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In this work Finite Element Analysis (FEA) was used in order to estimate the effect of the pore size and the
volume fraction of carbon nanotubes (CNT) used as reinforcement, for Al-12%Si foams with 50% of poros-
ity. Two different space holder particles (SHP) were used to simulate foams manufactured by infiltration,
modeling pores of two different fractal distributions according to the size of the SHPs: NaCl and
NH4HCOs5. Random pore arrangements were modeled combining Discrete Element Method (DEM) and
FEA. Coordinates were firstly generated using DEM, while in a second stage CNTs and pores were modeled

{fgﬁ mords" by FEA. Estimations show important differences according to the used SHP, decreasing the Young’s mod-
Composite ulus for the foams with the smallest pore sizes. The Young’s modulus also increased with the CNT volume
FEA fraction. Results showed the importance of the selection of random models and the use of FEA for predict-
DEM ing the Young's modulus of reinforced metallic foams.

CNT © 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Modern world needs new advanced materials with unique com-
bination of properties that allow new applications. Metallic foams
are among these new class of materials which prime advantage is
their excellent combination of good mechanical properties and low
weight [1,2]. They show several properties such as high strength-
to-weight ratio, high energy absorption capacity, large specific
surface, high gas and liquid permeability, and low thermal conduc-
tivity. Among other applications, these materials have been used as
impact absorbers, dust and fluid filters, heat exchangers and flame
arresters [1,2]. The final properties of a foam highly depend on its
structure, being among the most important parameters pore size
and distribution, and thickness of the cell walls [3]. In order to
optimize the design process, it is very important to have predic-
tions of their mechanical behavior before their fabrication. This
necessity increases when the foam is reinforced for improving
the mechanical properties, because the final properties will not
only depend on the pores but also on the reinforcement. However,
there are limitations in terms of the degree of concentration of the
secondary phase (in this case pores and reinforcements) that can
be dispersed into the primary phase and the degree of interconnec-
tivity between these phases. For metallic matrices, as is the case of
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metallic foams, CNTs are one of the newest used reinforcements.
They provide lightweight and high mechanical and thermal prop-
erties to the metal matrix composites (MMC), being Al and Mg
foams among the most commonly studied [4-6]. One of the man-
ufacturing methods for metallic foams, including foams with CNTs,
is the infiltration process incorporating removable Space Holder
Particles (SHP) as pre-forms, followed by their dissolution [7,8].
For the foams manufactured using this method it is possible to pre-
dict the pore size according to the size of the space holder [9]. Due
to its modeling capability, Finite Element Analysis (FEA) is one of
the methods used to predict the mechanical properties of hetero-
geneous materials, such as foams and composites, being able to
model different geometries, including both the pores and the rein-
forcements, and analyze their effect on the mechanical properties
of the material [5,9-12]. Theoretical models are not available for
estimating the elastic properties of fiber reinforced foams, and a
simulation study is a very important way to insight into the prop-
erties of these materials. The validity of such predictions mainly
depends on the proximity of the model to the real foam topology,
because in real cellular structures, foam topology is typically ape-
riodic, non-uniform and disordered. Some works have modeled the
porosity using random arrangements for the pores [9,13], being
more realistic and recommended for foams obtained by infiltration
or powder metallurgy, where the porosity highly depends on the
space holder. In these works the position of the pores is first gen-
erated into a container, controlling then their shapes (e.g. spheres),
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sizes, and the distance between their centers in order to control
interconnectivity; while in a third stage the pores are generated
by deleting the volume of the resulting geometries from the con-
tainer volume. Discrete Element Method (DEM) is one of the tech-
niques that has been used for generating these random positions
due to its ability for modeling the behavior of particulate systems
[14]. These kind of procedures for the generation of the position of
the pores can be also used for generating the location of random
arranged reinforcements, and there is some work in literature deal-
ing mainly with the effect of their percentage on the mechanical
properties of the composites [15,16]. About reinforced metallic
foams, few works study the dual effect of pores and reinforcements
on the mechanical properties of these materials [5,17,18]. There
are two important works by Frantziskonis [19,20] related to the
relevant size of pores and particles for different materials, focused
to analyze the role of each of these microstructures on different
properties. These works used the wavelet transform as a mathe-
matical microscope, and report that the importance (contribution)
of each microstructural feature is highly dependent of factors such
as the porosity scale and the distance between pores. Based on the
above, and due to the importance of optimization for the design
process, the first objective of the present work is to analyze the
effect of CNTs and pores on the mechanical properties of reinforced
metallic foams. In order to achieve this objective there were
obtained two kind of randomly arranged models: one for MMCs
with a Al-12%Si matrix and different percentages of CNTs, and
the other one simulating foams obtained infiltrating these MMCs
using two different SHP. The models as well as the predictions
derived from them will provide important information for the
design and further fabrication of these materials according to the
use requirements.

