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This work reports the introduction of a new finite elements model, for the estimation of the Young’s mod-
ulus (E) of metallic foams obtained by means of powder metallurgy using a Space Holder Phase (SHP). The
model is based on the reduction of the volume, and the replication of the expected porosity distribution
as fractal using two different pore sizes, which depend on the SHP. Ti foams with porosities ranging from
30% to 70% were experimentally obtained and characterized to validate the model. The effect of the
porosity on the Young’s modulus for the Ti foams was estimated using the proposed model, and com-
pared to the experimental values. Estimations obtained were in excellent agreement with the experimen-
tal results, with relative errors ranging from 0.8% to 11.2%. Both, experimental and estimated values for E
showed important decreases as the porosity increases: e.g. E estimations were 37.1 and 9.3 GPa for
porosities of 30% and 70%, respectively. The results demonstrated the fractal behavior of the porosity
for the experimental metallic foams, as well as the efficacy of the proposed model for predicting the
mechanical properties of these materials, being an important tool for their design and manufacture.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The importance of the metallic foams has increased due to their
unique combination of properties derived from their structures [1],
presenting exceptional mechanical, thermal, acoustic, electrical
and chemical properties [2–4], being used in a wide range of struc-
tural and functional products. These materials can be manufac-
tured by a wide variety of methods, and among the most
important are those that involve the incorporation of a removable
Space Holder Phase (SHP). Two of the most used methods that
include SHP are the infiltration of liquid metal, and conventional
powder metallurgy (PM) [5,6]. PM process includes the Sintering
and Dissolution Process (SDP), used to date to obtain foams of dif-
ferent materials (e.g. Al, Cu, Mg and Ti) with good mechanical
properties and interconnected pores [7–9]. It has been found that
depending on the SHP size and morphology, the pores network
changes, being or not homogeneous their sizes and shapes, so it
is very important the SHP selection because it controls the
porosity. For Ti foams, different SHP have been used, such as
NaCl, naphthalene, saccharose, KBr, and NH4HCO3 [9–13]. For the
specific case of the NaCl, different studies have been made includ-
ing design, processing and characterization [14,15]. It is important
to remark that among the most important properties to be deter-
mined for Ti foams (mainly for biomedical applications) is the elas-
tic modulus. The interest in the study of this parameter is due to
the effect called stress-shielding, originated by the mismatch
between the elastic moduli of Ti implants and human bones (110
and around 1–30 GPa, respectively). The Ti-based metallic foams
are attractive because it is possible to modify their elastic modulus
and decrease the stress-shielding [13–15]. Then, for the analysis of
new foams it is very important to predict their mechanical behav-
ior, besides the effect of the SHP and the manufacture process on
these properties. One of the methods used to predict foams prop-
erties is the Finite Element Analysis (FEA), very useful to analyze
foams due to its modeling capability, being able to model different
geometries and their effect on the mechanical properties [16]. For
foam models, the validity of the estimations mostly depends on the
proximity of the model to the real foam topology. This fact has led
to investigate new models and modifications to existing models, in
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Fig. 1. SEM micrographs of: (a) Ti powder and (b) NaCl, used as SHP.
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order to obtain estimations in better agreement with the experi-
mental results than those obtained using conventional models.
Although the size distribution of the SHP is not always centralized,
most of the works use only one pore size (usually the average size)
in order to minimize the model complexity and the computer
requirements [16,17]. Some works have used fractal approaches
to study different metallic foams, for example using the
‘‘Sierpinski carpet’’ [18], or a fractal mesh model [19]. These works
try to reduce the problems inherent to extract a representative cell
for metallic foams, which are inherently disordered: non-equally
sized and various shaped cells. Nevertheless, no works were found
where Finite Elements (FE) models of metallic foams were
obtained using this method. ‘‘Fractals’’ were proposed by
Mandelbrot et al. [20], and it is a non-Euclidean geometry theory
used to describe the irregularity in nature. There are different ways
to define fractals: by dimension (e.g. by using the box-counting
method), or by distribution (e.g. by a log–log frequency histogram
of a certain feature). The use of the fractal dimension (Df) has
demonstrated that it is a very important tool to analyze the
microstructure of different materials [21]. In the case of a porous
fractal material, the relationship that must be satisfied is [20]:

