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MODELLING AND EXPERIMENTAL TESTING OF HYBRID JOINTS MADE OF: ALUMINIUM ADHERENDS,
ADHESIVE LAYERS AND RIVETS FOR AEROSPACE APPLICATIONS

The contemporary demands in different branches of engineering require application of new multi-component materials and
structural systems. Appropriately chosen joining technology can offer significant enhancement of structural system performance
in terms of effectiveness, reliability, safety and other design criteria. The modern applications of complex joints are of great tech-
nological interest as they permit to combine and to enhance the individual effects of each kind of joint. This is of great importance

for modern applications in different branches of engineering: aerospace, mechanical and civil.
Therefore in this paper we will focus on the analysis of mechanical response of adhesive joint of aluminium strips reinforced

by rivets.

The aim of the paper is to investigate experimentally the mechanical behaviour of adhesive joint of aluminium strips rein-
forced by rivets for industrial applications in aerospace. The considered joint was subjected to uniaxial loading. The tests in this

paper were performed for:

« classical adhesive joint in order to investigate material parameters for numerical modelling of the hybrid joint
* hybrid joining of the structural elements in order to investigate the reinforcement effect.
The experiments with application of digital image ARAMIS system allowed for on-line monitoring of the deformation process
of the considered joining elements. The particular distributions of displacement fields at the joint surface were estimated for any

stage of loading process.

Numerical modelling was performed for experimentally investigated specimens. The materials parameters, necessary for
calculation, were estimated from experiments. FEA modelling was done with the help of ABAQUS code.
Keywords: hybrid joints, numerical modelling, experiments

1. Introduction

Current technological demands in modern branches of
engineering require application of novel composites or struc-
tural elements made of different materials and joined by dif-
ferent, more efficient techniques. The advanced composites are
manufactured as various mixtures of many components, e.g.
[1-3]. The internal structure of newly created composites could
be designed for particular needs of the end users, e.g. military,
aerospace, civil etc. One of the most important proposition
are functionally graded materials, having specifically oriented
gradation of mechanical properties, e.g. [1,4-7]. Other types of
internal structure are materials made of:

(1) a sequence of different layers with various mechanical

features, e.g. [8],

(2) grains surrounded by other material, i.e. thin interface lay-

ers, [9-13],

(3) thermal barrier coatings in the form of sequence of ceramic
layers covering turbine blades (e.g.[14-16]),
(4) 2 structural materials joined by adhesive e.g. [17-22].

In this paper we will focus on the new approach to join-
ing of structural parts of aeroplanes. Classically, connection
technology of structural elements can be done by using single
joining technique as: riveting, spot welding, clinching or ad-
hesive bonding (e.g. [22,23]). However, improvement of the
mechanical response of the joints can be performed by combi-
nation of two simple joining techniques, e.g.: riveted-bonding
(e.g. [24]), spot welded-bonding (e.g. [25-28], clinched-bonding
(e.g. [29-31]), etc.

Therefore, the aim of this work will be analysis of double
lap joint of steel adherends by adhesive bonding and mechanical
fasteners — riveting, subjected to uni-axial loading. The numerical
modeling is complex process, as solution of the problem requires
application of damage and fracture criteria (e.g. [32-36]) for both
mechanical fasteners and adhesive. The new model is formulated
in ABAQUS in order to include description of complex damage
processes leading to the final failure of the joint. The paper is
completed by experimental test confirming correctness of the
proposed numerical calculations.
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2. The samples geometry, materials used
and experimental tests

The investigated double lap joint has dimensions presented
in Fig. 1. The sample consists of 3 steel strips and adhesive layer
and one aluminum rivet. To estimate the level of reinforcement
of the adhesive joint by the mechanical fastener we additionally
consider purely adhesive joint.
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Fig. 1. Geometry of the double lap joint

The steel used for the middle part of the sample (3 mm
thickness) was much stronger in comparison to that used for the
2 external thinner sheets (1.5 mm thickness). The mechanical
properties of the steel sheets were the following:

(1) the Young’s modulus was equal to £, =210 GPa,

(2) the Poisson’s ratio was equal to v=0.3,

(3) the yield strength — g, = 300 MPa,

(4) the maximum stress —o ™ =385 MPa, — for corresponding

strain equal to ¢ = 0.2.

