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Computational analysis as a tool for the study of the porosity
system and the mechanical properties of fractal metal foams
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This work studies possible morphologies present in fractal foams with dual pore distribution, focalizing the analysis in features characterizing
the pore network. These studies were conducted using foams modelled through the combined use of Discrete and Finite Element Methods
(DEM and FEM, respectively). DEM was used to generate pore coordinates, for in a second step modelling pores of varied sizes using FEM.
These models allowed to obtain fractal foams with morphologies closer to real experimental foams, which is essential for the subsequent
estimation of their mechanical properties through FEM. Using different measurement methods, some analyzes were carried out, such as the
effect of the dimension of the Representative Volume Element (RVE) on the porosity percentage, the number of nodes until a convergent
behavior, the interconnectivity of the pores, the importance of the pore wall thickness and the fractal dimension determination. The effect of
these parameters on the simulated mechanical properties of the foams was analyzed throw the use of FEM.
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1. Introduction

The study of the metallic foams has increased exponentially
in the last years, motivated by their excellent combination
of properties due to the relatively high strength of the metal
alloys matrices and light weight derived from the porous sys-
tem [1–3]. They can reach relative densities as low as 0.1
with porosities raising more than 90% [1–4]. Metal foams are
mainly used in the transportation industry and for structural
purposes, where various of their properties are required, such
as low weight, impact and noise absorption, recyclability and
corrosion resistance [4]. Much of the research about these
materials is focused on their manufacturing processes and the
complete characterization of their porous system, which gov-
erns possible applications. Sometimes and depending on the
application, more complex porous systems are required, as
the present in the hierarchical or fractal foams. This kind of
multi-scaled porosity is characterized by the combination of
two (dual) or more kind of pores of assorted sizes. Gener-
ated pores can be organized as open, closed, or combined
cells, not only presenting different sizes but also different
shapes and distributions [5–7]. Fractal porosity generally
has well defined ratios between the relative quantities and
sizes of small and large pores, which are quantified using the
fractal dimension (Df ) [7]. This parameter can be obtained

from log (relative quantities)/log (sizes ratio). Different pro-
cesses have been reported in literature for manufacturing
fractal foams, such as additive manufacture, the infiltration
on fractal removable space holder particles; or through the
mixture of these particles with metal powders [7–12]. Their
applications include energy conversion and storage, catalysis,
photocatalysis, adsorption, separation, sensing and biomedi-
cals [6–9], where each porosity has a different function. Due
to this new trend in their research, the complete characteri-
zation of the fractal foams is essential. It includes not only
the porosity percentage and the fractal dimension, but also
parameters such as wall thickness, interconnection of pores
and their effect on the mechanical properties. The character-
ization of the fractal foams needs more than one technique
due to the different scales of the pores, as could be macrogra-
phy or Optical and Scanning Electron Microscopies (OM and
SEM, respectively). Image analysis derived from the figures
obtained thought these techniques also allows the determina-
tion of more specific parameters, such as the pore wall thick-
ness, the interpenetration, and the pores neck, which will be
further defined in this work using examples. Fine character-
istics such as the pixels of the image to be analyzed could in-
fluence the results obtained, including the fractal dimension
(Df ) of the image, which presents a measure of the com-
plexity of the pore system.Df can be determined using the
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box-counting method, and could be a valuable tool for ana-
lyzing the describe the pore network [7]. To conduct these
characterizations, the foams must be first manufactured, with
the subsequent cost of materials, energy, and time. Besides,
not always the manufacturing process allows to obtain hier-
archical foams, with the desired combination and distribution
of pores. That is why alternative techniques have been used
to try to predict these characteristics, such as physical models
and the use of Computer Aided Design (CAD) [13]. CAD has
allowed not only the generation of realistic models of metal
foams, but also the characterization of their porous systems,
even when these materials have fractal porosity. FEM is one
of the methods used to model conventional and fractal foams,
this due to its modeling capability for different geometries
and pore arrangements [11, 13, 14]. Besides, using it is pos-
sible to determine characteristic parameters which define the
foams, and to predict their mechanical properties. That is
why in this work, as the first objective, we are using DEM-
FEM models to replicate real metal foams with different frac-
tal distributions of the porosity, to try to fill the gap related
with this kind of materials. These generated foams presented
different characteristic parameters, which were determined
using image analysis, the tools of the FEA software (AN-
SYS), and tools proposed in this research, which search the
optimum measurement method for each case. The influence
of these parameters on the Young’s moduli of such modeled
fractal foams was also analyzed.

