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Abstract

Currently, the concept of lightweight is a prominent area of research to
decrease the energy consumption and emissions. One of the most effective strategies
for achieving lightweighting is to utilize advanced lightweight materials in place of
traditional materials. Meanwhile, there are norifzdtion processes capable of
producing the entire structure as a monolithic unit without joints. The majority of
structures are constructed by assembling different types of structural eleBwnts.
traditional joining methods, such as bolting and rivgtinan introduce high stress
concentrations around the joint area and may cause cracks during the drilling process.
In contrast, adhesive bonding offers notable advantages for joining-maiktrial
structures, including reduced kgcle maintenance castnd weight, more uniform
stress distribution, and enhanced design flexibility.

Microstructures such asicrostructurakurface roughness and internal defects
of constituents arecrucial factos in determining the performance arftacture
mechanism of adhesive josmtHowever the research dedicaldo the examination of
the failure mechanisnfser adhesive joints influenced ligicrostructure at microscale
is limited. This work conductsystematicexperimental and numerical investigations
into the effect ofnicrostructuratoughnessnd defecten the performancandfracture
mechanisnof multi-typeadhesiveSLJs. The adherend materialsed in this studgre
Al andPPA bonded withan epoxy adhesivgoctite EA 9497)

Firstly, the mechanical properties of th&l adherend, PPA adherenepoxy
adhesive andmulti-type SLJs (AFAI SLJ, PPAPPA SLJ, and hybrid SLJ) with three
roughness gradeseobtained througlexperimental studie3hemechanicaproperties
of adherends anddhesiveare used to determine tin@icroparametersf the contact

model of adherends anddhesiveparticles inthe DEM model. The calibrated



microparameterare validated bgeverakxperimental data, especially imeerlaminar
like propertes of thethin adhesivdayerin joints. Then, themicrostructuraroughness
and microstructural defect in SLJs are experimentally investigated through SEM and
microCT scanninglhemeasurednicrostructuratroughness and microstructural defect
arerealisticallyintroduced into the DEM models for further calibration, including DEM
Al-Al SLJ models, PPAPA SLJ modelsand hybrid SLJ models. Compared to the
experimental resultshé developedEM SLJImodelscan predicthe performance and
capturethe microstructural fracture mechanisafisnulti-type SLJs Finally, the effets
of microstructuraroughness andhicrostructuradefects on th@erformanceof multi-
type SLJs arenvestigated including the failure load and stiffness. The effects of
microstructural roughness andnicrostructural defects on the microscalefracture
mechanisms of multiype SLJs are also explored atidcussedincludingthe crack
initiation, coalescengeandpropagatiorwithin the adhesivand interface

Keywords: Adhesive Single lap joint; Discrete element meth&&rformance

FracturemechanismMicrostructue; Surface roughness; Defect.
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Chapter 1

1 Introduction

1.1 Background

The majority of greenhouse gas emissions from industrial activities are directly
tied to energy consumption. Improving energy efficiency offers a pathway to
significantly reduceenergydemand, lower associated emissions, and decrease energy
costs. As a result, prioritizing energy efficiency should be the initial strategy for
manufacturers aiming to decarbonize their operatidis Transportation sources
currently account for approximately 15% of global greenhouse gas emissions, though
in many regions, it represents a more significant share of emig&pnghe newly
enactecEU legislation establishes a roadmap to achieve zero CO2 emissions for new
passenger cars and light commercial vehicles by 2035. As part of this transition,
intermediate targets have been set for 2030, aiming for a 55% reduction in emissions
for cars and a@®»% reduction for vangg]. The International Civil Aviabn Organization
aims to achieve a 50% reduction in aviation emissions by RI}5The International
Maritime Organization has established targets to reduce greenhouse gas emissions from
ships by at least 20% by 2030 and at least 70% by 2040, compared to 200fb]evels

Currently, the concept of lightweighting is a prominent area of resdarch
decrease the energy consumption and emissions. One of the most effective strategies
for achieving lightweighting is to utilize advanced lightweight materials (e.g.,
aluminium magnesium, or compositas)place of traditional materia{g.g., steel, iron)

[6]. Meanwhile there are no fabrication processes capable of producing the entire

structure as a monolithic unit without joints. The majority of structures are constructed



by assembling different types of structural eleménisin practicethesenecessarily
result in the use and fabrication of mutiaterial structures for which proper joining
techniques are critical for the high performance of the overall strudgturesnerous

industrial sectors, including the automobile, aeronautical, and naval ind{8}ries
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Figure 1-1 Some of the bonding areas &) A vehicle[9]. (b) An airplane[10].



Sometraditional joining techniques, such @®lting andriveting, can induce
high stress concentratiorsoundthe joining pointand cracks during thdrilling
process[11, 12] In contrast, adhesive joiningprovidessignificant advantagefor
bondingmulti-materialstructuresincludingreducedife-cycle maintenance costs and
weight, more uniform stress distributicemd increased desidiexibility [13, 14} The
global automotive adhesives market is projected to reach an estimated USD 23.9 billion
by 2030, with a compound annual growth rate of 11.4% from 2024 to [AG30
Similarly, the global aerospace adhesives market, valued at around USD 881 million in
2022, is expected to grow at a compound annual growth rate of approximately 5%,
reaching USD 1.73 billion by 20386]. Some of the bondmareasusing adhesive

andsealand in thevehicleand aircraft are presentedfigure 1.

1.2 Aim and objective

Over the past decadedthough significant progress has been made in adhesive
based multimaterial joining, several barriers continue to limit the practical
implementation ofhis techniqueThis is due tdhelack ofa wellreceived agreement
for summaizing the influencingmechanisms of the factors affecting the performance
and fracture mechanismsof the adhesivejoints bonded by composite materials
especially at microscald-urthermoreyariations injoint configurations, particularly
those withthe dissimilaradherends, camduceerratic stressdistributionsand failure
modes There is also no widelpcceptedheory to accurately describéher failure
mechanisms at microscale.

Understanding the effect of the factors on therformanceand fracture
mechanisms of adhesive joints can enableirndastryto design and fabricate more
reliableadhesive joints, thereby improving the produatformancend qualityIn light
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of this, thisstudyaims to experimentally and numerically investigate the effect of the
microstructural features of adhesive joind® ther performance and fracture

mechanisms. To achieveis aim, the main objectives of this project are as follows:

1 To experimentallyinvestigatethe mechanical properties of the adherends,
adhesiveandmulti-type singlelap joints (SLJ), as well as thenicrostructural
featuresincluding surfaceroughnesof adherendsnd internal defectswithin
SLJk at microscale.

1 To calibrate the microparameseof the DOscrete Element Method (DEM)
modelsfor the adherends, adhesive, and SLJs based on the experimental results.

1 To develop the DEM modelsy realisticallyincorporatingdifferentroughness
gradeswhich candescribethe performanceindcapturethe microscaldracture
mechanism®f multi-type SLJs Based on the developed moddéte influence
of microstructural roughness on the performance and fracture behavior ef multi
type SLJswill be analysed and summarised

1 To develop the DEM modelsy realisticallyincorporatingdifferent typesand
densitiesof microstructuraldefects, whichcan describethe performanceand
capturethe microscalefracture mechanismsf multi-type SLJs Based on the
developed models$he influence of microstructural defecn the performance

and fracture behavior of multype SLJs will be analysed and summarised.

1.3 Thesis outline

Chapter 1 presents the background of the study on adhesive joints and outlines
the challenges and limitationsf current research. This chapter also defines the

objectives and methodologies proposed to address these issues.



Chapter 2provides a comprehensiveeview of existing literature onthe
charactesation of adhesive joird, the factors influencing their performance and
various methodsusedfor their analysis This chapteralso highlights a significant
research gap concerning tb#ectof microstructural features on the performance and
fracturemechanisms of adhesive joints.

Chapter 3 outlines the experimental procedures useddg&iermine the
mechanical properties of the adherends, adhesivemaittdtype SLJs with different
surface roughness grades, in accordance with relevant standards. In addition, the
microstructural surface roughness andnternal defects within the SLJs arealso
investigatedcexperimentally.

Chapter 4 details the numerical procedures used for -calibratingthe
microparametersf the contactmodelsfor theadherends and adhesiveterials using
DEM. The calibratednodelsare validated byexperimentalresults, such adouble
cantileverbeam(DCB), end notched flexureeNF), and SLXests

Chapter Soresents aystematic numerical investigation into the performances
and microscaldracturemechanisms omulti-type SLJs affected bylifferent surface
roughnesggrades with a microscalefocusing on analyzinghe characteristics and
properties othe adhesion interfacessultingfrom the different adherendaterids and
surface profiles

Chapter @exploregheeffecs of microstructuratiefectswithin multi-type SLJs
with different interfacial adhesion. Specifically, tlubapterexamineshow different
densities and types ahicrostructuraldefects affect the joint performance crack
initiation, coalescence, and propagatiothatmicroscale.

Chapter 7presents theonclusions andecommendation$or future work It

summarisethe keynovelcontributionsof the workspresenteadh the thesisAn overall



discussionof the experimental andumericalfindings is provided highlighting the
efficiency and accuracy of thdeveloped DEMmodelin predicting the performasec
and fracture mechanisms ofulti-type SLJs This chapter also summarisdhe
influencingmechanisms of microstructusdrfaceroughnessf adherendandinternal
defectsof the jointson theperformance andfracturemechanisms ofnulti-type SLJs
at microscaleFinally, this chapter concludes with averall reflection orthe thesis and

outlines potentiatlirections for future work



Chapter2

2 Literature review

2.1 Introduction

Over the years, manufacturers have focused on reducing weight to create lighter
and more damagmlerant structures. The growing uselightweight and dissimilar
materials(such as metal and composite combinations) in structural components has
drawn increased attention in this fiektlhesive joining provides significant advantages
for bonding composite structures, including reduceddjfele maintenance costs and
weight, more uniform stress distribution, and increased design flexibility. Despite these
advantages, challenges remain in the application of adhesive joining techniques, due to
the lack of an accepted theory that accurately describegathiee mechanisms of
adhesivejoints bonded by composite/dissimilar materialsd that summarizes the
factors influencinghejoint performanceespecially at microscale

This chapter begins by reviewing the existing literaturg¢rmcharacterization
of adhesive joirg, covering aspectsuch as joint configuratien hybrid joining, and
failure mode.Then,the factors influencinghe performanceandfracturemechanisms
of adhesive joirg are investigated including joint geometry, material properties,
interface and environmental conditions. Finally, the chapter examinesnalysis
methods for adhesive joints, focusing on both analytical approaches and numerical

techniques, such as Finite Element Method (FEM) and DEM.



2.2 Characterisation of adhesive joins

2.2.1. Conventional configurations

Nowadays, various configurations of adhesivieonded joints have been
developed Figure 2-1 provides an overview of severatonventional joint
configuratiors. These jointonfigurationscan be broadly categorized into two groups:
disturbed and undisturbed shapes. In this study, disturbed topologies, illustrated in
Figure 2-1a to Figure 2-1d, refer to joint designs where one or more offsets exist
between the adherends. In contrast, undisturbed topologies, shduguie 2-1e to

Figure2-1h, are characterized by fully aligned adherewdbout offsets.

Disturbed shape Undisturbed shape
(a) Single lap joint (e) Butt joint
| I
|

(b) Double lap joint | (f) Scarf joint

| — )y

(c) Single lap strap joint (g) Step joint

I Il | ﬁ ‘
(d) Double lap strap joint (h) Tongue and groove joint

| [ | — |

Figure 2-1. Basicjoint configurations.

The SLJ(Figure 2-1a) is the most commonly used joint configuration and
widely studied due to its simplicity in desigease of manufacturingnd low cosf{17].
Under tensile loadingthe bonding overlap of the SlL&xperience shear stress.

Additionally, due to the secondary bending moment caused by the offset between the
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adherends ithe SLJ, the bonding area also experiences high peel stress at the ends of
the overlag18, 19] In a symmetric double lap adhesive jqiBLJ) (Figure2-1b), this
design provides a more balanced structure, reducing compliance and minimizing
bending moments under tensile loagl[20]. The central adherend unaffected by
bending moments, while the outer adherends experience them, leagiegltand
compressivatress at thewvo ends of the overlag21]. Anothercommondisturbed type
is the lap strap jointThe single lap strap joirfFigure2-1c), which uses an additional
butt strap, results in a reduction of peel stress at the ends of the ¢22}l&jne double
lap strap joint(Figure 2-1d) eliminates the issue of peel stress and offers superior
strength propertiel20]. However, the use of butt stralesds to greater manufacturing
complexity, increased structural weight, and diminished aerodynamic performance,
which are critical limitations in aerospace engineering.

The butt joint(Figure2-1e)is the simplest and easiest type to manufaeitnen
the adherends have sufficient thickngsgewever, aligning the two adherends can be
challenging.This joint performs well undetbendingloading which can result in
cleavage stresséasr the adhesive layef23]. The scarf joint(Figure 2-1f), formed by
chamfering the adherends at an angle, performs well mainly because it eliminates joint
eccentricity. Under tensile loading, there is an optimal scarf angle at which stress
singularities are avoided, resulting in a uniform stress distribution near the edges of the
bond[24]. The step jointKigure2-1q) is essentially a single overlap, wherertions of
the adherendare reduced to half of their original thicknesform the overlap area
This design can reduce peel stréss.achieve a smoother stress distribution, multiple
steps can be incorporatgtb]. Under quasstatic loading, the stepped lap joint exhibits
greater damage tolerance than the scarf [@Bit The tongue and groove joi(figure

2-1h) is a unique type of mulstepped lap joint, offering a promising alternative for



enhancingthe joint strength. This is due to its more gradual load transfer to the
adherends, which results in lower peel stress compared to th2FLHowever,
milling operations are required for the adherends in both the scarf and step joints,

making these joints more complex and costly to fabri@gg

2.2.2. Hybrid joining

Although there is a growing demafa compositedor lightweight structures,
the low througkthickness strength and poor heat resistance of composites make the use
of fully composite structures impractical in many lasgale applications. As a result,
there has been an increased focus on hybrid joteicitniques that combine dissimilar
materials such as metals and compositas shown irFigure 2-2. However, hybrid
adhesive joints with dissimilar adherends present several critical challagdse
mismatch in material properties between dissimildneaends leads to asymmetric
stress distributions and more compl@iure mechanisms compared tbe joints

bonded withdenticalmaterials, thereby elevating the overall design [2SK.

AR T T AT T T FEI
L # il f b - k ey ra ¥
s o A o ".'"r't”ir v % ’f."r!‘r' u
‘1 . ..! ..! .."'h -.r.‘-“":‘- _;_." -ﬁ [ N —...l g

Figure 2-2. Hybrid joining with dissimilar adherends

Stuparu investigated the behaviour and strengtiybfid SLJ bonded with Al
andcarbon fibre reinforced polymeCFRBP usinga combination ofCohesive Zone
Model (CZM) and eXtended Finite Element Method (XFEMis studyfinds thatthe
overall strengtlof hybrid joints isdecreasedompared to AlAl SLJdue to carbon fibre
delamination and pulbut [30]. Hazimeh conducted a thre@mensional numerical
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analysis ofadhesiveDLJ with dissimilaradherendsinder inplane impact loading. The
results indicate thathe joints bonded with dissimilar adherends exhibit higher
maximum shear stress, primarily due to the loss of homogeneity caused by stiffness
mismatch and the edge effects resulting from adherend discontifi8it]es

Sundevelopedan experimental study on adhesive jointsided withidentical
anddissimilar materials using the Digital Image Correlation (DIC) techniquethéor
joints with identical adherends, the fracture prodeseund to be symmetric, with
cracks initiating at the ends of the overlap region and propagating toward the centre. In
contrast,the joints with dissimilar adherends exhibit asymmetric fracture behaviour
[32]. Liao conducted both experimental angmericalstudies on the fracture behaviour
of hybrid SL&. The findings reveal that, under impact tensile loading, damage initiates
at the interface of the adherend with tF
contrasts with that observed under static loading, where damage typically initiates near
the interfe e edge of the adherend J33tzhang he | o
experimentdy and numericdy investigaed the fatigue behaviour and failure
mechanisms of adhesive joints wittentical and dissimilar adherends. The results
indicate thathe damage in CFRFAI joints propagatefrom the CFRP side toward the
Al side, eventually leading to fracture near the Al end. In contreediamage in CFRP
CFRP and AlAl joints is symmetrically distributed along the central axis of the overlap
region[34].

