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Abstract

In the last decades, metal foams have been bringing increasing attention because they represent a new category of materials
with very intriguing physical and mechanical properties like, for example, high stiffness and low density. These materials
have not been studied completely, and many research efforts have been carrying out to investigate new foaming techniques.
The present work aimed at evaluating the efficiency of electromagnetic induction as a heating technique of foam precursors
for the manufacture of closed-cell aluminum foam specimens by the indirect foaming process known as the powder compact
melting technique; a conventional and a flexible mold strategy, the latter using a stainless-steel wire mesh, were employed
for the manufacture of parallelepiped specimens. The results outlined the interesting perspectives of this manufacturing
method. In detail, they highlighted a significant process repeatability and the beneficial effects of the induction heating
method, allowing heating the precursor in very little time and in a safe way compared to conventional heating through a
muffle furnace; moreover, they showed the influence of the mould choice both on the processing time, with the synergistic
interaction between the flexible mold and the induction system in terms of heat generation, and on the surface geometry of
the foamed components, which reflected in their different compression behavior.
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1 Introduction

Solid metal foams with closed, partially open, or open cells
have been attracting significant interest both from a scientific
viewpoint and the prospect of industrial applications; they
present a combination of physical and mechanical charac-
teristics that make them very attractive in both structural
and functional engineering applications [1]. Concerning the
last ones, metal foams can be used as cores of lightweight
constructions like structural sandwich panels, ensuring high
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stiffness and low weight; furthermore, they support large
deformations under almost constant stress and, in so doing,
guarantee high energy absorption [2]. Different metals and
metal alloys can be considered to produce metal foams, and
closed-cell aluminum alloy foams are among the most popu-
lar; they are isotropic highly porous metal foams, whose
essentially spherical and closed pores occupy about 70% of
their volume.

Various foaming methods have been developed; they can
be distinguished into two groups, namely, direct and indi-
rect foaming [3]. Direct foaming necessitates a specially
prepared molten metal, in which non-metallic particles are
dispersed uniformly; the bubbles are obtained by adding gas.
This operation is done, among others, through a capillary
or porous frit, by using a gas dissolved in the metal which
is precipitated into bubbles by temperature or pressure con-
trol or by adding a chemical agent which decomposes in
the melt. Indirect foaming involves the melting of a solid
precursor, consisting of a metallic matrix in which blowing
agent particles (generally titanium or zirconium hydride
when considering aluminum-based alloys) are uniformly
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dispersed. When the matrix melts, the precursor expands
and assumes the foam configuration [4].

A very common indirect foaming process is known as
the powder compact melting (PCM) technique: It provides
the production of foam starting from a dense semi-finished
precursor, obtained by compacting a mix of metal powders
and a powdered blowing agent; in this technique, accurate
preparation of the precursor is of crucial importance to guar-
antee a good foamability, in terms of density distribution
after foaming and repeatability of the foaming process [5].

Several authors’ works were concerned with PCM. In
detail, a commercial aluminum alloy precursor was used
for the production of aluminum foam-based sandwich struc-
tures, whose bending [6] and compression behavior [7] were
evaluated. Moreover, in another work, the authors developed
an innovative single-step process based on the PCM tech-
nique, to manufacture structures with a core of aluminum
foam and a steel welded wire mesh as reinforcement and,
also, as a flexible mould (grid-as-mould process) [8]. It is
worth highlighting that the use of a steel wire mesh does not
represent a complete novelty in aluminum foam processes.
Indeed, it was used to improve the behavior under quasi-
static loads of cylindrical [9] and parallelepiped sandwich
structures [10], obtained by a traditional in-mould process.
Furthermore, the effectiveness of using a steel mesh as
mould for the foaming by optical heating of complex shaped
parts was proven by Hangai et al. [11], but they did not con-
sider it as a foam reinforcement.

