
Cellular M
etals﻿   •   Isabel Duarte, M

atej Vesenjak, Thom
as Fiedler and Lovre Krstulović-O

para

Cellular Metals
Fabrication, Properties and 
Applications

Printed Edition of the Special Issue Published in Metals

www.mdpi.com/journal/metals

Isabel Duarte, Matej Vesenjak, Thomas Fiedler and 
Lovre Krstulović-Opara

Edited by



Cellular Metals: Fabrication,
Properties and Applications





Cellular Metals: Fabrication,
Properties and Applications

Editors

Isabel Duarte

Matej Vesenjak

Thomas Fiedler

Lovre Krstulović-Opara
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1. Introduction and Scope

Cellular solids and porous metals have become some of the most promising lightweight
multifunctional materials due to their superior combination of advanced properties mainly derived from
their base material and cellular structure. They are used in a wide range of commercial, biomedical,
industrial, and military applications. In contrast to other cellular materials, cellular metals are
non-flammable, recyclable, extremely tough, and chemically stable and are excellent energy absorbers.
The manuscripts of this Special Issue provide a representative insight into the recent developments in
this field, covering topics related to manufacturing, characterization, properties, specific challenges in
transportation, and the description of structural features. For example, a presented strategy for the
strengthening of Al-alloy foams is the addition of alloying elements (e.g., magnesium) into the metal
bulk matrix to promote the formation of intermetallics (e.g., precipitation hardening). The incorporation
of micro-sized and nano-sized reinforcement elements (e.g., carbon nanotubes and graphene oxide) into
the metal bulk matrix to enhance the performance of the ductile metal is presented. New bioinspired
cellular materials, such as nanocomposite foams, lattice materials, and hybrid foams and structures are
also discussed (e.g., filled hollow structures, metal-polymer hybrid cellular structures).

2. Contributions

Sixteen original scientific contributions (fifteen original articles and one review paper) on different
topics of cellular metals have been published in this Special Issue. Seven contributions focus on
the advances in production and manufacturing technologies for aluminum alloy foams and the
understanding of the foaming behavior and the fundamental relationships between their structure and
their properties, with some even exploring nano-sized reinforcement elements. García-Moreno et al. [1]
investigate the influence of the alloy composition and the role of the liquid phase and its influence on the
gas nucleation and foaming of Al–Si–Mg alloys prepared by the powder metallurgy method using in-situ
X-ray radioscopy, X-ray tomography, and X-ray tomoscopy. Lehmhus et al. [2] analyze the effects of the
solidification rates and addition of Sr, B, and TiB2/TiAl3 on the foaming behavior and microstructural,
morphological, and mechanical properties of aluminum foams fabricated by the powder metallurgy
method. Duarte et al. [3] present an automated production line composed of a continuous furnace,
a cooling sector, and a robotic system to fabricate metal foam parts and/or components using a powder
metallurgical method. Several case studies are also provided. Three original contributions from
Kuwahara et al. [4–6] related to direct foaming methods, as an alternative to the powder metallurgy
method, are also presented. In the first contribution, Kuwahara et al. [4] investigate the pore formation

Metals 2020, 10, 1545; doi:10.3390/met10111545 www.mdpi.com/journal/metals1
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of Al-Cu-Mg foams fabricated by the melt route using magnesium as a thickening agent or by
the semi-solid route using primary crystals at a semi-solid temperature with a solid fraction of
20%. They analyze the nano-sized and micro-sized precipitates of the cell wall and the effect of
the cell wall structure and pore morphology on the compressive properties. Kuwahara et al. [5]
characterize the compressive properties of Al-Cu-Mg foam fabricated by the melt route and the
semi-solid route. They also provide a morphological, microstructural, and metallurgical analysis.
Kuwahara et al. [6] analyze and numerically evaluate the stabilization mechanism of the cell walls
of the aluminum alloy foams prepared by a semi-solid route in which the melt is thickened by
primary crystals. Trejo-Rivera et al. [7] present a methodology based on a direct foaming method
to fabricate aluminum alloy foams made of A-242 alloy from the recycling of secondary aluminum
obtained from beverage cans, using calcium and titanium hydride as a thickening and blowing agent,
respectively. They provide microstructural and metallurgical analyses and the mechanical properties.
Three contributions discuss the reinforcing role of carbon nanostructures (e.g., multiwalled carbon
nanotubes and graphene oxide) in developing new cellular structures with enhanced properties.
Damanik and Lange [8] investigate the effect of multiwalled carbon nanotubes coated with nickel on
the foaming behavior and morphology of reinforced AlMg4Si8 foam prepared by a powder metallurgy
process. Pinto et al. [9,10] present novel aluminum foam–polymer nanocomposite hybrid structures,
providing the structural, mechanical, thermal, and acoustic properties. These hybrid structures are
prepared by infiltrating an open-cell aluminum foam with a polymer (epoxy [9] and polyurethane
foams [10] with or without graphene oxide) to enhance the performance of the resulting hybrid
structures. The three following contributions are focused on new cellular structures to be applied
for structural applications. Vesenjak et al. [11] present a novel approach to fabricate aluminum
unidirectional cellular structures with longitudinal pores by rolling a thin aluminum foil with acrylic
spacers and finally compacting by explosion welding. They provide the metallographic, quasi-static,
and dynamic compressive properties. The fabrication process and influencing parameters have been
further studied using computational simulations. Yang et al. [12] present a comparative numerical
study of the uniaxial behavior of three lattice materials—face center cube, edge center cube, and vertex
cube—generated using topology optimization and crystal inspiration. They provide a characterization
of their deformation modes, mechanical properties, and energy absorption capabilities. Xu et al. [13]
analytically and numerically describe the elasto-plastic behavior of transversely isotropic cellular
materials with inner gas pressure, focusing on a gas-filled ellipsoidal-cell face center cube foam with
a relative density of 0.5. Yang et al. [14] report the findings of an experimental and numerical work
developed to study the sound absorption performance of 10-layer gradient compressed porous metal
to be applied for noise reduction. Hangai et al. [15] introduce a new manufacturing method to fabricate
steel tubes filled with aluminum foam from aluminum burrs of die-castings by friction stir back
extrusion. They further determine the compressive behavior and potential applications for impact
energy absorption. Finally, Duarte et al. [16] present a brief review of the main experimental and
numerical techniques and standards to investigate and quantify the structural, mechanical, thermal,
and acoustic properties of cellular metals.

3. Conclusions and Outlook

The contributions of this Special Issue present recent advances in cellular metal research.
Cellular metals enable an immediate weight reduction and material saving of components.
Simultaneously, they can perform multiple functions due to their three-dimensional cellular structures.
Despite these advantages, the commercial use of cellular metals is still limited due to the high production
costs required to create regular cellular structures (topology and morphology). Another inhibitor to
their application is the random variation in their mechanical, acoustic, and thermal behavior. However,
new technical solutions ensure that these materials can be produced in a commercially profitable way
with the required quality and reproducibility, such that their integration into engineering structures
can fully utilize their unique properties.
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Abstract: The foaming behaviour of aluminium alloys processed by the powder compaction technique
depends crucially on the exact alloy composition. The AlSi8Mg4 alloy has been in use for a decade now,
and it has been claimed that this composition lies in an “island of good foaming”. We investigated
the reasons for this by systematically studying alloys around this composition by varying the Mg and
Si content by a few percent. We applied in situ X-ray 2D and 3D imaging experiments combined with
a quantitative nucleation number and expansion analysis, X-ray tomography of solid foams to assess
the pore structure and pore size distribution, and in situ diffraction experiments to quantify the melt
fraction at any moment. We found a correlation between melt fraction and expansion height and
verified that the “island of good foaming” actually exists, and foams outside a preferred range for the
liquid fraction—just above TS and between 40–60%—show a poorer expansion performance than
the reference alloy AlSi8Mg4. A very slight increase of Si and decrease of Mg content might further
improve this foam.

Keywords: metal foam; CALPHAD; liquid fraction, X-ray diffraction; X-ray radioscopy; X-ray
tomography; X-ray tomoscopy

1. Introduction

Although the unusual properties of aluminium foams promise a wide range of applications [1]
and various commercial manufacturers are available, the overall production and selling volumes
are still quite low compared to, for example, wrought aluminium products or cellular polymers.
One reason may be the still too high costs, but it is certainly also necessary to further improve the
potential of metal foams by optimising their structure and properties. Two main production routes are
commercially available, namely, the melt route and the powder metallurgical route [2]. Foams made
by the latter method are stabilized by the action of metal oxide networks hindering film thinning and
rupture, as shown by Körner et al. [3], which is crucial for achieving a homogeneous foam. Beside
stabilising the liquid foam, other factors, such as the way of creating and distributing gas bubbles
during nucleation and further bubble growth, have to be considered. These requirements have led to
optimization strategies and related works of various kinds in the past.

The influence of gas nucleation on different alloys was studied by Rack et al. [4] and Kamm [5].
The influence of the different powder compaction methods was described by Neu [6]. In all these

Metals 2020, 10, 189; doi:10.3390/met10020189 www.mdpi.com/journal/metals5
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cases, the alloy composition played an important role [4,7]. The foamability of different aluminium
alloy systems, such as AlSi [7–9], AlMg [10], AlSiCu [11], AlSiMg, [10,12–14], AlSiCuZn [15] or
AlSiMgCu [13], has been reported. The alloy AlSi8Mg4 (in wt.%) has been found to be specially suited
and was therefore patented [16] due to the fact of its good foaming behaviour and other favourable
properties such as good corrosion resistance. It is now used commercially by the company Pohltec
Metalfoam for the production of aluminium foam sandwiches (AFS) [17]. Helwig et al. [13] reported
that the large amount of liquid available at low temperatures plays a major role in obtaining a good
foam structure, enhancing gas nucleation, and preventing crack formation and propagation in early
stages. The presence of Mg in the alloy also facilitates powder compaction and metallic bonding
among powder particles due to the breaking of the aluminium oxide layers [18]. On the downside, the
macroscopic expansion of Mg-containing alloys can be possibly compromised by increased surface
oxidation as demonstrated by Simancik et al. [10].

There has been the claim from Helwig et al. [16] of a narrow “island of good foaming” for alloy
AlSi8Mg4 (where numbers define the amount of the alloying element in weight percent, wt.%) with a
width of the alloy composition of ±1 wt.% for both components, however, without giving a precise
definition of foam quality. The aim of this work was to verify, disprove or further specify this claim
in terms of measured quantities, to investigate the role of the liquid phase and its influence on gas
nucleation and foaming behaviour as well as to find the most suitable alloy composition for a favourable
combination of expansion and morphology.

2. Materials and Methods

2.1. Sample Preparation

Different alloy compositions in the vicinity of the reference alloy AlSi8Mg4 were produced by
mixing elemental or alloyed powders with the blowing agent TiH2. The latter was heat treated for
3 h at 480 ◦C to match to the alloy’s solidus temperature [19]. The powders used are listed in Table 1.
The amount of blowing agent was kept constant at 0.5 wt.% for all compositions. For each composition,
a total of 30 g of powders were mixed in a tumbling mixer for 30 min and then filled into a cylindrical
steel mould of 36 mm diameter. The powders were first cold compacted for 10 s at a uniaxial pressure
of 300 MPa to displace as much air as possible and then, in a second step, hot compacted at 400 ◦C
and 300 MPa for 900 s as described in more detail by Helwig et al. [20]. From the resulting cylindrical
tablet, rectangular samples of 10 mm × 10 mm × 4 mm and 4 mm × 4 mm × 2 mm size were prepared
with a CNC mill to be used in laboratory and synchrotron X-ray radioscopy experiments, respectively.
The larger sample surfaces were always perpendicular to the uniaxial compression direction.

Table 1. List of powders used.

Powder Provider Purity D50 (μm)

Al Aluminium Powder Company Ltd. 99.7 63.9
Si Elkem AS 97.5 25.7

AlMg50 Possehl Erzkontor - 63.8
TiH2 Chemetall GmbH 98.8 14.4

2.2. Laboratory X-Ray Radioscopy and Tomography

For foaming, samples were placed on top of a resistive heating plate (900 W power) leaving a
free path for X-ray observation. A thermocouple inserted into the heating plate on its obverse side
combined with a CAL 3300 thermo-controller from CAL Controls, Hertfordshire, UK, allowed for
the adjustment of the desired temperature profile. The corresponding temperature in the samples
was calibrated by reference measurements with a thermocouple inserted into dummy precursors. To
analyse the foaming behaviour of the samples, the temperature of the heating plate was raised to
700 ◦C (corresponding to 673 ◦C inside the sample) with an average heating rate of ~16.5 K/s and held
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there for 180 s, after which the power was switched off and natural cooling led to solidification and
conservation of the resulting foam.

The whole foaming process was observed by in situ laboratory X-ray radioscopy. The system
consisted of a micro-focus X-ray source from Hamamatsu, Photonics, Hamamatsu, Japan, with a spot
size of 5 μm and a power of 10 W (100 kV and 100 μA). The radiographic images were detected by a
flat panel detector, also from Hamamatsu, with a 120 mm × 120 mm large field of view and 2240 × 2368
pixels, each one 50 μm × 50 μm in size. Due to the geometrical magnification of 3.5×, an effective pixel
size at the sample site of 14.3 μm was achieved. A quantitative analysis of the projected images allows,
among others, a detailed calculation of the area expansion evolution of the foams. The equipment has
been explained in more detail elsewhere [21].

Post-solidification tomographic images of the foams based on 1000 projections distributed over an
angle of 360◦ were recorded with the same system just by replacing the heating stage by a rotation
stage from Huber, Rimsting, Germany.

2.3. Synchrotron X-Ray Radioscopy and Diffraction

Simultaneous energy-dispersive X-ray diffraction (ED-XRD) and radioscopy measurements
were performed at the Energy Dispersive Diffraction (EDDI) instrument, Bessy II, Berlin, Germany.
A scheme of the setup is shown in Figure 1. A detailed description of the system can be found in the
literature [22,23]. Samples of 4 mm × 4 mm × 2 mm size were placed on a steel holder on top of a
M-660 rotation stage from Physik Instrumente PI, Karlsruhe, Germany, and heated up to 640 ◦C at a
rate of 3.4 K/s with an infrared (IR) heating lamp of 150 W power. The temperature was controlled
by a thermocouple inserted into the steel holder beneath the sample. The samples were rotated at
0.2 Hz during the foaming process for better statistics. The transmitted X-ray image was converted to
visible light by a 200 μm thick LuAG:Ce scintillator, and the corresponding image was projected onto
a Complementary metal-oxide-semiconductor (CMOS) sensor with an effective pixel size of 2.5 μm
(DIMAX, PCO, Kelheim, Germany) by a mirror/lens system. We recorded 200 images per second with
an exposure time of 3 ms for each. Full diffraction patterns could be recorded in transmission with
a multi-channel Ge-detector, model GL0110, Canberra, Lingolsheim, France, under a fixed angle of
2θ = 6◦.

Figure 1. Schematic view of the experimental setup for simultaneous X-ray radioscopy and diffraction
measurements during foaming of samples at the Energy Dispersive Diffraction (EDDI) beamline, Bessy
II, Berlin, Germany.

The ED-XRD patterns were acquired at a speed of 0.4 diffractograms per second throughout the
foaming process including melting, foam aging, and solidification. Using the software available at
the beamline [22], the solid fraction of the different phases could be calculated from the diffraction
patterns by integrating the area of the peaks, each of which corresponded to the volume fraction of
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the corresponding phase [24]. The liquid fraction in the evolving foam was calculated comparing the
measured peak areas with the areas of the peaks in the solid state. For that purpose, several corrections
for the primary beam (wiggler) spectrum, absorption, and detector dead time were applied to the raw
data. The individual diffraction lines in the diffraction patterns were fitted by pseudo Voigt functions.
Finally, the results were corrected for the changing materials density by taking into account the average
X-ray attenuation derived from radioscopy data and Beer–Lambert’s attenuation law [25]. As the
alloys reduce their density during heating due to the fact of thermal expansion, and this especially
during foaming, a density correction was applied. The corresponding density evolution was obtained
from the radioscopic images using our own software AXIM [25].

2.4. Synchrotron X-Ray Tomoscopy

To further study the foam structure evolution in the liquid state, the recently developed tomoscopy
setup at the TOMCAT beamline, PSI, Villigen, Switzerland, was used [26]. The X-ray tomoscopy
allowed us to resolve, in 3D, the real foam structure in situ during the foaming procedure, i.e., in the
liquid state. Thus, we were able to resolve the gas nucleation stage and the size and shape of the first
evolving bubbles, which are a determining factor for the later structural quality of the foam. Samples of
4 mm × 4 mm × 2 mm size were placed in an X-ray transparent boron nitride crucible of 8 mm diameter
which was rotated at 10 Hz while acquiring 10 tomograms per second (each covering a 180◦ angle with
400 projections of 90 μs exposure time, for a total individual scan duration of 0.05 s, separated by 180◦
rotation without data acquisition) of over a time span of several minutes. The samples were heated
up at a rate of ~2 K/s with two IR lasers as described in detail elsewhere [27]. The transmitted X-ray
image was converted to visible light by a 150 μm thick LuAG:Ce scintillator and transferred to the
GigaFRoST high-speed camera [28] by an optical system with a high numerical aperture and 4 fold
magnification [29]. The tomographic projections images were filtered using the propagation-based
phase contrast algorithm by Paganin et al. [30] and reconstructed with the gridrec algorithm [31].
The resulting effective pixel size was 2.75 μm.

2.5. Calculation of the Liquid Fraction

To predict phase evolution throughout the foaming process, including the fraction of liquid
available over the solidification range for the different alloys studied, the commercial software
Thermo-Calc 2016a, Thermo-Calc Software AB, Solna, Sweden [32] and a Scheil–Gulliver model [33]
was applied. Thermodynamic data were taken from the COST507B database. Thermo-Calc calculates
the equilibrium of the phases according to the CALculation of PHAse Diagrams (CALPHAD) method.

3. Results

Calculations performed with Thermo-Calc indicate that the amount of liquid fraction should
increase with the Si and decrease with the Mg content (see Appendix A and Figure A1). The effects
of the variation of the Si and Mg content in the range of ±1% and ±2% around the reference alloy’s
composition (AlSi8Mg4) on gas nucleation, foam expansion, pore structure, and liquid phase were
studied systematically. For all experiments, except the tomoscopy and diffraction analyses, each
reported value was the average of three measurements. When showing individual curves or images, a
representative sample was selected.

3.1. Gas Nucleation and Bubble Evolution

Gas nucleation and bubble growth in the early foaming stage were studied by X-ray tomoscopy.
Figure 2 shows representative tomographic slices extracted from tomograms recorded during the stage
of bubble nucleation and early growth at three different foaming times and for four representative
alloys. At 474 ◦C, the first gas nuclei can be observed in all samples. They are preferably located at
the weakly X-ray attenuating AlMg50 particles. All four alloys exhibited a similar structure at this
stage, although slight differences in the number of AlMg50 particles, corresponding to the different Mg
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contents, can be seen. In the second row, at 570 ◦C, the difference between the reference alloy AlSi8Mg4
and the others is obvious. While the reference alloy had already round and smoothly shaped bubbles,
the other alloys developed irregularly shaped jagged bubbles. Nevertheless, at 587 ◦C, the bubble
structures of the non-reference alloys seemed to have healed, so that the foam developed an acceptable
structure, although with different pore sizes as can be seen later in Section 3.4.

Figure 2. Representative tomographic slices extracted from tomograms recorded at three different
temperatures for four different alloys. The first row shows the first nucleation stage, the second row
the second nucleation stage, and the third row the early bubble growth stage. Gas bubbles, TiH2, and
AlMg50 particles are clearly visible in the first nucleation stage and marked with white arrows.

3.2. Expansion Kinetics

Figure 3 shows the projected area expansion curves for the selected representative samples
of different alloy compositions as derived from laboratory radioscopy data and the corresponding
temperature of the heating plate and the calibrated temperature of a dummy sample (a non-foamable
piece of a similar aluminium alloy with the same weight and size of a real sample). We observed clear
differences in the general course of the area expansion as well as in the maximum or end expansion
values of the foams. While alloys AlSi9Mg3 and AlSi7Mg5 reached over 90% of their maximum
expansion in ~25 s, AlSi8Mg4 and AlSi9Mg5 needed more than 200 s. Alloy AlSi7Mg5 reached its
maximum expansion shortly after the expansion phase and shrunk slowly during the remaining
holding time, while the other alloys continued growing slowly until the holding period was over.
At the end of the holding period (t = 225 s), the heating power was switched off and after ~40 s
(indicated by black arrows in Figure 3), the samples solidified. At this point, a small local minimum in
the area expansion can be observed followed by a slight expansion stage. This is known as solidification
expansion [34]. The final expansion of the solid foam is the so-called end expansion.
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Figure 3. Area expansion curves for selected samples of different alloy composition and the common
temperature profiles of the heating plate and the sample. Three experimental stages are indicated,
namely, heating, holding for 180 s at 700 ◦C, heating plate temperature, and natural cooling after
switching off the power. Black arrows indicate the solidification point in the expansion curve.

3.3. Maximum Area Expansion

Mg and Si variations of ±1 wt.% and ±2 wt.% around the reference alloy AlSi8Mg4 were evaluated.
The impact of the variation of one element while keeping the other at a constant level on foam area
expansion is given in Figure 4. In Figure 4a, we can observe that changes in the Mg content in the
range 3–5 wt.% had little impact on expansion, but beyond this, range expansion is reduced. Figure 4b
shows a flat maximum of expansion around 9 wt.% Si with a decrease in expansion for lower and
higher values. The difference between the maximum and the end expansion expresses the tendency of
shrinking (or of collapse in extreme cases) of the foams after solidification. Here, we can see for both
variations that the difference was small in all cases.

  
(a) (b) 

Figure 4. Maximum and end foam area expansion given as a function of (a) Mg content, with Si fixed
at 8 wt.%, and (b) Si content, with Mg fixed at 4 wt.%.

In order to also describe simultaneous changes in Si and Mg composition, Figure 5 shows the
results of a wider selection of compositions around the reference composition (in blue). Compositions
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in green show a higher maximum expansion and in red lower ones. The trend of higher expansions
seems to be shifted to more Si and less Mg than for the reference alloy.

Figure 5. Maximum foam area expansion for varying Mg and Si content. Composition in blue is the
reference alloy AlSi8Mg4. Compositions in green show a higher maximum expansion and in red lower
ones. Only selected alloys around the reference alloy are plotted for a better overview.

3.4. Morphology

The evolution of the inner structure of liquid metal foams was elucidated by X-ray radioscopy.
Examples of the nucleation stage, maximum expansion, and end expansion for alloys of composition
AlSi8MgY (Y = 2–6 wt.%) and AlSiXMg4 (X = 6–10 wt.%) can be observed in Figures A3 and A4 of
Appendix C. It is possible to observe how cracks induce later large bubbles as well as local coalescence
and drainage are induced by gravity at the bottom part of the foams, especially for Si contents >8 wt.%.

The interior of solid foams can be assessed qualitatively from macrographs of sectioned foams
(Figure 6). Obviously, minor changes in alloy composition lead to visible changes in pore size.
Alloy AlSi7Mg5 (Figure 6a) shows the most irregular structure with a thick outer skin and large
non-spherical pores. The reference alloy AlSi8Mg4 and alloy AlSi9Mg5 present the most homogeneous
structure, combining a good expansion with spherical pores and a homogeneous pore size distribution.
The remaining alloy AlSi9Mg3 still had a good expansion and an acceptable structure but with larger
and more polyhedral pores. A ~1 mm thick dense layer can be observed at the bottom of alloys
AlSi7Mg5 and AlSi9Mg5 caused by gravity-induced drainage.
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Figure 6. Cross-sections showing the pore structure of (a) AlSi7Mg5, (b) AlSi8Mg4, (c) AlSi9Mg3,
and (d) AlSi9Mg5 after foaming and cutting into two pieces along a plane perpendicular to the
sample substrate.

Drawing conclusions from individual foam samples, such as the ones shown in Figure 6,
can be treacherous, as their volumes are small and statistical scatter among samples is large.
Therefore, additional samples were quantitatively analysed by laboratory tomography, followed
by pore segmentation as shown in Figure 7, where different colours indicate separated pores. The
volume-weighted pore size distributions can be approximated by Gaussian functions. The mean pore
size, sharpness of the distribution in terms of standard deviation, sample volume, and number of pores
can be found in Table 2. The trends observed in Figure 6 are confirmed.

 

Figure 7. Volume-weighted pore size distribution histograms of four selected foams and corresponding
Gaussian fits. Insets show rendered images of the segmented pore structures.
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Table 2. Characteristic values of the foam structure obtained from tomographic analyses.

Alloy Mean Pore Size (mm) n V (mm3) n/V (1/mm3)

AlSi8Mg4 2.00 ± 0.47 1189 1704 0.69
AlSi7Mg5 2.44 ± 0.59 1086 1240 0.88
AlSi9Mg3 3.19 ± 0.81 448 2181 0.21
AlSi9Mg5 1.61 ± 0.42 1276 1355 0.94

3.5. Liquid Phase Evolution

To evaluate the evolution of the liquid phase during melting and solidification, the foaming
process of the alloys was monitored by simultaneous in situ X-ray radioscopy and diffraction
analysis. The results were compared with simulations of the solidification process carried out
with the CALPHAD method.

Figure 8 depicts density maps of diffracted intensities (grey scale) dispersed in energy (in keV) of
the reference alloy AlSi8Mg4 as a function of the time which is correlated with the temperature via the
heating curve T(t). Four selected radioscopic images of the evolving metal foam denote its structure
and density at different positions. The phases are represented by the energy-dispersive peaks and
labelled below these with the corresponding indices. The melting and solidification stadia showing
peaks of solid phases mixed with a blurred area from the scattered intensities of the molten fraction
are located between dashed blue and red lines (semi-solid phase). The fully molten stage is located
between red dashed lines. It can be observed that the Al3Mg2 phase contained in the original AlMg50
particles disappears after melting and foaming, while the amount of the Mg2Si phase increases after
solidification (see also Figure A5).
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Figure 8. Density maps of diffracted intensities (grey scale) dispersed in energy (in keV) versus time
correlated to the scan number and to the temperature profile and selected radioscopic images of an
evolving AlSi8Mg4 foam.
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The evolution of liquid fractions with varying temperature during foaming of four alloys was
extracted from the density maps of diffracted intensities and plotted together with the calculated liquid
fraction in Figure 9. The black curve represents the relative X-ray absorption of the samples extracted
from the integrated intensities of the radiographies which correlates with their relative density via the
Beer–Lambert equation [25]. The reference alloy AlSi8Mg4 shows a narrow melting interval starting
from 580 ◦C. It is completely molten at 615 ◦C. We assumed that the absolute temperature in this
case shifted to a higher temperature by ~20 K due to the insufficient sample contact to the heating
plate. The AlSi7Mg5 presents the widest melt interval 555–625 ◦C and had a liquid fraction of 50% at
590 ◦C. The melting interval of alloy AlSi9Mg3 started at 560 ◦C and ended at relatively low 600 ◦C.
The liquid fraction was 50% at 570 ◦C. The AlSi9Mg5 possessed the narrowest melting interval, and for
temperatures >580 ◦C, only 5% solid phase remained.

 

  
(a) AlSi8Mg4 

 
(b) AlSi9Mg3 

 

  
(c) AlSi7Mg5 (d) AlSi9Mg5 

Figure 9. Development of the liquid phase over temperature extracted from the density maps of
diffracted intensities (in red, see also Figure 8), calculated curves (in blue) and X-ray absorption of the
samples related to the absorption of the precursors during foaming of (a) AlSi8Mg4, (b) AlSi9Mg3,
(c) AlSi7Mg5, and (d) AlSi9Mg5 alloys.

4. Discussion

Melting of a foamable precursor is a mandatory step in the production chain of a metal foam
following the PM route. It has been claimed that a narrow temperature range in which the liquid
phase appears rapidly is beneficial [13]. To study the influence of the liquid phase on foam quality, we
varied the alloy composition and found systematic changes. However, variations of composition may
also affect other factors influencing foam quality including the quality of powder compaction. For
satisfactory foaming, a high density and gas tightness have to be achieved. As shown in previous work
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on AlSiXMgY precursors, hot compaction at 400 ◦C and 300 MPa gives rise to good metallic bonding
and relative densities above 96% which, in turn, suppresses crack formation in the early nucleation
stages [20] as opposed to, for example, binary AlSiX alloys [4], where cracks occur that later lead to
large pores and an inhomogeneous pore size distribution [35]. So far, no notable crack formation in the
early stage was observed for all alloys studied here as shown in Figure 2, so that strong gas losses
through open cracks all the way to the surface can be considered minimal. The increase or decrease in
Si content does not have an influence on the density of the precursor, while an increase in Mg has a
small positive effect on the compaction density, for example, from 96.1% relative density for AlSi7Mg3
to 97.5% for AlSi7Mg5 [36]. During compaction at 400 ◦C and 300 MPa, Mg atoms can diffuse into Al
and react to form spinel MgAl2O4, break the Al2O3 oxide layer [37], and lead to improved metallic
bonding and higher densities. On the other hand, this positive effect might be compensated by external
oxidation of the entire foam thus hindering free foam expansion [10].

The rate of desorption from the blowing agent TiH2 increases rapidly above 400 ◦C. An oxidising
pre-treatment of the TiH2 powder is known to be beneficial for foaming [19]. Gas nucleation starts
already at ~450 ◦C close to or at AlMg50 particle surfaces, followed by a second nucleation step once the
solidus temperature of 558 ◦C of the AlSiXMgY system has been reached [26]. The first nucleation step
may be slightly influenced by differences in the amount of AlMg50 particles, although no significant
influence is observed in Figure 2. After reaching the solidus temperature, the role of the amount of
liquid fraction becomes visible, as it influences the second nucleation step and the following bubble
growth as observed in Figure 2. In alloys like AlSi8Mg4 and AlSi9Mg5, which both have a short
melting range, a large number of small pores appear in the initial state of the second nucleation step,
leading later to foam structures with smaller pores (see Figure 6, Figure 7, and Figure A2).

The alloy AlSi7Mg5 (Figure 6a) exhibits an irregular pore structure and a thick outer skin caused
by early shrinking and collapse as evident from Figure 3. The most homogeneous structures and a
good expansion can be found for AlSi8Mg4. The AlSi9Mg5 exhibits a combination of good expansion
with spherical pores and a sharper pore size distribution (see Table 2 and Figure 7). Alloy AlSi9Mg3
had the highest expansion of all tested alloys, as shown in Figure 3, but at the cost of an inferior pore
structure, namely, larger polyhedral pores (see Figure 6c).

The liquid fractions in the melting and foaming alloys were measured by synchrotron diffraction
experiments. An advantage of this method is that the real liquid fraction can be directly measured
even if the system is not in thermodynamic equilibrium which is the case here. A disadvantage is that
the quantification based on the peak area relies on several corrections as stated previously and is not
exact but a reasonable qualitative approximation. Moreover, a direct temperature measurement is
difficult because insertion of thermocouples into the foam would have an impact on foaming. Use of
calibrated temperatures induces uncertainties.

The in situ diffraction method also allows for an identification of the phases involved. We could
observe the disappearance of the Al3Mg2 phase present in the original precursors contained in the
AlMg50 powders after melting and solidification as well as the increase of solid Mg2Si phase after
solidification which was already present in the precursors in lower amounts, indicating its formation
already during hot compaction prior to foaming. Solid Mg2Si exists in the melt as shown by Paes et
al. [38]. Pronounced formation of solid Mg2Si in the early stages of melting can reduce the amount
of liquid fraction as was observed in alloy AlSi7Mg5, explaining the early foam stabilisation and the
corresponding flat expansion profile in Figure 3, although the presence of Mg2Si in the liquid stage
could not be resolved by diffraction in Figure 8 due to the small quantities present and the strong
scattering effect of the liquid. In all cases, the Si peaks disappeared abruptly between 560–580 ◦C,
in the proximity to the eutectic temperature of AlSi, Te = 577 ◦C. For AlSi8Mg4, the liquid fraction
reached 100% at 615 ◦C instead of at the liquidus temperature, TL = 595 ◦C, indicating that there was a
shift of 20 K, probably caused by artefacts of the temperature measurement.

The highest expansions achieved corresponded to theoretical liquid fractions of 40–60% just after
passing the solidus temperature. We assumed that the more liquid phase was formed in the early
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stages, the less gas losses due to the cracks take place, leading to better expansions due to the more
effective use of the available gas and a more simultaneous nucleation. On the other hand, if too much
liquid phase exists, the lack of solid particles and the corresponding low viscosity deteriorate foam
stability, leading to coalescence and collapse and indirectly to a lower expansion. As a summary of the
expansion performance of the alloys studied, Figure 5 clearly illustrates that some compositions (in
green) showed higher maximum expansions, while others (in red) gave rise to lower expansions than
the reference alloy (in blue). There was a tendency to higher expansions towards slightly higher Si
and lower Mg contents than in the reference alloy. However, with 10 wt.% Si, only lower expansions
could be achieved. It is known that Si lowers the viscosity of melts, whereas Mg increases it [39]. In
Mg containing alloys, Mg2Si particles are present in the melt [38], although they could not be detected
in the in situ diffraction experiments, most likely due to the strong scattering by the molten phase.
Low Mg contents lead to large pores due to the less stabilising oxides [3], fewer Mg2Si particles, and
lower viscosities as can be observed in Figures 6 and 7.

As a prediction and comparison, the amount of melt/liquid phase during melting and solidification
was calculated using the CALPHAD method. The results obtained show the right tendency, as can
be observed in Figure 9, but do not match the measurements exactly, because the method considers
the amount of liquid phase during solidification of the already formed alloy. During melting of the
foamable samples, the nominal composition and the corresponding phases in the thermodynamic
equilibrium have still not formed, since the compacted samples mainly contain elemental powders
(see Table 1), and diffusion during the short heating time does not allow for a full dissolution of the
components. As shown in Figure 9, we can conclude that alloys with high Si contents show a narrower
melting interval and lower temperatures for complete melting, while the influence of Mg is not clear,
possibly due to the effect of a forming Mg2Si phase.

A summary of the maximum area expansions achieved for foams with different alloy compositions
as a function of the liquid fraction after passing the solidus temperature is presented in Figure 10.
Most of the alloys studied show less expansion than the reference alloy, but some lead to a gain in
maximum expansion. The latter determine the range of liquid fraction in which we can expect a good
expansion. As it was shown, not only expansion is the parameter to take into account, but also foam
structure, which is influenced by the amount of solid particles in the melt responsible for stabilisation.
Therefore, a good compromise between high liquid fraction, facilitating expansion, and high solid
fraction, enabling stabilisation, has to be found.

Finally, other process parameters, such as the foaming temperature and the temperature profile,
could be further fine-tuned for each selected alloy. With all these improvements, foam quality can be
positively influenced.
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Figure 10. Maximum area expansion versus theoretical liquid fraction at the solidus temperature
TS = 558 ◦C, displaying the expansion gain or loss found for different alloy compositions with respect
to the reference system AlSi8Mg4. The range of expected good foamability is marked in green.

5. Conclusions

• An optimisation of alloy composition in the AlSiXMgY system for foaming was performed for
compositions around the reference AlSi8Mg4.

• A tendency to higher expansions was observed for higher Si and lower Mg contents than in the
reference system.

• A correlation between increased liquid fraction and high foam expansion was found up to a
preferred range for the liquid fraction of 40–60% just above TS. Even higher liquid fractions had
an adverse effect on foamability.

• AlSi9Mg3 shows the highest expansion of all alloys with an acceptable foam structure, while
AlSi9Mg5 has the best pore structure with an acceptable expansion. Therefore 4% Mg appears
as a good compromise. Within the “island of good foaming” around AlSi8Mg4 cited in the
introduction, the best point might lie slightly on the Si-rich side.
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Appendix A

The amount of liquid fraction above the solidus temperature of the AlSiXMgY system was
calculated with Thermo-Calc. A variation of Si and Mg contents while keeping the other elements
constant is shown in Figure A1. From these graphs, we can deduce that in this composition range, an
increase of the Si content will increase the melt fraction above Ts, while an increase of Mg will reduce it.

  
(a) AlSiXMg4  (b) AlSi8MgY 

Figure A1. Amount of liquid fraction (in blue) above the solidus temperature Ts = 558 ◦C calculated
with the software Thermo-Calc and the COST507B database for the alloys (a) AlSiXMg4 and (b)
AlSi8MgY for different amounts of Mg and Si, respectively. The corresponding liquidus temperatures
TL are marked in red.

Appendix B

 
Figure A2. Pore density and porosity for selected samples of different alloy compositions over
temperature corresponding to the samples shown in Figure 2.
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Appendix C

X-ray radiographies of the evolving liquid metal foams allowed us to follow the structure
development throughout foaming. Figures A3 and A4 show the nucleation, maximum expansion, and
end expansion stages for a series of alloys of composition AlSi8MgY (Y = 2–6 wt.%) and AlSiXMg4 (X
= 6–10 wt.%), respectively. Several features such as melt bubbles, cracks in early stages followed by
big initial bubbles or drainage are marked in red.

Figure A3. X-ray radiographies of evolving liquid metal foams of compositions AlSi8MgY (Y = 2–6
wt.%) extracted from an in situ radioscopic series.

 

Figure A4. X-ray radiographies of evolving liquid metal foams of compositions AlSiXMg4 (X = 6–10
wt.%) extracted from an in situ radioscopic series.
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Appendix D

 

Figure A5. Diffraction pattern of an AlSi8Mg4 sample (a) before and (b) after foaming. The increase of
the Mg2Si phase after foaming is clearly observable.
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pore formation in aluminium foams studied by synchrotron-based microtomography and 3-D image analysis.
Acta Mater. 2009, 57, 4809–4821. [CrossRef]

5. Kamm, P.H. Der Schäumprozess von Aluminiumlegierungen: Tomoskopische Untersuchung der
Gasnukleation. Ph.D. Thesis, Technische University Berlin, Berlin, Germany, August 2017.

6. Neu, T.R. Einfluss der Kompaktierung auf das Schäumverhalten von pulvermetallurgisch hergestellten
Metallhalbzeugen. Ph.D. Thesis, Technische Universität Berlin, Berlin, Germany, July 2018.

7. Duarte, I.; Banhart, J. A study of aluminium foam formation-kinetics and microstructure. Acta Mater. 2000,
48, 2349–2362. [CrossRef]

8. Weigand, P. Untersuchung der Einflussfaktoren auf die pulvermetallurgische Herstellung von
Aluminiumschäumen. Ph.D. Thesis, RWTH Aachen University, Aachen, Germany, May 1999.

9. Lázaro, J.; Solórzano, E.; Rodríguez-Pérez, M.A.; Kennedy, A.R. Effect of solidification rate on pore connectivity
of aluminium foams and its consequences on mechanical properties. Mater. Sci. Eng. A 2016, 672, 236–246.
[CrossRef]

10. Simancik, F.; Behulova, K.; Bors, L. Effect of Ambient Atmosphere on the Foam Expansion, Cellular Metals and
Metal Foaming Technology: Metfoam, Bremen, 2001; Banhart, J., Ashby, M.F., Eds.; MIT Publishing: Bremen,
Germany, 2001; pp. 89–92.

20



Metals 2020, 10, 189

11. Banhart, J.; Baumeister, J. Deformation characteristics of metal foams. J. Mater. Sci. 1998, 33, 1431–1440.
[CrossRef]

12. Sahm, H. Untersuchung des Einflusses von Magnesium auf die Schäumbarkeit von Aluminiumlegierungen; Engineer
Report; TU Bergakademie Freiberg: Freiberg, Germany, March 1994.

