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Abstract This work presents a method for the manufacturing of closed-cell alu-
minummatrix composite syntactic foams (AMCSFs) using amodified and simplified
low-pressure infiltration setup. The influence of different wrought and cast alloys on
the compressive behavior of these foams was investigated. Through the use of a vari-
ety of different cast and wrought alloys, it was possible to determine the Al matrix’
influence on the compressive behavior. The investigated AlX-Al2O3 syntactic foams
were manufactured using hollow alumina spheres with AA1050, AA2024, AA5019,
AA7075, and A356 Al alloys in the as-cast state. The results of the manufacturing
process and the selected process parameters show a good dispersion of the spheres
within the AlX matrix with a typical near randomly close-packed structure at the
same time. The high-strength Al alloys AA2024 and AA7075 lead to a very brittle
deformation behavior of the foams in the compression tests, with a strongly oscillat-
ing behavior plateau and relatively low plateau stress level. In contrast, the low- and
mid-strength alloys AA1050, AA5019, and A356 show a more ductile behavior with
less oscillation at a higher plateau stress level. By the five different combinations of
the material partners, it was possible to make a statement about the ductility–strength
relation of metallic syntactic foams in dependence on the base matrix.

Keywords Syntactic foams · Compressive behavior · Alumina spheres ·
Aluminum alloys · Casting

Introduction

Aluminum foams have been undergoing a fast-paced development in the last decades
regarding their mechanical properties related to lightweight design. Due to the com-
bination of aluminum as the base material with a porous structure, it is possible to
provide a structure with multifunctional properties such as a high specific strength,
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good energy-absorbing capabilities, and a good damping behavior [1–3]. In this field,
aluminum matrix composite syntactic foams (AMCSFs) have been regaining a lot
of interest recently, owing to the possibility of cheaper production and materials.
These closed-cell foam structures combine the two different aspects of minimizing
the material’s density as a foam with a simultaneous reinforcement of the Al-base
material by the use of porous and hollow discontinuous reinforcements, respectively.
However, this makes them a more suitable lightweight material in comparison to
non-reinforced open- and closed-cell aluminum foams.

Awide range of differentmaterial combinations and structural effects ofAMCSFs
have been studied regarding their manufacturing and compressive properties. The
investigated Al-base materials are ranging from pure Al [4–10], AlCu alloys [7, 11],
AlMg alloys [7–9, 12], AlSi alloys [5–7, 13–19] up to AlZn alloys [7, 10]. The
spherical reinforcements are typically represented by ceramics like alumina [6, 7,
9, 11], silicon carbide [18], perlite [17], glasses [8, 13], and mixtures of silica and
alumina with other additives [4, 5, 7, 10, 12, 14–16, 19, 20] where the geometric
parameters of the spheres can range from several microns up to several millimeters.
Since these previous investigations were only covering individual Al-base and rein-
forcement matrix combinations, a comprehensive statement about the impact of the
Al-base matrix on the compressive behavior of the AMCSFs cannot be given.

This study follows the approach of generating a holistic understanding of the
impact of the Al-base matrix on the compressive behavior of AMCSFs with hollow
alumina spheres. For this, mm-sized hollow alumina spheres combined with dif-
ferent commercial Al wrought alloys (AA1050, AA2024, AA5019, AA7075) and
one cast alloy (A356) are being investigated. Together with a simplified and modi-
fied low-pressure infiltration casting method, it is possible to provide AMCSFs with
different Al-base matrices manufactured under simplified constant conditions with
unchanged geometric parameters. Undergoing compressive testing, it is possible to
provide information on the impact of the base material onto the general deformation
behavior regarding the strength and ductility of the AMCSFs.

Experimental Methods

Raw Materials

The materials used to produce the AMCSFs are represented by hollow alumina
spheres and different Al wrought and cast alloys. The hollow Al2O3 spheres (hol-
lomet GmbH, Dresden, GER) were made of commercial C799 alumina and had a
mean outer diameter of 3.83 mm with a shell thickness of 150 μm. The only inves-
tigated cast alloy is the commercially most used alloy A356 (AlSi7Mg0.3) with the
ability to be artificially aged. The investigated Al wrought alloys can be divided
into natural hard alloys and alloys with the possibility to be artificially and naturally
aged. In terms of natural hard alloys, AA1050 (Al99.5) and AA5019 (AlMg5) were
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Table 1 Chemical composition of the different Al wrought and cast alloys used for the
investigations (in wt%)

