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Las uniones adhesivas suelen presentar distribuciones de tensiones y deformaciones no uniformes a lo 
largo de las líneas de unión, alcanzándose generalmente los valores máximos en las zonas cercanas a 
los extremos de los solapes. Este fenómeno suele originar la rotura prematura de las uniones, siendo 
especialmente crítico para adhesivos estructurales de baja tenacidad. Esto ha motivado la investigación 
en el campo de las uniones denominadas ‘functionally graded’ o ‘multiple-adhesive’, las cuales reducen 
los fenómenos descritos a través de una combinación de adhesivos más rígidos y frágiles con otros más 
flexibles y tenaces. De esta manera, estas estrategias permiten aumentar considerablemente la 
capacidad portante de las uniones. 

Dentro de este campo, se presenta en este trabajo el estudio llevado a cabo por ITAINNOVA dentro del 
proyecto SAFEJOINT. Más concretamente, se analiza el potencial de las técnicas basadas en ‘grading’ a
bandas como aproximación a las soluciones considerando variaciones continuas. El estudio se centra en 
configuraciones aluminio-composite de tipo solape simple trabajando a cortadura (SLS, Single Lap 
Shear) con adhesivos epoxi. 

El trabajo realizado abarca tanto el estudio numérico de las uniones de cara a su optimización así como 
la fabricación y el ensayo de probetas con las que se verifica el potencial de mejora de la técnica
respecto a uniones mono-adhesivas. Finalmente, se presenta también un caso aplicación de la 
tecnología desarrollada en un ensamblaje concreto. 
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Adhesive joints are characterized by non-uniform distribution of stresses and strains along the bond-lines, 
with maximum values near the ends of the overlaps. This phenomenon can cause the premature failure of 
the joints, being specially critical when brittle or semi-brittle structural adhesives are considered. This has 
motivated the research in the field of ‘functionally graded adhesive’ (FGA) or ‘multiple-adhesive’ joints, 
which reduce the phenomena described through a combination of rigid and brittle adhesives with more 
flexible and ductile ones. In this way, these strategies allow to notably increase the joints maximum load 
capacity. 

In this field, this article presents the work carried out by ITAINNOVA within the project SAFEJOINT. 
Specifically, the potential of the techniques based on ‘banded’ gradings as approximations of the 
continuum gradings is analysed. The study is focused in aluminium-composite single lap shear (SLS) 
joints with epoxy adhesives. 

The work done covers both the numerical optimisation of the joints and the fabrication and testing of 
samples in order to verify experimentally the potential for improvement of the technique comparing with 
mono-adhesive joints. Finally, an example of application of the technology is presented.  
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1 Introduction 
Bonding clearly constitutes one of the best techniques for 
joining composites to metals or other dissimilar materials which 
commonly do not admit welding processes, offering higher 
structural integrity, corrosion resistance and sealing. However, 
the potential of this technique is not fully exploited if mono-
adhesive solutions are considered. Failure in adhesive joints is 
usually driven by the non-uniform distribution of stresses or 
strains that generally appears along the bond-lines, with peak 
values near the ends of the overlaps and inner zones where 
the adhesive essentially does not work. For joints comprised of 
dissimilar materials, the stress fields are also affected by the 
absence of symmetry. This phenomenon is especially critical 
when brittle or semi-brittle structural adhesives are used, 
limiting the maximum load capacity of bonded joints. 

In this sense, ‘functionally graded adhesive’ (FGA) or ‘multiple-
adhesive’ joints are identified as powerful techniques to 
improve both the stresses/strains distributions and, 
consequently, the joints mechanical performance. In a simple 
way, both approaches involve the use of more flexible 
adhesives at the joint boundaries and more brittle/rigid ones in 
the center. Several studies have been conducted in this area 
of research in recent years: studies based on analytical 
formulations [1,2], numerical modeling [3–5], or a combination 
of the two [6–8]. 

