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Abstract

An experimental technique was developed to measure the energy releasc rate
for delaminations in composite materials. The method can be used in cases

where conventional methods may not be applicable, such as problems involving

multidirectional laminates or arbitrary specimen geometry.

The work involved the experimental and computational enhancement of the op-
tical technique of moiré interferometry, including alternative grating technology,

image processing of fringe patterns, the implementation of phase shifting and the
automation of the data reduction process. The improvements provided a practi-
cal experimental means for determining full-field displacement fields surrounding
delaminations, together with a convenient method for using these displacement

fields to calculate energy release rates via the J-integral.

Three types of experiments were performed on carbon-fibre/epoxy unidirectional
laminates to validate the new approach. The results compared favourably to those
obtained by conventional methods. Several experiments were also performed on
multidirectional laminates to demonstrate the extended capabilities of the new

method.

It was concluded that the new method is not particularly well suited to the

measurement of critical energy release rates, but it should be a valuable tool in

the validation of computational methods.



Chapter 1

(General Introduction

Composite materials have a long history of usage. Plywood, corrugated cardboard
and concrete are examples of typical composite material systems. More recently,
fibre-reinforced resin composites that have high strength-to-weight and stiffness-

to-weight ratios have become important in applications such as aerospace design.

Laminated polymeric composites offer an unique advantage over conventional
engineering materials, in that structural properties can be tailored to suit spe-
cific applications. This is accomplished by combining several materials in a pre-
described manner, thus taking advantage of the individual properties of each
constituent material.

However, the inherent anisotropy and the discrete layer-by-layer fabrication
method of composite materials leads to mechanical behaviour and failure char-
acteristics that are quite different from those of conventional homogeneous ma-
terials. Consequently, failure modes such as delamination are a characteristic
problem limiting the capacities of composite structures.

In this chapter, an attempt is made to clarify the problem of delamination
fracture, and to distinguish it from the general background of failure in compos-
ites. A brief discussion of composite materials and their fracture behaviour is first
discussed, leading up to a ciarincation of the objectives of this work. The tracture
mechanics concept of the energy release rate is then introduced, and finally, the

experimental technique of moiré interferometry is briefly described.



1.1 Composite Materials and Delamination

The word ‘composite’ in composite materials signifies that two or more materials
are combined on a macroscopic scale to form a useful material. For example,

concrete is composed of sand and rock, bound together by a mixture of cement
and water. Although the cement bond is weak, the compressive strength of
concrete is derived from the rock. The cement merely acts as a ‘matrix’ material,

binding the sand and rock particles in place.

There are three commonly accepted types of composite materials [1]:
o fibrous composites, which consist of fibres in a matrix

e laminated composites, which consist of layers of various materials
o particulate composites, which are composed of particles in a matrix

In this work, emphasis will be placed on the commonly utilized combination of

the first two—particularly the laminated carbon-fibre/epoxy material system.

Lamination is the process by which unidirectional laminae are pressed into
a laminate. Typically the individual laminae are orientated differently, see Fig-
ure 1.1, to provide specific strength or stiffness properties in certain prescribed
directions. Other fabrication methods, such as winding and moulding can also be
used when manufacturing composite components. From a macroscopic point of

view, and regardless of the fabrication method, the mechanical behaviour of the

resulting structure can be optimised for any combination of in-service require-

ments.

0 degree lamina

" ; o
i .";r
[ ] » . : | 1 ')
. - .‘l
90 degree lamina I
I'I'I'l'l'l'l'-'l'--.---;." 1
icfegefemom*B* B A M+ 0"

cross-ply laminate
a

Figure 1.1: A typical cross-ply laminate design.




The strength and stiffness of carbon-fibre/epoxy materials are derived from
the properties of carbon fibres. Long fibres are inherently much stronger than the
same material in bulk form. For example, glass in bulk will fracture at stresses as
low as only a few MPa, while thin glass fibres can have strengths of up to several
GPa. This paradox is due to the more perfect structure of a fibre—the crystals
are aligned in the fibre along the fibre axis. Moreover, the statistical likelyhood
of encountering a flaw in the smaller cross-section of a fibre is reduced.

The primary function of the epoxy in carbon-fibre/epoxy materials is to bind
the fibres and individual laminae together. Epoxy does a reasonable job and is
readily available, but other matrix materials are commonly used. For instance,
poly(ether-ether ketone) (PEEK) has a much higher fracture toughness than epoxy
and composites with a PEEK matrix exhibit much higher delamination and impact
resistance than those made with epoxy.

Although the matrix material is not directly responsible for bearing load, it
does play a major role in the transfer of shear stresses between the fibres. The
matrix material is also required to protect the composite from impact damage
by absorbing energy during dynamic loading. The nature and extent of damage
progression will be directly determined by the properties of the matrix material.

One of the fundamental difficulties with laminated structures is their tendency
to delaminate. Delamination begins from internal defects, such as voids due to
imperfect bonding between adjacent laminae or small cracks in the matrix mate-
rial. Such defects can arise during the fabrication process or they can originate
in service as a result of impact damage or excessive loading levels.

Another very common source of delamination in multidirectional laminates
results from interlaminar stresses which can develop in a boundary layer region
along the free edges of bonded dissimilar materials. This problem is commonly
referred to as the ‘free-edge’ problem, and has received considerable attention,
dating back to the early 1970s [2].

The first complete three-dimensional analysis of interlaminar stresses in lam-
inated composites was presented by Pipes and Pagano [3]. Figure 1.2 illustrates
their problem. They used the finite difference method to solve the elasticity
problem for an orthotropic, finite width laminate subject to axial loading. Their

results verified the existence of all three components of interlaminar stress, o;, Tz



and 7z, in a boundary region near the frce edges of the specimen. Furthermore,
these stresses were found to increase in magnitude toward the free-edge—possibly

even becoming singular (or zero in the case of 7;,) at the surface.

y

Figure 1.2: Notation for the free-edge stress problem.

While the exact nature of the stress field near the free-edge of a composite
has remained a difficult theoretical undertaking, some general findings have been
established. Most importantly, it has been determined that laminate stacking
sequence plays a significant role in the nature and magnitude of the free-edge
stresses. Over the years, various results for standard composite stacking sequences
have appeared, indicating which laminate configurations should be avoided in
design applications.

Delamination in composite structures leads to an immediate reduction in stif-
ness and load bearing capacity of the component, particularly in compression.
Once initiated, delaminations tend to propagate under either static or fatigue
loading conditions, further degrading the mechanical properties of the structure.
Unlike fracture in homogeneous and isotropic materials, damage initiation and
progression in composites is governed by a host of mechanisms, making both the
onset and propagation of delaminations difficult to predict in practice. Indeed,
the application of conventional fracture mechanics methodology to composite
materials presents a great challenge.

The success of applied mechanics with regard to homogeneous materials de-
pends upon the ability to describe material as a statistically uniform continuum.

[n such cases, an arbitrary infinitesimal volume will adequately represent mate-

o



rial properties throughout the entire body. Composite materials are inherently
heterogeneous—and a true continuum analysis would require modelling at the

level of the fibre/matrix interface. Such an analysis would be intractable, and

have little significance to reality, since the distribution and interaction of flaws in

a rcal composite must ultimately be treated as a random phenomena.
Researchers have adopted two different viewpoints from which to investigate

the behaviour of comp&site materials. These viewpoints are summarized in the

following definitions [1]:

o Micromechanics—The study of material behaviour wherein the interaction
of the constituent materials is examined in detail as part of the definition

of the behaviour of the heterogeneous composite material.

¢ Macromechanics—The study of composite material behaviour wherein the
material is presumed homogeneous and the effects of the constituent mate-

rials are detected only as averaged apparent properties of the composite.

The micromechanics approach has been successful in predicting stifiness prop-
erties of composite materials, based on, for instance, the ‘rule-of-mixtures’ ap-
proach. On the other hand, macromechanics provides an adequate and useful
description of composite material behaviour at the level of the structure. Thus,
it is possible to predict lamina properties by the procedures of micromechanics,
and use these properties in a macromechanical analysis of a structure.

Unfortunately, the problem of predicting general laminate strength properties
has had much less success. Strength properties of composites are difficult to
characterise because the nature of damage initiation and growth in laminates
will depend both upon the random distribution of microflaws in a composite
and upon previous damage patterns. Such a dependency renders a deterministic
approach difficult.

In the specific case of delamination fracture, however, at least two simplifying

assumptions are strongly justified—

e Delaminations generally propagate in a self-similar manner. Since the inter-

facial strengths of composite laminates are normally weaker than the sur-
rounding material, the distributed type of damage that plagues laminate

strength predictions does not significantly influence delamination growth.

i



This allows the engineer to study the growth of a delamination as an isolated

event, with a known trajectory.

e For many types of matrix materials, delamination occurs as a brittle fracture
of the interface. Thus, linear elastic fracture mechanics concepts (particu-
larly the energy release rate concept) can be used to characterize interfacial

fracture toughness.

Ideally then, it should be possible to perform simple experiments on well de-
signed coupon samples to determine the energy release rate for any particular ma-
terial system. These properties can then be incorporated into a computer model
of a general structure with a simulated delamination to determine under what

conditions the delamination would propagate. This is commonly done for conven-
tional homogeneous engineering materials such as steel and aluminium. However,
before this approach can be confidently adopted for composite structures (with

regard to delamination fracture), the computer models used to determine the
stress fields near delaminations must be validated.

The objective of this work, therefore, is to develop an ezperimental method
that is capable of measuring the energy release rate for an arbitrary delamination
under general loading. Then it will be possible to validate computer predictions

of energy release rates for complex delamination problems.

1.2 Fracture and the Energy Release Rate

Fracture mechanics is an engineering discipline that primarily draws upon the
fields of applied mechanics and materials science. In doing so, it attempts to
make a connection between the morphology or structure of a material and its
fracture properties. In its most basic form, fracture mechanics relates the max-
imum permissible applied loads acting upon a structural component to the size
and location of a crack—either real or hypothetical—in the component. In this
section, the basic ideas of fracture mechanics are presented, and discussed relative
to their applicability to delamination fracture in composites.

Underlying fracture mechanics methodology is the idea that there exists a
driving ‘force’ behind every crack and an inherent resistance of a material to

impede crack growth [4]. The driving ‘force’ is the elastic strain energy supplied

6



to the crack by the action of external loads. When the elastic strain energy
available to grow the crack excceds the materials ability to resist fracture, the
crack is assumed to propagate, and energy is relcased through the creation of new
fracture surfaces. The rate at which energy is released during crack growth is an
important fracture parameter, and is known as the energy release rate.

The formal definition of the energy release rate is arrived at by considering
the energetics of a cracked body under load. The potential energy, I1, of such a

body is written

H=U3-Uw1

where U, and U, are, respectively, the internal elastic strain energy and the

external work done on the body.
Now consider an infinitesimal virtual increment of crack growth, da. Difler-

entiating the above equation with respect to da yields

al_ d dU. dU.
T de T T

The term dIl/da represents the energy released from a body during the virtual ex-
tension of a crack by da. This quantity of energy is available for driving the crack.
For the case of brittle fracture when no energy is dissipated in non-recoverable

deformation processes, such as plasticity or microcrack formation, the energy

release rate, denoted G, is defined as

(1.1)

G=E~c— =~

bda b

1dIT 1 (dU, dU.
da da |’

where b is the width of the specimen. If the energy available to drive the crack is

less than that required to propagate the crack, then crack growth will not occur,
and the corresponding value of G is referred to as sub-critical. Thus, G is scen to
be a measure of the energy that is available to create new fracture surfaces—that
1s, it is the amount of energy that would be released from the body should the
crack extend by da.

A materialé resistance to fracture can be characterised by the value of G at
fracture—the critical value, denoted G., and this value is assumed to be a material

property. The utility of the energy release rate in characterizing fracture depends

upon the ability to convert loads, crack lengths, etc., for any given situation, into
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an equivalent expression for G. If G. is known for a given material system, then
it 1s possible to predict when crack growth will occur in a structure for any given
loading situation, provided the appropriate expression for G is available.

