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Abstract

Study of porous materials, in particular closed-cell foams, has always attracted research-
ers’ interest due to the advantages these materials offer in applications where low weight,
buoyancy, insulation, or energy absorption is of importance. In this study, quasi-static com-
pressive experimental tests are conducted for low-, medium-, and high-density aluminum
foams and their mechanical properties are obtained. In addition, two types of lattice struc-
tures based on regular repeating unit cells (Kelvin and Weaire—Phelan) are modelled and
their suitability for predicting the mechanical behavior of closed-cell foams in quasi-static
configuration is evaluated and compared. Due to the irregular structure of cast foams, it
is computationally very expensive to reproduce numerical models with similar structural
topology. Using tessellation method can be a step forward in investigating various param-
eters affecting the properties of closed-cell foams. The results indicated that as compared
to Kelvin models, the Weaire—Phelan models better mimic the deformation of manufac-
tured specimens. On the contrary, as compared to the Weaire—Phelan models, the mechani-
cal properties obtained from the Kelvin models are in general closer to the experimental
results. The study results also showed that as the foam density increases, the densification
strain decreases, while all other mechanical properties (elastic modulus, yield stress, pla-
teau stress, and energy absorption capacity) increase.
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1 Introduction

Study of porous materials, especially closed-cell foams, has always attracted research-
ers’ interest due to the advantages these materials offer in applications where low weight,
buoyancy, insulation, or energy absorption is a necessity (Hedayati et al. 2019). Differ-
ent research areas related to closed-cell foams such as mechanical properties (Jang et al.
2015; Hall et al. 2000; Ramamurty and Paul 2004; Ulbin et al. 2020, 2019; Duarte et al.
2016; Novak et al. 2019; Zhu et al. 2018), heat transfer characteristics (Hu et al. 2020;
Baillis and Coquard 2008; Pabst et al. 2018; Baillis et al. 2017; Glicksman and Torpey
1989), manufacturing methods (Tzeng and Ma 2006; Banhart 2001), production process
control (Movahedi et al. 2014), and heat/acoustic insulation performance (Glicksman and
Lanciani 1991; Opiela et al. 2021;) have been investigated thoroughly in the last decades.
Even tough experimental studies (Hall et al. 2000; Ramamurty and Paul 2004; Ulbin et al.
2019; Hedayati and Sadighi 2018; Hedayati et al. 2018a) are the most essential and reli-
able type of research in this field, interest in computational modeling (Ulbin et al. 2020;
Rajendran et al. 2009; Liu et al. 2017) has been continuously increasing in the last decade
due to high cost of manufacturing and mechanical testing of foam specimens for experi-
mental tests which limits the material and geometrical parameters that can be investigated
systematically.

Many experimental studies have been performed to obtain the properties of closed cell
foams (Han et al. 1998; Li et al. 2020; Motz and Pippan 2001; Zenkert and Burman 2009;
Andrews et al. 2001; Gibson and Ashby 1999). Andrews et al. (2001) found that elastic
modulus and compressive strength of foam enhance by increasing the ratio of specimen
size to cell size. Moreover, they concluded that if the number of cells is greater than eight
and five for open- and closed-cell foams, respectively, the cell size effect becomes neg-
ligible. The influence of other variables such as hollow size, cell dimensions, cell thick-
ness, and anisotropy have been investigated thoroughly by Gibson and Ashby (Gibson
and Ashby 1999). Not only experimental tests are expensive to perform, evaluating all the
parameters affecting the foam properties in a systematic way is not an easy task. That is
why many researchers have approached computational methods in this regard.

Researchers have made many efforts to create a mathematical model capable of predict-
ing the mechanical behavior of foams (Ulbin et al. 2020; Vengatachalam et al. 2019; Kol-
oushani et al. 2018; Abdullahi et al. 2019; Grenestedt and Bassinet 2000; Czekanski et al.
2005; Kadkhodapour and Raeisi 2014; Roberts and Garboczi 2001; Fang et al. 2015; Chen
et al. 2017). Such computational models have been based on CT images (Koloushani et al.
2018; Mohammadi Nasrabadi et al. 2016), Voronoi formula (Baillis et al. 2017; Shi et al.
2018; Wang et al. 2017), regular unit cells (Kader et al. 2020a), and macro-mechanical
material models (Hedayati and Sadighi 2016; Diebels and Geringer 2014).

