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Abstract:

This thesis investigates whether the over-
all toughness of the material can be im-
proved by promoting multiple delamina-
tions. This is done by first investigat-
ing state-of-the-art methods regarding ma-
terials that exhibit toughening behaviour
during fracture initiation. This behaviour
can be achieved by introducing weakening
patches between the material interfaces.
In order to validate the results found in the
literature, experimental testing of a glass
fiber reinforced polymer (GFRP) double
cantilever beam (DCB) containing a weak-
ening patch configuration was conducted.
These DCB specimens were tested un-
der quasi-static and fatigue loading con-
ditions. The results showed that under
quasi-static loading, no toughening was
observed in the DCB beams tested. In
the context of fatigue testing, the charac-
terization of this test revealed toughening
behaviour in the test specimens. These
studies proposed a novel contribution to
state-of-the-art methods by providing a
new benchmark case for the study and pre-
diction of multiple fatigue-driven delami-

nations in GFRP specimens.
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Introduction

1.1 Background and motivation

Composite materials are compounded by two or more different materials to create a new
one, which often has better properties. These types of materials are most widely used in
multiple industries such as aerospace, automotive, and construction industry due to their

strength-to-weight ratio, corrosion, wear resistance and strength [1].

Composite materials offer a significant advantage in terms of mechanical properties in
comparison to conventional engineering materials, such as steel. Unlike engineering
materials, composites are mostly heterogeneous and anisotropic, meaning that their
properties are non-uniform and they have distinct material properties depending on the
fiber directions [1].

Among the various types of composite materials that exist, this thesis will be focused on
Fiber Reinforced Polymers (FRP), which are materials composed of fibers bonded to a
matrix. Through this bonding process, the fiber and the matrix properties are combined
to create a new material which enhanced them. Typically, the fibers are responsible for
carrying the primary load, while the matrix serves to bond the fibers together and facilitate
the transfer of load between them [2].

As the need for lightweight and more efficient structures has increased, composites have
been introduced into various industries, resulting in new composite design philosophies.
Bragal et al. [3] state three different design concepts that have been evolving through the

years: safe-life, fail-safe and damage tolerance philosophy.

Safe-life and fail-safe design philosophies are commonly used design philosophies. These
philosophies usually account for not considering damage within the material useful life,
which in some cases has led to disastrous failures. The use of these philosophies results in

significant expenses when utilizing equipment designed under these philosophies [3], [4].

Damage tolerant design philosophy accounts for initial damage that has occurred in the
structure. This damage makes it necessary to take this early damage stage into account
when determining inspection criteria and intervals. Damage tolerant designs are frequently
used because they provide more adaptation and flexibility to overcome uncertainty. By
reducing the need for maintenance or replacement, this design strategy can increase safety

and reliability while at the same time lowering costs [3],[5].
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Damage tolerant philosophy is related to high cyclic loading. Yet, compared to isotropic
materials, like metals, the fatigue behaviours of composite materials are very different.
The initiation of microcracks in composite materials occurs at the early stages of loading,
yet composites are still able to bear the load until final failure [6]. This philosophy also
deals with crack growth, which is thought of as the separation of surfaces between any two

laminates of a composite laminate. This phenomenon is known as delamination [7].

Understanding the qualities of the materials and the structural requirements can help
to create a better damage tolerant structure utilizing damage tolerant materials. These
damage tolerant materials take into account the strength beyond the linear elastic limit,
allowing damage to be detected and the structure to be repaired or replaced before it
reaches its design stress. To create damage tolerant structures, materials that exhibit
toughening behaviour during fracture initiation and progression are particularly well suited

to the damage tolerance design philosophies presented [5].

1.2 Failure in composite materials

Considering the damage tolerance design philosophy mentioned in the previous section, an
understanding of the different failure mechanisms is required to be able to use and design

a damage tolerance material.

With respect to failure mechanisms in composite materials, a distinction between inter-
lamina and intra-lamina failure mechanisms needs to be done. Intra-lamina occurs within
a single layer of the composite material. On the other hand, inter-lamina occurs between

two or more adjacent layers of the composite material.

Intra-lamina failure usually includes fiber and matrix failure. Fiber failure can occur due
to excessive tensile or compression loading creating failures such as fiber matrix debond

and kink band. The failure that occurs in a lamina does not extend to the adjacent layers.

Intra-lamina failure usually happens under different loading conditions and may include
failures such as shear failure, transverse cracking and buckling [1]. The most common
failure regarding inter-lamina mode is delamination, which happens when a lamina debonds

from the adjacent layers [§].

Due to the high level of fibre composition in composite materials, delamination is one of the
most serious failure mechanisms that can shorten the life of the material [9]. Delamination
is a difficult failure mechanism to detect by non-destructive inspection because it is usually
embedded in the whole structure. This defect usually occurs during the manufacturing
process but can also occur when the composite is in service or even as an external factor
[10], [11].
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(a) Intact material (b) Delaminated material

Figure 1.1. Delamination of a fiber-reinforce composite material under arbitrary loading
conditions.

Delamination can be interpreted as a growing crack between the laminate surfaces as shown
in Figure 1.1. Fracture mechanics can be used to study the phenomenon of delamination as
it can be considered as a growing crack problem [12], which implies that it only propagates
through one interface. Delamination in composites is a complex process caused mainly by

the composite orthotropic properties, mixed mode cracking, and crack bridging [13], [14].

The analysis of crack growth problems in composites usually involves fibre bridging. Large
scale bridging depends mainly on the specimen geometry and material properties of the
laminate [15]. This phenomenon is usually located in the crack wake and causes an increase

in fracture resistance as the crack grows [16]. Fiber bridging can be seen in Figure 1.2.

Figure 1.2. Fiber bridging phenomenon of a fiber reinforced composite.

Mechanically, crack bridging can be described in terms of tensile separation laws. It is
still a challenge to measure traction-separation laws and use them in structural design.
This damage is localised and is known as the fracture process zone because delamination

is considered to be a separation of bound layers.

Traction separation laws dictate that less traction can be transmitted through the fibres as
the separation of the layers increases, as shown in Figure 1.3. Traction separation laws are
commonly considered to be a material property that has the same behaviour throughout

the fracture process zone that occurs in the material [5].
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Figure 1.3. Linear traction-separation law [12].
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The delamination phenomena can be analysed using fracture mechanics [12]. Since
delamination is related to crack growth, it should be considered as a stable process and the
load required to generate unstable crack growth should be higher than the load required
to initiate it. Crack growth occurs when the energy consumed by the fracture process is

greater than the energy dissipated by the structure.

