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Summary

The global demand for carbon fiber-reinforced composite is steadily increasing over the
years and will continue through foreseeable future. The market for thermoplastics alone is
increasing by almost 5%. The interests of thermoplastic composites are growing due to its
ability to reshape and reuse. However, in primary aircraft structures, it raises the importance
of damage tolerance of this material. The most common failure mechanism in laminated
composites is delamination. Therefore, the ability to predict delamination behavior is impor-
tant, not only for static, but also for establishing dynamic damage tolerance criteria.

Ply-drop is one of the challenges in tapered composites due to it is the area of high-stress
concentration. Hence, it is likely the point from which the crack and delamination could
initiate. The structural discontinuities within the laminate produce out-of-plane stresses [1],
which cause delamination of the composite structure. There are numerous experimental and
analytical studies have been reported regarding various aspects of this problem. However,
the study on the influence of ply-drop under fatigue behavior, especially with thermoplastic-
based composites laminates, still received little attention. Moreover, there is no standard
specimen for high cycle fatigue testing. ASTM D6115/ASTM D5228 only specify specimen
for a quasi static load test. A novel ply-drop design has been proposed and tested to better
understand the crack growth rate under fatigue tests.

This thesis started with designing and manufacturing the fit ply-drops specimen to be stud-
ied. The discovered specimens, specimen UD and specimen 0-90 are brought to vibration
fatigue test. The specimen themselves are the product of iteration from the manufacturing
of composite and vibration testing. The effect of high cycle fatigue is evaluated through
its stiffness degradation, involving dynamics parameters, and micrograph to understand its
structural performance.

The results give an understanding of structural integrity change of thermoplastic composite,
which is reflected by stiffness degradation, response phase shift, and base acceleration,
and resonance frequency decay caused by the crack propagation. Furthermore, the char-
acterization of fatigue of both specimens is determined. 3D Finite Element (FE) model is
carried out with the use of ANSYS-Software to simulate the real experiment to understand
the involving stress, which is used to determine the strain energy release rate. The strain
energy release rate that influences the delamination growth is found. Delamination growth



VI

per fatigue cycle, da/dN, which is from the experiment is related to strain energy release
rate, G from the model. At last, the ultimate aim of derivation crack growth law, which is an
expression that relates delamination growth per cycle with strain energy release rate, G, is
determined. The exponents of the power-law relationship can be used as a crack growth
prediction tool in the case of vibration fatigue loading.
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Chapter 1

Introduction

1.1 Background

Carbon fibre reinforced polymers (CFRP) are a high strength composite material, consisting
of two phases of materials, carbon fibres, and polymer matrix. Carbon fibre is the major
load-bearing component in polymer composites providing strength and stiffness, and the
polymer matrix serves as a load distributor by uniformly transferring the applied force to the
fibre. Accordingly, the polymer matrix needs to hold the carbon fibres firmly to establish
an efficient load transfer, which in turn increases the mechanical properties of the polymer
composites [9].

Polymer matrix in a composite material is classified into two classes, thermoplastic and
thermosetting polymers, In recent years, the application of of fiber-reinforced composites is
becoming more and more versatile in many applications, i.e, automative, aerospace, con-
struction, and medical industries because of its mechanical properties and high spesific
strength. As can be seen in Figure [1.1] the global demand for carbon fiber-reinforced com-
posite is steadily increasing over the years, and will continue through foreseeable future;
The market for thermoplastics alone is increasing by almost 5% over these periods. The
interests of thermoplastic composites are growing due to its ability to reshape and reuse.

250
200
150
100

50
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2010 2011 2012 2013 2014 2015 2016 2017 2018 2020 2022
Year

Figure 1.1: Global demand for carbon fiber reinforced plastics from 2010 to 2022 (in 1,000
metric tons) [2].
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In primary aircraft structures, it raise the importance of damage tolerance of this material.
The most common failure mechanism in laminated composites is delamination [10], [11].
Therefore, the ability to predict delamination behavior is important, not only for static, but
also for establishing dynamic damage tolerance criteria. Boller [12] explained that the vari-
ables in a composites evaluation seem to be astronomical, but when properly understood
they really are not. Each variable must be considered separately and weighed according to
how it affects the service life of the composite/components. Because of the complexity of
the behavior of composite materials under dynamic stress, there is a serious need for data
generated according to basic principles and reported precisely.

Ply-drop is one of the challenges in tapered composites due to it is the area of high-stress
concentration. Hence, it is likely the point from which the crack and delamination could
initiate. The structural discontinuities within the laminate produce out-of-plane stresses [1],
which cause delamination of the composite structure. Numerous experimental and analytical
studies have been reported regarding various aspects of this problem. However, the study
on the influence of ply-drop under fatigue condition, especially with thermoplastic-based
composites laminates, still received little attention. And, currently there is no standard spec-
imen for high cycle fatigue testing. ASTM D5228 and ASTM D6115 only specify specimen
for quasi static load test.

Therefore, the purpose of this work lies in the identification of failure criteria and parameters
caused by the change of the structural performance of the ply-drops thermoplastic-based
composite. The work starts from designing and manufacturing the fit ply-drops specimen to
be studied. Different stacking sequence, UD ply-drop, and 0-90 ply-drop are manufactured,
and studied to get Ultimately, the work is then extended on the derivation of crack growth
law. Through this work, the vibration fatigue test is used to generate data and to characterize
delamination growth under cyclic loading. It is also understood that it is equally important to
develop testing standards for characterizing delamination growth under high cyclic loading,
since there is no recommended procedure for cyclic delamination characterization. There-
fore this study is also aimed to be useful for enriching, and developing delamination test and
specimen standards.

1.2 Thesis Project

1.2.1 Research Objective

This thesis is aimed at understanding the structural performance of ply-drops in thermoplas-
tic based composites under fatigue condition. The failure criteria and influence of ply-drops
to dynamics parameters are studied under High Cycle Fatigue (HCF) condition. The overall
thesis objective is summarized in the following statement:
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Derivation of crack growth law from vibration testing in thermoplastic-based compos-
ite

1.2.2 Research Questions

To achieve the research objective, several research questions are formulated:

1. What is the effect of high cycle fatigue (HCF) under these consideration as follows,

(a) What is the effect of HCF to crack initiation and delamination in thermoplastic
composite?

(b) What is the crack propagation rate in relation to fatigue cycle?

(c) What is the crack propagation rate for thermoplastic composite with different
stacking sequence, UD Ply-drops and 0-90 Ply-drops.

2. What is the effect of damage (crack initiation and delamination) on dynamic parame-
ters?

(a) What is the effect of the crack to frequency, response phase, and base accelera-
tion, and modal stiffness?

(b) To what extent the delamination in ply-drops can captured in dynamic parame-
ters?

3. How can a crack growth law, in particular Paris Law, for thermoplastic composite be
derived?

1.2.3 Thesis outline

This thesis project aims to provide the readers the performance of ply-drops of thermoplastic
composite. The approach can be divided into two main focus. The first focus is study
the crack growth rate from vibration testing and to study the influence of crack to dynamic
parameters. The second focus is to simulate the real experiment to understand the involving
stress which is used to determine strain energy release rate (SERR). The crack is modelled
using FEM (Finite Element Method). Furthermore, the energy release rate (ERR) from the
model is incorporated with crack propagation rate from experimental results to construct
crack growth law. Both approaches are organized in the following chapters, with the workflow
illustrated in Figure[1.2]



CHAPTER 1. INTRODUCTION

1
| 1
| 1
Background and | Introduction i
research objective | (Chapter 1) !
1
1 I
Y H :
— Frm ;
Literature Review: i Theoretical !
Previous studies and 1 Background !
guidelines ! (Chapter 2) !
I i: __________ :
I_ ____________________ 1
! Design and |
. I
Specimen design and 1 Manufacturing of !
fabrication | Composite :
| € (Chapter 3) o
1

Vibration Fatigue Test
(Chapter 4)

1

|

]
Experimental work on |
vibration fatigue test |
]

1

! 1
I
Simulation to derive | Crack Growth Law E
crack law; Incorporate | Derivation |
HCF test to the model | (Chapter 5) !
! 1
1

Conclusion and future
work

Figure 1.2: Research work flow

e Chapter 2: Theoretical Background

This chapter describes design and manufacturing guidelines for composite laminate.
Previous literature studies on fatigue and high cycle fatigue condition are discussed
while the spesific research gaps are identified.

e Chapter 3: Design and Manufacturing of Composite

This chapter covers design and manufacturing of composite laminates that in turn
being used for specimens purpose. It also describes the motivation on the design and
fabrication composite specimen for the test. The specimen is explained as the product
of iteration from manufacturing of composite and vibration testing.

e Chapter 4: Vibration Fatigue Test

This chapter provides experimental work on vibration fatigue test using electromag-
netic shaker. Crack rate propagation is empirically derived through this experiment.
The results give an understanding on structural integrity change of thermoplastic com-
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posite , which is reflected by stiffness degradation, response phase, and base accel-
eration, and resonance frequency de-cay caused by the crack propagation.

e Chapter 5: Crack Law Derivation

This chapter describes the formulation of the model, which is constructed to mimic
the bending mode and displacement from experiment. The strain energy release rate
that influences the delamination growth is found by employing a hybrid model. Addi-
tionally, It incorporates the result from the model to the crack propagation rate from
experimental results in order to construct crack law, which is a further characterization
of fatigue condition of both specimens. The ultimate results, derivation of crack growth
law, which is an expression that relate delamination growth per Crack cycle with strain
energy release rate, G, is derived.

e Chapter 6: Conclusions and Recommendations

The last chapter provides answers for the research questions based on the experimen-
tal results and the simulation. A set of recommendations for further improvement of
this study is provided.

