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Abstract

This study is concerned with increasing the
performance of composite structures by the use of
adhesively bonded joints. The applications are
particularly related to the marine fiedld and
underwater structures; for instance, the assembly of
a sail guide rail to a composite mast for racing
yachts (hybrid bonded assemblies). Adhesively
bonded joints offer many advantages for the design
of such structures, but a lack of confidence limits the
current use of this technology. Therefore, firgt,
different tests and numerical analysis are proposed
to optimize such hybrid bonded assemblies. Then, in
order to simplify the analysis of the influence of the
temperature, and of ageing in the marine
environment, on the non-linear behavior of the
adhesive, a modification of a standardized fixture is
proposed. Moreover this fixture can improve the
analysis of the behavior of the adhesive.

1 Introduction

allow the geometry to be optimized to limit edge
effects. In order to complete this work, a test to
characterize the bonding of a rail (used to guide t
main sail) to a composite mast on a racing yacht is
being employed to analyze the influence of critical
parameters  (rail geometry, mast surface
characteristics...).

For naval applications, it is important to analyze
the influence of the temperature, and of ageirngén
marine environment, on the non-linear behavior of
the adhesive. The proposed Arcan fixture makes it
possible to carry out these tests but the starmkddi
fixture TAST (ASTM D5656-95) appears better
suited for such studies [3]. A comparison of the
experimental results in shear for these two tests
showed differences in the non-linear behavior. A
detailed study of the distribution of the stresises
the adhesive joint, for the TAST fixture, showedtth
the edge effects are very significant. The expegen
gained during improvement of design of the Arcan
assembly (limitation of the edge effects and cdntro
of the stress distribution in the adhesive joingde
it possible to propose modifications of the TAST
fixture to give a more "reliable” analysis of the
behavior of the adhesive. Tests are underway to

The pleasure boat industry uses adhesively complete this study.

bonded assemblies, of composite/composite and
metal/composite structures, on a daily basis, heit t
prediction of the behavior of these bonded joists i
still approximate [1, 12]. Bonded assemblies in a
boatyard environment involve joining of large parts

2 Analysis of the behavior of bonded joint
The first objective of a previous study was to

variable adhesive thickness, simple preparation of define an experimental methodology enabling the

surfaces and cure at a low temperature.

An experimental study of the behavior of the
adhesive in a metal/composite joint is proposeé her
using the Arcan test developed previously to
characterize assemblies of metallic substratesA5].
detailed analysis of the stress distribution thiroug

the joint thickness provides important information

adhesives of interest to be characterized up boréai

[5]. A modified Arcan fixture [2], which allows
compression or tension to be combined with shear
loads, has been designed. It has been numerically
shown, on one hand, that the use of a beak close to
the adhesive joint makes it possible to limit the
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contribution of the singularities due to edge efec
and on the other hand, that the geometry of th# joi
near the edge is an important parameter.

This experimental fixture associated with non-
contact extensometry and optimization techniques
allows us to analyse, for radial loadings, the non
linear behavior of an adhesive joint (epoxy resin
Vanticdd Redux 420 has been used). The second
step was to develop a model in order to represent t
evolution of the relative displacement of both
extremities of the adhesive joint as a functiorihef

stress state. The model retained allows us to usecomposite plates and

joint type elements which strongly reduce the
numerical cost with respect to classical elemehds.
the numerical simulations, performed for linear
behavior of constituents, have shown a non uniform
evolution of the stress state in the adhesive joint
inverse techniqgues are used to identify the
parameters of the model. For monotonic loadings, a
plastic behavior with isotropic hardening and wath
specific yield surface, gives good results [6, 7].

3 Analysis of hybrid bonded assemblies

3.1 Experimental results

The aim of the present work is to extend the
analysis to assemblies involving composite

materials. Tests with the Arcan fixture showed that
the nature of the substrates (aluminium or stemsd
not modify the identification of the propertiestbg
adhesive. To analyze the behavior
assemblies,

of mixed

i.e. an assembly metal-adhesive-

1 - support of the Arcan
2 - bonded specimen
3 - clamping system

(a) Arcan fixture

4 - support of the clamping system
(b) mounting of the specimen

composite-adhesive-metal, the experimental
procedure was adapted. To ensure correct
positioning of the substrates and composite pate,
assembly fixture was developed (Fig. 2).

