This Shape function has been taken from Leslie-Banks Sills paper

DO 10 I=1,NOD
Al=l.+PXI*XI (I)
A2=1.+PET*YI (I)
A3=1.+PRO*ZI (I)
Bi=XI (I)*XI(I)
B2=YI (I)*YI (I)
B3=2T (I)*2I(1)

N(I)=(1./8.)*{(A1*A2*A3)*
(XI(I)*PXI+YI(I)*PET+2I(I)*PRO-2.)*(B1*B2*B3)+
(1./4.)*A33*A1*A2* (1-B3) +
(1./4.)*A22*A3*Al* (1-B2) +
(1./4.)*A11*A2*A3* (1-B1)
SVAL=SVAL+N (I) *SMAT (I)

CONTINUE
RETURN
END

This subroutine reads the data from the adina output file

IMPLICIT DOUBLE PRECISION (A-H,0-2)

PARAMETER (NOD=20, IPTS=3, INTG=27, NELEM=2 , KELEM=2 *NELEM)
REAL*8 XN (KELEM,NOD, 3), U(KELEM, NOD, 3) ,5IG (KELEM, 3, 3, INTG)
REAL*8 STR{KELEM, 3, 3, INTG)

REAL*8 XT (NOD), YT (NOD),YINT (INTG, INTG) , XINT (INTG, INTG)
REAL*E PLACE (IPTS), WGT (IPTS)

COMMON /GAUSS/PLACE, WGT

This input is specialized to read in 4 elements at a time, and it
picks2 elements from the previous ring everytime (except of course
the first time) so that the G values can be cbtained the most number
of times with the given number of elements.

Angle

PI=4*ATAN(1.)

The angle i3 90deg between delamination and transverse crack
rthe=15* (P1/180.)

The angle is 105deg between delamination and transverse crack
rthe=30*%* (P1/180.)

The angle is 120deg between delamination and transverse crack
rthe=45* (PI1/180.)

wrthe=15

if (iring.eq.l) then
write(6,*) ' have you got: the correct angle; angle= ',wrthe



DO 10 IELEM=1,KELEM
IF (IELEM.LE.NELEM) THEN
DO 25 NODE=1, NOD
READ (3, *) JUNK, xt1,xt2,xt3,utl,ut2,ut3
CALL ROTVEC(rthe,xtl,xt2,xt3,xtempl, xtemp2,xtemp3)
CALL ROTVEC(rthe,utl,ut2,ut3,utempl,utemp2,utemp3)
XN (IELEM, NODE, 3) =xtemp3
XN (IELEM, NODE, 1) =xtemp2
XN (IELEM, NODE, 2) =—xtempl
U (IELEM, NODE, 3) =utemp3
U (IELEM, NODE, 1) =utempz
U(IELEM, NODE, 2) =-utempl
25 CONTINUE
DO 35 INT=-1, INTG
(o] This data is read for the left hand cracktip of the full model
READ (3, *) JUNK, JUNK, JUNK, t11,t22,t33,t23,t13,t12
CALL ROTTENS (rthe,t11,t22,t33,t23,t13,tl2,

& tsill,tsi22,ts133,¢t8123,teil3,ts8il12)
SIG(IELEM, 3, 3, INT) =tsi33
SIG(IELEM, 1,1, INT)=t=i22
SIG(IELEM, 2,2, INT)=tsill
SIG{IELEM, 1, 2, INT)=-tsil2
SIG(IELEM, 2, 3, INT) =-tsil3
SIG(IELEM, 1, 3, INT)=tsi23

35 CONTINUE
DO 45 INT=1, INTG
(o] This data is read for the top elements
READ (3, *) JUNK, JUNK, JUNK, t11,t22,t33,t23,t13,tl2
CALL ROTTENS (rthe,tl11,t22,t33,t23,t13,tl2,

& tsill,tsi22,tsi33,ts123,t3113,ts8il2)
STR(IELEM, 3, 3, INT) =t si33
STR(IELEM, 1,1, INT)=tsi22
STR(IELEM, 2, 2, INT)=t=ill
STR(IELEM, 1, 2, INT)=-tsil2
STR(IELEM, 2, 3, INT) =-tsil3
STR(IELEM, 1, 3, INT) =tsi23

45 CONTINUE
ELSE
DO 225 NODE=1,NOD
READ (4, *) JUNK, xt1,xt2,xt3,utl,ut2,ut3
IF (NODE.GE.1) MNODE=NODE+4
1IF (NODPE.GE.S) MNODE=NODE-4
IF (NCDE.GE.9) MNODE=NODE+4
IF (NODE.GE.13) MNODE=NODE-4
IF (NODE.GE.17) MNODE=NODE

