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Abstract

Structural adhesives are widely used with great success, and yet occasional failures
can occur, often resulting from improper bonding proceslargoint design, overload or
other detrimental service situations, or in response to a variety of environmental
challenges. In these situations, cracks can start within the adhesive layer or debonds can
initiate near an interface. The paths taken lmpagating cracks can affect the resistance
to failure and the subsequent service lives of the bonded structures. The behavior of
propagating cracks in adhesive joints remains of interest, including when some critical
environments, complicated loading meder uncertainties in material/interfacial
properties are involved. From a mechanics perspective, areas of current interest include
understanding the growth of damage and cracks, loading rate dependency of crack
propagation, and the effect of mixed modgcture loading scenarios on crack path
selection. This dissertation involves analytical, numerical, and experimental evaluations
of crack propagation in several adhesive joint configurations. The main objective is an
investigation of crack path selectionadhesively bonded joints, focusing orplane
fracture behavior (mode |, mode Il, and their combination) of bonded joints with uniform
bonding, and those with locally weakened interfaces.

When removing cured components from molds, interfacial debmarmdsometimes
initiate and propagate along both mold surfaces, resulting in the molded product partially
bridging between the two molds and potentially being damaged or torn. Debonds from
both adherends can sometimes occur in weak adhesive bonds g®tealially altering
the apparent fracture behavior. To avoid or control these multiple interfacial debonding,
more understanding of these processesquired. An analytical model of 2D parallel
bridging was developed and the interactions of interfaa@bonds were investigated
using EulerBernoulli beam theory. The numerical solutions to the analytical results
described the propagation processes with multiple debonds, and demonstrated some
common phenomena in several different joints correspondidgutble cantilever beam
configurations. The analytical approach and results obtained could prove useful in
extensions to understanding and controlling debonding in such situations and
optimization of loading scenarios.

Numerical capabilities for predictinggack propagation, confirmed by experimental
results, were initially evaluated for crack behavior in monolithic materials, which is also
of interest in engineering design. Several test cases were devised for modified forms of
monolithic compact tension espimens (CT) were developed. An asymmetric variant of
the CT configuration, in which the initial crack was shifted to two thirds of the total
height, was tested experimentally and numerically simulatdAQUS®, with good
agreement. Similar studies @bngated CT specimens with different specimen lengths
also revealed good agreement, using the same material properties and cohesive zone
model (CZM) parameters. The critical specimen length when the crack propagation
pattern abruptly switches was expegimally measured and accurately predicted,



building confidence in the subsequent studies where the numerical method was applied to
bonded joints.

In adhesively bonded joints, crack propagation and joint failure can potentially result
from or involve inteactions of a growing crack with a partially weakened interface, so
numerical simulations were initiated to investigate such scenarios using ABAQUS®.
Two different cohesive zone models (CZMs) are applied in these simulations: cohesive
elements for strong dnweak interfaces, and the extended finite element method (XFEM)
for cracks propagating within the adhesive layer. When the main crack approaches a
locally weakened interface, interfacial damage can occur, allowing for additional
interfacial compliance andducing shear stresses within the adhesive layer that direct
the growing crack toward the weak interface. The maximum traction of the interfacial
CZM appears to be the controlling parameter. Fracture energy of the weakened interface
is shown to be of seadary importance, though can affect the results when particularly
small (e.g. 1% that of the bulk adhesive). The length of the weakened interface also has
some influence on the crack path. Under globally mixed mode loadings, the competition
between the lading and the weakened interface affects the shear stress distribution and
thus changes the crack path. Mixed mode loading in the opposite direction of the
weakened interface is able to drive the crack away from the weakened interface,
suggesting potentiaheans to avoid failure within these regions or to design joints that
fail in a particular manner.

In addition to theanalytical and numerical studies of crack path selection in
adhesively bonded joints, experimental investigations are also perfosnduhl
actuator load frame (DALF) is used to test bdia bonded joints in various mode
mixity angles. Constant mode mixity angle tracking, as well as other versatile loading
functions, are developed in LabVIEW® for use with a new controller system. Thé& DA
is calibrated to minimize errors when calculating the compliance of-bkaronded

joints. After the corrections, the resulting fracture enerdies$ Yalues are considered to

be more accurate in representing the energy releasbe crack propagation processes.
Double cantilever beam (DCB) bonded joints consisting of 60®aluminum adherends
bonded with commercial epoxy adhesive8(Weld, or LORD 320/322) are tested on

the DALF. Profiles of th&, values for different constant mode mixity angles, as well as

for continuously increasing mode mixity angle, are plotted to illustrate the behavior of the
crack in these bonded joints.

Finally, crack path selection in DCB specimens with one of the bondifagear
weakened was studied experimentally, and-dafgendency of the crack path selection
was found. Several contamination schemes are attempted, involving of graphite flakes,
silicone tapes, or silane treatments on the aluminum oxide interfaces hesalldases,
tests involving more rapid crack propagation resulted in interfacial failures at the
weakened areas, while slower tests showed cohesive failure throughout. One possible
explanation of this phenomenon is presented using thelegiendency of thyield stress
(commonly considered to be corresponding to the maximum traction) of the epoxy
adhesives. These experimental observations may have some potential applications
tailoring adhesive joint configurations and interface variability to achievead av
particular failure modes.
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Chapter 1 Introduction

1.1 General background and introduction to the project

The need for lighteweight, higher performance, and less expensive products has
driven significant inbeases in the use of adhesives for joining components for several
decades. Improvements in surface preparation, bonding techniques, adhesive
performance, and joint design have been important for enabling advances in this
technology. In spite of substaaltprogress, however, a number of uncertainties remain,
especially as related to long term durability, surface roughness or treafxéEnis
EN.CITE], locus of failurg1-3], and the effect of mixed mode loadiags]. The
presencerad propagation of cracks in the adhesively bonded joints is of continuing
concern, and is the focus of this dissertation.

Fundamental concepts in fracture mechanics have proven to be an essential entry to
the understanding of these questions and concgewveral centuries ago, experiments
conducted by Leonardo da Vinci presented some clues as to the root cause of fracture.
Modern fracture mechanics is often considered to have been first developed by Griffith
around one century ag6]. After the Second World War, the Griffith model was
reviewed and advanced by several researchers for analyzing ductile metals. Some other
progresses were made so as to describe crack tip stress fields ieaomiaterials.

Some details of the history were shown in the next section.

Besides nonlinear materials, there are also a lot of natural, and more recently,
engineered layered material systems, where discontinuities in thermal and elastic
properties existThe applications of fracture mechanics of layered materials range over a
broad spectrum of interesting and beneficial areas including coating materials, electronic
packaging, and bonded joints, etc. Crack paths in bonded joints have been observed to
propagite in a variety of ways, such as straight paths, wavy paths, along one interface, or
alternating from one interface to anofl3rIn bonded joints, which are the focus of this
dissertation, the fracture process is often complex due to the mismatch of the material
properties, the presence of interfaces, and local inconsistencies such as contamination,
etc. Stress singularities dtegeometries, as well as loading modes (with combined shear
and tension stresses), are also important factors affecting crack initiation and propagation.
All these issues have made the crack path selection in adhesively bonded joints a
challenging area,rel more understanding of the damage and fracture processes is
required.

One of the important studies is the behavior of crackmperfectly bonded joints.
Crack path selection is one interesting area relevant for understanding the performance,
predictingthe behavior, and estimating service bfehe adhesively bonded joints,
though it is still a basic research area at present. Some relevant questions are listed as
follows:



(1) What options do engineers have in designing joint geometries or alteringgoadin
mode to either steer cracks towards weakened zones for ease of disassembly or
avoid weak areas and resist failure?

(2) When there is a small locally weakened interface in front of the main crack tip,
how doesthe main crack interact with the weakened aneauld it pass over the
weakened area, or would it veer into the weakened area?

(3) How weak should the weakened area be, or how large should it be, so that the
main crack in the adhesive layer can sense it?

(4) Is it possible to apply mixed mode loading to diive main crack away from the
weakened interface in front of it?

(5) Would the crack path be altered if the bonded joints are opened in different
loading rates?

(6) If the crack paths can be altered by certain methods, can engineers make use of it
so as to devefplonger crack paths, increase the fracture energy, and extend the
service life of the bonded joint?

These questions need to be answered by fundamental studies on crack path selection.
The answers to them could potentially inspire new design methodsrfdet joints,
avoid sudden ocatastrophidailures, improve the performance, and extend the service
life of bonded structures.

Indeed, the path of a growing crack is determined by a number of factors in addition
to the relative strength or fracture enedd the adhesive layer and the interfaces or
interphases. These factors include the loading mode, the thicknesses of the adherends and
adhesive layer, the moduli and ductility of the adherends and adhesive, the presence of
localized flaws, and the residwsdress state within the adhesive lay@gme of these
factors are focused in this project and discussed in this dissertation:

(1) Fracture mode mixity angle is one of the important factors discussed in this
dissertation. Mixed mode loadings are applied gcspens by custombuilt
instrumentthedual actuator load frame (DALR)hich has been developed
through a prior NSF IMR projecthe DALFis capable of providing and
changing mode mixity angles arbitrarily on the fly to bdd&m specimens by the
use d two independent actuatordpdates made to the controller over the course
of this dissertation research enabled constant mode mixity angle tracking during
the tests.

(2) Material properties need to be clarified when discussing fracture processes. In this
project anddissertation, linear elastic homogeneous isotridHl) materials
areassumedn most of the discussion, unless specifiea evaluate the behavior
of the damage at the crack tipsohesive zone model (CZM), including damage
evolution and saéning laws, iemployed Based on the CZM, there are two
methods for the numerical simulation in ABAQUS®: cohesive elements and
extended finite element methadRKEM). Cohesive elements are widely used to
simulate the debonding of interfacé$:EM is a retively new method for
simulating crack propagatiomith an arbitrary crack pathithin bulk materials.
These simulations enable the comparison with experimental resulsh@nd
some important results that are not yet experimentally available (e.g. stres
distribution, damage evolution).



(3) Locally weakened interfaces were developed experimentally using several
physical and chemical methods. The interaction of the initial crack and the
weakened interface is also discussed in this dissertation. One ofetfessiimty
problems considered is 2D bridging in a bonded joint with an initial interfacial
crack and a debond on the opposite interface. The process of the multiple debond
propagation can provide more understanding to demolding processes, and
prediction ofthe behavior of bridging beatike specimensThese resultmay
also provide some useful information to develop strategies to control debond
propagationThe other one it see how the crack is affected by local weakened
zoneswhen the tackis grown unde a range of mode mixities. This will provide
important insights into how a spatially varying interface will affect the locus of a
growing crack. Because of the ability to carefully tailor the surface properties
over a desired range of adhesion, a syateEnmvestigation can be conducted,
with broad implications for surface variations associated with inadequate
adherend preparation.

1.2 Fracture mechanics and cohesive zone models in monolithic
materials and layered material systems

Although there were seral relevant prior studies, modern fracture mechanics is
often considered to have been first developed by Griffith around one century ago for ideal
brittle in monolithic solid materials. He provided a quantitative connection between
fracture stress andaiv sizd6]. He invoked the First Law of Thermodynamics to
formulate a fracture theory based on a simple energy balance. According to this theory,
fracture occurs when the change in stexergy associated with crack growth is
sufficient to overcome the surface energy of the material. This model correctly predicted
the relationship between the strength and flaw size in glass specimens. Initial attempts to
apply the Griffith model to more dtile metals, however, were not successful.

Starting from 1948, Griffithoés mdhiel was
Dugdalg8], Barenblaft9], andWellg[10] by correcting for yielding at the crack tip,
which was of key importance for analyzing ductile metals. The Irwin plastic zone
correction was aetatively simple extension of LEFM, while Dugdale and Barenblatt
each developed more elaborate models based on a narrow strip of yielded material at the
crack tip. Wells proposed the displacement of the crack faces as an alternative fracture
criterion whersignificant plasticity precedes failure. His observation led to the
development of the parameter now known as the crack tip opening displacement
(CTOD). Williamd11] also derived a crack tip solution using diffearerethod, but
essentially i dent i [13 teveloped anotivei paréanseter, theld 19 6 8,
integral, which Hutchinsdi 3] and Riceand Rosengrdt4] related to crack tip stress
fields in nonlinear materials. Reviews of the classical literature ofitGrénd Irwin in
fracture mechanics of homogeneous and isotropic materials, latest approaches, and
description of testing techniques can also be foupdi57].

In order to apply the concepts in fracture mechanics to design, a mathematical
relationship between toughness, stress, and flaw size was required. In 1976, Shih and
Hutchinsorjl8] provided the theoretical framework based on the J integral for fracture
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design analysis. Shih also illustrated that both the J integral and CTOD are equally valid
for characterizing fracture. Thist@evement has made the two methodologies begin to

merge, with positive aspects of each combined to yield improved analyses.
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where the origin of the coordinate system is located at the crack tip-axis xlirecting
along the crack plane, andgare the variables of the polar coordinatés.and K, are

the stress intensity factors (SIFs) in mode | and mode I, respectively.
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The first and second terms on the right hand side are singular stresses that dominate
the stress state and the onset of fracture in the vicinity of the crack tip. The third term on
theright hand side withl is nonsingular and only the component along the crack plane
is not zero. This nerero term is commonly referred to as thetiiess, and is considered
to dominate the stability of the direction of crack @oggtion. Cotterell and RifE9]
studied the slightly curved or kinked cracks in homogeneousriaktand showed that
cracks will converge back to the original path, resulting in a directionally stable crack
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trajectory, if the Tstress is negative (compressive). On the other hand, cracks will veer
further away from the original path and the resultaack path is directionally unstable if
the T-stress is positive (tensile).

Besides the effect of the-§iress on crack path stability, local mode mixity is another
parameter affecting crack propagation. Usually, when loaded in one mode, if the crack
propagates in a nestraight path, the local stress state will be modified such that the
mode mixity adjacent to the crack tip will be changed, as shown by Leevers et al. for
guaststatid20] and fatigug21] tests of PMMA (Polymethylmethacrylate), by Streit &
Finnie for aluminurf2], and by Cotter€fl23] for various other materials.

Three criteria have been used to determine the direction of crack propagation.

(1) The direction that is perpendicular to the maximum opening stress at the crack tip
(Erdogan & Sif24]).

(2) The direction that maximizes the strain energy release rate as a function of the
angle of crack kinking or steering (Palaniswamy & Knf2s53.

(3) The direction such that pure mode | fracture is maintained at the crack tip where
localK, =0( Goldstein & Salgani6], Cotterell & Ricg19]).

Though seemingly very different criteria, they all yield similar results. No
experimentally distinguishable differences have been obsgvezb]. According to
these criteria, a cragéath can be steered in different directions if the local stress state at
the crack tip is mixed mode.

Though developed primarily for cracks in homogeneous materials, these criteria can
be readily applied to bnaterial systems, such as adhesively bornoiet§29]. This
thesis is limited to linear elastic behaviBlowever, attention should be paid when
applying them to the cracks located in the vicinity of an interface, where interfacial
fracture mechanics is requif@0]. Chen and Dillarf2] provided an example to show
how to use these criteria to determine the direction whenrdck is located at the
interface.

For the cracks in adhesives, where the plastic zone size is relatively large, there are
more difficulties to be overcome when simulating their behavior. When subjecting to a
unique stress field, fracture often initistieom some microscopic flaw or tiny nucleation
in the bulk material, which subsequently grows and then leads to total failure and crack
propagation. Viscoelasticity, discontinuities, and the presence of voids, flaws, and other
irregularities can also infence the nucleation and propagation processes. More
sophisticated microstructural models for fracture were developed beginning in the 1960s.
One of the most important and successful approaches is the cohesive zone model (CZM).
This dissertation is limitetb linear elastic behavior, and the CZM is employed to
describe material behavior at crack tips. The following paragraphs will show the details
about i1it, starting from Wi lliamsd expansi on

Wil liams6é appr oa cshswiadlyused ta analyze tlee carrelatidbna ni ¢
among crack growth, material properties, and input test parameters, which include the
imposed displacements or loads. Rewriting equdfidr) in compact form with only the



first order terms (i.e. the terms wit), K, ,K,, ) in a polar coordinate system, one
obtains:

s, 0=4 Ki%fi( ) (12)

Since the stress field adjacent to the crack tip shows/a singularity, the stresses
in linear elastic materials tend to gdimity whenr - 0. Based on the first order
solution, three areas can be distinguished in the vicinity of crack tip.
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Figure 1.2. Definition of the zones of interest around the crack tip

Whenr is relatively small in equation(1.2), the K<dominant zone is defined, where
the asymptotic development terms in the right hand side are very big, and the stress
intensity factors (SIFs) are sufficient to characterize the stresses in this zone. Within the
K-dominant zone, there is a smaller zone where the material exhibits nonlinear behavior
such as plastic behavior. This region is referred to as the plastic zone. Firthity, in
immediate vicinity of crack tip, the material undergoes extensive damage that allows the
crack to propagate. This is usually defined as the process zone as shown in Figure 1.2.
The dimension of this process zone is very small, within which continuechamics of
plasticity is no longer applicable. The process zone is usually neglected in both linear or
nonlinear fracture mechanics, but considered to be important if the local mechanisms of
crack propagation have to be taken into account in the simnjBitio For example,
fracture pocesses in polymers are usually quite complicated, with the movement and
breakage of molecular chains, initiation of microcracks, as well as other inelastic
behaviors. It is often very useful to define a softening law and damage evolution model in
the proess zone at the crack tip. This model is usually called a cohesive process zone
model, or cohesive zone model (CZM).

The basis for CZM can be traced back to the works of Dugdale (8padg
Barenblatt (19629]. This model ignores the details of complicated mechanisms by
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repl acing them wit$epapatiseni bawo it hatcteéfohect
response. The CZM is a general model which can deal with the nonlinear process zone

ahead of the crack tip, due to plasticity or microcracking, present in many mggetials

Figure 1.3 shows the idea of a possible traeseparation model at a crack tip. Usually, a

bilinear tractiorseparationdw is taken as a material property that describes the

constitutive behavior of the elements near the crack tip. Calculations of crack initiation

and crack growth are possible for both ductile and brittle materials. By defining the

maximum tractions, anddcture energy, (or maximum traction and maximum

displacement), the CZM is commonly used in the simulation of fracélaéed behavior.

Figure 1.4 shows the tracti@eparation of a CZM. The symbblsandad”® are the

traction and separation, respectively, when damage stéristhe final separation when
the crack totally fails. Thus, the area beneath the two lines represents the value of the
fracture energy.

« L—>

Traction-
separation

__/

- L—>

Figure 1.3. Cohesive zomeodel: a) crack in bulk material with damage zone of length
L; b) simplified model with damage zone thickness of h, crack opening of d; c) cohesive
zone model with crack opening of w.
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Figure 1.4 Typical tractionseparation law of a CZM.

The CZM is stillclosely related to traditional fracture mechanics, so one of the
important parameter is the fracture energy, which is commonly used in traditional
fracture mechanics. In fracture mechanics, strain energy release rate (SERR), and critical
SERR (or fracturenergy) are frequently used. SERR@ris the driving force for

fracture, while fracture energy, &, i s t he material sdé resistanc

propagation occurs when the energy available farkegaowth is adequate to overcome
the resistance of the material, which includes the surface energy, plastic work,
viscoelastic dissipation, or other dissipation associated with this propagation. From the
viewpoint of energy conservation, assuming no pastviscoelastic dissipation, the
available energy for crack propagation is

g=dW- dU (1.3)

dA

wheredAis the infinitesimal area of the new crack surfad¥/is the work of the internal
forces in the infinitesimal propagation process, dhkis the variation of the sted
elastic strain energyl.he expression d& for linear loaddeflection behaviomn terms of

load, known as IrwirKies relationshif/] is shown as follows:

2
2 dA

where P is the applied external load ankC is the change of the compliance.
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Mode mixity is likely to occur in real applicatisndue to the nature of both the
structural configuration and various loading scenarios. Asymmetric loading or a multi
axial stress state would usually bring mode mixity to the system as well. Partitioning
techniques forG have ber developed by Willian{83], Schapery & Davidsd84], and
Hutchinson & Suf?9], though with different resuli35]. These techniques are
commonly applied to geometries such as beams and plates subjected to different mixed
mode loading conditions. With the hypotheses of elastic deformation, the stress field
resulted from mixed mode loading is equivalent to a lineagrpagsition of that from
pure modes. In particular, the appligs a scalar and can be obtained as the summation

of the pure mode components. Thus, we have:
G= C—;. + (‘3 +ﬂ;—:| (1.5

This study has focused on mode | and mode I, th#ane fracture modes.
Therefore, the mode mixity anglg,, is denoted as jA9], and defined as follows:

,G
y =arctan [=- (1.6)
GI

Wherea$ represents the applied SERR, or the fracture energis regarded as
material propest, and thus is usually evaluated experiment#yis sometimeseferred
to pure mode | or mode Il intératures and standafdls, 17, 36]However,G, for the

crack propagatioat different mode mixity anglas usually quite differefi87]. Thus,
interpretation ofracture energyinder mixed mode loading is required. A large number
of publications addressed the experimental technigues that useasan® mixed mode
fracture properties of materials using Bramilt specimeri88], Arcan specimer37, 39}



Usually,one of the most important parameter for the CZM is the fracture energy of the
materialG, in pure mode | and mode Il, as wellaailure criterion will be assigned to

the material modewhich can help to calculate the fracture energy valaa arbitrary
mode mixity angle

The other important parameter for the CZAvthe maximum traction, which is
defined as the critical value of stress when the damage process initiates. The value of the
maximum traction cannot be directly obtained from experiments, but is usually estimated
by comparison of numerical simulation t@téxperimen{g0]. For example,
Blackmanj40] noted that, for crack propagation in the DCB (double cantilever beam)
specimen, the load versus displacement curve is independent of the value of maximum
traction; but the crack initiation point is dependent upon the chosen value of maximum
traction. In summary, there are still some uncertainties and arguments on the@valuati
and interpretation of maximum traction.