1.2.4 Research Contribution

Apart from the research goal, this research has contributions that can be used for other
research in a wider application. More specifically, these contributions are:

e This work provides more alternative in the design and fabrication of ply-drop speci-
men for thermoplastic-based composite fatigue testing. Currently, there is no standard
specimen for high cycle fatigue testing. ASTM D5228 and ASTM D6115 only specify
specimen for quasi static load test. A novel ply-drop design has been proposed and
tested to better understand the crack growth rate under fatigue tests.

e This works provides insights on the structural performance of ply-drops based-thermoplastic
with different stacking sequence, UD ply-drops, and 0-90 ply-drops under fatigue.
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Chapter 2

Theoretical Background

2.1 Thermoplastic Composite

Thermoplastic processing typically requires high consolidation temperatures, e.g., Polyether-
ketoneketone (PEKK) melting temperature is 337°C, and there is no curing chemical reaction
during the consolidation process. Furthermore, thermoplastic polymers also differ from ther-
moset in having a significantly higher viscosity and can be amorphous or semicrystalline.
The melt viscosity of thermoplastics is as high as 100 — 1000 Pa s, which is very difficult to
penetrate the resin through the fibres and ensure complete wetting of the fibres [13]. Hence,
thermoplastic manufacturing processes differ from traditional thermoset processes. Differ-
ent processing conditions as cooling rate should be considered as a key parameter [9].

Beside the ability to reshape and reuse, thermoplastic material also posses increased impact
and chemical resistance, low moisture absorption, unlimited shelf time and short processing
time [9]. However, the studies on the structural performance of thermoplastic-based com-
posites, especially, ply-drop feature under fatigue condition still received little attention. The
importance of predicting the life of a ply-drop component working within safe operational
conditions is of important, especially in the aerospace sector to design reliable, efficient and
lightweight structures. Performance of a composite structure relies heavily on fiber orienta-
tion and lay-up sequence [9].

2.1.1 Design and Manufacturing Composite
2.1.2 Manufacturing Composite

In manufacturing composites, there are four basic steps which are wetting/ impregnation,
lay-up, consolidation, and solidification. All composites manufacturing processes involve the
same four steps, although they are manufactured in different ways. The methods of applying
heat, pressure, and creating a desired fiber distribution, are different for different manufac-
turing methods. For a deeper insight into the different type of manufacturing process theme,
it is recommended to refer to Mazuumdar [9]. The brief explanation of four steps can be
summarized as follow,
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1. Impregnation is the step where fibres and resins are mixed together to form a lamina.
In this work, which involves hand lay-up process, prepregs are used. Prepreg is the
already impregnated product.

2. Lay-up is the step where composites laminates are formed by placing fiber resin mix-
tures or prepregs at desired angles. In a prepreg lay-up process, prepregs are laid
at a specific fiber orientation. This step is actually essential for the performance of a
composite structure since it relies heavily on fiber orientation and lay-up sequence.

3. Consolidation is the step where it applies heat and pressure to create intimate contact
between each layer of prepreg. This is an essential step to obtain a good quality
laminate. Many attempts on having good laminate fails during this step.

4. Solidification is the final step where in thermoplastic is to lower the temperature to
obtain a solid laminate.

Manufacturing thermoplastic has advantages and disadvantages compared to the thermoset.
The advantage of manufacturing composites are relatively shorter process cycle time, it can
be reshaped, and reformed with the application of heat and pressure, and easy to recy-
cle. Meanwhile, the disadvantage is that thermoplastic requires heavy and strong tooling
for processing. thermoplastic are not easy to process, and higher heat, and pressure in the
processing.

Ply-Drop Design

Ply drops in composite materials are currently a relevant design consideration in many struc-
tures or components. This ply-drop feature is related to cases with varying loads throughout
the structure i.e, rotor blade of a wind turbine, and wing aircraft. The ply drop introduces a
stress concentration, which possibly causing a crack to form and propagate along with the
layer that forms the ply drop. Ply-drops produce internal and local stress concentrations as
a consequence of geometric discontinuities and shear lag [14].

Hence to avoid those mentioned problem, general design considerations for ply-drops de-
sign has been established by NASA [15]. The guidelines are as follows,

1. For the same ply drops, thicker laminates are better in resisting delamination.

2. Dropping more than one ply at the same location increases the delamination growth
rate; Not more than 2 plies are dropped at once.

3. Internal ply drops are more resistant to delamination than external ply drops.

4. Whenever possible, stacking sequences should be symmetric about the mid-plane
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While taking into account the established laminate guidelines, it is deemed to be necessary
to keep the aim of a fit ply-drop specimen for crack study on vibration fatigue test. Due
to lack of literature on the understanding of vibration fatigue thermoplastic, and standard
specimen especially made for vibration testing, many attempts were made before reaching
to the final specimen design. According to Cairns, the design should be made according to
the following considerations [14], and recent studies [16], the guidelines for specimen to be
considered are as follows,

—_

. The specimen should be excited at its first bending mode;
2. Ply-drops is a likely place from which the delamination could initiate;

3. Two plies are dropped in the same place to intensify the stress concentration close to
the location of the maximum bending moment;

4. The plies are dropped at the outer faces where strains are high;

5. The thicker section could have a second 0° ply after the outer 0° ply to increase the
strength under the clamp. However, through this work, it is found that it could be not
necessary;

6. No ply-drop on the outer faces; To avoid immediate debonding.

2.2 Damage In Composite

Studies on fatigue of Fibre-reinforced composites were strongly influenced by established
methods for studying metallic components. However, since the composite is an anisotropy
material, it has been more complex to understand their behaviour, Therefore, despite starting
from an established framework, studies have considerably modified the approach to fatigue
over the years.

Dew-Hughes [17] reviewed the scattered research on fatigue of Fibre-Reinforced Plastic
(FRP) by considering the effect of cyclic loading on fibres, polymers and interfaces. The
finding was that fibres got damaged through the three stages of nucleation, propagation and
final failure, but they themselves did not have a direct effect on the fatigue of the component.
The main contribution to the fatigue damage of a composite, especially at low stresses, was
due to the interface between fibres and matrix, where there was a high stress concentration.
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Figure 2.1: Sequence showing the growth of a crack from a 90° ply into a 0° ply in a [0;
90;45]s graphite epoxy laminate [3]

It was found that fatigue in polymeric matrix had a much different effect compared to that of
fibres. Polymers suffer from thermal failure at high temperature, it dissipate heat slower than
metals and tend to heat up if cyclically stressed. Despite these differences, the work done
on the crack growth rate for metals was widely used to build a model for predicting crack
propagation in polymers. Specifically, due to the crazing phenomenon and to the viscoelas-
ticity of the material, the energy balance had to take into account, and its dependence on
the loading frequency [7].

The interface between matrix and fibre is considered as the most crucial part for fatigue in
composites. Meanwhile, fatigue strength threshold, gained from metal understanding, is of
criterion importance, in order to design structures subjected to cyclic loading. The strength
of the interface would avoid crack initiation below this threshold, which would prevent pre-
mature failure of composite. The limiting effect of a weak interface on the performances of
the FRP, finding some debonding even at very low stress amplitudes, suggesting the im-
possibility of an infinite life [17]. Nevertheless, it was unclear yet, either matrix cracking or
debonding, consider as failure because there was no catastrophic failure or any other ob-
servation that easily exposed the integrity of the material.

Therefore, a sequence of steps for the damage development can be summarised as fol-
lows [3], crack nucleation in off-axis plies as can be seen in the Figure on the left.
Further, crack coupling due to the interface debonding when the crack tips reach the inter-
faces is shown in Figure on the right. A crack will then grow through the thickness by
crack coupling and ultimately, there will be a final fracture of fibres in the direction of the
load. Nevertheless, it is found that the anisotropy of FRP drives the crack in a way that is too
complex to predict. In this work, it is found that the microcrack formed in the weak phase of
the matrix and propagated until it was arrested by the strong phase which is fibres.

