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Co-Casting of Al and Al-Foams
Sara Ferraris,* Antonio Santostefano, Frediano De Marco, Elena Campagnoli,
Paolo Matteis, Antonio Barbato, Roberto Molina, and Graziano Ubertalli

1. Introduction

Metal foams are porous metallic materials characterized by light-
weight, impact and vibration absorption ability, acoustic and
thermal insulation properties.[1,2] These features make them
extremely interesting for automotive and aerospace applications,
where weight reduction and energy absorption are crucial prop-
erties. However, aluminum foams alone often do not match the
requirements of the �nal products and have to be more effec-
tively coupled with dense metal in the form of sandwiches or
hollow structures with a foam core.[3,4]

The use of metal foams as permanent cores in cast products
represents an interesting strategy to combine the properties of
the foam (lightweight, impact absorption ability, thermal and
acoustic insulation) with those of dense metal. Moreover, this solu-
tion allows the production of hollow structures by casting routes

and eliminates the need to remove and recy-
cle traditional temporary sand cores.

Despite being a promising industrial
interest for this topic, this technology is still
poorly explored in the scienti�c literature
as well as in industrial applications, as evi-
denced by recent reviews.[5,6] In particular,
various aluminum metal foams (e.g.,
Alporas, Formgrip, or Alulught type, with
or without an external continuous skin)
have been used as cores in gravity casting
experiments[7,8] or high pressure die cast-
ing experiments[9,10]; however, most of
them report few details on samples prepa-
ration and characterization. Nevertheless,
all reported research state that the presence
of external skin is fundamental to avoid the
in�ltration of the molten metal in the foam,

which instead happens in the case of foam cores without surface
skin. In some cases,[7,9] no bonding between the dense Al shell
and the foam core was observed and this was explained consid-
ering the presence of stable aluminum oxides on the foam sur-
face. In other cases,[8,10] a good core–shell bonding was obtained
and it was attributed to a partial surface melting of the foam skin
during the pouring process. In these cases, surface chemical
composition (presence of oxides) was not discussed in the
reported papers. To improve core–shell bonding, foam sandblast-
ing,[7] or Zn-based coatings[9] have been proposed as possible
strategies. Moreover, the paucity of literature reports on the
improvement of core–shell bonding for aluminum foams in cast-
ing technologies means that some suggestions for the develop-
ment of successful strategies of surface modi�cations and
coatings can be found in other works which relate to the joining
of aluminum alloys and foams,[11–15] such as cleaning, grinding,
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The use of metal foams as permanent cores in casting products is a promising
strategy. It aims to improve the properties of the cast components by adding
certain foam features (e.g., lightweight, high speci�c stiffness, impact energy/
vibration absorption ability, and good acoustic insulation properties). The use of
permanent cores eliminates the steps of removal, treatment, and compulsory
recycling for the traditional temporary sand cores. Herein, aluminum metals
foams, in the form of bars with a dense continuous outer skin, are inserted in the
die of a gravity casting experiment with an Al–Si–Cu–Mg alloy (EN AB.46400).
Foams and cast objects are characterized by means of optical emission spec-
trometry (OES), optical microscopy (OM), scanning electron microscope
equipped with energy dispersive spectroscopy (SEM-EDS), image analysis, and
computed tomography (CT).
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acid or plasma etching in order remove the oxide layer and to
reactivate the exposed metal surface.

Integral foam molding technique (IFM)[16] has also been pro-
posed as single-step technology to obtain a dense shell around a
foam core.

Two of the possible applications which have been explored are
a crash absorber and an engine mount with a foam core, sur-
rounded by a cast shell[3]; these examples, along with several pat-
ents on the use of foam cores in casting,[17–20] con�rm the
industrial interest for this co-casting technology.