2. Modeling and simulation

In this work the elastic behavior of foams reinforced with CNTs
was estimated through DEM-FEA models divided into two parts: i)
models of MMCs consisting on a Al-12%Si matrix and five different
volume fractions of CNTs as reinforcement; and ii) models of the
Al-12%Si foams with 50% of porosity and two different pore size
distributions according to the used SHP (NaCl and NH4HCOs), as
will be further analyzed. In a first stage of the simulation the elastic
behavior of the MMC models was estimated using FEA. Then, in a
second stage, the predictions derived from the MMC models were
used as input parameters for the simulation of the foams. This pro-
cedure allows the study of a complex dual heterogeneous material
(pores and reinforcements) into two more simple models. Only
using these combined models it is possible to study this kind of
problem, because it is reported that yet, even with modern com-
puters capable of handling a large number of finite elements, it
becomes practically impossible to simulate a reasonable size of
the material because of the multiscale nature of the problem
[19]. Detailed explanations about models and simulations are
included below.

2.1. Generation of random distributions using DEM

Open source DEM simulation software LIGGGHTS® [21] was
used in order to generate randomly distributed coordinates for
pores and CNTs location, being the initial stage of the modeling
process. This first step consists on ascertaining the behavior of
spherical particles immersed into cylinders. The cylinders used
for generating the coordinates where 100 pm in diameter and
192 pm in height for the case of foams using NaCl as SHP; 50 um
in diameter and 96 pm in height for the case of NH4HCOs; and
5 um in diameter and 5.75 pum in height for the MMCs. The used
criterion for selecting the size of the cylinders was the needed

for computations convergence already studied in a previous work
[9], i.e. the representative volume elements (RVE) must be at
least ~ 2.5-3.5 times the maximum size of certain feature that rep-
resents the material. In our case these features are cells including
pores or CNTs. Depending on the porosity percentage or the CNT
volume fraction certain number of spheres was inserted. The con-
ditions for the interactions between these inserted particles were
selected just for generating a high interaction between particles
and to get the desired random distribution. In order to obtain
repetitive results three random distributions were obtained for
each model for CNTs and foams, reporting as Young’s modulus
the average obtained using these distributions.

2.2. Finite elements models for the MMCs

Once the coordinates were obtained, these results were post-
processed in order to generate two kind of scripts using commer-
cial FEA software ANSYS 14.5, locating the pores in one script
and the CNTs in the other script, followed by the creation of CAD
models. CNTs were located at the generated coordinates modeled
as solid cylinders of 0.064 um in diameter and 1 pm in height,
being the aspect ratio 15.6 (L/D = 1000/64 nm) [10]. The measured
volume fractions for the inserted CNTs ranged from 0.003 to 0.022.
These small quantities were selected in order to optimize the com-
putational requirements. Fig. 1a-c shows the modeled cylindrical
specimens with three different CNT volume fractions, engendered
through DEM-FEA combination. As can be observed, the distribu-
tions of the CNTs are random. Their directions were obtained
through the generation of three random angles for obtaining each
x, y and z direction.

