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Abstract

The role ofsinusoidinterface shapen the stress distribution and load bearwagacityof the
adhesively bondedingle lapjoints has beennvestigated numerically and experimentallhe
experimental results showed thiag interface noiflatnesscanconsiderablynfluence theadhesive
joint strength andhis was in correlation with the numerical resultgained from finite element
analysis Parametric studies weoenductedising finite element method to investigate the role of
various wave heights, wave lengths, adhesive thicknesseslsmchechanical properties of
adhesives anddherendsn the stresdistributiors of the bondedoints. Lower wave lengths and
higher wave heightesulted indecrease peak stresses in the rvlide of the adhesive layer and
consequently increase the strength of the joint. Besidesowhee adhesive thicknessd lower
stiffness ratio of adherendschadhesiveaused an increasetime efficiency of theonflat single
lap joints.
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1- Introduction

Adhesive bondd jointshave attracted considerable attention in various indussief as marine
and aerospacas a replacement for traditional joining methaaduding riveting, bolting and
welding. Based on manufacturing consideratiosisigle lap joints (SLJ¥eem to constitutthe
easiest and cheapest type of adhesively bonded joints and weldefllj@htdowever the offset
of the two sheets SLJscauses a misalignment and resaltsending moment in the joint which
intensifies thelocal stresses dioth ends of the lapped regiomand leads to amefficient load
transfer{4-6]. The ends ohdhesive layer isingle lapjoint arethe weakest arsavhich oftenfail
due tothe normalocal stresses. Several studies have lemuctedn recent years about single
lap joints to provide ideasind solutions in orddo improve the joint strengtty-10]. Improving
the joint strength, by reducing peel and shear peak stregsgégat areas can be obtainedtao
methodsmodifications of adhesive materials (e.g. incorporating nano, micro and macro particles
andfibersinto the neat adhesiy&1-16] and application of functionally graded adhesipMes19])
and modifying the geometry of th¢oint. Different methodswere proposed by scholars for
modification of the adhesive joint geometries including chamfering or bevatiddnole drilling
of the adherendR20-22]. Introducing local compressive stresses at both ehddhesive layer
was the aim of some researchers which led to design oflatoadhesive joints. Three main
geometries of noflat adhesive joints are illustratedkig. 1 including the reverse bent, wavy and
sinusoid interface single lap joint.shortdescription of previous researches related to this kinds
of adhesive joints is given in the following part.

Bosset al.reportedthat modifying the shape of adherents can reducpdak values of shear and
peel stresssin SLJwhich can improve the overall strength of the jo8][ This result is the same

as that presented by McLaredd]. McLarenet al. suggested simply deforming the substrate at the



end of the overlap length to improve the stress distribution within thdapvarea of single lap

joints (Fig. 1a) The new geometry of single lap joint was namearsebendSLJwhich produces

a bending moment in the adherengposite to that occurring in the conventional single lap joint.
The reverse momediminishes the maximum peel stress and lead$dwlya uniform sheastress

in the bond line Fessel et al. applied the revetsnt geometryto compositeadherendsand
compared thé&ehaviorof the reversdent joint with the traditiongbLJc ony gur at i on usi |
numerical and experimental investigations. It was reported that the value of failure load
enhancement in reverfent joint depends upon the chosen materiahlipation PR5|.
Additionally, Fessel et ainvestigated the fatigueehaviorof reversebent joints using substrates

with different yield and plastic deformation characteristics. They reported that the enhancements
obtained under static loading conditiansnslate to even higher benefits in fatigoading[26)].

The efficiency of reversbent joints made of brittle anductile adhesives were evaluated by
Campilhoet al. using both numerical analysis and experime2ifs Results showed a major
improvement of joint strength for the brittle adhesive, but the joints with the ductile adhesive were
not much affected by the bending technigtfeu et al.investigated theeffect of different
prefor med des ineecversdhennSLIs orgimgrovement of the joint strendg?B][
According to their experimental results, tiighest value othe average ultimate load 8f.Jswas
obtainedwhen the preformed angle was equaal® (about 64% higher than tlstandardlat SLJ).

