Characterizing and Modeling the Effects ¢
Mode Mixity and Bond Line Thickness on
the Traction-SeparationResponse of
Structural Adhesive Joints

by

Brock Watson

A thesis
presented to theniversity of Waterloo
in fulfillment of the
thesisrequirement for the degree of
Doctor of Philosophy
in

Mechanical and Mechatronics Engineering

Waterloo, Ontario, Canadaf21

© Brock Watsor2021



Examining Committee Membership
The following served on théxamining Committee for this thesis. The decision of the Examining
Committee is by majority vote.

External Examiner David L. DuQuesnay

ProfessorRoyal Military College of Canada

Supervisors Duane Cronin

Professor, University of Watero

Michael Worswick

Professor, University of Waterloo

Internal Examiner John Montesano

Assistant Professor, University of Waterloo

Internal Examiner Adrian Gerlich

Associate Professor, University of Waterloo

InternatExternal Examiner Thomas Willett

Assistant Professor, University of Waterloo



Aut hor 6s Decl arati on

| hereby declare that | am the sole author of this thesis. This is a true copy of the thesis, including

any r e q udvisiong] asyaatepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Abstract

As adhesive bonding continues to become more prevalent in automotive structures, the need for
high fidelity characterizatioand modelling of adhesive joints has gained in importance. In this
thesis, new specimen geometry and analysis techniques are presented to characterize the properties
necessary to model thactionseparation response Mode |, Mode I, and mixed mode (MM

loading of adhesive joints using cohesive zone modelling (CZM) techniques. First, the Rigid
Double Cantilever Beam (RDCB) geometry and analysis technique was developed to measure the
full traction-separation response of a structural adhesive under Moddihg. This test approach
represents a substantial improvement over current test methodologies, where additional tests are
required to extract the parameters necessary to construct the full tsep@ration response.

Next, the Bonded Shear Specim&$6) sample geometry was developeth&asurehe Mode |l
tractionseparatiomesponse, using optical methods to measure separation. The BSS test was then
adapted to allow for measurement of MM loading, providing the full tract&paration response

for a range of mode mixity (ratio of shear to normal separateamj bond line thickness
combinations. Statistically significant differences between the parameters necessary to construct
the tractiorseparation response were found for different bond line tegdes, identifying that

bond line thickness should be accounted for in a generalizable CZM definition. With the full
tractionseparation response characterized for Mode I, Mode 1l and MM loading of nominal bond
line thicknesses ranging from 0.18 mm to Oi®dn, several deficiencies in current CZM
implementations were identified. Critically, the MM tractiseparation response is poorly
predicted using conventional CZM implementations and the hardening response exhibited by the
adhesive during Mode Il and MNbading is not represented in current implementations.

Validation testing was undertaken using more traditional Tapered Double Cantilever Beam
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(TDCB) and Single Lap Shear (SLS) test specimens to provide independent test data with which
to assess CZM modelstegrating the characterization data from the RDCB, BSS and MM
specimens. These validation tests were selectedodibe well controlled nature of the Mode |
(TDCB) and MM (SLS) loading. One limitation of these tests, howévtre large levels of ekiic

and plastic deformation of the adherends, making the meatumedand displacemetiighly

dependant on the adherend properties.

To address the deficiencies identified in current CZMs, a new CZM modelling approach was
developed, termed the Enhanddtked Mode Cohesive Zone Model (EMC). The benefit of the
proposed ECM model was the integration of mode mixity and bond line thickness babed on
measuredexperimental data. Usinthesedata, the EMC model could predict the traction
separation responserfany arbitrary mode mixity and bond line thickness combination rather than

be inferred from relationships based on mixed mode energy release rates. Using this approach, in
conjunction with the inclusion of the hardening behaviour observed experimetitallyyM
tractionseparation response was significantly improved relative to contemporary CZM
implementations. Second, a single set of material parameters could be used to model bond line
thickness and mode mixity effects, which is not possibly in curréi @pproaches. Models of

the RDCB, BSS and MM characterization tests using the EMC were shown to reduce the difference
between the model predictions and meastnaation and separatioesponsgby more than half
compared to a conventional CZM formulatidonlike models of the characterization tests, the
EMC models of the TDCB and SLS validation tests provided similar levels of fit to tHermst
displacement and rotatiaata compared to a traditional CZM implementation, associated with
large deflectons and plastic deformation of the adherends, highlighting that important aspects of

a CZM predictions can be masked depending on the load case for which the model is used. The



EMC model provided the greatest benefit in load cases where less adherentatiefowas
present, which is important in cases where high strength materials are to be bonded, such as modern

ultra highstrength steel automotive bodieswhite.

The tractionseparationcharacterization methodology developed in this work led to the
development of an improved CZM formulation, which demonstrated significant improvements in
the ability to modethe mechanical response adhesive joints of various bond line thicknesses

unde Mode |, Mode Il and mixed modes of loading.
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Chapter 1 Introduction

Adhesives have been used for millennia to create and repair useful objects, with some adhesively
bonded objects dating from as far back as 3000 BC [Thrall & Shannon, 1985]. The use of structural
adhesi ves, whi ch are fia b eguicd loags batweemadheranslse d f «
exposed to service environments typical for t
much more recent phenomenon. In particular, the development ofmaittrial bodiesn-white

(BIW) in automotive design, includingigh-strength steel, aluminum, carbon fiber reinforced
polymers, all joined using adhesives, has been an increasing focus for vehicle manufacturers
[Baneaet al, 2018]. A modern automotive BIW generally consisteahponents formed from

sheet metal (histically steel), which is spot welded together to create the primarybleadng

structure of the vehicle. The increase in maltterial BIW design has been driven by the need to

reduce vehicle mass in order to improve fuel efficiency [US Federal Redi®{&2; Natural

Resources Canada, 2015], electric vehicle range, and ultimately to reduce greenhouse gas
emissions [EU Parliament, 2014]. The BIW is also critical during crash loading to absorb kinetic
energy and maintain the integrity of the occupant mantment. Vehicle crash testing is in a

constant state of evolution, with new, more stringent test protocols being introduced [NHTSA,
2015] to reduce occupant injury risk in vehicle crash scenarios. The need to reduce vehicle mass

to improve fuel economyra reduce C@emissions while simultaneously improving vehicle
crashworthiness are two competing design constraints, with larger, heavier vehicles tending to be
safer in vehicldo-vehicle impacts, all else being equal [IIHS, 2009]. Such competing design

constraints drive the need to optimize muttaterial structures, which requires advanced material



joining (including adhesive bonding), for structural and crash loading scenarios [Rvalle

2010].

To ensure the safety of vehicle occupants, it iscalitio understand the mechanical behavior of
multi-material structures under crash loading. The behavior of traditional matergaistéel and
aluminum) and joining techniques (e.g. resistance spot welding) that have been used in energy
absorbing crashtructures have been studied extensively [Palmoatlh, 2005], although there

has more recently been an increase in use of adhesives to joimmatdtial structures [Pujol,
2010]. Adhesive bonding and hybrid joining, using adhesives in additiorote aonventional
joining techniques, have been shown to be a useful approach to joirnmatétial structures
[Meschkeet al.,2017]. The need for higfidelity characterization is important in modern vehicle
design in which finite element modeling is dsxtensively during the design phase to virtually
crash test the vehicle prior to the development of expensive prototypes [Beake2005]. Thus,

the current studys focusedon thedevelopment of new methods to charactettm traction
separation response aflhesives in complex loading conditions and using this characterization
data to buildaccurate and efficienfinite element modelsfor use in full-scale vehicle

crashworthinessimulation

1.1 Motivation for Research

The primary motivation for the current research was driven by the need to joirmmatgtiial BIW.

To utilize the hybrid joining techniques necessary in multi material BIW construction, adhesive
only joints need to banderstood, characterized, and modeled with a high degree of fidelity. A
study investigating hybrid joining of AZ61 magnesium using laser seam welding found that with

12 mm overlap, the adhesivebyly joined shear specimens failed at 6.6 kN comparedid i8
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specimens joined only by laser welding [Retnal, 2012]. When these two joining techniques
were combined to create a hybrid joint, the shear force to failure increased to 7.4 kN. This study
found that under Mode | loading there was little diffeeeirc peel strength between the hybrid
joint (327 N) compared to the laser welded joint (320 N), while the adhesive only joint was
significantly lower in strength (210 N). In another investigation of joining dissimilar metals, 45
mm wide specimens of 2 mmitk 6016 T6 aluminum were joined to 1.5 mm thick préssdened
high-strength boron steel using clinching, sgkrcing rivets, a proprietary sdHpping screw
design, resistance element welding and friction element welding. The average shear fasure fo
for these technologies was 5.86 kN (maximum 7.99 kN). When hybrid joints were created with
the aforementioned joining techniques in conjunction with an adhesive using a 16 mm overlap, the
average shear failure force increased to 17.7 kN (maximum D®.2However, when only
adhesive was used the failure force increased still further t kMN.[Meschutet al, 2014]
demonstrating the superior performance of adhesive joints in certain loading conditions

(particularity under shear loading).

Conklin et al [2015] discuss a project aimed at reducing vehicle mass beginning with a typical
modern vehicle (2013 Ford Fusion) weighing 3431 Ib (1556 kg) and having a BIW weighing 695

Ib (315 kg), accounting for over 20% of the total vehicle mass. Through a nufitbehiques,
including extensive use of structural adhesi@mklin et al. wereable to reduce the BIW weight

to 509 Ib (231 kg), a savings of 27% while maintaining acceptable vehicle crash performance in a
40% overlap frontal barrier test [IIHS, 2014h the BIW built in the Conklinet al study,
aluminum and steel were joined using structural adhesives anpieseihg rivets. The authors

noted that the use of adhesives prevented direct contact between the two dissimilar metals, thus

preventing galvaic corrosion, and kept moisture from contacting any-cmated metallic



surfaces. In similar workdoded, 200p the mass of the BIW of a Volkswagen Golf Mk V was
reduced from 281 kg to 180 kg (a 35% reduction) through extensive use of high strength steel
magnesium, aluminum, and fiber reinforced polymers. Advanced joining, including adhesive
bondi ng, was des cr-effcierd highhslunietassembling of multhaterialc o s t
structureso [ Goded, 2009] wi tused%&reate aprbtotypel h e s i

BIW, along with various welding and mechanical fastening techniques.

The ability to implement adhesive joints in fsltale vehicle models is dependant on the ability to
characterize these joints. A typical approach to chaiakctgran adhesive for implementation in

CAE [May et al, 2015] required compiling data from a number of tests to extract some of the
parameters necessary to describe the adhesive in the model. Important parameters include peak
traction, initial stiffness rad critical energy release rate in the tensile openingjane shear

loading mode and mixed mode, along with a description of the shape of the tsagiamtion
response. Additional inverse modelling was also required to fully characterize the model
parameters of the adhesive, using tests that may or may not be sensitive to these same parameters,
particularity those describing the shape of the traedigparation response, depending on the
adhesive used [Rocha & Campilho, 2018]. This approach has dawnéedions. First, many tests

are required to fully characterize an adhesive, with each test often providing only a single
parameter for the model. Aside from the inefficiency of such testing, variability that may occur
with respect to surface prepaaatj curing characteristics and experimental methodologies is more
likely to occur with a higher number of independent tests. The number of tests can easily become
unwieldly, especially if effects such as loading rate, bond line thickness or temperature are
investigated. For example, in the study by Maxl [2015], four tests were required to extract the

peak traction and critical energy release rate in each mode of loading for each loading rate tested.



Additionally, while inverse modeling can provide glomorrelation to a known set of experiments,

there is always uncertainty as to the ability of models relying on this approach to predict other
loading scenarios. Therefore, there is a need to develop a testing approach to fully characterize the
tractionseparation response of adhesive joints under a range of loading modes and implement the
test data into advanced adhesive joint models for finite element modeling purposes. By extracting
the full tractionseparation response, ideally with low variability $ethe number of tests required

to fully characterize an adhesive joint can be greatly reduced and inverse modeling is not needed.

1.2 Objectives and Scope of Research
The overall goal of thistudyis to develop a methodology to characterize structural siiee
commonly used in an automobile Bl#vid to develop models with this characterization data for

usein full-scale finite element crash models.

The first objective was to develop of a set of novel experimental specimen geometries and analysis
techniqueso measure the tractieseparation response of a typical structural adhe3Mdrfpact
Resistant Structural Adhesive 7333, 3M Canada Con)pdimese specimens were designed to
measure the adhesive response for Mode |, Mode Il and mixed mode loadirigpnendhile also

assessing the effect of bond line thickness on the tras@iparation response.

The second objective was to fit theeasured experimenttdst data taontemporarycohesive
zone model (CZM) implementations used in commercial finite element software. The main
intention with this objective was to critically evaluate the ability of CZM implementations to

capture thdull tractionseparation respons# the adhesiveinde all modes of loading tested.



Once the fit was completed, the results were used to identify potential areas for improvement in

the representation of the test data within a CZM model.

To address the shortcomings identifieccontemporary CZM particularty with regards to the

mixed modédractionseparatiomesponse and bond line thickness effeatspngprovedCZM was
developed as a third objective. The new CZM utilized fihle tractionseparation responses
available from the newly proposed test methodsascribe the adhesive joint. The new CZM was
verified by modelling the characterization tests and a new validation test methodology was
developed using the single lap shear (SLS) test specimen to measure both global (force,
displacement) and local (joinbtation) response. The response of the new CZM was compared to

a currentbaseline model to quardiively assesghe ability of the new approach to capture the

mechanical behaviour @idhesivgoints.

1.30Organization of Thesis

This thesis is organized in&ix chapters, including this introductory chapter. Chapter 2 provides
background information on the characterization of adhesives and their implementation in finite
element models for structural applications. The discussion in Chapter 2 includes nigeofdstik

material properties, test techniques for bonded specimens and the implementation of measured

adhesive material properties into FE models using the cohesive zone modelling (CZM) approach.

Chapter 3 discusses the experimental techniques devefofiexipresent work that were used to
characterize a typical crasbughened epoxy structural adhesive used in automobile BIW
applications. The test specimen geometry, specimen preparation, test protocol and analysis

techniques use to extract data for usefinite element modeling are discussed in detail.



Additionally, the test methodology of SLS testing, which was used to validate the material

characterization development, is presented.

In Chapter 4, the experimental results of the characterizationreserped. The measured data
was fit to current CZM implementations and the shortcomings of these implementations to
accurately describe the measuteactionseparatiorresponse are discussed. Additionally, the

experimental results of validation testing @resented.

Chapter 5 discusses the development of a new CZM, the Enhanced Mixed Mode Cohesive Zone
Model (EMC), which incorporates improvements to the mixed nu@dtionseparatiormesponse

and the incorporation of bond line thickness. The characterzevork presented in Chapters 3

and 4 was implemented in the EMC approach to develop a numerical representation of the tested
epoxy adhesive. A validation study was carried out using the new EMC to model a series of SLS

experiments with steel and alummuwadherends.

The results of the EMC model are presented in Chapter 6, along with a comparison of the pertinent
test data from Chapter 4. A baseline model, using a traditional CZM approach, is also presented in
order to demonstrate the improvement providgdhe EMC in both the output of the traction
separation response of the characterization tests and the force, displacement and rotation response

of the validation tests.

Conclusions of this thesis and recommended future work are presented in Chapter 7.

Some of the work presented in this thesis has been published in peer reviewed journalseWatson
al. [2020a] outlines the development and verification of the Rigid Double Cantilever Beam
(RDCB) test specimen and modeling usedh@asuréhe Mode | tractiorseparation response of

a toughened structural adhesive. The development of the specimens to measure Mode Il and mixed



mode tractiorseparation, along with a discussion of the fit of the test data to modelling approaches
common in the literature was preseohin Watsoret al. [2020b]. Finally, Watsoret al.[2019b]

presents the SLS test and modeling methodologies used for model assessment in the present work,
with a variety of adherend materials. In addition to these peer reviewed articles, some aspects of
the bulk material testing (primarily the shesiressstrainresponse) were presented at the 2018

Society of Experimental Mechanics Annual Conference [Watsah, 2019a].