LogðNrÞ ¼ �Df LogðrÞ ð1Þ

where Nr is the number of pores of a size r. For the determination of
the dimension of the porous volume (D) using the pore distribution:

LogðVrÞ ¼ ð3� DÞLogðrÞ ð2Þ

where Vr is the volume of the pores with a radius r, and the 3 is
referred to the topological dimension of the pores volume.

In the case of porous materials, the fractal analysis has been
widely used to analyze self-similarity at different scales, for exam-
ple, porosity and microporosity in natural reservoirs [22]. The frac-
tal analysis of metallic foams could be very useful due to the fact
that changes in the porosity (size and volume fraction of pores)
affect the Df values. Besides, Df can describe the heterogeneity or
complexity of the system [23]. In the present work, our first objec-
tive is to introduce a new fractal FE model, dependent on the space
holder particles used in the manufacturing process, in order to ana-
lyze the effect of the porosity on the elastic compressive behavior
of metallic foams. Our second objective is to compare the predic-
tions with the experimental results for Ti foams obtained by the
SDP route. These objectives are focused to validate the model for
obtaining a better approach to the real microstructure and a good
porosity-properties correlation, a very important fact for the
design and manufacture of these materials.
2. Experimental

2.1. Space holder particles

In this work, five Ti foams with porosities ranging from 30% to
70% were obtained using a space holder, by the SDP. This manufac-
turing process is the starting point to obtain a FE model closer to
the real foams morphologies, because these materials are highly
dependent on the sintering parameters, mainly the morphology
of the space holder. The morphology of the Ti particles used for
the foams manufacture (grade 4, ASTM F67 Standard, Se-Jong
Materials Co. Ltd, 99.5% purity, average diameter of 25 ± 3 lm)
can be observed in Fig. 1a [using a FE-SEM FEI Scanning Electron
Microscope (SEM)]. The NaCl particles (Panreac Quimica Sau,
99.5% purity) used as space holder can be seen in Fig. 1b. The anal-
ysis of these particles showed that their size distribution is not nor-
mal, but presents fractal characteristics: a high quantity of small
diameter particles compared to a lower quantity of bigger parti-
cles. In this specific case, particles with average and maximum
equivalent diameters of 420 ± 40 and 800 ± 65 lm, respectively,
in an approximately 4:1 frequency ratio.

The equivalent diameter (De), used for the analysis of the parti-
cles size distribution, is defined as the diameter of a circle with
equivalent area [24] and is given by Eq. (3):

De ¼
1
n

X 4Ap

p

� �1=2

ð3Þ

where Ap is the particle area, Pp its perimeter, and n the number of
measured particles. The geometries of the particles were also ana-
lyzed using the shape factor (F). A perfect circle will have a shape
factor of 1, while the shape factor of a line will approach to zero,
and is defined in Eq. (4) [24]:

F ¼ 1
n

X 4pAp

P2
p

 !
ð4Þ
2.2. Foams manufacture

The powders (Ti + NaCl) were mixed for 40 min in order to
obtain a good homogeneity, using the corrected proportions to
obtain porosities of 30, 40, 50, 60 and 70 vol.%. The mixtures were
introduced into a steel mold and uniaxially pressed to produce
cylindrical compacts with 8 mm in diameter and 12 mm in length.
The pressure used for the compaction stage was 800 MPa for all
samples. The NaCl fraction of the obtained green compact was dis-
solved by immersion in a distilled water bath at 25 �C for 2 h,
revealing the pores. Finally, the sintering process was carried out
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at 1250 �C in vacuum (5 � 10�4 mbar) into a Carbolyte STF
15/75/450 furnace. These experimental parameters were defined
according to the results of a previous work [15].