There are several possibilities for crack growth, which can be seen as follow,

1. The stress concentration is high enough to propagate the crack

2. If the critical level is not reached, the delamination will start but will arrest at a certain
length and remain constant at that length [14]
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3. The stress is so low that delamination never initiates within 500.000 cycles [14]. The
threshold of this cycles are dependent on the characteristics of the material.

Classification of damage has also been established regarding the location of damage oc-
curence, any damage within a single ply is named intralaminar damage which are typically
fibre breakage and matrix cracking. Meanwhile any damage between different plies are
called interlaminar, which is commonly known as delamination. Figure [2.2/depicts these two
type damages clearly. In an accelerated vibration fatigue test conducted in this work, these
two happen concurrently in a fast manner. Nevertheless, separating these damages can be
of importance for characterization of ply-drop specimen.

<4— matrix crack

*®
- o
+“—— fibre fracture °

~

delamination

v

Figure 2.2: Interlaminar and Intralaminar Damages

2.3 Fatigue Overview

2.3.1 Cyclic Loading

Cyclic loading is generally a representation of fatigue load imposed on material or compo-
nent, of which typically sinusoidal waveform. Figure [2.3] shows the characteristics of the
cyclic loading which consist of the quantity value of Stress (o) against Number of Cycle (N).
Strain or displacement which corresponds to the related stress also can be applied against
the cycle. Stress is more convenient for homogeneous material, while the strain is more
convenient for composites.
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Figure 2.3: Typical sinusoidal loading conditions over time [9]

Loading conditions can be varied in frequency and magnitude value which is commonly
known as loading ratio.

R— Omin (2.1)
Omazx
1
/= Tosc (22)

Where, R is the stress ratio. e,,4, and e,,;, are the maximum and minimum strain in the
component respectively. T, is the period of oscillation, and f is the oscillation frequency.

The stress/strain ratio, R, gives a condition of how the material or component is subjected
to loading. The loading ratio can be seen as followings,

e 0 < R < 1 Impose tension-tension loading
e R > 1 Impose compression-compression
e R < 0 Impose tension-compression loading

e R = —1 Impose fully reversed loading

2.3.2 Paris Law

Regarding polymers and composite, Griffith’s criterion discovered the way to the Linear Elas-
tic Fracture Mechanics (LEFM), starting from the hypothesis that premature failure in appar-
ently pristine components was due to microscopic flaws in the material [18]. Through his
work on glass, Griffith conclude that there was a constant relationship between the stress at
fracture and the square root of the notch length. It is then modified by Irwin [19], by partition-
ing the total energy in two contributions, The stored elastic strain energy at the crack tip and
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the dissipated energy to create a new surface, Creating a new surface means propagation
of crack. The stored strain energy at the crack tip is released to create a new surface when
it exceeds a material property called fracture toughness G..

The uniform stress field equation is read as follow,

K =o+v/ma Ky = ovma (2.3)

In plane stress conditions, the strain energy release rate (G) for a crack under pure mode |,
or pure mode |l loading is related to the stress intensity factor by,

The LEFM was then incorporated in the Paris research on fatigue crack propagation [20].
Irwin’s stress intensity factor, which is employed to calculate the effect of an applied stress
on the local stress field ahead of the crack tip to predict the crack propagation rate under
cyclic loading. Ultimately, the fundamental relationship that can relate the stable propagation
with strain energy release rate can be read as follow,

da m

It can also be related to stress intensity factor as below,

(2.6)

Where da/dN is the crack growth rate, K., is the stress intensity factor, and C and n are
material constants. Figure shows where C and m are the intercept and the slope of
the Paris law in a log-log plot. Fatigue crack growth in composites can be characterized
by relating crack growth per cycle to the cyclic stress intensity factor range, AK [21]. In
a number of studies, a power law has been used to relate delamination growth with cyclic
strain energy release rate in composite cases.
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Figure 2.4: Schematic Plot of Paris’s Law with C' and m coefficient [6]

One of the methods for predicting the delamination growth is [22]:

da AGr  AGI\™
dN_C<G1c * G]Ic>
2.4 Dynamics View

Test methodologies by exploiting the resonance conditions to perform quick tests has been
the theme of vibration testing for decades [23]—{28]. The simplest dynamic system is the Sin-
gle Degree of Freedom (SDOF) comprising of mass, spring, and damper system described
in the Figure [2.5] The mathematical expression of motion this simple system, assuming no
external forces, can be read in Equation [2.8|[29].

L ANV F(t)
m

el

Figure 2.5: SDOF System

mX +cX +kX =0 (2.8)
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Where m is the mass of the SDOF system, X and X are first and second time derivative
of displacement, ¢ is the Damping coefficient, and % is the stiffness of the spring. When
Equation 2.8 solved, it reads as follows,

X(t) = Ae~¢Wnteint (2.9)

Where A is the vibration amplitude at ¢ = 0, w,, is the resonance frequency, and ¢ is the
damping ratio. While, damping ratio and w/, the response frequency, read as follows,

k
Wy =] —
m
¢=— (2.10)
2V km

Wl = wpy/1 — (2

When the external force take acting on the mass, the equation of motion read as follow,

mX + X + kX = F(t) (2.11)

The transfer function can be read as follows,

la(w)] = = = (2.12)

wc

¢(w) = arctan (2.13)

k—w?m

Vibration Testing Theory

In the framework of component testing, to characterize the material behavior by their dy-
namic properties is by exciting the specimens using dynamic exciter. There are several
ways of excitation, i.e, contactless excitations, acoustic, electromagnetic excitation. The lat-
ter is the one to be employed in this work. Electromagnetic shakers has the ability to produce
large dynamic loads by directly exciting the structure.

Figure shows the idealization of essential components of electromagnetic shaker. It
is assumed as lumped parameters to study its interaction with the structure being excited.
Mass, as m; connected to a spring &, and a damper, ¢, that represent modal mass, axial
stiffness, and damping of the base acceleration, respectively. The base is grounded, and on
top of it, the excited component/specimen is respresented as an SDOF system. X;(¢) is the
base displacement.
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Figure 2.6: Base and Excited Structure

In this configuration, the overall idea of Equation 2.12 is still valid but the phase lag and the
transmissibility in a base excitation between the base and mass displacement are read as
follows

mcw3

k(k —w?m) + (wc)?

p(w) = arctan (2.14)

Through the work of Magi and Maio [7], it is shown how a measurement of the natural
frequency or direct measurement of the stiffness of component due to the occurrence of
damage initiation could be a poor resolution. Phase shift and base acceleration are a more
sensitive approach for monitoring structural degradation, and consequently, damage initia-
tion. Damage initiation could abruptly change the distribution of the stiffness of a component
under fatigue loading conditions. Phase response is expressed in Equation 2.14. However,
later on in this work, base acceleration is also found not sensitive enough to capture the
period of initial crack.

X _ k2 + (we)?
X \/(k — me)2 + (wc)?

T (w) (2.15)



Chapter 3

Design and Manufacturing of
Composite

This chapter covers design and manufacturing of composite laminates that in turn are being
used for specimens purpose. The specimens are cut from the laminate. Noteworthy to men-
tion, the specimen is the product of iteration from manufacturing of composite and vibration
testing that will be covered in Chapter[4, It is found to be necessary to keep complying with
the established laminate guidelines while keeping the goal of a fit ply-drops specimen for
the crack study and vibration testing experiment purpose. It is discovered that ply-drops on
the outer plane of the specimen with considerably high severity and loaded up to 10 million
cycles do not succeed in initiating crack and producing delamination. Meanwhile, once the
crack is initiated, delamination occurs in a rapid time, which is only few hundred cycles.

3.1 Material

As has been explained, composites are made of reinforcing fibers and matrix materials.
Thermoplastic matrices are such as Polyether Ether Kethon (PEEK), Polyether KethoneKethone
(PEKK), and Polyphenylene sulfide (PPS). The specimens are made of a 16 prepregs plies

of Toray Cetex® TC1320 PEKK laminate reinforced by unidirectional carbon fibres, which

is supplied by TenCate. A prepreg is a resin-impregnated fiber which is stored for later use

in hand lay-up or molding operations. TC1320 is a thermoplastic composite material, with
the semi-crystalline thermoplastic polymer PEKK. TC 1320 is a qualified material with out-
standing mechanical performance for use in aerostructures. The material used to seed a
pre-existence crack is polymide, which has smooth surface and high chemical resistance,
and especially high heat resistance.

17
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3.2 Specimen Design

The design of the testing specimen is inspired from the application of the thermoplastic com-
posite which raise inevitable fibre discontinuities which in turn affect uncertainties of fatigue
life in the composite. Ply-drops accommodate thickness variation in real application, i.e,
wind turbine blade, wing aircraft.