As an example of how G can be used in practice, consider the symmetric
double cantilever beam (DCB) specimen in Figure 1.3. From simple beam theory,

the deflection of each arm can be written

8Pa’

6= T

If during an increment of crack growth, the load point displacement é remains

constant, dU,, /da = PAé = 0, and

dIll  dU. d P§ —12P%*?
da = da da 2~ EbLR®

where the minus sign denotes a net internal strain energy decrease due to the
diminished load during fixed grip crack extension. The value of the energy release

rate 1s found to be

- _lf_f_{ _ 12P%a?
~ bda  EWAR3

Two alternative expressions for the energy release rate involving the compli-

ance, C, of the specimen were presented by Irwin (5]

_PdC 8 dC

= da = WC? da

For the DCB specimen of Figure 1.3, the compliance can be written

8a3
C= Ebh3’
and so, as before,
oo 12P%q?
T OEbRS

The compliance approach is particularly useful in practice, since C need only be
determined as a function of a, either experimentally or analytically, for G to be
found. This approach will be discussed in more detail in Chapter 2.

Thus far nothing has been said about the nature of the fracture—i.e., whether

a crack will proceed in a stable or an unstable manner. This will be determined



Ny

Figure 1.3: Symmetric double cantilever beam specimen,.

by the rate of change of the available energy with respect to crack growth,

— |\ -0

d (dU, dU.
da da |

When the above expression is positive, the crack driving force increases as the
crack extends. If G, is a constant, this implies that ‘unstable’ fracture will occur—
1.e., there will continue to be more energy available to drive the crack, as it grows,
than the crack growth process can absorb. If, however, the above expression 1s

negative, or if G, is not a constant, and

4 (W) _ .
da \ da da da ’

then the structure will manage to absorb the energy, and the crack will proceed
in a stable manner, as more energy is fed in through the load-points.

One particular advantage of characterizing crack growth in terms of energy
is that this approach effectively circumvents the difficulties associated with crack
tip stress singularities. This is important since the local stress field associated
with delamination fracture is difficult to characterize mathematically. When the
total energy balance of a laminate is considered, the details of how the energy is
distributed is not required, and no assumptions need to be made regarding the
local crack tip stress and strain fields.

Another useful form of the energy release rate for a two dimensional body can
be derived directly from Equation 1.1, by explicitly considering the internal elastic

potertial energy within a core region surrounding a delamination. By invoking
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fundamental laws of solid mechanics, the path independent integral known as the

J-integral can be shown to be exactly equivalent to the previous definition of G.

By definition, J is written

Jdu Jdv
J = /r (Wns = Tz = T,72) ds,

using the notation illustrated in Figure 1.4.
The physical significance of the J-integral is that it represents an expression
for the conservation of elastic energy in the form of a contour integral enclosing a

crack tip. The energy release rate, G, and J are identical—provided the material

behaves in a linear elastic manner, and fracture is assumed to be brittle.

Ti.u‘

Figure 1.4: Area and contour notation for the J-integral.

Smelser and Gurtin [6] demonstrated that the J-integral remains valid for the
case of bimaterial fracture, provided the dissimiliar materials are joined along a
plane that lies parallel to the crack. It is also required that certain boundary
conditions are met along the bond line—specifically, the forces must balance and
the displacements should be continuous. Assuming that a body is composed of

two materials and joined along the z axis, these conditions are:

|
=

ory(2, 0+) — 04y(2,07)

oyy(, 0+) — ayy(z,07)

Il
=

and

u(z,0%) - u(z,07)
v(z,0%) — v(z,07)

il
o o
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Note that the continuity of displacements implies that the horizontal derivatives

of u(z,0) and v(z,0) must also be continuous across y = 0:

du(z,0%) 3 du(z,07)

dr Jz =0
Ju(z,0%)  Ju(z,07) _ 0
dr Jz B

The motivation for using the J integral as a measure of G in this work is

discussed below.

1.3 Photomechanics and Local Displacement

Fields

The direct definition of the J-integral provides a convenient means for computing
the energy release rate, provided the displacements u; and tractions T; are avail-
able. One of the few photomechanics techniques that can supply such information
is moire interferometry.

Moire interferometry is a full-field optical method that provides in-plane dis-
placement measurements of deformed specimens. The displacement information
is in the form of a pair of fringe patterns, representing the components of z- and
y-field deformation. The method is based on optically interrogating a diffraction
grating bonded directly to a specimen. The displacements on the surface of the
specimen directly deform the diffraction grating, and a two-dimensional displace-
ment map with a sensitivity on the order of 0.4-1 um is readily obtained [7].

The moiré technique has been widely used in the field of experimental stress
analysis for a number of years. In fact, one of the carliest experimental verification
of the interlaminar stresses in a composite laminate, performed by Pipes, Byron
and Daniel [8], utilized the geometric moiré method. Here the technique was
used to examine the surface displacements of symmetric cross-ply laminate under
axial tension. At various loads, moiré fringe patterns were recorded, as typified
in Figure 1.5, The fact that the fringes were not perpendicular to the edge of
the specimen indicated the existence of non-zero shear stresses at the free-edge of
the laminate. Comparison of the experimental displacement results to theoretical

elasticity predictions confirmed the existence of the free edge stresses.
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Figure 1.5: Schematic of typical moiré fringe (longitudinal) displacement con-

tours, experimentally confirming the nonzero free-edge shear stress distribution

in , -<ross-ply laminates.

The idea of utilizing the detailed strain fields obtained from moiré interferom-
etry to evaluate the J-integral was first established by Gray et al. [9]. Kang et
al. [10] used white light moiré to evaluate the J-integral for stable crack growth

in aluminium tensile specimens. As a consequence of the work by Kang et al.

and also by Dadkah et al. [11], serious questions were raised in the computational
mechanics community regarding the use of the J-integral as a single parameter
to characterize ductile fracture.

With respect to the deformation of composite materials, a substantial amount
of work has been done by Post (see for example [12]). Han [13] has developed
a moiré interferometer ideally suited to the study of deformation at composite
interfaces. His interferometer uses a unique form of phase shifting and an im-
mersion imaging system to achieve high-sensitivity, noise rejected deformation
measurements. The application of such a technique to the fracture problems
with which we are concerned here, would, however, be very difficult.

Liechti [14] presented a novel photomechanics technique to measure the crack
opening displacement in bimaterial blister specimens. The interferometrically
determined displacements were used to compute stress intensity factors for three-
dimensional blisters loaded by internal pressure.

The technique of moiré interferometry was also used in a limited capacity

by Takahashi et al. [15] to experimentally determine crack opening displacement

(COD) measurements of composite double cantilever beam specimens. These au-

thors compared experimental measurements to theoretical predictions based on
conventional and corrected beam theory.

An experimental technique such as moiré interferometry has the advantage of

12



providing a direct representation of the surface strains of an arbitrary specimen,
under general loading. This is particularly useful when the use of theoretical
predictions are not available or where they have not been verified. For this
reason, an experimental photomechanics approach is required to provide much
needed additional information.

However, a refinement of the moiré interferometry technique is necessary be-
fore reliable and meaningful results can be obtained in composite materials. One
particular problem stems from the conventional method of introducing diffrac-
tion gratings onto the specimens. The standard method involves replicating the
diffracting profile of a master gratings in a layer of epoxy or silicone on the spec-
imen surface. If care is not taken, this method introduces a boundary layer,
effectively the thickness of the epoxy or silicone, that will to some extent, smear-
out the variations in the true surface strains of the deformed specimen. When an
investigation is concerned with quantifying inter-layer and intra-layer stresses, a
grating boundary layer with a thickness on the order of the plies can significantly
obscure the results.

Another requirement for the deployment of moiré interferometry in the anal-
ysis of composite laminates is a refinement of sensitivity. Because of their brittle
nature, composite materials will not deform’ﬁarge amounts before they fracture.
The gauge length necessary to distinguish between inter-ply strains puts a further

demand on the system. Thus, greater measurement sensitivity is required, which
translates into the need to use high frequency diffraction gratings, and a shorter
wavelength of light in the interrogation.

A final consideration with the practical implementation of any photomechan-

ics technique is how to process the large amount of data that is produced. For this
work, it will be necessary to compute J-integral values from pairs of u- and v-field
fringe patterns. Assuming the use of a standard video acquisition system, each
fringe pattern represents approximately 1/4 MBytes of information. Therefore,
an important aspect of this work is to develop both the hardware and software
needed to facilitate the data reduction process, so that the mechanics analysis
can proceed uninhibited.

The use of any experimental optical method in the study of delamination frac-

ture is faced with a serious limitation that can not be circumvented. Since moiré
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interferometry can measure only surface strains, there is an immediate restriction
as to where displacement information can be recorded. If the specimens of interest
were thin, and the stress state one of plane stress, then the surface strains would
be representative of those throughout the entire specimen. Unfortunately, the di-
mensions of a delamination specimen prohibit such a straightforward relationship

between the surface strains and the strains on the interior of the specimen.

Typical curved
crack front

Location of
Grating

--------
........
.......

Straight crack front
assumption

Figure 1.6: Location of diffraction gratings for moiré interferometry study of

delamination fracture in composite laminates.

Delamination specimens are typically long narrow beams. There are two
possible locations for the diffraction grating—on the top surface of the specimen,
and on the thin edge. A grating on the top of the specimen would not provide
the information necessary for computing the energy release rate, since it is not in
direct contact with the fracture surface. However, a diffraction grating located
on the thin edge of the specimen, as illustrated in Figure 1.6, can provide the
relevant information.

Due to the three-dimensional nature of the stresses typical of cross-ply lami-
nates, the surface strains will not reflect the average strains throughout the width
of the specimen. In fact, the actual deformation is expected to change continu-
ously to some extent along the entire length of the delamination front. The stress
state at the edge of the specimen will reflect the true mechanical behaviour of
the laminate at the edge, so the data obtained from the moiré fringe patterns
can still be confidently used to calculate the energy release rate there. The limi-
tation, however, is that the measured value of G at initiation may not represent

the critical value for the specimen, for two important reasons—
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o First of all, the actual delamination will not necessarily consist of a straight
crack front, as shown by the dashed line of Figure 1.6. Rather, a curved,
fully three-dimensional crack front may develop during delamination growth.
This implies that the value of G for any particular delamination shape may
depend on the location along the crack front. The moiré technique can only
provide data at the observation edge, and there is no purely experimental

way to determine the relationship between the energy release rate at the

edge and, say, the average value for the entire delamination.

o The second difficulty with obtaining the critical value of the energy release
rate with moiré interferometry, is that a subjective decision must be made

on the part of the experimenter to determine when to record the fringe

pattern. The information available through moiré interferometry merely
represents the deformation of the specimen at the time of data acquisition.

It is the responsibility of the experimenter to determine whether or not
the data is to be associated with a critical condition, such as the point
of incipient fracture. This judgement will inevitably be based on qualita-
tive information. Since fracture is an inherently precarious situation, the
exact moment of criticality is difficult to capture in practice, and the ten-
dency is for the experimental determination of critical fracture parameters

to underestimate the true value.

These difficulties are a result of the generality of the moiré technique, and are
not altogether discouraging. The moiré method makes no assumptions regarding
the behaviour of the specimen, thus arbitrarily complex specimen geometries

subjected to general loading conditions can be analysed with confidence, and

without the need to make any simplifying assumptions.
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Chapter 2

Delamination Fracture Testing

of Composite Materials

This chapter provides a summary of the available literature on the experimental
characterization of delamination in composites. The discussion is broken down
into three sections for convenience, according to opening (mode 1), sliding (mode
II) and mixed mode fracture behaviour. A final section is included to summarize

various practical aspects of delamination testing.

2.1 Model

Mode I delamination is characterized by loading normal to the delaminating
plane. The most convenient test to simulate such a fracture is the double can-
tilever beam (DCB) specimen. [t is a relatively simple test, dating back at least
to the early 1930’s [16], and is capable of providing quite accurate results for a

wide range of materials. The data reduction procedures for the DCB test range

from the simple ‘areas method’, to more complex methods that provide empirical

correction factors to simiple beam theory results.

