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In this study, TDCB specimen adhesively bonded with aluminum foam, which is the porous metallic material, is fabricated and critical
fracture energy is measured in accordance with British standards (BS 7991 and ISO 11343). The specimens are classified by m value
into 2, 2.5, 3, and 3.5 for comparison. “m refers to gradient which is expressed in the length (a) and (height) of the specimen.
According to the result of reviewing axial displacement graph on crack length, displacement tends to increase in line with a growing
crack, and the less the value of m, the higher the displacement. On the other hand, energy release rate tends to increase based on
developing cracks, and the less the value of m, the higher the energy release rate. Based on correlations obtained in this study, the
fracture behavior of bonding material is analyzed and aluminum foam material bonded using adhesive is applied to a composite
Structure in various fields, thereby analyzing the mechanical and fracture characteristics of the material.

1. Introduction

Porous metallic material refers to the solid area in which pores or
channels in certain shapes are distributed in regular or irregular
patterns. Such porous material has the advantage of lightweight effect,
superior impact resistance, and sound insulation performance and
indicates similar stress-strain characteristics with the behavior of
ductile material. It also has behavioral characteristics including smaller
linear elasticity territory and larger plastic deformation.'™

Though the studies on the shock absorption of such a material with
its great advantages have been underway, the study on bonding has
been far behind.> The importance of the fundamental study on fracture
toughness data on glued joints, which is essential for safe bonding
methods for adhesively bonded structures, should not be overlooked.
Recently, evaluation methods applying fracture mechanics for strength
evaluation of glued joints have been increasingly used. In case of the
cracks developing in pure open mode (Mode I), inclined TDCB
specimen has been used to identify the segregation among the layers of
a composite material and adhesive failure characteristics to evaluate
fracture toughness while the measurement method has long been

developed as a standardized method.>”
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In this study, the TDCB specimen of an aluminum foam composite
material is developed in accordance with British standards (BS 7991
and ISO 11343) with model I test being conducted. Based on the
correlation obtained from this study, an analysis of fracture behavior is
carried out and aluminum foam bonded using adhesive is applied to
actual composite structures to analyze mechanical characteristics and

fracture properties.'*'®

2. Specimen

2.1 Appearance and dimension of specimen

TDCB specimen is developed based on BS and ISO requirements
and Fig. 1 shows the structure of glued joints according to British
Standards.

3M’s spray 77 is used as bonding material. Fig. 2 shows the
specimen and the dimension is indicated in mm. The specimens are
categorized into four kinds with the m value of 2, 2.5, 3, and 3.5. m
referring to the gradient of the specimen which is expressed in the
function of the crack length (a) and height of the specimen (h). Fig. 3

indicates the dimension of the specimens depending on the m value.
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Fig. 3 Dimensions of specimens (unit: mm)
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The specimens are bonded by applying adhesives on the surface of
aluminum foam at 0.2 mm thickness and in 2 hours. Another 0.2 mm-

thick layer of adhesive is applied before bonding two aluminum foams.

Table 1 Property of aluminum foam

Property Value
Young's modulus (MPa) 2,374
Poisson's ratio 0.29
Density (kg/m®) 400
Yield strength (MPa) 1.8
Shear strength (MPa) 0.92

Fig. 4 Experimental specimen

Fig. 5 Test device

The thickness of adhesive after bonding and compression is 0.3 mm.
The properties of aluminum foam are indicated in Table 1.

Fig. 4 shows experimental specimen with the tape indicating the
number to measure the length of crack. For more accurate test data, a
number of specimens per case are produced by Foam Tech(Aluminum
Foam Company, Korea) to measure the mean value for analysis.

2.2 Test device and setup
The MTS Landmark tester as seen in Fig. 5 is used for this study.
The test’s resulting data are produced using a computer and an
experimental scene of each specimen is recorded using a camcorder.
The specimen is fixed to a jig connected to a load cell as seen in
Fig. 6. The test is carried out by imposing 160 N of repeated load
downward while the cycle of loading is set to 2 cycle/s.
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Fig. 6 Fatigue test setup

2.3 Critical fracture energy (G CBT) according to the corrected
beam theory method

Critical fracture energy (Gyc) is calculated using Eq. 1 under Mode
I load condition."