Macro-mechanical model is the most popular method as it does not require modelling
the micro-structural features of the foam. In this method, the macro-geometry of the foam
is modelled and then an appropriate material model capable of mimicking foam behavior
is assigned to the foam geometry. However, this modelling technique has the big drawback
of not giving the opportunity of investigating the effect of micro-structural features on the
foam’s overall behavior. This method is, therefore, usually beneficial for multi-component
complex structures (Hedayati and Ziaei-Rad 2011; Torkestani et al. 2015), in which the
mechanical behavior of the foam is already well-established and in which the complexity
of the model does not allow for modelling the foam in detail.
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X-ray and CT scan image scanning have given valuable insights into the behavior of
structures with complex micro-geometries, including closed-cell foams. The advantage
of models obtained from CT images is that they are capable of accurately reconstructing
the relatively irregular geometry (pore’s distribution, size, and orientation) of the foam.
Such studies help to understand the main mechanisms dominating the foam behavior dur-
ing damage. In other words, observing the cell’s internal changes during collapse shows
what failure mechanisms have the most contributions in the damage. The results of a study
by Kader et al. 2020b have shown that the regions with large void fractions predominantly
undergo collapse and subsequently reduce the structural heterogeneity. In another study, it
was shown that foams with larger spatial variation of porosity and larger pore concentra-
tions disintegrate earlier (Ulbin et al. 2018). Sun et al. studied uniaxial compression behav-
ior of polymer and aluminum closed-cell foams using experimental tests and X-ray based
numerical models. A “zero-yield-stress” response and then a sharp increase in unload-
ing modulus was observed. They claimed that unloading elastic modulus varies during
the compression process, and suggested that it would be better to obtain elastic modulus
by extrapolating the measured unloading modulus to zero strain (Sun et al. 2016). Despite
many advantages they offer, models based on CT images have the drawbacks of being
expensive to obtain and high computational cost.

Voronoi tessellation method has been introduced as a numerical measure to reduce com-
putational costs. In Voronoi tessellation method, a large number of points are randomly
seeded in 3D space, and then a region is assigned to each point. Afterwards, several walls
are constructed automatically around each seed point to separate neighboring regions from
each other. Zhu et al. 2018 developed irregular closed-cell foam models based on Voronoi
description and using Hill’s computational approach to investigate the elastic properties
of the structure. The results of homogenized models were compared with the experimen-
tal and tomography reconstructed model results, and acceptable agreement was achieved.
In another research by Li et al. 2014 based on Voronoi closed-cell foam model, it was
found that by increasing the shape irregularity, the stress—strain diagram’s plateau region
first increases and then decreases. In another study (Shi et al. 2018) based on Voronoi tes-
sellation, it was found out that the initial peak stress and plateau stress are proportional to
relative density and loading velocity. Also, the elastic modulus is reduced by increasing
the regularity of Voronoi foam. The drawback of Voronoi-based models is that mathemati-
cal procedures of implementing the Voronoi technique makes the method relatively com-
plex and time-consuming. Hence, researchers have implemented tessellation of regular unit
cells to model behavior of foams (Hedayati et al. 2018b, 2019; Santosa and Wierzbicki
1998; Simone and Gibson 1998).

