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Effect of slope in S-type adhesive bonding under axial loading
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Abstract
Contemporary industrial practice takes wide advantage of adhesive materials and adhesive bonding techniques, notably in the
aviation and automotive industries. The geometry of bonded joints may vary considerably, and this paper explores the potential
advantages of S-shaped lapped profiles with particular reference to the slope of the S. This aspect of the joint offers improvements
in the area of adhering surfaces and provides superior bonding in comparison with conventional single lap joints.

The study examines 30-mm overlapping specimen joints made from 100-mm-length by 25-mm-width AA 2024-T3 alumin-
ium alloy sheets, having alternative thicknesses of 6.5, 10 and 13.5 mm. It also features three alternative radii for the profiles, thus
generating different slopes for the S-shapes. The specimen joints were bonded using acrylic adhesive DP 810, modelled using
finite element analysis and subjected to physical confirmation of the analysis results. The results show that a decrease in profile
radius correlates with an increase in failure load; that an increase in profile radius lessens the effect of thickness on damage load
and that bending moment is absent from the adhesive bonding profile of the S-shape.
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1 Introduction

Adhesive bonding provides an enduring bond between struc-
tural elements and offers a means of creating complex forms
that would otherwise be unviable for fabrication as a single
unit. Ideally, as a minimum, the bond should exhibit the same
resilience as the base materials [1]. The process employs ad-
hesives as the bonding agent and has wide recognition across
industry, notably in the aviation and automotive sectors. It has
generated interest across different sectors as a means of im-
proving on the more traditional joining techniques of welding,
bolting and riveting [2].

Adhesively bonded joints are widely used due to the
growing prevalence of lightweight materials in industrial
applications, owing to increasing demand for lightweight
structures [3]. They offer a number of advantages over the
more traditional joining techniques; such as more regular
stress distribution, superior corrosion and fatigue

resistance and reductions in cost and weight [4].
Furthermore, the number of joints and hence structural
elements can be minimized; dissimilar materials of differ-
ent thicknesses can be joined; energy efficiency and auto-
mation can be enhanced and aesthetics may be improved
[5]. The adhesive bonding is quite expensive and the main
idea in lightweight construction is that adhesive bonding
is able to work with material mix.

To date, adhesive bonding has been the subject of nu-
merous studies addressing various alternative materials,
including steel, aluminium and composites. Notable in-
vestigations into the behavior and properties of adhesively
bonded double strap joints under different conditions in-
clude the examination of layered CFRP (carbon fibre re-
inforced polymer) under tensile stress [6], the mechanical
properties of steel/CFRP strap joints at high temperatures
[7], the finite element analysis of AA2024-T3 aluminium
plates subjected to four point bending loads [8] and the
mechanical performance of steel and composite materials
exposed to sea water, elevated temperatures and humidity
[9]; FEM analysis of a joint generically loaded in the
presence of defects in the adhesive layer and the effects
of these defects on the mechanical behavior of the joints
[10] were investigated.

The adhesively bonded joints most often encountered
are single-lap joints, double-lap joints, strap-joints, scarf
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joints, and step-lap joints [11], tapered joints and T joints.
A variety of these joint types are used in the engineering
industry employing different types of adhesives [12]; for
example, the T joint is the most commonly used joint in
the civil aircraft industry. The effectiveness of this partic-
ular type of joint is governed by its dimensions, size of
the adherends and adhesive bondline and the mechanical
properties of both adherend and adhesive. The growing
use of adhesive joints is evident also in the field of civil
engineering involving pultruded profiles especially.
Ascione et al. produced composite I-beams with rectangu-
lar panels using epoxy adhesive and investigated their
flexural behavior [13]. In another study, strength and stiff-
ness of adhesively bonded GFRP beam-column moment
resisting connections were investigated using beam and
column which are connected by epoxy adhesive and
GFRP seat angles [14].

The stress distribution, stress concentration and load-
bearing capacity of the adhesively bonded T joint are
heavily influenced by the geometry of its bondline [15].
Analytical and experimental studies of the mechanical
properties under tensile loads of different T-joint configu-
rations having embedded or non-embedded supports were
performed. The variations of the geometry of the config-
uration at the support location altered the stress distribu-
tions on the adhesively bonded joint were demonstrated.
These variations had a major influence on the stress con-
centrations, load bearing capacity and enduring perfor-
mance of these joints [12].

