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ABSTRACT: In the present investigation, an experimental design of hybrid structures based on advanced pore
morphology (APM) Al foam spheroid elements is studied. The energy absorption capacities of three configura-
tions is assessed for both quasi-static and dynamic compressive loads. To this end experimental tests were per-
formed by means of a universal testing machine using a 100 kN load cell (accuracy of 0.1%) and a drop weigh
tower in a range of impactor masses varying from 2.2 to 23.12 Kg. The three types of samples explored are the
following: foam spheroid elements, sandwich panel filled with a single-layer of APM and thin-wall Al hollow
structure filled with free-bonded APM. The compressive testing assessment of hybrid structures based on APM
Al foam spheroid elements showed excellent improvements on energy absorption capacity against to Al foam
conventional structures. This capacity is led by both the bonding agent and friction effects. The foaming agent
applied in this study, white marble, is presented as a functional and low-cost alternative to titanium hydride.
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RESUMEN: Andlisis estatico y dinamico de estructuras sandwich con niicleo monocapa de esferoides APM
espumados in-situ con marmol. En el presente trabajo se estudia el comportamiento mecanico de las espumas
de aluminio mediante la realizacion de pruebas estaticas y dinamicas de compresion. Una vez que se haya
analizado su comportamiento, se debe poder decidir si este material es el adecuado para diferentes tipos
de aplicaciones. Se comienza empleando piezas esferoidales de aleacion de aluminio AlSi7, espumadas con
marmol como agente de soplado, situadas entre dos placas de aluminio fijadas a las bolas con una mezcla
formada por resina y un endurecedor. Por otro lado, se preparan otros paneles saindwiches con espumas de
aluminio convencionales, adheridos con la misma mezcla a dos placas de aluminio. Estos dos tipos de mate-
riales seran caracterizados mecanicamente.
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1. INTRODUCTION

Through millions of years of evolution, nature
has optimized while it has expanded the function-
ality of the synthesized materials. Some natural
materials, such as wood, coral and bone matter,
have been provided with internal structures based
on adjacent hollow cell distributions resulting in
lightweight materials with exceptional properties
(Woesz et al., 2004). Due to that, scientists has tried
to achieve same results designing materials with
internal porous structures as an effort to develop of
cellular synthetic materials (Sun and Li, 2018).

These kinds of human-made materials are con-
stituted by a network of adjacent polyhedral cells,
which respond to a porous configuration, gener-
ally, random (Gibson, 2012) and that confers them
an improvement of the resistance to compressive
loads and a light weight. There two types of materi-
als regarding on their porosity percentage: whether
the porosity developed does not exceed 70% this
kind of materials is known as porous material and,
otherwise, as cellular materials (Sun and Li, 2018).
On the one hand depending on the nature of the
porous dispersion, two categories of cellular materi-
als are distinguished: firstly, those known as closed-
cell porosity, whose cells are similar to polyhedral
shapes with solid membranes and are isolated each
other. And secondly, whether the solid material of
the pore is concentrated in the edges of their cells
these structures are known as open-cell porosity
(Gibson, 2003) and develop interconnected cells
networks. On the other hand, regarding on the geo-
metric space where porosity is contained there are
two kind of materials: Two-dimensional (2D) mate-
rials, whose porosity is contained in a plane and
cells extend orthogonally to this plane, for instance
bee-cell cellular and, otherwise, three-dimensional
(3D) materials or foams (Sun and Li, 2018). In the
literature available, these porous materials are syn-
thesized by ceramic, polymeric or metallic constitu-
ents (Woesz et al., 2004).

Due to the inherent properties of the internal
structure, foams are an attractive alternative for
producing rigid and ultralight-weight materials.
The applications are limited to impact or crash
protection (Radziszewski and Saga, 2017), filter-
ing systems (Hammel ef al., 2014), thermal insula-
tion (Liu ef al., 2016) and sound damping, energy
absorbing packaging (Woesz et al., 2004), under-
water buoyant structures, aerospace components
(Sun and Li, 2018) as in the case of the aircraft
flight deck (Elnasri and Zhao, 2016) and in bone
implants (prostheses) (Hammel et al., 2014; Sun
and Li, 2018).

