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Abstract

In this study, different single-lap hybrid jointseaused to analyse the effects of the stiffnesthef
adherends and the adhesive on the failure mechamisenhybrid joints include a combination of (a)
different adherends: aluminium (6082 T6) and PotgRimide (PPA) reinforced with 50% of glass
fibre (grade HTV-5H1 from Grivory) and (b) differeadhesives: epoxy-based adhesive (Loctite EA
9497) and silane-modified polymer-based adhesieeodon MS 9399). Six different single-lap joints
are fabricated and analysed. The cohesive parasnetierdifferent adhesives against different
adherends are determined respectively using smglde coupons and validated with finite element
modelling. Single-lap shear tests are conductedntterstand different fracture mechanisms of the
joints. Finite element (FE) models using the Cole&ione Method (CZM) are developed to simulate
the failure of the joints and validated by theitgstesults. Different failure processes obtaineuanf
different hybrid joints combinations are discus$adher by analysing the stress distributions along
the interfaces of the joints. Finally, the relaship between the stiffness of the constituents of a
hybrid adhesive joint and its failure mechanisrausimarised. The load vs displacement behaviour of
the single-lap joints demonstrate that the stifneSadherends affects the maximum failure load of
the joints with rigid adhesive (epoxy). However fbint with flexible adhesive (polyurethane) ig no
sensitive to the stiffness of the adherends. Intadg higher shear stress distribution occurshe t
interface adjacent to the adherend with lowerrstgf, leading to the failure initiation at the Pétde

regardless of adhesive types.

Keywords:. hybrid joint; joint stiffness; adherends; adhesjwashesive zone model; finite element

modelling



1. Introduction

With the rapid development of new engineering malgr multi-material structures are now widely
used to achieve the desired performance. Consdyguém use of adhesive joining techniques is
increasing due to their advantages over traditigmiats, such as easy manufacturing, more uniform
stress distribution, and the possibility of joinidgsimilar adherends. However, there are stillesom
barriers in using adhesive joining techniques iacpice due to a lack of an accepted theory, which
describes the fracture mechanism of the hybridtgoend summarises the factors affecting the
performance of the joints. As the hybrid joint ihxes the combination of two different adherends
with different mechanical properties, leading tmare complicated fracture mechanism in practice,
for instance, mixed-mode failure (crack may beatéd from the interface and grow into the adhesive
layer, or vice versa).

In recent years, several experimental works haea lbenducted that explore the factors affecting the
strength of adhesive joints, such as the type bksides, the materials of adherends and the joint
configurations (overlap length, adherend and adbeasickness). Wu et al. [1] corrected Goland and
Reissner’s solution by modifying their classicaliation for analysing the adhesive layer in dissmil
adherends with different thicknesses and lengthsvaSet al. [2] analysed the single-lap joint of
dissimilar adherends (aluminium bonded to mild I3taader a tensile shear loading. Their results
show that the stress singularity increases atreddges of the interface with lower stiffnessl toe
thinner adherend. Pinto et al. [3] evaluated thesite strength of single-lap joints with different
adherends (polypropylene (PP), polyethene (PE}oceepoxy, and glass-polyester composites).
They found that increasing the adherends’ stiffmedsices the joint bending and diminishes stress at
the overlap edges and, consequently, increasgsititestrength. Reis et al. [4] studied the inflaen

of the adherend’s stiffness on the shear strengtthe single-lap adhesive joint by using three
different adherends (laminated composite, hightieléisit steel, and the 6082-T6 aluminium alloy).
Their studies concluded that the effects of therlapelength on the shear strength depend on the
stiffness of the adherends. Pereira et al. [5] gtbthat the increase in the thickness of the adbere
decreases the rotation angle of the joint and & plastic strain. Da Silva et al. [6] and Nunkale

[7] studied the influences of the adhesive typeoxgpand ductile adhesives) and thickness of the
bond-line on the single-lap joint strength. It d@concluded that the shear strength of SLJ ineseas
by decreasing the adhesive thickness or incredlsagdhesive toughness.

Cohesive Zone Modelling (CZM) has been widely usethe simulation as it allows multiple failure
paths in the middle of the adhesive or along therface to predict failure. There are various
techniques (direct and indirect methods) to ob@fiM parametersty, G, ts, Gic) by using double
cantilever beam (DCB), end notch flexure (ENF) amgjle-lap joint (SLJ) tests. Zhu et al. [8] used
the direct methodJintegral) to obtain the traction-separation laW$ath mode 1 and mode 2 with

sandwich specimens for polyurea/steel interfacégirTresults show that the traction values in both



cases depend on the loading rates. An increaseiloading rate increases the cohesive peak stress,
while the critical opening displacement decreaBemdwska [9] and Alves et al. [10] analysed the
tensile strength of the bonded joint between simélad dissimilar material by using an indirect
method considering both experimental and CZM apgpres for fracture predictions. Katsivalis et al.
[11] noted that the validated cohesive parametepeid on several factors, including the bond-line
thicknesqt,), the adherends’ stiffness and surface chemistang\and Qiao [12] compared shear-
mode (model Il) fracture toughness of the wood-waad wood-FRP by using tapered end-notched
flexure (TENF) specimens. Their results show thatftacture toughness of the wood-FRP interface
is lower than the value of wood-wood bonded intfa Tvergaard et al. [13] noted that the interface
roughness and crack growth along the bond-lindefdissimilar joints under a mixed-mode loading
condition strongly depend on the elastic modultis E&a/E, of adherends.

