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Abstract

In this paper, composite parts jointed with insert double-lap joint (DLJ) subjected to tensile load were analyzed by
using 3-D finite element method (FEM). In the analysis, the composite parts were carbon/epoxy (T 700) with
different fiber orientation angles and the adhesive was DP 410. The models for the numerical analyses were
generated by using the ANSYS 14.5 software package. The finite element analyses (FEA) were carried out to
predict the failure loads. Stress at x, y, and z directions; shear stresses; and the von-Mises stresses on adhesive
were obtained at the time of the failure for predetermined parameters. Consequently, the effects of orientation angles,
overlap widths and length, and adhesive layer were examined. The most effective parameters were determined for
composite parts adhesively bonded with the double lap joint.
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1 Introduction

The classical single lap and double lap joints are pre-
ferred in both bonding and repair of damaged parts in
aerospace, machine design, automotive, and a lot of
industry areas. These joints technique is widely used
for metal and composite parts. Similarly, the use of
adhesives and composite parts in the industry are in-
creasing because of their ease of application, high
strength, and various other properties. It is important
to the formation of strong joints by the use of adhesives
while bonding composite parts. Also, it is important not
to be taking up much space. Therefore, a lot of studies
have been made about the joining of composite parts.
The mechanical behavior of composite parts is among
the most important factors in determining the work life
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of composite parts. That is why, bonding and repair
methods are important for composites and a lot of ma-
terials. Hence, many studies have been carried out in
literature for single-lap and double-lap adhesive joints
of composite parts, their joining regions, and the me-
chanical behavior of adhesive joints of composite parts
under different loads and parameters. It is important that
composite parts are generally joined by adhesive bond-
ing methods with high joint efficiency. Therefore, the
failure prediction of the composite-composite and
composite-steel single-lap joints with adhesive bondline
was investigated [1-11]. Also, there are a lot of double
lap joints studies in literature. Tsai and Morton investi-
gated experimentally [12] the mechanics of double-lap
joints with unidirectional ([0°];¢) and quasi-isotropic
([0°/90°/—45°/45°],5) composite adherents under tensile
loading, numerically with a finite element method, and
analytically through a one-dimensional closed-form so-
lution. A linear-elastic two-dimensional finite element
model was developed for comparison with the experi-
mental results and to provide deformation and stress
distributions for the joints. In another study,
Marannano and Zuccarello carried out [13] contribution
to the knowledge of the mechanical behavior of hybrid
bonded/riveted joints, in the present work a numerical—
experimental study of bonded/riveted double-lap joints
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Fig. 1 Composite parts jointed with insert joint subjected to tensile load
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Table 1 Material

constants for T 700 Properties Carbon/epoxy (T 700)
carbon/epoxy [22]
E, (MPa) 132000
E, (MPa) 10300
E, (MPa) 10300
Gyy (MPa) 6500
G,, (MPa) 3910
G, (MPa) 6500
Vi 0.25
Vs 038
e 0.25
Xr (MPa) 2100
Y (MPa) 24
Zr (MPa) 24
Xc (MPa) 1050
Y (MPa) 132
Zc (MPa) 132
S, (MPa) 75
S,,(MPa) 75
S, (MPa) 75

between aluminum and carbon fiber reinforced polymer
(CFRP) laminates. Chataigner et al. [14] provided for a
civil engineering application a simple design tool of
bonded anchorages. More consistent results were obtain-
ed concerning the anchorage length and a failure crite-
rion could be expressed in terms of a maximum yielded
length along the bonded joint. The validity of this cri-
terion was assessed via an experimental investigation
which includes material characterization as well as dou-
ble lap joints quasi-static loading. Moreover, Goglio and
Rossetto [15] noticed that the analytical solutions repro-
duce in general terms the stress field. They focused the
attention on the double lap joint. The performance of a
one-dimensional solution for the double lap joint—ac-
counting for bending of the gussets—was compared to
the corresponding Volkersen’s solution and to finite el-
ement results. Additionally, there are several studies
about double lap joint [16-20].

