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Abstract

Delamination Growth in Carbon Fiber Beams: Numerical and Experimental Study
Using Computed Tomography

Chi-Pu Lin

Chair of the Supervisory Committee:
Assistant Professor Richard Wiebe

Civil and Environmental Engineering

This work focuses on delamination of composite laminates, particularly in the context
of slender aerospace structures. Composite laminates are advantageous due to their
relative low density and superior mechanical properties. A major disadvantage of
composite laminates, however, is their predisposition to delamination which decreases
their stiffness and strength. Understanding delamination is crucial to designers in or-
der to enable them to take advantage of damage-tolerance design that is commonly
used in aerospace engineering. Similarly, understanding delamination is critical to en-
gineers designing and researching high performance aerospace structures as they are
exposed to impact and extreme aerodynamic, thermal, and static loading conditions

which may cause the initiation and propagation of delamination.

End Notch Flexure (ENF) tests were done on carbon fiber reinforced polymer (CFRP)
specimens with both a commercial load frame and an in-house load frame. The speci-
mens tested were scanned with an X-ray computed tomography (CT) scanner. The use
of CT scans to measure internal cracks (as opposed to measurement at the edge only)

was one of the primary motivations for this study. The work focused also on obtaining



2D and 3D scans during testing. The scans were able to determine the through-the-
width crack tip geometry, and serve as a proof of concept for detecting embedded
delamination/delamination migration. Computed tomography scanning presents a
few additional advantages, e.g. non-invasive, real-time measurements of delamination
using 2D scans, and non-invasive spot checks using 3D CT models. The experimen-
tal results were used to characterize the material properties - namely the longitudinal

modulus of elasticity and mode II critical strain energy release rate (SERR).

Using the material parameters from the tests, finite element models of the ENF spec-
imens were created with commercial software to predict delamination growth. The
models used shell elements and implemented the Virtual Crack Closure Technique
(VCCT) to simulate the crack propagation. The simulated critical displacement, critical
load, crack growth, and post-crack growth stiffness were compared to the experimen-

tal results to evaluate the models” accuracy.
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1 Introduction

1.1 Motivation

Many industries leverage composite materials, from aeronautics, mechanical, to civil
engineering. Firstly, designers are able to customize effective material properties, such
as the effective modulus of elasticity and Poisson’s ratio. Secondly, it has a much higher
specific tensile strength (i.e. tensile strength to density ratio) than steel and aluminum.
Additionally, it has superior fatigue and corrosion resistance that is very attractive to
structures undergoing environmental and cyclic loading. A comparison of specific ten-
sile strength of aluminum, steel and composites and other advantages of composites

are given in Section|[1.2.1}

Composite laminates unfortunately come with the possibility of the individual plies
delaminating, causing a loss in strength and stiffness. The loss of compressive resid-
ual strength can be as high as 60 percent, depending on the boundary conditions [Tay,
2003]. As a result, delamination has been an area of intense research for the past three
decades [Tay, 2003] [Krueger and O’Brien, 2001]]. It may initiate from manufacturing
(e.g. drilling holes for fasteners), or impacts while in service. Because delamination
is essentially a crack, stress concentration may lead to further crack growth. Loss in
strength and stiffness, in addition to potential delamination growth, increases the pos-
sibility of unstable behavior in the form of local or global buckling and/or complete

structural failure.
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Furthermore, interlaminar failure can greatly affect the service of its structure because
it can be especially difficult to detect on the surface of the structure. Even in the
presence of delamination, the surface of the structure may appear to be undamaged,
unlike metallic materials where impact damage is visible on the surface. Much re-
search has been done to detect damage in composites, including delamination. Some
of the unique inspection methods that have been designed are tap testing, ultrasonic
waves, and thermal techniques [Lin, 2015] [Ciang, Lee, and Bang, 2008]. Recently, X-
ray computed-tomography (CT) has been used to detect and investigate delamination,
opening the potential for new discoveries on the phenomenon. Previous work that
has been conducted on this field is discussed in Section One of the main advan-
tages of CT is it can provide non-invasive high resolution 3D images of the crack tip,
whether for beams or plates, that can be useful for understanding delamination and

for validating numerical and analytical results.

Modern design methods differ from conventional methods. The latter is based on
strength and allowable stress and the idea is to design to prevent damage from oc-
curring during the service life. However, the former method is adapted from fracture
mechanics and is based on damage tolerance, i.e. design the structure to be serviceable
after damage occurs and prevent critical damage growth by implementing cost effec-
tive maintenance and repair schedules. Due to the complexity of composites - e.g. it
is anisotropic and inhomogeneous - many of the physics of delamination are not fully
understood. This complexity, in addition to composite’s brittleness, causes compos-
ite structures to fail differently from metallic structures, which prevents the design of
metallic structure to be directly translated to composite structures. Therefore, presently
the many design practices follow a "no damage growth" rule to prevent catastrophic
failure due to the limitations of current analysis [Lin, 2015]. Metals, on the other hand,

have been used in damage tolerance design since 1978 [Wood and Robert M., [1978)].

By further understanding the mechanism and phenomenon of delamination and by
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creating an efficient and effective model for delamination propagation, composite lam-
inates can be a step closer to being fully used in damage tolerance design. Thus, by
using CT in delamination research and material testing, we can gain more comprehen-
sive data on the phenomenon compared to other techniques such using a travelling
microscope [Alif, Carlsson, and Gillespie, |[1997]] [Aksoy and Carlsson, 1992]. The work
in this thesis focuses on both the modeling of delamination propagation and the exper-

imental investigation of delamination growth using CT.

1.2 Background

This section briefly introduces composites, its advantages and the theory used to an-
alyze composite laminates - classical laminated plate theory (CLPT). It will also cover

some of the failure theories regarding delamination and methods of solution.

Composites have many forms but are essentially the consolidation of two distinct ma-
terials, the fiber and the matrix. The fiber provides the stiffness and strength to the
material and the matrix provides the medium that holds the fibers together, protection

from impact and abrasion and helps with transfer stress in regions of broken fiber (see

Fig. [1.1).
1.2.1 Advantages of Composites

Tailorability

Composites have recently been adopted as a result of the increase in structural perfor-
mance and its highly customizable nature. An example of the latter, each ply in the
laminate can be stacked with different fiber orientations, which allows the effective

modulus of elasticity be tailored. It can be calculated that a 0 degree ply (0 ply) has
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FIGURE 1.1: Stress transfer between fiber and matrix [Chamis, [1972]

the highest effective modulus of elasticity in the X-direction, E,,, while a 45 ply has
the highest effective shear modulus, G, (see Section for details on fiber orienta-
tion). Figure shows a plot of £, of varying fiber orientations and similarly Fig.
shows G, with varying fiber angles. If a laminate with high F,, is the goal, then the
ply could have the fiber oriented in only 0 degrees. But if £, or G, is also important,

then 90 or 45 degree fiber orientation could be included, respectively.

Not only can the effective material properties be customized but by choosing certain
stacking sequences, the material can exhibit stretching and bend-twist or shear cou-
pling. This coupling is caused by the anisotropy of the different plies and their material
properties in certain directions. A simple example is a (0/90) laminate under unidirec-
tional tensile loading, which will bend because of the difference in stiffness of the two
plies. This is analogous to a bi-metallic strip bending under thermal loads. Similarly,
a (45/-45) laminate will twist when under unidirectional tensile force (see Fig. [1.4).

These phenomenon can be mathematically shown with CLPT (see Section|1.2.4).

This coupling can be used for specific purposes. A great case scenario is in wind and

marine turbines; there is ongoing research on passive adaptive pitch system that has
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Exx v. Fiber Orientation
14
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FIGURE 1.2: E, of unidirectional lamina with varying fiber angle

been shown to increase service life energy capture, reduced hydrodynamic instabili-
ties, reduced risk of mechanical failure, and improved efficiency, improvement of load
shedding, fatigue life, and structural integrity of marine/wind turbines. The idea is to
change the the angle of attack according the applied load. Figure [1.5/shows the data
of the turbine twisting (i.e. changing the angle of attack) as load is applied. In pitch-
to-feather systems, the stresses on the turbines can be reduced when under extremely
high loads. Alternatively, pitch-to-stall systems can increase the power generation in

areas of low loads [Barber et al., 2017]].

Furthermore, tailoring composite laminate properties has lead to optimization of ma-
terial usage because fibers can be oriented in the direction of high loads. An excellent
example of this is the aircraft, NASA X-29, shown in Fig. The difficulty in the
design here is the forward swept wing causes aeroelastic divergence, which is a small
pitching moment that makes the wing pitch upwards and changes the angle of attack

and pitching moment, snowballing until failure. Aluminum was not stiff enough or
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Gxy vs. Fiber Orientation
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FIGURE 1.3: G, of unidirectional lamina with varying fiber angle

AV

X

FIGURE 1.4: Bend-twist coupling: Left: Twisting under tensile load; Right:
Bending under tensile load [Lin, 2015]

too heavy to produce this type of aircraft but composite with its material optimization

was able to make the design possible [Lin, 2015].

In addition to material optimization, composites have a higher specific tensile strength

than aluminum and steel as shown in Fig. The high specific tensile strength is one
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FIGURE 1.5: Passive turbine

FIGURE 1.6: NASA X-29 (photo from nasa.gov)

of the main reasons why industries have chosen to use composites. Fig. [1.7]also shows
the different tensile strength of laminates with different percentages of 0, 45 and 90

degree plies.
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FIGURE 1.7: Specific strength of each material [Lin, 2015]

Fatigue Resistance

Fatigue is often a concern in metallic materials because of its low fatigue resistance.
This phenomenon can be seen in Fig. which illustrates the life-cycle of composite
and aluminum at varying cyclic loads plotted as percentage of static strength. Fatigue
is caused by small imperfections in the material that leads to material slippage which
grow to become macroscopic cracks - cracks larger than a millimeter are considered
macroscopic. Aircraft, for example, are constantly under cyclic loads and need to be
designed to prevent fatigue failure. This is achieved by regular intervals of inspection
that find fatigue cracks before the it can grow to critical size. Composites are inher-
ently better at resisting fatigue because of the fibers. They act as a crack arrest, shown
in Fig. similar to aggregates that arrest crack in concrete structures. Homogeneous
materials, e.g. metals, do not have this crack arrest system and the difference in fatigue
resistance of purely tensile fatigue is noticeable (see Fig. [I.8). Unfortunately, tension-
compression fatigue resistance of composite is worse than pure tensile fatigue (see Fig.
due to the micro buckling of fibers around regions of disbonded fiber/matrix
interface and buckling of sublaminates (plies that have been delaminated) under com-

pression. Because of buckling, composites are much stronger under tension than under
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FIGURE 1.8: Plot comparing fatigue life of metals and composite [Lin,
2015
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FIGURE 1.9: Fiber arresting crack [Lin, 2015]

Corrosion Resistance

Corrosion is another common issue among structures exposed to harsh environments.
Metals that are exposed to salt water can lead to corrosion and stress corrosion crack-
ing. Contrarily, the matrix in composites are commonly made from plastics that are

resistant to salt water corrosion. This resistance increases the service life and reduces
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FIGURE 1.10: Plot comparing tensile and tension-compression fatigue life
[Lin, 2015]
the required inspections in composite structures. However, galvanic corrosion will oc-
cur when aluminum comes into contact with carbon, thus aluminum fasteners should
be avoided when using carbon composite parts. Galvanic corrosion occurs because the
two materials have different electrode potentials and when they come into contact to
an electrolyte, e.g. water, they create a battery. Some solutions for this issue are to use
titanium or stainless steel fasteners or to include a thin layer of glass/epoxy between

the carbon and aluminum [Lin, 2015].

1.2.2 Types of Composite

Composites come in various forms, from the orientation of the fibers in the lamina, to
the fiber and matrix materials. This section will briefly go through the different forms

and their advantages.

Fiber Configuration

The local coordinate system (1-2 coordinates) and the global coordinate system (X-Y

coordinates) are shown in Fig. The 1-axis refers to the orientation of the fiber,
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the 2-axis is orthogonal to the 1-axis, the X-Y coordinate system is oriented along the

length and width of the lamina.

| Fiber Orientation
%
X

FIGURE 1.11: X-Y and 1-2 coordinate system

The angle between the X-axis and 1-axis is the ply angle and is generally indicated be-
tween square brackets. The subscript after the square bracket is the number of plies in

that orientation or, if denoted by ’s’, implies symmetry. For example, ([0]/[45])2/[90]

is shown in Fig.

FIGURE 1.12: ([0]2/[45])25/[90] stacking sequence

The fibers in the lamina can be oriented in the same direction, unidirectional (Uni), or

weaved together with fiber oriented perpendicular to each other, weaved/woven (see
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Fig. [1.13). Weaved ply should not be mistaken for cross-ply, which means unidirec-
tional plies stacked in 0 and 90 degree angles. Both configurations have benefits and

drawbacks.

FIGURE 1.13: Comparing unidirectional (left) and weaved/woven (right)
plies (photo from toray.us)

Unidirectional composites has a higher £; because all the fibers contribute to the stiff-
ness in the 1-direction. Weaved, on the other hand, only has half of the fibers contribut-
ing to the stiffness in the 1-direction and the other half contributing to the 2-direction,

and thus, weaved fabric has a higher Es,.

Fiber Materials

In additional to the types of configurations of fibers, there are a variety of fiber materi-
als available. Some common types of fibers are glass, carbon, and Kevlar. Carbon fiber
was chosen for this research because it was readily available to the research lab and is
commonly used in the industry (see Section 2.1|for material selection). The advantages
of carbon fiber are listed below; in depth look into the other materials is omitted but

can be found in the literature [Lin, 2015].

1. High stiffness
2. High strength
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3. Low density
4. Fatigue resistance

5. Low coefficient of thermal expansion

Matrix Materials

There are also a multitude of matrix materials available. The toughness and strength
of the matrix is critical to preventing delaminations because the plies are bonded to-
gether by the matrix. There are many types of matrix materials, ranging from polymers
to metals to ceramics. This section will focus on polymers because, in addition to being
the most commonly used, it is the type used in this research. Polymer matrix compos-

ites (PMC) can be further categorized into thermoplastic and thermosets.

Thermosets are synthetic material that harden when heated but cannot be remolded
after it is fully cured, as suggested by the name. This is due to the cross links that form
in the molecular structure. Thermosets can come in a liquid form (A-stage) or partially
cured (B-stage). In pre-impregnated (prepreg) fabric, the fibers are pre-impregnated
with the thermoset (in the B-stage). One type of thermoset matrix, and one of the
most widely used, is epoxy. It has exceptional chemical and mechanical properties, is
resistant to corrosion, and bonds well with glass and carbon fibers. However, epoxy
requires long cure time and is relatively more expensive. In effect, it is often used
in high performance composites. Other types of thermosets are polyester and vinyl
esters resin; they are commonly used in automotive, marine, chemical and electrical

industries.

Thermoplastics are polymers with their molecules held together by weak secondary
bonds. Because these bonds can be broken by applying thermal loads, the material

becomes soft and malleable when heated and hardened when cooled, thus the curing
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process is reversible. Thermoplastic’s weaker bonds gives the material a more duc-
tile behavior, which leads to higher impact strength and fracture resistance. Higher
temperatures are, however, required to break the bonds in thermoplastics, whereas the
heat applied to thermosets are only needed to increase the rate of chemical reaction and
not to break the bonds. As a result, processing temperatures can reach up to 700°F and
350°F for thermoplastic and thermoset, respectively. Some high performance structures
have also opted for thermoplastics. Examples of thermoplastics are PVC, thermoplastic

polyesters (PET, PBT) and the popular polyether-ether-keytone (PEEK) [(Lin, 2015)].

