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Abstract

In this paper, a unidirectional carbon-fiber composite is both experimentally and numerically investigated to study
the nonlinear material behavior of impacted double cantilever beam (DCB) specimens. For the impact analysis, the
load and the displacement applied from pin onto end block as well as the crack energy release rate are measured and
compared with the finite element analysis results. The energy release rate is a critical measure of the resistance to crack
propagation, which can be estimated by the force and displacement at the crack tip. It is found that the energy release
rate measured from impact tests on the specimens is well predicted by the finite element model suggested in this study.

Keywords: Dynamically loaded;Adhesively bonded specimens;Double cantileverbeam specimen; Crack speed; Crack
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1. Introduction

The double cantilever beam (DCB) specimen is
one of the most commonly used test configurations to
measure the fracture toughness of composites and
adhesive joints. The application of lightweight high
performance materials like composites and aluminum
alloys joined via adhesive bonding is a key enabling
technology that can contribute to the development of
vehicles with better fuel economy and less emissions,
without compromising its performance, comfort,
safety and durability. The finite element method was
used to analyze the high speed fracture of adhesively
bonded composite joints [1, 2]. The toughness of
bonded adhesive joints depends on impact rate. High
impact rates reduce fracture toughness [3]. Since the
composite materials exhibit both plastic and
viscoelastic behavior, their deformation depends on
the impact speed and temperature [4, 5]. To predict
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the impact strength it is necessary to calculate the
decrease of energy release rate (or fracture energy, Gc)

when the adhesively bonded joints are subjected to
impact loads. This simulation study investigates and
compares the fracture behavior of bonded joints under
rapid impacts with experimental results, at various
impact rates. The experimental results are taken from
[6-8]. In the experiment, the impact rates of 6.4 mls
and 16.7 mls were applied to the test specimens by
the high speed hydraulic test equipment. As the
fracture occurred through the adhesively bonded
joints, the crack grew rapidly. The crack length and
beam displacement were recorded by a high speed
camera. This method is used as the impact wedge test
by the international standard (ISO 11343) [9]. The
crack grows when the applied fracture energy exceeds
the value of critical energy release rate (GIc) at the
crack tip. The energy release rate was calculated by
classical fracture mechanics formula. The simulation
model uses the information of the calculated fracture
energy. The configuration of the simulation model is
exactly the same as the experiment. The fracture
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behavior is analyzed by a two dimensional finite
element method. This model is run by ABAQUS 6.6
[10].

2. Experiment

2.1 Material

A unidirectional carbon-fiber reinforced epoxy
resin composite as 6376/HTA was used in this study.
It was a continuous carbon-fiber composite containing
the fiber volume fraction of about 63%. This composite
is a highly anisotropic, elastic-plastichardening material
with Young's moduli El1=138 OPa, E22=9.9 OPa,
0 12=12.6 OPa, Poisson's ratio v=0.22, and density p=
1310 kg/nr'. The yield stress and plastic strain values
with work hardening are also shown in Table I.

The fiber composite specimens were prepared in
the form of DCB specimens as shown in Fig. 1. The
configuration and dimension of specimen are also
shown in Fig. I. The initial cracks in the composite
were introduced by inserting an aluminum foil
between the substrates. So, the initial delamination is
created by molding with a double layer of aluminum
foil having the total thickness of 20 um and the length
of 60 mm [II]. The specimen contained a 0.4 mm
thick adhesive layer of the XD4600 adhesive from
Dow automotive.