In some applications simpleadhesivgoint may not offer sufficient strength
[35, 36] To enhance the performance of adhesive joints, several hybrid joining methods
that combine adhesive bonding with other joining techniques have been devéleped.

illustrated inFigure 23, four common types of hybrid joining techniques include hybrid
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bolted bonded (HBB) joints, hybrid rivetedbonded(HRB) joints, hybrid pinned

bondedHPB) joints, and hybrid weldédonded HWB) joints.

@ - ® £

| Bonded | Bonded
Bolted Riveted

(©) (d)

| I . Bonded | —  mm Bonded
Pinned | Welded |

Figure 2-3. Hybrid joining technique (a) Boltedbonded joint. If) Rivetedbonded
joint. (c) Pinnedbonded joint. (dWeldedbonded joint.

A HBB joint integrates bolting and adhesive bonding to connect two
componentswhichis the most widely used hybrid joining techniquBse HBB joints
offer structural reliability by ensuring functionality even if the adhesive laye&i]s
By combining the safety and robustness of bolts with the efficient load transfer
capabilities of adhesive bonding, HBB joints achieve higher load capacities than either
bolted or bonded joints alone. The bolts mitigate peel stress, while the adhesoesred
stress concentratisnaround the bolts, resulting in enhanced joint stref@fh 39]
LopezCruz investigated how adherend thickness, adhesive modulus, clamping area,
and bolthole clearance affect the strengthled HBB joints. Thefindings indicate that
the adherend thicknedsas positive effects on theint strength,while the adhesive
modulus, clamping area, aritie bolt-hole clearance have negative effecifie
adherend thickness and adhesive modahmswthe greatestffecton the result§40].

A HRB joint combines the use of riveting with adhesive bondimgich is
anothemybridjoining technique. However, unlike bolts, rivets are permanent fasteners.

Chen investigated thperformanceand failure mechanism of solely bonded, riveted
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andHRB joints using CFRP and Al material$he results indicate th#tte HRB joint
can effectively prevent catastrophic failure while exhibiting significantly higher energy
absorption[41]. Sadowski reported similar findings by modelling the damage and
failure mechanisms ¢iRB joints usingFEM, with the results further validated through
experimentg$42].

A HPB joint is designed tevercomehe shortcomings of botine bonded and
the bolted joints.The HPB joints canenhance delamination resistarered improve
damage toleranceompared to the solely bonded joifd8]. Additionally, HPB joints
caneliminate the need for drilling holes in the composite adherend, thereby avoiding
fibore damage in the laminate and the added weight associated with fastening systems
[44]. The pin types that can be used in HB joints areillustrated inFigure 24. Li
combined gperimental and numerical methods to investigate the failure load and
failure modes of adhesively bonded aH&®B SLJs. The investigationfinds that
reinforcing the SLJ with a CFRP pathievesa 19.1% increase in the ultimate failure
load under static tensiomhis improvement in strength attributed tatheload sharing
between the pin and adhesive, as welhasncreased oubf-plane bending stiffness,

which reduce peel stresses in thmnding overlag45].

Metals
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Cylinder pins Ball-head pins Spike pins Shark pins

Figure 2-4. Pin types irHPB joints [46].
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A HWB joint combines spot welding with adhesive bonding in the overlapping
areas.Compared to other hybrid joining methods using mechanical fasteners, weld
bonding offers several advantages, including higher static strength, enhanced fatigue
resistance, improved corrosion protection, lower manufacturing costs with
compatibility for mechnization, and superior acoustic performafgél. Marques
evaluated the performance of adhesives with varying ductili}/B joints and purely
bonded joints, aiming to identify theast suitable adhesivahe experimental and
numericalresults show thanoreductile adhesives perform better in bonded joamis
HWB joints, due to their ability to approach global yielding conditions, particularly in

cases with short overlap43].

2.2.3. Failure mode

The initial cracks in adhesive jointge critical, as they carnnitiate further
damage and significantly influence thmechanicabehaviourof adhesive jointsinder
appliedloading Crack initiation in adhesive joints commonly occurs at locations with
high stress concentrations, such as the edges of the baveirigpor points of sudden
geometric changp9]. In particular, the significant mismatch in stiffness between the
adherends and the adhesive intensgiesssconcentrations at the joint edges, causing
cracks to initiate once the critical load is reacf#]. Crack propagation in adhesive
joints is a complex phenomenon influencedskyeralfactors.In general, an increase
in adhesive thickness results in reduced constraint and consequently larger plastic
deformation, which leads to lower crack growth rébesdhesive jointfs1]. Adhesive
joints with notched adherends caielay the crack propagation compared to

conventional joints. This is mainly because a larger portion of the applied energy is
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dissipated through the elastic and plastic deformation of the adherends, rather than being
usedfor thefractureof the adhesive laygb2].

Crack propagation in adhesive joiteads talifferent failure modesf adhesive
joints, including adhesivénterfacial)failure, cohesive failurdijbre-tear failure, light
fibre-tear failure, stocloreak failure, or mixed failure (a combinationtafo or more
failure modes)Among these, failure modemly occur within the adherend material
such as fibreear failure, light fibretear failure, and stoekreak failurewhich can be
categorized as adherend failure. Accordinghys sulsection focuses on explaining
three of the most commofailure modes: adhesive failure, adherend failure, and

cohesive failureas illustrated inFigure 25.

(a)
Clean separation between
. the adhesive and adherend
. q
(b)

Failure occurs along
e the adhesive path

~—

q‘

(©)
Damaged adherend
. remains on the adhesive
q

Figure 2-5. The main failure mode iadhesive joint$s53]. (a) Adhesive failure(b)

Cohesive failure(c) Adherend failure
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Adhesive failureoccursat theadhesionnterface between the adhesive and the
adherend# the applied stresexceeds the bomt strength as shown irFigure 25a.
This type of failure is caused by poor surface quality of the adherends and degradation
of the chemical bonds between the adhesive and the adhe@amiamination on the
adherend surface caffectthe formation of a chemical bond between the adherend and
adhesive, which may result in adhesive fail[54]. In addition to the effecof the
manufacturing processtherfactors caralsoinduce adhesive failure in adhesive jgint
These factors include fatigue, adhesive creep, and peel s{&slses

Cohesive failure occurs when the adhesive layer breaks along its own thickness,
as shown irFigure 25b. To be classified as cohesivailure, there must be a distinct
adhesive layer on boturface of the adherends. This type of failure can result from
shear, peel, or a combination of both shear and peel stresses acting on the lagkesive
Cohesivdailure can be caused by design flaws, such as insufficient overlap length and
defects in the adhesive layf6]. However, ohesive failurein adhesive jaits is
regarded as the ideal failure mode because it indicates that the joint has achieved the
maximum strength of the materials involved.

Adherend failureoccurswithin the adherend when the mechanical strenfth
the adherends is lower than the bargistrengthof the adhesive as shown irFigure
2-5c. This type of failure is commonly observed in adhesive jaistsgthin and brittle
adherendsAlthoughit indicates strong bond performanmiethe joints theadherends
not suitable for the selected adhesive typaditionally, alherend failure frequently
takes placen the hybridjoints using dissimilaradherendsespecially when thmetal
adherends weakened by corrosion. In compositgherendthe failure load direction

depends on the stacking angle of the contactaly
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Although many previous studies hala@usedon thecrack initiation, crack
propagation and failure modeof adhesivejoints, thereis still a lack of detailed

investigations specificallinto thefracturemechanismst microscale

2.3 Influencing factor on joint performance

Adhesive jointshavea significant advantage oveaditionalmechanical joints
by providing a more uniform stress distributionthe bonding overlafl3]. However,
the effectivenesand mechanical behavioof adhesive joints depend on a range of
influencing factors. Thisection provides a detailed discussion on how these primary

factors influence the performance and reliability of adhesive joints.

2.3.1. Joint geometry

The geometry of adhesive joslays a crucial role in determinittigeir strength
and the stress distribution within the adhesive layegeneral the overall strengtbf
adhesive jointdgs primarily governed by the peak stresses experienced in both the

adhesive and the adherer88].

2.3.1.1. Geometry of adherend and adhesive

The bonding overlap length can have a significant effect on the performance of
adhesivejoints. The studes reveal thatthe overlap lengthaffects joint strength
differently depending on the type of adhesive. In jobdaded with ductiledhesive,
the strength increases almost linearly with longer overlap lengths, whereas joints
bondedwith brittle adhesive show onljmited enhancemenif the strength59, 60]

Someresearchinds that the joinstrength increases initially widnlongedengthof the
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overlap However, beyond a certain threshoddognizeds the effective valydurther
increasing the overlap length does not imprihvebond strendt [61].

The length andhicknessof the adherend and adhesive atso the crucial
factors that affect theint performancef-or low-strength adherends greatethickness
enhances their robustnesgjich canredue the likelihood of plastic deformation and
improve thejoint strength. In contrast, for higgtrength adherends, a greater thickness
can lead to increased bending moments atkbeding overlap due to loading
eccentricity, which may reduce the overall joint strei§#). In the study using carbon
conmposite and steel abe adherends, Song discovered ttia joints with a thicker
adherend exhibsta higher failure strengtf63].

Many studies indicate that the optimal adhesive thicknesshimaximum
strengthof adhesive jointsypically falls within the range of 0.1 mm to 0.5 njig4-66].
However, this optimal range can vary depending on the tyfieatihesiveCampilho
examinedthe performanceof polyurethane adhesive joints with thicknesses ranging
from 0.1 mm to 2 mm and found thiie joints with thicker adhesive layers exhibit

improved strength properti¢s7].

2.3.1.2. Geometrical discontinuities

To reducdhehigh stressest the edges of the bonding overlamdhesivgoints,
many methodshave been proposed by incorporating geometric discontinuities in the
adherend and adhesive, such as tapers, holes, fillets, round corners, and FFigiatees.
2-6 illustratessomegeometric discontinuitiesr adhesive joirg, including adherend

tapering and rounding, along with their combinations with adhesive fillets
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Outside taper Inside rounding
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Inside taper Inside rounding and adhesive fillet

Inside taper and adhesive fillet

Figure 2-6. Different ggometricaldiscontinuities in adherend and adhesi{&s].

It is foundthat both inside and outside tapering of adheraardsffective
method for reducing the loading eccentricaydstress concentration tte ends ofhe
bondingoverlap. This reduction in eccentricitecreasethe peak peel stresses at the
overlap ends, thereby enhancing the overall joint strgB§th70]

FurthermoreHaghani revealed that tledfect of tapering on stress distribution
is significantlydeterminedby the stiffness of the adherends and the adhesive used in
the joint. The studglemonstrateghat tapering is more effective in joints with softer
adherend and stiffer adhesives. Additionallthe inside taperings found to be more
effective in reducing stresses comparedhtat of theoutside tapering71]. It is also
found that rounding the corners of the adherend can significantly reduceetbsestr
[72]. Zhao investigated the stress singularity at the adherend coifrtbesends of the
overlapusing brittle and ductile adhesivesélstrength of SLJs withlarge radiusof
theadherend corners increass approximately 40% comparedttaat of thestandard
joints using a brittle adhesive. For joints with a ductile adhesive, rounding the adherend
cornershas nasignificanteffect of thegjoint strength. This differereffect isdue tothe
differentfailure mechanisms of joints bonded with bridledductile adhesivelg3, 74}

Abrupt or sharp changes in the profiethe adhesive at the overlap ends can

significantly affect the mechanical strength of joints, particulariylidswhere loading
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eccentricity plays a critical role=illets areformed throughexcess adhesivéhat is
squeezed out duringnanufacturing processUnlike normal joints, where stress
concentrations are highest at teeds of the bondingverlap, filles cancreate a
smoother load transfer paimd a greateload transferegion, therebymproving the
joint performancg75]. Dorn observedhat the spew filletsin the plasticmetal SLJs
reducethepeak peel and shear stresses comparijoints without fillets along with

a reduction in stress and strain concentrations at critical regions of the adljéégnds

2.3.2. Constituent materials andinterface

An adhesive bonded joint is comprised of three fundamental regions: the
adherend, adhesive, and interface connecting the adherend with adhébiie.
numerousstudies investigate how the geometry of both the adherend and the adhesive
affectsthe joint performance, other research focuses on the influenceeohanical

propertieof materialson the overall behaviour of the joint.

2.3.2.1. Adherend material

According to the existing studieson the adhesive joints with identicaind
dissimilar adherendd, is found that the stiffness of the adherend has a significant effect
on the overall joint performanceAn increase in adherend stiffness acetrease the
peak peel and shear stresses at the ends of the overlap, gr@rahing joint strength
[29, 77]

With the growing use of composites e adherendsmany researchs have
been conducted on adhesive jointsided withcomposite material&or the application

of composite adherend in SLJs, there are several methodsptove the joint
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performanceGanesh numerically demonstrated the effectiveness of tisggraded
adherends to enhance the bonding of compos@e® to moreuniform stress
distributionof the SLJs bonded with tlggaded adherendthe joint strength increases

by 20%[78]. Guin observedhatthe peak peel stress within the adhesigereases by
27%,throughincorporating a stiffer layer into the composite adherend adjacent to the
adhesivecompared to that obtained with a softer lay@®]. To address the premature
failure of thejoints caused by the delaminationtbé composite adherends, enhancing

the transverse toughness of the adherends can effectively reduce their susceptibility to

delaminatior[58].

2.3.2.2. Adhesivematerial

In adhesive joints, ductile adhesives exhibit higher toughness and are capable of
withstanding greater deformation prior to failure, whereas brittle adhesives are more
proneto fracture and possess limited energy dissipation capacity. These contrasting
behaviours have important implications for the strength and durability of the jbints.
optimize the stress distribution and joint performandbe graded adhesive ia
technique that alters stress distribution by adjusting the arrangement or properties of the
adhesive, resulting in a more uniform distribution of stress in both the adhesive and
adherendsThere are two common approaches to achieve graded adhesive in adhesive
joints. One approach involves using a mixed adhe&@sellustrated inFigure 27),
while the other involves local reinforcement with rubber particles or other toughening
particles suchascarbon nanotubes (CNT), clays, and various oXi68k

Thestressat the bonding overlagan be reduced by using low modulus adhesive
(ductileadhesive) at the esdf thebonding overlapBy applying ductile adhesives at

theends of theoverlap and a brittle adhesive in the midaigion the mixed adhesive
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joint achieves a more uniform stress distributi@®®]. The eperimental results
demonstrate that the strengthtbé mixedadhesive jointss 40% greater than that of
joints bonded with singledhesivd81].

Ejaz observed similar results lytroducing CNTs into the adhesive, which
enhanced the plastic response of the modified adhesive and further improved the
fracture toughness of the joint. However, excessively dense CAiTsduce joint
strength, because they serve as points of stress concentinatianceleratéhe crack

propagatiori82].

JJEg il i s i

Mixed adhesive

Figure 2-7. Example ohdhesive joirgwith mixed adhesive.

As illustrated inFigure 28, defects thatay occur in the adhesive, such as voids,
porosity, and disbonds, can negatively affect joint performaBGeaerally, porosity
refers to clusters of micreoids within adhesive bonds, whereas voids are larger regions
entirely devoid of adhesiveThe emergence of these defects is attributed to the
entrapment of air or gases during the application of adhesive, insufficient application of
the adhesive, and the presenceaftaminants on the adherend surface, such as grease
[83, 84] Porosity and voids tend tccumulate more in the middle thfe joints, with
fewer occurring near the edges where air bubbles can escape moreMseiiyhile
there is not a welteceived agreement regarding the influencing mechanisms of defects,
which inevitably occur within adhesive joints even under rigorous manufacturing

controls[85].
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Figure 2-8. Defects in adhesive joimt

The results demonstrate that the strengtanadhesive steel joins generally
insensitive to the presence of defects withie adhesivelayer [86]. Another
investigationalsofinds that the presence of a vaifl a reasonable sizat aspecific
location exed minimal influence on the loadarrying capacity of the joif87]. Other
researcherarguethat the effect of defects within the adhesive layer on the performance
of adhesive joints depends several factorsA defect withintheadhesivdayersituated
near the lap ends afjoint caninducea significant reduction in fracture strength due to
thehigh stress concentration at the lap ends. When the defect is positionechiddize
regionof the overlap, the decrease in fracture strergytblatively minor[88].

