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ABSTRACT

EXPERIMENTAL AND COMPUTATIONAL INVESTIGATION OF
CRACK GROWTH ALONG CURVED INTERFACES

Yavas, Denizhan
M.S., Department of Aerospace Engineering
Supervisor: Assoc. Prof. Dr. Demirkan Coker

July 2013, 83 pages

In this study, crack growth along curved weak interfaces is investigated experimentally and
computationally. First, delamination of curved composite laminates subjected to axial load
is studied computationally. Delamination in curved laminates is modeled using explicit
finite element analysis in conjunction with cohesive zone method. It is observed that
delamination is highly dynamic and that as the initial crack grows, the crack tip speed
reaches the Rayleigh wave speed of the composite material with increasing laminate
thickness and decreasing initial crack length. A second observation is that a secondary
delamination in the arm region nucleates depending on the initial crack length and laminate
thickness. Second, delamination of curved composite laminates subjected to shear loading
is studied experimentally. Dynamic delamination growth is captured using high speed
camera. It is observed that crack growth speed reachs the shear wave speed and an increase
in the length of initial crack changes the crack growth from unstable to stable. Finally,
crack growth along curved interface in polycarbonate beams subjected to shear loading is
studied experimentally and computationally. In experiments, the full-field technique of
photoelasticity is used in order to visualize isochromatic fringe pattern around the crack tip. In
computational study, debonding at the curved interface is modeled using dynamic (explicit)
finite element analysis in conjunction with cohesive zone methods. Stable and unstable crack
growth regimes, depending on the initial crack length, are identified in agreement with energy
release rate calculations. It is also observed that crack propagation speed can reach the shear
wave speed.

Keywords : delamination, curved interfaces, interfacial crack, curved composite beams.
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EGIMLi ARAYUZLERDEKi CATLAK iLERLEMESININ
DENEYSEL VE SAYISAL INCELENMESI

Yavas, Denizhan
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Boliimii
Tez Yoneticisi: Do¢. Dr. Demirkan Coker

Haziran 2013, 83 sayfa

Bu calismada egimli zayif arayiizlerdeki catlak ilerlemesi deneysel ve sayisal olarak
incelenmistir. Ilk olarak, egimli kompozit katmanlarinda eksenel yiikleme altinda meydana
gelen katmanlarin ayrilmasi sayisal olarak c¢aligilmistir. Egimli kompozit katmanlarda
katmanlarin ayrilmasi yapiskan alan metodu ile birlikte agik sonlu elemanlar analizi
kullanilarak modellenmistir. Katman ayrilmasi ilerlemesinin yiiksek derecede dinamik oldugu
ve ilk ayrilmasimn ilerlemesi ile ¢atlak ilerleme hizinin katman kalingmin artmasi ve ilk
catlak uzunlugunun kisalmasiyla kompozit malzemedeki Rayleigh dalga hizma ulastig
gdzlenmistir. Ikinci gozlem ise ilk ¢atlak uzunluguna ve katman kalhgma bagli olarak ikinci
katman ayrilmasinin kol bdlgesinde gézlenmesidir. ikinci olarak, egimli kompozit katmanlarda
kesme yiikii altinda meydana gelen katman ayrilmasi deneysel olarak ¢alisilmistir. Dinamik
katman ayrilmast ilerlemesi yiiksek hizli kamera kullanilarak goriintiilenmistir. Catlak ilerleme
hizinin kesme dalgast hizina ulastigi ve ilk c¢atlak uzunlugundaki artisin c¢atlak ilerleme
kararliligim kararsizdan kararliya ¢evirdigi gozlemlenmistir. Son olarak, polikarbon kirislerde
egimli zayif arayliziin dinamik arizasi deneysel ve sayisal olarak c¢aligilmistir. Deneylerde
catlak etrafindaki izokromatik ¢izgileri goriintiilemek igin tam alan teknigi olan fotoelastisite
kullanilmustir. Sayisal ¢caligmada egimli araylizdeki ayrilma yapiskan alan metodu ile birlikte
actk sonlu elemanlar analizi kullanilarak modellenmistir. Ilk ¢atlak uzunluguna bagl olarak
kararli ve kararsiz ¢atlak ilerleme rejimleri erk salinim hizi hesaplarina da uygun olacak
sekilde tespit edilmistir. Ek olarak, catlak ilerleme hizi kesme dalgasi hizina ulasabildigi
gozlemlenmistir.

Anahtar Kelimeler: delaminasyon, egimli arayiizler, arayliz catlagi, egimli kompozit
laminalar
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CHAPTER 1

INTRODUCTION

1.1 Definition of the Problem

Composite materials have been in increasing demand most recently in modern commercial
aircraft and wind turbine industries (Figure 1.1 (a) and (d)) because of their high stiffness
and strength properties. With recent advances in manufacturing technologies, metal aircraft
parts such as curved composite flange have been replaced by composite correspondents.
One of the widely used metallic structures that are being converted to composite laminate is
the curved flanges of ribs and spars in aircraft wings or the corner of the wind turbine box
structure (Figure 1.1 (b), (c) and (e)).

Figure 1.1 (a) A modern civil aircraft, (b) Cut-out view of a typical wing structures (yellow
colored parts represents skin of the wing and blue colored parts represents ribs), (c)
composite rib structure having curved region, (d) a typical wind turbine, (e) cross section of
wind turbine blade (composite spar having curved flanges shown in red circle) (f)
delamination observed in curved region.



Figure 1.2 illustrates different types of loads applied on a typical rib structure [1]. Although
the direction and magnitude of the loading may vary depending of the flight conditions, the
origins of the loads exerted on a typical rib structure can be listed as the following:

e Load-1: distributed pressure load due to air and fuel pressure.

o Load-2: chord-wise tension and compression loads due to Poisson’s ratio effect in
skins and end loads caused by spars.

e Load-3: concentrated load caused by attachment of flap track.
e Load-4: distributed out of plane load fuel pressure.

e Load-5: in-plane moment due to air pressure distribution.

1.1%
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Figure 1.2 Loading state in a typical rib [1]

Despite of complex loading on the rib structure, the loading in a typical curved composite
flange can be reduced to three simple loading cases namely axial load, (P) the force parallel
to the arm; shear load, (V) the force perpendicular to the arm; and the moment (M) shown
as Figure.1.3 (a), (b), and (c). The analytical solution of an anisotropic curved structure
developed by Lekhnitskii [2], shows that all types of these loading cases create high
interlaminar tensile (opening) stresses, which is undesirable for composite structures, in
addition to the shear stresses on the curved region of the composite flanges. Consequently
these opening stresses cause delamination on the curved region [3, 4, and 5] of the
composite flanges (Figure 1.1 (c)).



(a)

(c)

Figure 1.3 Boundary conditions for a typical curved composite flange (a) axial load case,
(b) shear load case, (c) moment case.



1.2 Review of Previous Studies
1.2.1 Delamination of Composite Structures

Delamination, which is defined as separation of the laminated layers, is one of the major
failure modes of composite structures. Delamination can be seen as an interfacial crack
between two anisotropic materials. The delamination in composite structures is observed as
a result of high interlaminar tension and shear stresses. The sources creating interlaminar
tension and compression stresses are the material and structural discontinuities. Some of the
sources are shown in Figure 1.4. Delamination occurs usually as a result of mixed mode
fracture in which all three failure modes of fracture, namely Mode-I, Il and, IlI, exist. In
other words, delamination growth can be perceived as a mixed-mode crack growth because
of the fact that the delaminations have to grow between layers of composite [8].

Curved free
edge

{

( e
[ —

Interlaminar
stesses

Txz

Internal ply drop

Corner

I%Skin stiffener
=~ interaction

&

Solid-sandwich transition

Figure 1.4 Common sources of delamination [8]

Delaminations in layered composite structures were classified into two types according to
their locations in the structural parts by Bolotin [9]. The first type is the internal
delamination which exists within the composite part (Figure 1.5 (a)). This type of
delamination may result in a catastrophic failure of a structural component since it is hard
to inspect internal delaminations using visual inspection techniques. The second type is



near-surface delamination which exists on the surface on the composite part (Figure 1.5
(b)). The stability issue for the near-surface delaminations is important since the local
instability for the near-surface delaminations may results in global instability of the
structural components under compression loading .Although it is not the separation of the
laminas, multiple cracking with in the composite part can be considered as a delamination
type. The multiple cracking also affects the load carrying capacity of the composite part.
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Figure 1.5 Three types of delaminations (a) internal delamination, (b) near-surface
delamination, (c) multiple cracking. [9]

1.2.2 Delamination of Curved Composite Beams

Although delamination at the curved region of composite laminates is an important
problem, there has been limited literature on the failure of curved composite laminates. In
the literature the delamination due to the force perpendicular to the arm namely shear load
(V) was mostly studied since it was found to be more critical in terms of opening stresses.
Martin et al. [3, 4] studied the delamination of curved composite laminates in 1990s. They
investigated analytically, computationally, and experimentally the delamination failure in a
unidirectional curved composite laminate under the shear loading (V). They used a closed
form curved beam elasticity solution and 2-D finite element analysis to determine the
location of highest radial stress in curved region where the delamination is assumed to
initiate. They showed that delamination propagates in to the arms of the laminate
predominantly in Mode-l using energy release rate analysis. Their main experimental
observations on the phenomena were that the major delamination initiates dynamically near
the mid laminate of curved region and after the initiation, delamination propagates unstably
towards arms. Dynamic initiation and propagation of the major delamination is followed by
subsequent delaminations that initiate and propagate inner and outer layers of the curved
region. Figure 1.6 (a) illustrates the loading mechanics used in their experimental study and
Figure 1.6 (b) illustrates the major delamination observed at the mid-layer of the curved
region and sequential delaminations.
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Figure 1.6 (a) Loading Mechanism used by Martin et.al (b) Delamination observed at the
mid-plane of the curved region [3, 4]