As was mentioned below, these materials
respond to a wide variety of applications. However,
the incessant demand for more restrictive needs has
motivated the design of new material assemblies

capable of responding successfully. An alternative
with great potential is the application of foams as a
core sandwich panels (Onck, 2003). Sandwich pan-
els consist, mainly, of three layers: a thick core of
foam and two solid metal sheets adhered, by their
larger surface, to two parallel and centered sur-
faces of the core (Banhart, 2001; Hohe et al., 2012).
Through this structure, the aim is the sheets trans-
mit stress loads along the plane of these and work
flexing, while the core acts as a spacer of the sheets
according to the desired thickness and absorbs the
transverse and shear stresses (Hohe et al., 2012).
The adhesion of the solid sheets can be obtained
applying an adhesive substance conveniently dis-
posed between foamed core and sheets (Banhart,
2001). Other approach is based on the patent of
Baumeister ez al. (1997), in which metal foam sand-
wich panels are manufactured by roll bonding tech-
nique. When the joint is reached, it is possible to
perform deformation tasks in order to configure
the final shape desired in the panel. Subsequently, a
heat treatment is applied in which the central sheet
precursor expands, or foams, while the solid sheets
adhered retaining their density. Due to the com-
plexity of the method, it is especially interesting to
elaborate an appropriate selection of the metals, in
order to avoid the melting of the solid sheets that
cover the precursor during the foaming process
takes place. As was indicated by Banhart et al
(1999), aluminum foam cores can be reinforced
with titanium, steel or aluminum solid sheets.

Diverse studies have been developed on the
mechanical behavior of metal foam core sandwich
panels to both quasi-static and dynamic conditions,
while they were exposed to a wide range of tem-
peratures (Hazizan and Cantwell, 2002; Zhu et al.,
2018). Hazizan and Cantwell (2002) and Yu et al.
(2003) studied dynamic response and failure behav-
ior of aluminum foam sandwich structures and
reported that the energy absorbed in dynamic tests
was lower than that of quasi-static tests. Zhao et al.
(2007) studied the perforation of a sandwich panel
performed through a Hopkinson bar pressure test,
and reported the experimental characteristics of the
same under impact conditions. Hou et al. (2010)
also conducted an investigation on the behavior of
sandwich panels exposed to ballistic impact condi-
tions, and informed great results in relation to the
dynamic energy absorption. Some investigators
(Jing et al., 2013) have conducted experimental and
numerical studies in accordance with the response
of these material assemblies subjected to dynamic
test conditions, assessing the response of the panels
to energy absorption.

Other studies have reported that the mechani-
cal characteristics of aluminum foams are closely
related to the test temperature (Zhu et al., 2018).
In the investigations of Aly et al (2007), a duc-
tile behavior could be observed as a result of high
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temperature exposures. As Xi et al. (2015) indicated,
both peak load, failure mode and energy absorption
are affected by the surrounding temperature. Li et al.
(2016) agreed that the yield strength value is linearly
reduced with the increase in temperature. In subse-
quent studies (Li et al., 2017), it was found that the
energy absorbed, in low-speed and quasi-static tests,
met gradual reductions in their value as the temper-
ature increased. These reductions were moderate at
temperatures below 200 °C, while they were abrupt
for higher temperatures. In successive studies, due to
the inherent complexity of high temperature stud-
ies, investigations based on numerical models have
been implemented (Xi et al., 2017) in order to find
a way to predict perforation behaviors under pen-
etration tests. Likewise, there are a diverse studies
on the effects of high values of test temperature on
foam sandwich panels. These effects have also been
investigated in case of reduced values of test tem-
perature (Zhu et al., 2018). In the investigations of
Zhu et al. (2016), impact tests were performed on
an aluminum foam sandwich panel at low tempera-
ture (-60 °C, -40 °C and 25 °C). Reporting showed
that the panels studied had excellent energy absorp-
tion capabilities, compared to sweet steel plates of
the same weight even at low temperature. Therefore,
aluminum foam sandwich panels could be potential
materials for applications such as gearbox protec-
tors, ice hockey helmets, ski protections and boots
for high speed sports. Subsequently, Zhu et al
(2018) reported a few enhancements as the increase
in impact energy absorption and better dynamic
responses of Al-foam sandwich panels (AFSP) sub-
jected to low temperature conditions. The deflec-
tion obtained at low temperature was lower than
that obtained at room temperature due to the yield
stress value augment. In addition, results shown the
greater number of impacts, the greater effect of low
temperature.