1.2.3 Interface

The interface between the matrix and fiber is critical to the strength and toughness
of composites. It is created by the surface treatment and sizing of the fibers that in-
creases the bonding of the fiber and matrix. This is done by chemical treatment that
adds porosity and roughness to the surface. The treatment process can be found in
[Lin, 2015]. The interface also helps with the shear stress transfer; interlaminar shear
strength; and corrosion, fatigue and delamination resistance. Although a extremely
high strength interface may not be desirable because the material would have weak
energy absorption capabilities. A lower strength interface makes it possible for inter-
facial crack to form that absorbs the impact energy, increasing damage tolerance by

preventing larger scale damage.

1.2.4 Classical Laminated Plate Theory

Classical laminated plate theory (CLPT) was developed to relate forces and bending
moments to the strains and curvature of a laminate. Also, it can be used to find the
stresses and effective material properties of a laminate. CLPT extends the formulations

from classical plate theory (CPT). The difference is that CPT applies for homogeneous
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isotropic materials. In order to calculate the forces or strains with CLPT, the material
properties of the lamina and stacking sequence are required. Similar to Euler-Bernoulli

beam theory and plate theory, the following assumptions are made:

1. Plane stress condition and linear elastic response

I. Thin plate (length and width is at least 10 times the thickness)
2. Kirchhoff Hypothesis (see Fig.

I. Normals remains straight

II. Normals remains the same length

III. Normals remain normal
3. Perfect bonding between plies

L. There is no gap between layers

II. The lamina does not slip relative to another

III. Laminate acts as a single plate

4. Small transverse displacement (much smaller than thickness)

FIGURE 1.14: Kirchhoff hypothesis; Plate bending showing the midplane
and the normal to the midplane

The assumption that the laminate is perfectly bonded means that CLPT cannot be di-

rectly used for delaminated plates but can be used to analyze the sub-laminates.
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The theory was developed through kinematic, constitutive, force resultant and equi-
librium equations and it produces a mathematical expression that relates mechanical,

thermal and moisture loads to strain and curvature with an "ABD" matrix:

N, NZ Ni«w \ Ay Agg A16 Bii By Big 62

Ny NyT Ngjw Az Az A Bia By Bag 62

Ny - Ng;;/ n N% _ A Az Ase Bis B2 Beo Egy ,

M, MmT Méw Bin Bz Big Din D1z Dis KRz

M, MyT szvj Bia By Bos D1z Dan Das Ky
\Mxy) \ng) \M%) _Blﬁ Bys Bess Dig Do D66_ \/ixy)

where €’ denotes the the strain at the geometric midpoint. Moisture and thermal loads
are beyond the scope of this thesis but should be considered in structures that may ex-
perience varying thermal and moisture loads, such as hypersonic jets and space shut-
tles. The coordinate system can be seen in Fig. where the outer surface of ply 1
is the most negative z-position and the outer surface of ply n is the the most positive

z-position.

Ply 1
Ply 2
Ply 3
Ply 4

Ply n-2
Ply n-1
Ply n

z

FIGURE 1.15: Laminate coordinate system

The "ABD" matrix can be calculated with the following equations:

n

Aij =D (@il = 251), (1.1)

k=1
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(@2])]?(213 - 2’13—1)/ (1.2)

(@U)k(zli - Zl:::’—l)l (1.3)

k=1
where [A] is aptly named the extensional stiffness matrix and [D] is the bending stiff-
ness matrix, which reduces to EI for isotropic beams. The anisotropic element adds
the [B] matrix, called bending-extension coupling stiffness matrix, which is zero for
isotropic materials and symmetric laminates. Symmetric signifies the stacking se-

quence is symmetrical with respect to the geometric midplane.

For a single ply, [Q] is the matrix that relates stress and strain with respect to the global
X-Y coordinate system and [Q] is the matrix that is similar but with respect to local 1-2

coordinate system:

Oy (— Qi Qg Qg €y (7 (1.4)

Q= [T17[QyllT"], (1.5)

and [T] is the coordinate transformation matrix:

T]=1|s & —2s |, (1.6)

c=cosf;s =sinf,

and for 2D plane-stress condition:

E;
7
1 — viav0y

Q1 = (1.7)
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(22 = 1—2, (1.8)

— Vial21

E

Q12 = #, (1.9)

— V1221
Qes = G2, (1.10)
Q16 = Q26 = 0, (1.11)
Vo1 = V12(E2/E1)- (1.12)

A more applicable form is to invert the "ABD" matrix to get "abd" matrix:

62 11
62 a12
Egy - Q16
Rz b1
Ry b12
L Ry ) _b16

Like mentioned before, the "ABD"and "abd"

a12

22

aie b1 bz bie
ags bz b bog
ags bis bas oo
bie din diz dis
bos diz daa da
bes dis das  des

( )

N, + NI' + NM
N, +N] + N}
Ny + NI, + N2
M, + M+ MY
M, + M} + M}

T M
\Mfy + Mxy + Mmy )

matrices depend on the material prop-

erties of the lamina and the stacking sequence of the laminate. For example, if the

laminate has a symmetrical stacking sequence, b;; =

B;; = 0. This means that the in-

plane strains and curvature and decoupled. Furthermore, a balanced laminate, which

is a laminate with equal # and —6 plies, has A5 = a16 = Ass = ass = 0. Lastly, the lam-

inate can be stacked to obtain quasi-isotropic properties. "Quasi" is included because

E,, = E,, and independent from direction, however, E.. # E,,. Similar to plate the-

ory, A;; = Ay, but note that the shear modulus, Poisson’s ratio and Young’s modulus

are independent and not related by

E,
Gy =

2(1+vyy)
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With CLPT the apparent (i.e., effective or nominal) properties can be found through

the following derivations:

o, N, 1 1
€x N h alle N h(llll

(1.13)

where £ is the total thickness of the laminate. Similarly, the rest of the properties can

be derived:
Vay = —21, (1.14)
an
E,=—- ! (1.15)
v hfl22, '
Gy = — ! (1.16)
W ha66 . .
Furthermore, the flexural properties can be defined:
12
El = 1.17
[ = (117)
12
E] = , 1.18
V= Wam (1.18)
12
L, = 1.19
ry h3a66’ ( )
vl = A (1.20)
dll

Just as important as strain is the stresses in the laminate. CLPT can calculate stresses

from strain and curvature results with Eq. (1.4) with:

8O

+28 Kk, ¢ (1.21)
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1.2.5 Delamination

Delamination is a failure mode that is especially concerning in laminated structures
since it may reduce structural performance and service life, and is quite difficult to de-
tect. As the name implies, delamination is the separation of one or multiple plies. Since
the fibers are not oriented out-of-plane, the bonding between plies is dependent on the
matrix and interface strength (see Section [1.2.3). Unfortunately, the matrix strength is
relatively weak compared to the fiber strength making delamination a failure mode
critical for composite structures under out-of-plane loading. Other causes of delami-
nation in service are impacts and extreme bending. The former causes failure due to
the impact energy dissipating through the delamination instead of plastic deformation.
Therefore, flexible thin laminates are less likely to delaminate from impact compared
to thick laminates. The latter causes failure due to excessive in-plane stresses/strain
which surpasses the allowable stress/strain of the matrix material leading to matrix
cracks and loss of adhesion. Some other causes of interlaminar crack, that can be at-
tributed to stresses, are joints, faults in fabrication, ply drop-offs (see Fig. [1.16), and
free edges. Lastly, temperature and moisture may exacerbate interlaminar failure be-
cause the different coefficient of moisture and thermal expansion of the fiber and ma-
trix material may lead to varying contractions of the plies during the curing process.
The difference in the contractions may lead to residual stress that causes delamination
[Travesa, 2006]. Also, if the fiber angles are different from each other, it may lead to dif-
ferent contraction of the individual laminae during the curing process, which produces

additional residual stress.

As mentioned previously, delamination changes the structural properties, such as the
reduction in bending stiffness in a beam, Ey;,. This is caused by a change in the mo-

ment of inertia because Ey., = CEI, where E is the modulus of elasticity, I is the
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FIGURE 1.16: Ply drop-offs [Mukherjee and Varughese, 2001]

moment of inertia and C' is a constant that is dependent of boundary conditions. As-

suming a rectangular cross section

I =bh?/12, (1.22)

where b is the beam width and / is the beam thickness. However, if the beam is delam-

inated in the mid-plane (i.e. two equal half beams), the moment of inertia becomes:

=1+, (1.23)

I =1, =0b(h/2)%/12, (1.24)

and therefore, I; = I/4. If the delamination has propagated throughout the whole
beam then the damaged beam will have effectively decreased its stiffness by 400% (i.e.
lower bound). A beam with a partial delamination should theoretically have a beam
stiffness somewhere between the two bounds. A decrease in bending stiffness may
cause failure in structures where allowable displacement and deformation should be

minimized or well controlled, e.g., a wing of an aircraft.

In addition, instability in the form of buckling is also more prevalent when the delam-
ination occurs. Using Euler buckling theory of a pin-pin beam, critical buckling load
(P.) is calculated by

P, =7m*EI/L?, (1.25)
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where L is the length of the beam. Again, the moment of inertia is reduced when the
beam is delaminated, and therefore, the (P, ) is decreased, leading to higher proba-
bility of failure under compression. A problem that is widely in research presently is
snap-through problems. This occurs when a beam or plate buckles out of shape or is
initially curved and is then subject to loading that pushes the part into the opposite
side. Figure shows axial force-displacement plot and diagram of a buckling be-
haviour of a delaminated plate that is subjected to an axial compression, N [Bruno and
Greco, 2000]. The compressive stress during the snap-through process are extraordi-
narily high. With a lower bending stiffness, snap-through buckling is more likely to
occur, which in turns places the beam/plate in large in-plane stresses that may cause
more delamination. This phenomenon could lead to total failure very quickly for high-

performance structure that are under intense cyclic noise, aerodynamic and thermal

loads.
N
A // ) A - -
/ i
. e
S 7 /- —-— " Gelamination growth path
/
/
// 4,54,

>Y

FIGURE 1.17: Snap-through problem
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Characterizing Failure Modes

Different types of loading and boundary conditions could lead to different failure
modes. They are categorized in three orthogonal modes: mode I, mode II, and mode III
that are commonly referred to as the opening, sliding shear and tearing shear modes,

respectively. The fracture modes are shown in Fig.

FIGURE 1.18: Fracture modes

The ability to withstand fracture is the material’s fracture toughness, K. This is the
critical value of stress intensity factor, SIF, K. SIF can be directly related to strain energy

release rate (SERR), G. For example, for mode I (plane stress conditions):

G1

(1.26)

SERR is the energy dissipated when the material fractures per unit of created fracture
surface area. SERR is an essential fracture mechanics concept because it is based on
the fundamental principle of conservation of energy, that is, the energy input to the
material to grow the crack is balanced by the energy dissipated from forming new
surfaces in the crack (along with other energy dissipation process such as plasticity).
From a stress perspective, SIF describes the stress state near the crack tip when load
is applied. SIF is a function on the specimens geometry, the size and location of the
crack and the loading. The material’s resistance to fracture can be expressed in both

energy and stress form as critical SERR, G, and fracture toughness, K, respectively.
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Further explanation on SIF, SERR can be found in [Anderson, 2004]. The toughness is
dependent on both the material and the mode of loading, therefore, each mode is as-
sociated with a different toughness that have been characterized in standardized tests.
The double cantilever beam (DCB) specimen, shown in Fig. is often used to char-
acterize mode I fracture; similarly, the end notch flexure (ENF) and end loaded split
(ELS) specimens are used to characterize mode II fracture (see Fig. [.20). The ENF test
has been standardized by ASTM [D7905/D7905M-14, 2014] but other test procedure
have been developed with varying results. A modification was made to the ENF test
to create the 4ENF, a four-point bending ENF specimen [Martin and Davidson, 1999].
It has been reported to produce a more stable crack growth but data is rather limited

at the present time.

FIGURE 1.19: Double cantilever beam specimen (DCB) [Moore, Williams,
and Pavan, 2001]]

y y

& :
Ca U// —

FIGURE 1.20: Mode II testing: Left: ENF; Right: ELS [Moore, Williams,
and Pavan, 2001]

The work presented in this thesis mainly focuses on characterization of mode II frac-
ture using ENF, as such, the mechanics of ENF will be further detailed.

Beam under transverse loads (y-direction) will carry internal shear force to balance

out the forces. The shear forces is provided by internal shear stress that are typically
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considered to be distributed parabolically (see Fig. [[.21). The maximum shear stress
is located in the center of the beam - the location of the neutral axis, N A, if the beam
is symmetric - where bending stress is negligible. Therefore, an infinitesimal element
nearby the NV A is under pure shear and, by equilibrium, two elements can be shown to

have shear stress on the interface. This interface becomes the region of delamination

(shown in Fig. |1.22).

h/2

h/2

Y
i A

b

FIGURE 1.21: Shear stress distribution

FIGURE 1.22: Shear stress equilibrium

In real world applications, composite structures will have more than one fracture mode
at the same time, possibly producing a different fracture toughness than the one for
pure modes. Mode II fracture toughness is usually considered to be higher than mode

I fracture toughness [Hashemi, Kinloch, and Williams, [1990] [Russell and Street, 1985
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[Murri and Martin, 1993] [Yang and Cox, 2005] [O’Brien, 1998] [Davies et al., 1992],
however, the mixed-mode fracture toughness is somewhere in between the two pure
mode values. In order to characterize mixed-mode fracture, mixed-mode bending
(MMB) test (shown in Fig. was developed by Reeder and Crews [Reeder and
Crews,[1990]. Many more tests have been developed to characterize fracture toughness

of delaminated composite specimens and can be found in the literature [Tay, 2003].

FIGURE 1.23: Mixed-mode bending [Mi, Crisfield, and Davies, 1997]

Relative to the mode I and mode II, there is much less research that is done on char-
acterizing mode III; edge crack torsion (ECT) has been used with some success [Tay,
2003]]. Mode III has been reported to have higher fracture toughness than mode I and
mode II [Tay, 2003]. There is little real world application where mixed-mode fracture
would include mode III and indeed there is no current literature, that I have found,
of characterizing such mixed-mode behavior. As such, mode III component is usually
neglected. The plot in Fig. shows the fracture toughness of the different fracture
modes for G40-8001R6376 graphite/epoxy laminates [Li et al., [1997]. [Mi, Crisfield,
and Davies, 1997]

Macro and Micromechanics

Delamination can be traced back to the microscopic level. ENF specimens have been

examined with scanning electron microscopes (SEM) and found formations of microc-

racks ahead of the delamination crack tip [Sjogren and Asp, 2002] (see Fig. [1.25)). The
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FIGURE 1.24: Comparing fracture toughness of mode I, mode Il and mode

III [Li et al., [1997]

FIGURE 1.25: Hackles near delamination tip in woven carbon/epoxy com-
posite [Yang and Cox,
delamination proceeds the microcracks formation that can be though of as the damage
zone. Focusing on mode II failure, the microcracks form angled 45 degrees with re-
spect to the laminate plane and grow until they reach the top and bottom fiber region
that help arrest the cracks. The fiber/matrix interface strength comes into play when
the crack meets the fiber region. The orientation of the microcracks produces a "hackle"
shape; Figure shows the hackle shape near the crack tip of woven carbon/epoxy
composite. The delamination propagates when the microcracks coalesces, generally at

the fiber/matrix interface (see Fig. [1.26).

In fact, there are more types of failures, such as intralaminar transverse cracking, fiber
breaking, matrix cracks, fiber-matrix debonding, fiber pullouts and matrix yielding,

as shown in Fig. As a result, the mechanics of failure in composites are signifi-
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FIGURE 1.26: Delamination crack formation [Travesa, 2006]
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cantly more complicated than that of homogeneous isotropic materials, since different
types of failure depends on fiber orientation, lamina thickness, and constitutive rela-
tions of fiber, matrix and the interface. Further issue arises from the difference of scale.
Fiber break, matrix cracks and fiber-matrix debonds are at a scale of a fiber diameter,
but intralaminar transverse cracks and interlaminar delamination are at a much larger
scale. Research has be conducted to their corresponding scales with macromechanics
and micromechanics. The former assumes the composite laminate as a homogeneous
anisotropic material and the method has been quite good at predicting failure at the
macro scale. The disadvantage in this method is the inability to factor in the aforemen-
tioned micro scale failure. On the other hand, micromechanics largest downside is the

ability to efficiently analyze failure at the structural scale, e.g., parts in aircraft.

