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Abstract

The failure in adhesive joints is usually driventhg non-uniform distributions of stresses
that generally appear along the bond-lines, witlalpstresses near the ends of the overlaps
and inner zones on which the adhesive practicatlgsdnot work. For joints of dissimilar
materials, the stress fields are also affectedheyabsence of symmetry. The present work is
focused on ‘functionally graded adhesive jointsatmid this phenomenon and to improve the
strength of aluminium/composite joints under sHeads. In order to get the most favourable
properties grading, a search/optimization procedtmaes been implemented based on finite
element calculations and considering continuousatems of properties within the adhesive
layer. After that, a comparative analysis againgccete/’'banded’ approximations of these
continuous distributions has been performed, bewogfigurations more feasible to be
manufactured and therefore more suitable for indakzation.

1. Introduction

Bonding clearly constitutes one of the best tealmesqgfor joining composites with metals or
other dissimilar materials. The failure of bondenhis is generally strongly influenced by the
non-uniform distributions of stresses and straiveg tisually develop in the bond-lines, as it
happens in single-lap joints under shear loadsu(Eidl). The maximum stresses/strains,
commonly located near the ends of the overlapsrohte the rupture of the joints. This

phenomenon is especially critical when rigid or segid adhesives are used, affecting to all
the possible failure modes that can operate (cebgadhesive or through the substrates).

Several research works have been published foauséae mitigation of this phenomenon by
means of variations in the geometry of the overldp3] (for example, using ‘tapering’ or

‘fillet’” configurations). These approaches gengraiomplicate significantly the joints

manufacture.

An alternative strategy is to introduce a variatipading of properties in the adhesive layer
or in the adherents along the overlap, solutiongllys referenced as ‘functionally graded
adhesive joints’. The former concept involves tise of more flexible adhesive at the joint
boundaries and a rigid one in the centre. Sevemksvhave been also reported in this
research line in the last years [4-6], especialithviocus on the adhesive grading. In this
sense, different approaches have been proposadniswf of rigid adhesives through rubber
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particles, stiffening of flexible adhesives by measf glass micro-spheres, combination of
different adhesives, among others.
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Figure 1. Adhesivestresses distribution on a single lap joint undieas loads.

Regardless of the method used, the control of aheidation process in order to obtain a
certain distribution/variation of properties withaigh accuracy is still a pending challenge,
even more thinking on the industrial applicationr lgrading solutions based on continuous
variations, the complexity from the manufacturirgjnp of view is even higher. Taking into
account that, many researchers have attemptedpmwa the stresses/strains fields simply
through bi-adhesive solutions. In this sense, thwksv of Pires[7], and Da Silva and
Adams|[8] are worthy of remark. However, the impnoemts reported in these works are
somewhat moderate, partially since two phases ateenough to make the most of the
technigue and, on the other hand, because theydeonsonfigurations that have not been
fully optimised in terms of adhesive propertieshands widths, as it can be inferred from the
work of M.D. Fitton and J.G. Broughton [9].

Despite of what it has been mentioned, neverthekrrding the manufacturing complexity,
the knowledge of the optimum grading to get the imaxn joint strength for a given
configuration constitutes a result of enormousraggefrom a mechanical/structural point of
view. In a sense, it defines the objective solutibat should be approximated as much as
possible. The limitations that can arise during fdterication process will determine how far
or close from this ‘best solution’ a joint will bEor joining of dissimilar materials, there is an
additional complexity associated to the absenceyaimetry in the overlap. This produce
stress-strain fields that are also non-symmetnic.tHese cases, the procedure used to
determine the optimum grading should take into anteéhat issue (i.e. should be capable to
optimise non-symmetric gradings).

In this line, some of the studies carried out assgntontinuous variations of properties,
although they propose adjustments base on functiatsa-priori allows to approximate the
optimum solution adequately, they do not considexr hon-linear behaviour that many
adhesives present prior to the failure. Then, tea@cy of the predictions that they offer in
terms of maximum load capacities is somewhat lichitds examples of these studies, the
works of Kumar[5] and Stapletonand, Waas and Af&dldan be mentioned. The non-linear
responses that present many adhesives generateokian of the stress and strain fields
along the bond-lines while the load increases.vi@erlaps with a grading of properties, each
material point will follow different non-linear &ss-strain curves. In these cases, the stress
field usually does not give enough information &etmine how far an adhesive layer is from
its final rupture, and then more complex failuriéecia are required.
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The aim of the present work is the determinationthef optimum grading of properties in a
bond-line to maximise the ultimate loading capaafya single-lap aluminium/composite
joint under shear loads. The study has been peeiiconsidering a grading strategy based on
mixtures of compatible adhesives with dissimilarartteristics in order to obtain the
properties variations. The analysis has been choig using the finite element method as
calculation tool taking into account the non-lindeshaviours that present the structural
adhesives selected for the study. Finally, the wmdudes a comparative study with
discrete/’banded’ approximations of the optimum towrous distribution obtained, being
configurations more feasible to be manufactured.