Zeng andsunproposed a new geometry of single lap joint namely wavy lap(jeigt1b)[29,30].

The maximum peektress at two ends of adheslagerin wavy lap joint was lower than that of

flat single lap joint. Lower maximum stresses at adhesive layer caused enhancement of load
bearing of the joint. Moreover, they performed comparative fatigue tests on the wavy lap joints to

assesthe effect of adéarend norflatness on the fatigue life of the joii#1,32]. According to their



test results, the wavy lap joint had a much longer fatigue life than the conventional lafs\jibant.

and Buena@onducted experimental and numerical studiesiogielap joints with wavy geometry

using compositadherendsthe result of which, showed thapplication of adherends witkiavy
shapesncreasedhe strength of the jointsearly 40%with respect to theanventionalSLI[33)].

Shiva Shankar et al. also reported strength enhancement in wavy38].Ja pnother research,
Fessekcompared the stress distribution of the rewrset and the wavy joigt with the stresses

of the traditionakingle lapgoint [35]. They found that theingle bp joints failed mostly due to the

peel stresand yielding of the substrates, whereas the reMzaejointsmostlyfailed in shear or

due to lateral straining of the substrates away from the overlap.

Increasing the roughness of adherends surface before applying the adhesive is one common
practice toimprove mechanicalocking and adhesioat the interface of adhesiamdadherend

[36:39. However, according to the smal/l di mensi o
significantly influence the load transfer mechaniéshrafi et al. studied the feasibility of
improving the structural performance of single lap joints by varying interfagediut not overall

joint envelope. They testédo different geometries of SLJs with sinusoid interfatesle of glass

fiber reinforced polyme(Fig. 1c). It was reported thahe interface nofp at ness has si g
effect on the mechanicbEhavior andtrength of the bonded joint40]. Razaviet al.investigated

the mechanical behavior of SLJs madeafflat zigzagadherends. They found that according to

the geometryof the interlockingeethes, the load bearing capadfythe joint can béncrease or
decreas¢4]].

Non-flattening the adherendn the adhesively bonded joints can be considered as an efficient
technique for improving the mechanidahaviorof the adhesive joints. The substrates can be

preparedy various interface geometries. As already statedntéimeflat sinusoid interfacebave



beenrecently studied by Ashrafi et ali(], however, the reported results are relatecotmposite
adherends arallimited numbers of geometries and design parameters. In this pepefificiency

of nonflatteningthe interface ofmetatadhesiveSLJs isevaluatedoy considering different key
parameters includinthe wave lengththe sign of thevave slope, the wave heiglihe adhesive
thickness and mechanical properties of adherandsadhesived his paper aims to examine the
effects of different interfacemorphologieson the distribution of shear and peeling stresses,
particularly their maximum valueand jointstrength of adhesively bonded jointisrough
experimental investigations and numerioabdelling For this purposeabou twenty different

configurations of adhesive interfageometrie were considered foumerical investigations

2- Experiments

To investig&e the effects of interface ndlatness on the strength of the single lap joints, single

lap joints made ofauminum 7075T6 substrates bonded with two-component epoxyaste
adhesive namefraldite® 2015were madeSome standard tensile tests were conducted to obtain
the stressstrain curve of both adherends (ASTM ES8 [42]) and adhesive base (ASTM D638 [43])
(see Fig. 2). Five specimens from each material were tested in room temperature and under
constant tensile ratef 1 mm/min and the results are given in Tabldlie substrates weit

from 12.5 mm thick sheets usimgre cut CNC machind-ig. 3 shows the geometrical dimensions

of adhesive jointsThe overlap length, the thicknessf bond linet, thesubstrate thickness and

the substrate free length were 8(®, 5 and 45 mm, respectivelplso the value ofvaveheight

A was equal to 1.5 mm for all of specimehiscan be observed that the outer envelope of SLJs

with sinusoid interface is the samethat with a flat interface.