The rivets are made of aluminium alloy having the Young’s
modulus equal to £,.= 70 GPa, whereas Poisson’s ratio is v=0.3.
The strength of the rivets is — g, = 130MPa, The mandrel was
made of steel. The exerted force by the mandrel for the single
rivet was equal to F,.= 2 kN.

The adhesive used for the double lap joint was the heat
curing epoxy adhesive Hysol 9514 (Loctite, Ireland). In order
to get maximum tensile and shear strengths, the specimens were
kept in the curing temperature 150°C for 30 min, according to
producer’s recommendation. The shear strength estimated by

experimental testing was equal to 7. =45 MPa, whereas tensile

strength o, = 44 MPa.

The servohydraulic machine MTS 100 kN was used for
experimental testing. The specimens were subjected to tensile
deformation process (Fig. 2) with a crosshead displacement
rate of 2 mm/min. The Digital Image Correlation (DIC) system
ARAMIS was used for monitoring deformation process up to
the final failure. At this stage we observed full decohesion of
the adhesive layers and shear failure of the rivet, Fig. 3. One can
observe three adherends of the failed adhesive-riveted joint after
final failure. It can be noticed that the body of the rivet is con-
siderably deformed due to a shearing process, whereas the steel
plates are deformed at the hole edge. The maximum deformation

in the rivet takes place in its central part, which corresponds to
the middle strip region.

Al

Fig. 3. Final failure of the adhesive-rivet joint

Figure 4 collects all experimental results, i.e. load-displace-
ment curves, concerning purely adhesive and rivet-adhesive
joints. The shapes of these diagrams are characteristic, i.e.
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Fig. 4. Results of experimental tests obeying (a) pure adhesive joints,
(b) adhesive — rivet joints

After the first linear part, the curves reached the local
maximum at which the adhesive layers start to fail. Then, the
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bonding area load starts to reduce. Therefore, one can observe
a local small decrease of the force and then stabilisation cor-
responding to further gradual development of failure zones in
adhesive layers, followed by almost linear increase up to the
maximum load.

The complex rivet-adhesive joints have the same geometry,
Fig. 1. The adhesive was applied on the cleaned steel adherends
and then the joint was reinforced by a simple rivet. The whole
joint was cured at 150°C for 30 min. The averaged thickness of
the adhesive was equal to 0.1 mm. The load-displacement curves
of the rivet-adhesive joints are similar to those of the adhesive
joints. However, one can observe an increase of the failure load
due to the presence of the rivet and synergy between the adhe-
sive and the rivet. Moreover, deformability of the joints is much
higher, i.e. we observed significant increase of the displacement
at failure. The fracture of the joints took place by debonding of 2
adhesive interfaces and cutting of the rivet. The fracture surface
of exemplary sample is presented in Fig. 3.

Effectiveness of the complex joint can be estimated by
energy absorption (EA) of the sample at fracture. The EA in
case of adhesive joint is equal to 122 J, whereas in case of the
complex joint EA = 165 J. In conclusion the increase of the
energy absorption capacity is at the level 35% and the synergy
between the adhesive and the rivet is very substantial.
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g. 5. Vertical strain distribution estimated by DIC system ARAMIS

Distribution of the strain state measured by the ARAMIS
in the rivet-adhesive joint is presented in Fig. 5. One can notice
the strain concentrations at the beginning and end of the overlap
regions, which is due to the sudden change of the cross section
thickness. In the advanced state of deformation one can observe
development of plastic strains in the external steel plates and
in the final stage of loading, when the decohesion at adhesive
interfaces reached the cross section containing the rivet and the
final failure took place, Fig. 3.
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3. The Finite Element Model (FEM)
of the rivet-adhesive joint

The numerical Finite Element (FE) analysis was done with
application of the commercial code ABAQUS. For creation of
the FE numerical models we applied:

(1) standard the FE type C3D8R with damage to model steel
adherends and the rivet,

(2) cohesive elements COH3D8R for creation of the adhesive
layer.

