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1. Introduction

Metal foams are cellular structures made of a solid metal
containing large, mostly bubble-like gas pores inside. There
are two types of foams: open cell and closed cell. In the
closed-cell metal foams, pores are sealed within the solid metal.
Open-cell foams have an interconnected network of pores.
The most common properties of both types of metal foams
are lightweight (porosity can achieve 98%) and possess
electrical/thermal conductivity, nonflammability, a high-
stiffness-to-weight ratio, and an energy/acoustic absorption.[1]

Due to these properties, metal foams have found widespread
applications in the aerospace industry, architecture, and automo-
tive industry.[1,2]

Open-cell metal foams provide liquid/gas permeability addi-
tionally. Among the various metal foams, Al foams have received
great attention due to low cost, the relatively easy manufacturing
of required functional geometries, and better mechanical
properties compared with other low melting metals. They are
increasingly used in areas such as heat exchangers, filters,
catalyst carriers, and electrodes in aluminum–air batteries where
the combination of thermal/electrical conductivity and liquid/gas
permeability is needed.[3–8] There is a variety of methods to
produce open-cell aluminum foams such as investment casting,
casting around hollow spheres, metal injection molding, and

space holder casting.[9–12] Despite wide-
spread applications of these methods,
there are disadvantages as a nonuniform
cellular structure which depends on the
shape of space holders and beads,[13] the
relatively low specific surface area of foams,
and high production cost.[10,13–15]

Nowadays, active research is currently
under way to overcome these problems.
Open-cell aluminum foams have been
developed by a novel direct foaming
process, in which an alkane phase and Al

powder suspension were emulsified.[16] In that research, it
was possible to adjust the porosity parameters of the foams
via the properties emulsified suspensions. These foams possess
high porosity (95–97%) with uniformly distributed, highly inter-
connected cells.

Another processing route to manufacture open-cell foams is
the sponge replication technique, which is widely applied in
the fabricating of open-celled ceramic foams.[17,18] The sponge
replication technique was established by Schwartzwalder
et al.[19] This technique is widely applied in the fabrication of
ceramic foams, and it allows to obtain high porosity. This process
is less complex to carry out with its three production steps. First,
a polyurethane (PU) sponge or template is coated with a slurry.
The next step is the thermal removal of the PU templates. Finally,
the foam is thermally treated.

The obtained structure replicates the shape of the PU
template. The manufactured foams are characterized by a
uniform cellular structure, high specific surface area, control-
lable pore size, and porosity ≥ 90%, and high liquid/gas
permeability due to high open-cell porosity.[20,21] In addition, the
sponge replication technique increases the open strut porosity
due to hollow struts, when compared with other manufacturing
processes. The combination of the aforementioned properties is
attractive for applications of aluminum foams as catalyst carriers
or filters.

The sponge replication technique has been used for the
manufacturing of open-cell titanium,[22,23] Cu, and Ti6Al4V
foams[24,25] and also to produce open-cell aluminum foam.[26,27]

In a study by Zaman and Keleş,[26] the determination of the slurry
composition was mainly focused upon, samples were heat
treated only in air at 620 �C for 4 and 7 h. The porosity levels were
found in a range of 94.4–95.5%. In the study by Yagsi and
Keles,[27] the fabrication of open-cell aluminum alloy foams in
the argon–vacuum atmosphere at 1050 �C was investigated.
However, the sponge replication technique was not developed
any further for the preparation of aluminum foams.

The aim of this work is to demonstrate the feasibility of
Al foam manufacturing with the sponge replica process using
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an aqueous aluminum slurry as the starting material system and
heat treatment in a vacuum.

2. Experimental Section

2.1. Specimen Preparation

In this work, two types of aluminum powders were used:
1) air-atomized aluminum powder supplied by Ecka Granules
(MEP103 RE903, Ecke Granules, Ranshofen, Austria) with 99.5%
purity and an average particle size <10 μm and 2) Aldrich
Aluminum 11010-250G-R (Aldrich Chemie GmbH, Steinheim/
Germany) with a particle size of �90%≥ 45 μm.

For the preparation of the samples, the aluminum powders, dis-
tilled water, a polyvinyl alcohol binder (1.2 wt%, Optapix PA 4G,
Zschimmer& Schwarz ChemieGmbH, Lahnstein, Germany), and
an open-cell PU template with a linear cell count of 20 ppi and a
geometric size of 20mm� 20mm� 20mm (Koepp Schaum
GmbH, Oestrich-Winkel, Germany) were used. Polyvinyl alcohol
was dissolved in distilled water under continuous strirring until a
binder content of 10.7 wt% was reached. Then, the aluminum
powder was added into the binder/water solution. The mixtures
were stirred with a stirring rate of 2000 rpm for 6min using a
planetary centrifugal mixer (THINKY Mixer ARE-250, THINKY
Corp. Tokyo, Japan) and cooled to room temperature as the tem-
perature increased during mixing. The dispersions composition
and heat-treatment conditions are shown in Table 1.