PrdcC

G, =19~ 1
1€ 2Bda M

Compliance (C) is d/P and B refers to the width of specimen while
P and ¢ are applied load and displacement, respectively. C is calculated
from bending and shearing strain as well as Eq. 2.
2
d_(: = i 31 J,»l (2)
d, EB\j’ h
Compliance is linearly strained depending on crack length (). Form
factor of specimen (m) is constant while the height of specimen varies
according to the shape, which leads to Eq. 3.
’ 1
Sho=m 3)
Kok
A refers to crack length and h refers to the the thickness of beam on
the crack tip of a vertical line. E refers to the modulus of elasticity of
a bonding surface; thus, critical fracture energy (Gic) is calculated as
indicated in Eq. 4 using Egs. 1, 2, and 3.
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In the existing SBT analysis, the compliance value of a specimen is
calculated simply and accurately in general but no rotation or refraction
on a crack tip is assumed to have existed. CBT analysis, however,
considers the possible rotation on a crack tip. Should form factor of
specimen (m) be irrespective of 1/h of revision to shearing, dC/da is
calculated as Eq. 5.

dC _ 8m 33
ic_ B{l roas(2) } ®

Thus Eq. 6 is developed using equations 1 and 5 and critical fracture
energy (Gyc) under load condition Model I is calculated.
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Fig. 7 Displacement deepening on crack length
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Fig. 8 G CBT graph depending on crack length

3. Test Result: Graph Showing Reaction Force Depending
on Displacement

Fig. 7 is the graph indicating the axial displacement to crack length
and comparison of the specimens. The displacement tends to increase
in line with a developing crack. The displacement of the specimen with
m =2 appears to be the greatest. The lower the m value, the higher the
displacement. This is attributable to the fact that the less the m value
of specimen, the greater the bending force on beam.

Fig. 8 compares the energy release rate depending on the crack
length of the specimen in the fatigue experiment. Energy release rate
tends to increase in general while crack is developing. Energy release
rate of the specimen with m =2 appears to be the greatest, indicating
58 J/mm?. The lower the value of m, the higher the energy release rate,
which is due to a greater effect of the load and the displacement of
energy release rate.

4. Simulation to Verify the Experiment

To compare and verify the experimental result of the specimen with
m = 2 through simulation, a model in the same dimension is designed.
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Fig. 11 Displacement graph depending on crack length (m = 2)

To save time for modeling and analysis, the model is designed with 2D
and a finite element division is performed as in Fig. 9. The boundary
condition of simulation is shown in Fig. 10. The pinhole of the loading
block on top is fixed while the downward displacement condition is
given to the pinhole of the loading block at the bottom.

Fig. 11 shows the displacement curve to crack length obtained as
the result of fatigue experiment and simulation analysis of the TDCB
specimen using aluminum foam, which compare the specimen with
m=2. Graphs are similar with each other in pattern and in general
while experimental value is slightly higher than simulation analysis.

Fig. 12 is the G CBT curve depending on the crack length obtained
from the fatigue experiment and simulation analysis of the TDCB
specimen using aluminum foam which is compared to the specimen
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Fig. 13 Experimental and analysis configurations at the crack length of
150 mm (m = 2)

with m = 2. According to both experiment and analysis, in a low energy
release rate at early stage of crack, energy release rate begins to
increase in line with a developing crack. The maximum energy release
rate is 55 J/mm? which is of a similar level. Generally, energy release
rate from the experiment is higher by bonding strength which is
maintained even after the specimen is separated.

Fig. 13 shows experimental and simulation configuration at the
crack length of 150 mm (m = 2). Two figures are similar each other. As
configurations of displacements at experiment and analysis are visibly
similar at Figs. 13(a) and (b), simulation and experimental results
approach each other at Fig. 11. As shown by Fig. 13(a) of experiment,
the bonding force remained by adhesive influences energy release rate
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at the rear side of crack tip during crack propagation by comparing with
simulation result. Therefore, Fig. 12. shows the deviation between

fatigue experiment and simulation analysis with similar trend.

5. Conclusion

As a result of testing the fatigue behavior of TDCB specimen glued
using aluminum foam composite material, the following conclusion is
made.

1. According to the analysis of axial displacement to crack length,
displacement tends to increase in line with a developing crack and the
displacement of the specimen with m = 2 appears to be the greatest. The
lower the value of m, the greater the displacement, which is attributable
to the fact that the lower the specimen’s m value is, the greater the
bending force on beam.

2. As regards the graph showing energy release rate to crack length,
energy release rate tends to increase in line with a developing crack and
the specimen with an energy release rate of m =2 appears to be the
greatest, indicating that the maximum energy release rate is 58 J/mm?
and that the lower the m value of the specimen is, the greater its energy
release rate. This is attributable to the greater effect of the load and
displacement on energy release rate.

3. As a result of designing and analyzing the TDCB model under
the same condition as the experiment, fatigue behavior among the
layers could be similarly predicted.

4. Based on correlations obtained in this study, fatigue behavior of
bonding material would possibly be analyzed and the aluminum foam
material bonded using adhesive would be applied to a composite
structure in various fields, thereby analyzing the mechanical and
fracture characteristic of the material.
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