CALL ROTVEC {rthe,xtl,xt2,xt3, xtempl, xtemp2, xtemp3)
CFLL RCTVEC(rthe,utl,ut2,ut3,utempl, utamp2, utemp3)
XN (IELEM, MNCDE, 3) =xtemp3

XN (IELEM, MNODE, 1) =xtemp2

XN (IELEM, MNODE, 2) =-xtempl

U (IELEM, MNODE, 3) =utemp3

U (IELEM, MNODE, 1) =utemp2

U(IELEM, MNODE, 2) =—utempl

225 CONTINUE

o] This data is read for the bottom elements
IM=0
DO 335 INT=1, INTG
READ (4, *) JUNK, JUNK, JUNK, t11,t22,t33,t23,t13,t12
CALL ROTTENS (rthe,tl1l1,t22,t33,t23,t13,tl12,
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& tsill,cmi22,tsi33,t8123,t8i13,t2112)
MINT=ABS (4+5*TM-INT)
IM=INT/3

SIG(IELEM, 3, 3, MINT)=~tsi33

SIG(IELEM, 1, 1, MINT)=ts8i22

SIG(IELEM, 2,2, MINT)=tsill

SIG(IELEM, 1, 2, MINT)=~-tsil2

SIG(IELEM, 2, 3, MINT)=-tsil3

SIG{IELEM, 1, 3, MINT)=t3i23
335 CONTINUE

IM=0
DO 445 INT=1, IN:G
READ (4, *) JUNK, JUNK, JUNK, t11,122,t33,t23,t13,t12
CALL ROTTENS (rthe,t11,t22,t33,t23,t13,tl12,
& tsill,tsi22,tsi33,t8123,t8113,ts112)
MINT=ABS (4+6*IM-INT)
IM=INT/3

STR(IELEM, 3, 3, MINT) =ts1i33
STR(IELEM,1,1,MINT)=tsi22
STR(IELEM, 2,2, MINT) =tsill
STR(IELEM, 1,2, MINT)=-tsil2
STR(IELEM, 2, 3, MINT)=-tsil3
STR (IELEM, 1, 3, MINT) =ts8i223
445 CONTINUE
ENDIF

C This evaluates the width of the elements along the crack front:
C f =area under the S curve (see ref.)
f=(2./3.)*eqrt ((xn(1,6,1)-xn(1,7,1))**2 +
& (4n(l1,6,2)-xn(1,7,2))**2 +
& (xn(l1,6,3)-xn(1,7,3))**2 )

10 CONTINUE
C
RETURN
END

Qo

SUBROUTINE PREPROC (IELEM, XN, U, SIG,STR,X,UI, SIGI, STRI,WI,

& UII,SIGII,STRII,WII,UIII,SIGIII,STRIII,WIII)

This subroutine processes the stress and strain data at the integration
points to give, the stress and strain data in appropriate I and II forms
and also the strain energy densities, WI and WII.

[sNeNeReNe]

IMPLICIT DOUBLE PRECISION (A-H,0-2)

PARAMETER (NOD=20, IPTS=3, INTG=~27, NELEM=2 , KELEM=2 *NELFM)

REAL*8 XN (KELEM,NOD, 3), U (KELEM, NOD, 3) ,SIG (KELEM, 3, 3, INTG)
REAL*8 STR(KELEM, 3, 3, INTG)

REAL*8 X (NOD, 3)

REAL*8 UI (NOD,3),S8IGI(3,3,INTG),STRI(3,3,INTS),WI(INTG)

REAL*8 UII (NOD, 3),SIGII(3,3,INTG),STRII(3,3,INTG),WII(INTG)
REAL*8 UIII (NOD,3),SIGIII(3,3,INTG),STRIII(3,3,INTG),WIII(INTG)

C Injitializations
IF (JELEM.LE.2) THEN
JELEM=IELEM+2
ELSE
JELEM=1ELEM-2
ENDIF
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DO 10 INT=~1, INTG
WI(INT)=0.0
WII(INT)=0.0
WIII(INT)=0.0

