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Abstract: This study is concerned with improving performance of composite structures through the
use of adhesive bonding, particularly for marine and underwater applications. Some preliminary results
from tests on simple composite/composite assemblies are given first. Difficulty in modelling the failure
of even these simple joints highlighted the need for more reliable constituent input data. The first
objective was to define an experimental methodology enabling the adhesives of interest to be
characterised up to failure. A metal-metal assembly was considered, in order to concentrate on the
analysis of the behaviour of thin adhesive films. The aims were to characterise the adhesive, analyse
its non-linear behaviour, and study the influence of parameters such as film thickness and
manufacturing conditions. In order to be able to study the behaviour of the adhesive as a function of
the normal stress component, an important parameter, a modified Arcan fixture has been developed,
which enables compression or tension to be combined with shear loads. First results from this fixture
are presented, together with analysis of sources of scatter in results.
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1 - INTRODUCTION

Polymer matrix composites are widely used in marine structures. Assembly by adhesive
bonding offers many advantages and major aerospace projects have addressed its use in aircraft
structures, but a lack of confidence currently limits the marine use of this technology. If
applications are to be extended it must be clearly demonstrated that the strength of adhesively
bonded structures can be predicted accurately. There are several approaches to the strength analysis
of bonded joints [1,2]. Conventional stress analysis may be applied, using closed form solutions
when available or more generally by methods such as finite element analysis [3]. These are
complicated by stress singularities, at the end of overlaps for example, but average stresses and
strains can be compared to traditional stress or strain based failure criteria. Alternatively fracture
mechanics analysis may be used if the presence of a defect is considered [4,5], or damage
mechanics if damage zones develop [6]. The latter may be better suited to analysis of composite
substrates than stress analyses. Cohesive damage zone models are also attracting much attention at
present [7-9]. The method used will depend on the behaviour of the adhesive and the substrates, and
the different approaches will often be complementary rather than competing. Essential to all the
models is detailed knowledge of the adhesive behaviour.

In the present paper some typical results from tests on simple lap shear composite
assemblies will be presented first. These illustrate some of the difficulties associated with the
analysis of adhesively bonded composites. The main part of the paper is then concerned with the
development of a test method to obtain reliable data to characterise the adhesive response under a
wide range of loading. Numerical analyses and test design are described. The manufacture of a test
fixture then enabled first experimental results to be obtained and sources of errors in the
measurements are discussed. This work is part of an ongoing project aimed at developing design
tools for adhesively bonded marine structures.

2 - COMPOSITE ASSEMBLIES

The lap shear specimen is the most widely used geometry for adhesive bonding studies.
Specimens such as single lap-shear or double lap-shear joints (figure la-b), are easy to use, but
generate strong stress gradients (points A and B, figure 1a) [10]; therefore it is quite difficult to
analyse such experiments. Figure 1.c presents, for a linear elastic behaviour, the evolution of the
stresses with respect to the segment [A B] (middle of the adhesive joint), on the figure the
component “xx” of the stress is identified as “SMXX”. Moreover, with this type of specimen it is
not easy to study the influence of the normal stress on the shear strength of the adhesive.
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Figure 1. Principles of lap-shear specimens.

In a preliminary study adhesively bonded unidirectional glass/epoxy substrates were bonded
to form lap shear specimens using an epoxy adhesive (Vantico Redux 420, post-cured for 4 hours at
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50°C) [11]. Figure 2 shows an example of the load-displacement plot recorded during a tensile test
and it is apparent that the response is non-linear well before failure.
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Figure 2. Composite double |ap-shear specimen (bonded area 20mm x 20mm) bonded with epoxy
adhesive.

The fracture surfaces indicated damage in both the composite adherends and in the adhesive.

When tests were interrupted before failure, damage in the form of microcracks was detected in the
adhesive layer, Figure 3.

Figure 3. Damage in adhesive layer, interrupted lap shear specimen test.

This adhesive is quite ductile, cast tensile specimens were prepared and showed significant
elongation and necking before failure, Figure 4.
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Figure 4. Tensile test on cast epoxy adhesive.

Given this non-linear behaviour of the adhesive even under tensile loading, the appearance
of damage, and the non-linear response of the joints, it is clear that a complete characterisation of
the mechanical behaviour of the adhesive layer is an essential first step if the response of complex
assemblies is to be predicted under mixed mode loading. For this reason available adhesive tests
were examined.