After almost twenty years, the same problem was revisited by Wimmer et al. [5, 6, and 7].
They studied the formation of delamination and growth of existing delamination in [0/90]
lay-up curved composite laminates under loading perpendicular to the arm (V)
experimentally and computationally. For this purpose, they conducted experiments and
finite element analyses for specimens with and without initial delamination. They carried
out finite element analyses using Virtual Crack Closure Technique (VCCT) method, in
which the initiation and propagation of delamination are analyzed in two separate stages
and found that crack propagation in curved composite laminates is unstable for small initial
delaminations existing on curved region. In their load displacement behavior obtained from
both experiments and finite element analyses, after an initial elastic increase a large sudden
load drop is observed that corresponds to delamination initiation followed by unstable
delamination propagation (Figure 1.7 (a)). They also computationally observed that the
length of initial delamination existing at the curved region affects the delamination growth
stability. When the initial delamination length is increased the crack growth becomes stable
and the large sudden drop in load displacement curve is not observed (Figure 1.7 (b)).
Although they predicted the effect of initial delamination length on crack growth stability
computationally, they were not able to observe the same stability characteristic
experimentally. In their experimental study, they conducted all experiments for composite
laminates without initial delamination under shear loading using the loading mechanism



shown in Figure 1.8 (a). The load displacement curves obtained from experiments and finite
element analysis are presented in Figure 1.8 (b). There is a large variance between their
experimental and predicted load displacement results in terms of stiffness and maximum
failure load according to Figure 1.8 (b).
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Figure 1.7 (a) Load displacement curve showing a large sudden load drop, (b) Effect of
initial delamination length on the delamination growth stability [5]
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Figure 1.8 (a) Loading Mechanism used by Wimmer et.al., (b) Load displacement curves
obtained from FEA and experiments [5]

Delamination of unidirectional curved L-shaped composite laminates under axial loading
(P) were studied computationally by Gozluklu and Coker [10]. They carried out explicit
finite element analysis with cohesive elements to model delamination in composite L-
beams subjected to axial loading (P) instead of perpendicular loading (V). They carried out
simulations of dynamic delamination propagation using a sequential implicit/explicit finite
element analysis in conjunction with cohesive zone method along the central interface for a
unidirectional L-shaped composite laminate. They observed that the delamination growth is
unstable, which is defined as sudden and large load drop in load displacement curved
shown as Figure 1.9. The crack tip positions corresponding to A, B, C, and D points in load
displacement curve and opening stresses are presented in Figure 1.10. Crack completes its
propagation during this sudden load drop according to Figurel.9 and Figure 1.10. They
showed delamination growth with very high crack tip speeds and elastodynamic effects
under shear dominated stresses near the crack tip. They also noted the existence of a
possible second delamination failure mode that is the nucleation of a secondary
delamination in the arm region.
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Figure 1.9 Load displacement curve [10]
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Figure 1.10 crack tip positions that correspond A, B, C, and D points in load displacement
curve and opening stresses [10]
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Figure 1.11 (a) Four point bending loading fixture, (b) load displacement curved obtained
for different thicknesses [11]



The failure of carbon/epoxy laminated curved beams under moment loading was studied
experimentally by Hao et. al. [11]. They conducted experiments using four pint bending
loading fixture to simulate pure bending moment loading on the curved composite beam
(Figure 1.11 (a)). In their experimental study optical method of Digital Speckle Correlation
Method (DSCM) and strain gages were employed. They obtained failure strength and the
maximum failure radial stress of the curved composite beams for different thicknesses and
different radius-thickness ratios. The load displacement curves obtained for specimens in
different thicknesses are presented in Figure 1.11 (b). A sudden and large load drop in load
displacement curves is observed for all specimens. They observed the same unstable single
delamination behavior in cross-ply laminates under moment loading. They were not able to
capture the progress of the single delamination since the delamination growth is very
dynamic. The strain distributions on the curved region obtained by using DSCM are
presented in Figure 1.12 for before and after the failure. It is shown that before the failure
opening strains (Y-strain in Figure 1.12) have their maximum values in the mid-layer of the
curved region where the delamination initiates.

X-strain field (0-17800N after fracture) Y-strain field (0-17800N after fracture)

Figure 1.12 Strain field for unstable delamination before and after fracture [11]
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Lu et. al. [12] computationally studied the delamination problem in curved composite
beams under moment loading (Figure 1.13 (a)). They conducted finite element analysis in
ABAQUS" to investigate the delamination in curved orthotropic beams. They presented the
dependence of energy release rate on the crack length for three different location of the
crack along radial direction (Figure 1.13 (b)). According to Figure 1.13 (b) non-
dimensionless energy release rate is increasing with increasing crack length up to a certain
crack length. After the crack length reaches this certain value non-dimensionless energy
release rate decreases with increasing crack length. This observation shows that crack in
curved beams under moment loading experience unstable crack growth if the crack length
is sufficiently small. If the crack length is larger enough, the crack growth could be stable.
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Figure 1.13 (a) Geometry and the loading for the problem, (b) non-dimensional energy
release rate as a function of crack length for three different positions of the crack along the
radial direction [12]
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Figure 1.14 (a) Angled L-shaped composite joint connecting rib and base structures, (b)
bending displacement loading that creates failure [13]

Feih et. al. [13] studied the delamination failure modes of angled L-shaped composite joints
under bending deformation. Figure 1.14 (a) shows the angled L-shaped composite joints,
which are used as a connecting part in the wing structures and Figure 1.14 (b) shows the
bending displacement loading that creates delamination failure in the curved region. They
conducted experiments and also finite element analyses in ABAQUS®. They observed
different failure modes before delamination failure. Figure 1.15 (a) shows load-
displacement curves obtained from finite element analysis and experiments. Their analysis
and experiments are in a good agreement in terms of stiffness. The sudden and large load
drops in load displacement curves show the delamination failure mode. However they also
observed that matrix cracking due to tensile and compressive stresses exist in the inner and
outer surfaces of the curved region respectively.
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Figure 1.15 Load displacement curved obtained from finite element analysis and
experiments (b) Different types of failure [13]
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1.2.3 Dynamic Failure of Interfaces

Coker et. al. [14] conducted experimental work on dynamic failure of thick unidirectional
graphite-epoxy composite plates. As shown in Figure 1.16 (a), they used specimens having
an edge pre-notch machined in the fiber direction and specimens were loaded by impact
projectile either symmetrically (Mode-1) or asymmetrically (Mode-Il). They used optical
technique of Coherent Gradient Sensing (CGS) in conjunction with high speed photography
to capture the failure process (Figure 1.16(b)).
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Figure 1.16 (a) Specimen geometry and Mode-1 and Mode-II loadings, (b) Experimental
setup used by Coker et. al. [14]

Coker et. al. [14] showed that Mode-I crack s may only propagate sub-sonically along the
fibers with respect to the homogenized anisotropic material properties with an upper bound
of Rayleigh wave speed as shown in Figure 1.17. However, for Mode-Il cracks it is
observed that they propagate in the direction of fiber intersonically. Mode-I1 cracks start to
accelerate from the shear wave speed and their speeds can reach the critical intersonic
speed, obtained using homogenized anisotropic material properties.
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Figure 1.17 (a) Crack tip positions as a function of time, (b) crack tip speed as a function of
crack tip position for Mode-1 and Mode-I1 cracks [14]
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After their study, Rosakis et. al. showed the same intersonic crack propagation behavior
along the weak interface in Homalite-100 under asymmetric impact (Mode-II) loading.
They conducted experiments using bonded Homolatie-100 plates having a pre-notch at the
bonding interface. The specimen is subjected to asymmetric impact by a projectile fired
form a high speed gas gun. They used full field technique of photoelasticity in conjunction
with high speed imaging for capturing the stress field near the propagating crack tip.
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s
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Figure 1.18 High speed images showing the isochromatic fringe pattern around propagating
shear dominated crack along a weak plane in Homalite-100 [15]

They observed that shock wave, which refers crack tip speed slightly higher than
V2c, (shear wave speed), in isochromatic stress field obtained from dynamic
photoelasticity experiments as shown in Figure 1.18. Figure 1.19 shows the crack tip speed
calculated using different methods as a function of crack tip location. Crack starts to
propagate with a speed of shear wave speed, and then its speed reaches value ofv2c,
which corresponds to the critical intersonic speed for unidirectional composites. Thus
Coker and Rosakis showed that dynamic failure of heterogonous composite material can be
modeled using homogenous material with a weak interface.
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Figure 1.19 Crack tip speed as a function of crack length [15]
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1.2.4 Fracture Mechanics Background

The assumption of continuous material and averaging methods to predict to material failure
do not work no longer when micro-cracks and voids in the material grow in size and
become localized. This localization results in macroscopic crack, and it may cause global
failure of the material unexpectedly. Hence, discontinuities in the material must be taken
into account to predict the failure correctly. As a result of this fact fracture mechanics was
born. Griffith [16] has shown in 1921 that attention should be given to the behavior of an
existing crack. Fracture mechanics assumes that there is a single crack within the materials
and tries to get answers theoretically and experimentally for the following questions:

*  Will a crack grow under the given load?

* When a crack grows, what is its speed and direction?
*  Will crack growth stop?

»  Will crack growth be stable or unstable?

One of the widely used fields of fracture mechanics is Linear Elastic Fracture Mechanics
(LEFM). LEFM assumes the material obeys linear elastic material behavior.

t=thickness
a= crack length

Figure 1.20 Plate with a line crack [17]

One of the methods to predict the crack growth is based on an energy balance. Griffith [16]
postulated that crack growth will occur, when there is enough energy available to generate
new crack surface. Energy release rate, which is the change of potential energy per unit
crack area, an important term for Griffith energy balance criterion. If a line crack in a plate
with a thickness of t is considered (Figure 1.20), energy release rate is mathematically
defined as in equation (1.1), where U, is the total amount of energy that is supplied
externally to the material, U; is the internal energy of the material, and a is the crack length
[17].
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= da da

Tt

1 (dUe dUl-) (1.1)

According to Griffith’s energy balance criterion if the energy release rate equals to the
crack resistance force, a crack will grow. Equation (1.2) is the mathematical presentation of
this criterion, where G is the energy release rate and vy is the surface energy of the material.