10 CONTIRUE

C
DO 20 NODE=1,NOD
UI (NCDE, 1)=0.5* (U{IELEM, MODE, 1) +U (JELEM, NODE, 1))
UI (NODE,2)=0.5* (U (IELEM, RODE, 2) -U (JELEM, NODE, 2) )
UI (NODE, 3)=0.5* (U (IELEM, NODE, 3) +U (JELEM, NODE, 3) )
UII (NODE, 1) =0.5%* (U(IELEM, NODE, 1) -U(JELEM, NODE, 1))
UII (NODE, 2)=0.5* (U(IELEM, NODE, 2) +U (JELEM, NCDE, 2) )
UII(NODE, 3)=0.5%(0)
UIII(NODE,1)=0.5%*(0)
GIII(NODE,2)=0.5*(0)
UIII (NODE, 3)=0.5* (U(IELEM,NODE, 3) -U (JELEM, NODE, 3))
C
c *kkkxx* kA *DETAMINATION: PENETRATION CHECK*#*A%&&%
o The node #'s 5,16,8 should always have a +ve value for COD and for
c interpenetration not tc occur.
C The node #'s 6,14,7 should always have a 0 value, for they are at the crack tip
and
(o] the COD is O.
if ((ielem.eq.l).and. (node.eq.20)) then
WRITE (6,420) UI1(5,2),U0I(16,2),UI(8,2),UI(13,2),UI(15,2),
& UI1(6,2),0I1(14,2),01(7,2)
420 FORMAT (1X,8(E14.7,3X))
endif
c I Z32 XSRS RS2 S R RR R R R RS R RS RRRRRE SR REES
X (NODE, 1) =XN (IELEM, NODE, 1)
X (NODE, 2) =XN (IELEM, NODE, 2)
X (NODE, 3) =XN (IELEM, NODE, 3)
C This is for finding out what the order of the gap introduced
(o between the elements is.
o}
C if ((ielem.le.2).and. (node.eq.20)) then
(o diffl=XN(IELEM,8,1)-XN(JELEM, 8,1}
C diff2=3N(IELEM, 8, 2) -XN (JELEM, 8, 2)
(o diff£3=XN(IELEM, 8, 3) ~XN (JELEM, 8, 3)
C WRITE (6,*) 'lelem=',6ielem
(o WRITE(6,420) diffl,diff2,diff3
C endif
PR
20 CONTINU™
C

DO 30 INT=1, INTG
SIGI(1,1,IRT)=0.5*{SIG(IELEM,1,1,INT)+

& SIG(JELEM, 1,1, INT))
SIGI(2,2,INT)=0.5* (SIG(IELEM, 2,2, INT)+

& SIG(JELEM, 2,2, INT))
SIGI(3,3,INT)=0.5* (SIG(IELEM, 3,3, INT)+

& SIG(JELEM, 3,3, INT))
SIG1(2,3,INT)=0.5* (SIG(IELEM, 2,3, INT)-

& SIG(JELEM, 2, 3, INT))
SIGI(1,3,INT)=0.5* (SIG(IELEM,1,3,INT)+

& SIG(JELEM, 1, 3,INT))
SIGI(1,2,INT)=0.5* (SIG(IELEM,1,2,INT)-

& SIG(JELEM, 1,2, INT))
SIGII(1,1,INT)=0.5*(SIG(IELEM, 1,1, INT)-

& SIG(JELEM,1.1,INT))
SIGII{2,2,INT)=0.5*(SIG(IELEM, 2,2, INT)-

& SIG(JELEM, 2, 2, 1INT))

SIGII(3,3,INT)=0.5*(0)
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SIGII(2,3,INT)=0.5*%(0)
SIGII(1,3,INT)=0.5*(0)
SIGII(1,2,INT)=0.5*(SIG(IELEM,1,2,INT)+
SIG{JELEH, 1, 2,INT}))
SIGIII(1,1,INT)=0.5*(0)
SIGIII(2,2,INT)=0.5*(C)
SIGIII(3,3,INT)=0.5* (SIG(IELEM, 3,3, INT)-
SIG(JELENM, 3,3, INT))
SIGIII(2,3,INT)=0.5*(SIG(IELEM,2,3,INT)+
SIG(JELEM, 2,3, INT})
SIGIII(1,3,INT}=0.5*(SIG(IELEM,1,3,INT)-
SIG (JELEM, 1, 3, INT))
SIGIII(1,2,INT)=0.5*{(0)