Chapter 2 Background

An adhesive is any substance used to bond adherends (partbtedsgl) together by surface
attachment [DeLollis, 1970]. Present commercial structural adhesives are generally one of three
broad chemistry types: Epoxy, Acrylic or Urethane [3M, 2014]. Edmaged adhesives account
for 95% of current automotive metal bangl applications owing to their high strength, durability,
and relative insensitivity to temperature effects [Dupont, 2019]. Because the adhesives used
throughout the work presented here was eflmaged, epoxpased adhesives will be the primary

focus of his literature review.

Epoxies are polymers containing epoxide groups, which, wiieed are highly cros$inked
[Kinloch, 2003]. A curing agent is added to an epoxy resin, which is activated by elevated
temperatures by an exothermic reactomer alonger time spanTwo-part epoxies canften be

cured at room temperature or at elevated temperatures for increaselthkrogs

2.1 Mechanical Response of Bulk Epoxy Adhesives

Epoxy based adhesives tend to have relatively blghtic modulushigh failue strength, and
reasonable performance at higher temperatures when compared to other structural adhesives
[Dupont, 2019]. Their major drawback is that epoxy adhesives generally have a low resistance to
crack growth, causing them to be quite brittle [Kifip2003]. To improve the toughness of epoxy
adhesives, the addition of rubbery particles to the epoxy polymer has been found to increase
fracture toughness without affecting other material properties. An early study on the effect of the
addition of rubbeparticles (carboxyterminated butadiaracrylonitrile rubber) to an epoxy on

the fracture toughness of the material [Yee & Pearson, 1986] found that there was an order of



magnitude increase in the fracture toughness of rubber toughened epoxies whered¢dmpar
untoughened epoxies. This dramatic increase in fracture toughness was attributed to changes in
the stress state of the matrix near the rubber particles, which caused a stress concentration in the
matrix under loading. These stress concentrationsqiemhihe initiation and growth of shear yield
deformation, which tended to terminate at an adjacent particle, leading to localization of this
deformation in bands of material, known as shear bands. Shear bands are highly localized zones
of shear yieldingwhich create a crodsatched appearance in the bulk material due to localized
shearsoftening foung & Lovell, 1991]. Additionally, the localized deformation around the rubber
particle causes dilation of the matrix, leading to void formation and cavitafidhe rubber

particle, dissipatingnergy,and promoting further shear yielding [Kinloehal,, 1983].

Despite the constants imposed by stiff metal adherends having a strong effecinachiaical
response of bonded joints, testing of bulk adhesagddeen carried out by a number of researchers
[e.g.Trimino & Cronin, 2016]. While some authors claim that the response of bonded joints can
be well predicted using bulk material data [Dolev & Ishai, 1981], others suggest bulk material data
is most usefuin providing context to the bonded joint testing [Adams & Coppendale, 1979].
Material properties measured usingkomaterial represent the lower bound for strength relative

to a bonded joint, due to thack of adherend constrainivhich alterghe stres state from plane
stress, at the surface of an adhesive joint, to plane strain towards the center of the of the joint
[Kinloch & Shaw, 1981]. Bulkmaterialtests may also provide lower variability and are generally

easier to perform compared to bondedtdoests [da Silvat al, 2012].

Tensile testing of bulk polymers is usually performed with a dog bone shaped specimen, such as
that outlined in ASTM D638 type V [2014]. The tensile stissain responséFigure 1) of

toughened epoxy systems is highly dependent on the presence and amount of toughening agent.
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For example, Bucknall and Yoshii [1978], demonstrated that when no toughening agent was

present (0.0 vol. %) thetressstrain curve showed the mateneds brittle and essentially elastic

up to t

As rubber particles were added to the epoxy, the material stiffness decreasbhd atrdin to

h e

ul ti

mate failure
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failure increased due to a small amount of plastic deformation. At\&.3%,

t he
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modulus decreased to 1.3 GPa, while the strain to failure increased to 0.150 mm/mm, with a yield

point at 0.07 mm/mm. Interestingly, the peak strvegs similar between the 0.0 vol % (55.8 MPa)

and the 20.5 vol % (61.2 MPa) specimens, which was attributed to brittle failure of the

untoughened epoxy. Most importantly for impact resistant applications, the toughness (area under

the stresstrain curve) b the toughened epoxy system was 500% larger than that of the

untoughened system, indicating a significant increase in the ability of the material to absorb energy

prior to failure.
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Figure 1: Quasi-static stressstrain response 6 epoxy with 0.0%, 9.8% and 20.5% rubber
toughening particles by volume [adapted from Bucknall & Yoshii, 1978]
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When testing in compression, the geometry is typically a-pgbm with a rectangular or round
crosssection. For quasstatic testing, the ASTM standard governing compressive testing of rigid
plastics [ASTM D695, 2010] suggests a geometry of 12.7 méhxrhm x 25.4 mm or 12.7 mm
diameter by 24.4 mm long or other convenient dimensions with the test gauge twice the principal
width or diameter. Some researchers have identified comprédssision asymmetry [Gogliet

al., 2008], while others have report®gmmetriccompressiosiension moduljMorin et al, 2010],
indicating this property may be adhessecific and should be investigated with both

compression and tension testing.

For testing in shear, several different geometries have been investigaigdougjhened epoxy
(Figure2). For example, the torsion test of toughened epoxy conducted by @aeatig2011],

shows a spiral fracture indicative of tensile fumetand the losipescu specimen of toughened
epoxy tested by Moriet al. [2010], fractured at the root of the specimen notch along the direction

of maximum % principal stress. This behaviour confirms the findings of the study by Liu and
Piggot [1998], with found that most thermosplasticsloaded in shear fail due to scission of
polymer chains resulting from tensile stresses at particular locations within the test sample. When
measuring the sheatressstrainresponsef a bulk polymer, care must bekén to only use data

that represents a state of actual shear loading. The data after dsegagto localize or cracks

begin to form due to local tensile stress should be disregarded [&ta@in2010].
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Figure 2: Comparison d failure of torsion [Garcia et al., 2011 used with permission from
Elsevier] (a), and losipescu [Morin et al., 2010 used with permission from Elsevier] (b)
shear specimen geometries using toughened epoxies

2.2 Mechanical Response of Bonded Joints

The loadingof bonded joints can be described by one of three mddgsré3). Mode | loading

occurs when the adherend is loaded normal to the joint surface NMading occurs when the

load is applied such that the joint is sheared along the length of the bond line (perpendicular to the
crack front). Finally, Mode 11l deformation is associated with shear across the bond line (parallel
to the crack front). Imealworld loading scenarios, loading is generally some combination of the

three modes; termed mixed mode (MM) loading.
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Mode | Mode I Mode llI

Figure 3: Modes of loading of an adhesive joint

Adhesive joints can fail in one of three waysterfacial (or adhesion) failure, cohesive (or
cohesion) failure, or adhered failuf@dure4). Interfacial failure is said to have occurred due to a
failure at the interface of the adhesive and adhered, cohesive failure occurs when failure is
observed within the adhesive [ASTM D907, 2005], and adherend failure has occurred when the
adherend fails while the adhesive joint itself is still intact. Gdiyeraell designed and well
bonded joints should fail cohesively or in the adherend (if the adherend material is lower strength
than the adhesive) [Choupani, 2008]. Interfacial failure is generally caused by poor surface
preparation and is undesirable besm the full strength of the joint is not realized [Spaggiari &

Dragoni; 2013]

Adherend Adherend Adherend

Adherend
Adherend Adherend Adherend

Cohesivd-ailure Interfacial Failure AdherendFailure

Figure 4: Adhesive joint failure modes
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The interface between adherends and the adhesive is critinatigate interfacial failure and

achieve maximmn joint strength The adhesivadherend interface is generally understood to be

due to van der Waal 6s forces between the met a
may occur and can be promoted with an intermediary treatment, such as orgarsmiiéions,

which react with hydroxyl groups on the surface of a metallic component to form a covalent bond
[Plueddemanl99]. Even when the interaction between the adhesive and adherend is primarily
due to van der Waal 6s withothisisteractiont carebe amoedergoly a s s
magnitude larger thahan the energy associated with joint failurbe total energy can be further
increased by roughening the surface of the adherend, thus increasing the surface area available for

interaction bawveen the adhesive and adherend [Packham, 2018].

2.2.1 Mode | Loading of Adhesive Joints

When adhesive joints are tested under Mode | loading, the geometry tends to be some variation on
the butt joint test configuration, such as that outlined in ASTM D20955[2(Figure 5). For
example, Ikegamet al [1996] used the butt joint configuration to carry out a reroidn
assessment of epoxy adhesives at sélarg, in order to assess the strength and scatter inherent

in this type of testing. Additionally, Magt al [2015] used bultt joint testing to measure the peak
Mode I traction of a toughened epoxy adhesive for implementation into a finite elementimodel.

the butt joint test proposed by Yokoyama [20@38liminum and steel adherends were bonded with
cyanoacrylate adhesive in butt joint configurations. Yokoyama found that the maximum failure
stress occurred with a bond line thickness of roughly 0.035 nahthait the aluminum adherend

joints failed at lower failure stresses than the steel adherend joints. Yokoyama attributed the lower
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strength of the aluminum adherend samples to interfacial failure of the joint as a result of the oxide

layer typically preseon aluminum surfaces.

Adherend Bonded Specimen

Figure 5: Typical butt joint specimen for axial testing [ASTM D2095, 2015]

There are several important aspects of the butt joint geometry that should by accounted for when
using this test specimen. Firie stresstrain response of the bonded joint is often different than

that of the bulk adhesive [Neumayadral, 2016], due to the adherend being considerably stiffer
than the adhesive (for metallic adheofetmnds) . F
film adhesive butt joint should be higher than that measured from bulk adhesive material testing
due to the circumferential and radial stresses induced in the joint from the transverse restraint
imposed on the adhesive by the adherend [Adams gp&udale, 1976]. Additionally, the failure

stress can be affected by high stress concentrations at the edge of the specimen in the bonded joint,

particularly with brittle adhesive¥ pkoyama, 2003

In general, adhesive joints are essentially linear elastcompression compared to the more
complicated tension response, as shown in the sttema curve showing results of testing a thin
film butt joint specimenKigure6) [Adams & Coppendale, 1979]. This nearly linear compressive

response leads to infrequent testing in compression.
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Figure 6: Stressstrain response of a thinfilm adhesive butt joint tested in tension and
compression [Adams & Coppendale, 1979]

2.2.2 Mode Il Loading of Adhesive Joints
A number of different geometries have been proposed to assess thststiegthof adhesive
bonds Figure 7, with the location of the adhesive being tested highlighted in red for each

geometry) due to challenges associated with obtaining pure shear loading.
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Figure 7: Various tes specimen geometries to assess shear loading of adhesively bonded
joints (adhesive shown in red)

Perhaps the most common specimen used to test adhesive joints is the single lap shear test, which
is used to evaluate the combined properties of the adhegiterend and surface preparation
[Guesset al, 1977]. The application of force to the single lap shear specimen geometry typified
by ASTM D1002 [2005] is not along the centerline of the adhesive bond. The ASTM D3165
[2007] type specimen geometry addessthis eccentricity of loading by the inclusion of backing
adherendsHigure7) to move the center of force to the middle of the bond line. Despite the addition

of this backing plate, both specimens often show a propensity to induce joint rotation during
testing, leading to bending of the specimen prior to failtrgufe 8). This bending complicates

the analysis by introducing both tensile and shear stresses in the adhesive, leading to MM loading,
but also potentially introducing plasticity into the adherend response. The double lap shear test
also moves the center of force to thigldle of the bonded joint; however, the need for a high level

of control of the bond thickness and length at four locations makes it very difficult to create

properly balanced specimens. This unbalanced geometry and variability in the specimen
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manufacturéhen leads to failure initiating in a single bond, leading to difficulty in quantifying the

failure strength of the adhesraglherenesurface preparation combination.

Start of Test

Prior to Failure

Figure 8: Bending induced during single lap shear test withtin adherends (ASTM D3165
specimen)

To counteract the issues arising from the adherend bending in single lap shear tests, thicker
adherends have been used in the Thick Adherend Lap Shear Test (TALS). The adherends in this
test are significantly thicker, ith 9.53 mm thick adherends suggested in ASTM D5656 [2010],
compared to typical thicknesses of 1.62 mm in ASTM D1002. By increasing the thickness of the
adherend (and thus th&®2noment of area), the bending deformation is significantly reduced or
eliminaed. In an early study by Guestal [1977], the ASTM D1002 and a geometry similar to

that which would later be incorporated into ASTM D5656 were compared (using a single adherend
per side with the ends milled thinner to accommodate th¢olaf). They found that the MM

loading led to significantly lower calculated failure stresses for the thin geometry than the TALS
specimen (21.6 MPa vs. ®9VIPa for one adhesive and 32.0 MPa vs. 41 MPa for another). These
values also led to questions redjag the assumption that the single lap shear test with thin
adherends is truly representative of the comparative strengths between adhesives, suggesting that
different adhesives may respond to mixadde loading differently. The obvious limitation to the

use of this thicker geometry is the need for more complicated adherends, with high precision
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machining being necessary to ensure a consistentlbunthickness between specimens and

added mass of the adherends leading to potentially strong inert@befteelevated testing rates.

In a manner similar to the use of stiff adherends in TALS geometries, Weissberg and Arcan [1988],
made use of a modified version of the test geometry originally developed by étrahifil 978]

to study fiber reinforced polymers in plane shear stress. thladaptation of the geometry to

study adhesive joints, Weissberg and Arcan used FE analysis to predict that the new specimen
produced a more uniform stress state than a 6 mm long TALS specimen. Experimentally, the more
uniform stress state was borne bytmeasuring a higher shear failure stress with the Astda
specimen, due to the lack of normal stresses. The authors were also able toaraekpre
specimens to measure the energy release rate in Mode Il, which they found to be insensitive to the
initial crack length. Weissberg and Arcan noted an added benefit with this geometry was that the
specimen could be mounted to assess pure shear, pure tension or any intermediate loading
combination by rotating the specimen in a hgiifness fixture anddading in different
orientations. More recently, Cognaetlal. [2008] have used this type of geometry to compare the
shear stresesponséo TALS specimens. In their work, they modified the adherends to include a
O6beakd near t he qdiwefeahiedo shofv highéreispaatmentda faillee aad
more repeatability when this feature was added to the geometry due to a reduction in the effect of
stress concentrations near the edge of the adhagherend interface. Cognaetlal were also

ableto show that the Arcan geometry provided more homogeneous stress state within the adhesive.
The limitation of the Arcan test geometry was the complexity of the apparatus needed to perform
this testing, which is highly sensitive to alignment issues gengraff-axis loading of the

specimen [Cognaret al, 2005].
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One early test used to measure the stieasgesponse of adhesive joints involved testing tubular
speci mens under torsion. This type ofThmeomet r
walled tubing was used in an attempt to produce a near constant shear stress field through the
adhesive, with the underlying assumption being made that a constant stress field is present when
the thickness of the tube is much less than the mean rddins tube [Bryant & Dukes, 1964].

While this specimen is attractive due to a lack of sharp corners, which can cause stress
concentrations, the need for specialized torsional test equipment and high sensitivity to specimen

manufacture make this type oftieg less widely used.

Another proposed shear test uses a pin and collar geometry, with a solid cylindrical pin bonded
within a tubularcollar andloaded axially in compression to measure the stteassesponse of

the adhesive. One of the main attrat with this type of specimen geometry is that, unlike the
other shear specimens requiring the specimen to be loaded in tension or torsion, this specimen is
tested in compression, which lends itself to high deformation rate testing using an apparatus such
as the compressive SPHB. In a study by Yokoyama and Shimizu [1998] steel and aluminum
adherends were bonded with a cyanoacrylate adhesive and tested at both low strain rates in a
typical universal testing machine and high rates in a compression SHPBotlihdythat at higher

rates, the shear strength of the joint increased with the applied stress rate, with failure stress
increasing from 12 MPa (at 15 MPa/s) to 25 MPa (at 106XVIPa/s) for aluminum adherends;

and from 25 MPa (at 50 MPa/s) to roughlyMBa (at 20 x 1®MPa/s) for steel adherends.