1.3 Fracture analysis method in adhesively bonded joints

For fracture studies of bonded joints, double cantilever beam (DCB) test is common
for characterizing mode | behavior of bonded jd#it$ and has been codified in
standard$42, 43] Because of & simplicity and the perception that mode | loading often
results in the smallest fracture energy, DCB test is useful for conservative design
purposes. Other loading modes can be achieved using similar bondetkeeam
specimens loaded in different fixtete For example, fracture energy in mode Il can be
obtained from the end notch flexure (EN#&4] or end load splif45] tests. Fracture
energy in other discrete mode mixities can be obtained using specimens such as-the fixed
ratio mixedmode (FRMM) tegd6] or crack lap shear (CLS) tg$f]. Some of them
were shown in Figure 1.6. Discrg#8] or continuoupt9] variations in mode mixity
over relatively narrow ranges about these specific loading modes can be achieved with
asymmetric specimens. Reeder & Crls52], and Fernlund & Spdh, 53, 54]
developed special loading jigs that can be adjusted to conduct fracture tests on bonded
beam specimens over a wide range of mode mixities.
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% DCB ,J'
Figure 1.6. Test applations of specimens with bedike configurations (ENF: End

notched flexure, ELS: End loaded split, DCB: Double cantilever beam, FRMM:-Fixed
ratio mixedmode).
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All these techniques have been broadly applied to characterize failures in adhesively
bonded jonts, answering fundamental scientific questions as well as providing
engineering data for design purposes. However, the material behavior of adhesives in
mixed modes or pure mode Il were not clearly understood. Studies ofeiaf[b5]
and Dillardet al.[4] showed that for certain material sysgerhowever, the fracture
energy values for some levels of mode mixity are lower than that in pure mode I. Chen
and Dillard found that, the locus of failure in adhesive bonds is dependent on the fracture
mode mixity at the crack tip, the failure tends tarmre interfacial as the mode Il
fracture component increagds3].

In bonded joints, Chfp6-58] first discussed the directional stability of cracks and
observed a uniguform of crack trajectory in the mode | delamination failure of graphite
reinforced epoxy composite laminates and aluminum/epoxy bonds. Fleck, Hutchinson
and Sub9], and Akisanya and Flef0] investigated this issue analytically and
indicated that, as with homogeneous materials, itleettbnal stability of cracks in
adhesively bonded joints also depends on Hs&dss level. Cracks in bonded joints tend
to be directionally stable if the-3tress is negative and unstable of positive. For an
adhesive bond of sandwich geometry with satfinite adherends, Fleck, Hutchinson
and Sufb9] obtained the Istress as

_1l-a_, K/ .
T_ET s, €(c/t g )DW G(dt ,a)% (1.7)

wheres , is the residual stress in the adhesive andhteighickness of the adhesive layer.
C (c/ta, HandC,(c/ta, H are nondimensional functions tabulated in Fleck,

Hutchinson, and Sua is defined as the distance of the crack tip to the interiacand
bare Dundursd parameters reflecting the mat e

L= MA*D) - o, K
m( k+1) + 1, KB
po KD - L1, K
m( k+1) + 1, KB
where the subscripts 1 and 2 refer to the materials for the adherends and adhesive,
respectively;m(i =1, 2) are shear modulik, =3 -4 ( for plane strairand
k=3 -Q/@Q +i)forplane stressz(i=1,2)ar e t he Poissonds ratios.

(1.8)

In summary, in adhesively bonded joints, besides the complicated material
property of adhesive itself, the mismatch of material properties of adherends and
adhesives, residual stress in the adhesive (though not discussed much in this thesis), the
existence of interfaces, as well as contaminations and flaws on the interfaces, etc., all of
these factors can complicate the analysis of bonded joints.
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1.4 Problan statement and objectives

Thegoalof this project is to study the crack path selection problem in {i&am
adhesively bonded joints. Starting from monolithic materials, an asymmetric geometry
was applied in the specimens that are similar to the standarpact tension (CT)
specimen so as to obtain the crack path. Then simulation with CZM is used in ABAQUS
to predict crack path selection. The objective of this work was to verify the CZM model,
develop appropriate parameters for damage evolution andisgfifews, and obtain
fundamental understanding of wrhich is of interest in engineering design

Crack path selection in the adhesive layer of bonded joints is more complex than in
monolithic materials, because the adhesive layer is constrained tadbtffendsThe
behavior of the fracture responses of DCB specimens at different mode mixity angles, or
with increasing mode mixity angle needs to be characterized. These fracture energy
curves would be useful to the engineers to understand fracturepmffiiwo toughened
epoxy adhesives, the influence of the size of the damage zone to the fracture energy, the
shear toughening effect, as well as some other complex mechanisms in adhesively
bonded joints.

Besides crack path selection in bulk material,rfat2al debonding can also occur in
some bonded joints.HE multiple debonding processes along interfaces, as well as their
interaction is also an interesting area in the study of crack path seledtien
propagation processes of the multiple debondspcavide more understanding to
demolding processes, aptediction of the behavior of bridging bedike specimens
These resultsThe study focused on the 2D bridging problem, simulating an anomalous
debonding phenomenon that can occur in DCB specirmiéesobjective of this section is
to investigate the competition of the multiple debonds on the interfaces and the resulting
crack path selection and propagation processgeiehcan provide some useful
information to develop strategies to control deborapagation.

For crack path selection in bonded joints, the interaction between the interfaces and
the adhesive layer is another interesting topic. The objective of this section is to
investigate how would the mixed mode loading and the interaction ofaicgéeand
adhesive influence the crack path selection if some preset weakened interfaces are made
when the main crack is proceedi®judying of the stress fields influenced by the
damag evolution of interfaces is also an important objective. The goal of this simulation
is to study the sensitivity of crack path to weakened areas, the effect of the maximum
traction, fracture energy, and size of the weakened areas on the crack pathnselecti

To apply varied loading modes to all the specimens experimentally as planned in this
project, he performance of the DALF was improved by applying LabVIEW in the
controlling system. Calibrations were required to correct the errors that come from the
loading rod extension and bottom clamp rotations so as to obtain the beam deflections
precisely and determine the fracture energy or intermediate SERR values correctly. The
objective was to obtain the compliances or stiffness of the loading rods, as il a
rotary compliance of the clamp at the bottom. Then, these corrections can be applied to
the experimental study of bonded joints.

12



1.5 Dissertation outline

This dissertation isnainly organizedasa series of papers to be submitted to journals,
aswill be addressed at the beginning adsbspecific chaptergtended for publication
An outline ofthe chapterss as follovs:

T

Chapter 1 provides a general background of this project and an introduction to
fracture mechanics, including applications theslvely bonded joints.

Problem statements and objectives are also stated at the end of this chapter.
Chapter 2 presents a study of crack path selection in a relatively brittle,
monolithic polymer (PMMA). Models similar to compact tension specimens
but with asymmetric arms were simulation with XFEM in ABAQUS. Crack
paths were predicted by the numerical simulations. Specimens with the same
dimensions were also prepared and tested so as to verify the predictions to the
crack path trajectories. The comparisath numerical results showed good
agreement.

Chapter 3 addresses a study of the 2D bridging problem in DCB specimens,
which is also related to crack path selection with multiple interfacial debonds.
Equations were derived from EuBernoulli beam theoryNumerical

integrations were conducted in Mathematica® to determine the expected
sequence of propagation of the three cracks and the mechanism of bridging
was clarified.

Chapter 4 provides the details on the controller and calibration improvements
of theDALF. Hardware configuration and software programming in

LabVIEW are shown in detail. Development of more versatile control

functions such as constant mode mixity angle function is presented.
Calibration of the DALF was executed so as to minimize the &oor

extension of loading rods and end rotation at the clamp.

Chapter 5 provides the details on mixed mode biarspecimen tests using

the DALF. Fracture energy and intermediate SERR curves are plotted so as to
characterize the behavior of the crackonded joints. Effects of the size of

the damage zone and shear toughening are discussed.

Chapter 6 provides the numerical study of crack path selection with weakened
areas on part of the interfaces. By applying different lengths and parameters to
the danage evolution and softening laws of the weakened area, influences of
the weakened areas are summarized. The maximum traction in the CZM is
considered to play a very important part in the crack path selection process.
Fracture energy is found to be of sedary importance, though can affect the
results when it is particularly small (e.g. 1% of the adhesive toughness).
Under globally mixed mode loadings, the competition between the loading
and weakened interface is affecting the shear stress distributidhuesnd

changes the crack path in the adhesive layer. Higher mixed mode loadings in
the opposite direction of the weakened interface are predicted to drive the
crack away from the weak interface, avoiding failure within these regions.
Appendix A shows the s of rate dependent crack path selection conducted
by using DCB specimens with one of the bonding surfaces weakened by some
physical and chemical methods. It is discovered that high loading rate can

13
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help the main crack to discover those partially weatemeas, but low

loading rate can not. These results were explained by the competition between
the CZMs of the adhesive and the weakened interface.

Appendix B show the discussion for thestfess calculated by ABAQUS®.
Appendix C show the numerical simutat of the 2D problem analyzed in
Chapter 3 using ABAQUS®.
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Chapter 2 Fracture and crack trajectory in

monolithic materials

Since experimental and numerical studies of crack growth within one bulk material is
simpler than those in multayered material systems sua$ bonded joints, the
investigation of crack path selection initially focused on cracks in monolithic materials.
Also, theXFEM (extended finite element method) with damage evolution and a softening
law in ABAQUS® were applied to the numerical model witbrmalithic fracture so as to
investigate this relatively new method before applying it to model adhesively bonded

joints.

2.1 Introduction to crack path selection in monolithic material

Crack path selection in monolithic material is one of the interesting problems in
fracture mechanics, and is affected by material uniformity, externatreants, external
loads, residual stress, etc. More understanding of crack path selection can potentially help
to avoid harmful crack propagation or drive crack in a different direction or towards a
tougher region that leads to longer service life. Theeefthis study could be very useful
for the understanding and controlling crack propagation thus benefiting engineering

design in multiple industries.

In linear fracture mechanics for homogeneous isotropic monolithic materials, the

crack tip stressesaceh ar act eri zed
the crack tip shown in Figure 2.1.
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Figure 2.1 The definitions of stresses near the tip of a crack in elastic materials.

From equatiorf2.1), the T-stressalong the crack tip, obtained by setting O , is
given by:

T=s, -5, (2.2

Though the Tstress term is much smaller than the singular terms at the crack tip, its
magnitude controls the directional stability of a crack. Cotterell and[Ri@®ncluded
that a crack tends to be directionally unstable if tregré@ss is positive (tensile) and
directionally stable if it is negative (compressive).

There arghree criteria to determine the direction of crack propagation. The first
criteria, proposed by Erdogan & $2, is that a crack will propagate in the direction that
is perpendicular to the maximum opening stress. Palaniswamy & KBpuggyested
that propagation would occur in the direction that maximizes the strain energy release
rate. The third criteria, advocated by Goldstein & Salddhé&nd Cotterell & RicH], is
that a crack with grow in a direction such that mode | fracture is maintained at the crack

tip, i.e. such that the locKl, =0. Though seemingly very different criteria, they all yield

similar results. No experimentally distinguishable differences have been obfeiled
According to these criteria, a propagating crack can eekink into a different direction
depending on the mode mixity of the local stress state at the crack tip.

Analytical solutions can only provide results of the direction and trajectory of crack
propagation for simple geometries. However, in most oafiications, simulations
with the finite element method (FEM) are widely used to obtain quick and accurate
results with the assistance of computers.

However, with the assumptions of linear elastic fracture mechanics, the stress tends to
infinity when thedistance to the crack tip tends to zero. The definitions of the stress and
strain at the crack tip are not valid anymore. A more complicated constitutive
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relationship, such as the elagpiastic law with damage evolution, is required. In this
case, the stss at the crack tip is limited by the nonlinear property of the material.

In the simulation of a models with fracture, as briefly introduced in Chapter 1, the
CZM (cohesive zone model) has been widely applied in the simulation of crack
propagation. ABAQS is commonly used software for with extensive capabilities for
analyzing nonlinear material behavior and fracture mechanics. Actually, there are three
applications of the CZM in ABAQUS: cohesive element metbkdtEM (extended finite
element method), andZM-based contact. The first one is widely used for the simulation
of interface and will be described in detail in Chapter 6. The second is mainly used for
the simulation of crack propagation within bulk materials, where the crack path is not
knownaprior, and dondt need to be correspondent
one introduces CZMs when simulating contact problems of two surfaces and will not be
discussed in this dissertation.

Based on the CZM framework, tié-EM is an extension of the coentional finite
element method based on the concept of partition of {8i§]. It allows the presence of
discontinuities in an element by enriching degrees of freedom with special displacement
functions, but dog not require the mesh to match the geometry of the discontinuities. In
brief, XFEM is a relatively new application that enables crack propagation within
elements and determination of crack path automatically by some criteria. Therefore,
XFEM can be usedtsimulate crack initiation and propagation along an arbitrary,
solutiondependent path in bulk materials, since the crack propagation is not tied to the
element boundaries in a mesh. In this case thetigeasymptotic singularity is not
needed, and onlhe displacement jump across a cracked element is considered. In
ABAQUS®, theXFEM does not need remeshing after each crack propagation step. But
some phantom nodes, which are superposed on the original real nodes, are introduced to
represent the discontiity of the cracked elements, as illustrated in Figure 2.2. When the
element is intact, each phantom node is completely constrained to its corresponding real
node. When one element is broken by a crack, the cracked element splits into two parts.
Each parts formed by a combination of real and phantom nodes depending on the
orientation of the crack. Each phantom node and its corresponding real node are no
longer tied together and can move apart. These capabilities greatly facilitate simulations
of crack p#h selection. By default in ABAQUS, the crack propagates normal to the
direction of the maximum tangential stress. This process can be repeated several times
within one element by small increments of the crack, so as to provide a relatively
continuous cracpath.
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|
Figure 2.2 The phantom nodes created in the ABAQUS when simulating a crack
propagation usinkFEM.

IntheXFEM, besi des Youngé6és modulus and Poisson
softening law and the parameters of the damage evolution areséilseddas material
properties. Figure 2.3 shows an example of the CZM. Subscripts n, s, and t, indicate

normal, inplane shear, and cof-plane shear directions, respectively. The symbbls

anda® are the taction, and separation, respectively, when damage stéris.the final
separation when the crack totally fails. The first stage of the behavior of this model,

d< p,is elastic until the stress approachestia&imum traction. The slope of this line
is related to Youngds modulus. Since thereods
initiated. The second stagl,< d< |, is the softening law, which defines how the

n "
traction drops to zeras the displacement increases to the critical value (or the SERR
approaches its critical value). Basically, there are two key parameters for the CZM: one is
the maximum traction that defines the highest stress when a damage process starts, and
the others the fracture energy value that controlling the total damage of an element and
the crack propagation. Actually, the area beneath the lines is the critical strain energy

release rate (or fracture energy), as seen in Figure 2.3.

ATraction

AU §

5nf (55f H 5rf )
N
0,(0;,0,) Separation

Figure 2.3 A typical traction-separation law.
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The CZM is a theoretical approach to fracture process that consider scales larger than
atomic or molecular, but smaller than masoale dimensions of the problem. Extraction
of the maximum traction is evaluated empirically by congmariwith the experimental
results, and modified by further simulations. There are many ways to get the fracture
energy value experimentally.

2.2 Material and experiments

The monolithic material, poly(methylmethacrylate) (PMMA), is a transparent
thermoplagt, often used as a light weight alternative to glass. It is recommended
because of its moderate properties, easy handling and processing, low cost, though is
known for its brittle behavior. Therefore, linear elastic fracture mechanics can be applied
to this material. The critical stress intensity factor of the PMMA was obtained by
compact tension (CT) tests as suggested in ASTM DSQ4410]. All tests were
conducted on an Instron 5800R machine using a 5kN load cell. With one arm of the CT
specimen fixed by a pin and clevis, the otlren af the specimen was displaced
downwards by the other pin and clevis.

CT specimens were prepared with dimensions defined in Figure 2.4. Also, modified
specimens, similar to the CT specimen but with different initial crack locations, initial
crack lengtl, and specimen lengths were prepared. In the latter specimens, the heights of
the two loading beams are different, thus the loading is asymmetric (see Figure 2.5). The
stress distribution near the crack tip involves a mixed fracture mode, and therefore
different crack trajectories are observed. This simple modification of the standard CT
configuration permitted investigation of several fracture phenonkemaeach of the
cases with different specimen lengths or initial crack lengjtihse replicates wetested,
which were machined from the same PMMA sheet by the same machine at almost the
same time, and cut in the same orientation so as to avoid significantly different material
properties.

6.4 a

e

30.5

9|
<

$6.4

Figure 2.4PMMA CT Specimen with w=25.4, a=12.7, and thickrned.7 (all
dimensions in mm).
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20.3

Figure 2.5PMMA asymmetric CT specimens with w=25.4, a=12.7, and the ratio of the
height of the loading beam is 1:2; specimen thickness = 12.7 (all dimensions in mm).

A standard CT specimen is shown in Figure 2.6, wittktiess, B=12.7mm, w=25.4mm
and a=12.7mi0]. The tests were conducted using a crosshead displacement rate of 10
mm/min, as recommended in ASTM D50648el. To ensure consistencyKip values for

all specimens, sharp initial cracks were required. The initial cracksmesmde carefully

with a razor blade and a wooden hammer after machining the notches. One blade and two
shims were inserted into a notch to center the blade and to keep it parallel to the centroidal
axis of the notch, as seen in Figure 2.7. Then, gentlenearlows were applied to the

back of the blade, initiating a small crack, only a few millimeters in front of the blade. This
process of precracking prevented a large initial crack from propagating too far into the
specimen. The relationships between thedl and the crosshead displacement for these
specimens are shown in Figure 2.8. From these results, the average vad{ydsof

1.056° 0.0281Pay/mwas obtained. As expected, the crack trajectories remain straight as
crack propgates across an entire specimen.

Figure 2.6 One CT specimen with precrack before a test, another one with a straight
crack path after a test.
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Figure 2.7 Precracking the CT specimen with a blade and two shims.
250 -
200
150

100
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0

0] 0.2 04 0.6 0.8 1
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Figure 2.8Load vs. extension curvésr three CT specimens.

Unlike the specimens described above that have a notch placed along the horizontal
centroidal axi s, Amodi fiedo or Aasymmetrico
crack not located along the horizontal centroidal avese al® tested. The ratio of the
height of the loading beams is 2, and an untested specimen is shown in Figure 2.9a. In the
modified specimen with stationary cracks, mode mixity exists because of asymmetry. Also,
the diameter of the holes was reduced tond12 b make roonior the notch. Because of
the mode mixity, the crack veered in the direction of the thinner arm (on the top in Figure
2.9b). However, the crack path changed its direction and became straight (almost
perpendicular to the right edge in Figur®d@ before the crack terminated at the edge.
Additional details on this observation will be discussed in the following section on the
simulations, and comparisons will be made with the numerical results.
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Figure 2.9 An asymmetric CT smegmen:(a) with notch and initial crack before the test,
(b) with crack after the test, (c) the 2D projection on a scanner.
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2.3 Simulation with XFEM

In this section, a similar configuration was modeled in the ABAQUS and the crack
trajectory was simulatedsing the XFEM with tractiorseparation law, which is one of the
applications of the CZM (cohesive zone mod&he dimensions and material properties
of the CT specimen ar®/=25.4mn, 2H =30.5nm, a=12.7mm, E=3GPa and
v =0.4. The plane strain state was assumed to prevail in the CT specimens. We employed
the crack initiation criterion used by Erdodad], i.e., a crack initiates when the maximum
principal tensile stress reaches a critical value, which is also thdtdefaihe XFEM in
ABAQUS.

After applying the parameters for the CZM, the predicted crack path was compared with
the experimental results. The curves are quite close to each other and the XFEM worked
successfully for the simulation of crack propagatiothia monolithic generic polymer.

The XFEM implemented in ABAQUS® v6.9 usingrbde plane strain element, CPE4,
was employed to analyze the deformations of the asymmetric CT specimen used in the
experimental studigd2, 13] Assigned boundary conditions is closely related to the test
configurations. Two reference points in ABAQUS were assigned corresponding to the two
contact points of the pins and holes. These two reference points tizrieed to the
elements in the meshed model in ABAQUS. With the loading points shown in Figure 2.10,
the following boundary conditions were used in the numerical simulation.

Load point 1: fixed in x and y directions; =0,u, =0;

Load point 2: fixed in the xlirection but displacement in-direction is prescribed:
u,=0,u, = 2mm.