The authors’ experimentations described above involved
the use of an electric muffle furnace as a heater; but this
heating method can determine non-uniform temperature
distribution, as well as high process times (preheating plus
foaming); in addition, you may run into safety issue during
the insertion/extraction operations of the foamed products.
So, different heating methods can be considered, to guaran-
tee short times, as well as process monitoring and control.
For example, laser heating presents some interesting char-
acteristics: In this method, a laser beam is irradiated with
a specific velocity along a desirable path. However, laser
energy can be partially dissipated into the cold substrates
due to heat conduction; consequently, its main applications
are in coating and repair operations [12].

Conversely, induction heating (IH) is a fast, precise, and
repeatable non-contact heating method, efficient for metals
or other electrically conductive materials in several indus-
trial applications [13].

Its success comes from the fact that the heating source
is directly generated inside the body to be heated and, con-
sequently, guarantees higher control and localization, com-
pared to processes using external heating sources [14]; IH
can be designed as an intrinsically safe process, since there
is no external heat source that requires special safety precau-
tions. In addition, an induction heater can be coupled to a
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programmable machine (e.g., a robot or a CNC machine) to
heat desired areas of workpieces accurately [12].

Two methods of heating are considered when using this
technology, i.e., Joule heating, due to the eddy currents,
and hysteretic heating, due to the energy generated by the
alternating magnetic field. Consequently, a comprehensive
understanding of the IH involves the knowledge of several
laws and phenomena like, among others, the Faraday’s law,
the Maxwell’s equations, the Fourier’s law, the Ohm’s law,
the Joule-Lenz’s law, the skin effect, and the proximity
effect.

The processes using IH involve both low and very high
temperatures, with brief (fractions of a second) or very long
(months) heating times. Among the most popular applica-
tions of IH, consider domestic and commercial cooking, but
at the same time industrial cases, as well as research and
development. For example, IH is strongly used for joining
processes: brazing of dissimilar metals [15]; pre-heating for
laser welding of steel joints [16]; melting of thermoplastic
adhesives for CFRP materials [17]. Moreover, IH can be
used as a heating method for the manufacture of copper-
based sintered composites [18]. Finally, the feasibility of
this energy source has been recently explored for the addi-
tive manufacturing of metallic parts [19]. Concerning the
induction heater, it includes an induction power supply that
converts line power to an alternating current and powers an
inductor (made of a material with high thermal conductivity
and low electrical resistivity, generally copper), creating an
electromagnetic field that depends on the dimensions and
the shape of the inductor.

The IH solution has been already used to produce alu-
minum foams. For example, it was considered in the foam-
ing process of aluminum by complex stirring, highlighting
very good temperature control [20]. Moreover, a preliminary
authors’ work using IH [21] was carried out by varying the
voltage, the resonance frequency (through two different coil
inductors), and the configuration (relative position between
the specimens and the inductors). The tests highlighted the
ability to heat the precursors employing induction in a few
seconds, unlike what required through a muffle furnace; in
addition, when using the grid-as-mould process, the box
of mesh acted as a mould, with the moulded material that
did not come out of it [8]. Moreover, the heating was more
efficient when the precursor was placed inside the inductor
(even if this determines a limit tied to the geometrical limits
imposed by the internal dimensions of the coil) [22]. Finally,
the lower resonance frequency allowed more controlled and
uniform heating, due to a slower heating rate and a higher
penetration depth [23].

Based on these previous results, the present work is meant
to represent research useful to lay the basis for investigat-
ing the PCM method combined with electromagnetic induc-
tion; it showed its suitability and efficiency, and compared
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the manufacturing of aluminum foams components by the
traditional in-mould and the innovative grid-as-mould pro-
cess, in terms of process fastness and mechanical proper-
ties. In detail, a commercial foamable-solid precursor and a
stainless-steel wire mesh were employed to carry out both
in-mould and grid-as-mould foaming processes, by varying
the voltage of the IH system and using one only inductor
and configuration (relative specimens/inductor positioning);
a comparison between the products from the two foaming
processes, in terms of foaming times and the compression
behavior, was carried out. The results of the experimental
campaign highlighted a significant process reproducibil-
ity, as well as the high efficiency of the induction heating
method, particularly when considering the single-step strat-
egy based on the grid-as-mould flexible solution; moreover,
they also showed the influence of the moulding strategy on
the geometrical and mechanical characteristics of the speci-
mens. This suggests a wide potential for IH-based foaming
processes based on the PCM method and points the way
towards developing new systems to produce complex foam
parts.