VCCT Model

Delamination growth has been successfully modeled with fracture mechanics. Linear
elastic fracture mechanics (LEFM) is often used when material nonlinearity can be ne-
glected. This is suitable for composite materials as they are often relatively brittle, as
a result, material nonlinearity is negligible. Care should be taken when temperature
effects changes the composite material properties as the material may become more

ductile. A disadvantage of fracture mechanics is the inability to predict the initiation
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FIGURE 1.27: Energy absorption mechanisms during crack propagation
[Adams and Mabhishi, 1985
of crack, however, it is shown to be effective at predicting crack growth. Techniques

developed under fracture mechanics are:

1. Virtual Crack Closure Technique (VCCT)
2. J-integral method
3. Virtual Crack Extension

4. Stiffness Derivative

These techniques calculate G' (or combinations of components thereof), and predicts
crack growth when G exceed that of a critical SERR, G¢. In fracture mechanics, G, is a

material property that can be characterized with standardized tests (see Section [1.2.5)).

The VCCT method is widely used method for predicting delamination growth [Krueger,
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2004]. The fundamental assumption for this method is that the energy released when
the crack opens is equal to the work needed to close the crack to its original state
[Krueger, 2004]. The method was first developed by Rybicki and Kanninen [Rybicki
and Kanninen, 1977] for 2D crack problems and later extended to 3D crack problems
by Shivakumar et al. [Shivakumar, Tan, and J. C., [1988] and Raju and Shivakumar
[RAJU, HIVAKUMAR, and CREWS, [199§].

As mentioned before, the delamination propagates when G > G.. This can be mathe-
matically rearranged to

f=G/G.> 10, (1.27)

where f is the fracture criterion. VCCT fits well with FEA because the nodal displace-
ment and forces are used to calculate not only the total energy release rate, but also
the three mode components. Because VCCT is an energy method (requires only nodal
forces and nodal displacements), it makes VCCT easy to integrate into finite element

packages and efficient to calculate. For example, referring to Fig.

1 Flyﬁ(’l]f; — ’Ul)

= - 1.2
GI 2 bd 7 ( 8)
1 Ffﬁ(u6 — Ul)
— - Z1eite — 1) 12
GI[ 2 bd 7 ( 9)
1 Fiy(we — wy)
L e e 1.
GI[I 2 bd ’ ( 30)

where d is the length of the elements at the crack tip, F}; is the vertical force between
node 1 and 6, and v, is the vertical displacement of node 1. Similarly, # and u, and 2

and w are the horizontal components for mode II and mode III energy release rate, re-

spectively. Equations (1.28), (1.29)), (1.30) requires two steps, first to calculate the nodal
p y- Bq q p

forces from Fy, Fiy, iy (i.e. forces needed to hold nodes 1 and 6 together), second to
calculate the relative displacement between the two nodes. A modification to the equa-

tions were made to reduce it to one step by changing the nodal forces to F%,, [%, 2,
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FIGURE 1.28: Calculating energy release rate with VCCT (photo from
Abaqus documentation)

[Rybicki and Kanninen, 1977]]. This modification is inaccurate if the mesh is too coarse.

It also leads to the main disadvantage: VCCT cannot predict the initiation of delami-

nation.

Before VCCT was implemented into commercial FEA software, it was normally com-
puted during post-processing and often by hand, making analysis of delamination
propagation quite tedious because it required manually calculating energy release rate
after each time step. VCCT was first implemented into FEA package by ABAQUS/S-
tandard that runs VCCT calculation internally [Reeder, 2006]. The same software and

technique is used in this research.

G1, Grr,and Gy and Ge, Grie, and Grpe can be combined into an equivalent energy
release rate, G.,, and equivalent critical energy release rate, G.,c, to compute fracture
criterion, f:

f = Geq/GeqC- (131)

The equations to relate equivalent and component values are called mixed-mode be-
havior or mixed-mode fracture criteria. Many equations have been developed to cap-
ture mixed-mode behavior and accurately predict delamination growth. Some of the

more extensively used are:
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1. Benzeggagh and Kenane (BK) Law
2. Power Law

3. Reeder Law

Some other criteria have been developed, which work only for two-dimensional mixed-
mode (G;; = 0), are polynomial interaction, Hackle, Exponential K ratio, and Crack
Opening Displacement critical [Reeder, 2006]. Unfortunately, there is not one universal
criteria that fits all mixed-mode delamination because mixed-mode behavior changes
depending on combination of mode of loading. It is not practical to test all mode com-
binations, and thus, different fracture criteria needed to be developed to accurately
compute critical fracture toughness at mode combinations that have not been tested.
The actual mechanism that controls the fracture toughness as a function of loading
mode is yet to be well understood, and can be thought of more as curve fitting to frac-
ture toughness experimental data. Furthermore, if the criterion is incorrectly chosen, it
will not be able to predict material response and may produce large errors in response
to small variations in input parameters. Ideally, there would be an agreement on which
criteria to use in order for the experimental toughness data to be easily translated for

composite analysts.

Fracture toughness data has been extensively comppiled [Davies et al., [1992] [Reeder,
2006]. Data on for four common composite materials are given in Fig. [Reeder,
2006]. AS4/3501-6 is a brittle epoxy composite and IM7/E7T1 has a high strain-to-
failure fiber with two phase toughened epoxy matrix. IM7/977-2 has similar high
strain-to-failure fiber to IM7/E7T1 but with a toughened epoxy matrix. AS4/PEEK
uses the same fiber as AS4/3501-6 but its matrix is thermoplastic resin. The figure
shows that different materials respond in different ways with respect to different com-
binations of loading mode. Whereas the AS4/3501-6 has lower toughness for all ratio,
the AS4/PEEk has much higher mode I toughness but it decreases as mode II becomes

more prevalent [Reeder, 2006].
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FIGURE 1.29: Fracture toughness of various materials [Reeder, [2006]

Cohesive Model

Another modeling technique that has been developed to model delamination is the
cohesive model. The main concept is to apply one or multiple artificial layers of cohe-
sive elements in between the delaminating surfaces. When failure criteria is met, the
cohesive elements are removed (or provide zero traction) to produce the effect of de-
lamination. One of the main advantageous of using the cohesive model is the ability to
model crack initiation, which is not currently possible with VCCT models. However, a
big disadvantage is the difficulty to implement cohesive model due to the many prop-
erties required to model the element. For example, the constitutive law of the cohesive
element is necessary and is often modeled with a linear softening response for post-

cracking; this is often represented by a traction-separation law, see Fig.

Sufficient information must be provided to the model in order to replicate the traction-

separation law. The area under the traction-separation curve is generally set equal
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FIGURE 1.30: Linear Traction Separation Law

to G because the rate of crack opening is defined as the fracture toughness of the
material. As expected, the work from decohesion has been shown to be related to
G, [Tay, 2003]. This allows standard fracture test to characterize cohesive elements.
Similarly to nodes debonding in VCCT when G, is met, i.e. the element hits critical
separation ("), the element can either be deleted from the model or remain traction-

free resulting in further delamination.

Table|1.1}is a chart that compares VCCT and Cohesive Element method for modeling
delamination in ABAQUS (obtained from ABAQUS documentation).

VCCT was chosen for this thesis because it is easier to implement. VCCT requires the
fracture toughness but cohesive elements requires the fracture toughness and other
parameters to characterize the traction-separation law. Although the cohesive model
has the advantage of simulating elastic behavior within the ply interface and is also
able to simulate the initiation of delamination, those advantages do not apply signif-
icantly to the ENF test. Also, because the connectivity of the cohesive elements with
the rest of the structure is required to be defined and the mesh of the cohesive elements

may need to be smaller than the surrounding structural mesh, a cohesive model was
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VCCT

Cohesive Element

Simulation (mechanics)-driven crack
propagation along a known crack sur-
face

Simulation (mechanics)-driven crack
propagation along a known crack sur-
face. However, cohesive elements can
also be placed between element faces
as a mechanism for allowing individ-
ual elements to separate

Models brittle fracture using LEFM
only

Model brittle or ductile fracture for
LEFM or elastic-plastic fracture me-
chanics (EPFM). Very general interac-
tion modeling capability is possible

Uses a surface-based framework.
Does not require additional elements

Require definition of the connectiv-
ity and interconnectivity of cohesive
elements with the rest of the struc-
ture. For accuracy, the mesh of cohe-
sive elements may need to be smaller
than the surrounding structural mesh
and the associated “cohesive zone.”
As a result, cohesive elements may be
more expensive

Requires a pre-existing flaw at the be-
ginning of the crack surface. Cannot
model crack initiation from a surface
that is not already cracked

Can model crack initiation from ini-
tially uncracked surfaces. The crack
initiates when the cohesive traction
stress exceeds a critical value

Crack propagates when G exceeds G.

Crack propagates according to co-
hesive damage model, usually cal-
ibrated so that the energy released
when the crack is fully open equals
the G,

Multiple crack fronts/surfaces can be
included

Multiple crack fronts/surfaces can be
included

In Abaqus/Standard crack surfaces
are rigidly bonded when uncracked

Crack surfaces are joined elastically
when uncracked in Abaqus/Standard

Requires  user-specified  fracture
toughness of the bond

Require user-specified critical traction
value and fracture toughness of the
bond, as well as elasticity of the
bonded surface

TABLE 1.1: Comparing VCCT and Cohesive Element Method
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perhaps unnecessary for analyzing ENF specimens.

1.2.6 Delamination from Static and Dynamic Loads

The long term goal is to investigate the delamination phenomenon in both static and
dynamic loads and compare them with each other. Since fracture mechanics is often
used to solve delamination problems [Tay, 2003], tests are done on composite lami-
nates in order to find the fracture toughness. While in conventional isotropic materials
fracture toughness is a material property, it may not be as clear with composite lam-
inates. With the findings in this thesis and on-going research by Han-Gyu Kim (in
the same research group), the fracture toughness of composite laminates under static
and dynamic load can be characterized and compared. If the two static and dynamic
fracture toughness reasonably agree, then the assumption that fracture toughness is a
material property; otherwise, this assumption may not hold and needs to be further

investigated.

1.3 Review of Past CT Scan Work

This section goes over some of the past CT work that has been done on composite

laminates and delamination. The papers are listed in chronological order.

[Shen, Nutt, and Hull, 2004] used x-ray micro-CT to look at the internal structure of
polymer foam reinforced with short fibers. Specifically, the work looked at fiber length
distribution (FLD) and fiber orientation distribution (FOD), which are important pa-
rameters to the behavior of the composite material. They used phenolic foam rein-
forced with short glass fiber in order to take advantage of the large difference in den-
sities between the two components. Both 2D and 3D images of the fibers were clearly

visible that made possible for FLD and FOD data. Moreover, the CT images were
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able to show fiber breakage during foam expansion and confirm for the first time this
damage process. The study also used the results from the CT for a subsequent finite
element analysis where they tried to fit observed distribution to the theories used for
short-fiber composites. Unfortunately, they found that the resolution from the CT is
not good enough for micron-size details and further complications result from materi-

als with similar densities that limits contrast in the images.

[Tsao and Hocheng, 2005] looked at delamination in composites caused by drilling.
The paper compares CT technique with ultrasonic technique (C-scan) and shows that
CT is a feasible and effective tool for understanding delamination caused by drilling.
The comparison showed that both C-scan and CT scan performed similarly; both can
show the critical thrust force of various drill bits at the onset of delamination. CT was
able to also recognize the relationship between thrust force and delamination, and feed

rate and delamination.

The study presented in [Schilling et al., 2005] looked at the capabilities of micro-CT
for characterizing internal damage, such as delamination, in composites. Variety of
damage types and geometries were scanned to study the effect of the resolution on the
ability to see internal geometry of the flaws. Their results showed that x-ray micro-CT
can help characterization of delamination, matrix cracking and microcracking. Fur-
thermore, the study found that without using dye penetrant, the critical experimental
parameter is magnification. With a sample size of 1.5 mm, the crack opening is 20%
of the reconstructed pixel width (4 microns). By using dye penetrant, the resulting
scans produced greater contrast and helped with scanning larger specimens (15 mm in
width) and crack opening less than 5% of the pixel width. The dye also made possible
the characterization of internal cracks and microcracks in 3D but the method is limited

because of the complications of getting the dye in the damage.

[Bayraktar, Antolonovich, and Bathias, 2006] looked at microstructure and fatigue

behavior in elastomeric matrix (EMC), wooden plastic (WPC) and also metal matrix
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(MMC) composites using x-ray CT. They were able to show that CT technique is suit-
ble for polymer and composite materials and other materials with densities as low as

4g/cm?.

[Wright et al., 2008] used synchrotron radiation computed tomography (SRCT) for the
tirst time and obtained sub-micron resolution of damage in carbon/epoxy composites.
Using SRCT, they were able to obtain 3D renders of regions of damage that identified
the interactions of the cracks, delamination and fiber breaks. Delamination were only
visible between the +45° and -45° plies because the gap is greatest where the two plies
are not aligned. The scans were able to easily identify matrix cracks but delamination

are not clearly defined because the gaps are much smaller.

The authors [Scott et al., 2011] used SRCT to capture fiber damage growth in carbon/e-
poxy [90/0]s laminates loaded to failure. The specimens were under tension load. This
was, to the authors knowledge, the first direct in situ measurement of fiber fracture for
high-performance material under load conditions. The study was able to capture fail-
ure processes viewed internally at micro scales. They observed fiber breakage, matrix
damage and delaminations; the latter were seen in advance of extensive fiber breaks.
Delamination were observed to separate the central 0° ply in the near notch region
from the 90° plies. They did not find strong correlations between matrix damage and

fiber breakage.

The work in [Scott et al., 2012] presented the use of CT scans on carbon/epoxy lam-
inates tensile loaded in situ to failure. They also modeled the specimens to predict
damage growth in tensile loaded composites and compared them to the experimen-
tal analysis to validate the model and overall performance. The model reasonably
predicted damage accumulation and failure load of the structure. The model and ex-
perimental results show that single fiber breakage grow at higher loads into clusters of

broken fibers, leading to failure.
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The work presented in this section provide evidence for the potential of CT as a tool
for understanding delamination and other damage mechanics in composites, as well

as a way to obtain data for numerical and analytical work.

1.4 Methodology

With CT scanning technology readily available to the Civil Engineering Department,
delamination in composites can be studied in much more depth than before. Standard
methods used for in situ detection of crack initiation or propagation in beams were to
visually inspect the edges for delamination by eye, by a travelling microscope, or by
detecting changes to compliance. The change in compliance is caused by changes in
the stiffness of the beam caused by crack growth. When the crack grows, the beam

needs to follow another equilibrium path - i.e. compliance curve - associated with the

crack length (see Section 4.2.3).

The scans were used to study these observations associated with crack propagation.
Moreover, the crack tip can be mapped out through-the-width with x-rays instead of
limited to just visible identification on the edge of the beam. The idea was to leverage
this technology by conducting the ENF test while scanning in order to get 2D and 3D
scans of the crack and displacement shape of the specimens. The composite beams
were all fabricated from the same batch of material to minimize variation in material
properties but the geometries of the beam were varied. The loading rate of the ENF

tests were also changed in order to investigate if the loading rate affected the results.

With regards to the modeling, the critical force from test results were used to calculate
G110, which was used for the modeling parameters. Additionally, effective modulus
of elasticity in the global X-axis, E,,, was obtained experimentally with static three

point bending tests. The material parameters were input into the ENF model and the
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results were then compared to the ENF test result to check the model’s accuracy. A
tinal check for the model was too compare the CT scan’s delamination growth with the

delamination growth from the model.