The PU foam was used as a template, which was dipped
into the corresponding dispersions, and excess dispersion was
removed by air blowing. Then the samples were dried for
24 h at room temperature. The binder and PU burning out were
conducted in air at 250 �C for 3 h and at 500 �C for 3 h in
a circulating air furnace (KU 40/ 04/A, THERMCONCEPT
Dr. Fischer GmbH, Bremen, Germany). The final heat-treatment
step was at 750 �C for 3 h in vacuum atmosphere (1.2� 103 Pa).
The heat-treatment step was conducted in a conventional tube
furnace (alumina tube, HTRH 70-600/1800, Carbolite-Gero
GmbH & Co. KG, Neuhausen, Germany). The heating and
cooling rates were 3 Kmin�1. Figure 1 shows schematically
the sample preparation.

2.2. Characterization

The powder morphology and themicrostructure of cross sections
of the heat-treated Al foams were characterized by scanning
electron microscopy (SEM; FEI ESEM XL30 FEG, Hillsboro,
USA). The foams were vacuum impregnated in epoxy resin
and were ground (180, 320, 600, 800, 1200, 2500, and 4000 mesh
grinding paper) and polished (diamond suspension 3 μm and
1 μm). A Hydro 2000SM (Malvern Instruments, Malvern, UK)
particle-size analyzer was used for the measurements of the
particle size distribution of the powders.

Differential scanning calorimetry (DSC) and thermogravi-
metry (TG) were used to analyze the thermal transformation with
respect to weight change and oxidation onset of powders. DSC
and TG were conducted with the thermal analyzer STA 449 F3
Jupiter (Netzsch-Gerätebau GmbH, Selb, Germany) in air with a
flow rate of 50mLmin�1 and a heating rate of 10 Kmin�1 from
room temperature to 800 �C.

The characterization of the foam’s macrostructure micro-
computed tomography (μ-CT) was conducted by a nanotom S
tomograph (Phoenix/GESensing & Inspection, Wunstorf,
Germany). The voxel size of the measured foams was 6.5 μm3,
there was a set of 1080 radiographs with a resolution of
2304� 2304 pixels, and an exposure time of 1250ms per image.
The Phoenix Datos | X 2.0 software package (Phoenix/GE
Sensing & Inspection) and the CTAnalyser 1.17 software package
(CTAn, Skyscan/Bruker microCT, Kontich, Belgium) were used
for data acquisition, reconstruction, and the calculation of the
cell sizes and strut thickness, respectively. The CT data import
into the CTAn software and the actual morphological calculations
of the differential thresholding-based binarization procedures
are described in detail in a study by Betke et al.[28] The hollow
struts were filled before the calculations of the cell size and
strut thickness distributions. This step was performed with a
morphological closing operation in CTAn with a round kernel,
r¼ 13 μm.[29]

X-ray diffraction (XRD) analysis was conducted by an X’Pert
Pro diffractometer (PANalytical GmbH, Kassel, Germany,
Co Kα1/2 radiation, 2θ, 40�–85�) with Bragg–Brentano geometry.
The Topas Academic V5 software package was used to determine
the phase composition in the supplied powders and the thermally
processed foams with the Rietveld analysis.[30]

The total porosity was measured based on the relation
Ptotal¼ 100·(1� ρ/ρ0),

[31] where ρ0 is the density of aluminum
(2.7 g cm�3), and ρ is the density of the obtained foams. The
open porosity of the heat-treated foams was quantified by the
Archimedes method, using water as the infiltrating fluid accord-
ing to the DIN EN 623-2:1993-11 standard procedure.[32] Due to
the complex geometry of the aluminum forms, residual water

Figure 1. Schematic illustration of the samples preparation.

Table 1. Dispersion composition and heat-treatment conditions used for
the manufacturing of the Al foams.

