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ABSTRACT

The relation between planar delamination growth, induced by transverse quasi-static load case, and the
coupon delamination validation tests was investigated by evaluating the delamination criteria. The delami-
nation criterion that allowed to describe planar delamination growth was the strain energy density criterion.
An analytical study was performed to relate the elliptical delamination growth in planar delamination growth
with the material properties through the strain energy density criterion. Following to this study, an experi-
mental setup was designed to measure the delamination boundary during the transverse load induction of
a planar specimen. With this new experimental setup both quasi-static and fatigue tests were performed
with quasi-isotropic planar specimen which have artificial delaminations. For the fatigue tests that were per-
formed on this experimental setup, a methodology was proposed on determining the strain energy release
rate. The outcomes of the quasi static tests were then compared with a numerical model based on mode-
partitioning virtual crack closure technique. All the different studies demonstrated that the physical strain
energy release rate was the metric to asses the delamination behavior in a planar fatigue experiment. The
delamination criterion that was applicable for planar delamination problems is the strain energy density cri-
terion which measured and predicted the delamination size.
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ACRONYMS
SERR Strain Energy Release Rate

CLT Classical Laminate Theory

DCB Double Cantilever Beam

ENF End Notch Flexure

MMB Mixed-Mode Bending

ONF Over-Notched Flexure

SCB Single Leg Bending

OLB Over Leg Bending

PGD Proper Generalized Decomposition
SLB Single Leg Bending

ELS End Loaded Split

VCCT Virtual Crack Closure Technique
FE Finite Element

FRP Fiber Reinforced Polymer
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SED Stain Energy Density
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SIF Stress Intensity Factor

AE Accoustic Emission

ASTM American Society for Testing and Materials

ISO International Organization for Standardization

SYMBOL LIST

a Primary Direction Crack length [m]
b Secondary Direction Crack Length [m]
N; In-plane load applied on a laminate [N]
M; Bendingload applied on a laminate [Nm]
P Out-of-Plane Load [N]
D;; Laminate Bending Stiffness [Nm]

A;j Laminate Membrane Stiffness [Nm]

NOMENCLATURE



u In-plane Displacement x-direction [m]
v In-plane Displacement y-direction [m]
w Out-of-plane Displacement [m]
wy Center Out-of-Plane Displacement [m]
€; In-plane strain [-/-]
x; Bending Curvature [-/-]
o; Stress [Pa]

Gy r1Strain Energy Release Rate for delamination mode I and IT [J/ m2)
E; Young’s Modulus [Pa]

Gij Shear Modulus [Pa]

v Poisson’s Ratio [-/-]
re Radius of the Ellipse [m]
r. Radius of the clamp [m]
0 Angle orientation ellipse from center [rad]
K; Stress Intensity Factor for delamination mode I,IT or III [-]

M Mode Mixity factor of delamination mode I and II [-]
¢ Mode mixity angle of delamination mode I and II [rad]
U Strain Energy [J]

W Applied Work []]

IT Potential Energy [J]

up Strain Energy Density [J/m®]
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INTRODUCTION

Every year composite structures are more applied in mobility products [16] due to their lightweight proper-
ties while retaining structural integrity. A greater number of civilians will use a mode of transport that uses
composites, making it more relevant to improve the understanding of damage tolerance assessment. Due
to the poor interlaminar strength of composite materials [17], the most common damage that causes failure
within structural composites is delamination [18]. Delaminations can be induced in a structure in different
manners like impact damage, manufacturing defects, or straight edges[17]. The current standards measure
the SERR of the independent delamination modes to characterize the delamination resistance of Fiber Rein-
forced Polymer (FRP). The delamination modes (figure 1.1) for which the standards describe the measure-
ment for mode I [1, 19], mode II [20, 21], and mixed-mode I/II delamination resistance [2]. All the standard
test methods characterize the delamination resistance of the unidirectional coupon specimen. The benefits
of using a unidirectional coupon specimen are that tests are easily measurable, since the delamination prop-
agates in a single direction, and the delamination propagates with a clean fracture surface. Issues arise when
the delamination resistance of more complicated structures is characterized. To gain more insight into more
complicated delamination behavior, researchers create experiments that test semi-complex structures and
layups. An example of such an experiment would be the transverse out-of-plane load opening experiment in
which a Glass Fiber Reinforced Polymer (GFRP) plate structure with a central delamination is separated by
an out-of-plane load [6] to estimate how the delamination resistance differs in a structure without free edges.

This research aims to investigate how the delamination can be measured in a CFRP plate, to iterate on the
previous plate structure investigation[6]. The difficulty of measuring the delamination in a CFRP planar test
specimen is that the delamination growth is not visible to the naked eye. Innovative tools and methods are
required that can measure the delamination growth in the process. Such tools might already exist like the
lock-in thermography method, which has been applied to measure delamination growth in CFRP compos-
ites in a Charpy impact test [22]. The delamination growth can also be measured by tracking a delamination
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Figure 1.1: The three various delamination modes
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criterion in the experiment. A suitable delamination criterion that can be measured in the planar delami-
nation is the SED criterion. The SED of a material requires insights into the constitutive properties and the
strains of the specimen. The strains of specimen while being tested can be measured with DIC.

The SED criterion recently received renewed interest by Amaral and Daneshjoo [3, 23] as a methodology to ex-
plain the differences between the onset SERR’s of different loading modes. The SED criterion is the principle
that there is a critical amount of energy required at the delamination front for propagation. The researchers
have tested this criterion with specimens of all the different delamination resistance characterization tests
[1, 2, 20]. The result of their experiment is that the SED criterion could explain the relationship between the
mode I and mode II fracture toughness of FRP specimen. Since the critical SED is not dependent on the
loading condition, it should be a material property that is the same for coupon and planar test specimens.

1.1. GOAL OF THIS WORK

This research investigated the methods to measure planar delamination growth in CFRP plates. The meth-
ods that have been investigated to measure planar delamination growth are lock-in thermography and bond
state mapping through the SED criterion measured with DIC. The bond state mapping method did require
more insight since this was a newly developed method. First knowledge was created on how the SED behaves
during planar crack growth by simulating the transverse load opening experiment [6]. These simulations
demonstrated how the SED balances during delamination growth, allowing for stable propagation. The result
delamination shapes of the models did match the experiment. The experiment was designed and performed
to measure both the heat and strains on the surface of the CFRP plate specimens. The quasi-static exper-
iments experienced limited delamination but did demonstrate the repeatability of the experimental setup.
The fatigue experiments did experience planar delamination, for which an analyzing methodology was de-
veloped. The methodology applies the physical SERR to retrieve a quantitative insight into the delamination
resistance of the CFRP plate throughout the fatigue experiment. The last study of the research is to test the
applicability of the SERR mode partitioning criterion (B-K law) for planar delamination problems.



LITERATURE STUDY

2.1. INTRODUCTION

This literature study gives an overview of the current state of the art of delamination test methods. Current
test methods for measure delamination behavior in a single direction and are limited to a specific size. These
limitations were described in the currently standardized methods, which is the initial focus of the literature
review. These test methods were developed through a fracture mechanics framework, which is the second
part the literature review initially investigates. The current test methods fix independent variables to vary a
limited number of dependent variables. The influence of the dependent variables was investigated. Lastly
the experiment is limited by the available measurement methods. In the last part of the literature study the
limitations that these available measurement methods bear was investigated.

2.2, FIELDS OF INTEREST

The main fields of interest that explore planar delamination are low-velocity impact studies, buckling delam-
ination studies, and composite sandwich disbond studies. These study fields have their individual methods
of describing planar delamination behavior and their own set of assumptions. This subsection explores these
assumptions and current developments.

2.2.1. LOW-VELOCITY IMPACT DELAMINATION

One of the earliest experimental studies that investigated the relation between delamination shapes and the
impact load, measured both with peak load and impact energy, was by Lagace and Williamson[24]. Lagace
and Williamson determined that the peak load and indent velocity are directly related to one other. Lagrace
and Williamson’s study also demonstrated similarity between the planar delamination behavior of quasi-
static indentation tests and impact tests. The subsequent developments on the experimental impact studies
to capture delamination behavior were by Davies and Zang [9, 25], who performed an initial numerical study
and experimental study to measure the threshold damage criterion of low-velocity impact tests. Based on the
experiment, Davies and Zang simplified the problem by assuming circular delamination shapes upon impact.
Davies and Zang then identified a critical onset load for impact based on the SERR, assuming that circular
delamination is opened by a pure shear load [9]. To test the numerical outcomes by Davies [25], Schoepp-
ner [26] setup an experiment to derive the threshold load for impact delamination and discovered that the
delamination behavior of low velocity impact tests is similar to that of indentation tests. Schoeppner also
demonstrates in the study that the circular approximation for the delamination shape is not satisfactory. The
next major experimental work that is used for numerical studies is Aymerich’s ultra-sonic scans after impact
[27]. The C-scans demonstrate the final state of the material after the load is induced. However, it did not de-
liver insight regarding the delamination process. Meola et al’s [22] approach to impact tests investigated the
energy dissipation in four different composite materials (two thermoset and two thermoplastic) through ther-
mographic measurements. The research demonstrated the tortuous paths that delamination travels through
when impact occurs. These tortuous paths are the path of least resistance. In recent works [28] it has been
possible to capture delamination behavior with a Proper Generalized Decomposition (PGD) model of planar
delamination induced by low-velocity impact. The study applies a set of boundary value problems to a nu-
merical model which iterated to a singular solution. The study applies a mode-mixed critical SERR measured
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through a power-law to determine the delamination onset growth. The simulation is then compared to the
results given by Aymerich’s experiment [27]. The critical SERR, in the PGD study, was determined through the
DCB and End Notch Flexure (ENF) Test. The mode III critical SERR was assumed to be equal to the mode II
SERR, which demonstrates how the current SERR criterion is applied with intuition. Concluding to their work
Aymerich, Davies and Zang assume self-similar growth of circular delaminations in orthotropic laminates.

2.2.2. BUCKLING DELAMINATION

The first analytical research on buckling planar delamination studies was performed Chai et al.[29]. Chai’s
study delivers an extensive analytical investigation on how delamination onset and growth would behave
when a buckling load is applied. Chai proposed the delamination growth criterion to be the SERR of the
material, which is measured with the DCB test. To determine the growth paths of the delamination, Chai as-
sumes that the material will deliver the greatest resistance possible to delaminations. The greatest resistance
assumption, in combination with planar growth, implies that the SERR at the boundary of the delamination
will be homogeneous. To achieve equal SERR at the delamination border, the delamination is bound to be-
come elliptical. This elliptical delamination shape will be in equilibrium once the SERR is homogeneous at
the delamination boundary, which means that the elliptical shape will grow in a self-similar manner.
Subsequent studies elaborate on this SERR approach, decoupling the critical SERR with separate delamina-
tion modes. Storaker et al.’s investigation [30] assumes that different delamination modes act independently
of one other. Yin and Jane’s [31, 32] study explored planar delamination growth by developing an analytical
model that describes the relation between the point-wise SERR and buckling delamination load. This study
stated that the buckling delamination is greatly influenced by transverse shear behavior, which behavior is
included in present numerical studies. The quasi-brittle fracture behavior, with a maximum SERR, is still ap-
plied in current numerical and analytical buckling delamination studies.

The research by Koellner [33] determined the onset point from which delamination grows. An analytical
boundary condition problem is solved with classic laminate theory, allowing the delamination to grow only
in a single direction at a time. In Wang’s study [34] elliptical delamination can grow in both the longitudinal
and transversal directions subsequently. The delamination behavior in Wang’s study is governed by a mixed-
mode SERR delamination criterion. The mode-mixity parameter is fitted to experimental data, which was
not further elaborated upon in this study. Wang’s study showed the relation between the criterion and the
delamination growth in a quasi-static test.

2.2.3. COMPOSITE SANDWICH FACE DISBONDS

Disbonds in composite sandwich structures is one of the primary reasons that stopped the development of
Lockheed Martin's VentureStar program. The structural failure was disbonds in the cryogenic fuel tank that
started to leak due to disbonds in the X33-program [35]. To gain a better understanding of delamination prob-
lem, NASA was performed multiple studies to investigate the planar delamination in Sandwich panel[36, 37].
Both Chen and Rinker developed numerical studies that estimate the delamination effects based on the dam-
age reports of the VentureStar pressure tank. Due to the pressurization in the studies, the SERR at the crack
growth does not remain constant. Calculating the delamination behavior of curved panels with a fixed SERR
would not capture the delamination behavior accurately.

To further investigate why the SERR does not remain constant in a planar test Cameselle-Molares developed
an experimental studies [6, 38, 39] and numerical [40, 41] studies. The outcome of the complete set of work
is that planar delamination is influenced by an increasing fracture process zone. The resulting proposal from
this study is to calculate a planar SERR value through numerical simulation based on the experimental out-
comes. From this numerical simulation, a linear scaling law can be identified to find the planar SERR value
with the measured load-displacement slopes.

2.3. TEST STANDARDS

For either Mode I delamination [1, 19] , Mode II delamination [20, 21] and Mixed Mode (I/II) delamination
[2] ASTM and ISO have created test methods to derive useful engineering parameters. While these tests stan-
dards give insight in delamination resistance, the standards also describe the limitation of the applicability of
the test.
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Figure 2.1: Schematic of DCB test [1]

2.3.1. MODE I DELAMINATION: DOUBLE CANTILEVER BEAM

The current standardized method for the measurement of mode I delamination behavior is the DCB test. A
standard set up of such a test is given in figure 2.1. A slender beam with a pre-crack is loaded on its edges with
an out-of-plane load. When the beam is loaded it will split, and the double cantilever shape appears. This
splitting is the crack extension which occurs in a stable manner. With the derivation of the energy required
for splitting and the measured crack extension surface, the SERR, of the mode I delamination, can easily be
derived. While the DCB test does give a comprehensive method for determining the delamination behavior
of a beam, it does have its limits. The current method only works for linear deformation. This limits the
specimen size. The current standard can only test 0° unidirectional plies. At the 0//0 interface more extreme
fiber bridging occurs which clutters the measured SERR. This layup limitation is set in in-place to prevent
anticlastic bending effects and nonuniform delamination growth in the test specimen.

2.3.2. MODE II DELAMINATION: END-NOTCHED FLEXURE AND END LOADED SPLIT

The current standardized method for the measurement of mode II delamination behavior is the ENF test for
American Society for Testing and Materials (ASTM) while for International Organization for Standardization
(ISO) this is the End Loaded Split ELS test.

A standard set up of for the ENF test is given in figure 2.2a. The process allows for an isolated insight into
the mode II delamination behavior of a composite material. A slender beam with a pre-crack, at an end of
the beam, is loaded into a three-point bending test. When the beam is loaded, the bending of the beam will
cause a stress difference between the top part of the beam and the bottom part of the beam. This will result
into a shear load, that causes an extension of the pre-crack in a stable manner. With the derivation of the
energy required, by the load induction, for splitting and the measured crack extension surface, the SERR of
the mode II delamination can easily be derived. The standard set up for the ELS test is given in figure 2.2b.
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(b) ELS Test Fixture and Specimen [42]

Figure 2.2: Mode II standard test methods

The process is a clamped in specimen that is pressed on its outer edge. This pressing induces a bending load,
which will induce a shear load at the pre-crack layer.Since the specimen is fixed in this method, measuring
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Figure 2.3: The Mixed Mode Bending apparatus [2]

the crack expansion when loading the specimen is comparatively easier than the ENF test. The ENF and
the ELS test have limitations for describing the delamination behavior of a composite material. Either test
is developed for linear elastic behavior, which limit the test for large deformations. This also means that
very tough composites should be avoided when applying these tests. Lastly, the current Mode 1II tests solely
describes the toughness of 0//0 interfaces, while the value does differ for other layups.

2.3.3. MIXED MODE DELAMINATION (I/II): MIXED-MODE BENDING

For the understanding of mode mixing during delamination, MMSB is the standard. A standard set up of this
test is given in figure 2.3. The process of the MMB test is like a combination of the DCB test with the ENF
test. A slender beam with a pre-crack, at an end of the beam, is loaded into a three point bending test while
being pulled apart. This combination of loads is achieved with a cantilever beam that presses at the center
of the beam, while opening the end of the beam. This means the mode I behavior is defined by the distance
of the beam lever, to the center of gravity, while the mode II behavior is defined by the sum of loads. This
allows a determination of mixed-mode delamination behavior through a linear elastic model. Since linear
deformation theory is applied, only small deformations can be tested. This limits the test to thin beams with
weak interfaces.

It can be noted that the current testing methods do mainly have issues with either thicker laminates, that are
applied in practice. The test is not suitable for multidirectional laminates.

2.3.4. DISCUSSION STANDARDS

The primary discussion of the current test standards is the determination of the onset SERR of the mode II
delamination test [17], which is greater than the mode I onset SERR. O’Brien et al. discovered during the study
that in fatigue load cases, the onset SERR of a mode II specimen will transform into a cyclic SERR similar to
the mode I SERR at a large number of cycles. O’Brien mentioned that this could be due to the initial onset
sensitivities, like the matrix stiffness, meaning that the current SERR method is a conservative estimation of
the delamination behavior. To quantify why this change of delamination resistance occurs in a fatigue test,
Amaral et al. [3] performed a set of MM B tests to test a criterion that is independent of the mode-mixity. This
criterion is the SED criterion [43] which is energy required at a crack front to propagate the delamination.
Amaral et al. [10] also created an experiment to measure the developments at the crack front in a mode II
test. The outcome of this experiment is that in mode II loading not all energy was dissipated to the crack
front. Instead some energy dissipated into cusp forming beyond the crack front, see figure 2.4.

2.4. FRACTURE MECHANICS APPROACHES

All the present standards are based on a fracture mechanics approach, which in turn deliver on a criterion
that can estimate the delamination resistance of a laminate. The reason for the application of these methods
is because of their theoretical background that can be combined with empirical test methods. Since any
experimental method should be in line with a supporting theoretical framework, the main fracture mechanic
frameworks are investigated. The various fracture criteria which are the commonly used SERR, the SIF and
the SED were explored. All these criteria are related but approach the delamination problem differently.
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Figure 2.4: Cusps Formation in Foam [3]

2.4.1. STRAIN ENERGY RELEASE RATE (SERR)

The first mention of SERR that limits the crack growth behavior is described by Griffith’s theory [44]. In Grif-
fith’s Fracture theory it is mentioned that the potential energy exists out of the induced strain energy and
the available energy applied by the forces. This "energy applied by the forces in the material" are the de-
scribed delamination forces which in turn gives the SERR. In his works Griffith measured the delamination
of isotropic solids, both brittle materials (thin Hard English glass plate and glass fibers ) and ductile materials
(various metals),through a hydro-static load that was slowly increased. After Griffith more advanced methods
have been developed to describe the delamination behavior. The current standards of the double cantilever
beam, the ENF and the mixed-mode bending tests are described in chapter 2.3, since these are the current
test methods.

2.4.2. STRESS INTENSITY FACTOR (SIF)

The first method that aimed to explain crack growth behavior was developed by Irwin [45]. The reason that
Irwin described the sharp notch crack behavior, is since the methods at that time mainly could describe blunt
notch problems. The blunt notch model would give infinite stresses at sharp corners, which is not a realistic
description. Based on Griffith’s SERR model, the stress behavior could be captured for either plane-stress
and plane-strain behavior. The method made by Irwin describes the plane strain stress distributions in an
isotropic material, based on the induced crack loading mode. When a certain maximum stress is developed
through the crack itself, brittle failure will occur in the material. The stress intensity factor theory was further
expanded by Sih [43] for orthotropic materials. This model allows the SIF method to be applied for composite
materials. This is also the first time that the loading modes were separated and that influence of mode-mixity
is mentioned. The method given in either Irwin’s and Sih’s work are simply measured with the application of
strain gauges. A strain map was developed through which insights were provided on the crack growth. The
limitations of this method is that it solely focuses on crack growth in a brittle plastic manner through a solid.
This does not accurately portray the interlaminar delamination behavior of a composite, which is why the
current standard is described with the SERR.

2.4.3. STRAIN ENERGY DENSITY (SED)

As mentioned by Pascoe [46], the current methods for fatigue delamination are not focused on the further un-
derstanding the physics of the problem and instead extend existing empirical calculation methods with more
experimental data. To gain new insights on fatigue delamination Amaral [3] and Daneshjoo [23] have been
working with the SED fracture mechanics application. The method defines that the crack will extend when
a certain critical energy is reached at the crack front instead of a general critical SERR. To define the further
development of the crack path, the method describes the stresses at the crack tip with functions defined by
Sih [43]. The product of these stresses with its strains at the crack tip defines the SED field at the tip. The SED
is negative counterpart of the potential energy. The maximum potential energy defines the direction of crack
development. This implies that the crack path is also determined by minimum SED. This research described
the difference in critical SERR between mode I and mode II loads, which correlates with the fatigue behav-
ior measured by O’Brien [17]. The major benefit of the SED approach compared to the mixed-mode SERR
approach is that the SED depends on the current energetic state of the material while the mixed-mode SERR
approach depends on the change of energetic states. While the method does explain the current behaviors of
the separated standardized delamination tests, it still has complications to describe the mode mixity of the
delamination problem in a proper manner.
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2.4.4. MODE MIXITY
In the test methods it is possible to isolate the problem to a single mode of delamination. Most load cases
applied to composite structures cause a mix of the delamination modes. To give insight in the manner that
mode-mixity occur in the material, it is important to highlight the two most important parameters to describe
mode-mixity. These are for the induced load (the phase angle) and the resulting SERR modes (Mixed Mode
Ratio) which are described as following:
Phase Angle
The phase angle describes the relation of the mixed-mode loading’s, this gives insights regarding the experi-
mental setup.
-arean(i
¢ =arctan | — (2.1)
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Where K; describes the separated induced delamination mode load. It is common practice to vary the phase
angle within an experimental setup to see the orientation dependent load response of a material. Mixed
Mode Ratio
To describe how the resulting SERRs mix resulting from a delamination test it is a common method to apply
a mixed mode ratio. The equation for the mixed mode is given as following:
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Where G; describes the individual mode SERR’s. The mixed mode ratio is a linear scaling function between
the mode I and mode II delamination. It is a common measure to compare the validity of a mode mixing
criteria or theory to an experiment.

2.4.5. DELAMINATION CRITERIA

As mentioned in the section 2.4.3, different criteria were derived with various methods of analyzing empirical
data, however certain delamination criterion are based on a more fundamental theoretical background. Most
of these criteria are evaluated in Reeder’s study [47]. These are highlighted in the following paragraph:
Single Mode Criteria

The single mode criteria is applied in the SERR delamination model. In this criteria method it is assumed
that the mode I delamination and mode II delamination operate independently from one other. Next to that
the method also states that a general critical SERR will be the same in the laminate even when the loading
changes. Demonstrated by the significant difference between critical SERR values and the other mechanism
occurring, like the cusps forming for mode II delamination, it can quickly be pointed out that this criteria
does not reflect the actual delamination behavior.

B-K Criterion

The B-K criterion is developed by Benzeggagh and Kenane [48]:

m
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Where m is a semi-empirical factor that makes the criteria fit with the found test data. The critical strain
energy varies with the induced mode-mixing. This criterion is an applicable tool for engineers to calculate
and measure the varying critical SERR with the MMB test. However, it does not explain why the SERR is
varying with a shifting phase angle. Lastly the semi-empirical fitting factor does show that the process is
defined by a power-law but does not explain why the effects are modeled with a power-law.

Bilinear Delamination Criterion

In Reeder’s later work [49], delamination criteria is proposed where interaction is included between the mode
I and mode II SERR’s as following:

Gre =Gy, +Gre (2.4)
Gre =§Gr1.—Gipe 2.5)

Where ¢ and { are material parameters that are determined experimentally. The method mainly assumes that
failure of the layers occurs linearly in the extremes of either SERR region, based on the singular mode tests.
Also this method is created based on any physical phenomenon.
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2.5. VARIABLES THAT INFLUENCE THE DELAMINATION TESTING

For the one dimensional tests, many different studies have been performed to determine the influence of
the geometric properties of the test specimen. The geometric measurements are normally performed by
investigating the aspect ratios (width over length) of either laminate side in a delamination test, or by varying
the thickness of the test specimens. A short description on the one dimensional research performed with
either test is given in the following subsections.

2.5.1. INFLUENCE OF THE FINITE WIDTH

Davidson et al. [50] investigated the influence of the finite width on the SERR. In this study an analytical
model was created and compared with a Finite Element (FE) counterpart. These models demonstrated that
transverse coupling behavior was apparent in wider test specimens. This was further investigated by testing
two different layups with various width’s: the commonly used pure [0], laminate and the orthotropic [+45],
laminate. A factor to determine the severity of transverse shear coupling with the following coupling factor:

2
D12

= (2.6)
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At significant widths, a more severe response to coupling was found to the [+45], compared to the unidirec-
tional laminates. A worst case estimated was a reduction of critical SERR of 9%. There was no experimental
data given to support this statement by the author. This finite width problem demonstrates the limits of the
1 dimensional DCB test, where the width of has an influence on the data.