1.3 Analytical solution for one delamination

Now that the material failure mechanism have been explained, an analytical solution for a
DCB (Double cantilever beam) with one delamination case is studied. This study provides
an theoretical understanding on how a DCB responds to crack propagation. The DCB

geometry used for this analysis is shown in Figure 1.4

ag N
R Parameters [mm)]
<] 8 100
__________ : h 4

i b~ b 30
u L /

Figure 1.4. Geometry and parameters of the DCB.

AN

Figure 1.4 includes the main parameters intervening in the analytical solution, being ag
the initial crack length, h half of the thickness and b the width. The total length of the

beam is L but for this study is not a needed parameter.

This analytical solution is based on a mode I loading with displacement control conditions.
This means that the crack faces are separated due to an imposed displacement. The
material properties are the same as the used in [16], which the used properties are shown
in Table 1.1.
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Table 1.1. Glass fiber-reinforce polymer material parameters.

Parameters Definition Value
Ey Young Modulous in the Fiber direction 21.5 - 10” Pa
Eys Young Modulous transverse to fiber direction 10 - 10° Pa
Gis In-plane shear modulus 4- 10° Pa
G, Critial energy release rate 2000 J/m?

In order to solve this problem, the solution is based on the calculation of the energy release
rate which can be defined as the energy loss per unit of the specimen length for an increase

in the delamination growth. This can be mathematically represented as shown in Eq. 1.1

1dU
G=—-"" 1.1
b da (1.1)
Based on the ASTM D5528-01 standards [17], G, value can be calculated in various ways,
but the proposed method is the Modified Beam Theory (MBT) since it provides more
conservative values. The formula for mode I G; for a perfect clamped DCB is shown in

Eq. 1.2

3P6

Gr =95

(1.2)
Where P is the reaction forces due to the displacement §, and « is the crack propagation.
However, this solution does not account for the displacements due to shear deformation
and for local deformations that can appear around the crack tip. In order to solve this
problem, Harper et al. [18] proposed a corrected beam theory that accounts for these
features. From this theory, the displacement of the crack tip can be represented as shown
in Eq.1.3.

- 2Pa3
 3F1

I (1.3)
Where Ay is the displacement of the crack tips and [ is the second moment of inertia
(bh3 /12). To correct the displacement shear deformation and local deformation, Eq.1.4 is

presented.

2P(a + x(2h)3

Ar =
! 3E 11

(1.4)

Where x is the correction parameter, which was determined analytically by Reeder et al.
[19].

Ei r VE11E2
= -2 ——= I'=118———= 1.
X \/11G13 [3 (1 n I‘)]’ where 8 Gn (1.5)
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From these equations, the energy release rate can be calculated as shown in Eq. 1.6.

P?(a + x(2h)?

Gr —
! bE11

(1.6)
From the previous equations, the load-displacement curve can be now determined, by
linearly increasing the displacement and the load until reaching G = Gy.. From this point,
the delamination phenomenon starts. The load-displacement response is shown in Figure
1.5.

150 | -

100 -

Load [N]

50 |- -

O 1 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Displacement [mm]

Figure 1.5. Load-displacement curve for a GFRP DCB with one delamination.

Figure 1.5 shows a linear behaviour during the loading phase, this linear behaviour changes
when G reaches Gy.. After this moment, the crack starts to propagate and the load starts

to decrease as the crack tips continue to separate from each other.

However, it is possible to increase the fracture toughness of the material by creating
interface patches that initiate multiple delaminations, being this a suitable option to

achieve a damage tolerance material [20].

1.4 Material toughening due to multiple delaminations

As mentioned in previous sections, the damage tolerance design for a composite material
can be modified to have a toughening behaviour once multiple cracks are developed in the
interface. These cracks are developed due to delamination, which happens due to weak
interfaces and is usually one of the main reasons for failure in composites [8]. In order to
minimize this phenomenon, various methods can be found in the literature. These methods

are related to interface toughening.

Serensen et al.[21]| investigate crack propagation in GFRP specimens. In this work, the
fracture energy of a pre-made crack was analyzed under mode mixity conditions. In the

early stages, fiber bridging appeared as the crack propagate through the interface.
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Later on, a second crack emerged at the laminate next interface, with its associated
fiber bridging. The main result obtained from this test is that this second fiber bridging

increased the crack growth resistance of the whole specimen.

Goutianos et al.[22] explore the introduction of weak planes that result in repeated
delaminations to enhance the laminate overall fracture resistance. This was done by making
a validation between an analytical and a numerical model. The analytical model based
on the J-integral showed a linear relationship between the number of delaminations and
the increase in fracture toughness. The model was further validated with the numerical
model. However, in the numerical models, it was discovered that the fracture toughness
also depended on the geometry and interface features making the fracture toughness not

linearly increased with the number of delaminations.

Trabal et al. [20] investigate the toughness increase by inserting toughening and weakening
patches into the composite to induce multiple delaminations. This was carried out by
numerical parameter study over a DCB in which toughening and weakening patches were
included. This study was made in function of different interface properties such as onset
traction and the critical energy released rate. This results in a toughening effect for the

whole laminate promoting multiple delaminations.

These interface patches, increase the life of the specimen under higher load compared to
not having patches. As for the weakening patch, the completed analyses yielded promising
outcomes, making the suggested method an intriguing choice to obtain damage tolerance

by strengthening laminated against delamination growth [20].

The previously stated method has only been studied numerically, and so experimental
verification needs to be done to confirm that the growth of multiple delaminations can

promote a higher toughness of the total structure.

1.5 Fatigue in Composite Materials

The use of composite materials in various industrial sectors has increased the importance
of fatigue research in this field, as mechanical systems frequently face cyclic stresses [6].

There is a great difference in fatigue behaviour between metals and composites.

In service, homogeneous and isotropic materials, such as metals, appear to retain their
stiffness, but when the first crack appears, these materials enter the final stage, as a

cracked system can cause the entire system to fail.

In composite materials, damage can manifest at an early stage and spread throughout the
material, resulting in a reduction of stiffness within the damaged zone. Instead of leading
to total system collapse, cracks in laminates can be used to reduce stress concentration in
the fibres [23], [24].

Understanding the fatigue behaviour of composite materials is necessary to ensure their

safety. As a consequence, the development of fatigue models has accompanied the growth

7
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of composite applications. Diegrieck et al.[24] classified the fatigue models developed into
three categories: fatigue life models, phenomenological models, and progressive damage

models.

e Fatigue life models: The total fatigue of the system is calculated using S-N curves.

e Phenomenological models: Describe how properties such as strength and stiffness
decrease through observation of the macroscopical properties.

e Progressive damage models: Can predict the growth of the actual damage

characterization, such as intra-lamina and inter-lamina failures.

This analysis is based on the progressive damage models. Using this approach, the range
of acceptance of composite structures increases; and failures, such as delaminations, are
accepted [24]. As stated in previous sections, delamination is one of the most common

failure mechanisms in composite materials.