G =2y (1.2)

> u

Figure 1.21 Load displacement curved obtained from a displacement controlled experiment

Energy release rate can be calculated using load displacement curve obtained from an
experiment. Fixed grip approach is used for experimental data obtained using displacement
controlled testing machine (Figure 1.21). For this approach, the external energy (U,) equals
to zero and the change of the internally stored elastic energy (dU;) can be expressed in

16



terms of displacement (u) and the change in applied force (dF) as expressed in Equation
(1.4).

dU, =0 (1.3)

dU; = = udF (1.4)

The energy release rate can be expressed as Equation (1.5) by using Equations (1.1), (1.2),
and (1.3). In this expression C is compliance and can be calculated as C=u/F for different
crack length values.

1, dcC
G == F?

T Ta (1.5)

The change in energy release rate with respect to the change in crack growth length
determines the crack growth stability. As shown in Equation (1.6), for brittle fracture if
dG/da is greater than O crack growth will occur unstably, otherwise the crack growth will
occur stably.

aG _ {> 0 Unstable

da <0 Stable (1.6)

Irwin [18] introduced three different loading modes for fracture mechanics. At the crack tip
the stress field can be divided into three components, namely Mode-I, Mode-Il, and Mode-
Il as shown in Figure 1.22. Mode-I causes the crack to open orthogonal to the local
fracture surface. Mode-II causes the crack surfaces to slide relative to each other in the x;
direction. Mode-ll1 causes the crack surfaces to slide relative to each other in the X,
direction.
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Figure 1.22 Modes of fracture [17]

1.2.5 Cohesive Zone Method (CZM)

Cohesive Zone Method (CZM) is one of widely used methods to model the interfacial crack
in finite element analysis. The concept of cohesive zone theory was firstly proposed by
Barenblatt [19, 20] for brittle fracture. At the same time, Dugdale [21] independently
developed the concept of cohesive stress. As a result of their studies basics of CZM was
established. According to their studies, the existence of the process zone in front of the
physical crack tip was showed (Figure 1.23 (a) and (b)). The fracture energy is dissipated
by the process zone while the crack growth occurs. A typical distribution for cohesive
stresses existing on the process zone as a function of separation distance between mating
surfaces is given in Figure 1.24. The cohesive stress at the mathematical crack tip, which is
the end of the process zone, is zero, and it increases and reaches its maximum value with
increasing separation distance (8). After it reaches its maximum value, it decreases and
reaches zero while separation distance increases.

CZM has variety of advantages compared to other methods to model the crack growth in
materials. The other methods may require an initial crack and a described direction for the
crack propagation. In CZM, however, a crack can easily initiate without an initial crack and
propagate toward to an arbitrary direction where cohesive elements exist. CZM can create
new surfaces while maintaining continuity condition mathematically. In addition, CZM
uses interface parameters including critical traction and energy release rate of the interface
material which can be obtained from fracture experiments.
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Figure 1.24 Cohesive stress and displacement curve.

1.3 Scope of the Study

This study aims to investigate experimentally and computationally dynamic failure of
curved interfaces existing between composite laminates and polycarbonate beams. For this
purpose, dynamic failure of curved composite beams subjected to quasi-static axial loading
is studied computationally in Chapter 3, dynamic failure of curved composite beams
subjected to quasi-static shear loading is studied experimentally in Chapter 4, and dynamic
failure of curved interfaces of polycarbonate beams subjected to quasi-static shear loading
is studied in Chapter 5 (Figure 1.25).

In chapter 3, delamination in unidirectional curved composite beams under quasi-static
axial loading is modeled using dynamic (explicit) finite element analysis in conjunction
with cohesive zone methods. Loading is applied parallel to one arm quasi-statically while
delamination occurs dynamically. It is observed that delamination is highly dynamic and
that as the initial crack grows, the crack tip speed reaches the Rayleigh wave speed of the
composite material with increasing laminate thickness and decreasing initial crack length.
A second observation is that a secondary delamination crack in the arm region nucleates
depending on the initial crack length and thickness values. Thus, structural assessment
based on the initial crack length may lead to a conservative approach in design applications.

In chapter 4, the delamination failure in unidirectional curved composite beams under
quasi-static shear loading is experimentally investigated. A unique experimental loading
fixture is designed and manufactured in order to apply shear loading to the specimens. The
dynamic delamination propagation is captured using Photron® Fastcam SA5 ultra high
speed system. The effect of initial crack length on the crack growth stability is investigated
and it is shown that the small initial crack results in unstable crack growth whereas the
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larger initial crack results in stable crack growth. In addition crack propagation speed is
found to be in the order of the shear wave speed.

In chapter 5, delamination in unidirectional curved composite beams is modeled with two
curved polycarbonate beams bonded to each other where the effect of pre-crack length on
the stability of the crack growth and crack propagation speed are investigated
experimentally and computationally. In the experimental study, a unique testing fixture
with a sliding platform is designed to create a pure shear loading. The full-field technique
of photoelasticity in conjunction with high speed imaging is used in order to visualize
isochromatic fringe pattern around the crack tip located at the bonded interface of the
curved polycarbonate plates. In the computational study, debonding at the interface of
curved polycarbonate beams is modeled using dynamic (explicit) finite element analysis in
conjunction with cohesive zone methods. In numerical analysis, pure vertical displacement
is applied to one of the arms to reflect the same loading condition as the experiment.
Experimental and finite element analysis results are in agreement in terms of load-
displacement behavior and stress distribution, which indicate a successful use of cohesive
zone method in modeling of crack growth. Stable and unstable crack growth regimes,
depending on the initial crack length, are identified in agreement with energy release rate
calculations. In addition, the crack propagation speed is in the order of the shear wave
speed according to both finite element analysis and experimental results similar to results
obtained for unidirectional curved composite experiments.
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Figure 1.25 (a) Chapter 3: Dynamic failure of curved composite laminates subjected to
axial loading, (b) Chapter 4: Dynamic failure of curved composite laminates subjected to
shear loading, (c) Chapter 5: Dynamic failure of curved interface of polycarbonate plates

subjected to shear loading.
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CHAPTER 2

METHOD

2.1 Computational Framework
2.1.1 Crack Initiation and Propagation Criteria

The most frequently encountered damage in the composite structures of civil aircrafts is
delamination [8, 9]. Once a thick composite laminate takes a sharply curved shape such as
seen in the curved flanges of the spars, ribs and boxes, radial normal stresses are induced
under the sectional forces at the bend. As a result, inter-laminar normal stress (t)) is
developed at the bend in addition to inter-laminar shear shear stress (t;). Recalling the
laminated structure of the composites, the laminate is more sensitive to interfacial normal
stresses than inter-laminar shear stresses in terms of delamination initiation and propagation.

Delamination can be initiated as soon as the point-wise interface strength is exceeded at the
interface. An elliptical initiation criterion based on the normal and shear tractions is
proposed by Ye [22] as follows in Equation (2.1);

t )2 ( ti )2
—] +[(—) =1 2.1
<tlc tire (2.1)

where t;. and t;;. are critical interface strengths for inter-laminar normal stress and inter-
laminar shear stress, respectively. For this criterion, the interfacial strength is reduced if both
inter-laminar normal stress (t;) and inter-laminar shear stress (t;;) are acting. Moreover,
since in general t; is greater than t., the normal strength of the interface is more dominant
for the determination of the mixed-mode interfacial strength.

In the case of an initially existing delamination, the interfacial normal loading would also
promote the propagation of delamination. Fracture toughness for pure opening mode, G,
and for pure shear mode, G, are determined experimentally by the Double Cantilever Beam
(DCB) test and by the Four-Point Bend End-Notched Flexure (4ENF) test, respectively,
whereas the mixed-mode fracture toughness (G.) is taken into account by a combined
Mixed-Mode Bending (MMB) test. A curve fitting approach to the MMB test is proposed by
Benzeggagh-Kenane (BK) [23] and can be used as a mixed-mode delamination propagation
criterion expressed in Equation (2.2),
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where G, and G, are the energy release rates for pure Mode | and Mode 11, respectively, and
the parameter, 1, is a curve fitting factor. In the propagation part also, since Gy is smaller
than G, the effect of tensile loading promoting the Mode-I crack propagation controls the
propagation stage. In this study, both the point-wise stress and delamination propagation
analyses are combined in the framework of the CZM.

2.1.2 Cohesive Zone Model

The cohesive zone method (CZM) was initially introduced by Dugdale [21] and Barenblatt
[20] in order to model the process zone which acts a transition zone between the traction-free
and intact regions. CZM is employed as an interface constitutive model which consists of a
relation between the surface tractions (t) and the relative displacements (5) between the
mating surfaces. The use of CZM in a finite element model allows simulating the crack
initiation and propagation. In this study, the bi-linear form proposed by Geubelle and Baylor
[24] is used (Figure 2.1).

The relationship between the traction (t) and relative surface displacement (9) is given by;

E, 8, 5 <8,
t = {(1-d)E, S, 8o < 8 <6, (2.3)
0, 5> 6,

In equation (2.3), Eq is the initial (penalty) stiffness, which maintains adequately stiff
response of the crack free body prior to softening at the interface. &g is the delamination
onset displacement which is determined by Ye’s tri-axial model [22] for the mixed-mode
delamination onset as the following Equation (2.4);

1+ p?
51102 + ($615)?

80 = 8116010 (2-4)

where B=((8,)((dy )). Since this study is conducted for plane stress assumptions, the effect of
Mode-111 is not taken into account.
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Figure 2.1 Relationship between interface traction and displacement according to bi-linear
from of CZM proposed by Geubelle and Baylor [24]
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The critical displacement (8;) corresponds to fully damaged interface. After the relative
displacement is reached the critical displacement, the interface shows no resistance. The
critical displacement can be related to the fracture toughness, since the area under traction-
displacement curve is equal to energy release rate. According to mixed-mode fracture
toughness criterion proposed by Benzeggagh and Kenane [23] the critical displacement is
given by;

g\
60 GIC + (GIIC - Glc) < ) l (2-5)

" 8, 1+p2

where Gy, and G are the fracture toughness values in mode-I and mode-Il respectively.
The parameter, n, called B-K parameter, is the curve fitting value resulting from various
experimental studies.