In tessellation method, a representative volume element (RVE), also known as unit cell,
is repeated regularly in 3D space in three main directions to create a lattice structure. San-
tosa and Wierzbicki 1998 proposed a cubical closed-cell unit cell containing pyramidal
corners. Their finite element (FE) model was capable of incorporating fracture predictions
in closed-cell foam. Simone and Gibson (Simone and Gibson 1998) proposed a model
based on curved cell plates which was able to accurately predict elastic modulus and peak
stress. Many unit cell geometries such as cubic-spherical (Nammi et al. 2010), cruciform-
pyramidal (Nammi et al. 2010), spherical (Hasan 2010), cruciform-shaped (Hasan 2010),
tetrakaidecahedron (Li et al. 2020; Liu and Zhang 2013; Wang et al. 2015), Kelvin (Mills
et al. 2009; Giorgi et al. 2010), and Weaire-Phelan (Chen et al. 2017; Buffel et al. 2014)
have been proposed and studied to model closed-cell foams. Among all the unit cells, the
Kelvin and Weaire—Phelan unit cells have the advantage of creating cells with minimal
external surface area when dividing the space (Weaire and Phelan 1994; Thomson 1887).
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Minimal external surface area is a crucial parameter when foams are formed which sug-
gests that Kelvin and Weaire—Phelan geometries can model the geometry and thus the
behavior of foams the best. Mills et al. (Mills et al. 2009) simulated a model of layers’
interaction using Kelvin foam and with consideration of the cells’ internal gas pressure.
Ghazi et al. (Ghazi et al. 2019) proposed a method to generate closed-cell metallic foam
geometry based on microstructural morphological features. In their model, the structural
deformations were categorized into three main modes of buckling, bending, and plastic
hinge formation. Furthermore, they observed that before the formation of plastic zones, cell
walls experience elastic buckling first. In another research, Marvi-Mashhadi et al. devel-
oped models based on X-rays from foam structure and studies the effects of cell size, cell
distribution, and mass fraction on struts and walls (Marvi-Mashhadi et al. 2018a, 2018b).
They proposed an analytical model to predict the effect of internal gas pressure on foam’s
mechanical behavior (Marvi-Mashhadi et al. 2020). Moreover, Giorgi et al. (Giorgi et al.
2010) modeled aluminum foam using three Kelvin unit cell types with curved, ellipsoidal,
and flat walls.

To the best of our knowledge, no work has been dedicated to both numerical and experi-
mental studies of closed-cell foams and to comparison of capability of two basic unit cell
shapes (Kelvin and Weaire—Phelan) in predicting the quasi-static behavior of closed-cell
foams. Unlike the previous studies where implicit FE modeling has failed to properly pre-
dict the post-elastic behavior of the foams due to large deformations and convergence defi-
ciency, we propose a novel numerical model based on explicit formulation. In this study,
quasi-static compressive experimental tests are conducted for low-, medium-, and high-
density aluminum foams, and their mechanical properties are obtained. Two types of FE
models based on regular unit cells (Kelvin and Weaire—Phelan) are constructed, and their
suitability for predicting the mechanical behavior of closed-cell foams in static configura-
tion is also evaluated.

2 Materials and Methods
2.1 Experiments

The aluminum foams were manufactured using casting process consisting of three main
stages: thickening, foaming, and cooling. The aluminum was first heated up to 600 °C; to
prevent the bubbles from floating, calcium was mixed with molten aluminum for 6 min
to stabilize the bubbles in the molten aluminum and to increase its viscosity. Afterwards,
TiH, particles were added to the melted aluminum. Due to heat, the TiH, particles were
decomposed into hydrogen gas and titanium. The appearance of hydrogen gas in the melted
aluminum created bubbles trying to escape the melt. After a suitable foamy structure was
formed, the temperature of the system was reduced using blower and cold water to trans-
form the liquid-state bubbles into solid-state bubbles, which in turn, created metallic foam.
The density of the foam block varied in the foaming direction due to the hydrogen motion
during the manufacturing process. A smooth decreasing density occurred through foaming
direction that affected wall thickness. Therefore, the block was divided into three catego-
ries of the low, medium, and high density, to investigate the density effect on the mechani-
cal properties.