Since this failure mechanism is highly common since various numerical implementations
reviews can be found in the literature [24], [25]. For the experimental fatigue testing, the
delamination test is based on the data obtained from the experiments; where the crack
propagation a is obtained as a function of the number of cycles. This data is used to express
the crack growth rate (da/dN), where it is represented in terms of the stress intensity factor

as shown in Figure 1.6 [25].

111

log(da/dN)

Nk k. Log AK

Figure 1.6. Crack growth rate in terms of the stress intensity factor.

The crack growth curve represented in Figure 1.6 shows three main areas. The first
represents the crack initiation, followed by the crack propagation and finishing on the
critical load region. In composite materials, more specifically in fiber-reinforce polymer,
the region corresponding to the propagation part (stage II) is highly sensitive. For this
reason, a minor uncertainty in the test experiment can produce a difference in the results

for the crack growth rate [14].

The fatigue characterization of the delamination phenomenon which corresponds to Section

IT in Figure 1.6, uses the Paris Law to describe the crack growth rate [31]. Paris law shows




1.5. Fatigue in Composite Materials Aalborg Universitet

the relationship between the crack growth rate (da/dN) and the stress intensity factor
range (AK = Kz — Kpmin) as shown in Eq.1.7.

da

N = C(AK)™ (1.7)
Where a corresponds to the crack length, N is the number of cycles, C and m are material
parameters. Since the Paris Law has been used for metals, its success has led to the
Paris Law also being used in composite materials. The complexity of calculating the
SIF for fiber reinforced polymers makes SERR the primary factor in delamination growth
modelling [14]. Since SERR is used in simulations to validate the data, it can also be
measured in experiments, being the most used term to characterize crack propagation due
to fatigue loading. Considering this, the Paris law equation can be rewritten in terms of
SERR as:

da m
d7N - C(Gmam) (1'8)




Problem statement

As previously mentioned in Chapter 1, delamination is one of the main failure mechanisms
found in composite materials. However, the appearance of delamination does not account
for the total failure of the structure. Considering the damage tolerant design, the life of the
structure can be extended using this philosophy. This can be done through the toughening

of the structure by interface toughening methods.

In Section 1.4 a literature review explaining the different toughening methods is done,
where it was shown that a way of toughening the whole structure is achieved by adding
weakening and toughening patches in the structure interface. With the inclusion of these
patches, it was observed that multiple delaminations were onset, improving the overall

toughening of the damaged structure.

According to the work presented by Trabal et al. [26], [20], the incorporation of the
weakening and toughening patch increases the total toughness of the structure. This work
is done under quasi-static loading conditions were further experimental work needs to
be done. Also, Trabal et al. [27] propose a novel numerical fatigue study in which the

structure weakening patch is studied under fatigue loading conditions.

Thus, this thesis considers the possibility of improving the toughness of a structure by
promoting multiple delaminations under fatigue loading conditions. The global scope is
to make a new benchmark case for the study and prediction of multiple fatigue-driven
delaminations in GFRP specimens. The aim is to make a novel contribution to the
state-of-the-art, beyond the existing research on the subject. To the author knowledge,
no experimental testing of multiple fatigue-driven delamination tests are available in the

literature.

10
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2.1 Objectives

The objective of this thesis is to provide a new benchmark case for the study and prediction
of multiple fatigue-driven delaminations in GFRP specimens. Following this research path,

multiple objectives were initially set.

e Design and manufacture several GFRP specimens containing weakening patches.

e Conduct a quasi-static loading on a Double Cantilever Beam (DCB) with multiple
delaminations using glass-fibre reinforced polymer (GFRP) to determine the fatigue
study parameters.

e Conduct fatigue load testing on a Double Cantilever Beam (DCB) with multiple
delaminations using glass-fibre reinforced polymer (GFRP) specimens.

e To perform a fatigue characterization from the test obtained data.

11



Numerical solutions for

multiple delaminations

In section 1.4, an overview of the different toughening methods for a composite material is
introduced. This is done through the introduction of weakening and toughening patches
through the interface of the composite materials. For this thesis, only the study of

weakening patches is considered.

The different studies that have analysed this phenomenon are mainly based on numerical
implementation since no experimental work has been developed yet. These numerical
implementations are based on mode I and mixed-moded loading cases. In the literature,
various numerical analyses of different beam configurations can be found. This chapter
introduces an explanation of the numerical solutions for a multiple delamination case for
a DCB.

The multiple delamination cases for a DCB are based on the benchmark model proposed
by Alfano et al. [28]. The geometry and loading conditions as well as the positioning of
the cracks and crack tips are shown in Figure 3.1.

------ Main interface

— + — - — Secondary interface

40 mm 20 mm 20 mm Pre crack

U : : : Weakening patch
i i C. tip 2 E 1.59 mm (12 layers)
—— ——— — ——m - - - o = -
i i € 0.265 mm (2 layers)
L — . e e — . — . S . S
C. tip 1 . tip 3 __}_ 1.325 mm (10 layers)
u '

100 mm !

Figure 3.1. Geometry, loading conditions and crack placement of the multiple delaminations
DCB. (Adapted from [28]).

Figure 3.1 shows the layer layup as well as the positioning of the different cracks and crack
tips. The first crack (green), is placed on the middle plane of the specimen between the
12" and 13" layers, which is referred to as the main interface. The second one (blue) is
placed on the right side of the first one -two layers beneath-, which interface is referred to
as secondary interface. In total, this geometry contains 3 different crack tips, the first one
is located in the first crack. The second crack contains two crack tips, located at the left

and right sides of the secondary interface crack.

12
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3.1 Quasi-static loading case

To be able to study the toughening of the materials with the introduction of weakening
patches, and the different cracks tips propagation, a quasi-static loading test is performed.

This test provides an understanding of the overall response of the system.

In their study proposal, Trabal et al. [26] made a comparison between two finite element
implementations. To compare these different approaches, some benchmark problems are
analyzed. In those benchmark models, a numerical quasi-static loading case for the
described configuration shown in Figure 3.1 is examined. The equilibrium curve as well as

the shape of the material during the quasi-static analysis are shown in Figure 3.2.

60
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- ®© O ®

B

0.01 0.015 0.02
Disp [m]

Figure 3.2. Quasi-static loading response of the DCB. Left: load displacement curve, right:
deformed stage of DCB [26].

Figure 3.2 is characterized by three main stages which are stage A, stage B and stage C.
Also, in Figure 3.2, three different crack tips are considered. The main interface crack tip
is represented as (1), while (2) and (3) are crack tips of the weakening patch located in the

secondary interface.

In the first analysis stage, a quasi-static loading phase of the DCB is done, which is
characterized by the propagation of the (I) crack tip.