Powder Al powder
[wt.%]

Binder burning PU burning Heat treatment

T [�C] Time [h] T [�C] Time [h] T [�C] Time [h]

Aldrich 57 250 3 500 3 750 3

Ecka 70.6
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remains within the strut cavities formed after the PU burnout.
According to the DIN standard, water adhering superficially to
the sample has to be removed. To solve this problem, the volume
of the PU foam struts was subtracted from the total strut pore
volume.[33] This value was calculated from the average template
weight of 1.52 g for a 50 cm3 foam piece and a PU skeletal density
of 1.1 g cm�3, according to He pycnometry. In this way, the
volumes of the cavities after PU burnout were corrected by
the volumetric shrinkage of the heat-treated foams.

Compressive tests were conducted with a TIRAtest 2825
mechanical testing machine (TIRA GmbH, Schalkau, Germany).
The load was set to 2mmmin�1, and ten specimens were used
for each test. The software Visual-XSel 14.0 (CRGRAPH,
Starnberg, Germany) was used for the calculation of the Weibull
modulus and Weibull parameter m for the compressive strength
to each sample and sample series, respectively.

3. Results and Discussion

Figure 2 shows the SEM images of the aluminum powders
and the particle-size distributions of both types of powders.
The Aldrich powder has a flaky, irregularly shape and some
cracks can be seen on the surface (Figure 2a). The Ecka powder
has a smooth surface and is of spheroidal geometry. The Aldrich
powder is characterized by d50¼ 16.6� 0.8 μmwith 10%< 5.0 μm
and 10%> 51.8 μm. For the Ecka powder, d50¼ 6.2� 0.3 μm,
with 10%< 2.7 μm and 10%> 13.4 μm.

The TG and DSC curves of the aluminum powders are shown
in Figure 3. The mass loss of the powders below 400 �C is mainly

caused by the desorption of gaseous species and water vapor and
other airborne species adsorbed on the surface of the powder.
From the DSC results, it follows that each powder shows an
exothermic oxidation reaction and a subsequent endothermic
melting process. The onset temperatures of the exothermic
oxidation peak for the flaky, irregularly shaped Aldrich powder
are �586 and �580 �C for the spheroidal-shaped Ecka powder.
The melting peaks are located at TmAl¼ 660 �C for the Aldrich
and TmAl¼ 665 �C for the Ecka powder. The difference in the
melting peak temperatures might be associated with a small
amount of titanium (<0.25 wt. %) in the Ecka powder; the
melting temperature of plain Al is Tm¼ 660 �C.[34]

There is a continuous weight gain after the start of the oxida-
tion reaction (Figure 3). The rate of the weight gain decreases
with the onset of the endothermic reaction on both powders.
Despite this, the weight gain of Aldrich powder after the onset
of the endothermic melting process is more intense in compari-
son with that of the Ecka powder. The total weight gain at 750 �C
is 18 wt% for Aldrich powder and 3 wt% for Ecka powder.

From the results mentioned earlier, it can be concluded that
the oxidation rate is not only related to the particle size—due to a
larger surface area with smaller particles, the oxidation rate—
with mass gain as a measure—should be higher compared with
that of larger particles—but is also related to the shape of the
particles. Therefore, the larger but irregularly shaped particles
in the Aldrich aluminum powder form more aluminum oxides
during the TG experiment.

Figure 4 and 5 shows the SEM images of cut struts and cross
sections of the Al foams heat treated at 750 �C for 3 h. The struts
are hollow, as to be expected from the manufacturing process.

Figure 2. SEM images of the a) flaky, irregularly shaped Aldrich and b) dendritic near-spherical-shaped Ecka powders; c) particle-size distributions of the
Aldrich and Ecka powders.
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The cavities in the struts are the result of the replication process
of PU foams. However, the foams made from the spheroidal-
shaped Ecka powder are characterized by the presence of molten
aluminum beads outside the struts (Figure 5c). Simultaneously,
there are cracks along the strut walls for the foams manufactured
from the flaky, irregularly shaped powder (Figure 5a). The cut
struts and cross section of both foams are porous with non-
uniform structures of foam struts. This is related to incomplete
heat treatment due to the existence of a thin oxide layer on the
powder surface;[35,36] for the oxide layer disruption, an additional
processing step may be implemented in a forthcoming work.

The strut cross section of the foamsmade from the spheroidal-
shaped Ecka powder consists of a fine-grained structure in com-
parison with the foams manufactured from the flaky, irregularly
shaped Aldrich powder. After heat treatment of the powder,

particles of the foams made from the Ecka powder are more
connected to each other, forming conglomerations of formerly
molten powder particles, unlike the foams made from the
Aldrich powder. Therefore, the foams made from the Ecka
powder are characterized by a comparatively densely packed
structure of the struts.