2.3. Finite elements models for the foams

As for the MMC models, the FEA models of the foams also used
the scripts obtained through DEM for locating the pores. The size of
the pores were selected according to the observed in a previous
work [9], where it was demonstrated that the size of the pores
for foams obtained by powder metallurgy using the dissolution
and sintering process highly depends on the space holder particle.
This behavior is also expected for foams obtained using infiltration.
This previous work also showed that the use of a reduced fractal
approach for the porosity distribution gives excellent estimations.
Taking these results into account, pores were modeled as spheres
and following fractal distributions including 4 pores of 10 pm per
each pore of 20 um for pores obtained using NaCl as SHP, and 2
pores of 5 um per each pore of 10 um when NH4HCO; was the
SHP. These distributions were selected according to experimental
observations revealing that for NH4HCO; particles the ratio
between the logarithms of the relative sizes and quantities for
big and small particles was 1.0. This value corresponds to the frac-
tal dimension (dy) of the distribution of these particles. According
to a previous work [9] the distribution of the pores obtained using
NaCl as SHP agrees with the distribution of NaCl particles, being
both fractals, with dy values of 1.95 and 2.0, respectively. Fig. 2a-
b shows the modeled cylindrical specimens for the foams with
porosities of 50% and the two different pore size distributions. It
is worth mentioning that the interconnection between the pores
observed for the models in Figs. 2a and 2b favors Young’s moduli
predictions closer to the real values.

2.4. Simulation for the MMCs

The Young’s moduli of the MMCs with different CNT volume
fractions were uni-axially estimated when applying equivalent
compressive displacements on the nodes of the upper end of the
cylindrical specimens. The Al-12%Si matrix used in this work for
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Fig. 1. FEA models of MMCs reinforced with volume fractions of randomly ordered CNTs of: (a) 0.003, (b) 0.011, and (c) 0.022.
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Fig. 2. FEA models of foams with porosities of 50% and pore size distributions of: (a)
4 pores of 10 um per each pore of 20 pm, and (b) 2 pores of 5 um per each pore of
10 pm.

simulating purposes has been used for CNT reinforced MMCs, as
the work of Joshi et al. [15] obtained using a squeeze casting
process, and has a typical Young’s modulus of 77 GPa, and a
Poisson coefficient of 0.33. The CNTs were modeled using a Young’s
modulus close to 680 GPa, and Poisson’s ratio of 0.27 [10]. The
SOLID187 3-D 10-node tetrahedral structural solid element was
employed for meshing. The number of nodes ranged from 5 to
31 x 10°, while the number of elements from 2.3 to 15 x 10°,
increasing these quantities with the increase in the CNT volume
fraction. The coupled-node boundary condition (keeping the nodes
in the same plane) was used for the upper face of the cylinder.
Fig. 3a shows the meshed model for a MMC reinforced with a
CNT volume fraction of 0.011. As can be observed, smaller ele-
ments (circled) were used to ensure the connectivity between
matrix and CNTs. The meshed model for an isolated CNT can be
observed in Fig. 3b, being a usual mesh for these cylindrical or
tubular structures.

Young’s modulus can be obtained from the response of the sim-
ulated compression test, and along the z-axis (E,), it can be deter-
mined by:
— GZ

E, — -2
z <,

(1)
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Fig. 3. Meshing for: (a) MMC reinforced with 0.011 volume fraction of CNTs (intersections circled); (b) an isolated CNT; and (c) foam with 50% of pores of 10-20 pm.

where G, and &, are the stress and the strain in z-axis, respectively.
The displacement applied (0.1 pm) to the cylinder in z-axis (u,) is
used for the strain determination:

_u
b= @

where L, is the original height of the cylindrical specimen. The
stress necessary for solving Eq. (1) is determined using the follow-
ing equation:

_F

O; A

3)
where F, is the reaction force in the z-axis obtained through the FEA
simulation, for the nodes of the bottom end of the cylindrical spec-
imens; while A is the area of this surface.