13. Helwig, H.M.; Garcia-Moreno, F.; Banhart, J. A study of Mg and Cu additions on the foaming behaviour of
Al-Si alloys. J. Mater. Sci. 2011, 46, 5227–5236. [CrossRef]

14. Zhiqiang, G.; Donghui, M.; Xiaoguang, Y.; Xue, D. Effect of Mg addition on the foaming behaviour of AlSi7
based alloy prepared by powder metallurgy method. Rare Metal Mater. Eng. 2016, 45, 3068–3073. [CrossRef]

15. Lehmhus, D.; Busse, M. Potential new matrix alloys for production of PM aluminium foams. Adv. Eng.
Mater. 2004, 6, 391–396. [CrossRef]

16. Helwig, H.M.; Banhart, J.; Seeliger, H.-W. Metal foams made of an aluminium alloy, use and manufacturing
route. Patent EP 2 143 809, 14 September 2011.

17. Pohltec Metalfoam. Available online: http://metalfoam.de/ (accessed on 18 December 2019).
18. Nagelberg, A.S.; Antolin, S.; Urquhart, A.W. Formation of Al2O3/metal composites by the directed oxidation

of molten aluminum-magnesium-silicon alloys: Part ii, growth kinetics. J. Am. Ceram. Soc. 1992, 75, 455–462.
[CrossRef]

19. Jiménez, C.; Garcia-Moreno, F.; Pfretzschner, B.; Klaus, M.; Wollgarten, M.; Zizak, I.; Schumacher, G.;
Tovar, M.; Banhart, J. Decomposition of TiH2 studied in situ by synchrotron X-ray and neutron diffraction.
Acta Mater. 2011, 59, 6318–6330. [CrossRef]

20. Helwig, H.M.; Hiller, S.; Garcia-Moreno, F.; Banhart, J. Influence of compaction conditions on the foamability
of AlSi8Mg4 alloy. Metall. Mater. Trans. B 2009, 40, 755–767. [CrossRef]

21. Garcia-Moreno, F.; Fromme, M.; Banhart, J. Real-time x-ray radioscopy on metallic foams using a compact
micro-focus source. Adv. Eng. Mater. 2004, 6, 416–420. [CrossRef]

22. Genzel, C.; Denks, I.A.; Gibmeier, J.; Klaus, M.; Wagener, G. The materials science synchrotron beamline
EDDI for energy-dispersive diffraction analysis. Nucl. Instrum. Methods Phys. Res. Sect. A 2007, 578, 23–33.
[CrossRef]

23. Jiménez, C.; Plaepow, M.; Kamm, P.H.; Neu, T.; Klaus, M.; Wagener, G.; Banhart, J.; Genzel, C.;
García-Moreno, F. Simultaneous X-ray radioscopy/tomography and energy-dispersive diffraction applied to
liquid aluminium alloy foams. J. Synchrotron Rad. 2018, 25, 1790–1796. [CrossRef] [PubMed]

24. Warren, B.E. X-Ray Diffraction; Dover: New York, NY, USA, 1990.
25. Garcia-Moreno, F.; Solorzano, E.; Banhart, J. Kinetics of coalescence in liquid aluminium foams. Soft Matter

2011, 7, 9216–9223. [CrossRef]
26. García-Moreno, F.; Kamm, P.H.; Neu, T.R.; Bülk, F.; Mokso, R.; Schlepütz, C.M.; Stampanoni, M.; Banhart, J.

Using X-ray tomoscopy to explore the dynamics of foaming metal. Nat. Commun. 2019, 10, 3762. [CrossRef]
27. Fife, J.L.; Rappaz, M.; Pistone, M.; Celcer, T.; Mikuljan, G.; Stampanoni, M. Development of a laser-based

heating system for in situ synchrotron-based X-ray tomographic microscopy. J. Synchrotron Rad. 2012, 19,
352–358. [CrossRef]

28. Mokso, R.; Schlepütz, C.M.; Theidel, G.; Billich, H.; Schmid, E.; Celcer, T.; Mikuljan, G.; Sala, L.; Marone, F.;
Schlumpf, N.; et al. GigaFRoST: The gigabit fast readout system for tomography. J. Synchrotron Rad. 2017, 24,
1250–1259. [CrossRef]

29. Buhrer, M.; Stampanoni, M.; Rochet, X.; Buchi, F.; Eller, J.; Marone, F. High-numerical-aperture macroscope
optics for time-resolved experiments. J. Synchrotron Rad. 2019, 26, 1161–1172. [CrossRef] [PubMed]

30. Paganin, D.; Mayo, S.C.; Gureyev, T.E.; Miller, P.R.; Wilkins, S.W. Simultaneous phase and amplitude
extraction from a single defocused image of a homogeneous object. J. Microsc. 2002, 206, 33–40. [CrossRef]
[PubMed]

31. Marone, F.; Stampanoni, M. Regridding reconstruction algorithm for real-time tomographic imaging.
J. Synchrotron Rad. 2012, 19, 1029–1037. [CrossRef] [PubMed]

32. Andersson, J.O.; Helander, T.; Höglund, L.; Shi, P.; Sundman, B. Thermo-Calc & DICTRA, computational
tools for materials science. Calphad 2002, 26, 273–312.

33. Schaffnit, P.; Stallybrass, C.; Konrad, J.; Stein, F.; Weinberg, M. A Scheil–Gulliver model dedicated to the
solidification of steel. Calphad 2015, 48, 184–188. [CrossRef]

34. Mukherjee, M.; Garcia-Moreno, F.; Banhart, J. Solidification of metal foams. Acta Mater. 2010, 58, 6358–6370.
[CrossRef]

21



Metals 2020, 10, 189

35. Helfen, L.; Baumbach, T.; Stanzick, H.; Banhart, J.; Elmoutaouakkil, A.; Cloetens, P. Viewing the early stage
of metal foam formation by computed tomography using synchrotron radiation. Adv. Eng. Mater. 2002, 4,
808–813. [CrossRef]

36. Radtke, L. Optimierung einer AlSiMg-Legierung für die Metallschaumherstellung. Master’s Thesis,
Technische Universität Berlin, Berlin, Germany, January 2017.

37. Lumley, R.; Sercombe, T.; Schaffer, G. Surface oxide and the role of magnesium during the sintering of
aluminum. Metall. Mater. Trans. A 1999, 30, 457–463. [CrossRef]

38. Paes, M.; Zoqui, E.J. Semi-solid behavior of new Al–Si–Mg alloys for thixoforming. Mater. Sci. Eng. A 2005,
406, 63–73. [CrossRef]

39. Di Sabatino, M. Fluidity of aluminium foundry alloys. Ph.D. Thesis, Norwegian University of Science and
Technology, Trondheim, Norway, September 2005.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

22



metals

Article

Effects of Eutectic Modification and Grain Refinement
on Microstructure and Properties of PM AlSi7
Metallic Foams

Dirk Lehmhus 1,*, Daniela Hünert 2, Ulrike Mosler 3, Ulrich Martin 4 and Jörg Weise 1

1 Fraunhofer Institute for Manufacturing Technology and Advanced Materials IFAM, Wiener Straße 12,
28359 Bremen, Germany; joerg.weise@ifam.fraunhofer.de

2 Rolls-Royce Deutschland Ltd. & Co KG, Eschenweg 11, 15827 Blankenfelde-Mahlow, Germany;
daniela.huenert@rolls-royce.com

3 Deutsche Bahn AG, DB Systemtechnik GmbH, Bahntechnikerring 74, 14774 Brandenburg-Kirchmöser,
Germany; ulrike.mosler@deutschebahn.com

4 TU Bergakademie Freiberg, Gustav-Zeuner-Straße 5, 09599 Freiberg, Germany; martin@ww.tu-freiberg.de
* Correspondence: dirk.lehmhus@ifam.fraunhofer.de; Tel.: +49-421-2246-7215

Received: 14 October 2019; Accepted: 13 November 2019; Published: 20 November 2019

Abstract: For AlSi7 foams, microstructure modification by variation of solidification rates and addition
of Sr, B and TiB2/TiAl3 was investigated and its transfer to powder metallurgical metal foaming
processes demonstrated. Microstructural characterization focused on grain size and morphology
of the eutectic phase. Cooling rates during solidification were linked to secondary dendrite arm
spacing, establishing a microstructure-based measure of solidification rates. Effects of refining and
modification treatments were compared and their influence on foam expansion evaluated. Studies on
foams focused on comparison of micro- and pore structure using metallographic techniques as well as
computed tomography in combination with image analysis. Reference samples without additives and
untreated as well as annealed TiH2 as foaming agent allowed evaluation of pore and microstructure
impact on mechanical performance. Evaluation of expansion and pore structure revealed detrimental
effects of Sr and B additions, limiting the evaluation of mechanical performance to the TiB2 samples.
These, as well as the two reference series samples, were subjected to quasi-static compression testing.
Stress-strain curves were gained and density-dependent expressions of ultimate compressive strength,
plateau strength and tangent modulus derived. Weibull evaluation of density-normalized mechanical
properties revealed a significant influence of grain size on the Weibull modulus at densities below
0.4 g/cm3.

Keywords: aluminum foam; metal foam; aluminum alloys; grain refinement; modification;
microstructure; mechanics of materials; metallurgy; melt treatment; powder metallurgy

1. Introduction

1.1. Foam Fundamentals

Metallic foams based on the powder compact melting or Fraunhofer process have by now reached
sufficient levels of maturity to allow series production, e.g., for applications in the transport, machine
tool and even the building industry [1–4]. The underlying process is based on hot compaction of a
mixture of matrix metal, usually aluminum or an aluminum alloy, and foaming agent powders, usually
TiH2. The resulting precursor material is then heated above its melting point and expands to yield a
liquid foam, which is stabilized by solidification. The method was patented in 1990 by Baumeister
et al. and has since been described in several publications [5,6]. A recent overview contrasting this
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process in terms of foam structure, performance and cost with alternative approaches has recently
been published by Lehmhus et al. [7].

As a natural consequence of the material’s success, the call for statistically well founded design
criteria as a prerequisite for making best use of the material‘s capabilities gains urgency. One major step
to this end is an improved understanding of the role of different structural features in determining the
mechanical properties, as well as their scatter. Both, however, are influenced by several characteristics,
among which Mosler et al. and Martin et al. suggest the following hierarchy [8,9]:

(a) global density
(b) foam structure
(c) matrix alloy
(d) foam microstructure

Mu et al. introduce friction between cell walls as a further mechanism influencing behavior under
compressive load, which, however, becomes effective only at high strain levels beyond the stress-strain
curve’s typical plateau [10]. Density as the dominating aspect may be subdivided into global density
and systematic density variations such as density gradients as typically induced by foam drainage, or
by solidification shrinkage. Mechanical testing parallel to such density gradients will cause the lowest
density cross sections to fail first, leading to a lowered yield point and a steeper plateau region than
observed in samples of matching average density either tested perpendicular to any density gradient,
or showing a homogeneous overall structure [11].

To shed additional light on the relative importance of the above features in determining mechanical
performance, the present study concentrates on microstructure variation achieved via modification
and grain refinement of the foam matrix alloy, AlSi7. Part of the methodology is to eliminate as
far as possible the effects of the global density (a) by normalizing the results of mechanical testing.
This was done according to a Gibson-Ashby type formulation of strength and stiffness as a function of
global density [12]. Foam structural characteristics (b) were documented for all samples subjected
to mechanical testing based on computed tomography (CT) scans in order to have a further basis
for explanation of potential outliers among compression test results. To independently study the
significance of cell structure, a second reference sample series was introduced based on thermally
treated TiH2 as foaming agent. Treatments of this and similar kind have been demonstrated to allow
tailoring of decomposition kinetics and can thus be employed to modify or improve pore structure and
morphology [13–18]. Moreover, documentation of structural features is required for investigating any
change induced by additives in this respect. The matrix alloy (c) itself is kept the same in all sample
series, while the expression of the microstructure (d) is deliberately modified between series—either
by means of appropriate additives (Sr, B, TiB2) or by varying the cooling rate in solidification.

Background to this approach are earlier observations suggesting that in Al-Si foams, coarse forms
of the eutectic (lamellar or needle-shaped Si phase) can lead to Al-Si interface planes similar in size to
the typical cell wall thickness, the latter being approximately 80 μm for the alloy system in question [19].
Such interfaces have been suggested as preferred initial failure sites in aluminum alloy foams [20].
The notion that Si particles and their geometry influence failure is also supported by several fracture
mechanical studies on bulk Al-Si and closely related alloys, though mostly focusing on failure under
conditions of fatigue. Among these, Gall et al. suggest that fatigue cracks preferably grow along the
Al-Si interface [21]. Su et al. also observed particle debonding under conditions of wear based on
experimental and numerical studies, while alternative mechanisms include particle fracture and plastic
deformation of the Al matrix. Spherical shapes of Si particles are shown to reduce susceptibility to
fracture [22,23]. Lados et al. confirmed the role of both primary Al dendrite and Si phase shape and
size in this respect [24]. Chan et al. suggested that crack growth in fatigue of B319 Al alloy is mostly via
fractured and debonded Si particles, while interdendritic grain boundaries provide preferred fracture
paths in later stages of rapid crack growth [25]. In contrast, Xia et al. derived quantitative values of
considerable magnitude (namely an interface shear strength of 240 ± 6 MPa and a normal strength of
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247 MPa) from nanoidentation-based experimental studies combined with finite element analysis and
claimed a good match with certain atomistic simulations [26].

Grain refinement and modification are thus directed at eliminating potential weaknesses caused
by the foam matrix alloy microstructure. The relevance of such investigations is stressed by the fact
that due to their good processing characteristics, near-eutectic Al-Si alloys in a composition range
from approximately 7 wt.% Si upwards and related systems, e.g., containing further additions of Mg
or Cu, have retained their role as backbone both in classic metal foam and metal foam sandwich
production [2,27] and in more recent developments such as Advanced Pore Morphology (APM)
foams [28–31]. In its concentration on additive-based microstructure modification, the approach
complements studies on heat treatment of foams [32–34] and variation of the matrix alloy [35–37].
Of these, when it comes to identifying the role of matrix alloy and specifically microstructure, the
latter will suffer greatly from coincidental differences in expansion characteristics and thus pore
structure, as has recently been shown in much detail by Helwig et al. [38]. The former, in contrast,
allows control of matrix material properties at constant pore structure, but is limited to alloys that
show a notable response to heat treatment, such as the 6000 and 7000 series Al alloys susceptible to
precipitation hardening.

1.2. Grain Refinement and Modification of Al-Si Alloys

While grain refinement and modification of Al-Si and related alloys are established techniques in
metal casting, neither has yet been evaluated in the context of powder metallurgically produced foams.
Additions of TiB2, a substance known for its refining capability, have as yet only been considered in the
context of particle stabilization, e.g., by Kennedy et al. Grain refinement was also not investigated,
nor was any such effect to be expected in these studies as a result of TiB2 particle size, which greatly
exceeded dimensions of nucleation sites effective in the microstructural refining effect [39].

Depending on the understanding specifically of grain refinement, transfer of this essentially liquid
phase technique to powder metallurgy may seem contradictory, and, in fact, the relevant literature is
mostly associated with casting processes during which the liquidus line is passed with a considerable
margin. An exception to this rule is a study by Nafisi and Ghomashchi, who also considered the
semi-solid region in their work on A356, i.e., AlSi7 Mg, alloys, though only with respect to casting
billets for further, semi-solid processing. Thus, the effects of, e.g., inhomogeneous distributions of
refiners in the semi-solid state, is not reflected in their investigation [40]. In any case, though metal
foams of the type covered here do start as a powder metallurgical (PM) precursor, they cross solidus
and usually also liquidus temperature for a limited time during foaming. It has repeatedly been
shown that unless specific measures are taken to ensure that expansion occurs solely in the semi-solid
region [38,41,42], the final microstructure of the foam is entirely formed during solidification [36].
A remaining concern is the question how effective treatments can be if modifiers are contained only in
a limited Al powder fraction, which is diluted by addition of conventional Al and alloying element
powders. For economic reasons (cost of specially prepared powders with refining/modifying agents),
such a processing route seems mandatory if modification and refinement are to be established on a
commercial basis.

Grain refinement generally relies on increasing the number of available nucleation sites in a melt.
This can either be achieved by influencing the constitution of the melt in a way that the critical radius
above which nuclei may grow is reduced, and thus using mechanisms of homogeneous nucleation, or
via heterogeneous nucleation by offering additional nucleation sites. Current state of the discussion
suggests that standard treatments with TiB2/Al3Ti and AlB2 combine effects of both kinds, as is outlined
in a dedicated review on the underlying principles of grain refinement mechanisms provided by
Easton and St. John. According to them, the models proposed thus far fall into two main categories,
termed the Nucleant and the Solute Paradigm. The Nucleant Paradigm itself encompasses nucleant
particle theories, which stress the role of TiB2 and isomorphous AlB2 particles as primary nucleation
sites, and phase diagram theories, which consider the properitectic Al3Ti phase as the main nucleation
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site. The problem of the former theories is that based on crystallographic considerations and some
experimental evidence, both TiB2 and AlB2 have to be considered poor nucleants and only really
show their benefits in the presence of additional Ti. In comparison, Al3Ti is a powerful nucleant
due to a number of beneficial orientation relationships with α-Al and its peritectic reaction forming
α-Al. However, pure phase diagram theories once again fail to deliver an explanation for the superior
performance of combination of certain Ti levels with TiB2, AlB2 and (Al,Ti)B2 as used in commercial
grain refiners of the so-called 5-1 Ti-B-Al kind. This deficiency is reflected in theories combining aspects
of both views, including a possible higher Al3Ti stability in Al melts in the presence of borides or the
peritectic hulk theory, which assumes a preferred nucleation of Al3Ti on the melt-TiB2 interface [43,44].
More recently, Schumacher et al. have demonstrated that the effectiveness of TiB2 particles in fact relies
on their being covered by Al3Ti layers, which only form at Ti content levels exceeding 0.15 wt.% [45].

For modification of the eutectic Si phase, Sr- and Na-based treatments are common practice.
Explanations of their effectiveness consider the influence of additives on Si nucleation and crystal
growth. Among the latter, a distinction is made between kinetic effects caused by reduction of Si
diffusion coefficients [46] and surface tension [47,48] in Sr-containing Al melts and blocking of Si
lattice planes preferred in further crystal growth by local Na enrichment [49]. More recent studies
by Srirangam et al. confirm significant influence of Sr additions on the liquid state structure of Al-Si
alloys seen in simulations using synchrotron radiation, thus supporting a role of the additive in
nucleation of the Si phase [50]. Further contributions to this topic by Timpel et al. based on atom-probe
tomography and transmission electron microscopy suggest parallelism of two mechanisms, of which
growth restriction of the eutectic Si phase is just one. Their measurements indicate the existence of two
types of co-segregation of Sr with Al and Si, of which type I causes multiple twin formation in the
Si crystal (“impurity-induced twinning”), which further facilitates multiple direction crystal growth,
while larger size type II segregations restrict Si crystal growth [51].

Common to all theories, be they directed at grain refinement or eutectic modification, is that they
require additional nucleation sites or solved additives in homogeneous distribution once solidification
starts. Obviously, this is not necessarily a given thing in a PM material in which (a) refining/modifying
agents may only be present in part of the metal powder components, and which (b) reaches the
liquid state solely in the course of foam expansion and thus for seconds rather than minutes before
solidification is initiated to stabilize the developing foam. Stability of the modified foam is an issue
in itself, as earlier investigations indicate that B and Sr, but also TiB2 additions alter characteristics
such as surface tension and viscosity [50,52–54], parameters that are instrumental in determining
a metal foam’s susceptibility to detrimental phenomena such as cell wall rupture, coalescence or
drainage [15,55,56]. For this reason, initial studies of refinement and modification have been performed
on powder compacts without foaming agent and varied levels of additive-containing Al powders.

The present study will thus elucidate the possibility and the effects of transferring the
aforementioned approaches for microstructural optimization to PM aluminum foams by evaluating
microstructural features, expansion characteristics and mechanical behavior of such materials with
and without additives.

2. Materials and Methods

As motivated above, the work described here is divided in three major sections, namely (a) the
general evaluation of grain refinement and eutectic modification of powder compacts, (b) the evaluation
of expansion characteristics of such powder compacts with addition of 0.5 wt.% TiH2 as blowing agent
and (c) the microstructural and mechanical evaluation of foams produced from these precursor materials.

In this, steps (a) and (b) turned out to effectively narrow down the set of samples suitable for
detailed studies along the lines of step (c).
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2.1. Materials and Sample Production

Production of precursor materials and foams followed the principles of the Fraunhofer or powder
compact melting process. Alloying was based on mixing of elementary Al and Si powders. Table 1
lists the powders used and their composition, including, where applicable, levels of modifying agent
content, as well as measures of particle size according to specification and measurement. Powders
containing modifying or grain refining additions were specifically prepared for this purpose by Alpoco
and match in constitution materials commonly employed in preparation of powder compacts used in
melt treatment of aluminum casting alloys. The choice of Sr as modifying agent as well as B and TiB2

for grain refinement was based on the dominant role of these additives in melt treatment in casting of
aluminum in general, and specifically of hypoeutectic Al-Si alloys [57–60].

Particle sizes were measured using a Coulter LS 130 laser particle size analyzer (Beckman Coulter
Inc., Brea, California, USA). Powders were dispersed in ethanol and subjected to ultrasonic agitation to
break agglomerates before measurement.

Mixing of powders for hot pressing was done in a tumble mixing device. Compaction was
realized as two-step process at a furnace temperature of 450 ◦C, using a Zwick 1474 universal testing
machine with added furnace (ZwickRoell GmbH & Co. KG, Ulm, Germany), the initial load being
60 kN or 74.6 MPa during the first and a constant 90 kN (111.9 MPa) during the final stage. Holding
time was 20 min for each step. The hardened steel dies with circular cross-section were filled at
room temperature. During the first compaction stage, settling effects and plastic deformation in the
powder bed led to a load decrease to below 20 kN. Hot extruded precursor material based on identical
Al, Si and TiH2 powders was acquired from Entwicklungsgemeinschaft Schunk-Honsel for use as
reference. Powder mixtures were cold isostatically pressed to a relative density of approximately 0.75
to 0.85. The billets gained were heated to a temperature of 450 ◦C and extruded using a die with
rectangular cross-section of 160 × 40 mm. The thickness of 40 mm allowed producing cylindrical
samples for expansion measurements and foaming of specimens for compression tests from the
extruded precursor material with the central axis oriented perpendicular to the extrusion direction and
the larger transversal extension of the extruded geometry.

Axially compacted samples were turned to 31 mm diameter and 28.5 mm height, corresponding
to a maximum global sample of 0.66 g/cm3 considering the foaming molds used. Higher levels of
foam density were achieved by interrupting foam expansion prior to complete filling of the mold.
Both extruded and hot pressed materials show a preferred direction of expansion. In both types of
samples, this direction coincides with the cylinder axis.

Foaming of all samples took place in a specially designed furnace configuration with an attached
cooling device allowing both water and forced convection cooling. Furnace and attached cooling rig
were designed to be raised and lowered automatically to avoid moving the then unstable sample
prior to solidification. Foaming molds were machined from high temperature oxidation resistant steel
grades (1.4713, 1.4828) with internal dimensions of D45 × 55 mm. The setup, including a foaming
mold, is depicted in Figure 1.
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(a) (b) 

Figure 1. Foaming furnace used for sample production—(a) general layout including control units for
heating (left) and movement (right), (b) nozzle arrangement for forced convection (FC) cooling (below
furnace, with cylindrical foaming mold).

For initial evaluation of refining and modification effects achievable in powder compacts, altogether
nine different types of samples without blowing agent were produced containing three different levels
of B, TiB2 and Sr, respectively. These specimens, as well as reference samples containing neither grain
refining nor modifying additives, were subjected to thermal treatments at 660 and 680 ◦C, meant to
simulate the foaming process. For those powder compacts representing the medium level of additives,
a further variation of the quenching step following thermal treatment was foreseen. Full details of all
sample series are reported in Table 2.

Table 2. Overview of powder compact sample series for evaluation of grain refinement and modification
of the Al-Si eutectic.

Sample Series 1 2

Holding temperature [◦C] 660 680
Holding time [min.] 5 10

Cooling method
water

quenching
(WQ)

forced
convection

(FC)

natural
convection

(NC)

water
quenching

(WQ)

forced
convection

(FC)

natural
convection

(NC)
Reference AlSi7 n.a.

B grain refined
[wt%] 0.007 - - - - -

0.014 0.014 0.014 0.014 0.014 0.014
0.028 - - - - -

TiB2 grain refined 1
[wt%] 0.026 - - - - -

0.035 0.035 0.035 0.035 0.035 0.035
0.0465 - - - - -

Sr modified
[wt%] 0.013 - - - - -

0.025 0.025 0.025 0.025 0.025 0.025
0.0465

1 Ti as Al-5Ti-1B.

Evaluation of the expansion characteristics of a subset of the above sample types, including
all additives, led to three different compositions of foamed samples being produced for structural,
microstructural and mechanical evaluation. These are listed in Table 3. Further foam samples
were produced to substantiate the observations on microstructural features made on powder
compact samples.
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Table 3. Overview of foam sample series for mechanical testing. As also implied by the series’
designations, forced convection cooling was employed in all cases.

Sample Series

Al-FC Al/TiB2-FC Al-TiH2-ht-FC

Number of compression test samples [-] 60 38 20
Compaction method hot . . . extrusion axial pressing axial pressing

Al powder Al-1 Al-2; Al/TiB2 Al-1

Foaming agent TiH2 as received TiH2 as received TiH2, treated
4h@500 ◦C, air

Ti level (as 5/1 TiBAl) [ppm] - 465 -
min./max. density of compression test

samples [g/cm3] 0.18/0.78 0.17/0.61 0.19/0.92

cooling method forced conv. 1 forced conv. forced conv.
1 Forced convection using compressed air.

2.2. Microstructural Characterization

Foam sample preparation followed general guidelines laid down by Müller et al. and
Mosler et al. [61,62]. To clearly distinguish microstructural features such as the individual primary
Al grains, Barker etching was employed. The method provides grain-level contrast under polarized
light based on local crystallographic orientation via this feature’s influence on the growth of thin oxide
layers during anodic etching [63]. For quantitative image analysis, the software package A4i-Analysis
developed by Acquinto was used.

Grain size was established via two alternative approaches. For Barker etched samples, the largest
extension of several grains’ was measured on approximately 100 grains per sample. Since larger grains
showed better contrast, grain size tends to be slightly overestimated in this case. As an alternative,
scanning electron microscopy and electron backscatter diffraction (EBSD) were employed for image
acquisition. The method proved critical in eutectic regions, where presence of several Al-Si transitions
in close vicinity did not allow for unambiguous detection of orientations. To compensate for this effect,
a dilation of clearly identified Al grains was performed, leading to a single phase microstructure with
polyhedral grains. General consideration of the alloy’s characteristics suggests that these approximate
to the circumference of the complex shaped dendritic grains which make up the true microstructure.
As a consequence, it is possible to derive the grain sizes of the true microstructure from its processed
counterpart. In the present study, this has been done by measuring linear intercepts of grain boundaries
for approximately 250 grains per sample. The second advantage, besides the increased database,
is the fact that the method is capable of distinguishing and thus evaluating even very small grains,
while the light microscopy approach effectively stressed larger grains showing better contrast due
to the subjective selection step involved. In the following text, whenever grain sizes are given, the
fundamental principle used in determining these is given.

Analysis of the degree of modification was based on metallographic sections images of which
were acquired using light microscopy. In following Ohser and Lorz’s recommendation, the specific
interface area SV between Al and Si phase in the eutectic as well as the integral of the average curvature
of the Al-Si boundary MV in the two-dimensional (2D) section were determined [64].

As additional parameter, values of secondary dendrite arm spacing were established relying on
light microscopy images of metallographic sections. Two methods were employed, namely selection of
dendrites followed by interactive measurement of arm spacing and an automated approach based on the
assumption that the thickness of dendrite arms matches the arm spacing. The latter method was used
on anodically etched bright field light microscopy images providing high levels of contrast between
the primary aluminum grains and the eutectic phase, thus allowing straightforward binarization.
Evaluation first singled out isolated dendrite arms not connected (in the respective 2D section) to a
dendrite stem, then determined and averaged the minimal Feret diameter of these. Generally, good
agreement between both methods was observed; however, less effort and greater numbers of dendrite
arms included in the analysis make the latter the principle of choice.
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2.3. Pore Structure and Morphology

For evaluation of the pore structure, both cutting of foam samples to produce photographic
images and computer tomography (CT) were employed. In the former case, preparation relied on
wire EDM cutting as a means to avoid exerting mechanical loads on foam structural members. Part of
the CT measurements was executed by Dr. Illerhaus at the Bundesanstalt for Materialforschung und
-prüfung (BAM). Further CT investigations were performed on reference compression test samples
using a Procon CT-MINI device, and on foamed samples using modified Yxlon equipment. Resolution
was 60 μm, 65.2 μm and approximately 200 μm, respectively. The latter exceeds minimum cell wall
thickness by an approximate factor of two, but still allows reconstruction of cellular structure based on
averaging effects.

2.4. Foam Expansion Measurements

Foam expansion characteristics were determined using the so-called mechanical expandometer to
simultaneously measure furnace and sample temperature as well as volume expansion of the foam by
means of Ni-CrNi thermocouples and position encoders based on inductive sensors [65]. Samples
tested were of 29 mm diameter and 9 mm height. Per sample type, at least three measurements were
performed. Furnace temperature control was set to 750 ◦C, leading to an approximate 770 ± 5 ◦C
within the furnace just beside the steel tube containing the sample. To eliminate side effects attributable,
e.g., to thermal expansion of the device itself, a correction curve was calculated based on three
measurements under the same conditions but without sample. This curve was subtracted from each
individual expansion measurement. A further, temperature based correction relied on matching of
solidus temperatures determined by differential scanning calorimetry (DSC, Netzsch STA 409 C) with
temperature profiles measured during foam expansion.

2.5. Mechanical Testing and Evaluation of Test Results

General concerns about viability of mechanical test results in cellular materials were put to the
test by Andrews et al. and more recently Yu et al. Andrews et al., as a consequence, proposed the
principal dimensions of samples to be at least seven times the average pore size [66] and Yu et al.
suggested specimen heights to exceed this parameter at a factor of six [67]. Alkheder and Vural
basically confirmed these observations in a recent numerical study and add considerations of boundary
layer influence, which they found to be insignificant once sample edge length equaled 10 times the
average pore size [68]. With representative pore size values for the type of foam studied here between
2 and 3 mm, a diameter of 30 mm at a height of 25 mm was considered acceptable. Compliance with
the criterion was checked, with positive results, based on CT measurements.

To eliminate effects of the foams’ typical solid skin, samples for mechanical testing were machined
to final dimensions from foam cylinders originally measuring 45 mm in diameter and 55 mm in height
by means of turning or wire EDM cutting. The main axis of these specimens coincides with that of the
original foam cylinder, the main direction of expansion and gravity during foaming and the direction
of the applied compressive load. Samples tested parallel to the direction of expansion have previously
been shown to exhibit lower strength than those tested perpendicular to it, most likely due to a density
gradient of identical direction [11]. In the present case, limitation of sample height to 25 mm allowed
selecting a region of constant density in sampling.

Compression tests were performed in the quasi-static regime at a constant strain rate of 0.1 s−1

and stopped once densification had clearly been reached for all density levels, i.e., at a total strain of at
least 80%, or at a load exceeding 100 kN (corresponding to 203.7 MPa). Modified foams were tested at
TU Bergakademie Freiberg using a MTS 810 universal testing system. Reference samples were tested
at Fraunhofer IFAM using a Zwick 1476 universal testing device and a 100 kN load cell.

As principal characteristics of the stress-strain response on which further evaluation was based,
tangent modulus (defined as the maximum slope in the elasto-plastic region), ultimate compressive
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strength and plateau strength were selected. The latter was determined as the stress value associated
with the intersection of a linear fit to the plateau region with a tangent to the elasto-plastic region of
the stress-strain curve at the point of maximum inclination.

The strain interval for linear plateau region fits has an arbitrarily chosen lower boundary at 0.1
engineering or technical strain, while for the upper limit, a density dependent formulation was chosen
in accordance to the initiation of densification as proposed by Gibson and Ashby [12]:

ε < (1−1.4 · ρrel) · (1 − D−1) (1)

The value of the parameter D depends on, e.g., the characteristics of the matrix material. For
metallic foams, Gibson and Ashby suggested a value of 2.3 [12], which has been taken over for the
present study. Both definitions ascertain that for the whole density range studied neither initial stress
peaks nor densification affect plateau stress values.

Ultimate compressive strength (UCS) was defined as the peak stress reached immediately after
the elasto-plastic region. Identification of such a peak, which does not occur in very ductile foams [32],
proved possible for all samples.

Results of this kind were evaluated using Weibull statistics [69]. For this purpose, all mechanical
characteristics derived were normalized based on Gibson’s and Ashby’s fundamental models of
strength and elastic modulus as function of density, which reads as follows, in its simplified form [12]:

σUCS/pl = CUCS/pl · ρrel
3/2 (2)

E = CE · ρrel
2 (3)

Normalization can be realized by dividing the respective property value by the relative density to
the applicable power, i.e., 1.5 for plateau and ultimate strength and 2 for the tangent modulus, seen here
as elastic materials characteristic. In the present study, a twofold deviation from this straightforward
approach was followed: first, the dependence of density on strength was formulated based on absolute
rather than relative density. Both descriptions are equivalent when assuming that in the former
case, the respective power of the matrix density’s reciprocal forms part of a redefined constant CE.
Second, instead of using the standard values introduced in Equations (2) and (3), normalization
relied on the exponent of foam density found when fitting a power law function to the experimental
density-dependent compression test data.

3. Results

3.1. Microstructural Modification of Powder Compacts

Figure 2 summarizes data on the influence of cooling rate and levels of different additives on grain
size. Results from sample series 1 (holding temperature/time 660 ◦C/5 min.) are included. The diagram
confirms that refining and modifying additions can reduce grain size significantly even at the highest
cooling rate that could be realized by water quenching. Refining effects are visible even at lower
additive levels, i.e., for an initial constitution which contains additives only in part of the aluminum
powder fraction. Nevertheless, highest additive levels lead to smallest grains, but in size these still
retain an order of magnitude which slightly exceeds the minimum cell wall thickness.

Figure 3 shows selected microstructures complementing the above diagram. In these, Barker
etching is employed to achieve distinction between grains. Lines hold reference, Sr-, TiB2- and
B-containing samples from top to bottom, while from column 1 to 3 the cooling rate increases from
natural via forced convection to water quenching. Additive content levels are 250, 350 and 140 ppm
for the Sr, B and TiB2 treated samples, respectively. Specifically the water-cooled Sr-based samples
appear to show an exceedingly fine microstructure, additional quantitative data on which is related
in Figure 4. A similar observation is made in Figure 5, which contrasts non-etched metallographic
sections corresponding to the same sample types. The finding is, however, not directly reflected in the
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quantitative data gathered in Figure 2; grain sizes are almost identical for water-quenched samples
containing additives, with Sr assuming an intermediate position between B and TiB2. A possible
explanation for smaller grain sizes to be found in Sr-containing samples is the fact that Sr boosts the
level of undercooling in solidifying Al alloys, and thus, promotes formation of additional crystallization
nuclei [70].

 

(a) (b) 

Figure 2. Average grain size of powder compacts, (a) as a function of Sr, B and TiB2 additive content
when quenched in water, (b) depending on cooling rate for reference material without additives and
samples containing medium levels of Sr, B and TiB2 addition as given in the diagram.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 3. Cont.
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(g) (h) (i) 

   
(j) (k) (l) 

Figure 3. Metallographic sections of powder compacts containing (a–c) no additives (AlSi7 reference
material), (d–f) Sr, (g–i) TiB2 and (j–l) B additions after thermal treatment (melting) for 5 min at 660 ◦C
and cooling via (a,d,g,j) natural convection (NC), (b,e,h,k) forced convection (FC) and (c,f,I,l) water
quenching (WQ), revealing differences in grain size and morphology (Barker etching). Content levels
of Sr, TiB2 and B are 250, 350 and 140 ppm, respectively.

Figure 4 displays graphically the influence of Sr, TiB2 and B additions on the morphology of the
eutectic phase for the two holding times and temperatures compared. For B-refined samples, only data
for sample series 1 is available. The diagrams show that both TiB2 and B additions have a coarsening
effect on the eutectic phase. With rising additive content, both the integral of average curvature and
the specific boundary layer increasingly fall below the reference data set by the additive-free samples.
For Sr, the situation is different, as a coarsening is observed only for the lowest content level, whereas
specifically the data from sample series 2 treated for 10 min at 680 ◦C testifies to the expected effect, i.e.,
a significant rise of both parameters scrutinized. Nevertheless, the focus of the investigation remains
on sample series 1, as the analysis of temperature and expansion versus time curves for the various
materials suggests that the respective conditions are a better approximation of the thermal history of
foam than the increased time and temperature values adopted for sample series 2.

(a) 

Figure 4. Cont.
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(b) 

(c) 

Figure 4. Influence of holding time and temperature on expression of geometrical characteristics
of the eutectic phase in powder compacts after melting and resolidification, (a) with Sr additions,
(b) with TiB2 and (c) with B additions. Cooling is done by water quenching in all cases. For samples
containing B additions, experimental data is available only for materials held for 5 min at 660 ◦C
(series 1). The legend provided in Figure 4b refers to all diagrams.

Micrographs corresponding to the diagrams in Figure 4 are presented in Figures 5 and 6. While the
former reflects the influence of cooling rate without as well as at the medium additive levels considered,
the latter relates the impact of the amount of additives under conditions of water quenching, and thus,
directly corresponds to the quantitative data presented above.
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(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

   
(j) (k) (l) 

Figure 5. Powder compacts, morphology of the eutectic phase, influence of cooling rate and additives.
Columns from left to right correspond to (a,d,g,j) natural convection, (b,e,h,k) forced convection
and (c,f,I,l) water quenching, lines from top to bottom showing (a–c) reference samples without
additives, followed by (d–f) 250 ppm Sr, (g–i) 350 ppm TiB2 and (j–l) 140 ppm B. All images taken at
identical magnification.
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(a) (b) (c) 

   

(d) (e) (f) 

   
(g) (h) (i) 

Figure 6. Powder compacts, morphology of the eutectic phase, influence of additive content at high
cooling rates. In columns from left to right, additive level is stepped up from 130 to 250 to 465 ppm (Sr,
top row, (a–c)), 260 to 350 to 465 ppm (TiB2, center row, (d–f)) and 70 to 140 to 280 ppm (B, bottom row,
(g–h)). Note the twofold increase in magnification compared to Figure 5.

Figure 5 underlines the dominant effect of cooling rate on grain refinement as opposed to that
of moderate additive levels. Contrast between the third column and the two others exceeds the
difference between the reference sample in the top row and the additive-containing ones at matching
cooling conditions. Still, both a refining and a modification effect are discernable: Specifically at
forced convection, i.e., at slightly elevated cooling rates, the eutectic phase seems finest in B and
TiB2-containing samples. Figure 6 optically confirms the data represented in Figure 4, as specifically
the coarsening of the eutectic structures is clearly visible in lines 2 (d–f) and 3 (g–i), which correspond
to TiB2 and B additions, while the finest structure is revealed in Figure 6c for highest Sr levels.