Recently, a new type of advanced foams elements
known as APMs (Advanced Porous Morphology)
have been developed. APMs are defined as hybrid
cellular structures developed by the Fraunhofer
IFAM center, located in Bremen, Germany
(Stobener et al., 2007). In terms of physical param-
eters, these new foam elements have near spherical
shape and they are constituted by a core of closed-
cell porosity surrounded by a thin and solid outer
surface. The synthesis process (Fernandez et al.,
2008; Fernandez et al., 2009) is based on the com-
paction of a mixture of powders, AlSi alloy, and
subsequent extrusion of AlSi7 metal alloys with
TiH2 as foaming agent. Literature available has
proven that other foaming agents such as ZrH2,
dolomite and CaCO; are equally effective (Uzun
and Turker, 2014). The foamable precursors are
cut in small granules and introduced in a heated
oven for foaming (Vesenjak et al, 2013; Ulbin
et al., 2014). The density of these foam elements

ranges between 500 and 1000 Kg'm-3 depend-
ing on the diameter they are found from 5 mm to
15 mm (Stobener et al., 2007). APM foam elements
show exceptional mechanical and thermal proper-
ties, highlighting in application such as structural
elements for damping energy, as core in diverse
assemblies or as a stiffening element (Vesenjak
et al., 2013). Their properties depend on the mor-
phology, topology and the base metal they are con-
stituted. Studies on these terms (Ulbin et al., 2014)
have reported that the variation of the base Al alloy
from AISi7 to AlSil0 improves both the percentage
of spherical-shape porosity content and porosity
volume. In other investigations, thermal properties
have been explored through predictive numerical
models such as the CML (Lattice Monte Carlo) to
determine the thermal conductivity (Fiedler et al.,
2014) and, by means of thermography of infrared
(Krstulovi¢-Opara et al., 2016).

However, one of the greatest advantages of
APMs is their application as filler of hollow struc-
tures. In general, these structures present two types
of porosities: the APM interior voids of (63% -82%)
and the interstitial voids between the APM elements
(40% -50%) (Vesenjak et al., 2013).

Studies have been carried out to determine the
response of these structures exposed to compres-
sive stresses (Hohe et al., 2012; Kovaci¢ and Ren,
2016). Kovaci¢ and Ren (2016), developed a theory
to estimate the lower and upper limit values of par-
tial and total porosities in composite materials con-
stituted by APM distributions. This theory includes
the error estimation assuming negligible the adhe-
sive phase action in the APM element. Duarte et al.
(2015), developed compressive tests to metallic
tubes filled with APM elements joined by adhesive
phases. The results showed a significant influence
of the adhesive bond, this effect was a controlled
deformation behavior without crack formation and
a greater energy absorption capacity. Uzun (2017),
conducted experimental studies on the effect of
APM elements as filler in hollow tubes subjected
to crack mechanisms by compression tests. The
quantity of energy absorbed was higher compared
to those tubes that did not have APM fillers. Hohe
et al. (2012), explored the potential application of
sandwich panels with a functional gradient core
focused on APMs and structures based on hollow
sphere assemblies.

