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1. Introduction

Adhesive joints are commonly used in mechanical
structures and in many industrial areas such as electronics,
automobile, maritime, aviation, and space. Traditional joint
methods such as welding, riveting, and bolt are preferred for
reasons such as easy assembling and low cost. However, it
is widely known that very high stress intensity may occur at
joint points and that damages at lower stress levels than es-
timated may occur when these joints are used with tradi-
tional materials [1]. For this reason, adhesive joints have
been an excellent alternative to traditional joint methods
such as welding, riveting, and bolt [2]. In particular, it is ad-
vantageous to use adhesive joints for structures that are de-
sired to be light [3]. The ability to easily bond different types
of materials with the adhesive and the formation of uniform
stress distribution in the joint area are other advantages of
adhesive joints [4].

It is possible to find many joint configurations in
the industry. Especially single lap joints are the most pre-
ferred joint model due to ease of use. However, stress distri-
butions are quite complicated although the joint type is sim-
ple [5]. The fact that the adhesive joint exhibits a great
change in its strength depending on the type of the joint is
thought to be unsuitable as a mechanical bonding key. The
effective application of adhesive joints in the future is im-
portant to estimate the strength of the adhesive joint under
different types of external loads [6]. For this reason, in the
design of adhesive joints, it is very important to know the
stress distribution in the interface of the joint due to various
external loads.

Many studies on how to follow a stress-strain be-
havior using different joint models such as under tensile
load, step [7-8], angle [9-12], overlap [13-18], butt joint [19-
23], embedded covers [24], intermediate element [25] were
carried out in the literature. Furthermore, studies on the
strength of the adhesive were also carried out under different
types of external loads for various types of adhesive joints.
For this purpose, various adhesive joint models were sub-
jected to loads such as three-point and four-point bending,
and anti-symmetric, and investigations were conducted on
what kind of tensile behavior the joint would exhibit in the
interface [26-29].

The developing manufacturing technology has made it
possible to create more complex geometric configurations
in an easy way. The easiest and most practical of the adhe-
sive joint configurations is undoubtedly the overlap joint.
However, today's technologies are now providing opportu-
nities to create even the most difficult configurations in an
easy way. For this reason, it is of great importance to inves-
tigate adhesively bonded special joint

models according to load cases. Furthermore, for

the analysis of the joint model, the finite element method is
the numerical technique improved to deal with the studies
such as complex structures in which conventional methods
often fail, and nonlinear material properties [30]. Therefore,
it is now quite easy to numerically model complex or spe-
cific configurations in adhesive joints.

In adhesive lap joints, the strength of the joint ex-
hibits quite different behaviors depending on the joint model
and the application state of the load. Different joint models
are developed using today's technologies for the adhesive to
carry more loads in adhesive joints. In this study, a new joint
model, a curved lap joint was formed. The curved lap joint
formed was subjected to three-point bending moment by in-
creasing its radius of curvature. What kind of strength be-
havior the adhesively bonded curved lap joint under three-
point bending moment would exhibit in its interface depend-
ing on the increase in radius was numerically and experi-
mentally investigated.

2. Material and method
2.1. Materials

Aluminum alloy AA2024-T3 sheets with non-lin-
ear behavior as joint elements, and two-component acrylic
structural adhesive (DP410) produced by the 3M company
as bonding elements were used in the damage analysis of
this study. The Raghava criterion (Eq. 1), which is known
as the generalized Drucker-Prager yield criterion, was used
in the non-linear finite element analysis of the joints. The
equation given in Equation (1) can be written in a different
form as it is shown below [31-34]. Here, q represents the
von-Mises equivalent stress, om represents the average stress
or hydrostatic stress, and e represents the damage index.
Here, /, ot (compressive), o¢ (tensile) and z, are the hydro-
static stress sensitivity parameter associated with shear-
yield stresses. The equation given in Equation (2) is repre-
sented in ANSY'S (version 15) package program as follows
[35]. Here, if a and b pressure sensitivity parameter associ-
ated with hydrostatic stress are written together and rear-
ranged with equations (2) and (4), the following equation is
derived for a. Furthermore, one of the parameters that need
to be defined for the exponent Drucker—Prager model, E,,
ve, @, IS y, the dilatation angle.