Furthermorethedefects within the adhesiVayer carsignificantly degrade the
mechanical integrity aheadhesive witta strong interfa@l strength In contrast, their
influence on the failure response of the adhesive withsarfficientinterfacialstrength
is negligible [89]. Anotherstudydemonstratethat the effect of the defect within the
adhesivdayersignificantly depends on the adhesive typbas a greater impachthe
performanceof the joints bondedvith ductile adhesive in comparistmthose bonded

with brittle adhesivg90]. Richard numerically found that the incorporation of local
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defects in some casesuldresult in joint strengths exceeding those predicted by the
simulation without defects This outcome is attributed to the promotion of more
progressive failure throughout the entire joint strucf®¥. Consistent with other
numericalstudies,defects aremodelled as a twdimensional feature spanning the
entire adhesive thickness, which oversimplifies actual conditions. Moreover, the lack
of established acceptance criteria for porosity tolerance constrains the practical
applicahlity of the findings

Through Xray microtomography, Dumont found that tensile loadoogld
induce the nucleation of new defects and the coalescence of existing ones, which in turn
may lead to premature failure. Moreover, the most pronounced geometric
transformations of the porese observed in the middle region of the adhesive layer
thicknesg492]. Ahmed examined the interaction between defects and cracks in adhesive
joints. The study revealthat defectshave a negligible effect on Mode | crack
propagation but exert a significant influence on Mode Il crack growth, particularly when
located near the crack tip. Flatter and more elliptical dedeetshown to be particularly
detrimentaldue to alterations inthe crack deflection angig93]. Although many
previous studies haecusedon theperformancef adhesive joirgwith defects there
is still alack of detailed investigations specificaligto the failure mechanismst

microscale

2.3.2.3. Interface

The enhancement of the adhesion of the interface between adherend and
adhesive is crucial to improve the overall joint performance, usually achieved by proper
surface treatment$94]. Thus, substantial investigations have been dedicated to

studying different treatments for adherend surface, encompassing surface c[8&hing
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laser treatment®6, 97} mechanical treatmenf88-100], and acid chemical etching

[101, 102] Furthermorethe adhesiorcriterion requireshatthe adhesive have a lower
surface tension than the substrate for good wetting. As a result, the epoxy adhesive
exhibits weaker adhesion to the polymeric substrate compared toetiaésubstrate

[103].

As one of the results of surface treatments, surface roughness is recognized as a
critical evaluative parameter for surface characteristics, exerting signiéffantson
the performance of adhesive joints. It has been investigated that the correlation between
the tensile strengtbf an adhesive joint artie surface roughness tife adherend not
merely proportional or inversely, exhibiting an optimum vdlL@]. To determine the
optimal surface roughness for specific adhesive gpmasearchers conducted several
experiments to investigate the performance of jojd85, 106] The literature
highlights the pivotal role of surface roughness in establishing a reliable bond, as it
effectively enlarges the contact area and provides strong mechanical interlocking
between the adhesive and adherd¥].

Some researches have found that appropriate surface roughness can increase the
contact area and facilitate more bonds between the bonded materials, thereby improving
joint strength108, 109] Other studies have shown that the improving performance of
adhesive joints with rougher adherend surface is attributed to the mechanical
interlocking[110, 111] Figure 29 presents the mechanical interlocking between the
adhesiveand the adherendrurthermore, Kewon found that the suitable surface
roughnesscould cortribute to the optimal mechanical interlockifyl2]. However,

Yang claimed that the trend of tensile strength for adhesive joints could not be solely

elucidated by increasing roughness characteristics associated with mechanical
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interlocking. It was also associated with the surface energy, correlated to the effect of

adsorptior{104].

Adhesive

Adhesive Mechanical interlocking

Substrate

Figure 2-9. Mechanical interlockig in adhesive joirg[113].

Moreover,Marinosci investigated the effect of surface roughness on the fracture
toughness of titaniunthermoplastic composite joints. Their results show that
increasing surface roughness significantly enhances the fracture toughness of the hybrid
interface, untili r eaches a threshol d [M4ISkhokrianof app
conducted several surface treatments Adnadherends and found that chemical
treatments, such as acid etchieguld significantly increase the surface roughness,
leading to higher jointteength and promoting cohesive failure, whereas mechanical
treatments that produce lower roughness result in weaker joints with a higher likelihood
of adhesive failur§l15]. Andrea explored the effects of surface roughness, induced by
sandblasting, on the Modebehavior of flax/epoxy adhesive joints. The study shows
that increasing adherend surface roughness can influence-IMaidé performance,
with an optimal roughness mianizing bonding strength, while further increases in
roughness reduce fractureneggy [116]. Although many previous studies have
dedicated onhejoint performance in consideration of surface roughness, érere
sufficient investigations specifically addressing fadure mechanisms of joints at
microscaleo clarify the effects of roughness on joint performance
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Additionally, the defecton the interface has the potential to significantly
undermine the strength of adhesive js[88]. This kind ofdefects can cause significant
loss of adhesion iadhesivgoints [117]. It is found that the presence of the interfacial
defects within the bonding region can elevate stress concentrations, especially at the
edges othebonding region, and further leadgeemature failure and debondingtbé
joints [118]. Furthermore, premature failure at the edgethejoint decreaes the peel
strength of the joint$119]. With the increased size of interfacidéfects the joint
strengthdecrease$120]. A comprehensive numerical studpnducted byCheikh
focusingon adhesively bonded pultruded GFRP lap joints containing bondline defects
of varying location, size, and number confirmed these effEbsresults show that the
number and position dfiondlinedefects have the most significant impact onafut
plane displacement and stress concentrations, particularly near the overlap ends, while

the size obondlinedefects has a smaller influende1].

2.3.3. Environmental factors

As illustrated inFigure 210, several environmental factors can affect the
strength anddurability of the adhesive joints, including temperature, moisture, and
ultraviolet radiation. In general, temperature and moisture absorption are the primary

environmental factors influencing the strength and durability of adhesive joints.
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Figure 2-10. Environmental facta affecting the durability of adhesive joiffi2].
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In adhesive joints, adhesives and resin matricesigreficantly affectedby
moisture. Moisture typicallynfluencesthe properties of adhesives by increasing their
ductility while decreasing their elastic modulus and strefi2B]. The study of pre
bond moisture examinete effect of the moisture content in thadherendbefore
bondingon the performance othe adhesive joints. The pi#t@ond moisture issue is
particularly crucial forthe joints bonded withpolymericcomposite adherend$he
study finds thatthe presence of moisture in the composite léadsreduction in joint
strength [124]. Additionally, the presence of p#gond moisture in the adherend
significantlychangeshe failure mod®f adhesive jointsshifting from cohesive failure
to interface failure, and additionally, multiple crack failures can occur whehqoe
moisture is preseni25].

With the increasingdemand for the adhesive joints to withstand high
temperatures in the automotive and aerospace industaegresearchs havebeen
conducted tastudythe effects of temperature on joint performance and ways to ensure
the structural integrityof the jointsin such environmentd.he key factors influencing
the performancef the adhesive joirg across a broad temperature range are cure
shrinkage, thermal expansion coefficients, and the variation in mechanical pragerties
adhesivg126]. The experimental studies atme adhesive jointbonded withstructural

adhesives (particularly epoxies) demonstrate a reductitreijointstrength withthe
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increase or decrease t@mperature. Ahigher temperaturesit is attributed tothe
decreasedtrength of the adhesivevhile at lower temperatures, it is duethe high

thermal stresses and the brittleneisthe adhesiv§l27, 128]

2.4 Analysis method of adhesive joirg

Adhesivebonded joints can be analysed using analytical metunodisumerical
methods. Analytical methods are fast aagy to analyse the adhesive joihtswever,
analytical methods rely ocertainassumptions fathe complex joints, which caaffect
the accuracy of the results contrast, numericahethods such as~EM, canhandle
complex geometries and material behaviours without assumpéitthsugh analytical
methods still play a role as an initial indicator of jopgrformance, they have been

largely repaced by numerical methofi22, 129]

2.4.1. Analytical method

Over the years, several analytical methods have been developed to predict the
performance othe adhesive joints, significantly reducing the need for costly testing
and analysis timeThe simplest linear elastic analysis focuses on the most common
single lapjoint. This analysis assumes that the adhesive deforms exclusively in shear,
with the adherends treated as riffi@0].

Volkersen proposed a shear lag model for adhesively bonded lap joints and
introduced the concept of differential shdaassumes the adherends are under tension,
and the adhesive experiences only shear stress. Both stresses are constant across the
thicknessMeanwhile the model assumes the adhesive is stiff and does not bend under

load[131]. Thereforefor caseghat adhesive joints experienpkastic deformation or
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significant peeling, a more advanced model is requadand extendethis study by
consideringhe bendingeffect of adherend, which results in peel stress in the adhesive
layer[132].

With the growing use of composites in adhesive joints, many studies have
focused on developing analytical methods for joints that use composite maierials.
investigate the effects of adhesive thickness and loading conditions on stress
distributions within the adhesive layer, Yousefsani proposed an analytical solution for
SLJs bonded with compositessing the full layerwise theory133]. Wabh firstly
analyse the laminated composite adherends thae symmetrical about their
midsurface. In thisanalyticalmodel shear streswithin adhesive isassumed to be
constant across the thickness, while peel stcassvary [134]. Additionally, Yang
investigated theasymmetric composite adherends in both balanced and unbalanced
joints, taking into account the coupled effectthefexternal tensile loading and bending
moments caused by the asymmetry of the composite lam{d&t&s

Mortensenproposeda unified approach for adhesive joinisth composite
adherend. In this approach, the adhersnaiodelled as a beam or wide plate under
cylindrical bendingand is considered as arthotropic laminate using classical laminate
theory. The adhesive is assumed to be a linear elastic material, or, alternatively, the
inelastic behaviours of many adhesives is consid§t868]. Basedon the unified
approachZhangdevelopeda method for analysing muléixial stresses in composite
joints, incorporating transverse-ptane strain and hygrothermal effects, and enabling
the computation of both iplane and intéaminar stresses in the adherefid¥7].

The stress distributionef the adhesioninterface in adhesive jointsare
significantlyinfluenced by the loading and boundary conditions. However, there are no

practical experimental techniques available to direaligtermine these stress
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distributions[122]. Yousefsanidevelopednew analytical solutions foBLJs bonded

with compositesinderdifferentboundary and loading conditions, basethe energy

met hod and Ti moshenkods beam theory. The:
have a significaneéffecton the interfacial stress distributions within the adhesive layer
[138]. Wu establisheda novelself-consistent stresginction variational method for
analysing the stress in adhesbanded jointsThe entire stress field of theint can be
consistently represented by fdunctionsof theinterfacial stressnthe two interfaces,

within the framework of EuleBernoulli beam theory and linear elasticity. Timsthod

offers the advantage generalityand ensures that the strégdd solution satisfies all

the multiple traction boundary conditions at both the adherend ends and across the
interfaceq139]. Wang proposed a novel thrparameter elastic foundation model to
analyse thenterfacialstresses in adhesively bonded joints. In this model, the adhesive
layer is designed as two normal spring layers interconnected by a shear spring layer.
The new model satisfies all boundary conditions and accurately predicts which interface

experiences the highest stress concentritié).

2.4.2. Numerical method

As the design of thadhesive joird becoms increasingly complex, analytical
methodsare difficultto provide accurate predictions. This is because the mechanical
behaviours othejoints areinfluenced not only by their geometry but also by material
properties and varying boundary conditions. The combination of increasingly complex
geometries and thredimensional naturef the jointsmakes it challenging to formulate
a comprehensive system of governing equations for predid¢tiegmechanical
propertiesof the joints[122, 129] Therefore, numerical methods are the preferred
choice for predicting the mechanical behaviours of adhesive.jgimsng the different
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numerical methods for adhesive joints, FEM is the most commonly agpice@®EM

is increasingly used

24.2.1. FEM

FEM is based on continuum mechanics and discretizes the analysis domain into
finite elements connected at nodes. The general governing equation for static analysis
can be expressed as:

v o6 O (2-1)

where U is the global stiffness matrix¢ is thevectorof nodaldisplacemers;
and "O is thevector of appliedhodalforces.

FEM enables the analysis of stress and strain distributions in adhesive joints,
facilitates the prediction of their failure mechanisms, and supports the optimization of
joint designs. This is accomplished by developing a detailed numerical model of the
joint, which allows for the simulation of different loading conditions, geometries, and
material characteristic§everal approaches can be utilized to evaluate the failure of
adhesive joints

Some strairbased failure criteria have been developed to predict the failure
behaviourof adhesive jointsAyatollahi proposed the Criticabngitudinal Strain (CLS)
criterion, a strairbased approach that relies on two key parameters: the critical
longitudinal strain, which is the experimentally determined strain at which failure
initiates in the adhesive layer, and the critical distanc&etfs the location along the
adhesive migplane where this strain is reached. According to this critefédre in a
SLJ occurs when the longitudinal strain along the adhesiveplaig reaches the
critical longitudinal strain at the defined critical distafitél]. Razavi introduced a

new criterion called theritical normalstrain criterion for predicting the failure load in
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adhesively bonded double strap joints, based on the normal strain along the adhesive
mid-plane. This criterion determinésejoint strength by using a critical normal strain

at a specific critical distance, similartteat ofthe CLS criterion, but with normal strain
instead of longitudinal strairf-urthermore,This criterion is meshindependent and
provides accurate predictions for floent strength142].

The Continuum Damage Model (CDM) uses a damage parameter to model the
stiffness degradation of adhesive elements, allowing it to predict both crack initiation
and growth. Gar@ employedhe CDM to predictthe initiation and propagationf
cracksin a joint bonded with a ductile and tough adhesiVemodeluseshe Drucker
Prager exponential criterion to describe the elpfstic behaviouof the adhesive,
with alinear softening. The results accurately predict the crack pahre 211) and
joint strength,compared to those ekperimentatesultg143]. Zhang applied th€EDM
with linear softening tstudythe strength oé jointbondedwith dissimilar adherends,
and the numerical results are consistent with the experimental finéiagsd on this
model, the effect of different metals and composite stacking sequences on joint strength

is investigated144].

Experiment

Simulation N

Figure 2-11. Experimental anchumericalcacks in thedhesivgoint [143].

The CZM combines a strengibased failure criterion to predithe damage

initiation with a fracture mechanidsased criterion to determiriee crackpropagation.
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This approach employs specially paired nodes that follow a defined cohesive law, such
as the tractiorseparation lawl45]. There are two primary approachies the CZM:

the local approach and the continuum apprpashilustrated ifrigure 212. In the local
approach, cohesive elements are used to connect superimposed nodes of elements,
representing a zetthickness interface in adhesive joints. In contrast, the continuum
approach uses cohesive elements to model the entire adhesivewlbnd, finite

thicknessconnectinghe two adherend4.29].

. s

Cohesive elements with zero thickness <
) S S S - -

1 Cohesive elements
[ Adhesive solid elements
[ Adherend solid elements

(b)

11 Cohesive elements Cohesive elements replacing the adhesive layer

[ Adherend solid elements /

Figure 2-12. Cohesive element in S[1R29]. (a) Local approach (b) Continuum

approach.

O6Mahoney conduct dodSLabondedgvithacdmposite®r al y si s
CZM is employed to represent the interface, whil€@M is used for the adhesive
bondline. The study numerically examértbe effects othe interfacial adhesion and
adhesive strength on the performancehafbonded composit§LJ [146]. Campilho
evaluated the strength predictions of the SLJs with varying overlap lengths using

different cohesive law shapes. The study finds that the triangular laws are better suited
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for the brittle adhesives, whereas trapezoidal laws are more appropriate for the ductile
adhesive$147]. Nunes analysethe strength of the SLandDLJ with three different
adhesives using the CZM. The study res#ahtthe DLJ exhibits approximately twice
the strength othe SLJ when the same adhesigaised. The strength prediction from
the CZM closely matches the experimental requ4s]. Moya-Sanz investigated the
effectof geometric modificationsn the strength of the SLdsing a ductile adhesive.
According to the result from the CZM, it showsat recessing the adherencen
enhance the joint strength, while chamfering both the adhesives and adhesénds le
a greater increase the jointstrength[149].