S, 522

(Avg: 75%)
+8.397e+01
+5.000e+01
+4.000e+01
+3.000e+01
+2.000e+01
+1.000e+01
+0.000e+00
-1.000e+01

-2.000e+01
-3.000e+01
-4.000e+01

Figure 2.10. The boundary conditiomsitial crack and opening stressd.s,, in MPa)
for the asymmetric CT specimehhe contour showed stress singularity at the crack tip.
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The boundary conditions were applied by an increas@.bimm (negative means
opening the lower beam downwards) in each steps until the crack propagtieedge
of the specimen (usuallt mm for the CT specimens, arRimm for the asymmetric CT
specimens). ABAQUS also provided several increments (es&ds, in other words) in
each steps. The crack path selection processes is considered to dedredthr
reasonable precision. Indeed, since cracking is an irreversible process, the accurate crack
path will be recorded in the last step, even if the other steps are deleted.

From tensile tests on PMMA at a strain rate of 0.00014/s and room tempdtdite®,
and Guinegl4dlobt ai ned t he foll owing Bwv3Paaygld val ues
limit stress (i.e. the 0.2% offset yield stress),=43.9 °0.MPa, rupture stress

5,=749 °0.MPa,and Poi sago0moThe magirhumarincipal stress of the

damage initiation (i.e. the maximum traction in CZM model) was set equal to the rupture
stresss, =74.9MPa. Damage evolution was determined based on theufeacetnergy
2

(Glc :Guc :Lz
(E/@- 7))

power | avhichwas=sdmmonly used in simulatiqig]. The peak stresses in the

followed simulations is around60N when the characteristic element size is 0.2 mm. This

peak load is close to the experimental results shown in Figure 2.8. The maximum traction

value is chosen because of the agreement of the peak load in the experiments and the

simulations, though theregea lot of arguments about whether the rupture stress can be

used directly as the maximum traction or[h6}. Since the focus of this study is the crack

path, sensitivity study abouté maximum traction was not shown in this chapkeree

mesh sizes were applied and compa@dx0.5 mm, 0.2x0.2 mm, and 0.1>0.1 mrthe

ABAQUS Documentation showed that, in XFEM with tractseparation laws, several

increments will be calculated withome element. Therefore, we can usually find several

small turnings in the crack path within single elements in some of the models. So the crack

path selection is considered to be not significantly sensitive to the mesh size, because of

the capability of banging crack direction when needed in each element. Therefore, as far

as observed in these cases, the number of steps diddiffekence in the crack patbr

other computed resultSigure 2.11 shows that the crack path simulated with different mesh

sizes are very close to each other.

312.2) /nt ), linear softening, and mixed mode behavior of
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Figure 2.11. Crack path of the asymmetric CT specimen in the numerical simulation
usingXFEM, W is the length and 2H is the height of the specimens.

When the crack starts to propagate, the crack veered gradually upwhsts, the
loading beam is thinner and more flexible. However, because the limitation of the
dimensions of the specimen, the crack turns to the right edge thereafter and then stops.
Similar to the standard CT specimens, the crack terminated at the righhdelgure 2.9.

Also, a series of similar specimens were simulated in ABAQUS, with incr&/ssiedt
all the other lengths were the same, as seen in Figure 2.12. The reason for this increment
is to find out a critical value oW that leads to different crack paths. By default in
ABAQUS, the crack propagates normal to the direction of the maximum tangential stress.
The numerical results showed that, when the valu& oicreases to 26.sim, the crack
path should change dramatically. The length of the specimen altered the stresses in front
of the crack tip: when the length is longer, the crack path tends to terminated on the top
edge.
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Figure 2.12. Simulated crack pasit®ow dramatically different when W is (a): 25.7 mm,
(b): 26.2 mm, (c): 26.4 mm.

After the predictionthree replicates were testeahd the crack paths are almost the same
as those predicted in the simulations. When testing the specimens with the samhsize
simulation (as in Figure 2.12c), some of the craapgroachedhe top edge, while the
othersapproachkd the right edge. Evidently, this dimension is very close to the critical size
for the switch of the crack paths.

The experiments were conducteging the critical specimen lengtW(= 26.4mr) after
the prediction by numerical simulations. By machining in the same orientation and at the
same time, the dimensions of these asymmetric CT specimens were nearly identical, the
resultingcradk paths are shown in Figure 2.T3ue to the uncertainties in the experiments
(e.g. the contact points between the pins and holes, the slight differences of the length of
the precracks, etc.), some of the cracks terminated on the top, some of thieratéeron
the right, though the dimensions of these specimens are exactly the same. Thus the critical
depth associated with the switch from one crack path to the other by ABAQUS predictions
proved accurate for inducing the same effect experimentally.

In sunmary, since the agreement in the crack path selection is considered to be good,
and the critical specimen length was predicted accurately, it is reasonable to conclude
that, these models are reasonable for the study of crack path selection in monolithic
materials. Of course, since the crack path selection and the critical specimen length are
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not sensitive tor

max

topics, such as loadisplacement cues.

the value ofT__ may need to be adjusted when studying other

Figure 2.B. Varied crack paths after the tests of the asymmetric CT specimens machined
in the same orientation of the PMMA sheet at the same time, with exactly the same
dimensions and the critical specimen length (26.4 mm).

To complete the validatiostudy, the effects of longer specimens and shorter initial
crack lengths were also evaluated. The ratio of the specimen length and the initial crack
length (W/ a) was expected to be important for the directional stability of crg¢kince
they would change the sign of thesfress. Accordingly, more PMMA specimens with
differentvaluesoMW/awer e t ested. The crack | ength was
25.4mm (10), and 38.1mmOoO{l165mm Who) er ¢ mai vad
thus w/a equaled 8, 4, and 2.67. The other dimensions were as same as those of the CT
specimen. The crack paths are showniguie 2.14

Figure 2.8. Trajectories of the crack paths in the specimens with differdial iniack
lengths (From top to bottom: a = 12.7mm, 25.4mm, and 38.1mm.)

As the ratio, W/a, was varied from 8, to 4, and 2.67, the crack path deviated towards one
side. The curvatures of the three cracks were almost the same. For the specimens with
a=254 mm and 38. 1mm, (W a O 4), the crack cur
propagation. However, when the initial crack length was 12.7mm (W/a=8), the crack
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propagated along a straight line for almost 20mm before the devidtimre the critical
specimen legths has been predicted by ABAQUSome longer specimens were
considered to be more or less redund@he further works in ABAQUS, especially those
simulation in longer specimens, were suspended.

2.4 Conclusions

The XFEM in ABAQUS was employed in the sufations of the crack path selection in
some CT specimens made of PMMA. It was shown that the parameters, with assumed
value of maximum traction and experimental data of fracture energy, work accurately for
the simulations of the crack path selection impighic material.

Asymmetric CT specimen models were developed in ABAQUS and the influence of the
specimen lengths was investigated. To determineltfeetion of crack propagatiom i
ABAQUS, the directionof crack propagation is determined liye maximumtangential
stress

Due to the asymmetry of the initial crack location, the moving crack veers to the thinner
loading beam. When the length of the modified CT specimen is short, the crack path tends
to terminate to the edge opposite to the initial crao& (ight edge in Figure 2.12). When
the longer versions of the modified CT specimen are use, the crack path tends to terminate
at the edge of the thinner beam (the top edge in Figure 2.12). The critical specimen length
was predicted by the simulation argtee well with the subsequent experimental results.
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Chapter 3 The intrinsic role of strain enegy in 2D
bridging problem and the subsequent multiple
parallel propagating debonds in beardike joints

(Paper prepared for submission to thiernational Journal of Solids and Structuyes

Abstract:

When layered materials are separated beyond their tgpgagome situations, a
debond may occur along one interface for some distance, and then switch to the other
one, leaving in the wake an interlayer bridge suspended between the two sides. Such
bridges can detrimentally affect demolding in manufacturnoggsses, alter the apparent
fracture energy in test specimens, and induce other anomalous behavior. A framework for
analyzing such bridging phenomena is presented and an analysis is then performed for a
specific application corresponding to common dowhletilever beam specimens (DCBSs)
or to prying action of molds to remove a product for a manufacturing process. This paper
analyzes this scenario and related phenomena by taking the strain energy of the adhesive
bridge into account. The strain energiesexan the suspended bridge and the two
adherends are added together to calculate the total strain energy release rate (SERR). The
differences between the bridging model anebridge model were compared.
Characteristic increasing SERR curves of the thed®dd tips were plotted and
compared when the external load is increasing. The one with the highest SERR value
would prevail in the competition, and will propagate if it reach the fracture energy. This
chapter summarized some common phenomena for sewaFalgpmbinations of several
initial crack lengths, and stiffness of the adherends. Three cases are presented and
discussed, aiming to cover a range of bridging problems found in practical situations
covering a range of adherend or mold stiffnesses. Tilgibg analysis presented herein
could be helpful in studying demolding processes for soft materials, e.g. hydrogels, where
weak adhesion can result in erratic debonding from both interfaces and possible tearing
of the molded product. The discussions caltb benefit the analysis of the parallel
bridging situations in composite materials.

Keywords:

Strain energy release rate, double cantilever beam, bridging, fracture energy, simple
beam theory, adhesive bond, demolding, mold release.

3.1 Introduction
Interfacial failures are not uncommon in certain adhesively bonded struttthres.

the bonding surfaces ammintentionallyweakened by dirt/oil/water, or degraded by long
term or cyclic exposure to critical environments. Specifically, if a weak interfacial area
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forms ahead of the initial crack, the debonding process will usually junhataveak

area, leaving a bridge suspended between the two adherends. Related examples can be
found in manufacturing of polymer products, where debonding from mold surfaces is
typically requiredas shown in Figure 3.1)inconsistent mold surfaces, locaitperature
variations, curved surfaces, and other factors may lead to bridging of the molded product
between the two mold halves. Fracture (tearing) of the product is often an unacceptable
outcome. Even if fracture of the bridge does not occur, ineldestizmation of the

bridge, including those near the crack tips, can damage sensitive products, leading to
higher reject rates.

Figure 3.1Bridging problem in a wedge test of hydrogel with stiff substrates (a
schematic is also shown so asctarify themultiple debonds).

Bridging phenomena have also been observed when splitting orthotropic materials
such as wood or composite materials. For example, if 09laminates are tested as DCB
specimens, fiber bridging may significantly increase the apparent mieda
toughnesd]. In this case, the bridgesake relatively small angles with respect to the
crack facesas shown in Figure 3.1 fact, when the load is removed, these bridges are
nominally parallel to the crack.

Figure3.2. Bridging problem in DCB test with weak surfaces and strong adHagee
(flexible aluminumadherends were used to obtain large opening in the picture, but the
deflection is usually very small in a real DCB te$t)e adhesive layer is VHB® tape
purchased from 3M®, St. Paul, MN, USA.
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Another area of considerable interkat been in the bridging of cracks by one phase
in multiphase materials, including rubber or thermoplastic modified polymers and fiber
reinforced composites. Rubber particles, which are widely used to improve the toughness
of brittle polymers, may contritie toughness through shear band formation, cavitation,
and bridging2]. Ceramic materials can be significantly toughened by adding fiber
reinforcementln many cases, both the matrix and fibers are quite brittle, and yet a weak
interface between the fiber and matrix allows for slippage and substantial energy
dissipation in the materials. The fibers that bridge the crack faces exert tractions on the
failed surfaces, and reduce the effective stress intensity at the crg@k4ip

Therefore, there is interest in understanding the bridging problem, and for
manufacturing process, controlling debond propagatioossible. A useful model for
this study is the adhesively bonded, double cantilever beam (DCB) configuration, with
relatively weak interfaces and an extensible adhesive layer. When bridging occurs in such
geometries, evaluation of the results are complichiethe presence of the bridge. The
tractions on the crack faces in the wake of the crack tip can have a significant effect on
the strain energy release rate (SERR). The tractions normal to the crack plane have been
used for making corrections for pla#tyc often assuming that it equals the yield stress of
the materidb, 6]. A numberof investigators have analyzed various aspects of these fiber
bridging phenomena, but most have focused on the case where the fibers are
perpendicular to the crack plaf®e9], or have considered a distributior fiber
orientation angles and estimated the averaged effects by statistical[frzalild These
fibers or bridges also increase the apparent toughness of the material, but the mechanics
are quite different fronthe bridges that are almost parallel to the crack plane, and only
the latter will be considered in the present work.

When a DCB specimen is loaded, the crack may propagate along one interface for
some distance, and then a second crack may initiate alermpplosite interface.
Continued loading will result in both cracks propagating, leaving behind a suspended
adhesive bridge at a relatively shallow angle with respect to the adherends. This
phenomenon is sometimes encountered when testing DCB speciméagilsp
interfacial failures with an adhesive which has sufficient extensibility to bridge the crack
without failure. In this paper, we present an analysis of small angle bridging in DCB
adhesively bonded joints, as shown in FiguB 3 a two-dimension&representation is
appropriate, the bridge results in three debonded interfacial cracks and the crack lengths
a ,a,, anda,are defined as shown in Figur@@.The traction has one nieal

component] sina , that reduces the deflection of the adherends, and one horizontal
componenf] cosa, that results in an eccentric load applied to the adherends that can
exert extra bending moments in the aénelis. These bending moments will be

investigated, although the axial tension or compression in the adherends will be assumed
to be negligible. Therefore, the problem canibgpéified as shown in Figure 343
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Figure 3.3 Model of he adhesive bridging problem with geometric parameters and
external loads: (a) Schematic of the initial debond and cavitation; (b) 2D view of the
model; (c) Appearance of the bridge and definition of three crack lengths; (d) Cantilever
beam models, defindn of coordinate system and points.

The DCB configuration studied herein may be an idealization of a demolding process,
or can represent a common fracture test that is often used to measure adhesion. In
practice, this bridge is often relatively unifornr@gs the width of the specimen,
permitting a 2D analysis as is presented herein. The bridging mechanism enhances the
apparent toughness of the bond because the bridge carries a portion of the load, reducing
the applied energy release rate at the longaskdip. The analysis extends the analysis
presented ifl2].

In the following section, using Eul@&ernoulli beam theory, the deflections of the
beams (adherends) are calculated when the external lagetjahproperties, and
geometries are given. The strain energy release rates (SERRS) of the debonds, as well as
the strain of the bridging, are calculated by using the deflections of each points. Based on
these calculations, thecrease of the SERRs atidis thecrack propagation sequences
are discussed in this chapter

3.2 Analysis
3.2.1 2D bridging DCB model

The suspended adhesive bridge is modeled as a linear elastic membrane, assuming
that the flexural rigidity is small because of the small thickoésise bridge compared to
other dimensions in the model. The two adherends are also assumed to obey linear
elastic lehavior. As shown in Figure ®3the adhesive bridge exerts equal and opposite
tractions T on the upper and lower adherends. The anafytis model involves the
external load P, internal force T exerted by the bridge, and the bridgingaantie
bridging angle is defined to be the angle between the adhesive bridge and the bond plane
of the undeformed specimesp a is the saméor both adherends in Figure B.3\ote

41



that this bridging angle is different from and larger than the beam rotationganghéch
is commonly used in beam theories, and assumed to be small

The adherends are assumed to be identical, resulting in a flat DCB specimen that,
except for the bridge, appears to be symmetric and globally loaded in mode I. The
adherends as well as the bond are assumed to have a widtfitoé thickness of the
adhesive bridge Is. Ignoring deflections within the bonded adhesive layer, the
adherends can be considered to be cantilever beams fixed at the crack tip 3 as root
rotation and deflection are not considered.eBlasn EuleBernoulli beam theory, the
differential equations can be given and then solved using appropriate boundary
conditions at points A, B, D, E, and G.

First consider the upper beam with modulus and second moment df ared, ,
respectively. From point Dto B¢ x ®& &), we defineM™,g", andy’ to represent
the bending moment, rotation angle, and vertical deflectespectively. Similarly, from
point Bto A, (a;- &) ¢x &, M*, g", and y"are defined to represent the bending

moment, rotation angle, and deflection, respectively. ighcoordiate system defined
in Figure 3.3and origin at point D, the derivation can be started from the shear force

3 2
equation for EuleBernoulli beam theoryEl zlezEl 3)? -aM VE(X) . Therefore,
M: {P Tsina) (3.1
dx
aM” _ P (3.2
dx

Applying boundary condition$/ +X:63 =0,M",, o =M " 5 4 1C0S2 g Ye)

M =0 0,=0,G 0 a= Gix o Yo=0andy',., .=y, . ., we obtain the
rotation angle and beam deflection by integration in several steps. The solutions of the
deflections are given by

D:

Paax X 0Tsina (§- g X X TWosad H &% © x 9
B%2 6 L E %2 6 & F2 79 s
PaaxX X 0Tsina (&- @°x (a-@° ®osad H  o6(adaf
EF2 6 Y E T2 6 El F2 2

yupper =

—— =) ——y—)

(& -a)x- (a gq x 3
(3.3
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Thus deflections at each point can be calculated. In this model, the vertical displacements
of points B and E are given by,

_Paa(a-a)° (a-9° 0®ina(a @ Tosa H 43 & (35
0 Youg— o (3

yB_ElgB 2 6 El 3 El &2 2 2

_ _Péa(a-a) (a-a)° 0Tsina(a ) TcosaaH g@ ¥ (36
Elg 2 6 2 El 3 (36)

Similarly, the deflection of points A and G are given by,

Pa’ Tsinad(a-aya (a3 -9 QTosa H 0@ & , .,
=T El ¢ 2 6 EElg‘%yB_‘?EEz (a-a)a
(3.7
_ Pa3 Tsmaa(% aya (a-ap’ oTcosaaH (@ -af )
T E3 EIEEZ 6 & 8_292—(8362)%
(3.8)

In order to simplify the problem, we asseithat
tana—— o~ ¥ (3.9

BC' a-a

In this assumption, we neglected the beam foreshortamdgookBC = BC', which
is also consistent with Eukdernoulli beam theory with small deflections. Also, it is
worth noting that, if the adherend rotation anglés very small (oBC @BC'), this 2D
model would be accurate enough to simulate the debond propagation, no matter how
large the bridging angkeis.

The axial extension of the bridge is written as

d=y@& -a)° & ¥ (a 3 (3.10)
The bridging force is
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T=sA <E ¥b) EbhE)

d al g s
a biwl;iaefl i Ye £ 1 (311
(8- a) A cx-a -

where,A=bh is the crossectional area of the bridge aiglis the effective modulus. In
this equation, plane stress is assuntiedugh plane strain condition can also be applied
by replacingE, byE,/(1- &) ,wheras, i s t he Poi ssonés ratio of

Substituting equation@.9) and(3.10) into equation$3.5) and(3.6), we have two
equations with two variables, , and y. . Thoughthere is no simple analytical solution,

the equations can be solved numerically using appropriate software such as Mathematica
(Wolfram,Champaign, IL). Then the bridging angle, extension of the bridge, and the
traction can be calculated by using equaf®8), (3.10), and(3.11), respectively.

3.2.2 Strain energy release rate in the bridging model

Since the traction T is an internal force, the external work performed on the specimen
enters solely through the displacent of load® , which was considered to be applied by
a load frame with one adherend fixed and the other one moved. Therefore;stafiasi
loading condition is considered in this model, with the external forces assumed to remain
constant. Based on the definition, the SERR equals the difference in the variations of the
external work and the strain energy in this system.

The strain energys, is stored in the two adherendls, _andJ as well as the

d- up a- low?

bridge,U, . The strain energy increment in the linear elastic bridge is

dd. dg . d.d
du,=Tdd, =T(—2* da +< dga —2d 3.12

In general, the SERR for this system may be given by

1 dUu., du 1,du, du_ +duU_,, tdU 1,dU 1 duU

G=S(=22 —2) =(—= 2 ' Dl ey M )

b da da b da da b da da
(3.13

where,

1dY, _1dY,- dY, , ~dUs.p =}~P;ed—’* % 83 (i % 2, 3,no summation
bda b da c da da =

(3.14)

This equatior(3.14) is just the familiar definition of SERR for traditional DCB
specimens. Therefore, equati@il3) is a similar result but with the last term added to
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account for the strain energy stored in the bridge. Note that the definitarisof
different from the other two crack lengths, amdecreases when thcrack propagates

(see Figure 3)3Thus,da <0and a negative sign should be add«d inThus, the SERR
for crack 1 is

14dU, du, 6 _1 d&, du, dd&p dy, ady, odf
G=—g—= S 5 =-—g  FE — dP Tg— (3195
bc-dg dg = b g«g da - dac” da -~ da

Similarly, the other two SERRSs are

_14du, du, 61&pr d§, dy O
TbTd da O @ a0 a
¢da o0& - i

@, ,'g(i 2, 3,no summatiol

(3.16)

This 2D analysis provides analytical expressions of the bridging problem. These
equations were obtained easily by using E&leroulli beam thegrand linear elastic
approach without losing much accuracy if the adherend rotation angle is small. Based on
the equations presented previously, numerical results and discussions on the factors to the
crack propagation sequence are now shown.

3.3 Resultsand discussions

Since it is difficult to solve the equations analytically, numerical results are shown
with someassumed materials and geometric properties are applied to the 2D linear elastic
model. Numerical solutions for SERRs were found using an irerehapproach in
Mathematica®, with an assumed numerical crack incremddda o). Imn. Graphs are
shown for several given material properties and crack lengths. Adherends with width
b =25.4mmr, and thicknesdd =12.7mm are used, which is consistent with the DCB
specimen with flat adherends used in ASTM D 343B Also, a thicknesk =0.25mrris
assumed for the adhesive layer, as well as the resulting bridge. The discussion is divided
into two parts:

(A)Response to the external | oads when there

(2) The propagation sequence when a fracture energy value is introduced.

