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Abstract: Aluminum foam sandwiches (AFS) with AlSi10 foam cores and AISI 316L steel skins are
manufactured by an in-situ bonding process. The precursor of the core foam was made with the
powder compacted method. The precursor and skins, coupled together, were then heated up to the
melting point of the Al alloy. The gas released by the blowing agent formed hydrogen bubbles in the
melt. producing the foam. Such a porous structure was kept frozen at room temperature via cooling in
cold water. To optimize the process conditions, some foaming experiments have been conducted with
different holding times and temperatures. Such manufactured AFS were cut, chemically etched and
studied with an optical microscope associated with image analysis software to get information about
pores morphology in terms of circularity and equivalent diameter. The interface AlSi10-AISI316L
has been characterized by SEM and EDX to investigate the bonding conditions between cores and
skins. Finally, the AFS have been polished and etched to analyze the microstructure. Quasi-static
compressive tests have been performed on the AFS. Obtained results showed that the interface
formed during the foaming can be characterized by the inter-diffusion of alloying elements, as
confirmed by the good quality of metallurgical joints.

Keywords: Al foam sandwich panel; interface reaction; compressive behavior; energy absorption

1. Introduction

Foams and porous materials with cellular structure [1] show interesting physical and
mechanical properties such as low specific weight [2] and, on the other hand, high energy
absorption [3], stiffness [4], gas permeability [5] and thermal conductivity [6]. At the
same time, sandwich structures integrate the strength of the skin with the stiffness of the
core with a significantly reduced weight than their counterparts [7] in an economical way
regarding series production [8]. When compressed, the aluminum foam core collapses with
large deformations and nearly constant compressive stress. Thanks to their low density
and cellular structure, AFS panels show a high strength to weight ratio in combination
with unique thermal and acoustic properties. In this work, aluminum foams are used to
manufacture Al-foam based sandwich panels and other mechanical parts with complex
shapes, which are of great interest for many industrial applications [9–11], especially in
the transport field. AFS panels consist of a foam core of an Al alloy and two skins of
metal (Al, Cu, steel or others) [12]. The structure guarantees high bending stiffness, the
capability for energy absorption and high vibration damping associated with reduced
weight. Such properties allow them to be employed with low energy consumption and
better environmental sustainability in cars, buses, coaches and trains. Sandwich structures
manufacturing is usually obtained by ex-situ bonding [13]. In this process, adhesives are
employed in order to join together the external skins and the foam in an extremely easy
way. On the other hand, high production cost, problems of recycling and poor temperature
resistance are the main drawbacks. To overcome such problems, an alternative processing
in-situ method has been developed in which the joint occurs as a direct consequence of the
foaming process [14]. In this case, the expansion of the foam occurs between two metal
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sheets kept at a constant distance corresponding to the final one. Dealing with in-situ
bonding, an alternative is represented by the preliminary joining of the precursor to the skin.
Such a composite is successively formed and, finally, the foaming of the precursor occurs
in the oven. In this work, AlSi10 foams and AISI 316L steel sheets have been employed for
the manufacturing of Al-alloy aluminum foam sandwiches (AFS) panels. After foaming,
the interface Al foam-steel has been characterized by means of SEM observations with
EDS and mechanical properties in compressive tests have been determined under different
processing parameters.

2. Materials and Methods

The foam core of the AFS panel has been manufactured starting from a precursor of
AlSi10 containing 0.8% of foaming agent (TiH2) and 4% of stabilizing agent (SiC). After
mixing, the powders have been compacted to obtain a precursor which is successively
foamed in the oven [15]. In comparison with pure Al foam, it has been necessary to increase
the content of both additives to the Al alloy powders. Furthermore, due to the higher
mechanical strength of Al–Si alloys, in comparison with pure Al, it has been necessary to
increase the compaction pressure from 12 to 15 t, corresponding to a compaction pressure
of about 600 MPa. The process is schematically illustrated in Figure 1. AFS panels have
been prepared with two sheets of AlSi 316 L (4 mm thickness) and a precursor of AlSi10.

Metals 2021, 11, x FOR PEER REVIEW 2 of 7 
 

 

in-situ method has been developed in which the joint occurs as a direct consequence of 

the foaming process [14]. In this case, the expansion of the foam occurs between two metal 

sheets kept at a constant distance corresponding to the final one. Dealing with in-situ 

bonding, an alternative is represented by the preliminary joining of the precursor to the 

skin. Such a composite is successively formed and, finally, the foaming of the precursor 

occurs in the oven. In this work, AlSi10 foams and AISI 316L steel sheets have been em-

ployed for the manufacturing of Al-alloy aluminum foam sandwiches (AFS) panels. After 

foaming, the interface Al foam-steel has been characterized by means of SEM observations 

with EDS and mechanical properties in compressive tests have been determined under 

different processing parameters. 