The morphometric analysis of the CT data allowed to deter-
mine the cell size, struts thickness, ratio of the strut surface
to the total volume, and the strut volume of the sample. The
calculated results are shown in Figure 6 and Table 2. The strut
thickness results exhibit an almost Gaussian distribution for
all foams evaluated. The average cell size and strut thickness
(Table 2) were determined by applying a Gaussian approxi-
mation, accordingly. The samples are characterized by a slight
change in the average value of the obtained results.

Figure 4. SEM images of cut struts of the foams made from the a,b) flaky, irregularly shaped Aldrich powder and c,d) spheroidal-shaped Ecka powder
after heat treatment at 750 �C for 3 h.

Figure 3. TG and DSC curves of the a) flaky, irregularly shaped Aldrich and b) spheroidal Ecka powders.
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The results of the XRD phase analyses are shown in Figure 7.
The aluminum powders have an aluminum phase only as
received from the supplier. Heat treatment of the Al foams in
vacuum atmosphere leads to the formation of aluminum oxide

(α- and γ-Al2O3). The most intensive formation of aluminum
oxide after heat treatment was observed for the foams made from
the Aldrich powder. The oxide content is �11.1% of α-Al2O3

and �29.1% of γ-Al2O3 in this sample. The oxide content in

Figure 5. SEM images of the cross section of the foams made from the a,b) flaky, irregularly shaped Aldrich powder and c,d) dendritic near-spherical-
shaped Ecka powder after heat treatment at 750 �C for 3 h.

Figure 6. a) Cell size and b) strut thickness distribution calculated from a 3D μ-CT reconstruction of aluminum foams made from the flaky, irregularly
shaped Aldrich powder and spheroidal Ecka powder.

Table 2. Morphological data for the aluminum foams made from the flaky, irregularly shaped Aldrich powder and dendritic near-spherical-shaped Ecka
powder after heat treatment at 750 �C for 3 h.

Powder Cell size
[mm]

Strut thickness
[mm]

Strut surface/Total
volume [mm�1]

Strut surface/strut
volume [mm�1]

Flaky, irregularly shaped Aldrich powder foams 2.28� 0.26 0.99� 0.63 2.25 10.37

Spheroidal-shaped Ecka powder foams 2.12� 0.27 0.67� 0.24 2.99 10.66
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the foams prepared from the Ecka powder is �19.1% of γ-Al2O3.
The formation of traces of α-Al2O3 is observed, but the concen-
tration is too low (>>1 wt.%) to quantify it with the Rietveld
technique.

The aluminum foams possess fairly the same total porosity,
ranging between 90% and 91%, which is a precondition for a
comparison of the compressive strength data; the results of
the porosity and strength measurements of the foams are shown
in Table 3. The total porosity includes material pores, cavities
(hollow strut pores), and cell pores. The cell porosity relates
to the foams without material pores and the hollow strut cavities.
The total strut porosity consists of the hollow strut cavities and
the material pores. The material porosity relates to closed and
open material pores. The hollow strut porosity has cavities after
PU template burnout, that was calculated from the volumetric
shrinkage of the foams. From the Archimedes measurement,
it follows that the heat treatment of aluminum foams made from
the dendritic near-spherical-shaped Ecka powder has a less total
strut (�52%) and material porosity (�40%) in comparison with
the foams obtained from the flaky, irregularly shaped Aldrich
powder under the same conditions (�64.9% and �54.6%,
respectively). A similar behavior was observed in SEM investiga-
tions (Figure 5), where it is seen that the spheroidal-shaped Ecka
powder particles are more densely packed (merged) after heat
treatment.

The compressive strength shows the lowest values for the
foams made from Aldrich powder (0.011� 0.002MPa) (Table 3);

the compressive strength of the foams made from Ecka powder
amounts to 0.266� 0.082MPa. The calculated Weibull para-
meterm for the compressive strength to each sample and sample
series was �6.8 for the flaky, irregularly shaped Aldrich powder
foams and �3.2 for the spheroidal-shaped Ecka powder foams.