2.3. Foams characterization

The obtained foams were characterized using a Nikon Epiphot
Optical Microscope (OM), and a Carl Zeiss EVO-MA10 SEM, to
determinate the pore size and distribution. Total porosity, Pf, was
also determined, through the following equation [25]:

Pf ¼
ð1� qf Þ

qTi
ð5Þ

where qTi is the Ti density and qf is the foam density. NaCl and Ti
densities are 2.17 and 4.51 g/cm3, respectively. The densities of
the foams were determined using the conventional equation for
density (mass/volume), while the volumes were measured by the
Archimedes principle. The geometries of the pores were analyzed
using De and F through Eqs. (3) and (4), respectively. Young’s moduli
of the specimens, measured by means of compression tests, were
conducted on an INSTRON 5505 materials testing machine, accord-
ing to the ASTM E9 test. Specimens with height/diameter ratios of
0.8 were used (diameter 8 mm and height 6.4 mm) for this test.

3. Modeling and simulation

3.1. Models of the cylindrical sample

In order to estimate the Young’s modulus of the foams, new FE
models were used. These estimations were compared to the results
obtained from the experiments in order to validate the models. The
FE models used for the analysis of the Ti foams were chosen on the
basics of the characteristics of the manufacturing process, mainly
the morphology of the SHP. This is a critical parameter for obtain-
ing a better prediction of the real microstructures, leading to esti-
mations closer to the experimental results. A number of models
have been developed for representing metallic foams, and many
of them have been implemented in the commercial FE codes, from
the use of only one unit cell [17], to the analysis of the complete
foam [7,16,26]. In this work, we are introducing a new model,
which consists on a cylindrical specimen with a central hole, used
in order to decrease the computer requirements (use of less nodes
and/or elements). The size of this hole must be selected so that the
nominal diameter of the foam (solid wall) be wide enough to con-
tain a significant quantity of unit cells or representative volume
elements (RVE), for the convergence of the FEA results.
Computations convergence have been analyzed in other works,
founding that RVEs must be at least �2.5–3.5 times the maximum
size of certain feature that represents the material (unit cell) [27].
Considering this criterion, in our models the walls have four times
the size of the unit cell. Besides, the size of these models was min-
imized compared to the size of the specimens used for experimen-
tal compression tests, in order to minimize computer
requirements. This assumption can be made due to the fact that
previous works [8,14,15] showed that the metallic foams present
pores not only produced by the SHP, but also additional porosity
associated to the sintering process (interparticle porosity). The
total quantity of these small pores (generally with equivalent
diameters between 5 and 20 lm) is much higher than the pores
originated due to the SHP.

3.2. Fractal model for the porosity

If we assumed that the behavior of the total porosity for metal-
lic foams is fractal, and we know the quantity of the pores
originated by the SHP (depending on the porosity percentage),
we could obtain the total and relative quantities of the smaller
pores using a log–log plot according to Eq. (1) or Eq. (2). The poros-
ity of the metallic foams could be modeled as a fractal taking into
account: (i) the equivalent diameter distribution of the NaCl parti-
cles (a high quantity of particles with a size of �400 lm and a low
quantity of particles of �800 lm); (ii) the fracture of the NaCl par-
ticles due to the applied pressure during the process, originating
smaller particles; and (iii) the great quantity of small diameter
pores produced in the sintering process (interparticle porosity)
[7]. That is why the fractal models here proposed consider a low
quantity of high diameter pores and a high quantity of smaller
ones, in a ratio of nr : 4n r