2.1.1 Nonlinear Beam Theory

In one of the earlier investigations of delamination testing of composites, Devitt,
Schapery and Bradley [17] developed a method for reducing mode I delamination

fracture toughness data for both elastic and viscoelastic double cantilever beam
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specimens. They began by considering the clastic strain energy stored in a beam

under the action of a bending load for small deflections given by

1 rL A1?
Ve=35 ), ET %

where E is the axial modulus of elasticity, / is the arca moment of inertia and M
i1s the local bending moment of a beam of length L and width b, as illustrated in

Figure 2.1. As a result of the low flexural rigidity of the thin composite specimens

Figure 2.1: Notation for nonlinear beam theory analysis.

and long crack length, large deflections and rotations may be present during the
test and the use of linear beam theory was considered inappropriate.

They therefore provided a correction to linear beam theory which was based
on work done by Bisshopp and Drucker [18], in which arbitrarily large rotations
and bending deflections were accounted for in the analysis of a cantilever beam.

The principal nondimensional results for the load and deflection of the cantilever

beam are
/PL2 1 f#o dd
EI  V2Jo \/singy—sing

and

6 1 /E'[ /‘¢0 sin ¢ dd

L V2V PL*Jo fsingy —siné
where ¢ is the continuously varying angle between the centroidai axis of the beam
and the horizontal, ¢ is the angle of the tangent at the loaded end, and P is the

load applied at the end of the beam. After an appropriate change of variables

and transformations, the above equations were rearranged to yield

[PL
_E-I_ = F(k) — F(Lsol)
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Table 2.1: Nonlinear beam variables (after [17]).

and
Y L CEL(A)
L F(k) - F(k,0,)
where F(k) and E(k) are the complete elliptic integrals of the first and second
kind, respectively, and F(k,0,) and E(k,0,) are the corresponding incomplete
integrals. Since the elliptic parameters k and 0, are related to ¢o via the expres-

slons

the above results for \/-P_[_ﬂ/—[ﬁ and 6/L were expressed as functions of only
one parameter, ¢o. This implicit relationship was presented in tabular form,
Table 2.1, illustrating the numerical relationships between the various nonlinear
beam variables and also as a nondimensional load-deflection curve, Figure 2.2. For

comparison, the load deflection result from linear beam theory are also included

in Figure 2.2, given by

PLY_ .8
El L
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Figure 2.2: Nondimensional load-deflection curves for a cantilever beam (af-

ter [17]).

The strain energy release rate for the nonlinear beam was arrived at by intro-

ducing f(8/L), such that

(/1) = e = 2AF(K) = F(k,01)

Following the definition of the energy release rate

1 dU,
==t

and performing the differentiation with respect to crack length (in this case, L),
the following nondimensional result was obtained for G, where W is the strain

energy due to bending of the beam:

G2 _ WL,
2ET ~ 2EI

+35),

where S is introduced for convenience, and equals 2 for lincar beam theory. Since

WL/EI and S are both functions of §/L, GbL?/2EI is an implicit function of

6/L, and is also tabulated in Table 2.1 as column three. In Figure 2.3, the linear
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Figure 2.3: Nondimensional energy release rates for a cantilever beam (after [17]).

beam theory result for the energy release rate

GbLT _ 9 (_{)
2EI 2\ L
and the nonlinear result are shown graphically for comparison. The last column
in Table 2.1, Gb/2P was obtained by dividing the fourth column by the third,
and allows for G to be determined without knowledge of the flexural rigidity of
the beam EJ.
During an experiment, the authors measured the instantaneous load P, grip

displacement § and crack length 2L. After determining §/L, Lagrangian inter-
polation was used to calculate both PL?/EI and Gb/2P, and subsequently, G.

They performed their fracture experiments under quasi-static crack growth—that
is, they maintained a slow and steady rate of delamination progression. For any
particular pair of § -L mcasurcments, the corresponding cnergy release rate would
represent a critical value, or G..

Devitt et al. used this approach to reduce experimental data obtained from a
range of unidirectional DCB experiments and found reasonable agreement. How-
ever, in their discussion, the authors clarified that several simplifying assumptions

were implicit in their analysis. The most notable of these was that beam theory
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presupposes a ‘built-in' beam, implying that there is no rotation of the cross-

section of the beams at the crack-tip.

2.1.2 Width-tapered DCB Specimens

Another early study of opening mode delamination in composite materials was
performed by Bascom, Bitner, Moulton and Siebert [19]. In their experimental
approach, width-tapered double cantilever beam specimens (WTDCB) were used
to asses the delamination toughness of organic-matrix woven reinforcement com-
posites. Their main interest as material developers was to assess the effectiveness
of the addition of various matrix toughening agents on the observed delamination
behaviour.

WTDCB specimens were not new, having been widely used in determining
adhesive bond strengths. This specimen type provides a convenient and stable
testing configuration which facilitates the reduction of the experimental load-
deflection data. Recall the general expression for relating the energy relcase rate

to the change in compliance

P* dC
C= o
For an ideal elastic beam,
dC A a’
da ER3 b
so that )
12P% a
— —_ 2.1
Gl =Z55 (2.1)

If the specimen width is tapered for a constant ratio of a/b, Gy, can be determined
from P, and F alone, and is independent of a.

A correction to simple heam theory was included in their analysis to correct
for the rotational displacement at the beam root. The expression for dC/da was
modified to account for rotational displacement by including a constant crack

length increment, Bh, where & is the thickness of the specimen

dC 24 (a+ Bh)?

da ~— ER3 b

In order to preserve the crack length independence of Equation 2.1, the loading
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holes were moved an additional distance Xy closer to the crack tip such that

b
b= ((l -+ /\’o)"

a

where Xy i1s made to equal fh so that Equation 2.1 remained unchanged.  was
determined to be 0.37 from previous experimental compliance measurements,
and so in the study performed by Bascom et al., the loading holes were moved a
distance of 0.37h to correct for the rotational displacements.

The results of Bascom et al. clearly demonstrated the advantages of modifying
the epoxy matrix with elastomeric additives in the form of a dispersed phase
of soft inclusions in the matrix. In a discussion of their results and fracture
surfaces, Bascom et al. concluded that the interlaminar fracture process involved
considerable plastic deformation and yielding of the matrix resin. They argued

that the size and shape of this process zone played a significant role in determining

the nature and extent of toughening provided by elastomeric additives.

Another issue with which they were concerned was the discrepancy between
fracture toughness data for laminates and ‘neat’ matrix material properties. The
energy release rates obtained from their WTDCB specimens exceeded the expected
value given for the matrix material alone. The larger fracture toughness of lami-
nates was attributed to the restraint of the fibre layers on the crack tip deforma-
tion, but it was noted that this restraint would not be as great as encountered
in thin bond lines between metallic adherands. Thus, they concluded that more
effort should be focussed on understanding the size and scale of the process zone,

and how it effects the delamination of laminates.

2.1.3 Experimental Compliance Method

Experimental compliance methods are based on performing a regression analysis
of the measured load-displacement data using a general model of the compliance
derived from conventional beam theory. The first analysis to utilize such an
approach was that of Wilkins et al. [20].

Their analysis of mode I DCB specimens was based on a linear regression

procedure designed to exploit several facts from conventional beam theory. First,
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they noticed that the compliance of the specimen

2a° 2

C — 5/P — 3—57 — /ha
is a function of the cube of the crack length, so a log-log plot of the compliance
versus crack length should yield a linear slope of 3. A least squares fit routine
was used to calculate the intercept that gave the best fit of the data with a slope

of 3, which provided A,. Also, the beam theory expression for the critical load

for a specimen of width w

Pr::___:

a

VCcWE] _/_1_1
a

is inversely proportional to the crack length, so a similar log-log least squares
regression of critical load versus crack length (assuming a slope of —1) yielded

A,. The least squares parameters A; and A; were used to compute an average

value of G, for each specimen using

o 3hA}

2w

Also in 1982, Whitney, Browning, and Hoogsteden [21] presented another
study of the various data reduction methods for the DCB specimen. Their in-

vestigation included the area method, simple beam theory, and a generalized

empirical method, known as Berry’s method [16].

The energy release rate from conventional beam theory for the dcb specimen

can be written

~ 3P§

__‘Z-b_;l--

Berry introduced an empirical generalization of the above relationship, that pro-

G

vided a correction for large displacement and beam root rotation. In particular,

Lhe load point displacement for a Lypical DCB test is writien

6 = RPa",
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where R and n are constants determined experimentally from the relationship
log(P/6) = —log R — nloga.

A least squares fit to the above equation for a series of loading and unloading
curves allows R and n to be determined. The conventional beam theory result is
recovered if n = 3. Given a measured P, and 6., the critical energy release rate
is determined from

nP.b.
Glie = 20a

Whitneyet al. also considered the inclusion of shear deformation effects in

(2.2)

the analysis of DCB data. Their general result derived from Timeshenko beam

o - nPb. (14+5/3
= 9ba \ 148 /°

where the shear deflection is given by the relationship involving the effective shear

theory [22] was

modulus, G2, and the effective bending modulus, E{’l

o BELK
32012(12.

It was noted that the precise experimental determination of Gyz and E}; is not
always an easy task. However, for the materials, specimen geometries and crack
sizes tested in their experimental programme, shear deformation corrections were
estimated to be on the order of 3%, and thus could be safely neglected.

The experimental results of Whitney et al. indicated that the DcB test method
was capable of accurately measuring mode I fracture resistance in composite lami-
nates, and that all of the data reduction methods under investigation were able to
discriminate between materials of significantly different interlaminar toughness.
They suggested that further work should focus on DCB testing of multidirectional
latinates, and that the 1esults should be compared to these obtained with tho

free-edge delamination specimen.

2.1.4 The J-integral Approach

The advantages of an energy approach in the study of a delamination fracture

In composites is evident in the very use of the energy release rate, G. The
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interpretation of G as the energy released during the delamination event, however,
is only valid. when the material behaviour is linear elastic. Keary et al. [27]
recognized this limitation, and investigated the application of the J-integral to
the analysis of DCB data.

In elastic-plastic fracture mechanics, the J-integral was introduced as a pa-
rameter to account for the energy dissipated in the nonlinear deformation of
metals. Although J is defined via an integral, standard methods have evolved for
computing J from load-displacement data. In the case of linear elastic fracture,
J is identical to G.

Keary et al. used the conventional J-testing method for reducing load dis-
placement for several DCB experiments. They compared these results to similar
values computed from the area method, linear beam theory and the compliance
calibration method. All of the data reduction methods produced comparable re-
sults, although the authors noted that the linear beam theory and compliance

method led to overestimates of the energy release rate.
These overestimates were attributed to several nonlinear deformation mech-
anisms observed in their specimens, such as permanent deformation in the arms

of the DCB specimens and hackled fracture surface areas, indicating significant

plastic deformation of the matrix material during the delamination process.

2.1.5 Corrected Beam Theory

In all DCB tests, some means must be provided to transfer load to the specimen.
This can be accomplished by using hinges or by using end blocks bonded to the
specimen. In the case of end blocks, a correction to the simple beam theory anal-
ysis was presented by Williams [24]. In the same work, Williams also presented
an analysis accounting for large displacement effects. Williams further developed
his corrections to conventional beam theory in [25] and [26]. The three main cor-
rection factors preposcd by Williams comprise what is known as corrccted beam

theory and take the following form:
¢ a large displacement/end block effect parameter (F)
® a correction for shear deformation/beam root rotation (x4), and a
¢ correction for stiffening due to the end blocks (V).
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Figure 2.4: Notation used for the end block correction.

The large displacement/end block analysis performed by Williams was similar
to that of Devitt et al. [17] discussed above. The resulting correction factor for

a symmetric DCB specimen due to large displacements and end block effects 1s

P
E:F:l__:}_(ﬁ) _g(éﬁ),
Go 10 \a 2\aa

where Gy is the uncorrected linear beam theory result, and l; is as shown In

given by

Figure 2.4.