2 Materials and methods

An EGMA 30R inductive heating generator, designed by
Felmi, was used for the experimental campaign; it grants
reliability, safety, and repeatability to the heating process.
The generator presents a maximum power of 30 kW, while
the voltage can be tuned, up to a maximum of about 500 V;
the chilling is through water flow.

The generator presents an automatic “hooking system’ of
the resonance frequency, called auto-tuning system, which

Fig.1 Schematic illustration of
the inductor (a) and a speci-

allows using inductors with different induction values with-
out any need of resetting or recalibrating the device. It can
control the frequency of oscillation of the current, equal to
the following:

ey

where C is the capacitance of the system and L is the induct-
ance of the inductor.

The inductor was a coil, obtained by an annealed copper
tube (filled with a water flow for its cooling) with inside and
outside diameters D, ;,=4.4 mm and D, ,,= 6.0 mm, respec-
tively; the coil had an external diameter D, =100 mm,
N=35 turns, and a total length L, =65 mm. The actual
resonance frequency, monitored by the control panel of
the system, was f=70 kHz. This inductor, together with
the choice to place the specimens into it, represented the
best solution for controlled and uniform heating [21]. A
schematic illustration of the inductor (a) and a specimen
(b) is reported in Fig. 1.

The control panel also monitored the other operating
parameters, like the power, the current, and the voltage; five
voltage levels (labelled from V1 to V5) equal to 218, 309,
378, 436, and 488 V were tested.

The aluminum foam precursor was a commercial Alulight
AlSi 10 TiH,-0.8 product [24], which is a mixture of Al, Si
(10 wt%) and TiH, (foaming agent; 0.8 wt%) powders, in the
form of extruded strips with a cross-section of 20 mm X5 mm
and a density of 2.5 g/lcm>. An elastoplastic with isotropic
hardening 0/90 stainless-steel welded wire mesh was used
as a flexible mould; it is constituted by wires with a diameter
of 0.8 mm and a 6 mm X 6 mm grid. This type of wire mesh
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proved to be efficient both as flexible mould and as reinforce-
ment under bending load, showing flexibility and capability
of holding the molten foam, and allowing a mechanical join-
ing with the solid foam [8]. The main characteristics of the
precursor and the wire mesh are reported in [9].

Preliminary free foaming tests were carried out, placing
pieces of precursor (18 g in mass) into commercial truncated
cone-shaped ceramic crucibles with a diameter at its mid-
height of about 40 mm, to evaluate the density and observe
the morphology of the foam when the precursor was free to
expand; these features were compared to the corresponding
ones in the literature, to evaluate the goodness of the foam-
ing process by IH.

Considering the results of the preliminary tests, in-mould
(self-made, with refractory materials) and grid-as-mould
tests were carried out to obtain parallelepiped specimens
(at least three in number), whose dimensions are reported
in Fig. 1; the tests were conducted by varying the voltage.
Figure 2 reports pieces of foam precursor (a) and a grid-
as-mould specimen (b) before foaming. For all the cases
(in-crucibles, in-mould, and grid-as-mould foaming tests),
supports were used to place the specimens in the central
zone of the inductor; Fig. 3 reports the setup of an in-mould
foaming test. Moreover, the cooling of the specimens after
foaming was in the air.