The objective of the FEM model was to find an efficient modeling technique that can
predict delamination growth and structural response, The method was to use a uni-
form mesh of shell elements that does not re-mesh after the crack has propagated.
This coarse modeling technique is less accurate than re-meshing after the crack has
propagated but has the advantage of being more efficient. This efficiency is incredibly

important for scaling the model to structural size.
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2 Experimental Testing

This chapter goes over the test set up and the equipment used for the ENF tests. As
mentioned previously, a customized load frame had to be built in-house in order to
run the ENF test inside the CT scanner; this chapter will go over the assembly and
calibration process for the load frame. Furthermore, the design and manufacturing of
the composite beams will be detailed in this chapter. Results will be discussed later in

Chapter 4.

2.1 Materials

The experiments were conducted on beams that were cut from plates made from CFRP.
Because the load frame was designed with the intent of using it in the CT scanner, the
loads were minimized to decrease the likelihood of damaging the scanner. In addition
to epoxy being easier to delaminate than thermoplastic materials, it was also readily
available to the research lab. Because the advantages detailed in Section[I.2.1, CFRP is

very widely used, and thus chosen as the material of choice for the composite beam.

2.1.1 Composite Plate

The laminating and curing process can change the effective stiffness and strength of
the specimen, therefore the beam specimens of the same number of plies were cut

from the same plate to ensure the highest consistency. The lamina is unidirectional
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(uni), prepreg; unidirectional prepreg was chosen also because of availability, ease of
use and to ensure consistency. The material properties of the individual lamina are
given in Table 2.1)and were provided by the Air Force Research Lab (AFRL). Theoret-
ically, E4; and E,, should be the same because the fiber orientation were all 0 degrees
with respect to the global x-axis. However, £, can vary from E;; due to imperfections
in the lamination process as well as inherently different £y; values from the values
provided by AFRL. Therefore, E,, was verified with flexural tests because of its im-
portance in estimating fracture toughness, and also as a means to check the model’s
ability to calculate the delaminated beam’s compliance (see Section ; the compli-
ance is used to estimate the crack length of the ENF test results. The stacking sequences
of the plates are 8-ply, 16-ply and 32-ply with all fibers oriented in the 0-degree angle to
obtain maximum bending stiffness, [0]s, [0]16, and [0]s2, respectively. See Section m
for more details on choosing the number of plies. The geometry for the three cases
are given in Fig. and Table The size of the plate was designed so that a suffi-
cient sample size of beams could be made given the thickness of the saw blade (3.175
mm) and the recommended 15 mm margins from the edge that were discarded. ASTM
[D5687 /D5687M-95(2015), 2015] recommends at least 15 mm from the laminate edges

be discarded because of nonrepresentative matrix/fiber ratio or thickness taper.

The effective laminate properties were calculated with CLPT - a MATLAB script to
calculate effective laminate material properties with CLPT is provided in Appendix
Although because the stacking sequences are [0]s, [0]16, and [0]52, the effective laminate

and lamina properties are theoretically identical.

2.1.2 Seeding Delamination

The delamination in the plate was seeded using a film of polytetrafluoroethylene (PTFE)

placed in between the middle layer of the plate - e.g. between the 8th and 9th layer of
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Property Value | Units

By 158 GPa

Es 8.96 | GPa

E3 8.96 GPa
V12 0.316 -
V13 0.316 -
Vo3 0.451 -

G12 4.69 GPa

G13 4.69 GPa

Ggg 3.09 GPa
Fiber Volume | 0.577 -

TABLE 2.1: Lamina material properties

Dimensions | Value (mm)
Length 304.8
Width 304.8

TABLE 2.2: Plate dimensions (16-ply)

the 16-ply plate. Figure [2.1{shows the location and dimensions of the PTFE film prior
to the curing process. PTFE was selected due to the ease of seeding an initial delam-
ination and because of the recommendation made by ASTM standard on ENF test
[D7905/D7905M-14, 2014]. Another method of creating an initial delamination was
attempted by putting a wedge between the plies with a razor and hammer. Unfor-
tunately, with this method it is hard to control the location of the delamination; from
previous trials the delamination would tend to jump to other layers to reach the sur-
face of the laminate. The thickness of the film is 40 microns, whereas the recommended
thickness is 13 microns [D7905/D7905M-14, 2014]. Nevertheless, the effect of the extra
thickness was minimized by the precracking method (see Section 2.2.2). [Murri and
Martin, (1993] investigated the effect of initial delamination on mode I and mode II
on interlaminar fracture toughness and found that precracking from various thickness

inserts did not result in varying fracture toughness.

Through-the-width delamination was selected as per [D7905/D7905M-14, 2014]. More-

over, it simplifies the modeling and manufacturing process to ensure consistency and
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FIGURE 2.1: Plate dimensions of the 16-ply and placement of PTFE

reliability. However, real life delamination caused by impact are generally circular by
nature, and therefore should be taken into consideration when studying impact de-
lamination in composite panels. In the literature, [Kim and Sham, [Schoeppner
and Abrate, [Choi and Chang, [Davies and Zhang, [1995]], impact induced
delamination have been mapped using C-scans and x-radiograph and have shown to

be circular.

2.1.3 Composite Beam

Composite materials are commonly in the form of plates or shells in order to be fitted in
aircraft wings or other structures. Nevertheless, beams are more practical to conduct
fracture tests to evaluate the material toughness and has been widely research and
standardized [D7905/D7905M-14,2014]. By investigating the behavior of delaminated
beams, the effects of thickness and material properties on delaminated composites can
be better understood; more efficiently modeled; and expanded to researching plates

and shells.
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Designing the geometry

Careful design of the dimensions of the beam was necessary to ensure the delamina-
tion would propagate under the limitations of the in-house load frame, specifically a
maximum load of 250N. The load was placed for the safety of the CT scanner; to pre-
vent any significant deformation in the load frame; and the maintain the loads within
the limits of the load cell and actuator. The design process in this section was for the
baseline beam, though two more beam geometries were tested outside the CT scanner
with an Instron machine, which is a commercial load frame (see Section 2.3.1). The
other two geometries were designed to study the size effect on the ENF specimens and
were effectively half and double the size of the baseline geometry, with exception to

the width (see Section [2.3.2)).
The outline of the design is as follows:

1. Fabricate a preliminary beam with the intended composite materials
Grow the delamination in the the preliminary beam by quasi-static loading
Measure the displacement at which the delamination starts to grow

Calculate the max shear stress at that state

S N

Use three point bending and classical beam theory to relate critical displacement,
critical load, and critical shear stress with the length, width and height of the
beam.

6. Fix the beam width to 12.7 mm and determine suitable beam length and thickness

to obtain state in step 4

The preliminary beam was 8-ply thick and attempts to grow the delamination under
three point bending test failed (i.e. either the beam would bend through the roller sup-
ports or the beam would fail in tensile loading); further trials showed that precracking
the beam may have prevented such failures (see Section[2.2.2). After failing with three

point bending, the delamination successfully grew under fixed-guided support (F-GS)
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boundary conditions where the loading was applied manually. The boundary condi-
tion and loading are shown in Fig. Approximate measurements of the effective
length (L.ss) and critical displacement (J.,) were taken in order to estimate the critical
shear stress (7.,) - the shear stress needed to grow the delamination. From classical
beam theory, the equation between shear force (V) and 4., for a fixed-fixed beam was
used for an upper bound on applied load:

— VLgf f

cr — m/ (21)

and a fixed-free cantilever beam equation gave the lower bound (as the boundary con-
ditions were not known exactly),

3
— VLeff

Oer = SELL (2.2)

The critical shear force can then be backtracked to find critical shear stress with the
beam shear stress equation:

T=VQ/IB, (2.3)
where () is the first moment of area and I is the moment of inertia.

With the critical shear stress approximated, the beam was then designed for a three
point bending test. The following equations relate the critical displacement, critical

shear force, critical shear stress and critical load (P.,.):

pP,=2V,, (2.4)
27, Bh 47..Bh
‘/cv‘ = = cr — = s 2.5
5 3 (2.5)
P, L? 7L}

(2.6)
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With Eq. and and a defined specimen width, a parametric study was con-

ducted to find optimal specimen thickness and length with regards to load limitation.

Figure 2.3|shows the graph used for the beam design. The MATLAB code for calculat-
ing and plotting Fig. 2.3]is given in Appendix[Al

Lef'f

\ 5cr

FIGURE 2.2: Manually propagating the delamination
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FIGURE 2.3: Finding optimal beam size
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From the plot, the thickness was designed to be 1.54 mm (which is approximately the

thickness of a 16-ply beam). Also, the length was designed to be less than 101.6 mm

to reduce the critical displacement, thus a length of 63.5 mm was chosen. The width

and the initial crack length were chosen to be both 12.7 mm. The actual measurements

of the finished beams are provided in Section The 7., of 11 and 45 MPa are the

critical shear stress of the fixed-free and fixed-guided supported, respectively.
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2.2 Fabrication

The beam specimens were fabricated at the University of Washington. In-house fab-
rication was necessary to customize the specimen in order to increase the chances of
delamination growth and to embed the PTFE film to create the initial delamination that

is otherwise not possible when purchasing finished composite laminated plates.

2.2.1 Fabrication Equipment

The machine and tools used to make the specimens were provided by the Department
of Mechanical Engineering and Department of Civil and Environmental Engineering,

specifically the Composite Lab and the Structural Vibrations Lab.

CNC Cutter

The CNC Fabric Cutter (Autometrix Advantage) was used in order to cut the laminae
into the plate size. AutoCAD was used to draw the plate shape and the file was saved
as a DXF format in order to be read by the CNC computer. Precision is recommended

as it affects the orientation of the fiber when hand layup method is used.

Autoclave

The laminating process was done with the Autoclave 3’ x 8 (American Autoclave).
An autoclave was used instead of the hot press because the autoclave produced much
higher quality plates when dealing with embedded PTFE thin film. Figure 2.4 com-
pares the plates laminated by hot plate and autoclave; the 16-ply hot-pressed plate
showed imperfections on the surface and it had a bigger area compared to the 16-ply

autoclave plate (as well as the original lamina area).
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Autoclave 16-ply Hot pressed 16-ply Autoclave 8-ply

FIGURE 2.4: Comparing hot pressed plates and autoclaved plates

Vacuum Bag

Using the autoclave, the part must be vacuum bagged to apply pressure uniformly

over the surface. The following materials were used to vacuum bag the part:

1. Aluminum caul plate
Porous film
Nonporous film
Breather

Vacuum port

Bag film

N o g b W DN

Sealant tape
This process has three main purposes:

1. To apply compaction pressure to the plies
2. To remove the moisture, and solvents from the curing and reduce porosity

3. To allow bleeding of the resin out of the part
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Table Saw

A table saw was used to cut the plate into beams. The blades are 3.175 mm wide, thus
care must be taken when drawing the cutting lines as at least 3.175 mm margins needs
to be taken into account. A hand saw was used to cut the beam into the desired lengths.
Note that the length of the beam was 50.8 mm longer than the intended span to allow

both ends to overhang to accommodate for the deformation.

2.2.2 Fabrication Process

The lamina material was kept in a freezer to slow the epoxy from fully curing. It was
taken out and kept inside the bag 30 minutes before fabrication so water vapor would
condensate on the bag instead of the material, as humidity may alter the quality of the
part. The material was cut to the specified dimensions via CNC Cutter and laid up
by hand with the fibers all oriented in the same direction. The PTFE film was cut to
the specified size and inserted in the middle of the laminate, e.g. between the 8th and
9th layer for the 16-ply plate. Next, the plate was prepared for the autoclave by vac-
uum bagging the part. The process starts with cleaning an aluminum caul plate using
acetone. Then a nonporous film goes on top of the aluminum plate, which prevents
the epoxy from bleeding onto the plate. The part goes on top of the nonporous film
followed by a porous layer that controls the resin bleeding. Both the nonporous and
porous film are commonly referred as release film or peel ply. Next, a breather layer
is placed on top of the porous layer so air and volatile gas can seep out and pressure
can be applied to the part. Next, a vacuum port was placed on the breather on an area
that does not touch the part and then the sealant tape was placed around the edges of
the breather so the bagging film that goes on top creates an airtight seal with the caul

plate. After the vacuum bag was bonded to the caul plate, a small cut was made on
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the bag on the vacuum port. Lastly, the air pump was connected to the port and the air

was pumped out. The finish vacuum bagging process is shown in Fig.

FIGURE 2.5: Finished vacuum bag for autoclave

The plate was then placed inside the autoclave with the heating and pressure stages:

1. Increase pressure to 50 psi and increase temperature to 250° at a rate of 4° per
minute.

Hold 250° for 60 minutes

Increase temperature to 356° at a rate of 4° per minute.

Hold 356° for 120 minutes

SR

Decrease the temperature to room temperature at a rate of 4° per min and de-

crease pressure back to atmospheric pressure.

The finished composite plate is shown in Fig. The composite plate was cut with
a table saw to the correct dimensions to make the beams (see Fig. [2.7] for the finished

beams).
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FIGURE 2.6: Finished composite plate

FIGURE 2.7: Finished composite beam; Left: Top view; Right: Side view

n
®
=

Precracking

Precracking was found to be necessary for obtaining consistent and reliable results in
the ENF test. Without precracking the specimen, the critical load was found to be con-
siderably higher, which gives wrong estimation for fracture toughness. This is due to
the thickness of the PTFE film creating a blunt crack tip instead of a sharp crack tip.

Precracking creates a new crack tip that was sharper (using thinner PTFE film would



Chapter 2. Experimental Testing 53

have solved this problem as shown in [Murri and Martin, ). In [D7905/D7905M-
14, and [Murri and Martin, 1993], interlaboratory study found that the mean G ;¢
were higher in non-precracked specimen than in precracked specimen. Other studies
have been done that found sometimes non-precracked specimens result in lower G;;¢
but sometimes they result in higher values [O’Brien, [1998]. Possible reasons for the
discrepancy is the thickness of the PTFE film that was used and if fiber bridging oc-
curred during precracking. Fiber bridging occurs when delamination interact with

misaligned or inclined fibers. This causes the observed (¢ to increase as the crack
propagates [O’Brien, [1998] [Spearing and Evans, 1992] [Murri and Martin, [1993].

The precracking method used in this research was to clamp fixed the non delaminated
side of the beam up to where the new crack tip was desired. The beam was clamped
between a metal plate and a table to obtain a fixed boundary condition. Next, mode
I loading was applied at the end of the beam until the crack grew all the way to the
clamp (equivalent to DCB loading). The clamp help create boundary conditions to
arrest the crack growth. Similar precracking methods were used in [Murri and Martin,
1993], however, a thin wedge was used instead of applying tension at the end of the
beam. Similar attempts made in this study, however, were unsuccessful; possibly due

to using a thicker wedge that created unwanted permanent deformation (see Fig. 2.8).

Permanent deformation
C-clamp Metal Plate

Screwdriver

FIGURE 2.8: Permanent deformation from precracking the beam with a
wedge; Left: Precracking the beam; Right: Permanent deformation prior
to testing the beam
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2.3 Testing

The purpose of testing was three-fold: to characterize the elastic and fracture proper-
ties of the material; to investigate delamination with a CT scanner and expand on the
potential use of obtaining CT scans during testing; and to verify the FEM.

2.3.1 Testing Equipment

This section briefly walks through the testing equipment used. Also, it touches on the

devices and components in the in-house load frame.

DAQ System

The data acquisition system (DAQ) is composed of a National Instrument Compact
DAQ (cDAQ-9178) and a laptop. The laptop uses LabVIEW to process both the input

data and output voltage - the latter is necessary to control the actuator.

Laser Position Sensors

A laser based position sensor (Micro-Epsilon optoNCDT 1700) was used to measure
displacement of the beam when testing the material’s E,, and for calibrating the po-

tentiometer in the actuator.