Because the shear modulus in laminates is lower than the axial modulus, shear
deformation of the arms of the DCB specimen require yet another correction factor.
This effect is particularly marked in the built-in assumption used in the analysis
of the cantilever beams. After a lengthy analysis based on the elastic foundation
model of Kanninen [27], Williams concluded that both shear deformation and

root rotation in DCB specimens could be corrected for by adding a length xh to

Eu [3 ~2 (_E_)zl (2.3)

a where

\ = IXTLEY 14T

/EuEzz
F-": lu18 R —
612

For unidirectional laminates, Ey; 3> E;; and Gy, so that T'>> 1 and

Ly Eq
X =03y 2L 4 3.4,/
¢ G2 E,
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For isotropic materials y &~ 0.7, while for carbon-fibre/epoxy laminates typical
values are Fy; = 130GPa, E,;; = 8GPa and Gy; = 3.5GPa, giving yx = 2.4;
a much larger effect. This correction to a is intended to be used in all of the
preceding equations involving the crack length—thus (a 4+ x%) should replace a
in the expression used for Gy and F.

It is necessary to draw attention to the similarity between the yh correction

factor and the experimental compliance method originally proposed by Berry [16],

discussed above. Recall in the experimental compliance method that the load
point displacement and crack length are related through 6 = RPa™, and the
parameters 2 and n are determined by curve fitting to compliance data. The

best fit value of n to the (a + xh) form is given when

3
1 4 (xh/a)

Il —

and typically, since YA = 5mm for A = 2mm and a = 50-100mm, n will be

about 2.7-2.8, as is observed.

The xh correction factor can also be directly determined from the experimen-
tal load-deflection data, in much the same way as the experimental compliance
calibration factor, n, of section 2.1.3. This is accomplished by plotting the cube
root of the compliance versus a, where xh.is interpreted as the z-axis intercept.
Furthermore, Ey; will be recovered as the slope of this plot.

Williams argues that the yh correction is a better representation than the

experimental compliance method since it models the actual mechanism involved
in the deformation of the pcB. In practice, both the experimental compliance

method, and the xh method yield effectively the same results.

The final correction factor considered by Williams corrects for the additional
stiffening due to the bonding of end blocks to the specimen. The result, again

using the notation of Figure 2.4, is

3 LYY 9 8l L)l 9
N=1 (a) 18 a2 [l (3)]"53(
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Thus, including the above three correction factors, the corrected beam theory

energy release rate for a DCB specimen is given by

3 Pé F
Gr = 2 b(a + xh) (-IV) ' (24)

In practice, an empirical approach is generally adopted, whereby the correc-
tion factor xA is obtained empirically from the experimental data. By plotting
the cube root of the compliance versus the crack length, a correction factor A
can be extracted as the intercept of the curve with the z-axis. Equation 2.4 is

generally re-written as

3PS
~ 2b(a+ A)

so that G, can be obtained without actually computing xh. In fact, the rela-

G (2.5)

tionship between A and xA can be used to independently determine an estinate

of Ey1. This relationship is given by

B 8(a + A)?
T Cbhs

2.2 Mode II

The mode II or ‘sliding’ failure mode is characterized by a state of pure shear
at the crack tip. In general, Gy, is significantly larger than Gj. for composite
laminates. Mode II tests are more difficult to perform and the results are more

prone to scatter than the DCB test.

2.2.1 Short-Beam and Four-Point Shear Tests

One of the earliest tests adapted from isotropic material testing for the purpose
of characterizing composite delamination behaviour was the short-beam shear
(ses) test. The SBS specimen invelves enly a limited amcunt of material in its
fabrication, and leads to a relatively simple experiment to determine Gyj. from

the measured applied load P,
As discussed by Browning, Abrams and Whitney [28], however, the SBS test
suffers from a significant limitation that seriously impairs its ability to yield

meaningful results. Since the thickness of composite sBs specimens tends to
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Figure 2.5: The end notched flexure specimen.

be small (< 16 plies), the thin specimens are completely dominated by stress

concentrations induced by the load pins. This destroys the assumed parabolic
shear stress distribution used to calculate the apparent shear stress at failure. One
straightforward method to improve the SBS specimen when testing composites is
to use thicker specimens (> 50 plies), but this results in expensive test specimens.

Instead, Browning et al. suggested the use of a four-point shear (FPS) test.
This type of test would allow for the use of a longer, as opposed to a thicker

specimen. Furthermore, the shear load in the FPS specimen is twice that of the
SBS specimen, so the desired shear failure mode is more readily obtained in the
FPS test.

Browing et al. performed an extensive investigation of shear failure in carbon-
fibre/epoxy using a conventional SBS specimen (16-ply), a thick SBS specimen
(50-ply), and two FPS specimens (16-ply and 24-ply). A careful investigation
of the post mortem fracture surfaces indicated the characteristic mode Il hackle
patterns for all of the specimens except the thin sBs specimens. These thin SBS
specimens also grossly overestimated the G, values obtained using the other

specimens,

2.2.2 End Notched Flexure Tests

The end notched flexure (ENF) fracture specimen is essentially a three point
fiexure specimen with an embedded delamination at one end, shown schematically
in Figure 2.5. For a symmetric or asymmetric delamination, the ENF specimen
produces a condition of pure mode II loading. This specimen appears to have
been first used by Russell and Street [29].

The analysis offered by Russell and Street was very straightforward—they

simply derived an expression for the compliance of the ENF specimen from con-
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ventional beam theory obtaining

O OPa*C
— 2b6(2L3 4 3a3)
The effect of {riction was estimated from the extent of hysteresis observed during

the loading and unloading of the specimen and found to cause an overestimate
in G of about 2%.

A more thorough study of the ENF specimen was performed by Carlsson,
Gillespie and Pipes [30]. These authors were specifically concerned with three

aspects of the ENF specimen:

o the effects of interlaminar shear deformation,

e minimizing geometric nonlinearity and avoiding nonlinear material behaviour,

and,

e assessing the amount of energy dissipated through frictional sliding along

the initially delaminated portions of the beam.

They introduced a modified expression for the energy release rate to include the
effects of shear deformation and an analysis on sizing the ENF specimen to obtain

crack growth within the linear elastic regime. A detailed consideration of the
influence of friction was also presented.

Their derivation of the energy release rate for the ENF specimen was based on
the change of compliance with crack extension. The compliance of the ENF spec-

imen is defined as the displacement, §, at the central loading pin (see Figure 2.5)
divided by the applied load measured at the same point. Following the notation

in Figure 2.6, § can be calculated from

Aap +Apc+ Acep
2

§ =

The beams BC and CD were modelled as cantilever beams with elastic modulus
Eq, sheatj modulus G2 and thickness 2h. Using Timeshenko beam theory, Apc

and Acp can be written

PL3 PL
Bcp = AE0h T 0.3 (G' ,,bh)
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Figure 2.6: Definition of vertical displacements for the ENF specimen,

and

3 2 4 3 -
Ape = P(2L° + 3al* + a”) +0.3(P(L a)) |

8E11b’13 GlQbh

The displacement A g has two components—one due to bending and shearing
deformations of the beam and the other due to the rotation of the cross section

at point B in Figure 2.6.
Assuming that the ends of the beam are allowed to rotate, and that each of
the split components of the beam carries the same load, P/4, the displacement

component due to bending and shear can be calculated from

- Pa? JhiE
deformation __ 11
AAB B E11bh3 (1 + 802612) .

The displacement due to the rotation of the cross section can be approximated

by the slope at B times the length of the delaminated region

2 '
ATEMN‘ ~ 85:‘}}1’13 (aL2 . 03 + ah D“) .
11

Adding all of the contributions to the displacement and substituting into the
expression for the compliance yields
2L +3a°

c =2 (14

2(1-2[1 + 0.96)’12 En
SE”b,la .

(2[43 + 3(‘13)612

vTY ¢ L4 i ®, ® | 9
Using the derinition of the energy reiease rate,

902P2 Eu h 2
~ 16Ey, bR [l t02a, (3) ] |

When the quantity (E£;1/G12)(h/a)? is small, the above equation reduces to the

&7,

conventional beam theory solution. The error introduced by not including the
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shear deformation effects was shown to vary between 5-18%, being worse for
specimens with large thickness-to-span ratios.
The geometric nonlinear behaviour of the ENF was evaluated by noting that

according to linear beam theory, the curvature of a beam

1 _ d*y/dz?
R (14 (dy/dz)?)3/?

is generally approximated with
1 d%y

R dz?
since the square of the slope (dy/dz)? is assumed to be much less than unity. To

obtain an upper bound on the allowable displacement, d,max, in the ENF specimen,

Carlsson et al. used the following expression for the maximum slope, (¥],ax)s at

the central loading pin

3(L% + 3a%)(bimax)

4 —
(yIIIAX) 2L3 + 3(13

to obtain the relationship between (y/ ,,) and (6max). Writing the critical dis-

placement as
Oa Euh3

and combining the above two equations in fight of the constraint 6, < 6,uax Yields

5 =

the following criteria that must be met by the thickness of the specimen

GIIC(L2 + 302)2

h > | ——————,
- 4(3}:11&:)2“2 Ell

The authors also showed that material nonlinearities and flexural failure can
be avoided by proper sizing of the ENF specimen. The maximum bending strain,
€, at the center of the beam (disregarding the local stress singularity at the crack

tip) can be written

_ G6Lhé
93 4 343

By a similar reasoning as above, a thickness requirement can be formulated from

2

the condition §. < 6,,,, Where 8,4, is the maximum allowable displacement related

to the maximum allowable strain (g.ax) to maintain linear elastic behaviour.
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Their calculations yielded
. L*Gyy.

An approximate expression for the energy dissipated due to friction in the ENF
specimen was arrived at by Carlsson et al. by integrating a distributed normal
force, IV(z), acting over a contact region of £2h about the center of the loading
pin between the two cracked portions of the beam at point A. During crack
growth, the relative sliding of the cracked beams, Au(z) results in work done,

Wy, proportional to the coefficient of sliding friction, y, given by

2h
W, = /M iN(z)Au(z) dz.

After some further simplifications, the final approximate expression for the quan-

tity of work due to friction was determined to be

3P?
8E11bhs

Wy < [a® + h*(Eni/g12)/12].

Evaluation of the above expression for a range of u values, material properties
and loading conditions, revealed, as Russel and Street found, that the energy
dissipated through friction in the ENF specimen was < 2-4%.

Following their initial work, Carlsson, Gillespie and Tretheway [31] conducted
a further investigation into the ENF test specimen as a means to provide Gyjc
values from composite laminates. Specifically, they were concerned with the
influence of precracking, the sensitivity of the data reduction scheme and the
observed nonlinear load-deflection curves.

The nonlinear load-deflection curves were not expected, since the specimen

dimensions had been to chosen so that they would remain well within the linear
elastic regime. Closer inspection of the fracture surfaces of the ENF specimens
revealed that the nonlinearities were most likely arising from a combination of
slow stable crack growth and microcrack coalescence preceding unstable fracture.
These effects were found to be highly rate dependent—higher rates of loading pro-
ducing smaller damage zones (more brittle material response) resulting in lower

G 11 values, and lower loading rates allowing for larger damage zone development
and correspondingly larger Gy values.

The energy release rates determined from three types of precracks were also
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presented. Specimens with a mode [ precrack (produced by arresting a delamina-
tion driven by the introduction of a wedge at one end of the specimen) resulted
in slightly lower values for Gy than specimens precracked under a stable mode
IT arrangement. However, mode I precracking provided the advantage of a more
precise determination of the initial crack length, since a post mortem fracture
surface analysis would clearly distinguish the transition from mode [ to mode Il
crack growth. Specimens were also tested from the blunt Teflon insert, resulting
in grossly overestimated Gy, values.

A more robust data reduction was also introduced and verified. The technique

is very similar to Berry’s experimental compliance method discussed above for

the DCB specimen. By writing the compliance of the ENF specimen as
C/Co =1+ m(a/L)’

where m is a parameter to be determined through a regression analysis of the

compliance data, the energy release rate can be written

Ima?P?