The dilatation angle is calculated as follows.
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Bulk samples were prepared to achieve the param-
eters (4, a, w, o and 7) needed for the analysis of the adhesive
material in the finite element analysis of joint models by the
Drucker-Prager model [36-38]. The necessary parameters
were obtained by tensing four bulk samples prepared in the
tensile testing device at a tensile speed of 1 mm/min at room
temperature (Table 1, Figs. 1 and 2). Moreover, the mechan-
ical properties of the bonded material are given in Fig. 3 and
Table 2.

Table 1
Material parameters for the exponent
Drucker—Prager model (DP410)
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Fig. 1 Lateral stress-strain and longitudinal stress-strain be-
haviors of adhesive (DP410) obtained from uniaxial
loading conditions by using video extensometer
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Fig. 2 Shear stress-shear strain behavior of DP410

Table 2

Physical and Mechanical Properties of
Adherend (AA 2024-T3)

Properties Materials
AA 2024-T3
E, MPa 71875
V 0.33
ot, MPa 2819
a 0.1587

E is Young’s Modulus; vis Poisson’s ratio; ot is Ultimate
tensile strength; & is Ultimate tensile strain.

400
—_ — AA 2024-T3
F oam
=
o 200
100
0 T T
0 0.05 01 015 02
& (1)

Fig. 3 tensile stress-strain curve for AA2024-T3
2.2. Experimental modeling

The experimental samples were produced with a
thickness of h=6.5 mm and a width of w=25 mm and an
overlap length of 1=25 mm (Fig. 1). The curved surfaces
with radii of r=100, 300, 500 mm were formed by increasing
the radius of the curved lap joint by 200 mm. The samples
were produced in a way to have four separate samples with
radii of r1 (99.9, 299.9, 499.9) and r, (100.1, 300.1, 500.1)
depending on the radius of curvature (r) to obtain the adhe-
sive thickness (t=0.2 mm) between the adherents to be
bonded (Fig. 4). The preliminary preparation was performed
by cleaning the surfaces of experimental samples before
bonding with the adhesive. Then, adhesively bonded sam-
ples were put into a mold and obtained by keeping waiting
at 120 °C for 60 minutes (Fig. 5).
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Fig. 4 Curved lap joint
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Fig. 5 Experimental samples (a) r=100 mm (b) r =300 mm
(c) r=500 mm



After the experimental samples were produced,
they were subjected to three-point bending moment in the
universal tensile testing device at a compression speed of 1
mm/min at a room temperature of 24 °C and in a humid en-
vironment of 35% (Fig. 5).

2.3. Numerical modeling

In this study, adhesively bonded joint types were
made using the non-linear finite element model ANSYS
(version 15) package program [39]. The non-linear material
properties of the adhesive and aluminum alloy used in nu-
merical models under three-point bending moment are pre-
sented in Tables 1 and 2, and Fig. 1. The geometric proper-
ties, load and boundary conditions of the joint models cre-
ated were modeled three-dimensionally in a way that they
would be the same as those used in the experimental anal-
yses (Fig. 6). In the finite element analysis, the models were
obtained by being divided by Solid 186 element with 20
node points. The critical joint region was divided into
smaller elements to obtain an accurate estimate of the stress
distributions between the adhesive and the plate (Fig. 6).
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Fig. 6 Three-dimensional modeling of the curved lap joints
3. Results and discussion
3.1. Experimental and numerical results

The experimental samples that were produced in a
way to have four separate samples with radii of curvature of
r= 100, 300, 500 mm, respectively, for adhesively bonded
curved lap joints with a thickness of h=6.5 mm, a width of
w=25 mm and an overlap length of I=25 mm were subjected
to three-point bending moment, and damage load results
were obtained. The experimental damage load results ob-
tained, and the numerically obtained damage load results are
presented graphically in Figure 5. In the experimental and
numerical analyses, the distance between the supports was
taken as 140 mm for each sample. Furthermore, the moving
jaw on which the load was applied was applied at the mid-
point of the sample and at a distance of 70 mm to each sup-
port (Figs. 4 and 6).