From the best of our knowledge, limited stud-
ies have been made to investigate the compressive
deformation behavior, for single-layer spheroid
foam elements as core sandwich panel. In this
context, the present investigation is carried out to
examine the effect of marble as foaming agent,
spheroid foam elements and strain rete on com-
pressive deformation behavior of Al spheroid foam
elements as core sandwich panel under different
strain rates.
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2. MATERIALS AND METHODS
2.1. Materials

The raw materials should be classified in order
to meet a sound understanding of their structural
function for hybrid structure assembling.

Base material: The base material used in this study
was pre-alloyed commercial pure (99.5%) aluminum
powder were supplied by Goodfellow Company. Its
chemical composition is presented in Table 1. This Al
alloy exhibits excellent stability against atmospheric
agents, electrical and high thermal conductivity, as
well as excellent deformability.

Foaming Agent: White marble. Marble is a met-
amorphic rock of great ornamental interest that is
formed due to metamorphism of limestones, under
conditions of both regional metamorphism and con-
tact, which induce the recrystallization of calcite at
high temperature. It is composed mainly of calcite,
but may contain other minerals such as mica, dolo-
mite, brucite, vesubianite, wollastonite, diopside,
tremoline, graphite or pyrite.

The white marble used in this research work
comes from the quarries of Macael (Almeria)
whose chemical composition is 55.2% CaO, 43.2%
CO,, 1.3% MgO, 0.2% SiO, and 0.1% of others.
This rock is supplied in the form of sands with a
particle sizes ranging from 0.9 to 1.5 mm. Marble
sands were subjected to drying, grinding and siev-
ing processes in order to obtain a powder size of
106-120 microns which conferring an adequate
plasticity to the mixture Al-Marble during the
extrusion process. Marble replaces conventional
foaming agent TiH, that is nowadays commonly
used. This substitute allows avoid using an expen-
sive, reactive and dangerous powder material that
release hydrogen (H,) when the foaming process
takes place.

Structural Element: The configuration of a
hybrid structure made of spheroids foam elements
requires structural support elements. In the present
study, sandwich panels were manufactured using
1.05 mm thickness commercial pure aluminum face
sheets.

The great thermal and mechanical properties
of silicon led the selection of the AlSi7 aluminum
alloy (AlI-7% Si) as the matrix foam. A content of
10% wt of marble powder was carefully mixed with
AlSi7, as clustering deteriorates the mechanical

properties of the metal foam elements (after the
heated extrusion and foaming processes).

2.2. Experimental procedures
2.2.1. Preparation of hybrid structures

The preparation of the hybrid structure was car-
ried out using powder metallurgical method accord-
ing to the following procedure. Both base material
and foaming agent powders were placed and mixed
in a crucible for obtaining a homogeneous mixture.
This is the most critical preparation stage since it
drives the developing desired properties. All aspects
of good mixed practices were followed to ensure
success. For this step, a V-shape rotating mixer was
selected and a nominal speed of 2.1 rad s-1 was
used. Mixing of the powder mixture was continued
for ensuring the incorporation of marble powders
during 30 minutes.

Marble and AlSi7 powders were then cold com-
pacted into a steel cylindrical mold under a continu-
ously pressure of 70 MPa. The as-built green bodies
are easily handling and ensures the foaming agent
is embedded in the metal matrix without a remark-
able open porosity. Absence of open-cell porosity
reduces extensively unacceptable oxidation effects
during the processing next stage.

Graphite was used as sealant and green compacts
are extruded at 520 °C. The temperature applied is
close to the AlISi7 aluminum alloy melting point in
order to motivate its deformability without applying
excessive extruding pressure. The extruded precur-
sor is a cylindrical in shape with 10 mm in diameter
and a length between 390 and 500 mm. In the next
step the rod is cut in cylindrical pieces of the desired
length and heat treated for foaming into an electri-
cal oven at 750 °C. The foaming treatment takes
place during a time lapse ranging from 300 to 330 s
and below foam elements are air cooled. Depending
on the diameter of the extruded precursors, foam
elements reach densities of 0.6-0.7 g-cm™.

