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This work reports the study of the effect of the pore arrangement on the compressive behavior of Mg
foams with regular pore size and porosities ranging from 25% to 45%. Pore arrangements were modeled
using Finite Element Analysis (FEA), with random and ordered models, and compared to the estimations
obtained for a previous work. The coordinates of the random pore arrangements were firstly generated
using Discrete Element Method (DEM), and used in a second stage for modeling the pores by FEA.
Estimations were also compared to the experimental results for Mg foams obtained by means of powder

{fgﬁ' I‘;Vlords" metallurgy. Results show important drops in the Young’s moduli as the porosity increases for both, exper-
Mg imental results and FEA estimations. Estimations obtained using ordered pore arrangements presented
FEA significant differences when compared to the estimations acquired from models with random arrange-
DEM ments. The randomly arranged models represent more accurately the real topologies of the experimental

metallic foams. The Young's moduli estimated using these models were in excellent agreement with the
experiments, whilst the estimations obtained using ordered models presented relative errors signifi-
cantly higher. The importance of the use of more realistic FEA models for improving the predicting ability

Random pores

of this method was probed, for the study of the mechanical properties of metallic foams.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The study of metallic foams has increased in an important way
due to their exceptional mechanical, thermal, acoustic, electrical
and chemical properties [1,2], presenting a unique combination
of physical and chemical properties derived from their structure
[3]. One of the most important manufacturing methods for metallic
foam production is the conventional powder metallurgy (PM)
incorporating a removable Space Holder Phase (SHP) [4,5]. This
phase can be removed by the Sintering and Dissolution Process
(SDP), which is a useful method for the production of Mg foams
with good mechanical properties and interconnected pores [6]. In
order to optimize the design process, depending on the desired
properties and applications of the foams, it is very important to
have predictions of their mechanical behavior before their fabrica-
tion. Among the most important properties to be determined for
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the metallic foams is the elastic modulus, i.e. comparing the esti-
mations with the experimental results and with the results
obtained from other models reported in literature [7,8]. The predic-
tions are highly important for the analysis of new products espe-
cially in the case of Mg foams manufactured using a SHP, where
the resulting porosity is highly dependent on the metallic
powder-space holder particle mixture. Due to its modeling capabil-
ity, Finite Element Analysis (FEA) is one of the methods used to
predict foam properties, being able to model different geometries
and analyze their effect on the mechanical properties. A wide vari-
ety of pore models have been used for the analysis of foams. Nev-
ertheless, a great percentage of these models use ordered pore
arrangements usually not matching the real foam topology [7,9],
leading over-predict the foam strength. It is important to remark
that the validity of the predictions mainly depends on the proxim-
ity of the model to the real foam topology. The over predictions can
reach relative errors up to 40% for uniform models when compared
to randomized models, as the observed by Meguid et al. [10].
In real cellular structures, foam topology is typically aperiodic,
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non-uniform and disordered. Therefore, modeling of imperfections
and randomness that exist in real foam structures is a challenge. If
these features are not represented, properties as Young’s modulus
are over estimated. That is why some works have modeled the
porosity using random arrangements for the pores, being more
realistic and recommended for foams obtained using PM, where
the porosity depends on the metallic powder-space holder com-
posite induced after mixed. These models with disordered pore
networks are quite close to the real random 3-D porous structure
of the foams, and yield more accurate estimations [11]. Due to
the fact that the existing models of the foams (as the presented
in Cadena et al. [7], and in Rojek and Ofiate [12]) over predict the
mechanical properties of foams, it is therefore necessary to have
a better foam model. In order to create these models, the first stage
is to generate a model of randomly distributed spheres into a cer-
tain geometry, e.g. cylinder, which can be achieved via a computer
aided design (CAD) software package using script commands. The
pores can be modeled as spheres in order to make easier the mod-
eling process, besides the use of this geometry delivers good esti-
mations [7,8]. The number of spheres, their sizes, and the
distance between their centers control the porosity percentage
and interconnection. In a second stage, the pores are generated
by deleting the spheres volume from the container volume [11].
With the use of the Discrete Element Method (DEM), randomly dis-
tributed particles can be modeled, and can also be transformed
into pores in a second stage. DEM is a family of numerical methods
for computing the motion and effect of a large number of small
particles. Originally developed by Cundall and Strack [13], it has
proven to be a powerful and versatile numerical tool for modeling
the behavior of granular and particulate systems [14,15]. DEM
operation consists of three principal computational steps: (i) calcu-
lation of the contact forces between particles; (ii) integration of
equations of motion in order to spot the displacements of the par-
ticles; and (iii) contact detection, where new contacts are identi-
fied and broken contacts are removed [16]. Within DEM it is
assumed that a solid material can be represented as a collection
of rigid particles interacting among themselves in the normal
and tangential directions [12]. Hence, the final position of the
SHP in the mixing process of the metallic powder-space holder
mixture used in the manufacturing process of the metallic foams
could be simulated using DEM, similar as granular structures mod-
eled by Nitka et al. [17]. This mixture commonly presents agglom-
eration of the space holder particles, provoking the subsequent
interconnection of the pores. DEM can be used in order to obtain
just the center of each pore (modeled fist as spheres), controlling
the distance between these centers for modeling in a second stage
both not connected and interconnected pores. The use of DEM pro-
vides several advantages; one of them could be reduction in com-
puter requirements. For a random insertion of particles using a
computer program, one of the most important parameters that
must be controlled is the distance between the centers of the
spheres. Besides this, an algorithm for generating these randomly
distributed coordinates is needed [11]. Due to convergence prob-
lems, these methods for generating points are computationally
time consuming, as they imply a number of operations propor-
tional to N?, where N is the number of particles. For instance
the convergence rate of any method which convergence speed is
1/v/N, tends to perform rather slow, therefore, any state of the
art DEM algorithm used for this purpose would be more efficient,
as reported in ref [18]. DEM-FEA combination can replicate the
agglomeration process of pores, which is very useful if we take into
account that for receiving estimations closer to experimental
values the pores must not only be randomly distributed in the
matrix but also interconnected [19]. Based on the above, the aim
of the present work is to generate randomly arranged porous
networks that better reproduce the random topology of metallic