2.5.2. INFLUENCE OF THICKNESS

In more recent research, the influence of thickness of the test specimen on the critical SERR. One of the earlier
major works is by Manshadi [51] who investigated the cohesive law with a semi-experimental optic method.
Through a stash of optical fibers, Bragg gratings, Manshadi measured the local strains at the delamination
front. The outcomes were translated in an averaged traction load versus displacement graph, which is the
cohesive law of the material, which is given in figure 2.5 This cohesive law can then be combined with mea-
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Figure 2.5: Cohesive Law in relation to the thickness of the specimen [4]

sured the compliance behavior to derive the resistance curve. The cohesive law demonstrates that thicker
laminates do have a greater critical SERR (this is the integral traction stress and displacement). The cause
for this significant difference in critical SERR was given by Manshadi[51] to be the smearing of stress near
the crack front. This smearing of stress, the option to spread stress in the fracture zone before the delamina-
tion, is caused a greater fiber bridging zone. Fiber bridging offers more resistance to delamination, since the
delaminated fibers obstruct further delamination, which enhanced the critical SERR.

2.5.3. INFLUENCE OF LAYUP
Aside from the geometric properties, the stacking sequence can cause coupling which affect the SERR. This
effect is mainly captured with the transverse shear coupling factor D.. Davidson [52], tested five differ-
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ent layups in his work: isotropic, unidirectional laminate, [+15], [+30] and [+45]. All the laminates are or-
thotropic to cancel out the D;g and Dyg.

The curvature effects caused by the layups, do spread out the SERR at which greater transverse shear cou-
pling factor induces a greater spread of shear energy release rate. These conclusions were further supported
by Davidson’s newer model [53].

As mentioned in the geometric subsection, a wider spread of shear energy release rate will cause a greater
critical SERR. This does comply with the experimental data of both Choi [54], O’Brien [55] and Polaha [5].
Especially in the later work, a clear investigation is done to find the relations between the layup sequence
and the mix mode delamination. The results of this investigation is given in figure 2.6. These results link the
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Figure 2.6: The critical ENF SERR versus the layup [5]

off-axis laminates, the varying of SERR with a varying phase angle and the general hypothesis on the smearing
of SERR together. It is therefore worthwhile to investigate such effects in a planar test setting. As measured
by Cameselle-Molares [6], different delamination patterns are found when non-isotropic laminate mats are
used, see figure 2.7.

2.6. BOUNDARY CONDITIONS AND LOAD INDUCTION

The planar delamination test of composites is fairly new in its method to determine the fracture toughness
of a plate. Two dimensional delamination of membrane structures have already been explored through mul-
tiple studies. One of the common methods to test fracture toughness of membranes is the William’s blister
test. This type of testing connects a thin elastic membrane to a rigid body, after which the membrane layer
is delaminated through a load. The type of loading can be varied. The most common methods of loading
are the pressurized blister and the shaft-loaded blister, seen in figure 2.8. While the blister test investigates
isotropic membrane structures, which are thin plates with a small bending stiffness, composite laminates are
plate-like structures with a significant bending stiffness. The load induction and choice for boundary condi-
tions can give relevant insights to start further development of a planar delamination test.

The first work that tests the applicability of William’s blister tests for the determination of delamination tough-
ness was performed by Storaker [30]. Storaker’s work is further investigating the claims by Williams [56], that
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Figure 2.7: Delamination of a fiber mat with various stiffness over the principal axis:(a) 50%/50% (b) 60%/40% [6]
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Figure 2.8: Schematics of the loading configurations for (a) pressurized blister, (b) shaft-loaded blister [7]

states the adhesive toughness is not a material property, but instead is reliant on global variables. It should
be noted that William’s work, did not investigate the SERR.

Storaker does work out an energy relation to describe the mechanics of delamination of membranes. Two
extreme energy release rates are described, one for pure bending and one for pure stretching. These release
rates scale with the induced load (pressure in this experiment) and the maximum displacement in the center.
Since the maximum displacement is depending on material properties,this model does provide new insights
regarding the displacement behavior.

The next step in further developing the blister test is analyzing the mode mixity of the layups. The funda-
mental research that defined mode mixity of isotropic materials is presented by Suo [57]. The study develops
a generalist mechanical model that describes mode mixity for two elastic materials delaminating. This anal-
ysis gives a complex description of the crack stress intensity factor. The mode mixity is firstly described by
the phase-angle. This model is further developed by Jensen [58], which compares the Suo model and in turn
gives an understanding between the geometric and constituent properties. To make the mixity more mea-
surable, Jensen continued his work [59] by drawing a relation of the mode-mixity that can describe a relation
between bending stiffness and a normalized displacement (displacement over material thickness). While this
specific solution only works for isotropic materials, it does demonstrate options to describe mode character-
istics. Likewise solutions have been produced by Guo [7] and Jin [60]. Later works that finalize the blister test
analysis are focused on non-linearity [61] and initial blister radius [62].

2.7. MEASUREMENT METHODS NON-TRANSPARENT LAMINATES

Many different measurement methods offer the opportunity to measuring delamination front within a com-
posite material, however few methods can do so without being in contact with the test specimen. This mainly
pushes the method of thermography, a method that indirectly measures irreversible damage mechanisms
through the heat caused by thermal-elastic loading. This method usually comes paired with other tech-
niques like DIC and Accoustic Emission (AE) during testing, or X-ray scanning after testing to validate the
initial results. These methods will be briefly highlighted in this section.

2.7.1. THERMOGRAPHY

A promising methodology for this type of measurement is passive thermography, which has been a topic
thoroughly explored by Lahuerta [63, 64] regarding lock-in thermo-elastic thermography. The approach by
Lahuerta measures the released energy that occurs at the delamination front. This type of thermographic
measurement is clearly explained in the work of Green [65] and has been tested before by Narayana Swamy
[66] with a FLIR 315 infrared camera (with a sensitivity of 50 mK). While the method still meets it limits re-
garding accumulative error (10% in the worst case), these errors occurred due to the lack of synchronization,
and the bit of mismatching data. This should be a major focus point for setting up any experiment. Next to
that, the test performed by Narayana Swamy tested GFRP’s, which is a poor thermal conductor. The current
tests will be performed on CFRP’s, which conduct heat better. The thermal conductivity does make it easier
to measure heat patterns from the surface, so heat easily moves through the material. The heat conductivity
also causes more clutter in the measurements to the more apparent dissipation of heat.
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2.7.2. AcOUSTIC EMISSION

While thermography is a method that can locate irreversible damage induced in the material, it cannot mea-
sure which damage is induced. Other test methods are required to describe a more complete measurement.
A measurement technique that describes the type of damage is that of acoustic emissions. This is a method
that measures the elastic waves that traverse through material. A combination of these methods has been
tested by Munoz [67]. This study combined with a model that could link the received acoustic signals with
events that were spotted through a heat map on the test specimen. The results gave a clear insight on which
damages were occurring in the specimen, at which location and at which point in time. The method tested
by Munoz delivered only qualitative insights but is lacking on quantifying the damages.

2.7.3. DIFFERENTIAL IMAGE CORRELATION

DIC measures the strains on the surface of a specimen. DIC can do such measurements with the support
of a speckle pattern that is applied on a test specimen. Through the displacements of separate individual
speckles, displacements can be deduced from which strains can be derived. When a delamination occurs
in a laminate, the stiffness of a laminate reduces locally. It should therefore be possible to locate a delami-
nation through the detection of largely deforming sections with DIC. This behavior is what Venkatachalam
[68] attempted to capture. By measuring the transverse strain, Venkatachalam was able to locate delamina-
tion spots, through post-processing. A similar method was applied by Cameselle-Molares [6] in which a DIC
camera was able to follow a crack path that was predetermined through numerical analysis see figure 2.9. It

—_
~

Out-of-plane disp. (mm)

Figure 2.9: DIC measurements of plate W50.50.1; example image of area and path of interest[6]

is worthwhile to investigate the stress and strain effects, separately as well as combined for either the DIC
measurement method or the thermography measurement method.

2.8. FURTHER RESEARCH

The literature study aimed to understand the general delamination behavior in a problem where a central
delamination is growing in multiple directions. All the studies mentioned in this literature study that apply a
mode-mixity criterion showed that it is complicated to determine the right critical SERR in a planar delami-
nation problem. A set of studies apply either the mode II or the mode I critical SERR as onset delamination
problem. Amaral and Danesjoo propose a method that works irrespective of the problem, while delivering
a method to determine the delamination growth criterion. The current studies on delamination growth be-
havior in a planar setting are in conflict Kollner [29, 33, 34]. Where Chai and Wang do allow planar growth,
Kollner allows only stable delamination growth in a single direction. There is an agreement regarding the
elliptical delamination shape that occurs in different fields of studies [6, 26, 33]. There are no in-process
measurements of the delamination behavior available in the literature. It is demonstrated that there is a
lack of knowledge on delamination criterion and delamination growth behavior that requires new innovative
measurement techniques.



ANALYTICAL INTERPRETATION OF THE
PLANAR DELAMINATION PROBLEM

3.1. INTRODUCTION

As mentioned in chapter 1, semi-complex structures are tested to gain insight on more complex delamina-
tion behavior. When analyzing such semi-complex structures, it is important to have a firm understanding of
the problem so that undesired effects can be avoided. For this reason, an analytical mechanical model is de-
veloped for this research. The most recent attempts to encapsulate planar delamination behavior are made
by Yang [69] and Chen [70]. Yang describes the membrane delamination behavior of an isotropic membrane
loaded in a similar manner to the transverse planar delamination experiment [6]. Yang’s model only investi-
gates isotropic materials and does not account for bending stiffness. Chen’s [71] model describes an indenta-
tion test delamination behavior of a clamped laminate similar to numerical model by Davies [12]. The model
proposed by Chen [71] simplifies the delamination growth to purely circular expansion, while circular expan-
sion was not measured by Davies. An analytical model was developed, since no model investigates how the
delamination growth occurs in a planar specimen. The analytical model proposed in this chapter will apply
Classical Laminate Theory (CLT) for the constitutive material behavior in combination with the SED criterion
to understand effects that are demonstrated in of transverse out-of-plane load opening planar delamination
experiment [6]. The model will describe how delamination growth behavior develops the final delamination
shape. The outcomes of the model are then compared with the experiment.

3.2. EFFECTS TO BE STUDIED

In chapter 2 it was mentioned that different discussions are still ongoing on the planar delamination growth.
The main discussion that this analytical model will analyze is how the delamination grows from an initial cir-
cular delamination to an elliptical delamination. This effect has been described for planar buckling delami-
nation behavior [29, 34] with the assumption that the material will offer the greatest delamination resistance
(maximum SERR) it can possibly offer. Based on this assumption different theories for growth exist. Chai’s
research [29] states that delamination growth occurs in a stable (transverse) manner until the top layer of the
laminate fails after which unstable (planar) delamination grows in a self-similar manner. The descriptions of
this research do give insight on when planar delamination occurs, but not why it is happening. It is therefore
the goal of this model to give an explanation when the delamination behavior turns from stable to unsta-
ble. Wang’s research [34] made a model that can describe the onset delamination growth for through-width
buckling delamination experiment with an initial elliptical delamination. While this study does describe the
onset delamination point accurately, it cannot estimate the delamination propagation. It is therefore also a
goal of this analytical model to give an understanding on how delamination propagation occurs in a planar
delamination problem.

The current hypothesis is also that there is a direct relation between the SED and SERR. The investigated
transverse planar delamination experiment used composite mats with various degrees of orthotropy which
have different SERR’s. The model can therefore test this hypothesis by applying SED values as criterion mea-
sured at the onset delamination versus a simulation where the SED values are equal between the composite
mats.

25
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Table 3.1: The constitutive properties of the investigated composite mats [6]

50/50 17.79 17.79 7.25 2.62 0.19 | 0.33 | 0.33 | 470x470x3.43
60/40 22.30 14.86 7.57 1.73 0.23 | 0.32 | 0.33 | 410x410x3.055
70/30 24.28 10.41 7.07 1.58 0.27 | 0.32 | 0.34 | 400x400x3.355
80/20 27.03 6.76 6.90 1.48 0.31 | 0.31 | 0.34 | 410x410x3.555
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experiment [6]

Figure 3.1: The out-of-plane displacement measurements used for the assumptions

3.3. EXPERIMENTAL PROGRAM

The transverse load-opening planar delamination experiment [6] that is being investigated tests a set of com-
posite mats with various constitutive properties, see table 3.1. The experiment loaded the laminates until the
delamination crack front lost its symmetric properties. This loss of symmetry is caused by matrix failure of
the material. Figure 3.1 shows the out-of-plane displacement behavior that was measured during the experi-
ments. The out-of-plane displacement only occurs within the delaminated area. The experiments have been
performed with a displacement-controlled load induction, which means that the input of the model should
also be a centrally induced displacement. Lastly the delaminations were measured as ellipses which have a
major axis and minor axis, see figure 3.2.

W60.40.1

Figure 3.2: Delamination Shape Axes, green is the major direction and red is the minor direction [6]
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3.4. ASSUMPTIONS

In this analytical model a set of assumptions are applied to model the planar delamination behavior in the
most efficient manner. The thin-plate assumption is applied since the span over thickness ratio is large. The
rule of thumb for the application thin-plate assumption is that it can only be used for plates that have an
aspect ratio of w/t > 20 [72]. For the investigated experiment this aspect ratio is about 200, so the thin plate
assumption is valid. To simplify the problem further, symmetry over the crack interface plane was assumed,
which means that only one side of the mats was modeled. The next assumption, based on the out-of-plane
displacement profiles, is that no out-of-plane displacement occurs outside of the delaminated region relative
to the thickness center of the plate. Since major displacement behavior at the delamination boundary was
out-of-plane displacement, it was assumed that bending strain energy will be the major contributor to SED
at the delamination boundary. For the simplicity of this analytical model, in-plane stretching effects were
ignored. Excluding in-plane stretching effects causes a more uneven distribution of SED at the delamina-
tion boundary. It was assumed that the SED will be constant throughout the whole delamination process.
Since there are currently no measurements on the development of the SED during crack propagation this can
neither be proven or disproven. Interface effects, like fiber-bridging, were not included in this model.

3.5. DISPLACEMENT FIELD

The planar out-of-plane delamination problem is quite complicated since it combines non-linear mechanics
with orthotropic materials. With the out-of-plane displacement only occurred in the delaminated area, this
model approached the delamination behavior as a moving boundary conditions problem. During the exper-
iments the circular initial delamination turned into an elliptical delamination. Therefore the outer boundary
was described as an elliptical delamination, since a circle is a special type of ellipse. To encapsulate continu-
ous displacement behaviour, the model simplifies the boundary condition at the clamp radius and assumes
a central displacement (wy) in the center of the delaminated plate. The boundary conditions were defined as
following:

W(Selips) =0 (3.1a)
0w(S,y;
M =0 (3.1b)
on
w(0,0) = wo (3.1¢c)
dw(0,0) =0 (3.1d)

Where w(Se;ps) is the displacement field and 7 is the normal direction of the delamination boundary. To
simplify the solution to this boundary condition problem, the problem is first solved in a one-dimensional
manner.

w(a,0)=0 (3.2a)
owa0) _, (3.2b)
0x
w(0,0) = wy (3.2¢0)
Iw(0,0) =0 3.2d)
0x

Where a is the delamination length in the x-direction. A third order polynomial would be able solve this set
of boundary conditions.

w(x) = A+ Bx+Cx*+Dx> (3.3)
Implementing this third-order polynomial in the set of equations results in the following set of equations.
0=A+Ba+Ca*+Da’ (3.4a)
0=B+2Ca+3Da* (3.4b)
wy=A (3.4¢)
0=8B (3.4d)

The solutions of this equation set is the one-dimensional displacement equation.

w(x) = w0(1—3(2)2+2(2)3) 3.5)
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Out-of-Plane Displacement m]

X-Coordinate Laminate [m]

Y-Coordinate Laminate [m]

Figure 3.3: Central Delamination Displacement Model for the 50/50 GFRP Composite Mat

The ratio of crack length and the x-coordinate is central to the one-dimensional solution. To translate this
one-dimensional solution to a two-dimensional solution this ratio can be interchanged with the ratio of the
delamination ellipse radius and the corresponding x- and y-coordinate. The two-dimensional displacement
field is therefore as following:

x \? x )3 y ) v\
W(x’y)zw"(l_?’(re(e)) +2(re(9)) )(1_3(re(9)) +2(re(0)) ) oY

In this formula r, is the radius of the ellipse which is as following:

ab
re(0) = (3.7
Vb2 cos2(0) + a2 sin?(0)

Where b describes the delamination length in the minor semi-axis, and 8 describes the angle of the displace-
ment field location with respect to center of the coordinator system.

0= arctan(%) 3.8)

The displacement field is illustrated in figure 3.3. To reintroduce the clamp was used to induce the load in
the transverse planar delamination experiment the displacement field was altered. The displacement field
was cut off at the radius of the clamp. The out-of-plane displacement at the clamp radius was matched to the
central out-of-plane displacement in the experiment. This transformation is the following:

w
Wor = 0 (3.9)

2 3
- e
1-s(z) 2 (7))
In equation 3.9 r. is the cut-off radius, and r4,¢ is the average ellipse minor semi-axis and major semi-axis.
The resulting displacement field is illustrated in figure 3.4.

3.6. APPLYING THE STRAIN ENERGY DENSITY CRITERION

The SED is the product of the second derivatives if the displacement fields and the laminate bending stiffness.
The second derivatives of the displacement are calculated as following:

62
Wy = =2 (3.10a)
0x?
62
Wyy = _l;} (3.10b)
oy
02
w (3.100)

Wy = 0x0y
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Out-of-Plane Displacement m]

X-Coordinate Laminate [m]

Y-Coordinate Laminate [m]

Figure 3.4: Clamped Central Delamination Displacement Model for the 50/50 GFRP Composite Mat

The laminate bending stiffness is determined with CLT to be as following:

M, Du D12 Dis] [ xx
My p=|D12 Dz DA Ky (3.11)
My Di¢ D2 Des| (Kxy

Where kappa describes the curvature and M describes the moment in the respective axis. The SED of the
laminate can be determined as following:

au 1
d_V = tl_ (wxxDu Wyx+2Wyxx D12 Wyy + 4wy D1g Wyy + Wnygg Wyy + 4LUny26 Wyy + 4wxyD66 wxy)
am
(3.12)

Where the t;,,, is the thickness of the laminate. The total potential energy of the delaminated area can be
described as following.
n=u-w (3.13)

Where U is the strain energy available in the delaminated area.

a pbla)Va?-x2
U=t f f dU(x,y)dydx (3.14)
tam —aJ-(bla)Va?-x? yay

Whereas W describes the work applied to the laminate.
W =wyP, (3.15)

In the work equation 3.15 the variable P, describes the transverse center load. The radius of the ellipse func-
tion, x-and y-coordinates can be transformed into cylindrical coordinates with a radius that depends on the
angle.

X =T1,(0) cos(0) (3.16a)
Y =r(0)sin(6) (3.16b)

Assuming a constant SED criterion the development of the SED can be well demonstrated by figure 3.5. The
development of a critical SED at one angle to two angles show how the stable transverse crack growth de-
velops into unstable planar crack growth, when an equal SED is available at both crack growth directions.

3.7. SIMULATION OF THE EXPANDING DELAMINATION

To apply the SED criterion in a simulation, a simple model has been setup according to the scheme presented
in figure 3.6 .The inputs that are required for the model are the material properties of the test specimen, the
initial delamination radius, the maximum applied displacement, the radius of the load induction clamp in
the experiment and the amount of calculation increments that should be performed. The outputs of the
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Figure 3.5: The SED around the boundary of the delamination for the 70/30 Composite Mat: a) at the offset b) at the rupture

model are the delamination size vectors in the primary and secondary delamination direction. The model
will perform a CLI analysis and calculate the SED function. This SED function is then inserted in a calcu-
lation scheme with the initial delamination size and the maximum displacement. The displacement will be
incremented with the set increment step. The code will then determine the maximum SED at the delamina-
tion boundary. When the SED is greater than the critical SED, the code starts expanding the delamination
until the SED at the boundary is below the critical value. This expansion effect is the exchange of work for
delamination area, which is bound by the law of conservation of energy. The model will therefore always
demonstrate stable behavior. When the delamination expands in the stiffest direction, the stiffness in that

Define max displacement and nincrements

Critical SED at delami-
nation boundary? [ NO Displacement is in-

creased

Yes

Delamination Area
Increased

Yes | Delamination Radius
=> Quter Radius?

No

Max displacement
reached?

No

Yes

End Simulation

Figure 3.6: The Analytical Model Solver Scheme

direction will be reduced. This also means that the SED will decrease in that direction. Figure 3.5 shows how
the SED varied around the delamination boundary before and after the expansion of the delamination, to
demonstrate this effect. This stability resulted into a delamination equilibrium shape, after which the delam-
ination developed in a self-similar manner. This equilibrium shape is the ellipse that was measured in the
experiment. The comparison of the equilibrium ellipse of the model and experiment is documented in table
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Table 3.2: Comparison Ellipse Shapes Experiment and Model with the equilibrium Strain Energy Density

50/50 32.8 1.0000 (140/140) | 1.0000 3.301
60/40 26 1.2857 (135/105) | 1.1182 2.71
70/30 17.5 1.1967 (110/92) | 1.2361 6.52
80/20 12 1.3043 (120/92) | 1.4119 2.1

3.2.

3.7.1. CALCULATION OF THE STRAIN ENERGY RELEASE RATE WITH DELAMINATION VECTORS

The outcomes of the simulation were the delamination growth vectors. A Matlab script (documented in ap-
pendix C) calculated the SERR for each instance in which the delamination size was increased. The SERR was
calculated by applying equation 3.21. By removing the parts of the data where delamination was not occur-
ring, the data was analyzed with a 3rd order polynomial curve fit, through Matlab’s curve fitting toolbox.

The resulting SERR plots (figure 3.7) demonstrate that the SERR converges to a singular value. After the first
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Figure 3.7: The SERR of the various composite mats calculated with the SED’s given in table 3.2 fitted with a 3rd order polynomial

set of simulations were run without the SED’s derived from the rupture experimental data, a second set of
simulations were where the SED was all equal to that of the 70-30 rupture SED. The SERR of the second sim-
ulation 3.8 also converge to a singular value. After investigating the aspect ratios during the test, figure 3.9, it
was concluded that the point at which the SERR converges, seems to be when the equilibrium shape is fully

developed.
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Figure 3.8: All the SERR of the mats with identical SED demonstrating the orthotropic influence on the SERR

3.7.2. CALCULATION OF THE CENTER LOAD WITH THE DELAMINATION VECTORS
The next step in the analysis of the model was by investigating the load-displacement behavior. The load was
derived with the first Von-Karman equation, which is as following:

o +2(D1s +2Dgg) Ow  p dw
1 12 66) 55292 T P2 50
2 2 2 (3.17)
0cw 0cw o0cw ow ow

= Ny 4 2Nygy o + Ny s’ — py o — p e 4
T ox2 Yoxoy Y ay? Pxox py@y Pz

Where N with subscripts are the in-plane applied loads and the variable p with subscripts are the external
applied pressures. Since the load can be modeled as point force at the center of the plate, the Von-Karman
equation was simplified.
D 0'w +2(D12 +2Dgg) 0'w +D 0'w
g 12T e 5x20y2 T T gy (3.18)

= PO (X — Xcenter)0 (Y — Yeenter)

Where § is the Delta Dirac function that can be expressed with equation 3.19.

1 if x = xo,
0(x—xp) = . (3.19)
0 otherwise.

Due to the boundary conditions the exact load at the center is infinite. To approximate the load that is oc-
curring in practice, the load is approached by calculating the limits as close as possible to actual center load.
The values assumed for Xcenrer and Yeenrer is 0.01 mm. The simulation outcomes, the delamination vectors,
and the displacement vector used for the simulation are then used in a small script which returns the plots in
figure 3.10. The simulated load-displacement graphs demonstrate the load drops similar to measured load-
displacement graphs of the experiments, illustrated in figure 3.11.
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Figure 3.9: All the Aspect Ratios of the various mats with a critical SED of 7943 [J/m?]

3.8. EVALUATION OF THE SERR AT THE OFFSET AND RUPTURE

With the load-displacement behavior acting accordingly the last step in finalizing the model was by calculat-
ing the SERR. Due to the complexity of the problem an exact integration required too much computational
power. The determination of the SERR was therefore performed with a numerical integration scheme. The
numerical integration functions by increasing the delamination size with a small fraction.

a=0+ANay
b1 =(1 +A)b0

(3.20a)
(3.20b)

Where A is a very small number. For the numerical estimations of the SERR, A = 0.001. The general numerical
integration of the SERR is:
_dU _Ula, b1) —Ulay, by)
=

The SERR of transverse delamination growth can be determined in a similar manner.

3.21
7(a1 b1 — agbo) lug (5:24)

G U(ay) —Ul(ayp)

(o —aq (3.22a)
_ U(b1) —U(by)
= et by (3.22b)

To reduce the calculation time and to exclude the clamped region in the area integration, the strain energy is
instead integrated over a quarter plate and multiplied by four.

