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0  INTRODUCTION

Metal foams have a lightweight cellular structure with 
excellent mechanical and physical properties. It is 
well known that metal foams have high compression 
strength combined with good energy absorption 
characteristics [1]. Therefore, the interest in these 
materials is widespread not only as a vibration 
damper or sound absorber but also as a load-bearing 
structural element. Numerous applications rely on the 
compressive property of metal foams, which directly 
depend on its structure. As a load-bearing structural 
element (e.g. vehicle part, biomedical implant) metal 
foam is expected to behave elastically under working 
circumstances, so the material response must be 
predicted precisely in the elastic region. Numerical 
determination of compressive properties of foam 
structure remains a demanding engineering task, and 
it is indispensable for design purposes.

A number of studies have reported on measuring 
the material response of different types of metal foams 
in destructive ways. The compressive properties of 
open cell metal foams in [2] and [3], metal matrix 
syntactic foams in [4] to [8], and titanium foam in 

[9] were investigated, while the elastic behaviour of 
closed-cell aluminium foam under uniaxial loading 
and bending conditions was also studied in [10].

Geometrical modelling is an essential part of 
the procedure aiming the investigation of metal foam 
structures in a numerical way. Numerous approaches 
can be found in the literature for the proper descrip-
tion of foam structures, one of which is the usage of 
uniform cell models which results in simplified geom-
etry compared with the actual structure. A combina-
tion of spherical and cruciform-shaped cells was used 
to model closed-cell aluminium foam and to simulate 
its material response in [11], while different uniform 
cell structures were applied to the model and simulate 
open cell metal foams in [12] to [14]. Diamond and 
cubic cell foam structure were also used to simulate 
the effect of cell shape on the mechanical behaviour of 
open cell metal foams in [15].

Since the inner structure of different types of 
metal foams is quite complicated, a surface analysis 
can result in imperfect or false data. Recent studies 
proved X-ray computed tomography to be an efficient 
and powerful tool for mapping the complete structure 
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of materials in a non-invasive and non-destructive 
way.

The development of a mesoscale simulation 
modelling voids and sintered hollow spheres as a 
metal foam structure was presented in [16]. 3D models 
of microporous ceramics were generated, and the 
determination of the porosity was studied in [17]. 
Two-dimensional models based on µCT images were 
established to investigate mechanical properties of 
different foam structures in [18] to [24]. An overview 
of the auxetic cellular materials was presented in [25].

A new CAD modelling procedure applied to a 
circular foam billet was proposed, and the structure 
was obtained, introducing spherical surfaces, which 
represented the internal voids of an aluminium foam in 
[26]. The linear elastic properties were determined by 
the usage of finite element method based on random 
tessellations for the generation of microstructure in 
[27], and geometrical reconstruction processes of 
open cell foam structures were investigated in [28] 
and [29]. Randomly shaped Voronoi polyhedrals were 
used to form the pore network of open cell titanium 
foam and finite element prediction of the compressive 
characteristics was presented in [30]. A finite 
element model was introduced for the determination 
of mechanical properties of non-uniform cellular 
aluminium in [31]. A random number generator was 
established to model the proper distribution of the 
hollow spheres, and finite element simulation was 
performed to determine the compressive material 
response of metal matrix syntactic foams in [32]. 
Syntactic foam structure was analysed and the three-
dimensional CAD model was established in [33]. 
Three mesh generating methods (Voronoi description 
of the microstructure, voxel meshes, and tetrahedral 
meshes) using tomographic images of the actual 
shape of cellular structures were investigated in [34]. 
The exact geometrical data of single sintered metallic 
hollow spheres were obtained by CT scanning, and 
the corresponding finite element models were created 
in [35]. Advanced pore morphology (APM) foam 
elements were investigated and compressive force-
displacement response was evaluated numerically in 
[36].

Three-dimensional models were generated based 
on µCT images and numerical calculations were 
performed on cellular structures in [37] and [38]. The 
local deformation mechanisms of the actual foam 
structure during compression were investigated using 
different mesh size discretizations in [39]. Closed-
cell aluminium foams in [40] and [41] and open cell 
aluminium foams in [42] to [44] were investigated 
numerically based on µCT images and the material 

response for compression was determined. The 
deformation and plastic collapse mechanisms of 
closed-cell aluminium foams were analysed with 
finite element method based on µCT. The geometrical 
reconstruction was performed with software 
RapidForm™ in [45]. The 3D geometry of closed-
cell aluminium foam derived from the synthesis of 
digital cross-section images was used to build the 
finite element model simulating the deformation 
conditions of the foam under micro-tension loads and 
compression in [46] and [47]. The strain rate-dependent 
compression response of Ni-foam was determined 
by the finite element method based on µCT images 
in [48]. A novel reconstruction method with Matlab 
image processing and CT scanning was applied and 
the finite element method was used to determine the 
thermal conductivity and the material response of a 
closed-cell aluminium foam in [49] and [50].