2.2 Testing method

The adhesive fracture energy, 0Ic, for the adhesive
joint specimen in dynamic DCB tests [12] may be

determined directly using the Irwin -Kies Eq. (1):

p2 de
GIC=--- (1)

2b da

where p is the applied load, b the specimen width, C
the compliance of the substrate beam (given by the
displacement divided by the load) and a is the crack
length. The value of dC / da is measured
experimentally and thus Ole value can be calculated.
The simple beam theory considers the deflections of
the beam root rotation which affects both the
compliance of the beam and the resulting values of
Ole' Williams [13] showed that the effects of both
shear deflection and root rotation could be modeled
for a DCB specimen by adding a length, L. to the
measured crack length as

(2)

where h, B and Es are the height, width and Young's
modulus of the substrate, respectively. The correction
L1 may be found from the negative intercept of a plot
of CI/3 versus a. When the DCB is held by bonding
between the end-blocks, then a correction factor, N in
Eq. (2) is employed to correct stiffness due to the
presence of the end-blocks and the rotation of the
block. Note that N=l in Eq. (2) when the load is
applied to the DCB specimen via holes drilled
directly through the substrates. Differentiating Eq. (2),

Table I. Yield stress and plastic strain with work hardening.

Yield Stress (MPa) Plastic Strain (%)
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Fig. I. The configuration and dimension ofDCB specimen.
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Fig. 2. The picture showing final fractured specimen with the rate of 6.4 mls.

Fig. 3. The finite element model of the specimen.

CD Round pin applied with the constant velocity of6.4 mls or 16.7 m/s
CZl Fixed displacement of x direction (crack length)
Q) Fixed displacements of x and y directions (the rest except crack length)
@ Hard contact between block and pin
® Tied contact between block and specimen

Fig. 4. The boundary conditions at the pin, end block and specimen.

3.1 Finite element model

3. Simulation

Finite element model was developed with ABA
QUS code [10]. The 'geometry and the dimension of

where b is the measured load-line displacement and
F is a factor which accounts for the reduction in
bending moment caused by large displacements [14].
The picture of a fractured specimen with the rate of
6.4 mis, for this study, is shown as Fig. 2.

the finite element model were the same as those of the
specimen shown in Fig. 1. Due to the symmetry, only
half a specimen was modeled, and its finite element
model is shown in Fig. 3. The 4-node bilinear plane
stress quadrilateral elements (CPS4R) are used in the
entire FE model. This simulation analysis is under
taken using the explicit method. In this study, the
respective number of elements and nodes are 9373
and 9828.

The boundary conditions at the pin, the end block
and the specimen are shown in Fig. 4. At the pin,
shown by symbol CD, a constant velocity of 6.4 mls
or 16.7 mls in the Y direction is applied. The initial
displacements in the X direction are fixed up to the
crack length, as shown by symbol ®. The final

(3)G,c= 3Pb F
2B(a+IMI N

eliminating Es and substituting into Eq. (1) leads to
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Fig. 5. The nodal force at crack tip.
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Fig. 6. The load according to the displacement applied from
pin onto end block with experiment and simulation in case of
the rate of 6.4 mls.
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Fig. 7. The energy release rate according to crack length with
experiment and simulation in case of the rate of6.4 m/s.

(4)

displacements in X and Y directions are defmed as the
whole length minus the crack length, as shown by
symbol @. When the crack propagates along the X
direction, the displacements in the Y direction on the
nodes are released sequentially along the crack line.
The crack speeds, crack propagation lengths and time
data are taken from the experimental data. The hard
contact between end-block and pin is labeled as the
symbol @ and the tied contact is established
between block and specimen as shown by the symbol
®. In simulation, the mechanical properties of the
specimen are the same as the composite used in the
experiment, described in section 2.1. The total strain
energy release rate, G is obtained by use of the nodal
force at crack tip and the displacement of next node
on the face of crack mouth as shown in Fig. 5. ~ is the
width of crack tip and Fx, Fy, Dx and Dy are the nodal
forces and displacements at the respective X and Y
directions.

The load (P) applied to this model increases and the
critical energy release rate (Gc) at the crack tip was
obtained by the formula at this simulation as Eq. (4)
[15].