When the joint models created are subjected to
three-point bending moment, there is a triaxial stress state
on the adhesive layer. For this reason, equivalent stresses
(oeq) Were calculated according to the Drucker-Prager yield
criterion given in equation (4). It has been assumed that
damage occurs when equivalent stress reaches the tensile
strength (ot) of the adhesive at any point of the adhesive
layer. In Fig. 7, the load-deformation relation of each joint
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type under three-point bending moment is given numeri-
cally and experimentally. When the experimental and nu-
merical results are examined, it is observed that load defor-
mation relations are compatible. It was observed that the
curved lap joint with a radius of curvature of r=500 mm car-
ried the highest damage load and the curved lap joint with a
radius of curvature of r=100 mm carried the lowest damage
load. It was observed that the damage loads carried in-
creased as the radius of curvature increased.
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Fig. 7 Experimental and numerical damage load results a)
r=100 mm, b) r=300 mm, c) r=500mm

3.2. Stress distribution results

A compression load was applied in the -y-direction
along the surface EFGH to obtain the stress distributions of
curved lap joints under three-point bending moment
(Fig. 8). The stress distributions of the joint models were
obtained three-dimensionally along the surface ABCD. The
curved lap joints were obtained separately for the adherend
thickness of h=6.5 mm, the overlap length of =25 mm and
radii of r=100, 300,500. The results obtained are presented
in Figs.7, 8, 9, 10, 11 and 12. For the comparison of stress
distributions, 1.3 kN load was applied to the surfaces of
EFGH so that the same load would be applied to each joint
sample. The applied load is the lowest damage load obtained
in numerical analyses.
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Fig. 8 The surface on which the three-dimensional stress
distributions are taken (ABCD)
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Fig. 9 Peel stress (ox) along the surface ABCD (a) for
r=100 mm (b) for r=300 mm (c) for r=500 mm

Normal stress distributions along the surface
ABCD (oy, oy, 07) are presented three-dimensionally in fig-
ures 9, 10, and 11. When stress distributions are examined,
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Fig. 10 Peel stress (oy) along the surface ABCD (a) for
r=100 mm (b) for r=300 mm (c) for r=500 mm

it is observed that the highest normal stresses occurred in the
curved lap joint with a radius of curvature of r=100 mm.
When oy normal stress distributions are examined, it took a
negative value in the region of line AB and became positive
as going towards the line CD by changing the sign in the
middle of the overlap length. This indicates that the adhe-
sive was forced to compress from the region of line AB to
the very middle region and to tense after the middle region.
The left side was subjected to compression, and the right
side was subjected to tensile load since the adhesive in the
adhesive joint was located in the upper region of the neutral
axis (the horizontal at a distance of h/2) on the left side of
the point where the load was applied, and it was located in
the sub-region of the neutral axis on the right side of the
point where the load was applied. It was observed that the
stresses were close to zero in the very middle. It is observed
that normal (ox, gy, 0;) stresses are maximum at the points



A, B, C and D. However, when stress distributions are ex-
amined, it is observed that the stresses increase as going to-
wards the intermediate regions (range of 5-10 mm and range
of 15-20 mm) along the overlap length. In particular, the
endpoints and intermediate regions are critical regions
where damage begins. It is observed that normal stresses
were higher in the curved lap joint with a radius of curvature
of r=100 mm compared to other lap joints in the endpoints
and intermediate regions. It was observed that normal stress
(ox, oy, 07) values decreased as the radius of curvature in-
creased. Here, the flatness of the surface on which the adhe-
sive was applied increases as the radius of curvature in-
creases. The fact that the surface is flattened indicates that it
is subjected to less peel stress.
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Fig. 11 Peel stress (o;) along the surface ABCD (a) for
r=100 mm (b) for r=300 mm (c) for r=500 mm

Txy, Tz AN 7y, Stress distributions of the curved joint
model are presented in Figs. 12, 13 and 14. It is observed
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that 7,y and zy, shear stresses were subjected to compression
and tensile-induced stresses along the width (w) (lines AB
and CD). It is observed that 14y and 1, shear stresses had
maximum values along the lines AD and BC. It is observed
that shear stresses approached zero in the intermediate re-
gion. When curved lap joints are examined along the width
(w), it is observed that 7y, and 7y, shear stresses decreased as
the radius of curvature increased. Especially the endpoints
and intermediate regions (ranges of 5-10 mm and 15-20
mm) are critical regions for 7,y and 7, shear stresses.

