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ABSTRACT

FAILURE ANALYSIS IN ADHESIVELY BONDED CO MPOSITE JOINTS

Atay, Reyhan Deniz
Master of SciengeMechanical Engineering
SupervisorProf. DrrAl mél a G¢gven- Yazeéecéojlu
Co-SupervisorProf. Dr.KemalLevend Parnas

September 20189 pages

In this thesis study, the mechanical performance and failure behavior of adhesively
bonded structures are investigated. A mechanical test program is conducted on single
lap shear specimens. Without changing composite and adhesive base materials,
parametericluding the stacking sequence, adherend thickness and bond line length
areconsidered. Additionallyan analytical model is created and implemented into a
finite element analysis program, to perform failure analysis and to determine the load
carying capacity of the selected composite partaim airplane wing structurd-or
modelling the bond line, the cohesive zone approach is used. Both damage initiation
and propagation are performed with the same approach. The effect of geometry on the
mechanical pedrmance of the adhesiyebonded joints are analyzed. Analytical
results are used to determine the stress concentrations within the joint to understand

the failure mechanisms.

Keywords: Adhesive BondingSingle Lap Joint, Finite Element Model, Composite

Structures, Cohesive Zone Model
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CHAPTER 1

INTRODUCTION

Adhesive bonding isa joining processn which two neighboring surfaces are
connecedwith the application of a bonding ageDue toits considerable advantages,
achesive bonding is a frequently useéthod intheaerospacendustry, especially for

joining laminated compos structure$l].

The conventional mechanical fastening results in stress concentrations around the
fasteners and fiber breakage during the implementatiamimated composite$Vith

the use of adhesive bonding, the drawbacks of the mechanical fastening can be
decreased and structural integrity ¢enincreased. In additipightweight structures

can be obtained with adhesive bondjhp

In spiteof theadvantages afdhesive bondingnaterial models and failure criteaae
not well developed in contrast to mechanical fastenindzor that reasgn
Aover de s i g nwatldahighsfactorofsdfetraregeserallyobtained teensure
safety considerationshich leads tacreationof expensiveand redundantly heavier
designs Therefore, improving theadhesive methodologiesiay help to utilize

adhesive bondingints more efficiently2].

Dependingonthe applicationthree different methodsre usedo perform a bnding

in a joint These methods areg-curing, cebonding and secondary bondiddthough
secondary bonding methquovidesstronger joints for compleghaped structures,
co-curing and cebonding are preferred duettweir shorter curingycles[3]. Bonding
method has arucial effect on failue modes and joint strength. Therefore, the most

apprgriate method should be chogermeet the requiremenis].

Single lap joint(SLJ)is one ofthesimplestform of the adhesively mmled jointsvhich

Is considerabl used instructural joints SLJ is preferred due tea® in prepaation,



capability of usingsubstrate with different materiad and thicknessesn addition,a
combination of uniaxial and shear loading can be investigatiidthis simple joint

modelas show in Figure1.1.

T

Figure 1.1. A Simple Single Lap Joint Representatjéh

Mechanical properties of adhediydonded joints are obtained by usstgndardest
procedures. For joints under the shear ilogdthereare several ASTMAmerican
Society for Testing and MaterialsjandardsASTM 1002,ASTM D 3165 ASTM D
5656which arecommonly use@nesto measurepparent shear strength and apparent
shear stresstrain relation of adhesive§he results can be usedlie specification of

adhesive and geometry @onded jointg4]

In adhesive bonded jointdiree different failure modesould take placewvhich are
cohesive failure, adhesive faiuand adherend failure. Loading conditions, improper
surface preparation, curing procese the most importariactorswhich affect the
failure modes.Understanding thenechanismof these failure modes crucialin

design and analysis of bonded joifé.

Joint strengtltan bedetermined using stress distribution and suitable failure criteria.
The stress distribution of a bonded joint barobtained by either a closémrm model
or finite element analysis. Finite element analysis genepa#iferred over closed

form slutionsdue to ease of calculation, saving time and design effort



There arghreemain methods to perform failure analysis in bedgbints, which are
continuum mechanics, fracture mechaniesd damage mechanic®Vithin the®
methods, continuum mechanics halfficulty to give a solution at singularities and
fracture mechanics requg@ preexisting crack. Among these restrictions, damage
mechanics has an ability to predict both damage initiation and propagation with a
spedfic method whichis Cohesiv&ZoneModeling (CZM)[6]. Through cohesive zone
modeling, stress and damage analyses are performed within the same design tool. In
this approach, joint strength is determined by using stress distribution and suitable
criteria for damage initiation and propagatiémthe finite element modeling, it can

be assumed that negative effects arise from manufacturing faults are negligifle [4]
1.1.Motivation of Thesis Study

Adhesivebondinghas beerused extensively ithe aerospacendudry. One of the
most frequently encountered bonded joint Bipeaerospacstructural applications
the single lap joint invhich failure mechanismareimportantdepending orthe area
of usage However,they have not been givehe necessary emphasispeeially for
asymmetric compositgoints. That is why in this thesissingle lap joing with
asymmetric configuratiaare considered in detail fdretter understamag of the

failure mechanisin such geometries.
1.2.Objective and Scope ofStudy

The aim of this study is to investigae the mechanical performance mdhesively
bonded single lap joiat In this contexta set ofmechanical tests and numerical

analyses are performed on composite bonded joints.

In order to determine the influence of thesgn parametersn joint strength, SLJ
testsof specimens witldifferent thickness, composite sequence and overlap length

are performedASTM 3165 standard procedure is followedhis test campaign.

ABAQUS/CAE Sl MULAE by Dass gislused t8 perform firétes E

element analyse3he nterface of adhesive and adherendhisdded using cohesive


https://www.3ds.com/products-services/simulia/products/abaqus/abaquscae/

zone approacliFinite element analysigsults are used tonderstand thfailure modes
of single lap joints.

Chapter 2is devoted to the detailethformation of adhesively bonded joints
composite structures to support the background of the .stidyiece of brief
information about the advantages oadhesive bonding igiven Afterward joint
selection and failure modes of single lap joiate discussedIn addition, failure
mechanisms of bonded joirasementioned in the scope of this chapter.

In Chapter 3CZM method, the theory behind this modelling techniqueaaradytical

formulations are represented.

The mechanical test method amddelling methodology of single lap joswire given
in Chapter 4Detailed information about test specimens, specimen configurations and
test method given in this chapter. Latertérelement mdel represented with element

types, modelling approachoundary conditions and applied failure modes

In Chapter 5SLJtestresults are investigated in detail. Microscopic examination on
test specimens and observation of crack initiatiosh propagation witthigh-speed
camera test are included in this chapter. Effedtthe stiffness of the adherends,
thicknessto-joint length ratio of the SLJ aexamined. 8ess distributions and failure

modes aréndicatedin finite element analysis.
Finally, Chapter 6, compris®f the summary of this thesis study.
1.3. Literature Survey

This sectionstarts witha background of adhesive bonding and bonded lap joints.
Analytical approaches in general examihestrengthbehaviorof adhesivelybonded
joints. Specifically, single lap joint studiaseinvestigatedn more detailPublications
examiningfailure modes of adhesively bonded structures have ¢m@aprehensively
studied And here the results od detailed survey oithe cohesive zone nuel are

presented



Many studies have been performed on adhesively bonded yathtshe use of steel
material for adherends however, studies considering composite jointgh

asymmetricsingle lap joints are quite rare in literature.

In one of the earlyworks, Volkersen[8] created a simple analytical solution for
adhesively bonded single lap joints in 1938 this closedform solution, it was
assumed thathe adherends are effected by oteysle forces while the adhesive
deformation is due tonly shear force. Moreover, bending effettiat arearisenby
theeccentricity of the adherents are not taken into acc@uiférent from Volkersen,
Golandand Reissner[8] consideredbending effects of single lap jositHowever,

their analytical solution adhesive thickneissnot considere@nd an infinitely thin
adhesive layer iassumedHart-Smith originated the solution déolandandReissner

and the closed form solution improved by taking into account of adhesive layer
thicknesd8].

Later, Tsai and Morton [18] reviewed theoretical solutions on single lap joints
including Goland and Reissiiestudy [44]. Tsai and Mortondcuson the stress
singularity that takeplace at the coers of the bonded single lap joints whismot
takeninto account irf44]. They indicated thahe highest stress appears at interface

corners between adherend and adhesive which may initiate failure at that point.

Davis andBond[9] investigatedhe failure mechanism of bonded joirtty focusing
on thecharacterizatiowf failure modesAccording to thestudy adherend failurés
the most desirable failure mgd&nce it showshat a proper adhesion is obtaired
the interfaceand theadhesiveload caring capacity is higher thahe surrounding
structure However, due to the faults in production processebesive and adhesive
failure modesare more prevalerm real life apgications Identifyingthe failuremode

can be used for agffective design and productiomethod

Karachalioset al. [10] performed experimental and finite element analysis on the
single lap joints with steel adherends. The joint strength of SLJs were investigated by

changing the adherend thickness, adhesive thickness and overlap length. They



conclude that theverlap lengtld o e s n 6 timpbreat effecaom the joint strength.
On the other handhethickness of the adhereneffect the joint strength significantly.
According to the comparisons of experimental results witimite element model,
they observed that the ctamitiated at the ends of the overlap due to local strains
created by tension load3ecreasg theadherend thicknedsads tahigher peel stress

at the tension side of the overlap edgkerefore, gints with thicker adherends are

concluded to be stroeg.

Kupski et al.[11] studiedthe effects of composite stacking ¢ime failure behavior of
bonded lap joints. Composites adherends with four different stacking sequerece

used inthis study According to the tests and analyses, they observed that the increase
in bending stiffness of the adherends increases the load at damage initiation and results
in damage initiation on the bond line. Algbey considered interface ply effects

failure mode in adhesively bonded joints usitigu@d 90Uplies at tle interface. They
conclude thausing QJplies causg adhesive failure, while Qlplies causes failure

inside the adherend.

In the papeby Kutscha and Hofefl2], a parametric study is performed and rather
general conclusions are arrived. It is concluded that the joint strength and fatigue
strength highly depend on the modulus of adhesive. Higher strengjttaised with

the plastic adhesive of lower modulus than the brittle and stiff adhesives. They also
concluded that joint strength depends on the letmthickness ratio where joint

strength decreases with an increase in overlap ratip (L/t

Also, Kutschaand Hofer[12] investigated symmetric and asymmetric single lap
joints. In asymmetric joints, the crack initiation is observed at the end of thinner
adherend because of maximum shstaess developing in that area. In joints with
symmetric adherends, crack initiates in both ends simultaneously due to the symmetry

of the joint

Asymmetric single lap joints also analyzed by Hamith in 198513]. In their paper

they show that, for symmetric joints, the same peel stress concentration is formed in



both ends of the overlap. On contrary, using adherends with different thicknesses leads
to an increase in bending monmieand peel stress at the end of the thinner adherend.
The conclusion is made in the paper as the increafigeiimmbalance between the
adherends, decreases the bending strength of the join

Anotherstudy on dferent adherenslis performedoy Reis et al[14] who ainmed to
compare shear strength efrious SLJs which haveadherends withdifferent
stiffnes®s It is performed on adherends using composite, steel and aluminum alloy
It is concluded that with the increase in rigidity of the joint, rotation of the joint
decreasewhich produceauniform stress distribution within the adhesive. A distinct
conclusionis capturedn Rasbd paperas they indicate that the strengthtlod joint is
determined by the less stiff material.