Since direct measurement of cooling rates in a solidifying foam is difficult, as a result, it may
differ significantly depending on whether or not a thermocouple was in actual contact with the matrix
material during data acquisition, and literally impossible if the macroscopic structure development
must not be influenced (which is the case when using thermocouples within the sample); thus,
alternative ways of establishing correct values have to be developed. Correlating microstructural
features with solidification rates thus becomes attractive. Secondary dendrite arm spacing (SDAS) can
be used for this purpose, with an expression of the type:

λa = A ν−1/3 (4)
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Describing the relationship between both parameters according to Sahm et al., where λa describes
the actual SDAS value in μm and ν the cooling rate in Ks−1 [71]. While the overall size of grains,
be they dendritic in nature or not, is clearly influenced by refining additions, literature shows that
secondary dendrite arm spacing (SDAS) is not. This allows SDAS measurements to be performed on
reference samples containing neither additives nor foaming agents. For the current study, calibration
experiments have been performed based on the melting of powder compacts without foaming agent
and cooling via natural convection, forced convection using a pressurized air supply and a water jet.
During all experiments, cooling rates were measured using thermocouples, while associated SDAS
values were determined metallographically. Following suggestions from Schumann, the measured
“solidification rate” was determined as the average cooling rate between 550 ◦C and 400 ◦C [63]. As a
result, the value A = 45.75 has been gained by fitting an equation of the aforementioned type to the
measured points, see Figure 7 as well as Equation (6). In doing so, the original equation has been
modified to the two parameter form given in Equation (5):

Λa [μm] = A · vn (5)

Λa [μm] = 45.75· v−0,3295, R2 = 0.94211 (6)

Figure 7. Measured values for secondary dendrite arm spacing (SDA) and cooling rate and fit curve
based on Sahm’s equation (Equation (4), [71]).

For the second parameter, the exponent n, regression results in a value of −0.3295, which almost
matches the suggested theoretical value of −1/3, and thus, supports the viability of the underlying
measurements. Based on this, it is possible to ascribe actual cooling rates to the foamed compression
test samples via a microstructural feature.

Figure 7 underlines the fact that SDAS is independent of Sr, B or TiB2 additions, as no systematic
deviation of the various sample series from the fit curve can be asserted. Study of the powder compacts
has provided insights into refining and modification effects of the various additives considered.
Furthermore, the investigations allowed to compare influence of additives with the effect of cooling
rate specifically on grain size. The findings provide a microstructure-based measure of cooling rate
which can be transferred from fully dense materials to foams, as well as a quantification thereof (see
Equation (6)).

3.2. Expansion Characteristics and Pore Structure of Precursor Material Variants

Figure 8 sums up the expansion measurements performed on different material variants.
Measurements on B-containing samples have not been included based on the results of the previous
evaluation of grain refinement performance, which favors further study of TiB2 in the composition
ranges accessible. The error bars denote the standard deviation observed within the sample series
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tested (three to six samples evaluated in each case). Comparison of the maximum porosities achievable
shows that both Sr and B additions adversely affect foamability. The effect is most evident for B
additions, where levels as low as 70 ppm suffice to reduce maximum expansion from an average of
438.8% to 342.2%, and thus, by 22.0%, whereas Sr addition levels of 250 ppm and 465 ppm lead to a
decrease of 8.5% and 21.8%, respectively.

Figure 8. Maximum expansion of various precursor material variants, highlighting the influence of
additive type and content.

This finding is contrasted by improvements in maximum achievable porosity achieved by addition
of TiB2. Ti contents of 350 ppm result in a maximum expansion which equals both the standard
material (sample series Al-1/TiH2 as received) at an average expansion of 430.9% and an otherwise
identical material based on pure aluminum powders with reduced oxygen content (sample series
Al-2/TiH2 as received, maximum expansion 425.1%), the latter matching the respective values of the
additive-containing powders. This sample series has explicitly been included to rule out a major
influence of the oxygen content of Al powders on deviations in expansion characteristics. The parameter
as such is known to significantly influence this property, as has, e.g., been shown by Weigand, who
determined the effective oxygen content range for pure Al alloys to be between 0.2 and 0.72 wt.% [72],
while Asavavisichai reported high expansion for the same material, though in a cold rather than hot
compacted state, at oxygen contents 0.24, 0.3 and 0.33 wt.%, with a decrease observed for 0.73 wt.% [73].
The fact that the oxygen content of all powders used falls into this range supports the observation that
no significant differences in foamability were found between the two standard sample series without
additives and different oxygen content levels. Thus, the results of this comparison underline that for
the present study, any influence of oxygen content on expansion is secondary to phenomena associated
with the various additives. This point is stressed by the fact that a further rise in Ti content to 465 ppm
brings about a major increase in expansion by 18.5% to 520.1%. This superior performance of the TiB2

sample series matches similar observations by Kennedy et al. on pure Al foam, though TiB2 addition
was studied in terms of stabilization and strengthening instead of grain refinement, and thus, used a
much higher content level of 10 wt.% TiB2 [39].

Sr additions to Al-Si alloys differ in their effects on characteristics such as melt viscosity and surface
tension based on the Si content. Limited reduction in viscosity is reported for eutectic compositions,
while an increase has been observed for hypoeutectic alloys according to Song et al. [54].

Lower melt viscosity is generally considered to adversely affect foam stability. Static metal foam
stabilization concepts suggest increasing melt viscosity, e.g., by means of adding non-surface-active
ceramic particles, to suppress cell wall drainage, thinning and rupture of cell walls [55,56,74]. In contrast,
concepts of foam stability based on dynamic influences indicate that low viscosity might favor healing
of local defects which could otherwise develop into rupture sites during stretching of these membranes
in foam expansion [15]. The latter point is of interest when considering the superior performance
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exhibited by TiB2 based samples. For hypoeutectic compositions and specifically AlSi7, as investigated
here, Yan et al. suggest a reduction in viscosity at least for the semi-solid state when TiB2/TiAl3 is
employed for grain refinement [53].

On the other hand, no effect of TiB2 additions on surface tension is known, whereas Sr is reported
by [50] to reduce this properties’ value in Al-Si alloys. Considering once again static foam stability
criteria, a decrease of surface tension should influence stability to some advantage, since it would mean
a reduction of free surface energy. However, the dynamic concept suggested by Lehmhus assumes that
high surface tension increases the driving force for compensation of neck formation during stretching
of cell walls in the course of foam expansion, and may thus increase foam stability in conditions where
dynamic effects represent the major threat to foam stability [15]. Similarly, Nadella et al. correlate
reduced stability in Al-Si-Mg foams with the lowering effect of Mg additions on the surface tension [75].

The overall result of expansion measurements is fundamental for the decision to concentrate on
Sr and TiB2 as grain refining/modifying agent in the course of the present study, and solely on TiB2 in
terms of sample production for foam microstructure evaluation, and specifically for mechanical testing.

Figure 9 contrasts the cell morphology of samples containing no additives and as received and
thermally treated titanium hydride as foaming agent with that of a sample containing untreated TiH2

in combination with TiB2 additions for grain refinement. The images reveal no noticeable influence of
this additive on the cellular structure, whereas it is clearly visible that thermal treatment of the foaming
agent leads to a more regular structure with increased average pore size.

 
Figure 9. Foam pore structure, alloy variants AlSi7 with “as received” TiH2 as foaming agent (left),
thermally treated TiH2 as foaming agent (center), “as received” TiH2 as foaming agent and Ti/TiB2

modification (right). Left and center image represent scans of cut samples, while the right image is
derived from computer tomography (CT) data.

3.3. Microstructural Modification of Foams and Influence on Mechanical Properties

Microstructural evaluations of foams have been performed for materials containing no additives,
465 ppm of Sr and 465 ppm of Ti as TiB2. The parameters evaluated include the SDAS value, from which
actual cooling rates could be derived. Data was gathered in top, central and bottom locations within
the foam. The findings suggest that top and center locations experience similar thermal conditions,
whereas the bottom of the foam samples is subjected to slower cooling. This observation may be linked
to effects of drainage, the influence of the thermal mass associated with the mold support, and the
shielding of this part of the mold from forced convection cooling and water quenching. Table 4 lists
the cooling rates determined from SDAS in conjunction with Equation (6) for the different positions
and sample compositions.
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Table 4. Local cooling rates determined for foam samples containing no as well as Sr and Ti as TiB2

additives (465 ppm each) determined via evaluation of SDAS.

Sample Series Cooling Cooling Rate Ks−1 at Position Within Foam Sample

Top Center Bottom

Reference AlSi7 forced convection 17.79 11.83 7.10
water quenching 47.51 82.94 69.13

AlSi7 with 465 ppm Sr forced convection 11.21 14.40 25.05
water quenching 28.17 67.85 55.36

AlSi7 with 465 ppm Ti as
TiB2

forced convection 19.86 15.79 9.77

water quenching 63.03 92.04 79.50

The listing in Table 4 shows that cooling rates reached within the foam may even exceed the values
actually measured in solid powder compacts. This may be explained by reductions in heat capacity
per unit volume which coincide with the increased porosity. However, the finding must be seen critical
as it implies that the derived cooling rates are in many cases based on an extrapolation of Equation (6)
to values not covered by the original data set, which only extends to about 33 K/s (see Figure 7).

Figure 10 summarizes the studies on grain refinement in foams and should be matched with
Figures 2 and 4 for comparison with results obtained on powder compacts. Figure 11 adds the
corresponding metallographic sections. The top line contains images of Barker etched samples giving
an indication of grain size, while the bottom line images allow evaluation of the eutectic structure.

(a) 

Figure 10. Cont.
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(b) 

 
(c) 

Figure 10. Foam microstructure, diagrams: (a) grain size as function of additive level and (b, c)
geometrical characteristics of the eutectic phase as a function of cooling rate.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 11. Foam microstructure, (a–c) Barker etching emphasizing grain sizes, (d–f) expression of the
eutectic phase. (a,d) Reference material AlSi7 with conventional, as received foaming agent, (b,e) with
465 ppm Sr and (c,f) with 465 ppm Ti as TiB2 added.
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Data in Figure 10a confirms that grain refining additions are effective and further add to the effect
of cooling rate. TiB2 containing samples undercut the reference material by a margin of approximately
20% at low and in excess of 30% at high cooling rates, at which grain sizes well below 40 μm are
observed. For Sr additions, given the prevailing level of scatter, no effect on grain refinement can
be substantiated. It is noteworthy that these results fall below those of measurements on powder
compacts as summarized in Figure 2 by approximately one order of magnitude.

In contrast, Figure 10b,c reveal that under conditions of foaming, in stark divergence from
comparable findings based on non-foamed powder compacts and irrespective of the cooling rate,
addition of Sr has very limited influence on the expression of the eutectic. Values of both the
specific boundary layer SV and the integral of average curvature MV roughly match corresponding
measurements on powder compacts, but show a more significant dependency on cooling rate than on
additive content.

Figure 11 illustrates the findings expressed in the diagrams: Sr-, but even more so TiB2-containing
samples show regions with fine and coarse eutectic morphologies that do not differ greatly from those
observed in the reference samples.

For all density levels compared, foams produced with the thermally treated foaming agent show
highest levels of strength. Moreover, they are characterized by a clearly defined stress peak immediately
following the elasto-plastic region (encircled in Figure 12). As Alkheder and Vural pointed out, based
on general considerations and 2D simulation results, such peaks can be interpreted as expression of
stored elastic energy, which is released once collapse of the structure starts. Naturally, occurrence of
this effect is favored in regular structures, in which the capacity of resistance to an external load is
distributed more homogeneously, and thus localization of failure only arises at higher levels of global
load [68,76].

When comparing grain refined and non-refined material variants based on untreated foaming
agents, ultimate compressive strength levels nearly match for densities of approximately 0.3 and
0.4 g/cm3. At higher densities, the non-refined foams outperform the refined ones. Initial peaks can be
identified, though they are less clearly distinguished in these sample series, and specifically so in the
grain refined one.

(a) (b) 

Figure 12. Cont.
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(c) (d) 

Figure 12. Compression test results—comparison between stress-strain curves associated with different
density levels: 0.3 g/cm3 (a), 0.4 g/cm3 (b), 0.53-55 g/cm3 (c), 0.58-0.61 g/cm3 (d). Note the difference in
the scaling of the x- (i.e., stress-) axis in Figure 12 (a,b) compared to (c,d).

A notable distinction between refined and non-refined samples is a postponed onset of densification
observable in the former.

Figure 13 shows exemplarily the density dependence of plateau strength, ultimate compression
strength and tangent modulus for the two unmodified reference series samples and the grain refined
sample series. The diagram includes the fit curves derived for the various properties and specimen
series using a variant of the standard Gibson/Ashby approach for describing the dependence between
density and mechanical characteristics in foams already introduced as Equation (2) (plateau and
ultimate compressive strength) and 3 (tangent modulus) above. Fitting is done according to a least
squares method with variation of the factor C and the exponent n. Table 5 sums up all values derived
for the parameters C and n and the three sample series. As all evaluations are based on the absolute
density of the foam, the parameter C as given in the table differs in definition from the form introduced
in Equations (2) and (3).

(a) 

Figure 13. Cont.
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(b) 

(c) 

Figure 13. Compression test results: ultimate compressive strength (a), plateau strength (b) and tangent
modulus (c) versus density.
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Table 5. Compression test results, comparison of fit curve parameters for density dependence of plateau
and ultimate strength as well as tangent modulus for different sample series (standard series with TiH2

as received and thermally treated, TiB2 grain refined with TiH2 as received—all series produced using
forced convection cooling with air).

Property Sample Series ρMatrix
−n · Cpl/UCS/Et n R2

Plateau Strength
(Cpl) 1

AlSi7/Ref-FC 11.415 1.155 0.7179
AlSi7-TiB2-FC 8.2648 0.8882 0.6934

AlSi7-TiH2/ht-FC 30.45 1.977 0.9827

Ultimate
Compressive

Strength (CUCS) 1

AlSi7/Ref-FC 14.672 1.197 0.7254
AlSi7-TiB2-FC 12.373 1.232 0.8389

AlSi7-TiH2/ht-FC 29.609 1.562 0.9882

Tangent Modulus
(CEt) 1

AlSi7/Ref-FC 514.73 0.7620 0.4870
AlSi7-TiB2-FC 1035.8 1.283 0.6995

AlSi7-TiH2/ht-FC 1198.7 1.471 0.9621
1 Indicates the associated constant quantified in column 3.

These data clearly show that among all sample series, those based on the thermally treated
foaming agent show by far the best adherence to the general dependency of strength and stiffness on
density postulated by Gibson and Ashby, even though the values of the fitting curve’s exponent do
neither meet expectations for stiffness (with an expected value of 2 compared to 1.47 for the respective
sample series) nor for strength (1.5 versus 1.98 and 1.56, respectively).

Thus, since this is the major difference specifically between both sample series without modification,
but different foaming agents, it must be assumed that this phenomenon is based on the respective
expression of the pore structure, which has already been shown to be favorable in the case of thermally
treated TiH2 in Figure 9 as well as various earlier publications [13,14,16,17,77].

Closer observation, however, reveals that the expression of this structural deviation is alleviated
at higher levels of porosity. In the present case, a boundary of this kind can be identified at a density of
about 0.4 g/cm3, which corresponds roughly to the earlier observations related to the stress strain curves
in Figure 12, which also tend to deviate more significantly at lower porosity and level of expansion.
The observation as such is in line with earlier studies suggesting a healing of initial deficiencies in pore
structure following an extended period of expansion, i.e., an expansion to a higher final porosity [14,77].
This finding is of considerable importance, as it may serve to define a limit in density above which
pore structure can be effectively controlled to adapt global mechanical performance, which in turn
implies that microstructural effects to this end should primarily be sought for—and aimed at—below
this density level.

A fundamental assumption of the present study was that failure of foam is considerably affected
by local failure initiation sides either in the form of Al-Si interfaces or grain boundaries approaching
in their dimensions those of cell walls and struts. Such a dependence of failure initiation on local,
randomly distributed microstructural weaknesses suggest a description of strength based on a Weibull
distribution function. General recommendations for this type of analysis suggest a number of at least
30 samples/data points. At 38 and 60 for grain refined and untreated reference samples, this condition
is fulfilled in both cases. Moreover, approximation via a Weibull distribution function is considered
justified if an asymmetric shape of the probability density function is observed. This has qualitatively
been verified for the three parameters plateau strength, ultimate compressive strength and tangent
modulus via the observed histograms of these characteristics in their normalized form. The respective
diagrams are contrasted in Figure 14, which contains data for non-refined, reference and TiB2-refined
foams. Essentially, the non-refined foams do show a slight asymmetry, while the grain refined samples
tend to exhibit a more symmetric distribution. Note that the parameters compared here are normalized
using the observed density dependence as described in Section 2 of this manuscript.
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 14. Distributions of normalized properties for the reference material AlS7 expanded using “as
received” TiH2 and the same with added TiB2 grain refiner—(a,b), plateau strength, (c,d) ultimate
compressive strength and (e,f) tangent modulus.

The following Figures 15–17 depict Weibull evaluation plots of the same compressive
properties—namely plateau strength, ultimate compressive strength and tangent modulus. The Weibull
distribution parameters for derived from this evaluation for both sample series are given in Table 4.
The underlying cumulative distribution function is given by:

F(ρ) = 1 − exp(−(σ0 · ρ−1)m) (7)
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(a) 

(b) 

Figure 15. Compression test results—Weibull evaluation of plateau strength for AlSi7 with (a) and
without TiB2 grain refiner (b), as-received TiH2 as foaming agent.

(a) 

Figure 16. Cont.
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(b) 

Figure 16. Compression test results—Weibull evaluation of ultimate compressive strength for AlSi7
foam with (a) and without TiB2 grain refiner (b), as-received TiH2 as foaming agent.

(a) 

(b) 

Figure 17. Compression test results—Weibull evaluation of tangent modulus for AlSi7 foam with (a)
and without TiB2 grain refiner (b), as-received TiH2 as foaming agent.

In general, the plots in Figures 15–17 show a good match of the experimental data with the expected
linear relationship in the double-logarithmic plot and thus support the possibility of expressing material
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performance via a Weibull distribution. For both plateau and ultimate compressive strength, the
respective scale parameter reaches higher values in the case of the non-refined reference material.
The tangent modulus, however, clearly deviates from this behavior (Table 6). Common to all material
properties, however, is the fact that the shape parameter, i.e., the modulus m, is increased by the
refinement. As higher values of this parameter indicate a narrower distribution, the conclusion is that
grain refinement can indeed reduce the level of scatter observed.

Table 6. Compression test results, comparison of Weibull distribution parameters for AlSi7 foam with
and without TiB2 grain refiner with as received TiH2 as foaming agent.

Property Weibull Parameter Reference AlSi7 Refined AlSi7-TiB2

Plateau Strength scale parameter σ0, plateau/normalized 37.8 21.0
shape parameter/modulus mplateau 4.06 6.19

Ult. Comp. Strength σ0, UCS/normalized 50.5 44.0
mUCS 5.18 6.36

Tangent Modulus E0, t/normalized 1179.4 3976.2
mEt 4.09 4.83

4. Discussion

The present study shows that grain refinement of PM aluminum foams made from hypoeutectic
Al-Si matrix alloys is a viable approach. Both the microstructural evaluation of powder compact
samples without foaming agent as well as the corresponding studies on actual foam samples show
a significant influence of the refining agent chosen, TiB2. However, contrasting data gathered from
powder compacts and foam samples shows that though the relative influence of the refining treatment
on grain size is similar in both cases, the absolute grain sizes differ significantly. For powder compacts,
values roughly between 150 and 900 μm were found, while foam samples show grains of approximately
40 to 150 μm. Differences in cooling rate may be excluded as underlying cause of this phenomenon,
as the evaluation of secondary dendrite arm spacing (SDAS) and the establishment of a correlation
between this microstructural feature and the cooling rate on powder compacts has facilitated the
association of cooling rates with the grain sizes measured on foams, too. As expected, the respective
data do not support any large deviation of the cooling rates prevalent in foams from the range
covered in the experiments performed on powder compacts. However, there is still room for several
possible explanations: first, Ti content in foam samples is naturally increased, as the blowing agent,
TiH2, will add to it. The result may be a secondary grain refining effect superimposed to that of the
deliberately added TiB2. Second, the topology of the foam itself, and specifically the fact that the
dimensions of its main structural elements, cell walls and struts fall short of the grain sizes measured
on powder compacts by up to one order of magnitude, will prohibit the formation of large grains in a
foam. This sterical hindrance is amplified further by the fact that the smooth surface of the solidified
foam’s cell walls suggest that solidification and thus nucleation of grains occurs not only within these
membranes, but may even start at the interface between liquid and gas, potentially helped by the fact
that, e.g., oxide particles present in the matrix alloy [78] can accumulate here and act as heterogeneous
nucleation sites, leaving once again less room for grains to grow within the cell walls and struts.

In contrast to grain refinement, modification of the eutectic structures has not been achieved in
foams. The reason for this maybe deduced from the comparison of the two powder compact sample
test series, which differ in temperature and in the time of exposure to the respective temperature.
As mentioned earlier, comparison of initial powder compact sample series clearly shows that successful
modification of the eutectic structure in a material produced by compaction of a powder mixture in which
only one component brings in the modifying agent apparently requires an extended process window
for distribution of the dissolved modifier. 10 min at 680 ◦C serve this purpose, while 5 min at 660 ◦C
do not entirely; however, the latter is a better representation of the actual conditions during foaming as
performed in the present study, which uses unmodified foaming agents in additive-containing samples.
Since these conditions cannot be altered without putting the stability of the foam at risk—which, as this
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study has shown, is compromised by Sr addition anyway—the only way to achieve Sr-based eutectic
modification in a metal foam of the type studied here would seem to be choosing an Al powder that
contains the optimum level of modifying agent from the start. This would effectively eliminate the
need for distributing Sr by the time- and temperature-dependent process of diffusion within the matrix
material. In the present study, this approach was not adopted, since working with a master alloy-like
powder containing increased levels of Sr allowed facile production of samples covering a range of Sr
contents rather than a single value. In any case, the adverse effect of Sr on foam stability practically
ruled out the production of compression test samples from this material variant and thus limited the
studies on modification to microstructural investigations.

Comparison of compression test data between samples with and without grain refiner but
identical, non-optimized foaming agents suggests that macroscopic deficiencies dominate mechanical
response. The effect of grain refinement is thus somewhat obscured in stress-strain curves as
well as strength-versus-density plots. This finding is stressed further by the obvious increase in
strength observed for the third sample series based on thermally treated foaming agents. As a
consequence, further studies on grain refinement should be based on samples with comparable
regularity in macroscopic structure to facilitate a clearer discrimination of the influence of refinement
and modification. Meanwhile, the fact that the optimization of the macroscopic foam structure achieved
by means of using a thermally treated, oxidized and depleted blowing agent [14,77] not only results
in the highest strength of all sample types compared, but also shows least scatter (see fit quality as
expressed by R2 in table) and best adherence to the values of the exponent of the strength-density
relation theoretically predicted by Gibson and Ashby [12] underlines that it is in fact this macroscopic
structure which primarily controls a metal foam’s mechanical performance. In this respect, the results
of the present study confirm the hierarchy of influencing factors put forward in the introduction based
on authors like Mosler et al., Martin et al. or Mu et al. [8–10].

Furthermore, it is apparent that additional improvements in grain refining efficiency are required
to bring grain sizes down to levels which clearly fall below the cross-sectional dimensions of the
main structural elements of an aluminum foam of the type considered here. This relates to cell
walls, but predominantly to the struts as the primary structural members; their size at least should
ideally be undercut by one order of magnitude. At present, with typical membrane thicknesses of
approximately 80 μm and struts approaching two–three times this value [19], this has not yet been
achieved. The expected benefit of this would be a shift of cell wall failure mechanisms to regions in
which the quasi-isotropic behavior of polycrystal dominates. As of now, the ratio between cell wall
thickness and typical grain size implies that single crystal plasticity effects, and namely anisotropy
of grains with unfavorable orientation relative to the loading direction, may act as additional weak
spots within the foam’s structure. Moreover, as the studies of microstructural features of the powder
compacts have shown, it must be assumed that any beneficial effect of grain size reduction is partly
obscured by the observed coarsening effect of TiB2 and B on the expression of the eutectic phase. In
this context, it must be considered unfortunate that the insufficient expansion characteristics of the
Sr-containing materials did not allow stable production of sufficient numbers of samples for mechanical
testing and specifically Weibull evaluation. Despite these facts, the Weibull evaluation does show
a beneficial effect of grain refinement in the increased values of the Weibull modulus m in samples
treated, a characteristic that indicates a reduction in scatter of the respective properties.

5. Conclusions

Though in principle successfully applicable, the results obtained show that grain refinement of
the type employed here cannot lead to grain sizes that match or undercut the dimensions of typical cell
walls. Thus, it remains questionable whether this approach alone can have significant influence on
the mechanical performance of the foams. A different picture is observed for modification treatments
affecting the eutectic phase. Here, both the influence of the modifying agents as well as secondary
effects of the refining treatment can shift the size of the respective microstructural features to levels
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below typical cell wall thickness levels. This is of major relevance in view of the initial argument that
specifically the interface area between Si and Al phases within the eutectic can act as weak spot at
which cell wall failure is initiated. However, transferring this effect to foams requires a base material,
i.e., matrix material powder, which already contains the modifying agent in homogeneous distribution
and thus eliminates the need to achieve just this by diffusion during the foaming process; the present
study has shown that the combination of time and temperature typical for foam expansion cannot
guarantee this. Moreover, Sr additions introduced for eutectic modification turned out to adversely
affect expansion characteristics—hence, Sr-modified samples could not be included in the evaluation
of the foams’ mechanical performance.

Comparison of density-dependent strength and stiffness shows modified foams as weaker
compared to both their untreated counterparts. A possible explanation may be that on the whole,
more ductile matrix combined with an irregular structure, possibility of ductile deformation promotes
premature macroscopic yield when compared to the fracture-based failure associated with the initial
assumption that Si phases might be preferred fracture planes in cell walls.

Thus, the investigations clearly show that the influence of microstructural features is limited when
it comes to average strength levels determined for samples identical in terms of composition—except
for the respective modifying agents—and processing conditions. The scatter of these average strength
values, however, is noticeably reduced by grain refinement. For designing with a material, the
consequences of this achievement are similar to an increase in strength, since reduced scatter means
that higher stress levels can be accepted at a given level of safety.

Furthermore, it is of great importance for metal foam production that the equivalence of two
different concepts to achieve the intended microstructural changes could in principle be demonstrated;
both an increase in cooling rate and the use of grain refining agents yield similar results. The fact that
the effectivity of the former approach seems more pronounced does not devaluate the latter, since in
foam production, local cooling rates are limited specifically where large parts are concerned due to
effects such as the reduced thermal conductivity within the foam. Thus, grain refinement based on
TiB2/TiAl3 additions may prove a valuable alternative.

Comparisons based on non-foamed powder compacts have shown that a limited increase in
foaming time and final temperature will positively affect the efficacy of treatments; specifically for
treatments based on solution of active substances, this finding is less than surprising. This is an
additional argument for combining modification and grain refinement with the use of thermally treated
foaming agents, which naturally induce a shift of processing conditions in the required direction.
Moreover, such a combination, though not tested in the present study, must seem attractive based on
the chance to combine improvements in micro- and pore structure.

Future investigations should have a closer look at conditions of adding grain refining substances,
especially in terms of increasing levels of concentration of TiB2/TiAl3-containing Al powders, since
using large proportions of such specialty powders for precursor material production would have
unwanted economic implications. However, basing refinement on such an emphasized master alloy
approach may cause local variations in the availability of nucleation sites, especially when assuming
that the nucleant paradigm correctly describes the process, as in this case, non-soluble constituents,
which cannot widely be redistributed during foam expansion, take the stress in initiating nucleation.
The question of the ideal level of addition also needs to be answered, since in the current study
maximum values were set by the powders available. Moreover, a further study of size effects should
be envisaged to clarify to what degree microstructural modification will affect results of the kind seen
by Blazy et al. [79].

Finally, the ongoing search for alternative grain refiners and modifying agents should be taken
into account; recent developments in this area have been summarized by Easton et al. as well as
Liu [58,60]. These, and other studies such as that of Xu et al., have highlighted potential new approaches
in grain refinement, e.g., scandium addition [80]. Beyond a switch to new refining and modifying
agents, combinations of both processes may also be considered [81], the more so since the present
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study has shown that Sr- and B-based modification on the one hand and TiB2-based grain refinement
have opposed effects on foam expansion, Thus, combinations might partially cancel out negative
side effects of Sr- and B-based treatments. In general, eutectic modification should in itself not be
neglected—specifically if solutions can be identified with less detrimental effect on foam expansion. In
the end, it is not only grain size that may reach the dimensions of cell walls, but also the size of eutectic
silicon structures, which may just as well act as preferred fracture planes.

In conclusion, we believe the present study has shown that grain refinement of aluminum foam
has both promises and challenges. Of the latter, not all have been successfully addressed yet. There is
room for improvement, and we believe that our results provide a sound basis for such future research,
for which we have suggested several promising paths.
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Abstract: The paper presents an automated continuous production line (7 m × 1.5 m × 1 m) of
high-quality metallic foams using a powder metallurgical method. This continuous production line
was used to obtain metal foam parts and/or components by heating the foamable precursor material
at melting temperatures close to the temperature of the metallic matrix and cooling the formed liquid
metallic foam (in liquid state), which then results in a solid closed-cell metallic foam. This automated
continuous production line is composed of a continuous foaming furnace, a cooling sector and a
robotic system. This installation has enabled a technological breakthrough with many improvements
solving some technical problems and eliminating the risks and dangers related to the safety of workers
due to the high temperatures involved in this process. The whole process becomes automatic without
any need for human intervention.

Keywords: aluminum alloy foams; powder metallurgy; continuous production; mechanical properties

1. Introduction

Metallic foams are one of the most interesting lightweight materials that have a high potential
to be used in large-scale in various areas of engineering. They are multifunctional, lightweight,
recyclable and non-flammable with reduced environmental impact. The fact that they may be formed
by open-cells and/or closed-cells, makes it possible for them to be widely used in the near future [1].
The open-cell metallic foams are mainly used as functional materials for chemical and biomedical
applications (e.g., treatment of water, heat exchangers) [2]. The closed-cell foams are used as structural
materials for commercial, industrial and military applications (e.g., energy absorbing structures,
ballistic protection) [1,3–5]. The latter exhibit an excellent structural efficiency and excellent capacity to
absorb (impact and sound) energy, together with noise and vibration damping in structures such as
houses, cars, trains and other devices and equipment [6]. These special advantages are a combination
of properties derived from their porous cellular structures along with the properties of the metal they
are made of. These foams are considered as one of the future materials that must be lightweight,
durable, ecofriendly and economical. When compared to the other foams made of polymer and
ceramic, these foams have more potential. Polymer foams [7] are flexible, but cannot support high
temperatures, while metallic ones are extremely tough and can plastically deform and possess a high
capacity of energy absorption. Also, metallic foams are easily recyclable unlike some polymeric foams,
which cannot be recycled or, if they are, it is quite expensive. Moreover, polymeric foams increase fire
hazards, releasing smoke and toxic gases, which does not happen with the non-flammable metallic
foams. Ceramic foams [8] are relatively stiff, endure high thermal shocks and are more stable in harsh
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environments compared with metallic and polymer foams. However, ceramic foams have a brittle
behavior that limits their uses, while metallic foams have a ductile behavior that is more appropriate
for engineering purposes. Despite the advantages of metallic foams, they have not been used in a
large scale yet. The main reason is the fact that the current manufacturing processes to prepare the
closed-cell foams do not allow a meticulous control of the cellular structures in terms of their pores’
shape and size. The control of cellular structures of these foams will make it possible to predict the
mechanical, thermal and electrical behavior.

Two main strategies have been adopted to achieve cellular metals with regular structures.
The first strategy consists of improving the most viable existing manufacturing processes, as the case
of the powder metallurgy that allows the preparation of the ductile metallic foams to be used as
structural materials. Powder metallurgy method consists of heating a foamable precursor material to a
temperature close to the melting temperature of the metallic matrix in which this foamable precursor
material is prepared by the hot compaction of a mixture of the metal and blowing agent powders [9].
The improvement was achieved by using pre-treated blowing agent powder (e.g., titanium hydride)
instead of untreated powder, ensuring that the initial decomposition temperature is close to the melting
temperature of the metallic matrix [10]. The second strategy is to develop new classes of the cellular
metals with closed pores using methods that allow the control of the size and shape of their pores.
Advanced pore morphology (APM) metallic foam elements [11], syntactic foams [12] and hybrid
foams [13] are some of these examples. The APM metallic foam elements are simple spheres of metal
closed-cell foams, which are obtained by the powder metallurgy method using the smallest pieces of
the precursor material (e.g., 1–2 mm in size) [11]. The small sample sizes ensure that surface tension
forces during the melting process are relatively large compared to the hydrostatic pressure, forming
near spherical shapes with an easily reproducible unit cell [14]. Syntactic foams are prepared by
infiltrating a metal melt into the interstice’s spaces of a packed hollow spheres made of metal or
ceramic or porous particles [15,16]. Hybrid foams are prepared by impregnating an open-cell metal
foam with a polymer [17]. Despite these developments, the closed-cell metallic foams prepared by
the traditional powder metallurgy method have several advantages in comparison with other new
cellular metals. For example, the syntactic foams have high density (>2 g/cm3) when compared to
the typical closed-cell metal foams (<1 g/cm3) that limits their application, especially for lightweight
constructions [6]. Also, in the case of hybrid foams the use of polymers increases the risk of fire hazards.
Furthermore, the powder metallurgy method allows to fabricate parts with complex geometries, to
fill the hollow structures with a formed liquid metal foam during its formation [18] and to easily
incorporate metallic inserts (e.g., screws) [19] into the metal foam during its formation, promoting
a metallic bonding. For example, aluminum alloy closed-cell foams have been extensively tested
as core [20] and filler materials [21,22] of sandwich structures and thin-walled tubes, mainly to be
used as energy absorbing structures for vehicles in which the joining between the solid thin-walled
structure and the closed-cell aluminum alloy foam is made during the foam formation. However,
since the metallic foam component is prepared using a batch furnace, the quality of the components
depends on several factors including manufacturing parameters (e.g., temperature and time) and the
experience of the workers. In order to have a strict control over the process, without the need of human
intervention in dangerous tasks, an automated continuous production line was developed to obtain
parts and/or components of metallic foams. This article presents this production line, illustrating
several case-studies as well as the potentiality of this newly developed installation.

2. Materials and Methods

Two foamable precursor materials with 160 × 20 mm (Figure 1a) and 20 mm × 5 mm (Figure 1b) in
cross-section, made of AlSi7 alloy with 0.5 wt. % of titanium hydride were prepared by a combination
of cold isostatic pressing and hot extrusion as described in [23]. Table 1 presents characteristics of the
used powders. The powder mixture of aluminum alloy and titanium hydride were first compacted
to cylindrical slugs with 70–80% of theoretical density by cold isostatic pressing (CIP). After this,
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the cylindrical slug was pre-heated to 360 ◦C and extruded to rectangular bars of 160 × 20 mm and
20 mm × 5 mm in cross-section through a horizontal 25 MN direct extrusion machine. Closed molds
made of S235JR carbon steel (0.17% C, 1.40% Mn, 0.045% P, 0.045% S, 0.009% N) were made using steel
plates and thin-walled tubes. Square (outer width: 25 mm; wall thickness: 2 mm) and cylindrical (outer
diameter: 30 mm; wall thickness: 1.5 mm) thin-walled tubes made of AA 6060 T66 having an outer
and inner diameter of 30 mm and 26 mm, respectively, were cut to the required length (e.g., 150 mm).
Carbon steel bars (diameter: 4 mm) made of S235JRG2C (0.20% C, 1.40% Mn, 0.045% P, 0.045% S) were
used as reinforcements to prepare the in-situ reinforced foams.

Figure 1. Foamable precursor materials made of aluminum alloys and titanium hydride with
160 × 20 mm (a) and 20 mm × 5 mm (b) in cross-section.

Table 1. Properties of the powders.

Powders Purity (%) D90 (μm) D50 (μm) D10 (μm)
Medium

Diameter (μm)
Oxygen (%)

Aluminum 99.7 128 57 17 67 0.7
Silicon 99.5 91 30 4.4 48 0.5

6061-alloy − 250 116 59 140 1.1

The compressive and three-point bending properties presented in this work were measured using
a 50 kN servo-hydraulic dynamic INSTRON 8801 testing machine (Instron, Norwood, MA, USA)
under quasi-static loading conditions (crosshead loading rate: 0.1 mm/s).

3. Results

The development of this automated continuous production line was based on the thorough
knowledge acquired in the fabrication of metallic foams using laboratory batch furnaces [9,23]. In the
traditional process, a foamable precursor material is placed into the cavity of a closed mold. The worker
places the mold containing the precursor into a pre-heated furnace at high temperatures. This is a
dangerous task for the worker due to exposure to extremely high temperatures (700–800 ◦C for the
case of aluminum alloys). The total weight of the mold with the foamable precursor material should
also be appropriate for the easy handling by the worker.

After that, the heating of the foamable precursor material leads to a formation of the liquid
metallic foam due to the thermal decomposition of the blowing agent and the melting of the metal.
The precursor expands, filling the cavity of the mold. During this step, the worker should supervise
the exterior of the mold to follow the filling process of the mold. When the first melt leaves the mold,
the worker must quickly yet carefully remove the mold containing the formed liquid metallic foam.
In addition to this, the formed liquid foam must be solidified immediately to prevent the collapse
mechanisms (drainage and coalescence) and must be done in a very steady manner to avoid any
turbulent movements that could damage the foam [24]. This is another dangerous task in which the
worker is, once again, exposed to extremely high temperatures. To perform the dangerous tasks, the
workers should use personnel protective equipment, such as heat protection clothing, gloves and
safety glasses. In the traditional procedure, the cooling is not controlled since it is the worker who
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cools the surrounding of the mold with a hose of compressed air until room temperature is obtained.
Results show that formation of defects and structural imperfections within solid foams are created due
to the fact, that the solidification is not uniform [25]. All of these aspects could increase the number of
rejected metallic foam pieces. Automated continuous production line was developed to eliminate the
dangerous tasks performed by the workers, to ensure that the quality of the foam is not compromised
by the experience of the worker and to guarantee a controlled solidification. The main components of
the continues production line are the continuous furnace, cooling sector and robotic system that will be
described below.

3.1. Continuous Foaming Furnace

Figure 2 shows a scheme (Figure 2a) and photos (Figure 2b–d) of the continuous foaming furnace
developed to fabricate 3D components of metallic foams. This continuous furnace has five zones,
which are the feed zone of the foamable precursor material into the molds (open or closed) or into
the thin-walled structures, followed by the three heating zones and the exit zone. The loading and
movement of the foamable precursor material within the furnace is achieved by means of a conveyor
belt, as shown in Figure 2d. The length of the feed zone is approximately 0.7 m (Figure 2b), while the
length of the exit zone is approximately 0.3 m (Figure 2c).

Figure 2. Scheme (a) and photos of the continuous foaming furnace belt, showing the feed (b) and exit
(c) sectors and the conveyor belt (d).

The furnace has three heating zones respective to the three foaming stages until the maximum
expansion value is reached [26]. The first foaming stage accounts for temperatures below the solidus
temperature of the metallic matrix, where the expansion is very small. In the second foaming stage, a
rapid increase of expansion is observed due to the metal being in liquid state and due to the releasing
of the gas into the metal from by the thermal decomposition of the blowing agent, simultaneously.
The third foaming stage also represent a rapid increase in expansion as the temperature increases until
the maximum expansion is reached. After that, gas is no longer released, and the formed liquid foam
starts to collapse due to the coalescence and drainage mechanisms. Thus, the formed liquid metallic
foam should be removed from the furnace once it is close to the maximum expansion to avoid its
collapse. The three heating zones are of the same dimensions (size: 0.3 m in height and 0.4 m in width)
and could be controlled individually according to the thermal foaming cycle.
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All of the heating zones could be operated from room temperature up to 1273 K. This furnace is
heated by means of electrical resistances, which were installed at the top of the furnace and under
the conveyor belt. The conveyor belt is made of stainless-steel chains to support the weight of the
foamable precursor material and molds or hollow structures, as well as the thermal fatigue during the
thermal foaming cycle.