foams with the focus on improvement of the porosity-properties
correlation of models with regularly distributed porosity, as the
reported in a previous work for these foams [7]. To validate these
models, the compressive Young’s moduli of the foams were esti-
mated using FEA, and compared to the experimental results for
Mg foams obtained by the SDP route.

2. Experimental

Mg foams with different porosities were obtained by means of
powder metallurgy using as SHP spherical carbamide (CH4N,0)
(99% purity, Sigma Aldrich) with diameters in the range from
1 mm to 2 mm. The metal powder used for processing the foams
was Mg (99.5% purity, Alfa Aesar) with diameters ranging from
400 pm to 500 pm. The mixture SHP-metal powder was intro-
duced into a steel mold and uni-axially pressed at 300 MPa to pro-
duce cylindrical compacts with 13.0 mm in diameter and 15.0 mm
in length. The carbamide fraction of the green compact formed at
this stage was dissolved by immersion in a water bath at 25 °C
for 1 h, revealing the spherical pores. Finally, the sintering process
was carried out at 620 °C under an Ar atmosphere. Optical macro-
graphies of the cylindrical foams were prepared to analyze the
foams topology. The Young’s moduli of the specimens, measured
by means of compression tests, were conducted on an Instron
1125-5500R materials testing machine with a crosshead speed of
0.1 mm/min, according to the ASTM E9-09. Mg and carbamide
were mixed in proportions of 80-20, 70-30 and 60-40 (in wt.%),
respectively. The densities of the foams were determined using
the conventional equation for density, while the volumes were
measured by the Archimedes principle. The real foams porosities
(Py, in percentage) were determined through the following equa-
tion [20]:

Pr = (1= py/pug) x 100 (1)

where pyg is the Mg density (1.74 g/cm®) and pyis the foam density.