~re pbla)Va?-x?
U(a, b1) =4f f aUu(x,y)dydx
_a J-

(3.23)
(bl a)V a?—x?

Where r, is the radius of the clamp, which is where no energy dissipation of the material occurs. The onset
SERR was determined for the material in the primary direction for the transverse delamination and for planar
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(c) Load Displacement Graph of the 70-30 Composite Mat
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Figure 3.10: All the Load Displacement Graphs



3.8. EVALUATION OF THE SERR AT THE OFFSET AND RUPTURE
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Figure 3.11: The load-displacement graph of mat 60-40 [6]

Table 3.3: The onset SERR of the various composite mats

50/50 460 187
60/40 733 292
70/30 871 345
80/20 544 214
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Table 3.4: The equilibrium Strain Energy Release Rate of the various composite mats

50/50 547 384
60/40 1547 801
70/30 1470 778.9
80/20 458 289.72

delamination. Table 3.3 demonstrates that the onset SERR for transverse growth is nearly twice as great as the
planar onset SERR. When the whole delamination developed into an identical SED at the boundaries in
the primary and secondary direction, unstable planar delamination growth occurred. The stable transverse
growth SERR was compared with the unstable planar growth SERR. The outcomes regarding the stable and
unstable are presented in table 3.4. At the rupture of the experiment the SERR of the transverse growth is also
about twice as great as the planar growth SERR. The assumption is that the delamination shape developed
into the least resistant form, which it would be when the SED was at equilibrium.

3.9. CONCLUSION

The CLT bending model with SED criterion demonstrated accuracy when the simulated delamination ellipses
are compared with the experimental delamination ellipses. The application of the SED criterion did allow to
explain the point at which the delamination propagation behavior turned from stable transverse to unstable
planar delamination. This change in delamination behavior was caused by the SED equilibrium in the major
and minor elliptical delamination direction. The balance of the SED demonstrate that the laminate allows for
the most efficient delamination growth, which creates the equilibrium delamination shape. During a planar
delamination test, the SERR decreased when the displacement is increased, when no interface effects were
ignored.

An investigation of the relation between the orthotropy and the SERR a simulation was performed in which
the SED of all the different delamination mats were set to the same value. Based on this test it was concluded
that the SERR will increase when a material is more orthotropic. This means that fiber-bridging is not the
only induced effect that causes an increase in delamination resistance. With the same simulations, the load
displacement plots demonstrated behavior that was monitored during the delamination tests. Load drops
were monitored at the expansion of the delamination size, which is when work would be transformed into an
increase of delamination area. The load values showed similarity with values measured in the delamination
test.

Since the model did not account for fiber bridging effects since no quantitative experimental insights were
given. The influence of fiber bridging on planar delamination behavior should therefore be further investi-
gated while using specimen with a singular orthotropic property.



DESIGN OF THE EXPERIMENT

4.1. INTRODUCTION

With the insights gained from the literature study and the analytical study, an experiment was developed to
measure planar delamination behavior in a CFRP specimen. An overview was given on the more common
delamination test methods and a set of design requirements for the experiment were defined. The common
delamination tests were then reviewed on their applicability for the novel planar delamination experiment.
A specimen designed followed from the review of the common delamination tests.

Lock-in thermography and DIC were the proposed measurement methods. The method of lock-in thermog-
raphy was described in Meola’s research [22].The analytical study delivered insights on how delamination can
be measured with DIC by applying the SED criterion. The initial setup was then designed accounting for the
limitations of the equipment. Based on the failure load of the specimen design and limitations of the equip-
ment, a set of requirements for the fixture were defined. To final part of the experimental is the structural
design of the specimen fixture.

4.2. SPECIMEN DESIGN SELECTION

The current characterization tests for the delamination resistance of FRP specimens are the DCB,ELS and
the ENF test. While these tests operate well in a coupon setting, not all tests can be easily translated to a
planar setting. Aside from the standardized tests, many different coupon delamination experiments were
considered, see figure 4.1. All the different experiments were designed for a specific delamination mode. To
determine the applicability of transforming each of the tests from a coupon specimen to a plate specimen,
the test methods were compared with a set of criteria. To investigate the applicability of mode IT delamination
tests, Davies [73] has defined a set of criteria that was used in this research as well:

* Consistency of results

* Simplicity of fixtures

* Stability of propagation

* Checks on validity

* Time needed to run tests

For the experimental setup, some of these criteria were less critical than others. For example, the time needed
to perform a test was not a major important factor for a novel experimental setup. Based on the outcomes of
different studies [8, 42, 73, 74], design table 4.1 was created to gain general insight in the coupon delamina-
tion tests. Not all test methods are suitable to be applied in a planar delamination test like the test methods
that apply three- or four-point bending. This type of tests requires the bending load to be induced in the
delamination direction, which cannot be achieved in a planar test since the delamination propagation direc-
tion is hard to determine and can also change overtime. The changing delamination propagation direction
was demonstrated in the analytical study. This removes the ENF, Over-Notched Flexure (ONF), MMB , Single
Leg Bending (SLB) and Over Leg Bending (OLB) as suitable test methods that are worth exploring in a planar
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Figure 4.1: Schematic illustration of the various composite fracture specimens [8]

SCB ELS

Figure 4.2: Planar SCB and ELS tests

delamination test.

The remaining coupon tests that were translated to a planar test were the the SCB and ELS test. Since the
difference between these two tests are a single difference in manufacturing method, the hypothesis that the
SED criterion is independent of load induction was also investigated. The design of the clamped specimen is
illustrated by figure 4.2 .

4.3. VARIABLES TO MEASURE
Following from the research goals, the following effects were measured to gain meaningful insights.

* The delamination growth behavior in process
* The SED at the delamination front

* The SERR development during the experiment

With the topological experimental set-up decided, these effects were supposed to be measured while the
specimen is loaded with an out-of-plane load. Optical measurement techniques were an ideal solution for
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Table 4.1: Comparison Table current delamination tests

DCB Mode I Stable Simple Consistent
ENF Mode I Limited Stability Simple Consistent
ELS Mode II Stable Clamping Variability Less Consistent
ONF Mode II Stable Simple -
SLB Mixed Mode I/II | Limited Stability Simple -
MMB Mixed Mode I/1I | Limited Stability Simple Less Consistent
SCB Mixed Mode I/II | Limited Stability Simple -
OLB Mixed Mode I/11 Stable Simple -

Table 4.2: Properties of the FLIR A655sc Thermal Camera

IR Resolution 640 x 480 Pixels
Thermal Sensitivity (At Room temperature) 50 mK
Accuracy +2°C
Focal Length 24.6 mm
Room Temperature Range -15°Cto 50°C
Detector Time Constant Typical 12 ms
Accuaracy +2°C or +2% of reading
Field of View 25%x19°
Minimum Focus Distance 0.25m

measuring the area of the specimen. Optical measurement techniques also have the benefit that they do
not interfere the experiment and can easily be combined. The optical measurement techniques selected for
tracking the delamination pattern are thermography and DIC. The DIC measured the displacements on the
surface of the laminate. The strains of the laminate can be derived with this technique which can then be used
with the constituent properties to estimate the SED according to equation 3.12. To derive the SERR, the cal-
culation of the physical SERR is applied. This calculation required the delamination area measured, captured
by lock-in thermography setup, and the load-displacement data obtained by tensile-testing machine.

4.3.1. SELECTED EQUIPMENT
With the experiment techniques defined, the available equipment in DASML was inventoried to select the
necessary equipment:

e To measure the SED , 3D DIC test equipment was selected with the 5MP cameras
* To measure the delamination growth with thermography the FLIR A655SC camera was selected

* To measure the load-displacement behavior the MTS-100kN was selected

LIMITS OF THE EQUIPMENT

Thermography is mainly a qualitative tool that can give insights into the general delamination behaviour.
The specifications of the thermographic camera are given in table 4.2. The specifications of the thermal cam-
era also demonstrate the limitations of the equipment like the minimum focus distance and the resolution
of the camera. Next to the limitations of the equipment inherent measurement disturbances was evaluated
like the heat diffusion between the delamination crack and the measured surface. This means that the mea-
sured profile is not directly identical to that of the delamination in the material. This required a translation
step between the measured heat profile to the actual delamination shape. To track the delamination area, a
phase-filter is made for post-processing. Lastly external disturbances were accounted for, like the tempera-
ture variations in the laboratory. A frequency-controlled heat source was used to excite the temperature on
the surface which made it possible to filter out temperature fluctuations. Table 4.2 includes all the specifica-
tions for thermography equipment.

The DIC equipment available was the VIC 3D kit, with two 5MP cameras. For this setup a lens of 23 mm was
selected to allow for a maximum area of interest. Table 4.3 includes all the specifications for DIC equipment.
The system also depended on the correlation of the applied speckle pattern. The correlation parameter of
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Table 4.3: Properties of the DIC camera

Resolution Camera 1920x1080
Operational Area Sizes | < 1mm to =50m
Resolution 1 nm

the speckle pattern was allowed to vary between 0.01 and 0.001 over the complete laminate. The size of the
speckles were determined once the system was set up. The limitations described in the equipment tables
were transformed in a list of criteria that the specimen and the fixture must comply with. This list of criteria
is the following:

 The fixture should create a minimal distance of 40 cm so the thermography camera can accurately
measure the delamination size

 The fixture should be sufficiently stiff, so that most of the measured load is measured by the load-cell
of the MTS 100 kN

* The specimen and fixture width cannot be greater than 45 cm, due to the maximum width of the MTS
100 kN

* The fixture should be open to allow light on the surface that DIC method will measure

4.4, DESIGN OF THE SPECIMEN

With the equipment selected and set of limitations defined, the specimens were designed. The desired layups
were selected for this setup, by limiting the orthotropy. The layups directly defined the thickness of the spec-
imens. The surface size of the specimens were selected based on the equipment limitations. With all these
parameters set, a maximum load was derived at which the specimen would fail.

LAYUPS

In the previous planar delamination research [6] a test setup was used with specimen that varied in their or-
thotropic properties. The analytical study discovered that with an increase of the orthotropy, the SERR would
increase as well. Therefore no insights were generated on the fiber bridging effects. Specimens with different
interfaces were designed to gain insight on the fiber bridging effect. To make an actual comparison between
the two test outcomes, orthotropy should be avoided. The only manner to avoid the effects of orthotropic
properties in specimen with various interfaces was to design quasi-isotropic layups. The interfaces that were
evaluated in prior research [5, 75-77] are as following:

* the 0/0 interface, used for the current delamination standards
 the +30/-30 and +45/-45 which have been used for exploring the SERR variations at the crack front

The second condition for the layups was that they should remain symmetric and balanced after delamination.
This required that the laminates had symmetry in the complete laminate as well in the delaminating parts of
the laminates. This resulted in a layup design of 16 layers, reported in table 5.2.

4.4.1. QUANTITY

The quantity of test specimen were defined by the standard deviation and coefficient variance of the test
standards. According to the ASTM standard of precision and bias [78], an initial set of tests are required to be
performed to calculate this parameters. The purpose of this experiment was then to determine the desired
amount of tests can be then defined based on an error margin. The minimum amount of tests required to
achieve this goal was defined by ASTM standard for sample size determination [79]. Table 4.4 reports on the
selected sample sizes.

4.4.2. AREA AND THICKNESS

The geometric design of the laminates was defined by the previous design steps. The thickness of the lami-
nates was fixed at 16 layers of the available material. Therefore the laminate were 2.5mm thick. The area of
the laminate was not fixed by prior design choices, but was limited by the span of the MTS-100 kN machine.
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Table 4.4: The quantity of laminates used for tests

QI00 3 2 1 6
QI30 3 2 1 7
QI45 3 3 1 7
ORT15 1 0 0 1
ORT30 1 0 0 1
y Total 11 \ 8 \ 3 | 21 |

Table 4.5: Lamina Strength Properties of M30SC-150-DT120-34

09 Tensile 3161

0° Compression 1057
90° Tensile 29
90° Compression 123

In-Plane Shear 106.2

Interlaminar Shear 78.33

A greater specimen area would allow for a greater measurement area, which means a better tracking of the
delamination area. The span of the MTS-100 kN is 530 mm. To make this experiment comparable with the
previous planar experiment [6], area size was selected to be a square of 400 mm x 400 mm.

4.4.3. MAXIMUM TEST LOAD OF THE SPECIMEN
With the specimen design set, the next step was to calculate the failure load of the specimen which will limit
the test cycle. The strength properties of the lamina were requested and reported in table 4.5. A knockdown
factor was applied on the strength values, see table 4.6. Then the Tsai-Hill criteria were applied to determine
the strength of the quasi-isotropic laminate. The results are reported in table 4.7.

The maximum load also depended on the type of bolts that were used for clamping, the distance between
the edge of the laminate and the clamp holes. In section 4.5.3 , the choice for the metric thread was specified.
Naik’s research[80] developed a simplified method to derive the various failure loads that can occur in a FRP’s.

Fpearing = oycdic (4.1a)
FnetTension =0uys(w—d)t. (4.1b)
Fspearour = Tuclet, (4.1¢c)

t
FcornerShear = EC (w-d)oyc+2etye] (4.1d)

Where d is the thread diameter, #. is the plate thickness, e is the distance between the center of the thread
hole and the side of the laminate and w is the width of the laminate. The outcomes of the calculations can be
found in table 4.8. The bearing strength is the weakest point of the laminate design. To translate the in-plane
strength to an out-of-plane load, it is assumed that the laminate is infinitely stiff to create a conservative
outcome. This would mean that the center load with an apparent deflection angle can be used to create
an initial outcome.Assuming that the load is evenly spread between the different bolts and transforming the
in-plane load into a bearing load component. This can be calculated as following:

Priax = NFpeqr tan(a) (4.2)
Where 7 is the amount of holes in the laminate and «a is the angle at failure indention. With a maximum

indentation angle of 15° and 12 bolts the maximum load was determined to be 7.2 kN.

Table 4.6: Applied Knockdown Factors

Material Scatter 0.8
Barely Visible Impact Damage | 0.65
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Table 4.7: Table with the material loads

Oyc 302
our 150
Tuc 150

Table 4.8: Composite Specimen Failure Loads

2220 128760 8880 36630

4.5, FIXTURE DESIGN

With the specimen design completed, a set of requirements followed to which the fixture had to comply.
Based on these design requirements, a topological design was created which was structurally investigated.
Two metals were investigated in the structural analysis after which a trade off followed based on weight.

4.5.1. DESIGN REQUIREMENTS

Based on the laminate design, the fixture must guide the loads of the clamp to the load cell. This meant that
the starting area of the fixture must comply with the laminate design to a fixture which fits in the clamp close
to the load cell.

 The fixture should be sufficiently stiff meaning that the fixture can only take up 1% of the strain energy
 The fixture should withstand at least double the expect load, 15 kN (both yield and buckle)
¢ The width of the beams should be twice as thick as the metric thread size in the bottom frame

 The fixture should use the maximum available height, so that the cameras can have the greatest field of
view. This is 60 cm in height.

4.5.2, TOPOLOGIC DESIGN

The topological design takes shape as a pyramid was designed with four L-beams. The shape in which the
beams were designed would assure fair load distribution. At the end of the beams a frame was welded to the
bottom of the pyramid. This frame was then milled to assure that the plate is level. Lastly an identical frame
can then clamp with the threads that are attached to pyramid fixture. The simplicity of this fixture would
allow for greater tolerances. The complete fixture, with specimen, is portrayed in figure 4.3.

4.5.3. MATERIAL CHOICE AND STRUCTURAL CALCULATIONS

As a result from the topological design, one design requirement was set for the material: the material should
be weldable. Materials that are weldable and sufficiently stiff would be aluminum and steel. Two alloys were
selected that are commercially available are compared with one other. The properties of these alloys can be
found in table 4.9. The main failure modes that were accounted for with the clamp are buckling and yielding.
Yielding failure load can be defined as following:

Fyield = 0yielaA (4.3)
Table 4.9: Properties of workplace materials

Compressive Stiffness 71.7 GPa 193 GPa
Compressive Yield Strength 125 MPa 241 MPa

Density 2660 X& 8000 2&
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Figure 4.3: MTS 815, 100 kN machine with fixture
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Table 4.10: Metric thread and Proof Load

M4 5100
M5 8230
M6 11600
M8 21200
M10 33700
M12 48900
M1l6 91000

Table 4.11: Properties of the fixture

Profile 50 mm x 50 mm x 10 mm
Pyicia 112.5 kN
Ppuckie 188.6 kN
Weight clamp 6 kg
Load Percentage taken by clamp 0.3576%

Where A defines the surface of the profile and o ;.4 is the compressive yield strength of the material. The
buckling failure load can defined following as following:

72El

T (4.4)

Pyyck =

Where I is the in-plane inter-polar moment, E describes the Young’s Modulus and L describes the length of
the beam. The geometric parameters of the L-beam were described as following:

A= lframebframe(2 = tframe) (4.5a)
I= b;rame Lframe N (Dframe = trrame) t3mme
B 12 12

(4.5b)

Where I ame D frame and tfqme are the length, width and thickness of the clamp frame. To determine the
geometric properties, a minimum clamp thickness has to be selected. As a rule of thumb, the wall thickness of
any structure should be twice as thick as the metric thread that was selected. The metric thread was selected
by the desired clamp force it has to deliver. The available proofloads for the different metric threads are listed
in table 4.10. The thickness of the available 'L'-profiles was the limiting factor, and M5 bolts were the biggest
bolts that would comply with the rule of thumb. To assure that local stress would not destroy the clamp frame,
a thickness of 10 mm was selected. To assure proper measurement of the laminate, a beam length of 635 mm
was selected. This allowed the FLIR315 to measure half of the laminate. Both materials allowed for designs
that can carry the load case required. The weight difference did favor the aluminum design. The minimal
width of the profile was 50 mm of the aluminum profile. The calculated failure loads and design parameters
are described in table 4.11.

4.6. SETUP OF THE EXPERIMENT

With the fixture and laminates designed, the last step of the experimental design is organizing the setup of
the equipment. All of the considerations made here include the placement of the camera’s, the manner the
triggers are setup and the calibration of the equipment.

4.6.1. SETUP CAMERAS

The cameras were setup in a manner that prevents interference. The Thermographic cameras measured
the heat at the bottom whereas the DIC cameras measured the strain on the top surface. In this manner
interference between the optic measurements was prevented. The positions of the camera’s are given in
appendix B, in their respective drawings.
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4.6.2. TRIGGERS

The triggers of the different cameras were connected to the software of the MTS-100kN machine. The trig-
gers allowed synchronous measurements of the load cell (MTS-100kN) and the optical measurements. The
triggers were operated by the program that is operating the tensile testing machine. The program sent a dig-
ital block signal to a relay which was connected to a voltage source. This voltage source then sent 5V DC to
the thermographic camera and the DIC cameras. The thermographic camera had a set frame rate, which de-
pends on the frequency of the heat source. The DIC camera was rearmed between individual loading steps.
Before every performed test the triggers were checked to assure that the system worked accordingly.

4.6.3. DIC CALIBRATION

To calibrate the DIC setup, the cameras were aimed to the center of the laminate. The aperture of the cameras
were closed to decrease the depth of field and an increased focus. This would in turn restrict the amount light
entering the enter the cameras. LED lights were aimed to the measured area and tuned so that a clear focused
DIC image was captured.

4.6.4. THERMOGRAPHY CALIBRATION

The thermography calibration setup was performed on either the camera and the heat source. The ther-
mographic camera was aimed at the center of the laminate. Then temperature range was fine-tuned in the
accompanying thermographic software:ResearchIR . The heat source was then aimed on the center of the
laminate. With the support of the thermal camera, this aiming was accurate. Based on previous research [22],
the frequency of the heat source was selected to track the delamination in the laminate.

_(L8) aa
f_(p)n (4.6

Where f is the heating frequency, p is the delamination depth of 1.25 mm and a; is the thermal diffusion
coefficient of about 0.0045 cm?/s. With the initial heating frequency selected, the amplitude of the heat
source was determined. The amplitude of the heat source was limited to not affect the mechanical properties
of the laminate. The current choice for a correct amplitude is to have a peak-to-peak temperature difference
of three degrees Celsius. The theoretical thermal diffusivity only gave an initial insight for the frequency.
During the experiments the frequency of the heat source and measurements was altered to find the most
useful setting. The tested frequencies varied between 0.05 Hz and 0.20 Hz.



MANUFACTURING METHOD

5.1. INTRODUCTION

With the experimental setup fully designed, the specimen were prepared for testing. Firstly the material
properties and the layup design are described, to check if the specimen were compliant with the restrictions
given in chapter 4. Then the manufacturing steps are described step-by-step to allow a thorough insight in
the manufacturing process.

5.2. MATERIAL PROPERTIES

The selected material for the experiment was also used by previous researchers who investigated the SED
criterion [3]. This material was M30SC-150-DT120-34F which is produced by Delta Tech Italy. This material
is made to withstand greater transverse load-cases, which was ideal for the experiment of this research. The
roll of prepreg material was 60 cm wide and 150 m long and the constitutive lamina properties are presented
in table 5.1.

E>» 7.1 GPa
Glg 3.64 GPa
Vi2 0.32
Eult 2.07%

p | 1.52g/cm®
thom 0.15 mm

Table 5.1: Material Properties of M30SC-150-DT120-34F [14] delivered upon request

5.3. TEST SPECIMEN DESIGN

Based from the analytical study, it was determined that the laminate was going to build up out of two quasi-
isotropic layups. This laminate design required 16 layers which resulted in a thickness of 2.5 mm. This de-
signed allowed different interfaces while it prevented extension-bending coupling. To make the system more
sensitive for bending, the laminate were designed as wide as possible. Given the limitations of the prepreg-roll
from which the laminate were made, while also taking the maximum width of the MTS-100 kN into account,
the specimen was designed as 400mm x 400mm square. The analytical study demonstrated the effects of
anisotropic bending stiffnesses will affect the delamination behavior of the specimen. The variation of bend-
ing stiffness could not be fully prevented, but was limited with the current design. To investigate if the SED
criterion is independent of the load case [3], two types of test specimen were created. The laminate layups
are described in table 5.2. The A-matrix ,in-plane stiffness, of the layups (table 5.3) show that no differences
appear in the extension behavior the laminate. The D-matrix values, bending stiffness, of the layups (table
5.4) demonstrate the minor differences.

46
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QI00 [0,90, —45,45]
QI30 [30,-60, —15,75],//[-30,60, —75, 15]
QI45 [45,-45,0,90], // [-45,45,90,0]
ORT15 [15,0,0, — 752,
ORT30 [30,0,0, —60] 2,

Table 5.2: All the laminate layups

A1l 1.61 1.61 1.61 2.85 2.64
A1z 0.481 | 0.481 | 0.481 0.16 0.37
Aie 0 0 0 0.19 0.19
Aza 1.61 1.61 1.61 1.01 0.80
Azg 0 0 0 0.19 0.19
Age 0.57 0.57 0.57 0.24 0.46

Table 5.3: All the A-matrix values of the various layups

5.4. MANUFACTURING METHOD

The manufacturing plan was separated in the various processing steps. First the a base plate was picked and
adequately cleaned. Then the laminas were cut in the most efficient manner to save material. The laminate
was build up and debulked after which it was cured in the the autoclave. The required materials for manu-
facturing are reported in table 5.5.

5.4.1. PREPARING BASE PLATE

The selected mold plate allowed production of two specimens at once. The plate was 1500 mm x 800 mm
in size and 20 mm thickness. This thickness was required to withstand the pressure during the curing cy-
cle.Before cleaning the mold plate all the remaining resin, tacky tape and other materials was removed. Then
the mold plate was rinsed three times with acetone. The last step of preparing the mold plate was applying
Marbocoat to the plate as release layer. Marbocoat allowed for easy removal of the laminate at the end of
production. The Marbocoat was not applied on the edges of the mold plate, because tacky tape had to stick
at edges for sealing the vacuum bag. Crepe tape was applied at the sides of the mold plate, see figure 5.1, to
remain the sides with a coating layer.

5.4.2. CUTTING THE LAMINAS

A cutting table with grid was used to assure accurate lamina cuts. A cutting tool was applied to easily cut the
lamina in the desired sizes. A 3mm thick steel plate, which had the same dimensions as the desired lamina
area, was used to cut the laminas in the right orientation. A set of angles for the top two corners was drawn
on the tool to assure consistent cuts, see figure 5.2. A checklist was created to assure that the correct number
of laminas were cut.

Dy 94.55 | 84.93 | 87.82 | 157.33 | 140.77
Dq» 20.79 | 27.04 | 20.79 8.55 20.18
Dqg 1.12 0.56 0 13.44 15.90
Do, 81.09 | 78.20 | 87.82 | 42.78 36.07
Dog 1.12 0.56 0 6.71 4.24

Dge 25.18 | 31.43 | 25.18 | 12.94 24.57

Table 5.4: All the D-matrix values of the various layups
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Figure 5.1: The mold plate ready to be coated.