Two panel doors were installed in the furnace to decrease the temperature variation throughout
the heating zones, as well as to reduce the turbulence airflows effect. One of them is located at the
entrance of the first heating zone (Figure 2b) and the other is located at the end of the third heating
zone of the furnace (Figure 2c). Both panel doors have windows for observation of the furnace’s
interior. Each heating zone (Figure 2b,c) has also got a window located on the sidewall of the front
furnace for visualizing and controlling the foaming process. The movement of the foamable precursor
material within the furnace is associated with the movement of the conveyor belt created by a set of
engines and transmission systems. The maximum linear speed of the conveyor belt is approx. 0.5 m/s.
The temperature of the three heating zones and speed rate of the conveyor belt should be adjusted
according to the characteristics of the foamable precursor material and the geometry and dimensions of
the component to be fabricated. Figure 3 shows two examples of rejected foam parts (Figure 3a,b) and
the block foam prepared with adjusted parameters (Figure 3c). The use of a high speed of the conveyor
belt and/or low temperatures of the heating zones will not allow enough time for the precursor material
to expand and filling the cavity of the mold, as shown in Figure 3a. On the other hand, a very low
speed rate of the conveyor belt promotes the collapse of the foam since the formed liquid metallic
foam remains at high temperatures for a long time, leading to a high loss of the liquid metal, as can be
seen in Figure 3b. For each foam part, the parameters of the furnace should be adjusted to obtain a
high-quality foam as shown in Figure 3c.

Figure 3. Rejected foam parts using a steel mold (200 × 80 × 50 mm3) due to no filling the cavity of the
mold (a) and collapsed foam (b) and foam block with properly adjusted parameters (c).

3.2. Cooling Sector and Robotic System

A cooling sector was designed and built to control the solidification of the liquid metallic foam,
decreasing the number of rejected foam parts. In fact, uncontrolled solidification of the liquid metallic
foam causes defects and structural imperfections, decreasing the mechanical properties of the resulting
solid metal foams. Figure 4 shows rejected parts and nearly perfect foam parts, which were prepared
with uncontrolled (Figure 4a) and controlled (Figure 4b) cooling, respectively.

This cooling sector was installed immediately after the continuous foaming furnace. The robotic
system was also built and installed in the cooling sector to extract the mold or the hollow structures
filled with the liquid metallic foam from the furnace at high temperatures to the cooling sector, making
it an automatic operation without any human intervention. Figure 5 shows a 3D model of the cooling
sector (Figure 5a) composed by the robotic system (Figure 5b), the cooling systems and the conveyor
belt (Figure 5c) designed by SolidWorks software. Figure 6 shows real photos of the cooling sector and
an overview of the final automated continuous production line.
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Figure 4. Foam block (80 × 50 × 50 mm3) and a complex foam part (outer diameter: 250 mm) prepared
by the uncontrolled cooling (a) and controlled cooling (b).

Figure 5. Scheme (a) and photos of the continuous foaming furnace belt, showing the feed (b) and exit
(c) sectors and the conveyor belt.

Figure 6. Cooling sector (a) and the automated continuous production line developed (b) for fabricating
parts made of metallic foams.

The cooling sector is a metallic structure equipped with a high-pressure turbine connected to two
manifolds drilled and mounted on both sides of a conveyor belt. The angle of the manifolds drilled
varies according to the dimensions of the required component. A robotic system was developed to
extract the mold containing the formed liquid metallic foam from the furnace at a high temperature to
the cooling sector, which makes it possible to operate it without any human intervention required.
This robotic system is installed in the cooling sector. The mechanical arm is built from stainless steel
AISI 304 and is mounted at the vertical rail made of aluminum and a horizontal rail made of the same
material, as shown in Figure 6. The vertical drive is controlled by a pneumatic cylinder, while the
horizontal one is controlled by a motor reducer with the possibility of adjusting the speed rates and
positions. The movement of this robotic system is associated with the command of the opening and
closing of the furnace door at the end of the third heating zone. The mechanical arm system receives a
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trigger signal, starts to move towards the furnace door, while the furnace door also opens. This signal
is triggered when the mold touches the suspended metal chain in the third heating zone. Briefly, the
sequence steps during this operation are:

• The signal is emitted, triggering the start of two immediate mechanisms: the opening of the
furnace door and the course of the mechanical arm into the furnace;

• The mechanical robotic system arm dovetails in the tray containing the mold with the formed
liquid foam;

• The mechanical robotic system arm extracts the tray containing the mold with the formed liquid
foam (third heating zone) from the furnace, and puts it into the cooling sector;

• The mechanical system arm puts the tray on the second conveyor belt and the furnace door is
closed, simultaneously.

This last operation is associated to the velocity of the conveyor belt of the cooling sector, which is
different from the first conveyor belt of the continuous furnace. Two conveyor belts were installed to
avoid any interference between the foaming process and the solidification of the formed liquid foam
to solid foam. The first conveyor belt moves the precursor material from the loading sector through
the continuous furnace to the exit sector, where the expansion of the precursor occurs. The second
conveyor belt is placed in the cooling sector, where the foam is solidified. Both carrier conveyor belts are
made of stainless-steel chains. The steel chains were designed to support temperatures up to 1000 ◦C
in continuous operation, to assure a good thermal fatigue resistance, a good corrosion resistance,
good dimensional stability and a good resistance to weld to the workpiece surface. The movement
of the precursor material (with or without the mold) is associated to the movement of the conveyor
belt created by the engine/motors and the drums. This is equipped by drive motors that ensure
a continuous motion through the furnace and the rate variations according to the materials to be
expanded. The control of the velocity of the conveyor belt and temperatures of each heating zones are
programmed according to the required thermal cycle of foaming.

3.3. Operation Mode

The operation mode of the automated continuous foaming production line is as follows:

• The loading of the mold (open or closed) or the hollow structures containing the foamable
precursor material is placed into a stainless-steel tray in the feed sector of the continuous foaming
furnace on the conveyor belt at the room temperature.

• The first furnace door is opened and the tray with the mold and foamable precursor material
enters the furnace.

• The first furnace door is closed immediately after the tray enters the furnace.
• The tray containing the mold and the precursor material moves through the conveyor belt by a

controlled motion through the three heating zones. The foamable precursor material expands,
filling the mold completely.

• The mold reaches the three-heating zones and touches the suspended metallic chains. This physical
contact activates a signal to start the operation of extracting the mold with the formed liquid
metallic foam by the robotic system, which is associated with the command of opening/closing
the second furnace door. The mechanical arm system activates the movement towards the furnace
and the furnace door at the end of the continuous furnace starts to open.

• The mechanical system arm enters in the third heating sector of the furnace and dovetails in the
tray, which was developed for this purpose.

• The mechanical arm system begins the transportation of the mold with the liquid metallic foam
and places it on the conveyor belt of the continuous foaming furnace that is programmed to ensure
the uniform solidification of the formed foam up to the room temperature.

• The worker can open the mold and extract the resulting component made of solid metallic foam.
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The command and control parameters of the entire installation are performed through one electric
console. For example, it controls the thermal foaming cycle associated to each heating zone, the
velocities of the conveyor belts, as well as the movement of the doors.

3.4. Case-Studies

Simple and complex parts made of aluminum alloy foams were fabricated using this automated
continuous production line. The closed mold is built according to the dimensions and geometry
of the foam part to be fabricated. Figure 7 illustrates an example to fabricate a complex foam part,
showing the 3D model designed in SolidWorks software (Figure 7a), the closed mold made of stainless
steel constructed for this purpose (Figure 7b) and finally, the components made of aluminum alloy
(Figure 7c).

Figure 7. 3D model of the complex foam prototype designed in SolidWorks software (a). Stainless steel
closed-mold (b). Complex foam parts (approx. 290 mm in height) (c).

The molds could be fabricated using screw system or clamping system, as illustrated in Figure 8a,b
respectively. The use of molds with clamping system makes it much easier to extract the resulting
solid foam components compared to those with screw system, which require a special tool, reducing
the global production time. Figure 9 shows examples of real molds with screw system (Figure 9a) and
with clamping system (Figure 9b), which were constructed to prepare aluminum alloy foam parts.

Figure 8. Molds with screw system (a) and with clamping system (b).

Figure 9. Real molds with screw system (a) and with clamping system (b).
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Figure 10 shows simple and complex foam parts made of aluminum alloys fabricated using this
automated continuous production line with stainless steel molds constructed for each component.
The foamable precursor material is selected according to the dimensions and geometry of the respective
component. For example, the foam blocks and the complex foam parts were prepared using the
foamable precursor material with 160 mm× 20 mm in cross-section (Figure 1a). Simple thin foam panels
and sandwich foam panels were prepared using the foamable precursor material with 20 mm × 5 mm
in cross-section (Figure 1b). The rectangular block of the foamable precursor material (160 mm × 20 mm
in cross-section) is usually cut according to the characteristics of the foam component to be fabricated
(volume, geometry and dimensions). However, foam parts could be fabricated using various small
precursor pieces (Figure 11a) instead of a single precursor [27], as illustrated in Figure 11.

Figure 10. Simple thin foam panels (e.g., 210 × 250 × 15 mm3 and 300 × 35 × 15 mm3) and foam blocks
(e.g., 200 × 50 × 50 mm3 and 80 × 50 × 50 mm3) (a) and complex foam parts (e.g., steering wheel 250 mm
in outer diameter) (b).

Figure 11. Foam parts (rectangular block: 80 × 50 × 50 mm3; cylindrical foam: 30 mm in diameter and
60 mm in height) (a) fabricated using rejected precursor pieces (b).

This manufacturing process has several advantages when compared to other existing processes
to produce metallic foams. It enables the production of parts and components of complex geometry
of good quality in a simple, effective and practical way, as illustrated in Figures 7 and 10b. Another
advantage is that it joins the metal foams with other materials during its foam formation, promoting
a metallic bonding. This facilitates and simplifies its application, since it eliminates the expensive
joining step, leading to highly competitive products. Moreover, the application of the common
joining techniques [28–30], such as welding and brazing, damages the cellular structures of the
foams. The aluminium alloy foams are usually used as a core or a filler of sandwich panels and
thin-walled structures, respectively. Results have shown that it is possible to fabricate in-situ foam
filled tubes [18,20] (Figure 12a) and in-situ sandwich foam panels [21] (Figure 12b) using aluminium
alloy tubes or aluminium alloy sheets by applying this manufacturing process. The manufacturing
conditions could be adjusted to ensure the structural integrity of these sheets or tubes when exposed to
high foaming temperatures that are close to the melting temperature of the alloy. Results have also
demonstrated that the thermal treatment that is submitted to these tubes or sheets at high temperatures
during the foam formation is beneficial to obtain a predictable and stable mechanical behavior of the
resulting in-situ foam structures. The ductility of these structures increases, leading to an efficient
crashworthiness without formation of cracks and abrupt failure when subjected to compressive and
bending loads. Results also show that the global weight of the resulting in-situ foam structures can be
controlled by reducing the wall thickness of the tubes or sheets [18]. Moreover, the metallic inserts
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could be incorporated into the foams [31], resulting in in-situ reinforced foams, as shown in Figure 12c.
This could be an advantage for the industry. For example, fasteners or other standard parts used in
vehicles, like screws, bolts and pin rivets could be incorporated, minimizing the discontinuity, slip and
fracture under loading utilized in the processes such as screwing.

Figure 12. In-situ foam filled tubes (150 mm in length, 30 mm in outer diameter) (a), in-situ sandwich
foam panels (rectangular panel: 210 × 250 × 15 mm3-foam core and two aluminum sheets 1.5 mm
in thickness; long panel: 300 × 35 × 15 mm3-foam core; two aluminum sheets 1.5 mm in thickness)
(b), and simple and in-situ reinforced foams (length: 150 and 200 mm; diameter: 25 mm) made of
aluminum alloys (c).

The metallic foams prepared by powder metallurgy method have a more ductile behavior when
compared to the direct foaming methods [32,33]. In addition to this, the broad spectrum of foam
parts with a free design can be easily fabricated with a good surface finish (Figures 10 and 12c) as an
outer surface dense (integral) skin around each component is created during its production. Results
have demonstrated that the powder metallurgy is a near-net shape manufacturing technology that
produces foam components close to the finished size and shape, minimizing the number of secondary
finishing processes. Results have shown that this technology allows a reduction in the number of
processing steps (no joining step), a significant reduction in the amount of waste material and an ability
to easily produce complex and advanced geometries. Results have indicated that AlSi7 foam parts or
components could be fabricated at 700 ◦C. Tables 2 and 3 give an overview of the main properties of
some parts made of aluminum alloy foams, in which some of them are presented in Figures 10–12,
such as the cubic and cylindrical integral-skin foams, in-situ foam filled tubes made of aluminum
alloys and in-situ reinforced carbon steel reinforced foams. The compressive and bending strengths of
these foams increase with the foam density.

Table 2. Compressive properties of the simple and composite structures made of aluminum alloy foams.

Foam Parts Dimensions
Foam Density
(g/cm3)

Compressive
Strength (MPa)

Integral-skin foams
Cube foams 20 × 20 × 20 mm3 0.4–0.6 5–8
Cylindrical foams φ * = h * = 30 mm 0.5–0.6 7–12
Cylindrical foams φ * = 26 mm; h * = 23 mm 0.6–0.8 8–21
In-situ foam filled tubes (FFTs)

Cylindrical in-situ FFTs
φouter ** = 27 mm; φinner ** = 26.4 mm
Tube wall thickness = 0.6 mm
h = 26 mm

0.6–0.7 **** 19–23

Square in-situ FFTs 25 × 25 × 25 mm3

Tube wall thickness = 1.5 mm
0.4–0.6 **** 38–48

Cylindrical in-situ FFTs
φouter ** = 30 mm; φinner ** = 26 mm
Tube wall thickness = 2 mm
h = 23 mm

0.5–0.6 **** 61–64

In-situ reinforced foams
In-situ carbon steel
bar *** reinforced FFTs φ = 25 mm; h = 23 mm 0.4–0.8 **** 19–42

* φ and h are the diameter and height of the specimen; ** Outer and inner diameters of the thin-walled tube;
*** Carbon steel bars of S235JRG2C (0.20% C, 1.40% Mn, 0.045% P, 0.045% S); **** Foam core.
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Table 3. Bending properties of the simple and composite structures made of aluminum alloy foams.

Foam Parts Dimensions
Foam Density
(g/cm3)

Bending
Strength (kN)

Integral-skin foams
Cylindrical foams φ * = 25 mm; L * = 200 mm 0.6–0.7 0.8–1.8
Cylindrical foams φ * = 25 mm; L ** = 150 mm 0.5–0.8 1.5–2.8

In-situ foam filled tubes (FFTs)

Cylindrical in-situ FFTs φouter *** = 30 mm; φinner *** = 25 mm
L = 150 mm 0.6–0.7 **** 9.9–10.6

In-situ reinforced foams
In-situ carbon steel bar
**** reinforced FFTs φ = 25 mm; L = 200 mm 0.5–0.8 **** 1.1–2.1

In-situ carbon steel
bar **** reinforced FFTs φ = 25 mm; L = 150 mm 0.5–0.8 **** 1.6–2.7

* φ and L are the diameter and the length of the specimen; ** Outer and inner diameters of the thin-walled tube;
*** Carbon steel bars of S235JRG2C (0.20 %C, 1.40% Mn, 0.045% P, 0.045% S); **** Foam core.

The compressive strength of the foam components is higher than the bending strength. In fact,
the closed-cell aluminum foams are used as crash energy absorbers.

Results have demonstrated that the larger the foam blocks, the higher the cellular architecture
variation due to a non-uniform foam growth during the heating of the single precursor material [34,35].
For smaller foam blocks [34], a more regular distribution of the pores through the foam is obtained.

4. Conclusions

The automated continuous production line composed of a continuous furnace, a cooling sector
and a robotic system is approximately 7 m long, 1.5 m high and 1 m wide. This foaming production
line allows the production of larger quantities of foam materials when compared to those fabricated by
the batch furnace. The new production line has several advantages in comparison to the conventional
procedures as follows:

• The transition from a manual operation (piece by piece production) to an automated and
continuous operation;

• The quality of the formed foam parts no longer depends on the experience and training of the
worker since the process is automated;

• The safety of workers is ensured and no personnel protective equipment (e.g., heat protection
clothing, gloves and safety glasses) is necessary. The workers only carry out tasks at the
room temperature;

• No limitation in terms of weight, due to the support of the mechanical arm system;
• The automatic and controlled extraction operation of formed foams from the heating zone to the

cooling sector prevents the collapse of the foams and reduces the number of rejected parts;
• The controlled cooling ensures uniform solidification of the foam in all directions and avoids

the appearance of defects in formed parts, especially in larger pieces, avoiding inferior
mechanical properties;

• The volume of production of foam parts per unit time increases.
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Abstract: We investigated pore formation in aluminum foams by controlling primary crystal
morphology using three master alloys. The first one was a direct chill cast A2024 (Al-Cu-Mg) alloy
(DC-cast alloy). The others were A2024 alloys prepared to possess fine spherical primary crystals.
The second alloy was made by applying compressive strain through a Strain-Induced Melt-Activated
process alloy (SIMA alloy). The third one was a slope-cast A2024 alloy (slope-cast alloy). Each alloy
was heated to either 635 ◦C (fraction of solid fs = 20%) or 630 ◦C (fs = 40%). TiH2 powder was added to
the alloys as a foaming agent upon heating them to a semi-solid state and they were stirred while being
held in the furnace. Subsequently, A2024 alloy foams were obtained via water-cooling. The primary
crystals of the DC-cast alloy were coarse and irregular before foaming. After foaming, the size of
the primary crystals remained irregular, but also became spherical. The SIMA and slope-cast alloys
possessed fine spherical primary crystals before and after foaming. In addition to average-sized
pores (macro-pores), small pores were observed inside the cell walls (micro-pores) of each alloy.
The formation of macro-pores did not depend on the formation of the primary crystals. Only in the
DC-cast alloy did fine micro-pores exist within the primary crystals. The number of micro-pores in
the SIMA and slope-cast alloys was one third of that in the DC-cast alloy.

Keywords: semi-solid; aluminum foam; primary crystals; SIMA process; slope casting; pore
morphology

1. Introduction

New, lighter materials are required to reduce the environmental impact and cost of transportation
equipment, including automobiles and aircrafts [1,2]. In addition, passenger safety should be
maintained or enhanced by these new materials. Aluminum foam has attracted significant attention in
recent years for meeting weight reduction and safety requirements. Aluminum foam has many pores
and, owing to its ultralight and excellent shock-absorbing properties, could be applied to transportation
equipment. However, the compressive properties of aluminum foam must be improved before it can
be effectively used for this purpose. The compressive properties of foams are determined by their base
metal and structure [3]. To this end, Fukui et al. [4,5] improved the compressive properties of aluminum
foam using the super duralumin A2024 (Al-Cu-Mg) alloy, which is a well-known high-strength and
lightweight material, as a base metal to improve the strength of the foam.

Foaming via the melt route is a common and efficient fabrication method for aluminum alloy
foams [6]. With this method, the melt must be thickened to maintain pore stability. In general,
thickening is achieved by adding Ca, which generates oxides that spread throughout the melt [7].
To fabricate the A2024 alloy foams, the oxide of the alloying element, Mg, is used as a thickener instead
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of Ca. However, decreases in base metal strength have been observed because the quantity of Mg as an
alloying element also decreases.

To solve this problem, Hanafusa et al. [8] fabricated foams in a semi-solid state using primary
crystals, instead of oxides, as a thickener. Sekido et al. [9] investigated the thickening effect of primary
crystals in a semi-solid state. Our group demonstrated that it is possible to fabricate an A2024 alloy
foam without adding a thickener in a semi-solid state. However, the effects of this fabrication on the
properties of foam have been researched only experimentally, not systematically.

Also, the primary crystals acting as a thickener in the melt are larger in size than those of the
oxides. Moreover, the primary crystals are generally larger than the preferred range of thickener sizes
in the melt route [10]. Therefore, foams fabricated in a semi-solid state may have different stabilization
mechanisms than those in the melt route. How these large thickeners affect the formation of pores
in foams is not evident. However, compared to oxides, the sizes and shapes of primary crystals are
easy to control and evaluate. Therefore, it may be possible to improve the foam fabrication process by
aggressively controlling the primary crystals.

The objective of this study is to investigate the effects of the large primary crystals present inside
the melt on pore formation in aluminum alloy foams in a semi-solid state. The effects of the diameter
and shape of the crystals on pore morphology were examined. To observe the changes caused by
the differences in the morphology of primary crystals, A2024 alloy foams were fabricated via the
processing of an A2024 master alloy by controlling the formation of primary crystals to favor a fine
spherical shape. The fabrication processes used were Strain-Induced Melt Activation (SIMA) [11]
and slope casting [12]. Subsequently, we evaluated pore formation in the foam and the formation of
primary crystals in the cell wall. In addition, we measured the Ti distribution to trace the path of TiH2,
which was the blowing agent used.

The innovations of this study are as follows. First, to systematically derive the effects of diameter,
shape, and fraction of solid on primary crystals, the size and shape of the primary crystals were
controlled by SIMA and slope casting. These controlling processes were difficult in oxide particle
thickening. Second, we investigated fabrication through the stabilization of cell walls by controlled
primary crystals.

2. Materials and Methods

2.1. Fabrication of Master Alloys

We fabricated three kinds of A2024 master alloys. Table 1 shows the composition of the A2024
alloys used in this study. Figure 1 shows a schematic of the fabrication method of the A2024 master
alloys. The A2024 direct chill slab was sliced perpendicular to the pull-out direction of the DC casting.
The A2024 plane was cut into several pieces. These pieces will be hereafter referred to as the DC-cast
alloys. Then, some of the DC-cast alloys were processed via SIMA. The DC-cast alloys initially
measured 20 × 30 × 30 mm3 and were compressed to a compressive strain fs = 10%, as done in the
study presented by Sirong et al. [13]. Then, the pieces were annealed at 350 ◦C for 3 h in a muffle
furnace. This master alloy will be hereafter referred to as the SIMA alloy. In addition, some of the
DC-cast alloys were processed via slope casting. The A2024 pieces were heated at 649 ◦C and poured
onto a cooling plate made of Cu. The degree of the slope, θ, and the contact length, l, were 60◦ and 200
mm, respectively, as in a previous study [14]. Afterwards, the alloy was cast; this master alloy will be
referred to as the slope-cast alloy.

Table 1. Chemical composition of the A2024 alloys.

Element Cu Mg Mn Fe Si Cr Zn Ti Al

mass% 4.44 1.60 0.67 0.15 0.08 <0.01 <0.01 <0.01 bal.
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Figure 1. Schematic of the preparation of the master alloys.

2.2. Fabrication of A2024 Alloy Foam in a Semi-Solid State

Figure 2 shows the fabrication method of the A2024 alloy foam in a semi-solid state. First, 100 g of
the DC-cast alloy, SIMA alloy, or slope-cast alloy was placed in a SUS304 crucible coated with Al2O3.
Each alloy was heated to and held at 635 ◦C ± 0.3 ◦C (fraction of solid fs = 20%) [15] or 630 ± 0.3 ◦C (fs =
40%) [15] in an electric furnace, as shown in Figure 2a. The measured temperature was inside the error
range. The temperature was measured using a K-type thermocouple covered with an Al2O3 protective
tube. After the temperature stabilized, 1 mass% TiH2 was added to the slurry after the thermocouple
was taken out. Then, the slurry was stirred using an impeller coated with boron nitride at 900 rpm
for 100 s, as shown in Figure 2b. After stirring, the slurry was held for 200 s and the crucible was
removed from the furnace, as shown in Figure 2c. Subsequently, the foam was solidified and cooled
using 3 L/min of water as shown in Figure 2d, and the A2024 alloy foam was obtained. Six foams
were obtained in total, one for each combination of master alloy and fraction of solid. Additionally,
to analyze the differences in the primary crystals before stirring and after foaming, metal samples held
in a semi-solid state were obtained for each foam.

 
Figure 2. Fabrication method of the A2024 foam in a semi-solid state; (a) heating; (b) stirring; (c)
foaming; (d) water cooling.

2.3. Evaluation of Pores and Primary Crystal Formation

To derive the porosity of the foam, we measured the volume of the foam via Archimedes’ method
using the mass of the foam and a spring scale. From Equation (1), we calculated the porosity p of the
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foam using the density of the A2024 alloy foam ρP, which in turn was calculated using the volume
and mass of the foams and the density of the A2024 alloy, ρNP = 2.77 Mg/m3. The pore morphology
(average pore diameter dp and average pore circularity ep) of a cross-section from the middle of a
sample was measured using the image-analysis software WinROOFTM version 6.1 (Mitani Corporation,
Fukui, Japan). Equations (2) and (3) describe the pore formations, where S is the area of the pores and L
is their perimeter. To improve the accuracy of our measurements, pores smaller than d = 0.2 mm were
not considered. The diameter of the primary crystals dα and their circularity eα before and after the
foaming of each alloy were also measured using WinROOFTM and calculated via Equations (2) and (3).
Every measurement was taken once for every foam.

p = (1 − ρp/ρNP) × 100% (1)

dp = (4S/π)1/2 (2)

eα = 4πS/L2 (3)

2.4. Analysis of the Pure Ti Distribution

We fabricated non-porous metal samples to estimate the distribution of the foaming agent and
the foaming sites. These non-porous metal samples were fabricated using a similar procedure to the
fabrication method for the A2024 foams, except that pure Ti was used instead of TiH2. A Ti distribution
analysis was performed via qualitative mapping using an electron probe micro-analyzer (EPMA, JEOL,
JXA-8230, Tokyo, Japan; measurement elements: Ti, Cu; pressurization voltage: 15 kV; irradiation
current value: 3 × 10−8 A; irradiation interval: 10 μm; acquisition time: 20 ms/point; measurement
range: 5 mm × 3.75 mm). Next, mapping images of Ti and Cu were processed using the following
method. First, the Ti mapping image was made monochrome and binarized using WinROOFTM and
Ti was colored green. Then, the parts that were not Ti were made transparent using the processing
software paint.net Version 4.0.6. (dotPDN LLC, Washington, WA, USA). Finally, the Ti image and the
monochrome Cu image were merged. One merged image was obtained for each DC-cast alloy and the
SIMA alloy with a fraction of solid fs = 40%.

3. Results and Discussion

3.1. Pore Formation on the A2024 Alloy Foams

Figure 3 shows the microstructures of the (a) DC-cast, (b) SIMA, and (c) slope-cast A2024 alloys at
fs = 40%. Figure 4 shows the average values of (a) the primary crystal diameter dα and (b) the circularity
eα of the A2024 alloy foams. For Figure 4, approximately 100 primary crystals were measured for each
sample, except for the after-foaming data of the DC-cast alloy, for which 27 primary crystals were
measured. Dendritic primary crystals were present before melting and during holding at a semi-solid
state in the DC-cast alloy, as shown in Figure 3a. Because some dendritic primary crystals grow while
others do not, the diameters dα of the primary crystals in the DC-cast alloy have high error values. In the
SIMA alloy, shown in Figure 3b, dendritic primary crystals were present before melting, while fine and
spherical primary crystals were formed during holding at a semi-solid state. In the slope-cast alloy,
shown in Figure 3c, fine and spherical primary crystals were present before melting and during holding
at a semi-solid state. Figures 3a and 4 show that the primary crystals were coarse and uneven in the
DC-cast alloy before forming and remained coarse but spherical afterwards. The primary crystals in
the SIMA and slope-cast alloys maintained their fine and spherical shape, as shown in Figure 3b,c and
Figure 4. Therefore, the primary crystals of the DC-cast alloy spheroidized after foaming, whereas
those of the SIMA and slope-cast alloys maintained their fine and spherical shape.
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Figure 3. Images of the A2024 alloys (fs = 40%); (a) direct chill cast (DC-cast); (b) Strain-Induced
Melt-Activated (SIMA); and (c) slope-cast.

Figure 4. Average values of the primary crystals of the A2024 alloy foams fabricated via foaming
in a semi-solid slurry (fs = 40%); (a) diameter dα; (b) circularity eα. The error bars show the
standard deviations.
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3.2. Macro-Pores of the A2024 Alloys Fabricated in a Semi-Solid State

Figure 5 shows cross-sections of the A2024 alloy foams of the DC-cast, SIMA, and slope-cast
alloys with an fS of 20% and 40%. The pores were distributed homogeneously as shown in Figure 5.
Although a non-porous part is conventionally found in the bottom part [4], the foams in this study
did not show a clear difference of pore distribution at different heights. Therefore, the A2024 alloy
foams of each alloy can be fabricated at fs values of 20% and 40%. All of the foams except for the
slope-cast alloy foam fabricated at fs = 40% reached a porosity of 60%. Figure 6 shows the average
pore (a) diameter dp and (b) circularity ep of the A2024 alloy foams with porosities of approximately
60%. In Figure 6, 1000–1900 pores were measured for each sample. The pores of the alloy foams
fabricated at fs = 20% were finer and more spherical than those of the foams fabricated at fs = 40%
(Figure 5; Figure 6). However, the differences between the primary crystals of the DC-cast and SIMA
alloys had little effect on macro-pore morphology. Although the error value of the primary crystal
size of the DC-cast was higher than that of the SIMA alloys, this difference did not affect macro-pore
morphology. This result is due to the difference between the sizes of the primary crystals and the
macro-pores. In each alloy, most primary crystals had a diameter dα of less than 300 μm, whereas the
diameter of the macro-pores dp was larger than 1000 μm. Therefore, differences in the formation of
finer primary crystals had little effect on the formation of macro-pores in terms of macro-pore diameter.
Moreover, as shown in Figure 6, the diameter of the macro-pores dp for a fraction of solid of 40% had
high error values. These error values occur because a high fraction of solid makes it difficult for TiH2

to be distributed uniformly. A schematic drawing of this mechanism is shown in Figure 7.

Figure 5. Cross-sections of foams: (a) direct chill cast (DC-cast); (b) Strain-Induced Melt-Activated
(SIMA); and (c) slope-cast. p: porosity.

76



Metals 2019, 9, 88

Figure 6. Average values of the pores of the A2024 alloy foams with a porosity of approximately 60%,
fabricated via foaming in a semi-solid slurry: (a) pore diameter dp, and (b) pore circularity ep. The error
bars show the standard deviations. DC-cast: direct chill cast, SIMA: Strain-Induced Melt-Activated.

Figure 7. Schematic drawing of the TiH2 distributed in the melt and pores after foaming. (a) fs = 40%;
(b) fs = 20%.

3.3. Micro-Pores of the A2024 Alloys Fabricated in a Semi-Solid State

Figure 8 shows the location of the micro-pores in the A2024 alloy foams (fs = 40%) for the (a)
DC-cast, (b) SIMA, and (c) slope-cast alloys. Figure 9 shows the number of micro-pores per unit area in
all the A2024 alloy foams. The fS values of the foams were 20% and 40%. In this study, micro-pores
are defined as pores in the cell wall with a diameter of less than 1000 μm, which is approximately the
thickness of the cell walls. In addition, to improve image processing, pores with a diameter of less than
40 μm were ignored. Mukherjee et al. defined micro-pores as pores less than 350 μm in diameter [16].
Moreover, Ohgaki et al. reported that cracks initiate from pores with a diameter of 30 μm to 350 μm
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when an aluminum foam is compressed [17]. However, as shown in Figure 10, most of the micro-pores
in this study were inside this range. Therefore, the micro-pores measured in this study corresponded
to those in previous studies. In the DC-cast alloy, micro-pores were present inside the primary crystals,
as shown in Figure 8a, whereas micro-pores were present between the primary crystals in the SIMA
and slope-cast alloys, as shown in Figure 8b. As indicated in Figure 9, the number of micro-pores in
the SIMA and slope-cast alloys was approximately 1/3 of that in the DC-cast alloy. As the number of
micro-pores increased, the strength of the base metal decreased. However, micro-pores also suppressed
densification under compression, as reported by Toda et al. [18].

In addition, Figure 5, Figure 6, Figure 9, and Figure 10 show that there was no major difference
in the results of each master alloy except for the number of micro-pores. In contrast, the fraction of
solid seems to be the major factor that determines each property in aluminum foam. Furthermore,
aluminum foam was fabricated three times for each fraction of solid. Because this foam seems to be
reproducible, it was considered unnecessary to repeat the experiment.

Figure 8. Locations of micro-pores (fs = 40%). (a) direct chill cast (DC-cast) alloy; (b) Strain-Induced
Melt-Activated (SIMA) alloy; and (c) slope-cast alloy.

Figure 9. Number of micro-pores per unit area, Np, in the A2024 alloy foams for the direct chill cast
(DC-cast), Strain-Induced Melt-Activated (SIMA), and slope-cast alloys.

3.4. Effect of Primary Crystals on Micro-Pore Formation

As described in Section 3.2., the primary crystals were fine and spherical before and after stirring
the SIMA and slope-cast alloys. Figure 11 shows the mappings for Ti and Cu obtained with the EPMA
for the non-porous metal samples described in Section 2.4. In Figure 11, the darker parts with less Cu
are considered to be primary crystals, which are mostly composed of Al. Moreover, Ti is not completely
dispersed because the primary crystals exist as solids. For a better observation, Figure 12 shows the
merged image made from the Ti and Cu images shown in Figure 11, as mentioned in Section 2.4.
In the DC-cast alloy, the eutectic structure and Ti particles co-exist in one primary crystal, as shown in
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Figure 12a. This eutectic structure was considered to have been liquid before solidification. In contrast,
the liquid phase and the Ti particle exist between the primary crystals in the SIMA alloy, as shown in
Figure 12b. From these results, we deduced a reason for the high quantity of micro-pores inside the
DC-cast alloy. Figure 13 shows a schematic drawing of the mechanism behind micro-pore formation.
As explained in Section 3.1, the uneven primary crystals in the DC-cast alloy spheroidize after foaming.
Based on a previous study by Chen et al. [19], primary crystals have been shown to bend via stirring
and spheroidize. Therefore, the liquid phase and TiH2 were likely trapped in spheroidized primary
crystals, similar to pure Ti, as shown in Figure 12a; for this reason, micro-pores could be found inside
the primary crystals in the DC-cast alloy, as shown in Figure 13a.

Figure 10. Average diameter of the micro-pores of the A2024 alloy foams fabricated via foaming
in a semi-solid slurry for the direct chill cast (DC-cast), Strain-Induced Melt-Activated (SIMA),
and slope-cast alloys.

Figure 11. Mapping images of Ti and Cu obtained using the electron probe micro-analyzer (EPMA)
(fs = 40%). (a) direct chill cast (DC-cast) alloy; (b) Strain-Induced Melt-Activated (SIMA) alloy.
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However, when the primary crystals were spherical before foaming, TiH2 rarely got trapped in
the primary crystals while stirring, similar to pure Ti as shown in Figure 12b; this would happen in
the SIMA and slope-cast alloys. Therefore, micro-pores were present between the primary crystals,
as shown in Figure 13b. In addition, micro-pores between the primary crystals easily coalesce with other
micro- or macro-pores because they are not completely wrapped by primary crystals. Consequently,
the number of micro-pores in the SIMA and slope-cast alloys was 1/3 of that in the DC-cast alloy.

Figure 12. Merged images of Ti and Cu obtained using the electron probe micro-analyzer (EPMA) (fs =
40%). (a) direct chill cast (DC-cast) alloy; (b) Strain-Induced Melt-Activated (SIMA) alloy.

Figure 13. Schematic of the mechanism behind micro-pore formation in the (a) direct chill cast (DC-cast)
and the (b) Strain-Induced Melt-Activated (SIMA) and slope-cast alloys.

4. Conclusions

A2024 alloy foams were fabricated in a semi-solid state using three different preparation methods
for the master alloys. The most important finding of this study is that the morphology of the
primary crystals influences the quantity of micro-pores inside the cell walls, but not on the quantity of
macro-pores. The results can be summarized as follows.

1. In the DC-cast alloy, coarse, dendritic, and uneven primary crystals were present before stirring.
They were subsequently bent and spheroidized via stirring. On the other hand, the primary
crystals in the SIMA and slope-cast alloys maintained their fine and spherical shape before and
after stirring.
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2. The differences between the uneven primary crystals and the fine/spherical primary crystals
before stirring had little effect on macro-pore morphology. The size of the primary crystals was
significantly smaller than that of the macro-pores.

3. In the DC-cast alloy, micro-pores existed inside the primary crystals after foaming. On the other
hand, micro-pores were present between the primary crystals in the SIMA and slope-cast alloys.
The number of micro-pores in the SIMA and slope-cast alloys was 1/3 of that in the DC-cast alloy.
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Abstract: A2024 alloy foams were fabricated by two methods. In the first method, the melt
was thickened by Mg, which acts as an alloying element (melt route). In the second method,
the melt was thickened by using primary crystals at a semi-solid temperature with a solid fraction
of 20% (semi-solid route). A2024 alloy foams fabricated through the semi-solid route had coarse
and uneven pores. This led to slightly brittle fracture of the foams, which resulted in larger energy
absorption efficiency than that of the foams fabricated through the melt route. Moreover, A2024 alloy
foams fabricated through the semi-solid route had a coarser grain size because of the coarse
primary crystals. However, by preventing the decrease in the alloying element Mg, the θ/θ’ phase
was suppressed. Additionally, by preventing the precipitation of the S′ phase, the amount of
Guinier-Preston-Bagaryatsky (GPB) zone increased. This resulted in a larger plateau stress.

Keywords: semi-solid; aluminum foam; primary crystals; compression test; pore morphology;
precipitation phase; age hardening

1. Introduction

Improvements in fuel consumption and safety are now required in transportation equipment,
including automobiles and aircraft. To improve the fuel economy, it is necessary to reduce weight.
However, shock absorption performance should be maintained in case of accidents. Aluminum foam
has attracted attention as a material that satisfies such characteristics. Aluminum foams contain
a large quantity of pores inside the material, which is thus ultralight and has excellent shock absorbing
properties. Therefore, aluminum foam is expected to be applied in transportation as an ultralight
shock absorbing material.

To manufacture aluminum foam, the method known as melt route or the Alporas method [1]
can enlarge the foam at a relatively low cost. In this method, first, Ca as a thickener is added to
the melt, and CaO is generated by reaction with the atmosphere [2]. Subsequently, CaO is spread into
the melt, and the viscosity of the melt is increased. TiH2 is then added to the melt as a blowing agent.
Finally, the foam is obtained by water cooling. However, to apply aluminum foams as an ultralight
shock absorbing material of transport equipment, an improvement in the compressive properties of
foams is needed. The compressive properties of foams are known to be determined by the strength of
the base metal and pore morphology [3]. Therefore, using super duralumin A2024 alloy (Al-Cu-Mg)
which is known as high strength lightweight material for base metal to increase strength and controlling
the pore morphology to improve compressive properties has been researched. Fukui et al. generated
an oxide of Mg [4,5], which is contained in the A2024 alloy as a thickener instead of adding Ca.
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However, the decrease in the base metal strength has been an issue of concern, because of the decrease
in Mg, which acts as an alloying element. The decrease in Mg is known to decrease the plateau stress of
the aluminum foam [6]. To solve this problem, foams were fabricated in a semi-solid state. In this study,
this method is called the semi-solid route. In this method, primary crystals are used as a thickener [7]
instead of an oxide. In our group, we found it is possible to fabricate the A2024 alloy foam without
adding any thickener and confirmed the thickening effect of the primary crystal in a semi-solid state [8].
However, the size of the primary crystal is larger than that of the oxide. Therefore, the primary
crystal existing inside the melt may affect the pore morphology of the aluminum alloy foam in
a semi-solid state. Hence, the objective of this research is to investigate the effect of the cell wall
structure and pore morphology on the compressive properties of A2024 alloy foam fabricated through
the melt route and the semi-solid route.