The cohesive model concept is first introduced by DugddEwherea nonlinear
zone is observed in front of the crack tip. This zonelmanamed as cohesive zone

and the forces resisting the crack opening are cohesive forces.

Modeling with cohesive elements exhibits some convergence problems during crack
growth analyses. Many researchéave faced such problems and developed various
guiddines to select the stiffness of the cohesive elemeXtsong these studies,
Camanhd16] and Zou et al17] recommended quite higher value than the namai
stiffness of the materiaHowever Turon [18] generated solutiongicluding the
simulation of progressive delamination by considgrihe stiffness of CZM and
length of the cohesive zonde proposed an interface stiffness relationincreasng
stiffness value of the cohesive elements to overcome the numerical problems. In
addition,heworked on the calculation of the cohesive zone length. It is observed from
the studies that, decrease in interfacial strength improves the convergence of the
solution. Reduction of interfacial strength results in an increase in the cohesive zone
length andn order to obtain accurate results, the minimum number of elements must

be defined irthe cohesive zone span



Cohesive layers are widely simulated with zero thickness elemaAliésio and
Crisfield (2001)19] worked on a model where the thickness of the interface elements
are relatively very thin compared with the overall geometrgicemed. The interface

is modeéd with zerethickness elements to obtain an effective finite element
discretization. As the model loaded, zero thickness elements gain a finite thickness

due to relative displacement of the nodes until the complete fallffe

There ae two way to establish CZMn a bonded joinin the literature One of the
CZM concepsis based otthe replacement of the adhesive bulk material with a single
row of cohesive elementdong the bondwhilethesecond concept uses zero thickness
cohesiveelementdor the interface betweesdhesive and adremdwhich simulates
the adhesive failurenibonded joints. With the moded of adhesive bulk material
with single layer cohesive elements, thicknesse effects and stress concentrations
can not becalculategi6]. For that reasorthe more versatile model hagénselected

by many studies in whicbohesive interface elemerdase usedto simulate interface
crack inbonded joins. TvergaarcandHutchinsor41], Pardoen et aJ15], Kafkalidis

et al. [16] are the researchers who ussmhesive elements arttie tie constraint
approacHor the interface betweethe adherend and adhesive material which allows

finer discretizatiorto simulatea more accurataterface crack behavior.

In this study, the failure behavior of adhesively bonded single lap joints with
composite adherends are investigated on the contrary to the literature where mostly
joints with steel adherends are studied. Besides, unbalancdd kEpgjoints are
underline of this study which are quite rare in the literature. Mechanical tests and finite
element analyses are performed to determine the crack initiation and propagation
behavior on unbalanced bonded lap joints. Effect of stackingesegqu adherend
thickness and bond line are investigated on the mechanical performance of the

adhesive bonded joints are analyzed.



CHAPTER 2

ADHESIVELY BONDED JO INTS IN COMPOSITE MATERIA LS

Bonded joint applications have been performed in various industries due to their
considerable advantages. Especially, for lightweight structures have been obtained
with such bonding methods where adhesive bonded joint usage decreased weight

significantly n theaerospace industry.

Despite mechanical fastening has various adverse effects on the structure, there are
guite a number of studies performed so far and thus the failure behavior in mechanical
fasteningcan be estimated more accurately. However, the analysésrided joint

behavior and material models are ngt mature asthe mechanical fastening.
Therefor e, due to safety considefoations,
composite structures wiitbonded jointsimprovements on design and methodology

can increase the efficiency of the adhesively bonded strugjres

The use of fibereinforced materials & increased significantly in recent years for
known reasons. Conventional mechanical fastening methods are known to result in
fiber damages in composite structures and cause premature crack initiations. By using
adhesive bonding, such problems are moathgrted, continuous load paths are
obtained and even lightweight structures can be modellsdinfmaryof advantages

and disadvantagefor adhesive and mechanical bondingsgaven inTable2.1.

It can be concluded that adhesive bonding is highly desirable inrébdorced

structures due to its numerous advantages.



Table2.1. Advantages anBisadvantages of Mechanical Fastening and Adhesive Bonding

Advantages Disadvantages

9 Stress concentration around
fasteners
T Increases the structure weigh

Mechanical 1 No need for surface preparation
Fastening 9 Ease of disassemble and reassemble

9 Special surface preparation
necessary

9 Non-destructive test necessar

9 Permanent assembly

High strength to weight ratio L
THig 9 9 T Increase fabricatioime due

9 Uniform stress distribution

Adhesive 1 Higher damage tolerance curing time
Bonding 9 ge kc 9 Lower resistance to high
9 Reduces fabrications cost
temperature

1 Provides design flexibility { Consideration needed for

temperature and humidity.
i Safety and environmental
consideration

2.1.Adhesive Bonding of Composites

Adhesive bonding are commonly performed by three methodsyrieg, co-bonding
and secondary bonding. Bonding method has a vital effect on failure modes and joint

strength. Therefore, the most appropriate method should be chosen according to need.

2.1.1. Co-Curing

Co-curing procesas shown irFigure2.1 achieved by curing two wared substrate
simultaneously with an adhesive which is compatible with the matrix resin. In this

process, both substrate and adhesive are curedhéogeth the same operatipd3].

Un-cured

1 Adhesive/Resin

Un-cured

Figure 2.1. Co-curing process
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2.1.2. Co-Bonding

Co-bondingis a process where one fultyred and one waured substrate are bonded
together by using an adhesias shown irFigure 2.2. A need arises in ebonding
process, where to performrgace preparation is applied on the initially cured substrate

surface in order to provide an appropriate bonding surface in secondz3age

[ 1 Adhesive

Un-cured

Figure 2.2. Co-bonding process

2.1.3. SecondaryBonding

In secondary bondingrocesstwo fully cured substrate are bonded together by using
an adhesiv@-igure2.3). The adhesive is cured in room temperature or all the substrate

and adhesive are cured again with an autoclave or elzadet[23].

Y —

. 1 Adhesive

.

Figure 2.3. Secondary bonding process

2.2.Failure Modes

Classificationof failure types for FRP joints are well defined in ASTM D5528].
In this paperconsidering ASTM D5573 Standara ,general classificatiols created
and failure typegarecollected in 3 main groupshich are explained in more detail in

the following sections.
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2.2.1. CohesiveFailure

The cohesive failure represents the failure within the adhesive bulk mékegiale

2.4) which is the most desirable mode of failutg¢akes place where peel stress or out

of plane stress increases. As a matter of fact, they cause joint eccentricity and large
deformations in adherends. The joint eccentricity causes cohesive failure because
adhesives are known to be weak in the outiaxfig directior{ 27].

Cohesive Failure

Adherend

Thin-Layer Cohesive Failure

Adherend

Adherend

Figure 2.4. Cohesive Failuref Bonded Lap Joint

2.2.2. AdhesiveFailure

Adhesive failurevould occur along the interface between the adhesive and adherend
as shown inFigure 2.5. General cause of this phenomenon is improper surface
preparatio.

Adherend

Figure 2.5. Adhesive Failure of Bonded Lap Joint



2.2.3. Adherend Failure

Failure within the FRP substrate is called as adherend failure. Adherend failure either
occur with rupturing a piece of FRBubstrate or rupture one of the adherend
completely. The general cause of failure in adherends are high shear stresses at bonded
joints since shear strengths of adhesives are relatively higher than laminates. Adherend

failure representation is given kigure2.6.

Stock-Break Failure

Adherend

Adherend

Fiber-Tear Failure

[ @@ ]
Adherend

Figure 2.6. Adherend Failure of Bonded Lap Joint

2.3.Failure Analysis of Bonded Joints

Reliable and efficient use of bonded joints depending on the design and
methodology can be costly. Finite element analysis plays an important role at this
point to obtain optimum design of structures. By using finite element method, accurate
predictions can be achieved for joint strength and falbefgavior. There are mainly
three approaches to perform failure analyses, which are continuum mechanics,

fracture mechanics and damage mechanics.

2.3.1. Continuum M echanics

Generakoncept in this approach is simply comparing the material allowable with the
maximum stress and/or strain values as output of analyses. In continuum mechanics,

materials are assumed to be continuous and there is no solution at the singularity
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points. Therefore, mesh refinement near the singularity points are highly

determinative on theesults of the analysé¢].

2.3.2. Fracture Mechanics

In contrastto continuum mechanics, this approach is capable to derive a solution at
crack tips. However, a prexisting crack is reqred to be defined within this method.
While crack initiation can be calculated with continuum mechanics, fracture

mechanics is a favorable method to deal with crack propagation

Fracture mechanics uses the stress intensity factor (K) to determine the stress state at
singularity points like a crack tip34]. Failure mechanism works whehe stress
intensity factor reaches the fracture toughness of the material. Fracture toughness

represents the critical fracture energ)(

Fracture mechanicgrinciple differs depending on the loading the crack tip as

shown inFigure2.7. There are three mode of loadjng

1 Mode I; opening mode
1 Mode II; in-plane shear mode

1 Mode lll; outof-plane shear mode

}

Mode I: Mode II: Mode III:
Opening In-plane shear Out-of-plane shear

Figure 2.7. Adherend Failure of Bonded Lap Joint
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Adhesive lap jointsinvolve mixed mode loadingdue to the incorporation with
different materials and complex stress sys88). For mixed mode loadindailure

criteriais assumed as;
= —~ e~ P (1)

In Equationl, "ORO and"O represent fracture energiesderMode |,Mode Il and
Mode Il respectively’O RO and"O are critical energy values.i andf are
exponents and can be takenas| [ pforlinearcriteria| T [ ¢for

the quadratic criteria.

2.3.3. Damage Mechanics

Damage mechanics is a method to predict both initiation and propagation in the
structure until the complete structural failure. It can be divided into two main parts,

which are local approach and continuum approach.

The local approach igsed to predict the interfacial failure between two surfaces.
Interface elements are modelled with zero volume line. While continuum approach

uses finite thickness elements to simulate failure of the bulk material (adhesive).

Between these two approactespecified model is categorized that is called as the
cohesivezone model (CZM). CZM is usetbr the paths defined in local and
continuum approaches and combine the response of tragaration to simulate
crack initiation and propagation. In the falllmg chapter, a detailed information and

methodology of cohesive zone model is given.