This article summarize the work done by ITAINNOVA in this 
field within the SAFEJOINT project. Specifically, the study is 
focused in aluminium-composite (multidirectional glass fibre 
laminate – epoxy resin matrix) single lap shear (SLS) joints 
using epoxy adhesives. As will be described in the following 
section, the approach proposed by ITAINNOVA is based on 
mixing different compatible adhesives to be able to produce 
bond-lines with discrete/’banded’ properties variations, a novel 
strategy that can be considered as a multi-adhesive solution. 
The activities carried out cover the numerical analysis/ 
optimisation of the joints, an experimental verification through 
testing of SLS samples, and an example of application of the 
technique to solve a structural joint in a demonstrator 
representative of a railway sub-structure. 

2 Approach 
As mentioned, the grading strategy proposed is based on 
mixtures of two base structural adhesives: a relatively brittle 
one and a more flexible one. This allows adhesives with 
intermediate mechanical properties to be created. Then, the 
joints can be optimized seeking not only the best geometric 
parameters but also the best mechanical properties 
distribution. In order to be able to mix two adhesives to 
generate a new adhesive with tailored properties, the materials 
must i) be chemically compatible, ii) have enough different 
mechanical properties to produce significant improvement in 
the joints responses, and iii) be able to be polymerized using a 
common curing cycle (both the adhesives and their mixtures). 
The adhesives chosen for the study were the Scotch-Weld 
EPX Epoxy DP490 (brittle) and the DP190 (more flexible) from 
the same series (sold by 3M). Both adhesives and some 
mixtures created using them (50% DP490–50% DP190 and 
70% DP490–30% DP190) were characterized through tensile 

tests. The test specimens were manufactured according to [9] 
with standard dimensions. Static tensile tests were conducted 
using a MTS Universal Testing Machine with a load cell of 100 
kN at a constant cross head speed of 1.0mm/min. All tests 
were conducted at room temperature. The mechanical 
behaviour obtained in terms of the true stress and true strain 
for the base adhesives and different mixture ratios is plotted in 
Fig. 1. This graph shows how the mixture of the two adhesives 
effectively generates materials with resultant intermediate 
mechanical properties. 

 
Figure 1. Experimental stress–strain curves for the adhesives selected 

and some mixtures. 

Considering the previous curves, the constitutive model used 
for the adhesives in the numerical studies performed 
(described in next section) is a tri-linear law suited for finite 
strains with Von Mises yield criterion and isotropic hardening. 
A small artificial hardening is added to the brittle adhesive in its 
end section in order to avoid numerical issues. The stress–
strain curves ultimately used in the simulations are shown in 
Fig. 2. In terms of numerical implementation, a field variable 
(ρ) was used to introduce the material properties variation 
(interpolation parameter). 

 
Figure 2. Adhesive stress–strain curves defined in the FE simulations, 

adjusted from the experimental data. 

Schematically, the strategy presented allows manufacturing 
the type of bond-lines shown in figure 3.  

 
Figure 3. Discrete/’banded’ bond-lines. 

From the manufacturing point of view, these bond-lines are 
easier to be produced comparing with continuous gradings. In 
this sense, part of the work performed by ITAINNOVA in 
SAFEJOINT was the development of a dispensing system for 
the fabrication of FGA joints (Figure 4). 
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Figure 4. System developed for manufacturing bond-lines with 

‘banded’ gradings. 

3 Study of discrete or ‘banded’ 
gradings 

In order to determine the best material properties distribution 
along the bond-lines and the improvement potential of the 
technique, a 2D FE model of the single lap joints was 
developed under plane strain conditions. The type of elements 
used was CPE4 R (plain strain element, 4-node bilinear, and 
reduced integration), available in Abaqus Standard. There 
were at least 12 elements through the thickness of the 
adhesive layer and 7 elements in the adherents. All the 
simulations were performed under static considerations and 
with an imposed displacement. The joint model reaches its 
ultimate load when the first element within the adhesive layer 
reaches its corresponding maximum plastic strain (which 
depends on the position as defined by the grading of 
properties). This failure criterion has proved to be more 
adequate for flexible adhesives (like the ones considered in the 
present study) than those based on stresses. Taking this into 
account, while the improvement introduced by the grading of 
properties is expected to have a positive influence on all the 
failure modes that can appear in an adhesive joint, the failure 
mode considered in the FE simulations was exclusively 
cohesive. 

