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Metal foams are a relatively new class of materials exhibiting well physical and mechanical properties
which make them attractive in a number of engineering applications. In this paper, a novel modeling
approach is proposed to establish the finite element model (FEM) of aluminum foam. Firstly, MATLAB
image processing is used to deal with synchrotron X-ray computed tomography (lCT) scanning images
of real aluminum foam and reconstruct geometric model. Secondly, two-step mesh method is employed
to mesh the geometrical model by appropriate selection of node, and then establish the FEM of aluminum
foam directly. This approach is used to calculate the compression performance of aluminum foam based
on ABAQUS, of which porosity is set as 56.41%, 56.71% and 58.02%, respectively, and the matrix material is
ZL102. The calculation of aluminum foam can reflect mechanical behavior in the compression process
and good numerical results show that present method is applicable.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Metal foams is an ideal lightweight structural material with
many outstanding characteristics which makes it widely used in
many industries, such as lightweight structures, energy absorption,
thermal and acoustic management. Many scholars discussed the
relationship of mechanical properties and heat transfer perfor-
mance for metal foam with microstructure [1–7].

The research on compression performance of aluminum foam
has focused on the factors which affect the compression behavior,
such as the matrix material, the relative density, pore size, strain
rate, micro-defects. Beals and Thompson [8] tested the compres-
sion performance of aluminum foam with the uneven density gra-
dient, and then compared the results with that of the theoretical
predicted by Gibson–Ashby model. The calculation results showed
that the density gradient had a greater impact on compression
performance. Nieh [9] illustrated that the mechanical strength
and energy absorption characteristics would not be influenced by
the pore size.

The mechanical properties of aluminum foam not only depend
on the matrix material, but are also closely related to the pore
structure. There are many shortcomings in the aluminum foam
manufacturing process, for example, uneven pore structure, the
poor reproducibility of the preparation process. Therefore, many
scholars used the finite element model (FEM) to research the rela-
tionship between the internal microstructure, and its mechanical
properties through establishing various simplifying models. Gent
and Thomas [10,11] first proposed the elastic spider network
model and the cube structure model; they predicted the elastic
modulus of the open-cell foam material and simulated stress–
strain of foam materials, proved the elastic modulus of the foam
material was proportional to relative density at low density. Pore
element and structural element of Gibson–Ashby model [12] were
both achieved structurally symmetrical and three-dimensional
isotropic. However, due to inaccurate element-intensive, the
equivalency of the prismatic structure and the stress of prism,
there were various errors in the application process. Warren and
Kraynik [13] used tetrahedral pillar structure model to discuss
the elastic properties of three-dimensional open-cell foams. The
results showed that the pillar bending was the main deformation
mechanism of foam materials which had tetrahedron microstruc-
ture, and also obtained the relationship between the elastic modu-
lus and the relative density when shape of the interface of pillar
was circular cross-section, triangular cross-section and plateau
section. Warren and Kraynik [14] also used the same method to
discuss the cubo-octahedron model of the open-cell foam material
on the basis of tetrahedral pillar model. The relationship of bulk
modulus and shear modulus with micro-structure parameters
was obtained. The microscopic structure parameters in the model
included the length of the pillar, the axial elastic flexibility and
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(a) Global subdivision (b) Subdivision with constraint

Fig. 2. Delaunary triangle subdivision of aluminum foam materials.
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bending flexibility. Van Den Burg et al. [15] used the regular distri-
bution of seed to establish Voronoi model of open-cell foam mate-
rial based on the regular cell structure, which has been widely
used. Three special seed distributions (body-centered cubic, face-
centered cubic and nearly hexagonal) were selected by Van Den
Burg to establish each Voronoi open-cell foam metal structure
model. The Voronoi model was similar to the real foaming prepa-
ration process in the generation of the internal cell structure.
Therefore, Voronoi model can be used to simulate the internal
structure of the foam materials, however, there will be a great error
in the calculation results by these simplified models when there is
a hole through the matrix or the thickness of the pores wall is
uneven.

In this paper, a novel modeling approach is proposed to
establish the FEM for aluminum foam based on the MATLAB image
processing technology and X-ray computed tomography (lCT)
scanning technology. The method is aimed to obtain accurately
calculation results by reconstructing geometrical model for real
aluminum foam. This approach is applied to calculate the compres-
sion performance of aluminum foam. Their porosity was 56.41%,
56.71% and 58.02%, respectively; and the matrix material was
ZL102.

2. Methods

2.1. Geometric model

When the lCT is used to scan the aluminum foam, the external
environment, devices themselves and the distortion of the image
format in conversion process will lead to the blurred image of
edges. In order to extract useful information from the image, it
must be pre-processed. The MATLAB is used to deal with lCT scan-
ning image of aluminum foam and establish FEM model. The pro-
cess is shown in Fig. 1.