In previous studies, several cutting processes, such as electrical discharge machining
(EDM), band saw (BS), water jet (WJ) cutting, and laser cutting methods (Meng et al.
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2019; Liu et al. 2018), have been implemented to cut foam structures. Metallurgical
and morphological (Zhu et al. 2018; Yilbas et al. 2014, 2013, 2015) observations have
revealed that cutting process affects porous material’s mechanical properties signifi-
cantly. Various processing and machining parameters such as deformation depth, feed
rate, spindle speed (Razborsek et al. 2019) in incremental forming and frictional rolling
method as well as laser power, scanning speed, gas pressure, cutting forces, and cutting
temperatures (Liu et al. 2020) in laser cutting techniques have been previously investi-
gated thoroughly. For instance, Heidari and Yan used single-crystal diamond tools for
cutting, and realized that the presence of pores affects the accuracy of cutting mecha-
nism directly (Heidari and Yan 2018). Hangai et al. found out that incorporating NaCl
into milling process leads to less fracture in the cell walls (Hangai et al. 2017). Liu et al.
proposed a direct laser cutting process to preserve pore structures from damaging and to
make efficient regular shapes (Liu et al. 2018).

To prepare the experimental test specimens, first, cooled initial mold was cut to
form a rectangular block. Afterwards, the foam bulk was cut into smaller specimens
using laser cutting process. Aluminum foams were cut into cubes with dimensions of
40 mm x40 mm x40 mm. Special attention was paid to the foaming direction during
the experimental tests (Fig. 1) to take into account the direction in which the foam wall
thickness and thus foam density decreased. Different densities of the specimens were
documented by measuring the dimensions and weights. The specimens were divided
into three main categories of density: low (0.2-0.3 gr/cm®), medium (0.3-0.5 gr/cm?),
and high (> 0.5 gr/cm®). For each category, three specimens were tested. The compres-
sive tests were performed under constant displacement rate using an STM-50 mechani-
cal test bench. The outputs were obtained as reaction force—displacement curves which
were then transformed into stress—strain domain. The tests were continued until the
stress began to rise sharply. The compression device and the placement of the speci-
mens are shown in Fig. 2.

In general, under compression, the stress—strain curve obtained from cellular struc-
tures is composed of three main regimes (Hedayati and Sadighi 2018; Karaji et al.
2017): first, the elastic regime in which the stress rises sharply in a linear fashion until
the first collapses and ruptures start occurring in the cellular structure. After the elastic
regime, the second regime, known as plateau regime, starts in which the stress increases
very slightly despite the sharp increase in the strain extent. In the final regime, also
known as densification regime, the cell walls of the cellular structure come into contact

Fig. 1 Foaming and load-
ing directions
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Fig.2 Compression test device SATNAM STM-50

with one another which leads to an exponential increase in the stress level as more and
more walls come into contact with each other.

Using the stress—strain curves, the following mechanical properties were calculated:
elastic modulus, yield stress, plateau stress, densification strain, and energy absorption.
The ISO standard 13,314:2011 (ISO Standard, 2011) was used to calculate the plateau
stress. The arithmetical average of stresses at 0.2 and 0.4 strains was considered as the pla-
teau stress. The elastic modulus was calculated by obtaining the slope of the line connect-
ing the stress—strain curve at 0.2 and 0.7 of the plateau stress. The yield stress was obtained
by finding the intersection of a line parallel to the initial linear section of the stress—strain
curve and shifted to the right side for 0.2% strain on the one hand and the stress—strain
curve itself on the other hand. The densification strain was obtained at the intersection
point of lines best fitted to the stress—strain curve in the plateau and densification regimes.
The energy absorption was obtained by calculating the area under the stress—strain dia-
gram. The energy absorption was obtained for two cases: up to densification strain and up
to maximum applied stress which differed for each density.

2.2 Numerical Modeling

CATIA (Dassault Systemes, France) and SolidWorks (Dassault Systémes, France)
software packages were used for constructing the geometry of the lattice structures by
stacking unit cells. Two types of unit cells, Kelvin and Weaire—Phelan, were consid-
ered for numerical simulation. A Kelvin unit cell consists of six square faces and eight
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hexagonal faces. A Weaire—Phelan unit cell consists of eight individual cells of two
types: two irregular dodecahedron cells which is composed of twelve pentagonal faces,
and six tetrakaidecahedron cells which is composed of two hexagonal faces and twelve
pentagonal faces. The resulting unit cells were duplicated in three main directions with-
out leaving any space between their faces. After each lattice structure (based on Kelvin
or Weaire—Phelan unit cells) was constructed by sufficiently duplicating unit cells in
the three main directions (with at least 5 unit cells in each direction, as suggested by
Andrews et al. (2001)), it was cut into cubes with specific dimensions to create lattice