3.3.1 Load and response without crack propagation

In this section, the adherends were loaded and thesaghbridge was extended
elastically, but there was no debond propagation and thus each crack kept its initial
length. Based on the deflections calculated by the equations shown previously, the SERR
curves were also calculated by numerical integrationillegtration purposes in the
present section, three cases were studied and details are shown iB.T.alile non
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dimensional ratios indicate the stiffness of bri’dﬂherenc{%), and thecritical
&- 8

debond strain of the bridde % ). These cases were proposed to cover a range of

a

bridging problems that might be encountered in practice.

Table3.1. Three cases studied in the present work

Adhesive 4E,hg

Adherends&bridge Simulate E'a-a) ORBA Eh CDS

Casel 70GPa 3GPa DCB with metal 3.31 medium 5e-3 medium
adherends
DCB with

Case2 3GPa 3GPa polymer 7.6e0 large 5e3 medium
adherends

Case3 3GPa 03Mpa Demolding oo 4 smal 5el large
process

* SRBA: Stiffness rat of bridge/adhesive
** CDS Critical debond strain

First we consider the differences between the models with and without the bridge.
Obviously, the case of Aaridge is the wetknown simple beam theory (SBT) result,
which can be calculated easily withlthe present formalism when tractiba 0. In order
to compare these two models by the same criteria, regardless of whether a bridge exists,
the crosshead displacement is defineD as/, Yy, . Suppose point G is fixeghd the
external load P is applied on point A. Since the traction is resisting the separation of point
A and G, the deflection is smaller for the bridging model than for tHeridge model.
One of the examplaa Case 1 is shown in Figure 3vhen one geof initial values of the
three crack lengths is assumed.
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Figure 34. Crosshead displacement for bridge andndge model with the same
external loads, with a set of crack lengths for Case 1.

Also, the position and length of the bridge are importafitenloadedto the same
crosshead displacement, the external load required for the bridging model is higher than
that of nebridge model. And also, a more significant difference in the external load in
force is found when the bridge is farther away frown tip of crack 3. For example, the
crosshead displacements are set t&renfor both nebridge and bridging model, and

cracks 1 and 2 are assumed to be fix@d GOmm, a,= 68 mm), theexternal load and
bridging force were calculated for different values,0fWhen the length of crack 3 is

longer, the external load required is smaller because the specimen is more flexible. Also,
the difference in external loadnsore significant, and the bridge traction is higher when
crack 3 is longer. This trend is showrFigure 3.5 for Case 1, and Figure 86Case 2.
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Figure 3.5Comparison of loads for both bridging andbradge model for Case 1 when
the length of tack 3 is changefiom 120 mm to 240 mpthe crosshead displacements
are set to be 5 mm for both4hoidge and bridging model.
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Figure 3.6 Comparison of loads for both bridging andlmadge model for Case 2 when
the length of crack 3 is changigdm 120mm to 240 mmthe crosshead displacements
are set to be 5 mm for both4boidge and bridging model.
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If a,=50mm,a,= 68 mm, ané = &= 200mm are assumed, the SERRs of the three

cracks agunctions of P are shown in Figure 3.7 (Case 1), Figuré@Ga8e 2), and Figure
3.9 (Case 3). In these three figur€sjs the SERR values at cracki =1,2,3),G, is the

SERR for nebridge model that is also plotted for comparison.

2100

1800
<1500
% 1200
900
600
300

0

SERR

0 100 200 300 400 500 600
Load on the DCB specimen (N)

Figure3.7. SERR curves for the three cracks as functions of the external load for Case 1.

2000
/ 4 a; = 50 mm
gl / ,I a,= 68 mm
1500 | ,’ , gz a; =200 mm

3./ / a =200 mm

0 50 100 150 200 250 300
Load on the DCB specimen (N)

Figure 38. SERR curves for the three cracks as functions of the external load for Case 2.
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Figure 3.9 SERR curves for the three cracks as functions of the external load for Case 3.

Figure 3.7shows that, obviously, the three SERR curves are different from each
other. Results calculated from other crack length configurations showed simits: tren
G, is always higher thag ; G, is higher tharG, at the beginning but intersects the other
two curves and becomes lower thereafter. With the same geomeitsy siemds are
found in Figure 3.8or Case 2, though the intersection is so early @&t mostly the

highest curve in Case 2. In Figur® r Case 3, the bridge is so flexible that the traction
is almost negligible(s, is always the highest one.

Through a series of calculations with different crack lengths, one observes that,
without crack propagation, there is an intersection between cGyvasds, . These
intersections showed the critical value of P and SERR, where the competition between
G, andG; comes to a draw. Therefore, this point provides another viewntmnarize the
similarity for different cases, irependent of the size or stiffness of the adherends or
bridge. Between the origin and the intersect@®yis higher thas,, but lower beyond the
intersection. The similar trends facilitate the analysis ofrttezsections by altering the
variables. Some of the examples were calculated by solving equatidnisen connected
in Figure 3.10where there was no propagation in crack 1 or crack 2. Eleven cases were
calculated witla, ranged fom 75mmto85mm. When altering the crack lengths,
stiffness, etc., the shapes and trends of the three SERR curves are similar. This plot is

presented to facilitate the understanding, and thus the following disiesigs1 prediction
of the crack propagations.

50



5000

a; = 50mm, a,=55mm

B et
A4ooo I G
53000 | Ygz
o - /_/
2000 |
i -

1000 P
0
0 400 600
Load (N)

Figure 310. Intersections with different length of crack 3 (lengths of crack 1 and 2 are
fixed).

3.3.2 Prediction of the crack propagation sequence

Since we were studying the bridging problem, only inteald@ilure was considered
in the present work. In addition to the understanding of the loads, deflections, and
individual SERRs of bridged specimens, this bridging model is useful to predict the crack
propagation sequence for the three debond tips. Wiedodd is increased, the SERRs at
the three debond tips increase but at different rates. If a critical value of the SERR (or

fracture energ, ) that is independent of mode mixity is assumed for the interfaces, the
curve that firsteaches this limiting value will lead to the initial debonding event. A
discussion of this assumption is shown at the end of this chapter. There@feyiboth
aluminum/epoxy and polymer/epoxy interfaces are taken30@k/nt, thena, will
propagate first in Figure 3.7 and 3t a, will propagate first in Figure 8. In order to

plot the full propagation sequence, the calculations have to be repeated usieny tet
of crack lengths after each step.

One such propagation sequence for Case 1 is shown in Fig@revBtiLinterfacial
fracture energ, =30QJ /nt . An initial short bridge and three subsequent crack lengths
are assigned before simulatibegins. Assumg, =51Immwhen crack 1 and crack 3

emerged on the upper adherend. Therefore, without loss of generality, it is reasonable to
assumes, =50mmranda, =52mirso that there is a small debond oe thterface. In these

calculations and iterations, the same increment of crack lengths in each numerical step
was assumedd Imm). When the crosshead displacement incre&sesicreases quickly

to G, and Crack 3 propagates first. After Cracie@ches a critical lengtig, will be a
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little lower thar,. ThereforeG, will be the first to reac, and Crack 2 propagates. The
process will continue with the competition betwégnandG, driving the propagation of

crack 2 and crack 3 in a step by step fashion. This process is similar to a competition
amory the three crack tips, as show the schematic in Figure 3:1the first one who
reachess_ wins in the competition and propagateiynm in each numerical step.
Since the value o8, is always smaller tha®,, crack 1 will never propagate. Also, since

the steps of the propagation are very small, it was found that both crack 2 and crack 3
effectively propagate simultaneously but with different rates.

500 , 500 .
= Crack propagation process from = Crack propagation process from
E the calculation with beam theory £ the calculation with beam theory
= G1 G Gs 3 G1 G2 Gs
$ Case 1: crack3 propagates $ Case 2: crack2 propagates
w Ge 5 Ge
- — f
[ (o) !
v w ]
@ @ i
Q x :
Q [J] i
E S 1
> > i
feTs] [o74] 1
A p - 1
Q [ !
c c
(0] (] 1
£ c !
g £ |
% 0 Ls ﬁ O | | !
0 100 200 300 0 100 200 300
Load on DCB specimen (N) Load on DCB specimen (N)

Figure 3.11Schematic of the competition betweByandG, for two cases@, is always
lower than the others, thus crack 1 is never predicted to propagate).

250

Initial crack lengths:
| a;=50mm

200 a; =51mm

a; =52mm

Crack length (mm)
>
o

0 1 1
0 2 4 6 8
Crosshead displacement (mm)

Figure 3.2. Crack propagation sequencalculated when the adherends were opened in
Case 1(with initial crack lengths assumed to be 50 mm, 51 mm, and 52mm for crack 1, 2,
and 3, respectively).
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In order to compare the results with thebralge model, the relationships &vs.

P were plotted in Figure 3.1f8r Case 1 and Figure 3tfor Case 2. Assumptions were
the same as those for FigureZ3.and the relative error of fracture energy was calculated

with respect t6&, =300 /nt . Therefore, with a bridging problem, the error of recorded

mode | fracture energy will be larger when the distance between crack 2 and crack 3 is
longer. Sincel and P were of the same magnitude in Case 2gtiner was even larger.

The oscillation of the curves results from the round off in numerical process and the
assumption of propagation step@flmm. The kink in the load curves with bridging, and
the relative error curves in Figurel3.are due to the start of propagation of crack 2 when
the crosshead displacement is 0.77 mm in Case 1. Aasikmk is found in Figure 3.14

when crack 2 start to propagate when the crosshead displacement is 2.2 mm for Case 2.

2‘1000 100
<c —~
e 800 | 180 =
S <
S 600 | 1 60 £
Q S
O 400 | 1 40 ©
S Bridging 2
2 1 ©
§ 200 No bridging 20 2
0 ! ! I I 0
0 10

4 ) 8
Crosshead displacement (m)

Figure 3.13Crossheadigplacement vs. load curves for Case 1 in both bridging and no
bridge model (the plots were stopped when crack length reached 250 mm).
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Figure 3.1. Crosshead displacement vs. load curves for Case 2 in both bridging-and no
bridge model (the plots were giged when crosshead displacement reached 10 mm).

Similar plots for Case 2 are also shown in Figur@.3SInce the modulus of the
adherends and bridge are the same, the traction and external load were similar in

magnitude, the error was even lardarCa® 3, sinceG; is always the highest one, and

the bridging traction is so small, the propagation sequeradmast the same as forno
bridge model. Thus, the plots for Case 3 were not provided in this discuasian.

systems in \wich the modulus ratio (adherend to adhesive) is very large, the effect of
bridging is going to be negligible. In summary, the criterion is provided by comparing the
fracture energﬁC and theG at intercegion points. Refer to Figure 3.1if GC is always

much lower thar( at all the interception points in the entire propagation sequence, then
only crack 3 propagates.

The other similarity can be found if the crgmopagation sequences with various
initial crack length configurations are plotted (Figure53dr Case 1 and Figure & for
Case 2). Small initial bridging (short debond on the opposite interface) similar to that of

Figure 3.2 is assumed. Tak8, =40mmMmfor example, the values &, and &, are4Imm
and42mm, respectively. The figures show that, when the model is determined by some
fixedd,, and a small initial bridging is assumed on the upper adherend, there is

theoretically a fixed relationship betwe@andd; . For the cases considered herein,

crack 3 will propagate first at theeginning and then the rate will decrease, while crack 2
will usually hold at the beginning and then propagate faster. This point of view can also
provide useful predictions to the crack propagation sequences.
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Figure 3.15The relationships between tlemgths of crack 2 and crack 3 when
propagating from several specified initial crack lengths for Case 1.
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Figure 3.B. The relationships between the lengths of crack 2 and crack 3 when
propagating with several different initial crack lengths for Case 2.

This investigation is believed to offer a framework useful for understand the crack
propagation sequences for various material and geometric scenarios in many cases. For
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example, if there is a bridging problem in the demolding process and we would like to
have crackd, to propagate first, flexible adherends can be considered (similar to the one
in Figure 36 for Case 2).

3.3.3 Discussions on other nonlinear effects

Note that as stated in the analysis section, the calculationsllaralstivhen the
bridging angle is very large provided the beam deflection angles are relatively small.

Essentially, the error comes from the overestimation of the Ié&gﬂ'ﬁi) and thus the

underestimation ofana in equation(3.9). Therefore, in most of the cases, the crosshead
displacement openings are small, simple beam theory is still valid, and the error is
negligble. The actual length of the beam can be estimated by

~J8”

p 61cosqupperdx- :‘ﬁ COS @, dx ° j: fos g.dx =@ @ )COE (3.17)

G, pper@ndfy,e; are beam rotation angle function of the upper and lower adherends,
= . Since the

x=85 B < l%]< “ﬂelx s a

difference between them is yesmall, estimation can be taken by considering them to be

almost equal. For the rotation angles}(a(a3 -31) smaller than 10‘,’cos£> 0.98'and
the relative error is

respectively fis the average of them. Obviously,

bper|

(.- a) {a a)cosF_1 cody 1 9 3.18
(a,- a)cosfF cosy cosl0 b1 (318

Due to the geometric nonlinearity, this 2D model could not provide very accurate
prediction of crack propagation sequentmshe cases when the crosshead
displacements are extremely large. The calculations and plots showed that the geometric
nonlinearity dominated the relationships and interaction between the three cracks
(actually the two longer cracks). And it is notevigrthat some other nonlinear effects
could also alter the debonding process. The effects of peeling angle, mode mixity,
adhesive layer thickness, and loading rates are some important concerns worth discussing
for this bridging problem.

(1) In this model, crac 3 is constrained by the two stiff adherends and can be still
considered to be loaded globally in mode I. The mode mixity due to the mismatch
of the two materials exists but will not change, thus the value of the fracture
energy will not change during tliebonds propagation processesack 2 can be
considered to be peeling off from the adherend, and the peeling angle is

o+ @l

that the local peeling angle at the crack tif aé much smaller than the applied
peeling angle. Kinlodi4] had discussed the peeling of flexible laminates and the

ﬁz) , Which is usually less than 90° Many researchers have shown
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effect of mo@ mixity. They tested several material systems and discussed these
effects. It was shown that if the dissipated energy due to bending of the peeling
arm is taken into account, the values of the corresponding fracture energy values
are not significantly degndent upon the applied peeling angle. This local peeling
angle is related to the wohardening representation for the stress vs. strain curve
of the adhesive/membrane, and calculatdd4if. Usually, the change of the local
peeling angle is limited even if the remote peeling angle changes from 0%o 180°
Therefore in this chapter, since the remote peeling angle is usually le€9than

the local peeling angle is considered to be very small at the crdd&W}ip

(2) Kinloch also discussed the effects of mode ngiamd thickness of the adhesive
layer experimentally, showing that these factors will not introduce significant
differences in the fracture energy values. Though there is the mismatch of
material properties and a mode mixity on the interface due to thé Dun 6 s
parameter, the mode mixity angle would not change significantly during the
debonding processes. Kinloch stated that, if the pure mode | and mode Il values of
fracture energy were indeed deduced by some method, it might well be found that
they are eqal. Hence, no significant effect of the mode mixity would be expected
on the measured value of fracture engtdy

(3) But the study onhe loading rate showed that the fracture energy values for peel
tests will decrease when the rate is[lb#y. At very low velocites, the values
approach that of the thermodynamic work of adhesion, which is a direct measure
of the molecular bonding fordd<l]. Therefore, the real fracture energy value will
be lower when we decrease the crosshead displacement rate. This indicated that, if
the crosshead opening rate is very slow for crack 2 (e.g. loaded by some designed
jigs, or special methods), it may help cr&cto propagate farther than expected.
Details about this is beyond the focus of this chapter, since more information on
the material properties, interface properties, apparatus, etc. need to be specified.

3.4 Conclusions

The interlayer bridging problem wasudied by using a 2D DCB model with a linear
elastic adhesive bridge suspended between the two adherends. Based on simple beam
theory and linear elastic material behavior, the beam deflections, bridge strains, and
SERRSs of the cracks were calculateddlminum/epoxy, polymer/epoxy,
polymer/hydrogel bonded systems for three cases. The effects of bridging on the loads
and crosshead displacements of three different DCB specimen cases were studied.
Compared with a nrbridge DCB specimen (with the same cteessd displacement but
without any bridge), the external load is higher for the bridging models. Therefore,
fracture energy recorded in mode | test of those DCB specimens would be overestimated.

Similarities in the interaction of the SERR curves for thedtaracks were found. By
investigating these trends, the crack propagation sequences were predicted when a
constant fracture energy value was assumed for the interfaces. There was also a
relationship in the interaction of crack 2 and crack 3. Once thélefg , geometry, and

57



the material properties is assumed, crack 2 and crack 3 will propagate by following a
fixed relationship. In summary, these investigations can be useful for the understanding
and prediction of the behavior bfidging beardike specimens (such as DCB tests or
demolding processes). These results can also provide some useful information to develop
strategies to control debond propagation. Extensions to other geometries and loading
scenarios representative of @t manufacturing processes may prove useful in

preventing bridging or controlling deleterious effects that can arise in demolding
situations.
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Chapter 4 Development of the improved
controller for the dual actuator load frame

Abstract:

This chapter conveys an overview of the implementation of a new EA®lbased

controller system for the dual actuator load frame (DALF) that involved replacing the
controller with hardware purchased from National Instrument (NI®, Austin, TX). Gbject
oriented programming idea is employed to facilitate maintenance of thautam

program of the controller: each component is relatively independent, thus updates of
individual components will not affect the others. Calibration of the controller was
performed so that the controller can execute the load and displacement cantraichy.
Calibrations to the extension of the loading rods and the rotary error were also made so as
to measure the displacements of the adherends accurately, ensuring more accurate data
analysis.

Keywords:

LabVIEW, objectoriented programming, real tine®ntrol, dual actuator load frame
(DALF), proportionalintegratderivative (PID) controller.
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4.1 Realization of the hardware and software of the controller

The double cantilever beam (DCB) test is one of the most important tests in
characterizing the fracture behavior of adhesively bonded joints. Traditional DCB
specimens are desigh& be loaded in pure mode | (pure opening). However, since
mixed mode tests are also important for the design of bonded joints, and the required
results cannot be estimated from mode | tests, many test apparatuses have been designed
for mixed mode or maslll tests.

The dual actuator load frame (DALF), as seen in Figure 4.1, was desigaed
alternative to the range of fixtures requiredddferent kinds of apparatus used in the
tests of beantike bonded joints with different mode mixities by an itlea clamping
method. Furthermore, the mode mixity can be changed instantly as required, because the
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two loading cylinders are independently controlled by the computer. Functions realized in
the software reduced the requirements in hardware (includm@iigther complex

clamps). In this section, the implementation of more versatile functions for the controller
is presented.

Figure 4.1 Dual actuator load frame

Beamlike specimen can be installed in the fixed clamp at the bonded end and pinned
to thetwo loading clevises at the end that has an initial debond. The general method for
controlling the DALF is to move the two clevises separately in either displacement or
load control without collision.

The entire system of the controller and DALF, as sedfigure 4.2, consists of two
controller loops:

(1) RT-loop, the high frequency loop between the real time (RT) controller and the
DALF;

2)GUl-l oop, the | ow frequency | oop between tF
the RT controller.

The former is used texecute control functions and obtain their feedback loads and

displacements at high speeds so as to adjust the movement of the loading clevises in real
time. The | atter is designed to receive a us
controller, and ranitor the execution of the DALF at relatively low speeds. The two

controlling loops implement the communication between the user and the DALF. The use

of two computers operating simultaneously is the commonly recommended protocol for

high performance cordl systems. The commands can be altered instantly as needed

during a test. In the following paragraphs, the two controller loops will be described

separately so as to give details on how they were implemented.
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High frequency Low frequency
Real-time control Graphic user’s interface
(running continuously) (change when required)

Figure 4.2. Schematic of the two loopgiwé controller for the DALF.

The RTloop is designed to read the status of the DALF (loads, displacements),
execute the proportional integral and derivative (PID) control, monitor the safety
condition so as to avoid collision, and transfer the data atfféghency between the RT
loop and the GUloop. The loads and displacements are read from the DALF every 10
microseconds by interpreting the voltages from the transducers. Other variables (as
functions of loads and/or displacements, such as loading matele, mixity angles, etc.)
are also set up to monitor the testing process and facilitate the recording of the data in the
two channels for the loads and two channels for the displacements.

The main window of the GUI is shown in Figure 4.3, illustrating nedshe buttons
for control of the DALF. I n the first tab na
assigned, the pump can be controlled, and movements of the two cylinders can be altered
arbitrarily to install/uninstall specimens. The instantaneousegabf loads and
displacements, as well as mode mixity angle, can also be found there, as shown in Figure
4.3a. Most of the ordinary functions such as maintaining a constant displacement or load,
constant slope of displacement/load, and sine/triangle/saqueares were realized by
using the default functions in the LabVIEW®. These functions are packaged in the
second tab named AMet hodo, as shown in Figur
di spl acements can be monitoredrby,usabsngeehei
Figure 4.3c. Last but not least, the important parameters for PID control are listed in the
tab named AConfigo if any of the hardware or
configuration is required, as shown in Figure 4.3d.
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Figure 4.3The main GUI window of the DALF controller: (a) Initiate, (b) Method, (c)
Test and monitors, (d) Configuration.
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The GUI works with the support from the programming in LabVIEW. While the
movements of the DALF seem to be simple, the contrglguite complex. Generally,
the start, stop, and pressure of the pump should be controlled and monitored carefully on
a continuous basis. The oil runs continuously in the pump and valves when the DALF is
working. For one of the simplest examples, wherctieders are holding their
positions, the oil flow should be well controlled to be equal in the two chambers of each
valve. Besides the pump, the load and displacement signals in volts should also be
collected, averaged, and then shown on the screere @healso some other functions
that manage the data recording, PID control, safety checking, etc. One of the most
important features of LabVIEW is the view of flowchékie programming: people can
use the mouse and drag the icons to the diagram andatahem with wires to finish
most of the programming without writing codes. One example of the initiation of the RT
controller is shown in Figure 4.4.

|deter ministic loog
Ow
o
B |

1| P Lead wasetom Chart

™
Jmy
| [ Load Cet-ti [+

L0

Figure 4.4 Part of the diagram for the initiation of the RT controller.