Alloy Si Fe Cu Mg Mn Zn Ti Cr Al Rest

AA1050 0.214 0.353 0.006 0 0.004 0 0.015 0.011 99.344 0.052

AA2024 0.394 0.235 4.369 1.649 0.798 0.123 0.007 0.007 92.300 0.076

AA5019 0.418 0.298 0.029 5.156 0.210 0.018 0.096 0.096 93.688 0.075

AA7075 0.322 0.262 1.692 2.480 0.096 5.666 0.194 0.194 89.200 0.061

A356 7.330 0.110 0.003 0.360 0.001 0 0.110 0.001 91.938 0.146

investigated. For alloys with the ability of natural aging, AA2024 (AlCu4Mg1) and
AA7075 (AlZn5.5MgCu) were studied. The composition of the investigated alloys
was analyzed using spark emission spectroscopy and is shown in Table 1. Elementary
components indicated with a value of zero did not reach the lower threshold value
of the measuring range.

Manufacturing

The AMCSFs were manufactured using a modified and simplified low-pressure cast-
ing method. The complete setup of the process with the prepared mold is shown in
Fig. 1. The alumina spheres were placed into a boron-nitride-coated stainless steel
mold with a square cross section of 20 × 20 mm2 and were gently tapped in order
to achieve a randomly close-packed structure [21]. To maintain the dense packaging
and to prevent floating of the spheres while being infiltrated by themolten aluminum,
an AISI304 grid with a mesh size of 2 mmwas clamped right above the package. The
mold with the package was then heated up to a temperature of 600 °C and given into
the casting machine. The infiltration of the alumina sphere package was done using
an Indutherm VC500 vacuum-casting machine. The modified process used can be
divided into the three different steps of melting, casting/infiltration, and cooling.

1. The melting of the Al alloys was performed inductively in Ar atmosphere under
atmospheric normal pressure at a temperature of 1,000 °C. After finishing the
process of melting, the temperature was held for several further seconds to gain
uniform distribution of the elements and temperature within the melt.

2. The casting and infiltration were performed as a sequence of these two steps.
The casting was done by pouring the melt onto the package without using any
further pressurization of the Ar atmosphere. This led to a complete coverage of
the cross section of the sphere package, enabling an uniform infiltration. The
infiltration itself was set in after a short delay of 0.3 s through the pressurization
of the melt with 1.5 bar by the Ar atmosphere. The pressure was being held up
for a minimum of 5 s to maintain the complete infiltration of the package until
the solidification of the AlX matrix took place.
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Fig. 1 Schematic setup of the modified and simplified low-pressure casting method within an
Indutherm VC500 casting machine. The figure shows the process in the melting stage right before
the casting and infiltration

3. The sample was cooled down within the machine and the mold to approximately
300 °C within 5 min. Afterward, the sample was demolded and cooled to RT in
air.

The as-gained AlX-Al2O3 syntactic foam samples were finally machined to
achieve defined geometric parameters. The foams were cut with a metal-bonded
diamond cutting wheel in an ATM Brilliant 220 wet abrasive cutting machine to
obtain samples with a length of 20 mm, which led to overall outer dimensions of
20 × 20 × 20 mm3. The separated surfaces of the samples were finally wet grinded
with SiC abrasive paper to remove the remaining burrs and to smoothen the surface.

Compressive Testing

Prior to the compressive testing the relative densities ρrel of the samples for com-
parison purposes were calculated. For this, the outer dimensions and the weight of
the samples were measured in order to calculate the density of the foams ρfoam. This
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Fig. 2 An example of the
macrostructure of the as-cast
AMCSFs

density was set in relation to the Al alloy’s density ρ, resulting in the relative density
of the foam (Eq. 1). With this procedure only the densities of the Al alloys were
considered and the sphere’s density was assumed to be identical. This small error
could be neglected since identically produced samples were being compared in this
investigation.

ρrel = ρfoam

ρ
(1)

The compressive tests were performed using a Galdabini QUASAR 250 universal
test rig. The compressive forces were applied onto the as-cast samples by using two
hardened precision-grinded steel plates. The resulting deformation direction was
perpendicular to the cut and ground sides and parallel to the casting direction. An
example of the machined macrostructure of the as-cast AMCSFs is given in Fig. 2.
At the beginning of the procedure, the samples were pre-compressed with a force
F of 10 N. The testing was done using a displacement rate of 4 mm/min which
corresponds to a strain rate of 3.33 × 10−3 s−1. The force–displacement data was
recorded with a sampling rate of 100 s−1 to obtain the effective stress–strain curves
for each individual sample until the maximum strain of 0.7. A force of 150 kN was
set as the termination criterion for the tests.