During the earlier phase of this study, specimens with ply-drop on the outer plane of the
specimen with considerably high severity and loaded up to 10 million cycles did not suc-
ceed in initiating crack and producing the expected delamination. Although it was found
that there are some delaminations from unexpected spots, which suggests the flaw of the
manufacturing process. The mentioned specimens were produced by an Out of Autoclave
(O0A) production method. O0A is a laminate consolidation technique, which rely on vacuum
pressure only. The temperature is heated in an oven. Other than these findings, there was
no expected crack initiated from the edge of ply-drops. It is proven that thermoplastic based
thermoplastic composites have a high resistant to fatigue. Without a pre-existence crack and
ply-drops, thermoplastic composite is found to be highly resistant to vibration fatigue loading.

Considering the mentioned finding, the ply-drops were then seeded with a crack between the
bottom layer of the ply-drops and its base plies. Hence, it is possible to produce delamina-
tion during the test. This work has also proven that once the crack is initiated, thermoplastic
composite is prone to rapid propagation from vibration loading; it is only within few hun-
dred thousands cycles with half of mentioned severity with laminate without pre-existence
crack. Thermoplastic composites is more sensitive to crack growth under vibration loading
compared to metals and ceramics [30]. Therefore, seeded crack is established by using
polymide grade 25s with thickness 25 um.

After iterating of the manufactured specimens and testing the specimen to the vibration test,
two stacking configurations are decided to study further. The first design is with UD lay up
for both ply-drops and base plies. The second design is with a stacking sequence (0p1ydrops
90,1ydrops (0,90)3, (90,0)4). The second design, as explained in [15], is meant to be symmet-
ric about the mid-plane to avoid residual stress on laminate. Both specimens are shown in

Figure [3.1]

From Figure it can be seen that the final specimen design is decorated with two sym-
metrical length.The specimen is rectangular in shape, 254 mm length and 280 mm width.
Moreover, it has 4 edge spots which can be used as a side for measuring the crack length.
The 4 spots are shown in Figure One of the pristine spots can be seen in Figure
Resin pocket can be seen clearly next to the seeded 0.25um polymide. Thickness varia-
tions are made by dropping plies along the length. The Difference in thickness between the
thicker section and the thinner section is 0.28 mm (2 plies) , which comply with the ply-drop
off guidelines [15]. However, against the guidelines, the ply-drops are put on the outer plane
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Figure 3.1: Schematic drawing of ply-drop specimen from the side (a) with UD lay up (b) as
for (a) but (0piydrop, 9piydrop, (0,90)3, (90,0)4) lay up

to increase the stress concentration. The purpose is to accelerate crack propagation.

Spot 1 Spot 2

Spot 3 Spot 4

Figure 3.2: Crack spot of the specimen
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Figure 3.3: Micrograph of Pristine Composite (a) 0-0 Ply-drops (b) 0-90 Ply-drops

3.3 Manufacturing Process

As the aim of the author is to produce its own laminates for the specimens, the understand-
ing of the manufacturing process in order to produce good quality laminates, which can give
consistent mechanical properties were considered. Consolidation of thermoplastic compos-
ite using prepregs are used. A prepreg is a resin-impregnated fiber in flat form, which is
stored for later use in hand lay-up or molding operations. In order to obtain consistent lam-
inates, the process parameters, i.e, autoclave pressures, temperatures, and dwell times, of
the manufacturing techniques are fixed.

The manufacturing process can be divided in three process. The first process is the prepreg
lay-up process to prepare the composite stacking sequence as in designed configuration.
The second process is to prepare the stack for vacuum bagging. The configuration of the
vacuum bagging is shown in Figure [3.4] The third process is where the cycle of heating and
curing in Autoclave take place. All these three steps are labor intensive. Labor costs are 50
to 100 times greater than filament winding, pultrusion, and other high-volume processes [9].
However, for building prototype parts and small quantity runs this type of manufacturing pro-
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vides advantages over other processes.

Vacuum Stacked prepregs

Bleed
Breather i

Polyimide film
Sealant tape

Base plate

Figure 3.4: Vacuum bagging lay out for Autoclave

The first process is where the prepegs are cut, and laid one by one to build up a stack on an
clean table. With the first design, the prepregs are laid on the same fibre orientation. The
ply-drops are placed on the top. It is of importance to keep each plies align with its adjacent
plies to achieve parallel fibres. With the second the design, the stacking sequence follows
the designated sequence [0,1ydrops I0piydrops (0,90)3, (90, 0)4].

Once all the prepregs are laid in the desired sequence and fiber orientation, vacuum bagging
preparations are commenced, which is the second process. Vacuum bagging started with
placing the stack on a base plate (open mold) for bagging. The steps of vacuum bagging
are summarized in Appendix [A1]

After stacking (lamination) and bagging, the vacuum bag is placed inside an autoclave for
consolidation and curing. Autoclave maintained the desired pressure and temperature in-
side the chamber for processing of the laminates. Heat and pressure play an important role
during consolidation process. The pressure is imposed in two ways, the bagging creates
vacuum pressure. To create the vacuum, the nozzle in the bagging system is connected
to the vacuum pump using a hose. The vacuum pump generates pressure until 0.1 mbar
which helps in consolidation. External pressure inside the autoclave is created by inject-
ing pressurized nitrogen. Nitrogen is used at high temperature to avoid burning or flames.
Both external pressure and vacuum pressure inside the bag are expected to create sufficient
pressure to compact the laminate against the mold and create contact between each plies.

The consolidation and curing process was done by following the resin temperatures specifi-
cation shown in Table [3.1] Thermoplastic prepregs are generally processsed at the melting
temperature of the resin [9]. The process cycle time for thermoplastic composites is much
faster than thermoset composites, in the range of a few minutes. The consolidation and
curing pressure during cycle of the produce laminate is shown in Figure 3.5] The set point
temperature is 377°C, of which according to its resin properties. Meanwhile, the starting
pressure is 2 bar. When the temperature reaches 377°C, the pressure is increased to 8 Bar,
and dwelled for 20 minutes. After dwelling time, the pressure is kept constant and tempera-
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ture is reduced with 5°C/min. When it is below glass transition temperature, the pressure is
reduced with 0.1 Bar/minute. The laminate is taken after the temperature is below 50°C.
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Figure 3.5: Consolidation and Curing Cycle

Table 3.1: Toray Cetex(® TC1320resin properties

Property Value

Density (specific gravity) | 1.30 g/cm3 (80.5 Ib/ft3)

Tg (glass transition) 160 \degree C (320 \degree F)

Tm (melt) 337 \degree C (639 \degree F)

Tc (crystallinity) 265 \degree C (509 \degree F)

Tp (processing) 370 - 400 \degree C (700 - 750 \degree F)

Figure shows the C-Scan of the laminate. Although, it does not provide void contents
information, it is possible to generalize that the laminates is relatively good. Three point
bending test is conducted to measure the specimens stiffness. The idea is to perform a non
destructive three-point bending. The specimen is only deflected at its mid length for 1.5 mm.
The average flexural stiffness variations from different positions of the laminate are 12.79
N/mm with standard deviation 0.80.
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Chapter 4

Vibration Fatigue Test

This chapter covers structural dynamics study on thermoplastic matrices using a high cycle
fatigue on vibration loading testing. The results give an understanding on structural integrity
change of ply-drops thermoplastic-based composite, which is reflected by stiffness degra-
dation, response phase, amplitude base acceleration trace, and resonance frequency decay
caused by the crack propagation. As it has been discovered during finding the correct spec-
imen for the study, to accelerate the degradation of the specimens a pre-existence crack is
made.

4.1 Description of Vibration Test Rig

Figure shows the sketch of vibration fatigue testing rig. The idea of the rig is to pro-
vide the capability to test specimen, component or structure, by vibrating the specimen to
its resonance frequency, and hence allowing the degradation of the specimen’s structural
integrity; In real time can capture the dynamic parameters of the specimen. It is equipped
with electromagnetic shaker as a base acceleration to excite the specimen and a Polytec
OFV 303 Sensor Head Laser Doppler Velocimetry (LDV) to capture the response velocity
of the specimen. A reflection tape is attached to each specimen to boost the acquisition
quality. The base acceleration is picked up by accelerometer.

Unique cubicle
fixed on the ground

LDV —
Acquisition system - \ |

Clamp —
Specimen
-

\
Accelerometer — \

Top-hat support —_ >

—»

Shaker head

-‘\7_7 _Jﬁ_»&

Figure 4.1: Vibration Fatigue Testing Rig [5]
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Figure 4.2: Fixture and its specimen

The software employed for data acquisition of the test is the MONTEVERDI software. MON-
TEVERDI is a software suite, coded in LabVIEW and is designed for carrying out automated
vibration fatigue testing [16]. It is used to monitor, control and acquire data from the en-
durance tests. The MONTEVERDI software acquire the trends of phase shift, excitation
frequency, amplitude, and acceleration.