One common challenge with exiting shear test methods is the difficulty to accurately measure the
very small displacements associated with shear testing of thin bond line adhesives (0.1 mm to 1.0
mm). One apprazh to capture this small displacement is to use a linear variable differential

transformer (LVDT) mounted close to the specimen joint. For example, ASTM D5656 suggests
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using an LVDT with a sensitivity sufficient to capture 1/1000 of the expecteesdalé
measurement. The use of such a-Boale LVDT requires mounting holes to be drilled relatively
close to the bondine. Additionally, the extra inertia associated with the LVDT could be
problematic at higher rates. To address some of these issues,adet &il\j2008] tested TALS
specimens using a simple clip gauge mounted at some distance from the adhesive joint while
simultaneously capturing video with a 200x zoom ldfigyre 9a) focused on the center of the
bond line Figure 9b). When comparing thstressstrainresponsesHigure 9c), the shear strain
measured using clip gauge signal, which accounts for displacement due to deformation of the
adhesive and adherend, was larger than that calculated locally using optical displacement field
measurements for cases where the adhesive wasGti#f 1559 MPaltaiure = 30.2 MPa). Thus,

the measurement of displacement in shear tests is an identified limitation of many é&stting

methods, with the use of optical methods gaining widespread adoption in more recent testing

Figure 9: Comparison of mechanical and optical displacement measurement setup and
results [da Silvaet al,, 2008]

In contrast, tests with lower stiffness and lower strength adhesd/es169 MPa,(taiure = 8.4
MPa) demonstrated nearly identicsttessstrain response foithe local (optical) and remote
(LVDT) measurement methods. Da Sikftaal. noted that for stiffer and higher strength adhesives,

in the elastic region, a single scale factor could be used to relate the two deformation
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measurements, but after the yield padims relationship began to break down. For thick adherends,

it was reasonable to assume that the adherend (if metal) would remain in the linear region of its
stressstrain relationship, simplifying the analysis somewhat. The authors summarized their
findings by suggesting that optical measurement should be used when the shear strain was less
than 100% (at strains above this level the material needed for the reference frame in the image left
the field of view). For compliant and lower strength adhesivasyentional methods such as a

clip gauge worked well due to the low strain in the adherends compared to the adhesive. Optical
techniques have also been used to measure the traefianation response bigh-rate Mode |,

Mode Il and 48 MM specimens by IBneret al.[2019]. They used ultrhigh-speed photography

to measure the unloading response, although difficulty in synchronization between cameras at

different frame rates could lead to missing the unloading portion of the response completely.

2.2.3 Fractur e Mechanics Approach to Adhesive Bond Failure Analysis

The bonded specimens discussed above provide useful data to characterize the strength of adhesive
bonds; however, it is often useful to consider a fracture mechanics framework to describe the
failure of adhesively bonded joints. When polymers are tested below their glass transition
temperature they tend to fail in a brittle manreacturing at low strain values with little to no

plastic deformation. Early work in fracture mechanics was carried ogisa by Griffith [1921]

who showed that materials had a much lower strength than would be theoretically calculated in a
perfect crystalline material. The difference between the theoretical and observed results was due
to the presence of defects and flawthe material acting as stress concentrators and thus lowering

the overall stress needed to fracture the material.
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Oneapproach to understanding the resistance of a material to fracture is to consider the energy
required to extend a crack, which can beught of as the creation of a new surf§@effith,

1921] In the most basic sense this can be expressed as

_ “O 'rY I_, —, (1)
whereF is the external work added to extend the cratks the internal energy in the material

surrounding the crack) as the incremental increase in crack len@itfis the incremental increase

in area anadis the free surface enerfjywin, 1956].

For a baly with thicknes®$ this can be written as

L “O 'rY “O 1 (2)
whereGic is energy needed to fracture a unit area of the materéidr Mode | loadingknown as

the critical energy release ra@c encompasses the energy lost in the surrounding material due to

plasticity, rate effects and temperature increase.

In general, Linear Elastic Fracture Mechanics (LEFM) is only applicable to linear elastic solids
with no plasticity; however, LEFM has begopéied to situations where there are nonlinearities in
the immediate vicinity of the crack tip, but where the bulk material still remains linear. If one

assumes a linear material response, Equé®pocan be expressed as

T o Y -01Y Y10, (3)
whereP is the applied force to extend the crack gmslthe extension of the crack. If the specimen

complianceC is defined a€ = %p the critical energy release rate needed to extend a crack can be

expressed as
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A more detailed derivation can be found in Kinloch and Young [1983]. For materials in which the
plastic region is large, adveed analysis techniques, such as the use ofltitegral as described

in ASTM E1820 [2015], are more appropridter situations where the plastic material behaviour

is somewhat localized (such as within an adhesive between high strength adherenius), anot
approach to describing the plastic response surrounding a crack tip is the strip yield model,
originally developed by Dugdale [1960] and Barenblatt [1962]. The strip yield model assumes a
long slender plastic zone exists in front of the crackRigure 10Error! Reference source not
found.a). A closing stress, which is equal to the yield strength of the mataded a function of

the crack opening=igure10Error! Reference source not foundb) acts to represent the reduced
resistancef the plastically deformed material to resist the crack growth [Anderson, 2Z01i3].
approach has been shown to adequately represent the crack propagation in an agpoxyum

adhesive joint [Chowet al, 1979].

Figure 10: Schematic of the strip yield model showing plastic zone (a), and numerical
representation with compressive stresses at the crack tip (b)
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To measure the energy release rates of adhesively bonded joints, the double cansilevesbe

(Mode 1) and end notch flexural test (Mode II) are the most common testsHigek(1).

1 1
Model
| |
Double Cantilever Beam (DCB) Tapered Double Cantilever Beam (TD(
4 |
o
Mode Il
[ [
End Notch Flexural (ENF) Tapered End Notch Flexural (TEFN)

Figure 11: Common testgeometries to measure adhesive joint critical energy release rate in
Mode | and Mode Il (adhesive in red

To assess the Mode | fracture toughness of adhesive joints, the double cantilever beam (DCB) test
is often used. During this test, originally deveddy Ripplinget al [1964], two bonded beams
are loaded near their ends, to create a cleavage load at the bond line. As with the bulk specimen,

the energy release rate has the form
0 —— (5)

It is generally assumed that the deformation energy in the system is primarily elastic and stored in
the adherends, and this energy is released during fracture to create free surfaces in the adhesive.
This assumption relies on the fact that the energii@ratihesive is low relative to the energy in

the adherend, which is often reasonable due to the relatively small volume of adhesive in a typical
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thin bondline. Additionally, any plastic zone that is present in the adhesive, which is assumed to
have a coniderably smaller yield strength than the metal adherend, is contained in a small volume
of material due to constraint effects of the adherend. Following these assumptions, the energy

release rate as measured by a DCB test can be expressed as

0 — (6)

whereP¢ is the critical load at fractur&i s t he Youngods mohdsuhe begghtof t he
of the adherend perpendicular to the bonded suttiasehe width of the adherend along the crack

front, andais the distance from the crack tip to the point at which the load is applied. The limitation

of using the DCB stems from the egyg release rates being a function of both the applied load and

the crack lengthRc anda). By using the tapered double cantilever beam (TDCB) geometry, the
bracketed term in the previous equatiépdan be set to a constant value (suggested to be'90 in

in ASTM D3433 [2012]) by tapering the beam such that the height of the beam increases along its
length in the appropriate ratio. While this method simplifies the analysis of DCB testing, one study
showed that the energy release rate measured from TR@®ytevas significantly lower (30.1 %)

for a toughened epoxy compared to several analyses using standard DCB geometrgt[abpes

2016]. Other issues associated with the TDCB geometry includeormtant compliance in the

portion of the beam betweenetipin loading location and the start of the tapered section and a
rotation of the adherends during testing, | ea

complexity of the analysis required to obtain a cor&etvalue [Blackmaret al, 2003a].

A different geometry has been suggested by Dastgtrdi [2013], which is much stiffer in the
bending directionKigurel?), leading the authors to term the specimen the rigid double cantilever
beam (RDCB). With this geometry the underlying assumption is that the adherends are so stiff that

they may be considerejid when compared to the adhesive. Using this assumption, not only can
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the energy release rate be measured, but the trasgaration law can be extracted from a
relatively simple test setup. One particularly attractive aspect of this geometrgnsailsize

making this geometry conducive to high deformation rate testing.

25 mm 7mm

; ——

T

40 mm I [

N Y

Figure 12 Ridged double cantilever beam test geometnDastjerdi et al.,, 2013]

To assess the fracture response of adhesive joints in Mode Il lodténgnd notch flexural test

was originally developed by Barrett and Foschi [1977]. This Mode Il test was extended to adhesive
joints by Chai [1988]. Unlike the DCB and TDCB tests, in which simple beam theory is assumed

to provide adequate analysis of thsttspecimens, using beam theory in the data reduction of ENF
testing leads to an underestimateGat due to the absence of a correction to account for shear
deformation [da Silvaet al, 2012]. A number of methods have been proposed to address this
shotcoming, but no consensus seems to have been reached as to the optimal method. The most
basic analysis of this test, known as the direct beam method, can yield an estimation of the Mode

Il energy release rate expressed as
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wherea is the distance between the crack tip and the lower support of-ploet3bending

apparatus? is the applied forcdy is thespecimerwidth,Ei s t he adherend Young:¢
his the height of the adherend [Chaeesal, 2014].In a manner similar to that used for the double
cantilever beam tests, a tapered version of the ENF test has been proposed by Marzi [2012] in
which the compliance of the specimen remains constantwasctadn of crack length, removing

the need to track the position of the crack during testing. This testing involved relatively long (725

mm), thin (6 mm) maraged steel adherends to minimize the effect of the compressive stress
transferred to the adhesivethe neutral axis of the beam and avoid the plastic deformation that

has been shown to occur with shorter specimen lengths.

While various test geometries have been proposed to measure Mode | and Mwadéute
response, MM loading is also of importarfoe practical applications such as vehicle structures

One approach to assess the MM loading of adhesive bonds used by several researchers
[Benzeggagh & Kenane, 1996; Lai al, 2002; Hogberg & Stigh, 2006] is essentially to use a
mechanism to combined¢tDCB and ENF tests simultaneoushgurel3). The mixed mode beam

(MMB) test was originally developed to assess the delamination of composite materials, making
the goplicability of this test with stiff adherends somewhat questiordieeo the large differences

in stiffness between the metal adherendsaatisive[Chaveset al, 2014].
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Figure 13: Example of mixed mode testing mechanism [Liet al., 2002]

Using the MMB test, the components of the energy release rates in Mode | and Mode Il can be

summarized as

oM 0 I (8)
and

0 —— & 0, ©)
wherea is the crack length from the point of tensile loadiRgis the applied forceb is the

specimenwidth, Ei s t he adher en disYhe bhegly 6fthe adbededd,isutre

distance between the bending soip@nd the center of the beam, anslthe distance between the
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point of loading and the center loading point for th@odt bending loading mode [Chaveisal.,
2014].These Gand G vales are not equal to the critical energy release rate valgesn&GGic,
described previously, which are defined for pure Mode | and Mode Il loatimggderivation of
Equation(8) and Equatior{9) relied on simple beam theory, although as with the DCB and ENF
tests, application of different beam theories can lead to other, 4gmeoae complicated, energy

release rate calculations, such as those presented by &lij2002].

2.2.4 Effect of Bond Line Thickness on Joint Response

One common question that arises when characterizing adhesives is whetieravieurof the

bonded join can be readily related to thehaviourof the bulk material. To address this question,
Kinloch and Shaw [1981] investigated the fractimeghnes®f a rubber toughened epoxy in the

bulk form using the compact tension specimen and in the bonded fangh USICB specimens.

They studied the effect of the betide thickness and compared the results to the bulk specimen,
with the energy release rate of the bonded specimen being larger than that of the bulk specimen
for a variety of test conditions, unlesg thondline was very thin (0.15 mm). Kinloch and Shaw

also found that the curve describing the energy release rate as a function of bond thickness was
low for very thin bondines, increased to some maximum valug é&nd finally decreased until

the valuewas roughly the same as the energy release rate measured in the bulk rrageril (

14a). The authors cite Bascom and Cottington [1976] who employethaticplastic model to

calculate the radius of the plastieformation zone of a sharp crack)(r

P —_—— (10
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Using this logic, Kinloch and Shaj#981] were able to show that thmeaximum energy release

rate occurred when the bond line was approximately equalytdAZhen the bondine thickness

is below this value the full plastic zone may not develop and since fracture toughness in toughened
epoxy systems is caused by energyidason in the plastic zone of the material, the fracture

toughness would decrease as the Horalbecomes thinner.

At the same time, it has been shown that the constraints of stiff substrates on an adhesive can
increase the length to which the stressceoiration extends in front of the crack tip. Thinner
bonds have further in front o]

hi gher stresses

Zone Shap ekRgureldb). Despite eixtending further along the bdiné, the volume of
the plastic zone (represented by the hatched area in the image) is, in total, smaller than the case
when t > 2 . For cases when the bond line is thicker still, the glasine contracts until it is

circular (in 2D) as in the bulk material and the energy release rate of the adhesive joint equals that

of the bulk material.

/akm 1JOINT)
—————— . Constraint due to . .
Bond Thickness (t bondthickness Plastic Zone Shapg G (Joint)
ta(<25) High =7 Low
% tn (= 25) Moderate % Maximum
c! Y
e
VOLUME OF PLASTIC DEFORMATION: S
MAXIMUM
DECREASING | DECREASING .
DUE TO MORE RESTRICTION :}TJLT{HESS CONSTRAINT te(>>2p) AlmostNil >@ Approx.Ge pui

BOND THICKNESS, t ~—==

Figure 14: Summary of constraint effect in bonded joints [Kinloch & Shaw,1981]
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2.3 Finite Element Modeling of Adhesive Joints

A number of techniques for computational modeling of adhesive joints have been investigated
including the use of the finite difference method, the boundary element method and the finite
element method. Foautomotive structural applications, finite element modeling is the most
common of these approaches and includes the use of the fully defined continuum mechanics, the
CZM approach, tiebreak constraints, or more recently the extended finite element matBibeb[d

& Campilho, 2012].