2.4.Adhesively Bonded Single Lap Joints

Single lap joins areone of thewidely used joint configuratianowing to the

possibility of obtairing comgdex stress conditions suchsimple geometryDifferent
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materials with various thickness and length can be tested with single lap joints. In
addition, both shear and uniaxial stresses can be obtained.

The simplestsingle lap joint configuration is given fhigure2.8(a). Tensile loading

of this configuration generates bending on adherends as a result of joint eccentricity.
The geometry faces with peel sges at the edge of adherends due to bending. To
overcome the eccentricity in the joint, and decrease bending effects at overlap edge,
doublers are used as showrFigure2.8 (c).

a) Adhesive Adherend

Adherend

Adherend Adherend

Adhesive

Adherend

Adherend

Figure 2.8. Bending behavior of the single lap joints

Single lap joint analyses have been performed for decades to obtain material properties
of adhesives andbonded joints. These analyses result in determining stress
distributions in adhesives and adherends. The earliest studies on analysis of SLJ
performed by Volkersen in 1938] in which it was assumed that the adhesive layer
deforms in shear. However, the shear effect on adherends is generally ignored. In other
words, bending effect due to eccentric loading is not taken into account. However, by
using this simple method, shear streffect on adhesive of single lap joints can be

observed as shown kigure2.9 [11].
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According to Volkersen model, by representing width of the model with w, overlap
length withl and applied load witR, the shear stresskcan be found as

b= @
U ad

Wheretheadherend tensile stress assumed teebe througbutthe overlap.

Shear Stress

Overlap

Figure 2.9. SLJ assumption of Volkersgsi

Later, Goland and Reissn@] developed a modified version of Volkersen model by

adding bending effects in their analysis. Bending moment causes a transverse normal
stress through the thicknesdraefsstohe Gad e
Reissner stress distributions on the overlap is shown in

Figure2.10. According to the analysis, high stress concentration obsat\ihd edges.

Stress concentration decrease towards to center of the overlap.
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Overlap
Figure2.10. SLJ assumption of Goland and Reissmer

The stress on the overlgparises due to bending moment M;

5
w ©)
0O

Wherew is the width andt is the thickness of the adhesive and moment calculated as

follows;

‘Qu o
0 — (4)
C

kvariable is bending moment factor defined by Goland and Reissner. This factor taken
as1 approximately fodlow loads and short overlaps. Whehe overlap lengtlis 20

timeslargerthan the thicknessfthe adhesivek valueis taken as zero.

Load for the adherends experiemgboth axial and bending strescalculated as;

. , 0O
* 7 oa ©

where,, is the yield strength of the adherend
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Different than VolkersenGooland and Reissner model, studies showed that,
maximum shear stressobserved near the ends of the SLJ. However, due to the free
surfaces, shear stress goes to zero at the ends. The shear stress distribution shown in
Figure2.11[24).

Shear stress free

A\

= . [\

Adhesive shear stress

Figure 2.11 Shear stress slribution of adhesive in SUJ)
High peel stress areexperienced in bonded single lap joints at the endeodverlap.

As can be seen in

Figure2.10, peel stresss areconcentratd at overlap edges and a catastrophic decrease

is observed at the remaining overlap.

Yang et. al.[25] studiedsymmetry andasymmetry of single lap joints due to the
coupling of axial and transverse forces caused by bending moBegiting behavior

of top and bottom adherendseexamined in detaiF-or symmetric joints as shown in
Figure2.12 both adherend have zero bending moment at its free edge as the reasons
explained before, whilé reacles to its maximum at the opposing edgesymmeric

joints, shows same bending moment on the overlap edges with the symmetric joints

while higher bending moment observed for rest of the overlap as shévgune2.13.
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Figure 2.12. Bending moment distribution afymmetricSLJthrough the overlaps]
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Figure 2.13. Bending moment distribution alsymmetric SLihrough the overlaes]
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Also Yang et alshowed the axial stress distribution on upper and lower adherends
through the overlajin Figure 2.14. It can be seen that, on the right edge of upper
adherend, the maximum stress state is reached while lower adherend has no stress on
its edge. On the left edge, an opposite behavior can keevels Applied load always

equals to the summation of total axial stresses at eachsgossn.
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Figure 2.14. Axial stress resultant of single lap joint adherends through the oveslap

The single lap joints with identical adherends face equal peel stress at the ends of
overlap. At that situation cracks initiates from both ends. However, when stiffness of
adherends are differentah each other, the adherend which has lower bending
stiffness, faces with higher peel stress at its end. Therefore, crack initiation is expected
at the end of adherend with lower stiffn¢s3].

2.4.1. Standard Test Procedurefor Single Lap Joints

Characterization of the adhesive properties is useful for reliable design and analysis
of bonded lap joints. With the use of suitable standard test procedure, reliable data on

the mechanical pragties can be obtained.

ASTMD 1002 iSt andard Test Met hod for-Lappparen:
Joint Adhesively Bonded Metal Specimens by Tension Loading (Mefdlet al ) 0

[28] is one of thaecommendedtandard test procedure used to predict the apparent

shear strength. This procedure then replaced with ASTM D316t r engt h Pr op
of Adhesives in Shear by Tension Loading of Sirighg-Joint Laminated

A s s e mb[29]i whishoovercomes the joint eccentricity with the addition of two
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doubler into SLJ geometry. In both of these standards, thin metallic adherends are
recommended to be used however itndicated that, by considering thickness and
rigidity of the adherends plastic adherends can also be use.

One of the other most common test procedure in SLJ is ASTM D566t andar d
Test Method for ThickAdherend Metal LagShear Joints for Determinatiaf the

StressSt r ai n Behavior of Adhes 30.dlisstandarch e ar
is used to calculate apparent shear stsassn relation in SLJ with thick adherends.

No yielding and small rotation is observed in overlap region. By this way more
uniform stress distribution can be obtained in Slhk related standatdst procedures

are representein Figure2.15.
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ASTM D5656

Figure 2.15. Standard SL3pecimens
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CHAPTER 3

COHESIVE ZONE MODELLING

Crack extension analyses usually follow procedures of fracture mechanics or damage
mechanics. When nelimearities are neglected, LEFM is a viable method to predict
the crack propagation behavioft an initially defined crack. A nuber of techniques

are availableout there including VCCT,-ihtegral, and stiffness derivative. These
methods are implemented easily in tdimensional problems since a crack
propagates only in one dimension. Howeverjratial definition of crack location is
necessary to implement these methods. Even so, problems may arise when multiple
cracks propagate simultaneously. Moreover, the computational effort is dramatically
increased in thredimensional problems. To overoe these problems, new interface

models are needed to be developed including the cohesive zone[ i&)del

The cohesive zone model Haeen used to simulate damage initiation and propagation

in bulk regions or at the interface of adhesively bonded joints. The theory of CZM is
based on the elongation of cohesive elements up to an allowable traction value. When
traction reaches to a crisitvalue, the crack initiation starts and it propagates until the
complete failure. Although the cohesive zone model on the other hand does not require
the existence of an initial crack, the maximum traction value to start the crack and the
critical energyrelease rate to complete the failure are required initiadladdition,

shape ofCZM belonging to thenaterial also defined in the beginning of analysis.

Traction separation law, shown kxigure 3.1, represents the damage initiation and
propagatioron a simple DCB specimeffihe first part of the traction separation law
represent the damage initiation phagg@ch ends with the traction valueaches to
critical traction. At the start of this zone, the displacengnréroand at the maximum

traction the displacement reache] oThe second part of the traction separation law
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represent the damage propagation phase which complete tivharea underthe
tractionsegration curve reaches to fracture toughni@sahere also thdisplacement

reaches to maximum displacemi it The relation between cohesive tractiddrand

displacemeri can be expressed as (wWhererepresents the cohesive stiffness)

Y 07 (6)

Cohesive zone

Damage ' Damage
initiation : propagation
phase
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Figure 3.1. Traction-separation law [34]

In Abaqus 2009 documentati$®6], it is assumed that 3D cohesive models deéflec
under three strain component which are through the thickness strain and two
transverse shear straii®r 2D problems, onstrainthrough thethicknessdirection

and one transverse shear strainaa®imed to be included in the cohesive modelling

For 2D problemsthe constitutive law is determined; as
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wherev Is thepenaltystiffness matrix of the cohesive zone elemebetermining

the optimal stiffness value of the cohesive element plays an important role in the
numerical analysis due to convergence issues of the nji8delIn a study by
Camanho et dl16], it is stated tha& high initial stiffnessvalue retains top and bottom
elements in linear elastic zone while elements under the loading to failure. However
Yang and Cox stated in their paper thatdundantly high stiffness may require

extremely fine meshes to overcome the formation of traction oscilld@8hs

Various initial stiffness value assumptions has been made ilitdre@ure. Among
these studies, Camanljn6] defined a penalty stiffness value as éLO/mm?® for
composite laminates, whilgou et al[17] recommendd10*i 10’ times higher value

for interlaminar shear and tensile strength as interface stiffness per length.

Damage initiation

Under pure modéMode I,Mode Il, orMode lll), crackinitiates at the point where

interfacial strength reachesaaritical value("YRYRY)

YUY (8)

For mixedmode loading, crack initiates when the scalar function of interlaminar stress
reaches to the limitvhere "Q represents the formulation of interaction of

traction
Q QY p W 9

Under pure mode of loading, crack propagates when the stress reaches to a maximum

value in the loading direction. Under mixed mode of loading, the tensile and shear
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stress combination determines the damage propagation as showgume 3.2.
Various types of damage initiation criteria for mixed mode of loading can be specified.

T Traction

Mode | response

Mode Il respons

Normal Seperation

\
Mixed-mode response

Shear Seperation

Figure 3.2. Mixed Traction-Separation Law

Cohesive elementre treated witltwo stresshaseddamageinitiation criteria which
are MaximumNominal Stress Criterion (MAXS) and QuadratidNominal Stress
Criterion (QUADS).For both damage criteria, nominal stress to crititedss ratios
are used toetermire the material respons#&., “Y, “Y represents the critical nominal
stresses wheré, “Y, "Y represencurrentthe nominal stress values in pure normal

mode, first shear and second shear diresti@spectively

The maximum nominal stress criterion (MAXS) is represented by

o i JYOY Y .
Ao hyhy P T (10

Whereas the quadratic nominal stress criterion (QUADS) is given as
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gYO Y Y
» T - - - 11
Q ~ v v p T (11)
Whereed@is MacAuleybracket and given by;
A P
QO < W IX (12

In both criteria, the damage initiation is satisfied when the defined criteria reaches to
1 or a higher value. For MAXS criterion, when one of the stress ratios satisfies the
criteria, the damage initiates regardless of other stress ratios. For QUADSehpwev
the summation of all three ratios is expected to meet the damage criterion. In summary,
there is no relation between different stress directions in MAXS criterion while
QUADS criterion combines all three stress directions. If the aim is not the evaluat

of the damage criterion then the QUADS damage criterion is beneficial by including

all three stresses in the critef&b].