Acquiring data through MONTEVERDI consists of several steps, which have to be performed
sequentially. The first step computes the FRF of the velocity response signal coming from
the Laser Doppler Vibrometer (LDV) pointed on the specimen, normalised by the input force.
Due to the fixture used to connect the shaker to the component, it was not possible to nor-
malise the output signal to the actual input force, as the latter could not be measured. The
base acceleration was used instead; Strictly speaking the ratio in this case gives Transmis-
sibility.

After measuring the FRF, the bandwidth of interest chosen; This bandwidth is around the res-
onance frequency. The bandwidth is normally around 1-2 Hz. Consequently, the software
carries out a Stepped Sine Test (SST) using different excitation amplitudes. Incidentally, the
SST is required to compute the FRF at high vibration amplitudes, close to the levels reached
during fatigue testing, which are difficult to achieve with a pseudo-random excitation. Once
the frequency sweep is completed and the broadband and stepped sine FRFs are saved,
the fatigue test is proceeded.

MONTEVERDI employs two control systems during the endurance test, a Phase Lock Loop
(PLL) control, and an amplitude control. In order to maintain the resonant conditions on
the selected resonant mode, the PLL modifies the excitation frequency in order to match
a given phase difference between the load and the response. However, the PLL is not
used to allow the phase response shifting instead using its resonance frequency changing.
Simultaneously, the amplitude control changes the input voltage to the shaker in such a way
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to keep the vibration amplitude constant, which will result in a constant strain level. When
the endurance test is stopped, the final FRF is carried out again. The results is used to
compare modal properties before and after fatigue.

4.2 Experimental method

In their work [5], [16], Magi & Maio proposed a new method to capture damage initiation and
structural degradation during a fatigue test by exploiting resonance vibrations. The method
employs monitoring dynamic parameters, including the phase angle between excitation and
response, which changes as the overall stiffness changes as a consequence of damage.
The approach to describe emerging scenarios is based on the equations of motion which is
presented in Equation and Equation The analytical solution shows that any small
stiffness variation is amplified by the dynamic response of the component as a large phase
change, even when it is too small to be captured by the quasi-static response. Figure 4.3|
shows the small change in stiffness is captured by the phase response.

UL\ *—9 o 9o ¢ o o o ¢
.

Percent change [%]
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Figure 4.3: Comparison between change in resonant frequency and change in phase for a
small change in stiffness of a SDOF system with 1% damping [7]

The experimental evidence of a critical event in the fatigue life of a component is found both
in the dynamic phase shift and base acceleration magnitude trace. The critical event is
captured from an abrupt change in the dynamic parameters of the structure as soon as a
delamination is initiated. One case from a single fatigue test and by plotting the phase versus
the logarithm of the number of cycles, one obtains the graph in Figure [4.4] The occurrence
of critical event, the initial stage of microcracking before delamination, is confirmed with
thermography in Figure [4.5]
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Figure 4.5: Thermal images of the top surface of the specimen from Figure (a) before
and (b) after the critical event. The delamination is indicated by the arrow

Testing Condition and Procedure

All the fatigue tests are conducted in a storage room at room temperature (15°C). The tem-
perature change is not affecting the strength of the specimen, since thermoplastics have
elevated service temperature. This particular material has glass transition temperature of

160°C [31].

During the first trials, the stiffness of each specimen was measured by means of a three-
point bending test using a ZwickRoell. Since the purpose is to measure the relative stiffness
change before, and after the test, later on, it is found that the relative stiffness reduction can
also be representative through calculation of modal stiffness. It is also to avoid the unex-
pected extension of crack during three-point bending test.

The high cycle fatigue test to determine the aimed amplitude for crack propagation was first
performed. Since the software is performing high cycle fatigue test with constant amplitude,
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the amplitude to give the threshold is firstly fine tuned. Figure shows the results of the
specimen for different amplitude. The fixed amplitude is held during the propagation of the
crack until a defined stopping criterion is reached. This stop criterion is established in this
work by first determining when the expected crack is reaches up to 8 mm without test inter-
vention. Intervention is needed in this case when the actual resonance frequency has move
away from the set excitation frequency, hence, the excitation frequency is adjusted to keep
up the constant amplitude, which has been further explained in the previous Section 4.1
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Figure 4.6: Normalized amplitude against normalized crack

The aimed amplitude determines the severity (strain/stress) of the specimen during the vi-
bration testing. The measurement point of aimed amplitude is critical in ensuring the same
severity throughout different tests. On the longitudinal direction, it will change the severity.
Moving the laser along the width direction is giving the same severity. The higher the aimed
amplitude is, the faster the crack propagate, thereby the faster the occurrence of stiffness
degradation.

When the amplitude is constant, the opening of crack is dependent on the number of cycles.
The test up to 8 mm without intervention is established as the longest number of cycles
test. Afterwards, multiple tests with different number of cycles are conducted with different
specimens in between the longest cycle, to get the fine resolution for propagation rate.

All tests are carried out with FRF test before, and after the High Cycle Fatigue (HCF). This
procedure are applied to all specimens of UD, and 0-90. After preparing the specimen, the
first step in MONTEVERDI is determining the Frequency Response Function (FRF). Figure
[4.7)is a visual representation of the resonance frequency results of one specimen before
and after vibration testing from FRF. for these type of specimens, the resonance frequencies
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were found to be in the range of 206 Hz which is found to be still fit within the operational
capability of the electromagnetic shaker.
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Figure 4.7: One of the FRF test, FRF specimen L07S4

The centre lines of the specimen are mounted onto the clamp of the shaker. Hence, the
specimen is mounted symmetrically. The accuracy is ensured each time the specimen is
mounted by measuring the distance and ensuring the specimen is perpendicular to the
clamp edge. The ply-drops edge is 35 mm from the contact point of clamping force such
that the crack growth will not experience the compression force from the clamp, which can
influence the results. Both ply-drops edges have an equal distance to clamping line of con-
tact. It is to ensure that the crack will propagate naturally without constraint from the clamp.
Crack length of maximum 8 mm is expected from the test. In order to ensure there is no ex-
cessive tighten and mismatch, which can cause different constraints, the clamps is always
sequentially tighten with mechanical preset torque up to 7 Nm. Higher torques can crush
the fibre/resin under the clamp [16].

4.3 Effect of Vibration Test and Failure Identification

Initially, the definition of the criteria and methods used for studying vibration fatigue be-
haviour for this specimens is established. The failure criteria of the specimen can be finally
determined after gaining experience in testing different type of specimens during this work.

Additionally, characterization of the failure events is of importance before gaining the un-
derstanding of which specimen will give the right severity for structural degradation, as well
as, the structural performance of the ply-drop composite. It was done by characterizing the
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failure event, while at the same time monitoring the dynamic parameters behavior, more
spesifically phase degradation within the failure events. The crack is monitored each time
the test was finished by a digital microscope. The method that has been explained in the
Section 4.2 employed to understand both specimens behavior.

Failure event is associated with a sudden change of phase shift caused by the cracks open-
ing. According to Magi [7], [16], It is possible to divide the component life in three phases
which has been explained briefly in the Section Nevertheless, this work established a
set of events which is capturing the real case with ply-drops component with pre-crack fea-
ture. The first event is event where the excitation frequency is adjusted to keep the phase
around its resonance. Hence, the occurrence of this event ranging up to 70.000 cycles de-
pending the smoothness of excitation frequency adjustment to keep it around its resonance
phase. Noteworthy to mention, this adjustment is only on this first phase. Afterwards, for
both specimens the occurrence of the first and second event are allowed without changing
the excitation frequency. Hence, there is no significant fluctuation of amplitude, phase, and
base acceleration. It then guarantee that the stress applied to the specimen, is not changing
over the course of the test. This is of importance to be able to study the crack propagation.
The measurement is started on the second and third event.

1. The first event is a period when the opening of polymide (seeded crack). The phase
shift is degrading fastly. The micrograph shortly after this event is shown in Figure [4.8]
This event occurs from the beginning of the fatigue test up to 70.000 cycles.

2. After the first event, the phase shift is constant. The second event is the phase up to
where the crack is visible (measurable), of which arround 0.10-0.20 mm. The measur-
able crack is defined by the ability of the digital microscope to capture the image.