Most of the previous numerical works used a sitayer of the cohesive element in the bond-line to
simulate the adhesive layer, which is accurate gimdar identical adherend joints. Nonetheless, the
method cannot describe the failure process fohthwid joint and estimate the strength of the joint
accurately. Since the change of the adherend chahgenteraction between adhesive and adherend
due to roughness and chemical links [14].

The objectives of this work are to predict jointiiesgth and analyse stress distributions along bond
lines, and to understand the failure mechanismthefsingle-lap joints geometry with dissimilar
adherends by comparing to the performances of i@ngingle-lap joints. Finite element models
were developed to predict the strength of the layjmints by considering the effects of their adihere
stiffness. Experimental works on the six differ&irtds of single-lap joints were conducted, which
consist of three categories of adherend combinat{@t bonded to AL, polyphthalamide (PPA)
bonded to PPA, and AL bonded to PPA) using two &iofl adhesives (Loctite EA 9497 epoxy
adhesive and Terson MS 9399 polyurethane adhedwvejpderstand their failure performances as
well as to validate the FE models. The innovatibthe FE models is to use two layers of cohesive
elements along the different interfaces betweenattfeesive bulk and the adherends with different
cohesive properties measured from single-mode cmupsing the relevant adherends, respectively.
This method is approved to provide a more condigength prediction regarding the hybrid joint
combinations. Stress distribution analysis, stéBielegradation analysis, as well as failure surface
observations, were also carried out to obtain gebenderstanding of the failure mechanism of the

hybrid joints.



2. Mechanical Test
2.1. Material propertiesof adherends and adhesives

The adherends used in this study were aluminiuoy&D82 T6 (AL) and polyphthalamide (PPA).
The PPA material, commercially named Grivory HTVi5lack 9205, is a glass fibre (50%)
reinforced engineering thermoplastic material based a semi-crystalline, partially aromatic
polyamide. Tensile tests were carried out for bdithand PPA materials based on the ISO EN 485-
2:2016 to characterise their mechanical propertissshown in Table 1. The Young's modulus and
elongation at fracture of the AL material were apmately three times and five times higher than
the PPA material. This suggests that the AL adhiiehers higher stiffness and plasticisation allowance
before failure compared to the PPA adherend.

Table 1: The bulk property of adherends and adbssiv

Property AL PPA Terson MS 9399 Loctite EA 9497
Young Modulus (MPa) 70770 + 385 17620 £+ 592 3.06 £0.21¢ 7705.35 + 468.08
Yield Stress (MPa) 254.59 +£3.20 24133+ 10.4 2.56 £0.13 46.29 +£3.13
Elongation at fracture (%) 10.83 £0.95 1.71 £ 0.04 153.03 + 14.38 0.71 £ 0.09
Poisson Ratio 0.30 £ 0.01 0.32 £ 0.04 0.44 £+ 0.01 0.29?

Density (tonne/mm”3) 2.7 x 107" 1.65 x 107" 1.4% 107" 11x107"

2 Estimated from Neo-Hooken methbdlanufacturer data

There were two different types of adhesives (LediA 9497 and Terson MS 9399) used in this study
Loctite EA 9497 is a medium viscosity, two-companerom temperature curing epoxy, and Teroson
MS 9399 is a highly viscous, sag-resistance twogmmmnt polyurethane adhesive based on silane-
modified polymers. Tensile tests were carried aih@ bulk specimens to obtain the mechanical
properties of both adhesives (Table 1), based @ 3% (for Terson MS 9399) and ISO527-2 (for
Loctite EA 9497). The results show that the modufitoctite EA 9497 is about 200 times higher
than Terson MS9399 when the samples have the sanfguration. In addition, Terson MS 9399

allows significant larger elongation before failw@mpared to Loctite EA 9497.

2.2. Joint configuration and fabrication

In order to find the cohesive properties: trac{iarandts) and fracture energysc andGc) in tensile

and shear directions; single-mode coupon tests earégeed out, which were double cantilever beam
(DCB) and end notched flexure (ENF) tests. Thickeadnd shear test (TAST) was specifically used
for samples with the polyurethane adhesive and &R¥erends since the failure of the PPA adherends

occurs in advance of the failure of the polyurethadhesive in the ENF tests [15].

As the changes in the adherend materials affecintieeaction between adhesives and adherends,
resulting in different interface properties; theref, different bonding families were manufactured t

capture the corresponded interface properties. efbamples include AL adherends (AL-AL) with



epoxy adhesive; AL adherends (AL-AL) with polyuratie adhesive; PPA adherends (PPA-PPA)
with epoxy adhesive and PPA adherends (PPA-PPA) palyurethane adhesive.

The geometry configurations of the samples for DERF and TAST tests are shown in Figure 1.
DCB test specimens were basedI8© 25217:2009 standard (Figure 1a). The overafitle (,) for
the AL-AL and PPA-PPA specimens were 200 mm and 0, respectively. The initial crack
lengths in the AL-AL specimens weag = 50 mm and slightly shorteg = 30 mm for the PPA-PPA
specimens due to the limited length of the PPAeplatovided by the manufacturer. The other
dimensions such as adherend thickrigss12 mm, the adhesive thickndgs= 0.56 mm and width of
adherends B =25 mm were the same in both testjggested by ISO 25217:2009 standard.

ENF test specimen was based on ASTM D7905/D7905Mciwwas adapted to the adhesive joint in
this study (Figure 1 b). The overall lengths of dpecimensl() were 300 mm and 100 mm for the
AL-AL and PPA-PPA samples, respectively. Besidhs, magnitudes of other dimensions were the

same as the ones in the specimen for the DCB test.