2. Materials and Methods 

The foam core of the AFS panel has been manufactured starting from a precursor of 

AlSi10 containing 0.8% of foaming agent (TiH2) and 4% of stabilizing agent (SiC). After 

mixing, the powders have been compacted to obtain a precursor which is successively 

foamed in the oven [15]. In comparison with pure Al foam, it has been necessary to in-

crease the content of both additives to the Al alloy powders. Furthermore, due to the 

higher mechanical strength of Al–Si alloys, in comparison with pure Al, it has been nec-

essary to increase the compaction pressure from 12 to 15 t, corresponding to a compaction 

pressure of about 600 MPa. The process is schematically illustrated in Figure 1. AFS panels 

have been prepared with two sheets of AlSi 316 L (4 mm thickness) and a precursor of 

AlSi10. 

 

Figure 1. Sketch of the powder compacted method for Al foams manufacturing. 

To guarantee good adhesion of the skins to the core, the AFS steel surfaces were pre-

viously mechanically polished (abrasive paper 180–1200 grit) and successively chemically 

polished (alcohol and acetone) in order to remove the oxide layer. After that a deoxidizing 

agent was sprayed to hinder the oxidation during the temperature exposure. After the 

treatment, the assembly (two AISI 316 panels and the AlSi10 precursor) was heated in a 

horizontal oven at different temperatures (660, 680 and 700 °C) and times (160–350 sec.). 

The experiments were carried out to manufacture the samples (cross section 20 × 40 mm), 

optimizing the process conditions (time and temperature) of the foaming process. During 

the foaming process in the oven, the external foam walls formed a metallurgical bonding 

with the steel surface, which was the object of the present study. 

The steel-precursor joints of the composite and those of steel-foam sandwich were 

previously investigated via SEM imaging and EDS microanalysis. EDS analyses have been 

carried out on the cross-sections realized by cutting the panels with a diamond disk and 

TiH2 

 

SiC 

 

AlSi10 

 

Figure 1. Sketch of the powder compacted method for Al foams manufacturing.

To guarantee good adhesion of the skins to the core, the AFS steel surfaces were previ-
ously mechanically polished (abrasive paper 180–1200 grit) and successively chemically
polished (alcohol and acetone) in order to remove the oxide layer. After that a deoxidizing
agent was sprayed to hinder the oxidation during the temperature exposure. After the
treatment, the assembly (two AISI 316 panels and the AlSi10 precursor) was heated in
a horizontal oven at different temperatures (660, 680 and 700 ◦C) and times (160–350 s).
The experiments were carried out to manufacture the samples (cross section 20 × 40 mm),
optimizing the process conditions (time and temperature) of the foaming process. During
the foaming process in the oven, the external foam walls formed a metallurgical bonding
with the steel surface, which was the object of the present study.

The steel-precursor joints of the composite and those of steel-foam sandwich were
previously investigated via SEM imaging and EDS microanalysis. EDS analyses have been
carried out on the cross-sections realized by cutting the panels with a diamond disk and
mechanical polishing of the surface. The metallographic preparation was carried out with
grinding, polishing and chemical etching with an aqueous solution of hydrofluoric acid
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(10%) for 15 s. Sample sections, after etching, were observed by optical microscope and
scanning electron microscope. AFS cross sections have been analyzed in terms of circularity
and equivalent diameter of the pores, as shown in Figure 2, as a function of the process
parameters (time, foaming temperature) with the following relationship:

Deq =

√
4 Area

π
(1)

C =
4 π ·Area

P2 (2)

where P is the perimeter calculated with the Crofton formula:

P =
π (Pr0◦ + Pr45◦ + Pr90◦ + Pr135◦)

4
(3)

with Pr is the projection of the porosity projection in the direction 0◦, 45◦, 90◦ and 135◦.
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cross-section view of a sandwich panel.

After the analyses, the samples have been subjected to uniaxial compressive test at con-
stant crosshead speed (2 mm/min). The energy absorbed by the AFS during deformation
was calculated by numerical integration of the deformation curve up to 50% strain.

3. Results

The structure of the foams and the AFS panels are shown in Figure 2. Macro observa-
tion reveals a good quality of the joints at the interface: no cracks and other macro defects
were observed. As the mechanical properties of the AFS strongly depend on the extension
of the chemical interdiffusion, EDS maps of the main alloying elements in the skin (Fe) and
in the foam (Al) have been acquired (Figure 3). These maps show an inter-diffusion process
of both chemical elements, with a thickness ranging from 30 to 80 µm occurred during the
foaming process.

After foaming, the section of the AFS was polished and the morphology of the porosity
was analyzed (Figure 4). A good repeatability of the foaming process was made evident
with a standard deviation about 7% for the equivalent diameter of the porosity and about
3% for the circularity. In Table 1, results of morphological study in relation to different
foaming temperatures, foaming times, circularity, average equivalent diameter, relative
density specific absorbed energy and plateau stress (average value between minimum and
maximum in the plateau range) in compressive tests have been reported.