The dif�culties in the practical application of the co-casting
strategy may also be associated with the inhomogeneity of the
metal foams, which depends on the most diffused technological
processes, which are mainly based on pore formation due to gas
generation.[5] These production methods can lead to dif�culties
in controlling the process, as well as to high costs.[4]

In the present research work, aluminum foams with a dense
continuous external skin were used as cores in gravity casting
experiments. The foams were characterized by means of
optical emission spectrometry (OES), optical microscopy (OM),
scanning electron microscope equipped with energy dispersive
spectroscopy (SEM-EDS), computed tomography (CT), thermal
conductivity measurements, and image analysis to determine
their chemical composition, thermal conductivity, porosity, skin
thickness, microstructure, surface morphology, and composi-
tion. For the foam surface skin, a low-cost surface treatment
for the improvement of core–shell bonding was carried out,
tested, and characterized, both before and after co-cast compo-
nent production. The cast objects were analyzed with some of
the previously reported techniques to investigate the chemical
composition, the eventual foam in�ltration after casting, the pos-
sible bonding, and the microstructure of the cast metal.
Moreover, during the experiments, the temperatures of the foam
inserts, of the molten metal, and of the die were recorded to
better investigate the thermal behavior of the foams during
the casting process.

2. Experimental Section
2.1. Al Foams

Aluminum metal foams (AlMgSi1 alloy with a limited amount of
TiH2 as a foaming agent) with a dense outer skin, produced by
the powder metallurgy technique were purchased from Havel
Metal Foams GmbH in the form of rectangular bars (transversal
section: 22 � 12.7 or 12 mm) cut at a length of 122 mm.

Samples of three different nominal densities (1.0, 1.3, and
1.5 g cm�3, de�ned as Foam 1, Foam 2, and Foam 3 respectively)
were used for the experiments (Figure 1).

Both the extremities of the foam inserts in position II were
milled to ensure for one side, after mounting, the direct thermal
contact with the mobile part of the die, as shown in Figure 2b.

2.2. Casting Experiments

Gravity casting experiments were performed in the present
research.

A scheme of the die, with the indication of the insertion zone
of foams cores––inserts, is reported in Figure 2a. The speci�c
design of the die foresees two steps of different thickness
(step 1—6 mm and step 2—11 mm) without foam inserts and
two steps with foam inserts (step 3 and step 4) and nominal
thickness of the dense metal around the foam analogous to that
of the dense steps (6 mm for step 3 and 11 mm for step 4). One
casting experiment for each type of foam as the insert was
performed.

Three thermocouples were introduced (one for each foam
insert and one in molten aluminum) to monitor the temperature
of the different elements during the experiments (Figure 1a).
Moreover, a fourth thermocouple was inserted in the mobile side
of the die to record the die temperature too.

The Al–Si–Cu–Mg alloy (EN AB.46400) was used for casting,
maintaining the liquid at 720 �C, and poured into the die, where
the foams inserts were previously positioned (Figure 2b). The
foam introduced in position (I) (Figure 2a), corresponding to step
4 in the �nal cast object, has a thickness of 12.7 mm and is
mounted to be completely surrounded by the molten metal dur-
ing casting. The foam introduced in position (II) (Figure 2a), cor-
responds to step 3 in the �nal cast object, has a thickness of
12 mm, and is mounted to maintain a face free from the molten
metal and in direct contact with the mold wall. These arrange-
ments of the two cores were de�ned to analyze the cooling rate
in�uence during the solidi�cation of the poured metal in contact
with the foamed core.

In the �rst set of experiments, the as-received Al-foams bars
were inserted in the die for gravity casting (Figure 2b), without
speci�c surface treatments or heating. In the second set of experi-
ments, the foam surfaces were grinded with abrasive paper (SiC
abrasive—320 grit) and nitric acid (12%) etched, using the same
optimized method adopted from the authors in the brazing of
aluminum foams to aluminum sheets.[15] In the second experi-
ment, the foam insert with thermocouple was in position I, and
the thermocouple for measuring the liquid temperature was in
position II (Figure 2a), instead of in the melt pool as indicated in
Figure 2a for the �rst experiment. No foam insert was introduced
in position II in this second test.

It must be pointed out that the foam core, placed in position
(I)––Figure 2, has a small contact area with the die walls (which
are about at 250 �C) only at both ends; therefore, when the mobile
part of the mold is closed and before pouring, it does not
completely touch the moving part and heats more slowly than

Figure 1. Images of foam inserts: 1) Foam 1, 2) Foam 2, and 3) Foam 3.
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the foam core placed in position (II) which, when the mold is
closed, have a complete contact on one face with the movable
wall of the mold. Therefore, the heating to the die temperature
proceeds differently. During the liquid Al pouring, the foam in
position (II) is lapped on 3 sides from the ascent of liquid alu-
minum, being the last side in contact with the moving part of the
die, while in the case of the foam core in position (I), the heat
exchange takes place on the 4 sides.