\

Figure 5.2: The cutting mold on top of prepreg roll.
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Teflon Inserts 1/ laminate
M30SC-120DT-34F 7.8m/laminate
Vacuum Foil Depends on mold plate size
Non-perforated release film 390mm x 390 mm / laminate
Peelply Depends on mold plate size
Heavy Breather Depends on mold plate size
Debulking Plastic Depends on mold plate size (reuseable)
Vacuum Nipple 1/mold plate (reuseable)
Measuring Tape 1
Stanley Knife 1

Table 5.5: Required Materials

Figure 5.3: Debulking of the initial layer.

5.4.3. BUILDING UP THE LAMINATE AND DEBULKING

The prepreg has to be debulked when building up the laminate. A line of tacky tape was applied around the
sides of the mold plate and debulking plastic was placed on top of the build laminas when the debulking
steps started. The initial layer was directly debulked so that layer stuck on the plate. The prepreg film was
kept on top of the initial lamina to prevent that the layer would stick to the debulking plastic. A hole was
cut in the debulking plastic for the vacuum fitting. A small layer of breather material was placed under the
vacuum fitting to allow for well distributed vacuum pressure. Then vacuum was applied for 1 minute. The
complete debulking setup is illustrated in figure 5.3. After debulking the initial layer, the release film was
removed and the next three layers were build up on top at once. For the second debulking step, the release
film was removed from the top lamina. No more than three layers were debulked at once. After 8 layers, the
Teflon insert was placed in the center of the laminate. As demonstrated in figure 5.4, two rulers were used for
the positioning of the Teflon insert.

5.4.4. VACUUM BAG AND AUTOCLAVE

The complete debulking material and the tacky tape was removed. A new layer of tacky tape was applied to
the sides of the mold plate. First the non-perforated release film was cut slightly smaller than the area of the
laminate. A layer of breather material and vacuum foil was cut. The breather layer was cut to match the area
of the plate between the tacky tape sides. The vacuum foil was cut bigger than the mold plate. A corner was
drawn on the vacuum foil at the edge mold plate to indicate the location of the vacuum fitting cut out. The
build up of the vacuum bag was in the following order from the laminate, 1) non-perforated release film, 2)
peel-ply, 3) breather material, vacuum nipple + vacuum foil. This build up is visualized in figure 5.5. The
vacuum foil was cut to match the mold plate and the sides of the vacuum foil were taped with sealant tape.
Now the mold plate with vacuum bag can be placed in the autoclave, the cycles for the autoclave can be found
in figure 5.6. The vacuum bag is placed under a vacuum in the autoclave during the whole curing process.
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Figure 5.5: Build up of the vacuum bag.
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Figure 5.6: The autoclave
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Figure 5.7: Double Tape Bottom Clamp Frame on Composite Specimen

5.5. C-SCANNING THE LAMINATES

To assure that the only initial defect in the laminate was the delamination insert at the center of the lami-
nate, a C-scan was performed. The c-scan measurement technique can easily find pores within a composite
material, however smaller damages might be missed. To make completely sure that no other defects were
in the material, a reference material was used as comparison. The c-scan will also revealed the location of
the delamination insert. All of the C-scans were made at GTM Advanced Structures. The C-scan results are
reported in appendix A.

5.6. DRILLING LAMINATES FOR THE CLAMP

The last step in preparing the laminates for the tests was drilling holes to place the laminates in the fixture.
Since the clamp frame was a flat structure, see appendix B , the laminate could be taped to the clamp frame
with double-sided tape, see figure 5.7. This method assured that the composite specimen would fit in the
clamp. The holes were directly drilled in the composite laminate with a 5.5 mm diameter SPF drill. The
applied drill spindle speed was 650 rpm. The drill feed was not measured, but drilling was performed as slow
as possible to minimize delaminations at the hole edges. After trying out the first specimens with the clamp,
it was noted that pretension is apparent in the laminates due to the alignment errors of the threads on the
clamp. For this reason, the laminate holes were extended with a step drill of 6 mm. The same drill spindle
speed was applied.



QUASI STATIC TESTS

6.1. INTRODUCTION

To test the hypothesis of the planar delamination problem, an initial set of quasi-static tests were performed.
The purpose of these quasi-static tests were to investigate an applicable methodology to determine the SERR
in planar delamination tests. While the determination of the strain energy induced laminate has been calcu-
lated with the load-displacement behavior, the determination of the delamination area has been performed
with 3 different methods: 1) thermography, 2) curvature and 3) the strain energy density criterion measured
with DIC. The test outcomes were firstly investigated with a statistical analysis, then the different area deter-
mination methods were compared, and set of best practices was recommended.

6.2. EXPERIMENTAL PROCEDURE
The quasi static tests had some conditions that were universal for all the tests. These are the following:

* The laminates dimensions were 400mm x 400m x 2.50 mm

* The humidity in the laboratory was 65 + 5%

* The temperature in the laboratory was 20.5 +0.5C°

* The displacement rate of the quasi-static tests was 1 mm/min

The experimental setup was build up out of multiple components as described in figure 6.1. For the DIC
cameras the settings were automatically calibrated for any speckle pattern after an initial calibration. The
infrared camera required a single calibration to make sure that the focus was on the composite specimen.
The heat source had two variables that required calibration, the settings are given in the test matrix (table
6.1). Lastly the clamp load was applied with a torque wrench, which had a sensitivity of 6% for the measured
torque. The DIC cameras and the thermography cameras started capturing data once the universal testing
machine gave a trigger signal. The thermography camera captured an image every second, whereas the DIC
image captured an image every ten seconds.

The test purpose of the planar ELS specimen was to determine the repeatability of the test. The complete

statistical analysis of the ELS specimen is described in subsection 6.3. The test purpose of the planar SCB
specimen was to compare the quasi-static outcomes with the SCB specimen that were tested in the fatigue
tests. The last type of specimen that was tested in the quasi-static test setup is the quarter plate, specimen
14 in the test matrix. This test was performed to see the applicability of the setup for measuring multi-layer
damage experiments, similar to the experiment by McElroy [81].
To determine the right test settings for measuring the delamination an initial specimen was loaded with a
torque and frequency that was estimated to be close to the right settings. From this initial test it was noted that
the clamping torque required to be increased, since the clamp frames displaced too much with the specimen.
It can be seen in the test matrix that the settings for the thermographic measurements were altered between
the tests. This was done because no clear results could be obtained with the lock-in thermography. More
insights regarding the lock-in thermography measurements can be read in subsection 6.4.3.

52
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DIC Camera
Test Specimen

Infrared Camera

Figure 6.1: Setup of the Experimental Setup for both the Quasi Static and Fatigue Tests

Table 6.1: Test Matrix Quasi Static Tests, values with * are critical displacements

2 QI30 15 21.39* 0.02 6.5 ELS
19 QI45 15 21.17 0.0125 4.5 ELS
3 QI30 15 20.68 0.0125 5.5 ELS
5 QI30 15 21.19 0.0125 5.5 ELS
7 QI30 15 19.19 0.0125 5.5 ELS
20 ORT30 15 21.16 0.0125 5.5 ELS
21 ORT15 15 23.01 0.0125 5.5 ELS
9 QI00 15 19.7996 0.125 5.5 SCB
10 QIO00 15 0.37 0.125 5.5 ELS
12 QIO00 15 19.87* 0.125 5.5 ELS
15 QI45 15 20.32* 0.125 5.5 ELS
1 QI30 40/30 20.52* 0.125 5.5 SCB

QI00 20/30/40 19.25* 0.125 5.5 SCB
13 QI45 30 20.70 0.125 5.5 ELS
16 QI45 30 21.25 0.125* 5.5 SCB
14 QI45 40 62.501 0 0 4th
6 QI30 0 0 0 0 ELS
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Figure 6.2: The Load Displacement graphs of the different quasi static ELS tests

6.3. STATISTICAL ANALYSIS

The first step into verifying the outcomes of the experiment was to perform a statistical analysis. Since the de-
lamination growth was limited in the quasi-static tests, the analysis investigates the precision and bias of the
induced strain energy. This was determined by the load-displacement measurements which are illustrated in
figure 6.2. For the statistical analysis, only the ELS specimens were investigated, since for this type of spec-
imen multiple tests have been performed. The load-displacement behavior was non-linear, which means
that direct linear approximation will not give reasonable results. To determine strain energy, an integration
scheme was applied to the results which is illustrated in figure 6.3. Every integration step approximates the
strain energy by applying two shapes: 1) the block of initial load in the step and the change of displacement
and 2) the quadratic growth of the load in the step. Adding up the strain energy of all the integration steps
resulted in the complete strain energy. The comparison of the strain energy required a fixed maximum dis-
placement. The displacement at which the strain energy is measured is 16.5 mm, since this is the maximum
displacement of fatigue tests in chapter 7. The strain energy of the quasi-static tests was also compared with
the fatigue data. The outcomes of the statistical analysis was summarized in table 6.2. With the mean and
standard deviation values of the tests, normal distribution graphs can be created, see figure 6.4. The coeffi-
cient of variance of the test outcomes is relatively small with a maximum of 8.12%, when compared with a
DCB test which can have a coefficient of variance greater than 10% [1]. Comparing the strain energy of this
test with the SERR was performed gain an initial indication on the repeatability of the test. The number of
measurements is relatively small so these results only serve as an initial indication. Following the ASTM stan-
dard for precision [82], an estimate was made for the number of tests required to gain an error margin smaller
than 5%. First the initial standard deviation was used to calculate the advanced estimate oy.

5
oo= 6.1)

Cy
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U, =Py(8, —6,) + 1/3( P, —P))(6; —6,)

Figure 6.3: The step based calculation for determining the strain energy

Table 6.2: Statistical outcomes of the ELS Quasi Static Tests up to Displacement 16.5 mm

QI00 25.046 | 0.973 1.908 3.89 2 1.2169 9
QI30 26.042 | 1.068 2.094 4.10 3 1.2019 8
QI45 27.770 | 2.256 4.422 8.12 3 2.5380 30

Where § is the measured standard deviation and ¢y is the correction factor for the selected sample size. ¢, was
calculated as following.

n—-1
1= (6.2)
n-0.75

Where n is the tested sample size. The required sample size was determined by the ASTM standard [82],
which applied the following function for a normal distribution to determine the required sample size.

30’0 2
Nreq = (?) (6.3)

In this function E is the maximum allowable error of the measurements. In table 6.2 the calculated required
sample size was calculated with a maximum allowable error of 5% compared to the mean.

6.4. COMPARISON DELAMINATION MEASUREMENT METHODS

To measure the delamination in the planar specimen, three different methods have been performed: 1) bond
state mapping with the SED criterion, 2) XY-Plane Curvature measurements and 3) the heat dissipation an-
alyzed with lock-in thermography. The outcomes of these different delamination measurements were then
qualitatively compared.
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Figure 6.4: Normal Distributions of the Different ELS Specimen

6.4.1. DETERMINING DELAMINATION SIZE WITH DIC SED DATA

To derive the SED of specimen, the measured strains on the top of the surface were required to calculate to
the mid-plane strains as following.

h

E€x0 = Extop — EKx (6.4a)
h
£y0 = Eyrop — EK}, (6.4b)
h
Yxy0 =Yxytop — Eny (6.4c)

With the mid-plane strains derived, the average SED over the thickness of the laminate was calculated by
applying CLT. This required the constituent properties of the material (table 5.3 and 5.4).

1 2 2
up =3 (Au (€x0)? +2A12 (ex0€y0) +2A16 (€x0Yxy0) + A22 (€50)” +2A26 (€ )0V xy0) + As6 (Yxy0) )
(6.5)

1
+ 5 (DllKi + 2D12Kx7(y + 2D16Kx7<xy + D22K§, + 2D26Ky‘ny + D66K§cy)

Since there is no difference in thickness between the laminates, this normalized SED is fair enough for com-
parison between the laminates. The generated SED contour maps are presented in the figures 6.5,6.6 and 6.7.
The initial delamination shapes cannot be found with the pure SED maps, but the patterns do demonstrate
circular contours, with an exception of specimen 9,2 and 15 which were tested until their critical displace-
ments. The SED graphs of the specimens at critical displacement demonstrated the redistribution of SED
when the delamination expands. Seeing these changes by expansion demonstrated the capabilities of this
method to track the delamination.

6.4.2. XY-PLANE CURVATURE DATA

The curvature data was calculated by the DIC software (VIC3D) with an averaging filter. The standard setting
for the filter is to average over 15 frames. The outcomes of the xy-plane curvatures in the field of interest are
illustrated in figure 6.8,6.9,6.10 and 6.11. The delamination was spotted by the sudden change of the xy-plane
curvature. By comparing the delaminations with the white length bar, which was measured to be 10 mm, the
initial delamination size of 50 mm was determined from the xy-plane curvature fields.
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Figure 6.5: The SED field measurements of the ELS 0//0 Specimen at the maximum center displacement of the test

6.4.3. LOCK-IN THERMOGRAPHY

In chapter 4 thermography was proposed as potential method to measure the delamination behavior. The
infrared camera was able to capture the moments when delamination occurs, which is illustrated in figure
6.12a. It was also able to spot the local failure of the planar SCB specimen, illustrated in figure 6.12b. The
phase-array filter did not yield outcomes that measured the delamination size. While the phase filter was
applied correctly with the applied frequency (0.125 Hz), the phase filter only returned noise during the whole
process. While the technique of thermography was used to measure delamination behavior [22], more re-
search is required to find the right settings for this measurement technique in this setup. The data of the
thermographic measurements was saved and will be published for future research.

6.5. ADDITIONAL FINDINGS

During the quasi-static tests unexpected obstacles were faced and all the additional findings are reported in
this section. These findings contribute to potential practical solutions for further investigation of the planar
delamination behavior but deviated from the original research goal. The following topics have been further
investigated: 1) the reason why delamination barely occurs in these quasi-static tests, 2) investigation on the
specific radius of the indenter that was able to induce delamination in the SCB test and 3) the reproduction
of the quarter plate test [81].

6.5.1. LIMITED DELAMINATION GROWTH

At a maximum load of 12 kN, most of the laminates did not delaminate in the quasi-static tests. For quasi-
isotropic laminates, an onset load was derived based on the maximum interlaminar shear stress criterion[9].
Specimens that were investigated in the research for the onset load approximation[9] are circular quasi-
isotropic discs, the method gave insight on the required onset load for delamination expansion. The ap-
proximation method assumed that transverse shear stress decays with a rate of P/2nrt once the transverse
peak stress is reached which is illustrated in figure 6.13. This means that the average transverse shear stress is
about 1.5 times smaller than the maximum transverse shear stress. By combining these two assumptions the
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Figure 6.6: The SED field measurements of the ELS 30//-30 Specimen at the maximum center displacement of the test

critical load for the delamination growth in a laminate can be derived to be the following:
Ty
Perir = AdelamTuvg = (2may t)ﬁ (6.6)

With the initial delamination radius of 25 mm, thickness of the plate of 2.50 mm and a maximum interlam-
inar shear stress of 78.33 MPa the onset load was determined to be 20.5 kN. This load was twice as great as
the anticipated load for which the test setup was designed. The clamping frame would experience plastic
deformation and potentially failure when this load would be induced in future tests. The composite plates
that were designed would experience fracture before the delamination expansion that would occur.

While this approximation was been fully proven, since the load of 20.5 kN was reach in the test, it would is
recommended to further investigate influence of the delamination size on the delamination behavior of pla-
nar specimen. With this current setup a maximum initial delamination radius would be recommended to be
12.5 mm, which would correspond with an onset load of 11 kN which is close to the critical transverse load of
the specimen.

6.5.2. INDENTER RADIUS ANALYSIS

With the SCB specimen, the first test caused local failure was with specimen 9. The local failure was the in-
denter penetrating the SCB specimen. To prevent such failure in future tests, the influence of the indenter
radii was investigated. The indenters that were tested had a radius of 10 mm, 15 mm, and 20 mm. The 10 mm
radius indenter demonstrated similar behavior to the initial 7.5 mm radius and was not further investigated
after an initial test with specimen 8 (QI00). The 15 mm radius indenter could induce a small amount of de-
lamination at 11 kN in specimen 8. This is at a load lower than the onset load predicted with the interlaminar
shear stress approximation mentioned in subsection 6.5.1. To see if a thicker indenter could expand the de-
lamination even further in specimen 8, a test was performed with the 20 mm indenter. The delamination did
not expand further with the thicker indenter.

It became of interest to investigate if the delamination onset load would be lower with a thicker indenter. A
test run was performed with the 20 mm indenter and specimen 1(QI30). At aload of 13 kN, the thicker inden-
ter was not able to expand the delamination. To investigate if the smaller onset load was a material property
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Figure 6.7: The SED field measurements of the ELS -45//45 Specimen at the maximum center displacement of the test

o ifom) - 15
e

o003

oovsse

oovzsis7s

oooies7s

oovnsses

oovo7sezs

oowsisezs

o0mizs

000565625

o0

007

pye

o0z

omss

(a) Specimen 7

oo o) 15
L

o003

ooseses

ooz

oovizzs

oomezizs

oo0037s

sos2se0s

000075

000509375

o0z

oo0zizs

oonsiesr

oosisez

005

(b) Specimen 12

Figure 6.8: The curvature field measurements of the ELS 00//00 Specimen at a center displacement of 20 mm

or if it was caused by the indenter radius, the 15 mm radius indenter was tested with specimen 1 as well. At
a similar load to specimen 8, the delamination expanded in specimen 1 with indenter radius of 15 mm. The
SED field maps and the c-scans of specimen 1 and 8 show the delamination growth caused by the 15 mm
indenter in figure 6.14. The lower delamination onset load was either caused with the indenter of 30 mm or
due to the initial loading of specimen.

To figure out why this specific indenter size would cause delaminations, the delamination criteria data was
extracted for specimen 1 and 8 from a line that crosses the delamination boundary in the direction of the de-
lamination growth of specimen 1. The in-plane radius of the end point of the extracted line from the indenter
was 69mm, which is a range that should measure all significant effects that can cause the delamination at a
lower onset load. The results of this data extraction (figure 6.15) showed no significant difference between
the 15mm and 20 mm radius indenter for the SED , xy-plane curvature and the in-plane shear stress of the



60 6. QUASI STATIC TESTS

(a) Specimen 2 (b) Specimen 3

(c) Specimen 7

Figure 6.9: The curvature field measurements of the ELS 30//-30 Specimen at a center displacement of 20 mm

laminate.

The curvature is the only variable that demonstrates that the 30 mm diameter indenter would cause the de-
lamination to grow. It was interesting that this behavior was not captured by the SED. It is recommended to
explore this indenter radius effect further.

6.5.3. QUARTER PLATE

The quarter plate test was performed to investigate the applicability of the DIC methodology on the test set-
tings designed by McElroy [81]. In their original test setup, the out-of-plane curvature was measured with the
laser-reflection measurement and the delamination size was measured after the experiment with tomogra-
phy. The purpose of the original test was to investigate the multi-layer delamination behavior in a plate. The
outcomes of the DIC measurements and C-scan are illustrated in figure 6.16. While the DIC methodology can
track the delamination, the delamination behavior was unstable and rapid. Since only a single measurement
was made of the extended delamination no insights could be given on the delamination propagation behav-
ior. The test setup tracked the delamination growth without removing the specimen out of the test setup, but
delivered limited information on how the delamination jumped between different layers. Crack jumping was
the primary focus of McElroy [83].

6.6. CONCLUSION

The test setup has demonstrated repeatability. The statistical analysis of the planar ELS specimen showed
that the test setup demonstrates repeatable behavior. With the limited number of tests, two or three samples
of each layup, a coefficient of variance is measured that is smaller than the DCB test. To gain an error margin
of less than 5% with the strain energy measurements, it was calculated that about 8 tests would need to be
performed,

There are improvements to be made to the current experimental design. The delamination size of the test
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Figure 6.10: The curvature field measurements of the ELS -45//45 Specimen at a center displacement of 20 mm
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Figure 6.11: The curvature field measurements of the ELS Orthotropic Specimen at a center displacement of 20 mm

specimen should be sufficiently small, maximum radius of 12.5mm, which was approximated with the maxi-
mum shear stress criterion given in equation 6.6. New clamping frames should be produced which are both
wider and thicker, to allow for greater load induction and more accurate clamping conditions. The current
quasi-static tests can only be used for critical displacement determination and not for the measurement of
the SERR due to the limited delamination growth in a single cycle in this setup. The SCB specimen seems to
be more promising for future quasi-static delamination tests, due to the actual delamination crack growth in
specimen 1 and 8.

The thermography methodology required more insight in fine-tuning the settings with the frequency-controlled
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Figure 6.14: The C-scans and SED field measurements of the delaminated quasi-static planar SCB specimen
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heat source and thermographic camera, to locate the delamination. This fine-tuning will require a more ex-
tensive experimental investigation than that was possible in this research.

The curvature methodology does not require an external input and delivered a clear indication for the initial
delamination in the quasi-static tests.

The SED methodology currently requires the constituent properties derived through CLT. To determine the
delamination size the critical SED serves as a threshold value that splits the field measurement. This deliv-
ered an area with a SED greater than the critical SED, which was the delaminated area. The image of the
delamination boundary is more distorted than the curvature data predicts.



FATIGUE TESTS

7.1. INTRODUCTION

The quasi static tests demonstrated repeatability in chapter 6, but the delamination behavior was limited.
The required out-of-plane load to expand the delamination caused fracture in the quasi-static test. Since
delamination behavior occurs at lower loads in fatigue tests, this type of tests were also performed on the
experimental setup. The outcomes of the fatigue tests demonstrated the progressive delamination growth
behavior. To determine the physical SERR of the fatigue tests, a methodology was developed by calculating
the dissipated energy into the delamination with an algorithm that was designed to track the delamination
area.

7.2. EXPERIMENTAL PROCEDURE

While the quasi-static tests could not demonstrate delamination, the tests did generate insights into the re-
peatability of the tests and the maximum displacement that would cause fracture. Therefore, the test condi-
tions are as following:

* The critical displacement was determined through the quasi-static tests
* The humidity in the laboratory was 65 + 5%

* The temperature in the laboratory was 20.5+ 0.5C°

* The displacement rate of the fatigue tests was 1 mm/sec

In the test-matrix, table 7.1, all variables for the fatigue tests are provided. The critical displacement is based
on the outcomes of the quasi-static SCB tests. The tests were all performed with a torque of 4 Nm, while the
heat source was turned off. All the tests were performed within a day. The fatigue test with QI00 specimen,
specimen 11, was the only test at which the specimen failed. The current hypothesis for this early failure is
that the bending stiffness properties of the QI0O0 specimen is the most orthotropic, see the ratio (D11/D22)
in the test matrix. This means that the load was less evenly distributed in the laminate, causing failure at the
same 0 45/ 0 crit ratio. During the fatigue tests, plastic deformation occurred at the holes of the clamp frame,
see figure 7.1. It was therefore recommended to increase the clamp width for future tests.

Table 7.1: Test Matrix Fatigue Tests

17 QI45 30 7500 0.1 0.9 SCB 1
11 QI00 30 5 0.1 0.9 SCB 1.17
4 QI30 30 11000 0.1 0.9 SCB 1.09
18 QI45 30 10000 0.1 0.9 SCB 1

67



68 7. FATIGUE TESTS

&

Figure 7.1: Plastic deformation caused by bearing stress in the fatigue test
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Figure 7.2: Loading and Unloading of MMB specimen [10]

7.3. CALCULATING THE CYCLIC DISSIPATED STRAIN ENERGY

During the fatigue tests, two types ofload-displacement data were recorded: 1) the peak-valley data that mea-
sures the load at the maximum and minimum displacement during all the cycles and 2) the cyclic data that
measures a complete loading and unloading data set once every 1000 cycles. While the cyclic data was more
accurate than peak-valley data, the peak-valley data was more continuous. In this subsection a methodology
was proposed that relates the change in strain energy to the loading energy and that relates the peak-valley
loading energy to the cyclic loading energy. Through this methodology the change in strain energy was mea-
sured throughout the entire fatigue test.

7.3.1. RELATING CYCLIC DISSIPATED STRAIN ENERGY TO THE LOADED STRAIN ENERGY

To approach the strain energy, which is relevant for determining the strain energy release rate, a method-
ology should be applied that is connected to a physics-based theory. As discussed by Alderliesten [84], the
dissipated cyclic work is the phenomenon that drives delamination growth in fatigue tests. As summarized
by Amaral [10], the delamination was approximated with a brittle material system, where plasticity effects
are negligible. Similar to what Griffith proposed [44], a single fatigue cycle under displacement controlled
conditions was in written in terms of energy in figure 7.2.

Up+ Uy — U +U, + U, (7.1)

Where U is the monotonic strain energy which is induced in the laminate at the smallest displacement of the
fatigue test. The monotonic strain energy for the performed fatigue tests is approximated with 1/2P,,;;,0 ,in
to be 0.13]. This monotonic strain energy can differ between cycles which is why the monotonic energy for
unloading is described as variable — Uy . The cyclic loading and unloading strain energy are described with
U; and U). The difference between the loading and unloading energy state is the dissipated energy described
with variable U,.