In this study, composite parts with different orienta-
tion angle and DP 410 type adhesive were used. Studies
were carried out numerically. Failure loads were

Table 2 Material constants for DP 410 adhesive [23]

DP 410 adhesive
Young’s modulus £,(MPa) 2567.45
Poisson’s ratiov, 0.31
Yield strength o (MPa) 38
Ultimate tensile strength o(MPa) 40.79
Ultimate tensile strain & (mm'mm ) 0.027

Table 3 Orientation

angles used in the studies Orientation angles (°)

Type A [0°/0°/0°/0°],

Type B [15°/~ 15°/15°/~ 15°];
Type C [30°/~30°/30°/~ 30°];
Type D [45°/— 45°/45°/— 45°],
Type E [60°/— 60°/60°/~ 60°]
Type F [75°/~75°/75°/~ 75°];
Type G [90°/90°/90°/90°];

determined for different orientation angles and different
over-lap widths and lengths. The orientation angles were
an effective parameter for mechanical behavior of com-
posites. Hence, orientation angles were considered.
Composite parts with the insert double-lap adhesive
joint subjected to tensile load were investigated via
non-linear FEA. Stress at x, y, and z directions; shear
stresses; and the von-Mises stresses on adhesive were
obtained at the time of the failure for predetermined
parameters. Both the objective of this study was to put
forth the many advantages of composites parts and a lot
of advantages as high strength, more practical, and easy
to use for the industrial applications of adhesive. Also,
it was to show that there are many advantages of bond-
ing with the insert DLJ.
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Fig. 2 Tensile stress—strain curve of adhesives for DP 410 [23]
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Fig.3 Mesh details and boundary
condition

2 3-D non-linear finite element modeling

Composite parts jointed with DLJ subjected to tensile
load were shown in Fig. 1. Composite parts were eight
layered carbon/epoxy (T 700). In the finite element
studies, DP 410 type adhesive was used. The mechani-
cal properties of composite parts and adhesive were

shown in Tables 1 and 2, respectively. Different orien-
tation angles shown in Table 3 were used. The true
tensile stress-strain behaviors for adhesives were shown
in Fig. 2.

The total thicknesses of composite parts with carbon
fiber reinforcement were 8 x 0.2 mm and each layer
thickness was 0.2 mm, the thickness of adhesive was

Fig. 4 The von-Mises stress dis- a b
tributions along the upper and 25 30
below mid-bondlines (shown in
Fig. 1: on the adhesive region —T-T1 Stress Line ~ ——Z-Z1 Stress Line —— C-R Stress Line
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Fig. 5 The von-Mises stress distributions along the different bondlines

(shown in Fig. 1: on the adhesive region compared for 15 mm of adherent
length and Type A

0.2 mm (f). The length of the composite parts was
62.5 mm (L), overlap-lap lengths were 10, 15, and
20 mm (L).

In the finite element studies, composite parts adhe-
sively jointed with insert subjected to tensile load were
simulated via the finite elements method. Three dimen-
sional non-linear finite elements model was generated
during the analysis of composite parts joined with insert
joint. Twenty node isoperimetric quadrangular elements,
SOLID186, were used in the macro ANSYS 14.5 ver-
sion generated for the models. The SOLID186 element
is defined with 20 nodes having three degrees of free-
dom at each node, i.e., translation in the nodal x, y, and
z directions. The first end of composite parts joined
with double lap joint was fixed in the nodal x, y, and
z directions; the other end was only fixed in the nodal y
direction. Load was applied in the x direction and load
was increased step by step in small values. When a
numeric model was created in the ANSYS 14.5 soft-
ware, the same element type was used to make the
adhesive compatible with the composite parts. In order
to sensitively obtain the stresses to be investigated, the
interface of adhesive and composite parts was densely
modeled with meshes. Stress lines were formed on all
the surfaces to determine the region where the stresses
were high. The joint configuration, boundary conditions,

and mesh details considered in this study were repre-
sented in Fig. 3. Stress analyses were carried out for
composite parts bonded with the insert DLJ subjected
to tensile load, and stress distributions for all the layers
of the composite parts were calculated by taking into
consideration Tsai-wu failure criteria for composites
and the von-Mises failure criteria for adhesive [21, 23,
25, 26].

3 Results and discussion

3.1 Effect of orientation angles and overlap on stress
distribution

The stress distributions of composite parts bonded with
the insert DLJ subjected to tensile load were compared,
and the joint with 15 mm overlap length and [0°/0°/0°/
0°]s, [15°/—15°/15°/=15°],, [30°/—30°/30°/—30°],, [45°/
—45°/45°/—45°],, [60°/—60°/60°/—60°]s, [75°/—75°/75°/
—75°], and [90°/90°/90°/90°]s orientation angles were
only analyzed. For this, the joint was subjected to ten-
sile load. The orientation angles were important for the
mechanical behavior of composite laminates. Several
bondlines existed on the adhesive side in the bonding
region of the joint with the insert joint (Fig. 1). The
von-Mises stress distributions along the upper and be-
low mid-bondlines were compared and stresses on T-T1
and Z-Z1, V-V1, and Y-Y1 stress lines were seen to be
of nearly similar stress behavior in Fig. 4a. Also, the
von-Mises stress distributions along below edges-
bondlines were compared and stresses on C-R and Cl-
R1 stress lines were seen to be nearly of similar stress
behavior in Fig. 4b. The similar stress distributions were
nearly observed in these bondlines. Hence, the von-
Mises stress distributions along below the adhesive re-
gion bondlines were compared and stresses on A-B, S-
R, C-R, D-P, D-E, O-M, A-Al, B-B1, C-Cl, 0-Ol, P-
P1, and S-S1 stress lines were compared in Fig. 5. The
stress lines for the maximum and critical stress region
were examined. The Von Mises equivalent stress at the
S-S1 bondline was maximum. Also, all failures were on
the adhesive region. So, in this study, all stress distri-
butions plotted were for the S-S1 bond-line on the ad-
hesive region.