An example of using solid continuum elements with bulk material properties used for the adhesive
was used in a study by Goncaletsl [2002] to investigate the threfmensional stress response

of a single lap shear test. Goncale¢sl showed that the shear stress near the edges of the bond
line were twice the average stress (calculated by dividing the loading force by the bgnd area
Furthermore, tensile stresses developed at the same location due to bending of the adherends.
Unfortunately, to resolve the stress gradient at these locations, a very fine(¢feshmm
elements)was needed, making this approach somewhat limited ire laogle applications.
Tiebreak constraints, while computationally efficient, provide less detail in capturing the response
of adhesive joints, due to the simplified approach in their implementation in commercial FE codes
[Trimino, 2012]. Using XFEM to modeadhesives has been shown to provide unphysical results
(cracks propagating from the adhesive through the adherend or not propagating along the material
interface) in a common FE code (Abaqus) [Campdhal, 2011]. The CZM approach can be seen

to provde a middle ground between computasilogfficiency, a high level of detail in capturing

the joint response and ease of implementation in current commercial codes. Consequently, the

CZM approach was selected for the modeling work éendirrenthesis.
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2.3.1 Cohesive Zone Modeling for Adhesive

To avoid the very fine mesh density required to use the contiias®ed approach to modeling,

the cohesive zone modelling approach, which is able to use a coars€rrhesm mesh iplane

and a single element throughdkiess)is often used to implement adhesive joints in lesgae

finite element models. The CZM approach was originally presented by Hillegbaig[1976]

and was used to model the development and growth of cracks in concrete. Cohesive zone modeling
relies on the strip yield model of plasticity at a crackuiging the CZM approach to model failure

in adhesive joints rests on the assumption that a zone ahead of the crack tip is deformed at the same
time as the joint. This deformation then leads to agenand, ultimately, the creation of a new
surface once a critical amount of energy has been introduced to the joiDtY[N& Aerospace
Working Group, 2012]. The approach is particularly attractive for modeling adhesives since the
path of the crack propatien (i.e. along the bond line) is obvious beforehand and a single row of
cohesive elements can be used to model the adhesive joint. While the constitutive models applied
to typical finite element models define the relationship between stress and kgdiehavior of
cohesive elements is governed primarily by traction (stress between the bonded surfaces) and
separation (relative displacement) between a top and bottom surface of the element [Hallquist,
2017b]. Cohesive elements are typically defined Isyriat node numbering scheme where, for
example, nodes-4 define the bottom surface and nodesdefine the top surfac€igurels). At

each cornefnode pair), the relationship between the top and bottom node can be treated in an
analogous manner as an integration point in a typical finite element. The separation of each node

pair is calculated by tracking the change in displacement between the nodes
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Figure 15: Typical node numbering of cohesive element defining top and bottom surface

The element can then be considered as a set of four trios of springs connecting upper and lower
node pairs at each corner of t htactienresporsenit . One
the normal direction (Mode |, direction 3 in {LYNA and manyother codes [e.g. Dassault

Syst mes, 2008; ESI Group, 2016; Siemens AG,
control the response in the two tangential directions (Mode I, directions 1 and 2DVNS8),

although often (and, importantly, in theork that follows here) these tangential responses are

resolved and treated as a single shear response. INnfbe&/lSA s ol ver, the 06106 a

are assigned based on the nodal numbering given in the input deck to the bottom surface in the
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mannet y pi cal to orthotropic element definitions

of the vectors used to define directions 0616

Typically, a tractiorseparation relationship is defined independently for Mode | (tension,
compression) anbllode Il (shear) behavior. While britthkeehaviourcan be represented by a purely
elastic CZM, other shapes are often implemented in which the traction grows from zero to some
peak traction and back to zero as damage is accumulated, at which point thet elerfonger
supports any load and is removed from the calculation. The most basic form wa¢hsn
separatiorresponse is a simple triangular (bilinear) response where both the initial loading and
softening response are linear [Alfano & Crisfield02]. For example, in the simplest form,

cohesive elements can be described by

0 n (11)
" p O m ©O

m T
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wherelh andl, are the tractions in the Mode Il directiodsis the traction in the Mode I direction,

Eu is the Mode Il initial stiffness; is the initial Mode ktiffness,th andt, are theseparations in

the Mode Il directionsiis is the separation in the nornditection, and is a damage parameter

between zero and one [Hallquist, 2017bjt i s <c¢l ear from Equation (1
not consideredirectyi n t he CZM f or mul ati on. However, it
ratio plays a role n the confinement effects present in thin bond life®, i s seifezts éres
embedded in the model when using parameters extracted from tests with the same bond line

thickness as that being modeled.

Other shapes of the tractiseparation response have been proposed, such as an exponential
softening response [Chandgtal, 2002],or fully generalized CZM shapes, which start and end

at zero traction with the remainder of the CZM law being governed by an arbitrarily defined curve.
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Materials that exhibit some ductility are often represented by a trapezoidal Eightg16)

originally proposed by Tvergaard and Hutchinson [1992].
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Figure 16: Typical trapezoidal traction-separation cohe sivez e model uséaor ductile
failur [dptdfmT rgaard & Hutchinson, 1992]

In one example of this type of CZM [Marei al, 2009], Mode | and Mode Il are defined
independently, using the following parameters: the initial stiffness in the Mageand Mode Il
(En), the peak traction in Mode TY and Mode 11 §), and the critical energy release rate (area
under the tractioiseparation response) in Modegi€) and Mode 1l Giic). Finally, the ratio of the
ea under the plastic portion of the tracts@paratiomesponse to the total critical energy release
rate (termed O6ar ea r fa)andMode llIflcp) define the ferigth gfxthe i n  Mc

plateau. These parameters implicitly define three important separation values for both Mode | and
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Mode II; theseparatiorto-plateau in Mode 11“) and Mode 1l {i,°) loading, the separatieto-
softening in Mode 1§ and Mode Il i) loading, and the separatitm+failure in Mode | (i)
and Mode Il ") loading. These separations can be defined biyltie | and Mode |l parameters

using the following expressions:

: _ (12
«| ] 0 , (13
2= 1 (19
| —, (15
1 =, (16
and
1 =y (17)

To this point, the definition of the CZMactionseparatiormresponse is onlgpplicable for pure
Mode | or Pure Mode Il loading. In most situations, the loading of a cohesive element will not be

purely Mode | or Mode I, but will exhibit some degree of mode miXigirel7).
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Figure 17: Mode |, Mode Il and Mixed mode response of a trapezoidal tractiorseparation
response [adapted from Mayet al., 2015]

It is generally most convenient ¢onsider the MM separatiein-yield (i°), separatiosio-damage
initiation (i) and separaticto-failure (") when working with MM loading. A convenient measure

of mode mixity is defined by

(18)

where

T (19

and
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(20

Note the use of a Macaulay function in the definitiofo,oivhich stems fronthe assumption that
compressive stresses can be ignored when considering mixed mode loading. The Niibsepar

can then be described as

1 1 | (1
The MM relationship leads to the following definitions;
L — (22)
g 2 (23)
Y 1 0 2 1 (24)
and
Y1 o 22 (25

The separatioto-plateau {°) criterion as a function of mode mixity is often defined as [Hallquist,

2017a]

26
. (26
Equation(26) can be rewritten to solve for the mixatbde yieldseparation;

T @7

The separatioto-softening initiation can be treatsanilarly so that
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(29)

which leads to

(29

Several relationships have been proposed to define the failure separation when usingl@@Ms,
are based on relationships involving energy release rates. One common example being a power

law relationship [Camanhet al, 2003];

o, (30)

whereU s a constant that must be measured experimentally. The Mode | and Mode |l energy

release rates at failure for a giiemixity ratio can be defined by

1 20 (3D
¢p f [ 1
and
0 20 : : 1. (32

Note that Gand Gi are not, in general, the same as the critical values @Gac), which are
descriptions of the energy release rate in pure Mode | or Mode Il loading. Using the expressions
for the energy release rates in Mode | and Mode Il for gemdkélloading, the final failure

separatiorcan be expressed as

— (33

This failure description has been used with a trapezoidal traction law, implementedMNS
(*MAT_240) [May et al, 2015] with U fixed at a value of
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Other ultimate failure desiptions have been proposed, including that originally propos&ibhy
and Benzeggagh [1995], who were attempting to experimentally fit the summation of the Mode |
and Mode Il energy release rates to a single critical energy release rate par@ghdterfiper

reinforced composites and proposed that

0 0 0 O 0 0 — (34)
whered is an experimentally measured value. Sometime later, Benzeggagh and Kenane [1996]
updated this to the more commonly used form

o 0 6 O 0 O ’ (35)

which, using the expressions for Modend Mode Il energy release rates at failure as a function

of mode mixity, can be expressed as

o) (36)
5 -

0O 0 0 O 0 O
If one considers the Mode | and Mode Il energy release rates asvetaégrthe summation leads

to

197 1 1 0O 1 37)

0 O

and the finabeparationo failure of

5 (39

The damage of a CZM is a critical aspect to the overall response of the model. The implementation
of damage is required to define the traction response between the endptstélae and zero

traction, when load is no longer supported by the element and can be removed from the calculation.
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The softening response is most commonly assumed to be linear, although exponential responses
are also somewhat common [da Silva & CampiR@l2]. The tractions in the softening portion

of the Mode | and Mode Il tractiepeparation responses can be described as

7 0 , (39

and

Y —p O. (40

whereD is the damage parameter, which ranges from zero prior to softéf)iagd one when the

element no longer supports a lod.

The damage model also has some effect on the unloading/reloading response of the CZM. In the
undamaged stated.when the edment has only been loaded within the initial linear elastic loading

portion of the tractiorseparation response or in compression), unloading and subsequent reloading

will only occur along the path of the initial stiffness. After the accumulation of danthis
unloading/reloading stiffness will be modified to reduce the stiffness. Two approaches to this
unl oading have been splgagsetsitcedbigured8ey anesdd t thlee G&ed |
damage6 Figure p3o) ys Bel & Stigh [2010]. Note that for loading in compression,

CZMs are usually defined such that no damagenitiated and the response is purely linear

following the E stiffness.
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Figure 18: Typical elastic-plastic (a), and elastiedamage (b) softening damage applied to
trapezoidal traction-separation responses, showingnloading/reloading responses from the
plateau and softening portions of the response

In the context of a trapezoidal tractisaparation response, the elagtiastic damage for a given

time step can be defined as [Marzi et al., 2009b]

0 4de——F0 fr, (4D)
whereDi.1 is the damage from the previous time step ands the MM displacement for the

current time step. The elastiamage response is usually defined by [de Moura et al., 2008]

O adwaup —th —hi)—hﬁO e . (42)
The important distinction between these two approaches is the presence of residual displacement
when the model is fully unloaded with the elagtiastic approach, while theasticdamage
approach causes the element displacement to return to zero when unloaded. The initiation of
damage in the elastastic approach defined by Equati@i) occurs when the MM separation
reaches the separatitmsoftening, while for the elastidamage response given by Equat(4a),
damage is initiated when the MM separa reaches the separatitmplateau. This behaviour can

be seen by the unloading/reloading slope being parallel to the initial stiffness for scenarios when
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an elastieplastic model is unloaded from the plateau portion of the trastparation Kigure

18a).

While both approaches have been applied to CZMs in the literature, experimental data to guide the
choice of damage model has been relatively scarce. Biel & SBQhO] investigated the
load/unload response of adhesive joints by loading and unloading DCB specimens to a number of
predefined load states, which did not allow the cractotipdvanceSubsequent, reloading cycles

were then carried out with the damagpd@mens and models of these damaged specimens were
developed using both approaches. The elastnage approach tended to slightly underpredict the
energy release ratepin opening response while the elagtiastic approach tended to significantly
overpgedict the response, suggesting that the true response was somewhat between the two
approaches, but tending to be similar to the elatinage response. A similar study was carried

out by Blackmaret al.[2003b], who loaded and unloaded DCB specimenstmbgoack opening
displacements, making the outcome somewhat harder to isolate. Nevertheless, Bletckinan
found <5% offset displacement (roughly 0.05 mm) and suggested this was primarily due to the
rough facture surface of the adhesive propping thé&aaen slightly when unloaded. This finding
provides further evidence suggesting the eladdimage approach provides rasponse in

agreement with the limited data

2.4 Summary

Adhesive bonding is becoming widely adopted in the automotive industry as arstryaning
method; however, advanced characterization and modeling techniques are critical to provide
detailed information to improve BIW desighhe use of cohesive zone modeling is an attractive

modeling methodology due to its computational efficieatthough specialized testing is required
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to extract the parameters required to fully characterize the joint. These specialized tests typically
do not provide théull tractionseparation response required to implement a CZM, necessitating
multiple tests ér each mode of loadingror example, a double cantilever beam test is needed to
extract energy release rate in conjunction with-fmittt testing to measure initial stiffness and

peak stress in Mode I. Thick adherend lap shear or pin on collar andr&Nfpiaally carried out

to measure the Mode Il propertid$he results of these characterization tests are then combined,
often with inverse modelling, to provide the response necessary to define the CZM. For both the
TDCB and ENF tests, the choice of betheory used in the analysis of the tests can have a strong
effect on the measured response and additional correction factors are commonly used to ensure
consistency between test results and model responses of theFtethiermore, current test
approacks to measure the fracture properties of bonded joints use linear elastic fracture mechanics
assumptions, which may not be appropriate for more modern ductile toughened structural
adhesives. Experimental techniques that can more directly measure adbiesiope | and

Mode Il tractionseparation response thus enabling a model response with better correlation with

measured behavior remain a significant deficit within the current scientific literature.

Significant aspects of the CZpproachare often defined for expedience and computational
efficiency rather than using experimentally measured trasgmaration responses to drive the
model definition. This limitation is particularly true for mixed modes of loading. The mixed mode
energy rebase rate is commonly measured using the MMB test, bdtlthgactionseparation
response igenerally unknown. Thus, the development of experiments that directly measure the
mixed mode tractioiseparation response represent a further deficit in teatgeas literature and

is a key focus of the current research. Furthermore, a model built using full treeparation

responses for several mixed mode loading cases would represent an improvement to the cohesive
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zone modeling approach for adhesive jpiwhich is addressed by the model developed in this

thesis.
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Chapter 3 Experimental Methods and Data Analysis

The experimental work carried out in this thesis can be broadly divided into two categories:
characterization testing and validation testing. The first step in characterizing the adhesive was to
undertake bulk specimen testing to establish the unconfiredth of the material and to provide
context in terms of the peak stresses that could be expected when testing bonded specimens.
Following this, the Mode | characterization work was undertaken using the RDCB test specimen
with an updated analysis, astaied below. A new specimen geometry and analysis was then
developed to characterize the adhesive under both Mode Il and MM loading. Validation testing
was subsequently carried out using TDCB testing to validate the RDCB test analysis and single
lap sheartesting was carried out to validate the shear and MM validation and material model

development.

The adhesive used throughout this thesis was a commercially availabpartitoughened epoxy

(3M Impact Resistant Structural Adhesive 7333, 3M Canada Compa&his adhesive was
designed specifically for automotive structural bonding applications [3M, 2016] and is primarily
composed of epoxy with a small amount of acrylic copolymer along with aluminum and synthetic
rubber for toughening and several otheefilimaterials [3M, 2018]. For adpecimes described

in this section, curing was carried out in a convection over§gBinder, Tuttlingen, Germany)

for 30 min after thespecimer(and associated fixturing) reached &0

3.1 Bulk Material Testing
Bulk materal testing was carried out in order to provide understanding of the adhesive material in

the unconstrained condition. In particular, the peak stress in tension and shekgrie of
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symmetry in tension versus compression and fracture behavior of ¢hbulk adhesive were of
interestDue to the complex behavior pblymeric materials, bulk material testing was carried out

under tension, compression and shear loading.

3.1.1 Bulk Specimen Preparation

The specimen geometries used for the bulk tension andshed¢ testing required adhesive to be

cast into plaques, which were then machined to the appropriate geometry. To create these plaques,
adhesive was carefully pooled onto a 304.8 mm
(Figure 19a), taking care to avoid introducing air voids into the pool. A second glass plate was

then placed on top of the pool and metal spacers of the desired final specimen thickness (3.175
mm) were placed around the pooled adhesive. Binder clamps were then placed around the edges

of the glass plates to provide a small amount of pressure to the assembly duringFeguirg (

1) . After the entire assembly was cured acco
final plaque was ready for machiningigure19c). While every attempt was made to reduce the
introduction of air into the plaques, when pores were found in the failed cross section of tested
specimens, the results of that test were discafdedspecial climate control system was used

during the preparation oesting of any of the specimens used in this researohderto mimic

typical production environments which would be expected for automotive applEatidhe

adhesive. The experimental work was carried out in a room in which the temperature ranged from
19°C to 22°C and humidity ranged from 33% RH to 52 % RH, based on measurementsutaken

several yearashereverspecimens were prepared.
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Figure 19: Application of adhesive(a), and full assembly (b), to create buladhesive plaque

(©)

Tensile specimens were machined from the cured plaques to the geometry suggested in ASTM
D638 type V [2014] Figure20a). The crossectional areaf each specimen was measured using

a micrometer prior to testing. After measurement, the gauge section of each specimen was painted
using matte white spray paint followed by the application of a black speckle pattern to allow digital

image correlation (OT) to be used to measure the full strain field during testing.