Every 1000 cycles during the experiment a measurement was made of the complete loading and unloading
cycle in 500 steps. To calculate the cyclic loading and unloading strain energy, the load and displacement
measurements of the cycles were integrated. The cyclic loading strain energy (U;) of the fatigue test was
then compared with the quasi-static loading energy. This relation is portrayed in figure 7.3a. This figure
illustrates that the cyclic strain energy decreases over the duration of the test. Similarly, the dissipated cyclic
strain energy U,, which is determined by subtracting the return energy from the strain energy in figure 7.5a,
decreases in a similar manner. Plotting these two parameters against each other, as illustrated in figure 7.4,
yields a linear relationship.
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7.3.2. CALCULATING THE LOADING STRAIN ENERGY THROUGH PEAK-VALLEY DATA

The peak-valley data is the load data that was measured during the maximum and minimum displacement in
a fatigue cycle. The data delivered by the peak-valley data was transformed into cyclic energy with an approx-
imation. Both the a linear strain energy approximation (figure 7.5a) and quadratic strain energy approxima-
tion (figure 7.5b), were compared with the experimental data. The results of different approximations, figure
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(c) Comparison graph of the different approximations with the cyclic data

Figure 7.5: The cyclic strain energy approximations based on the peak-valley data

7.5¢, was compared with the cyclic loading energy calculation of subsection 7.3.1. The quadratic approxima-
tion fitted better with the cyclic strain energy calculation and is therefore used in further analysis. The shape
of both graphs is near identical, but there is a clear offset between the energy calculations. This offset was
1.79£0.1J, over the whole fatigue test of 10.000 cycles. This offset was related to the overestimation of strain
energy by the quadratic approximation. By subtracting the offset of 1.79 J to the peak-valley approximation
(figure 7.6) a modified peak-valley data set was created that can track the loading behavior of the laminate
throughout the fatigue test.

7.3.3. DISSIPATED CYCLIC STRAIN ENERGY DETERMINED THROUGH PEAK-VALLEY DATA
In the previous subsection and figure 7.4 the relation was derived between the dissipated cyclic energy and
the loading cyclic energy. Now the dissipated cyclic energy of any individual cycle was determined by com-
bining modified peak-valley loading energy with the linear relation of the cyclic loading energy and the dissi-
pated loading energy.

Uppv—20.212]
© 4687

Where Uy, is the modified peak-valley loading energy. The values of 20.212 ] and the 4.687 resulted from the
linear fit which was illustrated in figure 7.4. The offset definition of the linear function, creates insight into the

(7.2)

a
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Figure 7.6: The modified peak-valley data and cyclic data to compare the cyclic loading energy

minimum required energy for opening the delamination. By adding the monotonic energy, calculated as 24
m] with the quadratic approximation, the required minimum energy to extend the delamination was 20.35].
The resulting dissipated energy per cycle was calculated for each cycle in the fatigue test, see figure 7.7.

7.4. DETERMINING THE DELAMINATION AREA

In the quasi-static tests different methodologies for measuring the delamination area were evaluated. The
most promising methodologies are the xy-plane curvature measurements and the SED-criterion field mea-
surement. While both methodologies do seem promising, it was demonstrated that the xy-plane curvature
measurement can only track the furthest extend of delamination. To track the planar delamination behavior
the bond state measurement (determined through the SED criterion) was required. The best results follow
when the xy-plane curvature measurement is combined with the bond state measurement since the mea-
sured SED was noisy. Both of the measurement fields are illustrated in figure 7.8. By combing both measure-
ment techniques an algorithm was developed that can track the delamination.

7.4.1. SHAPE FUNCTION

The resulting planar delamination shape, plotted in figure 7.8b, had a characteristic shape. This shape is
similar to the shape function applied by Koellner [11], who investigated planar delamination caused by a
buckling load, illustrated in figure 7.9. To approximate the delamination area the same shape function as
in Koellner’s research [11] was applied. To determine the variables of the shape function, an algorithm was
developed that uses both the xy-plane curvature and the SED criterion bond state map.

7.4.2. LOCATING DELAMINATION LENGTH AND DETERMINE THE CRITICAL SED THROUGH
CURVATURE DATA

The first step that was performed in determining the delamination area was to apply the xy-plane curvature to

locate the furthest extent of the delamination. With the software that was used with the DIC measurements, VIC-

3D, the measured coordinates were transformed into cylindrical coordinates. Initially the center of the trans-

verse load was measured to be at the xy-coordinates (-190.38mm, 9.9473 mm). It was assumed for this analy-
sis, that center of the delamination was at the center of the transverse load. By applying these center coordi-
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nates as Xy and Yj the transformation can be performed with the functions written in equation 7.3.

R=1/(X=X0)? + (¥ - Yp)? (7.3a)

¢= arcsin( Y ;YO ) (7.3b)

The next step was to measure the critical curvature value, which occurs at the delamination boundary. The
curvature made a critical change in value at the boundary of the delamination which is seen in the contours
of figure 7.8a. The curvature that was measured at the delamination boundary had a value of 0.004863 1/mm.
The furthest extension of the delamination, the angle at which the delamination extends and the critical
delamination in the analyzed frame were then determined as following.

a=k+R= maX(R(ny > nycrit)) (7.4a)
pg=¢p(R==a) (7.4b)
Upcrit = Up (R==a) (7.4¢0)

7.4.3. DETERMINING THE DELAMINATION WIDTH AND DELAMINATION RADIUS THROUGH THE
SED CRITERION

To determine the complete delamination shape, a bond state map is calculated by applying the critical SED

criterion. A bond state map states at which point the material delaminated, with a ‘1, and at which points

the material is still connected with a ‘0. This behavior is described in equation 7.5. The resulting bond state

map is illustrated in figure 7.8b. The other variables of the delamination shape function can be determined

through this bond state map.

BS(up =z upe) =1 (7.5a)
BS(up <up) =0 (7.5b)

All the following operations have been applied to field variables of delaminated area (BS = 1). The next
step was to determine the radius of the planar delamination growth. This was determined by the maximum
delamination radius in the x-direction.

R, =max(R(¢ < ¢g/3)) (7.6)

The last part of tracking the delamination area was to calculate the width of the transverse delamination
growth. This was determined by the angle at which delamination was greater than the planar delamination
radius.

¢x=min(Pp(R=R))) (7.7)
b0 =g —Px (7.7b)

7.4.4. COMPARISON DELAMINATION AREA WITH C-SCANS

The bond state measurement was placed over the shape function in figure 7.10b which demonstrated that
translation from bond state map to shape function operated well. The outcome of the shape function was
compared with the c-scan made after the fatigue test in figure 7.10a. The measured delamination shape in the
bond state graph and the c-scan matched greatly. The planar delamination is a bit cubic,see the bond-state
map, and the transverse delamination growth was limited. This direct evidence proves that delamination
area can be measured with the SED criterion.

7.5. DETERMINING THE STRAIN ENERGY RELEASE RATE

The first step in determining the SERR is evaluating the delamination area measurements that have been fil-
tered with the algorithm discussed in section 7.4. The delamination area is calculated based on the variables
measured in the shape function with function 7.8.

1
Ager =R, + 7 kbo(8R, +3k) (7.8)
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(b) The measured SED bond state graph as overlay on the shape function

(a) Cropped c-scan made after the fatigue test

Figure 7.10: The c-scan and delamination shape function fit of specimen 18

Table 7.2: Results C-scans written in delamination function variables

Specimen | k (mm) | ¢g (deg) | ¢po (deg) | Planar Growth?
1 14 40 - No
4 5 35 3 Yes
8 5 0 3 No
11 45 0 - No
18 3 45 5 Yes

Figure 7.11b demonstrated that the unfiltered data made measurements that are smaller than the initial de-
lamination radius. To make an accurate estimate, these outliers of the delamination area measurements were
removed. In the beginning of the delamination process, rapid planar growth is measured up to 1400 cycles
after which transverse growth follows. The planar area growth and transverse area growth are fitted with a
quadratic function, figure 7.11a. The quadratic fits introduced an artifact of damped delamination growth at
1400 cycles.

For an initial insight in the SERR, the dissipated energy per cycle was plotted against the change of delami-
nation area per cycle in figure 7.12. The plot demonstrated that the planar growth behavior was less resistant
(smaller slope dU/dA) than the transverse delamination growth. This behavior is related to the greater dissi-
pated cyclic strain energy at the start of the fatigue test. Since an overabundance of energy is available at the
crack front, unstable planar delamination occurred. The physical SERR was calculated for a more thorough
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Figure 7.11: The measured delamination area of specimen 18
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explanation of the resistance behavior of the laminate.

ou

Ge= —
‘T 9A

(7.9)
This resulted in the SERR graph in figure 7.13. The growth of the SERR turned exponential near the end of
the quadratic fits. This was an artifact of the fitting method. The constant increase resistance was linked to
the change of unstable planar delamination into stable transverse delamination. For comparisons between
planar delamination tests, this effect should be included.

7.6. CONCLUSION

It can be concluded that the settings of the fatigue test setup are sensitive. Applying the same maximum
displacement in a QI00 specimen resulted in a failed test, while the other layups were test successfully. Fur-
thermore, the designed clamp frame offered limited stiffness which resulted in plastic deformation of the
clamp and non-ideal clamped conditions for the specimen.

A methodology was developed that combines both the cyclic data and the peak-valley data of the fatigue test
to determine the cyclic dissipated strain energy. This combination was possible with the linear relation be-
tween cyclic loading energy and cyclic dissipated energy. This methodology can estimate the cyclic strain
energy for each individual cycle.

Based on the shape function of the delamination area, an algorithm was designed to track the delamination
area throughout the fatigue test. This algorithm used the measurements of both the XY-plane curvature and
the SED to estimate the planar growth behavior. The resulting delamination shape matched the c-scan.

The physical quantitative SERR that was measured during the planar delamination experiment showed that
planar delamination growth was the result of the overabundance of energy at the crack front.
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Figure 7.13: The calculated SERR of specimen 18 with an averaging filter of 10 cycles



COMPUTATIONAL MODEL

8.1. INTRODUCTION

The fatigue and quasi-static planar indentation experiments were performed and the outcomes differ from
the initial expectations. The delamination propagation of the planar specimen was initially transverse in both
the quasi-static and fatigue tests. The fatigue tests induced more delamination in the specimen before frac-
ture and after several cycles planar like propagation occurred. Numerical model is introduced in this chapter
to investigate if such planar like delamination propagation can occur in the quasi-static tests. The applicabil-
ity of current mode-micxity criteria for planar delamination problems is tested through the numerical model
based on VCCT.

This chapter will describe how the numerical model was developed after which a mesh convergence study
was performed. The initial model behaved too stiff compared to the experiment. Different approaches were
tried to identify the origin of this increased stiffness. A second model was developed with a smaller thickness,
to obtain the load displacement behavior of the experiment. This model provided insights on the limitations
of the current mode-mixity criteria with planar delamination problems.

8.2. SETUP NUMERICAL MODEL

The delamination characterization tests were developed to retrieve the SERRs that can be applied in numer-
ical VCCT models[85]. This does not mean that VCCT numerical models can capture planar delamination
behavior. Therefore the limitations of the mode-mixity methodology was tested for planar delamination with
a VCCT numerical model . The VCCT numerical model did require an increased amount of mesh elements
in the delamination direction, illustrated with ¢, in image 8.1. The crack direction was therefore initially
derived from the experiment and the mesh was adapted.

8.2.1. SETUP PARTS

To define the delamination process of specimen, the specimen was built out of two plates that would separate.
The plates were modeled as 3D extrudes. Since the problem is symmetric the plate was simplified to half a
plate. The half plate length, width and thickness are 400mm, 200mm and 1.25 mm respectively. To improve

I . k. Pos
; [#21)
¥G

Figure 8.1: The shape function which describes the planar delamination behavior [11]
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Table 8.1: Engineering Constants used for lamina properties [15]

155 7.8 7.8 5.50 5.50 3.92 0.290(0.290|0.487

Figure 8.2: The meshing strategy of the composite plates

the mesh and to induce the initial delamination in the model, each of the plates had a partitioned surface
which had a radius of 25 mm, which is defined defined by line A in figure 8.2 .

8.2.2. MATERIAL PROPERTIES

The material properties were specified through the composite module of Abaqus. First the lamina properties
were initialized with engineering constants that are reported in table 8.1. Both the top and bottom plate were
assigned as conventional composite shells. The composite layup of each plate was defined according to table
5.2.

8.2.3. ASSEMBLY

The bottom plate was initially added to the assembly as first instance. The bottom plate defines the coordi-
nate system. The top plate was then added and constrained to the bottom plate with a face-to-face constraint,
that directly includes a small offset. This small offset was required for the contact interactions later, this way
the normal definitions of the contact can be defined by Abaqus. The bottom plate had a reference point at
the point of indentation.

8.2.4. MESH STRATEGY

The mesh strategy was made to make sure that the delamination behavior can easily be simulated. This was
achieved by increasing the amount of elements in the direction of the delamination growth and at the de-
lamination boundary. To do this most efficiently the line seeds for line F and C, in figure 8.2, were biased in
the direction of the initial delamination. The amount of elements that were not in the interest region were
minimized. To achieve this behavior, line seeds were related to one other and extra sections for the region
of interest were created. The sections and the naming conventions of the line seeds were illustrated in figure
8.2. The relations between the quantity of line seeds for the composite plate were defined according to table
8.2. The resulting meshes ,figure 8.3, demonstrated the desired node distribution for this simulation.

The type of elements that were selected for the planar delamination problem are the Abaqus SC8R, 8-node
quadrilateral in-plane general-purpose continuum shell, reduced integration with hourglass control. Re-
duced integration with hourglass control prevents shear locking, something that would occur in models that
simulate bending loads.
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Table 8.2: Line Seed Relations Composite Plate related to image 8.2

A 1
B 1/2
C 1/3
D 1/5
E

F

Ph

1/4
1
i Orientation Top Layer

Figure 8.3: The resulting meshes of the ELS and SCB specimen of QI00

8.2.5. INTERACTION

Only a singular contact interaction was defined for this model, which is a cohesive contact between the bot-
tom and the top plate. The surfaces allowed small-sliding contact and unstable crack growth. Unstable crack
growth is efficient for computing and can be combined with linear scaling VCCT to quickly determine the dis-
placement at which the delamination starts to grow. The bonding was limited to the bonded node set which
disbonds the material at the initial delamination and at the clamped conditions, since the bond restrictions
at the clamped boundary conditions caused computational problems. For the VCCT contact the classical BK-
Law was applied with the properties of table 8.3. The VCCT crack layer had an out-of-plane surface thickness
of 2e-5 mm. The contact interactions were defined in the first step after initialization.

8.2.6. BOUNDARY CONDITIONS

The boundary conditions at the sides of the laminate, with the exception of the side that is along the x-axis,
were set to ENCASTRE to simulate the clamped conditions. At the center of the laminate, at the x-axis in figure
8.4, YSYMM conditions were applied. A reference point was placed on the plates, which would displace to
induce the load in laminate. The reference point was placed on the bottom surface for the ELS specimens,
while a reference point has been placed on the top surface for SCB specimens. The reference point defined
the master-slave definitions of the model. For the ELS specimen, the bottom plate was the master surface
(with the reference point) and the top plate was the slave surface whereas for the SCB specimen the top plate
was the master surface (with the reference point) and the bottom plate was the slave surface.

8.2.7.STEP SIZE

The settings in the step determined performance of the model. The model behavior was set to be non-linear.
The maximum increment size was 0.01 while the minimum increment step size was le-12. The initial incre-
ment was 0.001. The maximum amount of increments was set at 5000. The solver was a direct Full-Newton
method which ramps linearly.

Table 8.3: The B-K law interaction properties used in the VCCT analysis [15]

GiJ/m? | GiUIm?) | Gi(J/m?) | n | tolerance
241 971 971 0.2

—
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Figure 8.4: The applied boundary conditions for the assembly

Table 8.4: Mesh Convergence Properties

20 1846 36.5 6
30 3828 36 15
40 9507 No Iteration at 0.0007 17

8.2.8. REQUIRED FIELD AND HISTORY OUTPUTS
The following Field Outputs were selected for the analysis of the experiment:

* BDSTAT: Bond State of the material
» E: Total Strain Components
° ENRRT: SERR
* RT: Reaction Forces
e S: Stress Components of invariants
» U: Translation and Rotations x-direction
* ELEDEN: All Energy Density Components
e SE: Section Strains and Curvatures
The following History Outputs were selected for the analysis of the experiment:
° ENRRT1: Mode I SERR
* ENRRT2: Mode II SERR
* ENRRT3: Mode III SERR

Only the ELEDEN, the U and the RT components have been used for the analysis.

8.2.9. MESH CONVERGENCE

The mesh convergences have been performed and the results are presented in table 8.4. The load at the final
displacement is varying about 1.5%, while at the same time the model with the greatest number of elements
could not iterate. Therefore, the model with 30 seeds has been selected to perform the delamination analysis.
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8.3. COMPARISON WITH THE EXPERIMENTAL RESULTS

The initial mesh converged and the 6 different delamination models (2 type of specimen and 3 layups) were
successfully completed. Three different sets of data were compared between the numerical model and the
experiment. The load-displacement response was compared since this data was most accurately measured
in the test setup. Then development of delamination area was investigated, which demonstrated to what
extend the BK mode-mixity criterion is applicable in a planar test. The last point of investigation was the SED
map produced by the numerical model.

8.3.1. LOAD-DISPLACEMENT DATA

The load displacement data is the direct response of the material and was investigated first. To determine
the load displacement data of the numerical model was derived from the reaction force and displacement of
the indentation node. Figure 8.5 showed that the laminate has a greater bending stiffness than the measured
experimental laminates. To investigate how this difference in behavior came to be, 3 different investigations
were performed.

* The number of elements near the indentation tip was greatly increased to reduce the overestimation
of the indentation load. The difference between 8 and 40 seeds near the indentation tip resulted in a
reduced stiffness of about 4%.

* The manner of load induction was caused by moving a central point with an indicated central dis-
placement. This causes distortions around the central node. Instead of inducing the load with a single
central node, a whole set of nodes around the area of the indenter radius was displaced instead. The
combined load of this set of nodes is equal to the single node behavior, meaning that this did not cause
the reduced stiffness problem.

* The issue was the application of the boundary conditions in the numerical model were stricter than the
actual clamping conditions that occur in the experiment. Figure 8.6 illustrates how the clamping frame
bend slightly with the specimen. It was mentioned in chapter 6 that clamping frame was not designed
for the maximum load measured in the test setup. This means that the clamping frame cannot give
the stiffness to maintain the clamped boundary conditions. To achieve the same displacement in the
model, more force was required due to the strict boundary conditions which is why a stiffer response
results from the model.

8.3.2. DELAMINATION AREA

The increased delamination area was measured by the change of the average bond state in the cohesive ma-
terial. This measurement is more of a qualitative indication than a quantitative indication, since the bonds
are not evenly spread over the contact interface. The change of average bond state during the simulation was
then multiplied by the area of the bond state, illustrated in figure 8.7.

The delamination area is increasing way more rapidly than the quasi-static measurements. This is can be
caused by the SERR mode-mixity criterion. Another reason could be that the only damage behavior that was
accounted for in this model is the delamination behavior. This means that damage caused by matrix crack-
ing, which would reduce the stiffness of the laminate and generally retards the delamination growth behavior,
has not been included. The most likely cause for this overestimation of delamination is the increased stiff-
ness of the composite plate. This means that more energy is introduced in the composite laminate and the
delamination boundary, which results in more delamination.

8.3.3. SED FIELD

The SED field that results from the numerical model is illustrated in figure 8.8. The difference in distribution
of SED was the first aspect that is noticeable in the outcomes. The SED measured in the experiment (figure
6.5) demonstrates a distorted version of diamond contours which were generated by the numerical model.
The quantity of the SED of this numerical model was 3 times greater than the measured SED in the experi-
ment.

The SED development that occurs when the delamination expands does demonstrate the applicability to
measure the delamination in the material with the SED. Further insight should be generated with a numeri-
cal model that applies a SED criterion.
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Figure 8.6: At the peak load the clamping frame starts to elastically bend with the specimen

8.4. THICKNESS CORRECTION MODEL

To compensate for the strict boundary conditions, which did not match with the experiment, an iteration on
the model was developed. This model accounted for the strict boundary conditions by reducing the thickness
of the plate. The thickness reduction reduced the stiffness of the model, which means the model acted more
like the experiment. Figure 8.9a shows how the stiffness drops with the reduction of the thickness of the com-
posite plate. Initially the 2mm thick plate acted like the experiment, however at a certain displacement the
stiffness diverges. Figure 8.9b shows that this overestimation happens at the incrementation step at 8 to 10
mm displacement. In figure 8.10a it is shown that from 10 mm onwards the delamination expansion contin-
ues in a planar manner. The final crack front of the simulation is portrayed in figure 8.10b, which shows that
the model is not including a direct transverse delamination shape. The irregularities of the curved crack front
were caused by the mesh, and should be expected in an experiment. The delamination radius at 20 mm dis-
placement, which is the greatest displacement in the quasi-static QI00 experiment, is 38 mm. The SED field
of the delaminated specimen, figure 8.11, was given a custom legend to show the SED distribution beyond
the delamination. The maximum SED in the legend is set the same as critical SED measured in specimen 12.
The measured 3000 J/m? was divided by its thickness of 2.5 mm, which delivered an experimental critical
SED of 1.2 MJ/m?3. The SED pattern retrieves the same delamination radius of 38mm, which is the size of the
delamination in the model. This demonstrated the that the SED criterion bond state matches actual bond
state of the numerical model.

8.5. CONCLUSION

To investigate the applicability of the mode-mixity criterion, a numerical model applying this criterion was
developed. Initially the load-displacement behavior was compared with the experimental data. To compen-
sate for the difference between the strict clamping conditions of the model, versus the less strict clamping
behavior of the experiment the model was remade with a smaller thickness.The load-displacement behavior
of the reduced thickness model was similar to the experiment until planar delamination occurs. The match-
ingload displacement behavior was a requirement for an accurate model. The next model should change the
boundary conditions of the model to match the experiment.

The delamination behavior seems more realistic with the reduced thickness model than the actual thickness
model. The SED of the reduced thickness model allowed to make delamination predictions when matched
with the experimental SED. The delamination area growth was overestimated greatly with the actual thick-
ness model and slightly overestimated with the reduced thickness model. This could be caused by the mode-
mixity criterion or the lack of other damage mechanisms in the model.
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Figure 8.7: The various delamination area graphs of the SCB specimen
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DISCUSSION

9.1. INTRODUCTION

Through the different studies performed in this investigation, it was demonstrated that SED that is a suitable
tool for estimating planar delamination. To gain insight in why the standard SERR was not suitable for planar
delamination, the discussion investigated the origins of the SERR methodology. The original papers demon-
strated that the use of the standard SERR is limited to closed energy systems, which made it not suitable for
the fatigue the planar delamination tests. To compare the planar delamination tests, the physical SERR is
therefore applied.

Following on this discussion of the SERR, a comparison was made between the physical SERR of the analyt-
ical model with the physical SERR measured in the transverse opening load experiment [6]. The differences
between the physical SERRs gave insight into the relation between constituent properties and delamination
resistance.

The outcomes of the fatigue delamination experiment demonstrated similarities with the impact study on a
planar specimen by Davies[12]. The relation between the indentation test and Davies’ planar delamination
test was investigated to relate the physical SERR to different types of delamination behavior in planar tests.
With a measurement technique that can measure the SED in an experiment, the methodology to calculate
the critical SED by Daneshjoo and Amaral [3, 15, 23] with a coupon test was be tested. The assumption was
that the SED is a material constant, so this value should be the same in a planar test and a coupon test.

9.2. THE APPLICATION OF THE PHYSICAL SERR

During the analysis of the fatigue outcomes, the physical SERR determined the amount of work required to
expand the delamination. The reason why physical SERR was used in the analysis instead of the standard
definition of SERR [1], is because the standard SERR cannot be easily measured in planar delamination tests.
The development of the ASTM standard for determining the delamination resistance, and the application of
the standard SERR, started with the explorative work of Kanninen et al. [86]. During this explorative work
various fracture mechanics applications (e.g. SERR, SED,SIF and max stress criterion) were investigated to
determine which application can characterize the delamination failure behavior in fiber reinforced compos-
ites. The proposal that followed from this investigation was: ”Any element of a fibre composite ruptures when
an intrinsic critical energy dissipation rate can be provided.” Kaninnen et al.’s interpretation of the SERR is as
driving force to propagate delamination. This interpretation of the standard SERR, results from Griffith’s in-
terpretation of the SERR, when measuring the standard SERR in a test that expands delamination slowly. The
assumption that Griffith made to define the SERR as driving force, was that no extra load is induced during
the delamination meaning that the experiment behaved as a closed energy system. In a closed energy sys-
tem, the restriction to delamination growth, standard SERR, can be set equally to the driving energy based on
the law of conservation of energy. In an open energy system, like a fatigue test, an overabundance of energy
in the system will cause unstable delamination. In unstable delamination the standard SERR is not equal to
the driving force in the system. The physical SERR can describe how the delamination growth propagates in
unstable delamination, since it is pure relationship between the change of induced work and the change of
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Table 9.1: The average Strain Energy Release Rate of Cameselle-Molares tests

50/50-1 2178.7 5.908
50/50-2 1982.6 5.44
60/40-1 2608.2 5.331
60/40-2 2775.5 5.765
70/30-1 3098.2 3.597
70/30-2 3028.1 3.738
delamination area
0
—W-U)=0 9.1
GA( ) 9.1)

When investigating the fatigue delamination resistance of the experiment, the physical SERR demonstrated
how the resistance changes with the delamination growth behavior. This behavior provided new insights on
how delamination propagation was influenced by an overabundance of energy. To gain similar insights in
other planar delamination experiments, it is recommended to apply the physical SERR.