- (2.6)

G =

Since the ENF is an unstable fracture specimen, it is necessary to perform an
experimental compliance procedure before the actual fracture experiment. The
parameter m is determined by plotting the normalized compliance versus crack
length cubed data, as illustrated in Figure 2.7.

As with all test methods, empirical correction factors have been developed to
further improve the reliability of the data reduction process. Following Williams
[32, 26], the results of such a consideration are presented. The most significant in-
adequacy of conventional beam theory is the assumption of the built-in boundary
condition at the crack root.

Conventional beam theory expressions for the energy releaserate incorrectly
assume that there is no rotation or deflection of the cross section of the beam
at the built-in end (at the crack tip), but in reality there is both some rotation
and deflection. This effect can be modelled by adding a length xh to the real
crack length, where x is a constant given by the elastic properties of the material.

This is the same correction discussed above for the DCB test, and Equation 2.3
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Figure 2.7: Normalized compliance versus normalized crack length for determi-

nation of m.

can also be used to compute x for the ENF specimen. However, noting again
that the expression for the compliance will also include this correction, it is more

reasonable to compute xh from a regression analysis of experimental data and,

then
3 9P?%(a + xh)?

Ga =
° T 1602 R3E,,
where G is the uncorrected beam theory result.

An additional multiplicative factor, F', can then be introduced to correct for

large displacement effects, such that Gy = FGj, and

5 Y4
raioff)

where

3[15 + 50(14/’[4}7 — 30(1&;’15)3 ~+ 63((1/L)4 — 34((1/[;)5 T 15((1;'[1)6]

0= 5(2 + 3(a/ L)°]2

2.2.3 End Loaded Split Tests

The end loaded split (ELS) test configuration shown in Figure 2.8 uses a split

laminate beam specimen loaded at the cracked end and fixed at the opposite
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Figure 2.8: The end loaded split test specimen.

end. The measured values of P, and é, from an ELS test can be used to calculate
corresponding values of Gy, using linear beam theory. The ELS has been used
extensively for the determination of Gy, for example by Corleto and Bradley [33]
and Yang and Williams [32].

Again, following Williams [32, 26], the results of applying correction factors to
the conventional beam theory equations are presented. The conventional beam

theory result for the energy release rate in the ELS test is given by

The corrected expression involving the yh factor is

GO, = (a + xh)° ]

9P§
2B(a + xh) [3((1 T xh)? + (L + 2xh)?

The additional factor F can then be introduced as before to correct for large

displacement and end block cffects, where

F=1-

15 + 50(a/L)? + 63(a/L)* 3 (5)’ 36, [1 +3(a/L)2]

(1 + 3(a/ L)) 20\L) " hLa|l1+3(a/L)3]

The case of a @symmctriy . loaded ELS specimen, where the direction of the

applied load is reversed was also analyzed, and the resulting expression for F' can

be found in [26].

2.3 Mixed Mode

Mixed mode fracture tests are inherently more difficult to perform and analyze.

Especially in the case of laminated composites, complications arise because of
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Figure 2.9: The modified Arcan test rig.

the sensitive dependence of fracture behaviour on the type of loading. Further
difficulties arise because it is usually necessary to perform several types of dif-

ferent experiments to obtain a range of mixed mode ratios, and this introduces
additional uncertainties when comparing éxperimental results. Another problem

involves defining the amount of ‘mixity’ or the ratio of mode I (opening) to mode

[T (sliding) during a test, and insuring this ratio remains constant.

2.3.1 The Arcan Test

One of the earlier attempts at measuring mixed mode fracture parameters was
performed by Jurf and Pipes [34]. These authors modified a test method in-
troduced by Arcan [35] for producing an arbitrarily loaded single edge notch
specimen. The test vig is illustrated in Figure 2.9. The Arcan test requires only
a small sample, and is easily performed in a conventional testing machine. Fur-
thermore, the data from the test is easy to reduce, and the same specimen design
and test rig can be used over a wide range of mixed mode loadings.

The experimental results presented by Jurf and Pipes for a carbon-fibre/epoxy

composite system are reproduced in Figure 2.10, where o = (0° corresponds to
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Figure 2.10: Experimental results of Jurf and Pipes.

a pure mode [I test, and a = 90° refers to a pure mode I test. The results
are shown in terms of the stress intensity factors, K7, and Kyre, which can be
related directly to G;. and Gpj.. When converted, the Gy, were found to be
approximately 9 times larger than the pure Gy, results. Considerable scatter

plagued all but the pure mode I results. Inspection of the fracture surfaces

revealed distinctly different morphologies—matrix cleavage fracture dominated
the mode [ specimens, while fibre-matrix debonding and matrix fragmentation

provided the more tortuous fracture path in the pure mode II specimens.

The authors used their results to determine a failure locus assuming the simple

I{Ic : I{Nc 2
('8'7'7') + (4980) = 1.

Two data points from the a = 15° group were excluded in the plot of Figure 2.10

model

by the authors because they significantly deviated from the general trend of this
simplified failure model. In their discussion, they noted that the fracture surfaces
of the deviant specimens were more similar to the pure mode II surfaces, whereas

for the remaining specimens (a = 15-90°), the fracture surfaces were more or less

identical to each other.

Although the data in Figure 2.10 seems to fit the simple proposed model, there
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1s no reason to expect that there should exist some smooth function representing
a failure locus for delamination. The large scatter in the Kz values, and the
wild deviation with the a = 15° specimens clearly illustrates the sensitivity of

the mixed mode loading ratio on the results of fracture tests.

2.3.2 Free Edge Delamination Tests

A more comprehensive study of delamination failure in multi-layered compos-
ites was performed by O’Brien [36]. He studied the delamination behaviour in
unnotched cross-ply laminates using the free-edge delamination test. Several
specimens of [£30/ £ 30/90/90], were tested under static and fatigue loading
conditions. This particular layup was chosen because of its innate tendency to
delaminate under a tensile load. Delamination growth and stiffness loss were mon-

itored nondestructively, and the laminate stiffness was found to decrease linearly

with delamination size. Post mortem studies revealed significant matrix crack-

ing within the 90° plies, as well as clear evidence of delamination at the —30/90
interface. The delamination would occasionally ‘jump’ through the midplane of
the laminate via the 90° matrix cracks.

Values of the critical energy release rate were determined from the mea-
sured critical strain in the [£30/ £ 30/90/90], composites. The presence of
both interlaminar shear and normal stresses at the free edge of the specimen
required a numerical treatment to partition the energy release rate into Gy and
(11 components. The approach used by O'Brien for this and subsequent work
was based on the finite element virtual crack closure technique. The critical
G. for the [£30/ & 30/90/90], laminate was determined from the experimental
data and used to predict the nominal strain at the onset of delamination in a
[+45,/ — 45,/0,/90,], laminate where n = 1,2,3. Delaminations were antici-
pated along the 0/90 interfaces, and the experimental measure of critical strain
was used to predict the applied load necessary {o initiate delaminaticns along this
plane. O’Brien appears to have been the first investigator to successfully apply
experimental delamination results in a predictive manner.

In his concluding remarks, O'Brien observed that the preliminary prediction
of delamination onset in [+45,/ — 45,/0,/90,], laminates using a critical G.

determined from tests on [£30/ £ 30/90/90], laminates indicated that G. may be
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independent of ply orientation that make up the delaminating surfaces. However,
a more systematic study of mixed mode cffects by O'Brien [37] further clarified
the situation.

To explore the role of the two contributions Gj. and G;. on composite
delamination, O’Brien used three nearly identical specimens, designated as A
([£45/0/90],), B (0/ £ 45/90],) and C ([45/0/ — 45/90],). Since these laminates
all contain the same plies, they will all have the same total G. Thus, if G, gov-
erns the onset of delamination, €. for each specimen should be the same. If G;
governs delamination onset, then ¢, will be lowest for the layup with the highest
percentage of Gy contribution. A finite element analysis indicated that the con-
tribution of Gy to the total G was 85%, 57% and 28%, for specimens A, C and
B, respectively. The experimental results confirmed that the laminates with the

larger mode [ contributions tended to delaminate at lower critical strains.
A similar result was obtained by Rybicki et al. [38]. In their study they

employed DCB and cracked lap shear (CLS) tests to evaluate mode I and mixed
mode energy release rates in carbon-fibre/epoxy laminates. Using several different
specimens they tested specimens with G;/G; ratios from 0-5. Reduction of
their experimental data, including mode partitioning was handled in a similar
manner as O'Brien—that is via the virtual crack closure technique. For the cases
considered by Rybicki et al., the data suggested that the mode II component of
the energy release rate did not appear to have as strong an influence on the crack

extension event as the mode I component.

2.3.3 A Closer Look At Mixed Mode Partitioning

As can be seen from the results of O’Brien [37] and Rybicki et al. [38], the

individual components sometimes play a more important role in controlling the
onset of delamination than the total G. Thus, it is important to provide a means
ior separating or partitioning the tctal O values from mixcd mode experiments.

In many ways, the global perspective provides the most reasonable way to par-
tition the various components of the energy release rate. Following Williams [39],

the general beam theory expression for the energy release rate for a laminate as
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illustrated in Figure 2.11 is

3 J AN ] A S .
o= () s (2) - 4]

This result can be partitioned into individual expression for the opening and

>~a

Figure 2.11: A beam under general bending moments.

sliding modes, respectively, as

2
0 h? ’lg ]
p— O ——————— -— — 2-7
Gi UE W hy(hY + h3) [Mz (h,) Ml] (2.0
and ~
6 hih
G = St (M; + M) (2.8)

1)26“ (hl -+ ’32)2(,1:13 + hg)

The above expressions are somewhat simplified by introducing

hg

3
Mpy= M, - (71—) M
1

and

M = My + M,.

Noting that for a symmetric DCB specimen hy = hy = h and M; = =M, = Pa,

we can write Equation 2.7 as

12P%a? 3P§

b2113E11 2ba .

G =

In [40], Charalambides et al. discussed and compared two schemes for an-

alyzing mixed mode delamination data. The first method was based upon a

consideration of the local singular stress field ahead of the crack tip, and the
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second was a global method based upon a consideration of the applied encrgy
release rate. .In many instances, these two different schemes give the same pre-
dicted mode mix, but in a few critical cases they predict very different degrees of
mode mix.

By reviewing the available experimental data for such cases it was concluded
that the global schieme resulted in a more consistent interpretation of the data.
In several cases the global method clearly gave better agreement between the
theoretical predictions and the observed results.

For example, they considered in detail the asymmetric double cantilever beam

test. Using the local field analysis, a mixed mode situation is expected, with

G1/G ranging from approximately 63-100% for k,/hy ranging from 0-1. Globally,

however, we have

A!n — 1”1 -+ AIQ = ()

so the equations predict only a Gy component. Using the local partitioning

method, the authors expected to see a 60 J/m? difference between the case of a
laminate with (k2/h) = 1 and one with (hy/h;) = 0.25. However, with G, =
270 J/m? and Gy, = 600 J/m? and a standard deviation of 20 J/mg, they only
measured a difference of 20 J/m? between the two cases—a result clearly dom-
inated by the scatter of the data. Thus, E;_he authors concluded that the global
partitioning method more accurately reflected reality.

They suggested that the difficulties with the local method were a result of the
very localized nature of the singular-dominated region ahead of the crack tip, the
relatively large damage zones in the materials studied and the surface roughness
interactions that obscured the true singularity. These conclusions were justified
by considering measured damage zone sizes from scanning electron microscopy.

Another interesting observation discussed by Charalambides et al., consistent
with the findings of O’Brien [37] and Rybicki et al. [38], is that mixed mode
delaminaticn is predeminantly contrelled by Gy, with 2 sccondary effect arising
from the G;; component. They proposed that fracture occurred when the total

energy release rate reached a critical value, i.e. when

G. = G1+ Gyrsinfw, (2.9)
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where w can be regarded as the slope of the fracture surface roughness. When
the fracture surfaces are smooth then w = 0 and G, = G.. The other part of

G11, (G11 cos?w) is assumed to be lost in friction.