In this paper, achadhesivgoint is name by a short name which is consisttbfeepart S(B)+,
first part isthe S for sinusoid interfacetfie second parB indicateshewave lengtrand thethird
part is the sign ofthe waveslope(dy/dx) atx = 0. For example th&(L/2)+ joint is asinusoid
adhesive joint wittwave length ot/2 (i.e. the interface haamaximum geks and two minimum
pe&ks) and positive wave slope dx/dy >HRlve different single lap joints with various interface
shapeavereconsidered for the experiments ($8g. 4). The wave lengths were considered._as
andL/2, with bothnegative and positive wave slapatx = 0. Subsequently, for all the specimens,
thesubstrates were ptecated prior to bonding. The pteeatment consisted of a first wash by the
acetone followed by ra acid etchaccording toDIN 53281 standard[44] to maximize
environmental confrontation and bonding strengthe ingredients of the etitly solution are
presented in Table Zhealuminumadherendprepared for the adhesive silgpent are illustrated
in Fig. 4.

Thesinusoidinterfacep r o i Cagtesian coordinate systesdefinedas

y =Asin(ox 1 /) (1)
whereA is the wave height which can be positive or neganeording to the bond line slopexat
= 0 anda-is the wavelengthTwo adherends of the same shaperageiredto make a bond with
nontflat interface.After applying the adhesive layer, the adherendsevseparated by a vertical
distance ot = 0.2 mm that was constant along the bonding length and it was applied using a
manufacturing fixture. It is worth mentioning that the when two sinusoid adherends with the same
geometry are used for joint fabricatidhe resulting gap widtli,is not constant-ig. 5 illustrates

a schematic of bond line indicating both adhesive thickness gap widtht'.

Considering aegment of arc whose lengthgs. For small values afy andqgx, the approximate

| e n g tsks giveh by thdPythagoreartheorem,
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Substitutingthe infinitesimalsix anddy, results

ds_ b AW € 3
dx cax ¢

According toFig.5, t wo ttABGaa rdapdaee similgr because tlodrresponding angles

have the same measutieus,the lengths of corresponding sides are proportional

ds t a dy %
P = r 4
dx t' %d_x 9 )

Hence the gap width between two adhereradsbe calculated as bellow

t

ady B ®)
1+ Pre
\/ Zax 2

According to Egb, the gap between adherends equals adhesive thickness only where the bond

t'=

slope is zerody/dx = 0) otherwisat would beless.For example, for a given wave heightAof

1.5mm and wavelength aé= 15 mm, the maximum value of bond slopeli$3 which results a

gapwidth of t' =t/1.18.The adhesive joints were cured for seven days at room temperature (about
25°C). Fivedifferent types of adhesively bonded joints, namely-fianand flatSLJ, were tested

under static loading to obtain the failure load anthpare the results with that of obtained from
numerical stress analysisives ampl es f or each speci menaconyg

displacement contratatic loadingat a rateof 1 mm/min andhe related load levelvererecorded.

3. Finite ElementModel



In thisresearchtwo-dimensionabhnalyse®f single lap joing with different interface shapes were
performed using the ABAQUS softwampplying the tensile load to the single lap joint causes
both tension andendingof the joint,resulting shear and peel stresses in the adhesive Fayie.
element simulations of simplified twdimensional models of sinusoidal interfaces with isotropic
adherends were carried outdiotainthe distribution of shear drpeel stresses along the bond.line
Parametric variations were studied via FEA to highligie tole of interface shapen the
distribution of stresseend inherently, the overall strength of the bonded joints. The stress analyses
were investigated considering the isotropic linear elastic properties of the adhesive and adherends.
The geometric dimensions used for finite element simulatioprakededin Fig. 2. An important