Figure 3 presents the results for various tests
(45°: tension-shear; 90°: shear and 135°:
compression-shear). This figure presents the sesult
for a simple joint of adhesive (a); a mixed joining
with cleaning of the adhesive, allowing to limiteth
effects edge (b) and a mixed joining with burs of
adhesive. For these tests, the thicknesses of the
joints of adhesive are
respectively about 1mm and 0.45mm. As there are
two joints of adhesive for the mixed tests, the
relative displacement of the aluminium substrases i
double the value measured in the standard teses for
given loading. It is important to note that we dbtza
similar behavior for a mixed joint or a classic
assembly; except for tests under traction-shear
loadings where failure by delamination of the
composite is obtained for a low relative
displacement of the substrates. Moreover, the
comparison of the curves (b) and (c) shows the
importance of the edge effects.

A study is in progress to analyze the behavior of
mixed assemblies with composite plates more
resistant to tension loading in the normal directd
the middle plane of the composite; this is impditan
in particular, for applications such as the rail on
composite masts. More work is underway to clarify
the role of composite failure mechanisms in mixed
joints.

0,2 mm

45°

fixture =, §mm

(c) substrates with the beak

Fig. 1: Presentation of the experimental devicegarfixture).
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Fig. 2. Bondintcj fixture for mixed assemblies wittimgposites
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(a) simple aluminium assembly - (b) mixed assemblg) mixed assembly with fillet
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Fig. 3. Testing of bonded aluminium-composite assiE® (tension/compression-shear)
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Fig 4. Analysis of edge effects in mixed bondecagsies (Arcan test — tension-shear loadings)

3.2 Analysis of edge effects assumptions of isotropic linear elasticity with the

The study of the stress distribution in an aim of evaluating the maximum values of the
adhesively bonded joint showed the importance of stresses in the thickness of the joint of adheglog

Various calculations were carried out under the

the geometry of the substrate and the edge of theand of the composite (Co) for the mixed assemblies
adhesive joint on the edge effects [4, 7]. These tested with the Arcan fixture under tension-shear
parameters are important for the dimensioning of loadings (45°). For these simulations, 20 elements
mixed bonded assemblies [8, 9]. per thickness of 0.1mm of adhesive were used for

3
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the meshes in order to ensure a good quality of the and association in series of two joints of the same
results [4, 7]. Figure 4 presents the maximum v@lue adhesive thickness.

of the von Mises equivalent stress (the stress is
normalized to 1 in the centre of the adhesive Jpint
these curves show the importance of the edge  With respect to the hybrid bonded assemblies
effects. We have used: three geometries of the edg studied previously, the joining of a rail on a
of the adhesive (fig. 4); two thicknesses of thatjo =~ composite mast (fig. 8-a) presents important
of adhesive (e1=0.2mm and e2=0.4mm) and two differences. Here, it is necessary to consider the
thicknesses of the composite (hl=1mm and joining of an aluminium part to a massive composite
h2=4mm). The substrates are in aluminium (Young structure whose geometry must respect constraints
Modulus Ea=80GPa); for the adhesive joint we related to manufacture, and in addition the loads
have: Ej=2,2GPa and for the composite two sets of imposed by the sail lead to a more complex loading
parameters are used (A and B): EcoA=80GPa and of the adhesive joint.

EcoB=8GPa. For different materials the Poisson's Thus, it was necessary to develop an
ratio is: v=0.3. These results show that the experimental test on mini-structures, represergativ
association of the beak and the geometry "i* makes of the application concerned, in order to analyee t

it possible to limit the maximum stresses in the influence of the various geometrical parameters and
adhesive joint and the composite. Moreover for case loadings (cyclic loading, creep ...). The first
"i" the maximum stress in the adhesive is inside th objective of this test is to analyze and optimize t
joint whereas for cases "ii" and "iii" the maximum behavior of this type of hybrid bonded assembly; it
stress is within the interface between the adhesive is necessary to study the influence of various
joint and the substrate (the interfaces are in iggne  solutions making it possible to limit the edge efée

the most critical zones of these adhesively bonded for this application and to check the delamination
joints). resistance of the mast knowing that the mast is not

usually designed for such constraints, becauskeof t
presence of attaching bolts. A detailed analysis of
this test requires comparisons between experimental
and numerical results; it is an interesting exantple
validate the numerical tool which is under
development in order to optimise adhesively-bonded
——th_comp = 2+0.43mm structures [7].
5 The analysis of various configurations requires
DT (mm) the development of a relatively simple experimental
0 ‘ ‘ ‘ ‘ device. Thus, to carry out this test, we have fithed