The stress distributions of the joint under tensile load
were given in Figs. 6 to 7. The stresses of the joint
with the insert DLJ were generally bigger at the S-Sl
line. Stress at x, y, and z directions; shear stresses; and
the von-Mises stresses on adhesive were calculated
using numerically obtained failure tensile loads. When
Figs. 6 to 7 were examined, the stresses that were
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Fig. 6 Stress distributions a b
compared for all orientations 56 20
along S-S1 on the adhesive for
15 mm of adherent length. a
Stress at x direction. b Stress at y
direction. ¢ Stress at z direction. d
Equivalent stress Ocqy
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obtained on the adhesives as a result of the joining of
composite parts with adhesive could be seen.

The effects of orientation angles on adhesive layers
were given in Figs. 6 to 7. It could be seen in the
figures that the highest stresses on the adhesive region
ends subjected to tensile load were those that occurred
in the S-S1 line. In general, it was observed that o, and

@ Springer

Overlap length L (mm)

0, on the adhesive layer were maximum when compos-
ite parts with [90°/90°/90°/90°]; orientation angles were
jointed. oy on the adhesive layer was maximum when
composite parts with [0°/0°/0°/0°]s orientation angles
were jointed. The von Mises stress on the adhesive re-
gion was minimum when composite parts with [45°/—
45°/45°/—45°]s and [60°/—60°/60°/—60°]; orientation
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Fig. 7 Shear stress distributions a b
compared for all orientations 16 1
along S-S1 on the adhesive for
15 mm of adherent length, a oy, Type A Type B
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angles were jointed. The stresses were generally seen
the same when composite parts with [0°/0°/0°/0°],
[15°/—15°/15°/—15°],, [75°/—75°/75°/—"715°]s, and [90°/
90°/90°/90°]s orientation angles were jointed. In general,
it was observed that oy, on adhesive layer was the
biggest at [15°/—15°/15°/—15°]; orientation angles. oy,

on the adhesive layer was the biggest at [45°/—45°/45°/
—45°]s orientation angles. Moreover, oy, on the adhe-
sive layer for [90°/90°/90°/90°]s orientation angle was
different than other orientation angles.

In Fig. 8, the peel and shear stresses distributions on
the C-R stress line were calculated for 15 mm adherent
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Fig. 8 Peel and shear stress a b
distributions compared for Type ol 3.0
A, Type G, and Type D along C-P
on the adhesive region for 15 mm 171
of adherent length. a Stress at z
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length with [0°/0°/0°/0°]s, [45°/—45°/45°/—45°]¢ and
[90°/90°/90°/90°]s orientation angles. The peel stress
distribution for [90°/90°/90°/90°]; was greater than
others. The oy, distribution was nearly seen the same
for [0°/0°/0°/0°], [45°/—45°/45°/—45°],, and [90°/90°/
90°/90°]; orientation angles. But, the oy, distribution
for [0°/0°/0°/0°]s was greater than others.
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As seen in Fig. 9, the von-Mises stress distributions were
calculated for different adherent length with [0°/0°/0°/0°]; ori-
entation angles. The von-Mises stresses distribution for all
adherent lengths were nearly seen the same. It could be said
that the changes of adherent length and width slightly has
affected the von-Mises stresses a little. In contrast to this, it
could be said that they substantially changed failure loads.
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Fig.9 The von-Mises stress distributions compared for different adherent
lengths along the different bondlines (shown in Fig. 1) on the adhesive
region for Type A

Table 4  Results of numerical analysis, in case of using DP 410

Specimen  Over-lap length L and Orientation Failure load
no. width W (mm) angles (°) F (N)

1 10 Type A 6656
2 Type B 6656
3 Type C 6592
4 Type D 6528
5 Type E 6592
6 Type F 6656
7 Type G 6720
8 15 Type A 9984
9 Type B 9984
10 Type C 9984
11 Type D 9888
12 Type E 9984
13 Type F 10080
14 Type G 10080
15 20 Type A 13312
16 Type B 13312
17 Type C 13312
18 Type D 13312
19 Type E 13440
20 Type F 13440
21 Type G 13568

As a result, it could be said that [0°/0°/0°/0°]s and
[90°/90°/90°/90°] orientation angles were effective pa-
rameters for composites and joint technique. Other ori-
entation angles are not as effective as these two orien-
tation angles.