Figure 1c shows the joint configuration for TASTEtteThe dimensions were as follow: the joint has
an artificial crack length of 5 mm in the mid-thiess of the bond-line at one end of overlap, tted to
length ofL; = 148 mm, overlap length &f = 25 mm adherend thickness gf= 12 mm, the adhesive
thickness ot, = 3 mm and the width of adherend equals to B m#b
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Figure 1: Geometry configurations for samples pT{@&B (b) ENF (c) TAST tests

Single-lap joints were manufactured with variouhexgnds, which gives three combinations of
joints: AL-AL, PPA-PPA, and hybrid joint (AL-PPA¥pr each adherend combination, two different
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adhesives (Loctite EA 9497 and Terson MS 9399) weesl. Hence, there were six different single-
lap joints in total (Table 2). For the convenierafediscussion, the hybrid joint (AL-PPA) was
defined as a joint with AL at the top adherend BR@ at the bottom adherend.

Table 2: The combinations of single-lap joint

ID Top Adherend Bottom Adherend Adhesive
AL-AL Aluminium Aluminium Loctite EA 9497 or Terson M399
AL-PPA Aluminium PPA Loctite EA 9497 or Terson MS 9399
PPA-PPA PPA PPA Loctite EA 9497 or Terson MS 9399

The geometry of a single-lap joint had a total tenof L,= 187.5 mm and other dimensions were as
follow: overlap length of.;= 12.5 mm, adherends thickness,gf 3 mm, the adhesive thickness of

t,= 0.56 mm and width of B = 25 mm (as shown in Fégay.

L

t < b

v? A I‘ ta
Top — adherend v Adhesive tas P,s

v

f

ta Bottom — adherend 4

7

s

v

Le
Figure 2: Geometry configuration of single-lap join

The manufacturing of the specimens started byrauttiiuminium and PPA plaques using disc cutter
into the desired shape and length. To make sur®@epsurface treatment, the bonding surfaces of
both aluminium and PPA adherends were preparedibllgsting (Guyson Grade 12 - Metallic Blast
Media, corresponded to particles size of 150-25€ronis) and cleaned with compressed air to remove
the abrasive particles created by the blastinggs®icAfter this procedure, all the adherends were
cleaned with Acetone and Loctite SF 706 in ordereimove grease spots. Specific fixtures were
manufactured to guarantee the alignment, contelattthesive thickness, control the overlap length
and facilitate the preparation of a large numbesavhples. For DCB and ENF specimens, wires with
diameters of 0.56 mm were located at the reardwige a constant thickness@b6 mm, and a blade
with a thickness of 0.1 mm was located at the esfgde adhesive layer to create a crack tip. The
blade was positioned between two spacers withckriess of 0.2 mm to ensure pre-crack at the mid-
thickness of the adhesive layer. For TAST specimemrgs with a thickness of 3 mm were used to
create the constant thickness of adhesiye=(3 mn). The aluminium foil was located between two
spacers with a thickness and height of 1.45 mnrdate the initial crack length af= 5 mm at the

left end of the overlap. Moreover, a wire with &kmess ofL;,,= 1.5 mm was used to keep the gap

between two adherends. End tabs with the lengthgfE 25 mm were bonded to SLJ samples with
epoxy adhesive with the thicknesstgf= 0.56 mm to reduce the bending moment effect duittne
tests. The samples were left for curing under ra¢emperature for seven days. Five specimens of

each category were made, resulting in a total afpEgimens for each adhesive.

2.3. Joints Testing



All mechanical tests were carried out using Ins8880 with a 100 kN load cell. Non-contact optical
measurement system (Imetrum) was used to measack length for DCB, ENF and TAST tests and
displacements in SLJ tests (Figure 3). All specinesere masked using a white background and
black dots with a diameter of 0.3 mm in order teate speckle patterns on the specimens’ surface for
the camera to be tracked. The first pattern wasl asethe reference image, which other images

compared with it. A paper rule was used to calibthe dimension in the camera.

Aluminium

SEitiviees WIS ) E—
gy AT b

Rule for calibration Aluminium

Figure 3: The tensile test setup for SLJ with nontact measurement system (a) AL-AL SLJ (b) PPA-FSRA (c) AL-PPA

3. Numerical Modelling

3.1. Cohesive parameters

Cohesive zone model (CZM) laws are based on aioesdtip between cohesive forces, and
displacement jumps along the material surface,itasbne of the most commonly used methods that
allows simulating the degradation and eventualifailof the adhesive bond-line. The adhesive bond-
line behaves elastically until contact stress redcthe nominal traction strest donsists of two
componentst{ andty) in two-dimensional in normal and shear directioespectively). The elastic
behaviour can be written as follow:

R i [
Whered,, andd are tensile and shear separations at the crackegpectively. The normal and
tangential stiffness can be estimatéq, = E/t, E;; = G/t, E,s = 0 [16] (where E and G are
Young's modulus and shear modulus, respectivelytaisda cohesive zone thickness) to provide a
reasonable stiffness and to avoid numerical problédmce the damage initiation criterion is reached,
the damage evolution describes the rate at whitiesive stiffness decreases as damage increases
until the cohesive elements failed at the pointnettbe relative displacement reached the limitealu
There are two components that define damage ewalutie first component is energy dissipated due
to failure, the values of5c and G,c are representing values under the traction separ&ws in
tension and shear directions, respectively. Therseacomponent is based on the nature of the

damage variable, which is responsible for the saftgsection of the CZM law.