Once the crack tip (I) reaches the crack tip (2), an unstable crack growth of (I) is observed.
This results in a decrease in the load axis in the equilibrium curve. Then, crack tip (I)
surpasses crack tip (2) during the unstable crack growth reaching stage (A) and starting
the delamination of crack tip (3).

Once stage (A) is reached, another quasi-static loading stage takes place until reaching
stage (B). This stage is characterized by the further propagation of crack tip (I). The
increasing propagation of the crack tip (I) together with the onset of crack (3) characterizes
this stage. After this stage, a softening behaviour of the material was observed due to the

delamination of both cracks.

At the end of the quasi-static loading test, stage (C) is reached; where the crack tip (2)
remains static and no propagation is seen. For crack tip (I) is fully propagated and is
located in between the other two crack tips. For crack tip () it propagates taking over

crack tip (I) and propagating further in the specimen.

13
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3.2 Fatigue loading case

Now that the quasi-static loading test has been analyzed, the DCB featuring the triple
delamination propagation based on the model proposed by Alfano et al.[28], is studied
under fatigue loading conditions. In this implementation, Trabal et al. [27] proposed an

innovative study, studying this benchmark problem under fatigue conditions.

The fatigue loading test consists of four blocks, two quasi-static loading blocks and two
fatigue loading blocks. The test is performed in a variable amplitude range. Thus, the

amplitude in both stages changes. This loading spectrum is shown in Figure 3.3.

107 N=341126
- 81 Quasi-static loading
g . Fatigue loading
Eol
Q
2,0 N0 N=125338
2z
= Tn‘nuwuuﬂnﬁuc‘ﬂﬁﬁﬁ“\ﬁ“m
o INAAANAAAANAANAA AN
220 20UV VYL
& AR TATRTATA ARl
<y VYV VUV UV VYV VYUYV o

Time

Figure 3.3. Applied displacement imposed to the DCB specimen with respect to time [27].

Figure 3.3 shows the different loading stages and the number of cycles corresponding to
each of the stages. In addition, it shows the two quasi-static loading cases which take place
before the fatigue stages. The relation between the load and displacement with respect to

the load spectrum is shown in Figure 3.4.
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Figure 3.4. Fatigue loading response of the DCB with multiple delaminations. (Adapted from
27])

The fatigue response curve in Figure 3.4 shows that even though a fatigue loading test is
performed, multiple delaminations can be obtained. The loading procedure is based on

the same principle as the quasi-static loading case.

First, a loading stage is imposed on both exterior faces of the DCB. This quasi-static
loading increases until the first crack starts to grow. At this point, the first crack starts
to propagate until reaching 1. When this point is reached, the first fatigue loading stage

starts.
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Once the fatigue stage (A) is running, the first crack tip reaches the second crack tip; and
an unstable crack growth of the first crack tip happens reaching the fatigue stage (B). In
order to obtain these crack propagations, a total of 125538 cycles and a crack displacement

of around 0.028 mm were used.

After reaching stage (2), a quasi-static loading is imposed on the system until a total
displacement of the crack faces of around 0.08 mm. During this stage, the first crack
tip surpasses the second one. At that time, the third crack starts to propagate reaching
stage(C), where the next fatigue loading stage takes place. Figure 3.4 shows the final stage

and location of all of the crack tips during this loading stage.

With this analysis of the multiple delamination benchmark problem, it is shown that the
numerical fatigue formulation proposed by [26] is able to capture the cracks tip propagation
of multiple delaminations. For this case, further experimental work needs to be done in

order to validate the results shown in this chapter.
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Parameter study for

Weakening patch

In the previous chapters, the model proposed by Alfano et al. [28] is considered for further
study. This DCB benchmark model is modelled with carbon epoxy-material properties,

which is used to enhance the deformation of the beam [20].

A similar study to the one suggested is undertaken in [29], with the change in material
properties from a carbon epoxy-material to a glass fiber-reinforce material. Since the
properties have changed, the geometry previously described (see Figure 3.1) is modified to
better suit the problem.

The various patch implementations previously presented in [20| are examined in [29]
utilizing GFRP material. Since the properties and geometry are changed, a numerical

and parametrical study of the location and dimensions of the patch is carried out.

The geometrical configuration as well as the patch dimensions obtained from [29] are
presented in this chapter. Research on the interface parameters for the crack location is
also provided. The main requirements for the manufacturing process of the composite

laminate presented in the next chapters are provided in this chapter.

4.1 Patch parameters

In the study presented in [29], a numerical study of the main numerical parameters
influencing the simulation results is performed. At first, an estimation of the material
properties as well as a mesh sensibility analysis is performed to be able to determine the

DCB parameters before including the different patches.

Once the main parameters have been defined, a parametric study of the patches and their
locations is carried out. In [29] the incorporation of different types of patches in the DCB
was studied. These patches were defined by the augmented onset traction (7y) and critical
energy release rate (G.). These parameters provided an overview of the onset of multiple

delaminations.

The focus of this thesis is to study the weakening patch configurations. [29] estimates that

the properties regarding the weakening patch are the following:

e 79 = 0 and G, = 0 of for both mode I and II
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The weakening patch does not transfer or carry any weight because it is regarded as a
blank gap in the beam. As a result, the weakening patch characteristics are identical to
those of the PTFE film. In [29], this material was chosen to generate a weakening patch

during the manufacturing process of the composite laminate.

As for the length of the patch, Trabal et al. [20] state that decreasing the patch length
reduces the possibility of onsetting multiple propagations. To be able to achieve this
phenomenon, the length of the patch should be long enough to initiate and develop multiple

delaminations.

In [29], a numerical study was conducted in which the geometry used is shown in Figure
4.3. The main crack is located in the main interface, whereas the weakening patch is

located 50 mm apart and located in the secondary interface with a total length of 50 mm.

—————— Main interface
— - — - — Secondary interface
100 mm 50 mm 50 mm Pre crack

u T T ! Weakening patch
i i i z
b oo o - - il ol =
i ' 0.5 mm )
e ¢ — — s — — ——) . — — — —— — . — — —)
u 9 760 mm R

Figure 4.1. Dimensions of the DCB, adapted from [29].

This model was then simulated to determine whether multiple delaminations could be
obtained through displacement imposed loading. Figure 4.2 shows the behaviour of the
beam for no patch and the weakening patch configurations, as well as the deformation of

the beam through this process.

Figure 4.2 shows the deformation behaviour of both DCB configurations. First, a loading
stage occurs until the delamination of the crack at the main interface propagates. This

crack propagates until it reached the weakening patch located at the second interface.

In the no patch configuration, the crack continues to propagate without changing its shape.
For the weakening patch configuration, it was observed that as the main interface crack

approached the second interface crack, the second interface began to delaminate.

