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Abstract 
 
Aluminum foam with the property of excellent impact absorption has been widely used recently. It is necessary to study fracture en-

ergy due to energy release rate by the use of adhesive joint at aluminum foam. This study aims at strength evaluation about adhesive joint 
on aluminum foam. Bonded DCB specimens with this material property are experimented and the fracture behavior is analyzed by simu-
lation. These specimens are designed by differing in height on the basis of British industrial and ISO standards. As the value of height at 
model is higher, bonded part is separated to the end. By comparing analysis results with experimental data, these data could agree with 
each other. By the confirmation with experimental results, these all simulation results in this study can be applied on real composite struc-
ture with aluminum foam material effectively. The fracture behavior and its property can also be examined by this study.  
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1. Introduction 

The study on aluminum foam has been focusing on manu-
facturing method, sound absorption, and shock absorption. 
The study on aluminum foam adhesion, however, has been far 
behind despite its importance. To ensure the safe application 
of the coupling method for adhesion structure, the data on 
fracture toughness is important. Currently on strength evalua-
tion, the method using fracture mechanics has been progres-
sively adopted. As the part of evaluation method using frac-
ture mechanics, double cantilever beam (DCB) specimen 
when cracks are developed (mode I) at the only open mode 
has been often used to understand the fracture behavior of 
adhesion surface, including delamination, as well as to meas-
ure fracture toughness. Such approach has been modified as 
standard specification over an extended period [1-5]. DCB 
specimen of aluminum foam composite material [6-8] is fabri-
cated and the test at mode I is carried out according to British 
standard [9] and ISO [10]. As finite element method is carried 
with modeling the same configuration as experimental speci-
men, these analysis results are compared with experimental 
results. The broken shape of the bonded specimen with alumi-

num foam applied by static load is investigated. This study 
result is thought to suggest the basic data necessary at durable 
safe design. 

 
2. Experiment and analysis 

2.1 Theory background 

2.1.1 Critical energy release rate (GIC) 
In mode I condition, GIC or critical fracture energy is calcu-

lated by using Eq. (1) [9]:  
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where C is the compliance by δ/P, B is the width of the speci-
men, P is the load measured by load cell of the tester and a is 
the length of the crack. C is calculated from bending and shear 
deformation and obtained from relational expression such as 
Eq. (2). 
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where ES is elastic modulus of the beam and h is the height of 
the beam. By differentiating Eq. (2) and substituting to Eq. (1), 
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the critical fracture energy on simple beam theory is as follow-
ing Eq. (3). 
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However, according to simple beam theory, compliance 

value is calculated less than actual value because of the as-
sumption that the beam is fastened incompletely. Thus, com-
pliance value C which is closer to the actual value is calcu-
lated based on assumption that the beam is fastened com-
pletely by using corrected beam theory. A cube root equation 
of C1/3 or (C/N)1/3 is drawn and |Δ| or an intercept value on X-
axis is obtained. This value is then included with crack length 
and expressed as (a +|Δ|). Calculation of critical fracture en-
ergy, GIC at mode I load condition is dependent on load condi-
tion. In this study, GIC is calculated using Eq. (4) and load 
block.  

 
3

2 ( )IC
P FG

B a N
d

=
+ D

  (4) 

 
where δ is the displacement on load line and Δ is the correc-
tion to crack length at the beam which is incompletely fas-
tened. N is corrected value of stiffness by the rotation of the 
load block and F is the correction factor corresponding to the 
reduction of bending moment by large deformation. F and N 
are calculated by Eqs. (5) and (6). 
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Here, 1l is the vertical distance between the center of load 

pin and the beam center where the load block is combined. 
2l is the distance between the load pin center and block edge 

[9]. 
 

2.1.2 Energy release rate at analysis (GIC) 
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. 1. β is the width of 
crack tip and Fx, Fy, δx and δy are the nodal forces and dis-
placements at X and Y directions respectively.  

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. (7) [11]. 

 
Gc = (Fxδx +Fyδy)/(2 β) .   (7) 

 
2.2 Specimen and experimental method  

DCB specimen is designed and fabricated in accordance 
with British standard [9] and ISO standards [10]. The adhesive 
applied at the specimen is 3M’s spray 77. Fig. 2 shows the 
dimension of specimen and the unit of dimension is mm. Four 
specimens with the height (h) of 25 mm to 40 mm at 5 mm 
intervals are fabricated to specimen heights of 25, 30, 35, and 
40 mm and classified by Case 1~4, respectively. The length of 
specimen is 200 mm and the width is 25 mm. Load block is 
designed with the length of 30 mm and the height of 25 mm 
and hole with the diameter of 10 mm in load-block. Initial 
crack with the length of 25 mm is set up [12].  

The adhesive agent used at manufacturing specimen has the 
adhesive strength of 0.4MPa as spray type. Its major compo-
nents are added to isohexane, cyclohexane and SBR Latex 
Polymer. Fig. 3 shows the photo of specimen. The tape indi-
cating the number of grids shown by crack length is attached 
on the specimen. To obtain more accurate test data, a number 
of aluminum foam specimens by case are fabricated by 
FOAMTECH Co. at Korea and mean values of fatigue ex-
periment results are calculated and evaluated. The property of 
aluminum foam is also shown by Table 1.  