3.2 Effect of orientation angles and overlap on failure
load

The failure loads of the composite parts bonded with the insert
DLJ for different orientation angles and overlap length were
given Table 4. The true tensile stress-strain behaviors for ad-
hesives were shown in Fig. 2. In order to determine the failure
load, the ultimate strain, the (¢*) shown for the adhesive in
Table 2, was used. The equivalent strain (g.q,) and stress
(0eqv) Were calculated using the von Misses yield criterion,
and it was accepted that the failure case occurred when the
equivalent strain (e.qy) calculated at any point of reached the
ultimate strain for the adhesive layer. A solution in finite ele-
ment analysis considering non-linear material behavior was
reached by dividing the total load in steps to track the equilib-
rium paths and iterating to a converged solution at each load
increment. Hence, a pressure of 0.5 N/mm? per mm” area at
each load step was applied for all joint types and this pressure
was continuous. The remaining load was then applied in the
last step [24-26].

Stress at X, y, and z directions; shear stresses; and the
von-Mises stresses on adhesive were calculated using
numerically obtained tensile failure load. The stresses
on all elements of the interfaces of composite parts
and adhesive layer in Figs. 4a, b and 5, and the highest
stress distributions on the joining area occurred on the
S-Slstress line. That was why stresses on this line were
examined during the studies.

When Table 4 and Fig. 10 were investigated, the
failure loads of all the joints joined with 20 mm adher-
ent lengths were greater than others. The predicted fail-
ure loads of composite parts with [90°/90°/90°/90°], ori-
entation angles were obtained as maximum at all adher-
ent lengths. Also, the failure load of the composite parts
joined with the insert DLJ with [75°/—75°/75°/—75°]
orientation angle was maximum at 15 mm overlap
length. The orientation angles were important parame-
ters for the mechanical behavior of composite laminates.
It could be said that when dimensions of the adhesive
region change, failure loads change.

4 Conclusions
In this work, composite parts joined with the insert DLJ

subjected to tensile load were investigated by using the
finite element method. The conclusions were as follows:
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Fig. 10 Comparison of failure 18000
loads for all orientation angles
and over lengths 16000

¥ 10 mm over-lap length
15 mm over-lap length
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* The stresses on the S-S1 stress line were shown
maximum in Fig. 5.

* The effects of different overlap lengths and different
orientation angles were investigated and the failure
loads of all the joints with 20-mm adherent length
were greater than others were shown in Table 4 and
Fig. 10.

¢ The maximum predicted failure loads of the joining
with the insert joint were obtained, and composite
parts with [90°/90°/90°/90°]; were generally higher
than others were shown in Table 4 and Fig. 10.

* oyand o, on the adhesive layer were maximum when
composite parts with [90°/90°/90°/90°]s orientation
angles were jointed. o, on the adhesive layer was
maximum when composite parts with [0°/0°/0°/0°]
orientation angles were jointed.

* The von Mises stress on the adhesive region was
minimum when composite parts with [45°/—45°/
45°/—45°]; and [60°/— 60°/60°/— 60°]; orientation an-
gles were jointed. The stresses were generally seen
the same when composite parts with [0°/0°/0°/0°],
[15°/—15°/15°/—15°],, [75°/—75°/75°/—75°]s, and
[90°/90°/90°/90°]; orientation angles were jointed.

* They were shown in Fig. 7a—c, oy, on the adhesive
layer was the biggest at [15°/— 15°/15°/— 15°]; orien-
tation angle. oy, on the adhesive layer was the big-
gest at [45°/—45°/45°/—45°], orientation angle.
Moreover, oy, on the adhesive layer for [90°/90°/
90°/90°]; orientation angles was different than other
orientation angles.

* In the C-R bond-line, it was shown that the peel
stress distribution for [90°/90°/90°/90°]; was greater
than others. The o,, distribution was nearly seen the
same for [0°/0°/0°/0°]s, [45°/—45°/45°/—45°],, and
[90°/90°/90°/90°]¢ orientation angles. But, the oy,

@ Springer

I

Type B Type C Type D Type E Type F Type G

Orientation angles (°)

distribution for [0°/0°/0°/0°]y was greater than
others.
The failures happened generally on the adhesive region.
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