2. Modeling and simulation

2.1. Modelling fractal foams

As first part of this research, three fractal foams were mod-
eled according to the presented in a previous work [13],
using a combination of Discrete and Finite Element Meth-
ods. These models were designed combining particles (space
holders) of different sizes and relative quantities between
them, as shown in Figs. 1a)-1i). Particle sizes were 2 and
4 mm, while quantity ratio shows that the number of fine par-
ticles for each coarse particle in the mixture were 0, 2 and
4. According to these ratios, fractal distributions were 1 and
2, for the models of Figs. 1d)-1f) and 1g)-1i) [log (relative
quantities)/log (sizes ratio)]. The model of Figure 1a-c repre-
sents a conventional foam, with simple porosity (no fractal).
The process for obtaining foams with different porosities, in-
cluding the fractal foams, consisted on first select the relative
ratios, followed by the generation of a considerable amount
of Representative Volume Elements (RVE), which is the min-
imum unit cell representing the complete foam [Figs. 1d) and
1g)]. In the models of packed spheres of Figs. 1b), 1e) and
1h), 10 RVE were initially used. It has been reported that
RVEs must be at least∼2.5−3.5 times the maximum size
of certain feature that represents the material (unit cell) [15].
The size of the models will be modified, using different quan-
tities of RVE, as will be further presented, in search of the
convergence of both the porosity and the estimated mechan-

ical properties. The packed spheres modeled here [Figs. 1b),
1e) and 1h)] represent the mixtures of the Space Holder Par-
ticles (SHPs) used for manufacturing conventional or fractal
foams through techniques such as infiltration or powder met-
allurgy. Coordinates for the location of the SHPs were gener-
ated first through LIGGGTHS software [16]. This tool uses
the Discrete Element Method for simulating the interaction
between particles (in this case the SHPs mixing and packing
processes), and generates spheres randomly distributed. To
obtain the final models [see Figs. 1c), 1f) and 1i)], the DEM
code was running up in the Design Modeler tool of the AN-
SYS FEM 19.0 software. Here, the solid spheres were sub-
tracted to a solid cylinder with the desired dimensions (de-
pending on the RVEs). These initial models have diameters
and heights of 40 mm (10 times the diameter of the bigger
pores, 4 mm).

Once the models were generated, different approaches
were used to determine some characteristics and properties
of the foams, studies which are presented next.

3. Results and discussion

3.1. Characteristics affecting porosity

3.1.1. Effect of the size of the RVE on porosity

As was commented above, the selection of a correct RVE is
essential, because if the size is beyond a certain lower limit,
the porosity is overestimated. This could redound in sub-
stantial errors in the determination of other properties,e.g.
mechanical properties [17]. In our first analysis here, we are
reducing the original size of the RVE to analyze the effect on
the porosity. These calculations are for the model presented
in Fig. 1a), which has pores of 4 mm and dimensions 10 times
the size of the diameter of the pores. According to this, Fig. 2
shows the effect of the RVE size on the porosity, considering
that this size is the ratioH/d, whereH is the diameter of the
model andd the size of the pores (4 mm). Starting from a
desired porosity of 65.5 %, for the RVE with an original size
of 10 porosity was 65.8 %. Then, the size of the RVE was re-
duced till reaching 2.5. As it can be seen, the size of the RVE
significantly affected porosity. For RVE sizes higher than 3.5,
porosities mismatched form 65.5 % only between+0.6 and
−0.3 %, but for RVEs of 2.5 and 3.0 the deviations signif-
icantly increased. This result agrees with the previously re-
ported about RVE higher than∼ 2.5−3.5 the size of the unit
cell (pore) [15]. It is important to remark that the selection of
the RVE not only includes its size but also its shape and other
characteristics [18]. We are assuming values lower than 0.5
% as acceptable for their use in modelling, then, RVE higher
than 5.5 are optima, and for our subsequent studies and the
analysis of other properties, RVEs = 6 are used, not only for
foams with only one pore size, but also for dual porosities.
This convergence criterion was experimentally validated in
a previous work, including a simplified hollow model where
the representative volume element had at least four times the
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FIGURE 1. Isometric view of: a), d), g) different cylindrical unit cells with three quantity ratios, b), e), h) location of the space holders for
the pores generation, and c), f), i) final fractal foam models.

size of a unit cell cite11. In models used for representing real
foams, RVE must be thick enough to contain a significant
quantity of unit cells.

