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Abstract

In this study, an experiment and a simulation were carried out on colliding an adhesively-bonded tapered double cantilever beam
(TDCB) at the impact velocities of 5 m/s, 7.5 m/s and 12.5 m/s. The analysis method of the corrected beam theory (CBT) was used to
obtain the rate of energy release in the bonded area according to the crack progression, and a simulation was performed to determine the
maximum strain energy during the impact analysis as a means to examine the mechanical properties of aluminium alloy. The experimen-
tal data were found to be higher than the simulation data. This is deemed to explicable by the fact that the adhesive strength was main-
tained even after the specimen separated in the experiment. Crack progression occurred, irrespective of the impact velocity, and high
strain energy occurred at the end of the bonded region, thereby causing the strain energy to increase in the final stages. Also, the maxi-
mum load applied on the pin and the maximum strain energy in the bonded area were shown increase at higher impact velocities. The
results of the experiment and simulation performed in this study are expected to serve as important data in developing a safety design for

composite materials that can help prevent the progression of cracks caused by impact.
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1. Introduction

Carbon dioxide (CO,) emissions contribute to global warm-
ing, and for this reason, there have been efforts to develop
improved combustion, composite material and optimum de-
sign technologies as a means to reduce CO, emissions. In the
recent years, there have been a growing number of firms man-
ufacturing products using aluminium alloy, which can be used
in the manufacture of aircraft, spacecraft, trains and produc-
tion machines. Also, aluminium alloy, aluminium foam and
plastic are used to make composite materials. A composite
material is produced by combining and forming two or more
types of material to exhibit properties that cannot be attained
using a single material. In other words, it is a material pro-
duced through a macroscopic integration of two or more mate-
rials with different forms and/or constituents. Composite ma-
terials are drawing a great deal of attention and are applied
widely as they are lighter than steel, but are characterized by
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strong durability, excellent safety and high energy-saving
effects. As for materials made using aluminium alloy, when
they are fixed to a structure using bolts and nuts or the con-
ventional welding method, it increases not only the processing
time but also the weight and the aluminium alloy can become
damaged and undergo deformation due to the pressure exerted
by the bolts and nuts [1-5]. For this reason, there recently have
been increasing uses of special adhesives such as an epoxy-
based adhesive to attach aluminium alloy to a structure and
due to the excellence of these adhesives, they are now being
used for conventional metal materials [6-12]. Special adhe-
sives, which can also be used to attach thin boards, produce
low noise and vibration during their application. Although
special adhesives present advantages compared to the conven-
tional bonding technologies, there is a drawback that the adhe-
sive strength in the bonded area can be lowered to a signifi-
cant extent in the presence of an impact load [12-19]. In this
study, a tapered double cantilever beam (TDCB) made of
aluminium alloy was modelled and subjected to an impact
load at the velocities of 5 m/s, 7.5 m/s, and 12.5 m/s. The ex-
perimental data were then analysed and the rate of energy
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Fig. 1. Measurement of specimen.

Fig. 2. Experiment specimen.

release in the bonded area was determined based on CBT.
ANSYS Design Modeller was used for a simulation, and a
finite element analysis was conducted under the same condi-
tions as the experiment. The results of the experiment and the
simulation were compared in order to determine the mechani-
cal properties of aluminium alloy in relation to impact. This
study aims to enable the application of adhesively-bonded
aluminium alloy in the composite materials used in car bump-
ers and aircraft fuel tanks and to identify the mechanical prop-
erties of the material and the effect of the impact load on the
fracture energy. In addition, the findings of this study are ex-
pected to serve as important data in developing composite
materials and their safety design [20-22].

2. Method of experiment and simulation

2.1 Experimental apparatus and model

The specimens used in the experiment were made using the
aluminium alloy conforming to the British standard (BS 7991)
and ISO standard (ISO 11343). The specimen dimensions are
shown in Fig. 1. The incline of the model was represented as

m ” and the distance between the centre of the pin hole and
the end of the model was represented as “a ”. Based on Eq.
(1), when m=2 and a =300, the height (4 ) is 51.47 mm.
The diameter of the pin hole was 8 mm, while the length and
thickness of the TDCB model were 310 mm and 10 mm, re-
spectively. The model fabricated based on Fig. 1 is shown in
Fig. 2, which shows that the upper and lower parts of the
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Fig. 3. Setup of aluminium alloy at impact tester.

model were attached using a red adhesive called XD4600. The
specimen was oven cured at 180°C after the temperature was
increased by 2°C over the course of 30 minutes. The thickness
of the adhesion line was maintained at 0.4 mm using Ballotini
(fine glass beads).