CT Scanner

The CT Scanner (NSI X5000 scanning system) took 2D and 3D scans of the specimens

both after testing and during testing.
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Instron Load frame

The load frame (Instron 5585H) in the Department of Mechanical Engineering includes
a load cell and hydraulic actuator that was used to run ENF tests outside the CT scan-

ner

In-house load Frame

As mentioned earlier, a new load frame was built partly for the purpose of this thesis in
order to run the ENF test inside the CT scanner. The idea was to be able to capture the
delamination under loading as opposed to loading the specimen until failure and then
CT scanning the results. Because of obvious size limitations, a commercially available
load frame such as the Instron was not an option for this test. The frame was made
from precut anodized aluminum beams (i.e. T-Slot extrusions) made by OpenBeam -
see Fig. for the cross-section of the beam (www.openbeamusa.com). The beams
were fastened together by brackets and M3 nuts and bolts with the T-slot. The ends
of the beams were tapped and then bolted onto the corner brackets to further secure
the beams together (see Fig. 2.10). The dimensions of the frame are given in Fig.
Lastly, holes were drilled into the beams that are connected to the actuator in order to

clamp the actuator onto the frame. The clamping force was provided by a nut and bolt

as shown in Fig.

FIGURE 2.9: OpenBeam cross section (T-slot extrusion)
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Further details on the load cell and actuator that was attached onto the load frame are
given in the next two sections. Fig. shows the finished load frame with all the

components attached.

Screw fastened
to tapped hole

FIGURE 2.10: Fastening beams with corner brackets; Left: inside view,
Right: outside view

FIGURE 2.11: Load frame dimensions

Actuator

The actuator (PA-14P) from Progressive Automations was used to apply loads to the
beam. The device has a potentiometer built in that was used to obtain the stroke
position (i.e. mid-span displacement of the beam). The output voltage from the po-

tentiometer indicates the position of the actuating arm, however, the calibration was
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~ Ml Amp for load
Sl cell (reduce noise)

FIGURE 2.13: Finished Load frame

needed in order to convert the output voltage into displacement. Equation (2.7) gives
the relationship between displacement and change in voltage (AV), where acr is the

calibration factor:

The calibration of the potentiometer was done with the following procedure:

1. Set up actuator and DAQ system to acquire voltage reading
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2. Set up laser sensor that measures position of actuator

3. Apply constant displacement rate to actuator and measure the readings from po-
tentiometer and laser sensor

4. Synchronize the start time of the two readings and plot the displacement from
potentiometer and displacement from sensor with respect to time.

5. Change the calibration factor until the two plots agree

The resulting plots from the calibration procedure is provided in Fig. The cal-
ibration factor with an excitation voltage of 10V, was 29.17mm/AV. The set up for

calibrating the potentiometer in the actuator is shown in Fig.

Potentiometer Calibration
25

=y
n
p ¢

Displacement (mm)
N

N

0 50 100 150 200 250 300 350
Time (s)

—— Potentiometer Laser sensor

FIGURE 2.14: Potentiometer vs. sensor reading
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FIGURE 2.15: Potentiometer calibration set up

As recommended by ASTM [D7905/D7905M-14, , the loading rate should be be-
tween 0.1 and 1.6 mm/min. Under zero load, the actuator provides a constant dis-
placement rate proportional to the input voltage provided. The minimum voltage re-
quired to start the actuator is 3V and produced a displacement rate much higher than
1.6 mm/min under zero load. Modifications were done on the power system of the
actuator in order to achieve a slower loading rate. This was achieved by controlling
the voltage with a square wave and modifying the amplitude and offset to obtain a
minimum voltage of 3V at its peak. The actuator, in effect, only moves during the peak
of the square wave. A duty cycle of 25% was used to decrease the moving time dur-
ing one cycle. The square wave was generated by LabVIEW and output via the DAQ
system (the square wave generating VI is shown in Fig. 2.16). An additional amplifier
(Techron 5515 Power Supply Amplifier) was included because the DAQ system could

not provide enough current to power the actuator.

Load Cell

The load cell (Honeywell Model 31, 50 Ibs. capacity) was used to measure the mid-span

reaction forces from the beam. The manufacturer provided calibration data, however,
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FIGURE 2.16: Square wave generated by LabVIEW

the load cell was calibrated again after an amplifier board (model SGAU by Industro-
logic, www.industrologic.com) was included in order to reduce noise. The amplifier
effectively changed the excitation voltage, and therefore, changed the calibration factor
provided by the manufacturer. The equation for calculating the load is identical to the

one used for the potentiometer:

Load = acrpAV. (2.8)

The calibration of the load cell was done with the following procedure:

1. Connect the load cell to the amplifier, power source and DAQ System
2. Apply known weight (from mass set) and record measured voltage
3. Repeat step 2 multiple times to get sample data of voltage and the resepctive load

4. Plot load vs AV and obtain the slope (i.e. calibration constant)
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The load cell’s calibration factor was 33.45(bs./AV. The data from the calibration pro-

cess is given in Fig. [2.17]

Test voltage load |Calibration Factor (lbs./dV)

1 3.235 0 33.288
4 25.474

2 3.233 0 33.380
3.546 10.448

3 3.233 0 33.46
3.333 3.346

4 3.233 0 33.692
3.272 1.314

Average = 33.455

FIGURE 2.17: Calibration of the load cell

Wiring

The load frame needed to be controlled and monitored outside the CT scanner, thus
the cables needed to be extended from their original length. A three-point bending test
on a composite beam was done to ensure that extending the cables using would not
degrade the signal significantly. Figure shows the force-displacement plot from
the test and indeed there was no effect from lengthening the cables as can be seen from

the matching data.

The wiring diagram of the actuator and load cell is shown in Fig.

2.3.2 SetUp

The experiments undertaken in this thesis were designed for different purposes and

can be categorized as:

1. Verify material parameter, E,,
2. Characterize fracture toughness, G ;¢

3. Investigate delamination growth with CT scanner
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This section goes through the experimental set up. The results and comparison of the

FIGURE 2.18: Comparing results of long and short cables

test and FEM results are provided in Chapter 4

Verify material parameters

As will be seen later, E,, is critical to the calculation of G ;. Thus, experiments were

conducted in order to find E,, with undamaged composite beams. In addition, by

characterizing F,, independently, the model’s ability to calculate the initial stiffness

(or compliance) of the ENF specimen was validated. The validation process is detailed

as the following:

1. Characterize F,, with undamaged 16-ply composite beams
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Amplifier (for power)

Power BNC Cable 5 Output Voltage
Actuator Input Potentiometer Signal BNC Cable

( Potentiometer [ = 1 'v
b p <) |
i - Input Load Cell Signal | BNC Cable

Amplifier - I
(reduce i
Load Cell noise) BNC Cable

]

Load Cell Excitation Voltage

FIGURE 2.19: Wiring for in-house load frame

2. Input E,, into Abaqus and calculate initial stiffness (i.e. prior to crack growth)

3. Compare the initial stiffness with that of the ENF test results

After validating the model’s ability to calculate the correct pre-crack growth compli-
ance, the effective E,, of the 8 and 32-ply specimens were then calculated directly from

the model by matching the slope from the ENF test results.

Three-point bending tests on undamaged composite beams were conducted on the In-
stron machine to characterize F,, by obtaining a force-displacement curve from which
the material parameters were derived. From classical beam theory, the equation for the
midspan displacement of a three point bending beam is given by Eq. (2.9), which then
can be rearranged to solve for E,,, Eq. :

PP
? P

The second term in Eq. (2.10), (%), is approximated from the experimental results as
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the slope of the force-displacement plot with linear regression. The result of the tests

will be discovered later in Chapter 4.

Parametric study of ENF specimens and characterization of fracture toughness

The ENF tests were conducted on the Instron load frame to characterize the fracture
properties of the material and to investigate the effects of loading rate and size of the
beam; the investigation of the effects of loading rate and size of the beam was done
using the test matrix in Fig. Note that Specimens 8, 9 and A had their widths
reduced to 0.4 inches in order to reduce their P, and was done after testing the other

specimens in the Instron machine.

The experiment was set up by placing the roller support - in this case, dowels - at the
designated span of the beam. The loading arm was manually lowered until the load
cell registered 1.0 N and then the extension was zeroed. The loading speed was set
to the designated displacement rate and stopped when displacement of the beam was

significantly beyond the critical point.

The set up of the ENF test is shown in Fig.

Investigation of the delamination growth with CT scanner

Modifications needed to be made due to the nature of testing the beam inside the CT
scanner. Firstly, it was found that the speed could not be controlled easily - although
the square wave reduced the speed, the increase in loads caused the actuator to stop
when the voltage was insufficient to continue to load the beam. Therefore, when the
amplifier was used to adjust the voltage to compensate for the higher loads, the loading
rate would slightly increase before slowing down again. Thus, the beams tested inside

the CT scanner where loaded under variable speeds.
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FIGURE 2.20: Test matrix
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Uniform line load

FIGURE 2.21: ENF set up on the Instron

The procedure to set up of the ENF test inside the CT scanner is the following:

1.

Wire the cables through the CT scanner and plug them into the DAQ, power
system, actuator and load cell (see Fig. [2.19).

. Open the LabVIEW VI that records the load and displacement data, and the VI

that generates the voltage waveform (see Fig. [2.22).

Start the waveform VI and turn on the amplifier.

. Ensure the supports on the load frame are adjusted to the right span. Place the

beam specimen in the load frame and align the beam so that the midspan is right

under the load cell.

. Increase the amplifier voltage until the actuator starts moving then stop the actu-

ator as it just starts to touch the specimen to provide it a prestress.

. Turn the load frame on the side so the specimen is oriented vertically (necessary

when 3D scanning the specimen).

. Clamp the load frame onto the table.

. Start and run the necessary set up for the CT scanner
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9. Start the recording VI and resume the actuator by turning the amplifier knob
until it starts to move.
10. Stop the actuator at points of interest and use the CT scanner to obtain 2D and

3D scans of the specimen.
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FIGURE 2.22: Labview VI

The same procedure was used to capture a video instead of still 2D image, except the

actuator did not need to be stopped at various points of interest.

The load frame set up inside the CT scanner is shown in Fig.
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FIGURE 2.23: ENF set up in CT scanner
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3 Numerical Modeling

This chapter goes over the VCCT-based process used to model the ENF specimen and
it also briefly talks about the model validation - more on model validation is provided
in Chapter 4. Although three different specimen geometries from the test section were
modeled, the method used was the same for each specimen. Thus, this chapter is
focused on the general process instead the differences in modeling the three specimen

geometries.

The three specimens that were chosen were Specimen 5, Specimen 10 and Specimen 21
because their force-displacement results were a good representations of the behavior
(see Section[4.1.2). Unless otherwise specified, the Abaqus figures in this chapter corre-
spond to the specimen geometry of Specimen 5 - similar figures of the other specimens

are omitted as it does not add significant information.

3.1 Part

The ENF specimens were modeled with two identical parts: Delaminated —bottom and
Delaminated — top, which represents the top and bottom sub-laminates of the beam,
as shown in the diagram in Fig. Only two sub-laminates were needed because
the delamination is known (and forced within this model) to grow only within the
same layer in which it was initiated - as observed in the test results. Although, if the
delamination migrates to another layer (e.g. from impact damage), more sub-laminates

should be created accordingly, but the prediction of this is beyond the scope of this
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work. Furthermore, if there is an odd number of plies or if the delamination is not in
the middle of the beam, then the sub-laminates will no longer be identical and changes

should be made accordingly.

Crack tip
\

Delaminated-top

I y \ Delaminated-bottom
)

Delamination

FIGURE 3.1: Model consisting of top and bottom parts/sub-laminates

3.1.1 Part Creation

The geometry of the parts was created with ABAQUS/CAE by using the options:

1. 3D

2. Deformable
3. Shell

4. Planar

and by drawing a rectangle with the length and width of the specimen geometry -
the measurement data of all the specimens is provided later in Chapter 4. Next, the
parts were partitioned into two sections, bonded (i.e. non-delaminated) and debonded
(i.e. delaminated) in order to more easily create a set of nodes called BondedNodes

required in the contact interaction (see Section [3.3); the parts were also partitioned at
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the midspan to facilitate in applying the load. Figure[3.2|shows the parts with all of the

partitions.

Debonded Bonded
A A

L »

Midspan

FIGURE 3.2: Partitions

Furthermore, the two surfaces where the crack propagates are predefined in the part
creation as: T'op — sur f and Bottom — sur f. The defined surfaces are necessary for the

contact interaction described in Section 3.3

3.1.2 Material Properties

The elastic material properties of the specimen use Engineering Constant as the type,

as opposed to isotropic, in order to input the anisotropic material properties.

As mentioned previously, the material was tested again in order to double check E,,.
In depth detail on the material testing is provided in Section[2.3.2]and results are given
in Section The information on the material property that were provided by AFRL
are included in Table

Firstly, E,, from the material tests and the other material properties from AFRL were
input into the model for preliminary analysis. The initial stiffness - prior to crack
growth - of the simulated and experimental force-displacement plot was compared.

E,., was then modified in the model until the initial stiffness matched.
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For Specimen 5 and Specimen 21 (16 and 8-ply beams), E,, turned out to be both 148
GPa. However, for Specimen 10, E,, needed to be reduced to 132 GPa in order to
match the stiffness from the ENF test. The material properties for the 8-ply and 16-ply
models are given in the Table3.1jand named CFRP.

Property | Value | Units
Ey 148 | GPa
E, 896 | GPa
Es 8.96 | GPa

V12 0316 -
V13 0.316 -
Va3 0.451 -

G12 4.69 GPa
G13 4.69 GPa
G23 3.09 GPa

TABLE 3.1: Material properties used in the 8-ply and 16-ply model

3.1.3 Laminate Creation

The laminate - representing both the top and bottom sub-laminate - was created under
the Section option by selecting the shell and composite option. The number of plies
added to the laminate was half the total number of plies of the specimen; recall that
the laminate creation was for the sub-laminates. The thickness of the individual ply
was the total thickness divided by the total number of plies - the specimen thickness
measurements are given later in Chapter 4. Each ply was oriented along the global
X-axis and therefore has a fiber angle of 0 degrees. Lastly, each lamina contains the

default 3 integration points.

Under the Section Assignment, the parts were applied a shell offset of Top Surface and

Bottom Surface for delam — Top and delam — Bottom, respectively.
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3.1.4 Assembly of Parts

The assembly of the two parts was very simple due to the shell offset and was done
by overlaying the parts on top of each other. Figure 3.3/ shows the placement of the
two parts with their shell thicknesses rendered in opposing directions. Two node sets
were created to indicate which nodes the loading were applied and which nodes where
initially bonded, named LineLoad and BondedN odes, respectively. It should be noted
that the creation of the node sets were done after the parts were meshed and needed

to be replaced each time the model was remeshed.

3.2 Steps

The type of step used in the simulation was Static, General with nonlinear geometry
ON and no Automatic Stabilization. ENF crack propagation requires small time incre-
ments, therefore it started at 0.001 with a maximum and minimum time step of 0.01
and 1E-60, respectively. The rest of the Equation Solver and Solution Technique were

left to the default options.

Recall that the crack growth changes the structural stiffness purely from a change in

geometry. The change in stiffness and the unstable condition of the ENF specimen

Y

A

z X

FIGURE 3.3: Shell offset; Left: 2 shell element located on the same place;
Right: Shell thickness rendered outwards due to shell offset
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in the critical load region make it numerically challenging and difficult for the model
to converge. Therefore, more attempted iterations were needed in order to achieve
convergence. This was done by changing the default maximum iteration count from
the default number to 70 iterations via the Keyword editor. The model often required

30 of more attempted iterations before converging to a solution.

Furthermore, because the time increment was small and the model did not require
small time increments prior to reaching near critical loads, F,.., VCCT linear scaling
was implemented to reduce the computation time. VCCT linear scaling allows the
solver to initially use large time increments until near P, in which the solver then
reverts to the user defined time increment (see Appendix B|for details on VCCT linear

scaling).