point in designing the neflat interface joints is the slope of two ends of the blamel (dy/dx)

which canbe positive or negativa hus for all six specimas with specificwave lengthstwo
different conditions of positive and negative slom# bond line were considered (deig. 6).
Additionally, the effect of the wave height, the adhesive thickness and the elastic modulus of

adhesive base and adherendsenassesseadsing finite element analysis

Two dimensionafinite element analysesere carried out to simulate thehaviorof the adhesive

joints. The 8node biquadratic quadrilateral reduced integration elements were used for this
purposeA mesh convergence study was ateaductedo obtain theappropriateelement sizéor

stress analyseEight elements were considered in the adhesive thicknessaimthe distribution

of stress in the adhesive layer. The element sizes used for adherents meshing were with a pattern
that became coarser by getting away fromlbeding locationFig. 7 showsa typical element

size in finite elemennhodel.The models were collapsed at one end, while the other ¢hdjoint
wasallowed to translate only in axial direction without rotation. An axial tensile load equal to 1

MPa was applied at the end of thenjs.



and

e

angle of the bond lineNumerousfinite elementanalyseswith consideration of material and
geometry nonlinearities were conducted on the teathtesive joints The numerical results
showeda negligible plasticstrain neathe bimaterial conjunction of adherenaisly in S(L/2)-
specimen. The numerical parttbisresearcraimst o s how o n | diffetertieterface n e y t

geometriedy comparing likefor-like stresdistributions.

4. Result andDiscussion

4.1.ExperimentalResults

It is worth mentioning that the local moments on both ends of adhesive layer result the peel and
cleavage stresses which can lead to reduction of adhesive joints stiidregbnormalstresses
typically lead tofailure of the adhesivpints before the srar stresss fully developed so that the
nominalmaximum joint strength is not attaineddditionally, the local bending moments may
result in yielding of the adherends, which may also limit the joint strength. Thus, the peel
stress/strain should be codesied as a key parameter in design of adhesively bonded fomi8.
illustrates local stresses at both ends of adhesive lAgeording to theFig. 8, adherend non
flathesscan change the stress condition in the adhesive joint specially altering the values of peak

stresses at both ends of bond liNegative and positive bond line slope create local compressive



and tensile stresses in adhesive layer. Presence of local ceivgftessile stresses at critical
points of bond line reduces/increase the peak values of peel stress and shear stress in adhesive
layerwhich leads to enhancement/reductiofoafdbearingof thejoint. In the case of symmetrical
interface geometry, sinalt local stresses will occur on both ends of adhesive layer.

The typical load-displacement curves of single lap joints with sinusoid and flat interfaces are
shown inFig. 9. The numbers marked on the curves denote schematic viee typical specimen
ateach stage dbading Fig. 9b). Fig. 9b illustrates theprogressivdailure in the adhesive layer
obtained from experimental resulihe bold lineson the imagesndicateundamaged regions of
adhesive layer at each stage of deformatidecording toFig. 9, five types of SLJddiffer

Si gni y c a medhanicabehavibrh e i r

For theS(L)+ and SIL/2)+ specimens, thénal failure of the jointoccurredat approximatdoads

of 5800N and 400 N, respectively whiclare 30% and 36 lower than flat joints However for

S(L)- and SL/2)- specimens, thénal failure occurrecat a load around1000N and 12500 N
which are 33% and 51% higher than the values obtained from flat. jibist®ould be noted that

b ajoint average shear strengthapproximately 22MPa.

The failure load of sinusoid joints with positive slopel({$(and SIL/2)+) was significantly lower

than flat SLJsUnlike the other tested joints, the ledi$placement curves of SLJs with positive
bond line slope were not smoatihichis due to the local failure of adhesive layer at both ends of
bond line(seeFig. 9b). After cracknucleation and propagation on both sides of the bond line (point
2), the crack is arrested in the bond line and adhesive joint still sustain the tensile IBadihg.
increasing the applied lodehds to sudden fracture of adhesive joint (point 3Henaint SL)+).