We fabricated an A2024 alloy foam through melt and semi-solid routes and researched the effect
of the cell wall structure and pore morphology on compressive properties (plateau stress and energy
absorption efficiency). Nano-sized and micro-sized precipitates of the cell wall were analyzed.
The hardness in cell walls of two kinds of foams was measured. Pore morphology of foams
was evaluated by the pore diameter and pore circularity in the cross section of foams.

2. Materials and Methods

2.1. Sample Preparation

Table 1 shows the alloy composition of the A2024 alloy used in this study. Figure 1 shows
the fabrication methods of the A2024 alloy foam through (a) the melt route and (b) the semi-solid route.

Table 1. A2024 alloy composition (mass %).

Cu Mg Mn Fe Si Others Al

4.59 1.66 0.66 0.15 0.12 0.08 Bal

Figure 1. Fabrication methods of A2024 foam: (a) melt route; (b) semi-solid route.

In the melt route (Figure 1a), 700 g of the A2024 alloy was set in a graphite crucible. The alloy
was heated and held at 700 ◦C in an electric furnace. After melting, the melt was thickened by using
a stirring impeller coated with BN at 500 rpm until the torque became stable (2700–3600 s). This long
stirring generates MgO, which acts as a thickener in the melt by reaction with the atmosphere. The melt
was then poured into a mold, and 100 g of the cast alloy was cut and placed in an SUS304 crucible coated

84



Metals 2019, 9, 153

with Al2O3. The alloy was heated to, and held at, 700 ◦C in an electric furnace. After the temperature
became stable, 1 g of the TiH2 powder wrapped in an aluminum foil, which corresponds to 1 mass %
of the alloy, was added to the melt as a blowing agent. The TiH2 powder was previously dry-treated
at 150 ◦C for 24 h. The melt was then stirred by an impeller coated with BN at 900 rpm for 100 s.
After stirring, the melt was retained for 250 s so that TiH2 decomposes. Subsequently, the crucible
was taken out of the furnace. The foam was then solidified and cooled with 3 L/min of water.

In the semi-solid route (Figure 1b), 100 g of the alloy was cut and added to a crucible. The alloy
was heated and held at 635 ◦C (solid fraction fs = 20% [9]) in an electric furnace. The following
procedures to obtain the foam were the same as those of the melt route, except that the retaining time
was 300 s for the semi-solid route. The retaining time was set so as to obtain the same porosity as with
the melt route.

In this study, A2024 alloy foams fabricated through the melt and semi-solid routes are referred
as Melt-A2024 and Semi-A2024, respectively. After the foams were obtained, the T4 treatment
was applied. The foams were solid-solutionized at 480 ◦C for 48 h in a muffle furnace. After that,
the foams were aged at room temperature for over 96 h. Finally, the hardness in the cell walls
of the samples was measured by a micro-Vickers hardness tester (HM-115, Akashi Co., Ltd.,
Kanagawa, Japan). The test load was 2.9 N, and the size of the impression was less than 1/3 of
the cell wall thickness.

2.2. Evaluation of Pore Morphology

To derive the porosity of the foam, its volume was measured via Archimedes’ method using
the mass of the foam and a spring scale. In Equation (1), the porosity p of the foam was calculated on
the basis of the density of the A2024 alloy foam ρP, which was calculated from the volume and mass of
the foams, and the density of the A2024 alloy, ρNP = 2.77 Mg/m3 [10]. The pore size and morphology
(pore diameter dp and pore circularity ep) in a cross section in the middle of the sample were measured
by using image analysis software (WinROOFTM, Mitani Corp., Fukui, Japan). The pore morphology
was calculated by Equations (2) and (3). The symbols S and L are the area of the pore and the perimeter
of the pore, respectively. Because pores smaller than 0.2 mm in diameter cannot be distinguished from
noises, these small pores were excluded from analysis.

p = (1 − ρP/ρNP) × 100% (1)

dp = (4S/π)1/2 (2)

ep = 4πS/L2. (3)

2.3. Measurement and Analysis of the Cell Wall

The difference in the cell wall structure between the two fabrication methods was evaluated.
First, the average grain size d was measured by electron back scatter diffraction (EBSD)
using the TSL-OIM4 system (TSL Solutions, Kanagawa, Japan). The dimension step was 6.0 μm.
The average value d was calculated by Equation (4), which is the weighting average of the area for
the size di of the i-th grain (di was calculated in the same way as Equation (2)). Second, electron probe
micro analysis (EPMA) using the JXA-8230 electroprobe (JEOL, Kanagawa, Japan) was carried
out at 15 kV. The micro-sized precipitates were analyzed by scanning electron microscope energy
dispersive X-ray spectroscopy (SEM-EDS) on a JSM-6500F system (JEOL, Kanagawa, Japan) at 15 kV.
The nano-sized precipitates were analyzed by transmission electron microscope energy dispersive
X-ray spectroscopy (TEM-EDS), a differential scanning calorimeter (DSC), and X-ray diffraction
(XRD). The elemental mapping of Mg, Mn and Cu was obtained by TEM-EDS on a JEM-2100F
system (JEOL, Kanagawa, Japan) at 15 kV. Exothermic and endothermic peaks were analyzed by DSC
on a DSC8500 apparatus (Perkin Elmer, Waltham, MA, USA). The weight of samples was 10 mg,
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the temperature zone was 0–500 ◦C, and the heating rate was 45 ◦C/min. Precipitates were analyzed
by XRD on a SmartLab diffractometer (Rigaku, Tokyo, Japan).

d = d3
i /∑N

i = 1d2
i . (4)

2.4. Evaluation of Compressive Properties

The fabricated foams were cut in dimensions of 20 × 20 × 20 mm3 by wire electrical discharge
machining. After that, a compression test was performed according to ISO 13314 [11] by a universal
testing machine (Autograph, AG-250lNI, Shimadzu Corp., Kyoto, Japan). In the test, the strain rate
de/dt was 0.1 min−1. The compressive properties, plateau stress σpl, and energy absorption efficiency
ηV were calculated. The calculation method of each value is shown below. The plateau stress σpl
was calculated by the average compressive stress in the range from 20 to 30% of compressive strain.
The energy absorption efficiency ηV was calculated by the energy absorption amount EV and ideal
energy absorption amount EVideal as in Equation (7). Further, the energy absorption amount EV
and ideal energy absorption amount EVideal were calculated by Equations (5) and (6) using the maximum
compressive stress σmax. Moreover, as the porosity will change after cutting to cubic, the porosity of
the cubic foam sample was derived before the compression test. The volume of the cubic foam sample
was calculated by measuring each side of the cube by digital calipers. The porosity of the cubic foam
sample was then calculated in the same way as above by Equation (1).

EV = 1/100 × ∫ 50
0 σ(e)deMJ/m3 (5)

EVideal = 1/100 × σmax(e = 0~50%) × e MJ/m3 (6)

ηV = (EV/EVideal) × 100%. (7)

3. Results and Discussion

3.1. Results of the Compression Test

Figure 2 shows the stress–strain curves obtained by compression tests of Melt-A2024 and Semi-A2024
with almost the same porosity of the cubic foam sample (about 60%). From Figure 2, the plateau stress
of Semi-A2024 was σpl = 67 MPa, which was larger than that of Melt-A2024 (σpl = 57 MPa). In addition,
Semi-A2024 shows a sudden decrease in compressive stress. Figure 3 shows the energy absorption
efficiency ηV. The energy absorption efficiency of Semi-A2024 was between 86 and 92%, which was larger
than that of Melt-A2024 (ηV = 70–85%). The sudden decrease in compressive stress may have prevented
the increase in the maximum compressive stress σmax. Therefore, Semi-A2024 may show larger energy
absorption efficiency than that of Melt-A2024.

Figure 2. Stress–strain curves (porosity about p = 60%) of Melt-A2024 and Semi-A2024.
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Figure 3. Energy absorption efficiency ηV of Melt-A2024 and Semi-A2024.

3.2. Effect of Pore Morphology on Compressive Properties

3.2.1. Pore Morphology of Melt-A2024 and Semi-A2024

Figure 4 shows cross sections of (a) Melt-A2024 and (b) Semi-A2024 with a porosity of foams
of p = 61% and p = 59%, respectively. Figure 4 shows that foams of the semi-solid route have coarse
and uneven pores. Furthermore, Figure 5 shows image analysis results of the pore morphology of foams
shown in Figure 4. Figure 5 shows that Semi-A2024 has coarser and more uneven pores than those of
Melt-A2024. These tendencies of the Melt-A2024 and Semi-A2024 samples were observed in almost all
other samples. Moreover, by increasing the retaining time, the pores will expand and become coarser,
and the porosity will also increase until the end of TiH2 decomposition [5]. Moreover, it is thought
that, with a change in foaming temperature, there will be no significant difference in the pores of
Melt-A2024, unless the temperature falls below the liquidus line. However, for Semi-A2024, the change
in temperature will generate a difference in pore formation because the fraction of solid changes [8].

Figure 4. Cross sections of samples: (a) Melt-A2024; (b) Semi-A2024.
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Figure 5. Distribution map of pore circularity: (a) Melt-A2024 (p = 61%); (b) Semi-A2024 (p = 59%).

3.2.2. The Compressive Behavior of A2024 Alloy Foams

Figure 6 shows the compressive behavior of the samples during the compression test. The porosities
shown in Figure 6 correspond to the cubic foam sample porosity. From Figure 6a, before the compression
test (e = 0%), Melt-A2024 had finer pores. Moreover, during the compression test (e = 50%), a sudden
decrease in compressive stress was not observed. Therefore, the material showed a ductile fracture.
At this moment, the energy absorption efficiency of the samples was ηV = 70%. The sample shown in
Figure 6b is Semi-A2024. This sample had finer pores, so it is different from that previously mentioned in
Section 3.2.1. This is because Semi-A2024 showed variations in pore diameter and circularity (Figure 5b);
when the sample was cut into a cube, it included much finer pores. Further, during the compression
test (e = 50%), a sudden decrease in compressive stress was not observed. Therefore, the material
showed a ductile fracture. At this moment, the energy absorption efficiency of the sample was ηV = 86%.
Figure 6c shows the results of Semi-A2024. Before the compression test (e = 0%), the sample had coarse
and uneven pores, as mentioned in Section 3.2.1. During the compression test (e = 50%), there was a sudden
decrease in compressive stress after a compressive strain of approximately 40%. Therefore, the material
showed a slightly brittle fracture. At this moment, the energy absorption efficiency of the sample
was ηV = 89%. Thus, its energy absorption efficiency was larger than that of the other two samples. This is
because the coarse and uneven pores were crushed preferentially [12], and the plateau region became flat.
Therefore, Semi-A2024, which had coarse and uneven pores, showed larger energy absorption efficiency.

Figure 6. Compressive behavior of the sample during compression test.
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3.3. The Effect of Cell Wall Structure on Compressive Properties

3.3.1. Cell Wall Hardness

Figure 7 shows the results of micro-Vickers hardness tests of (a) T4 treated A2024, (b) cell walls of
Melt-A2024, and (c) cell walls of Semi-A2024. From Figure 7, the cell wall hardness of Semi-A2024
(HV = 127) was close to that of the T4-treated A2024 (HV = 133) and larger than that of Melt-A2024
(HV = 108).

Figure 7. Micro-Vickers hardness. (a) T4-treated A2024; (b) cell walls of Melt-A2024; (c) cell walls
of Semi-A2024. The error bars show the standard deviations.

3.3.2. The Grain Size of Cell Wall

Figure 8 shows the inverse pole figure map of (a) Melt-A2024 and (b) Semi-A2024 after T4
treatment. Semi-A2024 has coarser grains because of the existence of coarse primary crystals (Figure 8b).
Further, Figure 9 shows the average grain size d of (a) Melt-A2024 and (b) Semi-A2024. From Figure 9,
these foams had an d of 84 μm and 239 μm, respectively. Therefore, the average grain size of Semi-A2024
is larger than that of Melt-A2024.

Figure 8. Inverse pole figure map. (a) Melt-A2024; (b) Semi-A2024.
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Figure 9. Average grain size d; (a) Melt-A2024; (b) Semi-A2024. The error bars show the standard deviations.

3.3.3. MgO Amounts of Cell Wall

For Melt-A2024, the decrease in the base metal strength has been an issue of concern because of
the decrease in Mg, which acts as an alloying element for strengthening. To estimate the amount of
MgO in the cell walls of foams, an EPMA was performed. Figure 10 shows the qualitative mapping of
Mg and O by EPMA. The part with high concentration of both Mg and O is considered to be MgO.
As shown in the red square in Figure 10a, the concentration of MgO was high in the Melt-A2024
foams. This is due to the long period of stirring performed to thicken the melt by generating MgO.
Meanwhile, parts with high concentrations of both Mg and O were rarely observed in the Semi-A2024
foams because the long stirring for thickening was excluded. Therefore, the amount of MgO in the cell
walls is expected to be larger in the Melt-A2024 foams, so the hardness in the cell walls is expected to
be lower.

Figure 10. X-ray elemental mapping of Mg and O in cell wall obtained by electron probe micro analysis
(EPMA): (a) Melt-A2024; (b) Semi-2024.
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3.3.4. Identification of Micro-Sized Precipitates

Figures 11 and 12 show the images of intermetallic compounds and EDS analysis by SEM for
Melt-A2024 and Semi-A2024, respectively. First, Al–Cu compounds were observed. These particles are
considered to be Al2Cu (θ phase), which is a typical precipitate of A2024 [13] (Figures 11a and 12a).
Al–Cu–Fe–Mn compounds were also observed [13] (Figures 11b and 12b). Furthermore, Ti was detected
(Figures 11c and 12c). This is considered to be the foaming agent, TiH2, which did not decompose
and remained in the matrix. Further, an Al–Ti compound was detected (Figures 11d and 12d). The titanium
decomposed from TiH2 could have reacted with the aluminum matrix. No differences in the amounts of
these precipitates were seen. Therefore, the effect of the difference in these micro-sized precipitates on
compressive properties is considered to be small.

Figure 11. Scanning electron microscope (SEM) images of intermetallic compounds and energy
dispersive X-ray spectroscopy (EDS) analysis in the cell wall of Melt-A2024.
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Figure 12. SEM images of intermetallic compounds and EDS analysis of the cell wall of Semi-A2024.

3.3.5. Identification of Nano-Sized Precipitates

Differential Scanning Calorimeter

Figure 13 shows the DSC curves of (a) Melt-A2024 and (b) Semi-A2024. In Figure 13,
endothermic Peak I and the exothermic Peak II are exhibited in both alloys. For the endothermic
process, Peak I at approximately 240 ◦C could be ascribed to the dissolution of the GPB zone [14].
For the exothermic process, Peak II at approximately 280 ◦C could be ascribed to the precipitation of
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S’/S phases [15]. Therefore, the Guinier-Preston-Bagaryatsky (GPB) zone and the S’ phase, which are
strengthening phases of the A2024 alloy, were observed in both alloys.

Figure 13. Differential Scanning Calorimeter (DSC) curves of the A2024 alloy foams: (a) Melt-A2024;
(b) Semi-A2024.

X-ray Diffraction

Given that the S and S’ phases and θ and θ’ phases cannot be distinguished by XRD, they
are expressed as the S/S’ phase and θ/θ’ phase, respectively. Figure 14 shows the XRD patterns
of (a) Melt-A2024 and (b) Semi-A2024. In Figure 14a, S/S’ and θ/θ’ phases are indicated in
Melt-A2024. The precipitation of the θ phase is known to decrease the degree of age hardening [13].
Only the S/S’ phase is indicated in Semi-A2024 (Figure 14b). The θ/θ’ phase was found in Melt-A2024
and not in Semi-A2024 because the low Mg ratio in the Al–Cu alloy accelerates the precipitation of
the θ/θ’ phase [16].

Figure 14. X-ray Diffraction (XRD) patterns; (a) Melt-A2024; (b) Semi-A2024.

Transmission Electron Microscope Energy Dispersive X-ray Spectroscopy

Finally, TEM-EDS was carried out to identify nano-sized precipitates. Figure 15 shows the X-ray
mapping image of (a) Melt-A2024 and (b) Semi-A2024 by TEM-EDS. The upper figures show
the mapping image of Mg. The middle figure shows the mapping image of Mn piled on a bright
field (BF) image. The lower figures show the mapping image of Cu. According to Figure 15a,
Mg was distributed completely over both Melt-A2024 and Semi-A2024. Moreover, in Melt-A2024,
both Mn and Cu concentration parts were observed and are circled in red. This needle- or round-shaped
precipitates are considered to be the T phase (Al20Mn2Cu3) [17]. Concentration parts of only Cu were
also observed and are circled in green. These round-shaped precipitates are considered to be the θ/θ’
phase. In Semi-A2024, only Mn and Cu concentration parts were observed, which are circled in red
(Figure 15b). These needle-shaped precipitates are considered to be the T phase. Figure 16 shows
the number of T phases in the cell wall per unit area, NT, of (a) Melt-A2024 and (b) Semi-A2024.
The numbers of T phases of these alloys were 3.3 and 5.6, respectively. Therefore, the number of T
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phases in the cell walls of Semi-A2024 is larger than that of Melt-A2024. From the above, in Semi-A2024,
the precipitation of the θ/θ’ phase is suppressed, and this results in an increase in the precipitation of
the T phase.

Figure 15. X-ray mapping images by TEM-EDS: (a) Melt-A2024; (b) Semi-A2024.

Figure 16. Number of T phases per unit area NT: (a) Melt-A2024; (b) Semi-A2024. The error bars show
the standard deviations.

3.3.6. The Effect of the Difference of Nano-Sized Precipitates on Compressive Properties

There were some differences in nano-sized precipitate between Melt-A2024 and Semi-A2024.
In this section, the entire effect of the nano-sized precipitate on compressive properties is summarized.
First, the θ phase, which decreases the degree of age hardening, was found only in Melt-A2024,
as explained in Section 3.3.5. (X-ray Diffraction). The number of T phases existing in the cell wall of
Semi-A2024 was larger than that of Melt-A2024. As the S’ phase precipitates on the T phase, the total
number of S’ phases that did not precipitate on the T phases decreased in Semi-A2024. This will
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cause the number of GPB zones, which contribute most to the strengthening, to increase owing to
the decrease in the total number of S’ phases precipitating [18]. Therefore, in Semi-A2024, the total
number of S’ phases is considered to decrease, so the total number of GPB zones is considered to
increase. From the above, the suppression of θ/θ’ phase precipitation and the increase in GPB zone
resulted in larger value of hardness in the cell walls of Semi-A2024. Therefore, the plateau stress of
Semi-A2024 was larger than that of Melt-A2024. Moreover, Mg will diffuse in the S/S’ phase.

3.3.7. The Effect of the Difference in Pore Morphology and the Cell Wall Structure
on Compressive Properties

In this section, the whole effect of the difference in pore morphology and cell wall structure
on the compressive property tendencies is explained. Figure 17 shows schematic drawings of
the pore morphology and cell wall structure of (a) Melt-A2024 and (b) Semi-A2024. The fine pores
of Melt-A2024 resulted in the ductile fracture of samples. Semi-A2024 includes coarser and more
uneven pores than those of Melt-A2024. This resulted in a slightly brittle fracture of samples [12].
Therefore, the plateau area became flat, and the energy absorption efficiency became larger.
However, Melt-A2024 has finer grains, whereas Semi-A2024 has coarser grains. Therefore, the effect
of grain boundary strengthening is weaker than that in Melt-A2024. However, the θ/θ’ phase,
which decreases the degree of age hardening, precipitates in Melt-A2024. In Melt-A2024, the total
number of S’ phases will increase, causing the GPB zone to decrease. The θ/θ’ phase was suppressed
in Semi-A2024. Thus, the S’ phase decreases and the GPB zone will increase. Therefore, the degree of
age hardening of Semi-A2024 is larger than that of Melt-A2024. In the age hardening-type aluminum
alloys, the precipitation effect will contribute more to the strength of cell walls than the effect of grain
boundary strengthening [19]. Therefore, the hardness of cell walls of the Semi-A2024 alloy is larger
than that of Melt-A2024.

Figure 17. Schematic drawing of trend pore morphology and cell wall structure: (a) Melt-A2024;
(b) Semi-A2024.

4. Conclusions

A2024 alloy foams were fabricated through the melt route at above the liquidus temperature
(648 ◦C [9]) and through the semi-solid route in the range between the liquidus and solidus temperature
(510 ◦C [9]). The effect of the differences in pore morphology and the cell wall structure on compressive
properties was then clarified. The most important finding of this study is that A2024 alloy foams
fabricated through the semi-solid route prevent the precipitation of the θ/θ’ phase and increase

95



Metals 2019, 9, 153

the participation amount of the GPB zone, leading to larger plateau stress σpl. The results can be
summarized as follows.

1. A2024 alloy foams fabricated through the semi-solid route have coarse and uneven pores.
The pores led to a slightly brittle fracture of the foams and may have resulted in larger energy
absorption efficiency ηV.

2. A2024 alloy foams fabricated through the semi-solid route have a coarser grain size because of
the coarse primary crystals. However, the prevention of the decrease in the alloying element Mg
by excluding the long stirring for thickening suppressed the θ/θ’ phase and increased the number
of GPB zones by preventing the precipitation amount of the S′ phase. This led to a larger plateau
stress σpl.
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Abstract: Semi-solid route is a fabrication method of aluminum foam where the melt is thickened by
primary crystals. In this study, semi-solid aluminum alloy films were made to observe and evaluate
the stabilization mechanism of cell walls in Semi-solid route. Each film was held at different solid
fractions and holding times. In lower solid fractions, as the holding time increases, the remaining
melt in the films lessens and this could be explained by Poiseuille flow. However, the decreasing
tendency of the remaining melt in the films lessens as the solid fraction increases. Moreover, when
the solid fraction is high, decreasing tendency was not observed. These are because at a certain
moment, clogging of primary crystals occurs under the thinnest part of the film and drainage is
largely suppressed. Moreover, clogging is occurring in solid fraction of 20–45% under the thinnest
part of the film. Moreover, the time to occur clogging becomes earlier as the solid fraction increases.

Keywords: porous metal; semi-solid; aluminum foam; primary crystals; drainage; clogging

1. Introduction

Recent days, improved fuel consumption is required for transportation equipment such as
automobiles. Furthermore, passenger safety including the crash safety must be maintained. For this
purpose, aluminum foams with many pores dispersed inside are actively investigated. They are
ultralight materials and exhibit shock absorbing characteristics called plateau phenomenon when
compressed. Additionally, aluminum foam can absorb shocks isotropically [1]. Therefore, it is expected
to be applied for transportation equipment [2]. Moreover, they have excellent property in sound
insulation equivalent to glass wool [3,4]. Furthermore, they also have heat insulation properties [5].
Furthermore, it can be applied for architecture material [6].

However, there is a problem of drainage during fabricating aluminum foam which coarsens
pores and thus, deteriorates the mechanical properties. Usually, aluminum foams are obtained
by solidifying the aluminum alloy melt with pores generated inside. During holding of the foam
before solidification, liquid flows downwards in a cell wall (a film between pores) due to the gravity.
This phenomenon is called drainage. Due to the remarkable collapse of cell walls, pore morphology
becomes uneven. Moreover, unfoamed parts would appear at lower part of the foam. However, by
suppressing the drainage by thickening the melt, foam with uniformed pore morphology could be
obtained [7]. Fabrication of foams with uniform pores becomes possible by stabilizing the cell walls
through thickening.

There are several routes to fabricate aluminum foams. Melt-route, shown in Figure 1 is the most
known route to fabricate aluminum foam. First, the melt is thickened by oxide particles. Then, the melt
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is stirred with adding blowing agent (TiH2) included. Finally, an aluminum foam can be obtained by
foaming and water cooling. However, our group is fabricating foams in the Semi-solid route shown in
Figure 1. The fabrication method is almost the same as the Melt route except for thickening the melt by
primary crystals existing in semi-solid state [8]. In the Semi-solid route, the adding of thickener, such
as ceramic particles and Ca, can be excluded. Therefore, foam with less impurities can be obtained.
Moreover, foams obtained by the Semi-solid route are thought to have higher compressive yield stress
than that obtained by the Melt route [9].

Figure 1. Fabrication methods of aluminum foam (Melt route and Semi-solid route).

Jin et al. evaluated the Melt route with SiC particles as a thickener and elucidated that the
parameters to fabricate stabilized foams (foams with stabilized cell walls) are particle size and particle
fraction. Similarly, they expressed the parameter map for fabricating of stabilized foams [10]. Moreover,
Heim et al. fabricated foams with various types of thickener including primary crystal and classified
them as foamable, partially foamable, or unfoamable. They also expressed that the parameter map
proposed by Jin et al. could be adapted to various types of thickener [11].

Moreover, in the Melt route, Heim et al. expressed that some thickener particles are covered
by oxide skin of cell wall and interact and builds bridge with other particles resulting to prevent
drainage [12]. This is thought to be the stabilization mechanism of cell wall in the Melt route. However,
the stabilization mechanism of cell wall in the Semi-solid route has not been evaluated. Furthermore,
size of primary crystals is quite large and out of the stabilization region in the parameter map proposed
by Jin et al. [10]. Likewise, primary crystals were classified as partially foamable or unfoamable by
Heim et al. [11]. Despite, our group found it possible to fabricate stabilized foams in the Semi-solid
route out of the stabilization region in the map. Therefore, cell wall of Semi-solid route is thought
to have different stabilization mechanism from Melt route. Therefore, elucidation of stabilization
mechanism of cell wall of Semi-solid route is required.

However, it is difficult to evaluate the cell walls since the size and shape of cell walls are uneven.
As a solution, Heim et al. simulated the ideal shape of the cell wall using aluminum alloy film [13].
In this method, we can evaluate the cell wall in higher comparability. Therefore, the objective of this
study is to elucidate the stabilization mechanism of cell wall of the Semi-solid route using aluminum
alloy film.
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2. Materials and Methods

2.1. Sample Material

Sample material used in this study was Al-6.4mass%Si. Since the phase diagram of Al-Si is simple
and primary crystals of hypoeutectic alloy are easy to observe, this material is suitable for evaluation
of stabilization mechanism. The Al-6.4mass%Si ingots were prepared by mixing pure aluminum with
Al-25mass%Si. The compositions of the pure aluminum and the Al-25mass%Si ingots used in this
study are shown in Tables 1 and 2, respectively.

Table 1. Composition of pure aluminum.

Element Si Fe Cu Al

mass% 0.004 0.003 0.001 bal.

Table 2. Composition of Al-25mass%Si.

Element Si Fe Cu Al

mass% 25.1 0.17 0.00 bal.

2.2. Forming of Aluminum Alloy Film

Aluminum alloy films which are simulating the cell walls of aluminum alloy foam were formed
to evaluate the stabilization mechanism of cell wall in higher comparability. In the Semi-solid route,
the melt was thickened in semi-solid state as shown in Figure 1. Therefore, aluminum alloy films
were also formed in the semi-solid state to observe the cell walls in the Semi-solid route. The solid
fractions of the melt of Al-6.4mass%Si were obtained accurately using Thermo-Calc 2019a (Itochu
Techno-Solutions Corporation, Tokyo, Japan) as shown in Figure 2.

Figure 2. Al-Si binary phase diagram. The values of solid fraction were calculated by Thermo-Calc.

All of processes to form aluminum alloy films were done inside a chamber under pressure condition
of 5000 Pa of air to suppress heat dissipation from the film during the retaining process described
later. To obtain this condition, pressure was adjusted by vacuuming continuously while controlling the
leaking rate with valve. To form the aluminum alloy film, Al-6.4mass%Si was completely molten in
the crucible. Then, the melt was slowly cooled to the semi-solid temperature. The temperature was
measured by K-type thermocouple coated with heat resistant inorganic adhesive (Toagosei Co. Ltd.,
Tokyo, Japan) soaked in the melt. Then, the melt was stirred for 60 s at 900 rpm so as to round the
shape of primary crystals [14]. Before this process, thermocouple was taken out of melt to make the
stirring possible. Since the stirring generates the temperature of melt to change, the thermocouple was
soaked again in the melt and the temperature was adjusted again to semi-solid temperature.

After the semi-solid temperature reached the setting temperature, a wire shown in Figure 3a was
dipped into the melt. This wire was shaped so as to form a liquid film between the rings when pulled
up from the melt. The design of this wire originates from a previous research [13]. In this study, it was
adopted to study the semi-solid densification phenomena. The material of the wire was stainless
steel SUS304 and the drainage channel was provided for the melt to flow down from the film and
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reproduce the drainage. The ratio of distance between the rings versus its diameter was one versus
three following the previous study to form a film with a continuous curvature [13]. After pulling up
the film from the melt, the film was retained over the melt with drainage channels contacted with the
melt to reproduce the drainage [13]. This process simulates the progression of drainage which causes
collapse of cell walls in aluminum form. The holding time was changed in each film. Finally, the
aluminum alloy film was obtained by pulling up the film at 5 mm/s and rapid cooling by dipping into
a melt pool of low melting point alloy U78 (Osaka Asahi Co. Ltd., Osaka, Japan) held at 150–200 ◦C in
the chamber. The schematic of the experimental procedure is shown in Figure 4.

Figure 3. Schematic of wire and film: (a) size of wire; (b) cutting of film; (c) measurement of initial
cross-sectional area; and (d) measurement of cross-sectional area.

Figure 4. Schematic of forming liquid film of aluminum alloy.

Holding times of the aluminum alloy films were 0, 30, 60, 90, and 120 s. However, since it took a
little time to move film to cool down, actual time of drainage was longer than the time designated.
The solid fractions of melt were 5%, 11%, and 18.5%. Aluminum alloy film was formed for each
combination of holding time and solid fraction. For solid fraction of 5%, holding time of 15 s and 45 s
were also obtained for further consideration.

2.3. Observation of Aluminum Alloy Film

The formed film was first rinsed inside with the boiled water to remove U78 used for rapid cooling.
Then, formed films were cut in the middle as shown in Figure 3b and the cross sections were observed
by optical microscope. Primary crystals with a diameter larger than 200 μm, which seemed to have
existed in a semi-solid state, were colored on micrographs with using an image processing software
GIMP 2.10.4 (The GIMP Development Team, Berkeley, CA, USA). Then, the cross-sectional area of the
films and the area of colored primary crystals were measured with using an image processing software
WinROOFTM 6.4.0 (Mitani corporation, Fukui, Japan).

The cross-sectional area was measured to evaluate the change of melt quantity during the holding
time. Furthermore, comparison of cross-sectional area was done by normalized cross-sectional area,
as a parameter of the area of the remained melt compared with the initial one. To obtain the normalized
cross-sectional area, initial cross-sectional area A0 is defined as area surrounded with wires (Figure 3c).
Then the normalized cross-sectional area was obtained through dividing the cross-sectional area A
(Figure 3d) by the initial cross-sectional area. However, small deformation occurred on wires because
of the flow stress of the semi-solid state. Therefore, the wires of the actual results were not aligned as
schematic in Figure 3a. Likewise, this tendency is remarkable in the lengths between the rings while
the lengths from the diameter of rings show relatively close value. Therefore, the initial cross-sectional
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area was obtained by calculating the area of trapezoid. The upper and lower length between the rings
were used as upper and lower bases of the trapezoid. The average diameter of rings was used as
its height.

3. Results

3.1. Temporal Change of Cross Sectional Area

The plots in Figure 5 show the temporal change of the normalized cross-sectional area obtained
from the experimental results. From Figure 5, the normalized cross-sectional area decreases as the
holding time increases at lower solid fractions. Additionally, decreasing tendency of the normalized
cross-sectional area lessens as the solid fraction increases. Moreover, at high solid fraction this
decreasing tendency was not observed.

Figure 5. Temporal change of normalized cross-sectional area: (a) solid fraction f s = 5%; (b) f s = 11%;
and (c) f s = 18.5%.

3.2. Observation of Primary Crystals

Figure 6b shows the cross-sectional photomicrograph of an aluminum alloy film shown in
Figure 6a. In Figure 6c, primary crystals that seem to have been existing in the semi-solid state are
colored as expressed in Section 2.3. Most of them are observed in the lower part of the film in the
micrograph and less primary crystals were observed in the drainage channel than in the ring. Therefore,
primary crystals seem to have clogged in the lower part of the film. However, only for the film for
f s = 11%, t = 0 s, primary crystals that seem to have been existing from semi-solid state were not
observed (Figure 7). This is an exception. In this experiment, the part with a small solid fraction might
have been pulled up for some reason, such as inhomogeneous solid fraction in the crucible.

Figure 6. Cross section of aluminum alloy film (solid fraction f s = 18.5%, holding time t = 120 s):
(a) cross section in film; (b) photomicrograph; and (c) primary crystals colored on photomicrograph.

103



Metals 2020, 10, 333

Figure 7. Photomicrograph of cross section of aluminum alloy film (solid fraction f s = 11%, holding
time t = 0 s).

4. Discussion

4.1. Suppression of Drainage by Thickening

As descripted in Introduction, thickening of melt stabilizes the cell walls and could homogenize
the pore morphology. Increase of viscosity by thickening suppresses the liquid flow in aluminum
alloy film. This is thought to be the stabilization mechanism of cell wall. For confirmation, we derived
a model formula of melt flow and compared it with the experimental results. The model formula
describes relationship between the holding time and the normalized cross-sectional area of the film.

4.1.1. Derivation of Model Formula

Figure 8 shows the change in geometry of the aluminum alloy film. Heim et. al. approximated
the cross-sectional shape of the pulled-up film as a rectangle [12]. Then, the film will start to curve
as the drainage progresses. The curvature radius of the film is decided by approximation to an arc
defined by three points; the top and bottom of the wire and the middle of the film. The middle point of
the film should shrink as the drainage progresses. Therefore, the curvature radius of the film should
change continuously. The depth of the film L would not change in this model. This is because from
observation of films including Figure 6, change in depth of film is small compared to width of film x0.
This may be because it is difficult to make curvature radius smaller when the original curvature radius
is small. In this situation, the relationship between the cross-sectional area A of film and width of film
xt is shown in Equation (1). (The discussion is shown in Appendix A).

A = hx0 − 1
4Δx

{
π

2Δx

(
h2 + Δx2

)2 θ
360◦ −

(
h2 + Δx2

)
h
}

(1)

Figure 8. Geometry model of aluminum alloy film.
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Here, θ is curvature radius of the film, h is height of rectangle, x0 is width of rectangle, and xt is
width of middle point of rectangle which would change continuously. Furthermore, Δx is defined as
Equation (2).

Δx = x0 − xt (2)

Moreover, the curvature radius of the film θ can be shown in Equation (3).

θ = Arcsin
4h(x0 − xt)

{
h2 − (x0 − xt)

2
}

{
h2 + (x0 − xt)

2
}2 (3)

However, since the changing parameter is width of film at middle xt, Equation (1) could not
explain the temporal change of the cross-sectional area of film A. Therefore, a fluid dynamic model of
film is considered. Brady et. al. considered that liquid (semi-solid) flow in a film by drainage can be
described as the Poiseuille flow under condition that the ends of both sides are fixed [15]. The situations
are, one way flow, steady flow, and gravity as the only external force, as shown in Figure 9a. Following
the Poiseuille flow, width of film at middle xt can be shown as Equation (4).

xt = x0

√
6μh

ρgtx2
0 + 6μh

(4)

Figure 9. Schematics of Poiseuille flow and deformation of the film: (a) at t = 0 s and (b) at t.

Here, μ is the viscosity of melt, ρ is density of melt and g is the gravitational acceleration.
By Equation (4), relationship between the width of film at middle xt and holding time t could be
obtained. By substituting the width of film at middle xt obtained in Equation (4) into Equation
(2), relationship between the cross-sectional area of film A and holding time t could be obtained by
Equations (1) and (3). Therefore, a model formula to compare with the result is obtained. Figure 9b
shows a schematic model of the phenomenon expressed by this model formula. Correspondingly,
in this model, since the mainly considered area is middle of the film, which is assumed that drainage
occurs mainly, three-dimensional deformation and drainage from ends of film is not considered.

4.1.2. Comparing Cross Sectional Areas Obtained from the Model with Experimental Results

To compare the model and the experimental results, the model formula was transformed into a
dimensionless formula shown in Equation (5). A0 in Equation (5) is the initial cross-sectional area and
can be shown in Equation (6).

A
A0

= 1− 1
4hx0Δx

{
π

2Δx

(
h2 + Δx2

)2 θ
360◦ −

(
h2 + Δx2

)
h
}

(5)

A0 = hx0 (6)

Figure 5 shows the cross-sectional areas obtained from the model with experimental results.
According to the experimental data of Al-6.5mass%Si obtained by Moon et. al. using a Searle-type
viscometer [16], the viscosity values of 22, 45, and 100 mPa·s were used for 5%, 11%, and 18.5% of solid

105



Metals 2020, 10, 333

fraction, respectively. Furthermore, the density value used was 2.4×103 kg/m3 for every solid fraction.
This value was assumed from study done by Kudoh et. al. which measured the density of liquid phase
in semi-solid state of Al-2.4mass%Si [17]. However, change of density between 2.3–2.7×103 kg/m3 only
produces about 3% change in the calculated value of the model formula and has no effect on discussion.
At lower solid fractions, experimental results seem to fit model formula. However, fitting becomes
worse as the solid fraction increases. Furthermore, for high solid fraction, fitting of model formula to
experimental results was not good. Therefore, it is difficult to conclude that only the increase in fluid
viscosity is the mechanism to stabilize the film. Therefore, consideration of other factors to suppress
the drainage is required.

4.2. Suppression of Drainage by Clogging of Primary Crystals

As expressed in Section 3.2, primary crystals seem to have been clogging in the lower part of
the film. To confirm and to find the clogging part more finely, the distribution of primary crystals in
the films was measured in the height direction from the lower wires (Figure 10). In Figure 10, the
primary crystals that seem to have been existing from semi-solid state are colored as expressed in
Section 2.3. As the primary crystals were found more in the lower part than in the upper part and
drainage channel, clogging should have occurred in the lower part under the thinnest part of the film.
Thus, this factor effects to suppress drainage more strongly than thickening. Likewise, at solid fraction
of 5%, this tendency was seen remarkably in films with long holding time.

Figure 10. Primary crystal ratio: (a) solid fraction f s = 5%, holding time t = 120 s; (b) f s = 11%, t = 90 s;
and (c) f s = 18.5%, t = 120 s.

106



Metals 2020, 10, 333

To derive this clogging mechanism more quantitatively, the critical solid fraction f s_cr for clogging
was evaluated. Areas of primary crystals Ap and film Af were measured in the region between the
thinnest part of the film and the lower wires (Figure 11). In Figure 11, primary crystals that seem to
have been existing in semi-solid state are colored in the same way as expressed in Section 2.3. The area
of aluminum alloy film is also colored in the same way as expressed in Section 2.3. By dividing the area
of primary crystals Ap by area of aluminum alloy film Af, the critical solid fraction for clogging was
obtained. Figure 12 shows the measured results of the critical solid fraction for clogging. In Figure 12,
the critical solid fraction for clogging seems not to change in increase of holding time. Similarly, critical
solid fraction for clogging is in the range from 20% to 45%. Therefore, clogging seems to be occurring
in this region of solid fraction.

Figure 11. Evaluations of area of aluminum alloy film and primary crystals.

Figure 12. Relationship between critical solid fraction for clogging f s_cr and holding time for initial
solid fraction fs of 5%, 11%, and 18.5%.