In this study,G,c andt, were measured by usirlgintegral (direct method) for all the AL-AL and
PPA-PPA samples using DCB tests. For CZM paraméBesandt,) in the shear direction, different
approaches were implemented based on differentsadisetypes For epoxy adhesive, the crack
propagated too fast to be tracked during the t€insequently, the length of the crack and rotation
at the crack tip cannot be measured accuratelyefdre, the compliance-based method (CBBM) was
used for the calculation @,c as it does not require the length of the craclke faction in the shear
direction ;) was determined by using the indirect method ftbmexperimental data obtained from
ENF tests by conducting 2D FE modelling with AbauSor polyurethane adhesive, the fracture
energy in the shear directioB,() was obtained by calculatidgintegral at the maximum failure load
by using the FEA code in Abadusis the adherends failed under high compressive iloahe
conventional ENF test, which arrested crack propagaThets was calculated using the indirect
method from TAST load-displacement data by usirgRE model in Abaqdg[15]. Table 3 shows a
summary of CZM parameters for both adhesives bond#d two different adherends. In order to
have a consistent discussion in the FEA modelledjisn, the AL-AL adherends results represent the
interface property between the AL and adhesivesthad®PPA-PPA adherends results represent the

interface property between the PPA and adhesives.
Table 3: CZM parameters for two adhesives bondell twio different types of adherends

Property Terson MS 9399 Terson MS 9399 Loctite EA 9497 Loctite EA 9497
(AL-AL adherends) (PPA-PPA adherends) (AL-AL adherends) (PPA-PPA adherends)

G,. (N/mm) 2.11+0.27 0.95 + 0.12 0.26 £ 0.06 0.22 £ 0.04

G (N/mm) 6.5+ 0.20 4.1+ 0.50 0.90 + 0.388 0.46 + 0.090

t, (MPa) 2.52 + 0.45 0.65 + 0.24 25.35 4 10.263 20.94 +7.27

t,(MPa) 6.67 £ 0.25 3.51+0.20 16 £5 10 £3.75

In all cases, the mixed-mode behaviour of a poaer with the average value of normal and shear
CZM parameters was used to create triangular tracgparation laws embedded in the cohesive
models for both adhesives. Although ductile adhesiare modelled with trapezoidal in literature, a
triangular rather than trapezoidal traction ruleswehosen due to a relatively linear relationshipin
shear (TAST test) without a stress plateau [15]slA@wn in Figure 4a, the values of andr, at the
interface between PPA adherend and epoxy adheareesmaller by 20 % and 37 % respectively,
compared with the values for the interface with &dherend and epoxy adhesive due to the higher
stiffness of AL adherends, which leads to bette#sst distribution along bond-line. In general, the
interface with epoxy adhesive has higher valuetheftractions in both normal and shear directions
compared with polyurethane adhesive regardlesefadherend, but the failure displacement is
significantly lower than the value in the interfagié¢th polyurethane adhesive. This suggests that the
joints with brittle adhesive are going to failsthé first sign of damage immediately after reaching
stress softening in the damage law [10], while pthane adhesive allows plasticisation inside

adhesive layer before failure.
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Figure 4: Cohesive laws for valuesmfandz in (a) epoxy (b) polyurethane adhesives for AL &fA adherend
3.2. FEA Moddlling
Two dimensional (2D) single-lap joint (SLJ) modeigh different adherends and adhesives were
developed using Abagfiso predict the strength and analyse stress disiifss along with interfaces.
In order to predict the strengths of the joints, miimerical models were built by using two differen
types of adherends and adhesives, as shown in Palllbe adhesive layer was divided into three
layers: two layers of cohesive elements elememigathe two interfaces (path 1 and 2) and one layer
of continuum element in the middle section of tlihesive layer (Figure 5). The method allows
defining different cohesive parameters to the iitial interface according to its adjacent adherend
(Table 3). The adherends and the middle sectidgheohdhesive were meshed by 4-noded plane strain
elements (CPE4R in Abadl)swith four and two elements through-thickness peesively. The
cohesive layers were defined using the cohesiveazie (COH2D4 from Abaq(¥ with a single
element in the thickness direction and mesh sif2@F mm. All sections were meshed with a 0.2 mm
mesh size along length after a mesh convergendg.stu

[T ' |
]. Top adherend I /"/
/
""""" Jaaniny // T TN ] Cohesive
T T T ) [T L[|y _clement

I Bottom adherend l

T i L.

Figure 5: Mesh details of FE model

The higher mesh density was utilised for stressyaisato capture a more accurate stress gradient at
the overlap edges. The adhesive section was mestiegdlane strain element (CPE4R) with a size of

0.05 mm along the length in the bonding area anant?15 elements were used through-thickness for
adhesive and adherends, respectively. The single miethod was used for other sections of the



adherend to reduce the computational time. In a@simulate the single-lap test, the left endhef t
joint was fixed, and a horizontal displacement \applied to another end of the joint, as shown in
Figure 5. Tie constraints were used to attach thesive elements to the substrate and the adhesive.
All simulations were solved using the explicit salvof Abaqu8 to compensate for the large
deformation of polyurethane adhesive and the rapdk growth along the bond line of the epoxy
adhesive. Semi-automatic mass scaling of the whnaldel with the scale factor of 2 and 50 were
used for models with polyurethane and epoxy adkesespectively, after a convergence study
compared to the load-displacement curves from xiper@ments. The smaller scale factor is used for
polyurethane adhesive to capture post-failure tfuelly gradual load drop) after maximum failure
load. The developed cohesive laws (Figure 4) wesedun the simulation. Table 4 shows the
combination of the cohesive layers for single-laipts. Path-1 has the cohesive property between the
adhesive and top adherend, and path-2 has the ivehg®operty between adhesive and bottom
adherend. The AL-AL and PPA-PPA joints have theeawhesive property in path 1, and 2 as the
top and bottom adherends were made of the sameiahabeit in the AL-PPA joint path 1 has the
property of the AL/adhesive interface properties] path 2 has the PPA/adhesives interface property.