The geometry of the adhesively bonded joint, in par-
ticular at the adhesive-adherent interface, is also a very
significant factor for investigation. The influence of in-
terface delineation on mechanical behavior using two
mirrored types of joints having a zigzag interface of
‘positive and negative’ interlocking teeth, contrasting it
with the performance of a standard flat joint [16], the
performance of single-lap joints with fibre reinforced
epoxy composite adherends having sinusoidal surfaces
[17], the influence of the overlap length, the adherend
thickness and the adherend width and the scarf angle,
on the bond strength and failure mode of the adhesively
bonded CFRP single-lap, double-lap and scarf-lap joints
[18] were studied by researchers. And also, a physical
and analytical study of the mechanical properties of ad-
hesively bonded single-lap joint geometries using differ-
ent configurations of lower and upper adherends under
tensile loading and the stress analysis and the effects of
patch thickness, overlap length, adherent thickness, and
gap length of adhesively bonded double strap alumini-
um joints with and without intermediate part subjected
to tensile loading using finite element method [19], the
failure load and stress distribution characteristics of
patches in double strap joints embedded into adherents

to minimize air resistance, whilst also improving con-
structability and aesthetics [20], the adhesive bonding
for repairing minor damage in steel pipes subjected to
internal pressure using steel and composite patches [21,
22] and the comparison S-type geometry with stepped
and curved type joints [23] were investigated.

The simple and accessible geometry of the single-lap
joint has led many researchers to use this type in their
assessments of the nature of stress distribution in adhe-
sively bonded joints [3]. The double-lap joint offers a
more robust solution than the single-lap joint in terms
of strength, but also concentrates stresses at the loca-
tions of the step-changes in stiffness. Scarf joints and
step-lap joints, through the nature of their design, can
reduce peel stresses to a residual level; however, both
designs require a precise degree of preparation and ma-
chining with consequent impacts on engineering and
production costs. In contrast, the design simplicity of
the single-lap joint naturally lends itself towards rela-
tively inexpensive production but, unlike double-lap
joints or strap joints, transmission of a load through
the single-lap joint is not contiguous. Load coupling
of the adherends along the longitudinal axis instigates
a bending moment in addition to the tensile load in the
single-lap joint [11].

S-type adhesive bonding is preferred in this study to
obtain more bonding area and to avoid bending moment
disadvantages of single-lap joint. Effect of slope of S-
shape was investigated. Three different radii were used
to produce three different S geometries. The model was
produced and analysed with finite element method. The
results were verified experimentally. It is observed from
the results that the decrease in radius of curvature results
in the increase in failure load. In addition, the effect of
thickness on damage load also decreases with increase in
radius. The bending moment does not occur in the S-type
adhesive bonding line.

2 Materials and methods

2.1 Materials

This study examines 30-mm overlapping specimen
joints made from 100-mm length by 25-mm width AA
2024-T3 aluminium alloy sheets, having alternative
thicknesses of 6.5, 10 and 13.5 mm (Fig. 1). It also
features three alternative radii for the profiles, thus gen-
erating different slopes for the S-shapes. The specimen
joints were bonded using acrylic adhesive DP 810,
modelled using finite element analysis and subjected to
physical confirmation of the analysis results.
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Table 1 presents the physical and mechanical data for the
A2024-T3 aluminium and adhesive materials used in the non-
linear finite element model.

2.2 Experimental program

The test samples were prepared for bonding using a sur-
face preparation process consisting of degreasing with ac-
etone, sandpapering to clean the surface, and washing in
running water before being allowed to thoroughly dry.
The samples were then placed in moulds for bonding
using the DP810 bi-component acrylic structural adhe-
sive; a product supplied by 3M Scotch-Weld which is able
to resist humid environments. The adhesive cures at room
temperature (24 °C) and a period of 24 h was allowed for
the curing process to achieve a thickness of t = 0.2 mm
(Fig. 1). The adhesively bonded samples were then sub-
jected to tensile loading (Fig. 2).

2.3 Numerical analysis

The successful use of adhesively bonded joints in the
future will be facilitated by the widest possible under-
standing of the systems and processes that drive

selection of the best features of design and manufacture
for any given application. Numerical analysis enables
evaluation of the effectiveness of many alternative de-
signs prior to taking a favoured selection forward to the
testing stage, which would otherwise be impractical due
to time constraints and excessive costs [3].

Numerical analyses were undertaken using the finite
element analysis programme ANSYS v14.5, taking into
account geometrical and material non-linearity based on
the uniaxial stress–strain behaviours of the adhesive and
adherend. The 2D non-linear modelling was based on
plane strain assumptions and used the von Mises yield
criterion to calculate the equivalent stress (σeqv) distri-
bution in the adhesive layers and adherends. 2D rectan-
gular elements Plane82 and Plane183 having 8 and 6
nodes respectively were used in the model.