SIGI(3,2,INT)= SIGI(2,3,INT)
SIGI(3,1,INT)= SIGI(1,3,INT)
SIGI{2,1,INT)= SIGI(1,2,1INT)
SIGII(3,2,INT)= SIGII(2,3,INT)
SIGII(3,1,INT)= SIGII(1,3,INT)
SIGII(2,1,INT)= SIGII(1,2,INT)
SIGIII(3,2,INT)= SIGIII{(2,3,INT)
SIGIII(3,1,INRT)= SIGIII(1,3,INT)
SIGIII(2,1,INT)= SIGIII(1,2,INT)

STRI (1,1, INT)=0.5* (STR(IELEM, 1,1, INT)+
STR (JELEM, 1,1, INT))
STRI (2,2, INT)=0.5* (STR (IELEM, 2,2, INT) +
STR (JELEM, 2, 2, INT) )
STRI (3,3, INT) =0.5* (STR (IELEM, 3, 3, INT) +
STR (JELEM, 3, 3, INT) )
STRI (2,3, INT)=0.5* (STR (IELEM, 2, 3, INT}) -
STR (JELEM, 2, 3, INT) )
STRI (1,3, INT)=0.5% (STR{IELEM, 1,3, INT)+
STR (JELEM, 1, 3, INT))
STRI (1,2, INT)=0.5% (STR (IELEM, 1,2, INT) -
STR (JELEM, 1,2, INT))
STRII (1,1, INT)=0.5% (STR(IELEM, 1,1, INT) -
STR (JELEM, 1,1, INT))
STRII (2,2, INT)=0.5* (STR(IELEM, 2, 2, INT) -
STR(JELEM, 2,2, INT) )
STRII (3,3, INT)=0.5%(0)
STRITI (2,3, INT)=0.5% (0)
STRII(1,3, INT)=0.5% (0)
STRII (1,2, INT)=0.5* (STR(IELEM, 1,2, INT) +
STR (JELEM, 1, 2, INT))
STRITI(1,1,INT)=0.5%(0)
STRIII(2,2,INT)=0.5% (0)
STRIII(3,3,INT)=0.5% (STR(IELEM, 3,3, INT) -
STR (JELEM, 3, 3, INT) )
STRIII (2,3,INT)=0.5*% (STR(IELEM, 2,3, INT)+
STR (JELEM, 2, 3, INT))
STRIII (1,3, INT)=0.5% (STR(IELEM,1, 3, INT) -
STR (JELEM, 1, 3, INT))
STRIII(1,2,INT}=0.5%(0)

STRI(3,2,INT)= STRI(2,3, INT)
STRI(3,1,INT)= STRI(1,3,INT)
STRI(2,1,INT)= STRI(1,2,INT)
STRII(3,2,INT)= STRII (2,3, INT)
STRII(3,1,INT)= STRII(1, 3, INT)
STRII (2,1, INT)= STRII(1,2,1INT)
STRIII(3,2,INT)~ STRIII(2,3,INT)
STRIII(3,1,INT)= STRIII(1,3,INT)
STRIII(2,1,INT)= STRIII(1,2,INT)
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DO 40 1I=-1,3
DO 40 J=1,2
WI (INT)~SIGI (I, J, INT)*STRI(I,J,INT)*0.5+WI (INT)
WII (INT)=SIGII(I,J,INT)}*STRII(I,J,INT)*0.5+WII (INT)
WIII (INT)=SIGIII(I,J,INT)*STRIII(I,J,INT)*0.5+WIII (INT)
40 CONTINCE
C
30 CONTINUE

OO0

PETURN
END

a0

This subroutine —esults in vector x* which are obtained by rotation
of vectors t* by an angle 'theta' about the l-axis by an angle -(90+theta)

s NeNeNe!

IMPLICIT DOUBLE PRECISION (A-H,0-2)
REAL*8 NINTY

PI=4*ATAN(l.)

NINTY=PI1/2.0
angle=(theta+ninty) * (180/PI)
C=COS (—-1* (THETA+NINTY))
S=SIN(-1* (THETA+NINTY))
X3=T3*%* (C) +T2* (S)
X2=T2* (C) -T3* (S)

Xl= T1

RETURN
END

[ele)]

SUBROUTINE ROTTENS (THETA,T11,T22,T33,T23,T13,T12,
& X11,X22,X33,X23,X13,X12)

This subroutine results in the rotation of a tensor t** about the 1 axis
by an angle - (90+theta) to get a tensor x**

eNeNeNeNe!

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
REAL*8 NINTY

PI=4*ATAN(1.)