9.3. PHYSICAL SERR OUT-OF-PLANE OPENING LOAD PLANAR DELAMINA-
TION EXPERIMENT

In correspondence with the author of the of the out-of-plane opening load planar delamination experiment
[6], a data set was received which consisted of the load-displacement, compliance and the delamination area
data measured during their experiment. The SERR was calculated from this data set.

9.3.1. CALCULATING THE SERR
The definition of the SERR that was used for analyzing the planar delamination data of the planar load open-
ing experiment is the physical SERR. With the retrieved data, the physical SERR was calculated as following:

oU 0(zku?) 8(3CP?)
T0A  0A  0A

9.2)

Where equation k is the transverse stiffness of the composite, u is the transverse displacement, C is the trans-
verse compliance of the composite and P is the transverse load. The calculation was similar to the compli-
ance calibration method [1], the only difference was that in the planar experiment the load does not remain
constant when delamination growth occurs.

_1P%C 1CoP?

“204 2 9A ©-3
This can be simplified with the product rule which results into the following.
1 P?20C  PCOP
= 9.4)

= 4+
2 0A 0A
The calculated SERR is scattered, as illustrated in figure 9.1. To retrieve a comparable SERR the data was fitted

with third order polynomial. The resulting polynomial was then plotted in the scattered and the resulting
mean SERR and standard deviation were reported in table 9.1.

9.3.2. COMPARISON WITH THE PERFORMED PLANAR EXPERIMENT

Like the outcome of the fatigue experiment, the SERR is not converging to a singular value which would be
common in a coupon test. The reason why this behavior was occurring is due to the constantly changing
crack front. When the crack front changed, either in size or shape, the SERR will increase preventing the
physical SERR from converging. This was also why it is difficult to relate the coupon SERR to the physical
SERR of the test.
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9.3.3. COMPARSION WITH THE ANALYTICAL MODEL

The SERR that results from transverse out-of-plane load opening experiment is showing similarities with the
analytical model which is developed in chapter 3. The The 50-50 mat is an exception to the similarity between
the two outcomes, since the SERR is only dropping in the experiment whereas the model predicted it to grow.
A great fit can best be seen with the 60-40 mat, where the SERR is first slightly increasing after which it starts
to drop at planar delamination growth. In the 70-30 mat experimental SERR graph, figure 9.1c, it is hard to
notice how the similar behavior is occurring in the first phase of transverse growth, due to the growth of the
SERR of the mat 70-30-2 near the end of the test. The magnitude of the different physical SERR’s increases
with the increased orthotropy of the material. This effect was predicted with SED criterion. The magnitude
of these differences does differ greatly between the model and experiment, but also between two tests of the
same material.

9.4. COMPARISON PLANAR DELAMINATION BY INDENTATION AND IMPACT

The research on the relationship between delamination induced through impact and indentation has been
around for quite a while [24]. To further elaborate on this relationship, the outcomes of the planar delamina-
tion experiment were compared with the impact results by Davies [12]. In the study Davies investigated the
relation between the impact damage area and the peak load, while also investigating the relation between
the damage area and the indentation energy. The measurements were made with a drop tower, whereby an
impactor, with strain gauges attached to measure the load and a grid at the side to measure the velocity, was
dropped on composite specimen. The composite specimens were made as small coupons (100mm x 75 mm)
and large coupons (200mm x 200mm). While the specimen width dimensions differ, the applied layup for
the 2mm thick plate in Davies’ study is identical to the QI00 layup tested in the current study. The results of
Davies’s experiment is illustrated in 9.2. The figure shows that the resulting delamination shapes match those
of the fatigue results before the delamination grows more in a planar fashion. Davies did not describe the
delamination size neither can this be derived from figure 9.2a. Davies described the delamination damage
area in the graph that relates the impact energy with the damage area. To compare the results of Davies’s
experiment with the results of this experiment, the area with the cumulative dissipated strain energy is illus-
trated in figure 9.3. The data from this research demonstrate a direct linear relationship between the damage
area and the indentation energy. Whereas in Davies’ experiment, figure 9.2b shows that the relation between
the impact energy and damage area grew in exponential manner at the initial delamination onset after which
the growth stabilizes in a linear manner. This is the same effect, caused by the overabundance of energy at
the delamination front. The initial exponential growth of Davies’s experiment was linked to the initial planar
delamination growth of the impact load.

The induced energy versus delamination area graphs of the quasi-static tests performed by Cameselle-Molares
[6] differed from the fatigue and impact graphs. Figure 9.4 showed that for both the 50-50 mats and the 60-40
mats a linear relation directly appeared. This direct linear relationship was caused by the quasi-static test
conditions, unstable planar delamination growth was therefore avoided. The exception is the 70-30 mats
which display a non-linear relationship. This non-linear relationship can be linked to the fact that test was
stopped earlier than the 50-50 and 60-40 mats. Only 30 joules was induced in the 70-30 mats, whereas the
60-40 and 50-50 mats were loaded up to 100 joules.

9.5. DERIVATION CRITICAL SED WITH COUPON TEST DATA

Daneshjoo [15, 23] and Amaral [3] tested coupons in a MMB test to study differences of the onset SERR in
fatigue test. During their tests a method was developed to determine the critical SED with a physics-based
relationship. The studies of Amaral and Daneshjoo state the critical SED should be independent of the load-
ing condition. Therefore it is assumed to be a material constant. To investigate if the critical SED is indepen-
dent of the topology of the problem, the critical SED was calculated based on Daneshjoo’s coupon data of the
material [23] and compared with the measured critical SED of the performed fatigue test.

The determination of the critical SED with coupon applied the following definition of SED.

2 2
aw _1 U_?C + %y + U_g + Txy | _YayOxOy Vxz0x0z Vyz0z0y
v _2|E. E, E. Guy E, E, E,

(9.5)
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This definition of the SED can be rewritten with the stresses defined in terms of SIF.

1
= KiA;(0)+ KA (@ 9.6
Ox \/ﬁ( 1A1(0) + K1 Af1(0)) (9.6a)
oy= (K1B1(0) + K11 B11(0)) (9.6b)
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Where the angular functions are as following.
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Which allows the original SED function 9.5 to be rewritten into a simpler form.
aw _ 1 L k2D, + K2 D, + 2K,K1 1D (9.8)
av = ar | or 11 1172 IAITY3 .

Where r is the distance from the crack in the material and the SIF variables are described with K;. The D; are
the transformation parameters which depend on the compliance behavior of the orthotropic material.
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The solution of this function is complex and will therefore be periodical. The critical SED will then be the
amplitude of this complex solution, which can be derived from the following expression.

S= DK} + DyK7; +2D3K1Kp; (9.10)

By applying this equation with the unidirectional properties of M30SC-150/DT 120-34F [23], the amplitude
of the SED function was determined to be 99.27J/m?. The amplitude of the SED function was not directly
equal to the SED measured in the laminate.

aw S|

dve amr
A correction factor of 7 was applied to compare the calculated critical SED with the measured critical SED of
the experiment. The r in this function describes the field affected by the local stress intensity, as illustrated in
figure 9.5. For brittle failure for the delamination behavior, meaning that there was no plastic stress intensity
zone. The assumption that was used to determine the correction factor is that the greatest possible elastic
stress intensity zone radius was half the material thickness. Applying this value as r delivered the lowest value
of critical SED, which was a conservative approximation.

9.11)

aw _2|S| 9.12)
ch_ Tt )

The minimum value for the calculated critical SED was 252807/ m®. The measured critical SED measured
during the fatigue test of specimen 18 was 27632]/m®. The measured critical SED is 9.3% greater than the
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Figure 9.5: Definition of the elastic and plastic radius in a metal [13]

calculated critical SED. The difference between the calculated and measured critical SED is small, but more
investigation is required to test if the assumption on the maximum radius of stress intensity affected zone is
correct. Such a test can be performed by repeating the planar delamination experiment with specimen that

vary in plate thickness.
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CONCLUSION AND RECOMMENDATIONS

10.1. CONCLUSION

While the initial aim of this research was to investigate the methodology to measure planar delaminations in
CFRP laminates, many new insights were obtained based on the outcomes of the experiment. The literature
study aimed to investigate which responses of a material could be measured to track a delamination. The
delamination growth could be measured through a theoretical criterion. Such a criterion that could describe
the planar delamination growth is the SED criterion. When a criterion can be measured it can also be used to
estimate planar delamination growth.

To investigate if the SED criterion could predict planar delamination growth, the planar transverse opening-
load delamination experiment (Cameselle-Molares) was simulated. The simulation, that applied both CLT
and the SED criterion, could predict the delamination shapes that resulted from this planar experiment. The
simulation also gave insight on how the delamination propagation would change from uni-directional growth
to growth in a planar manner.

To test if it is possible to measure delamination growth in a CFRP plate, three different methodologies were
tested. Measuring the delamination with thermography and tracking the delamination with xy-plane curva-
ture with DIC or creating a bond state map with the SED criterion which can also be measured with DIC. The
combination of xy-plane curvature measurements with SED criterion bond state map resulted in an accurate
measurement of the delamination.

The current common practice of a critical SERR was developed for the numerical VCCT method to predict
delamination growth in free-edge delamination specimen. To see if this method can also predict delamina-
tion growth in a planar specimen which does not have free-edges, a numerical model was developed based
on the performed quasi-static experiment. The results of this numerical demonstrated that the VCCT ap-
proach directly assumed planar growth and did not include the transverse growth behavior that observed
in the quasi-static experiment. The planar delamination behavior was investigated by applying the physical
SERR to see how the delamination resistance varies during the fatigue indentation experiment performed in
this research, the planar transverse opening load-experiment and an impact study performed on quasi-static
panels[12].

10.2. RECOMMENDATIONS

The current research has delivered on an initial answer on how planar delamination relates to the current
coupon validation tests, however new questions came forward and the methodologies do require further
research.

* The delamination propagation is only measured through DIC. Validation of the methodology for prop-
agation tracking requires a second measurement technique. This measurement technique can be ther-
mography. Passive thermography was able to measure the delamination growth. Continuous measure-
ment of lock-in thermography does require fine-tuning of the heat source and frequency of measure-
ments by the camera. This fine tuning should be further investigated.

* The analytical model, that investigated the transverse load opening delamination test, only included
pure bending behavior. While the bending behavior does have a major influence on the delamination
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shape that occurs in this test, the influence of the in-plane extension should also be included in the
modeling process. It is therefore recommended to expand the analytical model with in-plane extension
behavior.

The numerical model that was developed for investigating the delamination area trend demonstrated
the limitations of applying the SERR as delamination criteria for the planar delamination problem.
The next step for predicting the delamination onset with the numerical model would require a change
of the clamped boundary conditions which suits the behavior of the experiment more. With altered
boundary conditions, the SED criterion should be applied as delamination criterion to see if the planar
delamination trends match the experiment more.

The relation between the SED and the quantification tests was initially developed by Daneshjoo [23].
The outcomes of this relation can be validated with DIC measurements similar to the ones made during
this research.

A correction factor was applied which depended on the assumption that stress intensity affect the ma-
terial throughout the thickness, to calculate the critical SED. This assumption should be tested varying
the plate thickness of the planar experiment.

The physical SERR was applied to characterize the delamination resistance of the planar tests. The
application of this theory would mean that there is a linear relation between the induced energy and
the delamination growth. This relation should be explored further in future work.
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C-SCANS

QI00 8,9,10,11,12,13
QI30 1,2,3,4,5,6,7
QI45 14,15,16,17,18,19
ORT15 20
ORT30 21

Table A.1: The type of laminates with the corresponding c-scan numbers
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102 A. C-ScANs

(a) (b) ©

Figure A.1: First set of c-scans
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(a) (b) ©

Figure A.2: Second set of c-scans



104 A. C-ScANs

Figure A.3: Third set of c-scans
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MATLAB CODE

Table C.1: Overview of the Matlab Code

DelaminationSimulation | To setup the complete delamination simulation of the planar DCB experiment 3
ExpandDelam To govern the delamination propagation 3
DelaminationDirection To calculate the delamination propagation direction 3
CalcSERR To calculate the SERR after simulation 3
CalcLoad To calculate the applied load after simulation 3
DrawSEDField To plot the SED distribution 3
CycleAnalysis To calculate the strain energy with the cyclic experiment data 7
FatigueArea To calculate the delamination area with \{}ac{dic} data 7
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Determining the delamination behaviour of a
planar problem with a pure Bending Model
% his is to test the hypothesis why a delam nation transforns froma
%ircular shape into a certain elliptical shape. The current
hypothesis is that this behaviour depends on the flexural
%stiffness properties of the |lam nate. The material properties and
%rechani cs is based on Canesell e- Mol ares Pl anar Del ani nati on
Experi nment.
% he code will initialize the material properties, setup the
di spl acenent
%ield and the determ ne the strain energy density functions. Then
t hese
% nputs are given to the functi on ExpandDel am m which will generate
t he
%lel am nation | ength vectors as outcones.
tic
Material Properties 50/50
E155 = 17. 79e9; % he Stiffness of the conposite mat in the
primary stiffness direction [Pa]
E255 = 17.79e9; % he Stiffness of the conposite mat in the
secondary stiffness direction [Pa]
GlL255 = 2. 62e9; % he in-plane Shear Stiffness of the conposite
mat [ Pa]
v1255 = 0.19; %oi sson's ratio of the conposite mat [-/-]
tplyls5 = 3. 33e-3; %hi ckness of the top mat [n]
tply255 = 3.53e-3; %rhi ckness of the bottom mat [nj
USED50 = 482. 3232; % verage Critical Strain Energy Density [J/
2]




SED50 = 3301;
m 2]

ws5max = 32. 8e- 3/ 2;

experiment [m

mat 55 = [ E155, E255, G1255, v1255] ;

vector of the mat

[ A551, B551, D551] = ABD(mat 55, t pl y155, 0) ;

D5511 = D551(1);
D5512 = D551(2);
D5516 = D551(3);
D5522 = D551(5);
D5526 = D551(6);
D5566 = D551(9);

E164 = 22.30e9;

%Average Critical Strain Energy Density [J/

%rhe maxi mum out - of - pl ane di spl acenent of the

%aterial paranmeters

%A\BD Matrix of the mat

%11 Val ue of the mat [ Nnj
o122 Val ue of the mat [ Nnj
%016 Val ue of the mat [ Nnj
%22 Val ue of the mat [ Nnj
%26 Val ue of the mat [ Nnj
%066 Val ue of the mat [ Nnj

Material Properties 60/40

% he Stiffness of the conposite mat in the

primary stiffness direction [Pa]

E264 = 14. 86¢€09;

%he Stiffness of the conposite mat in the

secondary stiffness direction [Pa]

Gl264 = 1.76e9;
mat [ Pa]

v1264 = 0. 23;

tplyl64 = 3. 05e-3;

tpl y264 3. 06e- 3;
UBED6O = 417.737;
n2] SED

SED60 = 5761;

2]

we4nmax = 26e- 3/ 2;
experinment [m

mat 64 = [ E164, E264, G1264, v1264] ;

vector of the mat

[ A641, B641, D641] = ABD(mat 64, t pl y164, 0);

D6411 = DB41(1):
D6412 = DB41(2);
D6416 = D641(3);
D6422 = DB41(5);
D6426 = D641(6);
D6466 = D641(9);

E173 = 24.28e9;

% he in-plane Shear Stiffness of the conposite

%0i sson's ratio of the conposite mat [-/-]
% hi ckness of the top mat [n]

%hi ckness of the bottom mat [nj

%Average Critical Strain Energy Density [J/

%Average Critical Strain Energy Density [J/

%he maxi num out - of - pl ane di spl acenent of the

%at eri al paraneters

%A\BD Matrix of the mat

%11 Val ue of the mat [ Nnj
%012 Val ue of the mat [ Nnj
%16 Val ue of the mat [ Nnj
%22 Val ue of the mat [ Nnj
o026 Val ue of the mat [ Nnj
%66 Val ue of the mat [ Nnj

Material Properties 70/30

% he Stiffness of the conposite mat in the

primary stiffness direction [Pa]

E273 = 10. 41e9;

% he Stiffness of the conposite mat in the

secondary stiffness direction [Pa]

Gl273 = 2.56€9;
mat [ Pa]

v1273 = 0. 27;
tplyl73 = 3. 36e-3;

% he in-plane Shear Stiffness of the conposite

%0i sson's ratio of the conposite mat [-/-]
%rhi ckness of the top mat [n]




tply273 = 3. 35e-3; %l hi ckness of the bottom mat [n]

YSED70 = 587. 8237, %Average Critical Strain Energy Density [J/
2]

SED70 = 7943, %Average Critical Strain Energy Density [J/
2]

w73max = 17.5e-3/2; % he maxi mum out - of - pl ane di spl acenent of the

experiment [m

mat 73 = [ E173, E273, GL273,v1273]; %aterial paranmeters

vector of the mat

[ A731, B731, D731] = ABD(mat 73,tplyl73,0); %ABD Matrix of the nat

D7311 = D731(1); %11 Val ue of the mat [ Nnj

D7312 = D731(2); %012 Val ue of the mat [ Nnj

D7316 = D731(3); %016 Val ue of the mat [ Nnj

D7322 = D731(5); %22 Val ue of the mat [ Nnj

D7326 = D731(6); %26 Val ue of the mat [ Nnj

D7366 = D731(9); %066 Val ue of the mat [ Nnj
Material Properties 80/20

E182 = 27.03e9; % he Stiffness of the conposite mat in the

primary stiffness direction [Pa]

E282 = 6. 76e€9; % he Stiffness of the conmposite mat in the

secondary stiffness direction [Pa]

G282 = 2.51e9; % he in-plane Shear Stiffness of the conposite

mat [ Pa]

v1282 = 0. 31; %0i sson's ratio of the conposite mat [-/-]

tplyl82 = 3. 62e-3; % hi ckness of the top mat [n]

tply282 = 3.51e-3; %rhi ckness of the bottom mat [nj

YSEDB0 = 686. 6442; %Average Critical Strain Energy Density [J/

2]

SED80 = 3075; %Average Critical Strain Energy Density [J/

2]

wd2max = 12.5e-3/2; %he maxi mum out - of - pl ane di spl acement of the

experinment [m

mat 82 = [ E182, E282, G1282,v1282]; %vhterial paraneters
vector of the mat
[ AB21, B821, DB21] = ABD(nmt 82, tpl y182,0); %\BD Matrix of the nat
D8211 = D821(1); %011 Val ue of the mat [ Nnj
D8212 = DB21(2); D12 Val ue of the mat [ Nnj
D8216 = D821(3); %016 Val ue of the mat [ Nnj
D8222 = DB821(5); %22 Val ue of the mat [ Nnj
D8226 = DB821(6); %026 Val ue of the mat [ Nnj
D8266 = D821(9); %066 Val ue of the mat [ Nnj
Setup the displacement Function
syms x y a b wl rc %he symretric functions
thet = atan(y/Xx); %rhe angl e coordi nate of

the ellipse [rad]
re = ((a*b)*sart((x"2) + (y"2)))/sart(((a”2)*(y"2)) + ((b"2)*(x"2)));
%he radius of the ellipse [n]




ac = 55e-3; % he radius of the clanp
connection [m

w = wo*(1 - 3*((x/re)”2) + abs(2*((x/re)”3)))*(1 - 3*((y/re)n2) +
abs(2*((y/re)*3))); %rhe displacenent field function [n]

wx = diff(w x); %-irst derivative out-of-
pl ane di spl acenent dw dx [-]

wy = diff(wy); %irst derivative out-of-
pl ane di splacenent dw/ dy [-]

wxx = di ff(wx, x); %Second derivative out-of -
pl ane di spl acenent d"2w dx"2 [1/m

wyy = di ff(wy,y); %second derivative out-of -
pl ane di spl acenent d”*2w/ dy”~2 [1/n

wxy = di ff(wx,y); %Second derivative out-of -

pl ane di spl acenent d”*2w dxdy [ 1/ nj

50/50 Mat Strain Energy Density Function

dus55 = (wxx”2)*D5511 + (wxx*wxy)*2*D5512 + (wxx*wxy)*4*D5516 +
(wy*wyy) *D5522 + (wyy*wxy)*4*D5526 + (wxy”2)*4*D5566;

dU55f unc = matl abFuncti on(dU55) ; %The paraneterised
strain energy density function [J/ m3]

60/40 Mat Strain Energy Density Function

due4 = (wxx"2)*D6411 + (wWxx*wxy)*2*D6412 + (wWwxx*wxy)*4*D6416 +
(wyy*wyy) *D6422 + (wyy*wxy) *4*D6426 + (wxy”2)*4* D6466;

dU64f unc = matl abFuncti on(dU64) ; %he paraneterised
strain energy density function [J/ nmt3]

70/30 Mat Strain Energy Density Function

dUu73 = (wxx”"2)*D7311 + (wWxx*wxy)*2*D7312 + (wxx*wxy)*4*D7316 +
(wyy*wyy) *Dr322 + (wyy*wxy) *4*D7326 + (wxy”2)*4*D7366;

dU73func = matl abFuncti on(dU73); % he paraneterised
strain energy density function [J/ nm3]

80/20 Mat Strain Energy Density Function

du82 = (wxx”2)*D8211 + (wxx*wxy)*2*D8212 + (wxx*wxy)*4*D8216 +
(wyy*wyy) *D8222 + (wyy*wxy)*4*D8226 + (wxy”"2)*4*D8266;

du82f unc = matl abFuncti on(dU82); % he paraneterised
strain energy density function [J/ nt3]

Determining Increments and Running the Sim-
ulation

n = 150; %he anmount of increment steps [-]
a0 = 90e- 3; % he initial primary direction
delamination length [mM




b0 = 90e-3; % he initial secondary direction
delamination length [m

[ ab5, b55, t het 55] ExpandDel am( SED50, ws5max, n, dUs5f unc, a0, b0, ac) ;

[ a64, b64, t het 64] ExpandDel am( SED60, w64max, n, dU4f unc, a0, b0, ac) ;

[a73, b73,thet 73] ExpandDel am( SED70, w73nmax, n, dU73f unc, a0, b0, ac) ;

[ a82, b82, t het 82] ExpandDel am( SED80, wd2mex, n, dUd2f unc, a0, b0, ac) ;

toc
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function [anew, bnew, t hetav] =
ExpandDel an( cri t SED, wOnax, n, dUf unc, a, b, rc)
% his Function will increase the delam nation size in the direction of
%vaxi mum SED. This will occur the Strain Energy is greater than it's
critical val ue.
%rhis neans that this script has to loop until the Strain Energy

Density is

%beneath the critical |oad again.