Damage propagation

Under pure mode of loading, tldamage propagation is completed when energy

release rat€ORO RO ) reaches tohefracture toughnes$@) of the materiahs
O O (13
where

O O 0O ©° (14

In the mixed mode loadingoupling effects should be taken into accoammtl crack

propagation can be expressed with Kenane and Benzef@#dhilure criterion;

"Q © 1
0 p T (19
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“O can be calculated by usiiity.13, where calculation 00 given in below;

0 O
O 0O O 0 (16)

where— represents & (BenzeggaghKenang parameter for mixed mode loading. It
is obtained experimental.
3.1. Traction-Separation Law

Depending on the joint design and materials, the type of trastiparation law causes
different results. The selection of the most efficient law type baseddbesive
material and joint geometry can help obtaining more accurate results and decreasing

computational effort.
3.1.1. Bilinear Traction Law

The hlinear traction separation lais propsedby Alfano and Crisfieldn 2006 and
it represents the linear softagi behavior ofa cohesive materigé2]. The bilinear
law have a triangular shapéFigure 3.3) and it isgenerally preferred due tosit

simplicity and good accuradgr speciallybrittle materials.

1.2¢

D4+

0.2+

0

0 02 04 0B 0.8 1 1.2 1.4 16 18 2
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Figure3.3. Bilinear TractionSeparation Lajb]
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Ductile materials are well represented by using trapezoidg#t@wrTvergaard and
Hutchinson[41] first introducel this traction behavioand it closely approximates
experimental results. Although it is a preferable metlHod such materials
convergence problems are higher in trapezoidal law considden@thertraction

behaviors.

6,7 ] [6,T ]

cl' max

c2' max

0 0.2 0.4 06 0.8 1 12 1.4 16
& (mm)

Figure 3.4. Trapezoidal TractiofSeparation Lavj5]

3.1.2. Exponential Traction Law

Exponential lawis the most advantageoasein CZM due to its high accuracy and
low computational cost. The exponential law function ¢@#inuous tractions which
provideseasy implementation and ease of comput@bp hisis proposed by Xu and

Needlemarand an example of exponential law is giverfrigure3.5[32].
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Figure 3.5. Exponential TractiorBeparation Law[3]
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CHAPTER 4

METHODOLOGY

4.1.Single Lap Joint Test

In the scope of this thesis studysingle lap joint test campaidpas been conducted.
The behavior of adhesive bonded joints with various adherend thicknesses and
adhesive joint length areaimed to beinvestigated ASTM 3165 standard test is
performed o investigate singiap-joint test specimens with 12 different joint

configurations.
4.1.1. Material Specifications

Paste adhesive Hysol EA9394 is used as a bonding agent between the top and bottom
adherends. Adhesive thicknesskept constant with 1mm for la€onfiguratiors.
Adherends are created by using fabric plies or both fabric and UD plies. For fabric,
HexPly 8552S/37%B0OH5 material is selected, whildS4/8552 RD34 AW194s

selected for UD materialAdhesive, UD and fabric material properties arerdadiin
Table4.1, Table4.2 andTable4.3.

Table4.1. EA9394paste adhesivproperty table

Eix E> Es th ts tt
PIOperty rspaj | [GPa] [GPa] [MPa] [MPa] [MPa]

Value 2.7 1.0 1.0 46 28.9 | 28.9 100 160/ 160

Gic | Gic | G

Table4.2. Hexply(8552S/37%@80HY property table

(=21 E> G2 Gis Go3
Property  rgpa]  [GPa] ™M? | [GPa] @ [GPa] @ [GPal
Value 62 62 | 005 4.2 4.2 4.2

33



Table4.3. UD (AS4/8552 RD34 AW1dproperty table

E; =) i Gi12 Gis G23
[GPa]  [GPa] > | [GPa] | [GPa] @ [GPal]

Value 135 85 035 4.2 4.2 4.2

Property

4.1.2. Test Configurations

Test specimen represtation and configuratiorsre shown inFigure 4.1. Notches
created on top and bottom have 3hemgth. Adhesive thicknesand adherend width
are 1Imm and 25mmmespectively for all specimensdherend thickness, adherend

length and bond lengtfary according to the test specimen configuration.

Top and bottom adherends are not identicalrig #st configuration. Both have
different thicknesses dndifferent stacking sequencel2 different configurations
which are defined by Turkish Aerospaceluistries to represent a structural joint in
practiceareused in the tegirogram A notation given irFigure4.2 is definedfor each
configuration.Thickness and sequence of the adherends are giviebla4.4.

plate

Top Adherend

Bottom Adherend

L

1
1
groove |

Figure 4.1. Representation of Sltést configuration

B1 T1_L40
|— Joint Length
Top Adherend
Configuration
Bottom Adherend

Configuration

Figure 4.2. Test Specimen Notation
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Bottom

1 B1
2 B2
3 B2
4 B3
5 B3
6 B4
7 B5
8 B5
9 B5
10 B5
11 B5
12 B6

Table4.4. Test Specimen Stacking Sequeartg Thickness

Top

T1

T2

T3

T4

T11

T12

T6

T7

T8

T9

T10

T5

|-joint Lplate

adherend adherend [mm] [mm]

24

28

28

40

28

26

40

40

40

40

40

24

107

111

111

123

111

109

123

123

123

123

123

123 [45/0/45/0/45/0/45/45/0/45/

Bottom Adherend
Thicknesgmm]/Sequence

412

[45/0/45/0/45/(0) ,/45/0/45/

0/45/0/45]*

244

[45/0/(45),/0/45/0/45 ]

244

[45/0/(45),/0/45/0/45 ]

244

[45/0/(45),/0/45/0/45 ]

244

[45/0/(45),/0/45/0/45 ]

16
[45/0/45/0/45 ]*
16
[45/0/45/ 0/45]*
16
[45/0/45/ 0/45]*
16
[45/0/45/ 0/45]*
16
[45/0/45/ 0/45]*
16
[45/0/45/0/45 ]*
468

0/45/0/45]*

Note : Underlined pliesrefer to UD. Resare fabric plies.
* Highlighted [0/45] plies are applied in second cure.
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TopAdherend
Thicknesgmmy]/Sequence

12.79
[(45)/0/ 0/45/ O/ 135 0/45/ O/ 45/ 0/0/
0/ 135(0)./0/ 0/45/ O/ 45/ 0/(0)2/(0)2/
0/0]
8.86
[(45)/(Q)/ 1359(Q)/ 49(0)o/ 135(0)2
10/(0)/ 45/(0)5/0/( Q)]s
7.76

[(45)/(0)/ 135/(Q)./ 45 0/ 135 0/0/(
0)2/ 45/(0)/0/ Q]

7.76

[(45)/(0)2/ 135/(0)2/ 45 0/ 135 0/0/(
0)2/ 45(0)2/0/ O]
5.55

3.15
[(45)/(0Q)3/0/ Ols
2.50
[(45)/(0)5/0/( 0)3/(45).]
1.49
[(45)/0ls
12.78
[(45)/0/ 0/45/ 0/ 135 0/45/ O 45/ 0/0/

0/135/(0)2/0/ 0/45/ 0/ 45 0/(0)2/(0)/
0/0]e



4.1.3. Preparation of TestSpecimens

Specimens are composed of UD (8552/34%/UD194/AS4) and fabric (Hexply
8552e/37%280H5). Top adherends with different laminate sequences are all
manufactured by couring process using both UD and fabric plies during the
lamination. While only fabriplies are used in bottom adherends manufactured-by co
bonding. A number of fabric plies are stacked and cured in autoclave followed by
adding wet fabric plies on cured plies by using an adhesive material. The laminates
are cured in autoclave once againtlas final treatment. The structure of top and

bottom adherends are showrFigure4.3.

=l e

A 0 i SO ATy
B T o e e e LT ) iR o
s g

O O

O
warp ——p

weft —
[ )

a) Bottom adherend configuration with 5SHSlsonded laminate

b) Top adherend configuration with UD and 5HSawed laminate

Figure 4.3. Top and bottom adherends stacking configuration
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Later, adherend sheets are bonded together by using bonding agent which is EA9394
paste adhesive in secondary bonding procedure. The selected type of adhesive allows
curing at room temperature in 3 to 5 days as well as the procedure may be accelerated
by heating wup to 93AC [-201Q]ChItHE Bpedindn 9 3 9 4
preparation, theoomtemperature curing procedure is followed to bondqured

laminates.

Specimens are trimmed accordance witlrigure 4.4 and testspecimensre cutin

final shape as shown Figure4.1. A total of 8 specimengbtained from each bonded
sheet. Notches are created carefully in the purpose of not to scratch the sheets under
the notch and have notches of right angle with respect to the longitudinal direction of

the specimen.

300mm

DISCARD

25mm
-
[y

DISCARD
DISCARD
300mm

DISCARD

Figure 4.4. Trimmed shet plate
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4.1.4. Test Method

ASTMD-3165 fAStrength Properties of Adhesives

SingleLapJ oi nt L a mi n a t[29]dis uged ssetime bstandards tést method
which is followed to obtain shear strength values of adhesive.

In the test procedure, two plates are bonded with an adhesive followed by grooving
performed on lanmated assembly.

Testing is performed by loading the end of the single lap joint with tension as
represented ifrigure4.5.

Two selfaligning grips areset to hold the specimen. Grips are aligned from starting
point of the notches to minimize the bending effect generated due to eccentricity in
loading. The test machine configuration is schematically showigure4.6. The rate

of loading of the test machine is set to 1 mm/min. Test is proceeded until a 40%

reduction in load after failure.

F Top Adherend F

. ——)
Bottom Adherend

— T

Figure 4.5. Single lap joint test loading condition
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Grips

SLJ
SLJ Grooves
specimen

Figure 4.6. Single lap joint test machine

4.2.Finite Element Modelling

Finite element model of the single lap joint is implemented in ABA@ARE
(S MULAE by Das s awhérdan@lineartimphci andyses performed
by using Abaqus/Standard.

A threedimensional model is employed to capture the out ofgpédress distribution

and bending effects formed in the single lap joint. Instead of modelling full length of
the adherends, only the partial volume beyond clamping is modelled as shown in
Figure 4.7. By this way, a considerable reduction in computational time is aimed.
Modelling performed by using theaxisrepresenting as the longitudinglaxis as the

width, andz axis as the thickness directionstioé specimen.

Top and bottom adherends, adhesive and adhesive interfaces are each modelled

separately. Cohesive elements at the interface and continuum shell elements for bulk
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https://www.3ds.com/products-services/simulia/products/abaqus/abaquscae/

adhesive and adherends are used. According to Abaqus DocumefBétian is
emphasized that using conventional shell elements in conjunction with cohesive
elements may affect the bending behavior of the model due to contact formulation of
continuum shell elemés. For this reason, instead of conventional shell elements,
continuum shell elements are suggested to be used in models that have interface with

cohesive elements.