The numerical study performed covers not only ‘banded’ 
gradings but also continuous ones. Although these gradings 
are difficult to manufacture, the optimum distributions are 
always continuous. In this sense, the goal of the “banded” or 
discrete approaches is basically to try to approximate as much 
as possible the continuous optimum solutions. Then, the 
objective was to obtain the most effective discrete distribution 
(i.e., in bands), given an optimum continuous grading. This 
approach is convenient because creating a search process for 
all the parameters that may define a “banded” grading would 
require a significant computational effort. More details about 
this study is given in [10]. 

The results obtained from these analyses for a specific overlap 
length (60 mm) and bond-line thickness (1 mm) are shown in 
the next figures. The aluminium thickness considered was 2.88 
mm and the thickness of the composite substrate was 2.73 
mm.  In Figure 7 the evolution of the maximum load with the 
number of bands is shown for three different discretization 
techniques (shown in Figure 6). The load of the continuum 

solution and the mono-adhesive (with the rigid adhesive) are 
also included as references. The asymmetry in the curves in 
figure 6 is associated to the consideration of dissimilar 
adherents. 

 
Figure 6. Interpolant variable along the adhesive bond line for the 

different solutions. 

 
Figure 7. Evolution of the maximum load with the number of adhesive 

bands for the differents solution schemes. 

For the case studied, the improvement predicted in terms of 
strength for the continuum grading (optimum solution) is near 
70%. In addition, it has been seen that through an adequate 
configuration definition (geometry and properties) the 
discrete/“banded” solutions with 5 bands can offer similar 
improvement levels than the continuous ones. 

4 Experimental verification 
Complementing the previous analysis, the potential of the 
technique has been evaluated experimentally through a set of 
SLS tests (Figure 8) 

 
Figure 8. SLS tests performed. 
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The configuration of the samples tested is shown in Figure 9. It 
can be seen that the overlap length has been reduced from 60 
mm to 50 mm comparing with the configuration presented in 
the previous section. The tests have been performed, with 
these dimensions, with the mono-adhesive approaches (with 
both the DP190 and DP490 adhesives) and with a 5 bands 
discrete grading. The grading has been optimized taking into 
account the new geometry defined (considering the optimum 
way of approximating the continuum grading previously 
obtained). The tests were conducted with a Zwick Universal 
Testing Machine with a load cell of 100 kN at a constant cross 
head speed of 0.1mm/min (to guarantee the low strain rates 
hypothesis), at room temperature and using a specific SLS 
clamping device (Figure 8). 

 
Figure 9. Geometry of the SLS samples considered in the 

experimental tests. 

The results obtained are shown in Figure 10. 

 
Figure 10. Results of the experimental characterization. 

From these results, it can be seen that the improvement 
potential of the FGA joints is near 75 %, close to the 
improvements predicted by the FE simulations. However, it 
should be mentioned that, although it can be expected that the 
grading will positively influence the joint behaviour for all failure 
modes, the modes observed experimentally were not 100 % 
cohesive as it has been considered numerically. 

5 Demostration - Application in a real 
assembly 

As demonstration activity, the technology studied has been 
finally applied to solve a structural joint of interest for the 
railway sector. 

The demonstrator and the tests have been defined/designed 
taking into account the following basic criteria: 

- Section representative of a real railway structure (for 
example, a composite roof joined to the aluminium chassis of a 
metro vehicle). 

- Loads representative of service conditions. 