NINTY=PI1/2.0

C=COS (-1* (THETA+NINTY))

S=SIN{(-1* (THETA+NINTY))

X33=T33% (C**2)+T22* (S**2)+T23* (2*C*S)
X22=T33% (Sx*2)4+T22% (C**2) +T23* (-2*C*S)
X11=T11

X12=T12* (C)+T13* (-S)

X13=T12* (S)+T13~* (C)

X23=T33% (-C*S)+T22* (C*S) +T23* (C**2-5**2)

RETURN
END

C This subroutine evaluates the second of the two integrals needed to
(o4 evaluate GI(or GII).
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SUBROUTINE EVGF2 (NEL, X, U, SIG,STR,W,SIGO,GF2}

This subroutine evaluates the sacond of the twc integrals needed to

evaluate GI (or GII).

Note***#**THIS INTEGRAL IS NEEDED ONLY IF THERE ARE PLASTIC STRAINS, ELSE THIS
INTEGRAL SOMS TO ZERO OVER THE ENTIRE DOMAIN

IMPLICIT DOUBLE PRECISION (A-H,0-2)

PARAMETER (NOD=20, IPTS=3, INTG=27, NELEM=2 , KELEM=2 *NELEH)
REAL*8 X (NOD, 3),U(NOD, 2),SIG(2,2, IHTG),STR(2,2, INTG), W (INTG)
REAL*8 VYNODE (NOD),SIGO(2,2),Y (INTG)

REAL*8 PLACE (IPTS),WGT (IPTS), S (KELEM, NOD) , STEMP (NOD)

COMMCN /GAUSS/PLACE, WGT

COMMON /SFUNC/S,F

T1=0.0
T2=0.0
INT=0

Evaluation of the co-ordinate Y at the integration points
and the function S ir the center of an element.

Writing the Y-coordinates into aancther matrix for sending it to
NSHAPES and finding the Y-coordinate at the integration points.
DO 5 I=1,NOD

YNODE (I} =X(I,2)

STEMP (I)~S (NEL, I)
CONTINUE

DO 10 INTI=1, IPTS
DO 20 INTJ=1,IPTS

INT=INT+1

PXI=PLACE (INTI)

PET=PLACE (INTJ)

CALL NSHAPES (FXI,PET,YNODE,Y (INT))
CONTINUE
CONTINUE

CALL NSHAPES (0.,0.,STEMP, SO)

DO 30 I=1,2
DO 40 J=1,2
T2=T2+SIGO(I,J)}*

& ( (STR(I,J,2)-STR(I,J,3)) * (Y(3)-¥Y()n+
& (STR(I,J,1)-STR(I,J,4)) * (Y(4)-Y(2)) )}
CONTINUE
CONTiNUE

Tl=( (W(2)-W(3))*(Y(3)-Y(1))
& +(W(1)-W(d))* (Y (4)-Y(2;))

GF2=- (SQRT(3.)/2.) *(T1-T2) *SO
RETUKN
END

This subroutine converts cartesian coordinat parameters to polar
coordinate parameters

IMPLICIT DOUBLE PRECISION (A-H,0-2)
PI=4.*ATAN(1l.)
IF (X.EQ.0) THEN

IF (Y.EQ.0) THEN



10

20

30

40

50

THE=0.0
ELSE
IF(Y.GT.0) THEN
THE=PI/2.
ELSE
THE=-PI/2.
ENDIF
ENDIF
ELSE
GOTC (10,20,30,40) IELEM
THE=ATARN (Y/X)
GOTO 50
THE=PI+ATAN (Y/X)
GOTO 50
THE=ATAHN (Y /X)
GOTO 50
THE=-PI+ATAN (Y/X)
ENDIF

RAD=SQRT (Y**2+X**2)
RETURN
END
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APPENDIX B

APPLICATION CF DECOMPOSITION
METHOD TO INTERFACE CRACKS

The decompositicn method is an approzch which has been used to
separate the energy release rate into individual component modes in isotropic
materials. However, its application te separate modes for cracks at
bimaterial interfaces has not been addressed in the literature. It has been
discussed earlier in Chapter two that cracks at bimaterial interfaces could
have oscillatory singularities, in which case there is no unique definition of
modes. However, there are combinations of bimaterials without oscillatery
singularities, if the constitutive properties of the materials satisfy certain
conditions as described in Chapter four. For such bimaterial combinations,
there exist unique definitions for modes. However, the ability of the
decomposition method to separate the total energy release rate into these
modes is not clear. This problem has not been addressed in available
literature, but generzlizations which imply the inability of the decomposition
method to separate modes in bimaterials may be seen in the literature [48].
Contrary to these iiplications in the literature, a brief proof is provided in
this appendix to show that the decompesition approach is capable of
obtaining the individual modes of energy release rate in the case of a crack
between two isotropic materials (i.e. a bimaterial) without oscillatory
singularities.