3. The third event is when the crack is started to propagate along the matrix. The second
event is when the stiffness changing occur on the specimen. When looking at the
phase shift decay, it is when there is a sudden change on the phase shift after the
second event. This third event is further studied from Section[4.3.1]

Figure 4.8: Opening of the polymide during the first event
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4.3.1 Crack Growth Rate Ply-Drops

By following the understood critical event, the UD specimen UD is allowed to fail until its
third event. The results can be seen in Table Specimen UD is showing scatter data
across all 4 spots. it is found due to fibre bridging [8]. In the DCB test, fiber bridging also
has been found to increase resistance to delamination. However, when the maximum length
is plotted, as the cycle increase the initiated crack is propagating. The results of maximum

crack length over the number of cycles can be seen in Figure[4.9

Table 4.1: Crack Growth Specimen UD

. Crack Growth (mm)
Specimen | A (mm) | Cycle [10°] Spot1 | Spot2 | Spot 3 | Spot 4
L06S2_250 0.85 0.25 0,87 0,54 0,42 0,60
LO7S5 0.85 0.3 0,00 0,13 0,00 0,28
L07S5.300 0.85 0.4 0,00 0,00 0,00 1,65
L06S3_400 0.85 0.53 1,67 0,00 0,13 0,01
L06S3 0.85 0.55 5,54 3,35 1,00 5,18
L06S5 0.85 0.64 4,79 0,14 0,00 0,00
L06S2 0.85 0.64 5,74 1,17 1,23 5,84
LO7S4 0.85 0.64 8,84 0,00 0,00 0,00
LO7S7 0.85 1.2 19,39 4,82 15,98 5,92
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Figure 4.9: Crack length over a number of cycles on specimen UD

Cracks in specimen 0-90 are found to exhibit uniform growth. A very minor deviation found
due to the crack travel to fibres area which give different propagation rate. One of the cases
that shows the result of a very small deviation at the longest cycles can be seen in Figure
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10| The cracks in spot 3 and spot 4 are found to travel to the fibre area, which reduces the
crack propagation slower compare with the two other spots. It is also the same case with the
spot 1, which reached the fibre area faster then spot 2. It consequently gives a lower crack
length in spot 2. Nevertheless, considering spot 1, and spot 2 are from two opposites side of
cantilever, it gives reasonable equal length of delamination on each side of cantilever. The
results can be seen in the Figure [4.9]

Figure 4.10: Micrograph of L08S3 run at 1.2 amplitude for 1.5 million cycles (a) Spot 1 -

1.75 mm crack (b) Spot 2 - 1.98 mm crack (c) Spot 3 - 1.22 mm (d) Spot 1.12
mm
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Furthermore, it is found that a higher strain is required to open the crack for specimen 0-90
to initiate crack relative to the UD specimen. Specimen 0-90 requires 1.2 amplitude in order
to initiate and propagate crack, meanwhile, 0.85 for specimen UD has already given more
severe crack with less cycles. As mentione earlier. in specimen 0-90, it is also found that
the crack open uniformly starting from the edge of ply-drops along the length of ply-drops.
The results of crack size over its number of cycles are shown in Figure d.11]
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Figure 4.11: Crack length over a number of cycles on specimen 0-90

From Figure it clearly presents that propagation rate of specimen UD is higher than
specimen 0-90; It is one order of magnitude higher. The propagation rate in this case is
average since it comprises of different cycles and specimens. The average propagation rate
of specimen UD is 2E-5, meanwhile, the magnitude of specimen 0-90 is 2E-6. R squared
0.9669 and 0.9008 for specimen UD, and 0-90 respectively.
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Figure 4.12: Propagation Rate Specimen UD and Specimen 0-90
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4.3.2 Dynamics Parameters Effect

Specimen UD

The rate of change of the response phase shift presents a slope, which describes the ex-
plained critical event, as well as, the crack growth propagation rate on the specimen. The
period of cycles where the first event, the opening of the seeded crack, occur is omitted.
Hence, the graph is shown when the cycle starting from 70.000 cycles. As has been ex-
plained briefly, the occurrence of the third event —the crack propagation —, is captured until
the base acceleration reaching 9 Volt in order not to intervene the test. The response phase
shift for specimen UD is shown in Figure [4.13]

- L06S2 - 250

: - L06S2

1.2~ : L06S3 M
: - L06S5
- Lo7S4

11 L0755 - 0.85 - 300 |
: - L0755-0.85

- L0787-0.85

Phase shift [deg]

Number of cycles [Cycle] x10°

Figure 4.13: Phase Response Shift Specimen UD

The results of the modal stiffness reduction, phase shift decay, resonance frequency decay,
and increased damping of specimen UD are shown in Table It is obvious that the
crack from fatigue test has a changed stiffness distribution caused by crack opening. The
resonance frequency in Table [4.2)is,—as well as other parameters —,measured before, and
after the test.
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Table 4.2: Dynamic Parameters Changing of specimen UD

Specimen | Cycle [10°] Reduction (%) Increase | Max | Total
Stiffness | Resonance | Phase Shift | Damping | length | Crack

Reduction | Reduction | Reduction (%) (mm) | (mm)

L06S2_250 0.25 n/a 0.04 0.16 22.92 0.87 | 2.42

LO7S5 0.3 0.76 2.88 14.00 334.72 0.28 | 0.41
L07S5_300 0.3 0.76 0.00 0.00 78.48 1.65 1.65

L06S3_400 0.4 0.01 0.01 4.34 0.42 1.67 1.81
L06S3 0.53 3.25 4.33 48.03 116.00 5.54 | 15.07
L06S5 0.55 2.61 1.83 38.79 39.86 479 | 493
L06S2 0.64 3.45 4.20 48.31 116.13 5.84 | 13.98
LO7S4 0.64 3.70 4.63 45.20 149.38 8.84 | 8.84
LO7S7 1.2 13.52 8.59 0.00 189.61 19.39 | 46.12

The Phase shift of specimen UD can be used to capture the total crack length regard-
less of which spots are delaminated. However, the characteristics relation between crack-
resonance-stiffness in specimen UD is not as entirely clear as specimen 0-90, which will be
shown in next section. The plotted data can be seen in Appendix [B]

Specimen 0-90

The rate of change of the response phase shift presents a slope, which describes the change
of the critical event, as well as, the crack growth propagation rate on the specimen. The
period of cycles where the first event, the opening of the seeded crack, occur is ommited.
Hence, the graph is shown the cycle starting from 70.000 cycles. The response phase shift
for specimen 0-90 is shown in Figure [4.14]
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Figure 4.14: Phase response shift specimen 0-90
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In the case of specimen 0-90, because of the uniform delamination the phase shift can
accurately be used as a measurement of the cracks. Meanwhile, specimen UD was stated
possible but not accurate. The results of dynamic parameters change on 0-90 is shown in

Table

Table 4.3: Dynamic Parameters Changing of specimen 0-90

Specimen | Cycle [10°] Reduction Increase | Total
P y . Resonance | Phase Shift | Damping | Crack
Stiffness
(%) (%) (%)
L08S5 0.5 0.45 3.33 11.35 41.38 0.67
L08S2 1.2 0.78 3.63 35.8 56.28 2.67
L08S3 1.5 0.99 3.87 38.66 62.95 6.07

In Figure the crack is related to resonance frequency decay, and stiffness reduction.
The resonance frequency decay slope is found the same with the stiffness reduction’s, 1.79,
and 1.80, respectively. It is, obvious since, resonance frequency is proportional to square
root of stiffness as in Equation It is, as well as, because of the uniform crack growth
developed during the course of delamination growth. Hence, it can be concluded that res-
onance frequency is able to accurately capture the stiffness degradation of the specimen
0-90, which simultaneously able to capture the crack length. Resonance frequency degra-
dation can be a good indicator of how long crack has developed. When the resonance
frequency and stiffness is tracked over the number of cycles, as shown in Figure it is
showing good agreement with the finding.
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Figure 4.15: Crack vs (a) Resonance frequency reduction and (b) stiffness reduction Spec-
imen 0-90
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Figure 4.16: Stiffness decay and resonance frequency decay specimen 0-90

As has been found earlier in Section |4.3.1} specimen 0-90 requires higher amplitude to ini-
tiate cracks, it also takes considerably longer cycle to develop crack compare to specimen
UD. The comparison is shown in the Figure [4.17]through phase response shift. This exhib-
ited behaviour will be further studied and explained in Chapter 5] The response phase shift
for both specimens are shown in Figure [4.17] for different number of cycles.

Phase Shift
200

[
ubD L07s7

+ 0-90L08S3

180 -

_. Phase shift [deg] _.
N [o2]

o o

I I

n
o
I

80 | | | | | |
2 3 4 5 6 7

Number of cycles [Cycle] x10°

Figure 4.17: Phase Shift Decay of specimen UD and specimen 0-90
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Figure 4.18: Base Acceleration Trace Normalized of specimen UD and specimen 0 — 90

Phase Shift and Base Acceleration

The trace of base acceleration magnitude can also be a guidance to check the propagation
of measurable crack. However, it is less sensitive in capturing the transition from the second
event to the third event where the origin of propagation starts to take place. It is because
the changing of stiffness is still very limited during this period. It is also explainable with the
Equation The change of specimen stiffness cause the change of base acceleration
in order to keep the displacement constant. Meanwhile, during the initiation of a crack, the
change of stiffness is considerably lower. As has been explained earlier, in this experiment,
the displacement, which translates as amplitude is kept constant. The origin of the third
event that has occured from 250.000 cycles for UD can be seen clearly in Figure
meanwhile it is still not capturing the stiffness degradation in acceleration trace. Through
base acceleration trace in Figure it is only obvious after 400.000 cycles.