% nputs: dUf unc - Strain Energy Density Function [J/n2]

% critSED - Critical Strain Energy Density [J/n2]

% wonmax - Maxi mum Cut - of - Pl ane Di spl acenent [m

% n - Amount of increnment steps [-]

% a - Initial Primary Direction Del am nation Length
[m

% b - Initial Secondary Direction Delam nation Length
[m

% rc - Radius of the clanp used in the experinental
setup [n]

%0ut put s:

% anew - Primary Direction Delam nation Length Vector [n]

% bnew - Secondary Direction Del am nation Length Vector
[m

% t het av - Critical Strain Energy Rel ease Angle Vector
[ rad]

w0 = |inspace(0, wonmex, n); %Cut - of - pl ane di spl acenent vector
[m

wn = @wol, b, a roff) wol/(1-(3*(2*roff/ (a+b))A2)+(2%(2*roff/(a
+b))~3)); uSi nul ated Qut-COf - Pl ane Di spl acement Val ue [nj

anew = zeros(1, n+tl); %Wnitializing Primary Direction
Del am nation Length Vector

bnew = zeros(1, n+l); %nitializing Secondary Direction
Del am nation Length Vector

thetav = zeros(1, n+l); %Wnitializing Critical Strain
Ener gy Rel ease Angl e Vector

anewm( 1) = a; %Addi ng the Initial Primary
Del am nation Length Val ue [nj

bnew(1) = b; %Addi ng the Initial Secondary
Del am nation Length Val ue [nj

thetav(1l) = 0; %Adding the Initial Critical
Strain Energy Rel ease Angle [rad]

for i = 1:n

ai = anew(i); %Reading this increnment's primary
delamination length [mM

bi = bnew(i); %Reading this increment's
secondary del am nation length [m

w = wn(wO(i),bi,ai,rc); %Reading this increment's out-of-

pl ane di spl acenent [nj

[ mSED, t heta] = Del am nationbDirection(ai,bi,dU unc, w); %Cal cul at e
the maxi mum strain energy density and direction in this increnment

theta = max(theta); %Assuri ng

that a singular angle is determ ned [rad]




while nSED > crit SED %Check i f
the current Strain Energy Density is greater than the criteria

ai = ai + abs(ai*cos(theta)*0.01); % ow t he
del amination in the maxi numdirection [m
bi = bi + abs(bi*sin(theta)*0.01); % ow t he

del am nation in the maxi mumdirection [m
[nBED, t heta] =
Del ami nati onDirection(ai, bi,dUunc,w); %=ecal cul ate the nmaxi mum
Strain Energy Density and Direction
theta = max(theta);
%Resi mplify the delamination direction [rad]
end
anew(i +1) = ai; % ndex the
outcone of the primary delam nation length [
bnew(i +1) = bi; % ndex the
out cone of the secondary delam nation |ength [m
thetav(i +1) = theta; % ndex the
out cone of the delanmi nation direction [rad]
end

end
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function [SEDCrit,theta] = Del aminati onDirection(a,b,dUfunc, w0)

%his function calculates in which direction the strain energy density
is

% he greatest at the del am nation boundary

% nputs: dUfunc - Strain Energy Density Function [J/n2]

% a - This increnent's Primary Direction Del anm nation
Length [n]

% b - This increment's Secondary Direction Del am nation
Length [m

% w0 - This increment's Qut-of-Plane Displacenent [n]
%ut put s:

% SEDCri t - Critical Strain Energy Density [J/ nt2]

% t heta Critical Strain Energy Rel ease angle [rad]
thetv = linspace(0, pi, 90);
% he angl e vector over half the ellipse spectrum/|[rad]
rethet = @thet) (a*b)/sqrt((b*cos(thet))”2 + (a*sin(thet))"2);
% he elliptical radius function [n]
SED = zeros(1,1ength(thetv));
%Enpty Strain Energy Density Vector
for i = 1:1ength(thetv)
theti = thetv(i);
%Sel ects the angle to check in this step [rad]
rei = rethet(theti);
%Cal cul ates the radius of the delami nation at this angle [m
xi = rei*cos(theti);
%Cal cul ates the x-coordi nate of the delami nation radius [nj
yi = rei*sin(theti);
%Cal cul ates the y-coordinate of the delam nation radius [m
SEDXi) = dUfunc(a, b, w0, xi,yi);
%Cal cul ates the Strain Energy Density at this coordinate [J/ m2]
end
SEDCrit = max(SED);
%et er mi nes the nmaxi mum Strain Energy Density at this increnent [J/
2]
icrit = find(SED == SEDCrit);
% ocates the angle at which the maxi mum Strain Energy Density is
apparent [rad]
theta = max(thetv(icrit));
%Redus the angle to a singular answer [rad]
end
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%l ear

Calc SERR Vectors%%
Material Properties 50/50

E155 = 17. 79e9; %he Stiffness of the conmposite mat in the
primary stiffness direction [Pa]

E255 = 17. 79e9; % he Stiffness of the conposite mat in the
secondary stiffness direction [Pa]

Gl1255 = 2.62e9; % he in-plane Shear Stiffness of the conposite
mat [ Pa]

v1255 = 0.19; %0i sson's ratio of the conposite mat [-/-]

t pl y155 3. 33e-3; %l hi ckness of the top mat [n]

t pl y255 3. 53e-3; %rhi ckness of the bottom mat [ ni

wS5max = 32.8e-3/2; % he maxi mum out - of - pl ane di spl acenent of
t he experinent [n]

mat 55 = [ E155, E255, G1255, v1255] ; %haterial paraneters
vector of the mat

[ A551, B551, D551] = ABD( nat 55, t pl y155, 0) ; %ABD Matrix of the mat
D5511 D551(1); %11 Val ue of the mat [ Nnj
D5512 D551(2); %12 Val ue of the mat [ Nnj
D5516 D551(3); D16 Val ue of the mat [ Nnj
D5522 D551(5); %22 Val ue of the mat [ Nnj
D5526 D551(6); %26 Val ue of the mat [ Nnj
D5566 D551(9); %66 Val ue of the mat [ Nnj




Material Properties 60/40

E164 = 22. 30e9; % he Stiffness of the conposite mat in the
primary stiffness direction [Pa]

E264 = 14. 86e9; % he Stiffness of the conposite mat in the
secondary stiffness direction [Pa]

Gl264 = 1.76e€9; % he in-plane Shear Stiffness of the conposite
mat [ Pa]

v1264 = 0. 23; %0i sson's ratio of the conposite mat [-/-]
tplyle4 = 3. 05e-3; %l hi ckness of the top mat [n]

tply264 = 3. 06e-3; % hi ckness of the bottommat [m

wednmax = 26e-3/2; %rhe maxi mum out - of - pl ane di spl acenent of

t he experinment [n

mat 64 = [ E164, E264, GL264, v1264] ; %vaterial paraneters
vector of the mat

[ A641, B641, D641] = ABD(nmt 64, t pl y164, 0); %ABD Matrix of the mat
D6411 = D641(1); D11 Val ue of the mat [ Nnj
D6412 = D641(2); %12 Val ue of the mat [ Nnj
D6416 = D641(3); %016 Val ue of the mat [ Nnj
D6422 = D641(5); %022 Val ue of the mat [ Nnj
D6426 = D641(6); %26 Val ue of the mat [ Nnj
D6466 = D641(9); %66 Val ue of the mat [ Nnj

Material Properties 70/30

E173 = 24.28e9; % he Stiffness of the conposite mat in the
primary stiffness direction [Pa]

E273 = 10.41e9; % he Stiffness of the conposite mat in the
secondary stiffness direction [Pa]

Gl273 = 2.56e€9; % he in-plane Shear Stiffness of the conposite
mat [ Pa]

v1273 = 0. 27; %Poi sson's ratio of the conposite mat [-/-]

tplyl73 = 3. 36e-3; %l hi ckness of the top mat [n]

tply273 = 3. 35e-3; % hi ckness of the bottom nat [ n

wr73max = 17.5e-3/2; %he maxi mum out - of - pl ane di spl acenment of

t he experinment [nj

mat 73 = [ E173, E273, GL273,v1273]; %vhaterial paranmeters
vector of the mat

[ A731, B731, D731] = ABD(mat 73,tpl y173,0); %A\BD Matrix of the mat
D7311 = D731(1); D11 Val ue of the mat [ Nnj
D7312 = D731(2); 912 Val ue of the mat [ Nnj
D7316 = D731(3); %016 Val ue of the mat [ Nnj
D7322 = D731(5); %22 Val ue of the mat [ Nnj
D7326 = D731(6); %026 Val ue of the mat [ Nnj
D7366 = D731(9); %66 Val ue of the mat [ Nnj

Material Properties 80/20

E182 = 27.03e9; % he Stiffness of the conposite mat in the
primary stiffness direction [Pa]




E282 = 6. 76e9; % he Stiffness of the conposite mat in the
secondary stiffness direction [Pa]

Gl282 = 2.51e9; % he in-plane Shear Stiffness of the conposite
mat [ Pa]

v1282 = 0. 31; %0i sson's ratio of the conposite mat [-/-]
tplyl82 = 3.62e-3; %l hi ckness of the top mat [n]

tply282 = 3.51e-3; % hi ckness of the bottommat [m

wd2max = 12.5e-3/2; %rhe maxi mum out - of - pl ane di spl acenent of

t he experinment [nj

mat 82 = [ E182, E282, G1282, v1282] ; %vaterial paraneters
vector of the mat

[ AB21, B821, D821] = ABD(nmt 82, tpl y182,0); %ABD Matrix of the mat
D8211 = D821(1); D11 Val ue of the mat [ Nnj
D8212 = DB821(2); %12 Val ue of the mat [ Nnj
D8216 = DB821(3); %016 Val ue of the mat [ Nnj
D8222 = DB21(5); %022 Val ue of the mat [ Nnj
D8226 = DB821(6); %26 Val ue of the mat [ Nnj
D8266 = DB821(9); %66 Val ue of the mat [ Nnj

Setup the displacement Function

syms x y ab w rc % he symretric functions

thet = atan(y/x); % he angl e coordinate of
the ellipse [rad]

re = ((a*b)*sart((x"2) + (y"2)))/sart(((ar2)*(y"2)) + ((b"2)*(x"2)));
% he radius of the ellipse [n]

ac = 55e-3; % he radius of the clanp
connection [m

w=wo*(1 - 3*((x/re)n2) + abs(2*((x/re)"3)))*(1 - 3*((y/re)n2) +
abs(2*((y/re)"3))); %rhe displacement field function [n]

For changing to clamping conditions

avg = @a, b) (b+a)/2; %he average
del ami nation length

won = @w0, a, b)wo/ (1-(3*(ac/ avg(a, b))"2)+(2*(ac/avg(a, b))”"3)); % he
altered out-of-plane displacnent to place the clanmp radius at the
out - of - pl ane di spl acenent hei ght

wx = diff(w x); o%-irst derivative out-of-
pl ane di spl acenent dw dx [-]

w = diff(wy); %irst derivative out-of -
pl ane di spl acenent dw/ dy [-]

wxx = di ff(wx, x); %Second derivative out-of -
pl ane di spl acenent d"2w/ dx"2 [1/m

wy = diff(wy,y); Second derivative out-of -
pl ane di spl acenent d”*2w/ dy”~2 [1/nj

wxy = di ff(wx,y); %Second derivative out-of -

pl ane di spl acenent d”*2w dxdy [ 1/ nj




For simplifying the Von Karman Equations

wxxx = diff(wxx,X); wxxxx = diff(wxxx,Xx); wxxy = diff(wxx,y); wxxyy = diff(wxxy,y); wyyy = dif-
fwyy.y); wyyyy = diff(wyyy.y);

50/50 Mat Strain Energy and Load Function

dus5 = (wxx"2)*D5511 + (wxx*wxy)*2*D5512 + (wxx*wxy) *4*D5516 +
(wyy*wyy) *D5522 + (wyy*wxy) *4*D5526 + (wxy”2)*4* D5566;

dU55f unc = matl abFuncti on(dU55) ; % he paraneterised
strain energy density function [J/ nm3]
P55 = matl| abFuncti on(dU55f unc(a, b, w0, 1le-5, 1e-5)); %he paraneterised

| oad function [N]
| oad(' ab5. mat"');
| oad(' b55. mat"');
Gc55 = Det er mi neSERR( dU55f unc, a55, a55, ac, ws5max) ;

60/40 Mat

du64 = (wxx"2)*D6411 + (wxX*wxy)*2*D6412 + (wWxx*wxy)*4*D6416 +
(wyy*wyy) *D6422 + (wyy*wxy) *4*D6426 + (wxy”2)*4*D6466;

dU64f unc = matl abFuncti on(dU64) ; % he paraneterised
strain energy density function [J/ nmt3]
P64 = mat| abFuncti on(dUs4func(a, b, w0, le-5, 1e-5)); %rhe paraneterised

| oad function [N
| oad(' a64. mat');
| oad(' b64. mat"');
Gc64 = Det er mi neSERR( dU64f unc, a64, b64, ac, we4mex) ;

70/30 Mat

dur3 = (wxx”"2)*Dr7311 + (wxx*wxy)*2*D7312 + (wWwxx*wxy)*4*D7316 +
(wy*wyy) *D7322 + (wyy*wxy) *4*D7326 + (wxy”"2)*4*D7366;

dU73func = matl abFunction(dU73); %The paraneterised
strain energy density function [J/ m3]
P73 = matl abFuncti on(dU73f unc(a, b, w0, 1le-5, 1e-5)); % he paraneterised

| oad function [N]
| oad(' a73. mat');
| oad(' b73. mat"');
Gc73 = Det ermi neSERR(dU73f unc, a73, b73, ac, w73max) ;

80/20 Mat

du82 = (wxx”2)*D8211 + (wxx*wxy)*2*D8212 + (wxx*wxy)*4*D8216 +
(wyy*wyy) *D8222 + (wyy*wxy)*4*D8226 + (wxy”"2)*4*DB266;

du82f unc = matl abFuncti on(dU82); % he paraneterised
strain energy density function [J/ nm3]
P82 = matl| abFuncti on(dU82f unc(a, b, w0, 1le-5, 1e-5)); %he paraneterised

| oad function [N]
| oad(' a82. mat"');




| oad(' b82. mat");
Gc82 = Det er mi neSERR( dUB2f unc, a82, b82, ac, w82max) ;

toc
Plotting Gc mat 50/50
wb5vec = |inspace(l, (wWws5max*1000), | engt h(a55));
figure
hol d on
grid on

Gec55(Geb5 == 0) = nan;

%=c55(Cc55 <= 0) = nan;

renb5 = isnan(Gec55);

Gc55 = CGc55(~renb5);

wbbvec = wh5vec(~renbb);

%>c55s = snoot h( Gc55);

Gech55c = fit(whbvec', Geh5', ' poly3',"'normalize' ,"on");

pl ot (Gch5¢c, wsbvec, Geb5, ' predfunc')

%l ot (ws5vec, Gc55s);

title(' SERR of 50/50 Conposite Mat Sinmul ated, 95% Confi dence
interval');

yl abel (" SERR [A{J}/ _{m2}]");

x|l abel (" Qut of Pl ane Displacenent [mMm]');

Plotting Gc mat 60/40

we4vec = |inspace(1, (w64nax*1000), | engt h(a64));

figure

hol d on

grid on

%x64(Cc64 <= 0) = nan;

Gc64(CGc64 == 0) = nan;

rent4 = isnan(Gc64);

Gc64 = CGc64(~renbd);

wedvec = wbdvec(-~renb4);

%>c64s = snoot h( Gc64) ;

Gc64c = fit(wedvec' , G664’ , ' poly3', ' normalize',"on");
pl ot (Gc64c, wedvec, Gc64, ' predfunc');

%scatter(wbdvec, Gcb4);

title(' SERR of 60/40 Conposite Mat Sinul ated, 95% Confi dence
interval');

yl abel (" SERR [ J}/ _{n2}]");

x| abel (* Qut of Plane Displacenment [mm]');

Plotting Gc mat 70/30

wr3vec = |inspace(l, (w73max*1000), | ength(a73));
figure

hol d on

grid on

Gc73(CGc73 == 0) = nan;

%c73(Cc73 <= 0) = nan;




%scatter(wr3vec, Gc73);

renv3 = isnan(Gc73);

Gc73 = &73(~ren¥3);

wr73vec = wr3vec(~renv3);

%c73s snmoot h( Gc73) ;

Gc73c = fit(wr3vec', 73", ' poly3', ' normalize',"on");

pl ot (Gc73c, wr3vec, Gc73, ' predfunc');

title(' SERR of 70/30 Conposite Mat Sinul ated, 95% Confi dence
interval');

ylabel (" SERR [~{J}/ _{m2}]");

x|l abel (' Qut of Plane Displacenment [m]"');

Plotting Gc mat 80/20

w82vec = linspace(1, (w82nax*1000), | engt h(a82));

figure

hol d on

grid on

Gc82(Gc82 == 0) = nan;

renB2 = isnan(Gc82);

Gc82 = &82(~renB2);

wB2vec = wd2vec(-~renB2);

Gc82c = fit(w82vec', Gc82', ' poly3', ' normalize',"on");

pl ot (Gc82c, wB2vec, Gc82, ' predfunc');

title(' SERR of 80/20 Conposite Mat Sinul ated, 95% Confi dence
interval');

yl abel (" SERR [A{J}/ _{m2}]");

x|l abel (' Qut of Plane Displacenent [m]');
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%l ear

Calc Load Displament Calculations%%
Material Properties 50/50

E155 = 17. 79e9; %he Stiffness of the conposite mat in the
primary stiffness direction [Pa]

E255 = 17. 79e9; % he Stiffness of the conposite mat in the
secondary stiffness direction [Pa]

Gl255 = 2. 62e9; % he in-plane Shear Stiffness of the conposite
mat [ Pa]

v1255 = 0. 19; %0i sson's ratio of the conposite mat [-/-]

t pl y155 3. 33e-3; % hi ckness of the top mat [n]

t pl y255 3. 53e-3; %hi ckness of the bottom mat [ ni

wS5max = 32.8e-3/2; % he maxi mum out - of - pl ane di spl acenent of
t he experinent [n]

mat 55 = [ E155, E255, GL255, v1255] ; %aterial paraneters
vector of the mat

[ A551, B551, D551] = ABD( nat 55, t pl y155, 0) ; %ABD Matrix of the mat
D5511 D551(1); %11 Val ue of the mat [ Nnj
D5512 D551(2); %12 Val ue of the mat [ Nnj
D5516 D551(3); D16 Val ue of the mat [ Nnj
D5522 D551(5); %22 Val ue of the mat [ Nnj
D5526 D551(6); %26 Val ue of the mat [ Nnj
D5566 D551(9); %66 Val ue of the mat [ Nnj




Material Properties 60/40

E164 = 22. 30e9; % he Stiffness of the conposite mat in the
primary stiffness direction [Pa]

E264 = 14. 86e9; % he Stiffness of the conposite mat in the
secondary stiffness direction [Pa]

Gl264 = 1.76e€9; % he in-plane Shear Stiffness of the conposite
mat [ Pa]

v1264 = 0. 23; %0i sson's ratio of the conposite mat [-/-]
tplyle4 = 3. 05e-3; %l hi ckness of the top mat [n]

tply264 = 3. 06e-3; % hi ckness of the bottommat [m

wednmax = 26e-3/2; %rhe maxi mum out - of - pl ane di spl acenent of

t he experinment [n

mat 64 = [ E164, E264, GL264, v1264] ; %vaterial paraneters
vector of the mat

[ A641, B641, D641] = ABD(nmt 64, t pl y164, 0); %ABD Matrix of the mat
D6411 = D641(1); D11 Val ue of the mat [ Nnj
D6412 = D641(2); %12 Val ue of the mat [ Nnj
D6416 = D641(3); %016 Val ue of the mat [ Nnj
D6422 = D641(5); %022 Val ue of the mat [ Nnj
D6426 = D641(6); %26 Val ue of the mat [ Nnj
D6466 = D641(9); %66 Val ue of the mat [ Nnj

Material Properties 70/30

E173 = 24.28e9; % he Stiffness of the conposite mat in the
primary stiffness direction [Pa]

E273 = 10.41e9; % he Stiffness of the conposite mat in the
secondary stiffness direction [Pa]

Gl273 = 2.56e€9; % he in-plane Shear Stiffness of the conposite
mat [ Pa]

v1273 = 0. 27; %Poi sson's ratio of the conposite mat [-/-]

tplyl73 = 3. 36e-3; %l hi ckness of the top mat [n]

tply273 = 3. 35e-3; % hi ckness of the bottom nat [ n

wr73max = 17.5e-3/2; %he maxi mum out - of - pl ane di spl acenment of

t he experinment [nj

mat 73 = [ E173, E273, GL273,v1273]; %vhaterial paranmeters
vector of the mat

[ A731, B731, D731] = ABD(mat 73,tpl y173,0); %A\BD Matrix of the mat
D7311 = D731(1); D11 Val ue of the mat [ Nnj
D7312 = D731(2); 912 Val ue of the mat [ Nnj
D7316 = D731(3); %016 Val ue of the mat [ Nnj
D7322 = D731(5); %22 Val ue of the mat [ Nnj
D7326 = D731(6); %026 Val ue of the mat [ Nnj
D7366 = D731(9); %66 Val ue of the mat [ Nnj

Material Properties 80/20

E182 = 27.03e9; % he Stiffness of the conposite mat in the
primary stiffness direction [Pa]




E282 = 6. 76e9; % he Stiffness of the conposite mat in the
secondary stiffness direction [Pa]

Gl282 = 2.51e9; % he in-plane Shear Stiffness of the conposite
mat [ Pa]

v1282 = 0. 31; %0i sson's ratio of the conposite mat [-/-]
tplyl82 = 3.62e-3; %l hi ckness of the top mat [n]

tply282 = 3.51e-3; % hi ckness of the bottommat [m

wd2max = 12.5e-3/2; %rhe maxi mum out - of - pl ane di spl acenent of

t he experinment [nj

mat 82 = [ E182, E282, G1282, v1282] ; %vaterial paraneters
vector of the mat

[ AB21, B821, D821] = ABD(nmt 82, tpl y182,0); %ABD Matrix of the mat
D8211 = D821(1); D11 Val ue of the mat [ Nnj
D8212 = DB821(2); %12 Val ue of the mat [ Nnj
D8216 = DB821(3); %016 Val ue of the mat [ Nnj
D8222 = DB21(5); %022 Val ue of the mat [ Nnj
D8226 = DB821(6); %26 Val ue of the mat [ Nnj
D8266 = DB821(9); %66 Val ue of the mat [ Nnj

Setup the displacement Function

syms x y ab w rc % he symretric functions

thet = atan(y/x); % he angl e coordinate of
the ellipse [rad]

re = ((a*b)*sart((x"2) + (y"2)))/sart(((ar2)*(y"2)) + ((b"2)*(x"2)));
% he radius of the ellipse [n]

ac = 55e-3; % he radius of the clanp
connection [m

w=wo*(1 - 3*((x/re)n2) + abs(2*((x/re)"3)))*(1 - 3*((y/re)n2) +
abs(2*((y/re)"3))); %rhe displacement field function [n]

For changing to clamping conditions

avg = @a, b) (b+a)/2; %he average
del ami nation length

won = @w0, a, b)wo/ (1-(3*(ac/ avg(a, b))"2)+(2*(ac/avg(a, b))”"3)); % he
altered out-of-plane displacnent to place the clanmp radius at the
out - of - pl ane di spl acenent hei ght

wx = diff(w x); o%-irst derivative out-of-
pl ane di spl acenent dw dx [-]

w = diff(wy); %irst derivative out-of -
pl ane di spl acenent dw/ dy [-]

wxx = di ff(wx, x); %Second derivative out-of -
pl ane di spl acenent d"2w/ dx"2 [1/m

wy = diff(wy,y); Second derivative out-of -
pl ane di spl acenent d”*2w/ dy”~2 [1/nj

wxy = di ff(wx,y); %Second derivative out-of -

pl ane di spl acenent d”*2w dxdy [ 1/ nj




50/50 Mat Strain Energy and Load Function

dUs55 = (wxx”2)*D5511 + (wxx*wxy)*2*D5512 + (wxx*wxy)*4*D5516 +
(wyy*wyy) *D5522 + (wyy*wxy)*4*D5526 + (wxy”2)*4*D5566;

dUs5func = matl abFuncti on(dU55); %lhe paraneterised
strain energy density function [J/ m3]

P55f unc = mat | abFuncti on(dU55f unc(a, b, w0, 1le-5, 1e-5)); % he
paraneterised | oad function [N]

| oad(' ab5. mat"');

[ oad(' b55. mat");

P55 = Det er m neLoad( P55f unc, a55, b55, ws5nmax, ac) ;

60/40 Mat

dU64 = (wxx”2)*D6411 + (wWxx*wxy)*2*D6412 + (wWxx*wxy)*4*D6416 +
(Wwy*wyy) *D6422 + (wyy*wxy) *4*D6426 + (wxy”"2)*4*D6466;

dU64f unc = matl abFuncti on(dU64) ; % he paraneterised
strain energy density function [J/ nt3]

P64f unc = mat | abFuncti on(dU64f unc(a, b, w0, 1le-5, le-5)); % he
paraneterised | oad function [N]

| oad(' a64. mat');

| oad(' b64. mat"');

P64 = Det er mi neLoad( P64f unc, a64, b64, we4max, ac) ;

70/30 Mat

du73 = (wxx"2)*D7311 + (wxx*wxy)*2*D7312 + (wxx*wxy)*4*D7316 +
(wyy*wyy) *Dr322 + (wyy*wxy)*4*D7326 + (wxy”2)*4*D7366;

dU73func = matl abFuncti on(dU73); % he paraneterised
strain energy density function [J/ nt3]

P73func = mat| abFuncti on(dU73func(a, b, w0, le-5, le-5)); % he
paraneterised | oad function [N]

| oad(' a73. mat"');

[ oad(' b73. mat"');

P73 = Det erm neLoad(P73func, a73, b73, w73max, ac) ;

80/20 Mat

dug2 = (wxx"2)*D8211 + (wxx*wxy)*2*D8212 + (wxx*wxy)*4*D8216 +
(wyy*wyy) *D8222 + (wyy*wxy)*4*D8226 + (wxy”"2)*4*D8266;

du82f unc = matl abFuncti on(dU82); % he paraneterised
strain energy density function [J/ nm3]

P82f unc = mat| abFuncti on(dU82func(a, b, w0, le-5, le-5)); % he
paraneterised | oad function [N]

| oad(' a82. mat"');

| oad(' b82. mat"');

P82 = Det erm neLoad(P82f unc, a82, b82, w82neax, ac) ;

toc




Plotting Gc mat 50/50

wb5vec = |inspace(l, (ws5max*1000), | engt h(a55));
figure

hol d on

grid on

pl ot (wb5vec, P55) ;

title('Load of 50/50 Conposite Mat Sinulated');
yl abel (' Center Load [N]');

x|l abel (* Qut of Plane Displacenment [m]');

Plotting Gc mat 60/40

wedvec = |inspace(l, (w64nmax*1000), | engt h(a64));
figure

hol d on

grid on

pl ot (w64vec, P64) ;

title(' Load of 60/40 Conposite Mat Sinulated');
yl abel (' Center Load [N]');

x|l abel (* Qut of Plane Displacenment [m]');

Plotting G¢c mat 70/30

w73vec = |linspace(l, (w73max*1000), | ength(a73));
figure

hol d on

grid on

pl ot (w73vec, P73);

title(' Load of 70/30 Conposite Mat Sinulated');
yl abel (" Center Load [N ");

x| abel (' Qut of Plane Displacenment [nm]');

Plotting Gc mat 80/20

w82vec = linspace(1, (w82nmax*1000), | engt h(a82));
figure

hol d on

grid on

pl ot (wB2vec, P82) ;

title(' Load of 80/20 Conposite Mat Sinmulated');
yl abel (" Center Load [N]');

x|l abel (' Qut of Plane Displacenent [m]');
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Determining the delamination behaviour of a
planar problem with Bending Stretching Model

This Script is made to plot the displacement field and the SED field of the current problem.