- Design of both the component and the test ensuring that the 
adhesive joint object of study is working as a critical structural 
link (i.e. the integrity of the structure depends completely on 
this joint). 

Conceptually, the demonstrator must be useful to prove the 
feasibility of the techniques proposed from two points of view: 
i) manufacturing/execution of this type of joints and ii) 
mechanical/structural. 

Taking into account this, the structure defined is shown in 
Figure 11. The ensemble is composed by a sandwich 
composite panel (2 mm glass fibre composite skins and a 25 
mm PET core) bonded to an aluminium external frame (section 
with variable thicknesses between 2 mm and 6 mm). In this 
case, the grading has been designed specifically for the load 
cases of interest through a set o simulations of the full 
component and using sub-modelling techniques to analyse in 
detail different geometric and material parameters. 

 
Figure 11. Demonstrator selected as application example. 

From the point of view of the manufacturing, the objective was 
mainly to check the viability of the solution for its incorporation 
in an industrial environment. In this sense, although the 
dispensing system developed within the project was initially 
designed to fabricate small joints samples/specimens (i.e. 
laboratory scale), it has been adapted to be able to fabricate 
larger bonded structures. 

The specific objectives defined for the mechanical/structural 
tests were: 

- Corroborate that the ‘banded’ graded bond-line makes the 
frame and the panel to work together until failure. In the future, 
this might allow incorporating the panel in the design process 
of the vehicle as a structural part. 

- Confirm that the adhesive joint is not the weakest link in the 
system for the bending load case. 

In terms of loads, two basic testing cases have been selected: 
torsion and bending. In this work only the results obtained in 
bending are presented. 

To analyse in a comparative basis how the grading allows an 
effective transfer of loads from the aluminium frame to the 
composite panel, the following structures have been also 
tested: 

- the aluminium structure without the composite panel, that 
allows to check the panel contribution in terms of stiffness. 
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- the composite panel bonded to the aluminium structure with a 
flexible adhesive (elastic PUR), a system usually used by CAF 
for other joints. 

A brief description of the manufacturing process carried out to 
prepare the demonstrator is presented in section 5.1. The 
results obtained are presented in section 5.2. 

5.1 Demonstrator manufacturing 
As it has been already commented, the demonstrator has been 
manufactured using a dispensing system developed by 
ITAINNOVA within the project (Figure 12). 

 
Figure 12. Dispensing system developed to manufacture FGA joints. 

The whole manufacture procedure involves the following steps: 

1) Design of the deposition head (depending on the ‘banded’ 
bond-line design).  
2) Fabrication of the deposition head. 
3) Calculation of the adhesives fluxes required and the velocity 
of the actuators.  
4) Preparation of the system: cartridges, mixers, connections, 
tubes, etc. 
5) Surface preparation of the metal substrate. 
6) Surface preparation of the composite substrate - Remove of 
peel-ply. 
7) Expel a small quantity of adhesives.  
8) Application of the discrete/‘banded’ FG (functionally graded) 
adhesive layer.   
9) Location of thickness gauges, to control the thickness of the 
adhesive layer.  
10) Positioning of the composite substrate over the bond-lines. 
11) Compaction step. Load application to close the joint until 
reaching the gap defined by the thickness gauges.  
12) Remove the excess of adhesive.  
13) Apply the curing cycle. A common cycle for the adhesives 
used. 

Figures 13 and 14 show some of these steps. 

 
Figure 13. Dispensing 

 

Figure 14. Bonding. Compaction step. 

5.2 Mechanical performance under bending 
The tests have been carried out at ITAINNOVA in a testing 
bench using two 50KN hydraulic actuators (Intron) and 
measuring the displacements in different points through LVDT 
sensors. In addition, wire sensors have been also used to 
measure the displacements in the central zone during the 
whole test since the LVDTs sensors that were availiable do not 
have enough stroke. Additionally, strain gages and an 
acquisition system have been employed to control the strains 
in some specific locations. The tests have been performed until 
reaching the failure of the assemblies (or a high level of 
plastification in the case of the aluminium frame). Only one 
structure has been tested for each configuration (aluminium 
frame, aluminium frame + composite panel bonded with a 
standard flexible PUR adhesive, and aluminium frame + 
composite panel bonded with the structural ‘banded’ graded 
technology).  