The manufacturing process last stages consist of
assembling 25 individual foam spheroid elements
in a 5x5 single layer. The 5x5 layer is the core of
the sandwich panel and is adhered to two alumi-
num parallel sheets (structural sheets). A conven-
tional aluminum foam sandwich panel is configured
for comparing results. Sandwich panel foams core,
both the foam spheroid elements and conventional

TABLE 1. Chemical composition of Al-cp alloy (in wt%)

Chemical composition (wt,%)

Aluminum Alloy Size Si Fe Cu Mn Mg Zn Ti Other Al
Al99.5 Tolerences - 0.3 0.4 0.05 0.05 - 0.1 0.03 0.03  Min 99.5
Goodfellow  99.5% < 150 pm 0.04 0.1 - - - - <0.05 Rest
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aluminum foams, are adhered to commercially pure
aluminum (Al-99.5%) plates by a mixture of resin
(EpoFix Resin) and hardener (EpoFix Hardener)
with a relation of 25:3. Both of sandwich panel
types are shown in Fig. 1 and Fig. 2.

2.2.2. Mechanical tests

Two types of tests were carried out in order to
appraise the absorption energy capacity of hybrid
structures under compressive conditions. Regarding
on the quickness of the energy transmitted there are
the following tests: Quasi-static and dynamic com-
pression tests.

- Quasi-static compression testing

The quasi-static compression tests were con-
ducted using an INSTRON mechanical test system.

FIGURE 1. Core sandwich panel assembly of 25 spheroidal
foam elements bonded to an Al face sheet.

FIGURE 2. Core sandwich panel made of
conventional closed-cell Al foam.

Load data were measured through an INSTRON
100 kN load cell with an accuracy of 0.1%, equiv-
alent to 100 N. Displacement data were obtained
from the INSTRON measuring actuator system
with an accuracy of 0.15 mm and also through a
displacement transducer LVDT HBM (range of
40 mm and resolution of 0.04 mm).

- Dynamic compression testing

Low-velocity impact tests on single-layer foam
sandwich panels were performed by means of a
DYNATUP 8500 drop-weight tower. The foam
samples were hit orthogonally with a tup piece
(striker bar) which is free fall accelerated through a
guide. In order to apply a uniform load over entire
sample surface it was used a same size penetrator as
sample size studied in each case. Two different drop
weights were used depending on the type of sample
tested, 23.12 kg and 2.2 kg. Another key component
of the drop mass configuration is the instrumenta-
tion to record the crush event. Loads were measured
using a load cell of 50 kN with an accuracy of 0.1%
equivalent to 50 N of resolution. Displacements
were recorded indirectly through a speed measure-
ment system for obtaining the tup-piece displace-
ment with a resolution of 0.25 mm.

Four mechanical tests were applied to study the
both assembly type and shape foam effects on the
amount of energy absorption. These tests and their
key names are indicated as follows:

*  Test 1: Aluminum foam spheroid elements indi-
vidually tested.

*  Test 2: Sandwich panels with a core assembly
of 25 aluminum foam spheroids. Each sandwich
panel was tested individually.

*  Test 3: 25 aluminum foam spheroids confined in
a metal mold.

* Test 4: Conventional aluminum foam sandwich
panels.

3. RESULTS AND DISCUSSION
3.1. Quasi-static compression tests

The results of static compression tests for two
aluminum foam spheroids tested individually are
shown in Fig. 3. The assessments indicate that for a
strain rate of 0.8 the spheroids are able to absorb a
compressive energy of up to 12 Joules per cubic cen-
timeter. The physical properties of both spheroids
are shown in Table 2.