3.2 Simulation analysis

Fig. 6 shows the load according to the displacement
applied from pin onto end block with experiment and
simulation in the case ofthe test conducted at 6.4 m/s.
The load from 400 N to 500 N becomes highest at the
displacement of 4 rom at the first time. The load
decreases as the displacement increases. The load of
100 N becomes lowest at the range of displacement
from 15 rom to 20 rom on the last step. This
simulation curve approaches the experimental data.

Fig. 7 shows the energy release rate according to
crack length with experiment and simulation in case
of the rate of 6.4 m/s. The energy release rate
increases to the value of2920 J/m2 as the crack length

Fig. 8. The contour plot of equivalent plastic strain in
specimen in case of the rate of 6.4 mls (elapsed time of2.25
x 10-4 sec., last step in simulation).

increases until the crack length approaches 70 rom.
This energy release rate decreases to the value of
2270 J/m2 at the range of the crack length from 70
rom to 100 rom followed by the increase up to the
value of 2470 J/m2 at the range of the crack length
beyond 100 rom, which agrees well with the
experimental data.

Fig. 8 shows simulation results of the rate of 6.4 m/s.
The contour lines are the equivalent plastic strains
at the time of 22.5 millisecond, which show the
equivalent plastic strain of 0.135 % at the crack tip.
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Fig. 1I shows the contour line plot of equivalent
plastic strain in specimen at the time of 15.0 mill i
second at the last step in simulati on at the rate of 16.7
mls. Fig. II also shows the equivalent plastic strain of
1.39 x 10-3 at the crack tip. The values of equivalent
plastic strains near the crack tip are within the range
from 1.35 x 10-3 to 1.39 X 10-3 at the impact

rates of 6.4 mls and 16.7 mls.

In this study, the following are deduced from the
impact finite element analysis for the nonlinear plastic
behavior of the dynamically loaded adhesive ly
bonded specimens.

A reliable finite element model is proposed and
verified to accurately predict impact behavior of a
fractured adhesively bonded DCB specimen. Com
pared to the pre-conducted experiments, the simulated
load against the displacement applied from pin onto
end block and the energy release rate as a function of
crack length in the dynamic experiment were very
closely predicted .

Based on the analysis, the values of maximum
loads applied from pin onto end block were calculated
in the range from 350 N to 500 N in case of the
impact rates of6.4 mls and 16.7 mls.

The maximum energy release rates predicted were
in the range from 2700 JI m2 to 3000 JI m2 at the
crack length of 70 mm in case of the impact rates of
6.4 mls and 16.7 mls.

The values of equivalent plastic strains at the crack
tips were within the range from 1.35 x 10-3 to 1.39
X 10-3 in case of the impact rates of 6.4 mls and
16.7 mls.

4. Conclusion

v

Fig. II . The contour lines of equivalent plastic strain in
specimen at the rate of 16.7 mls (elapsed time of 1.50 x 10""
sec., last step in simulation).
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In Fig. 9, the load was applied from pin onto end

block at the rate of 16.7 mls. The simulation and

experiment compared are in good agreement as
shown. The load increases as the displacement in

creases until the displacement of 7 mm is reached at

which the load is a maximum as 350 N. And load,

then, turns downwards at around the displacement of
7 mm. The maximum loads from pin onto end block

in the increasing impact rates from 6.4 mls to 16.7

mls are increased to 500 N (at displacement 7 mm)
from 350 N (at displacement 4 mm) .

Fig. 10 displays the energy release rate which is

corresponding to crack length from the results of
experiment and simulation at the rate of 16.7 mls. In

this figure, the energy release rate increases to the
value of 2700 J/m2 as the crack length increases

until the crack length of 70 mm beyond which the

energy release rate turns to decrease to the value of

2270 J/m2
. As results, the maximum energy releases

vary from 2700 J/m2 to 3000 J/m2 at the crack

length of 70 mm at the impact rates, 6.4 mls and
16.7 mls.
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Fig. 9. Displacement vs. load at the rate of 16.7 mls.
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Fig. 10. The energy release rate corresponding to crack length
plot at the rate of 16.7 mls .
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