Table 4: The combination of the cohesive layergHerSingle-lap joints

ID Path 1 (Interface Property) Path-2 (Interface Property)
AL-AL AlL/adhesive Al/adhesive
AL-PPA Al/adhesive PPA/adhesive
PPA-PPA PPA/adhesive PPA/adhesive

Due to the high viscosity of the polyurethane adieesa hyper-elastic model was required for
simulations to adapt the large deformation of thieesive. Different hyperplastic constitutive models
were tested in Abagfisising the experimental results to find the bestetitting for the stress-strain
curves. The Arruda-Boyce model was selected asnibst suitable one. Table 5 presents Arruda-
Boyce parameters for polyurethane adhesive, witthese parameters as inputs for FE modelling.

Table 5: Arruda-Boyce parameters for polyurethane
Arruda-Boyce parameters

Mu (MPa) mu-0(MPa) LAMBDA D (MPa™b)
Parameters

Average 1.016 1.04 1867.76 0.152

4. Results and discussion

4.1. L oad vsdisplacement of single-lap joint

Five SLJ specimens of each design category wetediesder tensile load, and three representative
results were presented in the below figures. Figuaad 7 present comparisons between experimental
and numerical results for the joints with epoxy grodyurethane adhesives, respectively. In general,

there are good agreements between experimentaluanerical results.

The results show that the maximum failure loadampgles with epoxy adhesive is more sensitive to

the stiffness of adherends due to higher peaksstaed instability in damage propagation. It is clea
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from Figure 6 that the higher failure load achiebgdthe AL-AL joints rather than the PPA-PPA or
AL-PPA joints. The maximum failure load of the SH&creases from approximately 3600 N to
approximately 2500 N by changing both adherendsftbe AL to PPA, which corresponds to a
30.55% reduction in the joint strength. This is doe larger bending and longitudinal deformation,
which leads to higher stress concentrations atotrexlap edges of the SLJs with lower stiffness
adherend. The maximum failure loads for the AL-P&#d PPA-PPA joints are close to each other as
the less stiff material determines joint strengthdissimilar joint scenarios [4]. The AL-PPA joint
outperforms the PPA-PPA joint due to the existerfce AL adherend, which increases the overall
stiffness of the joint that leads to a slightly #eralongitudinal displacement (0.3 mm for the AL-
PPA joint and 0.4 mm for the PPA-PPA joint). The-RPA could not perform as well as the AL-AL
joint due to asymmetric stress distribution aldmg ibond line caused by the difference in the &ffn

of both adherends, which leads to the higher séte@ss concentration along with the interface ef th

adherend with lower stiffness (shown in Figure 10).
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Figure 6: Load-displacement curves of (a) AL-AL) A -PPA and (c) PPA-PPA joints with epoxy adhesive

For SLJs with polyurethane adhesive, the stiffriéssdherends does not play a significant role e th

maximum failure load due to the large deformatiérih® adhesive and the stable damage growth
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during loading. The magnitudes of the loads forRRA-PPA and the AL-PPA joints are 6.18% and

2.86% lower compared to the one of AL-AL joint (&g 7). The maximum displacement of the

joints with polyurethane adhesive is significanélgger than the one of the joints with epoxy adhesi
(0.2 mm for the AL-AL joint with epoxy adhesive a@dnm for the AL-AL joint with polyurethane

adhesive). This is due to the plasticisation allogeaof the polyurethane adhesive before its failure

[7], while epoxy adhesive does not allow any ptastition and fails at the first sign of the cratkhe

corners [17]. It is observed for an epoxy adhe#iat the displacement at failure in the PPA-PPA and

the AL-PPA joints are approximately double withpest to the AL-AL joints due to lower stiffness

of the PPA substrates. On the other hand, all dhrsj with polyurethane adhesive fail at a similar

displacement (approximately 2 mm) as the polyurethadhesive contributes most of the overall

deformation.
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Figure 7: Load-displacement curves of (a) AL-AL) AL-PPA and (c) PPA-PPA joints with polyurethardhasive

Figure 8 indicates the failure loads of hybrid jsimvhen different cohesive parameters are used for

both adhesives. Three different numerical modeth®fAL-PPA joint are utilised with three different

groups of CZM parameters. The first model (hamedla$PA-1) uses hybrid cohesive properties,
which defines path 1 using the AlL/adhesive parametad path 2 using the PPA/adhesive
parameters, respectively (Table 6). For the AL-EPAand AL-PPA-3 models, identical CZM
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parameters are used in paths 1 and 2. AL-adhearaneters are used for the AL-PPA-2 model, and
PPA-adhesive parameters are used for the AL-PPAs8eimto define the cohesive zone in the
bonding area.