2. Preliminary feasibility analysis

Previous to the optimization study, the viabilitiytbe grading technique has been analysed
through the experimental characterization of a &ngingle lap joint, comparing a mono-
adhesive and a bi-adhesive (3 bands) configuratibhs adhesive layer lengths have been
adjusted to ensure a strength improvement througlmpnary FE calculations similar to the
ones that have been employed lately for the op#itims. The specimen dimensions are
shown in Figure 2.The length of both substrates ¥ mm with a grip area of 50 mm. In
order to reduce the size of the numerical modsl @hip length has not been represented. The
width of the specimen was 10 mm.
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Figure 2. Single lap test specimen geometry analysed.

The main characteristics of the substrates cormider the study are presented in table 1.
Both substrates have been treated superficialiypoove their adhesion with the adhesives.

Young Modulus

Substrate (GPa) Poisson Limits (M Pa)
Aluminium 6005A-T6 70 0.25 oy =210, omax = 310
- . . E]_l: 36300
P Gio= 34955

Table 1. Mechanical properties of the substrates

The 3-banded joints were made with a central bdr@banm of a rigid structural adhesive
and two exterior bands with a more flexible oneisThi-adhesive configuration has been
compared with the mono-adhesive solution (with riiged adhesive, the one that leads the
maximum joint strength). More information about e@hesives used is presented in the next
section. The results obtained are shown in table 2.
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Configuration Ultimate L oad (N/mm) Failure mode
MonoAdhesive [5 tests] 420 Adhesive
3 Bands [5 test] 658 Adhesive, thin layer cohesive

Table 2. Ultimate loads of the preliminary tests.

Despite the fact that the failure mode was not siviee there has been a global improvement
of about 57% that evidences the potential of ticarigjue. The flexible adhesive in the ends
of the overlaps produces less stress concentratiah the adhesive thickness and also in the
adhesive-substrate interface.

3. Adhesives selected

The main objective of the work performed is to ioye the response of the joint introducing
a property grading into the adhesive layer. Asag been previously introduced, the grading
strategy considered is based on mixtures of twe Isasictural adhesives: a relatively rigid
one (A) and other more flexible (B). In order totah intermediate phases with tailored
properties, both base adhesives must:

» Be chemically compatible (in this work two epoxgires with the same chemical base).

» Have enough different mechanical properties.

* Be able to be polymerised with a common curing eytloth the adhesives and their
mixtures).

As first step, tensile tests have been performeatdier to characterise the adhesives selected
and to analyse the behaviour of the mixtures. Thehanical behaviour obtained in terms of
the true stress and true strain for the base adkseand different mixture ratios are plotted in
Figure 3. This plot evidences how the mixture ofhbadhesives generates materials with
intermediate resultant mechanical properties.

Considering the previous curves, the constitutiveleh chosen for the FE simulations for the
adhesives is a tri-linear law suited for finiteagtis with J2 plasticity and isotropic hardening.
A small artificial hardening is added to the rigidhesive in its final section in order to avoid
numerical difficulties. The properties for the nuioal definition of the material model are

summarized in the Table 3. The stress-strains suaxe shown in Figure 4.
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Figure 3. Adhesive adjusted curves with the experimentad.dat
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Figure 4. Adhesive adjusted curves with the experimentad.dat

P E (M Pa) \Y% (61, 81) (62, 82) (Gmax, Smax)

0 (Adh. Rigid) 12256 0.4 (21.5,0) (28.8,0.04) 8.@ 0.08)
0.3 1026.3 0.4 (16.8,0) (22.7,0.04) (25.4,0.12)
0.5 675.7 0.4 (12.6,0) (17.6,0.05) (22.2,0.15)

1 (Adh. Flexible) 203 0.4 (3.42,0) (7.9,0.32) 4@, 0.50)

Table 3. Mechanical properties of the adjusted adhesivdgdéferent mixture ratios.

4. Adhesive grading optimization

In order to obtain the best material propertietrithstion along the bond-line, a finite element
model of the single lap joint has been developedeumplane strain conditions. The type of
element used is CPE4R (4 node lineal element witliged integration, available in Abaqus
Standard). There are at least 12 elements thrdwggadhesive layer thickness and 7 elements
in the substrates. All the simulations have beemiezh out under static considerations and
with an imposed displacement. The joint failuréesia considered is the point when the first
adhesive element reaches its correspondent maxjphastic strain.

A field variable p) is used to introduce the material propertiesatemn, so the adhesive
constitutive model is unique for all the phasesisariable takes a constant value within
each element. The law that describes this spatiaémidency of the material is a piece-wise
function that allows the existence of the non symmimedistributions (Equation 1). The
variation that has been taken into account is atbedongitudinal coordinate x.