According to the results above commented, we are pre-
senting foams with RVEs = 6 in the subsequent analyses to

decrease computational requirements. This can be seen in
Fig. 3a)-3c) for RVEs with diameters and heights of 24 mm,
porosities of 65% and the size ratios showed in Fig. 1. These
models of the foams show homogeneous distribution of the
pores, and are very similar to real foams found in literature

Rev. Mex. Fis.71041002
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FIGURE 2. Effect of the RVE size on the obtained porosity in the
foam models.

[4,7,11]. They are going to be the starting point for different
analyses.

3.1.2. Effect of the characterization method on the mea-
sured porosity

The first analysis that we are including compares the mea-
surement of the porosity of the foam models using different
procedures. ANSYS has its own Javascript code tools for
determining the solid and empty spaces in the generated ge-
ometries. Nevertheless, we are presenting a tool for compar-
ing these measurements, verify and optimize the prediction
of these porosities. This procedure uses Monte Carlo method
through a Python code, and consists on selecting certain num-

ber of random points in the volume of the foam, and deter-
mine if they are located inside the solid matrix or in an empty
space. Figure 4a)-4d) presents this method using from 5 000
to 30 000 points for a case of a porosity reduced to 26 %. The
red points indicate pores, while the blue ones indicate matrix.
Then, porosity is calculated as follows:

P =
Pp

Pm
, (1)

wherePp andPm are the points located inside pores and in
the matrix, respectively.N points are evaluated, correspond-
ing to N independent Bernoulli variables(Xn

j ), being the
functionf(Xn

j ) = 1 if a point is inside a pore, and zero in
another case.

According to the observed in Figs. 4b)-d), the quantity of
points is variable. Now, the effect of this number could sig-
nificantly affect the porosity measurement. This is observed
in Fig. 5a), where for less than 20 000 points the convergence
does not occur yet. To compare the measurement times for
ANSYS and for the procedure shown in Fig. 4, in Fig. 5b)
presents the time used in each case depending on the number
of pores of a foam. As can be seen, the method presented for
our research groups is considerably lower. Time for ANSYS
is exponential, while Monte Carlo is linear. Saved time for a
geometry with 100 pores is 84 %, while for a geometry with
40 000 pores is 99 % less. It is important to remark the scale
used in theY axis. The long time used by ANSYS is be-
cause the Javascript code needs to be loaded in the ANSYS
Design Modeler, but first executes the geometric operations
to generate the foam before starting calculations.

FIGURE 3. Models of foams with RVE = 6 and porosities of 65 % for: a) pores of a unique size, and pores with fractal morphologies of b)
2:1, and c) 4:1.
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FIGURE 4. Identification of points for porosity control using Monte Carlo method through a Python code a), for N points: b) 5 000, c) 15
000, and d) 30 000.

FIGURE 5. a) Convergence of the porosity for an increasing quantity of points used by the Monte Carlo method. b) Comparative time using
Monte Carlo method or loading the Javascript code in the ANSYS Design Modeler.

3.1.3. Effect of the interconnectivity of the pores

Interconnectivity between the pores is another important pa-
rameter which affects the porosity of the foams and hence
their mechanical properties. We are proposing here a new
tool for completing this measurement, because ANSYS does
not show these values. The procedure is observed in Fig. 6a),

and consists on determining if each individual pore is inter-
connected with some of its neighbors. If the distance between
the centers of the neighbor spheres (pores) is lower than the
sum of the radius of these pores, then they are interconnected
(green lines). Conversely, if this measurement is higher (red
lines) they are isolated. This process is repeated until the
analysis of all the pores. As can be seen in Fig. 6a), green