Unlike the tensile specimen, no agragmbn standard test geometry exists to test the skreas
strainresponse of plastics. A small study was carried out using a variety of specimen ggsometr

from the literatureKigure20b) in an attempt to select a geometry that provided a good measure

of the shear response of bulk structural adheskigs.test geometries were selected based on a
survey of appropriate candidates and wetr e mac
a., 2012]; a modification of the mini esahear ge
2015]; scsheaoldl &Sardner, 2013]; the ASTM B831;
test speci mens. Note that the 6block shear 6 e
thickness reduction in their gauge section while the other specimens had a conscteasshi

across the entire specimen. As with the tensile specimens, a speckle pattern was applied to each

specimen to allow strain measurement using DIC.
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Figure 20: Tensile (a), and shear (b) bulk specimen geometries

To assess thmompressiostressstrainresponse of the adhesive, a series of compression tests were
carried out on 9.525 mmx 19.05 mm{Ys0@x340) ri ght <cylindrical spe
specimens conformed to the aspect ratio suggested in ASTM D69%veheglightly undersized

to minimize the volume of adhesive used in the specimen, avoiding any potential fire safety
hazards associated with the exothermic reaction occurring during curing in large volume
specimensThe specimens were allowed to cool sipwiom the curing temperature to room
temperature before being removed from the fixture, in order to minimize any residual sttasses [

Silvaet al, 2012].

3.1.2 Bulk Material Test Procedure and Analysis
Testing of the tensile and shear specimens was cawuitegsong a hydraulic load fram&igure

2) , termed the 62 kN capacity framedbdé in the s
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out in this thesis. This loaddme was equipped with a 29.7 mm (1.1675") bore x 127 mm (5")
stroke hydraulic cylinder (MTS Servoram 204.11; Eden Prairie, Minnesota, USA) controlled using
an MTS Flex Test SE hydraulic controller (MTS; Eden Prairie, Minnesota, USA). A 2.2 kN (500
Ib) load cell (Omega LC41500; St. Eustache, QC, Canada) was used to measure force and a
cylinder mounted linear variable differential transformer (LVDT) was used to measure
displacement of the cylinder. Data was acquired using two National Instrument6213%Rhta
acquisition systems and Labview 7.1 software (National Instruments; Austin, TX, USA). For both
shear and tension, the tests were carried out using a constartieadsgelocity of 0.0254 mm/s
(0.001 in/s). Each test was also recorded at a resolutib®20 x 1080 pixels and 30 fps using a
single, digital singldens reflex (DSLR) camera (Nikon D3200; Tokyo, Japan) fitted with a 105
mm f2.8 macro lens (Sigma Corporation; Setagaya, Japan). A 2X teleconverter (Kenko TelePlus
PRO 300 AF DGX 2x; Tokyo, Jap) was added for shear testing to improve the pixel density of
the video. The load cell and video data were synchronized using an LED, which was illuminated

at the start of data acquisition and placed in the frame of the video.

|
Test Frame
el

Acquisition
Computer

I Data

¥ Light Stand '

I.'I =

" DSLR Came

_— Light Stand _
-

Figure 21: 2kN capacity load frame

52



Two dimensional DIC analysis was carried out using2ic2009 (Correlated Solutions; Irmo,

SC, USA) to measure the fifleld strain of the specimen. For the tension tests, the DIC analysis

was carriedut using images acquired at 5 Hz with a pixel density in the area of interest of 83
pixel/mm, DIC subset size of 41 pixels, a step size (the distance between subset centers) of 1 and
a strain filter of 5 pixels. The average measurement of three paidilell extensometers along

the gauge length of each specimen was used to determine the measured strain for each test. For the
shear specimens, the DIC analysis was carried out at a frame rate of 5 fps with the resolution in
the area of interest being 1@ikel/mm. A DIC subset size of 41 pixels, a step size of 1, and a
strain filter of 15 pixels were used for each analysis. The shear strain for each specimen was

reported from the central location of the gauge area as described in Ratrab§z015].

The compression specimens were tested using a cusiade hydraulic load framé&igure22),
termed the 690 kN capacity fr ameo0linvestigatiome f ol |
This load frame was equipped with a 101.6 mm (4") bore x 152.4 mm (6") stroke hydraulic cylinder
(Parker Cylinder Division; Owen Sound, Ontario, Canada) controlled using an MTS 407 hydraulic
controller (MTS 407; Eden Prairie, Minnesote&6A). The test force was measured using a 90 kN
(20 000 Ib) load cell (Transducer Techniqgues SWP 20k; Temecula, California, USA) and the
cylinder displacement was measured with a cylinder mounted linear variable differential
transformer (LVDT). The data wascquired using a National Instruments Dagpad5 data
acquisition system and Labview 7.1 software (National Instruments, Austin, TX, USA). Optical
tracking (Tracker; [Brown & Christian, 2011]) was used to measure the change in height (and thus
the strain of the specimen during loading in a hydraulic frame at a loading rate of 0.0254 mm/s

(0.001 in/s). Several tests had petroleum jelly added to assess the effect of lubricant between the
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specimen and platens, with no appreciable difference measured ® wikeand without

lubrication.

g
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Figure 22: 90 kN capacity load frame

3.2 Mode | Characterization Testing

As discussed in the literature review, a number of techniques have been used to extract the

parameters necessary to construct the tractparation response of adhesively bonded joints.

The classical tests (cantilever beam tests, butt joint testsgdetngt generally provide sufficient

information with which to independently characterize the joint, requiring multiple test types to be

carried out and several independent measurements combined. Dastgrd2013] originally
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developed the RDCB speciméo provide a single test to extract the traceparation response

of a bonded joint under Mode | loading. The small size of the specimen also makes this test
attractive to measure the high loading rate response of adhesives by avoiding potendil inert
effects that may be present in standard double cantilever beam tests using high mass adherends. A
slightly updated specimen geometRigure23) as suggested by Liaa al. [2017] for structural

adhesive application was used in this work.

| 31.75 mm |
| |
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b=13.25mm
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Figure 23: RDCB adherend dimensions

3.2.1 RDCB Specimen Preparation

To create the specimens to be tested, mild steel adherends were first machined to the proper
dimensions Figure 23). The adherends were grit blasted with 60 grit silicon carbide abrasive
media for roughly 10 seconds per surface using a pressure &P358nd cleaned with acetone

immediately prior to bonding to remove any potential contamination from the adherend surfaces.
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A bead of adhesive was applied to each adherend and spread to cover the entire surface. The
adherends where then placed in a ayfirture (Figure24a) with a steel shim of the desired bond

line thickness inserted at the proper location in order to create a blunt crack tip. Threal nomin
bond | ine thicknesses were investigated; 0. 1.
(0.0250). The edge of this shim was also used
bond line. The fixture was designed to ensure proper alignmehe afpiecimens during curing

and to allow excess adhesive to flow away from the bondaaezhannels machined into the

bottom surface of pocket used to hold the specimRigu(e24b). Once the specimens were aligned

in the fixture, set screws on the perimeter of the fixtiigyre 24c) were tightened to hold the

specimens firmly in place dugrthe cure cycle.

Figure 24: RDCB fixture (a), with excess adhesive channels (b), and set screws for specimen
fixation during curing (c)

The specimens and fixture were then placed in a forced convection oven (Bin®&) Ebe

cured for 30 minutes after reaching®®@) as recommended by the manufacturer. After curing, the
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specimens were cooled to room temperature, the shemeved,and e&cess adhesive was
removed with a sharp blade to ensure the bond area was flush to the adherend surfaces. The
specimens were imaged using an egigital microscope (Keyence VHX 5000; Osaka, Japan) to
inspect each specimen for potential defects. Additipnele dimensions necessary for analysis

(b, L) (Figure25a) and the bond line thicknesadure25b) were measured. The thickness of each

specimenB) was then measured using a micrometer centered over the crack tip.

Bond line thickness

Figure 25: Measurement of RDCB specimen (a), and bond line thickness (b)

3.2.2 RDCB Test Procedue

The specimens were tested on the 2 kN capacity load frame at a crosshead velocity of 0.025 mm/s
(0.001 in/s) as measured by the cylindeounted LVDT. To avoid machine compliance affecting

the displacement measurement, which can be on the same omEgrifude as the displacement
necessary to cause failure of a bonded joint, video of the loading pins was captured. The video was
recorded at 30 fps using a DSLR camera mounted with 105 mm macro lens and a 2X teleconverter,

which provided a pixel densityf approximately 95 pixels/mm.

To prevent damage to the load cell by ramming the clevises together while setting up the machine,

a custom designed slack adapteig(ire26a) was designed to attach to the cylinder end of the 2
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kN capacity load frame. The slack adaptor allowed roughly 18 mm of travel between the point of
clevis contact and the point at which sigraht compressive force could be applied to the load

cell by the hydraulic cylinder. A small study was carried out to assess the effect of this addition
using bulk tension specimens, and no measurable effect was noticed. To provide a length scale for
optical tracking, two dots were added to the clevis mounted to the loadricrlté 26b), which

were measured using an ojatigital microscope prior to mounting the clevisarthe load frame.

During initial testing, two points on the pins were tracked to measure the opening of the specimen.
After further investigation, rotation of the pin was found to affect this displacement measurement.
To ameliorate this issue, in the iagt described in this work two dots applied directly to the
clevises were tracked to provide the pin opening used in the data analysis. After testing, the images

of the adherends were captured to investigate the facture surface of the adhesive.

Figure 26: RDCB test setup including slack adaptor (a), with detailed view of loading clevis

(b)
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3.2.3 RDCB Analysis Technique

The RDCB specimen was originally developed by Dastjetrdil. [2012] to measure thiglode |
tractionseparatiorresponse of proteinaceous bio adhesives and was later adapted to structural
adhesives [Dastjerdet al. 2012; Liaoet al, 2017]. Unfortunately, early work in the current
research demonstrated the inability of the method deschlyeDastjerdiet al. to produce a
tractionseparation response in which a model of the test was able to reproduce the force
displacement response of that same test. For example, the tsap@mtion measured from a test
performed by Lia@t al.[2017](Figure27a) was used to create a finite element model of that same
test in LSDYNA. If the analysis was able to measure the traesigparation response, one should
expectthe mode and test force response to match. However, when the modelisptaeement
response was compared to the measured resgeigses27b), the model underpredictéte peak

force by 32%.
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Figure 27: Traction-separation response measured from measured foraBsplacement
response using Dastjerdet al [2013] analysis (a), and forc&lisplacement model response
using extracted traction-separation response (b)
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Further investigation showed a zone of compressive stress in the bond line opposite the location
of the pin loading Figure28). The compression zone hadtieen accounted for in the original
analysis, which assumed that the entire bond line was loaded under tension. This finding

necessitated the development of a new analysis technique for this specimen geometry.

50 MPa

40 MPa]
30 MPa—
20 MPa—

10 MPa
Emnm 0 MPa]
! | -10 MPa:

7 Compression Zong

Figure 28: Stressdistribution along RDCB model bond line

The first step in the updated analysis was to enhance the originalotigeiagram Figure29a)

to include the region afompressive loading in the bond lifeéqure29b).
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Figure 29: Free body diagram for analysis developed by Dastjerdst al.[2013] (a), and
updated analysis (b) [Watsonet al, 2020a]

L (the distance from the edge of the specimen to the point of loading of the specimbif)hend

distance from the edge of the specimen to the end of the bond line) were carried over from the
initial analysis. The vai abl e € was introduced to denote t
specimen and the transition from tension to compression in the bond line. Additidnally,
represented an arbitrary traction. By assuming perfectly rigid adherends (due to the very high
resistance of bending of the adherends in the loading direction), the kinematics of the adherend
(Figure29) led to the compatibility equations at the pin loading locatioa blunt crack and the

end of the bond line furthest from the pin;

y

— (43
A A A’

where (pis the pin displacement] is the opening displacement at the end of the bond line
(separation), ant is the closing displacement at the edge of the specimen. An arbitrary opening

displacementd) can be expressed as a function of distance from the point of rotgtion (
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A 2 44
0w S0 0. (44)

The distance> and tractionf(x), represent two unknown quantities necessitating simultaneously
solving the force and moment balances for each increment ofdmpkacement to calculate the
full tractionsegration respons®y assuming a perfectly linear, ndamaging traction response

in compression, the force balance in tigirection can be described by
O - ® 6, 00QE (45)
whereB is the thickness of the specimenm8arly, the moment balance about the point of
transition from tension to compression (ke 0) can be written as
ob -t D 6, wmmQds (46)
If one assumes a perfectly linear initial response of the traséiparation curve, the integrals of
Equation(45) and Equatior{46) become
0OQ® -0 @ ° (47)
and
WOQw -0 ® : (48

These simplified integrals lead to

0 . (49)

The following relationship from the moment balance can then be defined during the initial linear

loading;

op - | (50
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Because thé&ractionseparatiorresponse is purely linear inilig, the relationship betweemand

Uc in Equation(43) can also be applied teandtc so that
o —. (53
Additionally,
o o (52)
the also holds true, whekg is the initial slope of the Mode | tractieseparation response.

By substituting Equatio(b2) into Equation(49) the loading force can be expressed as

0 86— — . (53
Additionally, substituting Equatio(b2) into Equation(50) yields
0 60 (54
By equating Equatio(b3) and Equatior{54), one arrives at
(59
Equation(55) can be simplified to
‘ . (56)

Note that the subscriptsichas been added ¢ato clearly note that this relationship only holds in

the initial linear portion of the tractieseparation response.

By substituting Equatio(b2) into Equation(49) and rearrangingdp can be show to be

Y S (57)
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Similarity, rearranging Equatiaf®3) lead to

. (58)
— w —_— 0 .

By equating Equatiori57) and Equation(58) and rearranging, the initial slope of the traction

separation response can be calculated;

P (59
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By performing a change of variable froxto u in Equation(45) and Equation(46) using the
derivatives of Equatior(44) and replacingtc with the expression from Equatiof®2), the

generalized force and moment balances can be expressed as

0600 (60)

and

6 & Q6 (63)

Note that in these expressiordgs generally unknown and only equaldgestic during the initial
linear elastic loading phase of the tracts®paration response. Differentiating Equa(ed) and

Equation(61) with respect tal and rearranging leads to

Jo 2 S (62)

and

A Y v (63)
v AV ol .

In these equations, both the traction amtistance are unknown and therefore a script was written
to solve these equations using numericalhoés$.c cannot be less than zero and must always be
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less than or equal t&eiastic providing lower and upper bounds for Knowing these bounds,
Equation(62) and Equ#on (63) were calculatedor 1000 values of between 0 andeastic for

each displacement increment after applying ap@mt running average filter to the force
disgacement response. The value dfiat produced the minimum residual for these two equations
was then determined as the&alue for a given pin opening, and the process was repeated for the
next pin opening increment. In this manner, the entire tractgponse could be calculated with
the separationtj calculated using Equatiof#3). After calculation of the tractieeeparation
response a set of parameteexessary to define a trapezoidal tracseparation CZM response
(initial stiffness &), plateau tractionT), critical energy release rat€¢) and area ratid€)) was

fit to each test using a least squared error approach for each tracked displacerement and a

generalized reduced gradient nonlinear optimization scheme [Las@hn1978].