This delamination is related to the load drop observed in Figure 4.2. This load drop oc-
curred because of the opening of the weakening patch. After this opening, the DCB was

loaded again, without further propagation of the crack fronts.
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In this second loading stage, the toughening behaviour of the DCB can be observed, where
the load increases as the displacement increases. This toughening behaviour is maintained
until a displacement of around 0.065 m is reached. After this displacement, no further
toughening effect is seen as the load starts to decrease. This decrease is characterized by
the propagation of multiple delaminations. In addition, it was observed that the main
interface crack stopped propagating, and the main propagation path was located in the

secondary interface.

—#— No patch
—&— Weakening patch

1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Displacement [m]

-

(T~

WMH‘MHH\ I

____

Figure 4.2. DCB equilibrium curve for a virgin and weakening patch configuration. (Adapted
from [29])

4.2 Patch length

The length of the patch determines whether multiple delaminations can propagate. The
longer the patch, the higher the probability of reaching multiple delaminations. The length
of the patch should be enough to ensure that the DCB is sufficiently damaged to be able

to develop multiple delaminations [20].
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The numerical study shown in Figure 4.2 indicates that a weakening patch with a length
of 50 mm is sufficiently long to develop and propagate multiple delaminations. Therefore,

this patch length was used for the weakening patch in the manufacturing process.

4.3 Interface location of weakening patch

As previously stated in [29], the material used for the experimental procedure differs from
the one presented in [27] and [26]. The material studied in [29] consisted of 16 unidirectional
laminates of glass fiber reinforced plastic (GFRP) with an approximate thickness of 0.5
mm.

According to Trabal et al.[20], the closer the weakening patch is to the main interface,
the more probable it is that numerous delaminations can occur. When determining the
position of the weakening patch, special attention must be paid to the placement. If they

are placed too close to each other, both interfaces can merge into a single interface.

In [29] a numerical study of the location of the weakening patch interface was performed.
It should be noted that the numerical model does not account for phenomena such as fiber

bridging and crack jumping.

______ Main interface
— - — - — Secondary interface

100 mm 50 mm 50 mm Pre crack
Weakening patch

Figure 4.3. Dimensions of the DCB. (Adapted from [29])

Figure 4.3, shows the DCB geometry studied. In this geometry, the parameter dyeqr iS
included. dyeqr is an interface parameter that changes the value to investigate various
weakening patch configurations. Only the main and secondary interfaces are simulated
in the model studied [29]. The main interface patch and distance between patches are

constant parameters.

Figure 4.4 shows the equilibrium curves for different DCB configurations. Similar
behaviour with respect to Figure 3.2 can be observed. It can be seen from Figure 4.4
that multiple delaminations are indeed able to propagate in most cases, except for the 2

mi case.
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Figure 4.4. Load displacement behaviour for various DCB configurations [29].

In this case, unstable crack growth in the weakening patch was observed as the load
increased. In comparison with the other configurations, instead of showing a toughening
effect after the second loading stage; a drop in the load axis to the same path as the no-
patch configuration was observed. This behaviour indicates that no toughening for the 2

mm configuration is accomplished.

Consequently, a weakening patch can be placed at different interface configurations. It is
shown that multiple delaminations are achieved if the secondary interface is placed between

the three nearest interfaces from the main interface.
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Experimental Methods and

Procedures

In the following chapter, an explanation of the experimental procedures used in this thesis
is provided. A GFRP composite laminate containing a weakening patch was manufactured
to determine whether the behaviour explained in the previous chapters was achieved, and

multiple delaminations were obtained.

The test specimens were tested under quasi-static and fatigue loadings using an electrical
tensile test machine. The organization of the chapter is as follows: First, the manufacturing
process and test setup are explained. Subsequently, preliminary test experiments on quasi-

static loading are introduced, followed by an explanation of the fatigue test procedure.

5.1 Manufacturing process

The manufacturing process of the DCB specimen was performed to validate the results
presented in Section 4. It should be noted that the manufactured material has the same

properties as those presented in Chapter 4.

The manufactured material consisted of 16 unidirectional non-crimp fabric glass fiber mats
(£80and0) with an areal density of 800 g/m? infused with PRO-SET INF114-INF212
standard infusion epoxy [30]. The layup is symmetric concerning the center plane where
the unidirectional layers face the mid-plane and two pre-cracks are induced in the material,

one in the mid-plane and the other between the sixth and seventh layers.

To create the two pre-cracks as previously shown in Figure 7?7, a 13 pm thick PTEE film is
used. Figure 5.1 shows the location of the two pre-cracks during the layup of the laminae.
These patches are introduced to induce multiple cracks in the material, making it easier

to promote multiple delaminations.

After the pre-cracks were located and all the layers were stacked, vacuum-assisted resin
transfer moulding (VARTM) was used. Subsequently, a curating process was used in

accordance with the resin manufacturer specifications.
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(a) Precrack location (b) Weakening patch location

Figure 5.1. Pre-crack locations during the manufacturing process.

The initially created plate has a total dimension of 950 x 450 mm. However, the borders
of the plate need to be removed due to the impurities of the plate, remaining with a
plate of dimensions 380 x 870 mm. Afterwards, the plate was cut into 12 specimens with

dimensions of 30 x 870 mm as shown in Figure 5.2.

—————— Main interface
— - — - — Secondary interface
130 mm 100 mm 50 mm —— Pre crack

u T T ' Weakening patch
. e —
: 1 mm £
— — — — — — — ———————————— 1 - - —————— =
o0
u 870mm E

Figure 5.2. Configuration of the manufactured test specimens.

After the 12 specimens were manufactured and to attach the specimen to the testing
machine, four holes were drilled in the specimen. These drilled holes were placed at a
distance that resulted in a precrack length of 50 mm according to the ASTM standards

for mode I fracture toughness characterization [17].

5.2 Test setup

Now that the DCB has been manufactured, various tests are performed to study if a
toughening behaviour can be achieved through multiple delaminations. For doing this, a
tensile testing machine is used. An image of the experimental test setup is shown in Figure

5.3. The main components of the test are:

e Tensile test machine (Electropuls E10000)
e GFRP DCB specimen
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e Two Light sources
e Camera

e Hinge fixture

In order to set up the experiment, some adjustments need to be made to the machine to
perform the fatigue test. These adjustments relate to the mounting parts of the machine,
where a 2 kN load cell is attached to the lower part of the tensile testing machine. An
extension arm is also fitted to the upper part to provide the correct range of movement to

carry out the tests.

After fixing the load cell and gripper onto the machine, a hinged fixture is attached to
both ends for holding the specimen. These hinges provide a flexible range for the fatigue
loading test placing the rotational axis of the hinged at the neutral line of each beam arm

of the specimen [31].

Once the DCB is placed in the machine, an external computer is used to track the pictures
taken by the camera. The camera is a FLIR Blackfly CCD camera (2448 x 2048 pixels,
monochrome) and it is the one that is used to acquire images of the specimen during the
loading tests. Since the distance from the DCB to the camera is not enough to catch any
DCB feature, the specimen is illuminated by two LED white light sources (NILA Zaila
Daylight spotlights). These leds provide enough light for the camera to be able to take

high-resolution pictures during the different loading stages.