As seen in Figure 4.4, the Wérloop with precise time intervals is one of the most
important structures in the programming of the LabVIEW for the DALF controller. Using
the whileloop, as well as some other structures, objeieinted programming was
realized in the controller. Intlker words, the programming has been divided into several
objects, which are working independently but sending messages to each other. in object
oriented programming, changes in one single object would not affect the others.
Therefore, since theuserdoésh have to care about details o
method facilitates the maintenance of the whole system. The other example with-a while
loop is the PID control, which has been applied to most of the functions for load or
displacement control in tHRALF. The diagram with whiléoop for the PID control is
shown in Figure 4.5.
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Figure 4.5The whileloop for the PID control of the DALF.

The kernel of this diagram is the PID module in the middle. Most of the parameters
are collected and input to théDPmodule from the top side and left hand side. By
comparing the setpoints and the current points (the values of load or displacement), the
PID module adjusts the oil flow and drives the valves to move slightly so as to adjust the
setpoints every 10 milleconds.

With the help of this PID module, the leadntrol mode and displacemecdntrol
mode are achieved in the DALF controller. Not only does the PID hold the operation at
some specific point, but the loads and/or displacements can be set at or deswgean
some constant rates, or programmed to follow some specific functions. A portion of the
sine wave function for fatigue tests is shown in Figure 4.6. Parameters of amplitude,
frequency, phase angle, and offset, etc., were read and executed imdtanthe click
of the button ASend Function. o

MY PID Displacement Control =

e St Fange Gains

I

IMX Conkrol Mod: Disp Wave Signdl type = F o

|at Freq Amp Phase Offset DutyCycke of: H
| !\l 1y Mifreg T E
[

plizs

[z

M2 Displacement Waveform Corfiguration master

signaltype

1 Displacement Waveform Configuration

Figure 4.6 Sine wave displacement function in the DALF controller
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Some other functions specifically designed for the DALF were realized manually.
One of the examples is the &dngkéeionaoki igons
Traditionally, the control obne cylinder does not need information of the other cylinder.
However, this algorithm would be very difficult to implement for this tracking function.
Therefore, another method was used in the contralthust one of the cylinders by
information received from both. First, the user can choose one of the adherends to be the
master and set a constant displacement rate. Then the controller will monitor the load
applied to the master cylinder, calculate thgureed load in the other cylinder (slave)
according to the mode mixity angle required by the user. A portion of the diagram for this
function is shown in Figure 4.7. In brief, the mode mixity angle can be calculated
according to the two loads; details bétequations and derivations are shown in the next
chapter. Note that the limits of the voltage for the PID control should be very small
(°0.V ) so as to prevent fast movements of the DALF. One pair of loading curves for a
constant mde mixity angle test is shown in Figure 4.8. On the left hand side, it is a
simple rampdisplacement controOn the right hand side, the short red lines are accurate
setpoints of the load at each second, while the blue noisy curves are the real lohd at ea
moment. Therefore, evidently, the controller is adjusting the loads every second.

P Expected Mty Angle: — e Cntal gz mstr
iz F=FRH st 3 an(s 1603, 11801 ot T *hanps 1
b !\l i b B> @

Figure 4.7 Part of the diagram for the controlling of the constant mode mixity angle
tracking.
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Figure 4.8 Displacement curve (left adherend) and load curvét(agherend) when
controlled in constant mode mixity angle function.

There are also some other important functions, though they are not directly related to
the routine execution of experiments. One of them is the safety monitor program. Since
there are twaylinders in the DALF, it is more complex than single actuator load frames.
A major concern in the DALF operation is collision and safety. Therefore, a safety
monitor is necessary for the controller.

Whenever a test is running, the safety program shautditining continuously in the
background. It will monitor the locations of the two loading clamps. Firstly, the location
should exceed the limits of the LVDT: not larger than the maximum displacement (88
mm), or smaller than the minimum displacement (0O nMgre importantly, the clamps
should not touch each other in a test. There is also a safety loop that detects excessive
force: when either of the load exceeds the preset lim&000 N for the quasstatic tests,
and can be changdy the administrators), the pump will stop automatically.

To realize the collision sensing, the
initial locations of both loading clamps are used and recorded for each test after the
installation of thespecimen but before the test begins. Based on these two locations, the
safety monitor program can calculate whether the clamps are too close to each other or
not. Once the current locations indicate that the distance between the loading clamps is
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less tharthe initial value recorded, the pump will be stopped instantly. The diagram of
the safety monitor is shown in Figure 4.9.

| R Enable Interiocks - network]},

Pump standby

| B Interlock Sefequard - netwark]}
i1 P
:
T =
| R P Interlock Safequard - network ] - M@ Enable nteriacks - netnrk
® Purmp skandby
:

sctuatarContraller 3. lvoroifiy Comouter €

Figure 4.9 Safety monitor module in the programming of the DALF controller.

In summary, with the master cylinder in displacememtiol, the slave cylinder in
load control, and the PID controller adjusting the slave cylinder, constant mode mixity
angle tracking tests were conducted smoothly. Of course, the loading speed and the mode
mixity angle can also be changed as required iamgy during the tests.

4.2 Calibration of the DALF

The compliancédased beam method (CBBM) is one of the testing methods that do
not require crack length readings during a[1¢st his is because the equivalent crack
lengths can be calculated from the loads and displacements recorded by the instrument.
Two equivalent crack lengths can be calculagggfrom the mode | components, and

a,, from the mode Il components. This advantage shown above makes this a useful

objective testing method. Equations and other details for implementing CBBM will be
shown in the next chapter.

However, due to the compliances of the parts of the DALF, and otheneanl
effects in the clamping, etc., the displacements of the adherends would be overestimated
if raw displacement values were used. Therefore, the compliance of the adherends would
be overestimated as well. Finally, the equations for the CBBM would dwveads the
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equivalent crack lengthsa(, , anda,, ), and thus overestimate the SERR and fracture

energy. Therefore, it is necessary to calibrate the DALF and reduce the errors in the
measurement of the real digpements, and thus the compliances of the adherends in
bonded joints. Once this correction is made, the CBBM can help the researchers to have a
consistent method and also correct some minor aeedting errors as can easily occur

with the naked eye ondlrough surfaces or for modedbminant loading. Furthermore,

if the CBBM correction is adequate, researchers can reduce the time and effort required
for crack reading, especially important for let@gm tests such as fatigue tests.

The precision of the\UDTs (linear variable differential transformers) for measuring
displacements was first calibrated. Figure 4.10 shows excellent agreement and linearity
of displacements from one LVDT and as measured by an appropriately mounted dial
indicator. The precisiowould be adequate for fracture tests of bdi&mspecimens.
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Figure 4.100ne of the loadree calibrations of an LVDT of the DALF.

In the following paragraphs, some corrections to the compliance of the DALF are
made by testing some monolithic aluminu@6&T6 double cantilever beam (DCB)
specimens with machined cracks. Initial cracks with different lengths were cut along the
center lines of these specimens, and the lengths of the cracks were fixed and there was no
crack propagation in these tests.

Underthe hypotheses of linear elastic deformation, the stress fields resulting from
mixed mode loadings can be obtained as a linear superposition of the stress fields
resulting from pure mode | and mode Il componjisas seen in Figure 4.11. In the
research done by de Moura and de M¢8jjshere are two equivalent crack lengths

calculated by the loads and displacements, oag fsom mode | component, the other
isa,, from mode Il component. Since @ | tests can provide symmetric loading,

simplify the analysis, and avoid the nonlinear rotation at the end of the specimens in the
bottom clamp, onlya,, was chosen to estimate the crack lengths. The DCB tests on the
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DALF showed thg the values of,, are closer to the crack lengths read by the naked

eye when the mode mixity angle is not very high. The equation for the estimatgn of

in CBBM requires the values of the specimen coamule in mode Il component, which
could be affected by the rotary error of the clamping. The valuggsaie considered to

be less accurate than the valuesgf

+- -+ A, AW
IL jl Fll/i Jn/z
— ok i
I EZE—FR FE, =F,—F,

Figure 4.11Superposition of the mixed motkst by pure mode | and pure mode Il
components.

Therefore, pure mode | tests were conducted for three specimens made from
rectangular 60606 aluminum alloy bars with nominal dimensions of 305X25.4x12.7
mm, with machined initial crack lengths of 50mm, &®0, and 150mm, respectively, as
seen in Figure 4.12. Each beam has cross section dimensions of 12.2xX12.7mm due to the
remove of materials by cutting, because the machining process removed some aluminum.
Two symmetric loading holes were drilled for eachcapen on the top. The yield stress
for this 6061T6 aluminum alloy is 275MPa; the limits in the loading for each specimen
were calculated before the tests.
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Figure 4.12Schematic and picture of the machined aluminum DCB specimens for
calibration.

Around500 data points were collected for each of the tests and the compliances were
plotted as shown in Figure 4.13. The plots showed that the compliances are almost
constant for these specimens, though there was some noise due to the noises in the LVDT
and thdoad cells at the beginning when the load was low. Because the 150 mm thin
aluminum bar is very flexible, and the max load is about 300 N, the max displacement is
about 6 mm, the noise is about £10 N. So when the displacement is small, the noise in the
conpliance is quite big, around 15%.
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Figure 4.13Compliances for the DCB specimens with different initial crack lengths, as
functions of the pure mode | loads increasing but without yielding in the aluminum
beams
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Therefore, the average values of the pbbamces were used to calibrate the
compliance of the DALF. Figure 4.14 shows the assumed model. The total crosshead

displacementis equal® + D t.

Figure 4.14 Components of the total crosshead displacement in mode | tests on the
DALF: the left extension, beam deflections, and the right extension.

Since the specimen was not clamped at the base, the loads applied to the rods and the
specimens were in series with the same value, there was only one P in this model.
Besidesthecrosshda di spl acement @@ in the DCB speci met
rods were al so c on,s i awebhergioreahe tbtald@mplianteisd as o
divided into two parts, one is from the DALF, and the other is from the specimen:

Crotal = CDALF -|CSpec (41)
And, C,, r is defined as:

CD/—\LF :(DL + FD/P (42)
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Based on the definition of the terms in equatid), C,.. only includeshe theoretical

terms fromTimoshenkdoeam theoryand assuming that the individual beams are
effectively builtin at the crack tip

Also, from Timoshenko beam thgg including both bending and shearing effi&jts
we have:

3
C 2a 12a

= DP £ 4.3
spec 3EI 5BHG (4-3)

whereais the crack length, and is equal to 50mm, 100mm, or 150mm for the three
specimensE=70GPai s Youngo6s mod BELRIMns the vedthwofthen u m.
specimensH =12.2nmis the height of one bean® = 26.3GPais the shear modulus of
aluminum.

In order to simplify the equations, we define:

2a’
omm — ﬁ (44)
a=50mm
12a
== 45
Bsomm 5BHG| ., (4.5)

Since we had the shortest craekgth of 50mm, the next is double or 200mm, and the
third is triple or 150mm, we have

Aoorm = 8Asormr (4.6)
Ao = 27 Ao (4.7)
Bioomm = 2Bsomn (4.8)
Bisomm = 3Bsomr (4.9)

So finally, the three equations for three unknowns are:

I This solution ignores beam root displacement and rotation of the beams at the crack tip, so these
contributions are effectively included@, ., and t hus a,|l saognThoughlhatded i n

considered in the calibration, compliance contributions from beam root displacement and rotation are
unavoidable in any real tests, including of the calibration specimen. Realizing this partitioningpeoble
attempt to estimate the relative error due to the beam root rotation and displacement was made using the
Kanninen model, which considers augmented DCB specimen deflections using a beam on elastic
foundation model[4]. The analysis showed that, thegt@uminum specimens used herein introduced 10%

to 12% error when the beam root rotation and displacement were not considered. Attention should be given
to include these contributions when higher accuracy is required.
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0001359: CDALF -bASOmm B50mm
0006525; CDALF +8¥Omm -|BSOmm (410)
0.019496=C,, . +2A,.,. B

50mm
By solving these equations, we obtain:

Asorrn = 0.000650
B.,.,=0.000613 (4.11)
Cpopr =0.000095!

The value ofC,, - was obtained and incorporated in the analysis of adhesively bonded

joints. The calibration was only related to mode | component, then the subsequent
equivalent crackength is used in the calculation of fracture energy in both mode | and
mode Il components. One of the examples is shown in Figure 4.15. This mixed mode test
was executed by applying the displacement rate of 4:3(e.g. the left adherend moved at
0.2mm/min, ad right adherend moved at 0.15mm/min, in the same direction). The mode
mixity angle was increasing from around 30°o 75°? The line is shown as a reference,
while the real data is shown with the red diamond marks. The plot showed that, even for
tests at [gher mixed mode angles, the estimation of the real crack length was quite close
to the one read by the naked eyes, though there were some differences when the crack
length is smaller than 100mmA.better estimation of the crack length (such as including
the beam root displacement and rotation from the Kanninen fdpdebuld improve the
accuracy of the fracture energy vaugbtained in the tests.

250.0

200.0 ,0

{0

' 150.0 "/
£ Y 4
& 100.0 /
50.0 Reference line aza
0.0
0 50 100 150 200 250
a (mm)

Figure 4.15Comparison of the crack lengths read by the naked eye to those calculated
by the corrected CBBM for a normal DCB bonded joint, with mode mixity angle from
30%o 75°
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In summary, the implementation of the new LabW®-based controller system for
the dual actuator load frame (DALF) involved replacing all the hardware of the controller
with products purchased from National Instrument (NI®). The mechanism of holding
constant displacements, constant displacement ratestanit mode mixity angles,
monitoring safety of the instrument and the users have been shown in detail.

The rotary error of the clamp at the bottom of the specimen was also calibrated. In
mixed mode tests, the specimen is clamped at the bottom and bmthlnylinders to
one side (e.g. left hand side). Therefore, the bending moment at the clamping point is the
product of the beam length and the resultant of both forces angFtisF;)L according

to the definition in this thesis. It de@ot matter which cylinder exerted the higher load,
since we defined positive moment and mode mixity angle for the bending to the left, and
negative moment and mode mixity angle for the bending to the right. The former
(bending to the left) is applied &l the specimens tested using the DALF in this
dissertation.

As shown in Figure 4.16 by the vertical straight line and the tilted dotted line, due to
the rotation at the clamped end, the adherend can rotate by a small angle to the left, which

introducesan additional deflectio),, and error in the two displacements that were
recorded by the DALF in the tests.

To conduct a base rotation calibration, one adhesively bonded specimen without
initial crack (completely bonded throughetbondline) was clamped together with a thin
steel bar at the bottom, loaded and bent by the left cylinder to the left, as seen in Figure
4.16. Since the stiff steel bar is load free (the reaction force exerted by the dial indicator
is ignored), its rotatin indicates the rotary error of the clamped end. Therefore by
recording the deflection of the steel bar at different loads, the rotary error at the loading
pin can be easily calculated.

Stiff platform

Figure 4.16 Schematic and the photo of setup in the calibratfdherotary error of the
bottom clamp.
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It is reasonable to inherently assume that the platform remains flat. The displacement
was recorded by the dial indicator with the base fixed on the stiff platform at the bottom
and the pointer pointing at the lengthl86 mm when measured from the clamped end of
the specimen. Since the height of the dial indicator was inadequate, corrections were
made by using similar triangles. The displacements at the loading pin (effective length of
240 mm measured from the claegpend) due to the rotary error is calculated by
multiplying the displacements from the dial indicator by the ratio of 240/186. The
calibration was repeated for six times and the averaged slope of the load vs. deflection
curve is527° 12N /mrr. One of the load vs. displacement plots is shown in Figure 4.17.
Therefore,

D, =P/ (527 N/ mm) (4.12)

Rotary calibration
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Load (N)
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Figure 4.17Curve fitting of the displacements for calibration of the rotary error of the
bottom clamp.

4.3 Summary

In summary, the implementation of the new LabVIEW@sed controller system for
the dual actuator load frame (DALF) that aiwed replacing all the hardware of the
controller with products purchased from National Instrument (NI®) is shown. The
mechanism of holding constant displacements, constant displacement rates, constant
mode mixity angles, and monitoring safety of therunstent have been shown in details.

For accurate experimental measurements, the compliance of the DALF is calibrated
to minimize the errors in the displacements recorded for loading points of the adherends.
The correction to the raw displacements read fiteerDALF provided an improved
method for the measurement of the compliances of the adherends. These corrected
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compliances used in the CBBM provided consistent crack estimation. However, it is also
worth noting that the equivalent crack lengths obtaineth®yCBBM are only the

prediction of the real crack lengths, and cannot be used directly in the equations for
SERR or fracture energy calculation. Another term needs to be addedyq th¢he

corrected crack length in the corregtoeam theory (CBT). The CBBM techniques
doesndét wuse this corrected crack | engt h,
still be some error in the results, and both CBT and CBBM are employed and compared
in the following chapters so as to pie more information about the fracture energy.
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Chapter 5 Experimental investigation of
adhesively bonded joint bytests of double
cantilever beam specimens with flexible changes
of mode mixity angle applied by dual actuator
load frame

(Paper prepared for submission to khiernational Journal of Adhesion and Adhes)ves

Abstract:

The process of testing double cantdebeam (DCB) specimen on a dual actuator load
frame (DALF) with various discrete mode mixity angle or continuously increasing mode
mixity angle to obtain fracturenvelope®f structural adhesives is presented. This
process is considered to be usefulremtucing uncertainties in the data because more
mode mixity angles can be appliedndividual specimes, the results of which are
analyzed in a consistent fashidrhe resulting fracture energy as a function of mode
mixity angle has been evaluated byreated beam theory (CBT) and the compliance
based beam method (CBBM). Discussiohthe CBBM and beam compliance showed
possible ways to improve the accuracy of the CBBM when using it to calculate fracture
energy in mixed mode tests of bonded joints.efi@ral equation is derived for stable
mixed mode tests of DCB specimens on the DAd$-well as other fixtures with some
modification The tests at constant mode mixity angles showed apparent resistance curves
(R-curve), whichareexplained by shear toughieg effect when specimens are bonded
with stiff adherends and fixed in the bottom clamp.

Keywords:

Double cantilever beam, adhesively bonded joint, aluminum epoxy bonds, fracture energy,
mode mixity angle, mixed mode fracture dual actuator load frantigyibg, hackle pattern,
microcrack, corrected beam theory (CBT), compliabased beam method (CBBM), base
acid treatment

5.1 Introduction

The need for lighter weight, higher performance, and less expensive engineered products
has driven significant increases in the use of adhesives for joining components over the
past few decades. Impr@ments in surface preparation, bonding techniques, adhesive
performance, and joint design have been important for enabling advances in this
technology. In spite of substantial progress, a number of uncertainties remain, including
the effects of surface uvghness or treatmeiffts 2], the location of failurg3-5], and the
effect of mixed mode fracture loading on fracture resis{@én@é. Studies of the fracture
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response of adhesively bonded joints under different loading modes remains important to
the improvement of engineering designs, and is the focus of this research.

Double cantilever beam (DCB) specimens are common for charawgethe mode |
fracture behavior of bonded joif8$ and several forms have been codified in stand8rds
10]. Due to their simplicity and the perception that mode | loading often results in the
smallest fracture energy, mode | tests of DCB specimens are widely used and often
believed to be usaffor conservative design purpost®ugh exceptions have been noted.
[6] Traditionally, other loading modes can be achieved using similar-bleaispecimens
but loaded in different fixtures. Fracture energy in pure mode Il can be obtained from end
notch flexure (ENF) tedit1] or end load spli(ELS) tests[12]. Fracture energies for other
discrete mode mixities can bbtained using specimens such as the fixed ratio mixade
test$13], single leg bend (SLB)4], or crack Ip shear (CLS) tekit5, 16] Discreteg[17]
or continuouflL8] variations in mode mixity over relatively narrow ranges about these
specific loading modes can be achieved with asymmetric specimens. Reeder and Crews
[19-21] and Spelt and coworke[g, 22, 23]have developed special loading jigs that can
be adjusted to conduct fracture tests on bonded beam specimens over a wide range of mode
mixities, and modified forms have been suggdg#d The above techniques have found
wide applications for characterizing failures in adhesive joints, answering fundamental
scientific questionsas well as providing engineering data for design purpddesever,
concerns may be raised that, if the fracture envelope over the full range of mode mixity
angle is desired, different specimen geometries and associated analysis methods may
introduce ironsistencies for a given bonding system (i.e. with the same adhesive,
adherends, and surface treatment).