On the other hand, sinusoid joints with negative bond slope had higher load bearing capacity

compared to flat SLJEXistence of local compressive stresaeboth ends of adhesive layar
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sinusoid joints with negative bond slope l(B(and S(/2)-) improved the joints strengtifror
S(L/2)- joints, crack initiation occurred from the interior wave€sy. 10 presentscomparative
experimental results ofailure loadsobtained forsingle lap joints withdifferent interface

geometries.

4.2. Results oParametric Studies

In order to compare the stress condisiohdifferentinterface geometrigghe maximum value and

the uniformity of the stress distributiamere comparedThe stress distribution for the joint with

even numbers of waves in the interface is quite different when the bond line slope is positive or
negative. As shown in tr@ming fgures the stress distribution for the negative slope of the bond

line is muchlower than the values for the positive slope of the bond line. For every specimen the
maximum peel stresses are generally higher than the maximum shear stresses, so this indicates that
the adhesive joints failure is mainly a result of the peel stressiates from where it has the

maximum value (i.e. bonded joint edge).

During investigation of the stress distribution in the middle of adhesive thickness, a path was
considered in the mitine of adhesive layer and the stresses were obtained on thexafbi@ened
path.Figs 11 and 12 show the distribution of adhesive peel and shear stresses along the joint
midlines as a function of normalized distance from the bond line/tip. The resulting stresses
arenormalizedby the applied axial stresfhe maximum values of peel and shear stresses occur

at the edge of the joint for all different configurations.

According b Figs 11 and12, for models withantisymmetric interface shap@sith respect tahe

mid length ¥/L=0.5) of the bond ling the stress distribution has a symmetric condiffégs 11

11



and12- (b), (d), and(f)), whereas for models wittymmetric interface shapdbe stress contours

have an asymmetric distributidifrigs. 11 and 12 - (a), (¢), and (€)). This asymmetric stress
condition causes the stress values to lack uniformity with bias in one side of the adhesive layer.
Thisleads toa more critical condition for the adhesive joint because the crack nucleates from the
bias side with higher stress valddthough the peel stress is the determinative parameter in failure

of the adhesive joinffhowever,an increment of the maximum valoé shear stress makes the

stress condition more crucial.

According toFigs. 11and12 - (a), (c), and (e)the maximunpeelshearstress of sinusoid joints
at one end of the adhesive joint Hessome more than the valuef peel stres$or theflat joints,
so using the sinusoid interfaces wityimmetric interfacd€for both positive and negative wave
slopedy/dx>0, dy/dx<0) had the negative effect on teressuniformity and did not reduckthe
maximum value of thpeelshearstressn the adhesivealyer It should be noted that for SLJs with

symmetric interface, failure initiates from the bias side with higher stress value.

ConsideringFigs. 11and12 - (b), (d), and ), the maximunpeel/sheastress value at both ends
of the jointwith antisymmetric interfackad the same value. For thetisymmetric interfacmints

with positive slope of the bond lingt x = 0(dy/dx > 0) (S(L)+, SL/2)+, and S(/3)+), the
maximumpeelshear stress was inased, whereas for the joints with negative bond line slope
(dy/dx<0) (S(L)-, SL/2)-, and SI/3)-), the maximunpeelShear stresses were decreaBedails

of maximum peel and shear stresses for different SLJ configurations are given i.Table

According to theéwelvedifferent configurations of adhesive sinusoid interface, thefgeedkhear
stress distributions resulted for the jeintith antisynmetric interfaceand negative slopes of
adhesive bond linadf/dx < 0). Thereduction of maximunpeelstresgsfor two cases o85(L/2)-

and S[/3)- were almost the same and it was ab&l. Moreoverthe reduction of maximum

12



shearstress for the adhesive joints ®/2)- and SIL/3)- were respectively43% and34%. This
shows quite an acceptable reduction vadidrech is in line with the failure load enhancements
obtained in the experimental part of this resea@dmerally, the nofilat interfaces hathe same

but not equagffect on the maximum values of peel strasd sheastressAlthough the SLJs with
sinusoid interfaces had improvement in stress condition, the number ofidigesmetries which
leadto amore uniformstress distribution is limited. According to the data provided in Table 3,
only for three cases (5f, S(L/2)- and S[/3)-) the peak value of peel/shear stresses was

decreased.