2.3.4 Mixed Mode Bending Test

A convenient mixed mode delamination experiment was proposed by Reeder and
Crews [41], designated as the mixed mode bend (MMB) test. Their rig, illustrated
in Figure 2.12, allows for a single load to simultaneously produce mode I and
mode II bending loads on the specimen. By varying the position of the load,
different fixed ratios of mode I to mode II behaviour can be obtained. The
primary advantage of the MMB test rig is that it allows for the testing of identical

specimens under a wide range of mixed mode loadings.

[
LR AL Ui B R M -'l"r:i-l'l'lilip'u:."1'.'-"1'-.-.1 o l.l.l..lill:'.q:' ' .‘.'. ;".:.'.'; ................

Figure 2.12: The mixed mode bend test rig.

Using a simple beam theory analysis, Reeder and Crews derived expressions

for both the mode I and mode II components of the energy release rate. The

mode I component of the applied load P, is given by

Jc— L
i ( AL )P’

where ¢ and L are defined in Figure 2.12. Using the conventional beam theory

expression,
2 D2
_ 12a°P;
b')hSEu’

G
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they obtained
B Ja? P2
4R E,

Similarly for mode the mode Il component of the load

P,,:(""ZL) P

G (3¢ = L)

Using the conventional beam theory expression,

QaQPf,

G = emED

they obtained
- 9a*P? (
1= lﬁbzh:"'lﬂEu ‘

An expression for the ratio of mode I to mode II was determined from the

G + L)

individual expressions given above for GGy and Gy as

(2.10)

Notice that G;/Gy; is only a function of load position ¢ and half-span length L.
The G /Gy ratio is zero for ¢ = L/3 and is invalid for smaller ¢ values since this
model does not take into account contact between the two arms of the specimens.

The total energy release rate given by

3a? P?

G = 1602 h3L2 By

[4(3c = L)? +3(c + L)?] (2.11)

was compared by the authors to a finite element result, and they found that the
beam theory equations resulted in an 15% underestimate of the finite element

solution. Closer investigation revealed that the G values were in underestimate

by 18%, while the G values were only 6% too low. Thus, the error was attributed
to the beam theory equation for the DCB test.
Following the elastic foundation correction of Kanninen [27] and the shear

deformation correction of Aliyu and Daniels [42], they wrote their expression for

G as

P*(3c — L)? 2
Gf=§_""(_f__[:")_ a2+.2_(.l.+.l-+-]l_l.21.!.

12
41)2/13[42511 A )2 IOGlg ' (21 )
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where

A = (3k/bR3Ey )M/

and
k — QbEQQ/h.

Adding the shear deformation term into the expression for Gy yielded

G =

2 - 2
9P (C+ L) [a2+ 0.2h Eu.l . (2.13)

16b2h3 L2 Ey, G2

After discovering difficulties with the original design when testing tough com-
posite laminates, the original rig was redesigned by the same authors. The prob-
lem with the original design was that large rotations of the loading lever produced

nonlinear geometric behaviour resulting in errors of up to 30% in calculating G
and Gyy. A simple nonlinear iterative analysis was presented by the authors [43]
for correcting for this problem. However, the most straightforward solution in-

volved a simple modification of the rig. The modification employed the addition

of a saddle and bearing assembly to eliminate the horizontal component of the
applied load P.

2.4 Some Practical Comments

The use of interlaminar fracture tests to measure the delamination resistance of
unidirectional composites is now widespread. Standards have been adopted for
testing and interpreting the results of both mode I and mode Il experiments.

However, some practical difficulties will inevitably complicate delamination frac-

ture testing of multidirectional composite laminates. In this section, an attempt

is made to summarize several important issues.

2.4.1 Stability of Fracture 'Tests

The stability of a fracture experiment refers to the ability to grow stable cracks

In a given'specimen geometry. Some fracture experiments, like the DCB test are

inherently stable, and always provide stable crack growth. In such cases, several

values of the energy release rate can be determined during a single experiment.
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In this section, a simple analysis is discussed for determining what conditions

allow for stable crack growth in the ENF fracture experiment.

The stability of crack growth may be judged from the sign of dG;;/da—if
dG1/da is positive, unstable crack growth will occur, while stable crack growth
occurs if dGyp/da is zero or negative. Following Carlsson et al. [30], the ‘fixed

grip’ (displacement control) expression for the energy release rate is

Differentiation of this expression yields

dGyy & [d?c 2 (dc;')’]

da =2607 da?  C \da

Neglecting the influence of shear, the above expression can be written

dG;r  96%a | Oa’
da B 8E11b2h362 2L° + Jas ,

and for stable crack growth,

a> 0.7L.

A similar analysis can be applied to other potentially unstable fracture exper-
iments, like the MMB test to determine appropriate expressions to guide in the

design of specimens.

2.4.2 Rate Effects

A general tendency for polymeric materials is to exhibit rate dependent mechani-
cal properties. In the case of fracture toughness values, rate dependence is closely
linked to the development of damage zones at the delamination front. The actual
damage that occurs hdfore delamination will strongly influence the subscquent
fracture.

By carefully monitoring DCB tests with acoustic emission transducers, de
Charentenay, Harry, Prel, and Benzeggagh [44] were able to study in detail the
damage development in the DCB test. The monitoring of acoustic emission events

during their experiments provided a unique means to detect the onset of delam-
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ination, and to qualitatively explore the nature of stable damage development.
It was clear from their acoustic emission results that the mechanisms involved in
the initiation and further stable growth of delaminations were different.

Unique acoustic signatures were correlated to the fracture surface morphol-
ogy of laminates of various materials. A close comparison of load-displacement
and fracture resistance curves to the acoustic emission data clearly revealed the
complicated development of damage during delamination, however, two specific
mechanisms were identified. Fracture initiation was identified with the onset of
microscopic matrix/fibre debonding, and subsequent damage devclopment was
controlled by multiple cracking and large scale interfacial debonding. They con-
cluded that material development investigations should take into account these
two distinct modes of failure—a good material must not only have a high initia-

tion fracture energy, but also must develop extensive damage before and during

delamination propagation.

The concerns alluded to by de Charentany regarding the different stages of
delamination propagation were further echoed by Aliyu and Daniel [42]. Their
objective was to evaluate the various experimental techniques and analysis meth-
ods for the characterization of interlaminar fracture toughness and to determine
the effects of strain rates on such measurements for a graphite/epoxy compos-
ite. These authors developed an expression for the energy release rate in the
DCB specimen that accounted for the kinetic energy of the beam. In addition,
they included shear deformation effects and an additional term to account for the
rotation of the built in end of the beam.

Their results with graphite/epoxy composites indicated that the energy release

rate increases with crack velocity by up to 28% for the ranges of crack velocities
studied (8.5-51 mm/s).

2.4.3 Determining the Critical Energy Release Rate

Another issue related to the stability of a fracture test is the determination of the

critical energy release rate from the experimental data. Indeed, much concern

has been expressed regarding this point, for both the pcp and particularly, the

ENF specimen.

In his early investigation of the DCB fracture test, Berry [16] observed that
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there was always a certain degree of arbitrariness involved in defining the ‘equilib-
rium’ condition from which the critical energy relecase rate should be calculated.
A true steady state, at constant deflection could not be realized and the crack
continued to increase in size at a slow, but measurable rate. His conclusion for
DCB tests of crack growth in polymeric materials was that so long as the specimen
was in a strained condition, a true equilibrium condition may never be realized.

The problem of defining the critical energy release rate in composite laminate
testing translates into identifying correctly the critical load, P. and the critical
displacement, é. from the load-displacement plot of an experiment. For DCB
experiments on composite laminates, this is not as difficult as Berry’s conclusions
suggest.

Because the DCB test is a stable one, a steady crosshead rate can drive the
cracked laminate to a critical condition, and then, as the displacement is increased
further, subsequently extend the crack in a stable manner. The specimen can
be unloaded and the process repeated several times, to provide enough data to
generate an R-curve. Figure 2.13 illustrates a typical load-deflection plot for a
DCB specimen. The main problem that arises in extracting the critical load and
displacement from such plots stem from occasional nonlinear material behaviour
just prior to crack growth. This problems can be circumvented by adopting a
(somewhat) arbitrary definition of the critical load, for example, the maximum
load, the load determined at a 5% increase of the compliance, or simply the load
at the visual onset of crack growth [45]. In the case of the DCB test, there is not
too much difference between energy release rates determined using these various
methods, providing a consistent method is used.

The ENF specimen, due to its inherent instability and subcritical crack growth,
presents a more difficult task for determining the critical condition. As with the
DCB test, the critical load can be arbitrarily taken as the maximum load, the load
at 5% increase in compliance, etc., but for the ENF specimen, there is a larger
difference between these definitions.

A discussion regarding the various definitions of the critical load by Davies et
al. [46], however, provides a reliable framework. A lower bound valuc can be
deduced by noting the first point of nonlinearity of the load-deflection plot, while

an upper bound will be given by the maximum load. The logical compromise is
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Figure 2.13: A typical load-displacement plot from a DCB experiment.

to use the 5% offset value.

2.4.4 The European Group on Fracture Protocol

The European Group on Fracture (EGF) has devoted considerable attention to
establishing the reproducibility of energy release rate values for composite lam-
inates. They produced a protocol [45] summarizing the various data reduction
schemes for both the DCB and ENF tests. They also included recommendations
about the correct design of specimens, end blocks etc., and specific procedures for
loading the specimens and reducing the data. Several aspects of the protocol were
evaluated in a round robin exercise [46], and a summary of their recommendations
is presented below.

For all tests, the EGF recommended a specimen width of 20 mm, a thickness
of 3mm and a nominal length of 125 mm or 165 mm for DCB and ENF specimens,
respectively. Starter defects were found to greatly improve the repeatability of
the tests, provided the thickness of the inserts was kept below 15um. Load
application via hinges or end blocks was found to be adequate, but the appropriate
correction factors presented by Williams {26] should be used if necessary. In an
attempt to provide a similar conditioning for all specimens, a drying procedure

was recommended. Specifically, the specimens should be stored for a minimum

of 10 days at 77°C.

For the stable DCB tests, the specimens should be loaded in displacement
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control at a crosshead rate of 0.5 mm/minute. This rate was chosen so that the
crack growth. could be followed with the help of a x70 microscope. A thin layer
of white ink was suggested to help identify the position of the crack. An observer
should note the first sign of deviation from nonlinearity in the load-displacement

plot, and then follow the crack for a growth of approximately 5 mm. After each

5 mm growth increment, the specimen should be unloaded and reloaded to allow
for determination of the compliance at each successive crack length. The data
reduction procedures recommended by the EGF for the DCB test are the corrected
beam theory method and Berry’s experimental compliance method.

For the ENF mode II specimens, a fixed span (2L) of 100 mm was recom-
mended, with a minimum crack length to half span ratio (a/L) of 0.5. The
EGF was more specific with the precracking of ENF specimens, since there is a
greater sensitivity in these specimens to the initial nature of the delamination.
Testing directly from the Teflon inserts produced a large scatter in the results,
so two methods for introducing precracks were studied. Specifically, tests were
conducted from mode I and mode II precracks. The mode I precracks scemed
to provide the most reliable method, with a scatter of Gy;. values on the or-
der of 20%. Again the corrected beam theory method and Berry’s experimental

compliance technique were recommended to reduce the experimental data.
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Chapter 3

Experimental Details

The purpose of this work was to develop an alternative method of measuring
the energy release rate for delaminations in composite laminates, based on an
experimental photomechanics approach using moire interferometry. The first ex-

perimental objective was to validate this new method, by using, in the first place,
conventional delamination toughness test methods as a benchmark.

Three types of experiments were used to validate the moiré method:
e pure mode I, double cantilever beam (DCB)

e pure mode II, end notched flexure (ENF)

e mixed mode-mixed mode bending (MMB)

During the validation phase, the limitations and advantages of the moiré tech-
nique relative to the conventional delamination test methods were discovered.

Specifically, the problem of determining the critical energy release rate was en-

countered. The approach used to validate the moiré method, therefore, was based
on a wider interpretation of the conventional data analysis.