3 - DESIGN OF A SPECIMEN TO CHARACTERISE THE ADHESIVE

3-1 Test requirements

To characterize the behaviour of the adhesive it is necessary to use a specimen for which the
adhesive joint has a geometry similar to that used for the industrial assemblies, i.e. a thickness of
some tenths of millimetres. Several previous studies have shown the importance of bondline
thickness on joint response, e.g. [12]. Apart from lap shear specimens, for which standard test
procedures are available [13] the thick adherend shear test can be used if only shear data is required
[14]. Torsion of bonded cylinders has also been used to investigate adhesive behaviour [15], and
will be discussed further below. This requires careful preparation but can provide good data.
However, the configuration is quite different from the bonded surfaces envisaged for most marine
structures and a special test machine is required. A test was sought here which enabled flat surfaces
to be prepared, tested using standard test machines and loaded under a wide range of tension and
shear loads. The Arcan test fixture appeared to satisfy these conditions and has been adopted here
[16] (figure 5a). A variant of this fixture has been designed which also allows the adhesive to be
loaded in compression (figure 5b), as this is of interest for some underwater structures.

a) Classical Arcan type fixture

b) Modified Arcan type fixture
Figure 5. Principles of Arcan type fixture.

Two main points were studied when designing this assembly:
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- to obtain a stress field as uniform as possible in the mean plane of the adhesive joint and to
obtain the maximum stress in the central zone in order to limit the edge effects,

- to design a mounting system for the specimen (substrate) on the support of the Arcan
assembly which does not disturb the stress field in the adhesive. The design of this part is
quite difficult because it can result in pre-loading of the adhesive joint.

3-2 Geometry of the specimen

Studies in linear elasticity, for bi-material structures, show that the use of a beak makes it
possible to eliminate the contribution of the singularities due to edge effects [10,17]. In order to
define the geometries making it possible to satisfy this condition, a parametric F.E. study was
carried out for a specimen loaded in tension. The reliable determination of the stresses in the mean
plane of the adhesive requires the use of very fine meshes (figure 6). This study, undertaken for
aluminium substrates (Young modulus E, = 80 GPa, Poisson's ratio v, = 0.3) and adhesive (E, = 2.2
GPa, v, = 0.3), showed that the use of a beak with an angle in the range between 30° and 45° makes
it possible to cancel out stresses in the periphery of the mean plane of the adhesive (figure 6). This
figure also shows the edge effects for a right angle (oe = 90°) and for a chamfered edge (o0 = 135°).
It is important to note that the connecting radius and the dimensions of the edge have only a weak
influence on the stress distribution.
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Figure 6. Stress distribution with respect to angle of the beak.

3-3 Fixing system

The system which enables the substrates to be fixed to the supporting fixture can pre-load
the adhesive joint. This can generate a non-uniform stress distribution in the adhesive which may
result in a maximum state of stress in the periphery of the mean plane of the adhesive. We illustrate
these effects starting from an axisymmetric example using conical fasteners (figure 7). To reflect
reality, finite element modelling must take account of contact and friction between the various parts.
The nonlinear calculation begins with tightening of the conical fasteners, then tension is applied
through the support. The evolution of the axial stress (6zz) in the mean plane of the adhesive, as a
function of radius, is presented in figure 7 for some values of the principal geometrical parameters
(P1, P3, P3). This parametric study shows that to obtain an almost constant stress in the adhesive, it
is necessary to use a tubular test specimen of low thickness (P1 of about 5 mm) and a rather large
height (P2 and P3 superior to 10 mm).
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Figure 7. Influence of load introduction — Evolution of the axial stress (G7z) in the mean plane of
the adhesive, as a function of radius.

This tubular geometry is easy to manufacture, but the design of the load introduction device
is difficult. Moreover, for torsion loading, this device does not lead to a constant stress in the
adhesive and it is not representative of the type of assemblies used in marine structures so it was not
pursued further here.

3-4 Parallelepiped specimen

To preserve the simplicity associated with the Arcan fixture, and the use of a classical
tensile testing machine, and taking into account the problems involved in machining (figure 8) a
specimen with rectangular section (70 mm by 10 mm) was chosen. Simulations showed that an
extra thickness of about 0.2 mm on the beak does not disturb the stress field in the adhesive. The
beak is machined with an angle of oo = 45° and a blending radius of 0.8 mm (figure 8).