Figure 4.7. Partial modelling of SLJ

In modelling of adherends;@de continuum shell elementith reduced integration,

S8CR is used.0.5mm element size defined for all top and bottom adherend
configurations.Clamped adherend surfaces are not modeled with full size to save
computation timeand boundary conditions are used for simulating clamps. Adhesive
bond of single lap joint is simulated as a bulk material which is meshed with

continuum shell element, S8CR, same as the adherends.

To simulate the interface crack, cohesive elements aceglbetween interface of the
adhesive bulk material and adheremdsshown inFigure 4.8. COH3D8 cohesive
element with 8 nodes and 4 integration poiate used for interface elements.
Exponential behavior for tractieseparation law is selected for the adhesive. Interface
stiffness is chosen larger than the nominal stiffness as it is suggested in litgi8lture

to overcome the convergence issues. Quadratic nominal stress criterion (QUADS) is
selected as the damage initiation criteria since it assumes a stress relation considering
different directions. The critical energy release matlwund by Benzeggagkenane

(BK) mixed-mode crack growth criterion.

40



Top
Adherend

Bottom

Adherend
Bulk Cohesive
Adhesive Interface

Figure 4.8. SLJ element model

For an optimummesh size of the cohesive elertsera mesh refinement study is
performedon single lapjoints in which 6 different mesh sizeare usedfor the
modelling ofthe interfaceThe maimum load that joinexperiences comparedvith
respect tdhe mesh refinemenin Figure4.9 where an asymptotic behavior emesge
However, during the analysesymputational time increasexcessivelyfor 0.1-mm
mesh sizeFor thatreason,cohesive elements are meshed with &t ekments
This element size is taken as thptimum value with the consideration of the

computational time and the convergeteenaximum load.

12
1

0@
z @ 4 L
< 8 . .
AN T
S .370.25 @)
c 6
>
£
% 4
=

2

0

0 50000 100000 150000 200000
Node Count

Figure 4.9. Mesh RefinemenfElement sizes are in [mm])
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As shown inFigure 4.10, interface regions are meshed with elements of finite
thickness. Later top and bottom nodes are translated to provide zeroedsick
elements througthe thickness direction.

Interface element
with finite thickness

-z translation

zero thickness
element

+z translation

Figure 4.10. Cohesiventerfacemodel

4.2.1. Boundary Conditions

Surfaces at the end of each adherend is modelled as fixed. From the end of the other
adherend, displacement is definedddirection. Translations and rotationsyinand
z-directions are prevented along the top and bottom surfaces of the adherend.

SE&Ea
[~
OOS

N

Figure 4.11 Single lap joint boundary condition
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CHAPTER 5

RESULTS AND DISCUSSIONS

This study is aimed to investigate mechanical behavior of adhesively bonded single
lap joints by conducting a mechanical test program and finite element study. In this
chapter, results obtained in experimental study and FEM are elaborated in detail.

The dscussion of the results obtained in this study can be clasagiéullows:

1 Microscopic examination to investigate failure modes observed in test
specimens
Observation of damage initiation and propagation with high speed camera
Effect of single lap joinparameters

Finite element modeling for the analysis of failure behavior in bonded joints
5.1.Experimental Results

Single lap joint tests are performed for 12 different configurations of composite
adherends. The joints are loaded until a 40% load drop isveloseue to failure.
Maximum load values that the specimens withstand are read from test machine. In
order to obtain reliable results, at least 6 specimens for each configuration are used.
The mean load values and the standard deviations are calculagadHaonfiguration

from measured loads.

Test configurations are classified in such a way that the comparisons of the results are
made easy. These classifications are according to identical bottom adherends and joint
lengths. Maximum load and shear stréngalues are given imable5.1 - Table5.3.
Load and displacement comparison for classified specimens are giigiias.1 to

Figure5.3.
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Table5.1. Load and shear strength of specimens with
bottom adherend thickness £inm ljoint=40mm

Bottom Top
Name Max Load [kN] Shear Strength [MPa] thicknesgmm] thickness
/sequence [mm]/sequence
max min mean max min mean
1.49
B5_T10_L40 12.09 6.63 7.97 11.93 6.57 7.87
[(45)/0]s
StandardDev 0.48 0.47
2.50
B5 T9 L40 1177 7.96 8.87 11.69 7.90 8.81
- = [(45)/(0)3/0/(0)s/(45
StandardDev 0.40 0.39 - )l
< 3.15
B5_T8_L40 1163 994 1065 1174 995 1067 o g
*' I [(45)/(0)a/0/ O]
StandardDev 0.70 0.72 )
L 462
B5_T7_L40 16.39 1195 1313 16.17 1190 13.02 [(45)/0/135/0/45/(0
StandardDev 0.44 0.43 )20/ Qls
555
B5_T6_L40 10.99 9.95 10.55 10.94 9.85 1045 [(45)/0/135 0/45/(0
StandardDev 0.17 0.19 )2/0/(Q)2/0/ Qs
14,00 0,70
12,00 0,60
10,00 0,50
8,00 0,40
6,00 0,30
4,00 0,20
2,00 0,10
0, 0,00
B5 T10 40 B5 T9 40 B5 T8 40  BS5 T7 40 B5 T6 40
[
Load |, o5 8,87 10,65 13,13 10,55
[Mpa]
Disp 0,45 0,45 0,53 0,65 0,55

Figure 5.1. Load-displacement comparison for bottom adherend thicknessret L=40mm
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Table5.2. Load and shear strength of specimens with
bottom adherend thickness =2.44rhjoint =28mm

Bottom Top
Max Load [kN] Shear Strength [MPa] = thicknesgmm] thickness
Name /sequence [mm]/sequence
. mea .
max = min n max min | mean
5.552
B3 T11 128 1437 1‘;'6 1;'6 2038 1‘20 1660 [(45)/0/ 135 0/45/(0)2
/0/(0)2/0/ O]s
Standart Dev 0.44 0.69 o
§ 7.76
144 149 203 s [(45)/(0)/ 135/(0)./ 45
B2 T3 L28 1579 8 4 22.10 6 2106 3 S 101135 0/0/(0)/ 45/(0)
Standart Dev 047 0.64 g/
@ 8.864
154 166 214 = [(45)/(0)2/ 135/(0)2/ 45
B2 T2 128 1847 3 26.09 4 2331 (01 135(0)/0/(0)/4
5/(0)s/0/(0)]s
Standart Dev 0.32 0.56
18,00 0,58
16,00 0,56
14,00
0,54
12,00
10,00 0,52
8,00 0,50
6,00
0,48
4,00
2,00 0,46
0,00 0,44
B2 T3 128 B3 _T11 128 B2 T2 128
_—
Load 14,94 11,69 16,63
[Mpa]
Disp 0,51 0,48 0,56
[mm]

Figure 5.2. Load-displacement comparison for bottom adherend thickness =2.44mm L=28mm
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Table5.3. Loadand sheastrength of specimens with
bottom adherend thickness =4.12mjuoiht=24mm

Bottom Top
Max Load [kN Shear Strength [MPa
Name [kN] oth [ ] thicknesgmm] thickness
/sequence [mm]/sequence
max min mean max min mean
4,12 o 5
B1_T1 L24 12.24 1088 11.66 20.33 1811 1938  [45/0/45/0/45/( g g %
0)2/45/0/45 2 g S
Standart Dev 048 0.78 jolasioas] g gg¢g
B6_T5_ L2 1570 1307 1464 2718 2267 2537  [45/0/45/0/45/ S g g
0/45/45/0/45/0 593
NJ
Standart Dev 054 0.93 45/0/43] =3
16,00 0,45
14,00 0,40
12,00 0,35
10,00 g*ig
8,00 0,20
6,00 0.15
4,00 0.10
2,00 0,05
0,00 0,00
Bl T1_L24 B6_T5_L23
_——
Load 11,66 14,64
[Mpa]
P 032 0,40
[mm]

Figure 5.3. Load-displacement comparison for bottom adherend thickness =4.12mm L=24mm

5.1.1. Failure Modes

Microscopicexaminatios are performed to detect the failure modes that pédae in
single lap joints For the examination, 4 different test configurasiare selected
which canbe usedor generaliing on failure modes for the remaining configurations
The selected configurations aadherend sequences are givermable 5.4. Three

specimengor each configuration are examined under the microscope to make accurate
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decisions on failurenodes. Also, for those seledteonfigurations on which the
microscopic analyseare carried out, the loadisplacement curvesf one of the
specimens from each configuratiare presented iRigure5.4.

Table5.4. Selected specimen configurations for microscopic examination

Bottom adherend Top adherend
thlclgzzzzrar:;n]/ thickness [mm]/Sequence
2,44 8,864
B2_T2_L28
[45/0/(45)2/0/45/0/45]  [(45)/(0)=/ 135/(0Q)/ 45/(0)z/ 135(0)2/0/( 0)z/ 45(0)5/0/( 0)]s
2,44 5,552
B3_T11_L28
[45/0/(45),/0/45/0/45] [(45)./0/ 135 0/ 45/(0)2/0/( 0)-/0/ Q]s
16 5,552
B5_T6_L40
[45/0/45/0/45] [(45)/ 0/ 135 0/ 45/(0)-/0/( 0)-/0/ O]s
1,6 1,488
B5_T10_L40
[45/0/45/0/45] [(45)/0]s
18
—B2-T2-L28
16
14 —B3-T11-L28
__ 12 ——B5-T6-L40
<
= 10 B5-T10-40
3
o 8
|
6
4
2
0

0 0,1 0,2 0,3 0,4 0,5 0,6
Extension[mm]

Figure 5.4. Load-displacementurve

Regardless of joint length or adherend stiffness, the same failure mode is observed in
all four configurations. Crack initiates at the end of the overlap of SLJ specimen where
tensile stresses are dominant and it propagates towards to the overlap whega the
under compression as shownHigure5.5. This crack behavior can be explained in

Karachalios papdd0]. Since the adhesive material is stronger in compresisamnin
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tension, crack initiates where the tension load is dominant. Then the crack propagates
along the overlap interface until it jumps through the adhesive topgber interface.

Angular crack formation in all specimens is evaluated as an expected product of the

Crack propagation
Eﬂ\-\---

Top adherend

bending effect.

Adhesive

Bottom
adherend

Figure 5.5. Failure mechanism in SLJ

The examination of adhesive bonded composite joints are represefigdreb.9 -

Figure 5.12. The resolution, magnification and other inspection-ge$ of the
microscope are given iRigure5.7. Examinations are performed for both ends and
middle section of SLJ, where photographs are taken at three sections as shown in
Figure5.8. Here, only one specimen from each configuration is presented. Remaining
representations are given in Appendix B. In spite of the same failure mode (adhesive
failure modé taking place, there are some discrepancies in failure behavior among
specimens within the same configuration. For example, damage in fabric plies can be
observed as shown ifrigure5.6. This difference in failure behavior can be due to

unwanted flaws which are formed during the manufacturing process.
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Figure 5.6. Test specimen representation

With a detail examination ofFigure5.10 andFigure5.12, one can arrive at various
conclusions for crack initiations. As showrHigure5.10for SpecimerB3_T11 L28

the crack initiates from only one side. It propagates through the adhesive in an angular
form until the oppositedherend surface. Then, it continues to propagate along the

interface of the overlap.