Py~ po) 1
, - >aq, x<0
a In(L/2) (pl pO) G X

_ 1)
P, po) 1 ~ (
a, /In(L/2) (pz pO) > Gz, x>0

(al - x|Pr + Py b1 = ln(
p(x) =

(a2 1x1°2 +py, by = In

The bk coefficients have been calculated in a way that ghin the extremes are input
parameters. Consequently, the function is complatefined with 5 parameters. In order to
obtain the best adhesive distribution (i.e. the tha gives the maximum ultimate load) a
parameter design process has been implemented. l|Afafttorial searching has been
performed. The values that have been chosen are:
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a; =[ 1075, 1077]; a, =[ 1075, 1077]; p, = [0.0, 0.2];
p, =[0.0, 0.2, 0.4, 06, 08, 1.0]; p,=[0.0, 0.2, 0.4, 0.6, 08, 1.0]

The maximum load has been obtained for the comibimg10~>,10~7, 0.0, 0.6, 1.0]. A
refinement of the search around this point has Ioegate with the following values:

a; =[1073, 1075, 107¢]; a, =[1075, 1077, 1078]; p, = [0.0]
p, =[05, 0.6, 0.7]; p, =[0.8, 0.9, 1.0]

This gave an optimum point of1073,10~7, 0.0, 0.6, 0.9] with an ultimate load of 848 N
per depth unit, approximately 70 % higher than theno-adhesive joint (with the rigid
adhesive). The function with these parametersasiqa in Figure 7 with dashed line. It is
clear that the optimum distribution is non-symneesince the materials are dissimilar.

In order to determine the substrate influence, dbarching process has been carried out
considering both plastic behaviour in the aluminisubstrate and perfect elastic behaviour.
The composite substrate has been defined as latestic in all cases. An important
conclusion is that the optimal parameters are #meesfor both models. This is because the
zones where the yield stress is reached are sn@lighobally, does not affect significantly to
the joint response. Figure 5 shows both the loagidcement curves and the fraction of the
maximum plastic strain (DUCTCRT) reached in theesie.
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Figure5. Load — displacement curve from FEM analysis fer 8L.S joint with and without plasticity in the
aluminium.

Taking into account that a continuum grading isteuiifficult to manufacture, ‘banded’ or
discrete approaches are usually considered trgrig the optimum continuum distributions.
In this sense, an additional analysis has beeredasut in this work for this type of solutions,
focused on the evaluation of different ways to agpnate the optimum grading previously
found. The objective is, given an optimum continugrading, to obtain the most effective
distribution in bands. This approach is convenletause making a searching process for all
the parameters that may define a banded gradindgdwequire a significant computational
effort (with the amount of simulations to be peni@d increasing with the number of bands).

Due to the properties jump between neighbour elésneamerical singularities may arise.
The bigger the jump, the higher the singularityeorid. One way to avoid this phenomenon is
to introduce in the models a thin continuum gradegveen the bands, as shown in Figure 6.

6
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Through this strategy the results are mesh indep@ndhe width of this transition has been
set to a value that do not affect to the globabledur of the joint, for these adhesives 1 mm.

Flexible f Rigid
Adhesive Adhesive

Figure 6. Transition of the mechanical properties betweemadhesive bands.

Once the numerical strategy was established, thwags to approximate the continuum
grading solution in the adhesive layer have beepgsed. In the first and the second cases
the adhesive bond line is divided into bands ofgame length. For the first discretization
proposal the value of the interpolation varigbls calculated as the average of the function in
each band domain. For the second approach, thesvaftthe continuum function in the band
extremes were selected.

In the third method proposed, all the parameteasdlwidths and their field values) were left
free to change within the operational range. Anla@gbion technique for the different
parameters has been used. In the Figure 7 these piofiles are shown for the 5 band
configuration.
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Figure7. Interpolation variable along the adhesive bond for the different solutions.

In the Figure 8 the evolution of the maximum loathwhe number of bands is shown for the
three discretization proposals presented. The lcad®sponding to the optimal continuum
solution and the mono-adhesive solution with tedrresin are also included.

It is clearly evidenced that the way on which tbatchuum solution is approximated strongly
affects the level of improvement finally reachedor®bver, fixing the sizes of the bands with
uniform lengths limits considerably the efficienothe technique. However, optimizing all
the parameters, the discrete solution with 5 baraasprovide almost the same performance
than the continuum one. It is shown that, for thiatjanalysed and considering a cohesive
failure mode, the ultimate load can be improvediadoa 70%.
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Figure 8. Evolution of the maximum load with the number dhasive bands for the different solution schemes.

5. Conclusions

From the preliminary test as a proof of conceps itlear that the variation of the adhesive
properties along the bond line has a significanepimal. Additionally, the characterization of
the two base adhesives and some mixtures of theravidenced the feasibility of the grading
strategy based on mixtures of two compatible adiesswith different mechanical properties.

The finite element analysis performed has shownhtti&joints strength can be considerably
increased through continuum variations of propsytieaching approximately a 70 % of
improvement. For the geometry analysed, the lackyofimetry of the substrates produces
stress states into the adhesive layer with difteperaks in the extremes of the overlap. This
fact determines the non symmetry of the optimalemait distribution. Also, it has been
clearly evidenced that the way on which the besttinaum grading is approximated by
means of bands strongly affects the level of imprognt finally reached.
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