Rev. Mex. Fis.71041002
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FIGURE 6. a) Measurement of the interconnection of pores through their neighbors, b) Network of lines belonging to interconnected pores,
and c) Interconnection percentage according to the total porosity for different fractal models of foams.

pores form a macropore, and then they are interconnected
(macropores 1 and 2). According to this, global intercon-
nection (I) is measured through the following equation:

I =
V PI

Vf
, (2)

whereV PI is the volume occupied by the interconnected
pores andVf is the total volume of the foam. Figure 6b)
shows an example of the interconnection of the pores through
the green lines network belonging to macropores (pores in-
terconnected in Fig. 6a). This procedure was used to deter-
mine the interconnection between the pores for different frac-
tal models, as the presented in Figs. 1a)-1i), but with different
porosities and sizes of the RVE. The results are presented in
Fig. 6c), and as expected, the increase in the total porosity
of a foam leads to significant increases of the interconnection
percentage. This increment is more relevant for the fractal
models than for the models with only one pore size due to
the present of small pore interconnecting the bigger ones. In-
terconnectivity also affects directly other parameters,e.g. the
wall thickness of the cells, which decreases for high inter-
connectivity levels, as occurs for foams manufactured by in-
filtration using SHPs previously sintered for obtaining green

preforms [20]. In this process, the subsequent elimination of
the SHP leads to obtain open cell foams (complete intercon-
nection). By the contrary, in syntactic foams pores are not
connected, being closed cells [21]. Due to the importance
of the wall thickness on the mechanical properties, this char-
acteristic of the foams is analyzed next. These results agree
well with the experimental results of the work by Carranza
et al. [14], who used similar models to compare their behav-
ior with experimentally manufactured aluminum foams, and
reported that when the relative quantities of pores increase
from 1:1 to 4:1, wall thicknesses and densities significantly
decreased, also leading to the increase of the interconnectiv-
ity, as it is observed in Fig. 6c).

3.1.4. Effect of the pore wall thickness on the porosity

Wall thickness could be defined as the distanceWn between
two neighbor pores, as observed in Fig. 7a). This variable
generally decreases with the increase in the total porosity of
a foam, but also decreases with the inclusion of dual pores
[20,21]. Its measurement is needed for relating the pore net-
work with the mechanical properties of the foams, and we are
proposing here a procedure for its determination. It consists

FIGURE 7. a) Cell wall thickness of neighbor pores (Wn), b) Measurement of the wall thickness for a pore, and c) Wall thickness obtained
for different fractal models of foams.

Rev. Mex. Fis.71041002
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on determining the distanceWn between a pore and all its
neighbors, as shows Fig. 7b) with lines coming out of an in-
dividual pore (circle). If one of these lines past through the
space between 2 pores is not considered for the average. This
procedure was used to determine the wall thickness for pores
of different fractal models with different porosities and sizes
of the RVE, as the presented in Figs. 1a)-1i). The results are
shown in Fig. 7c), and as expected, the increase in the to-
tal porosity of a foam leads to significant decrement in the
wall thickness. Comparing the foam models, the increment
is more relevant for the fractal models than for the models
with only one pore size. This result can be explained since
for fractal foams the wall thickness left by big pores is filled
with small pores, reducing the solid part between the pores.
This result also agrees with the experimental analysis carried
out by Carranzaet al. [19], who reported the same pore sizes
(2 and 4 mm) for aluminum foams manufactured using infil-
tration. For porosities ranging from 63 to 66 %, they obtained
wall thicknesses between 2 and 1.24 mm. Using our models,
Fig. 7c) reveals wall thicknesses decreasing from 2.2 to 1.5
mm. Although these values are higher than the reported [19],
this overestimation would be caused by some pore agglom-
erations in the models. Other work of Carranzaet al. [14]
demonstrated that depending on the manufacturing process
(i.e., infiltration or powder metallurgy), wall thickness is dif-

ferent, being near 2.3 mm for infiltration and a porosity of
65%.