Clogging of thickener has also been reported for the Melt route [13]. However, bridge formation of
thickener attributed to oxide film is thought to be the main stabilization mechanism in Melt route [12].
For Semi-solid route, since the size of thickener is large, clogging is possible to occur below the thinnest
part of film and it is assumed that film is not required to be thin for the clogging to occur.
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4.3. Fluid Flow and Clogging of Primary Crystals

According to the results in Figure 5 clogging occurs at a certain timing, which becomes earlier
with increasing solid fraction. For solid fraction of 18.5%, clogging seems to have occurred right after
the pull-up. However, for the lower solid fractions, drainage following the model formula occurs in a
pulled-up film until the clogging. Figure 13 which is a qualitative representation based on Figure 5
summarizes the schematic and graph of this phenomenon. The solid lines show the actual change
of normalized cross-sectional area A/A0. The broken lines and curved solid lines show the values
obtained from model formula.

Figure 13. Clogging time in model formula and schematic of clogging mechanism. The solid lines
show the actual change of normalized cross-sectional area A/A0. The broken lines and curved solid
lines show the values obtained from model formula.

5. Conclusions

The stabilization mechanism of cell wall in Semi-solid route was evaluated using aluminum alloy
films. The results can be summarized as follows.

1. Pulled-up film drainages as a thickened melt. Since this could be explained as Poiseuille flow,
drainage rate becomes slower with increasing solid fraction.

2. At a certain timing clogging occurs and drainage is largely suppressed. Clogging is occurring in
the range of solid fraction of 20–45% under the thinnest part of the film.

3. The clogging occurs earlier as the solid fraction increases. For solid fraction f s = 18.5% clogging
seems to be already occurring in holding time t = 0 s.
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Appendix A

Here, derivation of geometry model is expressed. As expressed in Section 4.1.1 and Figure 8, a
pulled-up film is approximated as a rectangle. Therefore, the cross-sectional area of the film at this
point can be expressed as Equation (A1).

A0 = hx0 (A1)

Here, A0 is the initial cross-sectional area, h is height of rectangle, and x0 is width of rectangle.
Then, the side wall of the film will start to become a curved surface as the drainage progresses. At this
point cross section of the film can be shown as Figure A1. Here, θ is the curvature radius of the film, xt

is the width of middle point of rectangle which would change continuously.

Figure A1. Coordinate axes of cross section of aluminum alloy film during progress of drainage.

Figure A1 also shows the coordinate axes of aluminum alloy film. Rectangle inside chain line
shows the initial cross section. To obtain the cross-sectional area A as a formula, area of shaded part
S in Figure A1 is obtained as follows. The equation of a circle with this curvature can be shown as
Equation (A2) since the circle is known to pass through three dark points. Therefore, the radius of the
circle can be shown as Equation (A3). Middle point of circle is expressed as light point in Figure A1.

⎧⎪⎪⎨⎪⎪⎩x− (x0 − xt)
2 − h2

4(x0 − xt)

⎫⎪⎪⎬⎪⎪⎭
2

+

(
y− h

2

)2

=
1

16(x0 − xt)
2

{
(x0 − xt)

2 + h2
}2

(A2)

r =
1

4(x0 − xt)

{
(x0 − xt)

2 + h2
}

(A3)

Then the area of the light gray triangle S’ in Figure A1 can be obtained as Equation (A4) from
Heron’s formula using three sides of triangle.

S′ = h
8(x0 − xt)

{
h2 − (x0 − xt)

2
}

(A4)
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Since the area of triangle can also be shown as Equation (A5), the curvature radius θ can be
obtained as Equation (A6) from Equations (A4) and (A5).

S′ = 1
2

r2 sin θ (A5)

θ = Arcsin
4h(x0 − xt)

{
h2 − (x0 − xt)

2
}

{
h2 + (x0 − xt)

2
}2 (A6)

From the curvature radius, the area of the sector composed of the shaded part and the light gray
triangle can be obtained as Equation (A7). Then, by subtracting Equation (A4) from Equation (A7), the
area of the shaded part can be obtained as Equation (A8). In the equations, S is the shaded part which
shows the area of outer part the of curved film.

(S + S′) = π

16(x0 − xt)
2

{
h2 + (x0 − xt)

2
}2 θ

360◦ (A7)

S =
1

8(x0 − xt)

[
π

2(x0 − xt)

{
h2 + (x0 − xt)

2
}2 θ

360◦ −
{
h2 − (x0 − xt)

2
}
h
]

(A8)

Since there are curved parts at both side of film, the total area of the outer part of the curved film
can be shown as Equation (A9).

2S =
1

4(x0 − xt)

[
π

2(x0 − xt)

{
h2 + (x0 − xt)

2
}2 θ

360◦ −
{
h2 − (x0 − xt)

2
}
h
]

(A9)

Finally, by subtracting Equation (A9) from Equation (A1), the cross-sectional area of the film with
a curvature can be shown as Equation (A10) with Δx defined as Equation (A11).

A = A0 − 2S = hx0 − 1
4Δx

{
π

2Δx

(
h2 + Δx2

)2 θ

360◦ −
(
h2 + Δx2

)
h
}

(A10)

Δx = x0 − xt (A11)
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Abstract: This paper presents and discusses a methodology implemented to study the process of
the preparation of aluminium alloy foams using the alloy A-242, beginning from the recycling of
secondary aluminium obtained from beverage cans. The foams are prepared by a melting process by
adding 0.50 wt.% calcium to the A-242 aluminium alloy with the aim to change its viscosity in the
molten state. To obtain the foam, titanium hydride is added in different concentrations (0.50 wt.%,
0.75 wt.%, and 1.00 wt.%) and at different temperatures (923, 948 K, and 973 K) while the foaming
time is kept constant at 30 s. For a set of experimental parameter values, aluminium alloy foams
with the average relative density of 0.12 were obtained and had an 88.22% average porosity. In this
way, it is possible to state that the preparation of aluminium alloy foams A-242 processed from
the recycling of cans is possible, with characteristics and properties similar to those obtained using
commercial-purity metals.

Keywords: aluminium alloy foam; recycling; beverage cans; direct foaming method; A-242 alloy

1. Introduction

Aluminium and its alloys are highly recyclable metals that are easily used for the preparation of
several specific alloys, and there are claims that the practice of recycling aluminium allows to reduce
pollution and contributes to saving electrical energy as compared to the primary aluminium obtaining
process. The recycling process is suitable as aluminium cans from discarded beverages are composed
mainly of aluminium alloys, so any separation methods for other materials are not required [1].

Recycling is desirable when the environmental and economic implications of their reintegration
do not exceed the limits of their primary production [2]. Aluminium is used in present times like no
other metal, together with steel, so its production is continuously growing, with an average growth of
3.7% per annum [3]. Its physical properties make it an ideal candidate for a range of applications in
industries such as packaging, transportation, construction, and aerospace, among others [4]. However,
secondary aluminium production faces problems with quality losses (when the purity of the aluminium
produced is lower than the input material, e.g., by adding alloying elements during re-melting) and
dilution losses (addition of primary aluminium during melting to dilute the concentration of residual
elements that cannot be refined), accumulation of impurities, and unlimited options for purification
of the molten mass [5–8]. Nevertheless, several studies have addressed the fact that aluminium
recycling needs no more than 5% of the energy needed for its primary production, so it presents a real
opportunity to reduce environmental impacts if managed in a sustainable way [9,10].

On the other hand, it is well known that for the 2XX series of alloys, copper is the main alloying
element, so these types of alloys are thermally treatable. Some of the properties that they present are
good ductility, high tensile strength (275 MPa) and compressive yield strength (235 MPa). During
solidification, the main alloying elements form intermetallic phases which precipitate in different
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morphologies, giving rise to various properties. Copper is slightly soluble in aluminium at room
temperature (0.2%); however, increasing the temperature (821 K) can dissolve up to 5.65% copper.
During the solidification process of the A-242 aluminium alloy, the intermetallic compound Al2Cu is
formed as a result of a eutectic reaction, improving resistance and hardness in the as-cast condition.
With high copper content (4 to 6%), the aluminium alloy responds strongly to heat treatments. On the
other hand, nickel forms the intermetallic Al3Ni with aluminium on solidification, which improves the
properties at high temperatures, also reducing the coefficient of thermal expansion. This alloy is used
in the manufacture of cylinder heads for motorcycles and pistons [11]. Table 1 shows the chemical
composition of the A-242 alloy [12].

Table 1. Chemical composition of A-242 aluminium alloy (wt.%).

Al Si Fe Cu Mn Mg Cr Ni Zn Ti Others

Balance 0.70 1.00 3.5–4.5 0.35 1.2–1.8 0.25 1.7–2.3 0.35 0.25 0.15

The automotive industry is constantly searching for innovation in its products, giving the
opportunity to develop and innovate new materials which allow a better fuel efficiency and passenger
safety [13]. Aluminium foams are an attractive alternative for this purpose because their properties are
ideal for this purpose as its lightness and ability to absorb impact energy.

Metal foams are light materials in which a gas dispersed in a metal matrix occupies between
50 and 90% of the total volume, obtaining low density values (0.3–0.8 g/cm3). They are characterized by
a combination of mechanical and physical properties resulting from both the porous structure and the
characteristics of the metal from which they were manufactured [14,15]. Depending on the production
method, the foam structure is more or less homogeneous and comprises different characteristic features
that determine its properties and, therefore, the fields of application [16,17].

However, less common and familiar are applications and products based on metal foams.
The reason is that they are still not widespread, although they have a very high potential, and a
large number of applications already exist on the market. Some reviews about the applications of
metallic foams are available in the literature [16–22]; however, in recent years, new application fields
have emerged, and not all are considered commercially relevant.

The main applications of metal foams can be grouped into structural and functional applications,
and are based on several excellent properties of the material [17]. Structural applications take advantage
of the light-weight and specific mechanical properties of metal foams; functional applications are based
on a special functionality, i.e., a large open area in combination with very good thermal or electrical
conductivity for heat dissipation or as electrode for batteries, respectively [16].

There are a large number of manufacturing methods for metal foams. The closed porosity metal
foams are commonly fabricated by direct and indirect foaming methods, such as the melting (ML) and
powder metallurgical (PM) methods [16,17], respectively. These methods are already described in the
literature [16,17,23–26].

Shinko Wire provided the first commercial production of metal foams in the late 1980s. In this
process, calcium is first added to an aluminium melt and stirred in air to produce oxides and raise its
viscosity. Subsequently, the powder of the blowing agent (TiH2) is dispersed quickly into the melt by
stirring, decomposing into gaseous hydrogen and titanium at the melt temperature. The melt starts
then foaming inside the crucible or inside a mold. Finally, it is cooled down to a big block and usually
sliced into plates of the desired thickness. This type of metallic foam and the corresponding process is
called Alporas, which was patented in America in 1987 [16,27].

Another process to manufacture aluminium alloy foams melt was invented in the early 1990s by
Alcan International Limited in Montreal (QC, Canada) [28], and Norsk Hydro (Oslo, Norway). In this
process, the melt needs to be prepared with ceramic particles, such as silicon carbide or aluminium
oxides, ranging from 5 to 20 vol.% to increase the viscosity of the melt and to stabilize the liquid cell
walls. Subsequently, air bubbles are injected and, at the same time, dispersed into the melt using

114



Metals 2019, 9, 92

rotating impellers. The bubbles rise to the top of the melt, where they are collected in a liquid foam
and start solidifying after leaving the furnace, where the foam can be continuously drawn off using a
conveyor belt. This method is used nowadays by Cymat (Mississauga, ON, Canada) to produce foam
panels or to fill molds with foams that do not need further processing [16].

In the 1950s, Allen et al. patented a method for foaming metal [29]. This route consists of an
indirect foaming of solid precursors by heating. The precursor is produced by mixing aluminium
powders with the corresponding alloying elements and a blowing agent, typically 0.5 to 1.0 wt.% of
TiH2. Once the powder mixture is prepared, it is consolidated and sintered by extrusion, uniaxial
compaction or rolling to yield a foamable precursor. By the heating of the precursors, the matrix starts
melting, and the gas of the blowing agent nucleates. In the course of the temperature increasing,
hydrogen production increases, and the gas diffuses to the nucleated pores, letting them grow into
big bubbles and expanding the foam. The resident oxides in the metal powders (usually 0.5 to 1%)
provide the stability of the foam during the holding time in the liquid state [30]. After several minutes,
the foam development is fulfilled, and the foamed metal structure can be conserved by temperature
reduction, leading to foam solidification [16].

Applications of metal foams are strongly linked to the properties that such kinds of materials can
offer and especially to those that are excellent or even unique. Some of the properties are obviously
mainly related to those of the matrix metal itself, e.g., elasticity, temperature or corrosion resistance,
etc., while others appear only in combination with the cellular structure, e.g., low density, large surface
area or damping [16].

The mechanical properties of metal foams are of course correlated to the ones of the corresponding
bulk metal, but in a specific manner. The dominating factors here are the density and the structure
itself. The foam structure is obviously the characteristic feature of a foam. Mechanical properties
depend mainly on the density but are also influenced by the quality of the cellular structure in the
sense of cell connectivity, cell roundness and diameter distribution, fraction of the solid contained in
the cell nodes, edges or the cell faces [16,26,31–36].

The main objective of this work was the preparation A-242 aluminium alloy foams, obtained
by adjusting the chemical composition of secondary aluminium from the recycling of beverage cans.
On the other hand, taking into account that during solidification of the aluminium alloy foam, the
precipitation of various intermetallic compounds occurs (i.e., Al2Cu, Al3Ni, Al9FeNi, Al2CuMg, Ti,
Al3Ti), it was interesting to study the effects of the processing temperature and the content of titanium
hydride used on the formation in the aluminium alloy foams and mechanical behavior during the
compression test.

2. Materials and Methods

2.1. Preparation of Aluminium Alloy Foam

The cans are composed mainly of three different alloys, i.e., the body corresponds to the A-3004
alloy, the lid to the A-5182 alloy, and the seal to the A-5082 alloy [37]. Once melted, the composition of
the obtained alloy is similar to that described in Table 2. Compacted cans were melted in a gas-fired
furnace containing a silicon carbide crucible with a capacity of 60 kg. Once the temperature of 1023 K
was attained, a flux was added to the molten bath to remove impurities from the alloy.

Once the beverage cans were melted, the chemical composition was adjusted with additions of
pure copper (4 wt.%) and electrolytic nickel (2 wt.%) at a temperature of 1293 K to bring the mixture to
the A-242 alloy specification. The amounts of alloying elements to be added were calculated using the
following equation:

X =
(Pc)(C)

100%
, (1)

where X is the amount, in grams, of the alloying element to be added (Cu, Ni); Pc is the weight of
the load as melted (g); and C is the difference between the weight percentage necessary to attain the

115



Metals 2019, 9, 92

composition and the initial one. Table 3 shows the final chemical composition of the A-242 aluminium
alloy obtained from the adjustment of the chemical composition after the melting step.

Table 2. Chemical compositions of the alloys contained in the aluminium cans and the final composition
of the fused alloy (base alloy) in wt.%.

Alloy Al Si Fe Cu Mn Mg Ni Ti Cr Zn

Body
A-3004 Balance 0.30 0.70 0.25 1.00–1.50 0.80–1.30 - - - 0.25

Lid
A-5182 Balance 0.20 0.35 0.15 0.20–0.50 4.00–5.00 - 0.10 0.10 0.25

Seal
A-5082 Balance 0.20 0.35 0.15 0.15 4.00–5.00 - 0.10 0.15 0.25

Base
alloy Balance 0.27 0.72 0.16 0.89 0.86 0.01 0.01 0.02 0.09

Table 3. Chemical composition of the A-242 aluminium alloy obtained after the melting and
composition adjustment steps.

Alloy Al Si Fe Cu Mn Mg Ni Ti Cr Zn

A-242 Balance 0.25 0.66 3.68 0.81 0.77 1.94 - 0.02 0.09

The chemical compositions of the secondary aluminium and of the A-242 aluminium alloy were
determined using a SpectroLAB spark emission spectrometer (Spectro Inc., Kleve, Germany).

To determine the melting temperature range of the A-242 alloy during heating, a Perkin Elmer
Differential Thermal Analyzer 7 (Seiko Instruments Inc, Chiba, Japan) was used. Three tests were
carried out at a heating speed of 10 ◦C/min under an argon atmosphere. Figure 1 shows a differential
thermal analysis (DTA) pattern for the obtained A-242 aluminium alloy. This shows an endothermic
event in the range from 869 to 931 K, related to the starting temperatures of the melting of the A-242
aluminium alloy.

Figure 1. DTA pattern for the A-242 aluminium alloy.

The next step was the preparation of A-242 aluminium alloy foams. At this step, the effects of
the content of the foaming agent and the foaming temperature on the mechanical properties and
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microstructure of the aluminium alloy foams were investigated. Table 4 presents the parameters and
their values studied.

Table 4. Values selected for the preparation of A-242 aluminium alloy foams (foaming time is constant
for 30 s).

Sample % TiH2 Foaming Temperature (K)

A1 0.50 923
A2 0.75 923
A3 1.00 923
A4 0.50 948
A5 0.75 948
A6 1.00 948
A7 0.50 973
A8 0.75 973
A9 1.00 973

The A-242 aluminium alloy foams were prepared in an electrical resistance furnace equipped
with a mechanical agitator using a bipartite steel mold. Once the constant temperature of 923 K was
attained, 0.50 wt.% Ca was added, and the mixture was shaken for 5 min at a speed of 1500 rpm in
order to modify the viscosity of the aluminium alloy. It is worth mentioning that the inclined plane
technique was used to determine the viscosity value attained after this addition. We found that, under
the conditions imposed, the aluminium alloy developed a viscosity of 0.196 Pa·s—enough to carry out
the foaming process. The foaming agent was added according to the conditions depicted in Table 4,
where the TiH2 thermally decomposes, releasing hydrogen [38]. The release of this gas gives rise to
the formation of bubbles inside the metal held in a semisolid state. The TiH2 was allowed to react for
30 s with constant agitation at 3000 rpm. After the foaming time had elapsed, the mold was removed
from the furnace, allowing the prepared aluminium alloy foam to solidify to room temperature (298 K).
When the aluminium alloy solidifies, the bubbles are trapped in the metal, giving rise to the formation
of pores inside the alloy. The aluminium alloy foams obtained are cylindrical in shape, an average of
118.06 mm in height, and with a diameter of 75 mm.

2.2. Morphological Characterization

The expansion of the aluminium alloy only takes place in the direction of the height. Therefore,
Equation (2) [39] is used to find the linear expansion of the aluminium alloy as a function of the heights
of the aluminium alloy foam and of the molten metal in the mold:

αLE =
h1 − h2

h2
× 100%, (2)

where αLE is the linear expansion of the foam, h1 is the height of the foam, and h2 is the height of the
molten metal in the mold.

The density of the aluminium alloy foams was determined using Equation (3), where the samples
used were in the form of cubes made by cutting the aluminium alloy foam. Each sample was weighed
using a digital apparatus obtaining the mass of the specimen (m) expressed in grams. The dimensions
of the samples were also measured in order to calculate their volume (V).

ρ =
m
V

(3)

The relative density (ρ*) of the samples was estimated using Equation (4), where ρ corresponds to
the density of the aluminium alloy foams obtained from Equation (3), and ρs for which the density of
A-242 aluminium alloys (2.823 g/cm3) [11] was used.
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ρ∗ = ρ

ρs
(4)

The percentage of porosity was determined using Equation (5) [39]:

P =

(
1 − ρ

ρs

)
× 100 (5)

where P is the percentage of porosity of the aluminium alloy foams.
To find the pore diameter, the photomicrographs obtained from the stereographic microscope

were used. Image Pro Plus software (4.1, Media Cybernetics Inc., Rockville, MD, USA) was used to
trace two perpendicular lines to each other within each pore; these lines give the length between two
points, so 30 measurements were made per sample to find the average diameter. Figure 2 shows the
image used, illustrating the pore diameter of some of the measurements.

 

Figure 2. Measurement of the pore diameter using Image Pro Plus software.

The wall thickness measurements were performed using a scanning electron microscope (SEM)
(Royal Philips Inc., Amsterdam, The Netherlands), as is shown in Figure 3 by a micrograph of the
foam, indicating the measurements performed. To find the average wall thickness, 10 measurements
per sample were performed.

 

Figure 3. Scanning electron microscope (SEM) micrograph of A-242 aluminium alloy foam where the
wall thickness measurements are illustrated.
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The microstructure of the A-242 aluminium alloy foams was observed using an XL30 ESEM
scanning electron microscope (Royal Philips, Amsterdam, The Netherlands) equipped with a GENESIS
400 EDS (energy dispersion spectroscopy, Hi-Tech Instruments, Las Pinas, Philippines) microanalysis
system to identify the intermetallic compounds present in the samples.

2.3. Mechanical Characterization

Finally, in order to evaluate the mechanical strength of the aluminium alloy foams under
compression loads, uniaxial compression testing was carried out according to the ASTM E9 Standard
procedure at room temperature. The tests were carried out using a Qtest Elite 100 model MTS
electromechanical universal testing machine (MTS Inc., Berlin, Germany) with a capacity of 100 KN,
equipped with TestWork software (Version 4, MTS Systems Corporation, Berlin, Germany). Cubic
samples (25 × 25 × 25 mm3) were tested as shown in Figure 4. The compression tests were performed at
cross-head rates of 3 mm/min. The force and the displacement were recorded during the compression
tests. The engineering stress-strain data were determined through load-displacement measurements
taking into account the initial dimensions of specimens.

Figure 4. Image of A-242 aluminium alloy foam, showing the closed porosity attained with 0.75% TiH2

at 948 K (A5).

3. Results and Discussion

3.1. Foam Morphology

Figure 4 shows an image of A-242 aluminium alloy foam obtained using the process described in
this work: a structure of closed porosity having an average relative density of 0.12.

Figure 5 shows a photomicrograph of a A-242 aluminium alloy foam prepared with 0.75% TiH2 at
948 K (A5) using a stereographic microscope, where it can be observed that the pores of the sample
are not connected to each other, thus A-242 aluminium alloy foams prepared using the technique
described in this work presented a structure with closed porosity.

 

Figure 5. Stereographic photomicrography of A-242 aluminium alloy froam, obtained with 0.75% TiH2

at 948 K (A5).
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The samples obtained have an average of 88.22% porosity, average pore size of 1.29 mm (0.50 mm
standard deviation) and an average wall thickness of 114.67 μm (32.61 μm standard deviation). Table 5
presents the results obtained from the linear expansion, relative density, porosity, pore diameter,
and wall thickness values for A-242 aluminium alloy foams obtained in the experiments indicated.
We analyzed the effect of foaming temperature and TiH2 content on the properties of A-242 aluminium
alloy foams.

Table 5. Linear expansion, relative density, porosity, pore diameter and wall thickness of the indicated
A-242 aluminium alloy foams (σ = standard deviation).

Sample
Linear

Expansion
(%)

Relative
Density

Porosity
(%)

Pore
Diameter

(μm)

σ Pore
Diameter

(μm)

Wall
Thickness

(μm)

σ Wall
Thickness

(μm)

A1 79.50 0.1293 87.07 633.87 279.74 148.11 66.84
A2 75.01 0.1512 84.88 864.40 362.54 90.07 56.54
A3 79.21 0.1451 85.49 1220.96 742.55 124.74 65.61
A4 77.20 0.1006 89.94 1753.93 848.31 87.56 29.32
A5 71.56 0.1327 86.73 1071.93 486.78 89.44 45.04
A6 77.63 0.0883 91.17 2149.79 979.64 181.69 75.13
A7 77.35 0.1410 85.90 823.51 268.20 97.48 38.31
A8 80.21 0.1118 88.82 1388.27 867.70 92.55 55.82
A9 76.98 0.0604 93.96 1710.11 699.65 120.43 54.8

As can observed from the values reported in Table 5, the foaming temperature does not
greatly affect the linear expansion of the aluminium alloy foams obtained or the percentage of TiH2.
Duarte et al. [40] report the effects of foaming temperature for 6061 alloy foams where they found
that, when the foaming temperature is close to the solidus temperature, only a slight expansion occurs.
If the foaming temperature is in the solid-liquid range, a greater expansion of the foam can be observed.
However, increasing the temperature above the solid-liquid region reduces the viscosity of the alloy
and promotes the production of more gas (H2) so that a greater expansion of the metal can be observed.
Therefore, it is evident that the foaming process is sensitive to the foaming temperature chosen as well
as the TiH2 content.

The relative density of A-242 aluminium alloy foams is highly sensitive to foaming temperature
and TiH2 content. An increase in some of these parameters causes the relative density of the foam to
decrease. The porosity of the foam is related to the relative density; therefore, this property is affected
by both the foaming temperature and the content of TiH2.

The pore diameter and wall thickness of the pores is highly affected by the foaming temperature
and the content of the foaming agent. An increase in foaming temperature produces a thinning
of the pore walls effect of the coalescence and drainage phenomena of the foam (drained is a flow
of molten metal from the walls into the pores edges (driven by surface tension) and through pore
edges downwards driven by gravity). The same is true when a high content of H2 is released, giving
rise to the phenomenon of coalescence (coalescence occurs whenever two pores merge to form a
larger one) [40].

3.2. Compression Behavior

During the compression behavior of the foams, three characteristic zones must be evaluated:
quasi-elastic, plateau, and densification [17,39].

The first area represents the quasi-elastic deformation behavior attained at smaller values of
compression. A more complete analysis revealed that the deformation is partly reversible and a certain
process of irreversible deformation of the foam structure occurs during the first load (depending on the
density gradients, the structural composition, and microstructure of the foam). The second zone is that
of constant stress or plateau, resulting in the abrupt and repeated failure of successive layers of pores
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(that in porous materials, the deformation takes place in low resistance regions, this being the one that
presents the thinnest pore wall and the first contact zone during the compression test). If the foam is
not perfect, then the stress in this zone shows ups and downs due to defects in the structure of the
foam such as pore size distribution, low-density regions, very long pores, and walls of fractured pores.
The third zone is that of densification; it begins when there are no longer enough walls of intact pores
to withstand the load. The stress therefore increased quickly because the walls of the pores collided
with each other, occupying the space left by the pores and causing the foam to densify, increasing its
mechanical resistance [15,41]. Figure 6 shows the stress-strain curves of the A-242 aluminium alloy
foams prepared to different processing parameters.

 
(a) 923 K (b) 948 K 

(c) 973 K 

Figure 6. Effect of the percentage of TiH2 and temperature on the mechanical behavior of A-242
aluminium alloy foams, (a) 923 K, (b) 948 K, (c) 973 K.

In general, an increase in the content of the foaming agent added in the foaming process affects the
internal structure of the aluminium alloy foams, i.e., by increasing pore size and decreasing resistance
to deformation. The content of H2 retained in the aluminium alloy, which results from the thermal
decomposition of the TiH2, causes the presence of large pores (greater than 2 mm) and low relative
density values (less than 0.1). Therefore, the presence of intermetallic compounds such as Al3Fe and
Al2CuMg causes brittleness during the compression test.

The samples foamed at 923 K presented very similar mechanical behaviors, with the sample
foamed with 0.75 wt.% of TiH2 being the one that presented greater densification. The samples foamed
at 948 K presented higher resistance compared with the samples obtained at 923 K. However, the foam
with 1.00 wt.% TiH2 did not densify; this effect is due to its structure presenting large pores and low
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density. The aluminium alloy foams manufactured at 973 K presented a lower mechanical resistance,
mainly for contents of 0.75 wt.% and 1.00 wt.% TiH2, the latter of which in general developed the
lowest value of density. The exception to this was the aluminium alloy foam to which was added
0.50% TiH2, since this foam is the one that presented the highest value of resistance to deformation.

The most important characteristic that affects the mechanical properties of the foams is the
relative density (relation between the density the foam and that of the solid). The metal foams have
relative density values of less than 0.3 [14]. An increase in the density value is related to an increase
in resistance.

The literature [14] establishes that the pore size of most metal foams lies in the range from 2 to
10 mm. Although the mechanical properties of the foams are sensitive to the wall thickness ratio (metal
layer that separates one pore from another), most do not depend on the absolute pore size. The shape
of the pores of the metal foams varies from equiaxial to ellipsoidal, and this has an important effect on
mechanical behavior. In addition, the curvature of the walls and the chemical composition of the same
affects the properties of the foam. Additives and foaming agents used to manufacture metal foams
often result in unconventional alloys. An example of this is the use of Ca as a modifier of viscosity of
the molten metal and TiH2 as a foaming agent, which introduces precipitates of Al, Ca, and Ti into the
microstructure, weakening the walls of the pores [14]. The presence of calcium in the aluminium alloys
forms intermetallic Al4Ca which presents a polyhedral morphology, being a precursor for the fracture
and collapse of the foam during the compression test. In this case, the resistance of the aluminium
alloy foam is expected to decrease in comparison with materials that do not present the formation of
such intermetallic compounds.

Prieto et al. [42] presented a comparison of the stress-strain curves for aluminium foams obtained
from the recycling of cans for beverages and pure aluminium, where the alloying elements such as
Fe, Mn, and Mg form intermetallic compounds in the pore wall. The foam obtained from recycling
presents a higher resistance than does the pure aluminium foam, an effect which is attributed to the
presence of alloying elements such as Ca, Ti, Fe, and Mg which form intermetallic compounds such as
Al4Ca, Al3Ti, and Al6(Fe, Mn).

Figure 7 shows a comparison of the stress-strain curves of foams obtained with pure aluminium,
recycled aluminium cans, and the A-242 aluminium alloy obtained from the recycling of cans. The data
of pure aluminium and of recycled aluminium were obtained from the work of Prieto et al. [42].
The pure aluminium and secondary aluminium foams have a relative density of 0.46, porosity of 82%,
and pore diameter of 3 mm.

Figure 7. Stress–strain curves of a pure aluminium foam, an aluminium foam of an alloy prepared
from beverage cans, and foams prepared with the A-242 aluminium alloy prepared in this work.
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As can be observed in this figure, the foam of A-242 aluminium alloy prepared with 0.75 wt.% TiH2

at 948 K presents the highest mechanical strength (24.13 MPa) and short plateau zone, as compared to
foams prepared with pure aluminium (13 MPa) and secondary aluminium prepared from beverage
cans (21 MPa). For the preparation of A-242 aluminium alloy foams, a lesser Ca content (0.50 wt.%) is
required to stabilize the aluminium alloy foam, as well as a lesser content of TiH2 to get low relative
density values (0.13), a porosity of 82%, and a pore size of 1.5 mm. This could be an advantage for
developing this kind of foam at an industrial level. In addition, due to the high Cu content in the A-242
aluminium alloy, the A-242 aluminium alloy foams can be thermally treated in order to improve their
mechanical properties. The addition of TiH2 during foaming seems to also affect grain refinement
during solidification; the TiAl3 particles formed improve the mechanical resistance of the aluminium
alloy [43].

On the other hand, Ca particles seem to greatly affect the collapsing behavior of the foam during
compression testing, as Ca forms new intermetallic compounds with Cu, weakening the foam wall
and causing the fracture of the same before the application of the compression load [44]. Due to this
fact, in this work we propose the use of a lower content of Ca to stabilize the aluminium alloy foam
and avoid the formation of Cu-rich intermetallic compounds with calcium.

3.3. Microstructural Analysis

Figure 8 shows micrographs obtained via SEM where the pore walls of aluminium alloy foams
with different contents of TiH2 are evident. The aluminium alloy foams depicted were obtained as
follows: a) 0.50 wt.% TiH2, b) 0.75 wt.% TiH2, c) 1.00 wt.% TiH2 at 948 K. The intermetallic phases
were identified using EDS in the SEM. The microstructure of the aluminium alloy foam cell wall is
composed of aluminium dendrites, in addition to intermetallic compounds of Al2Cu (alternating
lamellae of α-Al + θ-Al2Cu). Intermetallic compounds of the Al9FeNi and Al3Fe in their acicular
forms and polymorphs of the Al2CuMg intermetallic compound are evident. The presence of Fe- and
Mg-rich intermetallics comes from the raw material (beverage cans), in contrast to those rich in Ni
and Cu, which come from the alloying elements added to adjust the chemical composition of the alloy.
The presence of Ti-rich particles is a product of the decomposition reaction of the foaming agent (TiH2)
during the process of frothing, where Al3Ti is formed by the reaction between aluminium and titanium.
The cooling rate and the chemical composition of the aluminium foam are the main variables that
determine the morphology, size and distribution of the different intermetallic compounds.

  
(a) (b) 

Figure 8. Cont.
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(c) 

Figure 8. Micrographs of A-242 aluminium alloy foams: (a) 0.50 wt.% TiH2; (b) 0.75 wt.% TiH2;
and (c) 1.00 wt.% TiH2 at 948 K.

Figure 9 shows a micrograph obtained through SEM of a Ti-rich particle, surrounded by particles
of the Al3Ti intermetallic compound, in an A-242 aluminium alloy foam prepared with 1.00 wt.%
TiH2 at 948 K. The compound Al3Ti appears when the processing temperature is low, and the Al3Ti
intermetallic gives the alloy greater mechanical strength [45]. The appearance of this intermetallic
compound based on the equilibrium diagram is due to the preparation conditions used during the
process (reaction time and foaming temperature). Figure 10 shows EDS patterns of the matrix, Ti-rich
particle and Al3Ti intermetallic.

 

Figure 9. SEM micrograph of a Ti-rich particle, presumably the Al3Ti intermetallic compound.
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Figure 10. Energy dispersion spectroscopy (EDS) patterns for the Ti-rich particle.

4. Conclusions

From the results obtained in this work, it is important to emphasize the possibility of using
secondary aluminium for the preparation of aluminium alloy foams with characteristics similar to
those obtained by the use of commercial-purity elements.

Aluminium alloy foams were prepared with closed porosity in the order of 88.22% and with a
relative density of 0.12. The pore size was 1.29 mm, and the wall thickness was 114.67 μm.

Various intermetallic compounds were identified scattered on the pore walls, such as Al2Cu,
Al9FeNi, Al3Fe, Al2CuMg, Ti, and Al3Ti. The aluminium alloy foams manufactured with 1.00 wt.%
TiH2 showed higher concentrations of intermetallics.

With low TiH2 contents (0.50 wt.% and 0.75 wt.%), the samples presented high mechanical
strength values; when analyzing the microstructure of this group of samples, it was observed that they
present lower contents of intermetallic compounds distributed in the pore wall and the thickness of
thinner wall.

The temperature of 948 K turned out to be the best temperature for foaming because the resulting
aluminium alloy foams presented the highest values of compressive strength.

The aluminium alloy foams prepared from the A-242 aluminium alloy presented higher values
of mechanical strength and lower relative density values when compared to foams prepared using
commercial-purity elements.
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Abstract: This research studies the effect of multi-wall carbon nanotube (MWCNT) coated nickel to
foaming time on the foam expansion and the distribution of pore sizes MWCNT reinforced AlMg4Si8
foam composite by powder metallurgy process. To control interface reactivity and wettability between
MWCNT and the metal matrix, nickel coating is carried out on the MWCNT surface. Significantly,
different foaming behavior of the MWCNT coated nickel reinforced AlMg4Si8 was studied with
a foaming time variation of 8 and 9 min. Digital images generated by the imaging system are used
with the MATLAB R2017a algorithm to determine the porosity of the surface and the pore area of
aluminum foam efficiently. The results can have important implications for processing MWCNT
coated nickel reinforced aluminum alloy composites.

Keywords: aluminum matrix foam composite (AMFC); MWCNT; chemical oxidation; electroless
deposition nickel; powder metallurgy; expansion

1. Introduction

The first production of metallic foam was carried out by Benjamin Sosnick in 1948 [1], extensive
research and application of metallic foam in many manufacturing sectors such as the automotive and
aerospace industries have been carried out. Metal foams have properties such as high strength to
weight ratio, high energy absorption capacity, large specific surface, high gas and liquid permeability,
and low thermal conductivity [2]. Basic characteristics such as the relative density, cell structure,
homogenity of cell morphology and optimum mean average equivalent diameter of pores are things
that affect the use of metal foams [3]. Some parameters that affect the quality of the final product
foam are: particles (composition, shape, size and volume fraction), gas (composition and purity),
particle-surface interaction, matrix alloy composition, foaming temperature and thermal processing
conditions (holding time and cooling medium) [4].

In aluminum foam manufacturing processes, commonly known are direct gas foaming, powder
metallurgy and casting [5]. Some researchers have investigated adding ceramic particles to aluminum
foam, but the main problem for ceramic reinforced aluminum foam is agglomeration and poor bonding
between the reinforcement and the matrix, which sometimes results in brittleness deformation and
decreased energy absorption efficiency of foam composites [6]. Therefore, it is necessary to develop
the type of the new favorable reinforcement and surface treatment of the reinforcement, specifically for
the nano-sized reinforcement and to exploit the properties of composite foam. Research of nano and
microparticles reinforced closed-cell aluminum foam composites by the powder metallurgy method
has been investigated. Compressive strength and the absorption of plastic deformation energy increase
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about 28 times with the addition of nano-SiC particles when compared to micro-SiC reinforcing
aluminum foam [7].

The strengthening effects of Cr2O3 and Al3Ni thermally grown on an aluminum alloy were
investigated, the strengths and stiffness of aluminum were enhanced. Al3Ni layers are also formed on
graphite coated nickel reinforced aluminum. The primary Al3Ni intermetallic formed in the aluminum
and nickel reactions is the angular Al3Ni phase. Layer morphology is an important role in the interface
and mechanical properties of composites. The Al3Ni phase plays a role in binding carbon in
the aluminum matrix. These results indicate that the dispersion of graphite in the aluminum matrix is
facilitated by a layer of nickel in graphite [8,9]. MWCNT has the potential to be used as a reinforcement
in composite materials because MWCNT has superior mechanical properties with tensile strengths
of up to 150 GPa and elastic modulus up to 1 TPa, as well as good thermal stability and electrical
conductivity [10]. The effect of MWCNT volume fraction (0.1–1.0 wt.%) has been investigated on
the compressive behavior and energy absorption of nanocomposite foams. Compressive yield strength
increased with the addition of up to 0.5 wt.% MWCNT, but the opposite trend occurred with the addition
of 1 wt.% MWCNT [11]. To improve dispersion and wettability and overcome agglomeration and
poor bonding problems between MWCNT and aluminum matrix, it can be done with MWCNT
surface treatment (chemical oxidation and electroless deposition nickel coating). Chemical oxidation
of MWCNT involves impregnation of functional groups (functional groups -COOH) on the surface
of nanotubes because the reactivity of oxygen-containing groups is greater than pure carbon [12].
MWCNT oxidation (MWCNT-COOH) can trap much more Sn and Pd following nickel nucleation
sites and will help to incorporate MWCNT into a metal matrix with strong bonding. Ni ions easily
accept electrons and electrodeposit selectively on the defect sites rather than on other normal sites on
the outer surface of MWCNT [13]. The effect of surface treatment on MWCNT (chemical oxidation
followed by nickel coating on MWCNT) reinforced AlMg4Si8 by powder metallurgy has been studied,
showing uniformly distribution and good bonding on MWCNT reinforced aluminum foam [14].

The goal of this the present research is to investigate the effect of MWCNT coated Nickel to
foaming time on the foam expansion and the distribution of pore sizes of the MWCNT reinforced
AlMg4Si8 foam composite (AMFC-aluminum matrix foam composite) by the powder metallurgy
method. Determination of surface porosity, pore area and foam shape of the aluminum foam was
obtained through an imaging system with the MATLAB R2017a algorithm.

2. Materials and Methods

2.1. Materials

Aluminum alloy AlMg4Si8 was used for this study and the average particle size and purity of
the metal, MWCNT and foaming agent powders can be seen in Table 1. Figure 1 show field emission
scanning electron microscopes (FE-SEM) image morphology of aluminum, magnesium, silicon, TiH2

and MWCNT in this study.