The two foaming processes were compared in terms
of foaming times and compression behavior; uniaxial
compression tests were carried out by pressing the speci-
mens along the z-axis (in-mould-z and grid-as-mould_z
specimens) and the y-axis of Fig. 1b (in-mould-y and

Fig.2 Pieces of foam precursor
(a) and a grid-as-mould speci-
men (b) before foaming
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Fig.3 Setup of the in-mould process

grid-as-mould_y specimens), using an MTS Alliance
RT/50 testing machine equipped with a 50 kN load cell,
at a speed of 2 mm/min. Given the surface irregularities of
the specimens, their cross-section areas for the evaluation
of the stresses were measured with the support of a CAD
software. Three specimens were tested for each type of
sample to ensure statistically significant results.
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3 Results and discussion

The preliminary free foaming tests were carried out at the
VS5 voltage level; the foaming time was equal to 35 s. Fig-
ure 4 reports the section of a specimen from this prelimi-
nary campaign; the cut was conducted by a metallographic
cut-off saw at its mid-height. From the figure, a typical
structure of closed-cell aluminum foams was observed,
with the distribution and combination of the cell units
characterized by randomness and irregularity of the pores
(in terms of shape and dimensions) [25]; the maximum
pore size did not exceed about 4 mm, with the major part
of this feature not exceeding 2 mm. The density was equal

Fig.4 Section of a specimen obtained in a truncated cone-shaped
crucible

Fig.5 In-mould (a) and grid-as-
mould (b) specimens

to 0.72 g/cm?, corresponding to a relative density of 0.29;
this value falls in the range of 0.1-0.3, typical of Alulight
commercial foams [26]. Given the morphological charac-
teristics and the density of the foams, the preliminary tests
highlighted the efficiency of induction as a heating method
for foaming processes.

After the preliminary tests, the parallelepiped specimens
for the mechanical characterization were manufactured. To
obtain a similar density (see Fig. 1b) and considering cut-
ting operations (which eliminate the densified parts), two
pieces of the precursor of about 8 g each were used for
both in-mould and grid-as-mould processes; the in-mould
process was carried out leaving open the upper part of the
mould, to control the foaming (see Fig. 3).

Figure 5 shows some specimens obtained by the in-
mould (a) and grid-as-mould (b) process when setting the
V3 voltage level, while the graph in Fig. 6 reports the aver-
age foaming time depending on the level of voltage; it is
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Fig.6 Foaming time as a function of the voltage
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worth reporting a non-significant variability of this feature
at setup parity (the foaming times differed by less than
1 s), highlighting very good repeatability of the foaming
process.

Figure 5 shows that the moulding strategy influenced
the foam geometry; the in-mould specimens (Fig. 5a)
reproduced quite closely the designed shape, excluding
the upper surface for the absence of the corresponding
part of the mould. Concerning the grid-as-mould speci-
mens (Fig. 5b), the grid acted as a mould; in fact, the
moulded material penetrated and did not come out of it,
and assuming a rounded shape at the end of the solidifica-
tion. Therefore, the external surface of the specimens did
not perfectly reproduce the designed shape. In addition,
no interfacial reaction occurred between the grid and the
foam because of oxidation phenomena [27]; consequently,
a mechanical joining only took place between them [8].

Figure 6 confirms that IH was a fast method, due to its
localized nature. This allowed foaming times never higher
than 173 s, recorded for an in-mould process at the low-
est voltage level (V1). For comparison purposes, consider
that a correct foaming of the samples described in [8, 9],
using a 3 kW muffle furnace, was obtained in a time rang-
ing between 12 and 15 min, while the preheating time
(from room temperature to a foaming temperature of about
660 °C) was of about 77 min. Moreover, the foaming time
decreased almost linearly with the voltage for both process
strategies. Finally, the grid-as-mould process represented
the fastest solution; the time reduction, #, (see Eq. 2) falled
in the range of 30 +35%:

Lin—mould ~ Lgrid—as—mould
tR — mn mOtM 8ri As—mou . 100 (2)

grid—as—mould

where 2, 000 A0 14,5445 moua TEPTEsENt the foaming times
for the in-mould and grid-as-mould processes. This behav-
ior was justified by the synergistic effect of the grid, which
interacted with the inductor and increased the heat genera-
tion, so as highlighted in Fig. 7.