The other parameter that can play an important role in the efficiency &f \8itd nonflat
interfaces is the wave height. The value of wave helyhwas considered equal to 1.5 mm in
previous results. Here, nine different values of normalized wave héithtis considered for

stress analysis including positive, zero, and negative wave hefigdsl3 and 14 illustrate the

peel stress and shear stress distribution along the bond line of SLJs with sinusoid interface for
wave length ofl(/2). According to thé-igs 13and14, higher wave heights results in intensifying

the effect of adherends ndlatness. For negative higher normalized wave height, the stress
redwction was increased and this was a result of better mechanical locking between two sinusoid
adherads.For example the stress reduction for the sinusoid joint Aith=-0.2 the peel stress

is about 16% lower than flat joint, while for the joint wAfH = -0.5, the peel stress reduction is
almost 49%. It is worth mentioning thatreasinghe wave heightas a practicdimit. Increasing

the normalized wave height leads to a reduction in the adhégament sizeand this results
higher tensile stressén adherends. Higher tensile stresses in adheneaglsause an undesirable
elongationor in a worse case, the adherend failure. The details of effect of wave height on stress

distribution of SLJs are provided in TallleAccording to the results given Table4, increasing

13



the wave height from/H = -0.5 toA/H =-0.6reduced the peel stress reduction from 49% to 36%,

this may be a reason of reduction of adherend overall stiffAehtionally, by increasing the

wave height and consequently reducing #uherend ligament, the load bearing of first and last
waves on the adherend is reduced and because of deformation in ligament, the load is dominantly
transferred by two middle waves. This causes the maximum peel/shear stress to occur in the middle
of thejoint. However, for the joint witl/H = -0.2 and-0.3 the location of maximum peel/shear

stress is at two ends of the joint.

Reducing the distance between to adherends can lead to an improved mechanical locking between
two adherends. This subject wasessed by analyzing single lap joints with both flat and sinusoid
interfaces and different values of adhesive layer thicknesgur different values of adhesive

layer thickness were considered for finite element analysis incliididgl, 0.2, 0.5 and 1 mm. It

should be noted that the wave length and wave height was constant in these analyses. Details of
FE results are given ihable5. It can be concluded that lower adhesive thicknesses increases the
efficiency of sinusoid joints. The maximum peel stress in sinusoid jointtwith mm is 23%

lower that flat joint with sameadhesivahickness. However, the maximum peel stressinusoid

joint with t = 0.1 mm is 45% lower than flaint with same bond line thickness.

A comparative results of the maximyeeling and sheatresses in the bonded joint for bonded
joints with differentstiffness ratioof adherendsand adhesivegare provided in Table .6The
maximum peelingnd sheastresgeductions increag@ a relatively lineamanne) by decreasing

the stiffness ratio Eadnerenad Eadnesivd; in other words, for a specific adherematerial, increasing

the stiffness of adhesive base results in higher stress reduction in adhesive layer. Additionally, for
a specific adhesive materiadherends with lower stiffness result in higher stress reduction in

adhesive layer and consequentigtter joint strength.
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The failure load improvemesiteported in this research are related to the adherend and adhesive
types which are used here. Further researches can be conducted to evaluate the effect of adhesive
ductility on the efficiency of the nefiat adhesive jointsA number of researcheinvestigatedhe

3D stress state in different geometries of notched components considering constraint factors and
stress concentration factors throughout the spectiieknesq46]. Themain features of the

plane stress distributions and the variability of the stress concentration factor as a function of the
plate thickness werl@avestigatedn numerougesearcheft7-49]. The same methodology can be
considered for the neftat adhesive joints in order to evaluate the effect of adherends thickness

on themechanical behaviaf components.