Table 1. Characteristics of powders used as starting materials.

Powder Supplier Purity Size

Al TLS Technik (Bitterfeld, Germany) 99.7 <150 μm
Mg Laborladen.de (Hüfingen, Germany) 99.8 <40 μm
Si - >99.95 <40 μm

TiH2 Alfa Aesar 99 <45 μm
MWCNT Sigma Aldrich >90 5–9 μm
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(a) (b) 

  
(c) (d) 

Figure 1. Field emission scanning electron microscopes micrographs of (a) Spheroidal powder particles
Al; (b) Angular powder particles Mg; (c) Spheroidal powder particles Si; (d) Angular powder particles
TiH2 (TU Ilmenau; FG MWV).

2.2. Method

MWCNT were oxidized in piranha reagent (3 H2SO4: 1 hydrogen peroxide) for 6 h. After
the treatments, all the samples were thoroughly washed with demineralized water [15]. After this
treatment, the procedure of electroless plating nickel can be divided into three steps: sensitization,
activation and plating. MWCNT-oxidized were immersed in a sensitization solution and sonicated
for 30 min. The Sn2+-sensitized MWCNT were further stirred in an activating solution for 30 min.
The activated MWCNT were washed with deionized water and introduced into an electroless plating
bath. After 10 min of plating, the plated MWCNT were washed with distilled water then with
methanol [16].

Aluminum closed-cell foams were prepared using by powder metallurgy process. Before mixing,
MWCNT coated nickel were sonicated with ethanol in a bath sonicator for 30 min. The process started
with the mixing of appropriate amounts of basic ingredients, AlMg4Si8 powder, MWCNT (0.5 wt.%)
and TiH2 (0.5 wt.%) as blowing agents, inside a v-shaped cylinder for 20 min. AlMg4Si8, 0.5 wt.%
TiH2 and 0.5 wt.% MWCNT were prepared inside a stainless steel mold, then axially compacted (cold
pressing) with the pressure of 450 MPa for 3 min. It was heated in a preheated furnace at 300 ◦C for
2 h. The precursor (volume: 19.2325 cm3) was foamed at 750 ◦C for 8 min. FE-SEM techniques were
employed to characterize the samples to examine the dispersion of the MWCNT within the AlMg4Si8
foam matrix [17]. The sample was investigated using inexpensive digital systems/devices camera.
In this study, the following steps show how the images were acquired, processed and calculated
the area of each pore on the camera digital and measured the pores size, shape and size distribution
using MATLAB R2017a (with appropriate MATLAB commands added). Flowchart (Figure 2) outlines
the algorithm of the image processing and analyses executed in the MATLAB program for images
obtained with each imaging system [18].
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Figure 2. Algorithm of image processing and analyses executed in MATLAB R2017a Reproduced
from [18], with permission from Polymers, 2019.

3. Result

3.1. The Effect of Multi-Wall Carbon Nanotube Coated Nickel to Foaming Time on Morphology of AlMg4Si8
Foam

Figure 3 shows the images of produced samples using different reinforcement and foaming time,
macroscopic images of aluminum foam were taken using a camera. The results demonstrate that
the effect of surface treatment of the MWCNT influence the expansion and microstructure of AlMg4Si8
foam nanocomposite and the cell number density decrease with the addition of reinforcement MWCNT
coated nickel in AlMg4Si8. The foam expansion of AlMg4Si8 foam without MWCNT has the highest
expansion and shows relatively uniform cells compared to MWCNT coated nickel reinforced AlMg4Si8.
The results show the effect of MWCNT coated nickel to foaming time on the foamability of MWCNT
reinforced aluminum foam. MWCNT reinforced aluminum foam for 8 min show a smaller size of pore
compared to MWCNT reinforced aluminum foam for 9 min and the volumetric expansion coefficient of
MWCNT reinforced aluminum foam for 8 min (c) is 0.00415 1/◦C, lower than the MWCNT reinforced
aluminum foam for 9 min (d), which is 0.00623 1/◦C.

( )

Figure 3. Macrostructure of aluminum foam expansion affected by reinforcement and foaming time
of (a) Precursor material Multi-wall Carbon Nanotube reinforced AlMg4Si8; (b) AlMg4Si8 foam; (c)
MWCNT coated nickel reinforced AlMg4Si8 foam for 8 min; (d) MWCNT coated nickel reinforced
AlMg4Si8 foam for 9 min. (TU Ilmenau; FG MWV).
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Figure 4 shows that the distribution of MWCNT coated nickel in aluminum foam are uniform on
the cell wall. FE-SEM analysis results show that all reinforcement (MWCNT) are evenly distributed
in the aluminum foam matrix (the top, middle and bottom layers). The presence of MWCNT coated
nickel is in the cell wall which means good the wettability at the MWCNT coated nickel reinforced
aluminum foam interface.

  
(a) (b) 

Figure 4. (a) Field emission scanning electron microscopes image of dispersion MWCNT on the plateau
border; (b) Show microstructural observed by field emission scanning electron microscopes about
the uniform dispersion of MWCNT in the pore cell-wall. (TU Ilmenau; FG MWV).

Table 2 shows foam density, % porosity, expansion and pore number of foam. The porosity of
foam material were calculated using the following equation:

% Porosity = 1− ρ foam
ρ precursor

× 100% (1)

The density of precursors and foam were measured by weighing specimens and geometry, that all
the calculations are in comparison with the bulk aluminum, where ρ1 and ρ2 are densities of foam
and precursor. The volumetric expansion coefficient was measured by volume foam compare with
the precursor, where α = volumetric thermal expansion coefficient, V0 = the initial volume, ΔV =
volume change and ΔT = temperature change. Furthermore, the relative density of precursors and
foams and the volumetric expansion coefficient were calculated using the following equations:

ρR =
ρ1
ρ2

(2)

α =
ΔV

V0.ΔT
(3)

Table 2. Structure of the produced aluminum foam.

Foam
Sample

Time
(min)

Density
(g/cm3)

Porosity
(%)

The Volumetric
Expansion Coefficient

(1/◦C)

Pore
Number

AlMg4Si8 (a) 8 0.5573 72.32 0.00693 2605

MWCNT(Ni)-
AlMg4Si8 (b) 8 0.8368 67.81 0.00415 726

MWCNT(Ni)-
AlMg4Si8 (c) 9 0.5581 78.55 0.00623 484
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3.2. The Pore Size Distribution of Multi-Wall Carbon Nanotube Coated Nickel Reinforced AlMg4Si8

To compare the porosity of the surface and the pore area of aluminum foam are used the MATLAB
algorithm from digital images produced by the imaging system shown in Figure 5. The imaging system
shows a plot diagram of the frequency distribution bar of the pore area, the number of large pores
relative to the small pores in the image by each imaging system. A summary of the number of pores
detected in all analyzed samples affected by the reinforcement and foaming time is shown in Table 2.
The structure of AlMg4Si8 without reinforcement show relatively uniform cells than the MWCNT
coated nickel reinforced AlMg4Si8 and imaging systems show an inhomogeneous distribution of large
and small pores throughout the aluminum foam, and this is caused by the influence of the type of
MWCNT as a reinforcement and foaming time used in the foaming process/manufacturing.

(a)

(b)

(c)

 (1) (2) 

Figure 5. Frequency distribution of pore area (1), and Scaled labeled images (2) for (a) AlMg4Si8 foam
for 8 min (b) MWCNT coated nickel reinforced AlMg4Si8 foam for 8 min (c) MWCNT coated nickel
reinforced AlMg4Si8 foam for 9 min.
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4. Discussion

Several studies on the effect of pore size on the mechanical properties of the aluminum foam and
its alloys have found that porosity and pore size distribution have a completely linear relationship
on mechanical properties. Furthermore, the fabrication method and composition used during foam
making will affect the foam structure and pore morphology, which will also determine the mechanical
properties [19,20].

To discuss the effect of reinforcement MWCNT coated nickel and foaming time on expansion and
pore size has to take into account the following aspect. Chemical oxidation and electroless deposition
nickel in MWCNT can improve the distribution and wettability of MWCNT as reinforcement in an
aluminum foam nanocomposite. Nickel coating on MWCNT can increase the bond between MWCNT
coated nickel and aluminum matrix. While MWCNT coated nickel were much more strongly bonded
with the aluminum matrix. Figure 4 shows that the MWCNT coated nickel is in a foam cell and
has better wettability with the aluminum foam matrix. This investigation shows that the MWCNT
surface structure affects the interface between MWCNT and aluminum matrix in the aluminum foam
matrix nanocomposite.

Digital images produced by the imaging system are used with the MATLAB algorithm to determine
the surface porosity and pore area of aluminum foam. The average diameter of the pores MWCNT
coated nickel reinforced AlMg4Si8 increase than AlMg4Si8 without reinforcement. The porosity,
the volumetric expansion coefficient and density of all samples are listed in Table 2. According to
Table 2, samples a, b and c showed the porosity of each sample (72.32, 67.81, and 78.55%, respectively).
The volumetric expansion coefficient (0.00693, 0.00415 and 0.00623 1/◦C, respectively) and density
(0.5573, 0.8368 and 0.5581 g/cm3, respectively). Increasing the foaming time MWCNT coated nickel
reinforced AlMg4Si8 from 8 to 9 min resulted in a rapid increase of the volumetric expansion coefficient
(0.00415 to 0.00623 1/◦C) and consequently a rapid decrease in density (0.8368 to 0.5581 g/cm3). Table 2
shows at the same time for 8 min, the volumetric expansion coefficient of AlMg4Si8 (without MWCNT)
is 0.00693 1/◦C, while the volumetric expansion coefficient of the MWCNT coated nickel reinforced
AlMg4Si8 is 0.00415 1/◦C. Increasing the foaming time from 8 to 9 min resulted in an increase of
the volumetric expansion coefficient (0.00415 to 0.00623 1/◦C), and consequently a rapid decrease of
the relative density (0.8368 to 0.5581 g/cm3).

According to data from Table 2, the comparison of the structure of the aluminum foam produced are:
Pores Number: AlMg4Si8 (8 min) >MWCNT(Ni)–AlMg4Si8(8 min) >MWCNT(Ni)–AlMg4Si8 (9 min)
% Porosity: MWCNT(Ni)–AlMg4Si8 (8 min) < AlMg4Si88 (8 min) <MWCNT(Ni)–AlMg4Si8 (9 min)
Pore size: AlMg4Si8 (8 min) <MWCNT(Ni)–AlMg4Si8(8 min) <MWCNT(Ni)–AlMg4Si8(9 min)
Density: AlMg4Si8 (8 min) <MWCNT(Ni)–AlMg4Si8(9 min) <MWCNT(Ni)–AlMg4Si8(8 min)
The volumetric expansion coefficient: AlMg4Si8 (8 min) >MWCNT(Ni)–AlMg4Si8 (9 min) >
MWCNT(Ni)–AlMg4Si8 (8 min)

The results show that the effect of MWCNT surface treatments as reinforcement of the foamability
of AlMg4Si8. During the processing of aluminum foam composites, chemical reactions occur at
the interface between the matrix and the reinforcement in several systems. Chemical reactions and
the types of reaction products formed depend on the processing temperature, pressure and atmosphere,
matrix composition and surface chemistry of the reinforcement. The physical and mechanical
properties of aluminum foam composites are greatly influenced by the degree of the chemical
reaction. The inhomogeneous distribution of large and small pores in all-aluminum foams is shown by
the aluminum foam composite imaging system (Figure 5), and this is influenced by MWCNT coated
nickel as the reinforcement used and the foaming time in the manufacturing process. The structure of
AlMg4Si8 without reinforcement show cells that are relatively uniform compared to MWCNT coated
nickel reinforced AlMg4Si8. This shows that MWCNT coated nickel is collected inside the cell wall
during foaming and there has been the wettability between MWCNT and aluminum matrix. When
aluminum wets the MWCNT coated nickel, the presence of MWCNT can increase the system viscosity
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and will increase the cell wall thinning rate and as consequence, larger cells will form in aluminum
foam and reduce the number of pores.

5. Conclusion

AlMg4Si8 foam is produced by a powder metallurgical process in which titanium hydride is
a blowing agent. By varying foaming time and compare with AlMg4Si8 foam (without MWCNT),
different stages of early foam formation could be prepared. Influence of MWCNT coated nickel to
the foaming time and distribution of pore on the foaming behavior of MWCNT coated nickel reinforced
aluminum alloys and the influence of time has been investigated, that:

Uniformly dispersion of MWCNT coated nickel in the aluminum matrix and increase the interfacial
bonding strength between MWCNT coated nickel and metal matrix.

Surface treatment on MWCNT will increase the cell wall thinning rate and as a consequence,
larger cells will form in aluminum foam. The average diameter of the pores MWCNT coated nickel
reinforced AlMg4Si8 is greater than AlMg4Si8 foam.

MWCNT coated nickel reinforced AlMg4Si8 with time for 9 min has a higher volumetric expansion
coefficient (0.00623 1/◦C) than the foaming time for 8 min (0.00415 1/◦C). However, the volumetric
expansion coefficient of AlMg4Si8 without reinforcement with a foaming time of 8 minutes still has
the highest volumetric expansion coefficient value (0.00693 1/◦C).
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Abstract: Hybrid structures with epoxy embedded in open-cell aluminum foam were developed
by combining open-cell aluminum foam specimens with unreinforced and reinforced epoxy resin
using graphene oxide. These new hybrid structures were fabricated by infiltrating an open-cell
aluminum foam specimen with pure epoxy or mixtures of epoxy and graphene oxide, completely
filling the pores. The effects of graphene oxide on the mechanical, thermal, and acoustic performance
of epoxy/graphene oxide-based nanocomposites are reported. Mechanical compression analysis was
conducted through quasi-static uniaxial compression tests at two loading rates (0.1 mm/s and 1 mm/s).
Results show that the thermal stability and the sound absorption coefficient of the hybrid structures
were improved by the incorporation of the graphene oxide within the epoxy matrix. However,
the incorporation of the graphene oxide into the epoxy matrix can create voids inside the epoxy resin,
leading to a decrease of the compressive strength of the hybrid structures, thus no significant increase
in the energy absorption capability was observed.

Keywords: open-cell aluminum foam; epoxy resin; graphene oxide; hybrid structures; mechanical;
thermal and acoustic properties

1. Introduction

Metal foams have gained special attention in the last years due to their outstanding properties [1].
The first reference to metallic foams is a French patent published in 1925 by Meller; however,
its commercialization only started three decades later in the United States of America (USA). After the
stagnation period, and with the development of new technologies that allowed the decrease of cost
and difficulties in the manufacturing process, there was a boost in their development that is still
ongoing [2]. With these recent developments, metal foams have become commercially available in a
wide variety of structures [3]. There are many interesting combinations of different properties, such as
high stiffness associated with low specific weight or high compression strength combined with good
energy absorption efficiency, making them suitable for automotive industry, ship building, aerospace
industry, civil engineering, and medicine [1–5]. Thus, it is important to predict their mechanical
behavior prior their application. While the behavior of closed-cell foams is difficult to predict, since
often, non-regular structures are obtained by the existent manufacturing methods [6], open-cell foams,
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used mainly for functional applications, frequently present regular structures—therefore, their behavior
is easier to estimate [7]. Cellular metals with regular structures have been developed, e.g., open-cell
metal foams [8], advanced pore morphology (APM) foam elements [9–11], and metal hybrid hollow
structures [12], to be used as fillers of thin-walled structures [13]. The low compressive strength of
open-cell structures limits their application. In this context, the uprising research of the hybrid structure
concept, resulting from filling open-cell structures with stronger materials that provide suitable
resistance, has brought new insights in this field [8,14,15] Epoxy-based materials possess competitive
advantages, such as high compressive resistance, low cost, and simple processing. However, epoxy
materials are characterized by low fracture toughness, poor crack resistance, and brittle fracture under
loading [16]. Besides this, epoxy—as many organic materials—presents a risk of high flammability [17].
It is reported that the addition of fillers (or a combination of different fillers) to the epoxy matrix can
improve or confer important features to the final product [17]. Among the most commonly used,
the following can be pointed out: Phosphorous, nitrogen-based fillers, nanoclays, carbon nanotubes,
and graphene-based materials [18]. The inclusion of graphene oxide, a two-dimensional (2D) structure
formed by a flat monolayer of carbon atoms arranged in a hexagonal lattice and decorated by a variety
of functional groups (such as epoxides, carbonyls, hydroxyls), as well as its reduced form (with no or
less oxygen functionalities and recovering the sp2 hybridization configuration), has been the subject
of considerable interest and analysis [19]. It is documented that graphene and its derivatives greatly
improve the fatigue characteristics and toughness of epoxy resins, as well as induce fire-resistance [20].
Several methods (e.g., ball milling, solvent-assisted, ultrasonication, or surface modification) [20]
have been explored for preparation of these type of nanocomposite materials in order to ensure
the good dispersion of nanofillers into the polymer matrix. The work herein follows the previous
pioneering studies performed by Duarte et al. [8,21], where they evaluated the quasi-static and dynamic
crush compressive performance of simple multifunctional hybrid structures based on an open-cell
aluminum foam impregnated with polymers (e.g., epoxy resin) and their performance as fillers of square
thin-walled tubes. Results demonstrate that the polymer–aluminum hybrid structure stabilizes the tube
and prevents the unstable global bending or mixed buckling mode. Studies show that the aluminum
foam–epoxy hybrid structure-filled structures are more efficient in terms of crashworthiness [21].
Herein, the graphene oxide at a low content load of 0.25 wt.% was studied as reinforcement of the
epoxy matrix, used as a void filler of the open-cell foam. Additionally, its effects on the mechanical,
thermal, and acoustic properties were evaluated.

2. Materials and Methods

2.1. Materials

An AlSi7Mg0.3 open-cell foam (OCF) block made of AlSi7Mg0.3 with pore sizes of 10 ppi (pores
per inch) fabricated by the replication casting method was supplied by Mayser GmbH & Co. KG
(Lindenberg, Germany) (formely M-pore). The OCF was fully filled by the epoxy resin (EP).

A commercial EP resin solvent-free mid-viscosity glue was supplied by company KGK Ltd.
(Barilović, Croatia), and when cured at 20 ◦C for 25 min had a density of 1100 kg/m3, compression
strength of 90.4 MPa, bending strength of 38.9 MPa, and tensile strength of 14.8 MP. It was composed of
two reagents, component A (polymer) and component B (hardener), and the mixing ratio was A:B = 2:1
(mass ratio) or 9:5 (volume ratio). The component A had a density of 1.12 kg/dm3, while the component
B had a density of 1 kg/dm3. Graphene oxide (GO) was acquired from Graphenea Inc. (San Sebastián,
Spain) in an aqueous dispersion with 4 mg/mL. The GO sheets had a particle size <10 μm and >95% of
GO content was a monolayer (nanometric in thickness). The GO had a carbon content of 49–56% and
oxygen content of 41–50%, which was determined by X-ray photoelectron spectroscopy (XPS). Before
incorporation in the EP, diluted GO suspension was freeze-dried to be used in powder form.
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2.2. Fabrication of the Specimens

The dense pure EP and EP reinforced with the graphene oxide (EP/GO) specimens were prepared
by pouring the pure EP or EP/GO mixtures into an empty thin-walled tube. The aluminum foam–epoxy
hybrid structure (OCF–EP) and aluminum foam–EP/GO nanocomposite hybrid structure specimens
(OCF–EP/GO) were fabricated by pouring the pure EP or EP/GO mixtures into an empty thin-walled
tube containing an open-cell aluminum foam specimen (22 × 22 × 25 mm3). The inner surfaces of the
thin-walled tubes were previously cleaned, polished, and greased to facilitate the specimen removal.
The components A and B were mixed together well at the mass ratio of 2:1. In the case of the EP/GO
specimens, the EP component A was first mixed together well with the GO with a mechanical stirrer at
1000 rpm for 1 h. After that, the mixture was submitted for 30 min to an ultrasonic bath and another 1 h
to mechanical stirring. Then, component B was added and mixed with a mechanical stirrer at 250 rpm
for 10 min to avoid bubble formation, followed by 20 min of degassing under vacuum. The specimens
were extracted from the thin-walled tubes after the filler polymer was completely cured (at room
temperature for 7 days).

Preliminary uniaxial quasi-static tests at 0.1 mm/s and Vickers hardness were carried out to assess
the dispersion of the GO into the EP. For this purpose, three compositions of GO were tested: 0.1, 0.25,
and 0.5 wt.%. These concentrations of GO were in the final epoxy (A + B) mixture. Figure 1 shows the
fabricated specimens: OCF (Figure 1a), pure EP (Figure 1b), EP/GO (Figure 1c), OCF-EP (Figure 1d),
and EP/GO-OCF (Figure 1e).

Figure 1. Fabricated specimens (22 × 22 × 25 mm3): (a) Open-cell foam (OCF), (b) epoxy resin (EP), (c)
EP/graphene oxide (GO), (d) OCF–EP and (e) OCF–EP/GO.

The densities of the materials were: 105.1 kg/m3 (standard deviation: 2.1 kg/m3), 1105 kg/m3

(standard deviation: 29.7 kg/m3), 1130.3 kg/m3 (standard deviation: 6.1 kg/m3), 1162.4 kg/m3 (standard
deviation: 14.3 kg/m3), and 1169.3 kg/m3 (standard deviation: 7.7 kg/m3) for the OCF, EP, EP/GO,
OCF–EP, and OCF–EP/GO, respectively.

2.3. Scanning Electron Microscopy and X-ray Micro Computed Tomography Characterisation

To investigate the dispersion of the GO into the EP matrix, scanning electron microscopy (SEM)
analysis was applied. The TM 400 Plus (Hitachi, Tokyo, Japan) was used at an accelerating voltage of
15 kV and in backscattering electron mode.

The specimens (22 × 22 × 25 mm3) were analyzed in a micro-computed tomography (μCT)
equipment from SkyScan 1275 (Bruker, Belgium) with penetrative X-rays of 80 kV and 125 μA, 1 mm
Al filter, in a high resolution mode with a pixel size of 18 μm and 45 ms of exposure time. NRecon
(Bruker, Belgium), CTVox (Bruker, Belgium), and CTAn (Bruker, Belgium) softwares were used for
slicing, three-dimensional (3D) reconstruction, and morphometric analysis.

2.4. Mechanical Characterisation

Uniaxial compression tests were used to study the quasi-static compressive response of the
hybrid structures and the individual components (OCF, EP, and EP/GO). The servo-hydraulic dynamic
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INSTRON 8801 testing machine (maximum load 50 kN, Instron, Norwood, Massachusetts, USA) and the
electro-mechanical RAAGEN testing machine (with maximum load 250 kN, RAAGEN, Ankara, Turkey)
were used for quasi-static tests at 0.1 mm/s and 1 mm/s loading rates, respectively. The quasi-static
tests were recorded by using a high-resolution video camera. A high cooled middle-wave infrared (IR)
thermal camera FLIR SC 5000 [22] was also used to study the deformation and failure modes of the
specimens subjected to the loading rate of 1 mm/s. The IR camera detected IR energy emitted from
objects, converted it to temperature, and displayed an image of temperature distribution from the
specimen surface. Temperature was measured in real time from a fixed distance without contacting
the specimen. The load–displacement data were converted to the engineering stress–strain data. The
energy absorption density (EAD) and specific energy absorption (SEA) were determined according
to the ISO 13314: 2011 [23]. Vickers hardness measurements were carried out on samples using a
diamond Vickers indenter Tester HMV-2000 (Shimadzu, Kyoto, Japan) where a 0.025 kgf load was
applied for 10 s.

2.5. Thermal and Flammibility/Fire Retarcdancy Characterization

The thermal stability of the EP and EP/GO was assessed by a thermogravimetric (TG) analyzer
(TGA-50, Netzsch, Selb, Germany) at a scanning rate of 10 ◦C/min, in the temperature range of
30–800 ◦C, under 50 mL/min of synthetic air (80% of N2 and 20% O2). The dynamic scanning
calorimetry (DSC) method was used in order to measure cure heat (ΔH). The DSC analysis was
carried out using the Perkin Elmer 4000 device (Perkin Elmer, Buckinghamshire, UK). Immediately
after adding the hardener, the EP and EP/GO resins were submitted to a heating cycle from 30 to
220 ◦C with a heat rate of 10 ◦C/min under nitrogen atmosphere. The thermal conductivity properties
were evaluated with the Hot Disk TPS 2500 S instrument (Hot Disk, Gothenburg, Sweden) in the
transient mode, at room temperature (20 ◦C), in accordance with the standards ISO 22007-2.2 [24] and
ASTM D7984 [25]. The sensor, a thin nickel foil in a double spiral pattern, which was embedded in
between two thin layers of Kapton polyimide protective films, was sandwiched between two identical
samples (22 × 22 × 25 mm3). Three measurements were performed for each specimen type. During
the measurement, electrical heat current passed through the nickel spiral and created an increase
in temperature. The heat generated dissipated through the sample on either side at a rate which
depended on the thermal transport characteristics of the material. By recording the temperature versus
time with the sensor, these characteristics could accurately be calculated by a computational algorithm
based on Hot Disk Thermal analyzer software.

The fire retardancy tests were based on the direct observation of the response of the specimens
when subjected to a flame. Each test consisted of applying an ethanol flame to the specimen’s bottom
using the set-up in the vertical sample position. A test lasted for 3 s, plus a subsequent application of
3 s if the specimen self-extinguished.

2.6. Acoustic Characterization

The value of the sound absorption coefficient was estimated from measurements made with
an impedance tube according to the standard ASTM E 1050 [26]. The cylindrical specimens had a
diameter of 37 mm and a height of 22 mm. The tests consisted of placing the specimens at the end of an
impedance tube with a diameter of 37 mm [27] and a length of 700 mm. The sound source, an RG noise
generator (Wandel & Goltermann, Eningen, Germany) that emits a random noise signal, connected to
a loudspeaker, was positioned at the opposite end of the impedance tube. Two microphones were
placed inside the tube, separated by 30 mm between the sound source and the specimen, allowing
to analyze a frequency range between 115 and 4500 Hz. The measurement allowed calculation of
the sound absorption coefficient (α), which refers to the ratio between the amount of sound energy
that is dissipated or absorbed by a given material and the sound wave that is passed to the material.
The higher the sound absorption coefficient value, the greater the effectiveness of the insulation.
Another parameter is the noise reduction coefficient (NRC) indicator, which is the arithmetic mean
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value of the sound absorption coefficients at frequencies of 250, 500, 1000, and 2000 Hz, and is used to
compare and evaluate the performance of commercial materials.

3. Results and Discussion

3.1. Weight Ratio of the Graphene Oxide

In order to assure an uniform dispersion of the GO within the EP, a preliminary study was
performed by using quasi-static uniaxial compression and Vickers hardness (HV) tests. For that, three
compositions of GO were tested: 0.1 wt.%., 0.25 wt.%., and 0.5 wt.%. Visually, it was observed that until
0.25 wt.%, the dispersion of the GO was satisfactory, with no aggregates observed. Above 0.25 wt.% of
GO, the formation of several aggregates was observed and persisted even after vigorous mechanical
stirring. Figure 2 shows the average compressive stress–strain curves (Figure 2a) and the HV values
(Figure 2b) measured for dense unreinforced EP and reinforced EP with different amounts of GO.
Results clearly indicate that the diagram shape of the stress–strain curves of the unreinforced and
reinforced EP are similar. The reinforced EP shows an inferior stress–strain behavior when compared
to the EP without GO. However, stress–strain curves of the reinforced EP with 0.25 wt.% and 0.5 wt.%
are more stable when compared to the unreinforced (pure) EP, in which the first peak stress values are
similar (~80 MPa). Furthermore, after the second peak stress, the reinforced EP compositions show a
lower decrease in stress in comparison to the unreinforced EP specimens. This could be attributed
to the development of pores in the region near to the GO region. The specimen with 0.25 wt.% of
GO showed a HV value of 17.7, which is 10% higher than the value 16.1 obtained for the pure EP.
The values are in agreement with the one reported by Ho and co-workers [28]. It appears that the GO
additions significantly increase the variability in the hardness, since also high standard deviation was
observed. The high variability of the hardness may be attributed to the GO dispersion in the polymer
matrix, which can affect the final properties. Based on these preliminary results, the 0.25 wt.% of GO
was selected as the composition for the specimens in subsequent studies, and is denoted from now on
by EP/GO and OCF–EP/GO.

Figure 2. Quasi-static compressive stress–strain curves (a) and Vickers hardness (VH) (b) of the
unreinforced EP and reinforced EP with different compositions of GO.

3.2. Microstructure

The representative scanning electron microscopy (SEM) images in Figure 3 show fractured
cross-section of the EP and EP/GO specimens, which were obtained by breaking of the frozen specimens
under liquid nitrogen. The results show that the GO sheets are well dispersed and randomly oriented
within the polymer. No aggregates are visible in the SEM images. As shown in Figure 3a, the fracture
surface of the unreinforced EP exhibits low river patterns and a smooth surface. Additionally, the
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cracks spread randomly, revealing a weak resistance to the crack initiation and propagation within
EP. The failure process of unreinforced EP is a typical brittle fracture pattern, as reported by other
authors [29]. Contrary, the EP/GO composites exhibit a rougher fracture surface (Figure 3b) and
several river patterns, in which numerous and deep cracks can be observed. It seems that a continuous
network of the GO was not formed due to the low content of GO. Furthermore, at higher magnification
(Figure 3c), the presence of GO agglomerates within the EP matrix is not observed.

Figure 3. SEM images of the EP (magnification factor: 1000) (a) and EP/GO matrices (magnification
factor: 1000 (b) and 2000 (c)).

The μCT results reveal that the values of the total porosity of OCF–EP/GO and OCF–EP are 0.008%
and 0.048%, respectively. Despite that both types of specimens present very low values, the OCF–
EP/GO has a higher percentage of total porosity that can be attributed to the formation of the voids
in the EP matrix due to the GO. Figure 4 presents a 2D slice and 3D volume rendered image of the
OCF–EP/GO hybrid structures, using the NRecon and CTvox, respectively.

Figure 4. Micro-computed tomography images: (a) Two-dimensional (2D) slice and (b) three-dimensional
(3D) volume rendering of OCF–EP/GO.

3.3. Mechanical Properties

This study is the continuation of the study conducted by Duarte et al. [8], in which the OCF
voids were filled with EP. Herein, however, GO was added to the EP matrix to increase the toughness
and provide thermal stability. The EP and EP/GO specimens, as well as their respective hybrid
structures (OCF–EP and OCF–EP/GO), were subjected to uniaxial compression loading at two different
deformation rates. Figures 5 and 6 show the deformation stages during the quasi-static loading at
0.1 mm/s and 1 mm/s, respectively.
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Figure 5. The quasi-static deformation (0.1 mm/s) sequences showing the progressive deformation of
the: (a) EP, (b) EP/GO, (c) OCF–EP, and (d) OCF–EP/GO.

Figure 6. The quasi-static deformation (1 mm/s) deformation sequences showing the progressive
deformation of the: (a) EP, (b) EP/GO, (c) OCF–EP, and (d) OCF–EP/GO.
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The EP, EP/GO, OCF–EP, and OCF–EP/GO exhibited symmetric deformation, i.e., barreling in
the center of the specimen during the slower loading rate (0.1 mm/s). Contrary, at loading rate of
1 mm/s, asymmetric deformation was observed. However, the incorporation of 0.25 wt.% of GO
had no significant influence on the deformation mode for both tested velocities. Furthermore, the
IR thermography (Figure 7) also allowed to study the deformation and failure modes of the hybrid
structures (OCF–EP and OCF–EP/GO) at low crosshead rates (1 mm/s), as it was also confirmed in [30].
The regions subjected to higher strain were located near the metal foam skeleton and the specimens
started to fail by development of cracks in the EP matrix. These cracks progressed, and aggravated
their amplitude and group until the final failure.

Figure 7. The IR image sequences at different strain increments showing the dynamic progressive
deformation of the: (a) OCF–EP and (b) OCF–EP/GO subjected to a crosshead rate of 1 mm/s.

Figure 8 shows the quasi-static compressive stress–strain curves of the tested specimens (EP,
EP/GO, OCF–EP, and OCF–EP/GO) subjected to 0.1 mm/s (Figure 8a) and 1 mm/s (Figure 8b).

Figure 8. Stress-strain relationship (each curve represents an average of three specimens tested) at
different crosshead rates: (a) 0.1 mm/s and (b) 1 mm/s.

Quasi-static compressive stress–strain curves (Figure 8a,b) show very similar diagram shapes
between EP, EP/GO, OCF–EP, and OCF–EP/GO for both loading rates. The EP and EP/GO specimens,
as well as the corresponding hybrid structures (OCF–EP and OCF–EP/GO), do not exhibit a typical
metal foam stress–strain behavior. The compressive stress–strain curves of the EP, EP/GO, OCF–EP,
and OCF–EP/GO specimens are very similar to the compressive response obtained from the empty
aluminum tubes, in-situ closed-cell foam-filled tubes and polymer-open-cell aluminum foam-filled
tubes [21,31,32]. The initial quasi-linear elastic region up to the peak stress is followed by a rapid stress
drop region to a given minimum value of stress, and then by the stress fluctuation region until the
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abrupt final densification. These results are also in agreement with the previous results [8], in which the
OCF–EP specimens reach high values of the initial peak stress (~75 MPa). The experiments conducted
at 0.1 mm/s revealed that the first peak stress values of 82.5 MPa and 78.6 MPa were obtained for
strain values of 0.060 and 0.067 for the EP and EP/GO, respectively. It is noteworthy to state that
the stress values for the EP are in agreement with those in the literature [8]. The EP is a polymer
composed of long carbon chains with strong chemical bonds between the carbon atoms and oxygen
(epoxy groups). Thus, the EP is a tough and brittle polymer, resulting in high stress values during
loading [33]. The decrease in the peak stress at the incorporation of GO, even at low loading velocity,
can be attributed to some voids created in the EP and to the fact that GO can decrease the high
crosslinking of the EP chains during curing process. Simultaneously, the strain at the peak stress is
higher for the EP/GO, suggesting a higher mobility of molecule chains. The stress–strain behavior
of the OCF structure (22 × 22 × 25 mm3) shows a significant lower stiffness (~0.31 MPa), which was
already described in [8].

The compressive behavior of the hybrid structures is mainly governed by the filling polymer, EP
and EP/GO, since similar profile curves were obtained with and without the OCF. The peak stress
values of OCF–EP were 66.21 MPa (0.1 mm/s) and 73.95 MPa (1 mm/s), while the peak stress values of
OCF–EP/GO were 77.39 MPa (0.1 mm/s) and 84.25 MPa (1 mm/s). Interestingly, slightly inferior peak
stress values were obtained since the OCF structure acts like a defect (confirmed by IR tomography),
since the EP has a much higher stiffness than the OCF. In comparison with the OCF, the hybrid
structures present a significant increase in strength and a different stress–strain response. Comparing
the OCF with the filled ones, an increase of the peak stress of more than 40 times was registered.
In the case of the hybrid structures, high peak stresses occurred for low strain rates, followed by a
minor decrease in stress until 0.25 of strain, after which the stress started to increase again up to the
densification. The decrease after the first peak is related to the initial formation and propagation
of cracks, which is a typical behavior of the brittle cured EP. All specimens are strain rate sensitive.
Globally, the specimens subjected to 1 mm/s show a higher stiffness in comparison to the ones subjected
to 0.1 mm/s.

The energy absorption density (EAD) to strain relationship for the tested specimens is shown
in Figure 9. The EAD curves of the hybrid structures were compared to the EAD curves of the
pure EP specimens. The EAD curves were calculated by integrating the compressive stress–strain
curve from undeformed state up to the strain corresponding to the second stress peak of each test.
Specific energy absorption (SEA) was obtained by dividing energy absorption with the mass of each
corresponding specimen.

From Figure 9, it can be observed that the EP and EP/GO significantly contribute to the increase
of the energy absorption in comparison to the OCF (Figure 9a) and that the increase is linear for
all samples at both crosshead rates. The linear energy absorption curves indicate that these hybrid
structures are ideal materials to be used as energy absorbers. The hybrid structure specimens present
very high energy absorption capacity (Figure 9b) when compared to the OCF, and even if compared to
the closed-cell aluminum foam [30]. It can be observed that the polymer filler, either EP or EP/GO,
greatly contributes to the increase of the energy absorption capacity of the OCF specimens. However,
there is a negligible difference between EP and EP/GO with or without OC skeleton (OCF–EP and
OCF–EP/GO). Comparing the materials with and without the OCF, the values of EAD and SEA are
similar, which indicates that the mechanical properties are governed by the polymer. However, the
higher energy absorption capacity (Figure 9c,d) compensates for the increase in higher mass of the
specimens. The incorporation of GO does not reveal a significant increase in the mechanical properties.
From the diagrams, it was also observed that the energy absorption capacity is also strongly strain
rate sensitive.
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Figure 9. Average energy absorption and specific absorption energy capacity at crosshead rate of
0.1 mm/s (a,c) and 1 mm/s (b,d).

3.4. Thermogravimetric Properties

Figure 10 contains the thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of
the EP and EP/GO specimens under synthetic air atmosphere. The EP and EP/GO specimens show
the typical degradation curve of the EP in air atmosphere, with expected three mass loss steps [34].
Both specimens exhibit similar thermal response, since the plotted curves are practically overlapping
and suggesting that the presence of GO did not significantly change the degradation mechanism of the
EP matrix and that GO is well mixed within the EP matrix.

Figure 10. Thermograms of the EP and EP/GO matrices.

The first mass loss was observed between 100–250 ◦C and represents approximately 20% of its
total mass initiated by degradation of the weakest and unstable linkages, oxygen functional groups
(hydroxyl, carboxyl, and carbonyl groups), and the unreacted epoxy or any other impurity traces that
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began to decompose. The unstable oxygen functional groups transformed into CO, CO2, and water
vapor. As temperature further increased, the main major mass loss (300–380 ◦C) occurred in which the
DTG peaks are 358 and 354 ◦C for EP and EP/GO, respectively. This can be attributed to the degradation
of the main epoxy chain. The final weight lost, 450–600 ◦C, can be assigned to the degradation of the
skeleton of the carbon atoms. The inclusion of GO 0.25 wt.% increased T50 by 1 ◦C and decreased T10
by 14 ◦C (Figure 10). This reduction can be attributed to the defects generated in the EP network caused
by possible agglomerated GO sheets (although not observed in the SEM analysis) or weak interaction
between GO and the EP (weaker than the crosslinking of the EP monomer). A similar response was
detected by Chhetri et al. [35]. However, in the temperature range between 420–520 ◦C, the thermal
stability of the EP/GO was slightly improved in comparison to the EP. This might be attributed to a
good dispersion of the GO into the EP matrix, which helped to develop efficient interfacial interaction
within the nanocomposites. Furthermore, the high aspect ratio of the GO structure may also serve
as barrier to prevent the diffusion of small gaseous molecules produced by the thermal degradation.
The residue after 750 ◦C was less than 1% (0.25% for the EP and 0.30% for the EP/GO), since both
specimens decomposed into gas such as CO2 and water vapor.