The number of publications in the field of 
geometrical modelling and finite element analysis 
of metal foam structures demonstrates that this topic 
is in the focus of studies. To obtain high-quality 
predictions of a porous material response, it is critical 
to constructing FEM models that provide an adequate 
description of the actual geometry. In this research, a 
geometrical reconstruction of closed-cell aluminium 
foam and finite element analysis of the structure in the 
elastic region is presented. The deviation between the 
simulation and measurement results is not significant, 
proving that the method is suitable for the description 
of real structures.

An essential part of the procedure is a manual 
reconstruction method for objects of complex 
geometry. The first step is the preparation of plane 
sections (CT images) with parallel planes of given 
density. The second is the performance of a series 
of transformations providing a geometrically 
accurate three-dimensional object that is suitable 
for finite element analysis. The investigation of 
specimens proves that the accuracy of the proposed 
reconstruction method meets the requirements and the 
procedure can be reproduced and validated.

1  MATERIALS AND EXPERIMENTAL METHODS

The examined closed-cell aluminium foam was 
produced from Duralcan F3S.20S Metal Matrix 
Composite and fabricated using a direct foaming 
technique by adding blowing agent. Considering the 
finite element investigations, the relevant physical 
and mechanical properties of the solid phase were 
measured [51]. The chemical composition was also 
evaluated with EDX analysis and compared with the 
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data available in the literature. The density of the 
raw material was measured. The SiC median particle 
size was determined by microscopic analysis using a 
Hitachi Tabletop 3030 SEM microscope. According 
to the ASTM E9-09 standard [52], the modulus of 
elasticity was evaluated by compression test using an 
INSTRON 8874 testing machine. The diameter and 
the length of the solid specimens were 13 mm and 
25 mm, respectively. The measuring results listed in 
Table 1 showed good conformity with the commercial 
data. Several physical and mechanical properties of 
the three specimens were investigated. According to 
the measurement data, porosity of pieces showed low 
variability.

Table 1.  Chemical composition and related physical and 
mechanical properties of the applied matrix material

Main components
Commercial and 

literature data [53]
Measured 

data
Al [wt%] 68.53 69.26
Si [wt%] 9.3 9.21
Mg [wt%] 0.55 0.53
SiC [wt%] 21.4 20.8
other [wt%] 0.22 0.2
Properties
SiC median particle size [mm] 12.8 13.24
Density [kg/m3] 2850 2875.12
Modulus of elasticity [GPa] 98.6 97.2

The size of the specimens was determined 
according to the ISO 13314 standard on the basis 
of a statistical analysis of the pore sizes. Similar 
investigations were published in [51] by the authors. 
The size of the specimens was 14.5 mm × 14.5 mm 
× 14.5 mm (see Fig. 1); STRUERS Labotom-15 was 
used for cutting.

Fig. 1.  Closed-cell aluminium foam specimens

The compression tests were performed on an 
INSTRON 8874 type universal testing machine at 
room temperature. The compression tests were carried 
out with the application of lubricant. The deformation 
rate was maintained in quasi-static condition at 8.7 
mm/min. During the tests, the engineering stress-
engineering strain curves were registered and 
processed according to the ruling standard for the 

compression test for porous and cellular materials 
[54].

The basis of the geometrical reconstruction 
was the microcomputed-tomography analysis that 
was performed using a YXILON CT Modular type 
industrial CT equipment with X-ray tube of 225 kV 
and resolution of 7 mm. 

Using Materialise Mimics v10.1 and its 
complement Materialise Magics v9.9, the 
reconstruction of the geometry of the samples 
were established through some manual steps. The 
automatic reconstruction was compared with the 
manual reconstruction process, and the results of the 
proposed process were qualified. An evaluation copy 
of VGStudio Max 3.0 was used to control the quality 
of the geometric reconstruction; the original structure 
was compared with the reconstructed one. The finite 
element calculations with Femap 9.3 was used to 
generate load-displacement curves in the elastic 
region. The results showed excellent correlation with 
the compression tests.