2.2 Experimental Framework
2.2.1 High Speed Imaging

In this study the high speed imaging equipment is required since crack initiation and
propagation along the curved interface in composite laminates and polycarbonate plates is
highly dynamic. For this purpose, Photron® Fastcam SA5 ultra high speed video system is
used. The system has the ability to capture images at 1,000,000 frames per second with a
resolution of 64x16 pixels. While working with ultra-high speed imaging system it is very
important to provide required lighting. Two Dedoligth® DLHMA4-300 tungsten light sources
are used to illuminate specimens during experiments. Figure 2.2 illustrates the high speed
camera system used in experiments.

2.2.2 Photoelasticity

Photoelasticity is an experimental method to determine the full field stress state in a material.
This method is based on the property of birefringence seen on certain transparent materials.
The birefringence materials have two refractive indices during a ray of light passing through
them. Photoelastic materials show the birefringence property upon the application of stress.
While light passes through a photoelastic material, its electromagnetic wave components
gets resolved along the two principal stress directions and each of these components
experiences different refractive indices due to the birefringence [25]. The stress state in the
photoelastic material can be determined by analyzing the fringe pattern obtained from
photoelasticity experiment.
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Figure 2.2 Ultra high speed imaging system and light sources

In this study, the full field technique of photoelasticity is employed to study the crack
propagation along the curved interface of curved polycarbonate plates. The material is
chosen as MAKROLON® polycarbonate which exhibits stress induced birefringence. Since
photoelasticity provides full-field stress state and it is very sensitive for stress concentrations,
the position of the crack tips are located by tracing the stress concentration along the curved
interface. An overview of the photoelastic experimental setup is presented in Figure 2.3. The
setup consists of monochromatic light source, diffuser plate, quarter wave plates, circular
polarizer and analyzer, and Photron Fastcam SA5 high speed camera. The specimen and
loading mechanism is placed between the polarizer and the analyzer plates and fringe
patterns are captured using a Photron Fastcam SA5 High speed camera at 100,000-150,000
fps range.
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Figure 2.3 Photoelastic experimental setup and stress concentration in the crack tips.
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CHAPTER 3

DYNAMIC FAILURE OF CURVED COMPOSITE BEAMS SUBJECTED TO
QUASI-STATIC AXIAL LOADING

3.1 Introduction

In this chapter, finite element analysis with cohesive elements is used to investigate the
effect of thickness and initial crack length on the delamination failure modes and
delamination growth dynamics for unidirectional curved composite laminates subjected to
loading parallel to one of the arms, namely shear loading (V). As in [10], delamination is
allowed only in the center interface to isolate the phenomenon of dynamic crack growth
occurring on a single weak interface. Transition of delamination failure mode is observed in
which initial crack propagation at the corner is replaced by nucleation and growth of a
secondary crack in the arm for a combination of larger thicknesses and smaller initial crack
length. The crack tip speed is also observed to increase to that of the Rayleigh wave speed
of the unidirectional composite laminate with thicker specimens and smaller initial crack
lengths.

In the next sections, the finite element model and material analyzed are discussed. The
results are presented for stress fringes, load-displacement behavior, and crack tip speeds for
different thicknesses. This is followed by parametric studies for the effect of thickness and
initial crack length on the delamination failure mode, maximum stress and maximum crack
tip speeds.

3.2 Geometry and Material

The geometry and the dimensions of the unidirectional curved composite laminate are shown
in Figure 3.1. The laminate thickness is varied from 3 to 6 mm, with two 10-mm long arms
and an inner radius of 5 mm. The laminate is composed of 24 to 48 unidirectional plies of
carbon fiber reinforced plastic with a ply thickness of 0.125 mm. The stacking direction is
represented by the x1-axis that follows the laminate geometry and x3-axis is orthogonal to
the direction of the plies as illustrated in Figure 3.1. An initial crack varying from 1 to 5 mm
is inserted between the plies at the mid-line of the laminate at the middle of the curved
region. The cohesive interface is defined on both sides of the initial crack. The location of
the cohesive line at the middle of the laminate is justified by the fact that the maximum shear
stress is attained at the right arm in the middle under parallel loading as shown in Gozluklu
and Coker [10]. For the parametric studies, thickness is varied while the inner radius is kept
constant and the crack location is kept at the center.
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Figure 3.1 Geometry

The material and interface properties of CFRP are taken as the same as Gozluklu and Coker
[10]. Table 3.1 gives the material properties and Table 3.2 gives the interface properties with
subscripts | and Il referring to Mode-1 and Mode-11, respectively. The interface strengths are
denoted by ti. (i = I, 1) and the fracture toughness values in each mode is denoted by G;. (i =
I, IT). The curve fit factor, n and the penalty stiffness value, E, for mixed mode energy relase
rate calculation are also given in Table 3.2. The shear wave speed of the composite can be
found from the material properties given in Table 1 by using (G12p)"? where p is the density
of the composite that is taken as 1600 kg/m®. The shear wave speed of the CFRP laminate is
calculated to be 1810 m/s and the Rayleigh wave speed is calculated to be 1740 m/s using
calculation method explained in [14].
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Table 3.1 Material properties for CFRP [10]

Ell E22 E33 v v v GlZ GlS GZS
(MPa) (MPa) (MPa) 12 13 23 (MPa) (MPa) (MPa)

138000 10000 10000 0.30 | 0.30 | 0.27 5240 5240 3930

Table 3.2 Interface properties [10]

G | G | BIC [ Pemaly

(N /rr|1cm) (N /rHCm) criterion | Stiffness
constant(m) | (MPa)

60 60 0.352 1.002 2.25 10°

tic (MPa) tyc (MPa)

3.3 Finite Element Model and Boundary Conditions

The finite element model of the unidirectional curved composite laminate is shown in Figure
3.2. Mesh convergence and density analyses were conducted in [10], and the same values are
used for this study. The mesh is uniform in the curved region and the arms, with elements
having a height of 0.050 mm and a length of 0.025 mm that is also the length of the cohesive
elements. Dynamic finite element analysis is carried out using ABAQUS/Explicit and the
static analysis is carried out using ABAQUS/Standard. The same finite element model
morphology is used for both analyses. However, the number of integration points in bulk
elements is different between the two solvers due to the unavailability of element types in
ABAQUS for the explicit solver [28]. Similar to the study of Gozluklu et. al. [10] the bulk
element in explicit analysis is 4-node bilinear with single integration point at the centroid of
the element having hourglass control (Element code in ABAQUS: CPE4R). On the other
hand, the implicit solver uses full integration version where the integration points are located
at the Gaussian integration points. Since there is no need to transfer internal variables in the
bulk materials that are elastic, this does not cause a problem. The same cohesive elements
are used for both analyses that are zero-thickness 4-node bilinear elements (COH2D4) with
lumped integration scheme.

The boundary conditions are also shown in Figure 3.2. The curved laminate is clamped on
the right edge, and the applied input load is a prescribed displacement, U, parallel to the
lower arm. The shape of the displacement input starts with a smooth ramp and rises to its
full value of 10 mm in 0.1s; if a smooth ramp is not used; harmonic oscillations [8] in the
early stages of equilibrium curve occur. The stable time value used for explicit time
integration is taken as 4.00x10° seconds, which is half of the stable time, calculated by
ABAQUS [28].
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Figure 3.2 Finite element model and boundary conditions

3.4 Results

3.4.1 Thin Laminate: A Case for the Propagation of the Initial Crack at Moderate
Speeds

Delamination process of a 3 mm thick curved laminate with a 1 mm initial crack located at
the very middle of the curved region is simulated. The L-shaped laminate is loaded quasi-
statically parallel to the lower arm, while the upper arm is clamped (Figure 3.2). The tip load
versus tip displacement curve is given in Figure 3.3. Initially, the load rises linearly with
displacement as the laminate deforms elastically until a value of 3.2 kN. After the load
reaches this value, the initial crack starts propagating dynamically and the load reaches zero
in a very short time period as the crack tip propagates to the end of the arm. The load
displacement curve is not taken into consideration after the load reaches zero since contact
between the plies is not modeled and spurious oscillations occur in the simulations.
However the crack already completes its propagation before the load reaches zero.
Therefore, the dynamic part of the crack propagation is simulated accurately, even though
the simulations do not contain a contact model.
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Figure 3.3 Load-displacement curve for a 3-mm thick laminate with an initial crack length of
a= 1 mm.

The normal stress contours before and during the crack propagation are plotted at the load
points (a), (b), (c), and (d) on the load-displacement curve in Figure 3.4. In the plots, light
colors represent compressive stresses and dark colors represent tensile stresses. Point (a)
corresponds to the state just before the crack starts propagating. Normal opening stresses due
to bending reach their maximum value near the curvature in Figure 3.4 (a). At point (b),
both ends of the crack propagate along the curved region and at (c) the crack tips travel along
the arms. Finally, at point (d) both cracks have reached their maximum extent and are
arrested.

In Figure 3.5, the left and right crack tip speeds are plotted with respect to the crack tip
position from the initial crack. Both crack tips start propagating at the same speed of
approximately 50 m/s through the curved region. During the transition of the cracks from
the curved region to the arms, the right crack tip starts accelerating to 1250 m/s while the left
crack tip continues traveling at much lower speed of less than 100 m/s during the whole
process. Finally, the left crack is arrested at 7.5 mm whereas the right crack propagates
almost to the end of the arm. As shown in Gozluklu et. al. [10], for loading parallel to the
lower arm, the right crack tip propagates under shear stresses, whereas propagation of the
left crack tip results from opening stresses. Our observations are consistent with the results
of Coker et. al. [14] where they showed that interface cracks in composite materials can
propagate at speeds close to the Rayleigh wave speed under shear dominated loading
whereas mode-I cracks travel at much slower speeds
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Figure 3.4 Snapshots of the normal (opening) stress contours for the 3-mm thick laminate
with an initial crack length of a= 1 mm corresponding to points a, b, ¢, d on the load-
displacement curve in Figure 3.3.
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Figure 3.5 Crack tip speeds for the left and right crack tips for the 3-mm thick laminate with
an initial crack length of a= 1 mm.