XFEM can predicthefracture in a material without requiring prior knowledge
of the crack path within the finite element meSbmpared to the CZMhe crack can
propagate freely within the elements, independent of element boundaries, eliminating
the need to define a specific crack path or an initial crack in the struSaméos
employed XFEMto model damage mechanisms in adhesive joints reinforced with
inorganic fillers Compared to the experimental resulbe XFEM effectively predicts
the failure mods of the bonded jointd50]. Additionally, based orthe numerical
results forthe DLJs with three different adhesives using XFENg research findbhat
the stres$ased criteria provide the most accurate results, showing minimal errors for
all adhesive§l51]. Mubashar combined XFEMith CZM to study theSLJs with fillets,
utilizing a triangular CZM at thedhesioninterfaces and XFEM for the remaining
adhesive, including the fillet. This method provides accurate predidtorike joint
strength andrcture Thenumerical cracks initially occun the fillet regionnear the
bottomadherend anthenpropagate towards thep adherendand along the interface

[152].
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2.4.2.2. DEM

DEM was proposed by Cundall to study rock mechanics in 1971, which was
used to reflect the discrete characterization of syfl&8]. In a twodimensionaDEM
model, as illustrated iRigure 213, the material domain is discretized using particles
A and B, each possessing mass. These particles, typically assumed to be rigid and
circular, are bonded at contact. They interact throughe contactand will separate

once the bond strength or fracture energy threshold is exceeded.

Particle A

Contact

Particle B

Figure 2-13. Particle and contact in DEM.

The system is considered to be in dynamic equilibrium when the internal forces
among particles are balanced. Under the external loads, the motio& pérticleis

governeby Newt ondés second | aw

(ORI BN I o! (2-2)

b D (2-3)

where’Q phc denotes theéandwcoordinate directions, respectivel@is

the resultant forcer the sum of all externally applied forcasting onthe particle
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representthe mas®f the particlew is the acceleration of the particl&,is the body
force acceleration vector (e.g., gravitational loadifg)is the outof-balance moment
in & coordinate direction$, is the angular accelerationdrcoordinate directionsQs
the rotational inertia of the particle.

The computation iiDEM follows a cyclical procesisetween the application of
Newtonds second | aw of mo tdisppacementlawdoa c h  p a
contacts between ballas shown irFigure2-14. Several forcelisplacement laws are
employed for contact modelling, including the linear contact bond, linear parallel bond,
smooth joint, and flat joint models. These models utilize the concept of bonding, where
shear and/or tensile forces may develop essult of relative motion between patrticles.
Additionally, the Hertz and hysteretic contact models \aigely usedto simulate
impact interactionsThe Hertz contact model is composed of a nonlinear formulation
based on an approximation of the MindlindaDeresiewicztheory. The hysteretic
contact model combines the elastic component of the Hertz model with an additional
dashpotgroup that includes a nonlinear viscoelastic element acting in the normal
direction.

Contact forces are computed by tracking the particles within a designated
measurement circle. The displacements of the particles are determined by applying a
constant velocity and monitoring their trajectoridsthe start of each computational
cycle, the initial positions of the particles are known. Subsequently, a- force
displacement law is applied to each contact bond to calculate the corresponding contact
forces. These contact forces are then incorporatedhetequations of motion, which
allow for the calculation and updating of particle positions using the central finite

difference method
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[ Initialize discrete particles in a domain J

l

[ Position of the particle and wall at the timestep }—

l

[ Force displacement law ]

Contact force

dooj auug,

{ Equation of motion ]

[ Position of the particle and wall at next timestep ]—

Figure 2-14. Calculation cycle of the DEM model.

DEM is highly effective for simulating granular materials and discontinuous
systems by modelling the behaviour of individual particles. It offers valuable insights
into complex phenomena such as flow, breakage, and deformation that are often
difficult to simulate bytraditional continuum approacheEherefore DEM has been
increasingly utilizedto study the failure mechanisnacross various engineering
research fields, including metal, composite, and joinvighebkhahpresentda two
dimensional numerical model based on the specialdell for the nonlinear static
analysis of masonfinfilled steel frames with openings underglane monotonic
loading. The model effectively predsthe collapse load, joint cracking patterns, and
potential failure modes of masoniryfilled steel frames, considering the location and
relative size of the opening454]. Maheo introduce a threedimensional numerical
model employing the DEM to simulate damage in unidirectional composite materials.

The model effectively captures local degradation mechanisms, including matrix micro
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fissuring, fibre/matrix debonding, antibre fracture. Simulations of tensile and shear
loading exhibit strong agreement with existing literature, demonstrating the capability
of DEM to accurately predict crack propagation pathompositg155]. Yu develod
athreedimensionaDEM model to simulate the strength and damage propagation of
carbon fibre reinforced polymé&FRB plates and bolted lap joints under axial tension.
As illustrated inFigure 215, the model calibratedith experimental data, accurately
predictsthe failure loads and modes, showcasing the advantages of DEM in capturing

microscalecrackpropagation over tradition&EM [156].

w
S

PFC3D 5.00
2018 haaca Commutng G e (2.3,16.4)
cateme o \

o

Load (kN)
S

—O—Test
5 === DEM

0.0 0.5 25

1.0 1.5 2.0
Deformation (mm)

(b) load-deformation curve

¢) cracking in test (e) rotation in test
2

(d) cracking in DEM model (f) rotation in DME model

Figure 2-15. Comparison between the numerical and experimental resfibtsted
lap joints[156].
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There are two main approaches foe calibraton of theinput parametersm
DEM [157]. The first approacfor the calibration of the parameters in DEM models is
calledthebulk calibration approach, which aims to numerically reproduce the original
experimental setup and procedures as closely as podsilies calibrationapproach
DEM parameters are iteratively modified until the simulated bulk behaaiiguns with
the experimentally results. gotentialdrawback of this method ikat there can be mer
than one set oparametergeproducing thesimilar simulated bulk behaviouhe
secondapproachis called the direct measuring approach which determinesthe
parameter by directly measuring the properties at the particle or contactTleigel
approach can onlgbtainreliable results if the particle shape and size are reasonably
well represented, and if the contact maati#quately reflects the actual physical contact
behaviou[158].

Although the calibrationof DEM parameterss a timeconsuming process, a
machine learningML) based approactan bedeveloped to significantly improve the
efficiency. Gu proposed a novel threimensionalDEM for simulating anisotropic
composite materials by fully capturing partibdel interactions. To address the
challenge of calibrating the microscale bond parametieis,studyintegrats a ML
approach with a genetic algorithm, enabling efficient and accurate identification of bond
propertieg159]. Shentudevelopedn endto-end ML framework to efficiently calibrate
complex DEM models. The framework is composed of two stages: the first stage
predicts the strength @f singlephase geomaterial, while the second stage focuses on
estimating the overall strength of a mydhase geomaterial samples0].

DEM is a discontinuous method capable of simulating particle interactions and
discrete fracture process@serefore, an increasing number of studies have employed

the DEM to investigate thdailure mechanisms of joints, due to its flexibility and
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robustness in accurately simulating the microstructure and capturing mixed failure
modes at both the macroscopic and microscopic scales.

Wang used the bulk calibration approach combined with the genetic expression
programming modelling and symbolic regression model to determine the
microparameters for the soft bonds of the brittle and ductile adhesive in DEM, as
illustrated inFigure 216a andFigure 216b. Through the validation of experiments
such as DCB, ENF, and SLJ shear tests, the developed models can effectively predict
the micromechanical behaviours of the adhesives under different loading conditions,
including the mixeemode failure[161, 162] Furthermore, the micromechanical
response and failure mechanism of theAAIPPA-PPA and hybrid SLJs are analysed
using the developed DEM models, as illustrateigure 216¢c. The study reveals that
the rotation angle of the joints affects the normal stress at the interfaces, which
subsequently influences the mixawde behaviour and joint strength when using

adherends with varying stiffnegs63].
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Figure 2-16. Comparison between the numerical and experimental resfuBtJs
[161-163]. (a) Brittle adhesive.l) Ductile adhesive(c) Failure modes

41



Xue conducted both experimental and numerical investigations on bolted GFRP
joints under uni axi al tension and various
The developed DEM modebwe capable of predicting not only the properties of the
joints but also the failure modes, including detailed meso/nhesrel damage, which
areconsistent with the experimental observatid®!]. Due tothe advantages of DEM
in modelling the initiation and propagation of microcracks, Kanani developed DEM
models to estinta the failure load and crack path in the adhesive bond line of joints.

The failure load and crack path predicted by the DEM model sbtmseagreement

with both experimental and FEM resyl165].

2.4.2.3. Comparison of FEM and DEM

For the numerical analysis of adhesive {giFEM treats the adhesive layer and
adherends as continuum media, allowing accurate representation of stress and strain
distributions, cohesive failure, and material nonlinearity. However, FEM faces
challenges in accurately replicating microstructures minomechanical behaviors
[166, 167] For example, the sinusoidal functions to represent thelabmterface is
utilized and the spatial heterogeneity of adhesion is used instead of considering the
microroughnes$168]. Defects are typically introducdd the models by selectively
removing elements from the adhesive layer at macrofade 169]

CDM, CZM and XFEM are widely used in FEM to study the fracture analysis
of adhesive joints. However, each method has limitations. CZM can only simulate
damage along a predefined crack path using macroscopic parameters, which cannot
capture the real fractarnnitiation and propagation at microscfl&@0]. XFEM is also
directly based on macroscopic parameters and cannot search for failure points along the

interface[171]. CDM cannot properly capture discrete matrix cracks, shows strong
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meshdependence in crack path prediction, and lacks direct control over crack
propagation along material featu{@g2]. Therefore, these methods are not particularly
suitable to describe mixed model failure for adhesive joints.

In contrast to FEM, which is constrained by significant element distortion and
frequent remeshing[173], DEM does not encounter these limitations. Due to its
discontinuous nature, DEM has the potential to overcome the challenges typically
encountered in FEM when modelling microstructure replication and fracture simulation
of mixedmode failure at the microale. Nevertheless, the calibration of DEM
parameters can be a tirsensuming process. Additionally, DEM has the potential to
induce localized stress moentrations or uneven stress distributions, as stress and strain
calculations are based on local contacts and particle interactions.

Considering the flexibility and robustness of DEM in reproducing the
microstructure feature and capturing the mixed mode failure, this study utilizes DEM
to explore the effect of microstructural features on the performance and microscale

fracture mechanissof SLJs

2.5 Conclusion

This chapter presents a review of the current state of research on adhesive joints.
The review begins with an investigation into the configuration, hybrid joining
techniques, and failure modes of adhesive joiBtdbsequently, the effects of joint
geometry, material properties, adhesioterface and environmentalactorson the
performance and failure mechanisms of adhesive joints are revielweever, here
is not a welreceived agreement regarditng effect oimicrostructurafeatures such as
microstructural surface roughness anahicrostructural defect Investigating these
effectsat the microscaleanoffer a more detailed understanding of localized behaviours,
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such as crack initiation and propagation, which are crucial for accurately predicting the
overall performance and failure modes of adhesive jdimsilly, the analysis methods

for adhesive joints are discussed, covering both analytical and numerical approaches.
As adhesive joint designs become more complex, analytical me#ineddficult to

provide accurate predictions. In contrast, numerical methods can effectively model
complex geometries and material behaviours without relying on simplifying
assumpwns. While FEMcan bdimited in simulating the fracture process of adhesive
joints, particularly under mixed failure modes, DEM demonstratesbdity to model
complexfracture behaviour, especially in tracking crack initiation, coalescence, and

propagation.
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Chapter3

3 Experiment work

3.1 Introduction

This chapter presents the experimestaidy for determiningthe mechanical
properties of adherends, adhesive, and Atyée SLJs used in this research, as well as
for analyzing the microstructuraurfaceroughness anahternal defectswithin SLJs.

The adherends used in this study are 6082Zaluminum alloy and 50% glass fiber
reinforced PPA plates (Grivory HF8H1 Black 9205), while the adhesive employed

is Loctite EA 9497The adherend materials and adhesive are selected based on a real
world lightweight design for the automotive industrilechanical propertiesare
obtained through tensile tests followiimgernationaktandards: ISO EN 485:2004 for
adherends, ISO 527:2012 for epoxy adhesives, and BS ISO 4587:2003 for Shés.
norrcontact optical measurement systand mechanicatxtensometeare utilized to
measurghe displacement and strain.

Experimental methodologies for assessitige microstructural surface
roughnes®f adherendand microstructuraldefectswithin bonding overlap of SLare
systematically presented in this chapgfegrinding machine is employed for the surface
treatment of adherends to achietrgee roughness grades. A naontact laser
microscope is used to characterize microroughness profiles, with surface roughness
measurements conducted in accordance witirnationalstandards, including ISO
4288:1996, BS EN ISO 11562:1997, and BS EN ISO 3274:1998. Scanning Electron
Microscopy (SEM) is employed to analyze the microstructural roughnesseof th

adhesion surface and detect defects within the bonding region. Furthermore, Computed
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Tomography (CT) scanning is conductedudherexamine microstructural defects in

the bonding region.

3.2 Bulk properties of adhesive

Epoxy adhesives are well known for their high strength, durability, and
versatility, as well as their exceptional resistance to aggressive environiratiite
EA 9497is a generapurpose adhesivaesigned fobondng a wide variety of materials
It is a twopart structural epoxy adhesiw@xed using a dual cartridge applicator gun.
This mediumviscosity, roomtemperatureuring adhesive is weluited for heat
dissipation applicationandhigh compression strength applications

To obtain the bulk properties dfoctite EA 9497, the standard adhesive
specimen is designed based on ISO-82012.Figure 31la illustratesthe geometry
configuration ofthe adhesive specimehe epoxy adhesive is applied using a gun
fitted with a nozzleand then manually spread evenly within daneshaped cavities
of a 6@shore silicone mad. The adhesive is left to cure at room temperature for seven
days as shown ifrigure 31b. Theadhesivespecimen features an overall length of 160
mm, with a gage lengthof 50 mm and a wide gauge sectiohl0 mm. The ends
measure 20 mm in width, while the thickness is 6 mm, as indicated in-#herdss
sectional view. The transition between the gauge section and the wider ends
incorporates a 60 mm fillet radius, designed to minimize stress concentratibns an
ensure uniform stress distribution during mechanical teskimg mechanical test of the
adhesive specimen is carried out using Instron 5985 series machine with 250 kN, as
shown inFigure 31c. The crossheadpeed is set to 0.5 mm/min. A mechanical

extensometer is employed to measure strain.

46



()

10

——

50

6
Unit: mm

160

(b)
Adhesive specimen

<« Silicon mould

—
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0.05% and 0.25%wollowing the standard EA I1SO 527. 2012.

='~<(

(3-1)

Youngbés m O

*I<:

Where ¥, and Y- represent the variations in tensile stress and strain,
respectively,

Figure 32 illustrates the representative strssimin curvegrom the tensile test
results of Loctite EA 9497. The bulk properties of the tested adhesive specimens are
summarized inTable 3-1. The average tensile strength anoung's modulusof the
epoxy adhesive i85.1 MPaand9645MPa, respectivelyThe coefficient of variation

for the tensile strength reaches up to 12.0%, which may be attributed to the presence of
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uncontrollable defectsT h e P o i s sob théadhesivaist0i2®, based on the

manufacturer data
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Figure 3-2. Stressstrain curves of tested adhesive specimens

Table3-1. Thebulk properties of tested adhesive specimens

ID Tensile strength(MPa) Youngé6és mod Poissonratio
E1l 32.5 8955 /
E2 314 10396 /
E3 40.8 9585 /
E4 35.5 9645 /
E (AverageSD) 35.1+4.2 9645t590 0.29

*Manufacturer dataSD: Standardieviation

3.3 Bulk properties of adherends

Two types of adherend samples of dimensions of 100X25X3 mm are cut from
6082 T6 aluminum alloy and 50% glaf@ser-reinforced PPA plategGrivory HTV-
5H1 black 9205)Specifically, the PPAplatesarecut to ensur¢éhe adherendength is

aligned with the fiber directionCompared to other polyamides, the standout
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characteristic of theelected PPA is igoodperformancet high temperaturesnabling

the production of parts that are stiffer, stronger, and exingpltetterheat distortion
stability and chemical resistancBhe aluminum alloyis provided in bar form with
dimensions of 25 mm in width, 5 m in length, and 3 mm in thicknesssand to the
required size using a hydraulic guillotine. The RARAupplied by EMS Switzerland in

plate form, with dimensions of 100xL00X3 mrihe selected adherend materials are
based on a reatorld lightweight design approach for the automotive industhe
mechanical testing of the adherend specimens is conducted using an Instron 5985 series
testing machine with a 250 kN load cell, at a testing speed of 2 mm/min.