2.5. Simulation for the foams

The Young’s moduli of the foams with 50% of porosity and dif-
ferent pore sizes were determined using the same procedure
already explained in Section 2.3 for the MMCs. For this case the dis-
placements for Eq. (2) were 5 pm and 10 pum for the cylindrical
models with heights of 96 and 192 pum, respectively. The Young’s
moduli used for the solid part of the foams were the obtained after
the simulation of the MMCs, and depended on the volume fraction

of CNTs. In this case, the most important difference was the use of
the effective area (A.) in Eq. (3), which is the flat area (without
holes produced by the pores), being the section which reacts to
the applied stress. The number of nodes for these cases ranged
from 3.8 and 7.9 x 10°, while the number of elements was
between 2.4 and 5 x 10°. The advantage of using the combined
models could be resumed comparing this quantity of elements to
the total elements that could be obtained if the foams were mod-
eled including CNTs in only one model, reaching 12 x 108, quantity
that is three orders of magnitude higher than the used in the com-
bined model. This quantity of elements hinders the simulation pro-
cess due to it requires an increased amount of computational
resources. Fig. 3c shows the meshed model for the foams with
pores of 10-20 um. In order to establish the limits for the use of
this combined analysis, it is important to measure the average dis-
tance between pores, i.e. the size of the cell walls. As was already
mentioned, there is a condition establishing that the representative
volume elements (RVE) must be at least ~ 2.5-3.5 times the max-
imum size of certain feature that represents the material. This con-
dition should be also taken into account for the cell walls included
into the models, which sizes should be at least equivalent to the
length of 2.5-3.5 CNTs. The use of this criterion agrees with the
work of Frantziskonis [19], who demonstrated that for Al alloys
with pores and inclusions the autocorrelation distance (equivalent
to cell wall distance, cw) plays a very relevant role. Frantziskonis
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found that for small values of cw (case I) the inclusions had a dom-
inant effect, while when cw increased (case II) the pores were dom-
inant. Case I is similar to a model were the size of the cell walls is
lower than the length of 2.5-3.5 CNTs, and the predominant effect
of the CNTs origins the over prediction of mechanical properties.
Otherwise, case II could be compared to a model with cell walls
containing much more CNTs, fact that favors predictions closer to
the real values. Now, the mean cell wall size (cw) is proportional
to the porosity percentage and the size of the pores, as in the case
of the inter-particle spacing, which is defined as the distance from
the surface of one particle to that of another, as follows [22]:
(1-f

cw=d I (4)
where f is the particle volume fraction, and d the average particle
diameter. For a porosity of 50%, if we use the pore diameter as d,
and f as the fraction of the porosity, resulting cell wall sizes are
12 um for the foams with 4 pores of 10 um per each pore of
20 um, and 6.67 pm for the foams with 2 pores of 5 um per each
pore of 10 um. As CNTs were modeled as solid cylinders of 1 um
in height, the condition is fulfilled due to the enough size of the cell
walls. This condition is also fulfilled for porosities as high as ~70%
(cell walls of 5.14 and 2.86 um, respectively).

3. Results and discussion

The graphical response of the models to the total applied dis-
placements for a Al-12%Si matrix reinforced with a CNT volume
fraction of 0.011 MMC, and for a foam with 50% of porosity and
pores of 10-20 um (without reinforcement) can be observed in
Fig. 4a and 4b, respectively. These figures show the distributions
of the directional displacements in z, and as expected, the maxima
are for the nodes of the upper end of the cylindrical specimens. The
images were similar for the models of the reinforced foams, just
changing the reaction forces, data that can be observed in Table 1.

(a)

0,10003 Max
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0,077825
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0,044509
0,033404
0,022299
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8,9227e-5 Min

5.|0(um)

1.25 3.75

The values of the Young’s moduli were determined after processing
these results.