3.4.2 Thick Laminate: A Case for the Propagation of the Initial Crack at the Rayleigh
Wave Speed

Delamination of a thicker 6 mm curved laminate with a 3 mm initial crack is simulated. In
this case, when the tip load reaches 6.2 kN, the initial crack starts propagating rapidly, and
failure occurs due to delamination resulting from propagation of the initial crack. Four
snapshots of the radial opening stress contours during the failure process of the 6 mm thick
curved laminate with a 3 mm initial crack are shown in Figure 3.6. The stress concentration
at the crack tips before damage accrues prior to crack initiation at 130 ps is shown in Figure
3.6 (). In Figure 3.6 (b), (c), and (d), the stress contours are shown at 6us, 10us, and 25us
after crack initiation, respectively. The right crack tip propagates along the curved region and
into the upper arm whereas the left crack tip remains stationary. The maximum radial
normal stress is near the inner curvature and decreases with the left crack tip stresses as the
right crack tip grows. The left crack tip sees a compressive normal stress indicated by the
white stress contours. The crack tip speed as a function of distance from the initial crack for
both crack tips is plotted in Figure 3.7. The right crack tip speed reaches the Rayleigh wave
speed of 1770 m/s at the end of the curved region and decelerates in the arm region to arrest
at the end of the arm. This speed was calculated between two adjacent cohesive elements.
On the other hand, the left crack tip travels at an average speed of 100 m/s under Mode-I
loading for a short distance before arresting.

35



Sa3
I> 34

T [<-30

(a) t= -130 us, P= 6.40 kN (b) t= 6 ps, P= 6.00 kN

(c) t= 10 ps, P=5.90 kN (d) t= 25 us, P=5.20 kN

Figure 3.6 Snapshots of the normal (opening) stress contours for the 6-mm thick laminate
with an initial crack length of a= 3 mm at (a) t=-130 ps, (b) t=6 us, (c) t= 10 ps, (d) t= 25 us
with corresponding tip load values, P.
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Figure 3.7 Crack tip speeds for the left and right crack tips of the 6-mm thick laminate with
an initial crack length of a= 3 mm.

3.4.3 Thick Laminate: A Case for the Nucleation and Propagation of a Secondary
Crack

The stress contours for the 6 mm thick curved laminate with a smaller initial crack length of
1-mm is shown in Figure 3.8. Figure 3.8 (a) shows the normal stress concentrations near the
initial crack tips 100us before the delamination failure process starts. During the loading, as
the maximum load of 7 kN is reached, the shear stress concentration moves from the corner
to the center of the horizontal arm. As shown in Figure 3.8 (b), a secondary crack nucleates
in the center of the upper arm, relieving the stress near the initial crack tip. This occurs
because both the shear stress and the damage parameter, d, reaches the critical value faster in
the right arm then at the initial crack even though both of these parameters are initially
higher at the tips of the initial crack as shown in Gozluklu et. al. [10]. Consequently, the
secondary crack propagates in both directions (Figure 3.8 (b) and (c)). The left moving tip
of the secondary crack finally coalesces with the initial crack as shown in Figure 3.8 (d).
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(a) t= -100 ps, P=7.00 kN (b) t= 1 ps, P=6.73 kN

(c) t=12 ps, P=6.40 kN (d) t= 22 us, P=5.82 kN

Figure 3.8 Snapshots of the normal (opening) stress contours for the 6-mm thick laminate
with an initial crack length of a= 1 mm at (a) t=-100 ps, (b) t= 1 us, (¢) t= 12 us, (d) t= 22
us with corresponding tip load values, P.
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3.4.4 Map of Delamination Failure Modes

Finite element simulations for different initial crack lengths and laminate thicknesses were
carried out. The observed delamination failure modes together with the maximum loads and
maximum speeds were recorded. A summarizing schematic of the delamination failure
modes of L-shaped composite laminates under parallel loading are shown in Figure 3.9. In
all cases, the failure starts from an initial crack at the corner (initial state) and ends in a fully
developed delamination in the horizontal arm (final state) as shown in Figure 3.9. However
failure process itself occurs in three different modes in between the initial and final states.
The first failure mode is the propagation of the initial crack, which is the expected failure
mode in design applications (Type 1). In this case, both the maximum load and the
maximum crack tip speed increases with thickness. Generally, these structures are
strengthened by adding more plies to increase the thickness. However, as the thickness is
increased, a second failure mode is observed in which a new crack is nucleated in the arm
and propagates throughout (Type 2). In the third mode, both the initial crack and a
secondary nucleating crack propagate simultaneously. These three modes of failure are
observed in curved composite laminates depending on the thickness and the initial crack
length combinations as discussed next.

3.4.5 Maximum Tip Loading and Initial Crack Length

Simulations for initial crack length changing from 0 to 8 mm and laminate thickness
changing from 3 to 6 mm were carried out. Maximum tip load as a function of initial crack
length is shown in Figure 3.10. The maximum load is seen to decrease with increasing initial
crack length as expected. Circles represent the cases in which the failure mode is in the form
of the initial crack propagating (Type 1). In this case, Triangles represent the failure mode
case in which a secondary crack is formed and propagates to join with the initial crack (Type
2). Where there is overlapping triangles and circles, both propagation modes are observed
(Type 3). As the initial crack length is decreased, the failure mode changes to a secondary
crack nucleation mode. Below a certain critical initial crack length, the maximum load is
independent of the crack length for each thickness. This critical crack length is a linear
function of the thickness. As the thickness is increased, the initial crack length for the
transition increases, from an initial crack length of 1-mm for the 3-mm thick laminate to
initial crack length of 2-mm for the 6-mm thick laminate.

Figure 3.10 is replotted in Figure 3.11 in terms of maximum applied stress (calculated by
dividing the maximum load by the thickness) as a function of crack length normalized with
respect to thickness, a/t. Below a value of a/t=1, the curves collapse into a narrow band of a
sigmoid curve. The curves increase with decreasing a/t reaching a maximum value around
1.15 MPa at a/t=0.4. Although the maximum stress is expected to further increase with
decreasing a/t, it remains constant at 1.15 MPa. This critical a/t value is also the point at
which transition from secondary crack growth region to initial crack growth region occurs
and is found to be independent of thickness. Thus, for all thicknesses modeled in this paper,
the applied stress required to initiate a secondary crack is found to be a constant. On the
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other hand, the applied stress required to propagate a corner initial crack (type 1) decreases
almost linearly with increasing a/t which is the expected case.

Initial State Failure Process Final State

Type 1
Initial Crack

Propagation

Secondary Crack
Initiation &
Propagation

Type 3
Transition

Figure 3.9 The failure map that summarizes the failure modes of the curved composite
laminates subjected to quasi-static axial loading.
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Figure 3.10 Maximum failure load as a function of initial crack length for different
thicknesses ranging from 3-mm to 6-mm.
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Figure 3.11 Maximum failure stress as a function of normalized initial crack length (a/t) for
different thicknesses ranging from 3-mm to 6-mm.
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3.4.6 Maximum Crack Tip Speeds for Initial Crack Propagation

The crack tip speed as a function of thickness is shown in Figure 3.12 for a fixed initial crack
length of 3-mm which gives only Type-1 failure mode. For the cohesive law values used in
this paper, the secondary crack mode initiates for all initial crack lengths in specimens
thicker than 6mm. Left crack tip speed does not change significantly with thickness.
However, the right crack tip speed increases exponentially to the Rayleigh wave speed of the
material (1760 m/s) with thickness. As mentioned before, the maximum crack tip speed is
always observed in the right crack tip which experiences shear dominated loading.

In Figure 3.13 (a), the maximum crack tip speed for the right crack as a function of the initial
crack length is shown. Only cases (thickness and initial crack length) where failure occurs by
the propagation of the initial crack are included. For all thicknesses, the maximum crack tip
speed increases with decreasing initial crack length. In Figure 3.13 (b), the maximum crack
tip speed normalized with respect to shear wave speed is replotted as a function of a/t* for
different specimen thicknesses. As it can be seen, all plots collapse on a single curve in the
new coordinate system. For all thicknesses, as a/t> decreases, the normalized crack tip speed
increases and asymptotically approaches the shear wave speed of the composite laminate.
This speed is not surpassed as the failure mode changes to that of a secondary crack mode
for values lower than a/t>=0.1.
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Figure 3.12 Maximum crack tip speeds for the left and right crack tips for laminate specimen
thicknesses from 3-mm to 6-mm with an initial crack length of 3-mm.
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Figure 3.13 (a) Maximum crack tip speed with initial crack length for different thicknesses,
(b) Maximum crack tip speed normalized with shear wave speed versus pre-crack size
normalized by t* for thicknesses of 3-mm to 6-mm.
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3.5 Conclusions

Finite element analysis in conjunction with cohesive elements is used to model the dynamic
delamination of curved composite laminates subjected to axial loading. A sequential
analysis method in ABAQUS" is used successfully in which explicit analysis follows static
implicit analysis just before crack initiation. The cohesive zone model is a bilinear traction-
displacement law and Ye’s [22] criterion is used for crack nucleation. An initial crack is
placed in the midline of the laminate at the center of curved region. The following
conclusions are reached:

»  Dynamic crack growth occurs under combined Mode-I and Mode-11 loading.

* There are two distinct failure mechanisms for curved laminates under quasi-static
axial loading. The first failure mechanism is the growth of the initial crack. The
second failure mode is the formation and propagation of a secondary crack near the
center of the clamped arm.

» Failure mechanism changes from corner crack growth to the secondary crack
formation with thickness and initial crack length.

» All delamination failure under quasi-static axial loading is unstable for both failure
mechanisms. Axial loading results in shear stresses together with compressive normal
stresses at one crack tip.

» For initial crack propagation, the maximum load per thickness is a function of the
normalized initial crack length and is found to be independent of the thickness for a/t
< 0.4. The failure mechanism change occurs at a critical normalized crack length of
a/t=0.4 for the material bulk and interface properties used in this study. This may
indicate an inherent damage tolerance feature of curved composite laminates.