Table 6: Different CZM parameters for the AL-PPAnjoi

ID Path 1 (Interface Property) Path-2 (Interface Property)
AL-PPA-1 Al/adhesive PPA/adhesive
AL-PPA-2 Al/adhesive Al/adhesive
AL-PPA-3 PPA/adhesive PPA/adhesive

As shown in Figure 8, the simulation results ol#difrom the AL-PPA-1 achieves good agreements
with the experimental results. For the maximumui&lload, the differences between numerical and
experimental results are 0.738 % and 0.43% forjdlgs with epoxy and polyurethane adhesives,
respectively. On the other hand, for the joint wdkntical CZM parameters from the AL/adhesive

interface in both paths 1 and 2 (AL-PPA-2), thfed#nces between numerical and experimental
results increase to 14.12% when the adhesive ixyeamd 18.27 % when the adhesive is

polyurethane. For the joint with identical CZM peweters of the PPA/adhesive interface (AL-PPA-

3), the differences between the numerical and éxeetal results are 4.6 % and 15% for the joints
with epoxy and polyurethane adhesives, respectifean be seen from the simulation results that
the model (AL-PPA-1) with the hybrid cohesive paetens gives the best simulation results and the
results from model Al-PPA-3 are more accurate ttmenresults of the model AL-PPA-2. The result

reveals that the strength of the hybrid joint isnittated by the properties of the interface adjatent

the adherend with lower stiffness, which is theiface between PPA and the adhesive in this study.
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Figure 8: The effect of different CZM parameterstigbrid (AL-PPA) joints with (a) epoxy and (b) palgethane adhesives
4.2. Effect of the stiffness of adherends and adhesives on therotation of SLJ

The rotations of the over-lap region of the sirnglejoints were studied to understand the effetts o
the stiffness of the adherends on the deformatieshanism of the joints. The rotation of a joint
generates excessive stresses at the ends of tHapoire the substrates, which results in adherends
yielding and the fracture initiation in the adhesibayer [18], [19]. Three different single-lap jbin
designs (AL-AL, AL-PPA, and PPA-PPA) with two difent adhesives (epoxy and polyurethane)

were used in the analysis. The rotations were medsusing a non-contact method by defining the
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three reference lines: A-B, C-D, and E-F (FigureT™je rotations of the lines represent the rotation
of the adherend-1, adherend-2 and the adhesive, laggpectively. For instance, the following
formula was used to calculate rotation in eachicect

4B« 4B

0 = cos™ p——
|AB| |AB|
where4B andAB are vectors representing the initial position loé treference line AB and the

position of the line after rotatingdB| and|AB| are the length of the vectors.

o .
N p EE 0K

Adherend-2

cevic roes Zosen
a1 BES
- ‘

Figure 9: Non-contact measurement of rotation yainfial position and (b) after the rotation

Table 7 shows the rotations of the single-lap pinhder their maximum loads with different
combinations of constituents. For the joints wite same adhesives, the AL-AL joint generally has a
smaller degree of rotation in all three positiortgtions 1-3) comparing with the PPA-PPA and the
AL-PPA joints. The only exception is the rotatioh adherend 1 (rotation-1) in the joint with
polyurethane adhesive, the degree of rotation efAh-AL joint is slightly higher (8.3%) than the
one of AL-PPA joint. The phenomenon indicates i high stiffness adherends provide higher
global rigidity in the joint, which results in snhed global rotation [5]. For instance, the degrdée o
rotation in the PPA-PPA joint is 94.95% and 74.3Biher than the magnitudes of rotation in the
AL-AL joint, when the adhesive is epoxy and polyhene, respectively.

In addition, similar degrees of rotations are akedi from all three positions of the joints with
identical adherends (AL-AL and PPA-PPA) and the esatihesive. For instance, the magnitudes are
1.19, 1.2 and 1.17 degrees in positions 1, 2, areespectively, for the AL-AL joint with epoxy
adhesive. However, the degrees of rotations aferdift in various positions in the hybrid joint (AL
PPA). The magnitudes are 1.54, 1.85 and 1.75 degnegositions 1, 2 and 3 when the adhesive is
epoxy. This can be explained due to significantdgn moment in the adherend when using lower
stiffness material (PPA side). It also partiallypkins that the failure of the hybrid joint tends t
occur along with the PPA/adhesive interface, whschbserved in both experimental and numerical
analysis. Beside the stiffness of adherend, tlfimasis of the adhesive also affects the rotatiothef
single-lap joint. Single-lap joints with polyureti@ adhesives have a smaller degree of rotation
compared with the joints with epoxy adhesive, whickhown in Table 7. This is due to the relatively

low stiffness and elastic properties of the polyhmee adhesive.
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Table 7: Rotations in single-lap joints with diffat&eombinations of constituents

Position-1 (degree) Position-2 (degree) Position-3 (degree)

ID Epoxy polyurethane  Epoxy  polyurethane Epoxy polyurethane
AL-AL 1.19 0.39 1.2 0.4 1.17 0.49
AL-PPA 1.54 0.36 1.85 0.64 1.75 0.60

PPA-PPA 2.32 0.68 2.36 0.71 2.30 0.68

4.3. Stressdistribution

Stress analysis was performed to assess the influeithe stiffness of the constituents on the peel
(o) and sheart) stresses along with the adhesive layer basedeoddaveloped FE models. All stress
distributions were obtained along the neutral axithe adhesive layer. Displacements of 0.1 and 0.4
mm were applied for the joints with epoxy and postbane, respectively when the deformation of
the joints is elastic. The peel and shear stresses normalised by the average shear strggh @nd

the bond-line length was normalisedL{) by the total length of the overlahsf. Based on the trend
of the distribution, the overlap was divided intwee sections: at the cornérs< x < 0.1 (section-I),

0.9 < x < 1 (section-1ll) and the overlap inner regidnl < x < 0.9 (section-II).