3. Modeling and simulation
3.1. Generation of random distributions using DEM

This process consists of ascertaining the behavior of spheres
immersed in a continuous medium, in our particular case, having
the shape of a cylinder. Open source DEM particle simulation soft-
ware LIGGGHTS® [21] was used in order to generate randomly dis-
tributed particles, being the initial stage of the modeling process.
These results are post-processed in order to generate an ANSYS
14.5 Design Modeler script, using the obtained random coordinates
to locate the pores and create the CAD model for the foam. A very
important aspect of this procedure is locating pores at the surface
of the foam as in real specimens. This was achieved by inserting
particles/pores with a geometry slightly greater than that required.
Depending on the porosity percentage, a certain number of parti-
cles were inserted into a cylindrical geometry according to the
dimensions of the specimen (13.0 mm in diameter and 15.0 mm
in length). The conditions of the particles insertion were: high
velocity, high coefficient of restitution and low Young’s modulus,
into a space with gravity near to zero. These conditions were
selected just in order to generate a high interaction between the
particles and to get the desired random distribution, and not for
simulating the interaction between the SHP and the metallic parti-
cles during the mixing process. This allows to use the obtained
coordinates for modeling any metallic foam, regardless the type
of SHP used. Some examples of particles distribution at different
times are shown in Fig. 1a-c. As can be observed, the interaction
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Fig. 1. Particles distribution generated using DEM for a specimen with a final porosity of 31% at different stages of the interaction process: (a) initial distribution, (b)

distribution for half interaction time, and (c) final distribution of the inserted particles.

between the particles leads after the final process to the fact that
the particles are distributed not only at the bottom of the container
but also within the complete geometry.

3.2. Finite elements model

The finite elements models consisted on cylindrical specimens
of 13 mm in diameter and 15 mm in length, with porosities rang-
ing from 25% to 51%, in order to match with the characteristics
of the experimental foams. The FEA models included spherical
pores of 1.5 mm in diameter, which were distributed using two dif-
ferent criteria: (i) regularly distributed, completely generated
using ANSYS 14.5 FEA, according to a previous work [7]; and (ii)
randomly distributed generated using DEM, prepared for the FEA
analyses using ANSYS 14.5. Fig. 2a and b shows the modeled cylin-
drical foams with porosities of 31% (corresponding to the gener-
ated particles observed in Fig. 1c) and 47%, respectively,
engendered through DEM-FEA combination (named as DEM-FEA
1). As can be observed, the distributions of the porosities are ran-
dom. Besides, the pores present important interconnections. A sec-
ond case (named as DEM-FEA 2) is depicted in Fig. 2c, for a model
with a porosity of 51%, where a higher interaction between the
particles was programmed and thus, a higher agglomeration and
interconnection of pores was obtained. These two cases of study
are representative of the final positions of the SHP after the mixing
process for manufacturing the foams (corresponding to the final
site of the pores). Otherwise, the models generated using FEA soft-
ware ANSYS 14.5 present regular distributions, as can be observed

0.01 (m)

0.01 (m) 0 0.005
0.0025 0.0075 0.0025 0.0075

in Fig. 2d for the model with a porosity of 45%. For the regular mod-
els poor interconnections between the pores have been achieved
(see the interconnection of some pores at the top in Fig. 2d), a fact
that will be further analyzed.

As above-mentioned, the pore agglomeration is also an impor-
tant characteristic, which is incorporated in the models generated
using DEM, in an initial stage. This is what causes the pore inter-
connections, this phenomenon is usually observed in foams pro-
duced by the SHP [7,22] and it has been also observed on many
other foams [11,23]. Fig. 3a-c shows cases of the already com-
mented interconnected porosity of DEM models for foams with
porosities of 31% (Fig. 3a) and 47% (Fig. 3b) in case 1; and with a
porosity of 51% (Fig. 3c) in case 2. As can be observed, the increase
in the total porosity results in a higher interconnection between
the pores. Besides, a higher pore interconnection was obtained
for case 2 when compared to case 1. In FEA models, as also
observed in our previous work [7], pores interconnections were
poor. For these regular models the unit cells are modeled in such
way that the pores are at the same distance, and even for the case
of the model with the highest porosity (45%), it was possible to
model the pores without an important interconnection. Intercon-
nected pores allow it to get models much closer to the real foams
topology, which is an important fact for improving the predicting
ability of FEA. These models will be compared with the experimen-
tal foams in order to establish their validity. It is worth mentioning
that the low interconnection between the pores in the regular
models could be one of the most important causes of the Young’s
moduli over predictions.
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Fig. 2. DEM-FEA models of foams with randomly ordered porosities of: (a) 31% (case 1), (b) 47% (case 1), (c) 51% (case 2); and (d) FEA model with a regularly distributed