The standard DCB and ENF tests and their associated data reduction proce-
dures are described in this chapter to provide relevant background. Details about
how the moiré measurements were integrated into the standard test procedures

are specifically discussed.

ol



3.1 Specimen Geometry and Material Proper-
ties

A single specimen geometry was used in all types of the tests performed for this
work. Figure 3.1 shows the relevant dimensions. This specimen provided a useful
range of approximately 35-40 mm of crack growth with an initial crack length of

approximately 40 mm.
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igure 3.1: Standard specimen geometry.

The unidirectional specimens were cut from plaques composed of 16 layers of
T300/914C pre-preg. The fibres were oriented along the length of the specimens.
Artificial delaminations in the form of double teflon film were introduced prior
to curing at two different depths within the plies. On one side of the plaque,
the teflon film was located at the midplane (between plies 8 and 9) to provide
symmetrically delaminated specimens. Asymmetric specimens were fabricated
on the other half of the plaque by placing the teflon starter film between plies 13
and 14,

Laminate properties as provided by the manufacturer for the 0° material are
summarized below in Table 3.1. The notation used is as follows: F, is the elastic
modulus in the fibre direction, F. is the elastic modulus perpendicular to the
fibres (effectively the same for both the thickness and the width direction), (i,

1s the shear modulus, and v, and Vyr are the two Pois‘on rat10s.
In addition to the unidirectional specimens, several plaques of multidirectional

specimens were also fabricated. The multidirectional layup chosen for this work

was designated as [0;/ +45/0;/ — 45/0/90],. The sixteen layer laminate is illus-
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E. (MPa) | 128615
£, (MPa) 9672
(/ry (MPa) 5443

0.476
0.036

Table 3.1: 0° Unidirectional Laminate Properties.

trated graphically in Figure 3.2. Each individual ply was 0.125 mm thick, so the

0, l
£ 21
A5 RN 3
= :
+45 6
T T T T (TN I T BT e T L e rs o B

% -‘ .*' %" . . .... . .‘ A .I . H 1"\” ‘i L Bl - :ﬁf ?1' ' "‘r.{ r I.l'-l ' ll.'I--lﬁb"m.-h.'-m .. '..r -If. . j ‘1 }""H' ; ‘ ’ 2 m
02 - = —n —— — - _— - - —— - : : ' — . — ; I.:

R B AUE A P e W e L L ey e ——— -,

-45 R i B T R S 1 e A e G L g e SR S T e e " S | 4
02 —_—— S— — - racdl - - . : : T

Figure 3.2: Multidirectional laminate used in this work.

total thickness of the cured laminate was 2mm. Multidirectional plaques with

both symmetric and asymmetric delaminations were fabricated and tested.

3.1.1 Specimen Preparation and Conditioning

The DCB and MMB tests required the bonding of aluminium end blocks on to the
specimens as illustrated in Figure 3.3. The end blocks were necessary to mount
the specimens in the testing rig. Since the ENF test utilized a simple a three point

bend arrangement, no end blocks were required for these tests.

A special jig was made to insure that the specimen end blocks were mounted
correctly. The key issue was to mount the end blocks squarely with respect to the
specimen, so that when the specimen was placed in the testing rig, the loading
pins would fit with a reasonable tolerance.

The procedure for mounting the end blocks was straightforward. A specimen
was placed in the jig, aligned, and the end blocks were bonded to the specimen

surfaces using epoxy. After testing, the end blocks could be snapped off the spec-
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Figure 3.3: A schematic of the end block/specimen configuration.

imens, cleaned and re-bonded to other specimens. No problems were encountered

throughout all of the experiments with the strength of the bond between the end

blocks and the specimens.

In addition to bonding of the end blocks, it was also necessary to introduce
a diffraction grating on one of the thin edges of the specimens. The diffraction
grating was required for the experimental optical technique of moiré interferom-
etry. The types of gratings used, and the necessary specimen preparation will be
discussed in more detail in Chapter 4, and moiré interferometry is dealt with in
Chapter 5.

It was also necessary to precrack the specimens before the experiments. To
insure the introduction of suitable precracks, non-destructive scanning (NDE) was
used to map the delaminated surfaces of the specimens during and after the
precracking procedure. These procedures will be summarized in Section 3.5.

Prior to testing, the specimens were stored in an airtight container containing
a fresh supply of silica gel, in order to insure a consistent moisture content from
specimen to specimen. Specimens were tested within minutes of being removed

from this controlled environment.

3.2 Mechanical Testing Rig

Since the experiments involved simultaneously capturing optical fringe patterns
and standard load/displacement records, several special considerations regarding

the design of the load apparatus were required. It was important to design



the load frame in such a way as to provide suflicient clearance for the optical
components and beams. Furthermore, it was necessary to provide a means for
the optics to follow the substantial movement of the specimen in response to the
applied loading and delamination growth.

In addition to the optical constraints placed on the load apparatus, as men-
tioned above, it was also necessary to consider that three different types of tests
were to be performed (the DCB, the ENF and MMB). For these reasons, the design
of the load apparatus followed a modular approach, involving a solid base utilized
by all three tests, and various components which were fitted for the individual
tests.

Two photographs of the experimental apparatus are shown at the end of this

chapter in Figure 3.19.

3.2.1 The Base of the Load Frame

A solid base was bolted directly to the optical table, and a platform mounted on
top of the base to accommodate the various fixtures for each test. The function
of the base was to provide a stable yet adjustable support for the platform to
ride on, so that the necessary positioning adjustments could be made during the
experiments to ensure that the crack-tip was centred and in focus with respect to
the optics. The base, illustrating the necessary degrees of motion is schematically
depicted in Figure 3.4.

The entire load frame assembly was small and compact and it was a relatively
simple matter to provide the necessary translation and inclination of the speci-
men during an experiment. The base allowed for three degrees of freedom—one
horizontal translation, vertical translation, and rotation in the plane containing
those two. As with all interferometric techniques, vibration isolation and stability
were of extreme importance. Thus, it was necessary to provide these movements
in such a way as to noi degrade the siability of the entire platform.

On top of the base, a 12mm thick steel platform was mounted. By changing

the various fixtures and load cells, it was possible to perform the DCB, ENF and

MMB tests on this platform.

All of the tests utilized a hand driven load screw, which is detailed in Fig-

ure 3.5. This device was constructed by modifying an already existing positioning
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Figure 3.4: The base of the load frame

device. A carriage was driven by the screw, upon which a block was mounted to
provide a location for the load cells to be secured. Teflon pads were introduced
between the carriage and the face of the screw mount to allow smooth, backlash-
free translation of the carriage as the screw was turned. One revolution of the
screw yielded a 0.5 mm linear displacement of the mounted carriage, which pro-

videded both sufficient resolution and mechanical advantage for all of the tests.

Vertical displacement of the carriage was monitored using an LVDT, mounted
as shown in Figure 3.5. This transducer had a linear range of 30 mm. Several pairs
of mounting holes on the carriage allow for the LVDT to be located appropriately
for each type of test.

T'he adjustable base, the platform and the load screw constituted the main
components of the load frame. Each of the three tests, however, required addi-

tional components, which are described in the sections below.
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Figure 3.5: The hand-driven load screw

3.2.2 Double Cantilever Beam Test Fixtures

In the DCB test, the objective was to separate the two halves of the specimen in
a symmetric manner, creating a pure mode [ opening of the delamination. Apart
from the equal and opposite forces on each of the arms of the specimens, no
other applied forces or moments were desired.

This symmetric type of loading was most readily accomplished by simply
pulling the two arms of the specimen away from each other, as illustrated in
Figure 3.6. The DCB tests required two additional mounts that were connected
to the specimen end blocks via smooth pins.

The tensile loads were measured using a miniature, 50 N full-scale load cell,
mounted as shown in Figure 3.6. This load cell provided a sensitivity of 5mV/N.
T'he typical maximum load during a DCB test was approximately 35 N.

Due to the construction of the load cell, it was not possible to screw the
device firmly into the load cell mounting block. It was necessary to use hard
rubber washers between the load cell and the two surfaces that it was connected
to. The rubber washers allowed the load cell to be tightened sufficiently, without

introducing stress in the device.



Figure 3.6: The load platform and the DCB test arrangement

Special care was taken to insure that the various loading fixtures were properly
aligned. This was necessary since any mis-alignment would place an undesired
load or moment on the specimen during loading, and cause the delamination to

grow 1n an unsymmetric manner.

3.2.3 End Notched Flexure Test Fixtures

The ENF test was based on a simple three point bend loading arrangement, the
objective being to produce a state of pure mode II shear load on the delamination
front. Figure 3.7 illustrates the ENF test.

The loading fixtures were made of steel and their edges were carefully rounded
to provide flat and smooth contact with the specimen. Again, the parallelism
between the fixtures was the most crucial alignment concern.

For the ENF tests, loads were measured using a more heavy duty tension
and compression load cell, with a range of 2500 N full-scale, (with a a sensitivity

0.08mV/N). The maximum load during a typical test was only approximately
500 N, so the range of this load cell was not exploited as successfully as with the

DCB load cell. Regardless, suitable precision was obtained with the ENF load cell.
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Figure 3.7: The ENF test arrangement

3.2.4 Mixed Mode Bending Test Fixtures

The DCB and ENF tests were based on simple load applications that could be
accomplished in relatively straightforward ways. The MMB test, on the other
hand, was more complicated, since it involved providing a superposition of the
DCB and ENF tests. Thus, both mode I and mode II loading were applied to the
specimen, simultaneously.

The opening and sliding modes associated with the mixed mode bend test were
applied to the specimen through a single load acting on a lever as illustrated in
Figure 3.8. By varying the position of the fulcrum, different amount of mode |
versus mode [I were achieved.

The relative amount of mode [ to mode [ will be called the mixed mode ratio,

and defined as the ratio of the independently determined energy release rates as

follows:

_ Gy
~ Gu
T'hus for pure mode I loading, ¥ = oo, and for pure mode 11, ¥ = 0.

A straightforward implementation of the fulcrum/lever idea of Figure 3.8 was
first proposed by Reeder and Crews [41], and is schematically illustrated in Fig-
ure 3.9. Using this design, a range of mixed mode ratios could be obtained, by
simply changing ¢, the distance between the applied load and the fulerum.

The details of the analysis of this original rig, as carried out by Reeder and

Crews, were presented in Section 2.3.4. An important result of this analysis
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Figure 3.10: Mixed mode ratio ,W, as a function of ¢ and L.
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relevant to the design and use of this rig was Equation 2.10,

which provides a relationship between ¢, L and the mixed ratio, ¥. Using the
nominal laminate properties as given above, a plot of the expected mixed mode
ratio versus c for three values of L is shown in Figure 3.10.

For the above equation to be valid, ¢ > L/3, because the model does not

account for contact between the two arms of the specimens. Figure 3.10 can be
used to determine the value of ¢ needed to provide for a desired value of W.

Using the equations developed in Section 2.3.4, values of G, Gy and G were
obtained from the applied load, P. However, Reeder and Crews discovered that

significant errors (on the order of 30 %) were introduced in the calculated energy

release rate values due to the geometric nonlinearities associated with the rig.

These errors could be eliminated by providing a more complicated data reduc-
tion procedure, although it would require iteratively solving a set of nonlinear
equations.

Instead of adopting the nonlinear equation solving as the standard method
for reducing their experimental test data, they used their nonlinear analysis to
redesign the MMB rig, so as to minimize the geometric nonlinearity. In this way,
the linear equations (those presented in Section 2.3.4) could still be used to reduce
the experimental load/displacement data.

There were two sources of geometric nonlinearity that were identified in the
original MMB rig design. The first problem was a result of the rotation of the lever
arm as the applied load was increased (or as the delamination grew). Thus, the
actual applied vertical load was smaller than the measured load, and this effect
was made worse as the load was increased. Figure 3.11 illustrates this situation.
As a result, the calculation of G from the applied load would underestimate the

actual value, the error becoming more significant as the total deflection of the

lever is increased.