2  RESULTS AND DISCUSSION

2.1  Compressive Properties

The compressive properties of the three aluminium 
foam specimens were determined at a constant loading 
speed of 8.7 mm/min according to the standard [54]. 
The standard introduces several important terms to 
evaluate the behaviour and compressive properties 
of metal foams and cellular metallic materials. The 
most important ones are plateau stress (average stress 
between 20 % and 40 % compressive strain); quasi-

Fig. 2.  Determination of the plateau stress (σpl), the quasi-elastic 
gradient and the compressive offset stress (σ0.2) based on ISO 

13314:2011
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elastic gradient (gradient of the straight line within 
the linear deformation region at the beginning of the 
compressive stress-strain curve); compressive offset 
stress (compressive stress at the plastic compressive 
strain of 0.2 %), see Fig. 2.

The compressive stress-strain curve of the 
investigated specimens can be seen in Fig. 3. The 
compressive offset stress, the quasi-elastic gradient 
and the plateau stress were calculated from the 
compressive stress-strain curves.

Fig. 3.  Compressive stress-strain curve of foam specimens

The results of the compression tests are listed in 
Table 2.

Table 2.  Compressive properties of the aluminium foam specimens

Compressive properties AF-01 AF-02 AF-03
Compressive offset stress [MPa] 7.434 9.760 7.332
Quasi-elastic gradient [MPa] 1295 738.9 500.5
Plateau stress [MPa] 7.757 8.085 8.355

Table 2 shows that significant deviation of 
plateau stresses cannot be observed, while the elastic 
properties (compressive offset stress and quasi-elastic 
gradient) are different. Considering the specific 
structure of the closed-cell metal foams, it can be 
supposed that the elastic properties primarily depend 
on the porosity, the distribution of the cell volume 
(described by quartiles, Q1, Q2, Q3), the sum of the cell 
volumes in the failure zone (VC) and the area of the 
surfaces (AC) contacting the compression plates. The 
porosity evaluation was based on weight and volume 
measurements. Foam structure analysis was carried 
out with VGStudio Max 3.0, and the extents of the 
contact surface were determined by image processing 
analysis. The measurement results are listed in Table 
3. During the compression test, it is obtained that the 
failure starts in the middle section of the specimens.

Table 3.  Structural properties of the aluminium foam specimens

AF-01 AF-02 AF-03
Porosity [%] 85.16 85.4 85.38

Mass [g] 1.33 1.36 1.34

Q1 0.28 0.35 0.31

Q2 0.72 0.91 0.82

Q3 1.94 2.12 2.24

VC [mm3] 211.93 189.64 204.45

AC [%] 41.39 47.48 50.27

According to Table 3, the structural properties of 
the aluminium foam, depending on the manufacturing 
technology, show no significant deviation, while 
the extent of contact surfaces is highly influenced 
by the position of the cutting planes. Furthermore, a 
significant variance can be detected in the sum cell 
volumes in the failure zone. Because of the deviation 
of the elastic properties (Fig. 3), a finite element 
analysis is necessary in the elastic sector. According 
to our investigations, the extent of the contact surfaces 
and the elastic properties seem to be related, but 
further research is necessary to obtain a more precise 
connection.

2.2 Geometrical Reconstruction Process

The basis of the procedure is a series of CT images in 
DICOM format that is converted into an image stack, 
the input of the software that provides the structure in 
STL format. Transformations of this structure yield a 
format (IGES, NAS, etc.) that is suitable for further 
engineering calculations.

The accuracy of the finite element calculations 
highly depends on the deviation between the original 
and the reconstructed geometry.

Finding the connecting points of cell walls 
requires sharp contours between phases in section 
images. The contours in CT images used in the 
investigation can be detected with high accuracy, 
but the images contain noise because of the imaging 
technique.

The accuracy of the reconstruction also depends 
on the distance between slicing planes, which affects 
the minimum level of the detectable cell size and on 
the complexity of cell wall surfaces (a non-smooth 
surface and a deviation from sphere reduce the 
accuracy of the reconstruction).

Materialise Mimics v10.1 is used for the 
reconstruction process; this software allows the 
automatic reconstruction, which results in a model 
that is suitable for finite element analysis, but the 
accuracy of the geometrical conformity is not high 
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enough. Instead of an automatic reconstruction 
process, the software allows custom parameter setting 
defined by the user in each step of the transformation. 
The order of transformations can be chosen resulting 
in different model properties. The transformations 
provide STL files with different properties, e.g. mass, 
volume, number of elements. Fig. 4. shows the order 
of transformations that was proved to be the best 
for approximation in the modelling of closed-cell 
aluminium foams (the figure contains the original 
command names used in Mimics).