3.3 Mode Il and Mixed-Mode Characterization Testing

Characterization of the Mode Il tractiseparation of adhesive joints is typically carried out using
acombination of end notch flexural testing and thick adherend lap shear, napkin ring or pin and
collar testing. However, early investigation into the end notch flexural testing highlighted some
challenges with this approach. A simple finite element modelguthe tapered geometry
developed by Marzi [2012] was undertakie assess the potential of this type of testing using
elastic solid elements to model the adherends and a simple trapezoidal cohesive zone model to
model the adhesive joinFigure 30a). Despite the long span of the specimens (0.8 m) used to
minimize the effect of the compressive loading on the joint crack front, a substantial amount of

compressive loadinfl2 MPa,Figure30b) was still apparent in the model.
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Figure 30: Model of the crack tip of TENF test specimen highlighting the presence of
compressive stress (a), and tractioseparation response of elements at crack tip (b)

Rather than trying to address this inherent issue in the ENF test, in the current research, a more
direct approach was used, in which a new specimen geometry was ddvelopsasure the Mode

Il tractionseparationresponse. The specimen, termed the bonded shear specimen (BSS), was
developed using a similar concept to the thick adherend lap shear specimen. The second moment
of area was very large in the bending directibthe specimen, allowing for the assumption that

all deformation was localized in the adhesive joint. Furthermore, the specimen adkégens (

3la) was designed so a@hthe MM tractionseparationresponse of the adhesive could be
investigated by changing the angle of the bonded surface. Additionally, the bond line thickness
could be well controlled using high precision machining of the adherend. For the investiugttion t
follows, specimen angles of 9Qure Mode Il loading), 75and 438 were investigatedHigure

31h).
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Figure 31 Dimension of bonded shear and mixed mode adherend (a), and schematic of
tested specimen geometries with bond line highlighted in red (b)

To assess diérent nominal bond line thicknesses (0.18 mm, 0.30 mm and 0.064 mm), the

adherends were machined to a nominal geome&ligufe 31a), after which half the bond line

thickness was removed from the bonded surface to create the desired geometry.

3.3.1 Mode Il and Mixed Mode Specimen Preparation

The adherends were machined from mild steel to the proper dimensions, after which the specimens

were grit blasted and degreased usingstirae procedure as for the RDCB specimens. Adhesive

was applied to the bonded surface and the specimens were placed in a precision ground machinists

vice (Figure32a) with spacersHigure32b) placed between pairs of adherends to allow for easy

removal after curing. After assembly, the machinist vice was ghladbe forced convectioaven

t o

cure according

o the manufactureds speci f

67



Figure 32 Bonded shear specimens in vice (a), separated by spacers (b)

After curing the assembly was allowed to cool to room temperature under ambient conditions.
Excess adhesive was removed from the surface of the specimen using a sharp blade while the cured
adhesive in the pocket used to allow excess adhesive toigatd 33) was removed using a

diamond coated burr with a 1 mm diameter.

Figure 33: Excess adhesive in adherend pocket

After the excess adhesive was removed from the specimen, two lines were added to the surface of
the specimen using a érfelt tip permanent marker to provide a length gauge to use for optical
tracking of the relative displacement between the two adherends when testing. Two dots were also
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added to each side of the bond line to provide tracking targets fetggbsinalysisThe bond line
length and thickness and the distance between the two measurement lines were then measured

using the optaligital microscopeKigure34) for each specien.

Figure 34: Measurement of bonded shear specimen using the optligital microscope

3.3.2 Mode Il and Mixed Mode Test Procedure

The specimens were tested in the 2kN capacity load frame, fitted with the slack adaptor. Loading
wascarried out at 0.025 mm/s (0.001 in/s), the same rate as the RDCB specimens. Video of the
tests were captured using a DSLR camera fitted with a 105 mm macro lens, with an approximate
pixel density of 87 pixels/mm. An LED, which was illuminated when datlvwe&ng acquired was
placed within the camera frame in order to synchronize the force data acquired from the 2.2 kN

(500 Ib) load cell attached to the load frame and the test video.

69



After testing, optical tracking was carried out using the two points addée adherend surface,
with the distance between the two lines as a length gauge, to provide a separation measurement
for the CZM response. As with the RDCB specimens, images of the fracture surfaces were taken

after testing.

3.3.3 Mode Il and Mixed Mode Analysis Technique

The analysis of the BSS was relatively straightforward, based on the assumption of a uniform
stress distribution across the bond line due to a lack of bending of the adherends. For example, the
shear samples used in this work were desigodxhve a very high second moment of area (4336
mm’ vs.69 mnf for a typical single lap shear specimen) to keep the bonded surfaces straight and

parallel as the specimen was loaded. The resultant traction response was calculated using

_ (64)
, S,

whereF was the measured load cell forBayas the specimen thickness, dndas the bond line

length measured prior to testing. The separation response was measured by calculating the
difference in displacement in theading direction from the tracked displacement of each
adherend. These data were then fit to a trapezoidal response, using a least squares fit to find the
initial stiffness E), plateau tractiong), critical energy release rat€ic) and area ratiofd) for

each test. These values were then averaged for each bond line thickness to provide an average

tractionseparatiomesponse for a given bond line thickness.

Due to the unequal initial stiffness response in Mode | and Mode Il loading, the miXigy(@r)g
was not, in general, equal to the specimen arfjjeaqd thus, for the MM specimens, it was

necessary to first calculate the mode mixity angle applied to the bonded joint. In order to ensure
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force equilibrium during loading, the resultant stressinalign with the loading directiofrigure

35), due to the use of pins to load the specimen, which do not support a moment. If fixed grips
were used, the loading anaixity angle would be equal, although the angle between the Mode |
and Mode Il stress directions would not align with the specimen and would need to be accounted
for in the analysis. For the pin joint loading case used in this study, the mixity angkelated to

the specimen angle using

(69

Measured force (F)
Tracked separation (U)

Figure 35: Free body diagram of the mixed modepecimenanalysis
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Note that in this expressiol; andE; were the values measured for a given nominal bond line
thickness from the RCDB and BSS testing. Using EqudBdhto calculate the traction along

with the relative diplacement between the two adherends tracked in the loading direction, a
resultant tractionlge9-resultant separationif) response was generated for each test. As with the
Mode | and Mode Il testing, resultant initial stiffness, plateau traction,alréitergy release rate

and area ratios were calculated for each test, using a least squared fit. Finally, the Mode | and
Mode Il energy release rates at failure were calculated based on the trapezoidal fit for each test

using the following expressions;

RO

"0 T (66)

and

no h 9 <-| <-| “I (67)

where (ires g is the resultant plateau traction fit for each test. Following the procedure described
above, it could be shown that for each MM test, the simple summat®raotd G, was equal to
the measured critical energy releaSe) fate by calculating the areader the MM traction(ges-

separationtf) fit.

3.4 TDCB Testing

Tapered double cantilever beam (TDCB) testing was carried out to provide data with which to
compare the RDCB analysis. Specimens were constructed using the geometry described in the
ASTM D3433[2012] standard in order to provide a comparison between the data extracted from
the RDCB analysis and a widely accepted, existing characterization methodology. After the

adherends were machined from A36 steel, the same surface preparation used tther&ix0CS
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specimens (grit blasting and degreasing with acetone) was performed. As with the RDCB
specimens, shim stock of the appropriate thickness was used maintain the specimen bond line
thickness (0.18 mm, 0.30 mm and 0.64 mm). Additional shims wered aatdihe rear of the
specimen and the specimens were clamped using cap screws through holes in both adherends
(Figure36a). After curing, the excess adhesive was reméreed the specimens and the bond line

was inspected under an ogtmital microscope in order to measure the bond line thickness at the
blunt crack tip and to inspect the specimens for any defects. The specimens were then tested using
the 90 kN capacity l|d (igure 36b) frame. Due to the comparatively large displacement
associated with this testing, LVDT data was used to provide a measure of pin opening
displacement. In early testing, this method was compared to optical tracking methods described
earlier with no diffeence between the two measurement methods. A total of three specimens for

each bond line thickness were loaded abnstant rate (0.015 mm/s) to failure.

Figure 36: Assembly of TDCB specimen (a), and TDCB test (b)

3.5 Single LapShear Testing
In order to validate the characterization work and cohesive zone model described in Chapter 5, a
series of single lap shear tests were carried out. The specimen gedigeirg37) was based on

that outlined in ASTM D1002.
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Figure 37: Single lap shear tests specimen geometry

While single lap shear testing is generally used as a quick, relatively simple way to compare the
load carryng capacity of various adhesive / adherend / surface treatment combinations, additional
data was collected during this testing series to allow direct comparison between the model and test
force, displacementand rotationresponsg In this way, this seels of tests provide straight

forward, weltcontrolled conditions to provide model validation data.

3.5.1 Single Lap Shear Specimen Preparation
The adherends were sheared into 101.6 mm x 25

sheet of 1.29 mm (16 gAB66 steel and a single 1.63 mm (14 §@§1-T6 aluminum sheet. Prior
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to bonding, the adherends were grit blasted and cleaned with acetone using the same procedure as
the characterization testing specimens. Specimens were created in batches of 6 ustimga cu

made curing fixture. Six adherends were placed into the curing fiXtigearé 38a) and butted

against the end stop, which was set to ensure the correct specigteralet overlap of 12.7 mm
(i0). The bottom strap was then tightened acr
the bonding process. These adherends were separated by thin strips with a thickness slightly less
than twice the adherend bond lilkckness, which, in addition to easing removal of the specimens

from the fixture after curing, ensured the specimens were properly aligned in the longitudinal
direction. Additionally, two notgritblasted adherends were placed on the opposite side of the
fixture, transverse to the bottom adherends in order to support the top adherends after bonding.
Finally, three stacks of two 76.2 mm x 25.4 m
equal to the desired bond line thickness were placed at the aadged the center point of the

fixture to provide the correct specimen thickness once the bonding procedure was finished. For
these tests, only 0.3 mm (0.0120) and O0.64
investigated due to the difficulty in proding well controlled bond line thicknesses under 0.3 mm

with this specimen geometry due to the relatively light clamping pressure that could be applied

compared to the RDCB, BSS and MM specimens.

A bead of adhesive was then laid along the width of eatiiedfottom adherends, in place in the
fixture (Figure 38b). The top adherends were then laid in the fixture and the top strap was
tightened, with care being taken to emsthe norgritblasted adherends were centered below this
strap to prevent bending of the top adherekagufe38c). Finally, the top plate of the fixture was
screwed to the base plate to provide a consistent pressure across all spéggues3sl). The

entire assembly was then paced in a forced convection oven (BindgB)e&hd cured for 30
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minutes after reaching 8C, as measured by a thermocouple placed near the bond area of the

center adherends.

EENRNRRNN

Figure 38 Summary of single lap shear specimen preparation

After curing the specimens were allowed to cool to room temperature and removed from the

fixture. Excess adhesive was then removed from the specimens using a sharp blade to make the
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bondarea flush with the sides of the adherends. The specimens were then imaged using an opto
digital microscope to measure the bond line length and thickness and to identify any potential

defects in the adhesive jojraithough none were found in this study

3.5.2 Single Lap Shear Test Procedure and Analysis

The single lap shear specimens were tested using the 90 kN capacity load frame. Prior to testing,
four dots were added to the side of the specimen along the centerline of the adfigrerd9)

to provide points to optically track. These tracking points provided a local measured of
displacement (the change in longitudinal length from Point A to Point B) and the rotatia of th

bond line (change in angle of the line segment created by Point C and Point D). Points A and B
were | ocated 76.2 mm (30) from each end of t he

a marble slab) with points C and D being located at the edfye eifdherend over the bond area.

D B
A! C:h

Figure 39: Points tracked on single lap shear specimens to measure displacement (segment
A-B) and rotation (segment GD)

In order to keep the specimen centered along the centerline of thg teathine, 25.4 mm x 25.4

mm (10 x 10) tabs sheared from sheet wused to
using double sided tape. The specimens were loaded into mechanical wedge grips with the tabs
and the | ast 25. 4hespecimelinthe gopfleaveng tbehcentgah 189.7onim (5

/") of the specimen between the grips. The specimens were loaded at a constant loading rate of
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0.1 mm/s with load cell data output at 120 Hz. Video of the tests were captured using a DSLR
camera maonted with a 105 mm f2.8 macro lens at a resolution of 1920 x 1080 at 30 fps, with a
pixel density roughly 40 pixel/mm. After testing, tracking was carried out to produce load cell
forcetracked displacement and rotativacked displacement plots for eaattherenebond line

thickness combination.
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Chapter 4 Experimental Results and Discussion

In the sections that follow, the results of the experimental testing described in the previous chapter
will be presented, along with discussion of these respdidicularly with regard to their use Iin
cohesive zone modeling. First, discussion of the bulk material testing is presented, followed by the
results and discussion pertaining to the nesdyeloped characterization methodologies for Mode

| (RDCB), Mode Il (BSS and MM loading. Finally, results of the single lap shear testing,
undertaken to provide tests with which to validate the characterization and modeling

methodologies developed in this research are presented.

4.1 Bulk Material Test Results and Discussion

The stressstrain response of the bulk 7333 adhesive subjected to tensile lo&tuge@0)

provided a baseline response for much of the characterization worloflbated. The average

maxi mum true stress of all tests (n = 5) was
was 2.24 GPa (SD = 0.094 GPa) and the average true failure strain was 0.085 mm/mm (SD = 0.031
mm/mm). The nodinear portion of the response svibund to be flat with no hardening behavior.

The Youngb6s modulus fell within vadtatcdomdingy pi c a
of bulk toughened epoxy adhesivds3(GPa to2.7 GPa [Garcia et al., 2011; Morin et al., 201

Trimino & Cronin, 2014) while the peak tensile stress was roughly the same as reported in the
same studies3( MPa to43 MPa). Of course, these properties are dependant on the particular
formulation of a given adhesive. Timtention incomparing the results of tharcent work to those
presented in the literature was to highlight that the experimental methods and 3M 7333 used in the

current study did not exhibit abnormal respondésir t her mor e, the Youngod¢d
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maximum stress measured in the current s(ddMPaand2.2 GPa, respectivelwere somewhat

higher than that reported by the manufact(@éMPaand2.1 GPa, respectivelj8M, 2016]). The
manufactures data was obtained using adhesive that had cured at room temperature, which would
exhibit lesscrosslinking that that measured in the current study, and thus exhibit lower strength

and stiffness, highlighting the importance of the curing cycle on the performance of the adhesive.
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Figure 40: Stressstrain response of bulk3M 7333 adhesive under tensile loading

The compressivetressstrain response of the adhesivEiqure 41) was characterizedising a
standard cylindrical geometry. Duritgsting, the specimens were found to deformaftglane
(Figure42), which began to dominate the response after the initial linear elastic portion of loading
This debrmation pattern was also apparent in a study of neat epoxy resin by Littell et al. [2008],
who described thisesponses a buckling mode of deformatidfor this reason, the tests were
arrested rather than proceeding until failure. The initial portigdhe&tresstrain response (prior

totheoutof-p| ane def ormati on) was used to measure t
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compressie loading (2.01 GPa, SD = 0.16 GPa, n = 4)-tAdt comparison of the compressi

and tende Youngos modul i i ndicated no statistical
measurements (p value = 0.1&)comparison of failure strength was not undertaecause the

maximum compression response was dominated by geometric consideflatiokigng) rather

than material failure.
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Figure 41: Stressstrain response of bulk3M 7333 adhesive under arrested compressive
loading
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Figure 42. Out-of-plane deformation of compression specimen

The stresstrain response of the tested shear specinkégeré43) generally exhibitedeasonable
consistencyn the shape of the response and average peak stress values ranging between 23 MPa
and 28 MPalarge scatter was present in the measurement of averagetatialore (0.15

mm/mm to 0.30 mm/mm).
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Figure 43: Stressstrain response of bulk3M 7333 adhesive under shear loading

This scatter was associdteith the tensile nature of the ultimate failure that was present across

all geometriesKigure44). In specimengor whichthere was no reduction in specimen thickness

(the minishear, micreshear and ASTM B831 specimens), failure initiated outside of the gauge
areas in locations of high tensilgasn (.e. the location of the maximuntprincipal strain). For
specimens with a steppeldwn gauge area (the bloskear and Alternate ASTM B831
specimens), failure tended to initiate at the root of stepped region, due to large stress concentrations
at these locations. hmore gradual pulbut type failure led to a flat or softening strss®in
response with these specimens as opposed to the hardening behavior present with the other

specimens.
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Figure 44: Fracture location of each bulk shear specimen testeavith fracture initiation
noted with red arrows

Due to the micreshear specimen exhibiting the largestasured sheatrain of the specimens

tested prior to fracture initiating due to tension, this specimen was selected to serve as the
Obaselined6 bul k test geomet tractiomoftheBSS@iscussed t o c
below). The average shear modulus waasared for each specimen (n = 6) by fitting a linear
response to the stresgain response between 1 MPa and 15 MPa, leading to an average of 0.91
GPa (SD = 0.14 GPa). Each test was then fit to an efastiectly plastic response in order to
calculatean 6 aver agestramtuevedt ioéd <2¥r &8s MPa ( 8pproash 1. 14
was, in principle, similar to the approach used to fit the bdstiear specimen test results to a
trapezoidal CZM, allowmg for a direct comparison of the bulk and bondpécimen response.