4. Discussion

Aluminum open-cell foams were heat treated at 750 �C, which is
higher than the melting point of the used powders, but the
obtained foams retained their shape. A possible explanation
may be found with the coefficient of thermal expansion, which
is four times higher for aluminum (27.4� 10-6 K�1), compared
with that of aluminum oxide (7.4� 10�6 �C�1).[37] The thermal
expansion difference can generate a stress on the oxide shell
during heating, which is sufficient to disrupt the oxide shell
around the powder particles. Simultaneously, oxide cracks heal-
ing appears with the process of the oxide shell rupture if oxygen
is present in the heat-treatment furnace. Further heating up of
the aluminum powders above the melting point leads to the
disruption of the oxides by molten aluminum, which flows out
of the surrounding shell.[16] As the result of the aforementioned
tentative mechanism, the powder particles merge by the melting
process, forming agglomerates of connected aluminum, formerly
molten (Figure 5). The oxides are stable at the heat-treatment
temperature of foams due to the melting point of aluminum oxide

Figure 7. XRD curves of the flaky, irregularly shaped Aldrich powder (red curves) and spheroidal-shaped Ecka powder (green curves) a) before heat
treatment and b) after heat treatment of the foams at 750 �C for 3 h.

Table 3. Total porosity, open strut porosity, and compressive strength of aluminum foams manufactured from the flaky, irregularly shaped Aldrich
powder and spheroidal-shaped Ecka powder.

Powder Total
porositya) [%]

Cell
porosityb) [%]

Total strut
porosityc) [%]

Material
porosity [%]

Hollow strut
porosityd) [%]

Compressive
strength [MPa]

Flaky, irregularly shaped Aldrich powder foams 90.9 74.1 64.9 54.6 10.3 0.011� 0.002

Spheroidal-shaped Ecka powder foams 90.3 79.5 52 40 12.3 0.266� 0.082

a)Vpores/Vfoam;
b)Including the cavities after PU template burnout and material pores: (Vmaterialþ Vhollow strut poresþ Vmaterial pores)/Vfoam;

c)Related to the overall strut volume
(Vhollow strut poresþ Vmaterial pores)/(Vmaterialþ Vhollow strut poresþ Vmaterial pores);

d)The cavities after PU template burnout.
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at �2072 �C.[38] In this case, the oxide shells surrounding the
particles behave like an oxidic skeleton in this system. This oxide
network keeps the foam structure unchanged and is essential for
the structural integrity of the foams and their stability.[16,39]

The frequency of the oxide shell breaking and healing might
be higher for the irregular shaped powders. It was discussed in
the study by Liu et al.[40] that any stress concentrations, occurring
on the surface of the powders, induce oxide shell rupture. There-
fore, a powder with less-regular shape has a higher frequency of
the oxide shell rupture. In our case, it is the flaky, irregularly
shaped Aldrich powder, which scavenges more oxygen (present
as traces in the furnace) than the spheroidal-shaped Ecka powder.
This behavior is consistent with the results from the TG and
XRD investigations; it is evident from Figure 3 and 7 that the
flaky, irregularly shaped Aldrich powder oxidized faster in
comparison with the spheroidal-shaped Ecka powder; in the
study by Patnaik,[38] a higher fracture rate of the oxide shell of
the more irregular-shaped powder was observed.

The molten aluminum, flown out of the strut, is found unlike
the foams from the flaky, irregularly shaped Aldrich powder after
heat treatment of the foams manufactured from the spheroidal-
shaped Ecka powder (Figure 5c). This behavior is explained by
the lower oxidation rate of the spheroidal-shaped Ecka powder
compared with the flaky, irregularly shaped Aldrich powder.
In this case, the oxide shell on the surface of Ecka powder might
be thinner compared with that of the Aldrich powder. Therefore,
the molten aluminum easily disrupts the oxide shell, merging
and flowing out of the strut.

The compressive test showed that the foams made from the
spheroidal-shaped Ecka powder have a higher compressive
strength which fits well to the denser-packed powder particles
of the foam made from the Ecka powder (Table 3 and
Figure 4 and 5). Therefore, formerly molten powder particles
in this foam have better structural interconnectivity, stability,
and strength than the metal foam made from the flaky, irregu-
larly shaped Aldrich powder.

5. Conclusions

Open-cell aluminum foams were manufactured from 20 ppi PU
templates by the sponge replication technique; two aluminum
powders with different particle shapes and sizes were used.
The open-cell green foams were treated in vacuum at 750 �C
and possess a total porosity of �90%. The microstructure of
the foams is characterized by porous struts, resulting from
incomplete heat treatment.

Particle size and shape of the starting aluminum powders play
a critical role in the microstructure formation, phase content,
porosity, and mechanical properties; open-cell aluminum foams
manufactured from spheroidal-shaped powders (d50¼ 6.6 μm)
possess a denser structure and a lower level of strut porosity.
This effect is assigned to the smaller surface area of this type
of powder, and this results in a lower amount of aluminum oxide
and a higher compressive strength compared with foams
manufactured from flaky, irregularly shaped powders. Further
research will be focused on the reduction of the amount of
alumina.
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