The smaller element size gave the higher maximum stress;
however, further dimensional changes caused little effect once
a specific size of element was reached. Consequently, the el-
ement size in the mesh was reduced until a stable maximum
strain value could be achieved [24], and areas of critical stress
distributions were divided into smaller elements (Fig. 3). The
numerical results were also verified experimentally.

Fig. 1 S-type adhesive joint geometry and test specimen

Fig. 2 Test sample under tensile loading

Table 1 Properties of aluminium alloy and adhesive [20, 22]

Aluminium alloy (AA2024T3) Adhesive (DP810)

Ea (MPa) 71,875 425.08

νe 0.33 0.35

σy (MPa) 430 11.90

σt (MPa) 482 24.24

εt (mm/mm) 0.16 0.12
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3 Results and discussion

3.1 Experimental verification

For verification of the model, the experiments were conducted
to confirm the finite element method results. The experimental
and numerical results are compared in Table 2. The compari-
son shows a 90% degree of consistency between the experi-
mental and numerical results.

As thickness increases, the adhesive surface also increases
with consequent increase in the load carrying capacity of the
adhesive bond. The increase in radius causes a decrease in
adhesive area and this causes a decrease in the load carrying
capacity. The effect of thickness on damage load also de-
creases with the increase in radius (Fig. 4).

3.2 Numerical solutions

The normal (σX and σY), shear (τXY), and equivalent
(σeqv) stress distributions in the adhesive (AB curved
line, Fig. 1) with overlap length L = 30 mm, radius

r = 20 mm and different thicknesses (Fig. 5) and the
normal (σX and σY), shear (τXY) and equivalent (σeqv)
stress distributions in the adhesive with overlap length
L = 30 mm, thickness h = 6.5 mm and different radii
(Fig. 6) are shown.

The stress distribution results are obtained from finite ele-
ment analyses based on a 10,000 N tensile load, a smaller
value than minimum damage load, applied to all the models.

Stress is smaller in the models that carry more damage
load, as is expected. σX stress is minimum and negative in
the middle of the AB curved line, and maximum at the A
and B points. σY stress is symmetrical according to the middle
of the AB curved line and close to zero at the A and B points.
Shear stress is smaller at the beginning and end and at its
maximum near the middle of the AB curved line. The middle
of the AB curved line shows minor strain behavior, and the
stress is small in this area.

4 Conclusions

S-type adhesive joint has been studied in this work. A numer-
ical model was analysed based on the finite element method
under constant load. Experiments were conducted to verify
numerical results. The effect of thickness and radius on stress
distribution was investigated. The successful use of adhesive-
ly bonded joints in the future will be facilitated by the widest
possible understanding of the systems and processes that drive
selection of the best features of design and manufacture for
any given application.

Numerical analysis enables evaluation of the effectiveness
of many alternative designs prior to taking a favoured selec-

Table 2 Numerical and
experimental failure load results
(Newton)

Radius (mm) Numerical damage load results (N) Experimental damage
load results (N)

PFEM/PEXP

r h = 6.5 mm h = 10 mm h = 13.5 mm h = 6.5 mm

20 12,025 15,000 17,888 13,840 0.87

25 11,375 12,100 15,525 12,150 0.94

30 10,725 12,000 13,095 11,925 0.90

Fig. 4 Failure load according to
radius (r) and thickness (h)

Fig. 3 Mesh in the finite element model
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tion forward to the testing stage, which would otherwise be
impractical due to time constraints and excessive costs. The
following remarks are concluded:

& The experimental verification of the numerical analysis
and a comparison of the experimental and numerical re-
sults show a 90% degree of consistency between the two.

Fig. 5 σX, σY, τXYand σeqv stress
distribution of the adhesive with
r = 20 mm

Fig. 6 σX, σY, τXY and σeqv stress
distribution of the adhesive with
h = 6.5 mm
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& As the thickness increases, adhesive surface also increases
and load carrying capacity of adhesive bonding also
increases.

& The increase in radius of curvature, which means de-
creases in slope of S, results in decreases in failure load.
When radius of curvature is increased, the adhesive area
decreases. In addition, a better interlock occurs when ra-
dius decreases.

& The effect of thickness on damage load also decreases
with increase in radius.

& The bending moment does not occur in the S-type adhe-
sive bonding line.
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