Camera

Hinged fixture

Specimen
Light sources

Figure 5.3. Lab setup.
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5.3 Preliminary test experiment

In order to get to know the material behaviour and the testing machine, preliminary
experiments do take place to see if the testing conditions are enough to propagate multiple
delaminations and to see if there is any correspondence with the data shown in previous

chapters. The layup and geometry of the specimen used are shown in Figure 5.2.

The preliminary test consists mainly of a quasi-static loading test, in which the camera
attached to the tensile machine is taking pictures to relate the loading stage with the

delamination propagation. Figure 5.4 details the quasi-static loading stage procedure.

Displacement rate: 0.2mm/min

l

Initial Loading Hold > End

Figure 5.4. Quasi-static loading procedure.

The quasi-static loading stage started from the initial position, where the beam was
unloaded and the specimen was intact. Subsequently, a loop containing two blocks was
initiated. In the first block a displacement rate of 0.2 mm/min was applied, followed by a
hold block where the loading stopped for 2 seconds, in which a photograph of the specimen
was taken. This loop was repeated for a certain number of cycles until the end block was

reached.

Some machine limitations that could affect the test results should be noted. For example,

the maximum displacement range between both hinged fixtures was approximately 60 mm.

5.4 Fatigue test procedure

As mentioned in Chapter 4, a novel fatigue loading study of a DCB was performed
numerically by [27]. Since no further experimental work has been conducted in this field,

this thesis attempts to replicate these studies experimentally.

Figure 3.3 shows that the fatigue test performed in [27] consisted of four different stages.
This load spectrum was then adapted to better suit the experimental test developed in this
study. Figure 5.5 depicts the fatigue test configuration used in the experimental fatigue

testing.

Figure 5.5 shows the displacement-time graphs together with the expected specimen

behaviour. It can be observed that 4 different stages are analyzed, two quasi-static and
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two fatigue loading stages. The two fatigue stages are characterized by crack propagation

occurring during these stages.

The fatigue stages were divided into two categories. The first stage is the fatigue loading
stage, which is considered a low-amplitude load level. The second is a high-amplitude load

level. These fatigue studies are considered variable amplitude test.

a) Quasi-static loading ¢) Quasi-static loading
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Figure 5.5. Fatigue test load spectrum and specimen behaviour.

The fatigue stages are characterized by different parameters which need to be defined before
testing. These parameters are the amplitude, number of cycles, maximum and minimum

displacements, and frequency.

The amplitude is calculated as shown in Eq. 5.1. The fatigue stages start at the maximum

displacement, which is reached at the end of the previous quasi-static stages.

Ad’rnaa: - Admzn

Amplitude = 5

(5.1)

All tests were carried out in pure mode I at a constant minimum-to-maximum ratio of
applied displacement of Rs = dmin/dmaz = 0.1. Also, a small deflection regime to control
the deflections of §/a < 0.4 is used according to ASTM D5528-01 [17].
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Results and discussions

In this chapter, the different results obtained through the quasi-static and fatigue loading
tests will be presented. As the main focus is to study the toughness of the specimen by
promoting multiple delaminations, the equilibrium curve is plotted as well as some visual

inspection of the specimen delamination.

6.1 Quasi-static loading

As mentioned in the previous chapter, a quasi-static loading case is first carried out. The
purpose of this test is to know the behaviour of the material under these test conditions.
Also, this test is used to study if multiple delaminations are achieved. For this, the load-
displacement graph is analyzed. Figure 6.1 shows the different equilibrium curves for the

experimental test and for the analytical solution.
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e Analytical
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250

0L ] ] ] 1 1
0 10 20 30 40 50 60

Displacement [mm]

Figure 6.1. Equilibrium curve for two quasi-static states and the analytical solution.

It can be observed from the results obtained the similarity between the experimental and
the analytical results. For the analytical solution, a higher load is required during the
crack propagation. In the test specimens, it can be possible that multiple material defects

could be created in the specimen during the manufacturing procedure.

Also, it can be observed that no unstable crack growth happens in the tested specimens
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in comparison to the obtained in [29]. This is because the delamination phenomena are
constantly occurring during the loading stage. This delamination process is shown in

Figure 6.2.
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Figure 6.2. Crack tips propagations of the quasi-static loading specimens.

It can be seen a clear delamination of the C. tip () . For C. tip 2) and C. tip (3)
delamination is barely noticable. This is due to the machine displacement range. From
this result, it was concluded that new holes needed to be drilled in the specimen to be able

to see if multiple delaminations are achieved under quasi-static loading.
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6.2 Modified mounted holes configuration

Since no delamination is observable using the previous configuration, it is decided to move
the drilled holes forward in the specimen, to shorten the distance between the drilled holes

and the weakening patch. Figure 6.3 shows the new configuration.
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Figure 6.3. Modified configuration.

Figure 6.3 shows that the (I) crack tip is located in between the holes of the second
configuration. This crack location does not meet the ASTM D5528-01 standards [17] since
the crack tip should be located 50 mm away from the holes.

To meet these standards, the crack is propagated until it reaches a distance of 50 mm from
the second configuration. This change was made for the remaining specimens as shown in
Figure 6.4.

Figure 6.4. Modified pre crack configuration for the four tested specimens.

From the remaining specimens, two quasi-static loading tests and two fatigue loading
tests are performed to study the toughening behaviour of the material due to multiple

delaminations.

28



6.3. Quasi-static loading for modified configuration Aalborg Universitet

6.3 Quasi-static loading for modified configuration

Once the modification of the mounting holes and the pre crack is made, a quasi-static
loading case is done to see if multiple delaminations are obtained through this test and to

study how the material would behave with this parameter modification.

Figure 6.5 shows the material behaviour of a load-displacement graph. The cases for the

new configurations and the results obtained from the previous test are shown.
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Figure 6.5. Quasi-static loading comparison between the new and previous configuration.

It can be observed from Figure 6.5 that the load resistance has increased for the modified
configuration, making the load necessary to propagate the crack around 500 N. In this
modified configuration, a constant load range is obtained through the whole propagation

of this patch is observed.

Figure 6.6 shows the different crack tips behaviour during the quasi-static loading stage
presented in Figure 6.5. For C. tip () represented in red, it can be seen how it propagates

through the main interface until eventually reaching the weakening patch.