The symmetry with respect to the loading plane (O,X,Y), O being the centre of the specimen
and the anti-symmetric loading make it possible to reduce this three-dimensional simulation to one
quarter of the specimen by applying adequate boundary conditions. After the simulation of the
fastening of the specimen, a tension-shear loading is imposed on the upper face of the support.
Precise numerical results require large models (more than 500 000 degrees of freedom); these
simulations were carried out on an IBM-SP2 with 4 processors and 4 Gb of memory with the
parallel version of the CAST3M code [18]. The distribution of the stresses in the adhesive is almost
constant and it is important to note that the maximum value is located at the centre of the joint.
Under the assumptions of the calculation, the maximum values of the components of the stress are
obtained from the finite element results and from the average stress obtained based on the loads
measured during the experimental test and the section of the adhesive plane (Sc):

- Oxy maxi = 1.29 Oxy average with Gxy average = Fx / S¢
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Figure 8. Model and numerical results for the specimen with a rectangular section.
4 - EXPERIMENTAL STUDY

4-1 Interfaces Assembly-Machine
As the dimensions of the adhesive joint are quite small (70 mm x 10 mm), it is necessary to

avoid the generation of parasite loadings, associated in particular with bending, in order to limit
modification of the stress distributions in the adhesive joint. The important points to control are:

- the geometrical quality of the various parts,

- the relative positioning of the two substrates during bonding,

- the positioning of the specimen in the Arcan fixture,

- the connection between the Arcan fixture and the tensile testing machine.

To evaluate the maximum acceptable defects, in order to obtain good experimental results,
various simulations were carried out starting from 2D modelling in the (O, Y, Z) plane. Figure 9
presents the influence of a loading offset with respect to the mean plane of the specimen
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(parameterized by distance h) on the normal stress distribution in the adhesive. It is important to
note the sensitivity of this parameter: according to these calculations, to limit to 5% the
modification of the maximum normal stress one needs to keep the loading offset below h = 0.2 mm.
These calculations confirm the need for checking the various points quoted previously in order to
guarantee the accuracy of the tests.
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Figure 9. Influence of a position defect on the stress distribution.

4-2 Test procedures

The validation of the experimental tests requires the respect of the points of control noted
previously. The assembly as well as the substrates were machined with the greatest care by taking
into account the results of the previous study. Figure 10 shows the loading fixture. Precise
positioning of the substrates is obtained by the use of a special fixture during bonding, figure 11.
Subsequent control of these substrates carried out with a three-dimensional measuring machine
confirmed the geometrical quality of the different parts. This measurement allowed the aluminium
substrates to be grouped in pairs, in order to obtain the best geometric quality of the adhesive joint
(in particular to obtain a constant joint thickness and to limit parasite loadings).
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Figure 10. Loading fixthrépartial link between fixture and test machine and instrumented assembly.



Figure 11. Substrates for bonded assembly and Bonding fixture for six assemblies.

The connection of the Arcan fixture with the tensile testing machine is made using forks and
special axes (figure 10). As shown in figure 9, this assembly is very sensitive to alignment of the
loading points and the centre of the adhesive joint (bending of the joint) ; thus, adjustable axes were
used in order to limit bending. To control these adjustments instrumented specimens were used:
these include cast solid metal specimens used to verify the Arcan fixture with the link with the test
machine and also specimens with adhesive joints which are used to verify the bonding fixture. Each
adhesive assembly followed a rigorous and identical procedure (preparation of surfaces, thermal
cycle) and quality controls have been systematically performed on witness samples in order to
exclude defective batches (thermal analysis using modulated DSC).

4-3 Results obtained for Redux 420 and aluminium substrates
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Figure 12. Tension/compression-shear fracture envelope, Vantico Redux 420.

Figure 12 presents, in the normal stress — shear stress plane, the fracture envelope obtained
for the epoxy resin Vantico Redux 420 during the tests intended to validate the whole test
procedure. The adhesive was left for 12 hours at 20°C after assembly then cured at 50°C for 4
hours. These results are obtained with a thickness of the adhesive joint of 0.4mm * 0.02 and an
imposed displacement rate of 0.5 mm/minute.

The behaviour observed is interesting, a strength (based on maximum stress) under normal tension
near and even slightly higher than that under shear loading is noted. Moreover compression
-9 -



increases the rupture shear stress of the adhesive joint at failure significantly, which is very
important for underwater applications.