As shown in Figure 10a, the peel stress of thetgomth epoxy adhesive is generally low, and
uniform in section Il of the bond-line and highests levels are obtained at sections | and Ill, whic
locates at the ends of the overlap. This can ldiggsby adherends rotation that results in higlalp
stress in those areas [20]. The shear stress ®ltbe same tendency (Figure 10 b), with lower
stresses at the inner region (section Il) of theddine and higher stresses at the ends becaube of
free edge effects of the adhesive layer [21]. Rerjoints with identical adherends (AL-AL and PPA-
PPA), the stress distributions are symmetric aliregoverlap. The PPA-PPA joint has the relative

highest peak stresses/(t,,g andt/T,,g ) at both ends of the overlap (sections | anddig to the

lower stiffness of the adherends, which results larger bending at the overlap area. Comparinky wit

the AL-AL joint, the peals/t,,g andt/ T,y Values are 40% and 43% higher, respectively.

a) 3 Y T T T T T b) 4

6/1,, .
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Figure 10: (a) Peel and (b) Shear distributiorhefAL-AL, AL-PPA and the PPA-PPA joints with an epadhesive

For the joints with polyurethane adhesive (Figute @ and b), both the peel and shear stress
distributions are uniform along the bond-line, whka joints consist of identical adherends. This is
due to the hyper-elastic property of the adhesitach leads to higher compliance of the adhesive
layer compared with the epoxy adhesive. The pedikesaof stresses at the ends of the overlap
(sections | and Ill) are significantly lower in cparison to the joints with epoxy adhesive. For

instance, in the AL-AL joints with polyurethane adive, the pee(o/t.) and the shear
stresg(t/T,yg) are lower by 77.82% and 56.08%, respectively cosgdo the AL-AL joint with

epoxy adhesive.
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Figure 11: (a) Peel and (b) Shear distributiorhefAL-AL, AL-PPA and the PPA-PPA joints with a pohgthane adhesive

Asymmetric stress distributions are observed in lilgbrid joint (AL-PPA) due to the stiffness
mismatch of the adherends, as shown in Figure I 1dn which lead to different longitudinal
deformations at the overlap edges. For the AL-P#&AL jwith an epoxy adhesive (Figure 10 a), the
peak value of the/7,,, in section-I (AL side) is higher by 34.54% comphte section-lIl (PPA
side). This is due to the increase of the longitablideformation of PPA adherend. Since the
aluminium adherend experiences smaller longitudotefiormation, the higher peak value of the
0/Tavg IS developed toward section-l. The same trendlss &éound in the AL-PPA joint with
polyurethane adhesive (Figure 11 a). However, ffferdnce of the values of the peak stresses is
lower than the joint with epoxy adhesive, whichcaused by the lower stiffness and hyper-elastic

properties of the polyurethane adhesive.

The asymmetric distributions of shear stress ase abserved in the analysis. For the joints with
epoxy adhesive (Figure 10 b), the peak shear stfedse AL-PPA joint in section | is close to the
stress of the AL-AL joint with a slightly 10.24%ff#irence. This is due to the identical adherends at
this end of the joints. However, the peak sheasstof the AL-PPA joint in section Ill is significty
higher than the one of the AL-AL joint by 47.86% ialin is due to the different stiffness of the

adherends at this end of the joint. The same terydenobserved for the joints with polyurethane
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adhesive, though the effect of asymmetric strestsilolition is reduced due to the high ductilitytio$

adhesive. The asymmetric distribution of shearsstief the hybrid joint can be used to explain its
failure mode. According to the results of both ekpents and numerical simulation (Figure 14), the
damage of hybrid joints usually initiates at sectitl and along with the interface between the

adhesive and the adherend with lower stiffnesschvbould be mainly affected by the higher shear
stress concentration.

4.4. Stiffness degradation (SDEG)

The SDEG represents the overall scalar stiffnegsadiation of the cohesive element, and the value
has the range from 0 (undamaged material) to Irégnfailed). In this analysis, the SDEG variables
were plotted at two instances: (1) when the firdMfailure occurs and (2) when the maximum load
was attained. For the joint with identical adher¢At-AL and PPA-PPA), the SDEG values along
path 1 and path 2 are the same due to the symnsétegs distribution. Hence the plot along path 1

was used in the analysis as a representativehEdnybrid joint (AL-PPA), the values of SDEG along

both path 1 (AL/adhesive interface) and path 2 (RBResive interface) were plotted separately. The
SDEG plots for the joints with epoxy and polyureteaadhesive are shown in Figure 12 and 13,
respectively. For the joints with epoxy adhesive, proportions of the overlap under damage for the

AL-AL and PPA-PPA joints are 5.2% and 4.1%, respety, when the failure initiates (Figure 12 a).