3a7 1
m:?+g. (1)

In order to perform the impact experiment, the VHS 8800
high strain rate system, which can reach a maximum impact
speed of 25 m/s, was used. The TDCB model was set in ac-
cordance with the impact equipment as shown in Fig. 3. The
load block of the lower part of the TDCB was fixed, and the
load block of the upper part was pulled.

The energy release rate can be determined based on the
simple beam theory (SBT) or the corrected beam theory
(CBT). SBT does not consider the actual shape of the beam,
which has an incline, or the effect of the beam rotation, and
the correction factor for the internal rotation at the end of the
beam does not satisfy the American Society for Testing and
Materials (ASTM) standards. Thus, CBT proposed by the
European Structural Integrity Society was selected for this
study.

2.2 Corrected beam theory (CBT)

The energy release rate, G, , under the load condition can
be calculated using Eq. (2).

P?dc

2
=38 da @
where B is the width of the specimen, P the load measured
from the load cell of the testing equipment, and a the crack
length. Cis the compliance (& / P ) determined based on the
bending and shearing strain. ¢ is the displacement due to P .
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Table 1. Property of material.

Density (kg/m?) 2720
Young’s modulus (GPa) 724
Poisson’s ratio 0.33
Ultimate tensile strength (MPa) 485
Yield tensile strength (MPa) 415

Velocity
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Fig. 4. Mesh of specimen.

Also, when the shape factor of the specimenm , is presumed
to be irrespective of 1/ 4, the correction for the shear force,
dC / da can be calculated as follows:

1
4C _ 8m 1+0.43(ij3 . 3)
d, E¢B ma

a

Thus, Egs. (2) and (3) can be used to obtain Eq. (4), and the
energy release rate, G,., under the load condition can be
obtained.

4P’m 33
Gp=—— 14043 — | |. 4
©= g [ j 4

s

2.3 Simulation condition and model

A 2D model with the same shape as the specimen used in

the experiment was created using the ANSY'S design modeller.

The meshes of 3D model are divided with the hexagonal ele-
ments. But the meshes of 2D model are divided with the
tetragonal elements. As the thickness is applied into 2D model
in analysis, the configuration can be embodied like 3D model.
As the analysis time can be reduced. 2D model is more useful
than 3D model in this study. Fig. 4 shows that the nodes were
arranged in a straight line in the mesh, and this is very impor-
tant in the expression of the adhesion simulation. Also, as
shown in Fig. 4, there were 6,990 nodes and 2,172 elements in
the TDCB model. The material of the model was Aluminium
Alloy 2014, the properties of which are shown in Table 1.

The constraints set for the simulation were the same as
those of the experiment. As shown in Fig. 4, the contact con-
dition for the load block of the lower part of the TDCB model
was frictionless support, and the velocity at which the load
block of the upper part moved was set at 2.5 m/s, 7.5 m/s, and

Fig. 5. Nodal force at crack tip.

12.5 m/s. At the frictionless support, the coefficient of friction
is near 0 and the free sliding is allowed. The area where the
upper and lower parts were bonded was to be 100 mm away
from the load point to create a pre-cracked. The adhesion is to
bond with adhesive between upper and lower parts of the
specimen. Just before it falls apart, the bonding force becomes
maximum. This bonding force is the strength of adhesive. As
for adhesive strength between the upper and lower parts of the
specimen, it was set at 8 MPa, which is the normal stress rep-
resenting the maximum vertical force that can be withstood by
the bonded part, and the gap between the upper and lower
parts before the fracture was set at 0.6 mm. This state is virtu-
ally defined as the layer of adhesive. In the simulation, the
method used to determine the energy release rate differed
from the one used in the experiment. It is important to note
that when the fracture energy exceeds the critical energy re-
lease rate ( G, ) at the crack tip, the crack spreads. Because the
simulation model was a 2D model, the energy release rate was
obtained based on the load and displacement of the nodes at
the crack tip as shown in Fig. 5, where f is the width of the
crack tip and F,, F,, J,,and &, ware the loads and dis-
placements in the X and Y directions.

Thus, the critical energy release rate per unit thickness can
be obtained using Eq. (5).