Fig. 5a shows the strengthening effect of the CNT on the elastic
behavior of the MMCs, also comparing with maximum and mini-
mum results for conventional Rule of Mixtures. For MMCs rein-
forced with ordered fibers, the equation for Rule of Mixtures
when the stress is parallel to the axis of the reinforcement is as fol-
lows [10]:

EL = En(1 —fg) + Erfx ()

where E, is the Young’s modulus for the matrix; while Eg and f; are,
respectively, the Young’s modulus and the volume fraction for the
reinforcement. Otherwise, the equation for a transversal stress is
as follows:

ET = EmER/(EKfm + EmfR) (6)

As can be observed in Fig. 53, the increase in the Young’s mod-
ulus estimated using FEA is between maxima and minima values
predicted by the Rule of Mixtures, fact that demonstrates the effi-
cacy of the FEA predictions for the MMCs. Other works have shown
that experimental results are generally located between maxima
and minima values predicted using Rule of Mixtures or other mod-
els [10,23].

On the other hand, Fig. 5b shows the effect of the CNT volume
fraction on the elastic behavior of the foams with 50% of porosity
and pores produced by the use of NH4HCOs; and NaCl as space
holders. Comparing first the Young’s modulus of the bulk Al-12%
Si matrix and the foams it can be observed that the porosity lead
to important decreases, diminishing from 77 GPa for the bulk
material to 32 GPa and 36 GPa for the foams with pores of
5-10 pm and 10-20 pm, respectively. The lower value obtained
for the foam with pores of 5-10 um could be explained due to
the fact that when comparing foams with the same porosity the
smaller the pores the smaller the cell-wall thickness, leading to
lower values of the Young’s modulus. This result agrees well with

(b)
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Fig. 4. Directional displacement in z under compression for a: (a) MMC reinforced with a volume fraction of randomly ordered CNTs of 0.011, and (b) a Al foam with 50% of

porosity and pores of 10-20 pm

Table 1

Reaction forces (in N) obtained for the models of the CNT reinforced MMCs, the foams, and the foams reinforced with CNTs (x10'° for the MMCs, and x10'2 for the foams).

CNT volume fraction

0 0.003 0.006 0.011 0.017 0.022
MMCs 2.725 2.742 2.766 2.796 2.814
Foam, pores 5-10 um with CNTs 1.800 1.864 1.877 1.893 1.914 1.926
Foam, pores 10-20 pm with CNTs 0.710 0.737 0.744 0.748 0.757 0.762
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Fig. 5. Compressive Young's modulus variation depending on the CNT volume fraction for: (a) Al-12%Si matrix MMCs, and (b) foams with porosities of 50% obtained using
NaCl and NH4HCO5 as space holders. For the MMCs the Young’s moduli for longitudinal (RML) and transversal (RMT) Rule of mixtures were inserted in (a).

the experimentally observed by Figueroa et al. for Mg foams with
porosities of 70% and different pore sizes [24]. Related to the com-
parative reinforcement effect of the CNTs it can be observed that
for the two foams the increase in the Young’s moduli are similar.
In both cases CNT volume fractions increments as low as 0.022 lead
to Young’s moduli increases of ~7%.

These results showed the importance of the DEM-FEA combina-
tion for the study of both composites and foams. The use of DEM in
an initial stage allowed taking into account the random distribu-
tion of reinforcements and pores. The combination of the two inde-
pendent models (first for MMCs and then for foams with MMC
matrices) helped to predict by FEA in an easier and rather accurate
way the elastic compressive behavior of these materials.

4. Conclusions

After the analysis of the estimated Young’s moduli for the foams
reinforced with CNTs, the following can be concluded:

e DEM demonstrated to be an excellent tool for generating the
location of heterogeneities randomly distributed in materials.

e The introduction of random models generated using a DEM-FEA
combination made it possible to realize a more realistic topol-
ogy of CNT reinforced composites and foams.

o It was demonstrated the efficacy of the procedure introduced in

this work, using the FEA previously predicted Young’s moduli

for the MMCs as input data for estimating the elastic behavior
of CNT reinforced foams.

For both, Rule of Mixtures and FEA models, the elastic moduli of

the MMCs significantly linearly increased as the CNT volume

fraction increases. The estimations obtained using FEA were
between maxima and minima values obtained using the Rule
of Mixtures.

e FEA estimations showed that the selection of the size of the
pores depending on the used space holder play an important
role in the elastic behavior of the metallic foams. For foams with
the same porosity, smaller pores lead to lower values of elastic
moduli.
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