When the APM foam spheroid elements are
assembled in an Al sandwich panel, this configura-
tion is able to increase the absorbed energy range
from 14 to 16 joules per cubic centimeter (as is shown
in Fig. 4). On the one hand, its greater capacity of
energy absorption per unit volume is due to the
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FIGURE 3. Compressive energy absorption-strain curves
of spheroid foam elements under quasi-static and high
strain rate loading.

TABLE 2. Quasi-static compressive tests.
Physical parameters of the spheroids 1 and 2

Spheroid Id Height (mm) Radius (mm) Weight (g)
Spheroid 1 7.01 4.14 0.248
Spheroid 2 7.1 4.14 0.249

e
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FIGURE 4. Compressive energy absorption-strain curves of
sandwich panels under quasi-static and high strain rate loading.

spheroids exert a friction effect when placed next to
each other. And on the other hand, the variation of
energy absorption is due to the greater quantity
of epoxy resin deposited in manufacturing process
of the sandwich panel structure 2 (see weight in
Table 3). These two parameter caused an increase
in the energy absorbed as can be noted. In the Table
3 the physical parameters of the two types of sand-
wich panel tested are shown.

As a consequence of the resin damping effect
observed in Test 2 (shown in Fig. 4) a third test was
designed. In this term, the third type of test focused
on quantifying how large is the effect of the amount
of resin used over the energy absorption capacity. A
confined foam spheroids into a metal mold without
any type of union between them by means of resin
sample a was assembled. In Fig. 5 the result data of

TABLE 3. Quasi-static compressive tests. Physical
parameters of the sandwich panels 1 and 2

Sandwich Panel Id  Surface (mm?) Height (mm) Weight (g)
Sandwich 1 2500 9.26 22.499
Sandwich 2 2500 9.19 24.492

Test 1, Test 2, Test 3 and Test 4 are shown with the
aim of easily comparing its values.

Al foam spheroids individually tested exhibit an
energy absorption capacity of up to 12 joules per
cubic centimeter. In contrast, spheroid foam ele-
ments core sandwich panels present more energy
absorption per unit volume thanks to the joint
action between the resin and the friction. In these
cases, sandwich panel samples reach values ranging
from 14 to 16 joules per unit volume.

In Fig. 5 data results of Test 3 (25 confined spher-
oids into a metal mold) have been analyzed. It can be
observed that the energy-strain curves of both Test
2 and Test3 slightly overlap each other ensuring the
same behavior in terms of energy and strain achieved.
The free-resin configuration of Test 3 samples show
the major effect on energy absorption is the friction
between spheroid foam elements against each other
instead of resin damping effect from Test 2.

The key point that must be highlighted is sand-
wich panels made of conventional aluminum foam
core absorb a much lower amount of energy per
unit volume than that absorbed by sandwich panels
made of aluminum foam spheroid. So that, it is evi-
denced that the spheroidal geometry of aluminum
foam elements enhance mechanical properties. In
addition, this improvement is due to the joint influ-
ence of resin and especially of friction in the impact
energy damping.

3.2. Dynamic compressive tests

Following the same sequence as quasi-static com-
pression tests, the aluminum foam spheroids were
tested individually. Their impact behavior results
were obtained as are shown in Fig. 6. The energy
absorption results of these foam spheroids reach
values up to 14 J-cm™ and strains up to 0.6. The data
obtained from energy absorption studies are slightly
higher than those of the sandwich panels. The rapid
deformation level reached, around 0.4, motivate the
spheroids were so deformed that the absorption of
energy per unit volume grow up dramatically. The
physical properties of both foam spheroids are pre-
sented in Table 4.

As can be observed in Fig. 7 sandwich panels of
25 aluminum foam spheroids reach values between 7
and 10 J-cm . Its capacity to absorb energy is due to
both the spherical shape of the foam elements and
the friction effect of spheroids placed against each
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FIGURE 5. Compressive energy absorption-strain curves of foam study samples under quasi-static and high strain rate loading.
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FIGURE 6. Compressive energy absorption-strain curves
of spheroid foam elements under dynamic and high
strain rate loading.