The analysis includes both: material and geometrical non-
linearities.

The properties of the used materials were the following:
(1) thesteel adherends: Ei =205 GPa, v, =0.3, oySt =300 MPa,
(2) the adhesive layer: E,q4 = 205 GPa, v, = 0.3, '
(3) the aluminium rivet: Eg;, =205 GPa, v, = 0.33, 5, =300

MPa.

To simulate gradual decohesion and the failure process
of the adhesive layer, a cohesive zone model was applied in
FE analysis. For our model we used so called triangular stress-
separation law (correlation o(4)) for 1-D tension, introducing
a non-dimensional opening displacement equal to A = u,,/6™**.
u, is the normal opening displacement and 6 ™**
opening displacement, corresponding to failure of the material.
a1 the maximum stress threshold for the adhesive, which
corresponds to damage initiation. The fracture energy Gy, of the
adhesive is introduced to the model as an area under the curve
o(A). In the general 3-D cases a complex mode of damage growth
occurs. Then one can introduce a normal opening displacement
u, for the tension mode and a tangential displacement u, for
the shear mode. In the 3-D case we define non-dimensional
displacements 4, and 4.:

»  for normal damage mode A, = u,, /0™,

»  for shear damage mode A, = u, /0",

where 5", 5" are the maximum opening and shear displace-
ments, corresponding to failure of the material in the opening
and shear modes. We assume for the considered 3-D case that
the damage initiation criterion will depend on current state of
stress {0,,7,,7,} and is expressed by:

1S a maximum

(o0 /o) + (/e (e, ey =1 )

where o, is the normal stress to the surface of the adhesive
layer, whereas 7, and 7, are the shear stress components along
the adhesive layer.

The failure criterion in the 3-D case is formulated as a power
law and depends on the fracture energies in the three considered
modes: normal #» = and 2 tangential: ¢ = II, s = III:

(GI / Gy )2 +(GII ! G )2 + (GIII / G )2 =1 2

where Gy, Gy, Gy are the critical values of the fracture energies
for opening or shear modes. The fracture energy G, for Hysol
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9514 was estimated in [46] by performing a double cantilever
beam test. The fracture energy is equal to G, = 905 J/m?. Due to
lack of experimental data, it was assumed that G, = Gy = Gy,
i.e. the failure of the cohesive layer is isotropic.

4. Numerical results
4.1. Purely adhesive joints

The numerical results for the adhesive joint are presented in
Figs 6 and 7. In Fig. 6a we observe reduced stress distribution at
the moment of damage initiation in the adhesive layers. The stress
concentration takes place in the ends of the overlap region, but
the level of stress is below yield limit aySt =300 MPa. The external
load P is carrying by the whole overlap region of the sample,
i.e. both adhesive layers have the initial dimension (moment of
damage initiation, Fig. 7a). Due to the stress concentration at
the ends of the adhesive layers, the damage initiation criterion
(1) is satisfied and the degradation process begins from the ad-
hesive edges. The central parts of the adhesive layers (70%) are
subjected to a low level of stress and do not bear a significant
amount of the total load P.

When the deformation process becomes very advanced we
observe intensive degradation of the adhesive layers (Fig. 7b).
Progression of damage fronts is shown in Fig. 7b and in the
final stage of deformation only small region (30%) of the lap
is still able to transmit the external force P. The major parts of
the adhesive layers area are fractured due to fulfilment of the

free of stress
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a)

fracture criterion (2). The value of the reduced stresses increase,
but the adherends still stay elastic.