3.2. Factors affecting mechanical properties estimation

3.2.1. Effect of the mesh on the mechanical properties: con-
vergence

Once all the above characteristics of the models have been
studied, it is the moment to analyze their simulation to esti-
mate the mechanical behavior of the foams, and the influence
of these characteristics on the porosity. For its determina-
tion, the response to the compression along the z-axis (Ez)
was determined for the cylindrical models, applying equiva-
lent compressive displacements of 1 % of the cylinder height
on the nodes of the upper end of the cylindrical specimens.
Besides, the coupled-node boundary condition was used for
this face, while the bottom face was kept without movement.
Ez is defined as follows:

Ez =
σz

εz
, (3)

whereσz andεz are respectively the stress and strain inz-
axis. The strain was determined through the applied displace-
ment of the cylinder in thez-axis (uz):

FIGURE 8. a) Top surface of a foam model, remarking the solid area. b) Reaction force on the bottom area of a foam model. c) FEA model
of a foam with a porosity of 60 % and fractal distribution of 2:1. d) Effect of the number of nodes on the reaction forces.
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εz =
uz

Lz
, (4)

whereLz is the initial height of the cylindrical specimen. The
stress, necessary for solving Eq. (3), is determined using the
following equation:

σz =
Fz

A
, (5)

whereFz is the reaction force in the z-axis obtained through
the FEA simulation, for the nodes of the bottom end of the
cylindrical specimens, which has an area A. According to
this, the reaction force is the parameter to determine for ob-
taining the Young’s modulus, and its value highly depends on
the selected mesh. Figure 8a) shows the top surface of a foam
model, while Fig. 8b) shows the illustration of the reaction
force. In this work, we used 10-node tetrahedral structural
solid elements for meshing. This can be observed in Fig. 8c)
for a RVE with a porosity of 60 % and fractal distribution of
2:1, remarking the fine mesh. The selection of low number
of nodes could lead to significant differences with the real
behavior of the foam, while a fine mesh could originate too
much computing time. Then, it is essential to analyze the
limit number of nodes which leads to a plateau behavior of
the reaction forces. This was studied in this work, and as
can be seen in Fig. 8d), reaction forces begin to converge ap-
proximately after 250 000 nodes. Then, this number of nodes
was taken as the starting point for meshing in all subsequent
simulations.

3.2.2. Effect of the pore network on the mechanical proper-
ties

Using the optima data obtained above, the mechanical behav-
ior of the foam models is presented next. First, Fig. 9a) cor-
roborates the effect of the RVE size not only on the porosity
(see Fig. 2) but also on Young’s modulus. The porosity de-
creased for small RVEs, and the same happened for the val-
ues of the relative modulus for both conventional and fractal
foams, showing that for RVEs bigger than∼ 4 plateaus were
reached (convergence). On the other hand, Fig. 9b) depicts
the effect of the porosity on the relative Young’s modulus. As
can be seen, this variable decreases with the increase in the
porosity of the foams, but no significant differences are ob-
served depending on the fractal characteristics of the models.
Contrary was the behavior of the wall thickness presented in
Fig. 9c), where the increase in this dimension leads to higher
values of the relative Young’s modulus. The estimated rel-
ative Young’s moduli of Fig. 9c) agree with the experimen-
tally obtained for similar foams in the work of Carranzaet
al. [14], this for an aluminum foam. They reported Young’s
modulus of 1.52, 1.12, and 0.51 MPa for pore relative quanti-
ties of 1:1, 2:1, and 4:1, with wall thicknesses of 2, 1.63, and
1.24, respectively. According to Fig. 9c), relative Young’s
modulus for these similar conditions are 0.08, 0.07, and 0.04,
corresponding to Young’s modulus of 5.6, 4.9, and 2.8 GPa.
Although these values are overestimated, it is an expected re-
sult due to the above-mentioned problems with the pore ag-

glomeration, but the tendency is like the experimental foams,
which demonstrated the efficiency of our models for com-
parative purposes. Results also show that the inclusion of a
higher quantity of small pores for fractal models led to higher
relative moduli. These behaviors could be explained accord-
ing to the observed in Figs. 6c) and 7c), where for the same
porosity the inclusion of dual pores decreased the intercon-
nection percentage (Fig. 6c), but also led to decrease the wall
thickness (Fig. 7c). It is well known that Young’s modulus
decreases for high porosities and interconnectivities, and for
small wall thicknesses, which agree with the results obtained
here. Nevertheless, the combination of these variables needs
to be analyzed together, because each of them affects me-
chanical properties. That is why the fractal dimension (Df )
was used as comparative parameter, unifying in only one vari-
able the possible combined effect of the porosity, the inter-
connectivity and the wall thickness. This is shown in Fig. 9d),
where for the same fractal dimension the relative moduli are
always higher for the conventional foams models, followed
by fractal models 2:1 and 4:1. Besides, the increase in the
fractal dimension leads to the increase in the relative modu-
lus. It is important to remark how the fractal dimension was
determined here, and to remember that this variable is a mea-
sure of the complexity of an image. In previous worksDf