In the case of an interface crack between bimaterials without
oscillatory singularities, it has been shown that the near-tip fields (stresses,

straing and displacements) in the two materials do not interact with each
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other in the sense that, apart from the stress intensity factors, the field
within each material is independent of the modulus of the cther material.
Thus, the structure of the field in each solid is identical to those for a crack in
the corresponding homogeneous material [40, 77). If such a crack were
subject to a mixed mode loading, then the near-tip stresses can be written as

[76],
=_£L - sl - 2 _3:.i.) B i
o1 ﬂ(cos J( sm sm ) TLL( sin )(2+¢oszcos 5 (B.1)
=K1 (08 0 5in29) 4+ K1 ( : QX 9 2@)
Oy = %(cos2)(1+smzsm > )+wfﬁ sm2 coszcos 5 (B.2)

Ci3 = (sm BXcos OXcos-—) + —-—u—(cos g)(l - singsin %Q) (B.3)

The strains can be found by using the constitutive relations :

1
€= (E) oy - VOy3) (B.4)
1
€ = E)(Gzz ~-voy) (B.5)
012
£n =012 B.6
12= (B.6)

and the near-tip displacements are [76):

u = LY} —co s(e)[l—2V+sin2 0]+ "1’ - sin (-Q 2-2v+cos —] (B.7)
G 27t 2 2 2 2)

Uy = X sm(e)[Z—Zv—cos7 ]+ 1/ cos(QI 1+2v+sin2£](B.8)
G \2r 2 Z 2z 2 2

E,v=E,v, for 0<0<nr
where (B.9)
=E, v, for —-7<8<0
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The subscripts 1 and 2 on E and v refer to the two materials.

If these stresses, strains and displacements are used in the J-integral,

then the total G is oktained:

Ju:
J=G=Ir£[Wn1 —agin_,}dr B10;
1Y)

where, w=[" Ojj aEjj = %(01 1€11 + 022€59 + 201,69 ) (B.11)

The stresses, strains and displacements can be divided into
I I

components 01, ¢ and u’, which are the symmetric components and

II eIl II

contribute to mode I only and o and u " which are the asymmetric

components which contribute to mode II only, as follows:

{o}={o'}+{o"}]

(B.12)
i [ 011(8)+ 011(-6) | [ 611(6) - 011(-9)
= '2'{022(9) + 022(—9)} + —{022(9) - 022(-9)}
012(6) - 012(-6) 012(6) + 012(-0)
{e}= {e'} + {e”}
(B.13)
L [en(@®)+en(-0)} | [&1(8)-en(-6)
= 5{822(9) + 822("9)} + 5{622(9) - 822(—9)}
£12(0) - €12(-9) £12(0) + €12(-6)
{u}= {ul}+ {u”}
(B.14)

-Hlfas) o)

If the individual components are used in the J-integral then,

G,=j [Wn, ofi“'— ]

ij
311 (B.15)
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Gy = j [W"m -l

J (B.18)
e,,
where o de" (B.17)
eu (|
and -I OJ dejj (B.18)

The integrals in equations (B.15 and B.16) are evaluated around a unit
circle, i.e. I'; is the circumference of a circle of unit radius, as shown in Figure

B.1. This integration results in the individual energy release rate modes:

i1 1),
Gi=—|=—+—|Kj (B.19)
4\ E, E,
11 1),2
Gy=—| —+—IK
and 1l )5 E) I (B.20)

It is seen in equation (B.19) that the mode I energy release rate is dependent
only on the mode I stress intensity factor. Similarly, from equation /B.20),
the mode II energy release rate is dependent only on the mode II stress
intensity factor. From these results, it may be inferred that the
decomposition method has successfully separated the energy release rate into
two components, one dependent on mode I only and the other on mode II only.
Furthermore, these results are identical to those obtained by separating the
modes by the virtual crack closure methed in reference [84] for the individual
modes of the energy release rate for interface cracks. Hence, the
decomposition method is capable of separating the individual modes of energy
release rate for bimaterial interface cracks where the cscillatory singularity

18 nonexistent.
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The method has been presented here for a two-dimensional case only
for convenience of presentation. The p~-~of may, however, be easily extended

to the three-dimensional case.
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Figure B.1 lCre:;;k located at a bimaterial ir cerface subjected to mixed mede
oading.
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