2 : 16n r
4 ; . . . ; qn r

p, where n is the total

quantity and r is the diameter of the biggest pores (q = p2). Then,
the pores distribution could be modeled including at least two dif-
ferent pore sizes: the biggest of 800 lm and the intermediate ones
of 400 lm, avoiding modeling the smallest pores considering the
enormous quantity of them that would be included. Using as an
example the foams with 30% of porosity, must be a total quantity
of 240 pores of 800 lm, 960 pores of 400 lm (= 240 � 4),
384,000 of 20 lm and 1,536,000 of 10 lm (for 10 lm p = 80, and
as q = p2, then q = 6400), being 12.29 lm the average equivalent
diameter. Taking into account the fractal approximation, we can
replicate the fractal porosity in our model of reduced scale, only
using pores of 10 and 20 lm in diameter, also in a ratio 4:1, and
analyze the compressive behavior of the porous matrix. This
approximation, using small pores and avoiding the use of the big-
gest ones, is possible due to fact that the average of the pores
equivalent diameter, according to our models, is in the range of
10–20 lm due to the already shown high quantity of pores of small
sizes (e.g. De average for the model of 30% of porosity was shown to
be �12 lm). Otherwise, the shape of the NaCl particles (see
Fig. 1b), used as SHP in this work, is cubical with rounded edges,
being aggregated in some cases. So, the pores could be modeled
as spheres in order to avoid sharp edges and make easier the mod-
eling process, supported by a previous work which showed that
the use of this geometry for the pores delivers good estimations
[7].
3.3. Finite elements model

The dimensions of the reduced representative volume element
can be obtained using the ratio between the radii of the pores
(spheres) and the cylinder, been 0.1. The defined dimensions of
the reduced models were 0.20 mm in diameter and 0.16 mm in
length (height/diameter ratios also = 0.8 for simulating the com-
pression test), and a central hole of 0.08 mm in diameter. In order
to probe the validity of the use of a central hole, a comparison was
made between a model without any hole and models with holes
ranging from 0.02 to 0.16 mm in diameter, for the foams with a
porosity of 50%. It was found that for values from 0.02 to 0.08,
the differences between the estimated Young’s moduli (obtained
with and without the hole) were lower than 3%, demonstrating
the validity of the use of this model. For values up to 0.10, this dif-
ference exponentially increased, reaching �50% for a hole with
0.16 mm in diameter, demonstrating that the size of the wall must
be thick enough to contain a significant quantity of unit cells (as
above mentioned, �2.5–3.5 times the size of the unit cell). This
analysis was also developed for models without pores, resulting
in a linear behavior. Furthermore, the differences between the esti-
mated Young’s moduli obtained with and without the holes were
lower than 6%, even for the holes with the highest diameters.
ANSYS 15 FEA software was employed for modeling and theoreti-
cal calculations. The pores were modeled as a connected network
for porosities of 50%, 60% and 70% (due to the high level of
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porosity), while for 30% and 40% the relatively low porosity led to
non-connected porosity models. Examples of the models are
observed in Fig. 2a–c, for porosities of 30%, 50% and 70%. As can
be observed, spherical pores with two different sizes were modeled
according to the sizes of the NaCl particles already described (aver-
age and maximum sizes).

3.4. Simulation

Young’s moduli of the metallic foams with different porosities
were uni-axially estimated when applying equivalent compressive
stresses of 20 MPa on the upper end nodes of the cylindrical spec-
imens. The solid 187 3-D 10-node tetrahedral structural solid ele-
ment was employed for meshing. This element is well suited to
modeling irregular meshes, such as those produced for porous
materials. Small elements were used to ensure the connectivity,
as can be observed in Fig. 3a and b for the model of foams with
40% of porosity. Mesh convergence analysis was carried out by
incrementally increasing the number of elements and verifying
the estimations, to ensure convergence of the numerical solution.
The final number of nodes used for the models was between
1 � 106 and 1.8 � 106, while the number of elements was between
0.6 � 106 and 1.2 � 106.