The second problem with the original MMB rig was more subtle. As the lever
arm rotates under the applied load, the roller applying the load will translate a
distance of Ac as illustrated in Figure 3.12. The changing load location causes

the moment arm to become shorter, thus reducing the effective moment actually
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opening the specimen. Again this will result in an underestimate of the energy
release rate. This problem was minimized by effectively lowering the lever height,

so that the magnitude of Ac was reduced, as shown in Figure 3.12.
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Figure 3.11: The discrepancy between the measured and applied loads in the

original design of the MMB rig.

Figure 3.12: Effect of lever height on the load point translation.

The modification proposed by Reeder and Crews were adopted for the design
of the MMB rig used for this work. This design includes a more sophisticated
saddle/yoke assembly to apply the load, that extends down the sides of the lever
and the specimen. The rollers of the saddle are in contact with a yoke that
transmits the load to the top lever in a way that minimizes Ac. A schematic of
the saddle/yoke system used to apply the load is shown in Figure 3.13.

Other improvements were also incorporated in the design of the MMB rig.
The smooth, flat surfaces of the three point bend contacts were replaced with
bearing-mounted rollers. The pins that secured the end blocks to the rig were
also replaced with roller and bearing assemblies. The entire MMB fixture was made

from aluminium to reduce the weight and to facilitate tighter design tolerances.
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For the MMB tests, loads were measured using a similar tension and compres-
sion load cell, with a range of 250 N full-scale, (0.859mV/N). The maximum load
encountered during a typical test was approximately 150 N, so the range of this

load cell was appropriate.

3.3 The Global Data Acquisition System

The load and displacement data generated during the experiments were measured
using the LVDT and load cells discussed in the previous sections. These devices
require a suitable power supply, and a means for converting the raw voltage
outputs into displacements and loads. In this section, the system responsible for
both of these aspects is discussed.

All three load cells required a stable 15V input voltage. A conventional

regulated dc power supply was used for this task. Before each test, the voltage
output from the regulated power supply was verified with a calibrated digital
voltmeter. Accuracy was checked to three decimal places.

The LvDT displacement transducer required a 10V input voltage. This was
supplied using a D/A output channel from a standard personal computer lab-
card. The voltage input to the LVvDT was guaranteed to be within three decimal
places since the D/A card has an on-board voltage reference.

During an experiment, voltage outputs from the load cell and the LYDT were
input to two A/D converter channels also on the PC lab-card. Digitization of the
input signals occurred at a rate of 1 kHz. The resulting digital voltage values were
conditioned with Finite Impulse Response (FIR) digital filters. These filters were
designed to provide low pass filtering of the incoming signals, for the purpose of
removing spurious spikes from the signals. The filters used a sampling window
of 64 digitized values and were designed to pass only frequencies less than 20 Hz
(events with a duration of > 1/20s). The digital filters also facilitated the imple-
mentation of a simple digital data compression routine that reduced the volume
of information that needed to be stored on the pc’s hard drive.

A real-time load versus displacement curve was constructed from these fil-
tered signals and plotted to the screen during an experiment to facilitate careful

loading/unloading of the specimen. The data was simultaneously stored in a
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(compressed) data file for post-processing, to extract compliances, displacements

and critical loads.

The pC lab-card was only one of three plug-in devices iustalled in the labo-
ratory personal computer. The other two cards, a frame grabber and an array
processor, will be discussed in more detail in Chapter 5. All three of these cards
were under the control of one computer programme during an experiment. This
arrangement allowed for coordinated data acquisition from the various sources
(load, displacement and moiré fringe image data).

The programme responsible for the management of these cards was called

XMELT. Written in the C language, XMELT provided a uniform interface to
the software libraries supplied with the lab-card, the frame grabber and array
processor. XMELT was based on a fairly simple macro language, so that the

user could define commonly performed activities, thus saving time during an

experiment.

Although it was developed for this work, XMELT represents a general purpose,
user programmable data acquisition system. Since most of the complexity of
XMELT is concerned with the moiré fringe acquisition, it will be described in
more detail in Chapter 5. A schematic of the complete data acquisition system

(XMELT) is shown in Figure 3.14 for reference.

3.4 Global Data Reduction and Testing Detalls

The global data reduction procedures used for the DCB and ENF tests were based
on commonly accepted methods, similar to those adopted by the European Group

on Fracture [45]. The MMB data reduction was based on the work of Reeder and
Crews [41].

3.4.1 Double Cantilever Beam Tests

During the DCB experiments, the continuous load versus displacement record was
generated and stored in a data file on the personal computer as discussed above.
In addition to this data, it was also necessary to measure the crack length at
various times during the experiment. The load/displacement data and the crack

length measurements were then used to determine Gj.
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Because the DCB test provided for stable fracture, several G;/could be obtained

for a test, each associated with a different crack length. In fact, most pcs global
data reduction procedures utilize the compliance versus crack length trend to
provide a correction to the (7 values.

During an experiment, the displacement between the end blocks was slowly
increased, until noticeable crack growth occurred. At this point, the displace-
ment was increased further, in such a way so that the delamination would extend
approximately 5-7mm. After the delamination had been extended, it was neces-
sary to wait several minutes for the delamination to stop growing. Because the
specimen was simultaneously interrogated via the moiré interferometry fringes, it

was possible to detect very slight delamination growth.

Once the delamination growth was complete, the specimen was unloaded.

At this time, the new crack length was determined by using a magnifying glass

and marking the surface of the specimen with a sharp pencil. A thin layer of
typewriter correction fluid painted on the edge of the specimen before the test
facilitated the location of the delamination fronts.

This procedure of loading and unloading was repeated a number of times,
producing a load deflection plot similar to the one shown in Figure 3.15. After the
completed test, a hardcopy of this plot would be generated, so that compliance
measurements could be made for each of the loading slopes. Other relevant

specimen dimensions such as the thickness and the width were also measured at

the end of a test.

Three different methods were used to convert the compliance, crack length
measurements, critical load and the corresponding load point displacement into
G'1c values, These methods were the area method, Berry’s method and the modi-
fied beam theory method. The latter two provided the most reliable results. The
experimental compliance, or Berry’s method was chosen as the benchmark global
measurement.

The theory of Berry’s method and the modified beam theory method were dis-

cussed in detail in Sections 2.1.3 and 2.1.5. Below only the actual implementation

of these methods is described.



Area Method

Following the definition of the energy release rate (Equation 1.1), G; can be
obtained directly from a graphical interpretation of the load displacement plot.
The change of potential energy during crack propagation is represented by the

shaded area OAA’ of Figure 3.16.

The energy release rate was recovered as

Py — Pyide
Gre = 2b(as; — ag)

where a,; is the crack length at the critical point (just before propagation), ay;
is the crack length at the end of propagation, and b is the specimen width. The
values of P, 64, Psi and 6. were obtained directly from the hardcopy of the
load/deflection plot and used with the crack lengths to compute G for each
loading/unloading cycle. The area method has the disadvantage of being sensitive

to errors in the crack length measurements.

Berry’s Method

Berry’s method provides a more accurate analysis of the experimental data, and
involves a correction factor based on the trend of compliance versus crack length.

The first step with Berry’s method is to determinethe compliance as a function
of crack length. This was done by simply fitting a straight line to each loading
cycle of the load deflection plot, and extracting the slope. These values were
then used in a log-log plot of the compliance versus the crack length. A least

squares fit to these data then provided the correction factor n, as discussed in
Section 2.1.3.

The final step was to tabulate G, values as a function of crack length using

Equation 2.2. As with the area method, P. and 6. were extracted from the

hardcopy of the load displacement plot.

Corrected Beam Theory Method

In a similar way, the modified beam theory method utilizes a correction factor to
correct the raw beam theory expressions in determining the energy release rate.

The modified beam theory method makes use of a plot of the cube root of
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the compliance versus the crack length to determine its correction factor. The
correction factor, A, (using the notation of Section 2.1.5) was obtained as the

intercept of this curve with the z-axis. Equation 2.5 was then used to tabulate

values of Gj. versus crack length.
Experimental values for E;. were also determined at cach crack length using

the expression

where b is the specimen width, A is half the height of the specimen and C 1s

the measured specimen compliance. These values provided a cross-check on the

results.

3.4.2 End Notched Flexure Tests

Unlike the DCB test, the ENF test does not provide stable crack growth. Thus |

when the delamination begins to grow, it will continue until it reaches the middle
of the specimen. For this reason, conventional ENF tests produce only one critical
energy release rate, for one crack length.

Another difference between the ENF test and the DCB test is that the correction
factor used for reducing the ENF test data is based on an independent set of
experiments performed before the actual delamination test. Prior to the actual
delamination experiment, a compliance calibration/crack length calibration was
performed.

The compliance calibration requires the compliance of the specimen to be mea-
sured for a range of crack lengths. This was accomplished by first recording the
load/displacement plot at one crack length, and then sliding the specimen in the
fixture, as illustrated in Figure 3.17, and then recording a new load/displacement
plot. After repeating this procedure several times, a plot of the compliance versus
the cube of the crack length yielded the desired correction factor, m, as the slope.
The compliance calibration procedure was performed prior to the precracking of
the specimen, so that the crack length could be known more precisely.

After performing the compliance calibration, the specimen would be pre-

cracked and repositioned in the test rig at the desired crack length. The de-
lamination test would then be performed in much the same way as the DCB test,

except that there would be no unloading of the specimen.
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After the experiment, the critical load was determined from a hardcopy of the
load versus displacement plot, and used with the measured specimen dimensions

in the equation G = Ima?P?/2b (Equation 2.6), to determine Gyy..

3.4.3 Mixed Mode Bending Tests

The testing procedure used for the MMB experiments was very similar to those
discussed above for the bcB and ENF experiments. However, due to the compli-
cated nature of the MMB test, there do not exist any reliable correction factors
that can be determined empirically. Both the correction factors and the energy

release rate values are based on expressions involving specimen material proper-
ties.

The simple beam theory equations for Gy and Gy; were given in Section 2.3.4

& 2D2
Ja‘ P .
Gr = g, 8e— D)
and -
~ 9a°P .
G = 16521;31,25,1(” L)',

When the correction factors are included, the following expressions are obtained

3P2(3C - L)2 9 2a 1 thn
Gr = 402R3 L2 Ey, [“ Y T3 T TG,
and 2 2 2
2/
Gy = M a’ + M _
1602h3 L3 Ey,y Gha

where A and £ are defined as before in Section 2.3.4.
During the MMB tests, load/displacement plots were recorded in the same

way as the DCB tests. Hardcopies of these plots were then used to determine the

critical loads and by using the above equations, values of G, Gy and Gy were

obtained.
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3.5 Some Practical Experimental Considerations

3.5.1 Precise Crack Length Determination

During the experiments and the precracking procedure, it was necessary to mon-
itor the precise location of the delamination front. This was accomplished by two
methods.

The first method was based on applying a thin layer of typewriter correction
fluid on the thin edge of the specimen to increase the visibility of the delamination
front. A magnifying glass (x10) was then used to locate the delamination front
at the edge of the specimen.

The main advantage of this method was that it could be performed during an
experiment, while moiré measurements were made on the opposite edge. However,
this method could only be used to determine the delamination position at the edge,

so no information about the shape of the delamination was available.

Ultmeonie
ANDE Scans of Crack Front Profile

A more sophisticated method for determining the location and shape of the de-
lamination was to perform nondestructive examination (NDE) of the specimen.
This method provided a highly reliable two-dimensional map of the delaminated
surface within minutes.

However, the NDE scans required that the specimens be submerged in water
during the mapping process, so this method could not be used during an experi-
ment, or after the grating had been introduced on the specimen. Regardless, the

NDE scans played a crucial role in the development and verification of the fatigue

precracking procedure discussed below.

3.5.2 Precracking Procedures

Due to the relatively thick starter films used in the manufacture of these speci-
mens, and the sensitivity of delamination to crack front geometry, it was nccessary
to precrack all types of specimens prior to testing. The precracking involved two

steps—first, mode I precracks were introduced by forcing the arms of the spec-

imen open, then mode II precracks were propagated through fatigue loading n

three point bend.
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