porosity of 45%.
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Fig. 3. DEM-FEA models of foams with randomly ordered porosities: (a) 31% case 1, (b) 47% case 1, and (b) 51% case 2. The interconnection of the pores is clearly observed.

3.3. Simulation

The Young’s moduli of the metallic foams with different porosi-
ties were uni-axially estimated when applying equivalent com-
pressive stresses on the upper end nodes of the cylindrical
specimens. The conditions were replicated from a previous work
[7] in order to compare the obtained estimations with the experi-
mental measurements. The SOLID187 3-D 10-node tetrahedral
structural solid element was employed for meshing with an ele-
ment size of 0.00025 mm. The coupled-node boundary condition
(keeping the nodes in the same plane) was used for the upper face
of the cylinder. This condition is applied since the presence of
pores results in un-even surfaces, and therefore, the deformation
measurement was difficult to define. Young’s modulus can be
obtained from the response of the compression test, and along
the z-axis (E,), it can be determined by:

p— 62

E, —
z &

(2)

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

u
& = Lf 3)

where L, is the original height of the cylindrical specimen. The
Young’s modulus (1.5 GPa) and Poisson’s Ratio (0.29) used for sim-
ulations were obtained from the results of the compressive test of a
specimen sintered without space holder particles.

4. Results and discussion

The real porosities of the experimentally produced foams (cal-
culated using Eq. (1)) were 31%, 42% and 51%, while their densities
were 1.18, 1.07 and 0.94 g/cm?, respectively. Fig. 4a-c shows opti-
cal macrographs of these foams. As it can be observed, pores with
random distributions are presented, showing that using the mod-
els initially generated by DEM (already observed in Fig. 2a and b)
does enhance the reproduction of topologies of the experimental
foams. In order to analyze the pores interconnection, SEM micro-
graphies were obtained. Fig. 4d shows the interconnectivity
between the pores for the foam with 60% Mg and 40% carbamide,
where the porosity and the interconnection between the pores
was the highest (clearly observed in Fig. 4c). Table 1 presents the
percentage of pores that are interconnected for the models and
the experimentally obtained foams. As can be observed, the models
obtained using DEM have interconnectivities very close to the val-
ues of the experimental foams, whilst the models generated using

.(l) l {00 ;unA&\r
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Interconnected
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Fig. 4. Macrographies of Mg foams with porosities of: (a) 31%, (b) 42% and (c) 51% (scales in mm). (d) SEM micrography of the foam with a porosity of 51% showing the

interconnection between pores.
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Table 1
Interconnected pores (in %) for the models and the experimental foams.

Foam porosity (%)

25 35 45
FEA model 0 0 50
DEM model 1 8 27 86
DEM model 2 10 31 94
Experimental foams 6 35 89

FEA shows lower interconnectivities, being zero for the foams with
porosities of 25% and 35%.

These results showed that porosities regularly modeled, as
already analyzed by Cadena et al. [7], are mismatched to the exper-
imental results, a fact that significantly changed the predictions
obtained by the FEA models. An important increase in the pores
interconnectivity with porosity is one of the characteristics that
must have foam models. It is expected that the use of the DEM
models allow improving the predicting ability of FEA.