The configuration of the test is shown in the next figure. 

 
Figure 15. Bending test for the demonstrator. 
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The results are plotted for each actuator (F1 and F2) 
separately in Figure 16. 

 
Figure 16. Load vs. Displacement curves obtained from the bending 
tests. The red curves correspond to the test of the aluminium frame 
alone (S1). The curves in blue correspond to the demonstrator (S2, 
aluminium structure + the composite panel). The green curves 
correspond to the composite panel bonded with the flexible adhesive. 

The main parameters that can be obtained from these curves 
(in this case, the stiffness and the maximum load) are resumed 
in Table 1. 

 
It can be seen that the difference in terms of stiffness between 
the demonstrator (with the FGA) and the aluminium frame is 
approx. 123%. Moreover, the demonstrator presents also a 
significantly higher stiffness comparing with the panel bonded 
with the flexible adhesive (53% higher). 

On the other hand, there is an important difference in terms of 
maximum loads. The demonstrator has a load capacity approx. 
74 % higher than the one obtained for the aluminium frame, 
while the assembly with the flexible adhesive presents a load 
only 19% higher. Moreover, no failure/damage has been 
detected in the FGA, while the assembly with the flexible 
adhesive has started to fail due to adhesive debonding. 

It can be concluded that the FGAJ makes the metallic frame 
and the composite panel to work together until failure in a more 
effective way. 

In terms of failure modes, the aluminium frame alone yields but 
do not reach the rupture point for the maximum deflection 
defined for these tests. For the demonstrator manufactured 
with the FGA and for the panel bonded to the aluminium frame 
with the flexible adhesive an abrupt failure of the structures 
have been observed, in the first case initiated by the rupture of 
the composite panel (separation of one of the skins from the 
core) and in the second case starting with an adhesive failure 
in one of the corners followed again by the rupture of the 
composite panel. 

6 Conclusions 
A novel approach to produce discrete/‘banded’ graded bond-
lines has been proposed based on mixing different compatible 
adhesives to obtain new ones with tailored mechanical 
properties. 

Regarding the numerical study performed, the FE analysis has 
shown that for the case analysed the joints strength can be 
considerably increased through continuous variations of 
properties, achieving an improvement on the order of 70 % 
comparing with mono-adhesive solutions. Moreover, through 
an adequate configuration definition (geometry and properties), 
the discrete/‘banded’ solutions can in this case offer similar 
improvement levels for 5 bands – 5 adhesives. Thus, it has 
been clearly shown that the way in which the best continuous 
grading is approximated by means of bands strongly affects 
the level of improvement finally attained. On the other hand, 
the experimental tests have corroborated the improvement 
potential of the technique, with results close to the predicted 
numerically.  

Finally, the feasibility of the FGAJ technique has been 
demonstrated both from the manufacturing and the mechanical 
points of view. It has been demonstrated that it is possible to 
manufacture discrete/’banded’ functionally graded bond-lines 
to join large parts using the technique proposed. Moreover, it 
has been seen that the process is feasible to be scaled to the 
industrial level. From the mechanical point of view, the FGA 
technique has succeeded in making the metallic frame and the 
composite panel to work effectively jointly until failure for a 
bending load case. This has been evidenced in the stiffness 
response of the demonstrator comparing with the one of the 
aluminium frame alone and the one corresponding to the 
structure bonded with a flexible adhesive. In addition, it has 
been corroborated that the FG bond-line was not the weakest 
link in the system since the failure was dominated by the 
rupture of the composite. 
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