The coupled-node boundary condition (keeping the nodes in
the same plane) was used for the upper face of the cylinder (see
Fig. 3a). This condition is applied since the presence of pores causes
un-even surfaces and making the deformation measurement hard
to define. The nodes of the bottom were constrained for z displace-
ment, while the movement of the surfaces of the internal hole was
radially fixed. Young’s modulus can be obtained from the response
of the compression test, and along the z-axis (Ez) can be deter-
mined by:

Ez ¼
rz

ez
ð6Þ

where rz and ez are the stress and the strain in z-axis, respectively.
The displacement of the cylinder in z-axis (uz) is measured from the
FEA estimations, and used for the strain determination:

ez ¼
uz

Lz
ð7Þ

where Lz is the original height of the cylindrical specimen. Young’s
modulus (63 GPa) and Poisson Ratio (0.36) used for simulations
were obtained from a specimen sintered without SHP, resulting in
the absence of induced porosity. The simulated linearly elastic
mechanical compressive testing was compared to experimental
measurements of the Young’s modulus. The analysis of the results
Fig. 2. Finite elements models using ANSYS, for the foam
will allow a better knowledge of the porosity and its effect on the
mechanical behavior of the foams.
4. Results and discussion

4.1. Real and modeled foams porosities

Examples of the Ti foams with different porosities, obtained
using the SDP route, are depicted in Fig. 4a–c. As can be seen, the
foams are homogeneous and compact, while the porosities are well
observed and homogeneously distributed. The real porosities, cal-
culated using Eq. (5), were 28%, 38%, 47%, 58% and 68%, not exactly
the expected values (30%, 40%, 50%, 60% and 70%), but very close to
them. Obtained porosities are always lower than the nominal
space-holder content, a consequence of two important facts: (i) a
high compaction pressure implies a severe plastic deformation of
the space-holder, which allows the coalescence between pores,
and therefore, a higher interconnected porosity, and (ii) the metal-
lic framework shrinkage during sintering, which generates a reduc-
tion in surface energy of particles [13]. The measured densities
were 3.2, 2.7, 2.3, 1.9 and 1.5 g/cm3, for the foams with porosities
of 28%, 38%, 47%, 58% and 68%, respectively (4.51 g/cm3 for pure
Ti).

In order to analyze the mismatch between the models and the
experimental foams, micrographs of the matrices at higher magni-
fications were obtained. Using these micrographs, the shape fac-
tors (F) were calculated using Eq. (4). The average shape factors
for all the specimens are near 0.85, very close to a circle (a perfect
circle will have a shape factor of 1), showing that the use of spheres
in our model is not far from the real pores shape. Otherwise, the
fractal dimensions (Df) of these images were determined using
the ‘‘box-counting’’ method. Fig. 5a–c shows a combination of
OM micrographs and the proposed models for the foams with three
porosities (30%, 50% and 70%). As can be observed, the foams exhi-
bit both pore size and porosity distributions similar to the modeled
ones. The biggest pores have average equivalent diameters of
780 ± 88 lm, corresponding to the NaCl particles size, the SHP.
Besides, a high quantity of smaller pores can be observed, which
have average De of 350 ± 39 lm. Interparticle pores expected to
appear cannot be observed at this magnification, and will be fur-
ther analyzed. The fractal dimensions in this figure reveal that real
and modeled pore networks are very similar for each porosity per-
centage, demonstrating that match at different scales. Besides, Df

increases with the porosity increase, an expected result because
Df is a measure of a geometry complexity: greater the dimension,
the more heterogeneous and complex the fractal object is. These
results show that the modeled porosities matched to the real ones,
s with porosities of: (a) 30%, (b) 50% and (c) 70%.



Fig. 3. Longitudinal (a) and axial (b) views of the meshed model of a Ti foam with a porosity of 40%.

Fig. 4. Ti foams obtained using as SHP with porosities of: (a) 30%, (b) 50% and (c) 70%.

Fig. 5. Combination of OM cross section micrographs (up) and FEA modeled (bottom) foams, with porosities of: (a) 30%, (b) 50% and (c) 70%.
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fact that could help in obtaining FEA predictions close to the exper-
imental values.