Under prior NSF support, a dual actuator, sdrydraulic load frame (DALF) was
developed?25, 26]that is @pable of providing variable mode mixity for fracture mechanics
studies by imposing asymmetric displacements or loads on a bonded beam specimen
mounted rigidly at the bonded end. This effectively imposes a combination of traditional
DCB and ELS loading ta specimen. Prior studies using the DA&Jshowed some useful
results in mixed mode tests for certain material systentbeljpresent work, the DALF is
also used to study the fractusehaviorof two kinds of toughened epoxy adhesives by
obtaining fracture energies at different mode mixity lasgvithin a singlespecimen
Therefore, this approaahould offer better consistencggnd data reliabilityn the fracture
energyvalues at several mode mixity anglegken testing one single specimen wiile
same chemical treatment, bonding, and curimg:ti

5.2 Test method

The mixed mode loading flexibility is achieved through the independently controlled
actuators of the DALF. Each actuator is equipped with a load cell and a displacement sensor
to provide informatiorrequiredfor quantitative evaluatiorThe bonded lower end of the
specimen is clampecertically in a vise while theloads are applied to the peceacked and
debonded ends of the adherends through clevises anf@gjins

Figure 5.1 shows a typical loading path sequence for the two cylinders. Of course, the
paths do not have to be linear as shown, but can be varied arbitrarily by the gofitnelle
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loading rates can be changed on the fly when the loads or displacements meet some criteria
in our new controller implemented in LabVIEW® (National Instruments, Austin, TX). The
test is usually initiated by using symmetric opening with the sameadeplent rates.
Therefore, the forces applied by the two cylinders will be directed outwards and will be
nominally equal to each other. After the crack propagates to a certain length, the cylinders
can be returned or moved to a new position if another muogligy angle or loading is
required. Usually, a long initial crack propagated in pure mode | can be used for calibration
purposes, and help to avoid unstable propagation when loaded in subsequent mixed mode
loadind27]. The specimen is then reloaded at different displacement rates so as to reach
the desired mode mixityngle. The displacement rates can be adjusted to increase or
decrease the mode mixity angbentinuously as requiredThe relationship between
displacements (or forces) and mode mixity angles will be shown in the following section.

3500

Left
3000

Right

2500

2000

Time (second)

1500
1000

500

-8 -6 -4 -2 0 2
Relativedisplacments (mm)

Figure 5.10ne loading patsequencémposed bythe two cylindersf the DALF
when testing a DCB specimen in mixed moHee specimen was first opened in
mode | to half of the specimen Bgh, then the mode mixity angle was increased to
107 207 30°gradually (no crack propagation), and finally kept at 40°to crack the re
of the specimen. Since the right cylinder was adjusting itself to meet the requirer
of mode mixity angle, and therack was propagating, the curves were not smooth.

5.3 Materials and joint preparation

The DCB adherends were made of rectangular T6061 aluminum bars with the
dimensions suggested in ASTM stand&@d. Yielding of the adherends was avoided
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during the tests, and thus linear elastic homogeneous isotropic material properties were
used in the daulations.

Before bonding, a chemical treatment process was used to develop a thin layer of
aluminum oxide that can provide strong bonding in either mode | or mode Il loading. The
adherends were abraded with #220 sandpaper, rinsed withided (DI) waér for 2
minutes, and heated in an oven at 110€ for 1 hour to remove moisture from their
surfaces. The adherends were then chemically pretreated by placing them in a 10% (wt)
NaOH solution for 10 minutes, rinsing with DI water, and then placing thersaiuion
of HNG;,: H,0=1:1 (v) for 2 to 3 minutes or until the gray surfaces regained a white

metallic appearance. The adherends were rinsed again with DI water, and then placed in
an oven heated to 110€ for at least 1 hour.

Two commercially gailable toughened epoxy structural adhesives were used to bond
the adherends. One is LORD 320/322 (LORD Corporation, USA), which was provided
by the manufacturer. The other i8INDUSTROWELD (JB Weld Company, USA)
which was purchased locally.

Prior o bonding, two shims were placed at the two ends to control bondline thickness
at 0.25 mm. After applying the adhesive, the two adherends were clamped to maintain
alignment. All the specimens were cured at room temperature for 16 hours and postcured
at 60T for 3 hours to guarantee the full development of the crosslinks prior to testing.
These adhesives resulted in stable crack propagation ingjaasitests, and no plastic
deformation was induced to the aluminum adherends during the tests.

5.4 Analysismethods for determining fracture energy

Several analysis procedures have been advocated for obtaining more accurate and
consistent fracture energy results than obtained with simple beam theory[]. Descriptions
of the methods used herein to interpret expenital results are presented briefly in this
section.

5.4.1 Corrected beam theory

Using the loads and displacements recorded by the computer, as well as the crack
lengths recorded manually using a magnifying lens or the naked eye in the tests, fracture
enegies and mode mixity angles can be calculated using corrected beam theory (CBT)
[12, 28] This theory includes a correction to the measured crack length due to the beam
root rotation and displacement at the crapkand the loading points, and has been
implemented into the British Standard 7991:7@01

Underthe assumption of linear elastic deformation, the stress fields resulting from
mixed mode loadings can be obtained as a linear superposition of the stress fields
resulting from the pure tplane opening andiplane shearing modes. Therefore, loads
appliedby the two hydraulic actuators can be partitioned into loads of mode | and mode
Il load components as follows:
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I:I

(R H)/2 (5.1)

Fu (FL 'FR)/2 (5-2)

where, subscriptsand Il denote the mode | and mode Il components, respectively, and
subscripts L and R denote the left and right actuatespectively Positive values ofF

and F; imply, respectively, forceactingoutward. A schematic of this definition is shown

in Figure 5.2. The mode | component of the applied or available strain energy release rate
(SERR) can be calculated [#8],

_12F %@+ x)y
G ER71 (5.3
where,Ei s t he Youngods mo disitheuhscknest of éabheadharend,e r e n d s ,
a is the crack lend, B is the width of the adherends and the bond xasithe correction
to the crack length in mode I. This correction necessitates first testing a specimen in pure
mode | before analyzing tests with otheadong modes. Details are shown at the end of
this section. Similarly, the mode |l componeniGk given by[12]:

_9F,’(@+0.4Yy
G|| - EBzhs (5-4)

where the 0.42 factor is suggested byténelement calibratiqB0]. The global mode

mixity angley , is defined as,
G
=arctan |- 5.5
y ,/ G (5.5)

The crack is assumed to propagate when the applied SERR+ G reaches the
critical SERR or the fracture enerdy,. In mixed mode testshe fracture energgan be
partitioned into a modedomponen{G,), and a mode Il compon€gi@,), . SinceG, is the
critical value ofG associated with crack propagation, it can be evaluated by substituting
the critical forces into equations@f, and3, for any particular mode mixity. Then the
total fracture energy is defined to be ttum of the mode | and mode Il components:

G, :(Q)| +( CE\’)n (56)
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Figure 5.2. Definition of positive and negative loads in mode | and mode Il tests.

5.4.2 Compliancebased beam method

CBT introduces corrections to the crack length, as well as the effective stiffness, but still
generally depends on manual crack readings. Obtaining accurate crack readings by visual
observation is relatively easy for mode | tests, buttifi@ng the real crack length in mixed
mode tests, especially for mode Il dominant loading, can be very challenging. Therefore,
there is a need for methods that do not rely on manual crack readings. The compliance
based beam method (CBBJ}] is one such method that uses Timoshenlkarbtheory
and does not depend on manual crack reading. Using this technique, the fracture energy
value can be calculated using only loads and displacements measured by the transducers.
Though the crack lengths can also be read and recorded as markerplottieg the
fracture energy curves, such readings are not actually used in the calculations. Instead,
equivalent crack lengths will be calculated by knowing the loads and displacements. In
brief, the loads and displacements provide all the informatiatigimecessary to obtain
the fracture energy. In the present work, CBBM is employed to compare with the results
from CBT.

Based on the same patrtitioning of mode | and mode Il components in eq@ations
and(5.2) in CBT, the relationships between loads and displacements within CBBM can be
expressed as follows,

— (73-3 + I—3)F|_ (613 'I—s) FR 3[ I—( FL FR) a("F L FR)']
L — 3 + + (57)
2Bh'E 2BRE 5BhG

- (73-3 + L3) FR (8.3 'L3) FL 3['—( FR FL) a(I-FR FL)']
/= . + + (5.8
2Bh°E 2BR E 5BhG

3
< :% _E?;E 51;?@ .9
|
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3 3
c, =G S+l 3L (5.10)
Fi 2BIFE 5BhG

where, g/ anddj are displacements of the left adherend and right adherend, respectively.
C, andC, are compliances defined for mode | and mode 1l components, reghectiv
anda, are displacements defined for mode | and mode |l components, respectively,

a=d+g (5.11)

_dl_' QI
d, = 5 (5.12

Based on the definition i{32], F, and F, arethe same as used in CBT, the load in mode |
and mode [B2].

The SERR can be calculated by the expression given by-Kigsj33]:

G- 4C 513
2B da .13

Similarly, using equatidi.9) and5.10) for the compliances,

6F2&23,° 1
G ="l t— 514
' B’h¢HE 5G (519
9F ‘g, ’
Gy =~ (519

where a,, anda,, are equivalent crack lengths in mode | and midbaddtained by solving
equationg5.9) and(5.10), respectrely[32].

The CBBM is convenient to experimentalists because it would not require crack
reading during the tests. However, when the error from the insttuocompliances are
involved in the real tests, some errors would be introduced to the equivalent crack lengths
and fracture energies. Therefore, some correction to the specimen compliances would be
helpful when using the CBBM. Details of the calibrati@as be found in chapter 4, but
some key points are shown briefly herein.

It is worth noting that the load frame compliance issues can affect both CBT (through
effective slope measurement) and CBBM techniques. To show the influence of errors in
the compliaces, equationés.9) and (5.10) were used to plot the relatiships of crack
length vs. compliance in Figure 5.3. The change in the compliance in mode | component

is much steeper (proportionalad) than mode Il component (only 4 times that of the initial
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value). For typical specimens corsidd herein, when the crack length increases from 100
mm to 200 mmC, increases by two times b, increases by around seven times. In
other words, if the same amount of error in the compliance is assumaeddr introduced

to a,, is significantly larger than that &, . Thus, when the CBBM is applied to the tests,

some large errors would be found, especially for the mode Il component of the fracture
energy.

0 100 200 300
Crack length (mm)

Figure 5.3. The effect of the error in compliance measurement to the calculation
equivalent crack lengths.

Actually, when calculating the equivalent crack lengths using the CBBM, there are two
equivalent crack lengths obtained, from mode I, and mode Il components, respectively.
Essentially, this is a mathematical problem with redundant equations (one viau&ie
equations. Since the compliances were used in this method, measurement of the small
displacements is very important to the accuracy of the results. Therefore, the criterion to
find a good estimation of the equivalent crack length is to choosenthéhat can best
represent the crack length with the least error.

Therefore, some more corrections were required. The errors were introduced to the tests
mainly through the compliances of the two cylinders, and the rotation in the clamp fixed at
the platbrm. Finally, three steps were added to the calculation of fracture energy with this
method:

(1) Mode Il components include both errors from the cylinder load train and rotation of
the clamp, while mode | components include errors only from the cylinders. Also
the errors in the steel rods can be taken to be linear to the load, and are easier to be
estimated. The error from the clamp was considered to be complex and nonlinear.
Therefore, it is more convenient to use ag|yo calculate bth(G.),, andG.), .
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(2) Test a DCB specimen with the same dimensions but without any crack in pure mode
[, obtain the two compliances of the cylind€s, and C,while increasing the loads
and displacements linearly. Theoretically, the compliances should be zero. Therefore

these two values were used to be the two corrections to the compliances in the other
tests.

(3) When any of the loads of the cylinder changed from positiveetiative, another
error was introduced by the tolerance of the loading pins and holes. This correction
to the displacement should also be considered.

Finally, after the modification in equatio(&9) and(5.11),

4 CRGR 4 wEpl erepl 2 Paeag

F F F BKWE 5BhG

where, H()is the Heaviside functiorl, and T, are the tolerances of the left and right

cylinder,respectively. In mixed mode tests, only one of the cylinders carries compressive
load. ThereforeT, and T, will not be used at the same time. This equation was solved to

get the equivalent crack length,. Then, using,, = a,, =3, the fracture energy and its
two components were calculated by equaiisi, (5.14), and(5.15), respectively.

5.4.3 Stability of the crack growth in mixedmode tests

Stability is also an important factor in designing and conducting fracture tests, and is
dominated by the rate of change of SERR with respect to the crack length. The condition
for stable crack growth is first shown by Williaff2¥]:

dG

—| ¢0 5.1
e (5.17)

d=const

ReplacingP in equationf5.13) by P=d/ C, whereCis the compliance, and then taking
the derivative of both sides, equai{bi7) becanes

CCi é1
2Ci?

(5.18)

whereCj andCj are the first and second order derivative(fvith respect to the crack
length. Using this criterion for the loading case in the DALF, the critical crack length is
calculated for any mode mixity angle in the dual actuator. dritisal crack length for the

tests on the DALF with the full range of mode mixity angle has not been reported by others,
though William$27] and Davief34] have showed some examples of different geometries

by applying several different equations Gfinto equation5.18). It is worth noting that,

same to the statement in chapter 4, all the mixed mode tests on the DALF were conducted
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by applying bending moments to the left, which is the positive direction we defined. In
order to simplify the followed equations, a coefficient bf &k Zis defined, such that

Fr =kF, (5.19)
Then, using equatior(s.3) and5.4), the mode mixity angle in equati¢hb) is

a[31- k
y =arcta +k (5.20)
¢

Thus, G at any mode mixity can be calculated usidg tmethod introduced by
Williams[27],

2 2F2
TF? #F 2FF 7 k¥ X :
16BEI( ) 16BEI ( - (32])

Therefore, using equatim13), Ci=dC/ daand C can be calculated,

2BG
'= 5.22
C = (5.22

where, C,is the compliance when the crack length is zero. In this case, the total force that

does work i€ =F -kk @ K}F . Finally, the limit for stable crack propagation is
obtained by,

a, | @K (5.24)
L \2(7+ &* +X)

Obviously, wherk =1in pure mode la/ L2 0. This means that the crackogth is

always stable in pure mode I. In pure modekl 4, and the criteria for stable crack
growth is as same as that given by Willig27§.

Eziﬁzoss 5.2
L\ @ (5.29

The critical crack lengths at some mode mixity angles is shown in Table 5.1.
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Table 5.1 Critical crack lengths at different mode mixity angles

Mode mixity angle (} Critical crack length (a/L)
0 0.00
20 0.27
40 0.41
60 0.50
80 0.54
90 0.55

Therefore, in this section, a more general equation for the critical crack lengths at
different mode mixity angles is derived for the tests to be conducted on the DALF.
However, the calculation above is only related to genmieistability, and is separate
from material properties, temporal stability, or stgtip behavior. Therefore, to avoid
unstable crack propagation in mixed mode tests, the specimens were usually first tested in
pure mode | to about halfway of the effgetspecimen length, and then loaded in mix
mode as required.

5.5 Experimental results

The effective specimen length was 240mm, which was measured from the loading
pin to the edge of the clamp at the base of the specimen. Basedcaicthation for
stable crack growth, the tests on the DALF were started by loading in pure mode I, until
the crack length grew to just over halfwdyX30mm). Figure 5.4 shows the fracture
surfaces following a test conducted as showriguire 5.1. Crack propagation in these
bonded DCB joints were always stable and many data points were recorded for each

specimen.GC values at different mode mixity angles were calculated using both CBT and
CBBM.
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Figure 5.4. SEMictures of the crack surfaces after the test of one JB Weld adhesive
bonded specimen: (a) deformations were essentially pure mode I; (b) the mode mixity
angle was around 60?

The SEM pictures of representative fracture surfaces in Figure 5.4 for the ldB We
adhesive show that both mode | aé@floaded specimens exhibitecbhesive failures,
which was also the case for all the following tests reporteglure 5.4a reveals a
representative fracture surface resulting fyoume mode | loading (pure openingjigure
5.4b was obtained in the region with higher mode mixity angle (less opening but more
shearing) with characteristic hackles and microcratke LORD epoxy adhesive also
showed similar crack surfaces as the JB Weld adheSsiving to have stable cragrowth,
all the tests were executed in displacement control, with displacement rates of 0.1mm/min
(crosshead displacement rate in mode I, left adherend displacement rate in mixed mode).
Tests with constant mode mixity angles were also conducted in absmdat control on
the DALF, but with an extra sywogram in the controller of the DALF to read loads,
calculate the mode mixity angle, and then adjust the displacements stably and automatically.
A number of mixed mode tests were repeated and the fraamtargy curves are shown in
the following figures.

During the tests, the crack length was taken to be the distance from the center of the
loading pin to the farthest microcrack observed using magnify lens by naked eye. Since it
is very difficult to identify the main crack and the microcracks in a mixed mode test with
such a thin adhesive layer, this craelading method may be the only practical one.
Pictures and details were shown in the discussion. However, a pronounced resistance curve
(R-curve) will befound when the mode mixity angle is changed, but this can be taken only
as an intermediate value of the SERR before it reaches the fully developed plateau. It is
reasonable to realize that if an increase in fracture energy occurs when changing from one
mode mixity to another, a longer characteristic damage zone length in the adhesive layer
is to be expected for the newly applied mode mixity angle. The fracture energy curves from
the tests with constant mode mixity angles are shown first.
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Figure 5.5Fracture energy values from one test with mode | followed by constant
nominal mode mixity angle of®4 (LORD): (a)CBT, (b)CBBM.
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Consistent with what is generally observed in much of the published literature, the
figures indicate that the mixed mo€evalues ae higher than those in pure mode I. As

stated previously, when the crack length was taken to be the distance from the center of the
loading pin to the farthest visible microcrack, apparemuRes were found when the
mode mixity angles were increased bstep function. After a certain distance, except for

the 80°specimens, resistance curves reached a plateau @aluBhe higher the mode
mixity angle was, the longer the distance required to reach a plateau. The tests of specimens
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prepared with LORD adhesive with mode mixity angle of 40°and 60°showed that the
distances of the apparentddrves are around 20mm, and 30mm, respectively. For
specimens prepared with JB Weld adhesive and tested by changing the mode mixity angle
from 0°directly to the designated angles of 40°and 605 the distance ranged from 6mm to

25mm. The tests with a mode mi f.foteitheraheg!l e of
LORD or JB Weld specimens. The intermediate valu€sdept increasing within the

remaining length of the specimens. Therefore, since no plateaus were found in the fracture
energy, the long apparentdrrves suggest that the damage zones in front of the main

cracks were still developing. Tauhe length of the damage zone is expected to be very
large for high mode mixity tests.

In the present work, the crack tip damage zone is used to define the areas in the adhesive
material where irreversible damage has been introduced. In order to ttlardgfinition,
several other zones need to be explained. First, tderkinant zone is defined as the
region surrounding the crack tip wherein the stress intensity factors (SIFs) are sufficient to
characterize the stress state. Then, within thdoiinant zone, there is a smaller zone
where the material expresses nonlinear behavior, which is referred to as the plastic zone.
Finally, in the immediate vicinity of crack tip, is the process zone, within which damage
occurs and crack propagation proceeds.prbeess zone is usually neglected in both linear
or nonlinear fracture mechanics, but is considered to be important if the local mechanisms
of crack propagation are needed in simulating fradsg Generally, the term damage
zone includes both the plastic zone and the process Zhaesfore, it is reasonable to
consider that, when loaded with a global mode mixity of 805 the damage zones were not
fully developed even after long distandes/0Omm). More explanations are shown in the
following discussion.

Another nvestigation is about the changing of mode mixity angles continuously. Since
it would not be difficult to find some cracks in engineering bonded structures, which were
initiated in mode | or low mode mixity angle, but gradually propagating with the mode
mixity angle increases. Therefore, this study will convey some useful insights. Figure 5.11
shows one of the tests conducted with an increasing mode mixity angle, which is a specific
capability of the dual actuator load frame. The specimeraigaslamped athe bottom,
and the different displacement rates were applied to the two adherends. Therefore, the
mode mixity angle was changing while the two adherends were loaded. The rate of change
of the mode mixity angledy / dacan be altered aseeded by changing the two
displacemerst or displacement ratesiring the tests. Similarly, another example is shown
for JB Weld specimen in Figure 5.12.
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Figure 5.11 and Figure 5.12 show that the intermedi&tealues obtained from a test
conducted with increasing mode mixity angles were much lower than the plateau values of
GC from corstant mode mixity tests (as shown in Figure 5.5 to Figure 5.10). The higher the

mode mixity angle is, the more significant the difference is. This is also considered to be
the apparent Rurve effect. As the mode mixity angle changed, the new damage asne w
developed as well. Therefore, the fracture energy value kept increasing. In order to show

the behavior clearer, several tests were repeated and the combined(ﬂd; wfs.(Gc)”
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is shown as a fracture enveldpd-igure 5.13 (note that the scales iaxis and yaxis are
different).
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Figure 5.13. Combined plot of failure envelopes v(ﬁig)l vs.(Gc)|| for repeated tests: (a)
LORD, (b) JB Weld.

These combineglots showed that, for bothe JB Weld and the LORD 320/322
adhesivesthe G, values are much higher (5 to 10 times) than thosg .offhefracture
enveloges do nofollow any significant unique law. Teststiiincreasing mode mixity
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angle showed increasing intermedi&ievalues. The toughening mechanisms may not
be easily characterized by traditional relationships.

5.6Discussion

It is worth noting that the apparentdRrves of botladhesives are quite high for mixed
mode conditions. The following discussions will show possible reasons for these high
values and lack of plateau at 80°?