8.6502 4
r=3500mm

Fig. 12 Shear stress (=) along the surface ABCD (a) for
r=100 mm (b) for r=300 mm (c) for r=500 mm

In Fig. 14, when v, stress distributions are exam-
ined, it is observed that zy, shear stresses had almost the
same values depending on the increase in radius. It is ob-
served that only 7y, shear stress was subjected to compres-
sion and tensile stresses not along the width (w) but along



the overlap length (I). The curved lap joints are forced to
shear on the yz plane rather than xy, and xz planes. zy, shear
stresses peaked compared to shear stresses (zyy, and zy;) on
the other planes. The endpoints and intermediate regions are
also critical regions for 7y, shear stresses.
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Fig. 13 Shear stress (zx;) along the surface ABCD (a) for
r=100 mm (b) for r=300 mm (c) for r=500 mm

The damage indexes of the curved lap joints under
three-point bending moment along the overlap length (along
the line AD) on the adhesive layer were compared in Figure
15. As it was previously mentioned in the material and
method section, the damage index (e) is a parameter used to
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estimate the strength of the joint. The damage index of the
adhesive must be e <1. If the damage index is e >1, this in-
dicates that damage has occurred in the adhesive. As it can
be understood in Fig. 15, the highest damage index occurred
in the curved lap joint with a radius of curvature of r=100
mm. It was observed that the damage index decreased as the
radius of curvature increased. In particular, it is observed
that damage started especially in the region close to the
point D along the line AD."

22572 3

r=100mm

w

Fig. 14 Shear stress (ty,) along the surface ABCD (a) for
r=100 mm (b) for r=300 mm (c) for r=500 mm
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4, Conclusions

In this study, curved surface lap joints were sub-
jected to three-point bending moment by increasing the ra-
dius of curvature. The damage index and stress distributions
of the curved lap joints under three-point bending moment
were performed by a three-dimensional non-linear finite el-
ement analysis. The stress distributions were obtained three-
dimensionally in the non-linear finite element analysis. Ver-
ification tests were performed to verify the non-linear finite
element analysis. The results obtained are presented below.

1. Experimental and numerical results were ob-
served to be compatible.

2. According to normal stresses, it was observed
that lap joints were subjected to less peel stress as the radius
of curvature increased. It was observed that normal stresses
(0%, oy, 0;) along the overlap length were maximum espe-
cially in the endpoints and intermediate regions (ranges of
5-10 mm and 15-20 mm). The adhesive was located above
the neutral axis (the horizontal at a distance of h/2) on the
left side of the line where the load was applied and under the
neutral axis on the right side of the line where the load was
applied. Therefore, stresses exhibited compression and ten-
sile-character behaviors.

3. According to shear stresses, the curved lap joints
(zvy, 7x2) are subjected to 7y, shear stress rather than shear
stresses and force the adhesive joint to damage. 7y, shear
stresses had maximum values compared to shear stresses
(zxy, and 1x;) on the other planes and forced the adhesive joint
to damage. While endpoints are of critical importance for
Ty, Txz Shear stresses, it was observed that intermediate re-
gions are of critical importance for z,, shear stresses.

4. According to the damage index, it was observed
that the curved surface lap joint had maximum values espe-
cially in the intermediate regions (range of 15-20 mm) along
the overlap length, and the damage was observed to begin
especially in these regions. It was observed that the damage
index decreased as the radius of curvature increased.

The Adhesive

15 Failure indexes () along the line AD (a) for r=100 mm (b) for r=300 mm (c) for r=500 mm
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EXPERIMENTAL AND NUMERICAL INVESTIGA-
TION OF ADHESIVELY BONDED CURVED LAP
JOINTS UNDER THREE-POINT BENDING

Summary

In this study, the curved type joint model, which is
an alternative to conventional joint models, was developed
and subjected to three-point bending moment by increasing
the radius of curvature of the joint. The radius of curvature
of the curved lap joint under three-point bending moment
was increased, and its effects on strength were investigated.
Furthermore, a three-dimensional non-linear finite element
analysis of the joint model was performed using the gener-
alized Drucker-Prager yield criterion. Verification tests

were performed to verify the numerical solutions obtained
by the non-linear finite element method.

For this purpose, curved surfaces with radii of
r=100, 300, 500 mm were formed on AA 2024-T3 alumi-
num sheets with a thickness of 6.5 mm, and they were
bonded with DP410 acrylic structural adhesive. In accord-
ance with the numerical and experimental results, the radius
of curvature was observed to have significant effects on
damage load and stress distribution in curved lap joints un-
der three-point bending moment.

Keywords: Adhesive, curvature, finite elements, three-
point bending.
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