TABLE 4. Dynamic compressive tests.
Physical parameters of the spheroids 1 and 2

Height Radius Weight Velocity
Spheroid Id (mm) (mm) (2) (ms™)
Spheroid 1 7.66 4.14 0.249 4.02
Spheroid 2 7.27 4.14 0.248 4.05

other as previously mentioned. In case of the sand-
wich panel 1, the penetrator just hit the center of
the panel so that just the centrally located spheroids
were testing. For this reason, the values of energy
absorption of sandwich panel 1 (7 J-cm™) was lower
than in case of sandwich panels 2 and 3. In Table 5,
physical parameters of two types of sandwich panel
tested are showed.

——Sandwich 1
——Sandwich 2
Sandwich 3

Energy Ahsarption (J-cm3)

01 0.2 03 0z 05 0.6
strain (mm-mm~1)

FIGURE 7. Compressive energy absorption-strain curves of
sandwich panels under dynamic and high strain rate loading.

TABLE 5. Dynamic compressive tests.
Physical parameters of the sandwich panels 1 and 2

Surface  Height  Weight  Velocity
Sandwich Panel Id  (mm?) (mm) (€4) (ms™)
Sandwich 1 2500 9.26 22.92 3.85
Sandwich 2 2500 9.19 26.252 3.80
Sandwich 3 2500 9.20 24.37 3.82

Similarly, to the quasi-static tests, in Fig. 8 are
showed the energy-strain dynamic compression
testing curves obtained thus far. This figure allows
a smooth comparative of the evolution in absorp-
tion energy regarding to different foam structures
studied.

The spheroids damp an impact energy of
up to 14 J-cm™, this is possible due to the great
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FiGURE 8. Compressive energy absorption-strain curves of foam study samples under dynamic and high strain rate loading.

deformation capacity they undergo as indicated
above. Nonetheless, in case of sandwich panels
foam spheroids are confined and bonded at top and
bottom to structural sheets. During deformation
conditions, foam elements undergo friction effects
that limit their deformation capacity. This restric-
tion leads reaching maximum values of 10 J-cm™,
less energy absorption than un-confined spheroids.
However, whether the spheroids are confined with-
out any bonding material between them, the energy
absorption achieved values of up to 12 J-cm™. The
increase is due to the effect of the rapid deforma-
tion suffered by from spheroids under dynamic load
conditions.

In any case, this type of hybrid structures based
on using Al foam spheroids as sandwich core,
allow to reach values of energy absorption against
dynamic loads notably higher than those achieved
with conventional aluminum foam panels, as is
showed in Fig. 8.

4. CONCLUSIONS

- The powder metallurgy route for synthesizing
aluminum foam spheroids using white marble
as a foaming agent, has allowed the obtaining
of a competitive product. Therefore at the sight
of the results achieved white marble should be
considered as a reasonable alternative to tita-
nium hydride.

- The hybrid structures of sandwich panels based
on Al foam spheroids exhibit a great energy
absorption capacity. That capacity is remark-
ably superior comparing with conventional Al
foam core sandwich structures, subjected to
same quasi-static or low-dynamic compressive
conditions.

- The deformation processes of the hybrid struc-
tures, in terms of energy-strain, is motivated by
two parameters: friction and bonding agent. The
foam spheroids elements friction effect increases
the impact energy absorption and this capacity is
complemented by the bonding agent effect.

As future lines of research:

- Different kinds of manufacturing configura-
tions of hybrid sandwich structures should be
addressed.

- Thestudies should focus on the mechanical com-
pression behavior of sandwich panel stacks with
several layers of these aluminum foam spheroid.
Probably seeing for the possible improvement of
designing cumulative panels.

- The exploration of the different types of bind-
ers on bonding of alternate layers of Al con-
ventional foam core sandwich panels combined
with layers of sandwich panels based on Al
foam spheroids cores.
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