(b)

Fig. 3 Construction of lattice structures based on a Kelvin and b Weaire—Phelan unit cells in the CAD pro-
gram
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Table 1 Utilized density (in gr/cm®) for different density and model types in numerical modelling

Low density Medium density High density
Kelvin FE model 0.24 0.34 0.53
Weaire—Phelan FE model 0.24 0.34 0.53

structures with smooth external surfaces (Fig. 3). Faces of the unit cells were discretized
using shell elements. The densities assigned to different FE models are listed in Table 1.

Abaqus/Explicit was implemented for simulating the quasi-static compression load-
ing process. Boundary conditions representing the actual conditions in the experimental
tests were imposed on the top and bottom surfaces. Rigid plates were placed at the top
and bottom sides of each lattice structure. The top and the bottom surfaces, as well as all
the cell walls should be capable of recognizing each other when they collide in order to
contribute to accumulation of stress in the whole lattice structure during the compres-
sive loading. Therefore, general contact type which can take into account the interac-
tions between all exterior faces, analytical rigid surfaces, and shell perimeter edges, was
applied to the entire model. Triangular FE elements were used to discretize the models
due to their complex geometries at the faces. A mesh sensitivity analysis was performed
and element size in the range of 0.5 mm to 0.8 mm was found to be suitable for the
simulations. The modeling process in Abaqus for both the Kelvin and Weaire—Phelan
lattice structures is demonstrated in Fig. 4.

The aluminum alloy physical and mechanical properties (mass density =2700 kg/
m?, elastic modulus =70 GPa, Poisson’s ratio = 0.33) were assigned to the model for the
simulations. The elastic—plastic stress—strain curves data obtained from experimental

(b)

Fig.4 Importing, assigning mechanical properties, assembling the top and bottom plates, and discretization
of a Kelvin and b Weaire—Phelan foam models in Abaqus
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tensile tests on the constituent material (the aluminum alloy) were also assigned to the
model.

3 Results and Discussions

Since the foaming direction was considered in the orientation of the specimens placed
inside the test rig (the lower density sides of all the foam specimens were always placed on
the top side), collapse started from the topmost layer of all the specimens. The collapsing
continued sequentially from the topmost cellular layer to the adjacent underneath layers
one by one. The plateau region of all the specimens started in the strain range of 0.025 and
0.05.

The stress—strain curves of the low-, medium-, and high-density foams are shown in
Fig. 5. The experimental results presented in the stress—strain curves for each density are
the average curves obtained for three specimens. The diagrams demonstrate that for high-
density specimens, the stress level in the plateau region increases gradually by increasing
the strain, whereas for the medium-density foam, the stress in the plateau region remains
almost at the same level. As for the low-density foam, the stress level decreases towards the
end of the plateau region. In the high-density foams, the particles detached from the speci-
men during the collapse filled in the hollow spaces inside some cells which led to gradual
increase in the stress level in the plateau region. The effect of this phenomenon decreases
as the thickness of the walls decreases. In the low-density foams, the particles separated
from the foam did not fill the cells at any stage and, therefore, they did not contribute to
load bearing of the specimens.

Some repetitive fluctuations occured in the plateau region of the foams as shown in
Figs. 5 and 6a. The visual status of the foam specimen at the peaks and troughs of the
stress—strain curve is demonstrated in Fig. 6b. Comparing Fig. 6b(iii) and b(iv) sug-
gests noting two critical points. The stress—strain diagram of the specimen has troughs
at strains of 0.43 and 0.58, while it has a peak at the strain of 0.47. First, after the
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Fig.5 Stress—strain diagram of compression tests for low-, medium-, and high-density foams
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Fig.6 a Stress—strain diagram and b deformation of the medium-density specimen. The photographs of
specimen in (b) is taken at the peaks or troughs of the stress—strain curve of the same specimen shown
in (a), i.e. at strains of 0.14, 0.25, 0.32, 0.43, 0.47, and 0.58. The red lines mark the fracture planes of the
specimen