The graphical response of the models to the distributed applied
loads for the foams with different porosities can be observed in
Fig. 5a-d. This figure shows that directional displacements in Z
(maximum displacement being negative) are directly proportional
to the porosity for both random (Fig. 4a-c) and regular (Fig. 4d)
porosity distributions. As is observed, the regular models pre-
sented lower displacements than the random ones, which showed
that the modeled foams are stiffer when no interconnection within
pores is included.

FEA estimated results and experimental values for the Young’s
moduli depending on the porosity are compared in Fig. 6a. As
observed, the Young's modulus significantly decreases when the
porosity increases for both, predictions and experimental values.
Nevertheless, it can be clearly observed that the FEA estimations
using the DEM random models (for cases 1 and 2) are very close
to the experimental results, decreasing in similar ways. The
Young’s modulus for the experimental foam with a porosity of
25% is 0.79 GPa, decreasing to 0.29 GPa for the foam with a poros-
ity of 45%. For the DEM-FEA random model the decrease was from
0.78 GPa to 0.30 GPa. No significant differences were observed for
cases 1 and 2. Otherwise, for the estimations obtained by Cadena
et al. [7], and for the replication of the regular distributions used
in the present work, the decreases were different compared to
the experimental results, i.e. decreasing only to 0.54 GPa. Fig. 6b
shows the relative errors of these values as a function of the exper-
imental results. It can be clearly observed that the DEM-FEA mod-
els estimations are very close to the experimental results,
obtaining the lowest errors (maximum 9.7%). The resulting small
relative errors could be attributed to the fact that the modeled
topology is close to the real one, increasing the interconnection
between the pores with the increment in porosity. Then, although
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Fig. 6. (a) Compressive Young’s modulus variation, and (b) their relative errors as a
function of porosity (%).

for low porosities the relative errors between FEA estimations
using regular pore distributions and experimental values were
low (~10%), these values significantly increased when the porosity
increases. The maxima relative errors of 105.17% Cadena et al. [7],
and 86.3% (regular distributions used in the present work) were
obtained for the foam with the highest porosity, showing that
the selected models were not accurate enough. As mentioned
above, all the experimental foams present interconnections
between pores. At low porosities, the quantity of the space holder
particles used in the manufacturing process is low, and as a conse-
quence, the interaction between the space holder particles is low,
and the interconnection of the obtained pores is not that high as
in the case of the manufacturing process with a higher quantity
of space holder particles, where the maximum interconnection
between the pores was reached. As a result, the real topology of
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Fig. 5. Directional deformation in Z (in m) under compression for the Mg foam random models with porosities of: (a) 31% case 1, (b) 47% case 1, and (b) 51% case 2; and

regular model with a porosity of 45%.
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the foams is markedly different compared to the FEA regular mod-
els. For regular models the pores are at the same distance and pre-
sent low interconnection. These different topologies led to
important mismatches between the experimental results and FEA
estimations, over-predicting the foam strength when a regular
and not interconnected porous network was modeled. These
results showed the importance of the DEM-FEA combination for
the study of foams, predicting in a rather accurate way their com-
pressive behavior. The use of DEM in an initial stage allowed taking
into account not only the porosity percentage, size and shape of the
pores, but also their random distribution, originated during the
manufacturing process. This helped to get predictions closer to
the experimental results than the models that included regular dis-
tributions of the pores. The selection of the foam topology has
demonstrated to be an essential variable for correcting
estimations.

5. Conclusions

In this work, three-dimensional models were used in order to
predict the compressive behavior of Mg foams with porosities
ranging from 25% to 51%. Results showed that the use of FEA reg-
ular models, with low interconnectivity between the pores,
resulted in high relative errors for the foams with high porosities,
over-predicting the strength of the experimentally obtained foams.
The introduction of random models generated using a DEM-FEA
combination made it possible to realize a more realistic topology
of the modeled foams, even for high porosities, where important
interconnection between the pores was reached. These random
models allowed monitoring important decreases in the differences
between estimated and experimental values. DEM demonstrated
to be an excellent tool for reproducing the topology of foams using
space holders. The selection of the correct foam topology for a
model has demonstrated to be an essential variable for obtaining
estimations closer to the experimental results.
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