A distinctive failure mechanism exists ip&imenB5 _T10 L40As seen irFigure

5.12 crack initiates at both ends of the overlap. No crack jump is observed since no
proper breakup is seen in the adhesive. Different from the two mentioned
configurations for the specimens shownHigure 5.9 and Figure 5.11 there is not
enough evidence to conclude about the craclatiot and propagation behavior since

multiple angular failure in adhesive is observed.

Field of View  :9.994 mm
Resolution : 0.005 mm/pixel

Magnification : 30x
Lens - HDS-5800RZ
5

Equipment - HDS-3800

Figure 5.7. Scale of the microscopic examination
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Top Adherend

Bottom Adherend

Figure5.12 Three sectiosof B5_T10_L40 Test specimen 3)
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5.1.2. High-Speed Video Test

Theredter microscopic examination, it is concluded that already cracked specimen
do not give an idea about crack initiation and propagatibiie it is helpful to
designateof the failure mode®nly. In order to determine therack initiation and
propagation behavior of SLJ specimens, a mechanical SLJ test repeated by recording
with a highspeed camera for SpecimBb_T8_ 40.Test setup for this experiment is
given inFigure5.13.

The SLJ specimen is placed between clamps of the $gdmaulic test machine. A
constant 1 mm/min displacement is applied and a force reduction tolerance of 40% is
definedin test machine similar to previous tests. Clamp forces are adjusted to 40 MPa
at first. However, slipping of the specimens between clamps are observed during the
test due to relatively low roughness of the clamp surfaces. Friction is increased with
the use of pasting sandpaper glued to the composite specimen at the location where
there is an interface with clamps of the test machine. Also clamp forces increased to
45 MPa to ensure proper holding.

From one side of the specimen, a high speed camerate resiord the experiment.

The camera is employed 140,000 frame per second capture rate and two flood lights

are used to have necessary illumination for such high speed filming.

51



™

[

o |

Figure 5.13. SLJ test anthigh-speed camera setup

A
A
Q

Even if the very similar specimen which is cut from the same plate is used in the high
speed camera test, the ledidplacement result is compared with the results of
previously teste$ specimen®f B5_ T8 40configurationto ensure the consistency
with similar previous experiments since higpeed camera test is performed on a
different test machine. The comparis@Rigure5.14) shows that a relatively higher
stiffness is obtained from higgpeed camera test. Even so it can be concluded that

fairly enough coherence obtained on the crack initiation and propagation behavior.
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0 High-speed-camera_test
-0,1 -1 0 0,1 0,2 0,3 0,4 0,5 0,6 0,7

Extension [mm]

Figure 5.14. Comparison test results

The crack initiation and propagation photographs are givdtigare 5.15 in three

steps. During the experiment, only a limited interval of crack behavior can be recorded
with high speed camera since the camerathascapability of recording only 2
seconds beforena 2 seconds after the crack initiation. Because the full damage after
crack initiation lasts more than 2 seconds, the whole damage progression could not be
captured by the camera. However, it can be concluded that, crack initiates from the
thicker part othe unbalanced configuration in contrast to the conclusions in Kutscha
and Hofer papg2] where the crack initiation observed at the end of thinner adherend

because of maximum sduestress developed in that area
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Figure 5.15. Step by step crack propagation

In the Figure 5.16 the uncracked and cracked specimens are shoWe crack
propagated through the interface of the adhesiveadhdrend until the middle paot

the overlap. In the middle, a sharp crack jushpbserved along the adhesive thickness
direction. After crack jumps, it may propagate through the other side of the interface
or a new crack initiates at the opposite end of the overlap gmmdpagates until it
coalesceswith a previous crackHowever, it cannot be concluded which of the
scenarios take place in reality since a limited duration of crack propagation is captured

with high speed camera which does not give enough detail.
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Figure 5.16. Uncracked and cracked specimen

A detailed crack examination is presente#igure5.17. Adhesive which is remained

on the top adherend is broken intot pieces at the middle of the olagr. Smooth

crack interface carmot be detected since the trace of thd #bric plies of the
adherends exist adjacent to the adhesive. However, there is no full ply removal that
can be observed and only a thin surfacthefupper ply of the adherends is observed

to be still bonded to the adhesigaring thesegaration
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| Bottom Adherend |

Adhesive

45 Fabric
Plies

Bottom
Adherend

Figure 5.17. Detailed examination of cracked specimen

5.1.3. Effects of Bending Stiffness

Stiffness increase in composite specimens is shown to provide a higher joint
efficiency. When bending stiffness of the adherend increase, the bending curvature in
specimens decreases in return. Thus, resulting peel stress decreases for stiff laminates
andthis leads to an increase in joint strenfth]. The classical lamination theory

(CLT) is used to calculate the bending stiffness in longitudinal direction. Bending

moment is calcated as;

0 6 6 0o - o o o |
6 o6 6 - o o o | (17)
0 6 o6 o6 . o o o |
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where- and |l referto strains and curvaturgl®] refers tobending stiffness matrix
and[B] is the oupling stiffness matrixSince the coupling matrifB] is zero for

symmetriclaminates, bending moment vector becomes

0 o o o |
0 o o o | (18
0 o o o |

where the inverse laion can be written as to give the effective flexural moduli in
terms of the bending complice matri{'O];

" Oz ;Oz Oz D
I o o o 0 (19)
I o o O b
When0 mandO T, then Egl9 becomes;
I o0 (20)

Finally, the effective flexural longitudinal modulus for symmetric laminates is
determined based on CLT as follows
PO PG

© I'Q QO )

Table5.5 shows the longitudinal bending effects on shear strength. Comparison made
for four specimens that have the same bottom adherends; only teperdih
sequences and thicknesses are variable. The shear strength values are obtained from
Eg. 2 which is;

0 (2)

T
0 &
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Table5.5. Longitudinal Bending Stiffness Effect on Shear Strength

Longitudinal
Bo_ttom adherend Top adherend bending stiffness | Max load Shear
thickness [mm]/ . * Strength
Sequence thickness [mm]/Sequence [GPa] [kN] [MPal
a Ex=12/(D11*.t*3)
16 5.552
B5_T6_L40 [(45)/0/1350/45(0),/ | 0.001 55.19 10.55 10.45
[45/0/45/0/45] 0/(0)2/0/ s
16 4.624
B5 T7_L4 . . X X
5_T7_L40 [45/0/45/0/45] [(45)/0/1350/45(0)s/ | 0.002 48.94 13.13 13.02
0/0]s
16 3.152
B5_T8_L40 [45/0/45/0/45] [(45)/(0)5/0/ O] 0.008 46.34 10.65 10.67
16 2,504
B5_P_L40 [45/0/45/0/45] [(45)/ Q)50 (Q)s/ (45)] 0.022 35.39 8.38 8.33
16 1.488
B5_T10_L40 .22 16. 7.97 7.87
— = 7 [45/0/45/0/45] [(45)/0]s 0-220 6.56 9 8

5.1.4. Effects of Adhesive Joint Lengthand Thickness

As it is mentioned ititerature[12], adhesive bond length and adherend thickraggs r

(L/t) have a important effect on shear strength of jeinthe results shown imable

5.6 - Table5.8 indicate thatthe increase iadhesive bonténgth to adhesive thickness

ratio results in an increase in the shear strength of the joint. For the specimens which
bottom and top adherend thicknesses are different, comparisons are made on the
specimens that have the same thickness for bottom adherends. Test results shows a

cohereng with Kutcha and Hofer study which is shownFigure5.18.

30004

2000

|
07—'"—‘0—‘
v
!
/
/
|

Shear Strength, psi

.‘“\
‘-"h.
1000 } S~ i
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Figure 5.18. Shear strength to overlaatio from Kutscaha and Hofer study[12]
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Tableb.6. L/t effect on Shear Strength of the joint for 1.6mm bottom adherend thickness

Bottom Top
ad_herend ad_herend Joint Length Lt Max load Shear Strength
thickness thickness [mm] [kN] [MPa]
[mm] [mm]
B4 T12 126 1.6 5.552 26 4.68 12.19 1814
B5 T6_L40 1.6 5.552 40 7.20 10.78 10.70
B5 T7_L40 1.6 4.624 40 8.65 12.66 12.57
B5 T8 L40 1.6 3.152 40 12.69 10.64 10.67
B5 T9 L40 1.6 2.504 40 15.97 8.38 8.33
B5 T10 L40 1.6 1.488 40 26.88 7.37 7.29

Bottom Adherend Thickness = 1,6mm

20
w 18 A B4.T12 126

16
21
£ 12 A B5_T7_L40
2 10 AB5_T6_140 A B5_T8_L40
B g A B5.79_140 B5_T10_L40
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=
B o2

0

0 5 10 15 20 25 30

L/t

Figure 5.19. L/t effect on Shear Strength of the joint for 1.6mm bottom adherend thickness

Table5.7. L/t effect orShear Strength of the joint for 24mm bottom adherend thickness

Bottom Top
adherend adherend Joint Length Lit Max load Shear Strength
thickness thickness [mm] [kN] [MPa]
[mm] [mm]
B2 T2 L28 2.44 8.864 28 3.16 15.95 22.35
B2_T3_L28 2.44 7.76 28 3.61 14.94 21.06
B3_T11_L28 2.44 5.552 28 5.04 11.30 16.06

Bottom Adherend Thickness = 2,44
25

— B2_T2_l28
£, A3
2 B2_T3_128
£ 15 AB3_T11_128
[=T1]
@
s 10
v
@ 5
Q
N
“ o
0 1 2 3 4 5 6
L/t

Figure 5.20. L/t effect on Shear Strength of the joint foA2mm bottom adherend thickness
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Tableb5.8. L/t effect on Shear Strength of the joint for different joint length

Bottom Top
adherend adherend Joint Length Lt Max load Shear Strength
thickness thickness [mm] [kN] [MPa]
[mm] [mm]
B2_T3 L28 2.44 7.76 28 3.61 14.94 21.06
B3_T4_L40 244 7.76 40 5.15 14.47 14.32

Bottom Adherend Thickness = 2,44

©
% 25 B2_T3_L28
= A
B 20 B3_T4_L40
ED 15 ‘
@
5 10
v
@
Q
o
v
0 1 2 3 4 5 6
L/t

Figure 5.21 L/t effect on Shear Strength of the joint for different joint length

5.2.FEM Results
5.2.1. Investigation of Stress Distributions

Stress distributions in the SLJ specimens are presented in two sections. First an
investigation for the stress distribution through the overlap length is carried on. Peel
and shear stresses that concentrate on the adhesive are analyzed for three SLJ
configurations which is given ifable5.9. Second, the peel stress distribution in width
direction for these three configurations is given. The analysesdatitess distribution

in SLJ specimens with different configurations can help better understanding of failure
behavior in such structures. At first, cohesive elements and failure criterion are not
considered in the finite element model to obtain onlysthess distribution. Moreover,

solid element models are used since continuum shell elements does not provide stress
values through the thickness direction.
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Tableb.9. Selected specimen configurations foess analyses

Bottom adherend

thickness [mm]/ Top adherend

thickness [mm]/Sequence

Sequence
2.44 7.76
B3 T4 L40
[45/0/(45)2/0/45/0/45 ] [(45)/(0)2/ 135/(0)./ 45 0/ 135 0/0/( Q) 45/(0)2/0/ O]s
16 4.624
B5_T7_L40
[45/0/45/0/45] [(45)/ 0/ 135 0/ 45/(0)5/0/ O]s
1.6 1.488
B5_T10_L40
[45/0/45/0/45] [(45)/0]s

Stress distributiothrough the overlap length

Shear and peel stresses in SLJ specimens are investigated with a 3D finite element
analysis at the migvidth of the adhesive across the bdimé ofthe bonded joint. At
first, the stress distribution on top and bottom of the adhesivemdith has been
investigated. Later, comparisons are made on stress distributions among three SLJ

configurations.