Finally, the average measured maximum shear stress was 26.31 MPa (SD = 1.43ovhpayed

to other values reported in the literature for qusaatic loading of bulk toughened epoxy adhesives
[Garcia et al., 2011; Morin et al., 2D rimino & Cronin, 201§the shear modulus and maximum

shear stress were on the higher end of expected values (0.95 GE8 GPa to 0.91 GPa and 26
MPavs 24 MPa to 26 MPa, respectivelyds noted in Watsort al. [201%)], the micreshear

geometry was dsed on a specimen used to assess the shear properties of sheet metal. The original
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specimen [Peirst al, 2012] was developed by an iterative approach with a finite element model

of the specimen using a Johngbaok material model, which is not generadigpropriate for
polymeric materials. In the original study, the authors noted that as the eccentricity ofdbé cut

was increased, further compressive stress was induced in the gauge area to counteract the tensile
stress apparent at the location of fuae apparent in the specimens tested in the current work.
Consequently, further development of this specimen geometry may provide improved results to
those presented here in terms of sttadfailure. However, since the current study primarily

required mly the stress responses, this was not investigated further.

A summary of the bulk properties measured in tension, compression and shear is presented in

Tablel.

Table 1. Summary of average and standard deviation of measured bulk material properties

Average Standard Deviatior
Young's Modulus in Tension [GPa] 2.24 0.094
Maximum Tensile Stress [MPa] 43.57 1.71
True Tensile Strain tBailure [mm/mm] 0.085 0.031
Young's Modulus in Compression [GP3 2.01 0.16
Shear Modulus [GPa] 0.91 0.14
Maximum Shear Stress [MPa] 26.31 1.43

4.2 RDCB Test Resultsand Discussion

It is apparent from the foregisplacement responsEigure45) of the RDCB tests, that as bond

line thickness increased, the initial slope of the response tended to decrease. There was also a slight
reduction in average peak force as bond line thickness increases (780 N (SD = 23 N), 766 N (SD
=48 N), and 680 N (SB 27 N) for 0.18 mm, 0.6 mm and 0.64 mm, respectively). These responses
can be attributed to the reduction in the confinement effects exerted from the adherends on the

adhesive as the bond line thickness increases. It is also important to note thatttlaé which
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the calculated traction of the Fguedb) kastaftep r eac
the peak forceDuring the initial loading, the portionf ¢he bond line in tension was in the first

phase of the tractiegeparation response. As loading contthuke area of the bond line near the

crack tipreached the tractigolateau and eventualbegan tesoften. The softening near the crack

tip, then l& to an overall reduction in force and eventually the opening of the dragkneral,

specimens with thicker bond lines tended to exhibit more consistent shape of the force
displacement responses, particularly in the initial loading portion of the sddre reduced

variability associated with thicker bond linesn be attributed to a reduction in variability of bond

line thickness, relative to the average, for a given nominal bond line thickness.
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Figure 45: Force-displacement response of RDCB specimens with bond line thickness 0.18
mm, 0.3 mm and 0.64 mm (n = 5)

The forcedisplacement response for each test was used to extract the tsagtavatiomehaviour
(Figure46) following the methodology outlined in Chapter 3. Each test then had the cohesive zone
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model parameters required to construct a trapezoidal resgan3e Ge, fe1) extracted by using
a leastsquared approach (results for each test presented in Appendix A). These parameters were
then averaged to create a representdatacionseparatiorresponse for each bond line thickness

tested Table2). The use of a trapezoidal cohesive law generally provided a good fit to the test

data.
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Figure 46: Mode | traction -separation response measured using the RDCB specimen and
average fit

As expectd, the average tractieseparation responseeflected the trends irthe force
displacement response as bond line thickness was incréageckd7). Namely, the initiaslope

and peak traction @rereduced as bond line thickness increased, while critical energy release rate
increased. The area ratio also tended to decrease with increasing bond line thickness. In general, a
more brittle response was measured with thidroerd lines. The peak traction values tended to
decrease towards the maximum tensile stress measured from the bulk material specimens (43.57
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MPa). The slightly larger peak traction of the 0.64 mm thick specimen (48.72 MPa) would indicate
the continud presence of some confinement effects at this bond line thickaigss,gh these
effects were smaller thahat operativavith thebond line thicknesse§Vhile the RDCB test is a

new test, which is not common in the literature, the measured CZM parametersonsistent

with those presented in the literature. For example, the critical energy release rate of 3M 7333
measured using the RDCB (1.6 kN/m to 2.2 kN/m) was similar to those measured using DCB
specimens in a study by Kinloch and Shaw [1981] whosoreal the critical energy release rate

of an early toughened epoxy. Whmeasured critical energy release rates between 0.9kN/m and

3.3 kN/m for bond line thicknesses between 0.1 mm and 0.5 mm.

Table 2: Average Mode | CZM parametersfor nominal bond line thicknesses of 0.18 mm,
0.3 mm and 0.64 mm

Nominal Measured Initial Peak Critical
Bond Line | Bond Line : : Energy Area
. . Stiffness | Traction !
Thickness | Thickness Release Rate| Ratio
[MPa/mm] | [MPa]
[mm] [mm] [N/mm]
0.18 0.190 2588 53 1.57 0.51
0.30 0.312 1762 51 2.13 0.49
0.64 0.626 1259 49 2.2 0.36
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Figure 47: Mode | CZM parameters vs. bond line thickness measured from RDCB testing

A series of #tests were carried out to assess the statistical significance of differences in the
parametersneasured for different bond line thicknesses. To this endnéasured parametes

the 0.17 mm specimens (n = 6) and the 0.64 mm specimen$)nwere compared for initial
stiffness, peak traction, critical energy release rate and area ragievaluation was primarily
carried out taletermine whethetwas necessary to inclutéend line thickness effects in the finite
element model developed the next chapter. In order to obtain clégnds the specimens
providing thehighest likelihood to produca measurable differenceg the larges difference in

bond line thickness) were assesdeat. this reasonhe intermediate bond line thicknesas not

included in this analysis.

The pvalue for each parameter (9. 14 x*18.47 x 1¢, 2.10 x 1¢%, 3.05 x 1 for initial stiffness,

peak traction, critical energy release rate and area ratio, respectively) indicated that there was
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strong evidece to reject the hypothesis that these values were the same for nominal bond line

thicknesses of 0.18 mm and 0.64 mm. In other words, the responses were significantly different.

Using the individual test fits, the average separaigplateau, separatieto-softening and
separatiofto-failure were computed for each bond line thickndsble3). As one would expect

these values increase with bond line thicknaekspwh not in a direct relationship. For example,

while the 0.64 mm specimens are 3ftfes the thickness of the 0.18 mm specimens; the
separatiofto-failure of the 0.64 mm specimens was only 1ltBfes that of the 0.18 mm
specimens. Thifinding furtherdemonstratethat bond line thickness specific testing is required

to measure the effect of bond line confinement, not only on the stress response, but also the
separatiorbased response. The scaling of bulk material strain response is thus unlikelyde pro

a good fit with which to model the bonded specimen geometry.

Table 3: Mode | CZM displacement values for nominal bond line thicknesses of 0.18 mm, 0.3
mm and 0.64 mm

Nominal Bond Line | Displacementto | Displacementto | Displacement to
Thickness [mm] plateau[mm] softening[mm] failure [mm]
0.18 0.02 0.0% 0.044
0.30 0.030 0.050 0.063
0.64 0.039 0.056 0.074

The posttest failure surfaces of the specimeRg(re48) exhibited fully cohesive failure along

the entire length of the specimem&roughout the characterization testing, no tests were discarded
due to issues relating to differing fracture suefadhe type of fracture surface (cohesive, mixed
cohesiveinterfacial) was found to be consistent for each specimen, regardless of bond line

thickness An apparent increase in surface roughnessdisternableas the bond line thickness
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was increased. Thincrease in roughnes&s due to the ability of the crack front to more readily
deflect in the direction of loadin@.e. perpendicular to the bonded surfaiweq preferred region
of the adhesive in order to progress along the length of the spediheeimcreasen measured

energy release rateaythenbecorrelatedin part,to theincreasen roughness.

Figure 48: Typical fracture surface of RDCB specimens for 0.18 mm (a), 0.3 mm (b) and
0.64 mm (c) bond lingthickness

4.3 Bonded Shear Specimen Test Resuléd Discussion

The tractiorseparation response of tB&Stests(Figure49) exhibited broadly similar behavior

to the Mock | tractionseparation response measured using the RDCB specimens. As with the
RDCB testing, the tractieaeparation response of each individual test was fit to a trapezoidal
tractionseparation response. The average of each parargetes,(Gc, fs2) for each nominal

bond line thickness was then used to create an average tsepiaration response, which was

generally welifit to the test data.
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Figure 49: Traction -separation response of bonded shear specimen results forminal
bond line thicknesses of 0.18 mm, 0.3 mm and 0.64 mm along with average CZM fit

One unique feature of the Moddrctionseparatiomesponse was a tendency to exhibit hardening

behavior, rather than a flat tractigeparation responsghe flat plateaumeant that when the CZM

parameters were fit to the test data (average values presemtdued) the fit response tended to

overpredict the test data for lower separation values and underpredict the test digtaent

separation values.

Table 4: Average Mode Il CZM parameters for nominal bond line thicknesses of 0.18 mm,

0.3 mm and 0.64 mm

Nominal Measured Initial Peak Critical
Bond Line | Bond Line . . Energy .
. . Stiffness | Traction Area Ratio
Thickness | Thickness Release Rate
[MPa/mm] [ [MPa]
[mm] [mm] [N/mm]
0.18 0.205 2688 30 5.1 0.95
0.30 0.382 1880 29 7.28 0.9%
0.64 0.585 760 26 13.69 0.9%
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The peak traction (25 MPa to 31 MPa) was in agreement with that reported kgt Blaj2015]

who measured a maximum shear stress of roughly 30 MPa usingpamriieughened adhesive

with a 0.3 mm bond line thickness in a napkin ring configuratidéneret al.[2019] used a lap

shear sample with optically tracked separation to measure thestatisitractionseparation
response of a rubber toughened epoxy film adhesive. The authors reported maximum stress values
of 30 MPa to 35 MPandcritical energyrelease rates &.0 kN/m to 12.5 kN/nfcompared to 5.1

kN/mto 12.5 kN/min the current study) for bond line thicknesses between 0.1 mm and 0.5 mm.
LiBneret al.also reported aegatively sloped plateau region, counter to the hardening response of
the curent study, suggesting the hardening or softening behavior of the plateau may depend on

the specific adhesive.

The general trends measured in Mode | with varying bond line thickness, held with Méideé (

50). Namely, as the bond line thickness increased, the initial slope and peak traction tended to
decrease, while the critical energy release rate increased. However, unlike theckesie $light

increase waseen in the area ratio with increasing bond line thickness. As with Mode I, the plateau
traction remains higher than the average plastic stress measured using the bulk material specimen
(24.28 MPa) indicating that some form of confinement effects argrttlent at 0.64 mm bond

line thickness. Using a series etests to compare the 0.18 mm (n = 5) to the 0.64 mm (n = 6)
parameters, statistically significant differences were measured for the initial stiffness, plateau
stress and critical energy releaates (pvalues of 1.62 x 16 1.62 x 10%, 8.14 x 1, respectively)

while no statistical difference was apparent for the area ratral(e of 0.774).
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Figure 50: Mode Il CZM parameters vs. bond line thickness measured from RDB testing

Using the tractiorseparation response fit to each test, the average sepdoafilateau,
separatiofto-softening and separatigo-failure were calculated for each nominal bond line
thickness measureddble5). The Mode Il separation measuremegxbibited similar behavior
to that measured for Mode | loadirgjthough the ratio of bond line thickness to displacement

tended to be closer to unity comparedh® Mode | measurements.

Table 5: Mode Il CZM displacement for nominal bond line thicknesses of 0.18 mm, 0.3 mm
and 0.64 mm

Nominal Bond Line | Displacement | Displacementto | Displacement to
Thickness [mm] | to plateau[mm] | softening[mm] failure [mm]
0.18 0.012 0.172 0.177
0.30 0.016 0.260 0.266
0.64 0.034 0.544 0.558

Unlike the RDCB failure surfaces, ti&SStended to exhibit mixeéailure (Figure 51). This

behavior is linked to the shear cusp (hackle) formation apparent in the adhesive during testing.
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Figure 51: Typical fracture surface of bonded shear specimenf®r 0.18 mm (a), 0.3 mm (b)
and 0.64 mm (c) bond line thickness

The formation of shear cusps has been extensively studied in-eadognfiber composites,

where they tend to occur in mattiich regionsthatfail due to shear loading [Greenhalghal,

2009]. An early description of the mechanism of this behavior was provided by Purslow [1986]
for carbon fiberepoxy compositedVhen epoxy is confined between stiff layers, such as between
carbon fiber or metal adherends, and subjected to shear lpsialgcracks begin to form normal

to the resolved tensile loading directidre(45° to the direction of loading)Fgure 52a). This
preferential failure in the tensile direction was also seen during the bulk material itestimgh

the bulk shear specimen failure initiated outside the gauge area in locatioczsoium principal

stress and strain. With further loading, these small cracks then enlarge and reach either the edge of
a shear band (as described by Purslow), or the surface of the adherend in the curréigucase (

52b). After this point, the cracks then coaledeg(re52b) and ultimate failure occred
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Figure 52 Formation of shear cusps through crack initiation (a), growth (b), and
coalescence (c) [adapted from Purslow, 19&86ed with permission from Elsevie}

While the physical failure mechanism changes between Mode | and Mode I, the failurercriterio
used in CZM modeling are typically phenomenologitased. That is, the failure criterion
explains the empirical description of failure, generally based on some combination of the energy
release rate in Mode | and Mode Il and the critical energy reledsevalues. While further
investigation of the relationship of the mechanism of failure the bulk and bonded specimens is
possible, iwvasoutside the scope of the current reseandhichfocusedon describing failure using

an empirical relationship of mearable quantitates
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4.4 Mixed Mode Specimen Test ResultBiscussion
The first step in analyzing tiéM tractionseparatiomesponse was to calculated the mixity angle
of both specimen angles 4&nd 75) for each nominal bond line thicknedsable6), based on

the initial stiffness measured using the RDCB B&&using Equatior{65).

Table 6: Specimen angleds) and mixity angle (dm) for nominal bond line thicknesses of 0.18
mm, 0.3 mm and 0.64 mm

Initial Stiffness [MPa/mm] Loading Angle [deg]
Nominal Bond Line . . . .
Thickness [mm] Mode | Mode lI Specimen| Mixity | Specimen| Mixity
0.18 258 2688 43.9 74.5
0.30 1762 1880 45 43.1 75 74.0
0.64 1259 760 58.9 80.8

Using the calculated mixity angles, the resolved traeseparation response ftire 45° (Figure

53) and 78 (Figure54) specimens exhibited less clear trends than were apparent with the pure
Mode | or Mode Il loading. As with the RDCB a®5S each individuaMM test was fit to a
trapezoidal tractioiseparation response. For a giverminal bond line thickness, the results were
then averagito create an average tractieaparation responsédble? for 45° loading andrable

8 for 75° loading).
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While a clear tred of increasing critical energy release rate with increasing bond line thickness
waspresent, the reduction of initial stiffness and peak traetitinincreasing bond line thickness
waslessdiscernableavith these specimens. &lack of systemic trendsn primarily beattributed

to the increased variability of bond line thickness. These specimens required pressure in both the
lateral and longitudinal directions during the curing progsbgh led to some variabilitthatwas
especially apparent with tH®218 mm nominal thickness specimens. When considering only the
0.3 mm and 0.64 mm specimens, the trends seen in Mode | and Medeeeadily apparent.