 
 
Fig. 1. Nodal force at crack tip. 

 
 

 
 
Fig. 2. Dimension of the specimen. 

 
 

 
 
Fig. 3. Photo of fabricated specimen. 
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As seen in Fig. 4, MTS’ Landmark tester is used for the ex-
periment. These data are produced by using computer and the 
experimental scenes of each specimen are photographed by 
using camcorder. 

As seen in Fig. 5, the specimen is tied to the jig connected 
to the load cell and the test is carried out by using displace-
ment control method. Displacement is only vertically imposed 
on the bottom load cell and the displacement speed is set at 30 
mm/min.  

 
2.3 Analysis model and boundary condition 

In this study, effective equivalent model is applied because 

sizes or distributions of pores are not uniform. The analysis 
result with simplified effective equivalent model can be effec-
tively applied to non-uniform porous foam. Analysis model 
has the same dimension as experimental specimen. 2 dimen-
sional finite element model of aluminum foam is shown by 
Fig. 6. This model is divided with rectangular element. The 
material property is shown by Table 2.  

As shown by Fig. 6, 2 dimensional finite element model is 
designed as the same configuration as experimental specimen 
and is divided with the meshes of rectangular element. The 
numbers of elements and nodes are 10382 and 32168, respec-
tively. At the part of crack tip, the singularity can be happened. 
As the density of mesh at this part is enlarged, this effect can 
be avoided and the stress near crack tip can be calculated. 
These solution values of reaction forces and energy release 
rates can be verified by fitting into experimental data. 

On the static analysis, bonding force of 4.5 MPa is applied 
as the limit status just before being separated during experi-
ment. This force is applied perpendicularly on the adhesive 
face between aluminum foams. If the distance between one 
and another contact nodes perpendicular to the face becomes 5 
mm or more, the two nodes on the face are supposed to be 
separated each other and the value of adhesive strength is 0. If 
the distance between one and another contact nodes perpen-
dicular to the face becomes less than 5 mm, the two nodes on 
the face are supposed to be bonded each other and the value of 
adhesive strength is 4.5 MPa. This value was measured by 
finding an average of the data obtained at de-bonding experi-
ment with foam specimen. The damping coefficient is also 10-7. 
As the same condition as experiment, the pin hole of upper 
load block is fixed. And the hole of lower load block is ap-
plied with the displacement speed of 30 mm/min on the lower 
direction as shown by Fig. 7. The elapsed time of 40 second is 
set until thick part is separated. 

Table 2. Material properties. 
 

Property Value 

Young’s modulus (GPa) 2.374 

Poisson’s ratio 0.29 

Density (kg/m3) 400 

Yield strength (MPa) 1.8 

Shear strength (MPa) 0.92 

 
 

 
 
Fig. 6. Finite element model. 

 

Table 1. Property of aluminum foam. 
 

Property Value 

Young’s modulus (GPa) 2.374 

Poisson’s ratio 0.29 

Density (kg/m3) 400 

Yield strength (MPa) 1.8 

Shear strength (MPa) 0.29 

 
 

 
 
Fig. 4. Installation of test equipment. 

 
 

 
 
Fig. 5. Experimental setup. 
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3. Comparison between experiment and analysis re-
sult 

In cases of specimens with h = 25 and 40 mm, Fig. 8 shows 
the photos of segregated specimens at an interval of 10 second 
during static experiment. In case of h = 40 mm, crack is 
propagated more than the case of h = 25 mm. In case of h = 25 
mm, specimen gets bent more than the case of h = 40 mm.  

Fig. 9 shows contours of equivalent stress at the elapsed 
time of 40 seconds in cases of specimen heights of 25, 30, 35 
and 40 mm. In cases of specimen heights of 25, 30 and 35 mm, 
maximum stresses are shown at the end part of crack with the 
magnitudes of 69, 63 and 54 MPa, respectively. It means that 
bending force is applied greatly just before the end part of 

crack in cases of specimen heights of 25, 30 and 35 mm. 
In cases of specimen height of 40 mm, maximum stress is 

shown at the end of bonded part with the magnitudes of 52 
MPa. As crack propagates until the rear part of model in case 
of specimen height of 40 mm, the great stress happens at the 
rear part of model. 

Fig. 10 shows reaction force due to the displacement of 
specimen with h = 25 mm in comparison of simulation and 
experiment. Experiment and simulation data approach each 
other. As the displacement of 5 mm, the maximum reaction 
force shows. And force decreases as displacement increases 
after this displacement. In case of simulation, reaction force 
decrease slower than experiment. It means that effective 
equivalent damage model is applied at simulation but the in-
fluence of air is affected between foam material at experiment.   