¢ 02 04 06 08 1 back face of a mast of a 60 foot IMOCA racing
yacht onto a modular support allowing us to loaal th
rail in various configurations using a tensile itggpt
machine (fig. 8-b). During the design of this firéy
different technical solutions have been used tat lim
the parasite effects; moreover improvements are
under development. In order to obtain a test
representative of the real problem, starting from a
piece of mast, various Finite Element computations

3.3 Experimental results on mini-structures

20 1 FT (kN)

15 +
——th=0.45mm

10 A —th=0.90mm

Fig 5. Experimental results for mixed bonding
under shear loading

Tests in which the composite plate was replaced
by an aluminium plate make it possible to validate
some results of the previous numerical study #)g.
The experimental results, presented on figure 3,
confirm the influence of the geometry of the edge o

the adhesive joint on the behavior of the bonded
assembly. An increase in the thickness of the joint
increases the maximum value of the relative
displacement of the two ends of the joint but lgnit
the maximum value of the transmissible load. These
results show that the mixed joining, carried outhwi
two joints of adhesive, has an intermediate bemavio
between that of a joint of double adhesive thicknes

were carried out (fig. 9-a).

The first results (fig. 9-bc) show a delamination
of the first layer of the laminate; the lower layer
seem to be undamaged. An optimization procedure
of the composite based on resistance to delammatio
under normal loadings (in the normal direction of
the mean plane of the composite) is underway.



16" INTERNATIONAL CONFERENCE ON COMPOSITE MATERIALS

a : 4
1-support 2-mast 3 -rail
4 - trolley 5 - loading

I
(b) experimental fixture
Fig. 6. Presentation of the experimental device.

i
(a) Industrial problem

q

(a) FE simulations — comparison mini-(b) US inspection before and after test  (c) Failwalelamination of the first
structure / complete mast layer of the composite mast
Fig. 7. First results.

4 Optimization of a shear test 4.1 Experimental results

Optimization of adhesively bonded joints for A non-contact extensometry system based on
naval applications requires improved image correlation, is proposed to analyse the
characterization of the adhesive behavior. In kinematics of the bonded joint deformation, for the
particular, it is important to analyze the influenaf TAST test. A standard extensometer is used toyerif

the temperature, and of ageing in the marine the relative displacement of the substrates (fljg. 8
environment (seawater, sun, temperature), on the Figure 9 presents the experimental results, oldaine
nonlinear behavior of the adhesive. The proposed with a Redux 420 adhesive for a preparation similar
Arcan fixture makes it possible to carry out these to that used in boatyard environment, for various
tests but the standardized fixture TAST [3] (shear imposed speeds of the displacement of the crosshead
test with thick substrates) appears better suibed f of the tensile testing machine. For these tests,
the analysis of the ageing of the adhesive (fig. 8) corresponding to shear loading of the adhesive, we

The first step of this study was to make a can plot the evolution of the effort transmittedtbg
comparison between the experimental results joint (denoted by FT) with respect to the relative
obtained with the Arcan fixture under shear loading displacement of the two ends of the adhesive joint
and with the TAST test. (denoted by DT).
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Fig. 8. Presentation of the TAST specimen (width4gm).
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Fig. 9. Experimental results, joint thickness: Ondm

Figure 9 also presents the evolution of the Sc=9.53x25.4mf for the TAST test and
deformation of the adhesive joints for the tests Sc=10x65mrhfor the Arcan test. A comparison of
corresponding to a rate of 0.5mm/min. for the the experimental results in shear for these twts tes
crosshead displacement of the tensile testing showed differences in the non-linear behavior. On
machine. Similar tests have been performed with the one hand, for the Arcan test a "homogeneous"
Arcan fixture using the same preparation conditions deformation of the adhesive joint is observed. I@n t
Figure 9 presents also those results. other hand, for TAST test cracks appear quickly at

It is important to note that the sections Sc of the the two edges of the adhesive joint close to the
adhesive plane are different for the two tests: interface adhesive-substrate. The evolution ofghes

6
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cracks, visualized by the image analysis, has beendistribution in the mean plane of the adhesiveads n
observed for various adhesives and various types of uniform, the maximum shear stress, for aluminium

substrates (aluminium and steel).