After C. tip (I) surpasses C. tip (2), a small delamination of C. tip (2) can be observable.
After this moment, is observed that C. tip (2) remains static and does not continue to

propagate further.
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= (DCrack tip === @~Crack tip ®Crack tip
Figure 6.6. Crack tips propagation during the fatigue test.
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After surpassing (2), (I) continues to propagate. While (D) stills propagates through the
weakening patch, (3) crack tip starts to propagate. Once (I) reaches (3), no further
information of (I) can be obtained through the camera since the weakening patch is located

two interfaces above the interface containing (I).

6.4 Fatigue test loading

After observing the possibility of achieving multiple delaminations under quasi-static
loading conditions, a fatigue test was conducted to determine whether multiple

delaminations can also occur under these specific test conditions.

Before implementing fatigue testing, some parameters, such as the displacements in which
the fatigue loading steps start, need to be first determined. From Figure 6.7 it can be

observed that two main fatigue stages were used.

50
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Figure 6.7. Fatigue and Quasi-static equilibrium curves [27].

The first fatigue stage started when C. tip (I) started to propagate entering fatigue block
A. While block A is running, an unstable C. tip (I) delamination growth occurs, jumping
to block B. The second fatigue stage occurs after the C. tip (3), which belongs to the

weakening patch, begins to propagate.

The focus of this work is to investigate the response of the beam by propagating delami-
nations under fatigue loading. First, the fatigue behaviour after (I) initially started prop-
agating is studied. Second, another fatigue loading stage takes place when (I) has reached
the weakening patch and has surpassed (2) but has not reached (3) yet. The purpose is to
observe the material behaviour and determine if there is an observable toughening effect

in the specimen. Figure 6.8 shows the location of the different crack tips.
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Figure 6.8. DCB geometry showing the location of the different C.tips.

The fatigue test is displacement-driven, meaning that the displacement thresholds for the
different fatigue stages need to be defined before performing the test. To define these
thresholds based on the previous assumption, a visual inspection of the different pictures

taken during the quasi-static case is done.

The analysis involved a visual inspection of the positions of different crack tips during the
quasi-static test. Each image data was matched with the equilibrium curve to precisely
determine the position of the propagation of each crack tip. The parameters obtained from
this analysis are presented in Table 6.1, where the amplitude can be calculated through

Equation 5.1.

Table 6.1. Fatigue test parameters.

. Displacement
Specimen Stage Omin [MM]  Opgy [mm] rate [mm /min] f [Hz] Cycles Cycle loops
Quasi-static 0 7.2 0.2 -
. Fatigue LA 0.72 7.2 - 3 100 1500
Fatigue test 1 Quasi-static 7.2 32.2 0.2 -
Fatigue HA 3.22 32.2 - 2 100 1500
Quasi-static 0 7.2 0.2 -
. Fatigue LA 0.72 7.2 - 3 100 3000
Fatigue test 2 =~ tatic 72 32.2 0.2 -
Fatigue HA 3.22 32.2 - 2 100 3000

Two different specimens are used for fatigue testing, which is separated into fatigue test 1
(FT1) and fatigue test 2 (FT2). Even though the displacement and frequency parameters
are the same in both tests, the number of cycles is changed to study the crack propagation

and the material response under different numbers of cycles.

Now that the fatigue parameters have been defined, the test can be performed. Figure
6.9 shows the different fatigue test data obtained. Also, the quasi-static loading stage is

plotted to see if any toughening effect is observable from this test.
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Figure 6.9. Fatigue test results compared to quasi-static cases.

Figure 6.9 displays the fatigue and quasi-static response of the DCB. During the loading
phase, a similar behaviour to what is observed in the quasi-static analysis is shown. Upon
reaching the first fatigue loading stage, there is a decrease in load from approximately
390 N to nearly 90 N. Following this stage, another loading stage occurs, where some
toughening behaviour can be observed towards the end. Before reaching the second fatigue
stage, irregular data is noticed due to the displacement exceeding the limit. However, it

stabilizes demonstrating a behaviour similar to the first stage.

Concerning the difference between the number of cycles for both specimens, it can be seen
that in the first fatigue stage, the FT2 specimen reached a lower load compared to the
one reached by the FT1 specimen. In the following loading stage, it can be seen that
although both specimens start this stage at different load levels, at the end of this loading
stage, both reached the same load value of around 200 N. For the final fatigue test, is
observed that both specimens show some irregular data gathered from the test in which
a displacement bigger than the limit is achieved. At the final stage, it is observed that
both cracks almost reach the same load level, but the one reached by the FT2 specimen is

around 10% lower.

As stated before, a camera is attached to the testing machine which is taking pictures of
every loading cycle, resulting in a picture taken every 100 cycles. From these pictures, the
different crack tip propagations can be observed, as shown in Figure 6.2 and Figure 6.6.
By analyzing these images, it becomes possible to measure the propagation of the crack

tips.

This measurement is done for the fatigue loading stages, where the propagation distance
is measured every 30000 cycles. From Figure 6.2 and Figure 6.6 it can be seen that at
certain point, (I) and (3) become indistinguishable. For this case, it is assumed that both

cracks propagate the same distance.
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After a certain displacement, when (I) and (3) become indistinguishable, the measurement
data of the propagation of (I) and (3) is not accessible due to a misplacement of the
reference pattern holder. For this case, the last propagation data point is measured once

the specimens have completed the test.
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Figure 6.10. Crack length during the fatigue loading stage.

Figure 6.10 shows the increase in the length of the different cracks with the number of
cycles. In the case of FT1, the crack length increases until a total amount of 300000
cycles, a total of 150000 cycles for each fatigue stage. For the FT3 case, it can be seen
that more data is obtained through the first fatigue stage. However, the second stage does
not provide much data. Fro this analysis, C.tip (2) in neglected. To complete this data, a

cubic interpolation is employed.

For this analysis shown in Figure 6.10, each crack is assumed independent from the other,
meaning that each crack is treated separately. However, the data associated with crack

propagation is used in the following manner:

e For the first fatigue loading, the data of C. tip 1 is employed.

e At the beginning of the second fatigue loading and after the quasi-static stage, C.
tip 1 is measured again, while C. tip 3 has not yet propagated.

e The measurement of C. tip 1 is then connected to the measurement taken at the
final of the first fatigue stage. The data from this point is then analyzed in relation
to the second fatigue stage.

e Once C. tip 3 starts to propagate, is measured and is only analyzed with the second

fatigue data.

This approach ensures that each crack is examined individually while utilizing the

appropriate data from different stages of the fatigue testing process.
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Now that the crack length for the different crack tips is obtained, it can be studied its
relation to the crack growth rate to see how the different cracks behave as shown in Figure
6.11.
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Figure 6.11. Crack growth rate with respect to the number of cycles.

Based on the data presented in Figure 6.11, notable observations can be made regarding
the crack growth rates. For C.tip (I) a jump in the crack growth rate around 120 mm is
observed. This phenomenon is attributed to the transition in amplitude levels during the
test. It has been noted that when transitioning from a low amplitude to a high amplitude,

a sudden increase in the crack growth rate occurs for the specific amplitude change [32].