Furthermore, the recorded temperature measured in the foam
core is in�uenced both by central thermocouple at its center, at a
certain distance (minimum 5 mm) from the surface that comes
into contact with the liquid, and by the thermal conductivity of
the foam itself, resulting in a time delay in the recorded temper-
ature increase, in the order of 12–17 s for the bottom core and of
15–21 s for the top core, for the six different samples.

2.3. Characterization

The chemical compositions of dense cast Al and Al foams were
measured by means of OES, GNR—MetalLab32, after SiC abra-
sive paper grinding.

The density of the foam samples was experimentally veri�ed
by weight and volume measurements.

The co-fused samples (Figure 2d) were analyzed with the
160 KV—X-ray machine (Gilardini Company) or by means of
CT (Tomograph Fhg, customized X-ray tomography system
for nondestructive analyses) to investigate the inner core–shell
interface and the porosity on the whole samples by

nondestructive methods. In the case of CT scan analyses, the
bonding between the foam core and the dense shell was investi-
gated by VG Studio max software. After CT analyses, the samples
were cut closer to the observed joining zones and analyzed metal-
lographically. The CT-scan parameters used for the measure-
ments are the following: 1) Acceleration voltage 200 kV.
2) Emission current 30 �A. 3) Projection number 800.
4) Integration time 1 s. 5) External �lter Cu. 6) Voxel size
72.43 �m. 7) Focal spot size 3 �m.

Small samples of Al foams (not those inserted), the dense cast
metal (from steps 1 and 2), and Al foams surrounded by cast
metal (from steps 3 and 4) were transverse cut, mounted in resin
and mirror polished for metallographic analyses.

The samples were observed by optical microscope (Reichert-
Jung MeF3, Leica Microsystems Srl) and the images were proc-
essed by ImageJ software to determine the pore dimensions (the
Feret’s method, normally used for the measure of the sizes of
irregular shape particles, was adopted for this purpose), the thick-
ness of the skin and those of the pore walls of foam samples and
the quality of the foam-dense metal interface in the cast objects.

The secondary dendrites arm spacing (SDAS) of cast Al
samples (taken from steps 1 and 2) was estimated from 100�
magni�cation optical images, by dividing the length of the
principal dendrite by the number of secondary arms minus 1,
as suggested in ref. [15]. SDAS can be correlated with metal
cooling rate and with the �nal mechanical properties (e.g., micro-
hardness) of the casting.[21–23]

The morphology and semiquantitative chemical composition
of Al-foams surface and cross-section were investigated by means

Figure 2. First set of experimental setups: a) scheme of the die, thermocouples, and foam cores positions, b) insertion of the foam cores, c) cast object
produced, and d) transversal view of the stepped product obtained by casting with foam inserts (with an indication of the different steps).
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of SEM-EDS JEOL, JCM 6000 plus and JED 2300. The quanti�-
cation of elements with EDS has an error lower than 1% in the
measurement conditions. The surface of Al foams were analyzed
in the as-received conditions, after acetone washing (5 min in an
ultrasonic bath), and after abrasive paper grinding and nitric acid
etching to remove the surface scale followed by acetone washing.
These surface preparations were aimed at the investigation of the
surface composition and morphology (e.g., presence of surface
contaminants and oxides, which can be progressively removed
by washing and grinding) to better understand their in�uence
on the interaction with the molten metal during the casting
experiments. The resin-mounted foam samples were Cr sputter
coated to facilitate SEM observations.

The average porosity was obtained from the density as 1–�s,
where �s is the relative density, calculated as the foam density (�)
divided by the aluminum density (2.7 g cm�3).

The thermal conductivity was measured using the commercial
instrument Hot Disk model TPS 500. The TPS 500 uses the tran-
sient plane source method[24,25] and is equipped with a sensor, a
thin metallic double spiral positioned between two sheets made
of Kapton, which functions as an electrical insulator. The sensor
acts simultaneously as a heat source and a temperature detector.
During the experiment, a stepwise current is applied to the sen-
sor, which is positioned between the two samples of the material
to be tested, causing a Joule heating and, consequently, a tem-
perature transient in both sample and sensor. The analysis of this
temperature transient allows determining the thermal conductiv-
ity of the specimens.