The peel stress distribution of the top and bottogeeaf the adhesive through the
overlap is given irFigure 5.22. It is seen to be much lower at the initiation of the
overlap and reaches to a maximunmueadt the end due to the asymmetry of the joint.
The high peel stress at the free edge of the interface is critical for evaluating the
damage initiation at that locatid@5]. Due tothe higher stress concentration at the
bottom interface of the specimen, estimations can be made for the location of the crack

initiation.
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Figure 5.22 Peel stress on top and bottom of the adhesive

Comparisons of peel and shear stress distributions across thdirmrior three
configuratiors are given inFigure 5.23 andFigure5.24. The selected configurations

are distinct from each other considering the increase of the asymmetry of the joint.

Peel and shear stresses show the maximum valueabthe left tip of the overlap.

Peel stress increases toward its maximum at the edge because the free surface of the
overlap which does not satisfy the traction free condd@&hand a singularity occurs

at those edges. The peel stress then decreases suddenly to almost zero value through
the inner side of the overlap, while shear stress concentrations gradually decrease but

never approach to zero.

With the increase of the thickness of the top adherend, the stiffness difference between
top and bottom adherend increases that leads to a higher bending moment. Different
than the symmetric joints, it can be seen that peel and stness distributions on the

right and left overlap edges are quite different. Left side of the overlap, shows higher
peel and shear stresses. With the increase of asymmetry, the peel and shear stress that

joint experiences increase significantly.
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Stress distribution in the width direction

Adhesive and adherend experiersteesses exist also in width direction. However,

they are relatively small when stresses in longitudinal direction is considered.
Differently for the stress distribution through the overlap, the stress is lower at the free
edges of the adhesive while maxim value is obtained in middle. On the other hand,

the adhesive shear stress through the width shows an opposite behavior as the shear
stress becomes maximum at the overlap edges and zero in the middle as shown in
Figure5.25.

Similar results are obtained in the finite element analysis. The peel and shear stress
distributions of three test configurations in width direction can be sefeigune5.26
andFigure5.27 respectivelyWith the increase in loading eccentricity, the peel stress

rises due to increase in bend{ia%].

b
o 4 Top adherend
(compression)
3 Bottom adhrend
(tension)

Adherend normal stress
in the width direction

0 f_—/ Adhesive shear stress

in the width direction

Figure 5.25. Peel Stress in WidtBirection 33
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5.2.2. Results in Cohesive Zone Model

A finite element model for adhesively bonded single lap joints is created to investigate
the crack initiation and propagation. The cohesive zone method is used to simulate the
crack at the interfacbetween adhesive and adherends. Cohesive zone modelling and
finite element analyses are performed in ABAQUS.

In contrast to the real life applications, a discrete adhesive is modelled, in other words,
adhesive and interface models are only crateceatbrlap as it can be seerfFigure

5.28. In consequence, stress singularities that take place at the point of the junction of
the adherend and adhesj¥ranslate to the opposite side of the interface. Even if crack
initiation points are different in FEM and real life application, the crack propagation
can be simulated properly with FEM
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Adherend | | 1 |

Crack
initiation

Adherend

Adherend

Bottom
Adherend

Figure 5.28. Discrete adhesive model

According to the analyses performed on SpeciBBnT10_L40the initial crack is
observed on the left side of the overlap as showRigure 5.29, where the joint
experiences the maximum shear and peel stréBgrge5.30). This crack initiation
point belongs to the thicker side of the adherend and this result is compatible with the

high speed video camera results as it can be sdagure5.15.
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Figure 5.29. Interface crack initiatioin SpecimerB5_T10 L40
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Figure 5.30. SpecimerB5_T10_L40 Bottom interface stress distribution along overlap
Crack propagation also investigated step by step for the same configuration to

compare the results with the SLJ test results. When the stress state in cohesive

elements meet the failure criteria, thenadmt deletion takes place in the analysis. In
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Figure 5.33, intermediate steps in the analyses are given to show element deletion,
namely the crack ppagation. As it is represented before, the crack initiates from the
left side of the overlap where the thicker adherend ends. Afterwards the crack
propagates along the overlap at the interface between adhesive and bottom adherend.
When the first initiateccrack pass beyond the mid of the overlap, a second crack
initiates from the opposite interface which is in between adhesive and the top
adherend.

According to the SLJ test results, one can make conclusions for the failure behavior
in SLJ specimens. IRigure5.31, a similar behavior can be observed in finite analysis
since the interface crack occurs at both sides of the overlap. Cohesive crack takes place
in real life applications distinctly in FEM since ABAQUS material models are used to
model adhesive and interface. To simulate cohesive crack, a new material model

should be developed.

Figure 5.31 Microsmpic examination oBpecimerB5 _T10 L40 SLJ

Load displacememesult of CZM is compared with the mechanical test results on 8
specimens and distinctive linear behavior is obtainggigure 5.32. Besides, ihite
element analyses that have performed without cohesive elements are not coherent with
the test resultas well It can be explained with the discrete model usage in FEM
application to overcome tHemitations in material model of ABAQS, the stiffness

of the joint may change comparing to real life application due. Performing such
comparison is only logical with the creation of new FEM that have full length adhesive
and with the new material modeh IABAQUS that has the capability of crack

propagation within different materials.
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To make ggeneralization for the failure behavior, finite element analyses performed
with SLJ specimens have the same overlap length and bottom adherend sequence, but
have different top adherend thicknggsgure 34) Results of FEM model for four
specimens with theame displacement are represented and it can be clearly seen that,
the crack initiates from the thicker side of the joint for all specimens. In specimens
that have thinner top adherends, a second crack initiation is observed from the opposite
side of theoverlap, while there is no second crack initiation at the specimens with
thicker adherends. It can be explained with the fact that thinner adherends experience
a higher bending moment due to their low bending stiffness.

B5_T8_40

Figure 5.34. Failure behavior comparison in FEM
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CHAPTER 6

CONCLUSION

6.1.Summary

The adhesive bonding started to become one of the frequently preferred methods in
recent years due to their substantial advantages. Increase in the usage of composites
in aerospace industry boosted the role of the adhdsweling in primary and
secondarystructures. Despite various advantages, the maturity of adhesive bonding
studies in terms of the estimation of failure behavior, material models have not yet
reached to the level of mechanical fastening. In the scope of this study, the failure

behavior ofadhesively bonded joints are investigated.

The failure mechanism of adhesively bonded joints are investigated with single lap
joint specimens. Adherends which are created from composite plies with various
thicknesses and stacking sequences has been ubedsindy to analyze the effect of

thickness and stiffness of the adherends to the failure behavior of the adhesively

bonded joints. Furthermore, effect of overlap length also taken into consideration.

A mechanical test program is conducted for single jtapt specimens. Different
number of plies and/or sequences are defined for composite adherends. 12 different
sequences for top adherends and 6 different sequences for bottom ones are determined.
Laminates are manufactured with fabric and UD plies usiFigonding and cecuring
methods. The manufactured adherends are bonded together with the secondary

bonding method to finalize the single lap joint geometry.

Single lap joint specimens are tested in universal test machine under tension and
specimens areoaded until 40% drop in load is observed. Each test for the same
configuration is repeated at least six times to provide reliability of results.- Load

displacement curves are obtained in the test program.
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Effects of the bending stiffness are investigateth ithe comparison of 4 selected
specimen configurations which have the same bottom adherend sequence and joint
length. Composite sequence of the top adherend is defined as the only variable and
longitudinal bending stiffness values are calculated for eadofiguration by using

CLT. Results showed that, a higher shear strength is obtained with the increase in
bending stiffnesdn Kupksi study, it is explained that the increase in bending stiffness
leads to a decrease in peel stresses which in turn iesrdasjoint strengtfi0].

In the next step, effects of adhesive joint length to thickness ratio is investigated. 6
different configurations that have the similar bottom adherends are compared. Higher
shear strength resultseaobtained with the decrease litt ratio. The results are
correlated with the results obtained from Kutscha and Ha®&jr

Microscopic examination has been performed on seléesedonfigurations in order

to investigate the failure modes. With the help of microscopic examination, crack
locations, crack shapes and crack jumps are investigated. An adhesive failure is
observed in all specimens with the separation at the inter&teeeén adhesive and
adherends. But in some specimens, cracks within adhesive material is also detected
that is called as cohesive failure in literature. However, if only the main reason of the
failure is taken into account, it can be said that the adhé&sluee mode is effective

in all specimens since the cohesive failure takes place after the crack initiation at the

interface.

The end of the overlaps experiences the stress singularity at the interface corner where
the crack initiation is expected to béserved. In the microscopic examination, the
crack initiates at the corner of adhesive and adherend where high stresses exist and it
propagates with an angle toward the opposite interface which is in compression. This
situation is also observed in Karach i o s §10] psatipeeadhesive materials are
stronger in compression than they are in tension. The angular crack propagation shows

the bending moment effect in SLJ specimens.
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Due D the difficulty in predicting the crack initiation and propagation in already
cracked specimens, a SLJ test repeated with a high speed video camera. By this way,
the crack initiation area is detected and the results are interpreted along with
consideratios of literature.

In contrast to the conclusion in Kutscha and H¢I@] as the crack initiates from the
thicker part of the joint for unbalanced configuration, the crack iniasmbserved
at the overlap at the thicker side of the joint. To make final conclusion on the crack

initiation, finite element analyses are performed in advance.

A finite element model of adhesively bonded single lap joints specimens are created
using ABAQUS. A three dimensional model is used to investigateoéplane

stresses due to the eccentricity of the loading on joint that causes a bending moment.