2.1.1. Binarization processing
During the image processing, binary image processing is used to

improve the efficiency of the image intensifier and contour extrac-
tion. The binary image processing for lCT scanning image of alu-
minum foam is partitioned into matrix and holes. As there is a
great difference between the matrix and holes in the gray-scale,
the threshold segmentation is used to separate matrix from the im-
age. Then the determining of the threshold is the most important
in present problem. There are several methods to determine the
threshold, such as histogram troughs law, OTSU segmentation
method, and maximum entropy method and so on.

Maximum entropy was firstly proposed by Pun [16]. The
purpose is to divide the gray-level histogram of image into
Reading image

Binary image processing

 Image enhancement

Contour extraction The hole edges extraction 

Triangle subdivision 

Import ABAQUS

Fig. 1. Finite element modeling process based on MATLAB image processing.
separate classes and make maximum total entropy of all kinds of
classes.

Consider ‘‘S’’ as potential segmentation threshold point, and p0,
p1, p2,. . ., pL the gray levels. Two probability distributions are con-
sidered at the gray level ‘‘S’’. A represents the foreground. B repre-
sents the background, and then

A : p0=pd; p1=pd; p2=pd; . . . ; pS=pd ð1Þ

B : pSþ1=ð1� pdÞ; pSþ2=ð1� pdÞ; . . . ; pL=ð1� pdÞ ð2Þ

where pd ¼
PS

i¼0pi; L is the number of gray levels. Then, the entropy
after segmentation image is calculated by Eq. (3).

HðSÞ ¼ EA þ EB ð3Þ

EA ¼ �
XS

i¼0

ðpi=pdÞ logðpi=pdÞ ð4Þ
Fig. 3. The compression FEM and boundary condition of aluminum foam materials.



Fig. 4. Stress–strain of ZL102.
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EB ¼ �
XL

i¼Sþ1

pi=ð1� pdÞ½ � log pi=ð1� pdÞ½ � ð5Þ

When the entropy of image, H0 exists maximum, the best
threshold value of image segmentation is shown in Eq. (6)

H0 ¼ arg max
S
ðHðSÞÞ ð6Þ

If the exponential entropy, HN, is adopted, the entropy after seg-
mentation image can be obtained in Eq. (7) from Eq. (3),

HNðSÞ ¼
XS

i¼0

pi

pd
e1�pi

pd þ
XL

i¼Sþ1

pi

1� pd
e1� pi

1�pd ð7Þ

Then, the optimal threshold value of divided images is shown in
Eq. (8),

H0 ¼ arg max
S
ðHNðSÞÞ ð8Þ

H0 exists maximum when the gray level equal to S, then the S is
the threshed value. The matrix and holes in the lCT scanning
image is successfully differentiated by using the maximum entropy
algorithm.
(a) 56.41% (b) 56.71

Fig. 5. The original image of a
2.1.2. Image enhancement
Image enhancement is an operation to remove noise and high-

light useful information. Usually, the noise is divided into external
noise and internal noise. The external noises come from the out-
side of the processing system, such as electromagnetic interfer-
ence. Internal noise has four common forms: (1) the noise caused
by the basic of light and electricity; (2) the noise generated by
the mechanical motion; (3) the noise caused by the defects of
material themselves; and (4) the noise from the system of internal
circuit. For the lCT scanning image of aluminum foam, the noise is
mainly caused by the basic properties of light and electricity, and
this noise may be enhanced after image binarization processing,
the features mainly for the ‘‘salt & pepper’’ noise. For this type of
noise, the median filtering algorithm is very effective.

2.1.3. Boundary extraction
The extraction of external contour and internal boundary is an

important step to reconstruct geometric model of aluminum foam.
The image edge detection is usually done by the first order or
second order derivative. The common edge detection operator in
MATLAB is Robert gradient operator, Sobel operator, Prewitt oper-
ator, Laplacian and so on. For aluminum foam, the ‘‘edge’’ function,
which is provided by the MATLAB, is applied to detect the bound-
aries of aluminum foam matrix through constructing Prewitt oper-
ator. Then, the coordinate information of all the pixels on the
boundary and internal is obtained.

2.1.4. Mesh
The traditional approach is to import those coordinates of pixels

into reverse engineering software (such as Geomagic Studio, Image,
PRO/E), reconstruct geometrical model by lofting, surface fitting and
some other ways. Due to a lot of holes internal of aluminum foam
and random distribution, there is a great difference between the ac-
tual model and the reconstructed geometric model by using reverse
engineering, which makes the calculation results unsatisfactory.

In order to obtain effective calculation results based on porous
structures of aluminum foam, more efficient meshing algorithm is
needed. In this paper, the triangulation method is applied to mesh
the aluminum foam directly. Two-step node filtration method is
used to mesh this geometric model with island features. First step,
%  (c) 58.02% 

luminum foam materials.



(a) 56.41% (b) 56.71%  (c) 58.02% 

Fig. 6. Binarization image.