16
x10°



Chapter 5

Crack Growth Law Derivation

In this chapter, further characterization of fatigue of both specimens are determined. The
strain energy release rate that influences the delamination growth is found through 3D FE
model. Furthermore, delamination growth per fatigue cycle, da/dN from experimental result,
is related to strain energy release rate, G from simulated model. At last, the ultimate aim
of derivation crack growth law, which is an expression that relate delamination growth per
cycle with strain energy release rate, G, is determined. The exponents of the power law rela-
tionship can be used as a crack growth prediction tool in the case of vibration fatigue loading.

5.1 Modelling Method

The Finite Element (FE) analysis is carried out in a 3D model with the use of ANSYS-
software. This model is used to simulate the real experiment to understand the involving
stress which is used to determine strain energy release rate (SERR). The model is employ-
ing an orthotropic solid body with its available physical and mechanical properties, hence,
high-fidelity modelling on laminate is not the aim. Physical and mechanical properties for
both specimens are shown in Table [5.1]

In order to address this purpose, a steady-state dynamic analysis (harmonic analysis) is per-
formed. Prior to conducting harmonic analysis, the model is validated with a modal analysis.
The same geometry with the same boundary condition as in real case is first modelled. It is
found that the mode shapes of the model are identical to the mode shapes in experiment in
UD Ply-drop. For specimen 0-90, the given properties are refined to get the same bending
mode. These refined values are presented in Table [5.1] After the stress is extracted from the
element, it is then used to calculate the strain energy release rate (SERR). The step by step
procedure of the modelling is described in Figure [5.1]

41
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Table 5.1: Material orthotropic properties of specimen UD and Specimen 0-90

Material Property Specimen UD | Specimen 0-90
Young’s Modulus X direction | 135 GPa 72.5 GPa
Young’s Modulus Y direction | 124 GPa 72.5 GPa
Young’s Modulus Z direction | 124 GPa 124 GPa
Density 1590 Kg/m?3 1590 Kg/m?3
Shear Modulus XY 96.5MPa 96.5MPa

Shear Modulus YZ 5.2 GPa 5.2 GPa

Shear Modulus XZ 5.2 GPa 5.2 GPa

/
. ANSYS - Modal Analysis to verify the component in the
Input: _y ’ ¢
* Geometry Y Model ~ Component in experiment. The refinement of
* Mechanical Properties: specimen properties 0-90

B B0 E, Gy

U4

( ANSYS - Perform harmonic analysis of the component in

Input: pristine condition (without the crack), and with crack

* a(Crack Length)

* Displacement

-

7

Extract the stresses as a function excitation frequency and
displacement at the crack location

7

Perform analytical calculation of the Strain Energy
Release Rate (Gjmax & G, max) based on extracted
stresses.

Once the SERR is found, it is plotted to da/dN, which gives the relationship between de-
lamination growth rate and strain energy release rate (SERR). A power law relationship is
found, which can be used as a crack growth prediction tool. Furthermore, for the case of
0-90 specimen, it gives uniform crack growth. Hence, the model is also further investigated
with the case of crack occurrence. The crack occurred in the experiment is simulated in the
model. Further details of each step is explained in the subsequent section.

5.1.1

Modal Analysis

The dimensions are exactly as described in section[3.2]except that it is with cantilever beam;

Half symmetry of the specimen, considering that it is symmetrical with other side of cantilever
of which giving the same modes. 5% difference of resonance frequency magnitude when
simulated with full beam. The length of the cantilever is 126.5 mm and width is 27.6 mm.
The boundary condition on the clamped side is fixed with 0 displacement on X,Y, and Z di-



5.1. MODELLING METHOD 43

rections as can be seen in Figure[5.1] The model contains 20.646 elements SOLID186 with
14245 nodes. The element type is SOLID186 with quadratic element (HEX20).

Figure 5.1: Cantilever ply-drop with boundary condition

In this section, the results of finite element (FE) 3D structural modal analysis of the ply-drop
specimens are presented. The natural frequencies, and modes are extracted, analyzed
and compare if they give the same characteristics (natural frequency and mode shape)
as in the experiment. Convergence to validate the results are conducted, and shown in
Appendix [C| This ensure that the mesh is fine enough to capture the dynamic response in
harmonic analysis in Section[5.1.2l Additionally, early on the experiment, modal analysis is
also necessary to determine the excitation frequency range of the fatigue test. Sample of
natural frequency at its 2" bending mode from experiment can be seen in Table

Table 5.2: Natural frequency of specimen UD and 0-90 at its 29 mode from experiment

No Specimen UD Specimen 0-90
1 | Specimen | Natural Frequency (Hz) | Specimen | Natural Frequency (Hz)
2 LO7S5 201.60 L08S5 164.79
3 L06S2 205.68 L08S2 160.18
4 L06S3 206.86 L08S3 160.10
5 L06S4 204.02 L08S8 161.68
6 L06S8 205.17 L08S9 162.56

The obtained values of natural frequencies of both specimens from model are presented in
the Table[5.3] The results from modal analysis in the model is the same as from experiment.
Noteworthy to mention, both specimens are run on its 2" bending mode. Henceforth, model
is confidently hold valid.
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Table 5.3: Natural frequencies of specimen UD and 0-90 from model

Mode Natural Frequency | Natural Frequency
Specimen UD Specimen 0-90

1 186.24 137.30

2 204.59 160.38

3 483.73 473.74

The first three mode shapes are presented in Figure and Figure for specimen UD
and 0-90 respectively. The mode shape of 29 mode of specimen UD is as shown in Figure
[5.2] (b), and 2" mode shape of specimen 0-90 is in Figure[5.3](b).
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()

Figure 5.2: First three mode shapes of the specimen UD (a) Mode-1 15t bending (b) Mode-2
18t torsional (c) Mode 3- 2" bending
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()

Figure 5.3: First three mode shapes of the specimen 0-90 (a) Mode-1 18! bending (b) Mode-
2 15! torsional (c) Mode 3- 2™ bending

5.1.2 Simulation

The natural frequencies and mode shapes are used as starting point and validation for har-
monic analysis. The polymide, which is used as a crack intiator gives instant reduction of
natural frequency of 5 Hz (+/- 0.5 Hz) on the first 20.000-50.0000 cycles. Hence, as ex-
plained in Section the excitation frequency is adjusted during the experiment to follow
the natural frequency, which is also applied in this simulation. This value is employed as set
excitation frequency for imposing steady-state dynamic analysis. The boundary conditions
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are assumed as follows.
1. The clamped side is fixed with 0 displacement on XY, and Z directions

2. The structure undergoes 0.85 from the edge of the clamp and 1.2 mm displacement
on the Z direction for specimen UD, and B, respectively.

The 3D FE construction model that has been developed and verified with modal analysis is
imposed with these boundary conditions. The model is using finite elements SOLID186, of
which contains 20646 elements, 77646 nodes with shape of quadratic element (HEX20) for
specimen UD, and 0-90. Distribution of stress of both specimens in pristine condition are
presented in Figure 5.4} and Figure [5.5] This extracted stress is then used to calculate the
related strain energy release using Equation 2.3} and Equation[2.4] The extracted stress are
presented in Table [5.4]

1.6720e+2
1.3933e+2

1114742

8.3601e+1
5.5736e+1
2787141

574773
[Unit: MPa]
Mises)

Figure 5.4: Stress Distribution on Specimen UD
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Figure 5.5: Stress Distribution on Specimen 0-90

Table 5.4: Extracted Stress from Specimen UD and Specimen 0-90

Specimen UD Specimen 0-90
Normal Shear Normal Shear
Stress (MPa) Stress (MPa) Stress (MPa) Stress (MPa)
107 54 115 64

Case of crack Feature on specimen 0-90

Since specimen 0-90 has a uniform delamination, the same size of crack occurred in the
experiment is implemented in the model. The 3D model is exactly the same as previous,
only with the addition of feature of crack. The crack thickness is 7.5 um, which is 0.3 of the
size of the seeded polymide. The thickness is approximated to match with the actual size
of crack, of which is under the size of crack initiator thickness, 25 um. The crack initiator
reference can be seen in Figure[5.6] The crack width is as the component width because its
delamination.

Figure 5.6: Micrograph of specimen 0-90
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The simulation is run for each size of crack, and repeated until it reaches the longest crack
size. The simulated crack are presented in Figure The stress extracted from each size
of crack will later be used to obtain strain energy release rate in the next Section
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Figure 5.7: Steady-state dynamics imposed on specimen 0-90 (a) Crack 0.19 mm (b) Crack
0.94 mm (c) Crack 1.98 mm
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The sensitivity of the resonance frequency reduction to the reduction of stiffness due to the
cracks size is evaluated. The reduction of resonance frequency from the model, and from
experiment are shown in the Table The results from model and experiment are quite
close which shows the stiffness reduction of the model is held valid with the experiment.