The five steps of the parameterized transformation 
resulted in 3.79×106, 3.58×106, 3.54×106 elements, 
while the automatic transformation led to a model of 
9.10×106, 8.81×106, 6.88×106 elements, respectively. 
The total mass [g] after the parameterized 
transformation (1.3454, 1.3826, 1.3864) was close 
to the initial value (1.3509, 1.3762, 1.3660), while 
the total mass in the case of automatic reconstruction 
was 1.55, 1.53, 1.58, respectively, that is, significantly 
higher than the initial values.

The accuracy of geometry was checked 
by comparing the foam model provided by the 
reconstruction process with the model described by the 
STL file using the evaluation copy of VGStudio Max 
3.0. The comparison resulted in a statistical evaluation 
of deviations. The regions where the deviation 
was significant were investigated to determine the 
accuracy of the given geometrical model. The ratio 
of surface values in the domain where the deviation 
between the initial and the transformed foam structure 
is greater than 0.02 mm is listed in Table 4.

Table 4.  Ratio of surface values where the deviation is greater than 
0.02 mm

AF-01 AF-02 AF-03
Ratio [%] - automatic 1.703 1.293 1.290
Ratio [%] - parameterized 0.581 0.613 0.468

According to the analysis, the ratio of the surface 
where the deviation is greater than 0.02 mm was 
more than two times higher in the case of automatic 
reconstruction compared to the parameterized case. 
The image provided by the software enables the 
detailed investigation of high deviations. Fig. 5 shows 
a 2 mm × 2 mm × 2 mm size foam part; two details are 
highlighted where the two models differ.

Fig. 5.  Detailed investigation using the images provided by the 
software

Fig. 6 shows the complete modelling procedure in 
pictures: manufactured specimen, CT scanned image, 
image-stack, initial STL structure, reconstructed STL 
structure, meshed foam model and finite element 
evaluation. The benefit of the proposed procedure is 
the high precision preparation of the foam structure 
attained by the custom parameterized reconstruction 
method.

Fig. 4.  Comparison of the automatic and the parameterized processes (total volume, number of elements)
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Fig. 6.  Complete modelling procedure

2.3 Finite Element Calculations

The computational models were prepared to 
represent the experimental setup, and each consisted 
of an aluminium foam specimen and two rigid 
plates. Frictionless contact was assumed and used 
in the model. The rigid top plate had a prescribed 
displacement, and the bottom plate was fixed and 
used to measure the reaction force. The aluminium 
foam specimens were meshed with tetrahedron 
elements, and material properties were determined 
using experiments by the authors [51]. The properties 
of the finite element models are listed in Table 5. 
The computational models were analysed using the 
commercial finite element software Femap 9.3 with 
NX Nastran solver for quasi-static loading.

Table 5.  Properties of the finite element models

AF-01 AF-02 AF-03
Number of volume elements 6228541 5916312 5885768
Number of nodes 1852991 1759080 1744979
Largest volume element [mm3] 0.1661 0.05099 0.1342

Fig. 7.  a) The meshed model, b) the boundary conditions, and c) 
the displacement state of a foam specimen

The finite element settings and the simulation 
results are shown in Figs. 7 and 8 and listed in Table 6.

The finite element calculations correlated with 
the experimental results. For design purposes, the 
specification of the elastic behaviour of metal foam 
structural parts is indispensable. The finite element 

model can describe this feature on the basis of the ac-
curate geometrical reconstruction.

Fig. 8.  The real and the simulated force-displacement curves of 
the aluminium foam under quasi-static loading

Table 6.  Comparison of the measured and simulated Quasi-elastic 
gradients in MPa

AF-01 AF-02 AF-03
Measurement 1295 738.9 500.5
Simulation 1243.4 689.7 476.3
Difference [%] 3.984 6.658 4.835

3  CONCLUSIONS

In the framework of the study, experimental and 
numerical analysis were conducted to clarify 
the elastic behaviour of metal foam. Closed-cell 
aluminium foams were compressed, and stress-
strain curves were analysed. A deviation occurred 
in the elastic properties of foam specimens, which 
originated in the actual geometrical properties. For the 
numerical determination of elastic properties of the 
closed-cell aluminium foams, a manual geometrical 
reconstruction procedure was presented. This 
process was realized in several custom parameterized 
steps and resulted in a more accurate model than 
the automatic reconstruction used generally. The 
difference between the two procedures was proved 
with comparison analysis. The original image-stack 
was transformed into the form that is suitable for finite 
element simulations. The finite element calculations 
correlated with the experimental results and the 
numerical model precisely described the elastic 
behaviour of the investigated foam on the basis of the 
accurate geometrical reconstruction. The procedure 
can support the design process of load-bearing metal 
foam parts.
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