5. Conclusion

In the present project, the effect of nitett interfaces as method ofjoint strength improvement,
wasinvestigatedexperimentally and numericallin the experimental part of thesearchsingle

lap joints withfive differentsinusoidi nt er f a c e createdrprh ausinumnealiog 7075

T6. The experimental resulteevealedthat there are considerable differenbesween thdoad

bearing capacitpy f bonded joints wit lirorttid best eases, the jointnt er f
strength of sinusoid SLJs was improved by 51% compariée: timonventimal single lap jointAs

an important factor for investigatinthe strength of the adhesive joint, stress distribution of the
adhesive layer was studitat different morphologies of adherend interfadegensiveparametric

studies were carriedut to highlight the role of interface shape adtherenthdhesive materials

on the distribution of stresses in a bongedt.
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Table captions

Table 1.The mechanical properties of tadherends and adhesive base.
Table 2. The composition of etching solution for aluminum alloys adherends [28].

Table 3. Detalls of finite element modeling of SLJs with sinusoid interfageél = 0.3,t = 0.2
mm).

Table 4.Details of finite element modeling &LJs with sinusoid interface (wave lengti/2, t
= 0.2 mm).

Table 5. Comparative numerical results of sinus&idJs with various adhesive thickness (wave
length =L/2, A/H = 0.3).

Table 6. Comparative numerical results of sinus&dJs with various adhtend materials (wave
length =L/2, A/H = 0.3).
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Figure captions

Fig. 1. Schematic view of modified single lap joints; (a) Revdyent SLJ, (b) wavy SLJ, (c) SLJ
with sinusoid interface.

Fig. 2. Stressstrain curves of (a) 70756 aluminum alloy, (b) Araldite® 2015 adhesive.

Fig. 3. The geometry of the adhesive joint.

Fig. 4. The flat and no#flat aluminum substrates prepared for applying the adhesive material.
Fig. 5. Schematic view of the gap between two adherends.

Fig. 6. The finite element models of sinusoid SLJs with different wave lengths and wave slope
signs.
Fig. 7. The finite element model meshing used for stress analysis.

Fig. 8. Horizontal compressive and tensile stress distributions for thélatoBLJs with negative
and positive bond slope.

Fig. 9: (a) Load displacement curves of single lap joints waihusoid and flat interfaces. (b)
Crack initiation and propagation at different stages of the experiments annotated with
numbered Oeventsdé in (a). The bold lines
stage of deformation.

Fig. 10. Failure loads of the single lap joints with different interface geometries

Fig. 11. Peel stress distribution along the bond length for different sinusoid interface.
Fig. 12: Shear stress distribution along the bond length for different sinusoid interface
Fig. 13. Peel stress distribution along the bond length for different wave heights.

Fig. 14. Shear stress distribution along the bond length for different wave heights.
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Table 1.The mechanical properties of the adhereatt$ adhesive base.

Mechanical property Araldite® 2015 Al 7075T6

Elastic modulusk [GPa] 2 70

Poi ssombs ratio 033 0.33

Tensile yield strengthly [MPa] 14.4 448

Tensile failure strengthiy [MPa] 24.9 527
*manufacturerds dat a
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Table 2. Thecomposition of etching solution for aluminum alloys adhereddk [

Ingredient wit%
Sulfuric acid 27.5
Sodium dichromate 7.5
Deionized water 65
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Table 3. Details of finite element modeling of SLJs with sinusoid interf@¢kl = 0.3,t = 0.2 mm)