Table 5.5: Resonant frequency reduction caused by the crack from the experiment and
model of specimen 0-90

Crack Resonance Reduction (Hz) Normal Shear
Length (mm) | Model Experiment Stress (MPa) | Stress (MPa)
0.19 5.46 5.48 143 81.4
0.94 5.91 5.82 128.7 71.7
1.98 6.53 6.2 99.8 52

5.2 Crack Growth Law

As a delamination grows at a constant vibration loading, the cyclic G changes. Therefore,
the delamination growth rate changes. Eventhough, Rans et al. [32] have discussed, that if
one wishes to maintain the same similitude basis as Paris et al., (i.e. AK) then Av/G should
be selected as similitude parameter. Nevertheless, the most used similitude parameters for
crack growth in composites are Gz, and AG. G4 and AG relate to the maximum crack
tip stress, and to the externally applied cyclic work. In the vibration fatigue testing, since
R = -1, both similitude parameters result in the same proportional value. It is well explained
in Matsubara et.al [33] for further details. This understanding is then used to obtain plots of
G maz and Grrmaz Versus da/dN.

For the mode-mixity, Russell et.al [34] explained that the SERR for mode Il in a fully reversed
cycle has two peaks instead of one, hence the energy spent in each cycle to open a crack at
R = -1 is twice the energy spent in each cycle to open a crack at R = 0 [34]. Magi [5] pointed
out that regardless of the reverse loading condition in vibration fatigue test, mode llis at R =
-1, whilst mode | is at R = 0. Furthermore, Matsubara et.al. [33] used the relationship in
Equation 5.1. Whereas, each G is calculated using Equation 2.3, and Equation 2.4.

AG = Gjmax - (1 — R)? (5.1)

Hence, The Paris’s law is read as follows,

da m
aN - C (Gimax + 4Giimax) (5.2)
In his work, Magi [5] relates the mode-mixity with its fracture toughness. However, worth
to remember that it is just a way to understand the material properties of the studied com-

posite. In this work, both Equations [5.2] and Equation [5.3| give close number of C, and m.
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Nevertheless, Equation [5.2]is preferred, since the former gives dimensionless value.

The results for vibration fatigue (Mode | and Mode Il) for the UD component is shown in
Figure 5.8l The Y axis, which is the delamination growth rate is the experimental result.
Whereas, X axis is the result of simulation that has been established in section The red
line, which is in power law, are obtained by least squares fit of the obtained data. The slope

Glmax
C +
< Giic

4Gllmax>m
Gl

gives material coefficient, exponent m=0.8499 and c=1.446e-08.

The results for vibration fatigue (Mode | and Mode Il) for specimen 0-90 is shown in Figure
Both strain energy release rate of pristine and of crack case are shown. The material
coefficient results, which is m=0.6265 and ¢=1.378e-08, are having close value with the
result of specimen UD. With the case of crack model, each of stress is extracted from the
crack tip front. The Y axis, which is the delamination growth rate is the experimental result.
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Figure 5.8: Propagation Rate Specimen UD from pristine model

Whereas, the X axis is the result of model that has been established in section
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Figure 5.9: Propagation Rate Specimen 0-90 from Pristine model and Case of Crack Model

Both Figure 5.8/ and Figure [5.9| show a good agreement. The R-square for both specimens
are 0.9205 and 0.9384 respectively. The acquired relationship gives an understanding how
strain energy release rate influence the crack growth rate in ply-drops specimen in the case
of vibration loading. Specimen UD has a steeper curve which is aligned with its higher crack
growth rate. Meanwhile, specimen 0-90 shows a less steeper slope while having higher
resistance to delamination indicated from the initial SERR that creates the early initial crack.

Table 5.6: Comparison of exponent m [8]

. Exponent m
Derivation Mode | ‘ Mode I Remark
Current study (Denny’s) 0.8752 (R=-1) Specimen UD
Current study (Denny’s) 0.6265 (R=-1) Specimen 0-90
Literature
Roderick H. Martin 6.14 1385 (R=0.07"1 () ;a6i Static Load
(R=0.1) | 5.34 (R=0.5

Mall, Yun, and 4.8

3.66 (R=0.1) | Quasi Static Load
Kochhar, 1987 (R=0.1)
Prel, Davies, Benzeggagh, 10.5

2 (R=-1) Quasi Static Load

and de Charentenay 1987 | (R=0.1)
Russel, and Street, 1987 (R=?;).1) 2.02 (R=-1) | Quasi Static Load

When compared with the results from the quasi static loading, as in Tabel the results are

quite scatter, except with the result from Russel and Street, with the same loading ratio. Nev-
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ertheless, Paris Law could not explain clearly the influence of mode-mix, loading ratio (R),
and temperature [35]. Pascoe [35] clearly explained that all these studies have attempted to
deal with these factors through modifications of the basic equations, but no fundamental ex-
planation of the underlying phenomena. There is no proven model for general crack growth
predictions. Nevertheless, these results enrich the perspective of the fatigue crack growth
(FCQ), since the results are from high cyclic loading.



Chapter 6

Conclusions and Recommendation

6.1 Conclusions

The work started from designing and manufacturing the fit ply-drop specimen. The discov-
ered specimens, specimen UD and specimen 0-90 are brought to vibration fatigue test. The
effect of high cycle fatigue is evaluated through its stiffness degradation, and dynamics pa-
rameters, and microscope to understand its structural performance. Ultimately, the work is
then extended on the derivation of crack growth law. Therefore, each research questions
was answered separately in the previous chapters. Therefore, conclusion can be summa-
rized as follows,

1. Thermoplastic-based composite, in this case TC 1320 PEKK, is found highly resis-
tant to fatigue. For ply-drops testing specimen, it needs pre-existence crack as crack
initiator. The crack propagation rate has been explained in Chapter [4]

2. The effect of crack to dynamic parameters has been explained and employed to moni-
tor crack initiation, which is described in chapter[4] Base acceleration trace and phase
response shift can clearly explain when the crack is initiating, and start propagating.
The phase response shift is found more sensitive than base acceleration trace. The
three events from initiation until propagation has already been established.

3. Paris law has been derived from ply-drop based thermoplastic. The good agreement
on the value of variable m found between different stacking sequence, specimen UD,
and 0-90, which means it reflects the characteristic of identical material properties of
both composites. The difference is the result of different stacking sequence, which
gives different propagation rate.

6.2 Recommendation and Future Work

This work indeed provides structural integrity performance of composite through vibration
fatigue loading in a dynamics environment. There is still further in-depth analysis to be
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made resulting in a more accurate structural performance of composite, specifically material
properties C, and m, by incorporating various elements as follows:

1. Evaluation of delamination by employing C-Scan can take into account a more accu-
rate length and severity of the delamination. Accurate length of crack results in a better
derivation of exponent m. Determining the dimension of delamination through C-Scan
is proposed for future researches.

2. The future challenge for a thorough understanding of thermoplastic under fatigue con-
ditions lies in combining Paris Law from mechanical testing, which is of quasi-static
load and vibration testing, which is of dynamic load. It is now known that the vibration
testing operates in capturing the a portion regime of Paris Law. And, the propagation
happens rapidly. Meanwhile, mechanical testing through ASTM D5228/ASTM D6115
can cover up to entire regime of propagation. Combining these two different condition
will determine the performance of the composite accurately.

3. The self-generated heating due to the low thermal conductivity of the composite mate-
rial is likely to appear at elevated loading frequencies. To evaluate specimen self-heat
generation, specimen temperature evolution should be taken into account with the use
of a thermal camera near the crack tip, as well as, on the entire body of specimen.
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Appendix A

A.1 Procedures of vacuum bagging

1. Place release film on top of the base plate for easy removal of the laminate.

2. Apply sealant tape to all the edges of the plate. Seal tape is 1-inch-wide rubbery
material that sticks to both the mold and bagging material.

3. After placing the release film, place the prepared prepregs just on top of the film.
4. Place fabric cloths on all sides of the prepregs that serve as a bleeder.
5. Place release film on top of the prepreg stack.

6. Place fibres glass cloth, as breather, on top of the release film. The purpose of us-
ing the glass cloth is to absorb moisture and excess resin coming from the stack of

prepregs.

7. The final layer is expendable polyamide (PA) film as a vacuum bag. This film is at-
tached to sealant tape in such way cover the stacked prepregs.

A.2 Property of Specimen A and B

Property Specimen A Specimen B
Nodes 77646 77646
Elements 14245 14245
Mesh Metric Element Quality Element Quality
Min 0.696936081301615 0.696936081301615
Max 0.999034535354464 0.999034535354464
Average 0.977182991153758 0.977182991153761
Standard Deviation | 4.69085828226485E-02 | 4.69085828225999E-02
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MNormalized Crack Length

MNormalized Crack Length
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