Figure 33 illustrates the representative stragisin curvedrom the tensile test
results of Al and PPA adherends. The bulk properties of the tested adherends are
summarized inrable 32. The averaggield stress i284.4MPaand 230MPa forthe
Al and PPAmaterial respectivelyThe yield stress determined by plotting the stress
strain curve and drawing a line parallel to the initial linear region of the curve, offset by
0.2% strain, until it intersestthe stresstrain curve.The Young's modulus is
determined over the strain range of 0.05% to 0.25% using Equafiofmt#: average
Young's moduluss 70524 MPa and 17642MPa for the Al and PPA adherend
respectively.The Poi s s oO0BG@.03 ana t0.320.04 ifos the Al and PPA

material, respectively, which refers to stady[174].
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Figure 3-3. Stressstrain curves of tested adherend specimef&) Stressstrain curves

of Al specimengb) Stressstrain curves of PPA specimens

Table3-2. Thebulk properties of tested adherend specimens

Property Al (AveragetSD) PPA (AveragetSD)
Yield stresgMPa) 284.4t5.6 2300t6.9
Y o u nrgodudus (MPa) 705241095 17642471
Elongation at fracture (%) 7.0£1.0 1.6:0.1
Poissorratio 0.30:0.03 0.32:0.04

3.4 Fabrication of multi -type SLJs

Three types ofSLJsare manufactured for the SLJ shear testsording to

internationalstandardBS 1SO 45872003 which are the ARI, PPA-PPA and hybrid

(Al-PPA) SLJs, as shown ifrigure 34a. Each type of SLJ is subjected to surface

treatment(details are provided in Subsection 3.41Yhe adherends to achieve three

surface roughness gradesich are labelleasG1, G2, and G3, respectively, as shown

in Table 33.
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Figure 3-4. SLJ specimen (a) Three types of SkJ(b) Geometry configuration of

SL&E.

Table3-3. The categories ohulti-typeSLJE with different roughness grades

Roughness grade of top

Roughness grade of

Type Subtype adherend bottom adherend

Al-Al SLJ Al-G1 Al grade 1 Al grade 1
Al-G2 Al grade 2 Al grade 2
Al-G3 Al grade 3 Al grade 3

PPAPPA SLJ PPAG1 PPA grade 1 PPA grade 1

PPAG2 PPA grade 2 PPA grade 2

PPAG3 PPA grade 3 PPA grade 3

hybrid SLJ Hybrid-G1 Al grade 1 PPA grade 1

Hybrid-G2 Al grade 2 PPA grade 2

Hybrid-G3 Al grade 3 PPA grade 3

To ensurethe optimal adhesive bondindhe surface ohll the adherends is

cleaned after the grinding process with Acetone and Loctite SF 706 to remove grease
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residuals. Six short copper wires, each with a diameter of 0.2 mm and a length of 0.5
mm, are placed on the bonding surface of one adherend to ensure a uniform adhesive
layer thickness. These wires lie parallel to the direction of the appliedhoée joints
Furthermore, two end tabs are bonded atwteedges of SLJto mitigate the impact

of bending induced by the eccentricity of the applied loading during tests. All SLJs
undergo a seveday curing procesatroom temperature conditions. The dimensions of

all the SLJs are standardized, with a total length of 175 mmaandith of 25 mm.
Additional specificationgncludean overlap length of 25 mm, adherend thickness of 3

mm, and adhesive thickness of 0.2 mm, as illustrat&ture 34b.

3.4.1. Surface treatment

Silicon carbidegrinding papersvith grit sizes P60, P12@nd P2500 are used
for the surface treatment of the adherends to obtain three roughness gtazles.
grindingprocessor the adherends carried out using a SAPHIR 330 grinding machine,
operated at 100 revolutions per minute. Each specimen is ground for a duration of 2
minutes. Non-contact surface roughness measurement offers several advantages,
including nondestructive evaluation, rapid measurement capability, and safe
assessment of delicate madés. For highprecision microroughness profiling, the
OSL5000 3D laser microscops employed This instrument provides exceptional
angular detection sensitivity and generates Hoightrast images, significantly
improvingtheaccuracyof surface characterization.

After the surface treatment of the adhegide groundand cleanea@dherends
are positioned on the laser microscopesiorfaceroughness analysi$he measuring
process, illustrated ifigure 35, is carried ouby following internationalstandards,
including ISO 4288:1996; BS EN ISO 11562:1997; BS EN ISO 3274:1998. The
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roughness of the adherends is determined by calculating the average of the three

different scanning areas shownFigure 35.

Laser scanning

Adherend surface Reconstructed surface

Figure 3-5. Scanningorocesdor thegroundadherends.

For roughness measurement, the reconstructed 3D surface profiles of the ground
adherends are analyzex$ shown ifrigure 36. In surface roughness measurement, the
selection of sampling length and evaluation length significantly affects the accuracy and
representativeness of the resuliBhe sampling length determines the -offt
wavelength for distinguishing roughness from wavinessle the evaluation length is
the profile segment usddr the calculationof roughness parametets.this study,the
samping lengths of the filter to separate roughness and waviness are set as 2.5 mm for
the adherends ground by the P60 grivhile a value of 0.8 mm fathe adherends
abrased by the P120 and P2500 grits. The evaluation length is the scanning length of
the adherendurface, determined with referent® SO 4288:1996 The roughness
grades and the detailed parameters of the ground Al and PPA adherends are shown in

Table 34.
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Figure 3-6. Roughness measurementlef reconstructe@D surface profiles.

Table3-4. The characteristics of surface roughness forgfmindadherends.

Roughness  Grit Al-q 1 PPA-q L Sampling Evaluation
grade size (e m) (e€m) length (mm) length (mm)
1 P2500 <0.204 <0.223 0.8 4
2 P120 1.9024#0.127 2.1334.132 0.8 4
3 P60 4.04540.255 7.0484.536 2.5 12.5

3.4.2. Microstructure analysis

Following the fabrication of the SkJthe overlap area oEpresentativéSLJs
underges cutting, grinding, and polishing processes SEM measurementnd CT
scanning tastudy microstructurainterfacesand defe® Both SEM and CTscanning
are widely employed techniques for microstructural analysis of materials. SEM is
particularly weltsuited for highresolution imaging of surface morphology and detailed
elemental composition, making it highly effective for surtmesl investigabns. CT

scanning provides comprehensive 3D visualizatigch@ihternal structuref materials
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facilitating the analysis of features such as porosity, cracks, and voids in a fully non
destructive manner

The samples for SEM imagiraye coated with goldwhich arescannedising
JEOL JSM7800Fwith the parameter settingbownin Table 35. The samples for CT
scanningare scannedusing Heliscan micoCTwith the parameter settingshownin

Table 36.

Table3-5. Parameter setting dBEMscanning

Detector Accelerating Gun  Emission Working Vacuum o
Magnification

type voltage voltage current distance  pressure
19.36 1.91 1

LED 5 kv 5kv 1014 A 500x%
mm Pa

Table3-6. Parameter setting of CT scanning

_ Projection per Tube Tube Exposure )
Trajectory ] ) Voxel size
revolution voltage current time
Space filling 1800 80kV 140e A 2.4s 3. 2e/m9

3.4.2.1. Microstructural interface

SEM scanning is used tmalyzethe microstructural interfaces of Al and PPA
adherendsEachblock specimerfor scanninghas dimensions ranging frobrmm to6
mm in length, width, and heightigure 37 is thescanneddhesion interfaces between
the adhesive and adherend, featuring the three roughness grades, which highlights the
robust bonding between the adhesive and adhefenthe surface roughness of the
substrate increases, the interface between the adhesive aadh#rendundergoes

significant physical changes. Rowglurfaces exhibit more pits and protrusions, which
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enlargethe contact area between the adherend and adhéaoiktate the penetration
of adhesiveand form strongemechanical interlocking Additionally, the highlighted
areas on the adhesicanbe attributed to the Al powder, since the specimen surfaces

for SEM observatiomreground and polished.

Roughness profile 100 pm

Figure 3-7. The adhesion interfaces scanned by SEM.

3.4.2.2. Microstructural defect

To detect thedefects inthe SLJs both SEM and CT scanningare usedAs
illustrated inFigure 38a, theblock specimens am@ssembledhrough layered bonding
for the CT scanningzachblock specimen has dimensions ranging from 4.5 mm to 5

mm in length, width, and heigfFigure 38b).

56



45.5 Region 1
c
A =
Al Region 3 ";:3
v & 0.2
w; Adhesive
-
F
Region 4 s
NS o
e
A4 ~
Unit: mm -
Region 2

Figure 38. Defect detection. (a) CT scanning setup. (b) Detection regions.

In this study, the analysis focusestamo types of microstructural defectsie
interfacial defectgdefects on thedhesioninterface)and adhesive defectdéfects
within the adhesive laygr As illustratedby the specimem Figure 38b, the scanned
adhesive layer iglivided into four regions. Regions 4nd 3 are adjacent to the Al
adherendupper layer)while Regions Zand4 areadjacent to th@PAadherendlower
layer) Theaverageequivalent diameters adfie defectsadjacent teeach adherend are
determinedased on the defectstime upper layer and the lower layer of the adhesive
respectively. Thequivalent diameter is the diameterofequivalent sphere thaasa
volume equal to the irregularly shaped defect, which is reconstructed based on the CT

scanning To analyzethe interfacial defects othe Al and PPA adhesion interfaces,
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Regionsl and 2 are specially designated. The thickresssf Regionsl and 2 are

determined based on the calculated equivalent diameters of the defects, whiztB&re

e mand 20.0 ¢ mespectively These twovalues enable the analysis of the entire

interfacial defectdjacento adherendsAdditionally, Regiors 3 and4 are designated

for analyzingthe adhesiveefects adjacent to the Al and PPA adherends, respectively
The rawdata acquired from CT scanning is reconstructed using Aaftoare.

Figure3-9ashows the crossectional view of the overlap identifibgt theCT scanning

It demonstrateshe presence of microstructural defects of various sizes and shapes

distributed witlin the adhesive layeand on theadhesion interfaces. Similar results are

alsoobservedn the SEM images, as shown Figure 3-9b. Both techniques identify

two common types of defects: interfacial defects, which appear along the adhesion

interfaces, ath adhesive defects, which are embedded within the adhesive layer.

-

Figure 3-9. Microstructural defects. (& T image (b) SEM image.

CT scanningcan introduce measurement errors due to resolution limitation,

potentially impacting the accuracy of defect statistics. However, considering the
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precision of the existing measurement methods, these errors are anticipated to be
negligible. The statistical analysis of microstructural defects is condumete four
specific regions, as depictedkigure 38. A representationf thereconstructed defect
profilesis illustrated inFigure3-10. It shows that the irregularly shaped defects with a
wide range of sizes, ranging from a few tenths of a micrometer to several hundred

micrometers, are discretely distributed within the adhesive layer.

3D View

Figure 3-10. Image econstruabn of CT scanning.

Thedefect volume ratioacross the four regiorad averageqeiivalent radius

of defectsare summarized ifiable 37 based on the results of $8@mplesThe defect
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volume ratio is defined as the proportion of the total adhesive volume occuptieel by
reconstructed defects. It is observed that the average equivalent radius of
microstructural defects adjacent to different adherends remains nearly theasahe
difference is 0.6%The defect volume ratiadjacentto the PPA adherendhcreases
6.8%, compared to that of the Al adherend. Defects are more likely to occur within the
adhesive layethanthoseattheinterface, since the defect volume ratios of the adhesive
layeraresignificantly higherthan that of the interfaces, with a differerndd 13. 24 for

the Al adherend and 59.6% for the PPA adheradditionally, the defect volume ratio

at the PPA interface is 43.1% higher than that at the Al inteiffa@®%. This
differencecan be attributed to the inferior wettability of the epoxy adhesive on PPA
compared to Alresuling from the lower surface energy of PPA.

It should be noted that the defect volume ratio obtained in this study is relatively
low compared with the levels typically of concern in industrial applications. This
relatively small value may be attributed to the limited statistical samplintbersand
sizes used in the micr&CT analysis. Nevertheless, it provides a representative
description of higkguality bonding conditions and allows for a clear examination of the

micromechanical effects of defects on jdsehaviour

Table3-7. Thestatisticdata of the reconstructed defects

_ Defect volume ratio Average equivalent radius
Region (Mean#5D %) (MeanNSD &m
Region 1 1.0240.64 9.994.10
Region 2 1.46#4.01 10.0546.73
Region 3 2.184€.82 9.994.10
Region 4 2.334.85 10.0546.73
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3.5 SLJ shear test

The SLJ shear tests are conducted using Instron 3382 equipped with a 100 kN
load cell. A loading speed of dPmm/minis applied to the clamped edf@r the test.
Imetrum, serving as a neamontact optical measurement system, is empldiped
recording the testing process and deformation data. The overlap area of all the testing
specimens is marked with black dots for tracking and recording the movement of the
designated positions by the measurement system, and a paper ruler is attdcbed to
SLJ for calibraing the dimension. The displacements of the joints are collected by the
measurement system and further calculated from the vertical displacement difference
between the red points 1 and 2. Té&ting setup and process3if] shear tesireshown

in Figure 311

(@) (b)

Ymn

Figure 3-11. SLJ shear test. (a) Testing setup. (b) Testing process recorded by

measurement system.
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3.5.1. Experimental result of Al-Al SLJs

Five specimens for each roughngsadeof theAl-Al SLJ aretested until they
fail. The representative loadisplacement curvessted from thé\l-Al SLJ with three
roughness grades are illustratedFigure 312. It is observed that the strength and
stiffness ofthe AlAl SL3J increase with higher roughness grades. The average
maximum failure load and stiffness of-&l1 are 2990 N and 49126 N/mm, respectiyely
as presented iRigure 312a andTable 38. The stiffness is determined by performing
a linear fit on the linear elastic response of theddiaglacement curves. In comparison
to the Al-G1, the average maximum failure loadstloé Al-G2 andthe AlI-G3 are
improved by 18.7% and 29.3%, respectively, while the average stiffneshef\biG2

andthe Al-G3 increase 4.6% and 10.5%, respectively.

(a) 4000 4500 4500

3500 4000 4000
3000 /_,,\ﬁ/ 3500 o 3500
/ 7 /
3000 J 3000
2500 - if -
< Z 2500 / Z 2500
§ 2000 v 3 3
3 S 2000 S 2000
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Adhesive g dhesive

Figure 3-12. Loaddisplacement curves arfdiled samplesf AFAl SL&E. (a) Load
displacement curves. (Bailed samples.
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Table3-8. Mechanical Properties dested AlAlI SLJs

ID Max failure load (N) Stiffness (N/mm)
Al-G1-1 3140 50496
Al-G1-2 2987 44656
Al-G1-3 2844 52226
Al-G1 (AverageSD) 2990148 49126:3967
Al-G2-1 3542 49084
Al-G2-2 3423 51702
Al-G2-3 3684 53427
Al-G2 (AverageSD) 355(t131 51404:2187
Al-G3-1 3697 56405
Al-G3-2 3927 52406
Al-G3-3 3974 53993
Al-G3 (AverageSD) 3866:148 542682014

Figure 312b presents failure modes observedhafailed representative AAl
SLJ.Theareas A and Bin Figure 312b represent theeventime magnification view
of the selectedregions of theAl adherendsThe Al-G1 presents a singkded
delamination of the joint, while the doubdeded delamination occursihe Al-G2 and
the AI-G3. The failure mode of all the AAl joints is mixedmode involving both
adhesive and cohesive failure. It demonstrates that the primary orackg propagate
along the interface while simultaneously displaying some cracks propagating into the
adhesive. As a result, a certain number of thin adhesive layers rensameiocal
regions on the surface of the debonded Al adherends.