SEM micrographs were obtained for the analysis of pores at a
lower scale, as observed in Fig. 6a and b for the experimental foams
with a porosity of 50%. As can be seen, there are not only pores pro-
duced by the SHP (already observed in Fig. 5a–c), but also addi-
tional porosity associated to the sintering process (interparticle
porosity), circled in Fig. 6a and b. It is also important to note that
the predominant are the pores of small diameter (lower than
10 lm), as can be observed in Fig. 6b. The analysis of these pores
showed that the average De is approximately 9 ± 2 lm, and the fre-
quency histogram is not central but moved to the lowest values,
being possible to separate two important maxima: high De (aver-
age = 16 ± 3 lm) pores and small De (average = 7 ± 2 lm), in an
approximate ratio 1:4.5. This result is similar to the observed for
the pores of higher De (already analyzed using lower



Fig. 6. (a) Scanning Electron Microscopy of the interparticle porosity for the Ti foam
with a porosity of 50% and (b) small pores better observed at higher magnifications.

Fig. 7. (a) Relationship between the pore equivalent diameter (De) and the number
of pores and (b) Log(De) versus Log[N(De)] indicating the fractal character of the
porosity for the foams with a porosity of 50%. The fractal dimensions (Df) can be
observed.
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magnifications), with low quantity of big pores and a high quantity
of small ones, corresponding to a fractal distribution. These kind of
pores have been observed in other works and were expected to
appear due to our manufacturing process [8].

Fig. 7a shows the variation of the number of pores (N) against De

for the model and for the experiments, for a porosity of 50%. For
comparison purposes, only four pore sizes were experimentally
analyzed (the real microstructure contains dissimilar pores, not
only of four homogeneous sizes), corresponding to the used in
our model and for the two scales analyzed, already observed in
Fig. 5a–c and Fig. 6a and b. The fractal character of the porosity
is more clear in the log–log graph of Fig 7b, because points follow
a straight line in agreement with a fractal distribution (see Eq. (1)).
It is also observed that Df (corresponding to the slopes) are in good
agreement for both, model (Df = 2) and experiments (Df = 1.95). The
Df values agree with other reported fractal size distributions for
different features, e.g. pores or grains [27]. A porosity with greater
fractal dimension has greater heterogeneity (complexity of pore
distribution), so as expected, the modeled porosity is more homo-
geneous than the real one (due to the presence of pores with differ-
ent sizes in not exact ratios). These results show the fractal
behavior of the porosity in the metallic foams, and the validity of
the use of a model that includes pores at different scales. It must
be remembered that fractals can be defined as disordered systems
that are self similar independent of scale of observation.

4.2. Analysis of the estimations

Examples of the graphical response of the models to the dis-
tributed applied loads, for foams with different porosities, can be
observed in Fig. 8a–c. As can be seen, the total displacements
(compressions) are directly proportional to the porosity. These
results were used to determine the Young’s moduli (Eqs. (6) and
(7)).

FEA estimated results and experimental values for the Young’s
moduli are compared in Table 1, significantly decreasing with the
porosity in both cases. For the experimental foam with a porosity
of 30% the Young’s modulus is 35.7 GPa, decreasing to 9.3 GPa for
the foam with a porosity of 70%; while for the estimations the foam
with a porosity of 30% has a Young’s modulus of 37.1 GPa, decreas-
ing to 9.3 GPa for the foam with a porosity of 70%. The small rela-
tive errors (maximum 11.2%) could be attributed to the fact that
the modeled topology is very close to the real one, as already ana-
lyzed. Although linear behaviors were obtained for both estima-
tions and experimental results (E = 59.82 � 0.734Pf, R2 = 0.988 for
estimations; E = 55.8 � 0.666Pf, R2 = 0.977 for experiments, where
Pf is the porosity and E the Young’s modulus), small deviations
are expected, as the sudden jump in the relative error for the foams
with a porosity of 40%, observed in Table 1. These deviations could
be originated, in the case of the estimations, from the intrinsic dif-
ferences between the models with different porosities, which have
random pore arrays (each foam is constituted by dissimilar unit
cells), increasing their complexities and the interconnection
between pores with the increase in the porosity, as already
observed in Fig. 2a–c; and in the case of the experimental results,
from a combination of factors including differences in the obtained
pore networks and in the Ti matrices (array and bonding of Ti par-
ticles; and interparticle porosity). These aspects make very difficult
to obtain all the points exactly in the lines of tendency. In the