4.2. Rivet-adhesive joints

Figures 8 and 9 present characteristic deformation stages
of'the rivet-adhesive joints under tensile force P. The first figure
shows the Huber — von Mises stress distribution in the joint cor-
responding to the end of the elastic response (point A in Fig. 10b).
The joint has a non-symmetric structure in relation to the middle
horizontal plane due to the riveting process. It is important to
notice (Fig. 8) that the end of the middle adherend and ends of
the outer adherends exhibit a lower level of equivalent stress in
comparison to strip parts out of overlap region. Moreover, one
can see the stress concentrations in the rivet region. The riveting
process introduces compressive stresses in the joint and therefore
the equivalent Huber — von Mises stresses are reduced in the rivet
area. The state before final failure (point B, Fig. 10b) and high
stress concentrations are observed in the upper external adherend
due to total decohesion in both adhesive layers. Then initiation
of the shear cutting rivet takes place (Fig. 9).

Figure 10 presents a comparison of experimental and nu-
merical results. Both shapes of the force-displacement curves
for the purely adhesive (Fig. 10a) and complex joints (Fig. 10b)
are similar. However, the failure force (points B) in case of the
purely adhesive joint was increased by the rivet component for
the complex joint. At point A, the damage process initiates in
the adhesive layers, whereas at point B the total load capacity

free of stress
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Fig. 6. Distribution of the reduced stress in purely adhesive joints: a) damage initiation, b) just before the final failure

damage initiation in adhesive layer

a)

damage front in adhesive layer
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Fig. 7. Damage growth in the adhesive layer: a) damage initiation, b) damage state just before the final failure
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Fig. 8. Elastic response of the rivet-adhesive joint preceding initiation
of damage in the adhesive (point A in Fig. 10b)
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Fig. 10. Comparison of experimental and numerical results for: a) the purely adhesive joints, b) the rivet-adhesive joints

of adhesive layers is reached and the shearing of the rivet starts,
Fig. 10b.

It is necessary to point out that in all analysed types of joints,
the level of stresses in the steel adherends does not overcome the
yield stress U;t =300 MPa. Therefore, in the analysis we omit
description of a plastic damage process in all the adherends.

Figure 10 presents also comparison between experimental
and numerical results. The numerical modelling with the as-
sumptions introduced above compare well with the experiments,
although in the final stage the estimated force is lower than of
the experiments. The initiation of the degradation process in the
adhesive layers starts at point A and the final stage is at point B.

5. Conclusions

The paper presents experimental and numerical investiga-
tions of the adhesively bonded and rivet-adhesive joints. The
DIC system allowed for non-destructive experimental monitor-
ing of the joint behaviour up to final failure and observations of
decohesion zones in the adhesive layers. The numerical analysis,
with application of a cohesive zone model was convenient for
the description of the adhesive and hybrid joints. The obtained

numerical results are well fitted with the experimental data.

Summarizing, the following major conclusions can be formu-

lated:

+  the Hysol 9514 adhesive creates very effective adhesive
bonding of the steel adherends exhibiting a very high energy
absorption;

+ the strengthening of double lap adhesive joints by rivets
significantly improve both the static strength and the stiff-
ness of joint;

»  the two stage fracture process (first in the adhesive and the
second by cutting of rivets) in the considered rivet-adhesive
joints significantly increases (35%) the energy absorption
up to final failure;

« the stiffening effects by application of additional riveting of
the purely adhesive connection lead to a higher reliability
and durability of structural joining of different parts ap-
plied in: automotive, aerospace, civil and other branches
of engineering.

Further investigations are necessary to analyse the joint
behaviour with different adhesives types of loading. Moreover,
different degradation and cracking models (e.g. [37-47]) should
be incorporated in the analysis to get more detailed mechanical
response.
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