4.2 Analysis of the experimental results

1,2

1,0 / \
0.8 / \
0.6 [ —— SMXY \
0.4 —SMYY

0,2 —SMXX

0,0 , , =
0.2 20 40 60

(a) Arcan test under shear loading

1,2
1,ofr\—/’/]
0,81
0,6 = SMXY
—SMYY
04 —— SMXX
0,21
0,0 ‘ i X
2020 Z\F—‘G/B 10
(b) TAST test
Fig. 10. Stress distribution in the mean planénef t
adhesive

Figure 10 presents, for the two tests, the
distribution of the stresses in the mean planehef t
adhesive joint under the assumption of linear ielast
behavior for the various components (aluminium
substrates: Ea=80 GPwaa=0.3; adhesive: Ec=2.2
GPa,vc=0.3). The computations are made in 2D. On
this figure the shear stress is identified as “SMXY
and it is normalized to “1” in the middle of thanb
These results show differences between the two
tests, especially near the edges of the adhesive jo

As the numerical simulations, performed for
linear behaviour of constituents, have shown a non
uniform evolution of the state of stress in the
adhesive joint, inverse techniques are used to
identify the parameters of the model in the case of
the Arcan test. For such monotonic loadings, elasto
plastic behavior with isotropic hardening allows us
to represent the experimental results accuratély [6

For the TAST test, ASTM D5656-95 proposes to
define the "limit" of elasticity starting from the

substrates, is close to 1.14*FT/Sc. This value is
obtained starting from the results presented aurdig
10; 3D calculation gives similar results. This
procedure, inspired by the inverse identification
technique developed for the Arcan test, makes it
possible to obtain a slightly higher value for this
elastic limit. The value denoted by "rupture" is
associated with the ultimate load.

Figure 11 presents a comparison of the analysis
of the experimental results from the two tests.

30

t(Mpa)/
25
o
20+
15
I — ARCAN
10
® TAST
5,
DT (mm
0 T T ‘ (mm)
0 0,1 0,2 0,3 0,4 0,5

Fig. 11. Identified behavior for the adhesive joint
under shear loading

4.3 Analysis of the edge effects

To analyse the differences observed for the two
tests, it is interesting to study the distributiointhe
stresses through the thickness of the adhesivé join
[10, 11]. This analysis requires fine meshes to
ensure the quality of the results; models using 40
linear elements in the half thickness of the jaht
adhesive (e=0.2mm) are used. For the TAST test, an
analysis in 2D is carried out from half of the mbde
by wusing adequate boundary conditions (anti-
symmetric type conditions) in the average plane of
the adhesive joint (segment [X, Y], fig. 12). An
imposed displacement on the segment [U, V]
represents the loading. Figure 13 shows the
important edge effects in the adhesive (useful kone
at the ends of the interface adhesive-substrate. Th
different curves are associated with a positiomy i
the adhesive joint; y=0 represents the averagesplan
of the adhesive joint. Moreover, it is important to
note that there are also important edge effectbén
zone noted "S" on figure 12 ("non-useful" zone).

Figure 13 also presents the results for the Arcan
test under shear loadings; the geometry of theoénd
the joint of adhesive (obtained by cleaning before

change of slope in the diagram of average stresscuring) and the presence of the beak makes it

FT/Sc versus relative displacement DT; Sc is the
section of the adhesive plane. As the stress

possible to strongly limit the edge effects forigas
loadings [7].
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This detailed study of the distribution of the
stresses in the adhesive joint, for the TAST figfur
showed that the edge effects are very significant.
Those numerical results help to explain the
differences between the experimental results
obtained for the two tests.

4.5 Influence of the non linear behaviour

The adhesive joint having a strongly non linear
behavior, in particular under shear loadings, it is
interesting to take into account these aspectién t
analysis of these tests. Simulations were carrigd o
under the assumptions of the finite transformations
and elasto-plastic behavior of the adhesive,
identified starting from the Arcan tests under shea
loading (fig. 11). For these applications, where th
shear stress component in the adhesive

COGNARD J.-Y., Créac’hcadec R., Davies P., Sohier.L

tests, the central parts of the adhesive joint are
loaded in a similar way. The non linear geometric
effects can explain the differences between zones L
and R. Figures 14-b and 15-b present, with redpect
DT, the evolution of the maximum value of the
cumulated plastic deformation in the different zgne
moreover, for the Arcan test the solutions are also
plotted for the elements of the adhesive joint feda

at the two edges of the interface adhesive-sulstrat
(references r and ).