3.3 Contact Interaction

The contact interaction was critical to determining when the delamination grows based
on the state of the specimen - e.g. nodal forces, nodal displacement. The two impor-
tant contact interactions to accurately model the crack propagation problem are the
interaction in the debonded region and the bonded region. In depth discussion on the

different settings available in the contact interaction provided in Abaqus can be found

in Appendix

3.3.1 Debonded Region

This region was composed of the initially debonded surfaces and it increased as the
crack grew. The key contact interaction in this region is to prevent the crack sur-
faces from penetrating through each other. This is achieved by creating a interaction

property - named in the model as Hard — intprop - that contains Normal Behavior
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of Hard contact. This property prevents surfaces/nodes from penetrating each other.
Hard — intprop was applied to the contact interaction, called in the model Hard — int.
It was type General contact and the included surface pair was set to All — with — sel f.

In effect, any surfaces that comes in contact cannot penetrate through each other.

3.3.2 Bonded Region

The contact interaction in the bonded region was modeled using the VCCT (see Section
for more detail). This section was incredibly important for simulating delamina-
tion growth because it controls when the nodes debond. In order to apply the VCCT,
contact properties - named in the model Fract — intprop - was created with Fracture

Criterion and were the following:

1. The direction of crack growth is parallel relative to the local 1-direction (in this
case the X-axis).

Mixed mode behavior: BK (Benzeggagh-Kenane)

Tolerance: 0.0001

Viscosity 0

S

Tolerance for unstable crack propagation: Default (i.e. unlimited)

Note that the mixed mode behavior does not affect the results because the models are
in pure mode II loading. Simulations were done with other mixed mode behavior and
they produced identical results. G;;¢ and the exponential parameter, n, are shown in
Table G11c was calculated with Eq. from [Russell and Street, [1985]:

9P%a?

—_—. 3.1
16E,,b%h3 3-1)

Gric =
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Modified equation to account for shear deformation can be found in [Carlsson, J.W.
Gillespie, and Pipes, 1986]:

Grro = % [1 n 0.22-2 (3)2] (3.2)

where q, is the initial delamination length. The modification is noted, however, to re-
duce to Eq. (3.1) for materials and geometries that result to small values of E,, /G..(h/a)?,
which is the case for the specimens in this thesis. The modification only increases G;¢

by 2 percent.

Because the there is only mode II fracture in the ENF specimen, the only fracture prop-
erty of concern for the model was G;¢. Similarly, there is no mixed-mode fracture,
and therefore n = 1. G;¢ was set according to the average value found in [Davies et al.,
1992]. G11¢ was set to a value similar to Gj;¢ as was done in [Song, Davila, and Rose,
2008]. However, both G;c and Gir;c should not matter because the model are under

pure mode II loading.

Specimen | Mode I | Mode II | Mode III | Exponent n

21 0.2 0.305 0.4 1
5 0.2 0.442 0.4 1
10 0.2 0.42 0.4 1

TABLE 3.2: Material’s fracture properties

The contact properties was applied to the contact interaction, named as Fract — int,
which is a surface-to-surface contact. The contact interaction was created with the

options:

1. Master surface: Top — surf
Slave surface: Bottom — surf
Sliding formulation: Small sliding

Discretization method: Node to surface

S N

Initial clearance: 1E-8
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6. Bonding option: limit bonding to slave nodes in the subset - BondedNodes

The last item in the list tells Abaqus that only the nodes in the subset are initially

bonded. This effectively creates the initial delamination.

In order extract the crack length information from the model, the time of each node
debonding was recorded. The distance of the nodes from the initial crack tip node was
then measured. With the time of the debonding and the distance of the node, the crack

length of each time step was then obtain. The displacement was obtained by:

Omidspan = time_step * final_displacement.

3.4 Boundary Conditions and Loading

This section discusses the loading and boundary condition of the ENF specimen. In or-
der to modify this model for the DCB or ELS specimen (see Section|1.2.5), only the load-
ing and boundary condition would need to be changed. This makes the end notched

specimen and the simulations very adaptable.

3.4.1 Boundary Conditions

The boundary condition of the ENF test was modeled by placing pin-roller boundary
conditions at the end the beam as shown in Fig. Although the experiment was
designed with two rollers and overhanging span, it was shown in [Mall and Kochhar,
1986] that the overhang does not affect the FE model. As a result, the roller-roller
boundary condition can be replaced with pin-roller to provide stability without affect-

ing results.
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Roller

FIGURE 3.4: FE model boundary conditions and loading

The roller was applied by restricting the following D.O.F: U2, U3, UR1 and UR3. The
pin restricts all D.O.F except UR2.

It is important to note that the supports at both ends was only provided on the bottom
sub-laminate (i.e. delam — Bottom), otherwise the boundary conditions will change

from pin-roller to fixed-fixed.

3.4.2 Loading

The loading was simulated by applying a displacement to the midspan of the beam.
The direction of the loading was the positive z-axis and the distance loaded depended
on the applied displacement from the ENF test in the Instron machine. The loading
conditions on the beam is shown in Fig. It should be noted that the experiment and
the model were both displacement controlled and the resulting forces were measured
- i.e. the force at the midspan of the beam, analogous to the force recorded by the load

cell.

The displacement data was obtained the same way as detailed in Section The

force was a little more complicated; the force, RF'3 (3 being the axis of the loading
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direction) was requested under the History Output Request. The Domain was set to the
nodeset LineLoad and was obtained for every increment. The rest of the parameters
were left as the default selection. In order to plot the force-displacement, XY Data
was created under the ODB history output, selecting the forces from all the nodes in

LineLoad, and saving using the sum operation.

3.5 Mesh

The mesh is important for simulating the fracture behavior of the specimen because
the element size determines the accuracy of the calculation for G (see Section [1.2.5).
Furthermore, the element type effects the efficiency of the model. The size of 3D FEM
models may become too large because many layers of 3D brick elements are needed
to model the laminate. Using shell /3D modeling has shown to reduce computational
cost [Krueger and O’Brien, 2001] by using shell elements to model the majority of the

part and 3D brick elements to model the vicinity of the delamination.

3.5.1 Element Size

The element size was controlled with ABAQUS seeding tool through adjusting the
Approximate Global Size (AGS) parameter, see Fig. 3.5/ for the mesh of the model for
Specimen 5. The element size given is approximate because it changes depending on

where the element is relative to the partitioned sections of the model.

A convergence test was performed on each of the models. For the model of Specimen
5, it was found that an AGS of 0.6 was sufficient to converge to a solution that closely
agrees with the experimental result. Figure and 3.8/ shows the result of the con-
vergence test, which are force-displacement plots comparing the results from different

mesh densities. The element size could not be reduced past what is shown in Fig.
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B.7/and 3.8/ because Abaqus would yield a numerical convergence error. The time in-
crement required was less than the minimum specified by the user and took too many
attempts, thus the simulation could not be completed. The total number of elements

of each model is provided in Table

Lo

FIGURE 3.5: Mesh for Specimen 5 with 4452 elements, approximate ele-
ment size: 0.605 mm long, 0.590 mm wide (from AGS = 0.6)

12

’ ~

Load/Width (N/mm)

0 0.5 1 1.5 2 25 3 3.5 4 45
Displacement (mm)

—AGS:1.0 —AGS:0.8 —AGS:0.6 —AGS: 0.5

FIGURE 3.6: Convergence test; 8-ply model

3.5.2 Element Type

The element selected was linear shell element full integration, that is represented in

ABAQUS as S4. Higher order element, such as quadratic elements, could not be used
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FIGURE 3.7: Convergence test; 16-ply model
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FIGURE 3.8: Convergence test; 32-ply model

due to a limitation of VCCT in Abaqus.

A comparison between full and reduced integration is shown in Fig. and shows

that reduced integration deviates from the experimental results, and therefore, is not
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Specimen | AGS | Total number of elements | Approximate Element Length (mm)

5 0.6 4452 0.605
10 0.6 7436 0.605
21 0.6 2438 0.595

TABLE 3.3: Mesh information of each model

needed and does a poor job representing the physics of the ENF specimen. The re-
duced integration elements would undergo spurious deformation that would not al-
low nodes to debond when they were expected to debond (see Fig. [3.10). Even for the
full integration element, a drilling hourglass scaling factor of 4 was added to the model

to prevent any spurious deformation.

Load/Width (N/mm)

[} 0.5 1 1.5 2 2.5 3 3.5 a4
Displacement (mm)

——AGS: 0.6 — - -AGS: 0.6 (Reduced)

FIGURE 3.9: Load-displacement plot of full and reduced integration ele-
ments and experimental values

FIGURE 3.10: Spurious deformation; Left: Element deformation, Right:
Bond state (Blue: debonded, red: bonded)
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3.6 Model Validation

The validation of the modelling technique was conducted in two ways: 1) comparing
the results with another research paper that used cohesive elements to simulate and
predict delamination growth in composite laminate beams - this preliminary method
was primarily to the assess viability of the modeling approach used in this thesis and
2) comparing the numerical results with the experimental results. The latter will be

discussed in further detail in Section 4.3l

3.6.1 Comparison with Reference Paper

The data that was used in this section is from the research paper "Guidelines and Pa-
rameter Selection for the Simulation of Progressive Delamination” by K. Song, C. G.
Davila, and C. A. Rose. The research looked at simulating DCB, ENF, and MMB spec-
imens with Abaqus by using cohesive elements. In order to make an accurate com-
parison, the model in this thesis was modified to the specimen geometry and material
parameters provided in the reference paper (see Table (3.4 for the material properties

provided in reference paper [Song, Davila, and Rose, 2008]).

Property | Value | Units
£y 148 GPa
Ey 10.50 | GPa
E; 10.50 | GPa
V19 0.27 -
Glg 5.61 GPa
Glg 5.61 GPa
Gas 317 | GPa

Gie 0.08 | GPa
GIIC 0.55 GPa
G]][C 0.55 GPa

n 1.8 -

TABLE 3.4: Material properties of AS4/3501-6 [Song, Davila, and Rose,
2008]
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The ENF specimen was 101.6 mm long and 7.62 mm wide. The beam was composed of
two sub-laminates that were each 1.524 mm thick and had the stacking sequence [0s].

The initial crack length, a,, was 29.21 mm.

The force-displacement plots from the model in this thesis and from the reference paper

were compared and shown in Fig.

As seen, both models agree well with each other, as a result, the modeling method,
mesh, element selection, and contact interaction appropriately simulates the structural

response of the ENF specimen - according to the result provided from the reference
paper.

Also, a convergence test was done when modeling the specimen from [Song, Davila,
and Rose, 2008]. The plot of that convergence test is given in Fig. We see the

model converges when the AGS was 0.5 and the element length was 0.502 mm. This

translated to 6090 elements for the whole model.
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FIGURE 3.11: Comparing force-displacement of VCCT and cohesive mod-
els
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FIGURE 3.12: Convergence test with model of specimen from reference
paper



86

4 Data Analysis

This chapter goes over and compares the experimental data, the CT scan results and the
results from the Abaqus model to validate the model’s ability to predict crack growth

with the given material parameters calculated from the experiments.

4.1 Experimental Data

Several tests were done on the composite beams in order to characterize E,, and G;;¢;
the results are provided in this section as well as a brief description of how the ma-
terial parameters where calculated with the given test results. Moreover, this section
includes the data from the tests done inside the CT scanner as well as the 2D scans and

section views of the 3D scans.

4.1.1 Characterizing Material Parameters

Three point bending tests were performed on undamaged composite beams as per
Section by Pavel Babuska and myself. The E,, results were obtained from the
thesis paper from Pavel Babuska [Babuska, 2017] as the composite beams came from

the same batch of material as the ENF specimens used in this paper. The average F,,

was found to be 149.5 GPa.
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As mentioned previously, this value of £, was used in preliminary modeling. The
experiments tended to result in slightly different values for each specimen. For exam-
ple, in Fig. the specimen’s E,, was 148 GPa. Thus, the 149.5 GPa from prior tests
primarily serves as a validation of £, and the model’s ability to calculate compliance

of ENF specimens.

Comparing Initial Stiffness

200

150

Force (N)

100

50

0 0.5 1 1.5 2 2.5
Midspan Displacement (mm)

——"Specimen 5" "Model"

FIGURE 4.1: Comparing initial stiffness of the ENF test and of the model

As mentioned before, E,, of the 8 and 32-ply specimen were obtain using their respec-
tive model by calibrating the initial force-displacement slope with the results from the
ENF test. Thus, three point bending tests were not conducted on undamaged 8 and

32-ply beams.

4.1.2 Instron Data

The commercial load frame, Instron, provided force-displacement data of the ENF test.

The test parameters of the specimens are given in Fig. and can be categorized as
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loading rate and size. As for the size of the beams, the thicknesses were measured with
a digital caliper at three locations per specimen; at the midspan and two ends of the

beam. Figure 4.2| provides the measured dimensions of the specimen.

. Thickness (mm) . Initial Delam.
Specimen Left of beam Midspan Right of beam Average Width (mm)Length (mm] Length (mm)
1 1.68 1.64 1.64 1.64 12.28
2 1.7 1.63 1.65 1.64 12.27
3 1.65 1.59 1.6 1.595 12.15
4 1.66 1.6 1.59 1.595 12.69
5 1.66 1.62 1.64 1.63 12.4 635 127
6 1.6 1.54 1.56 1.55 12.93
7 1.64 1.57 1.58 1.575 12.49
8 1.68 1.64 1.62 1.63 9.897
9 1.64 1.62 1.59 1.605 9.85
A 1.56 1.56 1.7 1.63 10.47
10 3.67 3.44 3.49 3.465 13.49 1016 254
11 3.59 3.43 3.39 3.41 13.41
20 0.88 0.78 0.8 0.79 13.72 31.75 6.35
21 0.86 0.79 0.79 0.79 13.55

FIGURE 4.2: Measured specimen dimensions

Loading Rate Effects

As mentioned previously, ASTM recommends a slow loading rate - 1 mm/min. Be-
cause the in-house load frame could not control the load rate as easily and reliably
as the commercial model, the effects of loading rate was investigated to ensure vari-
able load rate would not affect the results significantly. Figure shows the force-
displacement plots of the ENF specimens loaded at different rates. From the figure,
the specimens tested with a faster loading rate exhibit a decrease in stiffness. This is
likely due to the stiffness variability of the beams themselves. As seen from the plot,
a 0.75 mm/min decrease and 14 mm/min increase from the 1 mm/min baseline did

not significantly change the behavior of the specimen. In the literature, it was also
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found that there was no significant effect of loading rate on G;;c [Compston et al.,

2001] [Cantwell and Blyton, [1999].

ENF Test, Comparing Load rate
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FIGURE 4.3: Plot comparing ENF specimen results under different load

rate

Using Eq. (3.1) to calculate G;;¢, the effects of loading rate can be more easily com-

pared. Table shows the different G;;- calculated from the tests.

Specimen | Loading Rate | G;¢
1 1 mm/min | 0.442
2 1 mm/min | 0.429
3 1 mm/min | 0.461
4 0.5 mm/min | 0.469
5 0.5 mm/min | 0.457
6 15 mm/min | 0.466
7 15 mm/min | 0.472

TABLE 4.1: Gp1c of different specimens subject to different loading rates

Even with a 15-fold increase in the loading rate, the calculated G';; values did not devi-

ate significantly. Due to the small number of samples, the rate effect is not clear, as the

deviation within the samples (especially 1 mm/min) is larger than the observed rate

effect, also the E,, values were variable (and difficult to measure) between samples.
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For these reasons, it was assumed that the 15 mm /min rate, which is close to the rate

of the in-house frame, was reasonably accurate.