Fig. 8. Axial deformation distributions (in m) of the Ti foam models under
compression, for porosities of: (a) 30%, (b) 50% and (c) 70%.
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particular case of the foams with a porosity of 40%, coincides that
the estimated Young’s modulus is above the tendency line, and the
experimental Young’s modulus is below this line, provoking a
higher relative error compared to the other foams. It is important
to remark that the experimental yield strengths (YS) and the rela-
tive strengths (foam/Ti strengths) also had behaviors similar to the
obtained for the Young’s moduli, significantly decreasing with the
Table 1
Estimated and experimental Young’s moduli (in GPa) for the materials with different
porosities.

Foam porosity (%)

30 40 50 60 70

E, FEA estimated 37.1 31.7 23.6 13.9 9.3
E, experimental 35.7 28.1 25.1 14.3 9.3

Relative error (%) 3.8 11.2 6.6 2.6 0.8
porosity increase. YS were 186.5, 82.7, 68.25, 19.4 and 7.1 MPa, for
the foams with porosities of 28%, 38%, 47%, 58% and 68%, respec-
tively. While the relative strength were 0.36, 0.16, 0.10, 0.04 and
0.02, respectively.

In order to compare the effectiveness of our FEA estimations,
three reported models for calculating the elastic modulus of foams
were used. The first was the model obtained by Zhu et al. [28]:

Ef ¼
1:009Esq2

1þ 1:514q
ð8Þ

where Es is the Young’s modulus of the solid material and q is the
relative density of the foam. Second model is the study by Warren
and Kraynik [29]:

Ef ¼
Esq2ð11þ 4qÞ
ð10þ 31qþ 4q2Þ ð9Þ

The last model is the obtained by Nielsen [30]:

Ef ¼ Es
1� P

100

� �
1þ

1
F�1ð ÞP
100

ð10Þ

where P is the porosity and F the shape factor. Fig. 9a and b show,
respectively, Young’s modulus variation with porosity, and the rel-
ative errors of these values compared to the experimental results,
for FEA estimations and models represented by Eqs. 8–10. It can
be clearly observed that the FE model estimations are very close
to the experimental results (continuous lines), obtaining the lowest
errors. Otherwise, the use of the Nielsen equation over-predicts the
Fig. 9. (a) Compressive Young’s modulus variation with porosity and (b) their
errors.
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Young’s moduli, while the Zhu and Warren models under-predict
them. These results show the importance of FEA for the study of
foams, predicting in an accurate way their compressive behavior.
FEA modeling capability allowed to take into account not only the
constituent material properties and the porosity percentage, but
also the size and shape of the pores, fact that leads to obtain predic-
tions closer to the experimental results. The selection of the foam
topology has demonstrated to be an essential variable for obtaining
a correct estimation, with relative errors much smaller than the
obtained in a previous work [7].

5. Conclusions

After the analysis of the compressive Young’s modulus of metal-
lic foams, estimated using new reduced fractal models, and their
comparative study for Ti foams with porosities ranging from 30%
to 70%, experimentally obtained by means of powder metallurgy,
it can be concluded that:

� Fractal models representing more accurately the topology of
metallic foams can be obtained from the analysis of the manu-
facturing process, specifically the features of the space holder.
� The porosity distribution of the experimental Ti foams can be

considered as fractal.
� The Young’s moduli estimated using the new FE models are in

excellent agreement with experiments, decreasing the Young’s
modulus with porosity. These estimations matched more accu-
rately with the experimental results than the obtained using
other reported models, which present relative errors signifi-
cantly higher, showing the importance of the topology selection
and the use of FEA.
� Finally, it was demonstrated that the inclusion of a central hole

in the models reduced the computer requirements without
affecting the estimations, being a useful modification for the
analysis of not only foams but also other materials.
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