deformation of the specimen at the strain of 0.32, several fractured and deformed parts
are still contributing to load bearing of the specimen. However, at the strain of 0.43,
several pieces are detached from the specimen which reduces the load-bearing capac-
ity of the foam specimen. In addition to several relatively small particles, one large
detached particle fallen on the lower grip at the strain of 0.43 can be seen in Fig. 6b(iv).
Second, a noticeable fracture plane appears at strains higher than 0.32 which is marked
on the deformed foam specimen at the strains of 0.43 and 0.47 (Fig. 6b(iv) and b(v)).
Appearance of fracture plane as well as detachment of several particles create a trough
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in the stress—strain curve of the specimen at the strain of 0.43 (see Fig. 6a). After that,
the particles filling the pores lead to an increase in the stress level. The noted process
of fracture and detachment of small and large segments (leading to decrease in stress
value) and filling of the inner part of the foam by smaller particles (leading to increase
in stress value) is repeated several times causing fluctuations in the stress level in the
plateau region.

The experimental and numerical stress—strain curves for all foam densities are
depicted in Fig. 7. Similar to the experimental compression test results, the stress—strain
curves of the numerical simulations also consist of three distinct regimes: linear elastic,
plateau, and densification.

As shown in Fig. 7a, for low-density foams, there was good agreement in the linear
elastic region between both the Kelvin and Weaire—Phelan models on the one hand and
the experimental results on the other hand. In the plateau and densification regimes,
the overlapping between the three curves was observed as well. The stress level of the
plateau region in the low-density foams started at 1.28-1.48 MPa stress range and it
increased to 1.87-2.47 MPa in the end of plateau region. The densification strains for
the experimental test, Kelvin FE model, and Weaire—Phelan FE model were 0.76, 0.80,
and 0.81 respectively, with a maximum of 6.2% error.

As for the medium-density case (Fig. 7b), similar to the low-density case, the FE
models and the experimental tests showed good agreement in the linear elastic and
plateau regions. The densification strain started at 0.67, 0.71, and 0.73 for the experi-
mental test, the Kelvin model, and the Weaire—Phelan model, respectively (maximum
8.2% error). The plateau region started at 2.81-3.45 MPa range, and it increased to
4.43-4.88 MPa at the densification point. The difference between the densification
strains was more significant in this case as compared to the low-density foam.

Similarly, for high-density foam, the experimental and numerical results showed good
agreement in the linear elastic and plateau regions (Fig. 7c). For this type of foam, the dif-
ference between numerical and experimental densification strains is greater than the two
other foam types. The densification strains of the experimental test, Kelvin model, and
Weaire—Phelan model are 0.59, 0.68, and 0.70 with a maximum of 15.7% error. The other
difference between the high-density foam and two other foam types was that the plateau
region for the high-density foam was not horizontal, and it had an upward slope, starting
from 6.18 to 6.75 MPa range and reaching to 13.44-15.13 MPa range at the densifica-
tion threshold. Moreover, generally, the stress levels in this type of foam was significantly
higher than that in two other foam types.

Different foam properties such as elastic modulus, yield stress, plateau stress, densifica-
tion strain, energy absorption (up to densification point) and energy absorption (includ-
ing all the three regions) were obtained and are plotted for different density categories in
Fig. 8. As for the low-density case, the elastic modulus (Fig. 8a) of the experimental tests
(E = 55.47 MPa) and numerical results had relatively good agreement with one another
(maximally 36.4% error). However, by increase in the density, the difference between the
numerical and experimental results decreased, and for high-density foam (E = 285.6 MPa),
this difference reached its minimum (10.8% maximum error).