The force-displacement plot in Fig. and subsequent force-displacement data from
the Instron machine exhibit nonlinearity just prior to unstable crack growth. The non-
linearity may suggest the start of subcritical delamination growth in the sublaminate
[Murri and Martin, [1993]]. In [Murri and Martin, 1993], the nonlinearity (measured by
the difference in critical load, P.,, and load where nonlinearity begins, Py ) was most
prominent in specimens in which the delamination was initiated with thicker Kapton
film (25 microns or more) and in tension precracked specimens (the same precracking
method used in this thesis); it was suggested that the nonlinearity is caused by fiber

bridging during tension precracking.

Size Effects

It is often assumed that G;c is a material property (i.e. independent of geometry),
however, size effects have been observed in the literature. In [Carlsson, J.W. Gillespie,
and Pipes, 1986] the article suggest appropriate number of plies for ENF specimens as
a function of mode II fracture toughness, longitudinal modulus of elasticity, and ENF

geometries, in order to remain in the linear elastic regime.
Table 4.2/ shows the G ;¢ that were calculated from the test data.

There is indeed an apparent change in G due to the different size of the speci-
men. The thinner specimen seems to have an apparent drop in fracture toughness. In
[Cantwell, 1997] and [Davies et al., [1992] found increase in G;;¢ with specimen thick-
ness. Furthermore, [Davies, 1997] found G;;¢c of a 5 mm thick specimen was reduced
to a value from a 3 mm specimen when PTFE was placed in between the delamina-
tion surfaces. This suggest friction between the delamination surfaces is significant in

thicker specimens.
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Specimen | # of Plies | G¢
1 16 0.442
2 16 0.429
3 16 0.461
4 16 0.469
5 16 0.457
6 16 0.466
7 16 0.472
10 32 0.406
11 32 0.468

20 8 0.257
21 8 0.303

TABLE 4.2: Gpjc of different specimens geometries

For reference, the force-displacement plots of the specimens with different design ge-
ometries are shown in Fig. Only two specimens - Specimen 1 and 5 - from the

16-ply design geometry was included for more clarity.

Force-Displacement of different ENF specimen sizes

—— Specimen 1; 16 Ply

— Specimen 5; 16 Ply
Specimen 10; 32 Ply

— Specimen 11; 32 Ply

— Specimen 20; 8 Ply
/ Specimen 21; 8 Ply
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FIGURE 4.4: Plot comparing force-displacement of different ENF speci-
men size
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Unloading effects

Furthermore, unloading and reloading behavior of the ENF specimen was investi-
gated. Figure shows the force-displacement data from Specimen 1, 2 and 3, which
were all from the same design geometry and subject to the same loading rate, although

Specimen 3 was also subject to unloading and reloading conditions.

Comparing Force-Displacement of unloading and reloading
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FIGURE 4.5: Force-displacement plots on ENF specimen being unloaded
and reloaded

It can be seen that the unloading and reloading does not change the equilibrium path
taken from the specimen. However, it should be noted that there are highly nonlinear
effects at points near the start of the unloading and reloading phases. Similar observa-
tions are seen in [Schuecker and Davidson, 2000] when the study evaluated 4ENF with

unloading and reloading the specimen.

In the experiments above, not enough tests were performed to statistically characterize
these effects. Although, the purpose was only to ensure that the load capacity and

loading rate of the in-house load frame would yield sufficiently accurate results.
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4.1.3 In-house Load Frame Data

The ENF tests from the Instron machine were replicated with the in-house load frame.
The force-displacement data were measured and compared to the Instron results to
verify the quality and accuracy of the in-house load frame and its instruments - i.e.

load cell and potentiometer.

Noise reduction

While preliminary test of the in-house load frame in the Structural Vibrations Lab did
not include any significant level of noise (see Fig. 2.18), the data obtain in the CT lab
was considerably noisier. As will be seen in the next section, the noise was in the load
cell for Specimen 9 but in Specimen A, the noise was in the potentiometer (note that
both specimens were tested a week apart from each other and thus the load frame had
to be set up again for each test). As a result, the noise was probably cause by wiring

connectivity interference when setting up the load frame inside the CT scanner.

A moving average filter was used to reduce the noise of the data - the MATLAB script
of the filter is provided in Appendix |Al The filtered and raw voltage data from the
ENF test of Specimen A is provided in Fig. The noise was unable to be completely

removed but the filter provides a better picture of the results.

Comparison with Instron data

Figure [£.7] shows the force-displacement plots of Specimen 8, 9 and A compared to
Specimen 5. The ENF test using the Instron machine and the in-house load frame
produced very similar results showing that the in-house load frame is suitable for these
types of tests - although the wires should be better insulated to prevent high level of

noise.
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41.4 CT Scans

This section includes the images of the scans taken by the CT scanner and discusses the
findings from the images. A note to be made here is the images obtained are highly de-
pendent on the scanning parameters (e.g. magnification, subpix, resolution, frame av-
eraging, and position of specimen and source/detector, etc.), and therefore, dependent
on the technician. Thus, the images in this paper is not an indication of the limitations

of the CT scanner.

2D scans

A snapshot of the 2D scan of Specimen A from the side of the beam are provided in
Fig. The delamination can clearly be seen at this angle, similar to using a traveling
microscope. Unfortunately, the crack tip shape across the width is unknown from this
angle. Because the goal was to see if crack tip shape could be observed, top view scans
were also obtained from another specimen post-testing. Figure 4.9/ shows the scans of
another specimen from the top view with only the PTFE film visible. The crack growth
was not visible because there is no significant crack opening displacement (COD). The
CT reconstruction does a much better job at showing the crack tip as will be seen in the

next section.

Instead of capturing individual images, a video was taken of Specimen A in order to
see if it can provide additional insight to the delamination process. Figure are the
snapshots from the test. An advantage of taking a video is that it conveniently provides
more data points than individually capturing images but it decreases the clarity of the
scans. By capturing individual images, the clarity can be improved through frame
averaging and by increasing the magnification. The magnification can be increased by
focusing on one part of the beam and moving the sensor/detector to the next part of

the beam to create a scan of the whole beam. This was attempted for Specimen 9 but
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FIGURE 4.8: X-ray image of the side of the beam showing the delamina-
tion
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FIGURE 4.9: X-ray image of the top of the beam

there was a user error moving the source/detector, thus the scans were not able to be

reproduced.
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FIGURE 4.10: Snapshots from the video recorded from testing Specimen
A

3D scans

The biggest advantage of the CT scanner is the ability to make cross-sectional slices of
the CT model to investigate the crack. The Specimen 8 was CT scanned at the end of

the loading stage - i.e. after the crack grew - but prior to unloading the specimen. Slices



Chapter 4. Data Analysis 98

of the scans are shown in Fig. and The scans were much noisier than antici-
pated. The reason for this increase in noise was the load frame itself. The actuator and
frame scattered x-rays during the 3D scanning that produced a CT scan with consider-
ably more noise. Furthermore, the scan failed to capture the crack tip because the crack
grew to the midspan immediately, which was outside the scanning area. The detector
did not include the midspan section of the beam in order to prevent the actuator from
being scanned. It could be possible to scan the midspan along with the actuator but the
different densities of the specimen and actuator would cause considerable difficulties
for the CT reconstruction. Other possibilities to solve this issue is to use other test set
up that would have the crack grow in the opposite direction of the actuator and/or

one that is more stable, e.g. ELS test [Wang and Vu-Khanh, 1996].

However, when the specimen is scanned after the tests, the 3D scans are considerably
better. This can be seen in Fig. and which is from the same specimen. The
different angles and slices provided a clear indication of the crack length, the crack
opening, and crack-tip shape. Figure shows striation markings that are caused by
the rough delamination surface. Figure shows the delamination surface with the

indentations left by the fibers.

The different images are the slices through the thickness of the beam at a slight angle.
This is why the striation starts on the left side and moves to the right. From the 3D
scans, it was seen that the crack-tip was indeed straight and not curved. This is a proof
of concept that the CT scanning procedure would be beneficial for detecting embedded

delaminations.
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FIGURE 4.11: Through-the-width slices of the CT model during testing
(Specimen 8)
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FIGURE 4.12: Through-the-length slices of the CT model during testing
(Specimen 8)
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FIGURE 4.13: Through-the-width slices of the CT model after testing
(Specimen 8)
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FIGURE 4.14: Through the length slices of the CT model after testing
(Specimen 8)
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FIGURE 4.15: Through-the-thickness slices of the CT model after testing
(Specimen 8)

FIGURE 4.16: Delamination surface showing indentations that produces
the striations
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4.2 FEM Data

As detailed in Chapter 3, the three ENF specimens - Specimen 5, 10 and 21 - with differ-
ent design geometries were modelled in Abaqus to look at the accuracy and efficiency

of simulating delamination growth with FEA and VCCT.

Using the mesh detailed in Section the run-time for the 8-ply, 16-ply and 32-ply
models were 1175 seconds (19.58 min), 1673 seconds (27.88 min) and 2984 seconds
(49.73 min), respectively. The time it takes the model to run is feasible, though a steady
increase in time is evident and may be unreasonable when running simulation of struc-

tural scale.

4.2.1 Plotting Force-Displacement

Figure .17} [4.18| and [4.19) show the force-displacement plots of the models for Spec-

imen 21, 5 and 10, respectively. The same force-displacement trend from the exper-
iment is present in the simulations (i.e. linear force-displacement behavior followed
by unstable crack growth and then stable crack growth). The method of creating the

force-displacement plot is detailed in Section [3.4.2|

4.2.2 Plotting Crack length

Figure shows the crack length vs midspan displacement plots from all three sim-
ulations. As expected from the force-displacement data, the model shows no crack
growth, followed by a sharp increase in crack length (unstable region) and then stable

crack growth rate. The method for creating the plot is detailed in Section[3.3.2]
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FIGURE 4.17: Force-displacement from model of Specimen 21 (8-ply)
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FIGURE 4.18: Force-displacement from model of Specimen 5 (16-ply)
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FIGURE 4.19: Force-displacement from model of Specimen 10 (32-ply)
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4.2.3 Compliance

The compliance of each beam design was obtained with the model. In fracture me-
chanics compliance is often used as an indirect method to estimate crack length and

the idea is used here as well.

In order to obtain the compliance in the model, the fracture toughness was simply in-
creased to an arbitrarily high value to prevent crack growth and the bonded region (see
Section was modified to the varying crack lengths. With different crack lengths,
the model produced the different compliance curves. The intercept of the compliance
and the force-displacement curves produces the displacement of that particular crack
length. Figure shows the compliance curves of different crack lengths, a,, from the

model of Specimen 5 superimposed with the force-displacement results.

~N N w w
o (5] o w

Load/width (N/mm)
=
(%]

10 //

0 0.5 1 1.5 2 25 3 3.5 4 4.5
Midspan Displacement (mm)

——~Compliance Curve: a_o = 12.7 mm Compliance Curve: a_o =20 mm
Compliance Curve: a_o =30 mm ——~Compliance Curve: a_o =35 mm
——~Compliance Curve: a_o = 37.5 mm —~Compliance Curve: a_o = 40 mm

Force-displacement

FIGURE 4.21: The compliance curves for the 16-ply model and the force-
displacement results
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4.3 Comparison of Results

This section includes the comparison of both the experimental and modelling results.
Due to the unstable nature of the ENF specimen, quantitative comparison of the force-
displacement and crack length vs. midspan displacement was unlikely. A small change
in critical mid-span displacement would lead to a large increase in error. However,

qualitative comparison could be seen through the plots.

4.3.1 Force-Displacement

The force-displacement plot of the ENF specimens and their respective models are

given in Fig. 4.22 4.23|and |71.24[

Model vs. Experimental result (8 Ply)

200 [
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o]
o

60

40+

20

0

0 0.5 1 1.5 2 2.5 3 3.5 4
Midspan displacement (mm)

FIGURE 4.22: Comparing experimental and numerical results of force-
displacement (8-ply)

The model does a good job predicting when the delamination will start to grow and by
how much at each load step. Note that the model is calibrated only with the material
and fracture properties. As a result, the post-peak crack growth predictions are not

directly calibrated and entirely predictive.
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Model vs. Experimental result (16 Ply)
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FIGURE 4.23: Comparing experimental and numerical results of force-

displacement (16-ply)
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FIGURE 4.24: Comparing experimental and numerical results of force-
displacement (32-ply)

4.3.2 Crack Length

The crack lengths with respect to midspan displacement of the ENF specimens were
estimated using the compliance method (see Section £.2.3); the specimens that were
tested in the CT scanner had their crack length measured directly - the compliance

method was unreliable for Specimen 8, 9 and A due to the noise from the force-displacement
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data. The crack length vs. midspan displacement plot from the ENF tests and their re-
spective models are given in Fig. [4.25| [£.26|and [4.27] From the figures we see that the

model overestimates the unstable crack growth. On the other hand, the stable crack
growth rate from the model matches well with the experimental results. The 32-ply

modeling results also predict an initially stable crack growth. This was not observed

experimentally.
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30
25
E r—J“.‘
z ')“‘.)“-
% -
c 20
9 '_J‘,J_.
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g r
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S 15
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©
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0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Midspan Displacement (mm)
—e—Model Specimen 20 Specimen 21 - - -Midspan length

FIGURE 4.25: Comparing experimental and numerical results of crack
length vs displacement (8-ply)
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FIGURE 4.26: Comparing experimental and numerical results of crack
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FIGURE 4.27: Comparing experimental and numerical results of crack

length vs displacement (32-ply)
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5 Conclusions

5.1 Overview

Chapter 2 goes over the experimental part of the investigation of mode II delamination
with ENF tests, which includes the design, manufacturing and experimental set up of
CFRP composite beams. Also, it goes over the in-house load frame fabrication and
calibration process. The specimens were then tested on both a commercial load frame
and an in-house load frame to characterize fracture toughness and to validate the finite
element models detailed in Chapter 3. The models were made in Abaqus using shell
elements and VCCT to predict critical load, critical displacement and crack growth. In
addition, the specimens that were tested with the in-house load frame were simulta-
neously CT scanned. The 2D x-ray images and videos and 3D snapshots are shown in
Chapter 4. Also, the results and comparison of the simulations and the experiments

are given in Chapter 4

5.2 Remarks

5.2.1 Characterizing Material Parameters

Three point bending tests were conducted on undamaged composite beams to charac-
terize E,,. The results (149.5 GPa) turned out to be lower than the value provided by
AFRL (158 GPa). For the FE model, E,, was further lowered to 148 GPa in order to
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match the initial stiffness from the ENF test results. With a small deviation (149.5 GPa
to 148 GPa), it is shown that the model can accurately determine the compliance of a

delaminated beam.

Next, the critical SERR was calculated with the SERR equation of the ENF test using
the experimental results. By comparing the critical SERR, it is shown that loading rate
of the ENF test does not significantly affect the results. On the other hand, the size
of the beam does seem to change the resistance to crack growth. The 8-ply specimen
showed a significant decrease in critical SERR compared to the 16 and 32-ply speci-
mens. Finally, the unloading and reloading does not appear to change the equilibrium
path taken by the ENF specimen - i.e. does not change the post-crack growth slope.
There was however interesting highly nonlinear behavior during the initial unloading

and reloading phase.

5.2.2 CT results

The 2D x-ray video of the ENF specimen proved to a good method to directly obtain
crack length with respect to displacement. While 2D top view was unsuccessful at
obtaining the crack tip shape, the CT reconstruction of the 3D scan was able to locate

the crack tip and it showed that the crack tip is straight instead of curved.

A primary motivation for the work in this thesis was the use of CT scanning to non-
invasively measure the through-width crack growth in real-time without the need for
dye-injection. It was a proof of concept for investigating embedded delamination in
plates while maintaining boundary condition and applied load. To this end, much of
the contribution of this thesis relates to the fabrication of a load frame that could be
used inside of the CT scanner, along with the testing and scanning procedure. Un-

fortunately, top view 2D real-time scanning proved especially difficult for detecting
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mode II damage. It is possible that this same method will work better for mode I, or

mixed-mode I and II as these produce larger gap openings.