The examination of fracture surfaces shows an adhesive-cohesive type failure when the normal
stress is dominant and a mixed-cohesive type failure when the shear stress is dominant.

4-4 Analysis of the variability of results

Two additional studies have been carried out to analyse the variability of results obtained.
First, more precise FE analyses have been performed in order to determine the evolution of the
stresses through the thickness of the adhesive joint [19]. As we have to model multi-material
structures one must respect the mechanical properties of perfect interfaces. With the standard finite
element method, based on the variational principal of minimum potential energy whose unique
variable is the displacement field, the continuity of the displacement is satisfied but the continuity
of the stress vector is not exactly verified. Therefore refined meshes are also needed near the
interface, in order to obtain good numerical results, especially for large material heterogeneity of
the structure [20]. After verifying this, different shapes of the edge of the adhesive joint have been
studied. Figure 13 shows the different geometries of the edge of the adhesive joint used (cases “B-
C-D” are associated with an angle oo = 45°, used for the design of the specimens, and case “E” is
associated with an angle oo = 20°). The mesh of half the thickness of the adhesive (e = 0.2 mm)
contains 40 linear rectangular elements ; this kind of mesh gives good numerical results.
Computations were made in 2D with a specimen length of 8 mm under tensile loading, in order to
limit the computational cost, as we are only interested in the edge effect here and the stress is
almost constant in the centre of the specimen (the real length of the specimen is 70 mm). Figure 14
presents, for different geometries the evolution of the normal stress near the edge with respect the
position y in the adhesive joint marked with h =y / e (where e is half of the joint thickness, e = 0.2
mm). These results, obtained with elastic material behaviour show that the geometry of the joint,
near the edge, is also a quite important parameter which can be difficult to control during
manufacturing, even for small specimens. It is important to note however, that the stress distribution
in the middle part of the specimen does not depend on the geometry of the edge. Geometry “D”
gives large edge effects ; those edge effects can be limited by using a smaller angle to define the
beak : an angle o0 = 20° gives very good results (case “E”) but the specimen manufacturing is then
more difficult for rectangular specimens.
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Figure 13. Zoom of amesh (A) and different geometries of the edge of the adhesive joint (B-C-D-
E).
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Figure 14. Evolution of the normal stress near the edge of the adhesive joint with respect to position
in the adhesive joint for different geometries (& h=0; b: h=0.25;c: h=05;d:h=0.75;e h=
0,97;f:h=1).

The second aspect studied was the influence of fabrication conditions on the adhesive. Thin
adhesive films have been produced by moulding between two polymer blocks with appropriate
spacers and the influence of curing conditions has been studied. It is apparent that these will have an
influence on short and long term mechanical properties. For example, the influence of the cure
cycle on the dynamic mechanical analysis behaviour in tension (DMA performed in a TAI 2980
analyzer at 1 Hz) was examined. These tests allow storage modulus E’, loss modulus E’’ and
tangent delta, the ratio of E’’/E’, to be determined at low imposed displacement amplitudes. An
example of results is illustrated in Figure 16. This compares the response of samples subjected to
the cure cycle employed here (12 hours at 20°C followed by 4 hours at 50°C) to the result when no
post-cure was applied. All samples were taken from the same film and tests were performed on both
sets of samples one week after casting. For the samples with no post-cure the storage modulus and
glass transition temperature (temperature corresponding to the peak tangent delta) are both
significantly lower than the values obtained on post-cured samples. These results emphasize the
importance of close control of cure conditions, but it should also be noted that there may be residual
stresses which accentuate these effects when the post-cured film is constrained in the bonded
assembly between metal (or composite) substrates [21]. Further studies are examining this aspect.
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Figure 15. Influence of cure conditions on DMA results for 0.4 mm thick adhesive films.

5 - CONCLUSION

Within a larger study of the design of adhesively bonded composites joints, this paper
presents the development of a test to determine the fracture envelope of a ductile adhesive in both
the tension-shear and compression-shear loading quadrants, based on the Arcan fixture. Special
attention has been paid to the design of specimen geometry and to the quality of assemblies. First
results are presented, for a 0.4 mm thick epoxy adhesive between aluminium substrates and these
show a strong positive influence of compression on assembly strength. The analysis of these first
tests has indicated potential for further improving the Arcan test fixture and reducing scatter in
results. Tests are now underway using non-contact extensometry to enable the full non-linear stress-
strain behaviour to be determined.
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