Metallographic Analysis

To support the results of the deformation tests, the microstructures of AMCSFs
were investigated. Therefore, slices perpendicular to the deformation direction were
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machined and embedded in ClaroCit cold-mounting resin. The embedded spec-
imens were ground and polished with diamond particles up to 1 μm. Barker
etchant was used to develop the microstructure of the as-cast Al alloys. The optical
characterization was performed using a Leica DMI5000M inverted light microscope.

Results and Discussion

Manufacturing and Microstructure

The low-pressure infiltration of the sphere package shows a relatively good sphere
distribution with a nominal relative density of ρrel ≈ 56.5%, independent of the
alloy investigated. The randomly close-packed structure, as a direct result of the
tapping of the mold while placing the spheres and preventing the floating with a
clamped stainless steel grid, remains almost unchanged in the as-cast samples. The
microstructures of the different alloys have developed almost identically with a fine-
grained and homogeneous microstructure within the samples (Fig. 3a, b). Only the
AA5019 and AA7075 alloys are showing a gradation in the grain size from the inside
to the outside. This is due to the lower solidification temperatures compared to the

Fig. 3 Microstructures of different alloys as well as the filling and interfacial behavior between the
constituents amicrostructure of an as-cast A356 alloy, bmicrostructure of an as-cast AA7075 alloy,
c infiltration behavior of the different Al alloys in spherical contact areas with voids, d interlocking
between the solidified base matrix and the spherical reinforcement with small cavities
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AA1050, AA2024, and A356 alloys. Looking at the micrographs of the ground and
polished samples, an overall good interlocking between the AlX matrices and the
alumina spheres can be detected (Fig. 3c, d). Small numbers of defects within the
foam structures can also be noticed. In regions of interconnecting spheres, cavi-
ties with prematurely solidified melt fronts can be identified, which has also been
reported by other researchers [17, 20]. Combined with small numbers of randomly
distributed cavities at the interfaces, it follows that the used process parameters and
pre-treatments of the materials do not yet correspond to the optimum for the pro-
duction of cavity-free AMCSFs with this method. This problem can be solved by
positively affecting the wetting behavior between AlX melt and the spheres in the
infiltration stage. Due to the poor wetting of melted aluminum and its alloys with
alumina, several changes can be made to minimize the contact angle between the
two constituents. The change of the Al alloy composition under consideration of the
Mg content as well as changes in the infiltration or mold temperatures can lead to
better results [22, 23].

Compressive Behavior

Typical stress–strain curves for the different Al alloys investigated are shown in
Fig. 4a. Compared to other investigations regarding melt infiltrated AMCSFs with
mm-sized ceramic spheres [9, 17, 18, 20, 24, 25] anoverallmore brittle andoscillating
behavior can be observed. This is due to the combination of the fast solidification of
themelts while infiltrating the sphere package, the present microstructural conditions
as well as the natural brittle behavior of the alumina spheres. Since only the influence
of the Al alloys on the compressive behavior was investigated, the influence of the
alumina spheres is not discussed below.

The melt solidifies within seconds and cools down to RT in less than 10 min,
resulting in the fine-grained structure in the as-cast state. Residual stresses in the base
matrix around the spheres occur during the rapid cooling because of the mismatch
of the coefficients of thermal expansion of the AlX matrix to the alumina [26].
Comparing the five base materials with each other, a clear difference between the
high-strength alloys (AA2024 and AA7075) and the low- to mid-strength alloys
(AA1050, AA5019, and A356) can be observed. The high-strength alloys AA2024
and AA7075 can both be naturally and artificially aged [27, 28] resulting in a brittle
matrix. Since the as-cast state provides relatively undefined microstructures, it must
be assumed that partially artificial and natural aged conditions are present in the
materials. The higher plastic collapse stresses σpc and the low plateau stresses σpl

with a strongly oscillating plateau support this statement. The low- and mid-strength
alloys AA1050, AA5019, and A356 are providing lower plastic collapse stresses
with partially increased plateau stress levels (AA5019 and A356). These alloys have
a much more ductile nature as the high-strength alloys as they are not able to be
naturally aged. There are no finely dispersed sub-micron precipitations which inhibit
a ductile behavior. Considering themaximization of the ductility with a simultaneous
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Fig. 4 a Effective stress–strain curves σeff (εeff) of all different AMCSFs investigated, b volumet-
ric energy absorption curves Uv(εeff) of all different AMCSFs investigated, c energy absorption
efficiency curves η(εeff) of all different AMCSFs investigated, d calculated ductility D versus the
plateau stress σpl of all different AMCSFs investigated

high strength, the AA5019 alloy shows a pretty good behavior. This natural hard
alloy cannot be artificially or naturally aged which is why a good ductility with a
moderately high basic strength at the same time is maintained.