Some other drawbacks of using CT scanning for real-time detection of damage growth
is the amount of signal noise the load frame introduces. Moreover, the resolution of the
scan depends on how close the specimen can be placed to the x-ray source, as a result,
the load frame limits the resolution of the 3D scan. The load frame also introduces
complications regarding the actuator blocking the specimen at certain areas for 2D
top view scans. This problem is also translated when 3D scanning; the actuator will
block much of the x-rays at certain angles. It maybe possible to 3D scan the specimen
along with the actuator and get reasonably good results, although it will depend on the
technicians skill. Furthermore, it can also be time consuming (30 minutes or more) to
obtain a 3D scan. Post-processing the scan for CT reconstruction may take another 30
minute depending on the hardware and technician. Lastly, the technicians skills also
affects the result of the scan (e.g. when applying filters; obtaining optimal position of
specimen, source and detector; good use of digital radiography histogram; and using
appropriate scanning parameters such as frame averaging, and number of scans per

rotation). However, other damage modes and test configurations show more promise.

5.2.3 FE modeling

The FE model was able to predict when the crack will grow and its growth rate by using
shell elements and VCCT. The model was able to converge quickly with elements size
roughly 0.5 mm in length. Also, using the model, the compliance was easily calculated
in order to indirectly obtain the crack length from the ENF specimens that were not
scanned. In-plane spurious deformations occurred, which caused the model to fail to
converge to a solution as the mesh was refined. In order to prevent in-plane spurious

deformation, hourglass stiffness was implemented, and as a result, the FE models were
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able to converge without issue. Run-time of the VCCT was found to be relatively slow,

which is a motivation for other methods, e.g. cohesive models.

5.3 Future Work

The next steps that should be taken are to try different test configurations, e.g. DCB,
MMB or ELS, in the in-house load frame and capture the behavior with the CT scanner
at different load stages. Due to an increase in COD for the DCB and MMB test, perhaps
the top-view 2D scans will capture the crack tip shape via striation markings. The ELS
test will possibly yield better results due to its relatively stable crack growth and the
fact the crack grows away from the loading area. This will allow better results from
the CT reconstruction. Although much more difficult to experimentally set up, mixed-
mode bending can also be investigated by loading the specimen and CT scanning it

simultaneously.

Furthermore, the delaminated beams can be modelled with cohesive elements and the
results can be compared to the VCCT model (along with their respective run-times).
Similarly, with VCCT and shell elements shown to be able to predict crack growth,
other test configurations or multiple layer delaminations can be looked into experi-

mentally and see if the VCCT method can accurately predict this form of crack growth.

Lastly, because the different specimen sizes exhibited significant variability in effective
F,, and critical SERR, a larger parametric study can be conducted to understand how

the different number of plies affect those material properties.
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A.1 Classical Laminated Plate Theory
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%)% Classical Laminated Plate Theory

% This script uses CLPT to calculate strain, stresses and effective material properties of a

laminate

%% Given Material Parameter

E1l = 152E9; % modulus of elasticity in the 1-direction

E2

G12 = 2.2E9; % shear modulus
vl2 = 0.30; % poisson’s ratio
t = 0.0075; % ply thickness
Nx = 1000; % axial force

v21 = v12x(E2/E1);

h = 8+t; % laminate thickness

% Calculate Q_bar matrix

QB = zeros(3,3,4);

% get Qij

Q11 = E1/(1—v12%v21);

Q22 = E2/(1-v12xv2l);

Q12 = v12xE2/(1—v12xv21);
Q66 = G12;

% give ply angle
Th(1l) = —pi/4;
Th(2) pi/4;
Th(3) pi/4;
Th(4) = —pi/4;

8.7E9; % modulus of elasticity in the 2—direction
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% get Q_bar matrix

for k = 1:4
¢ = cos(Th(k));
s = sin(Th(k));

QB(1,1,k) = Ql1#(c) " 4+2+(Q12+2%Q66) *(s) A2+(c) 2 + Q22x(s) 4;
QB(1,2,k) = (Q11+Q22—4+Q66) x(s) A2%(c) A2+Q12 ((s) A+(c) M) ;

QB(2,1,k) = QB(1,2,k);

QB(2,2,k) = QI1x(s) +2x(QI2+2+Q66) s/ 2xcA2+Q22xc M;
QB(1,3,k) = (Q11-QI12—2+Q66) s xcA3+(Q12-Q22+2xQ66 ) x5+ A3;
QB(3,1,k) = QB(1,3,k);

QB(2,3,k) = (Q11-QI12—2+Q66) *s/3xc+(Q12-Q22+2xQ66 ) x5+ A 3;
QB(3,2,k) = QB(2,3,k);

QB(3,3,k) = (QI11+Q22—2+Q12—2+Q66) *5 2 2+Q66% (s d+c A 4) ;

end

Y Get [A]
A = zeros(3,3);

for i=1:3
for j=1:3
for k = 1:4
A(i,j) = A(i,j) + 2=QB(i,j k)=*t;
end
end
end

a = inv(A); % get [a] matrix
%% Find strains and stresses
N = [Nx;0;0];

Strain = a#*N; % get strain

stress = zeros(3,1,4);
for i=1:4
Ql = QB(:,:,i);
stress (:,:,1i) = QlxStrain;

end

% get stresses
stressl = stress (:,:,1);
stress2 = stress (:,:,2);

stress3 = stress (:,:,3);
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stress4 = stress (:,:,4);

%) Get effective material properties
Exx = 1/(hxa(1,1));

Vxxyy = —a(2,1)/a(1,1);

Eyy = 1/(h*a(2,2));

Gxxyy = 1/(hxa(3,3));

A.2 Beam Design

%)% Design beam geometry for ENF
% This script plots the critical force and displacement with respect to

% thickness of the beam

%) Geometric Properties
b
L

12.7; % Give width in mm

[101.6, 203.2, 304.8, 406.4]; % parameter length of beam in nmm
h = linspace(0.77,0.77%4,100); % variable thickness

9% Material properties
tau = [11,45]; % lower and upper limit in critical shear stress;

E = 1.62E5; % youngs modulus in MPa

%o Solve displacement and force

deltal = zeros(length(L),length(h)); % critical displacement for tau = 11
delta2 = zeros(length(L),length(h)); % critical displacement for tau = 45
P1 = zeros(length (L), length(h)); % critical forces for tau = 11

P2 = zeros(length(L),length(h)); % critical forces for tau = 45

%)% Find critical forces and displacements
for i=1:length(L)
for j=1:length (h)
deltal(i,j) = tau(1)*L(i)"3/(3xExh(j)"2);
P1(i,j) = 4xtau(1)x*bxh(j)/3;
end

end

for i=1:length(L)
for j=1:length(h)
delta2(i,j) = tau(2)*L(i)"3/(3xExh(j)"2);
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P2(i,j) = 4xtau(2)xbxh(j)/3;
end

end

%o Plot

figure

yyaxis left % plot critical displacement vs thickness

plot(h,deltal (1,:) ,...
h,deltal (2,:) ,...
h,deltal (3,:) ,...
h,deltal (4,:) ,...
h,delta2(1,:) ,...
h,delta2(2,:) ,...
h,delta2(3,:) ,...
h,delta2(4,:), .—")

ylabel(’critical displacement (mm) ")

yyaxis right % plot critical plot vs thickness
plot(h,P1(1,:), —.",...
h,P2(1,:),—")
set(gca, fontsize’ ,14) % set font
xlabel (“specimen thickness (mm) ")

ylabel(’critical force (N)”)

legend( 'Delta @ tau = 11 , L = 101.6" ,...
"Delta @ tau = 11 , L = 203.27 ,...
‘"Delta @ tau = 11 , L = 304.87 ,...
"Delta @ tau = 11 , L = 406.47 ,...
"Delta @ tau = 45 , L = 101.6" ,...
"Delta @ tau = 45 , L = 203.27 ,...
"Delta @ tau = 45 , L = 304.8" ,...
"Delta @ tau = 45 , L = 406.47 ,...

‘P @ tau = 117 ,...
‘P @ tau = 457)

A.3 Filter signal noise

%o Script to reduce signal noise from load filter

% Use median and moving average filter
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%/ Read in the file

clc, clear

data = csvread(’Load_frame_data.csv’); % import data from load frame
disp_V = data(:,1); % Raw data from potentiometer

load_V = data(:,2); % Raw data from load sensor

% Zero data
load_V = load_V-load_V(1);
disp_V = disp_V—disp_V(1);

%)% Apply median filter to remove spikes
load_V_filt = medfiltl (load_V,10);
disp_V_filt = medfiltl (disp_V,10);

%)% Apply the filter (moving average)

% Set the parameters

window_size = 1; % data range to filter
b = (1/window_size)x*ones(1,window_size);
a=1;

% Apply the filter

load_V_filt2 = filter(b,a,load_V_filt);
disp_V_filt2 = filter(b,a,disp_V_filt);
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B ABAQUS Model Parameters

This appendix goes into more detail on the different parameters available in Abaqus for modeling fracture mechanics problems.

The information in this Appendix is obtain directly from Abaqus Analysis User’s Guide: 11.4 Fracture Mechanics.

B.1 Overview

In FEA for fracture mechanics, crack propagation analysis is done node by node. The crack-tip node debonds when the fracture
criterion, f, reaches the value 1.0 within a given tolerance: fr.;, < f < fyr. frr is the lower bound and fi; 1, is the upper bound
of the tolerance and are calculated by fi;;, = 1+ fro; and fr;, = 1 for VCCT, enhanced VCCT, and low-cycle fatigue criteria
or frr, = 1 — fro for other fracture criteria, where fr,; is a user-defined parameter. If f > 1 + fr.;, the time increment is
reduced such that the crack propagation criterion is satisfied. An exception can be made in the case of an unstable crack growth
problem where multiple nodes at and ahead of a crack tip are allowed to debond in one time increment without the reduction
of time increment size. The default value of fr,; is 0.1 for the following fracture criterion: critical stress, critical crack opening

displacement, and crack length versus time criteria; and 0.2 for the VCCT, enhanced VCCT, and low-cycle fatigue criteria.

B.2 Crack Analysis Options

B.21 VCCT

VCCT uses principles of linear elastic fracture mechanics (LEFM), which is suitable for brittle crack propagation along a predefined
surface. The technique is based on the assumption that the strain energy released when crack propagates is the same as the energy

needed to close the crack by the same amount.

The node will debond when f > 1; for mode I, Eq. calculates f and the nodal forces and displacements are shown in Fig.
B1
Gy v1,6F0,25 1

= =227 >1.0. B.1
Gic 2bd Gre — B.1)

F 2 5 is the vertical force between nodes 2 and 5, and v ¢ is the vertical displacement between nodes 1 and 6. Similar arguments
and equations can be written in two dimensions with mode II and in three-dimensional surfaces with mode III. The convenience

of obtaining nodal displacements and nodal forces makes FEA a suitable method to calculate SERR. Equation[B.T|can be modified
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FIGURE B.1: Mode I crack extension

to include mode II and III:

G .
f=—"1" >1.0. (B.2)
Gequivc

Gequiv and Gegquivc are the equivalent SERR and equivalent critical SERR and the equations to calculate the values are detailed

in the next section.

Mixed Mode Behavior

In order for Abaqus to perform a crack propagation analysis, the user needs to choose the mixed-mode behavior. The mixed-mode
behavior describes mathematically how the three fracture modes interact with each other. There is no set rule on which option to
choose and is usually best selected empirically. The options for mixed mode behavior available are:

Benzeggagh and Kenane Law:
Grr+ G

)", (B.3)
Gr+Grr+Grrr )

Gequive = G1+ (Grre — Gro)(

Power:
Ge uiv G G G
q = I yam 4 ( 17 Yan + ( 111 Yoo, (B.4)
Gequive Grc Gric Grric
Reeder;
Grr+Grrr
Gequive = G1 +(Gric — Gre(—F5—+—)"
4 ( X G+ G +Grrr (B.5)
Grrr Grr+Grrr ) ’

+(Grirc — Grrc
( )(GII +Grrr’ Gr+Grr+Grrr

Unstable Crack Propagation Modifications

As mentioned in the overview, the user needs to define the tolerance for the range of critical SERR at which debonding occurs.
In addition, the user can set a viscosity parameter, which adds localized damping to help with convergence. For unstable crack
growth problem, it could be more efficient to allow multiple nodes at and ahead of a crack tip to debond in one increment as

oppose of reducing the increment size when VCCT fracture criterion is met. This can be done by setting a tolerance for unstable
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crack propagation f;* , which ABAQUS will then set a new range at which debonding occurs:
L+ ftor S f <1+ fig (B.6)

This option allows nodes to debond up until f < 1+ fi,; for all nodes ahead of the crack tip. It should be noted that the forces at

the debonded nodes are released immediately during the next time increment. If no value is set, then the default f;?, is infinite.

Time Increment Modification

The time increment in an unstable crack propagation problem needs to be extremely small for the solution to converge. However,
the time increment prior to the crack propagating need not to be so small and therefore allowing Abaqus to start with a large time
increment is more efficient. This can be done in ABAQUS with VCCT Linear Scaling and it is implement in Keyword editor by
adding the following code:

*controls, type=vcct linear scaling

Bi

Equationis the algorithm that ABAQUS uses to control the time increment prior to crack propagation.

Ge uiv
Atiy1 = <ﬁi\ / ZequivC 1> ti. (B.7)
Gequiv

The $3; parameter has a range of 0.7 to 0.9, the latter being the default value. 3; is changed to 1.0 when At; 1 = 0.5% - which
is when the load is within 0.5% of the critical value. This allows the critical crack-tip node to reach the critical value at the next
increment. The time increment is reverted to the user-defined value after the first crack-tip node is released and the linear scaling

algorithm is no longer used.

A second modification to the keyword section is to increase the maximum number of attempts while the solution does not con-
verge. With crack propagation problems, it may be very difficult for the solution to converge with a few attempts. The default
maximum number of attempts in ABAQUS is 5. The following keyword modification can change this number to 50:

*controls, parameter=time incrementation

w10

B.2.2 Enhanced VCCT

Another option to analyze crack propagation is with Enhanced VCCT. This method lets the user to set different values for critical
energy release rate for onset of crack and for crack propagation. Note that the amount of energy dissipated associated with the
release of the debonding force is set by the critical equivalent SERR required to propagate the crack, qu wive» and not to be
confused by the critical equivalent SERR required to initiate the crack, Gequivc. Both critical equivalent SERR are calculated the

same way as in VCCT in Section[B.2.T]
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B.2.3 Critical Stress

Another method for simulating crack growth is to use stress to determine when debonding would occur. In critical stress criteria,

debonding occurs when local stress ahead of the crack tip reaches a critical value defined in Equation[B.g]

G 2 2 2
f= In) s, (B.8)
of ) TE T

where 6, = max(on,0) and oy, is the three principal stresses. In 2D analysis 77 is irrelevant, and therefore disregarded. De-

lamination propagates when the fracture criterion, f, is equal or greater than 1.0. Unfortunately, using critical stress for crack

propagation analysis needs to be implemented in the input file because it is unavailable in ABAQUS/CAE.

B.2.4 Critical Crack Opening Displacement

Crack opening displacement (COD), is frequently used in fracture mechanics because the COD is directly measurable in exper-
iments, and thus useful for analyzing specimens with embedded crack. COD criteria allows debonding to occur when crack

opening displacement at a distance, ¢, behind the crack tip reaches a critical value, d.:
f=— (B.9)

Fig. @shows the crack tip and COD.

_ Distance. n, from crack tip
/ to point x on the slave surface

Measured ~
crack opening
displacement
value, &

crack tip

FIGURE B.2: Crack opening displacement

There are more options available in Abaqus for modeling fracture mechanics problems and can be found in the Abaqus Analysis

User’s Guide: 11.4 Fracture Mechanics.
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