Fig. 11 compares the energy release rate due to crack length 
in case of specimen with h = 25 mm in comparison of simula-
tion and experiment. The energy release rate increases gradu-
ally with the similar slope and maximum energy release be-
comes 70 J/mm2 in case of experiment and simulation. 

Fig. 12 compares reaction force due to displacement in case 
of h = 30 mm in comparison of simulation and experiment. 
Experiment and simulation data approach each other and the 
maximum reaction force becomes 145 N at displacement of 6 
mm. After maximum reaction force, the force decreases rap-
idly as the displacement increases. In case of simulation, the 
reaction force decreases slower than experiment. The effective 

 
 
Fig. 7. Boundary condition of analysis. 

 

      
    (a) Specimen height 25 mm    (b) Specimen height 40 mm 
 
Fig. 8. Segregated specimens during static experiment. 

 

 
 
Fig. 9. Contour of equivalent stress at static analysis. 
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Fig. 10. Graph of reaction force due to displacement (h = 25 mm) in 
comparison of simulation and experiment. 
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Fig. 11. Graph of energy release rate due to crack length (h = 25 mm) 
in comparison of simulation and experiment. 
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equivalent damage model is also applied at simulation but the 
influence of air is affected between foam material at experi-
ment.   

Fig. 13 compares energy release rate due to crack length in 
case of h = 30 mm in comparison of simulation and experi-
ment. The energy release rate increases gradually with the 
similar slope in case of experiment and simulation. Maximum 
energy release rate in case of experiment becomes 160 J/mm2 
as much as 15 J/mm2 a little higher than simulation.   

Fig. 14 compares reaction force due to displacement in case 
of h = 35 mm in comparison of simulation and experiment. 
Experiment and simulation data approach each other and the 
maximum reaction force becomes 160 N at displacement of 6 

mm. After maximum reaction force, the force decreases as the 
displacement increases.  

Fig. 15 compares energy release rate due to crack length in 
case of h = 35 mm in comparison of simulation and experi-
ment. The energy release rate increases gradually with the 
similar slope and maximum energy release rate becomes 225 
J/mm2 in case of experiment and simulation.   

Fig. 16 compares reaction force due to displacement in case 
of h = 40 mm in comparison of simulation and experiment. 
Experiment and simulation data approach each other and the 
maximum reaction force becomes 170 N at displacement of 5 
mm. After maximum reaction force, the force decreases as the 
displacement increases.  

In case of experimental and analysis results, the higher the h, 
the height of the beam, the greater the maximum load. But the 
load is significantly reduced as displacement increases. 

Fig. 17 compares energy release rate due to crack length in 
case of h = 40 mm in comparison of simulation and experi-
ment. The energy release rate increases gradually with the 
similar slope in case of experiment and simulation . 

And maximum energy release rate becomes 200 J/mm2 as 
displacement increases. After maximum reaction force, the 
force decreases as the displacement increases. After the length 
of crack reached 150 mm, G CBT value in case of h = 40 mm 
is significantly reduced to the level below the data in case of h 
= 35 mm. It means that specimen is thought to be completely 
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Fig. 12. Graph of reaction force due to displacement (h = 30 mm) in 
comparison of simulation and experiment. 
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Fig. 13. Graph of energy release rate due to crack length (h = 30 mm) 
in comparison of simulation and experiment. 
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Fig. 14. Graph of reaction force due to displacement (h = 35 mm) in 
comparison of simulation and experiment. 
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Fig. 15. Graph of energy release rate due to crack length (h = 35 mm) 
in comparison of simulation and experiment. 
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Fig. 16. Graph of reaction force due to displacement (h = 40 mm) in 
comparison of simulation and experiment. 
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separated until the end parts. In case of experimental and 
analysis results, the higher the height (h) of the beam, the 
greater the G CBT value. 

 
4. Conclusions 

As the experimental and simulation results of fracture be-
havior at DCB specimen of aluminum foam bonded with 
spray adhesive, the following conclusions are made:  

(1) In case of experimental and analysis results, the higher 
the h, the height of the beam, the greater the maximum load. 
But the load is significantly reduced as displacement increases.  

(2) In case of experimental and analysis results, the higher 
the height(h) of the beam, the greater the G CBT value. After 
the length of crack reached 150 mm, G CBT value in case of h 
= 40 mm is significantly reduced to the level below the data in 
case of h = 35 mm. 

(3) Bending force is applied greatly just before the end part 
of crack and maximum stresses are shown at the end part of 
crack in cases of specimen heights of 25 mm, 30 mm and 35 
mm. In cases of specimen height of 40 mm, maximum stress 
is shown at the end of bonded part. As crack propagates until 
the rear part of model in case of specimen height of 40 mm, 
the great stress happens at the rear part of model.  

(4) The analysis result becomes similar to the behavior of 
real composite foam material. The trends due to specimen 
thicknesses are analyzed. This study result can suggest the 
basic data to design the structure of aluminum foam bonded 
using adhesive safely.  
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Fig. 17. Graph of energy release rate due to crack length (h = 40 mm) 
in comparison of simulation and experiment. 

 