3. Results and Discussion
3.1. Characterization of the Foams

The chemical composition obtained from OES analyses is
reported in Table 1. The Al foam contained Mg and Si as main

alloying elements, with traces of other elements, as expected for
the AlMgSi1 alloy.

A signi�cant amount of Ti was detected in the chemical com-
position of the alloy. This is associated with the use of TiH2 as a
foaming agent, as reported in the Experimental Section.

The cast Al composition used is in line with the coded alloy
(EN AB.46400).

The optical and electronic images of different foam cross sec-
tions are reported in Figure 3 together with two representative
EDS spectra.

The transverse section of the foam shows a thick skin,
obtained by the production method and die shape, on all 4 sides
of the bar pro�le from which the samples were taken (better
de�ned hereafter), an extensive porosity, not homogeneously
distributed, and characterized from thick cell walls, sometimes
containing pores of smaller size. The morphology and the pores
distribution in the foam are in accordance with the production
method (powder metallurgy), which foresees the heating of
metallic powders containing a small amount of foaming agent.

Furthermore, numerous polygonal-shaped particles, with
dimensions of a few tens of micrometers, are visible on the
cross-section of the foam in both optical and electronic images
(red circles in Figure 3d–i). EDS analyses (Figure 3m) show that
they are mainly made up of titanium with the presence of O, C,
and Al. Titanium comes from the decomposition of the foaming
agent (TiH2) used in the production of the foam and its presence
is in accordance with OES results (Table 1). In contrast, Ti was
not detected on the metal matrix of the foam which shows a high
percentage of Al (Figure 3l), con�rming Ti’s very low solubility in
the matrix, while it is mainly concentrated in the particles them-
selves, together with some weight % of Al (near alpha alloy). EDS
analyses conducted on the foam base material con�rm the pres-
ence of Al and Mg (already detected by OES). The presence of Cr
is ascribed to the sample Cr coating of resin-mounted samples
for SEM observation.

The density of the three types of foams used as cores in the co-
fusion tests was measured as the ratio of mass to volume in the
available samples, obtaining the percentage of porosity as relative
density with respect to the compact components with the same
volume. However, since the distribution of porosity was not
homogeneous (Figure 3a–c), partly due to the presence of the
surface skin, the measurements of pore dimensions, wall and
skin thicknesses on the metallographic transverse section of
the used foam cores were conducted and the results are reported
in Table 2 and Figure 4.

The foam cores used in the present research in co-casting
technology showed a density of 1.04, 1.28, and 1.53 g cm�3

and relative calculated porosity of 60%, 50%, and 40%
respectively.

Pores dimensions, wall, and skin thickness were evaluated by
around or more than 100 measurements for each foam type and
parameter performed on 10 digital images taken on the metallo-
graphic transverse sections and processed with the image analy-
sis software (Image-J).

The greatest contribution to the differences in porosity of the
Foams 1, 2, and 3 were the different wall thicknesses among the
pores which progressively increased in average value and also,
partly, in maximum thickness. A lesser contribution may be attrib-
uted to the different sizes of the pores which are however very

Table 1. Chemical composition (wt%, average values of 4 measurements
per sample type) of foams and cast metal from OES analyses.

Element Foam Cast Al

wt% wt%

Si 0.89 9.648

Fe 0.08 0.324

Cu 0.05 1.320

Mn 0.02 0.145

Mg 1.30 0.539

Zn 0.015 0.297

Ni 0.023 0.080

Ti >0.600a) 0.060

Sb >0.100a) 0.014

Other 0.018 0.055

Al rest rest

a)The symbol (>) indicates that the content of these elements is outside the range of
the adopted standard for the chemical analysis.
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similar (0.57–0.63 mm) for three Foams 1, 2, and 3, even taking
into account the minimum and maximum pores sizes. Also, the
thickness of the skin, which guaranteed a continuous surface
layer, was between 0.1 and 0.4 mm and did not show a continu-
ously increasing trend with the decrease in the amount of porosity.