G =(FySy +FySy)/2p. )

3. Results

3.1 Relation of load and displacement determined in the
impact experiment and simulation at impact velocities of
Sm/s, 7.5 m/s and 12.5 m/s

Fig. 6 is a graph comparing the loads according to the load
cell displacement at the impact velocities of 5 m/s, 7.5 m/s and
12.5 m/s. The black curve represents the data for the impact
velocity of 5 my/s, the red curve the data for 7.5 m/s and the
green curve the data for 12.5 m/s. The simulation data are
indicated by circles, while the experimental data are indicated
by squares. Generally, the maximum load was observed at a
displacement of 5 to 7 mm, and the maximum load applied on
the pin increased at higher impact velocities. In the experiment
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Fig. 6. Load according to displacement with experiment and simulation
in cases of 5 m/s, 7.5 m/s and 12.5 m/s rates.

where the impact velocity was 5 m/s, a maximum load of 2.32
kN was observed at 4.83 mm, while a maximum load of 2.12
kN was observed at 5.35 mm in the simulation. As for impact
velocity of 7.5 m/s, a maximum load of 2.55 kN was observed
at 5.7 mm in the experiment, while a maximum load of 2.39
kN was observed at 4.91 mm in the simulation. As for impact
velocity of 12.5 m/s, a maximum load of 4.3 kN was observed
at 6.83 mm in the experiment, and a maximum load of 3.41
kN was observed at 6.21 mm in the simulation. As shown by
Fig. 6, simulation result approaches experimental graph and
has the similar trend as experiment.

3.2 Relation of energy release rate and crack length deter-
mined in the impact experiment and simulation at impact
velocities of 5 m/s, 7.5 m/s and 12.5 m/s

Fig. 7 shows the energy release rate-crack length curves ob-
tained through the experiment and simulation of the TDCB
specimen made of aluminium alloy when impact was applied
at a velocity of 5 m/s. The experimental values were generally
higher than the simulation values, and this was because the
adhesive strength was maintained even after the specimen
separated in the experiment.

Because the load has a significant impact on the energy re-
lease rate, the rate increased at a similar slope in the experi-
ment and simulation. In the experiment, the maximum energy
release rate was observed to be 5,198.4 J/m” which differed
from the simulation value by 440 J/m”.

Fig. 2 is a graph of the energy release rate plotted against
the crack length, and compares the results of the experiment
and the simulation when the impact velocity was 7.5 m/s. The
experimental and simulation values were similar, and the
maximum energy release rates were nearly the same at about
6,800 J/m’. As explained earlier, due to the significant impact
of the load on the energy release rate, the maximum energy
release rates determined in the experiment and simulation for
the impact velocity of 7.5 m/s were higher than the maximum
rates determined for 5 m/s.
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Fig. 7. Energy release rate according to crack length with experiment
and simulation in case of 5 m/s rate.
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Fig. 8. Energy release rate according to crack length with experiment
and simulation in case of 7.5 m/s rate.
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Fig. 9. Energy release rate according to crack length with experiment
and simulation in case of 12.5 m/s rate.

Fig. 9 is a graph of the energy release rate occurring in the
bonded area when the load block was applied on the specimen
at an impact velocity of 12.5 m/s. The maximum energy re-
lease rate observed in the experiment was 9,400 J/m?%, which
differed from the simulation value by 2,000 J/m>. Figs. 7-9
show that the energy release rate in the bonded area increased
at higher impact velocities. Combining these graphs is ex-
pected to produce a graph shown in Fig. 6 because the nodal
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Fig. 10. (a) Contour of strain energy at impact analysis at 1.02 ms in
case of impact velocity of 5 m/s; (b) contour of strain energy at impact
analysis at 1.44 ms in case of impact velocity of 5 m/s; (c) contour of
strain energy at impact analysis at 1.92 ms in case of impact velocities
of 5 m/s.

load and displacement are expected to have a substantial im-
pact on the energy release rate.

3.3 Strain energy at impact velocities of 5 m/s, 7.5 m/s and
12.5 m/s

Fig. 10 shows the strain energy occurring over time when
the impact velocity was 5 m/s. The strain energy increase with
increased load until it reached its maximum point at 1.44 ms.
Also, Fig. 10(c) shows that the crack progressed from the end
of the bonded area of the model, thereby resulting in high
strain energy at the end. The results of the experiment when
the impact velocities were 7.5 m/s and 12.5 m/s and the results
of the simulation when the impact velocities were 5 m/s, 7.5
/s and 12.5 m/s were similar.