After these considerations on the feasibility of the pro-
cess, the compression behavior of specimens from the
two samples was evaluated. To this end, flat faces were
obtained by cutting the upper and lower parts of the speci-
mens; after these trimming operations, the density was
equal to 0.73 and 0.69 g/cm? for, respectively, the in-mould
and grid-as-mould specimens. As mentioned above, the
tests were carried out along two directions; by doing so,
it was possible to evaluate the influence of the walls (and,
eventually, of the grid) on the compression behavior of the
foams for two extreme cases: four (z_direction) and two
smallest lateral walls (y_direction).

@ Springer

Fig. 7 Execution of a grid-as-mould process

The compression tests were characterized by signifi-
cant repeatability of the results at mould strategy and
compression direction parity; the voltage of the induc-
tion system did not influence the mechanical behav-
ior. Figures 8 and 9 report examples of them for all the
typologies and the corresponding stress—strain curves.
From Fig. 9, you can note that the _z specimens exhib-
ited higher strength and stiffness (similar for the two
mould strategies, see the first almost linear region of the
curves), compared to the corresponding _y ones; this
can be attributable to the influence of the walls, which
acted as reinforcements, particularly for the _z specimens.
Moreover, the curve that best showed the typical shape
of metallic foam [28] was the grid-as-mould_z one. In
detail, it presented a first region (up to about 1% of strain)
characterized by elastoplastic deformation due to partially
reversible cell walls bending, followed by a plateau up
to 45% of strain and determined by buckling, yielding
and fracture of the cell walls and, finally, a rapid stress
increase, due to the foam compaction [29]. Conversely,
the in-mould specimens showed an increasing trend just
after the first region (corresponding to a strain of about
5% and stress of about 17 and 8 MPa for the _z and the
_y specimens, respectively); this was due to the densifica-
tion of the molten foam when came into contact with the
mould walls, which creating a more resistant skin around
the specimens, while this effect did not occur for the grid-
as-mould specimens, less constrained along the external
surface by the flexible and partially open mould. Finally,
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Fig.8 Compression tests on in-
mould_z (a), grid-as-mould_z
(b), in-mould_y (c), and grid-
as-mould_y (d) specimens

40
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Fig.9 Stress—strain curves from compression tests

for the grid-as-mould process, the grid seemed not to
act as a reinforcement under compression as efficiently
as observed under bending [8], due to the tendency to
buckle of the wire mesh when subject to compression
loads. The plateau stress for grid-as-mould_z and the
grid-as-mould_y was equal to, respectively, about 6 and
3 MPa; considering that the foam of these specimens pre-
sented a density of 0.43 g/cm? (the evaluation was made
by excluding the contribution of the wire mesh in terms
of mass and volume), the plateau stresses were similar to
the ones of Alulight panels with equal density, showing a
value of about 3.5 MPa [30].

4 Conclusions

The work highlighted that electromagnetic induction was
an efficient and fast heating technique to foam aluminum
precursors by the powder compact melting method; this
statement was also valid for a conventional in-mould
process and an innovative variant, which involved the
use of a stainless-steel wire mesh as a flexible mould.
The localized nature of the heating systems allowed the
foaming of parallelepiped specimens in very little time
(26 s when using the grid-as-mould solution and a volt-
age of about 500 V, with a time reduction of about 35%
compared to the in-mould method, thanks to the syner-
gistic effect of the grid). The compression behavior and
the surface geometry were strongly influenced by the
mould type, and the in-mould process generated nearly
as designed and more resistant specimens, due to a most
significant skin effect because of the foam densification.
Finally, the repeatability of the results in terms of foaming
time and stress—strain curves suggested high control of the
induction heated-based foaming process.

Future works could involve the optimization of the pro-
cess: For example, FEM analyses could be considered to
better understand some aspects, like the heat field propaga-
tion depending on the main features of the magnetic field.
Moreover, ad hoc inductors could be designed, as well as the
relative specimen/inductor positioning optimized; in doing
s0, an induction heating-based system could be developed
along the lines of continuous metal additive processes for the
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manufacturing of complex freeform foam components for
industrial applications and of suitable specimens for a deepen
mechanical and morphological characterization.
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