(a) 56.41% (b) 56.71%  (c) 58.02% 

Fig. 7. Images after median filtering.
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global was meshed by Delaunary triangulation. Second step,
point-by-point filtering method is used to delete the triangular
mesh with 3 internal boundary points. Then, the Delaunary
triangulation of aluminum foam is obtained. It is worth to note that
the pixels on the boundary must be chosen as the node, and the
interval take point method is used to pick up the node of matrix
in the premise of guaranteeing the minimal difference between
geometric model and the real one. The comparison results are
shown in Fig. 2.

In conclusion, FEM is established by the direct method, select-
ing node from all of pixels directly, and then meshing them. In this
way, there is a smaller difference in structure size between the
geometric model and the real one; a lot of computer resources
can be saved and the computational efficiency can be improved
by controlling the number of the nodes on the premise of guaran-
teeing authenticity.

2.2. Boundary condition

The boundary condition of aluminum foam compression FEM is
shown in Fig. 3. The indenter is rigid body, contacting with the
upper surface of the specimen in the process of compressed. The
frictionless contact boundary condition is used. The axis symmetry
plane and the bottom surface of the specimen are all applied with
displacement boundary as shown in Fig. 3. The element type is
CAX3. Martial is ZL102 with Young’s modulus, Poisson ratio and
yield strength 70 GPa, 0.33 and 120 MPa, respectively [17]. The
stress–strain curve is shown in Fig. 4.



(a) 56.41% (b) 56.71%  (c) 58.02% 

Fig. 8. Node distribution.

(a) 56.41% 

(b) 56.71%

(c) 58.02% 

Fig. 9. Mesh image.
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3. Numerical example

The aluminum foam reconstruction algorithm based on MAT-
LAB image process is applied to rebuild aluminum foam and calcu-
late its compression performance, when porosity is 56.41%, 56.71%
and 58.02%, respectively. The original lCT scanning images are
shown in Fig. 5.

The aluminum foam binarization was implemented by using
the maximum entropy algorithm. The results are shown in Fig. 6.
A small amount of ‘‘salt & pepper’’ noise exist in the image after
binarization, and some cusps on the boundary of the holes has a
difference with those on the original image, therefore, median fil-
tering is conducted and the results are shown in Fig. 7.

On the premise of guaranteeing the minimal difference between
reconstruction geometrical model and real one, the pixels on the
boundary must be chosen as the node, and the interval take point
method is used to pick up the node of matrix, of which the results
are shown in Fig. 8. The two-step method is applied to triangula-
tion of aluminum foam with island features, and the mesh are
shown in Fig. 9.

Finally, the node coordinates information and element informa-
tion are written into the INP file, and imported into the ABAQUS to
calculate the result. The stress distribution is obtained when the
compression amount is 10 mm, which is shown in Fig. 10. The rela-
tionship of compression displacement with the loads is shown in
Fig. 11.

As shown in Fig. 10, only local holes collapse when the amount
of compression is 10 mm, and the collapsed positions in three
examples are different. It illustrates that calculation is independent
on geometric modeling algorithm. As it is known, the compression
of aluminum foam material is divided into three stages: linear elas-
tic stage, plastic platform stage and densification stage. When the
deformation is small, load and displacement relation is linear,
and this stage is very short which mainly reflect the strength char-
acteristics of pore structure. Then a longer plastic yielding platform
appears with the compressive deformation increasing. Load is
almost the same as the increase of the deformation, and this stage
mainly reflects the walls of the pores are crushed. Finally, all holes
are crushed, and the walls of the pores squeeze together. The alu-
minum foam material is compacted, and the stress will increase



(a) 56.41% 

(b) 56.71%

(c) 58.02% 

Fig. 10. The stress distribution of amount of compression equal to 10 mm.

Fig. 11. The relationship between load and the compressive displacement.
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rapidly. As shown in Fig. 11, when the amount of compression
displacement increases from 0 mm to 10 mm, a short elastic stage
appears with the amount of deformation is 0.5 mm. Then entering
into the plastic stage of platform, the load is changed in a certain
range with displacement increasing, and the change range is
smaller at porosity equal to 58.02%. The above numerical examples
illustrate that it can simulate well the mechanical behavior of the
aluminum foam, which prove that the novel modeling approach of
aluminum foam is applicable.

4. Conclusions

In this paper, a new modeling approach which can be applied in
modeling of foam material is proposed. First of all, MATLAB soft-
ware is used to deal with lCT scanning images of real aluminum
foam material. Secondly, the two-step mesh method is employed
to discrete network by appropriate selection of node. And then
establish the FEM of aluminum foam material directly. This
approach is used to calculate the compression performance of
aluminum foam, whose porosity is equal to 56.41%, 56.71% and
58.02%, respectively. The calculation of aluminum foam can reflect
mechanical behavior in the compression process and good numer-
ical results show that present method is applicable.
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