5.6.1Friction and contact

For the analysis of the results in mixed mode tests, many researchersonaidered
the factors of friction and misreading of the crack lengths in mode Il tests. Russell and

Street[36] implied a maximum error of around 2% G,. in composites if friction was

ignored. Fernlund and SpdR2] concluded that the effect of friction did exist but was
relatively small in mode Il ENF (endotched flexure) and ELS (etoladed split) tests.
Davieg37] showed experimentally that frictional effects could account for up to 20% of

the measure€p,. values in the ENF test if PTFE spacers were not used in the region of

loading pins. Blackman and Willianm88] considered friction effects by including a
frictional shearing stress in the beam analysis. The effect of friction was shown to be
significant for the composites studidulit the results were dependent upon the accuracy of
both the corrected beam theory and experimental compliance data analysis methods. These
methods, as shown ifi2], are sensitive to errors in measured crack length. Other
researcherf39, 40]have also indicated that a major cause of scatter and inconsistency in
mode Il data aslyses may be the difficulty in determining the location of the crack tip.
Since the DCB specimens were loaded by two cylinders on the dual actuator load frame,
and most of the tests were mixed mode tests, there were still some opening between the
oppositecrack surfaces. Therefore, for the toughened adhesives used in our tests, friction
is not expected to have been a major concern when the mode mixity angle is not very high.
But if near 907 the two adherends are very close to each other and the roudgsheauk
microcrack feathers likely move against each other and larger resistances (including
frictions and contacts) would be expected.

5.6.2 Toughening mechanisms and microcracks in adhesive

In some modified epoxies toughened with nailica particles (&. Nanopox F40d@1,
42], or D.E.R. 33[5, 43)), the crack surfaces appeared smooth to the naked eye after pure
opening. In the toughened epoxy adhesives used hereirgalsevgrhening mechanisms is
expected to be employed to carry and distri
know details about them. Therefore, the crack surfaces resulting from pure mode | loading
were also tortuous (see Figure 5.4a). In mixed entadts, the stage of the apparent R
curves was very long in the two epoxy adhesives tested herein. Usually, many microcracks
were shown along the bondline, as shown in Figure 5.14, and more were found on the crack
surfaces after the tests. Therefores tegasonable to expect microcracks inside the damage
zones before the main crack propagates. As estimated pi4l.eemode Il tests, the shear
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stresses showed periodic peaks in the adhesive layer in front of the crack tip. Thus the
microcracks were found throughout a long distance in the longitudinal direction. But these
phenomena were only considered to be the response of the yielding areas, and therefore
could not be taken as the propagation of the main crack. Then these microcvatiqsete

and connected with each other, and then with the main crack. Only at this point would it
be reasonable to consider that the main crack propagated.

Traditionally, from the viewpoint of energy dissipation, the measured fracture energy
results from mergy consumed in creating new crack surfaces. Actually, the dissipation is
not only related to new crack surface development, but also other irreversible behaviors,
such as plastic deformation. Many researchers have given insights into possible
explanatims for a strong mixed mode effects due to plastjdiy 46] These theories were
also used to explain the results in the present work. Besides that, microcracks and hackle
patterns were also considered. Though dwetails are provided, these toughening
mechanisms are supposed to be spreading the deformations to the regions farther away
from the crack tip. Therefore, the area with plastic deformation is enlarged more
significantly when comparing to brittle epoxy a&sives such as D.E.R. 331. Thus, due to
the toughening effects of the components in the adhesives, the energy is distributed
throughout a large region, which develops lots of microcracks instead of driving the main
crack to failure.

(US)
(N0

..<~\‘_~- —

1y
110

Figure 5.14. Main @ck and microcracks observed along the correction fluid covered

bondline during a 60mixed mode test of a DCB specimen prepared with JB Weld
adhesive: different fAcrack tipd criteria wou
location of (1) 117mm, (2)12mm, and (3) 106.5mm.

Actually, the microcracks created in the adhesive layer may have similar spacing
between one another, but may not be placed neatly along the thickness direction. The real
array of microcrack would be similar to the one shown in KEgbil4. Then, these
microcracks would connect with each other to form some larger cracks. Also, it is worth
noting that, the size of the minimum visible microcracks visible to naked eyes would be in
the scale of 0.1mm, with the orientation of about 45jethcomplies with the theoretical
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value for deformable materials with shearing stresses. The small cracks shown in Figure
5.14 were not the minimum visible microcracks.

5.6.3 Effect of damage zone size in constrained joints

The diagrams in Figure 5.15 ge&st a comparison of damage zone of bulk material
and bonded joint when loaded in shear. In bulk materials, the plastic zone or damage zone
was developed with no extra constraints. However, in bonded joints with thin adhesive
layers, the development of tdemage zone is strongly constrained by the adherends and
the clamping at the bottom. Many relatively brittle adhesives exhibit large shear strains at
break in constrained joints (some reported ultimate tensile strain is around 5% while
ultimate shear stia is around 80%). Azaet al. have reported similar apparenicRrve
for about 70 mm at the mode mixity angle of[@%]. They also studied the fracture of the
adhesive they used by finite element analysis with plastic straimei modd#8]. They
showed that the size of the plastic zone increases when the mode mixity angle increases.
Similarly, in mixed mode tests herein, the damage zone was enlarged, and microcracks
were created one after another, and then connected witlo#eerh At the same time, the
size of the plastic zones close to these microcrack tips was also developing. If different
criteria for judging the crack length were applied, such as the three shown in Figure 5.14,
different apparent Rurves would be plottein Figure 5.15 when the mode mixity angle
changed from A to B. It is also worth noting that, it is difficult to identify where the
main/real crack tip is. Though they are more or less connected with each other, but it seems
like that it is difficult to fnd a direct criteria to find the main crack tip. Of course, there are
so many microcracks in actual mixed mode tests that detecting advancing crack
propagation of the main crack is very difficult. Therefore, essentially, these dependencies
make the appant R-curve determination quite subjective rather than an objective material

property.

(a) (b) (©)

= g
N S
L\/\t\f'\/\g Mode B
3 - -‘P
R
17y
r—'_/\;\—_wl Mode A v
>®:\'\\ N\ J
S a
\l’\rv\f\/\g 0

Figure 5.15. Diagrams to show the damage zone in (a) monolithic material, (b) thin
adhesive layer and its evolution, and (c) differestuRves when using differentitaria,
the numbers are corresponding to the crack reading in Figure 5.14.
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Alvarez,et al.have reported significant large damage zone in mode Il fracture tests using
ELS specimeng49]. They were using thicker (thus stiffer) adherends to test highly
toughened adhesives to avoid plastic deformation of the adherends. However, these thicker
adherends yield larger damage zones and thus reduce the abilitynt@ rtable, steady
state plateau in the test. Numerical analysis was employed in their study to determine the
length of the damage zones (cohesive zones) in the specimen and it was shown that for the
tough adhesive, the whole of the adhesive layer (fr@ncthck tip to the clamp point)
became part of the damage zone prior to crack initiation. Such behavior violates the
assumptions of LEFM and explains the apparently strongly risingri®s observed and
the failure to reach a steadiatg49].

Thus, it is reasonable to conclude that it is the toughening effects of the two stiff
adherends and the clamping at the bottom that introduced this difference ire¢kemode
tests herein. Indeed, with the stiff adherends, strong constraint was applied through the
interfaces to the adhesive. This limited the strain near the crack tip, and a larger area of the
adhesive deformed and yielded simultaneously. Besidesasicpdeformation, there were
also lots of microcracks and hackles initiated and developed simultaneously within the
enlarged damage zone. When larger volume of the adhesive involved in the yielding, the
SERR calculated were much higher than those frora puade |I.

5.7 Conclusions

The process of testing a DCB specimen at different mode mixity angles or continuously
changing mode mixity angles on the DALF was shown in detail. This method to obtain
fracture envelopes of adhesively bonded joints is considetsela reliable option because
multiple loading modes can be easily applied to a given specimen having the same surface
pretreatment and bonding procedures. In addition, a single fixture is used and a consistent
set of equations is used to analyze #msults obtained using two different approaches to
calculate fracture energy over the range of mode mixity angles studied. Both the CBT and
the CBBM analysis methods were employed, comparing and discussing their results. A
discussion of the CBBM and beamngpliance methods showed possible ways to improve
the accuracy of the CBBM when calculating fracture energy in mixed modeftgstseral
equation wa derived for stable mixed mode tests of DCB specimens on the &bl
as other fixtures.

Tests at costant mode mixity angles showed apparertuRre effects. The tests of
specimens prepared withoth adhesive studied atmode mixity angls of 40°and 60°

showedplateaus fofs, . But noplateaus fofG, were £en inthe tests with a mode mixity

angle of 80°Tests with increasing mode mixity angle also showed increasing agparent
values which are lower than that of the corresponding constant mode mixity tests.

The strong apparent-8urve effects are likely explained biye stiff adherendand the
clamping at the bottom, whiclimited the strain near the crack .tig/hen thestrong
constraint was applied through the interfaces to the adhesi@eger area of the adhesive
deformed and yided simultaneouslylhe whole of the adhesive layer (from the crack tip
to the clamp pointapparentlypbecame part of the damage zone prior to cprokagation
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These experimental results showed that the behavior of bonded joints not only depends
on the material properties of the adhesive, but is also related to the stiffness of the

adherends and fixtures. The apparewuR/es were very long and the plateausGowere

very high when specimens were loaded in mixed mode conglitiostiffer adherends and
fixtures. These points would be useful in understanding of the test results, as well as the
engineering design of bonded joints.
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Chapter 6 A numerical study of crack path
selection in mode | and mixed modéading
conditions using cohesive zone models

(Paper prepared for submission to HErgineering Fracture Mechanits

Abstract:

Damage evolution and the possibility of fracture remain significant concerns in the
engineering design of adhesively bonded joamd composite materials. One area of

interest is crack path selection, which is important because failures along different crack
paths may offer different resistances to fracture, affecting the resulting performance and
durability. In the present studyumerical simulations are conducted to investigate the
influence of locally weakened interfacial regions on crack path trajectories of propagating
cracks in adhesive bonds. The numerical model of adhesively bonded double cantilever
beam (DCB) specimens witin initial crack in the middle of the adhesive layer is

developed in ABAQUS®. Besides the two strong interfaces between the adhesive and the
adherends, a weakened interfacial area is introduced along a portion of one of the strong
interfaces, simulated tbugh reduced properties. Two cohesive zone models (CZMs) are
used: cohesive elements are used for the interfaces, and the extended finite element
method (XFEM) is employed for the bulk adhesive material. Under globally mode |
loading, the resulting cragkaths demonstrated significant differences due to the

interaction between the main (cohesive) crack and the weakened interface. The maximum
traction of the CZM at these weakened interfaces appears to be the controlling parameter
for altering crack path ssttion in bonded joints, as exceeding this traction allows

additional compliance and induces shear stresses that direct the growing crack toward the
weakened interface. The fracture energy of the weakened interface was of secondary
importance, but it canffect the results when it is particularly small (e.g. 1% of the

adhesive fracture energy). Under globally mixed mode loadings, the competition between
the loading and weakened interface affects the shear stress distribution and thus changes
the crack patin the adhesive layer. Higher mixed mode loadings in the opposite

direction of the weakened interface are predicted to drive the crack away from the weak
interface, potentially avoiding failure within these regions.

Keywords:
Crack path selection, locallyeakened interface, cohesive zone model(CZM), cohesive

element, extended finite element method(XFEM), damage evolution, maximum traction,
fracture energy, double cantilever beam, adhesively bonded joint, mixed mode.
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6.1 Introduction

Damage and cracks are occasionally found in structural adhesives or bonded joints,
especially in detrim@tal service situations, an response to a variety of environmental
challenges. If the cracks have been initiated, the next step is to evaluate the service life,
or to study if the crack can be steered to some tougher regions so as to extend the service
life. Some engineers may want to direct cracks in certain ways to control locus of failure,
increase or decrease resistance to failaraddition, scientists would also like a deeper
understanding of the fundamental mechanisms of fracture such as taat@8ect crack
path selectionlf more understanding to the crack path selection can be found, engineers
would have the chae to make use of it in designs, or control it when possible.

Therefore knowledgeof crack path selection in bonded joietsuld have potential
applications in the future.

Besides the initial cracks, some improper bonding procedures would leave some
partially contaminated interfacial regions in the bonded joints, which could potentially do
harm to thewvhole structure or systerDamage or cracks can form from environmental
degradation, fatigue, or mechanical overloBabugh these weakened interfacgight
not fail in a short time, it could accelerate the damage process of the structure when some
neighbor crack is propagating.

In this chapter, for more insight into crack path selection in bonded joints with
partially weakened interface, numerical simulations were conducted in ABAQUS®. The
interaction ofaninitial crack anda partially weakened interface is studied by a series of
numerical experiments with different remote loading modes. Cohesive based
models (CZMs) in ABAQUSG@areused:cohesive elemestireused forthe simulation of
interfacial fracture, while théextended finite element methadlFEM is used for the
simulatian of thecrack propagating within the bulk adhesi$®me important factors that
could influence the crack path selection in adhesively bonded joints are revealed in the
study.

6.2 Backgmound on crack path selection

In modern material science, fracture im@&eics is an important tool for studying and
improving the mechanical performance of engineering materials, structures, and
complements carmhe history of fracture mechanics has been filled with challenges,
many developments can be found in textb@bkand will not be reviewed in detail.
Generally, there are at least two broad approaches to fracture mecbaeics based on
linear elastic fracture mechanics (LEFM).This approach regards the crack tip as infinitely
sharp, therefore the singularity of the stress field is found at the crack tip but a finite
energy release rate can often be calculated. Therefadk stability and equilibrium can
be written by prdactors such as the stress intensity factor, or the strain energy release
rate. The other approach involves the use of a trasgparation law at the crack tip, a
method that avoids the singularitythé crack tip. As a result, finite stresses remain, and
the sharp crack tip is replaced by a cohesive zone. In the-bigestic case for example,
when the size of the cohesive zone is very small, these two approaches give
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asymptotically identical resu[®]. However, when the size ofdlplastic zone is large or
considered to be important, the cohesive zone model (CZM) is very useful. The CZM
approach has been widely applied to many engineering materials, including concrete,
metals, ceramics, polymers, and soft gels. Details on the CHMendiscussed in the
next section.

Fracture in monolithic materials is categorized in three modes: modelh(ie
opening), mode Il (irplane shearing or sliding), and mode Il (@ftplane shearing).
These pure modes, as well as their combined ibomitvns for the mixed mode loading,
can drive cracks to propagate, though often at different fracture energy values depending
on the mode mixity8]. Usually, the two ifplane modes, mode | and mode II, are of the
greatest interest since they represent many practical gpadenarios, lend themselves to
simple 2D (plane stress or plane strain) simulation, and are often easier to
experimentally measur8esides, mode | is considered to be important because the mode
| fracture resistance is often smaller than for other mathereby providing conservative
results (though exceptions have been r{d{@¢dTo characterize combinations ofptane
modes in fracture mechanics, the mode mixity anglefinetbas

y =arctan /% (6.1)
1

whereG, andG, are mode | and mode Il components of the strain energy release rates
(SERR), respectively.

The mode mixity angle plays an important part in the crack path selection of
propagating cracks. Fundamentally, three criteria have been proposed to detbemin
direction of crack propagation. The first criteria, proposed by Erdogan[&]Sikthat a
crack will propagate in the direction that is perpendicular to the maximum opening stress.
Palaniswamy & Knau$8] suggested that propagation would acecuthe direction that
maximizes the strain energy release rate. The third criteria, advocated by Goldstein &
Salganik7] and Cotterell & Ric8], is that a crack with grow in a direction such that
mode | fracture is maintained at the crack tip, i.e. such that thedpead. Though

seemimgly very different criteria, they all yield similar results. No experimentally
distinguishable differences have been obsef9€ell]. According to these criteria, a
propagating crack can veer or kink into a différdirection, depending on the mode
mixity of the local stress state at the crack tip.

Applications of these concepts in muliyered material systems become more
complex. It is worth noting that the global loading mode would be different from the
localmode adjacent to the crack tip due to the geometric configuration, mismatch of
material properties, and the existence of interfaces. For example, a mode Il component is
usually induced in what appears globally to be pure mode | conditions, since thalmateri
properties are asymmetric with respect to th
modul us, Poissonbds ratio, or the resulting LC
angle on the interface when the material system is subjected to externgllpads
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Besides these concepts and criteria in fracture mechanics, numerical methods are also
important to the simulation of the crack path selection in bonded joints. More
backgrounds about the mathematical model and the numerical simulation is shown in the
next section.

6.3Background on theCZM

The finite element method (FEM) is one of the powerful tools to simulate material
behavior numerically. Several methods to evaluate fracture mechanics parameters have
been integrated in the FEM under a continuum meckdramework. Among them,
linear elastic fracture mechanics has been widely applied and proven to be useful for
crack simulation, but the nonlinear zone ahead of the crack tip is ignored. These methods
work well for brittle materials but need to be augeel when dealing with materials
where the size of the plastic/nonlinear zone is not negligible in comparison with other
dimensions. There has been a lot of work on fracture of materials with plasticity since
1948, when Griffithon[l2hddgdaé¢l3lwBaenbmfdd,anced by
and Well$15] by correcting for yielding at the crack tip. The Irwin plastic zone
correction was a relatively simple extension of LEFM, while Dugdale and Barenblatt
each developed more elaborate models based on a narrow gigfletl material at the
crack tip. Wells proposed the displacement of the crack faces as an alternative fracture
criterion when significant plasticity precedes failure. His observations led to the
development of the parameter now known as the crack tigrapédisplacement
(CTOD). Williamd16] also derived a crack tip solution using a different method, but
essentially i dent i [13 teveloped anothvei parénseter, theld 19 6 8, R
integral, which Hutchinsd8], Rice and Rosengrfi®] related it to crack tip stress
fields in nonlinear materials.

These developments have all proven successful in engineering designs, but interest
remains in the search for methods that coulddssly applied in simulations with finite
element methods. Since fracture processes of polymers is usually quite complicated, with
the movement and breakage of molecular chains, initiation of microcracks, and plastic
deformation, as well as other nonliné&haviors, the cohesive zone model (CZM) is
useful for providing an alternative method that smears the details of these complicated
mechani sms by replaci ng -gepear amiitchn al gwcd stchra tb
effectively models the response. The CZM geaeral model which can deal with the
nonlinear zone ahead of the cracK tigue to plasticity or microcrackiiigpresent in
many material$20] The basis for CZM can be traced back to the work of Dugdale
(1960]13] and Barenblatt (196p)4]. Usually, a bilinear tractioseparation law is taken
as a material property that describes the constitutive behavior. Calculations of crack
initiation and crak growth are possible for both ductile and brittle materials. The
implementation of these cohesive zone models is rather straightforward in commercial
FEM software such as ABAQUS®.

One implementation of CZM in ABAQUS is the cohesive elenf@h33]. The
cohesive element is able to simulate cracks growing along the boundaries of elements, i.e.
a predefined crack path. This is a drawback for the simulation of cracks in bulk
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materials, where the crack path may n@kbhown a priori, but is quite useful for fracture
along bonded interfaces. One layer of cohesive elements along the interface of two bulk
materials is capable of simulating a debonding or delamination process. This method
assumes a linear elastic tractisgparation law prior to damage, and assumes that failure
of the elements is characterized by progressive degradation of the material stiffness,
which is driven by a damage process. This damage parameter is referred to as SDEG
(scalar stiffness degradatiahintegration points) in ABAQUS and varies from zero

when there is no damage to unity when the element totally fails. Figure 6.1 shows a
typical tractionseparation response. Subscripts n, s, and t, indicate norminm

shear, and outf-plane sheadirections, respectively. The symbdfsandad® are the

traction, and separation, respectively, when damage stéris.the final separation
when the crack totally fails.

ATraction

) b

5

5, (0].97)
>
5310 (5; 9510) Sepa ration

Figure 61. Typical tractionseparation law.

The initial response of the cohesive element is assumed to be linear and several
researchers have studied the effect of the initial stiffness for cohesive elements. They
recommended that the penalty stiffness shouldepg large to guarantee small strain of
the interfaces, but not too large to cause problems of convefg§éhdence a damage
initiation criterion is met, material damage evolves according to the damage evolution
law definel a priori.

Based on the CZM framework, there is another method developed for fracture in bulk
materials/elements known as #dended finite element meth@QdFEM)[25, 35] which
is an extension of the convemrtial finite element method based on the concept of
partition of unity[35, 36] It allows for the presence of discontinuities in an element by
enriching degrees of freedom with special displacement functionspbsitndt require
the mesh to match the geometry of the discontinuities. In brief, XFEM is a relatively new
application that enables crack propagation within the elements and determination of crack
path automatically by some criterion. Therefore, the XFEMlmused to simulate crack
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initiation and propagation along an arbitrary, soluil@pendent path in bulk materials,

since the crack propagation is not tied to the element boundaries in a mesh. In this case
the neaitip asymptotic singularity is not neatieand only the displacement jump across a
cracked element is considered. In ABAQUS®, the XFEM does not need remeshing after
each step of crack propagation. But some phantom nodes, which are superposed on the
original real nodes, are introduced to représies discontinuity of the cracked elements,

as illustrated in Figure 6.2. When the element is intact, each phantom node is completely
constrained to its corresponding real node. When one element is broken by a crack, the
cracked element splits into tworpa Each part is formed by a combination of some real
and phantom nodes depending on the orientation of the crack. Each phantom node and its
corresponding real node are no longer tied together and can move apart. These
capabilities greatly facilitate th@mulation of crack path selection. By default in

ABAQUS, the crack propagates normal to the direction of the maximum tangential stress.
This process can be repeated several times within one element by small increments of
crack, so as to provide a relatiyeontinuous crack path.