Fig. 11 is a graph depicting the changes in the maximum
strain energy over time for each of the impact velocities under
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Fig. 11. Graph of strain energy due to time at impact analysis in cases
of 5 m/s, 7.5 m/s and 12.5 m/s rates.

analysis. When the impact velocity was 5 m/s, the strain en-
ergy increase steadily before reaching its peak at 120.52 mJ
and decrease rapidly as the bonded part became completely
separated. As shown in Fig. 10, the strain energy at the end of
the bonded area was high at time = 1.92 ms, and thus, the
curve dropped to 34 mJ before increasing to 69 mJ at 1.92 ms.
The curves for the impact velocities of 7.5 m/s and 12.5 m/s
were similar in appearance as the curve for the impact velocity
of 5 m/s. However, the strain energy when the impact velocity
was 7.5 m/s and 12.5 m/s was 125.67 mJ and 109.26 mJ, re-
spectively, and increased more sharply before dropping, com-
pared to the curve for the impact velocity of 5 m/s. Also, the
maximum strain energy for 12.5 m/s was smaller than the
maximum values obtained for 5 m/s and 7.5 m/s. This was
thought to be because when the impact velocity was 12.5 m/s,
the specimen became damaged quickly and there was little
stored energy in the area of deformation.

3.4 Equivalent stress at impact velocities of 5 m/s, 7.5 m/s
and 12.5 m/s

Fig. 12 shows the equivalent curves of the equivalent stress
at the time of maximum equivalent stress when the impact
velocity was 5 m/s. When the equivalent stress attains the
yield stress, the failure happens. The yield stress occurs at the
layer of adhesive and the part of aluminum. Fig. 12(a) shows
that an equivalent stress of 904 MPa occurred at the load cell
in the lower part at 1.02 ms. It was determined that the load
cell was damaged because the equivalent stress occurring at
the load cell was bigger than the yield stress of the aluminium
alloy. However, in the simulation, high equivalent stress oc-
curred only on the surface of the load cell, and load cell was
not broken as the equivalent stress was smaller than the yield
stress in most areas. This was consistent with the shape ob-
served in the experiment. Fig. 12(b) shows that a maximum
equivalent stress of 1,173.9 MPa occurred in the load cell of
the lower part at 1.44 ms, but in the simulation, the equivalent
stress in other areas was shown to be maintained at around
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Fig. 12. (a) Contour of equivalent stress at impact analysis at 1.02 ms
in case of impact velocity of 5 m/s; (b) contour of equivalent stress at
impact analysis at 1.44 ms in case of impact velocity of 5 m/s; (c)
contour of equivalent stress at impact analysis at 1.92 ms in case of
impact velocity of 5 m/s.
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Fig. 13. Graph of equivalent stress due to time at impact analysis in
cases of 5 m/s, 7.5 m/s and 12.5 m/s rates.

150 MPa. Fig. 12(c) shows that a maximum equivalent stress
of 885.46 MPa occurred in the load cell of the lower part at
1.92 ms, and high equivalent stress occurred at the end of the
bonded area.

Fig. 13 is a graph depicting the changes in the maximum
equivalent stress over time based on the simulation results.
The curve for the impact velocity of 5 m/s climbed steadily
compared to the curves for 7.5 m/s and 12.5 m/s. As shown in
Fig. 12(c), there was high equivalent stress at the end of the
boded area, and this caused the curves to drop down before
climbing up again. Moreover, the maximum equivalent stress
was determined to be 1200.7 MPa at an impact velocity of 7.5
m/s and 1133.6 MPa at an impact velocity of 12.5 m/s.

4. Conclusions

An impact experiment was conducted on a tapered double
cantilever beam (TDCB) made of aluminium alloy at the im-
pact velocities of 5 m/s, 7.5 m/s and 12.5 m/s and a simulation
using a finite element model was performed for a numerical
analysis. Based on the results of the experiment and the simu-
lation, the following conclusions were reached:

(1) The load generally increased as larger displacements be-
fore decreasing beyond a certain point. This was because the
area of adhesion became smaller over time. Also, the maxi-
mum load applied on the pin increased at higher impact ve-
locities.

(2) The energy release rates determined in the experiment
were mostly high. This was thought to be due to the fact that
the adhesive strength was maintained even after the specimen
became separated.

(3) When the impact velocities were 5 m/s, 7.5 m/s and 12.5
m/s, the maximum strain energies were 120.52 mJ, 125.67 mJ
and 109.26 mJ, and the maximum equivalent stresses of
1173.9 MPa, 1200.7 MPa and 1133.6 MPa, respectively. High
equivalent stress was only observed on the surface of the load
cell, and load cell was not broken as the equivalent stress was
smaller than the yield stress in most areas.

(4) Crack progression occurred, irrespective of the impact
velocity, and high strain energy and equivalent stress occurred
at the end of the bonded area, thereby causing the strain en-
ergy and equivalent stress to reach their peaks before falling
and climbing back up again in repetition.

(5) The simulation results obtained in this study are ex-
pected to serve as important data in developing composite
materials and safety design thereof to prevent the progression
of cracks caused by collision.
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