The observation of residual adhesive on the deboAtledrface is validated by
the results of SEMcanning As shown inFigure 313a, the SEMimage shows that a
large number aficroscopigrotrusions are presatton the surface of th&l adherend
from the Al-G3. ThenEnergy Dispersive Xay SpectroscopyEDS)is conductedn

the region shown ifrigure 313a. The EDS images and spectral analysis reveal the
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presence of a significant amountaafhesiveon theAl surface particularly in the areas
existing microscopic protrusion&s shownin Figure 313b, the majority of the surface
areas exhibit an Adpectrum, whereas certain localized regions doFwthermore, &
shown inFigure 313c, these regions are identified as having a C spectrum instead of
Al. Additionally, the spectralanalysis of two pointss conductedon themicroscopic
protrusionsillustrated inFigure 313a The results show a significantgsence of C

with intensity levels exceeding 30 counts per second per electrgnagasthown in

Figure 313d.

250 pm

250 pm

(d) Spectrum 1 Spectrum 2

Figure 3-13. Microscopic and analysis images for the adhesion interface of the failed
Al-G3. (a) SEM image. (b) EDAl layered image. (c) EDS layered image(d)
Sectral analysis
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Additionally, there is some obvioushesive failuren the Al-Al SLJ occuring
in the immediate vicinitpf the end othe overlapas shown irmreas 1 and 2 diigure
3-12b. The fracture surfas®f the adhesives exhibg cohesive failurshowirregular
morphologieslt is noted thathesefracturesurfacedorm diagonalanglesrelative to
the Al adherend along the loading directiofhe maximumlength of the residual
adhesives on the surface of the debonded Al adhé&@mdAl-G1, measuredlong the

loading directionis upto 1.47mm (Figure 312b.2).

3.5.2. Experimental result of PPA-PPA SLJs

Five specimens for each roughngsadeof thePPAPPASLJ are tested until
they fail. The representative loatlsplacement curvegsted from thPAPPASLXE
with three roughness grades are illustratdéignire 314. It is observed that the strength
and stiffness othe PPAPPA SLX increase with higher roughness grademsistent
with findings from theAl-Al SLJs As illustrated inFigure 314a andTable 39, the
average maximum failure load and stiffnes®B*-G1 are1200N and10168N/mm,
respectivelyIn comparison tdghe PPAG1, the average maximum fai&loads othe
PPAG2 andthe PPAG3 are improved bg7.26 and64.8%, respectively, while the
average stiffnesses dhe PPAG2 andthe PPAG3 increase23.% and 23.8%,

respectively.

65



(a) 1600 2100 2400
1400 1800 2100
1200 1800
1500
1000 1500
z Z 1200 3
§ 800 § §1200
b | - 900 o |
600 900
600
400 = 600
‘ PPA-G1-1 PPA-G2-1 PPA-G3-1
200 ‘ PPA-G1-2 300 PPA-G2-2 300 PPA-G3-2
| PPA-G1-3 PPA-G2-3 ) PPA-G3-3|
0 0 0
0 004 008 012 016 02 024 0 004 008 0.12 0.16 0.2 024 0 005 01 015 02 025 03
Displacement (mm) Displacement (mm) Displacement (mm)
(b)
PPA-G1 PPA-G2

Adhesive Adhesive

JAISIYPE [ENPISNY

Figure 3-14. Loaddisplacement curves aridiled samplesf PPAPPASLXE. (a)

Load-displacement curves. (Bailed samples.

Table3-9. Mechanical Properties désted PPAPPASLIs

ID Max failure load (N) Stiffness (N/mm)
PPAGI-1 1293 10342
PPAG1-2 1215 9818
PPAG1-3 1091 10343

PPAGL1 (AverageSD) 120G:102 10168303
PPAG2-1 1652 12454
PPAG2-2 1622 13112
PPAG2-3 1664 12110

PPAG2 (AverageSD) 164622 12559509
PPAG3-1 2019 12251
PPAG3-2 1926 13089
PPAG3-3 1986 12437

PPAG3 (AverageSD) 197747 12592:440
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Figure 314b presents failure modes observedhafailed representative PRA
PPASLJ. The area A and Bin Figure 314b represent theevenrtime magnification
views of theselectedregions of thePPA adherendsThe PPAG1 and thePPAG2
present asinglesided delamination of the joint, while the doublded delamination
occurs inthe PPAG3. The PPAG1 experiences pure adhesive failure along the
adhesion interfacelhe PPAG2 and the PPA53 showpredominant adhesive failure
with additional localized cohesive failyreesulting ina small number ofesidual
adhesiveattached t@omeocal regions on the surface of the debonded PPA adherends
It is observed that the PPRAPA SL& with a higher roughness grade of the adherend
exhibit a greater presence tifeseresidual adhesig consistent with findingsf the

Al-Al SLJs

3.5.3. Experimental result of hybrid SLJs

Five specimens for each roughngesdeof thehybrid SLXk are tested until they
fail. The representative loatisplacement curveassted from the hybri8LJ with three
roughness grades are illustratedFigure 315. It is observed that the strength and
stiffness ofthe hybrid SLJ increase with higher roughness gradaesnsistent with
findings from theAl-Al and PPAPPASLJs As illustrated inFigure 315a andTable
3-10, the average maximum failure load and stiffness of HyBiidare 1313 N and
17941 N/mm, respectively. In comparison to the Hy@i the average maximum
failure loads othe HybridG2 and the Hybrids3 are improved by 4% and 76.8%,
respectively, while the average stiffnessetheHybrid-G2 andheHybrid-G3 increase

26.4% and 29.5%gespectively.
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Figure 3-15. Loaddisplacement curves aridiled sample®sf hybrid SLE. (a) Load
displacement curves. (Bpiled samples.

Table3-10. Mechanical Properties désted hybridSLJs

ID Max failure load (N) Stiffness (N/mm)
Hybrid-G1-1 1294 16644
Hybrid-G1-2 1191 18859
Hybrid-G1-3 1455 18321

Hybrid-G1 (AverageSD) 1313t133 179411155
Hybrid-G2-1 1781 23541
Hybrid-G2-2 1866 22019
Hybrid-G2-3 2163 22474

Hybrid-G2 (AverageSD) 193A201 2267&781
Hybrid-G3-1 2267 21328
Hybrid-G3-2 2252 23962
Hybrid-G3-3 2448 24410

Hybrid-G3 (AverageSD) 2322:109 232331665
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Figure 315b presents failure modes observethimfailed representative/brid
SLXk. The area A and B inFigure 315b represent the sevdime magnification view
of theselectedegions of thd?PAadherendsAll the hybrid SLJ present a singtsided
delamination of the jointAs shown inFigure 315b, theHybrid-G1 experiences pure
adhesive failure along the adhesion interfaicthe PPA adherendhe HybridG2 and
the HybridG3 showpredominant adhesive failure with additional localized cohesive
failure, resulting ina small number afesidualadhesive attached t@omelocal regions
on the surface of the debonded PPA adherdnigsobserved that theybrid SLJE with
a higherroughness grade of the adherend exhibit a greater preseticeserfesidual

adhesivs, consistent with findings from th&l-Al and PPAPPASLJs

3.6 Conclusion

In this chapterthe mechanical properties of the adhesive, adherendsaitd
typeSLJsused in this research avbtained through experimental studiEle statistical
analysis of microstructuraloughnessand microstructuraldefects is conductedn
different adherend surfaces and regionthefadhesive layer, respectivelikccording

to the analysis of thexperimentatesults, the following conclusiorsnbe summarized:

1 Tensile tesis conducted on bulk specimens to determine the mechanical
properties of Loctite EA 9497The mechanical properties of this epoxy
adhesive, usefbr the bonding of mulitype SLJs, aresummarized imable
31

1 Two differenttypes of adherends, Al and PPA, are used in the fabrication of
multi-type SLJs. The tensile tests for both adheres@sconducted to

characterize their mechanical properties. As indicatdalote 32, the yield
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stress of Al is 23% greater than that of PPA (230 MPa). Additionally, the
Young's moduluf Al is 299.8% higher than that of PPA, and Al also
allowsgreater deformation at failure compared to PPA.

Three roughness grades of Al and PPA adherends are manufautiined,
their surface roughness valigsnmarizedn Table 34. Themicrostructural
adhesioninterfaces ofSLJs bonded with different roughness gradeslof
and PPA adherendseinvestigatedRougher surfaces exhibit more pits and
protrusionswhich can enlargéhe contact area between the adherend and
adhesive, facilitate the penetration of adhesive and form stronger mechanical
interlockings.

The experimentalresults demonstratethe presence of microstructural
defects of various sizes and shapes distributedmiitie adhesive layend

on the adhesion interfacedor the adhesive SLJs. Wwo types of
microstructural defectsthe interfacial defectsand adhesivedefectsare
examinedhroughfour regionsof the adhesive layeiThe volumeratio and
equivalent radius of microstructural defeatsosgour regions are presented

in Table 37. Due to the inferior wettability of the PPA adherend compared
to the Al adherend, interfacial defects are more likely to form at the interface
of the PPA adherend when bonding with the epoxy adhesive.

Three types of SLJs with thredifferent roughness grades are studied
through SLJ shear test. Thexperimental results demonstrate that the
strength and stiffness efach typeof SLJsincreasewith higher roughness
grades of the adherend as presented ifrigure 316 and Table 311
Furthermore, SLJs with higher roughngsades of the adherendsghibit a

more presence of residual adhesive, indicating a greater occurrence of
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cohesive failureThis can be dum the facthatrougher surfaces camlarge

the contact area between the adherend and adhesmence adhesive
penetration and promote the formation of stronger mechanical interlocks

As shown inFigure 316 and Table 311, when compared at the same
roughness grade, the PHPA SLJs exhibit the largest deformatiah
failure, while thehybrid SLJs experience the secdadyest deformation,

due to the lower stiffness of the PPA material.

As shown inFigure 316 andTable 311, the maximum failure load of the
Al-Al SLJ is notably higher than that of both the PPRA and the hybrid

SLJ with the same roughness grade, although the average roughness of the
Al adherend is lower than the PPA adherend. Additionally, the hybrid SLJ
showsthe secon¢highest maximum failure load. This may be explained by
the criterion that requires a lower surface tension of adhesive compared to
the adherend for good wetting of adhesion. The epoxy achieves excellent
adhesion to metal, whilst offer weak adhesion to polymeric subsfi#i8k
Consequently, the interfacial adhesion betweerPthA adherend and the
epoxy adhesive iweakerthan that between th& adherend and the epoxy
adhesive Meanwhile, the stiffness of the adherend also plays a crucial role
in determining the strength of the joints utilizing an epoxy adhesive. The

increase of the stiffness could improve the joint streffih
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Figure 3-16. Loaddisplacement curves afl SLJs.
Table3-11. Ave max failure load and ave stiffness of each subtype sf SLJ
Type Subtype Ave max failure load (N)  Ave stiffness N/mm)
Al-Al SLJ Al-G1 2990 49126
Al-G2 3550 51404
Al-G3 3866 54268
PPAPPA SLJ PPAG1 1200 10168
PPAG2 1646 1253
PPAG3 1977 12992
Hybrid SLJ Hybrid-G1 1313 17941
Hybrid-G2 1937 22678
Hybrid-G3 232 2323
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Chapter4d

4 DEM model of adhesive joints

4.1 Introduction

The DEM provides valuable insights into complex phenomena such as flow,
breakage, and deformation, which are often challenging to capture using traditional
continuumbased approacheés a result, DEM has been increasingly employed to
investigate failure mechanisms across various engineering disciplines, indheing
joints.

In this chapter,The DEM models for the adherends, adhesiaed adhesive
jointsutilized in Particle Flow Code software package (PFC&P)Xeveloped. Initially,
the microparameters of the contact models for the DEM models of the Al and PPA
adherends are calibrated and validat8dbsequentlythe microparameters of the
contact model for the interlaminéike property ofthe thin adhesive layer are refined
based on the validated DEM adhesive moB#lally, the DEM DCB, ENF, and SLJ
models are employed tiirther assess the accuracy and reliability of the calibrated
microparametersNumerousexperimental resultare used to validate ttaeveloped

DEM models in this chapter

4.2 DEM model of adherends

4.2.1. Adherends with identical large particle size

Numericaluniaxial tensile testareperformed oradherendsamples according

to the actual experimental sef@#s illustratedn Figure 41. The Al and PPAadherends
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are represented by yellow and green partickespectively.The DEM adherend model
with identical particle sizés composed ofarge adherend particles with a radius of
9 5. 4wh&cmare packedby a hexagonal arrangemeiihe overall dimensionsf the
DEM adherend model i500 mm>x3 mm.The particle arrangement and dimensions of
the DEM Al and PPA adherendmodel are identical,except for the different
microparameters ofhe contacimodel betweerparticles.A load speed of @ m/s is
selected for the DEM adherend model based on the results of a sensitivity afalysis.
single particle layer at each of the left and right edgeselected as grips to apply the
tensile load, while the middle particles at both edgesised to calculate the strain.

The contact model between tlaege adherengarticles is the softond model,
chosen for its higlefficacy in modelling the ductile property ahdrdeningoehavior
The soft bond comprises elastic springs watmstantnormal and shear stiffnesses,
distributed evenly across a cressction on the contact plaaadcentered at the contact
point. When the bond is active, the force and moment can be correlated with the
maximum normal and shear stresaesng onthe bond material ahe bondperiphery.
Howeva, if the maximum normal stress acting on the bond exceet#ggestrength
it may enter a softening regime, governed by the softening factor and softening tensile

strength factor.

____________________________________________________

| Hexaganal packing

‘/ Soft bond

Figure 4-1. DEM model ofuniaxial tensile tesfior adherends
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In the case of hexagonal packiiog the particlesthe contact stiffness (as shown
in Figure 42) can be linked to the material propertissuch as Youngds mo
Poi s s o hyapplym@thei general expressions for isotropic materials outlined in
[175]. Accordingly, for a2D homogeneousand isotropic continuum, the contact

stiffness is given by:

Normal stiffness T ¢ (4-1)
Shear stiffness T ¢ (4-2)
Where

a phcho (4-3)
. Vio . S
0 — D @gQ Q _ (4-4)
oo
Vo — —
0 —0dQ Q oldQ WoQ _ (4-5)
Py
. Vo, = ,
0 = Q@ e do _ (4-6)
Vio — —
0 —dQ Q oldQ VoQ _ (4-7)
Py
. Vo, = ,
0 = Q e do _ (4-8)
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Figure 4-2. Contact between particles

In aboveequations, the superscrigtsandi represent the normal and shear
stiffness, respectively. The terms and0 refer to the normal and tangential spring
constants between disc 0 and disc 1, as well as between disc 0 and disc 4, due to the
symmetric layoufas shown irFigure 43). Similarly,0 and0 correspond to the
spring constants between disc 0 and disc 2, and between disc 0 and)disarilv
denote the constants between disc 0 and disc 3, and between disc 0 and disc 6,
respectively,_denotes the element thickness, Ehd(with ‘Gand’Qanging from 1 to B

are the elastic coefficients from the stiffness matrix for plane stress, as given below

Q Q 0
O Q 0 Q (4-10)
Q Q0 Q
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WhereQ Q Ofp v ,Q V@p U ,Q Of¢ p U and
Q Q TL
For a2D homogeneouandisotropic continuumo 0 0 andu

0 U , Equationst-1to 4-9 are reduced respectively:

. cO_ G
Q — — p ‘ (4-11)
¢clop U op U

- ov
:Q Cs‘_ p ‘®= (4_12)
epMlop L

where ‘O and U representelastic modulus and Poisson's ratio of material,
respectively. Thaormal and shear stiffnefs the bonds of the largalherengbarticles
arecalculated based on Equationd ¥ and 412, which areshown inTable4-1. Other
microparameters are calibrated based on the bulk properties of adh&rénds. det ai | e

definitions of the micropar dr&gtbgr s can be

Figure 4-3. Hexagonal packingf particles
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Table4-1. The calibratednicroparameters for théondsof thelarge adherend

particles.
Parameter Description Large Al particle  Large PPA patrticle

o] Normal stiffnesgN/md) 3.21x10* 7.99<108
Q Shear stiffnesgN/md) 7.8310% 7.91x10%

[ Q¢ Tensile strength (Pa) 2.54<108 2.41x108

7SY:9) Cohesion (Pa) 2.54x10° 2.41x10°
ROLINOTA) Friction coefficient 0.2 0.2

e L Softeningtensile strength

i 0 0o o ctor 0.65 0.9

i &0 Softening factor 95 6

Thesecalibratedparameters are applied to tmemericaluniaxial tensile tedor
DEM adherendmodel, as illustrated ifrigure 41. The reproduced numerical and
experimental stresstrain curves are shown kigure4-4. It can be seen thdhere is
good agreement between the numerical and experimental reftits Al and PPA
adherendsThe yield stress and elongation at fracture of the numerical DEM Al model
(Al DEM-L) are 297 MPa and 7.1%, respectively, which are 4.4% and 1.4% higher than
the average value obtained from the experimental results. The tensile stress and
elongation at freture of the numerical DEM PPA model (PPA DHMare 250 MPa
and 1.4%, respectively, which are 5.7% higher 5a&% lower than the average value
obtained fom the experimental result§he Young's modulu®f the Al DEM-L and
PPA DEML is 70516MPa andL7607MPa, respectively, with errors of 0.01% ahd%
compared to the experimental resuitthough the plastic response of PPA DHMs
not fully reproduced relative to the experimental observations, the results remain

acceptable, as no PPA adherend failsreported in previous SLJ shear experiments.
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Figure 4-4. Numerical result®f DEM adherendnodel with identical large particles

(a) Stressstrain curves. (b) Fracture results

Larger particles used in the DEM model typically result in a rougher and less
densely packed structure, whereas smaller particles promote a more compact and
densely packed arrangememb investigatethe effects of particle size on the bulk
properties of the DEM adherend modi@&e DEM adherend modelwith different
particle layersare developed for Al and PPA using the microparameters for the contact
model listed inTable4-1. The detailed information of these models is present&dbie
4-2. The numbeof particle layers is calculated along tménimum dimension of the

adherend, which is the thickness.
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Table4-2. Secifications of DEMadherend radelswith different particle layes.