@ Original nodes
O Phantom nodes

Crack Crack Cracli L
@ | |
S

! [

Figure 6.2Phantom nodes created in the ABAQUS when simulating crack propagation
using XFEM.

In the XFEM with tractiorseparation laws, the first stage is elastic until the stress
approaches to the maximum traction. Thesldpea hi s | ine is related
modulus of the bulk material, rather than being a fictitious stiffness as for the cohesive
element method. Since strains remain elastic in this stage, no damage will be initiated.

The second stage involves the softgriew, which defines how the traction drops to zero

as the displacement increases to the critical displacement (or the SERR approaches to the
critical value). Therefore, the area beneath the lines in Figure 6.1 is the critical strain
energy release rateE8R).

Based on these fundamental principles of fracture mechanics, crack path selection in
adhesively bonded joints is investigated herein by numerical simulatitn€ZM in
ABAQUS®. The interaction of a growing crack within an adhesive layer with the
surounding interfaces is considered. Since both strong and weakened interfaces are
simulated in the model, one of the most interesting cases will be how the main crack in an
adhesive layer propagates when it is passing near a partially weakened intéréace. T
weakened area is used to simulate an interface that is neither very strong nor very weak;
such reduced adhesion might be typical of a contaminated bonding surface in real
bonding situations, or could be intentionally introduced in order to controliadhes
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When the main crack is approaching a weakened interface, the changing traction exerted
by the damaged interface will influence the stress field adjacent to the tip of the main
crack. Therefore, the behavior of the weak interface results in the seletdifferent

crack paths in the adhesive layer than predicted when no weakening is grieeent.
geometry, material properties, boundary conditions, and the other details on the modeling
process are shown in the next section.

6.4 Modeling

Without loss ofgenerality, a model of an adhesively bonded joint was built to study
the crack path selection in multipl@yered material systems. The material properties of
aluminum allow were applied to the adherends, while those of a typical epoxy resin were
appliedto the adhesive layer. Additionally, several different parameters were also
assumed for the interfaces to study the resulting influence on crack path selection. In
summary, both the cohesive element method and XFEM are based on the CZM
framework: the cohé@ge element is used for interfacial fracture, while the XFEM is used
for the cracks propagating within the bulk adhesive. Therefore, by changing parameters
of the geometry and the material properties of the weakened interface, crack path
selection is invegyated by numerical experiments. Generally, there are two categories in
this study: cracks approaching a long weakened area-iisinite or extending to the
end of the specimen), and cracks approaching a short weakened area (of finite length
ranging fran %2 to 1 bondline thickness in length). Therefore, the effect of the length of
the weakened interface is also included in this study.

A sketch of the model in ABAQUS is shown in Figure 6.3, which was built referring
to the DCB specimen in ASTM D343®(2012) with nominal dimensions of
150x25.4x12.7 mm for each adherend. The dimension of the adhesive layer is
150%25.4>0.25 mm, i.e. the thickness of adhesive is 0.25 mm. The initial crack is located
in the middle of the adhesive layer, from 0 mm to 58 mm thedlistance between the
initial crack tip and the start of the weakened interface is 2 mm further along the bondline
direction (8 bondline thicknesses away). This configuration is such that initial crack
growth within the model is unperturbed by proxinmifythe weak zone, so that the entire
history of crack path selection can be recorded and studied. Indeed, the following
simulations show that this 2 mm gap (8 times the adhesive layer thickness) is sufficiently
large to avoid effects of the weakened ztmthe initial crack. For the model with a long
or semiinfinite weakened area, the weakened area extends from 60 mm to the end of the
DCB specimen. For the short weakened interfacial areas, the lengths are 0.25 mm, 0.125
mm, and 0.0625 mm, respectively facilitate the general analysis, these lengths were
normalized by the thickness of the adhesive layer, i.e. 0.25 mm, in subsequent figures.
Residual stresses were assumed to be zero througmah#pter.The boundary
conditions were applied to thedes near the loading points by assigning symmetric
displacements (up and down) and fix the horizontal positions, as shown in Figure 6.3.
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Figure 6.3 Location of the weak interface in the DCB specimen model with initial crack

Within the CZM frameworkthe XFEM is applied to simulate crack propagation in
the adhesive layer, and cohesive elements were used to simulate the debonding process of
interface. Representative materi al propertie
E=70GPa,Poi s s o n/&8.33 foraalumirmum; andE = 3GPa, v =0.35 for the
adhesive. No inelastic behavior is included. Fracture properties for the CZM were
obtained from previous experimental results of thigerial syste37]. The averaged
values of thercture energies for cohesive failures within the adhesive layer were used:
500 J/nd for pure mode |, 2500J/fior pure mode Il; the maximum traction is 11.6 MPa,
which was optimized from several ledsplacement curves from DCB tests. Though the
value ofthe maximum traction is lower than the yield stress of the epoxy, it is still
reasonable and has provided good agreement with experimental[8&$uBtackman et
al, al so showed that thereds no simple relati
yield stresg38].

The criterion for crack initiation is the maximum principal stregg,’, in

equatiorf6.2). The synb o | A< >0 represents the Macaul ay |
S..x1S Negative and keeps its original value if is positive. They are used to signify that a

pure compressive deformation or stress state does not initiate dantisigemondel. The
criterion for failure is the energlyased criterion in equati@3). G, andG, are the strain

erergy release rate for mode | and mode II, respecti@&lands,, are the fracture
energy for mode | and I, respectively.
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However, the CZM parameters for the strong and partially weakened interfaces are
difficult to estimate by experimental results when the crack does not propagate along
them. Therefore, the CZM parameters foisthenterfaces are assumed, guided by the

CZM parameters of the adhesive in referef3@@. The fracture energy of the strong

interface is assumed to be higher than that of the adhesive, while the fracture energy of
the weakened interfaces is assumed to be lower than that of the adhesive. Similar criteria
were applied when choosing maximum tractions for the strong and weakened interfaces.
All these CZM parameters were found within the range that discussed in other articles
[34, 38] The criterion for the crack indtion is the maximum nominal stress criterion in

max‘.é <t”> = E‘r] (6.4)
I, t o t o y

n S

wheret,,, and, are the normal traction, and in plane shear traction, respectiyelyand

t.° represent the peak values of them, respectively, when the deformation ipeitiger

normal to the interface or purely in the first or the second shear direction, respectively.
The criterion for the failure of all the interfaces is also the mode dependent equation
(6.3).

Empirically, the CZM parameters for the strong interfaces should be equal to or exceed
those for the adhesive layer. The maximum traction is taken as 20 MPa, which is larger
than that for adhesive so as to make suaettiere is no interfacial damage when the crack
in the adhesive propagates. The fracture energy is assumed to be 500hi¢m is the
same value for the adhesive. Parameters for the long weakened areas are listed in Table 6.1.
Parameters for short wealed areas are listed in Table 6.2. These parameters were chosen
to cover most possible cases for weakened surfaces. One of the combinations of the CZM
parameters for the adhesive layer, strong interface, and weakened interfaces is shown
schematically in Fgure 6.4. The three small triangles with the same heightg, ar
represent the behavior of the three presumed weakened interfaces. They are all lower and
smaller than those for the adhesive or the strong interface. This schemaatiemseful
in understanding the interaction and the competition process among them when a crack
propagates.
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Table 6.1CZM parameters for the long weakened areas.

Maximum traction Fracture energy
(MPa) (I/n?)
10 250
5 50
2.5 5

Table 6.2 CZM parameters for the short weakened areas.

Maximum traction Fracture energy  Length of weakened interfac
(MPa) I/ (mm)
5 250 1/16
2.5 50 1/8
0.25 5 1/4
TA .  Stronginterface

~

~
\/
~

¢ '~._ Adhesive
S T
~

Figure 6.4 Schematic of the CZM tractieseparation laws for the adhesive layer, strong
interface, and several weakened interfaces.

A scalar damage variable, D, which evolves monotonically from 0 to 1 upon further
loading after the initiation of damage is used to represent the averaged overall damage of
cracked elements. This variable is the samb@SDEG (scalar stiffness degradation
variable) for cohesive elements in ABAQUS. A mathematical interpretation of this is
shown in equatiof6.7) after thefollowing introductions. The normal and shear stress
components are affected by the damage according to
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:,Tn’ Tn < o
t,=(1 -D)T,, (6.5)
t =1 -D)T,,

wherel, , T,, andT, are the normal and shear stress components predicted by the elastic
tractionseparation behavior for the current separatiwithout damage. To describe the
evolution of damage under a combination of normal and shear separations across an
interface, an effective separatiag,, is defined as

dy=\( @ + 2 + (6.6)

whered, , d,, andd, are the normal and shear sejon components. For linear

softening, ABAQUS uses the evolution of the damage variBhléhat reduces (in the
case of damage evolution under a constant mode mixity angle, temperature, and field
variables) to the expression poged by Camanho and Daya8], namely:

— r:l( - o
D=Inl - of q i 6.7

In the preceding expressioff,  refers to the maximum value of the effective

displacement attained during the loading history. The assumpiticonstant mode
mixity at a material point between initiation of damage and final failure is customary for
problems involving monotonic damage (or monotonic fracture).

When studying the debond process of the interfaces, the compliance of the interface
or cohesive element layer is not considered to influence the bulk materials. Visual
thickness of the cohesive element in the model is not required to be accurately equal to
the one in reality. Indeed, the real thickness of an interface is difficult tehsumred.
Therefore, in ABAQUS, visual thickness will not be taken into account in the simulation,
and can be modified to be zero (by modifying the coordinates of the nodes of the
cohesive elements). Again, it is worth noting that this is merely a posigsiag artifact,
showing up only in visual outputs.

The interfacial elastic stiffness for a tractiseparatiorbased on the cohesive
element modl can be better understood by studying the equation that represents the
displacement of a truss of lendthdastic stiffnes<€, and original ared, due to an axial
loadP:

d=— =— (6.8)

121



where,S= P/ Ais the nominal stress arifl = E/ L is the stiffness that relates the
nominal stress to the displacement. The above equations suggest that the actual
lengthL may be replaced with 1.0 (to ensure that $train is the same as the
displacementregardless of the unjtff the stiffnesdgs appropriately reinterpreted. In
particular, the stiffness K = E/ L, where the true length of the truss is used in these
equationsUsually, the stiiness can be a very high value only if it will not be too high to
cause convergence problem.

Although XFEM has alleviated the shortcomings associated with refining the mesh in
the neighborhood of the crack front due to the added asymptotic fields,céesuffi
number of elements around the crack front must be generated to obtaiimdegthndent
contours. The group of elements within a small radius from the crack front are enriched
and become involved in the contour integral calculations. The defaulbewenmt radius
is three times the typical element characteristic length in the enriched area. However, in
order to obtain the stress field precisely near the crack, the mesh should still be very fine
in the adhesive layer. Effective connections betweenelaévely coarse mesh and the
very fine mesh in the adhesive layer are required so as to obtain numerical results with
high precisions. The mesh is showrFigure 6.5n three levels, since the scale from
adherend to the adhesive layer is very large.

Figure 6.5 Mesh connectivity of the DCB model at three levels: Zooming in (in the
pictures located from the left to the right).

6.5 Results with mode | loadings

Since the crack path selection predictions are expected to be sensitive to the stresses
and meh size, it is reasonable to determine the mesh refinement required to accurately
evaluate the stress field with relatively low costs in time and space in computer.
Therefore, adhesive layer elements with different size and type are applied for one case.
The case used to determine the mesh size effect involves a 0.125 mm long weakened
interface on one side, which is located at 2 mm in front of the initial crack tip. The
thickness of the adhesive layeHs= 0.25mm. The fracture energy for \a& interface is
50 J/nt, and the maximum traction is 5 MPa. The crack path together with the meshes in
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the undeformed shape is shown in Figure 6.6. The coordinate system normalldeis by
also shown:Xx =x/H,Y =y/H ( RY0O are the gl obaKkKYooarae&i nat e:
the normalized coordinates), therefore, the crack initiatés-&t, the weakened interface

starts fromX =8. The red fame in Figure 6.6b is used for the following plot of crack
paths for all the cases.

(b)

Figure 6.6 Example of a grown crack path with meshes and normalized coordinate
system.
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All of the material parameters and geometric dimensions are the saap fox the
size and type of elements in the adhesive layer. The result of the crack path is shown in
Figure 6.72

In ABAQUS, CPE4 corresponds to plane straimofies element with full integration,
and CPE4R means plane strain@bes element with reducedegration. Essentially,
more elements through the thickness of the adhesive layer should give more accurate
results. However, the time and space required by the calculation will be increased
enormously. Since the results from the model with 16 CPE4eslsnthrough the
thickness of the adhesive layer is very close to those with 32 and 64 elements, it is
reasonable to choose 16 CPE4 elements through the thickness for the subsequent
simulations. The key finding here is relative insensitivity to mesh smesidered and
the significant effect of full integration.

0.6 T
> 0.5 10 Oa<e Bom, ; r
§ 0.4 v= [
o ’ 1 ) Ob o0
[h)
£ 03 1 o16Elem-CPE4R : :
S oo | ©16Elem-CPE4 I I
S 04 | m32Elem-cPES I _ I
8 . ABAElem-CPE4 I Weakened interface |
o
S o ‘ ———— ‘ ‘
7.6 7.8 8 8.2 8.4 8.6 8.8 9

Distance from initial crack tip: X

Figure 6.7 Comparison of crack path selection with same geometric and material
parameter but different mesh size and element type.

2|t is worth noting that the cragiateaus higher than it enters on the left. This is considered
to be related to the criterion of crack direction when it propagates, as well as the stability in the
middle of the adhesive layefFirst, the flexible adhesive layer near the weakened auexerts
shear stregsthat drivethe crack to the weakened interface. Then when the crack is leaving the
weakened interface, based on the criterion for the crack direction, the sheasstriwes
opposite direction drivéhe crackback to the centtdine. However, when it arrives at the central
line, the shear stress is stildl affecting the cr
horizontal direction. Thus, it moves on across the central line to the other side slightly. When the
crack diredbn finally turns to horizontal, the deviation from the central line is so small that there
is very little motivation for the crack to go back to the central line. Further simulation showed
that, the crack keeps this slight deviation for at least 17.3 mtimowt significant change. Since
this is not the main focus of this chapter, the figure is not shown. Similar to a ball rolling in a
shallow grove, there is a relative wide region near the central line at the bottom for the ball to
keep its direction stapl In summary, the crack would keep its direction stably even if there is
small deviation from the central line.

124



6.5.1 Crack path selection with long weakened interface

In this model, the weakened area, starting from 2 mm (x=8 ifotlosving figures)
ahead of the initial crack tip, extends to the end of the specimen. The purpose of this
study is to investigate if the veering angle would be significantly changed by different
CZM parameters of the weakened interface. Figure 6.8 and 6.9 show the crack paths
simulated by ABAQUS, but categorized in different ways.
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Figure 6.8 The crack path with long weakened interface and maximum traction: (a) 5
J/n?, (b) 50 J/r, (c) 250 J/m

The crack paths in Figure 6.8 show that all these cracks veer towards the long
weakened interfaces. Whdp,, is small, the main cracks veer and approach the

weakened interface quickly. Whdn,,is larger, the main crack veers gently and the

distance traveled before reaching the interface is lofyédently, a lowT,..,means the

failure of the weakened interface is usually eéis\some situations, many of these

cohesive elments will totally fail even when the main crack is still of certain distance to

the left of the beginning of the weak zone. Thusyé#ukiction (due to softening) or

release (due to total failure) of the traction to the adhesive layer prior to thecppgoa

of the main crack shears the surrounding adhesive and attracts the main crack to veer into
the interface steeply. Therefore, the maximum tradtjgplays a very important part in

the crack path selection in DCB bonded jointdhmMong weakened interfaces.
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Figure 6.9 Crack path with long weakened interface and maximum traction: (a) 2.5 MPa,
(b) 5 MPa, (c) 10 MPa.

Fracture energy is another factor that alters the path, as shown in Figure 6.9. When
T...xis very small, such as in Figure 6.9a, fracture energy values exert little influence until
the last stage of the propagation when the growing cohesive crack is about to reach the
weakened interface. Wheh,,is larger, sich as in Figure 6.9b and c, the difference

exerted by the values of fracture energy is larger. This is because the fracture energy
controls the maximum distance when the weakened interface approaches total failure. In
summary, the chosen interfacial fnaie energy values have little effect at the beginning

of the veering propagation, but make some difference ilathatage of the

propagatior?

3 The real focus of these work will be on whether growing cracks can sense weakened zones and
veer toward them or not. The final stage whbeelast ligament falls is beyond the discussion of
this chapterbut will be researched in the future
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Figure 6.10The main crack propagation and damage evolution of a long weakened
interface:(a) the main crack senses and veers to the weakened interface, the interface is
damaging, (b) large scale of damage is found when the main crack is closer, (c) the main
crack veers into and connects with the interface, interfacial crack is developed.

Figure 6.10 shows the process of crack propagation for one case (fracture energy:
50J/nf, maximum traction: 5MPa). For all the print screens with deformed shapes from
ABAQUS, the deformations have been magnified by 20 times in ABAQUS so as to show
the interadbn of the main crack and the long weakened interface. Since the weakened
interface debonds as the external |l oad incre
the main crack to turn quickly and almost perpendicular to the interface.

6.5.2 Crack path selection with short weakened interface

In the models with short weakened interfaces, the lengths of weakened areas
considered include 0.0625 mm, 0.125 mm, and 0.25 mm. Since the previous model
showed a significant influence of the weakened interfac@@neisulting crack path, the
next question would be: how long does a weak interface of given properties need to be
for the main crack to Adetecto iIits existence
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Figure 6.11Crack paths with 0.25 mm weakened interface and fractureyeokr@) 5
J/n?, (b) 50 J/r, (c) 250 J/m
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Figure 6.11 shows that the weakened interface of length equal to the adhesive layer
thickness (0.25 mm) is long enough and thus all these crack paths are strongly attracted
by the weakened interface. If thesevas are rearranged by the same values of the
maximum tractions, as seen in Figure 6.12, it is easy to find that the curves are quite
similar, even though the fracture energy values differ significantly.
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Figure 6.12Crack paths with @5 mm weakened interface and the maximum traction of:
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Figure 6.13Crack paths with 0.125 mm weakened interface and fracture energy of: (a) 5
J/n?, (b) 50 J/r, (c) 250 J/m

Figure 6.13 shows thdr the most part, a weakened interface length equal to the
adhesive thickness is sufficiently long to cause the growing cohesive crack to veer into
the weakened interface. However, Figures 6.13b and c suggest that when the maximum
traction is 5 MPa, therack path returns to the central line of the adhesive layer after
initially veering toward the weakened interface. Figure 6.14 reorganizes these curves by
the maximum tractions. Generally, the crack paths do not change significantly when the
fracture enagy increasesThough the crack path changed in Figure 6.14c when the
fracture energy increases from 5 3tm50 J/m, but does not change anymore from 50
JIn? to 250 J/m. In other wordsthe fracture energy of the weakened interface can barely
influencethe crack path whef,__ of the weakened interface is sufficiently small (e.g.

T..« ¢ 2.5MPa, or 22% of that of the bulk adhesive in our simulations). Mostly, the

fracture energy of the weakened interface changes thiéepbthe crack path slightly
when it is about to reach the edge of the adhesive layer.

This indicated that most of the crack path selection process is less sensitive to
reductions in the fracture energy, or the critical displacement of the weakemé&tete
Early stage damage of the weakened interface, which is dependgqt, a& more
important in influencing crack path selection than further damage and displacement of the
weakened interface. In other words, it is the increaseatpliance of weakened

interfaces that locally shears the adhesive ahead of the growing crack and effectively
directs the growing crack towards the weakened region.
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Figure 6.14Crack paths with 0.125 mm weakened interface and the maximaction
of: (a) 0.25 MPa, (b) 2.5 MPa, (c) 5 MPa.

Figure 6.15 shows that, when the length of the weakened interface is ¥ the adhesive
thickness, to the influence on the main crack is very weak, resulting in only a very
localized disturbance. Note that,order to show the small crack path deviations clearly,
the scale in the-girection is different from the previous figures. The crack only veers
slightly and then goes back to the central line and moves forward. When the main cracks
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turn back to the gral line of adhesive layer, the weakened interface is still exerting

some shear stress though in the opposite direction. Therefore the main cracks go over the
central line a little and then gradually come back. Figure 6.16 organizes these curves by
different maximum tractions, showing the trends more clearly.
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Figure 6.15Crack paths with 0.0625 mm weakened interface and fracture energy of: (a)
5 J/n%, (b) 50 J/n4, (c) 250 J/r
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Figure 6.16Crack paths with 0.0625 mmeakened interface and the maximum traction
of: (a) 0.25 MPa, (b) 2.5 MPa, (c) 5 MPa.

To show more details of the crack propagation and the influence of the weakened
area, one crack propagation process is shown in Figure 6.17, with 20 times magnified
deformation to reveal the interaction between the main crack and weakened interface
(length: 0.125mm, fracture energy: 503/maximum traction: 5SMPa).
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