» For secondary crack nucleation, the tip load is independent of the initial crack length.
The tip load per thickness is also independent of thickness.

+ Shear dominated loading at the crack tip leads to very fast crack tip speeds reaching
the Rayleigh wave speed of the laminate for thicker materials. This is the first
observation of highly dynamic crack growth in curved composite laminates close to
the shear wave speed of 1800 m/s. The Rayleigh wave speed is never surpassed due
to the transition to secondary crack mode.

Below a normalized critical crack length of 0.4, the existence of the initial crack does not
affect the strength since a secondary crack is formed. In other words, the strength cannot be
increased once the secondary crack begins to be nucleated in the arm as shown in Figure
3.11. Therefore, we can state that small cracks less than a/t=0.4 that enable the formation of
a secondary crack is inherently tolerated by the structure. This tolerance can be defined to be
damage tolerance of corners. Such small cracks could be formed during manufacturing.
Therefore, it is important to know that there might be no requirement to have a defect-free
curved composite laminate since small corner cracks do not affect the strength. Thus,
knowing that the secondary failure initiates at the arm, the effect of the initial crack length
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can be disregarded for small initial cracks during the assessment of structural safety. On the
other hand, in planar structures, there is no known inherent damage tolerance capacity as a
result of the geometrical features similar to the curved laminate case. From the design point
of view, this leads to less conservative design since maximum load for crack initiation at the
bend is higher than that required for secondary crack formation. Thus the existence of a
delamination failure mode transition will have significance for strength calculations and
industrial applications of curved composite laminates.
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CHAPTER 4

DYNAMIC FAILURE OF CURVED COMPOSITE BEAMS SUBJECTED TO
QUASI-STATIC SHEAR LOADING

4.1 Introduction

In this chapter, experimental study and observations on dynamic failure of unidirectional
curved composite laminates under shear loading are presented. In previous studies [3, 4, 5,
6, and 7], although the existence of unstable crack growth in the curved composite laminates
is presented, initiation and growth steps of the crack are not clearly showed experimentally.
In this study, the use of high speed imaging techniques enables to capture whole dynamic
process during initiation and growth of the crack on the curved region. Hence this
observation gives opportunity to measure the crack propagation speed along the curved
interface of unidirectional curved composite laminates under shear loading. In addition, even
though the effect of initial crack length existing on curved region on the crack growth
stability is analyzed numerically by Wimmer et. al. [5], this effect is not investigated
experimentally. In this chapter, the effect of initial crack length, which is intentionally
placed in the curved region of the curved composite laminate, on the stability of crack
growth is also investigated experimentally.

4.2 Experimental Framework

4.2.1 Material and Specimen Geometry

Manufacturing of curved unidirectional composite specimens is carried out using hand lay-
up technique. Right angled male tool is used for manufacturing process. Before the lay-up
process the tool is cleaned using Loctite Frekote 770-NC release agent to prepare the tool for
lay-up process. HexPly® AS4/8552 UD carbon prepregs having 0.18 mm cured thickness
are laid up using right angled male tool. The specimens with thicknesses of 3 and 5 mm
consist of 17 and 28 plies respectively. The ply-up orientation is arranged as [0°] for all
layers. Teflon tape with thickness of 0.8 mm is placed at mid-layer of the specimens in order
to mimic initial crack on the curved region (Figure 4.1 (a) and (b)). Table 4.1 shows the
mechanical properties of the AS4/8552 lamina.

Table 4.1 AS4/8552 Lamina Properties

E33 _ _ G12 G13 ng
Ell (Gpa) E22 (G Pa) (G Pa.) V1= V13= V23 (G Pa) (G Pa) (G Pa)
135 8.5 8.5 0.29 4.2 4.2 4.2
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Figure 4.1 (a) Right angled tool for manufacturing, unidirectional pre-pregs, and Teflon tape
used to mimic corner delamination, (b) overview of the specimens after lay-up is completed
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Figure 4.2 (a) Vacuum bagging process: use of vacuum bag, breather fabric, and release
film, (b) After vacuum bagging process: use of vacuum port, vacuum gage port, and
thermocouple wire.
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When the lay-up process is finished, the mold with specimens is wrapped with release film,
breather fabric, and vacuum bag respectively (Figure 4.2 (a)). Vacuum and thermocouple
ports are inserted into vacuum bag before the bag sealant tape is closed. The bag is
vacuumed to 21 mm-Hg and it is ready for curing process (Figure 4.2 (b)). The

thermocouple wire and vacuum gage port are used during curing process to measure and
control the temperature and pressure respectively.

Specimens in the vacuum bag are sent to autoclave for curing process. The autoclave is
pressurized to 6.9 bar at the room temperature, then the temperature is increased to 180 °C
with rate of 0.5-3.0 °C/min at the constant pressure. The specimens are cured in autoclave
for 180 minutes at the temperature of 180 °C and pressure of 6.9 bar. Finally the temperature
is decreased to room temperature with the rate of 0.5-3.0 °C/min, while the pressure is
decreased gradually. The temperature and pressure change during whole curing process is
shown in Figure 4.3. The total curing time is approximately 10 hours.
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Figure 4.3 Temperature and pressure treatment in autoclave process
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After autoclave process the cured curved composite laminates are cut into specimen
dimensions shown in Figure 4.4 (a) using a diamond saw blade. The fiber orientation within
the specimen is shown in the micrograph of the specimen for two different sections (Figure
4.4 (b)). Before the experiments one side of the specimens are painted with white paint as
shown in order to clearly observe delamination initiation and growth.

(b)

Figure 4.4 (a) Specimen geometry for 5 mm thick curved beam, (b) micrograph of the
specimen for A and B sections.

4.2.2 Loading Fixture and Procedure

Unlike the loading fixtures used in the literature, a unique loading fixture is proposed to
apply pure shear loading (V) to one of the arms of the specimen. Figure 4.5 show the
schematic view of the loading fixture. The loading fixture has a sliding part in the lower arm
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which enables to remove axial reaction force at the upper arm of the specimen. In addition,
the upper arm is free to rotate around z-axis in order to get rid of moment reaction at the
upper arm.

The experiments are conducted using Shimadzu Autograph AGS-J series 10kN screw-driven
tensile-compression testing machine. Testing machine is controlled remotely using a
computer. All tests are performed at a cross-head speed of 4 mm/min at the room
temperature while the machine load and upper fixture displacement are measured. The
quasi-static shear loading is introduced to the upper of the specimen using proposed loading
fixture. The application point of loading and the clamping distance are given in Figure 4.5.

Loading
Direction
Machine Head | | Roller
1 Bearin
L g
/1
Pivot Pin
|_ 50 mm | /!‘
| | ///

FOmm

Linear ball
bearings

| Slide Rail

o~ (=

Figure 4.5 Loading fixture for curved composite laminates
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4.3 Results
4.3.1 The Effect of Initial Crack Length on the Crack Growth Stability

Experiments on 3 mm, 6 mm, 9 mm, and 12 mm pre-cracked specimens with thicknesses of
3 and 5 mm were conducted. The two stability regimes depending on the initial crack length
were observed in the load displacement curves obtained for 3 mm and 5 mm thicknesses
(Figure 4.6 and Figure 4.7). For both specimen thicknesses, a large and sudden load drop in
the load displacement curves is observed for 3 mm, and 6 mm pre-craked specimens. Whole
crack propagations process is completed during this sudden load drop in a very short time
interval. This indicates that crack growth is dynamic and unstable for smaller pre-cracked
specimen. On the other hand, small load drop with a stiffness change in the load
dipalacement curves is obserevd for 9 mm and 12 mm pre-cracked specimens. Each small
load drops correspond to a small crack growth. Thus crack can complete its propation after a
couple of small load drops. This implies that crack growth is quasi-static and stable for
smalle pre-cracked specimens.

4.3.2 Crack Propagation Speed

Unstable and dynamic crack initiation and propagation is captured by Photron Fastcam SA5
high speed camera. Figure 4.7 shows the initiation and propagation of crack observed in a
specimen having no initial crack. The pictures are captured at the 700,000 fps and there is a
time interval of 1.42 ps between each frame. Crack dynamically initiates very near the mid-
layer of the specimen and propagates along the same interface.

The pictures captured by high speed camera are analyzed by image processing and the crack
tip position is obtained for each frame. The crack tip speed is calculated numerically with
central differentiation method using crack tip positions. The crack tip speed as a function of
time is shown in Figure 4.8. It shown that crack sub-sonically propagates and crack
propagation speed is in the order of the shear wave speed.
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Figure 4.8 Crack propagation captured by Photron Fastcam SAS5 high speed camera
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Figure 4.9 Crack propagation speed calculated using pictures captured by high speed camera
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4.4 Conclusions

In this chapter, the behavior of dynamic delamination in unidirectional curved composite
laminates under quasi-static shear loading is experimentally investigated. Curved composite
laminate specimens are manufactured and tested under shear loading. A unique loading
fixture is designed and manufactured to apply pure shear loading to the specimens.
Unidirectional curved composite laminate specimens having initial crack in different lengths
are manufactured. Dynamic delamination is captured using Photron Fastcam SA5 ultra high
speed imaging system. The following conclusions are reached:

»  Crack dynamically initiates near the mid-layer of the curved composite specimen and
propagates along the same interface.

»  Crack growth speed is in the order of the shear wave speed of the material.

» Crack growth in curved composite laminates under shear loading can become stable
depending on the initial crack length.

»  Smaller pre-crack lengths result in unstable crack growth.