The bond line thickness dependence on mixity angle also confounds these results to some degree.

Table 7: Average CZM parameters measured from 45mixed mode specimen for nominal
bond line thicknesses of 0.18 mm, 0.3 mm and 0.64 mm

Nominal Measured Initial Peak Critical
Bond Line | Bond Line . : Energy Area
. . Stiffness | Traction !
Thickness | Thickness Release Rate| Ratio
[MPa/mm] [MPa]
[mm] [mm] [N/mm]
0.18 0.225 2402 31 2.06 0.87
0.30 0.329 217 32 2.43 0.87
0.64 0.603 1395 28 3.4 0.4

Table 8: Average CZM parameters measured from 75mixed mode specimen for nominal
bond line thicknesses of 0.18 mm, 0.3 mm and 0.64 mm

Nominal Measured Initial Peak Critical
Bond Line | Bond Line . : Energy Area
. . Stiffness | Traction !
Thickness | Thickness Release Rate| Ratio
[MPa/mm] | [MPa]
[mm] [mm] [N/mm]
0.18 0.244 253 27 5.01 0.95
0.30 0.319 1616 27 6.72 0.2
0.64 0.612 773 25 10.56 0.92

The 45 MM specimen provided a slightly lower measure of peak traction compared to a similar

study byLi3neret al.[2019] 34 MPa to 38 MPas. 28 MPa to 32 MPa the current study) who
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bonded specimens made from round bar stock machined emgkes with bondine thicknesses
between 0.1 and 0.5 mril3neret al. also measuredlightly largercritical energy release rates

(2.50 KN/m to 4.60 kN/m A study measuring the critical energy release rates of gane
toughened epoxy under mixed modes loadingading using the mixed mode bending apparatus
[Liuetal 2002], reported a critical energy release rate value of 2.1 kN/m for a bond line a thickness
of 0.26, which is somewhat lower than the 2.4 kN/m measured for thead=ase with a 0.3 mm

bond lire thickness in the current study. As discussed previously, the intention in comparing the
results of the current study to values presented in the literature was primarily to demonstrate that
the current methodology does not provide parameters valuegeraitestantially differerfrom

those accepted in the literature. The peak traction and critical energy release rate are adhesive
dependent, so one should expect some differences betweealikemeasured in the current

study and those presented in titerature for different adhesives.

As with the Mode | and Mode Hasesthe average separatido-plateau, separatieio-softening
and separatioto-failure were computed for each nominal bond line thickness based on the fit to
each testTable 9 for 45° caseand Table 10 for 75’ cas@. As expected, a clear increase in

displacemenivaspresent with increasing bond line thickness.

Table 9: CZM displacement values from 48 mixed mode specimen for nominal bond line
thicknesses of 0.18 mm, 0.3 mm and 0.64 mm

Nominal Bond Line | Displacement | Displacementto | Displacement
Thickness [mm] | to plateau[mm] | softeninglmm] [ to failure [mm]

0.18 0.0130 0.0713 0.0765
0.30 0.0159 0.0844 0.0873
0.64 0.0233 0.1217 0.1419
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Table 10:. CZM displacement values from 75mixed mode specimen for nominal bond line
thicknesses of 0.18 mm, 0.3 mm and 0.64 mm

Nominal Bond Line | Displacement | Displacementto | Displacement
Thickness [mm] | to plateau[mm] | softening[mm] [ to failure [mm]

0.18 0.0107 0.1879 0.1962
0.30 0.0168 0.2476 0.2770
0.64 0.0325 0.4237 0.4633

The fracture surfaces of thef-igure55) and 73 (Figure56) specimens shaoed a step in the
progression from cohesive failure under Mode | lagdp the shear cusp formation under Mode
Il loading. Theds = 45 specimens exhiked fully cohesive failure for the 0.18 mm and 0.3 mm
bond line thickness specimens, while some mixed faikagnoted with the thickest bond line
(0.64 mm). Some amount ghear cusp formatiowas apparent in for albs =75’ specimens,
although with lessnterfacial failureapparent than in thBSScase.The resulting failure surface
demonstraté that the progression from cohesive failure in Mode | to failure due to shspr c
formation in Mode Il is somewhat progressive and dependent on the mixity of loadinfindinig
lends credence to the choice to consider failure basegbenmmenologicahpproachin which

the mechanism of failure changes somewhat gradually asdtie mixity changes.

Figure 55: Typical fracture surface of 43 mixed mode specimens for 0.18 mm (a), 0.3 mm
(b), and 0.64 mm (c) bond line thickness
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Figure 56: Typical fracture surface of 73 mixed mode specimens for 0.18 mm (a), 0.3 mm

(b), and 0.64 mm (c) bond line thickness

With the Mode |, Mode | and MM tractionseparatiorresponses measured, it was possible to

evaluate théM response of the adhesive for all modes of loading, using con@ZM criteria.

The Mode | vs. Mode |l separatido-plateau Figure57a) and separatieto-softening Figure

57b) test response were plotted along with the typical CZM behavior used to fit this response

(68)
and

L (69

Note that for any giveMM displacement((»), the Mode | and Mode Il componenis'{ ti™) can

be calculatedby

) 1 wé (70)
and

1 1T 3 Qe . (71
In the plots that follow, the average measuvatbei s denoted by an

measuredaluesdenoted by the colored lines.
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Figure 57: Mode | vs. Mode Il separationto-plateau (a) and separationto-softening (b)
test and fit

The separatioo-plateau measurements fell within the typical CZM description, aside from the

thickest bond line witlts = 45°. Due to the very small displacement required to reach the plateau

stress, thisvas not unexpected. Note that thenas a slight discrepancy in the average test

displacement and that predicted by the mode mixty criterion due to the use of averaged CZM

parameters to construct the tractgparation response. These differences weréHass0.0015

mm, well within the variability that can be expected from this type of testing. Unlike the

separatiofto-plateau response, the separatioisoftening response tended to significantly

underpredict the response measured &baA8 73 across albond line thicknesses measured.

A comparison of the Modevs Mode Il energy release rateasundertaken for each test using

Equation(66) and Equatior{67) to calculate the Mode | and Mode Il critical energy release rate.
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The results of this analysigerethen grouped by nominal bond line thickndsig(re58a, Figure

5%, andrigure60a).

After decomposing the critical energy release rate test response into the Mode | and Mode Il
response, the power law (Equati@®)) and BenzeggagKenane (Equatiol(35)) failure criteria

were fit using a least squares fit approach to minimize the error between the six médddured
responses (0.18 mm, 0.3 mm and Gr64 bond line thicknesses at two mixty angl&se failure
criterionwascalculated using the Mode | and Mode Il CZM parameters measured using the RDCB
andBSS respectively. Using this approach, optimal fits were fountlfo0.83 for the power law
criterion andd = 4.68 for the Benzeggagdftenane failure criterion. This fittingpproachassumed

that the mixity parametavasnot a function of bond line thickness. A comparison of the Mode |
and Mode Il displacement responéglre58b, Figure59%, andFigure60b) was also carried out
using the parameters fit to the energy release rate data with Eq@®)iand Equatior§38). Note

that the power law criterion was plotted using the more comidwon rather than the optimal fit

to simplify the discussion of modelling that follows where the baseline madetiefined withJ

fixed to a value of 1.
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Both criteria provided a fit within the experimental energy release rate responses for all
measurements, witthé exception of the power labased fit lying outside the experimental
bounds ats= 75’ for the 0.64 mm and 0.3 mm bond line thicknesses. When assessing the criteria
based on the separatitmfailure, the BenzeggalKeane fit tended to predict the expaental
response betteajthough the responsedit= 45° and 0.18 mm was underpredicted while the results
atds= 75 and 0.64 mm were overpredicted. These failure criteria described the test reasonably
well despite using the relatively-iitting separatiorto-softening response described previously,
which underpredicted the test response across bth loading anglesfor all bond line
thicknessesThe poor separatieto-softening fit implied that using the current criteria, the
tractionseparation response for MM loading would have a significantly shorter plateau region

and begin to soften much sooner than in te@asared response. Further development is required
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for a set of criteridhatcan provide a good fit to tHell tractionseparation response for a range

of loading.

4.5 TDCB Test Resultsand Discussion

The TDCB forcedisplacement respons€&igure 61), exhibited an increase in peak force with
increasing bond line thickness. Thigehaviouris the expected resuttue tothis force being
proportional to the critical energy retsarateWhenmeasured with the RDCB specimen, for the
bond line thicknesses measured in this work, the critical energy release rate increased with bond

line thickness.
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Figure 61: Force-displacement response of TDCBpecimens for nominal bond line
thicknesses of 0.18 mm, 0.3 mm and 0.64 mm
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To calculate the force for each test, an average of the plateau force between 1 mm and 3 mm, 3.5
mm and 4 mm (for 0.18 mm, 0.3 mm and 0.64 mm, respectively) was computed fqueaoies
(Tablell). While the theoreticdbrce-displacementesponse provides a perfectly fidateay the
measurediataexhibited a slight increase in force as thack extended. Thisicrease in forchas
been attributed to a change in compliance of the specimen as the crack length increases and has
been noted by several authors in the literature [Blaclehah 2003a; Karaet al, 2011; Alvarez

et al, 2014].

Table 11: TDCB force response for nominal bond line thicknesses of 0.18 mm, 0.3 mm and
0.64 mm

Nominal Bond | Measured Bond | Plateau| Standard Plateau Start Plateau End
Line Thickness | Line Thickness | Force | Deviation for Average for Average
[mm] [mm] [N] [N] [mm] [mm]
0.18 0.158 2980 30 1 3
0.30 0.329 3520 3520 1 3.5
0.64 0.723 3884 68 1 4

Based on the force responséalfle11) and the geometry tested, the critical energy release rates
were calculated to be 0.97 N/mm (0.18 mm bond line), 1.64 N/mm (0.3 mm bond line) and 2.10
N/mm (0.64 mm bond line) based on thelgsia described in ASTM D3433 [2012]. These values

are 5%- 38% lower than those measured using the RDCB specimen, similar to the findings of
Lopes et al. [2016], who reported a 30% lowas response when testing using TDCB geometry
analyzed using simpleeam theory compared to DCB testing carried out using more advanced
analysis techniques. The largest deviation between the TDCB and RDCB result (38%) was
measured using the 0.18 mm nominal bond line thickness specimen. Due to the brittle nature of
the failure of the RDCB specimens with this bond line thickness, the analysis technique developed
using the RDCB specimen tended to assume a larger area under the plateau than would be

expected, leading to an apparent lar@et response.The apparently largeGic value was
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exaggerated bthe running average filter used to smooth the falisplacement response in order
to provide a sufficiently smooth curve to perform numerical differentiation necessary to solve the
ODEs in the RDCB analysis technique. Interesyinthe TDCB specimen demonstrated stable

crack growth rather than the unstable fracture exhibited by the RDCB specimen.

4.6 Single Lap Shear Test Result®iscussion

The forcedisplacement responsEigure 62a to Figure65a) androtationdisplacement response
(Figure 62b to Figure 65b) for each adhererdond line thickness combination, demonstrated
reasonably good repeatabiliiess tharl0% variation in peak force and maximum anfgle all
conditiong for this type of testing and was deednsufficient to provide validation data to the
modeling work that followed.
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response for 6064T6 adherends with a 0.3 mm nominal bond line thickness
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Figure 65: Single lap shear force displacement (a) and rotation i displacement (b)
response for 606476 adherends with a 0.64 mm nonmal bond line thickness

The results of the single lap shear te3tab{e 12, Figure 66) did not provide ay statistically
significant differences between bond line thicknesses for either adherend m&tatistically
significant differences were apparent in maximum force when comparing the two adherend
materials p = 4.4 x 10* for 0.3 mm nominal bond line thicknesses arw1.0 x 10° for 0.64 mm
nominal bond line thicknesses) as well asrttaximum joint rotatior(p = 5.3 x 10° for 0.3 mm
nominal bond line thicknesses gmé 1.9 x 107 for 0.64 mm nominal bonlihe thicknesses)he

peak force measured in the current study (7373 N to 8360 N) was somewhat larger than that
specified by the manufacturer (6450 N) [3M, 2015], although the manufactuiregthe adhesive

at room temperature and using thinner adhes¢d®85 mm vs. 1.3 mm to 1.6 mm) likely accounts

for the discrepancy.
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Table 12: Single lap shear test result average and standard deviation for nominal bond line
thicknesses of 0.3 mm and 0.64 mm

Average Standardeviation
Nominal Bond Line Thickness [mm]| 0.3 0.64 0.3 0.64
A336 Steel | 25.67 | 25.63 | 0.37 0.09
Al 6061-T6 | 25.30 | 25.31| 0.04 0.51
A336 Steel | 12.40 | 12.44| 0.33 0.22
Al 6061-T6 | 12.37 | 1291 0.28 0.55
Bond LineThickness A336 Steel | 0.368 | 0.451 | 0.038 0.115

Specimen Width [mm]

Overlap Length [mm]

[mm] Al 6061-T6 | 0.369 | 0.507 | 0.132| 0.122
Failure Displacement | A336 Steel | 0.577 | 0.630 | 0.037 0.099
[mm] Al 6061-T6 | 0.627 | 0.719| 0.029 | 0.095

A336 Steel | 7736 | 7373 | 214 389
Al 6061-T6 | 8360 | 8281 | 167 321
Maximum Joint Rotatiorf A336 Steel | 7.43 | 6.89 | 0.36 0.81

Maximum Force [N]

[degree] Al 6061-T6 | 6.45 | 6.64 | 0.50 0.50
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Figure 66: Comparison of average and range of failure displacement (a), maximum force
(b), and maximum joint rotation (c) for steel and aluminum adherends with bond line
thicknesses of 0.3 mm and 0.64 mm
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The average failure force was reduced when bond line thickness in¢greaggdhas been noted

in the literature ¢.g Arenaset al, 201Q. The failure displaement, while not statistically
significant, increasewith increasing bond line thickneSmilar trendswverenoted for the RDCB,
BSSandMM specimens, which would seem to indicate that this behavior can be expected for both
(nearly) rigid and deformable adherenathough the effect may be masked somewhat in the case
of deformable adherends under less well controlled loading. The alumirheread specimens
tended to exhibit both higher strength dmgherdisplacement to failure. The higher maximum
force may be related to the slightly higher yisttengthof the aluminumadherends, which has
been shown to cause an increase in failure faocen comparing ultrhigh strength steels to

common aluminum and magnesium adhereldst§onet al, 2019b].

The somewhat unclear trend in maximum bondtotationprior to failure compared to bond line
thickness may be attributed to the difference iapghof therotationdisplacement response
exhibited by the two adherend materidlse A336 steespecimenxhibiteda bilinear response

while the 6061T6 aluminumspecimens exhibited lmear responsdrom the start ofloading to

failure. This differeme was caused by the somewhat larger displacement after the maximum force
for the steel specimens. During this phase of loading, the adhesive peeled from the surface of the
steel adherend&igure67) while the aluminum adherends promoted failure at lower displacement

and thus the failure surfaces did not tend to show this peé&liggré€68).

Figure 67: Fracture surface of single lap shear specimens of A336 steel adherends bonded
with nominal bond line thickness of 0.3 mm (g)and 0.64 mm(b)
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