This study underlines the differences between
these two tests. For the TAST test, the zone dlmse
the interface is the more stressed part of thesae
joint; therefore cracks can appear near them. h@n t
other hand, for the Arcan test, the adhesive jisint
stressed in a much more homogeneous way;
moreover, the maximum value (close to the central
part) is obtained close to the free edge of the
adhesive but not near the interface; it is impdrtan
note that the interface adhesive-substrate is dfien
"weaker" part of the assembly. Thus the Arcan test
makes it possible to obtain relative displacements
DT more important than the TAST test. It is
important to underline that these simulations give
indicative results. Figures 14-c and 15-c preseat t
Load-Displacement diagrams for the two tests; the
results obtained are similar to the experimentéd.da
These figures also present the time associated with
the beginning of plasticity within the center zone
and at the edges of the adhesive joint.

4.6 Proposition of a modified TAST test

The principal difference between the two tests is
associated with the edge effects. It is thus nhtara
study the influence of the use of beaks in order to
limit these effects in the case of the TAST teste T
machining of the beaks requires the machining of

is grooves much larger on both sides of the useful par

dominating, the use of a usual elasto-plastic model of the joint of adhesive (fig. 9-b).

with isotropic hardening is acceptable.
Figures 14 and 15 present results for the

The numerical analysis of this modification of
the geometry of the substrates close to the useful

different zones analyzed, presented in figure 12 (L part of the joint of adhesive makes it possible to
C, R and S for the TAST test; L, C and R for the approach the properties of the Arcan device, in
Arcan test). Figures 14-a and 15-a present, for a particular the use of sharp beaks can stronglyt limi
relative displacement of the ends of the joint of the edge effects. As the machining of the beaks is
DT=0.07mm and a thickness of the joint of adhesive not easy a second possibility is to use a "TAST"
of 0.4mm, the state of the cumulated plastic assembly with small samples ((1), fig. 16-c) which
deformation; for each zone the extreme values are can be cut out of the bonded plates used for the
registered with the top). The TAST test is machining of  "normalized"  TAST  test
characterized by the development of zones strongly (parallelepiped height approximately 20mm with an

plasticized at the edges of the adhesive jointectos
the interface (a "zoom" of the scale makes it pssi
to better visualize the phenomenon). For the two

adhesive joint of Sc=9.53x25.4 mm? section in the
mid-plane). This device thus uses a support (@), f
16-c) and a fastening device ((3), fig. 16-c).
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characteristics...). For these assemblies, the choice[7] Cognard J.Y., Créac’hcadec R., Davies P. and Sohier

of the geometry of the substrates (for instance the L., "Numerical modelling of the non-linear behavior

use of beaks) and geometry of the edge of the of a}dhesively-bondeq assemblies”, imdvation In

adhesive joint make it possible to strongly linfiet Engineering Cormputational Structures Technology”,

influence of the edge effects and thus to incréase gﬁxe'coﬁrg Z;g"git;ogz'%ISBN 1-874672-27-X,

transmissible load by the assembly. An optimisation apt.er PP 2eom2a ' " :

of the design of the composite is also necessary. (8] rDe?iuiléva:[hlgF"\él'elarslg’eégggnsinRé[()j'ﬁes-li—\(/aghn(;?nutgs vf/ci)th
For naval applications, it is important to analyze composites” plnter_]_ Adhesion & Adh%iv&l Vol.

the influence of the temperature, and of ageirthén 27, pp 227-235, 2007. '

marine environment, on the non-linear behavior of q; kpajiji s.M.R., Mittal R.K. and Gharibi Kalibar S.,

the adhesive. For such complex experimental tests” * A stydy of the mechanical properties of

the use of the TAST fixture can be interesting. A steel/aluminium/GRP laminatesylaterial Science

detailed study of the distribution of the stresses and Engineering A, Vol. 412, pp 137-140, 2005.

the adhesive jOint, for the TAST fixture, showedtth [10]Leguillon D. and Sanchez-Palancia ECptnputation

the edge effects are very significant. of singular solutions in elliptic problems and
The experience gained during improvement of elasticity”, Editions Masson, Paris, 1987.

design of the Arcan assembly have made it possible [11]Magalhdes A.G., De Moura M.F.S.F. and Goncalves

to propose madifications to the TAST fixture, to J.P.M., "Evaluation of stress concentration efféits

give a more "reliable” analysis of the behaviour of single-lap bonded joints of laminate composite

the adhesive. Moreover this device is well suited t material”, Inter. J. Adhesion & Adhesives, Vol. 25,

analyze the influence of the ageing on adhesive pp 313-319, 2005.
properties; indeed, it uses small samples removed [12]Tong L. and Steven G.P.Aftalysis and design of
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Tests are underway to complete these studies.
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