A similar trend was observed for the yield stress (Fig. 8b). The maximum difference
between the numerical and experimental results occurred in the medium density case
(22.2%). Moreover, by increasing the density, the level of yield stress increased and reached
its maximum (o, = 6.49 MPa) at high-density. The maximum discrepancies observed
between the Kelvin and the Weaire—Phelan model results were 23.6%, 2.8%, and 0.8% for
the low-, medium-, and high-density, respectively.
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Fig.7 Stress—strain diagram of
the manufactured foam speci-
mens, Kelvin FE models, and
Weaire—Phelan FE models for a
low density, b medium-density,
and ¢ high-density foams
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Fig.8 Variations of mechanical properties of the foam structures with respect to density: a Elastic modu-
lus, b Yield stress, ¢ Plateau stress, d Densification strain, e Energy absorption (strain=0 to densification
strain), f Energy absorption (strain=0 to end point of the test)

The experimental plateau stress (Fig. 8c) was calculated as 1.48 MPa, 3.45 MPa, and
8.54 MPa for the low-, medium-, and high-density foams, respectively. Moreover, the
maximum numerical/experimental difference was 10.1%, 7.1%, and 5.5% for the low-,
medium-, and high-density foams, respectively. The plateau stress vs density curve showed
an exponential behavior.
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Unlike the three above-mentioned mechanical properties (Fig. 8a-c), the densification
strain decreased by increasing the foam density (Fig. 8d). The measured densification
strains at low density were 0.76, 0.80, and 0.81, respectively, for the foam specimen, the
Kelvin model, and the Weaire—Phelan model. By increasing the density, the densification
strain slightly decreased to 0.59, 0.68, and 0.70 for, respectively, the foam specimen, the
Kelvin model, and the Weaire-Phelan model at the high density.

The amount of energy absorption was calculated up to two different points: (i) from the
start of loading till densification threshold, and (ii) from the start of loading up to 5, 12,
and 23 MPa stress levels for the low-, medium-, and high-density foams, respectively. As
for the case of loading up to the densification strain (Fig. 8e), the energy absorption capac-
ity was 1.02 kJ/m>, 2.30 kJ/m>, and 5.24 kJ/m> for the low-, medium-, and high-density
foams, respectively. The Kelvin and Weaire—Phelan FE models had relatively close energy
absorption capacities to each other, but with a maximum difference of 27.2% with respect
to experimental results. As for the energy absorption capacity for the whole stress—strain
diagrams (Fig. 8f), the experimental values were 1.20 KJ/m3, 2.92 kJ/m?, and 6.65 kKJ/m>
for the low-, medium-, and high-density foams. The maximum numerical/experimental
discrepancies changed to 1.6%, 9%, and 23.1% for the low-, medium-, and high-density
foams, respectively. All the plots presented in Fig. 8 demonstrate that the Kelvin FE model
can reproduce the experimental values slightly better than how the Weaire—Phelan does.

The deformation of the foam specimen, the Kelvin model, and the Weaire—Phelan model
under compression are visually compared to each other in Fig. 9 at strains of 0, 0.32, 0.43,

Specimen Kelvin FE model Weaire-Phelan FE model

(a)e=0
(b)e =032
(€) e =043
(d)e =047
() =058
(f) e=0.74

Fig. 9 Deformation of the medium-density foam specimen (left), Kelvin FE model (middle), and Weaire—
Phelan FE model (right) at different strain levels: a e=0, b €=0.32, c €=0.43, d e=0.47, e €=0.58, and f
e=0.74
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0.47, 0.58, and 0.74. A good agreement was observed between the deformation shapes of
experimental specimens and the numerical models (Fig. 9a,b). By looking at the cells from
micro-structural point of view, it was seen that in the numerical models, at the global strain
of 0.32 and 0.58, buckling occurred in the cell walls (mostly pronounced at top half of the
foam), and that the cells lost their primary shape. Similar to the experimental test, collapse
started from the topmost layer in FE models, and the collapsing continued sequentially
from the topmost cellular layer to the adjacent underneath layers one by one. In addition,
at the strain of 0.74, the FE models’ cell walls came into contact with each other which
resulted in observation of densification in the stress—strain model in all the cases. Compar-
ing the Kelvin and Weaire-Phelan FE models demonstrates that the Weaire—Phelan model
is more resistant to lateral expansion of the whole model, and therefore, it better mimics
the deformation of the actual manufactured specimens (Fig. 9). However, as compared to
the Weaire—Phelan model, the mechanical properties obtained from the Kelvin model are
in general slightly closer to the experimental results (Fig. 8).