On the other hand, for C. tip (3), a more consistent and steady increase in crack length can
be observed. This behaviour can be attributed to the difference in the number of cycles,
where in the first fatigue stage the higher number of cycles results in a relatively higher

crack growth rate compared to the second fatigue stage.

Based on what is stated in Section 1.5, for the fatigue characterization, the SIF calculation
must be discarded and it should be characterized in terms of the energy release rate
(SERR). The SEER can be calculated using Eq.6.1. For this calculation, the specimen is
assumed to be perfectly clamped and the specimen material is considered isotropic [24],
[32].

_2ps

 2wa (6.1)

I

Where P denotes the reaction force, d denotes the applied crack tip displacement, a denotes

the crack length, and w denotes the width of the sample.

The SERR in Eq.6.1 is based on a pure mode I opening and is computed based on the
beam theory. Based on the work of Sgrensen et al.[33|, Eq.6.1 is theoretically admissible
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under a small damage process zone. Ignoring that the large-scale damage zone influence
is consistent with the results of previous studies on fatigue-driven delamination, a small

damage process zone is considered [33].

Since the fatigue test is considered a displacement control test, Eq.6.1 can be rewritten in

terms of the displacements shown in Eq.6.2.

9B,
G = dwa?

Ok (6.2)

This equation considers the young modulus E7; and the second moment of inertia I as well
as the crack length a and the imposed displacement §. In the literature, delamination due
to fatigue is characterized by the maximum SERR (G 4z ) or SEER range as (Gaz —Gmin)
or (AVG)?. The term used in Eq.6.3 can be seen as an analogy of the term used in
fracture mechanics [34]. Where G4, stands for the maximum energy released rate while

G min stands for the minimum.

(A\/é)g = (\/Gmax - \/Gmm)2 (6.3)

Now, a study of how the SERR is related to the fatigue loading test is conducted. First,
it is studying how the SERR change concerning the cycles, to see whether there exists a

toughening in the whole structure.

This study is done individually. An analysis of the first crack tip SERR is made for
both fatigue testing cases (FT1 and FT2). This is done to study the influence that the
propagation of both of the crack tips has on the total toughness of the structure. Figure
6.12 shows how the normalized SERR changes with the number of cycles for C.tip (I) .

The graph shows that at the start of the fatigue loading stage, the normalized SERR is
around 0.1, which makes sense since the crack during the first fatigue loading stage is
already propagated. A later increase can be observed, which corresponds to the C.tip 1

reaching the weakening patch. Afterwards, it makes the SERR decrease again.

For the second fatigue loading stage, it can be seen that the SERR increases until a value
of 0.7 is reached. This means that after the quasi-static loading stage, the crack needs
more energy to propagate for this stage than for the previous one, achieving a toughening
behaviour. After the initiation of this stage, it can be seen that the SERR decreases,
meaning that the crack is propagating. The SERR behaviour for C.tip (3) is shown in
Figure 6.13.
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Figure 6.12. Change of the normalized SERR with the number of cycles for C.tip (D).

20| | L LN B B B BN B L SN NI NN

— C.tip 3 FT1

— — C.tip 3FT2

Q15 §
S
faet
g

= 10 -
=)
Q
N
=

£ 5 §
S
Z.

0 1 1 1 1 1 1 1 1 1 | T TR TN TR (NN TR TR SN TN [N TR TN SN S SN TN O T SO T TN TN ST TN (ST SO SO SN A Y 1

2 2.5 3 3.5 4 4.5 5 55 6

Number of cycles x10°

Figure 6.13. Change of the normalized SERR with the number of cycles for C.tip (3).

This graph shows the different behaviour for the C.tip (3) for the different fatigue stages.
It can be seen that the shape of the FT2 is different from the FT1, which could account
for the different shape from the crack growth shown in Figure 6.10. Concerning the SERR
behaviour, it is observed that at the start of the fatigue stage, to make C.tip (3) propagate,
the normalized SEER has to have a greater value than the one needed to propagate C.tip
D in FT3.
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In order to complete the study, the different crack tip propagations can also be represented
in terms of the crack growth rate and the SERR. Figure 6.14 shows a similar result to the

one obtained in Figure 6.11. This is introduced in order to complete the study.

The logarithmic graph (see Figure6.14) shows the behaviour of the different crack tips in
terms of the crack growth rate and SERR. C.tip (I) shows similar behaviour in FT1 and
FT2, which corresponds to what has been analyzed in this chapter. For the second fatigue
stage, a jump can be observed, where the data for FT2 is in a lower position with respect
to FT1 due to the number of cycles. The same behaviour can be seen for C.tip 3) FT1
and FT2, where a higher SERR value is achieved from C.tip (3) as shown previously.
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Figure 6.14. Crack growth rate change with respect to SERR.
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Conclusion

The aim of this thesis was to study and characterize multiple delaminations through fatigue
driven test, to see if a toughening behaviour could be observed through experimental testing

based on the numerical formulation proposed by Trabal et al .[27].

To follow this path, a parameter study based on [29] has been conducted to determine the
geometry of the required specimens. Subsequently, a GFRP composite laminate containing
an initial pre-crack and a weakening patch has been manufactured. The laminate was then

divided into 12 tested specimens.

Once the specimens were manufactured, preliminary quasi-static loading tests has been
carried out to observe the behaviour of the material. After this preliminary test, the

pre-crack configuration has been modified based on the data obtained.

After this modification, two quasi-static tests have been performed in which multiple
delaminations were achieved. These quasi-static cases have been also used to determine

the main parameters used in the fatigue-driven tests.

From the equilibrium curve obtained from the fatigue test, a toughening behaviour can
be observed between the fatigue stages. This material toughening provides a first insight
into the main focus of this thesis, which is based on the toughening of the material by

promoting multiple delaminations.

After observing this toughening behaviour in the test, fatigue characterisation is performed
by calculating and representing various parameters such as crack growth rate and strain

energy release rate with respect to the number of cycles.

Overall, this thesis proposed a novel study which considers the performance improvement
of composite materials by promoting multiple delaminations under fatigue-driven loading
conditions. Thus, this thesis contributes to the state-of-the-art by providing this work as

a benchmark case for further studies in this field.

39



7.1. Further work Aalborg Universitet

7.1 Further work

Based on the finding made in this study, further development is suggested:

More accurate crack measure procedures. A more accurate crack measure procedure
should be developed to be able to study past the crack merging of C.tip (I) and c.tip (3).

To see and distinguish the individual crack growths.

Further testing. Based on ASTM D5528-01 standards at least five specimens should be

considered per test condition [17].

Precise calculation of the strain energy released rate. A more precise and concise

calculation of the SERR should be develope to be able to fully calculate this parameter.
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