» Larger pre-crack lengths result in stable crack growth.
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CHAPTER 5

DYNAMIC FAILURE OF CURVED INTERAFCES IN POLYCARBONATE BEAMS
SUBJECTED TO QUASI-STATIC SHEAR LOADING

5.1 Introduction

In this chapter, the dynamic delamination in curved unidirectional composite laminates is
investigated using a simple model specimen which is formed by bonding two curved
polycarbonate plates based on the premise that composite delamination mechanics can be
reduced to interface failure between two materials with a weak interface [14, 15]. The model
specimen has a bonded interface to mimic the interface between unidirectional composite
laminates (Figure 5.1). The fracture behavior of the interface, which represents the
delamination in unidirectional composite laminates, is investigated computational and
experimentally. In computational study, debonding at the curved interface of bonded
polycarbonate plates is modeled using dynamic (explicit) finite element analysis in
conjunction with cohesive zone methods. Finite element analysis conducting in ABAQUS®
with cohesive elements allows the modeling of crack initiation and growth. In experimental
investigation, a unique testing fixture with a sliding platform is designed to create a pure
vertical displacement to one of the arms. In addition, the use of polycarbonate material
allows the use of photoelasticity to probe the interface fracture and stress state in real time.
Photron Fastcam SAS5 ultra high speed camera is used to capture dynamic unstable crack
growth during experiments. The analysis compares favorably with experiments in terms of
load displacement plots and stress contours where stable and unstable crack growths are
observed for large and small pre-cracks, respectively.

Initial
Delamination Initial Crack

e
< |

Weak

] - interface

Fiber
|~ Polycarbonate

Matrix I Plates

Figure 5.1 Modeling of delamination in unidirectional curved composite laminate as crack
growth along curved interface of bonded polycarbonates (model specimen assumption)
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5.2 Computational Framework
5.2.1 Material and Geometry

The geometry, dimensions of specimen, and boundary conditions used in finite element
analysis is shown in Figure 5.2. The model specimen consisting of two curved bonded
polycarbonate plates has width of 30 mm and thickness of 10 mm, with two arms of 90 mm
and 60 mm in length and the inner radius at the curved region is 30 mm. The bonding
between curved polycarbonate plates is modeled by cohesive interface located at the midline
of the specimen. The pre-crack in length of 14 mm, 33 mm, 50mm, and 60 mm is located at
the center of curved region. Table 5.1 and Table 5.2 show the bulk material and interface
properties used in the finite element analysis, respectively.

45°

60

Cohesive
interface

Pre-crack

90

1

S

15 15

Figure 5.2 Geometry, dimensions of specimen, and boundary conditions used in finite
element analysis
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Table 5.1 Material Properties for Polycarbonate Plates

p(kg/m®) | E(GPa) | n(GPa) | v
1200 2.40 093 | 0.28

Table 5.2 Interface Properties used in FEA

. Penalty
G Gic B-K criterion -
tie (MPa) |t (MPa) /) @/m?) | constant (n,) Stiffness
(MPa)
11 22 200 600 2.25 10°

5.2.2 Plane Stress Assumption

3-D finite element analysis for solid curved beam was conducted in order to decide whether
plane stress or plane strain assumption is valid for the given geometry. Finite element
analysis is conducted using ABAQUS" [28]. Figure 5.3 (a) shows the three dimensional
meshed finite element model and boundary conditions. While the lower arm of the geometry
is clamped, displacement input in y-direction is applied to the upper arm. Figure 5.3 (b)
shows the y-displacement field for deformed body. Figure 5.4 shows the load displacement
curves obtained from three dimensional model and two dimensional models using the plane
stress and plane strain assumptions. It is obviously shown that plane stress assumption gives
relatively closer solution to the three dimensonal model compared to plane strain
assumption.

(a)

Figure 5.3 3-D finite element model: (a) geometry, mesh and boundary conditions, (b) y-
displacement field on the deformed shaped.
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Figure 5.4 Comparison of plane strain and stress assumptions with 3-D FEA

5.2.3 Finite Element Model

The finite element model of curved polycarbonate specimen uses 2-D plane stress elements.
The same FEA procedure, mesh density and convergence used in [10] were employed in this
study. Finite element model consists of fine and coarse mesh regions shown as in Figure 5.5
(b). The mesh is uniform with each element a height (radial length) of 0.30 mm and a width
of 0.10 mm for fine mesh area covering the field around the initial crack. The length of each
cohesive element determined using a method proposed by Turon et. al [26] is also 0.10 mm
for fine mesh area. On the other hand, the mesh is uniform with each element a height (radial
length) of 0.30 mm and a width of 0.70 mm for coarse mesh areas which are on the far filed
of initial crack. The displacement input is applied perpendicular to the upper arm (y-
direction) at the rightmost nodes while the lower arm is clamped at nethermost nodes (Figure
5.5 (a)). The shape of the displacement input starts with a smooth ramp and rises to its full
value of 10 mm in 0.1s; if a smooth ramp is not used; harmonic oscillations [27] in the early
stages of equilibrium curve occur. The stable time value used for explicit time integration is
taken as 4.00x10™° seconds, which is half of the stable time, calculated by ABAQUS [28].

Sequential finite element analysis in ABAQUS, implicit analysis followed by explicit
analysis, used by Gozluklu and Coker [10] is conducted for the sake of efficient
computational analysis. The explicit simulations are carried out for the dynamic crack
growth part following implicit FEA simulations for the elastic loading part just before crack
initiates. The dynamic analysis is carried out using ABAQUS/Explicit and the static analysis
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is carried out using ABAQUS/Standard. The same finite element model and element types
are used for both analyses.

The bulk material and cohesive zone properties are given in Table 5.1 and 5.2 respectively.
The interface properties are fine-tuned according to failure load obtained in the experiment
of 14 mm pre-cracked specimen.

IG
Ve

Coarse Mesh
Area

Fine Mesh
Area

Initial Crack ;

Coarse Mesh

Area (b)

(a)

Figure 5.5 (a) Application of pure shear (V) loading in FEA, (b) Mesh used in FEA

5.3 Experimental Framework

5.3.1 Specimen Preparation

The geometry of the specimen is shown in Figure 5.6. The specimen has two arms of 100
mm in length and curved region with an inner radius of 30 mm. The specimen consists of
two curved polycarbonate plates having thickness of 10 mm and width of 15 mm. Each part
of the specimen is cut from 10 mm thick MAKROLON® polycarbonate plate using water jet
cutter. The water jet cutting process is shown in Figure 5.7. After water jet cutting process
bonding surfaces of the parts are sanded using 120 grit sand paper in order to obtain smooth
bonding surface. Two curved polycarbonate plates are bonded to each other using Devcon®
33345 S-33 High Strength epoxy. The bond is cured for at least 24 hours at room
temperature. During bonding process non-adhesive Teflon tape with thickness of 0.5 mm is
used in order to create an initial crack at the curved region.
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Figure 5.6 Specimen geometry (all dimensions are in mm)
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Figure 5.7 Water jet cutting process
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5.3.2 Loading Procedure and Fixture Design

An overview of the experimental test setup is shown in Figure 5.8. The experiments are
conducted using Shimadzu Autograph AGS-J series 10kN screw-driven tensile-compression
testing machine. Testing machine is controlled remotely using a computer. All tests are
performed at a cross-head speed of 3 mm/min at the room temperature while the machine
load and upper fixture displacement are measured. The load is introduced perpendicular to
the upper arm of the specimen using designed loading fixture. The application point of
loading and the clamping distance are the same as that used in the finite element analysis
shown as Figure 5.2. The major experimental challenge has been to apply the exact same
boundary conditions used in the finite element analysis so that an accurate comparison can
be made. In this case, a purely vertical load to the upper arm is required with no horizontal
component and no moment. For this purpose, three different loading fixtures shown in
Figure 5.9 were proposed to mimic the loading conditions simulated in the finite element
model.

|
T
ixturei

Figure 5.8 Overview of experimental setup

Fixture #1 is designed so that the lower arm of the specimen is clamped while the
perpendicular loading is applied to the upper arm with a line contact. The use of simple
contact at the upper arm enables moment free boundary condition at the upper arm. Fixture
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#2, which is similar to the loading fixtures used in the composite experiment in the literature
[4,5], is designed very similar to the first fixture, in which a pivot pin, which is free to rotate
due to the roller bearings, is used for contact at the specimen arm. In these two fixtures, the
loading application point changes as the arm rotates. Fixture #3 is designed so that the lower
arm of the specimen is clamped on a slider platform to give a degree of freedom along the x-
axis that removes the reaction force along the x-axis at the upper arm. The upper part of the
fixture #3 is clamped to the specimen using bolts and the clamped part is free to rotate in
order to remove reaction moment at the upper arm. This fixture applies a loading
perpendicular to the upper arm of the specimens.

The load-displacement curves obtained from finite element analysis for a curved
polycarbonate plate without interface are compared with that of the three fixtures in Figure
5.10. The slopes for the first two fixtures are nonlinear and lower than that for the finite
element model. In addition, there are small drops in the loads for the first fixture attributed
to stick-slip behavior at the contact point. Softening behavior is observed for the first two
fixtures because the application point of the perpendicular loading is moving away from the
original point, causing nonlinear behavior. However, for the third fixture, the stiffness is
linear and follows that of the finite element model. There is no softening of the load
displacement curve. Just as in the finite element model, the free movement of the platform
prevents application of a horizontal force as the upper arm rotates. Thus fixture #3 gives the
boundary conditions represented in the finite element model accurately, which is a
perpendicular displacement applied to the upper arm.
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Figure 5.9 Proposed and used loading fixtures to simulate the loading perpendicular to the
upper arm of the L-shaped specimens, (a) Fixture #1, (b) Fixture #2, (c) Fixture #3.
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5.4 Results
5.4.1 The Effect of Initial Crack Length on the Crack Growth Stability

Simulations were carried out for 14 mm, 33 mm, 50 mm, and 60 mm pre-crack lengths that
were inserted on the interface at the curved region. The load displacement plots are shown
in Figure 5.11 for all cases. In all cases, the initial stiffness and the maximum load decrease
with increasing pre-crack length as expected. For relatively smaller pre-crack lengths, 14
mm and 33 mm, the specimen deforms linearly until 370 N and 180 N respectively, after
which the crack starts propagating unstably toward the end of the arms resulting in the
sudden decrease of the load. In the simulations, explicit analysis leads to large fluctuations
in the load due to dynamic instability for these cases. For the relatively larger pre-crack
lengths of 50 mm and 60 mm, a small decrease in the load occurs when crack initiates at 110
N and 80 N respectively. For these cases, the load continues to increase during stable crack
propagation albeit with a lower stiffness.