%WH S CODE | S WORKI NG PROPERLY

Material Properties 50/50

E155 17. 79e9;

E255 17. 79e9;

GL255 = 2. 62e9;
=0

v1255 = 0.19;
t pl y155 3. 33e-3;
t pl y255 3. 53e-3;

mat 55 = [ E155, E255, GL255, v1255] ;
[ A551, B551, D551] = ABD(mat 55, t pl y155, 0) ;

D5511 = D551(1);
D5512 = D551(2);
D5516 = D551(3);
D5522 = D551(5);
D5526 = D551(6);
D5566 = D551(9);




%ABD552 = ABD( mat 55, t pl y155, 0) ;

Material Properties 60/40

E164 = 22.30e9;
E264 = 14. 86e9;
Gl264 = 1.76e€9;
v1264 = 0.23;
tplyl64 = 3. 05e- 3;
t pl y264 = 3. 06e- 3;

mat 64 = [ E164, E264, G1264, v1264] ;
[ A641, B641, D641] = ABD(mat 64, t pl y164, 0);

D6411 = D641(1);
D6412 = D641(2);
D6416 = D641(3);
D6422 = D641(5);
D6426 = D641(6);
D6466 = D641(9);
Material Properties 70/30
E173 = 24. 28e9;
E273 = 10. 41e9;
Gl273 = 2.56e9;
v1273 = 0. 27;
tplyl73 = 3. 36e-3;
tply273 = 3. 35e- 3;

mat 73 = [ E173, E273, GL273, v1273] ;
[ A731, B731, D731] = ABD(mat 73, t pl y173, 0);

D7311 = D731(1);
D7312 = D731(2);
D7316 = D731(3);
D7322 = D731(5);
D7326 = D731(6);
D7366 = D731(9);
Material Properties 80/20

E182 = 27.03e9;
E282 = 6. 76€9;
Gl282 = 2.51e9;
v1282 = 0. 31;
tplyl82 = 3. 62e-3;
tply282 = 3.51e-3;

mat 82 = [ E182, E282, GL282, v1282] ;
[ A821, B821, D821] = ABD(mat 82, t pl y182, 0);

D8211 = DB21(1);
D8212 = D821(2);
D8216 = D821(3);




D8222 = DB21(5);
D8226 = D821(6);
D8266 = D821(9);

Central WO value is only working for x (due to
tan function issues)

symse x y a b wd rc % he synmetric functions

b0 = 90e- 3;
%0 = 110e-3
a0 = 90e-3;
ac = 55e-3;

re = ((a*b)*sart((x"2) + (y"2)))/sart(((ar2)*(y"2)) + ((b"2)*(x"2)));
% he radius of the ellipse [n]
%v = WO*(1 - 3*((x/re)r2) + 2*((x/re)”3))*(1 - 3*((y/re)"r2) + 2*((y/
re)y"3)); %he displacenent field function [n]
w=wo*(1 - 3*((x/re)r2) + abs(2*((x/re)”3)))*(1 - 3*((y/re)n2) +
abs(2*((y/re)"3)));

Offset Values

w0551 = 5. 75e-3/2

avg551 (b0+a0)/ 2;

won551 = w0551/ (1- (3*(ac/avg551)72) +(2*(ac/avg551)"3));
%0n551 = w0551;

w0641 = 6. 875e-3/2;

avg641 (b0+a0)/ 2;

won641 w0641/ (1-(3*(ac/avg64l)~2) +(2*(ac/ avg641) ~3));
%0n641 = w0641

w0731 = 6. 185e- 3/ 2;

avg731 = (b0+a0)/2;

won731 = w0731/ (1-(3*(ac/avg731)"2)+(2*(ac/avg731)"3));
%0n731 = wo731;

w0821 = 4.07e-3/2
avg821 = (b0+a0)/2;

won821 = w0821/ (1-(3*(ac/avg821)"2)+(2*(ac/avg821)"3));
%W0Nn821 = w0821;

Writing out the derivatives for the displace-
ment function

wx = diff(w x); o%-irst derivative out-of -
pl ane di spl acenent dw dx [-]




wy = diff(wy); %-irst derivative out-of-
pl ane di splacenent dw/ dy [-]

wxx = di ff(wx, x); %Second derivative out-of -
pl ane di spl acenent d"2w/ dx"2 [1/m
wyy = di ff(wy,y); %Second derivative out-of -
pl ane di spl acenent d”*2w/ dy”~2 [1/nj
wxy = di ff(wx,y); %Second derivative out-of -

pl ane di spl acenent d”"2w/ dxdy [1/m

50/50 Mat

dUs55 = (wxx”2)*D5511 + (wxx*wxy)*2*D5512 + (wxx*wxy)*4*D5516 +
(wyy*wyy) *D5522 + (wyy*wxy)*4*D5526 + (wxy”"2)*4*D5566;
dU55f unc = matl abFuncti on(dU55) ;

60/40 Mat

due4 = (wxx"2)*D6411 + (wWxx*wxy)*2*D6412 + (wxx*wxy)*4*D6416 +
(wyy*wyy) *D6422 + (wyy*wxy) *4*D6426 + (wxy”2)*4* D6466;
dU64f unc = matl abFuncti on(dU64) ;

70/30 Mat

dur3 = (wxx”"2)*D7311 + (wxx*wxy)*2*D7312 + (wWwxx*wxy)*4*D7316 +
(wy*wyy) *D7322 + (wyy*wxy)*4*D7326 + (wxy”~2)*4*D7366;
dU73func = matl abFunction(dU73);

80/20 Mat

du82 = (wxx”2)*D8211 + (wxx*wxy)*2*D8212 + (wxx*wxy)*4*D8216 +
(wyy*wyy) *D8222 + (wyy*wxy)*4*D8226 + (wxy”"2)*4*D8266;

du82f unc = matl abFuncti on(dU82); % he paraneterised
strain energy density function [J/ nt3]

Setting up the angle function

synms thet
thetv = linspace(-pi,pi, 180);
r et het (a*b)/sqrt((b*cos(thet))”2 + (a*sin(thet))"2);

ref unc

Writing out the SED Plot 50/50 Offset

SED55 = zeros(1,length(thetv));
for i = 1:1ength(thetv)
theti = thetv(i);
rei = refunc(a0, b0, theti);
Xi rei *cos(theti);
yi rei *sin(theti);
SED55(i) = dUs5func(a0, b0, wOn551, xi, yi);

mat | abFuncti on(rethet);




end

figure

hol d on

pl ot (t hetv, SED55, ' | i neWdth', 2);

xl abel (" Angle in [Rad]");

yl abel (' Strain Energy Density Del am nati on Boundary [J/nT3]");
title(' SED around the del am nati on boundary at the offset 50/50');

Writing out the SED Plot 60/40 Offset

SED64 zeros(1,length(thetv));
for i = 1:1ength(thetv)
theti = thetv(i);
rei = refunc(a0, b0, theti);
Xi = rei*cos(theti);
yi = rei*sin(theti);
SED64(i) = duUe4func(a0, b0, wOn641, xi,yi);
end
figure
hol d on
pl ot (t hetv, SED64, ' | i neWdth', 2);
x| abel (" Angle in [Rad]");
ylabel (' Strain Energy Density Del am nati on Boundary [J/n3]");
title(' SED around the del ami nati on boundary at the offset 60/40');

Writing out the SED Plot 70/30 Offset

SED73 = zeros(1,length(thetv));
for i = 1:length(thetv)
theti = thetv(i);

rei = refunc(a0, b0, theti);
Xi rei *cos(theti);
yi =rei*sin(theti);
SED73(i) = dUr3func(a0, b0, wOn731, xi,yi);
end
figure
hol d on
pl ot (t hetv, SED73, ' | i neWdth', 2);
xl abel (" Angle in [Rad]");
yl abel (' Strain Energy Density Del am nati on Boundary [J/nT3]");
title(' SED around the del am nation boundary at the offset 70/30");

Writing out the SED Plot 80/20 Offset

SED82 = zeros(1,length(thetv));

for i = 1:length(thetv)
theti = thetv(i);
rei = refunc(a0, b0, theti);
Xi = rei*cos(theti);

yi = rei*sin(theti);
SED82(i) = duB2func(a0, b0, wOn821, xi,yi);
end




figure

hol d on

pl ot (thetv, SED82,"' | ineWdth', 2);

x| abel (" Angle in [Rad]");

yl abel (' Strain Energy Density Del am nati on Boundary [J/nt3]");
title(' SED around the del am nation boundary at the offset 80/20");
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cl ear

Fatigue Analysis with Cyclic Data

%l his code calculates the cyclic strain energy at an interval neasured

by
% he MIS machine. The cyclic strain energy is the | oaded energy - the
%unl oaded energy.

Load Data

| oad(' Speci nen4-Cyclic.mat")

cycl es4 = Speci nend4Cyclic. Cycl e; % oads
the cycl e nunmber vector

di spl acenent 4 = abs(Speci nren4Cycl i c. Axi al Di spl acenent) ; % oads
t he di spl acenent vector [mm]

| oad4 = abs(Speci nen4Cyclic. Axi al Force); % oads
the force vector [N

| oad("' Speci menl7-Cyclic.mat")

cycl esl7 = Speci nenl7Cyclic. Cycle;
% oads the cycle nunber vector

di spl acenent 17 = abs(Speci nenl17Cyclic. Axi al Di spl acenent);
%.oads the displacenent vector [mm]

| oad17 = abs(Speci menl7Cycli c. Axi al Force);
%.oads the force vector [N]

| oad(' Speci nenl8-Cyclic. mat")

cycl es18 = Speci nenl8Cyclic. Cycl e;
%.oads the cycle nunber vector

di spl acenent 18 = abs( Speci mren18Cycl i c. Axi al Di spl acenent) ;
%.oads the displacenent vector [mm]

| oad18 = abs(Speci mren18Cycli c. Axi al Force);
% oads the force vector [N]




Locate the different cycles that will be integrat-
ed

n4 = uni que(cycl es4);

% ocates all the cycles that have been investigated
n4(isnan(n4)) = [];

%Renoves all the Nan-values fromthe unique matrix

nl7 = uni que(cycl esl?);

%.ocates all the cycles that have been investigated
nl7(isnan(nl7)) =1];

%Renoves all the Nan-values fromthe uni que matrix

n18 = uni que(cycl esl8);

%.ocates all the cycles that have been investigated
nl18(i snan(nl8)) =1[];

%Renoves all the Nan-values fromthe unique matrix

Create Empty Strain Energy Vectors

U4 = zeros(1,length(n4));

% reates an enpty Strain Energy Matrix [mJ]
Ul7 = zeros(1,length(nl?));

% reates an enpty Strain Energy Matrix [mJ]
Ul8 = zeros(1,|ength(nild));

%Creates an enpty Strain Energy Matrix [m]

Calculate the Cyclic Strain Energy

for i = 1:1ength(n4)
Ucum = O;
%Enpties the cumalitive Energy Matrix [ mI]
current = n4(i);
%Sear ches for the current cycle data

filt = cyclesd4 == current;
%.ogi cal vector that filters the current cyclic data
Pcur = load4(filt); % hi s
Cycle's | oad vector [N
dcur = displacenment4(filt); %rhi s
Cycl e' s di spl acenent vector [mm
ncur = length(Pcur);

% bt ai ns the anmount of data points in this cycle
for j = 1:(ncur-1)
if rem(i,2) ==
U = Pcur(j)*(dcur(j+1)-dcur(j)) + (2/3)*((Pcur(j+1)*dcur(j+1))-
(Pcur(j)*dcur(j))); % ntegral that estinmates the strain energy
[m]
el se
U = Pcur(j+1)*(dcur(j)-dcur(j+1)) + (1/3)*((Pcur(j)*dcur(j))-
(Pcur (j +1) *dcur (j +1))); %ntegral that estimates the strain energy
[ m]




end

Ucum = Ucum + U ; %Adds
this step's data to the cunmilative energy [ml]
end
U4(i) = Ucum YBaves
this cycle's strain energy [m]
end
for i = 1:1ength(nl7)
Ucum = 0O;

%&Enpties the cumalitive Energy Matrix [ mI]
current = nl7(i);
%Bear ches for the current cycle data

filt = cyclesl7 == current;
% ogi cal vector that filters the current cyclic data
Pcur = loadl7(filt); %rhi s
Cycle's | oad vector [N
dcur = displacenment17(filt); % hi s
Cycl e' s di spl acenent vector !
ncur = | ength(Pcur);

%Dt ai ns the amount of data points in this cycle
for j = 1:(ncur-1)

if rem(i,2) ==
U = Pcur(j)*(dcur(j+1)-dcur(j)) + (1/3)*((Pcur(j+1)*dcur(j+1))-
(Pcur (j)*dcur(j))); % ntegral that estinmates the strain energy
[ ]
el se
U = Pcur(j+1)*(dcur(j)-dcur(j+1)) + (1/3)*((Pcur(j)*dcur(j))-
(Pcur (j +1) *dcur (j +1))); % ntegral that estimates the strain energy
[ m]
end
Ucum = Ucum + U ; %Adds
this step's data to the cumlative energy [ml]
end

ULl7(i) = Ucum
%Baves this cycle's strain energy [ml]
end

for i = 1:1ength(nl8)
Ucum = O;
%Enpties the cumalitive Energy Matrix [ mI]
current = nl8(i);
%searches for the current cycle data

filt = cyclesl8 == current;
%.ogi cal vector that filters the current cyclic data
Pcur = loadl18(filt); % hi s
Cycle's | oad vector [N
dcur = displacenment 18(filt); %Thi s
Cycl e' s di spl acenent vector [ mm
ncur = | ength(Pcur);

% bt ai ns the anmount of data points in this cycle
for j = 1:(ncur-1)
if rem(i,2) ==




U = Pcur(j)*(dcur(j+1)-dcur(j)) + (1/3)*((Pcur(j+1)*dcur(j+1))-

(Pcur (j)*dcur(j))); % ntegral that estinates the strain energy
[m]

el se

U = Pcur(j+1)*(dcur(j)-dcur(j+1)) + (1/3)*((Pcur(j)*dcur(j))-
(Pcur (j +1) *dcur (j +1))); % ntegral that estimates the strain energy
[m]

end

Ucum = Ucum + U ; %Adds
this step's data to the cumlative energy [ml]

end

U1l8(i) = Ucum
%Gaves this cycle's strain energy [ml]
end

Calculate the change in Strain Energy

dWw = zeros(1,length(W)/2);
% reates an enpty delta U vector [mJ]
dUl7 = zeros(1,length(Ul7)/2);
% reates an enpty delta U vector [mJ]
dUl8 = zeros(1,length(Ul8)/2);
% reates an enpty delta U vector [mJ]
for k = 1:1ength(du4)
| = k*2;
dud(k) = UA(I)-WA(l-1);
%Cal cul ates the change in Strain Energy (Load - Unload) [ml]
end

%J17 has inconplete datal WIIl be conpared with 18
for k = 1:1engt h(dUl7)
I = k*2;
dul7(k) = U17(1)-uULl7(l-1);
%Cal cul ates the change in Strain Energy (Load - Unload) [mJ]
end

for k = 1:1 engt h(dul8)
| = k*2;
dul8(k) = u18(l)-u1g(l-1);
%Cal cul ates the change in Strain Energy (Load - Unload) [mJ]
end
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function [kv, phigv, phiOv, Av] =

Fati gueArea( SEDCri t, Tabl eNane, FraneSt art, FraneEnd)

% his function cal cul ates the del am nati on area neasured through the

SED
% nput s:

% -SEDCrit : The Critical Strain Energy Density Value [J/ m2]

% - Tabl enanme: The start of the name of the csv files as a string
% When you place your csv files in a different

f ol der,

% add this to the nane

% -FrameStart: The first nmeasured Frane nunber as an integer

% -FraneEnd: The | ast neasured Frame nunber as an integer

%ut put s:

% -kv: Vector with all the k-values [nmmj

% -phigv: Vector with all the phig angles [rad]

% -phi Ov: Vector with all the phi0O angles [rad]

% - Av: Vector with all the area val ues [ 2]

kv = zeros(1, (FranmeEnd)); %Creates an entpy vector for the k-val ues

phigv = zeros(1, (FrameEnd)); %Creates an entpy vector for the phig-
val ues

phi Ov = zeros(1, (FrameEnd)); %Creates an entpy vector for the phiO-
val ues

Av = zeros(1, (FraneEnd)); %Creates an enpty vector for the area
val ues [ Mmt2]

for i = FrameStart: FraneEnd

Read the Data

if i <10

char = "0" + i;
el se

char = i;
end

full Nanme = Tabl eNane + char + " 0.csv";




Find

T = readtabl e(ful |l Nane); %Reads the table files

SED = T. Strai nEnergyDensity J m2_; %Reads the Strain Energy
Density of the current frame [J/ m2]

XFrame = T. X_mm; %Reads the X-coordinates [nmm
YFrame = T.Y_nm; %Reads the Y-coordinates [nmm
Angl eFrame = T. Angl e_rad_; %Reads the angul ar coordi nates
[rad]

Radi usFrame = T. Radi us_nm ; %Reads the radii [m]

the Center X/Y Coordinates

X0 = nean(XFrame(~i snan( XFrane))); %Renoves the Nan val ues and
cal cul ates the nean x-coordinate [nm

YO0 = nean( YFrane(~i snan( YFrame))); %Renmoves the Nan val ues and

cal cul ates the nean y-coordinate [ mm

First Filter for Frame Data - SED Criterion

Find

filt = SED > SEDCrit; %Creates a logical array that
will filter the data based on the SED-Criterion

X2 = XFranme(filt) - Xo; %-ilters the X-frame data and
pl aces the center at the center of the delam nation [nmm

Y2 = YFrane(filt) - YO; %-ilters the Y-frame data and
pl aces the center at the center of the delam nation [nmm

Phi 2 = Angl eFrame(filt); %ilters the angle data [rad]
Rho2 = Radi usFranme(filt); %-ilters the radii data [mm]

the current center delamination

a =1,
Reur = max(Rho2(abs(X2)<a));

Second Filter for Frame Data - Symmetry Crite-
rion 1

% his step can be avoided if the angle phi is determned with phi =
%acos(x/r)
% urrently it is calculated with asin(y/r)

filt2 = X2 < abs(m n(X2)); %Creates a |logical array that
will filter data based on Symmetry criterion

X3 = X2(filt2); %-inal Filter that will be
used for the X-frame [nmm

Y3 = Y2(filt2); %-inal Filter that will be
used for the X-frame [m]

Phi3 = Phi2(filt2); %-inal Filter that will be
used for the X-frame [nmm

Rho3 = Rho2(filt2); %inal Filter that will be

used for the X-frame [ nmm




Third Filter for Frame Data - Symmetry Criteri-
on 2

% his can easily filtered by only investigating the negative angles

when
%hi = acos(x/r)
%Currently postive angles are investigated with phi = asin(x/r);
filt3 = Phi3 > 0;
Phi4 = Phi3(filt3);
Rho4 = Rho3(filt3);

Determining the k and phi g parameters

k = max(Rho4); %-i nds the maxi num extended radius of the
del am anti on
phig = Phi 4(Rho4 == k); %-i nds the angle phi g for the

del am nati on node

Determining phi O

b = 1; %Noi se Fact or

filt4d = Rhod4 > Rcur*b; %Renoves all the neasured points of the
radi us snaller than 30 nm (noise x-data ruin this neasurenent a
[ittle bit)

Phi5 = Phi4(filt4);

filts = Phi5 > (phig/2); %Renoves all the noise angles, which would

inply a pure ellipse
Phi 6 = Phi5(filt5h);

phi x = m n(Phi6); %-i nds the angle at which the del am nation
width starts
phi 0 = phi g- phi x; %et erm nes the paraneter phiO that will

be used for area determ nation

Calculating Area

A = Reur*pi + (1/4)*k*phi 0*(8*Rcur + 3*k); 9%Cal cul ation of current
del am nation area [ nm2]

Saving the data




Published with MATLAB® R2019a




	List of Figures
	List of Tables
	Introduction
	Goal of this work

	Literature Study
	Introduction
	Fields of Interest
	Low-Velocity Impact Delamination
	Buckling Delamination
	Composite Sandwich Face Disbonds

	Test Standards
	Mode I delamination: Double Cantilever Beam
	Mode II delamination: End-Notched Flexure and End Loaded Split
	Mixed mode delamination (I/II): Mixed-Mode Bending
	Discussion Standards

	Fracture mechanics approaches
	Strain Energy Release Rate (serr)
	Stress Intensity Factor (sif)
	Strain Energy Density (sed)
	Mode mixity
	Delamination Criteria

	Variables that influence the Delamination Testing
	Influence of the Finite Width
	Influence of Thickness
	Influence of layup

	Boundary conditions and load induction
	Measurement methods non-transparent laminates
	Thermography
	Acoustic Emission
	Differential Image Correlation

	Further Research

	Analytical Interpretation of the Planar Delamination Problem
	Introduction
	Effects to be studied
	Experimental Program
	Assumptions
	Displacement Field
	Applying the Strain Energy Density Criterion
	Simulation of the Expanding Delamination
	Calculation of the Strain Energy Release Rate with delamination vectors
	Calculation of the Center Load with the delamination vectors

	Evaluation of the serr at the Offset and Rupture
	Conclusion

	Design of the Experiment
	Introduction
	Specimen Design Selection
	Variables to measure
	Selected equipment

	Design of the specimen
	Quantity
	Area and Thickness
	Maximum Test Load of the Specimen

	Fixture Design
	Design Requirements
	Topologic Design
	Material Choice and Structural Calculations

	Setup of the experiment
	Setup cameras
	Triggers
	dic calibration
	Thermography calibration


	Manufacturing Method
	Introduction
	Material Properties
	Test Specimen Design
	Manufacturing Method
	Preparing base plate
	Cutting the laminas
	Building up the laminate and debulking
	Vacuum Bag and Autoclave

	C-scanning the laminates
	Drilling laminates for the clamp

	Quasi Static Tests
	Introduction
	Experimental Procedure
	Statistical Analysis
	Comparison Delamination Measurement Methods
	Determining Delamination size with dic sed data
	XY-Plane Curvature Data
	Lock-In Thermography

	Additional Findings
	Limited Delamination Growth
	Indenter Radius Analysis
	Quarter Plate

	Conclusion

	Fatigue Tests
	Introduction
	Experimental Procedure
	Calculating the cyclic dissipated strain energy
	Relating cyclic dissipated strain energy to the loaded strain energy
	Calculating the loading strain energy through peak-valley data
	Dissipated Cyclic Strain Energy determined through Peak-Valley data

	Determining the Delamination Area 
	Shape Function
	Locating delamination length and determine the critical sed through curvature data
	Determining the delamination width and delamination radius through the sed criterion
	Comparison delamination area with C-scans

	Determining the Strain Energy Release Rate
	Conclusion

	Computational Model
	Introduction
	Setup Numerical Model
	Setup Parts
	Material Properties
	Assembly
	Mesh Strategy
	Interaction
	Boundary Conditions
	Step Size
	Required Field and History Outputs
	Mesh Convergence

	Comparison with the experimental results
	Load-Displacement Data
	Delamination Area
	sed field

	Thickness correction model
	Conclusion

	Discussion
	Introduction
	The application of the physical serr
	Physical serr Out-of-plane Opening Load Planar Delamination Experiment
	Calculating the serr
	Comparison with the performed planar experiment
	Comparsion with the analytical model

	Comparison Planar Delamination by indentation and impact
	Derivation critical sed with coupon test data

	Conclusion and Recommendations
	Conclusion
	Recommendations

	Bibliography
	C-Scans
	Schematics
	Matlab Code