The analytical results obtained from the pores sizes, the wall,
and skin thicknesses show a considerable variability between the
minimum and maximum values, con�rming the inhomogeneity
observed by metallographic analyses.

Considering the interface reactivity between the foam core and
the liquid aluminum, one of the main issues which emerged from
the analyses of cast objects with foam inserts without surface
preparation (see Section 3.2 of the present article) was the com-
plete absence of metallurgical bonding between the foam inserts

and the cast metal. This phenomenon is often associated with an
extremely low reactivity of the foam outer skin with the Al molten
metal during casting, as widely reported in the literature.[5]

To better investigate this aspect, the surface morphology and
chemical composition of the foam surfaces were analyzed by
means of SEM and EDS. Three different surface preparations
of the outer dense skin of the foams were considered: as received,
washed, or ground and washed, as described in the Experimental
Section. The main results are reported in Figure 5.

SEM images of the as-received (Figure 5b,c) and washed
(Figure 5d,e) foams show the presence of a heterogeneous
and porous surface scale.

The results of EDS analyses conducted on the surface dense
skin of the foams (Figure 5a), highlight the presence of Al, O, C,

Figure 3. Optical microscopy images different areas of the same sample: a–c) at low and d–f ) higher magni�cation, g–i) scanning electron microscope
(SEM) images of cross-sections of foams used as inserts. Representative energy-dispersive spectroscopy (EDS) spectra of the foam: l) analysis related to
area 1 in Figure 3i, and of a particle: m) analysis related to area 2 in Figure 3i). Red circles evidence the particles, observed by optical and electron
microscopy, and analyzed by EDS.
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and Mg as the main constituents, in accordance with the foam
composition, while titanium was not detected on the surface.
Even if EDS has a certain measurement error, more pronounced
for low atomic weight elements such as carbon, some trends can

be evidenced because the differences in the quanti�cation of ele-
ments were always higher than 1%wt, which can be estimated as
the measurement error. It can be observed that acetone
washing reduced the carbon and oxygen content (attributable
to carbon contaminants that comes from the die coating adopted
in the production method to avoid surface adhesion between
mold and sample) and made more evident the metallic Al and
Mg constituents of the foam because acetone is not able to dis-
solve Mg-rich oxides. These oxides were mainly concentrated in
numerous agglomerates on the surface, richer in magnesium.
This result con�rms the high tendency of Mg-containing Al
alloys to form stable Mg-oxides on the surface.[26–28] The pres-
ence of Mg-carbonates can also be supposed due to the rather
high carbon content. The permanence of Mg-rich oxides/
carbonates after ultrasonic acetone washing suggests that they
were �rmly attached to the metal surface.

After surface grinding, the carbon and oxygen content, as well
as the magnesium content decreased, suggesting that their
concentration on the surface was higher than in the under layer
and bulk metal.

For these reasons, surface grinding with SiC abrasive paper
(320 grit) followed by nitric acid (12% Vol.) etching was applied
on a set of foams to be used in a second casting experiment, as
described in the Experimental Section.

The surface morphology and chemical composition of one
sample of the second set of treated foams are reported in
Figure 6. The foam surface appears whitened and opaque
(Figure 6a). SEM observations show the typical appearance of
grinded metallic materials with scratch tracks. The EDS analyses
con�rm the reduction of carbon, oxygen, and magnesium con-
tent with a higher aluminum percentage detected on the surface

Table 2. Density (mean � standard deviation), pore dimensions, pore
wall thickness, skin thickness, and porosity of the used foams. Average
values (obtained from around or more than 100 measurements for
each foam type and parameters performed on 10 digital images of
different transverse sections for each sample type).

Foam 1 Foam 2 Foam 3

� [g cm�3] 1.04 � 0.007 1.28 � 0.02 1.53 � 0.02

�s [relative density] 0.40 0.50 0.60

Mean Porosity (1–�s) [%] 60 50 40

Pore dimension [�m]

Mean 566 568 635

Min 94 94 138

Max 2816 3934 3555

Wall thickness [�m]

Mean 59 77 112

Min 15 13 24

Max 162 395 406

Skin Thickness [�m]

Mean 122 447 321

Min 35 34 42

Max 313 1273 1204

Figure 4. a) Bar diagram of density, b) pore dimension, c) wall thickness, and d) skin thickness for the various foams.
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