These different behaviors can also be verified by the energy-absorbing behavior.
The energy absorption efficiency η shall be used for this assessment. It is defined
as the actual absorbed energy under the stress–strain curve divided by the energy
absorbed by an ideal absorber with the maximum stress σmax reached up to the
strain ε [29]. The energy absorption Uv [30] was calculated by Eq. 2 and the energy
absorption efficiency was calculated by Eq. 3. The typical results of the energy
absorption and efficiency for the different AMCSFs are displayed in Fig. 4b, c.

Uv = ∫ σ(ε)dε (2)

η = ∫ σ(ε)dε

σmax · ε
(3)
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When considering the high-strength alloys AA2024 and AA7075, a pretty low
overall efficiency can be observed. The massive stress drop from the plastic collapse
stress down to a pretty low plateau stress level leads to a poor energy-absorbing
performance. The buildup of narrow deformation bands with repetitive failure and
rebuilding at higher strains leads to numerous small material breakouts within the
foam until the densification of the foams. A very weak load distribution over all
spheres onto the whole cross-sectional area of the foam is the result. Evaluating the
energy absorption efficiencies of the three low- and mid-strength alloys, a higher
overall efficiency can be observed. Their stress drops down to the plateau stress
levels are smaller, positively affecting the energy absorption efficiency. These alloys
are more ductile allowing a better load distribution within the matrix onto a higher
number of ceramic spheres. Locally higher strains can be better cushioned which
results in a much smoother plateau phase with less oscillation and break-ins. To
make the influence of the AlX matrix on the ductility of the investigated AMCSFs
tangible, a method for calculating such has been developed. This method describes
the ductility D of these structures as the quotient of the minimum stress σmin in the
plateau phase (II) and the plastic collapse stress σpc (see Eq. 4). The plastic collapse
stress is defined as the peak stress at which AMCSF transitions from the pseudo-
elastic phase (I) to the plateau phase (II). Figure 5 displays the used parameters within
the different phases summarized in a schematic plot.

D = σmin

σpc
(4)

Fig. 5 Schematic plot of a brittle AMCSF showing the different compressive phases and the
parameters used for the assessment of the overall ductility–strength behavior
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Plotting the calculated ductility D above the plateau stress (mean stress between
the strain of 0.1 and 0.3) of each individual investigated AMCSF sample results in
a cloud of points which shows a linear relation between the ductility and strength
of the foams as a function of the Al alloy (see Fig. 4d). Thereby, it can be shown
that the selected base material and its condition have a substantial influence on the
compressive deformation behavior and the strength of these structures. Multiphase
high-strength AlX matrices (AA2024, AA7075) are negatively affecting the defor-
mation behavior, while low- (AA1050) tomid-strength (AA5019, A356) alloys, with
single- or dual-phase matrices, are positively affecting the ductility. The single-phase
AA1050 (nearly pure Al) ensures that even softening with a simultaneous high duc-
tility of the deformation behavior can occur. Multi-component alloys are therefore
indispensable to achieve an increased overall strength of AMCSFs.

Conclusion

A modified and simplified low-pressure casting method was used to manufacture
AMCSF samples with different AlX matrices to determine the impact of the base
material on their compressive behavior. The produced samples were showing a near
randomly dense-packed structure of the alumina spheres with small defects in the
material’smatrix (cavities and voids). The compressive tests have shown that the base
materials have a significant influence on the deformation behavior of the AMCSF
itself.High-strength alloys (AA2024,AA7075) have, in viewof the as-cast stateswith
an undefined phase composition, a negative impact onto the ductility and strength of
the foams. Localized high strains ensure that an oscillating deformation behaviorwith
a low plateau stress is achieved. Low- (AA1050) to mid-strength alloys (AA5019,
A356) are more ductile, regarding the deformation behavior of the foam, because
they are not as strongly affected by aging effects as the high-strength alloys. In
comparison, it is possible to maximize the ductility and strength with these materials
in the as-cast state. The developed method to calculate the ductility and plotting it
above the plateau stress has demonstrated that not only the base material itself has an
impact on the deformation behavior, but also the microstructural condition in which
it is (as-cast, aged, …) and the elemental composition of the alloys.
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