When load achieves the maximum failure load, tlop@rtion under damage is 16.4% for the AL-AL

joint and 9.5% for the PPA-PPA joint (Figure 12 Dhe AL-AL joint has a wider degradation area

compared to the PPA-PPA joint. This can be justifig lower stress concentrations at sections | and
[l in the overlap of the AL-AL joint, due to thadher stiffness of the AL material.
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Figure 12: (a) SDEG of AL-AL, AL-PPA and PPA-PPArts with an epoxy adhesive (a) when first CZM elatrdamaged

(b) under the maximum load point

For the joints with identical adherends bonded vattyurethane adhesive, the value of SDEG is
generally lower than the joints with epoxy adhesiwben the damage initiates (Figure 13 a). For
instance, the SDEG value for the AL-AL joint witpaxy adhesive is 0.95, while this value is 0.65
for the AL-AL joint with the polyurethane adhesivihis is due to the lower strength of polyurethane
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compared with epoxy, namely lower values,phndts, and higher values d@bc andG,c (Table 3).
When load achieves the maximum failure load, tiet jith polyurethane spread damage in a more
extensive area, with the total area under the daro&g8.3 % for the AL-AL joint and 17.4% for the
PPA-PPA joint (Figure 13 b). The results show tBBEG spreads further within the bond-line with

the increasing adhesive ductility.
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Figure 13: (a) SDEG of AL-AL, AL-PPA and PPA-PPArjts bonded with a polyurethane adhesive (a) wirsh@ZM
element damaged (b) under the maximum load point

For the hybrid joint (AL-PPA)The SDEG plot is unsymmetrical along paths 1 an@his is due to

the differences in the stiffness of the adhereAdshe instant the first CZM element fails, the daya
spreads by 4.7% along path 2 (PPA side) and 3.tgabath 1 (AL side), when the adhesive is
epoxy (Figure 12 a). For the joint with polyuretbaadhesive (Figure 13 a), the damage along path 2
is 2%, while path 1 stays undamaged (SDEG=0). W#ans that the crack initiation in the hybrid
joint occurs along path 2, which is the interfaetween with lower stiffness adherend (PPA) and
adhesive. The phenomenon can be observed in @xferimental and numerical results, as shown
in Figure 14. When the maximum failure load occthie,damage extends 12.3% and 7.4% along path
2 and path 1 of the joint with epoxy adhesive hivvgs both interfaces (Path 1 and 2) have damage,
although the damage along Path 2 dominates thelbvailure. For the joints with polyurethane
adhesive, the damage is 21% along path 2 and 284 alaths 1. The results show that the failure of
the hybrid joint only occurs along with the interéaadjacent to the low stiffness adherend.
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Figure 14: The failure process in AL-PPA joints a) epoxy and (b) polyurethane adhesives
5. Conclusion:

In this work, the effects of the stiffness of thenstituents of an adhesive joint on its fracture
mechanism were studied. Joints with different corations of adherends and adhesives were
analysed using both numerical and experimental aasthAccording to the analysis of the results, the

following conclusions could be summarised:

« A novel FE model is developed to describe the maichhperformance of the adhesive joint
by introducing two layers of the cohesive elemdntha individual interfaces. The method
allows defining different cohesive parameters te thterfaces according to the adjacent
adherend. It is especially suitable to simulaterigyfoints with interfacial failure. It is
superior to the conventional method, which considdre overall adhesive layer as one
cohesive zone.

« The load vs displacement behaviour of the singtejdénts demonstrate that the stiffness of
adherend affects the maximum failure load of thatgowith rigid adhesive (epoxy). The
value of the AL-AL joint is higher than the hybijoint (AL-PPA) and the PPA-PPA joint. In
addition, it is observed that the overall displaeatrof the AL-AL is only half of the value of
the PPA-PPA joint, which is also due to the différstiffness of adherends. For the joint with
flexible adhesive (polyurethane), the maximum fa&ilload is not sensitive to the stiffness of
the adherend as the joints with different comborati of adherends have similar maximum
failure loads. Moreover, the overall displacemafitthe joints are also similar. This can be
explained as the mechanical behaviours of the goare determined by the mechanical
properties of the adhesive rather than the adherend

» For the joint with identical adherend, the stresstrihutions along the bond-line are
symmetric. For the hybrid joint, the asymmetricest distribution is obtained due to the
mismatch stiffness of the adherends. This detemnihe failure mode of the joint. Higher

shear stress distribution occurs in the interfadjac@nt to the adherend with lower stiffness
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(PPA). This dominates the fracture initiation ire tbase studies regardless of the adhesive
types. In addition, the adhesive with lower stifaeand higher ductility effectively reduces
the stress concentrations at the ends of the boadand the effects of asymmetric stress

distributions.
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Appendix

Figure 1 shows the avera@g. values obtained from the AL-AL and the PPA-PPAggrmode
coupon specimens (DCB) for two different adhesiegeneral, compliance-based (CBT, ECM,
MCC) and J-integral methods have similar resultes@than 10% difference). For epoxy
adhesive, the avera@g: value for the AL-AL specimens is estimated 7.408dr in the J-
integral method in comparison to the CBT metho88M/mm). On the other hand, the estimated
averagdsc value for the PPA-PPA specimens with the J-infegiethod is higher by 22.20% in
comparison to CBT method (0.175 N/mm). For polyuaee adhesive, the average value for
the AL-AL and the PPA-PPA specimens are higher B\8% and 3.20%, respectively, in J-
integral method compared to the CBT method (1.98M/for the AL-AL specimen and 0.92
N/mm for the PPA-PPA specimen). Due to the readenafjreements between fracture energy
values with different methods, the J-integral mdtheas used to estimate the traction in the

normal direction.
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Figurel: Comparing average fracture energy caledlaiith different methods for AL-AL and PPA-PPA DGBecimens with (a) epoxy-
based and (b) polyurethane adhesives

22