Strain Kelvin FE model Weaire-Phelan FE model
o I
(b) =0.32
(¢) ¢=0.43

(e) e - ‘

f) £=0.74

Fig. 10 Stress distribution in the Kelvin and Weaire-Phelan FE models at different strains: a €=0, b
e=032,¢ce=043,de=047,ee=0.58, and f£=0.74

@ Springer



R. Shakibanezhad et al.

The stress distribution in the Kelvin and Weaire—Phelan models at different global
strains is compared in Fig. 10. As for the Kelvin model, at the global strain of 0.32
(Fig. 10b), the stress level in the inclined walls was around ~ 1.5 times higher than that in
the horizontal walls. Moreover, by moving from the central region of the lattice structure
towards its outer faces, the stress level increased by around 1.2 times. At the global strain
of 0.43 and 0.47 (Fig. 10c,d), the stress was distributed relatively uniform throughout the
whole structure. At the global strain of 0.58 (Fig. 10e), significant increase in the number
of critical points appeared which had stress levels around two times the average stress level
in the lattice structure. The number of critical points increased even further at the global
strain level of 0.74 (Fig. 10f).

As for the Weaire—Phelan model, at the global strain of 0.32 (Fig. 10b), again, it was
seen that the stress level increased slightly by moving from the central region of the lattice
structure towards its sides, and therefore, the maximum stress level occured at the external
faces of the lattice structure. According to the obtained stress contours, it was found out
that the vertical walls experience stress levels~ 1.1 times of the stress level in the horizon-
tal walls. At the global strain of 0.43 and 0.47 (Fig. 10c,d), the vertical and horizontal walls
experienced similar stress distributions. At the global strain of 0.58 (Fig. 10e), the stress
distribution in the lattice structure was still relatively uniform, even though some critical
points with high stress levels started showing up. By increasing the global strain to 0.74
(Fig. 10f), the number of critical points increased even further.

The stress distribution in the Weaire—Phelan model is, in general, more uniform as com-
pared to that in Kelvin model (Fig. 10). This can be attributed to the Weaire—Phelan’s more
complex geometry (the presence of walls of more types, sizes, and orientations) which dis-
tributes the stress more uniformly.

4 Conclusion

In this study, quasi-static compression tests were conducted on aluminum foams. Kelvin
and Weaire—Phelan FE models were constructed to evaluate which unit cell can better
mimic the performance of metal closed-cell foams. The results indicated that:

1. First and foremost, both the numerical models are capable of predicating the behav-
ior of metal closed-cell foams. Comparing the Kelvin and Weaire—Phelan FE mod-
els demonstrates that the Weaire—Phelan model better reconstructs the deformation of
manufactured specimens. On the contrary, as compared to the Weaire—Phelan model,
the mechanical properties obtained from the Kelvin model is in general slightly closer
to the experimental results. It must be noted that the curves obtained from both the FE
model types are very close to one another.

2. Due to the complexity of Weaire—Phelan unit cell as compared to Kelvin unit cell, the
computational cost of solving a Weaire—Phelan model by FE code is less as compared
to a Kelvin model. Moreover, as compared to the Kelvin model, the deformation of the
Weaire-Phelan model during the compression was more similar to the experimental
tests.

3. As the foam density increases, the densification strain decreases, while all other mechan-
ical properties (elastic modulus, yield stress, plateau stress, and energy absorption
capacity) increase.
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4. The experimental densification strain is, in general, smaller than the numerical coun-
terparts. This is due to the fact that during the plateau regime, several small particles
are detached from the specimen and gradually fill in the internal pores of the foam.
This detachment of small particles and filling of the pores are not, however, modelled
in the numerical models. In lower densities, this difference in experimental/numerical
densification strains becomes much smaller as the pore filling becomes of much less
importance in foam behavior under compression.
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