Specimen Interface Maximum Peel stress Maximum Shear sess

label symmetry normalized peel reduction normalized shear reductioni (%)
stress (%) stress

Flat - 1.71 - 1.16 -

S(A)- Symmetric 2.37 -39 1.39 -20

S(A)+ Symmetric 2.37 -39 1.39 -20

SL)- Antisymmetric  1.39 19 0.79 32

SL)+ Antisymmetric  3.15 -84 1.52 -31

S(A/3)-  Symmetric 3.95 -131 1.60 -38

S(A/3)+ Symmetric 3.95 -131 1.60 -38

S(L/2)- Antisymmetric 1.01 41 0.66 43

S(L/2)+ Antisymmetric  4.59 -168 1.58 -36

S(A/5)-  Symmetric 5.86 -243 1.84 -59

S(A/5)+ Symmetric 5.86 -243 1.84 -59

S(L/3)- Antisymmetric  1.01 41 0.76 34

S(L/3)+  Antisymmetric 6.87 -302 1.92 -66

* Stress reduction fmaximum normalized stressd{jointT (Maximum normalized stress)isoid join) / (Maximum normalized
stressHat joint X 100
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Table 4. Details of finite element modeling of SLJs with sinusoid interfageve length 4./2,t = 0.2 mm)

. Maximum normalized Peel stress reductibon Maximum normalized Shear stress reduction
Wave heightA/H

peel stress (%) shear stress (%)
-0.6 1.09 36 0.67 42
-0.5 0.87 49 0.64 45
-0.3 1.01 41 0.66 43
-0.2 1.44 16 0.83 28
0.0 (Flat) 1.71 - 1.16 -
0.2 3.60 -111 1.46 -26
0.3 4.59 -168 1.58 -36
0.5 8.38 -390 2.66 -129
0.6 9.85 -476 2.64 -128

* Stress reduction fmaximum normalized stressd{jointT (Maximum normalized stress)isoid join) / (Maximum normalized
stressHat joint X 100
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Table 5. Comparative numerical results of sinus8idJs withvarious adhesive thickness (wave lengtity2; A/H =

0.3).
Adhesive layer thickness(mm) L:Iat 5 I:lorrﬂat 5 §tress redlojctidr(%)
Unlmax Uslmax Unlmax Uslmax Unlmax Uslmax
0.1 2.47 1.58 1.35 0.84 45 47
0.2 1.71 1.16 1.01 0.66 41 43
0.5 1.09 0.80 0.74 0.53 32 34
1.0 0.81 0.62 0.62 0.45 23 27

* Stress reduction fmaximum normalized stressd{jointT (Maximum normalized stress)isoid join) / (Maximum normalized
stressHat joint X 100
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Table 6. Comparative numerical results of sinus8id]s withvarious adherend materials (wave lengity2; A/H =

0.3).
Stiffness ratio, Flat Non-flat Stress reductidn(%o)
(Eadherend£ Eadheiva |:|n|max |:|S|max ﬂnlmax Clslmax lolnlmax Clslmax
100 1.05 0.76 0.74 054 30 29
35 171 1.16 1.01 0.66 41 43
10 2.97 1.87 1.50 0.94 50 49
2.5 4.75 2.81 2.30 1.60 52 43

* Stress reduction fmaximum normalized stressd|jointT (Maximumnormalized stress)jusoid join) / (Maximum normalized
stressHat joint X 100
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Fig. 1. Schematic view of modified single lap joints;
(a) Reversédoent SLJ, (b) wavy SLJ, (c) SLJ with sinusoid interface.
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Fig. 3. The geometry of the adhesive joint.
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Fig. 4. The flat and no+flat aluminum substrates prepared for applying the adhesive material.
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Fig. 5. Schematic view of the gap between two adherends.
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Fig. 6. The finite element modetsf sinusoidSLJs with different wave lengths and wave slsjgms
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Fig. 7. The finite element model meshinged for stress analysis
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