As evidenced from the results in Table 1, higher foaming temperatures and longer
foaming times allow the foam to reach lower relative density and, at the same time,
higher average diameters of the pores. On the other hand, the changes in terms of pores
morphology affect the mechanical properties, with a moderate decrease of the plateau stress
in particular. A similar trend is also apparent for the specific absorbed energy. The stress-
strain curves for AFS panels (700 ◦C foaming temperature, 300 s and 240 s foaming time)
are reported in Figure 5. The absorbed energy was calculated by numerical integration of
the compression curve up to a strain of 50%.
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Figure 3. Elemental map of Fe (left) and Al (right), acquired by EDS microanalysis across the
skin-core interface: core of AlSi10 foam (on the bottom) and skin of AISI 316 steel (on the top).
Manufacturing temperature 660 ◦C and time 160 s.
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Table 1. Foaming temperature and time, circularity, average equivalent diameter, relative density, specific absorbed energy
and plateau stress of manufactured AFS (average values).

Foaming
Temperature

(◦C)

Foaming
Time

(s)
Circularity

Average Equivalent
Diameter

(mm)

Relative
Density
(ρ/ρ0)

Specific Absorbed
Energy

(J/g)

Plateasu Stress σpl
(MPa)

660 160 0.47 1.7 0.32 7.5 20
660 180 0.50 1.9 0.28 7.2 19
660 220 0.51 2.2 0.27 7.0 18
660 240 0.54 2.5 0.25 6.8 18
660 280 0.60 2.8 0.23 6.7 17
660 300 0.65 3.1 0.22 6.5 17
660 350 0.55 4.6 0.23 6.8 17
680 160 0.60 1.9 0.31 7.6 19
680 180 0.68 1.95 0.29 7.5 18
680 220 0.71 2.1 0.28 7.3 18
680 240 0.75 2.3 0.26 7.1 17
680 280 0.77 2.5 0.25 7.0 17
680 300 0.81 2.8 0.24 6.8 16
680 350 0.67 3.8 0.25 7.8 17
700 160 0.68 1.8 0.31 7.7 20
700 180 0.70 1.9 0.30 7.6 19
700 220 0.72 2.3 0.28 7.5 18
700 240 0.75 2.5 0.26 7.4 18
700 280 0.78 2.8 0.24 7.3 17
700 300 0.80 3.2 0.22 7.1 16
700 350 0.70 4.0 0.21 6.5 16
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The microstructure of the AlSi10 foams has been analyzed by optical microscopy
(OM) and SEM observations. In Figure 6, examples of microstructure are shown. The fine
eutectic structure of the Al alloy can be evidenced in the optical microscopy observations
surrounded by SiC particles. On the other hand, the edgy shape of the SiC particles can be
better highlighted in SEM observation at higher magnification (2300 X), coincident with the
particle size (400 mesh, max 37 µm–Sigma Aldrich) of the base powders. This circumstance
can be evidenced in Figure 6 left (OM) and right (SEM).
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Figure 6. Metallography with OM (left) and SEM (right) on core-samples AlSi10 foam illustrating the microstructure of the
alloy and the polygonal SiC particles, respectively.

4. Discussion

As evidenced in Figure 6, metallography shows a homogeneous distribution of the SiC
particles in the AlSi10 alloy in good agreement with the starting powders size, mixing and
foaming processes. At the same time, a fine eutectic structure of the alloy can be ascribed
to the imposed fast cooling rate (water quenched at the end of the foam expansion). As a
consequence of that, a good repeatability of the manufactured foam has been identified in
terms of pores morphology and consequently mechanical properties.

From the analysis of the mechanical tests, it is possible to observe that:

1. an increasing trend of the average plateau stress and of the specific absorbed energy
(up to 50% strain) with density increase and this is in good agreement with literature
data [16];

2. a more homogeneous porosity at increasing foaming temperatures in the range
660–700 ◦C has been found in terms of circularity and an increase of the average
diameter due to the coalescence phenomenon;

3. as a consequence of that, mechanical properties are significantly modified by the density
(and consequently by the average diameters of the pores) rather than circularity change;

4. The foaming time affect positively the circularity and causes an increase of the equiv-
alent diameter up to 300 sec, then the trend is reversed.

5. After that the coalescence phenomenon takes over, the equivalent diameter suddenly
increases and, finally, the pore’s circularity is lowered.

5. Conclusions

AlSi10 foams have been joined by in-situ bonding process to AISI 316L steel sheets for
the manufacturing of AFS panels, materials of great interest for many industrial applica-
tions, particularly in the transport field. The steel-foam joints have been investigated via
SEM and EDS microanalysis. The results evidenced that an interface with a thickness of
about 100 µm is formed during the foaming process with good interdiffusion of different
alloying elements. The good quality of mechanical joints is also shown by the compres-
sive tests in which processing parameters (foaming temperatures and times) have been
correlated with the different features of the porosity, average plateau stress and specific
energy absorption.
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