was introduced, including its measurement using 2D images
of foams through the box-counting method [20, 21]. Due to
the importance of the solid matrixes,Df was obtained from
their analysis (solid part of the foams). This is observed in
Fig. 9e) for model 1:1, 2:1 and 4:1, where the complexity of
the images varies for the black part, decreasingDf for the
white matrix. To corroborate this effect, Figs. 9f) and 9g)
depict the behaviors ofDf depending on the porosity and the
wall thickness. Fractal dimensions were always higher for
the fractal foams than for the conventional ones. Besides, low
porosities and big wall thicknesses led to high values ofDf .
This demonstrates the importance ofDf for the analysis of
the pore network and its effect on the mechanical properties
above analyzed.

As was observed in Figs. 9b) to 9d), the most impor-
tant parameter for estimating the Young’s modulus was the
porosity volume fraction. This was demonstrated in Fig. 9b),
where curves did not present significant differences, and only
changes in porosity modified the Young’s moduli, without
influencing pore sizes. That is why almost all the reported
models for estimating Young’s modulus are based on porosi-
ties or densities of the foams. Four of these models were used
to compare the effectiveness of our FEA estimations: Gibson
and Ashby [22], Zhu et al. [23], Warren and Kraynik [24],
and Nielsen [25]. These approaches use relative densities as
the variable to be considered. Estimation using these models
and our FEA results [see Fig. 9b)] can be seen in Table I for
estimations based on aluminum foams with porosities of 60,
65 and 70 % (for Al,E = 70 GPa,ρ = 2.7 g·cm−3). Com-
pared to our FEA estimations, Nielsen’s model results are
significantly higher; while Zhu, and Warren and Kraynik’s
models under-estimated the Young’s modulus. In contrast,
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FIGURE 9. Effect on the relative Young’s modulus of: a) RVE size b) porosity, c) wall thickness, and d) fractal dimension. e) Cross section
for the models of conventional and fractal foams. Behavior of the fractal dimension depending on the porosity f) and the wall thickness g).
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TABLE I. Relative Young’s modulus of theoretical models and sim-
ulation.

Model Porosity (%)

60 65 70

Ansys simulation 0.16± 0.02 0.12± 0.01 0.09± 0.02

Zhu 0.10± 0.01 0.08± 0.01 0.06± 0.01

Warren-Kraynik 0.09± 0.01 0.07± 0.01 0.06± 0.01

Nielsen 0.36± 0.05 0.31± 0.04 0.27± 0.04

Gibson-Ashby 0.15± 0.02 0.13± 0.02 0.11± 0.01

the results obtained by the Gibson-Ashby model are very
close to the predictions obtained by our FEA models. Ex-
cept for FEA and Gibson-Ashby models, all the other mathe-
matical estimations only use the porosity percentage and not
their distribution, being generally far from real experimental
values.

4. Conclusions

In this work, conventional and fractal models of foams were
generated combining FEM and DEM. Pore network charac-

teristics of such models were analyzed using different mea-
surement methods, focusing on the porosity percentage, the
convergence of the results depending on the size of the Repre-
sentative Volume Element, the interconnectivity of the pores,
the wall thickness, and the fractal dimension. It was con-
cluded that for the convergence of the porosity and the es-
timation of the mechanical properties, the size of the RVE
needs to be higher than∼ 4 to 5 times the size of a unit cell
which represents the whole foam. Besides, a procedure using
Monte Carlo method through a Python code was introduced
and used to successfully determine the porosity percentage
and the above commented characteristics. Besides, the frac-
tal dimension demonstrated to be an excellent tool for com-
bining the effect of the complexity of the pore network on the
mechanical properties.
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