Stress distribution created along the overlap and width is used to explain the failure
behavior in &J joints. Higher peel and shear stress concentrations obtained at the
thicker side of the overlap end where lower stresses obtained on the opposite side due
to the eccentricity in the joint. With the increase in the difference between adherend
stiffnesss, higher peel and shear stresses are observed. Similar results are obtained
for the stress distribution in the width directiowith the aim of modelling the
interface crack in SLJ specimens, cohesive zone model is used for interface elements
between adhrends and bulk adhesive. Cohesive elements are modelled with a finite
thickness and top and bottom nodes of the elements are translated to create a zero

thickness element.

There is no solution in ABAQUS for failure propagation between different materials.
For that reason, a discrete adhesive model is constructed instead of a full length
adhesive as it is in the real life applications. In consequence, the crack initiation

directly transferred to the interface which is in compression.

Similar results are ohtned with the previous estimations according to the results in
stress distribution analyses and the results are taken from high speed camera test. The

crack initiation is observed at the thicker adherend side of the overlap. Moreover,
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crack from both sideof the interface is detected for the joints that have lower stiffness.
It is shown that the finite element results are in good correlation with the real life

applications.
6.2. Concluding remarks

With the aim of comprehension thfe failure mechanissof bonded single lap joints,
astudy whose main structure consists of mechanical tests and finite element analyses
is performed.n contrast to most of the studies in the literature, asymmetric joint and
composite adherends are u$ede

Test results show that the crack initiation takes place at theiadea tensionvhich

is the junction point of adhesive and adherend. Due to the asymmetry of thehmint,
crack initiationis observed at the side of the overlap wheeghicker adheresh ends.
Then,thecrack propagatthrough the adhesiventil it reachesheopposite adherend.
Further crack propagation takes place at the intetiat@eeracherend and adhesive

whichis called as thadhesive failure in bonded joints.

The test resultare supportedy finite element analyseis general Shear and peel
stress distributions for asymmetric joints are determikiggher peel and shear stress
obtained from the side of the overlap where thicker adherendagwldhis causes a
crack initiationat the joint. With the increase in asymmeatythe top and bottom

adherend, higher peel and shear se®esseobserved within the joint.

Although mechanical testand elastic analyses are useful to mdkeisions about
crack initiation,they are insuffiient todetermine therack propagation in joints that
have multiple crackin the overlap aredy using cohesive zorglementsboththe
crack initiation ad propagation areeterminedproperly It is representedhat in
thinner adherendsight afterfromthe first crack initiation, a second craslobserved
from the opposite overlap edgdich can be explainethrough the fact thahinner

adherendgxperience a higher bending moment due to their low bending stiffness

76



6.3. Future Studies

The following sudies are suggested as the future work to extend the understanding of
the failure behavior of adhesively bonded lap joints;

1 A more extensive test program can be designed to investigate the effect of
composite stacking sequence in specimens with consiakbéss

1 A brittle adhesive material model can be created to simulate the cohesive crack
in the adhesive bulk material

77






REFERENCES

[1] R.L.LBowen, F. C. Eichmiller, W a Marje
bondingoc o mposites. , 0 J. Am. Cid3,198. Dent . ,

[2] Banea, M. D., & da Silva, L. F. (2009). Adhesively bonded joints in composite
materials: an overviewProceedings of the Institution of Mechanical
Engineers, Part L: Journal d¥laterials: Design and Application2231), 1-

18.

[3] A. P. Vassilopoulos, Fatigue and Fracture of Adhesibelyded Composite
Joints Behaviour , Simulation and Modelling. 2015.

[4] Guan, Z. D.,, Wu, A. G., & Jin, W. A. N. G. (2004). Study on ASTM shear
loaded adhesive lap joint€hinese Journal of Aeronautids/(2), 7986.

[5] D. C. Noor man, ACohesive Zone Model |l
Thesis, p. 172, 2014.

[6] L.F.M.daSilvaandR.D. S. G. Campilho, AdvanireSlumerical Modeling
of Adhesi\e Joints. 2012.

[M1 L. F. M. Silva and R. F. T. Lima, fDev
Design of Adhesive Joiidlt s, 0 no. Octobe

[8] L. F. M. Sil va, R. F. T. Li ma-formR. M.
solutions for adhesivey bonded joints, 0 Reports Pr
joints, no. 1938, pp.iB2, 2008.

[9] Davis, M. J., & Bond, D. A. (1999, July). The importance of failure mode
identification in adhesive bonded aircraft structures and repairs. In International
Conference on Composite Materials(Vol. 12, pj2 5

[10] Karachalios, E. F., Adams, R. D., & da Silva, L. F. (2013). The behaviour of
single lap joints under bending loading. Journal of Adhesion Science and
Technology, 27(16), 1811827.]

[11] J. Kupski, S. TDe Freitas, D. Zarouchas, P. P. Camanho, and R. Benedictus,
AComposite |l ayup effect on the failure
Compos. Struct., vol. 217, no. December 2018, pp2642019.

[12] Kutscha, D., & Hofer Jr, K. E. (1969). FEASIBILYT OF JOINING
ADVANCED COMPOSITE FLIGHT VEHICLE STRUCTURES. IIT
RESEARCH INST CHICAGO ILL MECHANICS OF MATERIALS
RESEARCH DIV.

[13] Hart-Smith, L. J. (1985). Designing to minimize peel stresses in adhesive

79



bonded joints. In Delamination and debonding of enats. ASTM
International.

[14] Reis, P. N., Ferreira, J. A. M., & Antunes, F. (2011). Effect of adherend's
rigidity on the shear strength of single lap adhesive joints. International Journal
of Adhesion and Adhesives, 31(4), 19G1.

[15] D.S.Dugdalefi Yi el di ng of steel sheets containini
vol. 8, no. 2, pp. 10004, May 1960.

[16] Camanho, P. P., Davila, C. G., & De Moura, M. F. (2003). Numerical
simulation of mixedmode progressive delamination in composite
materials.Journal of composite material37(16), 14151438.

[17] Zou, Z.,Reid, S. R, Li, S., & Soden, P. D. (2002). Modelling interlaminar and
intralaminar damage in filamemiound pipes under quasiatic
indentation.Journal of compositenaterials 36(4), 47#499.

[18] Turon Travesa, Albert. Simulation of delamination in composites under-quasi
static and fatigue loading using cohesive zone models. Universitat de Girona,

2006.

[19] G. Al fano and M. A. Crisfield, AFinite
delaminatbn analysis of laminated composites: Mechanical and computational
i ssues, 0 I nt. J. Numer . Méa3& 200ls Eng., vol

[20] Pardoen, T., Ferracin, T., Landis, C. M., & Delannay, F. (2005). Constraint
effects in adhesive joint fracturdournal of the Mechanics and Physics of
Solids 53(9), 19511983.

[21] Kafkalidis, M. S., & Thouless, M. D. (2002). The effects of geometry and
material properties on the fracture of single-&uear jointsinternational
Journal of Solids and Structure39(17), 43674383.

[22] Stuparu, F. A., Apostol, D. A., Constantinescu, D. M., Picu, C. R., Sandu, M.,
& Sorohan, S. (2016). Cohesive and XFEM evaluation of adhesive failure for
dissimilar singlelap joints.Procedia Structural Integrity2, 316325.

[23] Abaris, M. J. H. Adhesive Bonding of Composites": lecture notes. Training Inc.

[24] Tsai, M. Y., & Morton, J. (1994). An evaluation of analytical and numerical
solutions to the sing#ap joint. International Journal of Solids and Structures,
31(18), 253-2563.

[25] C. Yang and -Strain Rralysi of Sifigkkapr Cermpesite Joints
Under Tension, o0 2016.

[26] T . Loading and T. Loading, ASt andard Prac
in FiberReinforcedP | astic ( FRP ), 0 .4&2005 i, no. Re a

80



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

Heslehurst, R. B. (2013). Design and analysis of structural joints with
composite materials. DEStech Publications, Inc.

ASTM International. (2010). Standard test method for apparent shear strength
of singlelap-joint adhesively botled metal specimens by tension loading
(metalto-metal). ASTM international.

Standard, A. S. T. M. (2007). Standard test method for strength properties of
adhesives in shear by tension loading of siigejoint laminated assemblies.

ASTM,D.(2001). 5656, 6St andadhegndimetad lap met ho
shear joints for determination of the stref®in behavior of adhesives in shear
by tension | oadingd. Annuad478.Book of AS

McCann, S. M. (2015). Numerical analyssf adhesively bonded single lap
joints under high speed tensile loading (Doctoral dissertation, Wichita State
University).

Xu, X. P., & Needleman, A. (1994). Numerical simulations of fast crack growth
in brittle solids. Journal of the Mechanics &Playsics of Solids, 42(9), 1397
1434.

R. D. S. G. Campilho, Strength Prediction of Adhesi@bnded Joints, vol.
23, no. October 2002. 2017.

H. Khoramishad, A. D. Crocombe, K. B. Katnam, and |I. A. Ashcroft,
APredicting fat i ghboadedj@ntsasng a dolresiva tohee s i Vv €

model , o0 I nt. J. Fatiiltpd €010.vol . 32, no.
G. Perill o, N . P. Vedvi k, and A. T. E
velocity impacts on composite 1716, Advanc
2012.

Abaqus Documentati on ( 20Wllacpubllyassaul t S

Turon, A., Davila, C. G., Camanho, P. P., & Costa, J. (2007). An engineering
solution for mesh size effects in the simulation of delamination using cohesive
zone modelsEngineering fracture mechanicg4(10), 16651682

Yang, Q., & Cox, B. (2005). Cohesive models for damage evolution in |
aminated compositekternational Journal of Fracturel332), 107137.

Benzeggagh, M. L., & Kenane, M. J. C. S. (1996). Measient of mixed
mode delamination fracture toughness of unidirectional glass/epoxy
composites with mixednode bending apparatuSomposites science and
technology56(4), 439449.

Gon-alves, J. P. M. , De Mo ur Marqueh|. F. S
A. T. (2000). Interface element including pototsurface constraints for three

81



[41]

[42]

[43]

[44]

dimensional problems with damage propagatiemyineering
Computations17(1), 2847.

Tvergaard, V., & Hutchinson, J. W. (1996). On the toughness of ductile
adhesive jointsJournal of the Mechanics and Physics of Solaks), 789
800.

Alfano, G. (2006). On the influence of the shape of the interface law on the
application of cohesiveone modelsComposites Science and
Technology66(6), 723730.

Chen, F., & Qiao, P. (2012). On the intralaminar and interlaminar stress
analysis of adhesive joints in plated beams. International Journal of Adhesion
and Adhesives, 36, 445.

Goland, M., and E. Reissner. "J. of Applied Mechani€sahs ASME6
(1944): A1727.

82



APPENDICES

A. Load Displacement Curves of SLJ Specimens
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B. Microscopic Examination of SLJ Specimens
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Figure B.1. Microscopic Examination of B2_T2_ 28 Specimen
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Figure B.3. Microscopic Examination of B5_T6_40 Specimen
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