Model Particle radius (mm) Particle Layer
DEM-L1 0.095 18
DEM-L2 0.19 9
DEM-L3 0.29 6
DEM-L4 0.57 3
DEM-L5 15 1

Figure4-5 illustrates the numerical results of five DEM adherend models with
varying particle layers. For the DEM Al adherend models presentéigume 4-5a, it
is observed that the yield stress and Young's modulus remain nearly identical when the
number of particle layelis no fewer than thredhe respective maximum differences
among these models are 5.0% for yield stress and 1.7% for Young's modulus. Although
the elongation at fracture varies significantly among the models, the results remain
acceptable, as expmental values for the elongation at fracture of s@thepecimens
can exceed 20%Compared to the average results of the modéls no fewer than
three particle layers, the yield stress and Young's modulus of the AtHZERbdel are
reduced by 13.1% and 11.5%, respectivelyich are 253 MPa and 62101 MPa.

For the DEMPPAadherend models presentedrigure4-5b, similartrendsare
observed as in the DEM Al adherend modé@&lse respective maximum differences
amongthe modelswith no fewer than three particle layease5.3% for tensile stress
and3.8% for Young's modulusCompared to the average results of the moditsno
fewer than three particle layers, the yield stress and Young's modulus of the Al DEM
L5 model are reduced §.6% and13%, respectivelywhich are241 MPa andl15267
MPa. Therefore, to ensure the mechanical propertidsodif Al and PPAare properly
replicatedn DEM modelsthe number of particle layers along the minimum dimension

of the adherendshouldbe at least three.
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Figure 4-5. Stressstrain curves of DEM adherendmodes$ with different particle
layers (a) DEM Al modes. (b) DEM PPA moded

4.2.2. Adherends with different particle sizes

To numericdly investigate the effect ahicrostructureon the performance and
fracturemechanisms of adhesiyaints, theparticlesof DEM Al and PPA adherends
can bepartitioned into twaegions with two distinct particle sizess shown irFigure
4-6. One layer of the particles along tlengthof the adherend in the DEM adherend
model OEM-L) is removed to generatthe small size of adherengarticles as
illustrated inFigure 46b. The areaf the small adherend particlissused as the bonding
overlapfort he SLJs, wi t hTheasmalladnegrendpartcfes a2eFandamly
seededThearrangemendf DEM adherendnodel withdifferentparticlesizesaims to
optimize the number of total particles, facilitating the generationiofostructureand

reduction in computational costs.
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Figure 4-6. DEM model oluniaxial tensile testor adherendsvith different particle

sizes.

Table4-3. The calibrated micrparameters for théondsof the small adherend

particles.
Parameter Description Small Al particle Small PPA patrticle
[ ¢Qaé C  Effective modulus (Pa) 9.1x10° 7.87%10°
[ ai &6 Normal to shear stiffness rati 3.6 3.6
i Goc Radius multiplier 1.44 1.9
[ Qe Tensile strength (Pa) 15x10° 1.08x10°
7SY:e) Cohesion (Pa) 6x10° 4.32x10°
ROIINOTH) Friction coefficient 0.2 0.2
U Softeningtensile strength
[ 00 actor 1x10* 0.9
[ & "Q Softening factor 200 100
A 1A Friction 30 30
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The bond between the large and the small adhgrertitlesis defined by an
unbreakable parallel bond model since there is no adherend failure observed in the SLJ
sheartest (Section 3.9. The parallel bond comprises elastic springs with uniform
normal and shear stiffnesses, distributed evenly across asectssn on the contact
plane centred at the contact goifihese springs act in parallel with the springs of the
linear component, producing force anmsbment within the bond material due ttee
relative motion at the contadhe contact model between thmall adherengarticles
is the sofbond modelwhere themicroparameters are calibrated as showhnahle4-3.

To investigate the effect of small adherend particles, three tyjp#sMfAI and
PPAadherendnodels withdifferentsizesof small adherend particleseinvestigated
The numericalresultsof these models compared to the DEM adherend with identical
large particles ardlustratedin Figure4-7. The DEMM1, DEM-M2, and DEMM3
models are composed thfe small particles with radii ranging from56 6 . 5 ¢im, 1 2.
17 em, ilaln de n8,. 3r elbeplayars of smalllparticles along the thickness
of the adherends aepproximatelyli 2, 57, and 811, respectively.

It is found that the yield stress ai@éung's modulu®f the DEM-M1, DEM-

M2, and DEMMa3 of the Al adherend are almost identicaith a maximundifference

of 3.5% and 0.03% respectively. The average yield stress and aYerxagges modulus

of the DEM Al adherend model with different particle sizes are 285 MPa and 69658
MPa, respectively which are 4.0% and 1.2% lower than those ofAhBEM-L. The
elongation othe DEM Al adherend models with different particle siiesignificantly
different compared tthat of the DEMAI adherend model with identical large particle
size,particularly in the model containirig2 layers of small particles. However, for all
experimental results @LJsin Section 3.5since there is no adherend failure and only

minor adherend deformation, the differences in elongation at fracture are considered
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acceptablef-or the DEM PPA adherend models, thasle stress andfoung's modulus
of the PPA DEML, PPA DEM-M1, PPA DEMM2, and PPA DEMM3 are nearlyhe
same, with a maximum difference of 5.6% dn®o respectively. Therefore, the DEM

adherend models with different particle sizes usetstructhe microstructure in the

DEM SLJ models arappropriate
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Figure 4-7. Stressstrain curves of DEM adherendnodelswith different particle sizes
(a) DEM Al models(b) DEM PPA models

4.3 DEM model of adhesive

4.3.1. Parameter calibration of DEM adhesive model

A numericaluniaxial tensile tesis performed on adhesive samplegth the
core testing region of a dumbbshaped specimen modelled according to the actual
experimental setypas shown irFigure 48. The adhesive particles are arranged in a
random packing configuration, with soft bonds connecting each paificéeoverall
dimensionof the DEM adherend model is 50mx10 mm. In calibrating the DEM

model for the epoxy adhesive, numerous microparameters can be adjusted to capture a

84



wide range of material behaviours. However, this flexibility also introduces substantial
challenges in obtaining practical and reliable results. To address this, elawen
microparameters that differ from their default valas=usedfor the numerical uniaxial

tensile testFour microparametela@eselected to be fixed with constant valuas l{sted

in Table 44), whereas seven microparamet@slisted irfable 45) can becalibrated

The tensile strength and cohesion of banelset to half of theeference strength, and
detailed definitions of the mic[rlo7jgsr amet e
loading speed for the DEM adhesive model is set to 0.05Tiws particle layes at

each of the left and right edgaeselected as grips to apply the tensile load, while the

middle particles at both edgaseused to calculate the strain.

Soft bond

< AL SO 2
e -

Figure 4-8. DEM model ofuniaxial tensile tesfior adhesive

Table4-4. Fixedmicroparameters ofhe standardDEM adhesivenodel

Symbol Description Values
DET £ Q Porosity of packing particles 0.1

i @ & Qo Softening factor 100
[ @00 Softening Tensile strength factor 0.9

[ QO Friction angle (J 30
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Table4-5. Adjustablemicroparameters ofhestandard DBV adhesivamodel

Symbol Parameter Description
0 i dQaéQ Effective modulus (MPa)
0 [ G o Normal to shear stiffness ratio
G i @ doa Radius multiplier
Qi i Qo i Reference strength of soft bond (MPa)
i 1 aQe Minimum particle radius (mm)
| @ 0@ Ratio of maximum to minimum particle radius
1 0QO O Ratio of tensile to cohesion strength

Equations4-13 to 4-15 present the formulas for calculating the contact model
parameters of Loctite EA 94%hesivewhich are derived from a symbolic regression
model based on genetic expression programif@®@iP) as described if161]. GEP, a
variant of genetic programming, belongs to the wider class of evolutionary algorithms.
It focuses on the automatic generation of programs to solve complex problems. The
processof GEP starts with the random creation of chromosomes for the initial
population. Once the chromosomes are dedodnd expressed, the next step is to
evaluate the fithess of each individual. The algorithm iterates wmdiladlesolution is

found or the predefined number of generations is reached.

Peak strain e, =tanh(Inf, -InE, /1.1 tanh{_ ))Es (4-13)

H/(L0°- K -14.4) JE, ) E4
+(tanh(In/ 2.18,2 | tank( )}f

Tensile strength £ =(In(8.21 +106.3/, ) mj (4-14)
+tan® m)(K- f)3(9.27 m i

#m e - 2513
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Secant modulus  E, =45mf /K -103.&,K (4-19)
+695/In(LO"r__+a.’ )+36818 £
+mE, -100r, K"

Accordingto Equationg}-13to 4-15, the contact model parameters for Loctite
EA 9497 are determined based on three macroscopic adhesive properties: tensile
strength, peak strain, and secant modatusgtrain of 0.001

Since the ratio of tensile to cohesion strength, is directly associated with the
reference strengtht will not befurtherdiscussedSix other parameters are selected to
investigate their individual effects on the target properties (peak strain, tensile strength,
and secant modulus at a strain of 0.001). Parameters under examination are assigned
with specific adjustable ranges, whereas those not under investigation are fixed (refer
to Table 46). Based orEquations4-13 to 4-15, the calculated ranges of the target

properties for Loctite EA 9497 are presenteéigure 49.

Table4-6. Assigned values of adjustalitécroparameterdor brittle adhesive

Symbol Parameter Fixed values Adjustable ranges
0 [ 6QaéQ 3.65<10*MPa 2x10%- 2x10* MPa
0 [ Qi 0o 'C 3.6 1-10

G i@ aoa 1.9 0.2-2

Qi i Qoo i 46.3 MPa 40- 100 MPa
i i & Qe 0.1 mm 0.05- 0.5 mm

| & A & 1.33 1-15

I 0QO6 O 0.25 0.1-1
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Figure 4-9. Predicted results using regression formulas of brittle adhe$h6s.

As illustrated inFigure 49a, the effective moduluand the reference strength
have a greater impact on the peak strain, while the other parameters show a relatively
minor influence on strain variation. Additionallsincethe radius multiplier does not
appear in the strain equati(Bquation4-13), the peak strainemains unaffected hy.

As shown inFigure 49b, the reference strengtind the radius multiplier are the
dominant factors influencing the tensile strengttritjure 49c, it can be observed that
the effective modulus and radius multiplier ¢ohute most significantly to the secant

modulus.
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In general, ace the target properties of the adhesives are determined based on
experimental data, the parameters exhibiting the most significant influence on each
respective propertgan be initially adjusted and subsequently fixed dbtain the
approximate target valuebhen theotherparameters with comparatively minor effects
can be further optimized teefine the outcomes until the overall set of parameters
achieves material properties closely matching the experimental targéhe
microparameters for the soft bonds of the adhesive partmlesdetermined and
presented imable 47. These parameters are applied tortbmericaluniaxial tensile
testfor theDEM adhesiveanodel, as illustrated iRigure 48. The reproduced numerical
and experimental stress$rain curves are shown kgure 410. It can be observed that
the DEM results are in good agreement with the experimental réludtsensile stress
and Young's nodulus of the DEM adhesive modelre 359 MPa and 935 MPa,

respectivelywith deviations oR.3% and2.8% from the experimental results

Table4-7. The calibrated micrparameters for thbondsof theadhesive particles.

Parameter Description Values
[ RGEQ Effective modulusIPa) 5.1x103
[ Qi Oo Normal to shear stiffness ratio 4.7
i @ aoda Radius multiplier 1.9
i QI i Reference strength of soft bond (MPa) 35
i Minimum particle radius (mm) 0.3
W @ Ratio of maximum to minimum particle radius 1.33
0QO O Ratio of tensile to cohesion strength 1
i oo Softening tensile strength factor 0.9
DET E0 ¢C Porosity of packing particles 0.1
i @ & Qo Softening factor 100
[ 0O Friction angle ( 30
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Figure 4-10. Numerical results oDEM adhesivemodel.

To investigate the effect of microstructure on the performance and failure
mechanisms of adhesive joints, the partidésdhesivan the DEM models can be
refined to microscopic sizes. However, using extremely small particles significantly
increases the total number of particles, resulting in a substantial computational cost.
Therefore, to balance the reproduction of microscopitigkaisizes and the reduction
of computational expense, the influence of particle siztheDEM adhesivenodelis
further xaminedbased on thmicroparameters presentadlable 47. The stresstrain
curves of the DEM adhesive models with differgatticle layersare illustrated in
Figure 411 The detailed information and bulk properties of these models are
summarised imable4-8.

As shown inFigure 411 andTable4-8, the tensile stresses of all DEM adhesive
model s are quite similar, with a maxi mum

moduli differ significantly Compared to the E DENM model, which has a minimum
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particle radius of & mm and more thaB8 particle layers along thticknesglirection,

the Youngdés modulus of model s wthickhessf ewer
decreases by more than 13.6%. For model s
moduli are quite similar, with a maximum difference of only 4.5%erefore, to ensure

the mechanical properties of the adhesive are properly captured in DEM models, the

adhesive alongninimum dimension should be covered by more than 5 particle layers
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Figure 4-11. Stressstrain curves of DEM adhesive modelsith different particle

layers

Table4-8. Thebulk properties of different DEM adhesive models.

Particle radius Tensile strength Young6s n
Model Layer

(mm) (MPa) (MPa)
E DEM-1 1.80-2.39 2-3 35.5 6559
E DEM-2 1.10-1.46 3-4 34.9 8569
E DEM-3 0.70-0.93 5-7 34.8 10366
E DEM-4 0.30- 0.40 12-16 35.5 9916
E DEM-5 0.10-0.13 38-50 35.9 9915
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4.3.2. Interlaminar -like property of thin adhesives in joints

Compared to the thick adhesive layettse thin adhesivelayers are more
commonly used irthe joint desig. In such cases, theterlaminarlike properties are
theprimary concern iDEM modelling particularlythefracture energy. This is because
the actual performance oftain adhesive layer is significantly influenced by factors
such as adhesive thicknedbe stiffness of the adherendsd constraints from
adherends, which affect both the fracture strength and fracture daérjy Due to
these effects, the bulk properties of the adhesive cannot be directly used to simulate the
behaviourof a thin adhesive layer constrained between adherdisefore, this
subsectionfocuses on the cohesive propertiestioé thin adhesive layers in the joints
and refins the microparameters othe contact model for the DEM model with thin
adhesivdayer.