The experiments were conducted for the same specimen geometries. The load displacement
plots are shown in Figure 5.12 showing similar tendencies as the simulations for the effect of
initial crack length. As before, in all cases, the stiffness and loads decrease with increasing
initial crack length. For 14 mm pre-cracked specimen after an elastic increase of the load
with a stiffness of 37 N/mm, a sudden decrease in load occurs at 360 N. The load
instantaneously decreases to 100 N after which it monotonically increases with a lower
stiffness of 19 N/mm. Similarly for 33 mm pre-cracked specimen after an elastic increase of
the load with a stiffness of 35 N/mm, a sudden decrease in load occurs at 220 N. The load
instantaneously decreases to 70 N after which it monotonically increases with a lower
stiffness of 17 N/mm. For the 50 mm pre-cracked specimen, the load increases elastically
with a stiffness of 30 N/mm until crack propagation starts at 100 N where a slight decrease in
load is recorded. After this point the load continues to increase at a reduced stiffness of 22
N/mm with intermittent drops in load which represent discrete stable crack growth.
Similarly, for the 60 mm pre-cracked specimen, the load increases elastically with a stiffness
of 26 N/mm, until discrete intermittent crack growth starts at 65 N with corresponding
decreases in load. After this point the load continues to increase at a reduced stiffness of 21
N/mm with intermittent drops in load which represent discrete stable crack growth.

The load displacement behavior is found to be qualitatively and quantitatively similar
between the simulations and experiments. Two discernible features can be observed from
the load-displacement results. For the cases with small pre-cracks (a<40mm), a sudden drop
in the load occurs in which the crack propagates to its limits in the arms after which the load
increases with the reduced stiffness. For the cases with large pre-cracks (a>40mm), a stable
crack growth occurs with intermittent change in crack length.
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Figure 5.11 Load-displacement plots obtained from finite element analysis of 14 mm, 33
mm, 50 mm, and 60mm pre-cracked L-shaped specimens.
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Figure 5.12 Load-displacement plots obtained from experiments of 14 mm, 33 mm, 50 mm
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Compliance and energy release rate values can be calculated for different crack lengths from
the experimental load-displacement curves in order to analyze stability behavior depending
on the initial crack length. The compliance for different crack lengths is calculated from the
initial slope of the load-displacement curve by,

C—6 5.1
=% (5.1)

For displacement loading case, the energy release rate is calculated from the change in
compliance with crack length by

G:i£(§> (5.2)

The change in compliance and energy release rate with respect to crack length is shown in
Figure 5.13 (a) and (b), respectively. As can be seen in Figure 5.13 (b), below a crack length
of around 50 mm, the slope of the energy release rate is positive (0G/0a>0) which implies
unstable crack growth and is negative (0G/0a<0) for larger crack lengths, which implies
stable crack growth. This is consistent with the experimental and computational results and
gives a reasonable explanation to the effect of initial crack length on the crack growth
stability.

5.4.2 Stable Crack Growth

Figure 5.14 illustrates the load displacement curves obtained from finite element analysis
(blue line) and experiment (black line), maximum shear stress contours obtained from finite
element analysis, and isochromatic stress fringe pattern obtained from photoelasticity
experiments. These results were obtained for the specimen with a 60 mm initial crack. The
load displacement curves obtained from finite element analysis and experiments are in good
agreement in terms of stiffness and maximum failure load. In addition the stress fields are in
good agreement between the simulations and the experiments. As shown in the load
displacement curve, small load drops with a stiffness change is observed for quasi-static
stable crack growth in both finite element analysis and the experiment. The each small load
drop corresponds to a small change in crack position.
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Figure 5.13 Change in (a) compliance and (b) energy release rate with respect to pre-crack
lengths (Energy release rate is computed for 6=0.010 m)
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5.4.3 Unstable Crack Growth

Figure 5.15 shows the load displacement curves obtained from finite element analysis (blue
line) and experiment (black line), maximum shear stress contours obtained from finite
element analysis, and isochromatic stress fringe pattern obtained from photoelasticity
experiments. These results are obtained for the specimen with a 14 mm initial crack. The
load displacement curves obtained from finite element analysis and experiments are in good
agreement in terms of stiffness and maximum failure load. In addition the stress fields are in
good agreement between the simulations and the experiments. As shown in the load
displacement curve, sudden large load drop is observed for dynamic unstable crack growth
in both finite element analysis and the experiment. Crack dynamically travels towards arms
of the specimen during this sudden load drop. The nature of the stress fringe patterns reveal
opening mode crack growth in this geometry under perpendicular loading.

5.4.4 Crack Propagation Speed

The crack propagation is captured by Photron Fastcam ultra high speed system for unstable
dynamic crack growth of 14 mm pre-cracked specimen. Figure 5.16 shows isochromatic
fringe pattern obtained from photoelasticity experiment during crack propagation. The crack
tip positions along the curved interface are marked by arrows. It is shown that right crack tip
reaches at the end of the curved region within a very short time interval of 60 ps.

The right crack tip speed is calculated by analyzing pictures captured by high speed camera
are using image processing technique and the crack tip position is obtained for each frame.
The crack tip speed is calculated numerically with central differentiation method using crack
tip positions. The crack tip speed as a function of time is shown in Figure 5.17. It shown that
crack sub-sonically propagates and crack propagation speed is in the order of the shear wave
speed. This result is very similar to the result obtained for crack propagation speed of curved
composite laminates in Chapter 4.
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Figure 5.14 Load-displacement curve, maximum shear stress contours obtained from FEA
and photoelastic experiments for stable crack growth in 60 mm pre-cracked specimen
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and photoelastic experiments for unstable crack growth in 14 mm pre-cracked specimen
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Figure 5.16 Isochromatic fringe pattern pictures captured by Photron Fastcam SA5 high
speed camera during dynamic crack growth in 14 mm pre-cracked specimen
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Figure 5.17 Crack propagation speed obtained from FEA (black solid line) and experiments
(red stars)/ Blue horizontal line shows the shear wave speed.

5.5 Conclusions

Experiments and computational simulations were carried out for bonded curved
polycarbonate plate subjected to shear loading. 14 mm, 33 mm, 50 mm, and 60 mm pre-
cracks were inserted at the interface of the curved region in order to investigate the effect of
pre-crack length on the stability of the crack growth. Experimental debonding results
compare favorably with finite element analysis using cohesive elements. The following
conclusions were reached:

* A testing fixture was designed with a sliding platform that allows for shear loading
consistent with the finite element displacement boundary condition.

» Cohesive zone method was successful in modeling stable/unstable crack growth
observed in the experiments in terms of stress contours and crack propagation.

* In both simulations and experiments unstable dynamic crack growth was observed for
relatively small crack (14 mm and 33 mm) pre-cracked specimens, whereas stable
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quasi-static crack growth was observed for large (50 mm and 60 mm) pre-cracked
specimens.

Energy release rate calculations show that stable crack growth occurs for initial crack
larger than 50 mm and unstable crack growth occurs for smaller initial cracks.

Crack propagation speed can reach the shear wave speed for unstable dynamic crack
growth.

Similar stable and unstable crack growth regimes are observed in unidirectional
curved composite laminates.
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CHAPTER 6

CONCLUSION

6.1 Summary and Conclusions

In this study, crack growth along curved weak interfaces is investigated experimentally and
computationally. First, delamination of curved composite laminates subjected to axial load is
studied computationally. Delamination in curved laminates is modeled using explicit finite
element analysis in conjunction with cohesive zone method. It is observed that delamination
is highly dynamic and that as the initial crack grows, the crack tip speed reaches the
Rayleigh wave speed of the composite material with increasing laminate thickness and
decreasing initial crack length. A second observation is that a secondary delamination in the
arm region nucleates depending on the initial crack length and laminate thickness. Second,
delamination of curved composite laminates subjected to shear loading is studied
experimentally. Dynamic delamination growth is captured using high speed camera. It is
observed that crack growth speed reachs the shear wave speed and an increase in the length
of initial crack changes the crack growth from unstable to stable. Finally, crack growth along
curved interface in polycarbonate beams subjected to shear loading is studied experimentally
and computationally. In experiments, the full-field technique of photoelasticity is used in order
to visualize isochromatic fringe pattern around the crack tip. In computational study, debonding
at the curved interface is modeled using dynamic (explicit) finite element analysis in
conjunction with cohesive zone methods. Stable and unstable crack growth regimes, depending
on the initial crack length, are identified in agreement with energy release rate calculations. It is
also observed that crack propagation speed can reach the shear wave speed.

Although each section has its own conclusions, the followings are overall conclusions
covering whole of the study:

»  Dynamic crack growth in curved composite laminates occurs under combined mode
I and Mode Il for axial loading, whereas it is under mode | for shear loading.

» All crack growth in curved composite laminates under axial loading is found to be
unstable regardless of the initial crack length and thickness, however crack growth
along curved interfaces in composite laminates and polycarbonate plates under shear
loading can be stable depending on the initial crack length.

» Considering crack growth along curved interfaces in composite laminates and
polycarbonate plates under shear loading, it is unstable dynamic crack growth for a
specimen with a small initial crack, whereas it is stable quasi-static crack growth for
a specimen with a large initial crack.

* Two distinct failure mechanisms were observed for curved composite laminates
under axial loading. The first failure mechanism is the growth of the initial crack.

79



The second failure mode is the formation and propagation of a secondary crack near
the center of the clamped arm.

»  Crack propagation speed for unstable dynamic crack growth were found to be in the
order of the shear wave speed independent of loading for both curved composite
laminates and curved polycarbonate.

6.2 Future Work
The following items can be considered as a previous work:

» The experimental study can be conducted to observe the same two distinct failure
mechanism discussed in Chapter 3. The effect of initial crack length and thickness on
the failure mechanism can be showed experimentally for unidirectional curved
composite laminates under quasi-static axial loading.

» The finite element analyses can be conducted for different cohesive zone model such
as Xu and Needleman cohesive zone model.

» The effect of thickness on the crack growth stability and speed can be studied using
assumption of model material, material with a weak interface.

* The same study conducted in Chapter 5 can be repeated for quasi-static axial loading.
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