The cohesive properties extracted from an adhesive layer with a thickness of
0.56 mm, which exhibited cohesive failure, are present&dthe 49. These properties
areobtained from Al Al joint specimens. Additional details can be foundeaference
[174]. To calibrate the interlamindike properties in both the normal and tangential
directions, two simplifiedEM modelsinvolving different joint configurationgre
conducted, as illustrated ifrigure 412 Thesetwo DEM joint models, each
incorporating adhesive layewith a thickness of 0.56 mnare used to evaluate the
normal and shear cohesive properties of the thin adhesiveitaip&M models The
Al adherendsire hexagonally packed particles with a radius ®ih@mn. The adhesive
layeris comprisedof randomly seeded particles with a minimum radius of 0.05 mm.
For both models, a loading speed of 0.02 me/applied, and the right edge of the
adherends subjected to tensile loading until epoxy cracking propagated through the

entire adhesive layehe displacement fothese two modelss calculated as the
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displacement difference between tied points(interfacial adherend particleshown

in Figure 412 atthe middle region of adhesive lay@ong the loading direction.

Table4-9. Cohesive properties diethin adhesive layef174].

Property Symbol Loctite EA 9497
Normal Fracture energy "O (N/mm) 0.264.06
Tangential Fracture energy 'O (N/mm) 0.9040.39
Normal fracture strength . (MPa) 25.35#0.26
Tangential fracture strength » (MPa) 1645
(a)
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Figure 4-12. DEM models for the calibration of interlamindike propertyof thin
adhesivdayers (a) Model for normal interlaminatike property (b) Model for

tangential interlaminaiike property
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The particle configuration and contact models for bothAthedherend and the
adhesive are adopted from the data presented in the previous subsection. However, the
reference strength of the contact model for the adhesive particles is refined to 18 MPa.
The refinedmicroparameters for the bonds of then adhesive layer aseimmarisedh
Table 410. To ensure cohesive failure in the two DENBhesive jointnodelsllustrated
in Figure 412, the interfacial bonds between theadherend and the adhesivetjgdes
are defined as unbreakable parallel boiiatgure 413 illustrates thenumericalresults
of DEM models for normal and tangentiaterlaminarlike propertiesof anadhesive
layer with a thickness of 0.56 mnThese two models present cohesive failure of
adhesive joints. According to theparatiortraction law shown irFigure 413a, the
normal andangentiaffracture strengths are 15.3 MPa and 11.6 MPa, respecfivedy.
fracture energy is calculated by integrating tteemal andtangential stress owehe
relative displacement between two refereadberengarticles located at the adhesive
interface.The normal and tangential fractueaergyis 0.31N/mm and 0.70N/mm,

respectively

Table 410. The refined microparameters for the bonds of the adhesive particles.

Parameter Description Values
[ 0QaéQ Effective modulus (MPa) 5.1x10°
[ Qi 0o " Normal to shear stiffness ratio 4.7
i aod Radius multiplier 1.9
i Qi i Reference strength of soft bond (MPa) 18
i Minimum particle radius (mm) 0.3
W 0@ Ratio of maximum to minimum particle radius 1.33
0QO O Ratio of tensile to cohesion strength 1
i oo Softening tensile strength factor 0.9
D&l &1 ¢ Porosity of packing particles 0.1
i o £'Qo Softening factor 100
[ QO Friction angle ( 30
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Figure 413. Numerical results of models for normal and tangential interlamiikar

property. (a) Separatictraction law. (b) Fracture result.
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Although the normal and tangential fracture strengths and fracture energies fall
within the range of the referenced experimental resuli&ble 49, some values are
slightly lower or higher than the experimental means. Such deviations are reasonable,
considering the relatively large standard deviations in Tallewhich result from the
limited number of samples and the inherent variabittythe adhesive properties,
including microstructural defects herefore, the refinedeference strength of the
cortact model for the adhesive partictemn effectively reproduce theterlaminaslike

property of thin adhesives the DEM adhesiveint model.

4.4 Validation of calibrated parameters

To validate the calibrated parameters of the contact moddlsefadherend and
adhesiveparticlesin DEM joints, especially the cohesive propertiethethin adhesive
layer, three types of DENbint models are constructed which are DEM DCB model,
DEM ENF model, and DEM SLJ modélhe numerical results of the three models,
obtained using the calibrated parameter sets fokltlaelherend and adhesive presented
in Table4-1andTable 410, are validated against experimental observations DG,
ENF, and SLdests conducted witthe Al adherendsAll the experimental datased in
this section anccharacterized by cohesive failure of the adhesive joints, are referenced
from thestudy[174]. In DCB and ENF tests, the adhesive is subjected exclusively to
puremode landmo d e | | |l oadi ng, respectivel vy, wh e

load combining botimode | andnode Ilin the SLJ configuratiaon
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4.4.1. DEM DCB model

Themodel configuration of DEM DCB model is shownHRigure 414. TheAl
adherends, with a length of 200 mm and a thickness of 12.7 mm, are modelled using
hexagonally packed particles with a radius of 0.2 fine. adhesive layer, withlength
of 150 mm and a thickness of 0.56 mm, is modelled using randomly seeded particles
with a minimum radius of 0.05 mm. The initial crack length in DEM DCB model is 50
mm. Theloading speed for the DEM DCB model is set to 0.05 am/ghe red points
shown inFigure 414, and he displacement of the top red point along the loading

directionis recorded.

\Cracktip
_____________________ K____________________
E.‘J' 50 mm ’i:
Fge |
R e e o
SRR
b »

200 mm

Figure 4-14. Configurationof theDEM DCB model.

Figure 415 illustrates the numerical result of the DEM DCB modéh the
experimental results (DCB E1, DCB E2, and DCB ES8grred from the studji74].
As shown inFigure 415a, the numerical resulhgreeswith the experimental results.
The maximum failure load and stiffness of the DEM DCB model are 951 N and 3431
N/mm, respectively. These values represent an increase of 9.afaximumfailure
load and a decrease of 7.9% in stiffness compared @vdragesxperimental results.
The numerical results shaconsistency with those obtained from the D&@®eriment
despite the presence of oscillations during plostpeakstage, which are attributed to

dynamic effects associated with fracture propagatiddEM. The initial crack occur
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at the left end of the overlap and subsequently propagate toward the right, resulting in
cohesive failurgFigure 415b). The calibrated parametefsr the DEM DCB model

show reliability in simulatingnode | cohesive failuréor the thinadhesivdayer.

(a) 1200
DCB E1
DCB E2
" DCBE3
900 ; - — -DCB DEM
L l ‘
= "' »l : 'I ,‘
< 7/ f V’I
T 600 / 1
o g l.
-d

300 [J

0.2 0.4 0.6 0.8 1
Displacement (mm)

(b)

Figure 4-15. Numerical results dbDEM DCB model(a) Load-displacement curves

(b) Fracture result

4.4.2. DEM ENF model

The model configuration of DEM ENF model is shown HKigure 416.
Compared to the DEM DCB model, the DEM ENF model has modified dimensions,
with the adherend length increased to 300 mm and the adhesive layerinenggdised
to 250 mm, while all other parametdreluding the configuration of the particles
remain unchangeddditionally, one pin is placed at the midpoint of the upper adherend
to apply the load, whilewo pins are positioned near both ends ofltiveer adherend,
each | ocated 25 mm from the resfledtive

adherendsare hexagonally packed particles with a radius2ftn. The adhesive layer
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is comprisedof randomly seeded particles with a minimum radius of @®5. The
loading speed for the DEM ENF model is set to 0.05 at/¢he top pinand the

displacement of the tgpin along the loading directiois recorded.

.....

O 300 mm Q

x
A

Figure 4-16. Configurationof the DEM ENF model.

Figure 417 illustrates the numerical result of the DEBNF modelwith the
experimental results (ENF E1, ENF E2, and ENFriegrred from the studyt 74]. As
shown inFigure 417a, the maximum failure load of the DEENF modelis 9665N
with an error of 6.4%ampared to thaverage value of thexperimental result$t also
has a good accuracy of predicting the behaviour of ENF at theppaktstage. However,
the stiffness of th® EM ENF modelis 7006 N/mmgdecreasethy 23.1%compared to
the experimental resulth is likely that the measured displacement in the experimental
data is underestimated relative to the actual value. This can be attributedstoéth
displacement at peak loadth a magnitude of nearly 1 mmvhich poses a challenge
for accurate detection by the measurement sensors. In contrast, datdheosensor
indicates a displacemenat peak loadf around 1.5 mn{161]. Consequently, it is
reasonable to consider that the recorded displacement values in the experiment are
likely underestimatedAs illustrated inFigure 417b, the initial cracks occur in the left
end of the adhesive layer, and th@opagate toward the right, resultingaohesive
failure. The calibrated parameter®r the DEM ENF model show reliability in
simulatingmode Il cohesive failurdor the thin adhesive layer.
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Figure 4-17. Numerical results dDEM ENF model(a) Load-displacement curves

(b) Fracture result

4.4.3. DEM SLJ model

The model configuration of DEM SLJ model is shownFkigure 418. The
dimensiors of the modehre identical to those shown kigure 34, except for the
overlap length, which is 12.5 mm, and the adhesive thickness, which is 0.56h@m.
Al adherendare hexagonally packed particles with a radius b hhm. The adhesive
layeris comprisedof randomly seeded particles with a minimum radius of 0.05 mm.
The loading speed for the DEM SLJ model is set to 0.05antsthe displacement of

thered pointin Figure 418 along the loading directiois recorded.

x
3

Figure 4-18. Configurationof theDEM SLJ model.
100



Figure 419 illustrates the numericaksult of the DEMSLJ model with the
experimental results (SLJ E1, SLJ E2, and SLJ E3) referred from the[$W4]yThe
numerical findings closely match the experimental observatidsshown inFigure
4-19, the average maximum failure load of the SLJ te8#49 N, while the numerical
resultis 3599N, resultingin a difference of 4%The average stiffness of the SLJ tests
iI$18173 N/mm, while the numericadsultis 18119N, resultingn a difference of 0.3%.
Two initial cracks emerge at the left and right of the overTden theypropagatdo
themiddleregionof the overlap and joitogetherto form complete cohesive failure of
SLJ, as shown iRigure 419%. Thecalibrated parametefsr theDEM SLImodelshow

reliability in simulatingmixed-modecohesive failurdor the thin adhesive layer.
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Figure 4-19. Numerical results dDEM SLJ model(a) Load-displacement curvegb)

Fracture result
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4.5 Conclusion

In this chapter, DEMmodelsfor Al adherend, PPA adherend, and Loctite EA
9497 adhesive are developed. Specifically,ntheroparameters of the contact models
for the adherends and adhesive are calibrated vatidated through a series of
experimentalresults Based on the analysis of the numerical results, the following

conclusionsaredrawn:

1 For the Al and PPA adherendhe DEM modek with the calibrated
microparameters for the contact model betwdba identical large
particles arebuilt in PFC The calibratedparametersre presented in
Table4-1. The numericabulk properties of the adherenebshibit good
agreement with the experimental data. Additionaltye minimum
number of particle layers along the smallest dimension aidherends
is determined.

1 Toconstructhemicrostructurdor adhesivgoints, theparticlesof DEM
Al and PPA adherendsan bepartitioned into two regions with two
distinct particle sizesThe calibratedmicroparameters for the large
particles are provided ifiable4-1, while those for the small particles
are listed inTable 43. The numerical resultsflemonstrate that using
different particle sizes to represent the adherend in the DEM nfodels
this studyis appropriate and effective

1 Themicroparameters of the contact model for the DEM adhesive model
are calibratedising equations derivédtbm asymbolic regression model
based on genetic expressiprogramming as presented ifiable 47.
Thenumericalbulk propertiesof theadhesivesuccessfully replicate the

trends observed in the experimental d&arthermore, the minimum
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number of adhesive particle layers along the smallest dimension of the
adhesive layer is determined.

Considering thenterlaminaflike property ofthe thin adhesivdayerin
joints, the microparameters of the contact model for the thin adhesive
layer are refined, as listed ifable 410. Two simplified DEM models
areconductedo evaluate theefined parameters for the thin adhesive
layer. The numericaresultsdemonstrate that theefined parameters
accurately capture the interlamirldee behaviour ofthe thin adhesive
layerin the DEM models.

To validate the calibratesicroparameters of the contact modelstfor
adherend and adhesivim DEM mode| especially the cohesive
properties othethin adhesive layeihe DEM DCB mode| DEM ENF
modeland DEM SLJ model aredeveloped The numerical results of
these models validate thahet calibrated parameterfor the DEM
adhesivgoint modek show reliability in simulatingnode I,mode 1l and

mixed-mode cohesive failure
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Chapter5

5

Effect of microstructural roughnesson the performance and

fracture mechanism ofmulti -type SLJs

5.1 Introduction

Al t honagfyr evi oubaveudedscated on the |
nsideration of auwuneof asswef friocuigehnnte sisn v et shteir g
dressing the fractmrer oneadtama rsinfsy otfh e o
ughness on .Jloi mddpéen foor moanexperi ment al
itabl e numeri cal met hods t ltmipcarbd satlraufc t a
a taunrde sc atphinei rcirrogne ¢ h aniicad |le phue heax\pi lrdoasee
sightfulabiomuft ortrhaet ieofnf ect of roughness o
hesive joints

Thi shaptenduct s systematic numeri cal
rforaamicesofscadteur e menc htaynesns afff ect ed

rface roughmcessscaiwet lona aealcyhzairmgct er i s
opernthieceaddhfesiremufllmtoenrgt Aeedi fimae kesmtanadhe
rfaceBgpgedidrst he e x ptehrei meinctrao p arreasnuel ttesr ¢
deltshael be si on tihnetAdarhfda ¢PdPAOo B d &l $ h mi ni mum
ughnes sargareaataelsipecti vel vy, which are ass

ughness. Then, the cali brtaDddeMLOdebpar a

ith higher roughnessmigrraddsoulghuireastss oprua f

asured by experi penmtf oraméomed qqu en tmley,h atnh

104



mu Htyilsd Jesnc o mp dogihngi denti cal and hiyérid

mi cr os trrowathunresglaveani gat ed.

5.2 Numerical modelling

5.2.1. Model configuration for the adherends and adhesive

The DEM utilized PFC 2D is employed fc¢
influence of roughness on t hanupgtdyi sl mance
at mi cAoseplesentative arrangé®mboadelofi pa
i || us tFri ggtudraes ii5mgb rai d nSLtJh.i s study, the Al a
are denoted by vyellow and green particles

shown by grey particles.

(a) SLJ
(b) Overlap H
Al'adherend
{dhesinevaens i i st
PPA adherend
(¢) Magnified view y
Large Al particles Soft bond i
: Soft bond
Adhesive particles
fiid '3">
Small PPA particles :
i _Large PPA particles S0 pm 3 18 Bm

Figure 5-1. The arrangement of particles for Slwith roughness(a) The entire
structure of SLJ. (b) The overlap area of SLJ. (c) The particle composition and

contact model.
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The Al and PPA particles, representing
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5.2.2. Model configuration for the interfaces
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Table5-1. The characteristicef the adhesion interfacésr the DEM SLJmodels.

Adherend =|+( e m) 4, Number of interfacial bonds
Al grade 1 < 0.204 1 4974
Al grade 2 1.980 1.275 6476
Al grade 3 4.072 1.377 6986
PPA grade 1 <0.223 1 4974
PPA grade 2 2.189 1.358 6714
PPA grade 3 6.884 1.469 7292
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Figure 5-2. The generation for hybrid SLJ models (local magnification view). (a) The
baseline model. (b) The Hybff@dl model. (c) The HybriG2 model. (d) The Hybrid
G3 model.
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Figure 5-3. Fracture results of ARl SLJ model with excessivegeatinitial shear

strengthof the interfacial bonds.
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Table5-2. The alibrated microparameters for the interfaciabnds.

o Al adhesion PPA adhesion
Parameter Description _ _

interface interface
N Q& Normal stiffness (N/rf) 3.38x10M 4.47%10%0
N QQi Shear stiffness (N/&n 2.84x10! 4.37x10%
na Qe Tensile strength (Pa) 4.38x107 6.08x107
N G K Cohesion (Pa) 3.84x10° 1.14x108
N QPQO Friction a 14 14

5.3 Numerical results

5.3.1. Al-AISLJ
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cracks eventually join each other within
otra@kesund, | eading Fiogwbgompl ete fractur
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Figure 5-4. Loaddisplacement curves and fracture process eGAISLJ. (a) Load
displacement curves of&1. (b) Numerical fracture result of 1. (c) Crack

propagation of AIG1.
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