3.5. Calorimetric Properties

Figure 11 shows the DSC heat flow curves obtained for the EP and EP/GO mixtures, immediately
after adding the hardener. The heat of reaction (ΔH) was measured from the areas enclosed by the
thermograms. During the curing reaction, the epoxy started to polymerize, cross-link, and then harden.
The onset curing temperatures for both mixtures were located around 55 ◦C and the specimens were
fully cured at 200 ◦C. The peak at which the cure reaction happened slightly decreased with the
incorporation of GO, from 93.3 ◦C for EP to 92.4 ◦C to EP/Go. Although this temperature decrease
is less than 1%, it is suggested that GO acts as a catalyst, accelerating the epoxy curing reaction.
A similar behavior was observed by Park and Kim [36], where a decrease of 2 ◦C was found with the
incorporation of 0.5 wt.% of graphene nanoplatelets. These authors suggested that the interactions
between the amino groups present in EP resin and the remaining hydroxyl groups in graphene
nanomaterial are the main reason for the lowering in peak temperature. Regarding the ΔH associated
with the cure reactions, the ΔH value decreased from 312.6 for EP to 290.0 J/g for EP/GO, suggesting
that GO interferes with the cure reaction of EP. The steric hindrance effect of GO resulting from the
high surface area of GO nanosheets could have contributed to the lower cross-linking degree in the EP
mixture [37,38]. Galpaya et al. [39] reported declines of 14%, from 137.1 to 117.3 J/g, in ΔH of curing in
epoxy matrices with the incorporation of only 0.3 wt.% of GO.

Figure 11. Dynamic scanning calorimetry (DSC) curves of the EP and EP/GO matrices.

149



Metals 2019, 9, 1214

3.6. Thermal Properties

Figure 12 shows the thermal conductivity values of the tested specimens. The thermal conductivity
values obtained for the EP specimens (0.20 W/m·K) are in accordance with the values reported in
literature (0.15–0.20 W/m·K) [40]. With the incorporation of 0.25 wt.% of GO, a slight increase of
approximately 10% relative to the pure EP specimens was observed. The study by Aradhana et al. [41]
reported an increase of more than 200% in thermal conductivity with 0.5 wt.% of GO within the EP.
An increase of 20% and 90% in thermal conductivity was obtained by Kim et al. [42] for 1 wt.% and
3 wt.%, respectively. Both studies stated the importance and the key role of GO dispersion for the
increase of thermal conductivity. SEM analysis can be helpful to understand the reason for a smaller
increase of the thermal conductivity in this study. The content of GO used in this work is lower
than in the described studies and might be too low to allow the formation of a conductive network
that would provide an effective pathway for the phonon movement in the insulator matrix, leading
to higher thermal conductivity values. On the other hand, even a low level of GO in the EP could
result in the formation of aggregates, due to the high content of oxygen functionalities and ability
to form intra/intermolecular bonds that restrict heat transport. Aggregates reduce the aspect ratio,
decrease the contact area, and trap or scatter phonons [35]. The thermal conductivity value of the
hybrid structures raised up to 0.32 and 0.40 W/m·K without and with GO, respectively. The presence
of the interconnected OCF structure facilitated the heat transfer and promoted a substantial increase of
approximately 60% in thermal conductivity. The presence of the GO seems to reduce the interfacial
resistance and enhance heat flow [43,44]. In this case, the enhancement was approximately 100%
compared to the EP/GO.

Figure 12. Thermal conductivity of the EP, EP/GO, OCF–EP, and OCF–EP/GO.

3.7. Acoustic Properties

The sound absorption coefficient values are represented in Figure 13, displaying the measured
values for samples EP, OCF–EP, EP/GO, and OCF–EP/GO. In general, it should be said that the values
of sound absorption coefficient registered for all samples are quite low (lower than 0.3) throughout the
frequency range, which is attributed to the non-porous and high stiff structure of the EP matrix.

Indeed, when the sound absorption curve determined for the EP sample was analyzed, very low
values were registered, generally below 0.05, and with only two small peaks (at 500 Hz and 3500 Hz)
exhibiting a value around 0.1. The isolated addition of both the OCF skeleton and of the GO
reinforcement seemed to be beneficial in what concerns sound absorption, although with a concentrated
effect around the first peak occurring at a lower frequency. Further improvement was obtained when
both the OCF skeleton and the GO reinforcement were used (OCF–EP/GO), for which case, a maximum
peak around 0.25 at 750Hz was registered, and with higher absorption at a somewhat broader frequency
range (values above 0.1 were registered between approximately 500 Hz and 1500 Hz). Interestingly,
high frequency sound absorption was very low (below 0.1 in all cases), a behavior that can, once again,
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be strongly related to the low porosity and high stiffness of all samples. This behavior contrasts with
the typical sound absorption of porous and fibrous materials (broadly used in acoustic applications),
which may exhibit peak sound absorption values around 1.0, and allow significant high frequency
sound absorption (see, for example, the reference book by Cox and d’Antonio [45]).

To better understand the above-described behavior, it is important to bear in mind that sound
waves propagate fast in solid materials, but not as much in air and liquids. When the sound wave
hits a solid surface, the material vibrates, the molecules that compose the material collide between
each other, and the kinetic energy resulting from those collisions is passed from molecule to molecule.
The transfer/transmission of energy is higher when molecules are closer to each other and have stronger
bonding [5,6]. Chemically, the EP is composed of long carbon chains with very strong chemical bonds
between the carbon atoms [33], and therefore lacks in chain mobility and high transmission of energy.
The incorporation of GO introduces voids into the EP matrix, increasing the chain mobility, and when
the sound propagates through the voids, oscillations of air molecules occur, leading to a frictional loss.
Furthermore, the inclusion of GO can contribute to a rougher surface, which also results in a higher
sound absorption coefficient. The hybrid structures present a higher sound absorption coefficient,
since the OCF structure allows for a higher chain mobility, while in the filling process, some voids
are additionally introduced at the metal–polymer interface. The noise reduction potential of cellular
metals was studied by Hinze et al. [46] using the impedance method. They demonstrated that the
acoustic absorption mainly depends on pore morphology, porosity, and the thickness of the specimen.
They reported that the acoustic absorption is only achieved if sound waves can cross through the
absorber. The reflection of sound waves from the absorber surface is reduced if the porosity of absorbers
is high (80 to 95%). Also, similar sound absorption levels with material containing bigger pores are
achieved if the thickness of the absorber is high.

Figure 13. Sound absorption coefficient of the OC, EP, EP/GO, OCF–EP, and OCF–EP/GO.

3.8. Fire-Retardant Properties

The EP presents high flammability, as reported in literature [47]. Several authors have focused
on the enhancement of polymers’ fire-retardant properties. The incorporation of graphene and its
derivatives can improve fire-retardant properties by forming a char layer on the surface of the polymer
that avoids or delays the escape of volatiles from the decomposition process by creating a complex
path. As such, it reduces the volatiles in gaseous phase available for fire propagation and returns
heat back to the surface of the polymer [48,49]. Figure 14 shows the burning behavior of the EP and
EP/GO. For the EP specimen, the flame self-extinguishes after 5 s; in the case of EP/GO, the flame
self-extinguishes after only 3 s, suggesting a better (flame-retardant) behavior of GO. Due to the fact
that GO presents no toxicity or environmental issues, it presents great potential to be one of the most
promising fire-retarding fillers for epoxy nanocomposites [36].

151



Metals 2019, 9, 1214

Figure 14. Fire-retardant behavior of the: (a) EP and (b) EP/GO.

4. Conclusions

This work analyzes the influence of graphene oxide (GO) that was carefully dispersed in the epoxy
resin (EP) matrix on the mechanical, thermal, and sound absorbing properties. For that purpose, the EP
and GO dispersed within the EP (EP–GO) and the hybrid structures, the OCF–EP and OCF–EP/GO (EP
and EP–GO infiltrated in the open-cell aluminum foam (OCF)), were fabricated and tested. The motivation
of this work was to study the influence of the incorporation of GO within the EP to obtain superior
mechanical, thermal, and acoustic properties for advanced multifunctional structures. The main results
of the study allow to point out the following conclusions:

1. The EP, EP–GO, and the epoxy–aluminum hybrid structures (OCF–EP and OCF–EP/GO) are
sensitive to strain rate.

2. The presence of the EP and EP/GO decreases the oscillations in stress plateau that are usually
observed in the OCF, since the shape of the stress–strain diagram is governed by the characteristics
of the polymer filler.

3. The presence of the EP increases the compressive strength and energy absorption of the OCF.
4. The use of GO as a reinforcement of the EP matrix decreases the compressive strength at

quasi-static uniaxial mechanical tests, thus no significant increase in the energy absorption
capability was observed.

5. GO induces thermal stability to the EP, as observed by TGA and fire-retardant tests.
6. The thermal conductivity increases with the addition of GO, and the hybrid structures present

even higher thermal conductivity due to the presence of the OCF skeleton.
7. Although the sound absorption of the specimens was low, it was noted that the nanofillers, as well

as the aluminum structure, increase the sound absorption coefficient, especially at low frequencies.
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32. Duarte, I.; Vesenjak, M.; Krstulović-Opara, L.; Ren, Z. Static and dynamic axial crush performance of in-situ
foam-filled tubes. Compos. Struct. 2015, 124, 128–139. [CrossRef]

33. Park, Y.T.; Qian, Y.; Chan, C.; Suh, T.; Nejhad, M.G.; Macosko, C.W.; Stein, A. Epoxy toughening with low
graphene loading. Adv. Funct. Mater. 2015, 25, 575–585. [CrossRef]

34. Ma, S.; Liu, W.; Hu, C.; Wang, Z.; Tang, C. Toughening of epoxy resin system using a novel dendritic
polysiloxane. Macromol. Res. 2010, 18, 392–398. [CrossRef]

35. Chhetri, S.; Adak, N.C.; Samanta, P.; Murmu, N.C.; Kuila, T. Functionalized reduced graphene oxide/epoxy
composites with enhanced mechanical properties and thermal stability. Polym. Test. 2017, 63, 1–11. [CrossRef]

36. Park, J.K.; Kim, D.S. Effects of an Aminosilane and a Tetra-Functional Epoxy on the Physical Properties
of Di-Functional Epoxy/Graphene Nanoplatelets Nanocomposites. Polym. Eng. Sci. 2014, 54, 969–976.
[CrossRef]

37. Teng, C.; Ma, C.M.; Lu, C.; Yang, S.; Lee, S.; Hsiao, M.; Yen, M.; Chiou, K.; Lee, T. Thermal Conductivity
and Structure of Non-Covalent Functionalized Graphene/Epoxy Composites. Carbon 2011, 49, 5107–5116.
[CrossRef]

38. Prolongo, M.G.; Salom, C.; Sanchez-Cabezudo, C.A.M.; Masegosa, R.M.; Prolongo, S.G. Influence of Graphene
Nanoplatelets on Curing and Mechanical Properties of Graphene/Epoxy Nanocomposites. J. Therm. Anal.
Calorim. 2016, 125, 629–636. [CrossRef]

39. Galpaya, D.; Wang, M.; George, G.; Motta, N.; Waclawik, E.; Yan, C. Preparation of Graphene Oxide/Epoxy
Nanocomposites with Significantly Improved Mechanical Properties. J. Appl. Phys. 2014, 116, 53518.
[CrossRef]

40. Dixon, C.; Strong, M.R.; Zhang, S.M. Transient plane source technique for measuring thermal properties of
silicone materials used in electronic assemblies. Int. Microelectron. Packag. Soc. 2000, 23, 494–500.

41. Aradhana, R.; Mohanty, S.; Nayak, S.K. Comparison of mechanical, electrical and thermal properties in
graphene oxide and reduced graphene oxide filled epoxy nanocomposite adhesives. Polymer (Guildf)
2018, 141, 109–123. [CrossRef]

42. Kim, J.; Yim, B.; Kim, J.; Kim, J. The Effects of Functionalized Graphene Nanosheets on the Thermal and
Mechanical Properties of Epoxy Composites for Anisotropic Conductive Adhesives (ACAs). Microelectron.
Reliab. 2012, 52, 595–602. [CrossRef]

43. He, X.; Huang, Y.; Liu, Y.; Zheng, X.; Kormakov, S.; Sun, J.; Zhuang, J.; Gao, X.; Wu, D. Improved thermal
conductivity of polydimethylsiloxane/short carbon fiber composites prepared by spatial confining forced
network assembly. J. Mater. Sci. 2018, 53, 14299–14310. [CrossRef]

44. Zhang, Y.-F.; Ren, Y.-J.; Guo, H.-C.; Bai, S. Enhanced thermal properties of PDMS composites containing
vertically aligned graphene tubes. Appl. Therm. Eng. 2019, 150, 840–848. [CrossRef]

154



Metals 2019, 9, 1214

45. Cox, T.; d’Antonio, P. Acoustic Absorbers and Diffusers: Theory, Design and Application; CRC Press: Boca Raton,
FL, USA, 2016.

46. Hinze, B.; Rösler, J.; Lippitz, N. Noise reduction potential of cellular metals. Metals 2012, 2, 195–201.
[CrossRef]

47. Yu, B.; Shi, Y.; Yuan, B.; Qiu, S.; Xing, W.; Hu, W.; Song, L.; Lo, S.; Hu, Y. Enhanced thermal and flame
retardant properties of flame-retardant-wrapped graphene/epoxy resin nanocomposites. J. Mater. Chem. A
2015, 3, 8034–8044. [CrossRef]

48. Hamdani, S.; Longuet, C.; Perrin, D.; Lopez-Cuesta, J.-M.; Ganachaud, F. Flame retardancy of silicone-based
materials. Polym. Degrad. Stab. 2009, 94, 465–495. [CrossRef]

49. Sang, B.; Li, Z.; Li, X.; Yu, L.; Zhang, Z. Graphene-based flame retardants: A review. J. Mater. Sci.
2016, 51, 8271–8395. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

155





metals

Article

Hybrid Structures Made of Polyurethane/Graphene
Nanocomposite Foams Embedded within Aluminum
Open-Cell Foam

Susana C. Pinto 1, Paula A. A. P. Marques 1, Romeu Vicente 2, Luís Godinho 3 and Isabel Duarte 1,*
1 Department of Mechanical Engineering, TEMA, University of Aveiro, 3810-193 Aveiro, Portugal;

scpinto@ua.pt (S.C.P.); paulam@ua.pt (P.A.A.P.M.)
2 Department of Civil Engineering, RISCO, University of Aveiro, 3810-193 Aveiro, Portugal; romvic@ua.pt
3 Department of Civil Engineering, ISISE, University of Coimbra, 3030-788 Coimbra, Portugal;

lgodinho@dec.uc.pt
* Correspondence: isabel.duarte@ua.pt; Tel.: +350-234-370-830

Received: 15 May 2020; Accepted: 5 June 2020; Published: 9 June 2020

Abstract: This paper focuses on the development of hybrid structures containing two different classes
of porous materials, nanocomposite foams made of polyurethane combined with graphene-based
materials, and aluminum open-cell foams (Al-OC). Prior to the hybrid structures preparation,
the nanocomposite foam formulation was optimized. The optimization consisted of studying
the effect of the addition of graphene oxide (GO) and graphene nanoplatelets (GNPs) at different
loadings (1.0, 2.5 and 5.0 wt%) during the polyurethane foam (PUF) formation, and their effect on
the final nanocomposite properties. Globally, the results showed enhanced mechanical, acoustic
and fire-retardant properties of the PUF nanocomposites when compared with pristine PUF. In a
later step, the hybrid structure was prepared by embedding the Al-OC foam with the optimized
nanocomposite formulation (prepared with 2.5 wt% of GNPs (PUF/GNPs2.5)). The process of filling
the pores of the Al-OC was successfully achieved, with the resulting hybrid structure retaining low
thermal conductivity values, around 0.038 W·m−1·K−1, and presenting an improved sound absorption
coefficient, especially for mid to high frequencies, with respect to the individual foams. Furthermore,
the new hybrid structure also displayed better mechanical properties (the stress corresponding to
10% of deformation was improved in more than 10 and 1.3 times comparatively to PUF/GNPs2.5 and
Al-OC, respectively).

Keywords: open-cell foam; polyurethane foam; hybrid structures; graphene-based materials;
nanocomposites

1. Introduction

In recent years, porous materials have attracted a huge interest from both academia and industry
because they may find applications in a variety of fields, such as energy storage [1], catalysis [2],
drug release [3], sound and thermal insulation [4], environmental remediation [5] and others. Giving
the International Union of Pure and Applied Chemistry (IUPAC) definition, porous materials can
be categorized based on their pore sizes: microporous (pore size <2 nm), mesoporous (2–50 nm),
and macroporous (>50 nm) [6]. According to these categories, the properties of the porous materials
and their subsequent applications will differ. Moreover, they can be found in three-dimensional
(3D) and two-dimensional (2D) structures. Common 3D porous materials are sponges, foams, wood,
and bone. Two-dimensional porous materials include separation membranes, filter paper, textiles,
and so on.

Depending on the previously referred characteristics, and additionally based on their chemical
composition, the porous materials can present multifunctionality. Multifunctional materials offer
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multiple characteristics that can be translated into excellent performance in existing applications and
also open up avenues for untouched application fields [7]. These can exist naturally or can be engineered,
with the latter being usually obtained by combining two or more materials. New functionalities arise
from the synergistic combination of the individual materials properties [8].

One interesting example of porous materials are aluminum open-cell foams (Al-OC). This type of
foam is characterized by a low weight, high thermal and electrical conductivities, and high internal
surface area. Furthermore, they are recyclable and non-flammable [9]. However, they present a low
compressive strength, when compared, for example, with closed pore cell foams. To overcome this
drawback, Al-OC foams can be combined with other materials, such as silicone [10,11], epoxy [10,12],
or polyurethane [13]. Although the mechanical performance of the composite foams is compensated,
their final weight is increased, which is not desirable for certain applications requiring lightweight
structures. In this context, filling these metallic skeletons with lightweight porous materials can be an
interesting alternative to bulk polymers. Reinfried M. et al. [14] explored the concept of hybrid foams,
which consist of two different interpenetrating embedded foam-material classes. The idea behind
the hybrid foams is to overcome the individual shortcomings of single-material foams by combining
foams of two different material classes and therefore achieving synergistic property combinations that
are relevant and beneficial for future applications.

Recently, our research group explored the concept of lightweight multifunctional hybrid structures
by combining Al-OC foams with cellulose/graphene foams [15]. We reported the impregnation of
a cellulose/graphene foam into an Al-OC foam, creating a hybrid structure with higher mechanical
properties (increase in stress of 100 times) with respect to the cellulose foam. This multifunctional
hybrid foam presented also high sound absorption coefficient (near 1 between 1000–4000 Hz) and low
thermal conductivity.

To further explore these types of structures, in the present work we considered the incorporation
of polyurethane foams (PUF) into Al-OC ones. PUF are known for their excellent thermal and acoustic
insulation properties, low thermal conductivity, good mechanical and chemical stability and low
manufacturing cost [16]. The PUF represents three quarters of the production of polyurethane (PU)
materials and the major market sectors include insulation materials in buildings, shock absorbers
for vehicles, packaging, footwear, and furniture [17,18]. However, due to their high flammability,
the improvement of their fire-retardancy properties became crucial [19]. Taking this into account,
PUF precursors like polyols have been synthetized with specific chemical functional groups to confer
fire retardancy [16,20]. In addition, nanoclays (montmorillonite) [21], titanium dioxide [22], iron oxide
magnetic nanoparticles [23], expandable graphite [19,24], and carbon nanostructures [25–29] have also
been employed to confer flame retardancy. Often, the combinations of different fillers are used to access
improved fire-retardancy behavior due to a synergetic effect [30,31]. Interestingly, the graphene-based
materials’ addition to polymeric matrices has been reported to provide, besides fire-retardancy,
the ability to improve the mechanical properties [32,33] and sound absorption features [34,35].

Pursuing the goal to contribute to the development of lightweight multifunctional materials,
this work presents, in a first step, the effect of the addition of two graphene-based materials, graphene
oxide (GO) and graphene nanoplatelets (GNPs) on the PUF properties. The focus was on the fire
retardancy, mechanical, acoustic, and thermal properties. After the characterization of the different
PUF nanocomposites, a selected composition was incorporated in an Al-OC, creating a lightweight
multifunctional hybrid structure that was further characterized.

2. Materials and Methods

2.1. Materials

The raw materials employed in PUF synthesis were: (i) methylene diphenyl diisocyanate (MDI)
(VORANATE M229 from Dow Chemicals, Estarreja, Portugal), with average functionality of 2.7 and
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NCO content of 31.1%; and (ii) polyol, with a hydroxyl value of 239 mg KOH/g (VORACOR CR1112
from Dow Chemicals, Estarreja, Portugal).

Graphene oxide (GO) (4 mg/mL aqueous dispersion) was purchased from Graphenea
(San Sebastián, Spain) and graphene nanoplatelets (GNPs) in powder were acquired from Cheaptubes
(Cambridgeport, MA, USA). Silicone oil was acquired from Sigma-Aldrich (Darmstadt, Germany).
The AlSi7Mg0.3 open-cell foams with pore sizes of 10 ppi (pores per inch) were supplied by Mayser
GmbH & Co. KG (Lindenberg, Germany).

2.2. Sample Preparation

Pristine PUF and PUF nanocomposites were prepared by a two-step procedure, as schematized
in Figure 1, route A. First, the pre-polymer (polyol), silicone oil (5 wt%), water as blowing agent
(5 wt%) and GO or GNPs (1.0, 2.5 and 5.0 wt%) were placed in glass beaker and homogenized for
30 s using a mechanical stirrer at high speed. Next, the proper amount of MDI to obtain a RNCO/OH

= 0.80 (ratio between NCO groups of isocyanates and OH groups) was added and the mixture was
homogenized again for 10 s. The PUF and PUF nanocomposites were obtained by free expansion in the
cup mold at room temperature. The foams are hereafter referred as PUF, PUF/xGNPs and PUF/xGO,
where x refers to the carbon nanostructure content.

Figure 1. Scheme describing the preparation of: (A) polyurethane foam (PUF) nanocomposites; and (B)
hybrid structures.

For the preparation of the Al-OC hybrid (the interconnected porous metallic foam with the
optimized PUF nanocomposite) the metallic foam was placed into the cup containing the nanocomposite
mixture right after the addition of MDI. The pores of the Al-OC were filled during the nanocomposite
foam expansion (Figure 1, route B), hereafter referred as PUF/GNPs2.5-OC. Before characterization,
the samples were settled to rest for 24 h at room temperature to ensure complete reaction.

2.3. Sample Characterization

Attenuated total reflection–Fourier transformed infrared spectroscopy (ATR-FTIR) spectra were
collected using a Perkin Elmer FTIR System Spectrum BX Spectrometer (Buckinghamshire, UK)
equipped with a single horizontal Golden Gate ATR cell, in the range 4000 to 500 cm−1 and running
64 scans with a resolution of 4 cm−1. Scanning electron microscopy (SEM) analysis was performed
in a TM 4000 Plus (Hitachi, Tokyo, Japan) scanning electron microscope at accelerating voltage of
15.0 kV. Samples (10 × 10 × 10 mm3) were analyzed in a X-ray microcomputed tomography (μCT)
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equipment from SkyScan 1275 (Bruker μCT, Kontich, Belgium) with penetrative X-rays of 30 kV and
125 μA, in high-resolution mode with a pixel size of 8 μm and 450 ms of exposure time. NRecon and
CTVox software (Bruker, Kontich, Belgium) were used for 3D reconstruction and CTan software
(Bruker, Kontich, Belgium) was used in morphometric analysis (total porosity, pore size distribution
and cell-wall thickness). The apparent density and porosity were determined geometrically for three
specimens of each PUF nanocomposite.

The thermal conductivity properties were evaluated with a Hot Disk TPS 2500 S instrument
(Gothenburg, Sweden), at 20 ◦C; in accordance with the standard ISO 22007-2.2 and ASTM D7984,
the specimens were cube shaped with (25 × 25 × 25 mm3). The value of the sound absorption coefficient
was estimated from measurements made with an impedance tube according standard ASTM E 1050 [36]
for cylindrical shaped specimens with 37 mm of diameter and 22 mm of thickness. The thermal
stability of the nanocomposites foams was assessed by thermogravimetric analysis (TGA) using a
thermogravimetric analyzer (Netzsch Jupiter, Selb, Germany) at a scanning rate of 10 ◦C/min, in the
temperature range of 30–800 ◦C, under a synthetic air atmosphere (80% N2 and 20% O2). The fire
retardancy test was based in the direct observation of the response of the specimens when submitted to
a flame. The test consisted in applying an ethanol flame, at the specimen’s bottom using the set-up in
vertical sample position, for 3 s, plus a subsequent application (3 s) if the specimen self-extinguished.
The tests were conducted in half cylindrical shaped specimens, with 30 mm of diameter and 10 mm
of thickness.

The mechanical testing machine (Shimadzu MMT, Kyoto, Japan; maximum load 101 N) was used
to study the quasi-static compressive response of PUF nanocomposites (10 × 10 × 10 mm3) under a
strain rate of 1 mm/min up. The uniaxial compression test of Al-OCF and hybrid PUF structures were
performed in a Shimadzu-AGS-X-10kN (Kyoto, Japan) testing machine at a speed of 6 mm/min.

3. Results

3.1. PUFs Nanocomposites

The success of PUF and PUF nanocomposites preparation relies on the appropriate reaction
between the precursors, namely the extinction of isocyanate groups through the reaction with hydroxyl
groups of the polyol and urethane formation; this was confirmed by FTIR analysis (Figure S1).
The addition of GO or GNP, at the used concentrations, did not prevent the progression of foam
formation. However, the GO and GNPs did not disperse in the same way in the polymer matrix,
as can be easily observed in the left column of Figure 2. The photographs show a homogeneous
black color when GNPs were added, suggesting a good interaction between these nanofillers and
the polymer matrix. On the contrary, black spots were observed in the PUF when the GO was used.
The GO nanosheets were directly obtained from the chemical exfoliation of graphite and contain
several oxygen chemical functionalities, which is what makes the GO highly hydrophilic. The GNPs
were also obtained from graphite exfoliation, but without the use of chemical oxidants, thus resulting
in a non-oxidized surface [37], GNPs being hydrophobic. This difference in the chemical surface
structure of the carbon nanostructures determines their dispersion in the polymeric matrix, which have
hydrophobic domains enabling GNPs dispersion. This section will provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental conclusions
that can be drawn.
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Figure 2. Flame behavior of: (a) PUF, (b) PUF/GNPs2.5, and (c) PUF/GO2.5.

3.1.1. Thermal Stability

Although the dispersion of both nanofillers (GNPs and GO) was not the same, their flame-retardant
action was remarkable. A control test with pristine PUF showed flame propagation at some extension
with smoke release, even if no dripping was observed, (Figure 2a). On the contrary, PUF nanocomposites
prepared with 2.5 wt%, showed fire retardant properties, with the flame extinguished after 1 s.
Importantly, the specimens maintained their shape after burning without dripping or smoke release
(Figure 2b,c). Similar behavior was observed for the compositions with 5.0 wt% of the GO or GNPs.
For the lower nanofillers amount tested (1 wt%), the results were not as good, since at 3 s there was
still flame propagation, mainly for PUF/GNPs1.0, with smoke release in both cases (Figure S2). Carbon
nanostructures are known to play a key role either in slowing down the flame propagation or even in
providing self-extinction to thermoplastic or thermosetting polymeric matrices [38]. Their positive
effect in the thermal stability of PUF nanocomposites may be attributed to the high specific area and
layered structure of the nanofillers, which tend to form a dense and continuous char layer acting like
a physical barrier at the PUF surface. This barrier becomes an obstacle to the release of the volatile
degradation products, preventing or causing the delay of the degradation of the whole composite [39].
It is remarkable that, although the GO nanosheets are not as good dispersed as the GNPs in the
polymer foam (photographs in the left side of Figure 2b,c), their effect on the flame retardancy was
as efficient or even more efficient than the GNPs. GO’s benefits in the fire retardancy efficacy over
graphene have been referred to and are attributed to the GO oxygen functionalities that decompose
and dehydrate at quite low temperatures. This causes a cool down of the polymer substrate during the
combustion process and simultaneously release gaseous species that dilute the oxygen atmosphere near
the ignition zone [30,39,40]. Graphene and GO are described mainly as co-flame retardants, at loadings
from 1.0 to 10 wt% [41]. Also, functionalized graphene designed and prepared from expandable
graphite and phosphorus-containing compounds has been described as flame retardants and smoke
suppressor of PUF at 6.1 wt% [30]. It is worth mentioning that in our study, the pristine PUF and PUF
nanocomposites with 1 wt% of nanofillers also kept their shape after burning. However, due to the
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better results obtained for 2.5 and 5.0 wt%, the PUF with 1.0 wt% of nanofillers were excluded in the
further characterization results.

The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves are shown in
Figure S3a,b, respectively. The pristine PUF and PUF nanocomposites showed similar TGA curves,
suggesting that GNPs and GO do not significantly influence the decomposition of PUF. This finding is
most likely related to the small amount of nanofillers used. The initial decomposition temperature
corresponding to 5% (T5%), and 50% (T50%) of mass degradation, the maximum-rate degradation
temperature (Tmax), and mass residue at 750 ◦C are listed in Table 1. The results show that GNPs had a
positive effect on T5% on PUF, while GO was detrimental to the early thermal stability. These results are
caused by the earlier degradation of the GO oxygen functionalities at low temperature, thus accelerating
the degradation of the PUF matrix. The oxygen functionalities of GO may interact with the PUF
precursors during the foam formation thus interfering with the crosslinking reaction, as reported by
Gama et al. [19]. In fact, at high temperatures there is the complete burning of GO, proved by the
lower percentage of residue at 750 ◦C [42]. The sample PUF/GNPs2.5 presents the higher thermal
stability with T50% of 404 ◦C. It was reported by Liu et al. [43] that graphene can act as a heat source
and accelerate the decomposition of PUF. As so, the 2.5 wt% seems to have a more positive effect on
the thermal properties of PUF than 5.0 wt%.

Table 1. Experimental data of TGA analysis.

Samples T5% (◦C) T50% (◦C) Tmax (◦C) Residue 750 ◦C (%)

PUF 173.6 349.8 312.3 5.68

PUF/GNPs2.5 197.7 404.6 314.7 5.18

PUF/GNPs5.0 188.5 392.9 316.5 5.12

PUF/GO2.5 165.4 360.7 311.4 2.42

PUF/GO5.0 149.2 355.6 312.9 1.88

3.1.2. Morphology

SEM images of pristine PUF and PUF nanocomposites show an inhomogeneous open-cell structure
composed by quasi-spherical interconnected pores for all specimens. However, depending on the
presence or absence of nanofillers, some small differences were noticed. As shown in Figure 3a
insets, the GNPs and GO sheets are located, and sometimes wrapped, in the PUF cell walls. It is
reported that carbon nanostructures have a nucleating effect during foam formation, thus altering
the PUF morphology [44]. Usually, the presence of such fillers decreases the average cell size and
increase foam density improving damping properties, flame-retardancy, and mechanical properties [45].
By comparing PUF/xGNPs with PUF/xGO SEM images, GO seems to promote thicker cell walls and
joints which can be related with the agglomeration of GO or from the affinity of polyol and MDI with
GO. The GO nanosheets are located between adjacent cavities of the foam, and the cell wall sticks
together around them, producing thicker cell walls. This effect is accentuated with the increase in the
quantity of GO: PUF/GO5.0 presented bigger pore size and thicker cell walls than PUF/GO2.5. On the
contrary, the increase of GNP content in the PUF promotes a pore size decrease.

The 3D reconstruction performed by μCT analysis (Figure 3b) confirms the high porosity of
the specimens, with porosity values of 94.4% for PUF, 93.8% for PUF/GNPs2.5, 93.5% for PUF/
GO2.5, 91.9% for PU/GNPs5.0, and 91.8% for PUF/GO5.0. The μCT images also demonstrated that the
morphology of the samples is heterogeneous with wide range of pore size and wall thickness. The mean
cell sizes for pristine PUF, PUF/GNPS2.5, PUF/GO2.5, and PUF/GNPs5.0 are in the range 168–328 μm,
while for PUF/GO5.0 these are located between 328–468 μm (Figure 3c). PUF/GO5.0 nanocomposites
have also higher percentage of thicker wall cells (Figure 3d). It is worth mentioning that, due to the
limitation of resolution of μCT, only pores and cell walls thickness above 8 μm were detected.
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Figure 3. (a) SEM images, (b) 3D μCT rendering, (c) pore size distribution, and (d) cell wall thickness
distribution for PUF, PUF/GNPs2.5, PUF/GNPs2.5, PUF/GO2.5, and PUF/GO5.0.

3.1.3. Mechanical Properties

The mechanical properties of the foams, the apparent density, the compressive strength at 10% of
compression, and the compressive modulus are summarized in Table 2. The results indicate that the
foams’ densities increase with either GO and GNPs loading. In addition, the compressive strengths and
compressive modulus steadily grow with the increase of both nanofillers content. It is reported that
the addition of nanofillers to cellular materials can have different effects depending on several aspects,
the loading content, the size and shape, the compatibility between the nanofillers and the matrix [33,46].
For the same fillers loading, the GO provides higher compressive modulus and higher resistivity to
undergo load without total collapse of pores (higher stress plateau) than the GNPs. From the SEM
images it was observed that GO induced thicker cell walls, while PUF/GNPs were similar to PUF.
The improvement of compressive modulus and strength by the addition of carbon nanostructures
to PUF was also reported by other experimental works, where phosphorus-functionalized GO [30]
and expandable graphite [19] were used. Furthermore, MDI has isocyanate terminal groups (NCO)
that can react with carboxylic and hydroxyl groups of GO leading to the chemical cross-linking
between GO and PU matrix via the formation of amides or carbamate esters, thus improving the
mechanical response [47].

From the average stress–strain compressive curves (Figure 4a), the foams exhibit the typical
behavior of cellular materials. An elastic region at low strain values (5% of strain), where the
stress–strain curve is linear, followed by a near constant stress until 55–60% of strain, is designated
the stress plateau. Finally, densification takes place, with the complete collapse of the cells and the
formation of a compact material, like a thin film, which is characterized by an abrupt increase of stress.
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Table 2. Apparent density, compressive modulus, and compressive strength for 10% of deformation
(n = 5).

Samples

Apparent Density (kg/m3) Compressive Modulus (kPa)
Compressive Strength (kPa)

(Strain: 0.1)

Mean Value
Standard
Deviation

Mean Value
Standard
Deviation

Mean Value
Standard
Deviation

PUF 44 1.1 247 3.6 21.7 0.7

PUF/GNPs2.5 47 0.8 570 12.8 28.3 5.8

PUF/GNPs5.0 56 2.0 966 81.9 48.3 5.4

PUF/GO2.5 50 1.2 598 46.4 35.3 0.3

PUF/GO5.0 60 3.6 1510 165.4 56.3 5.0

Figure 4. (a) Average stress–strain compressive curves; (b) the sound absorption coefficient of the
different PU based composite foams.

3.1.4. Sound Absorption

Figure 4b shows the sound absorption coefficient between 100 and 4000 Hz for the PUF and
PUF with 2.5 and 5.0 wt% of GNPs and GO. Globally, the sound absorption coefficient increases with
frequency until 1500 Hz, followed by a small decrease and finally a subsequent stabilization between
2000 and 4000 Hz. The sound absorption coefficient is strongly influenced by the morphology of
the foams, namely the density (associated to cell-wall thickness) and pore features (size, quantity,
interconnectivity, tortuosity) [48]. It was reported that a smaller interconnected pore structure gives
a better sound absorption coefficient due to the high airflow resistivity provided by cell walls [49].
Furthermore, higher porosity, associated with low density offers less resistance to sound-wave
dissipation which results in a low sound absorption coefficient. Many factors contribute or influence
the sound absorption, and therefore the overall values are a balance of all factors [17,48,50,51].
The incorporation of GNPs and GO increases the compressive modulus (with the later presenting higher
values), and thus the cells have greater propension to undergo cell stretching, bending, and buckling
without deformation. Also, by SEM and μCT analysis it was observed that the incorporation of GNPs
and GO fillers decreases the porosity and pore size. The PUF/GO2.5 has the higher sound absorption
curve between 1250 and 1750 Hz, reaching the value of 1 and absorbing more than approximately
50% than PUF. In fact, between 1000 and 1750 Hz, all the PUF nanocomposites have superior sound
absorption coefficient comparatively to pristine PUF, which covers the sensitive frequency region of
the human ear [34]. One parameter often used to describe sound absorption is the noise reduction
coefficient (NRC). This parameter corresponds to the average of the sound absorption coefficients at
the octave bands of 250, 500, 1000, and 2000 Hz, and rounding the result to the nearest multiple of
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0.05. However, the use of NRC has its limitations since equal NRC values do not necessarily translate
the same curve profile. Thus, it is worthwhile to use all the available data, especially for sound
absorption at frequencies below 250 Hz or above 2000 Hz. The NRC values are gathered in Figure 4b
and results showed that, although PU/GO2.5 and PU/GO5.0 have the same NRC that PU/GNPs5.0,
they have distinct profiles of sound absorption vs. frequency, in this case, with PU/GO2.5 having better
performance between 1200–2000 Hz. Gama et al. [17] obtained similar NRC values around 0.40–0.45
for PUF with a similar density (around 40 kg/m3) and a higher thickness (approximately 40 mm).

3.1.5. Thermal Conductivity

To evaluate the possible application of these types of foams as thermal insulation materials, their
thermal conductivity was evaluated (Table 3). A good thermal insulation material should present
low thermal conductivity. The results obtained for all specimens (0.035–0.037 W·m−1·K−1) are in the
range of most widely used commercial insulation materials, 0.030–0.040 W·m−1·K−1 as reported in
the literature [18,52,53]. The thermal diffusivity decreases with the addition of carbon nanostructures,
except for the PUF/GO5.0, as listed on Table 3. This could be due to the barrier effect created by the
nanofillers that difficult the heat flow.

Table 3. Thermal conductivity, thermal diffusivity, and specific heat (n = 5).

Samples

Thermal Conductivity
(W·m−1·K−1)

Thermal Diffusivity
(mm2·s−1)

Specific Heat (MJ·m−3·K−1)

Mean Value
Standard
Deviation

Mean Value
Standard
Deviation

Mean Value
Standard
Deviation

PUF 0.0352 0.0004 0.8577 0.0065 0.0410 0.0003

PUF/GNPs2.5 0.0361 0.0001 0.8037 0.0004 0.0448 0.0001

PUF/GNPs5.0 0.0393 0.0002 0.7672 0.0119 0.0486 0.0010

PUF/GO2.5 0.0355 0.0001 0.8276 0.0060 0.0429 0.0003

PUF/GO5.0 0.0366 0.0001 1.001 0.0060 0.0360 0.0002

From the combination of different materials, it was expected to create different multifunctional
structures with high strength and reduced weight as a result of the synergetic effect of the individual
materials which could be applied in different fields. In this sense, following the characterization of PUF
nanocomposites regarding their fire retardancy, mechanic, acoustic, and thermal insulator properties,
the formulation PUF/GNPs2.5 was selected to be incorporated in the Al-OC skeleton as a filling
material and denoted as PU/GNPs2.5-OC. However, it is worth mentioning that all the developed PUF
nanocomposites were suitable to be incorporated inside Al-OC.

3.2. Hybrid Structures

The effect of filling the voids of Al-OC foams with bulky polymers has been reported [10–12,54],
showing enhanced mechanical properties due to the pore filling which improves the compressive
strength and energy absorption capacity of the hybrid foams. However, the use of bulky polymers to
fill the voids of the Al-OC foams can be disadvantageous when lightweight structures are required.
Here, we wanted to explore the properties of the hybrid structure resulting from filling the Al-OC foam
with a porous one, thus not compromising the lightness of the final structure. An easy and simple
process to prepare this hybrid was followed (Figure 1, route B).

3.2.1. Structure

Figure 5a,b show the Al-OC and the PU/GNPs2.5-OC photographs, respectively, and in Figure 5c
a 3D reconstruction of the hybrid structure obtained by μCT analysis is presented. It is worth
mentioning that the weight ratio of Al-OC and PUF/GNPs 2.5 in the hybrid structure was 48.2% and
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51.8%, respectively. It was observed that, during the PUF nanocomposite expansion, when in contact
with Al-OC structs, some of the foam cells started to collapse. Because of that, the PUF/GNPs2.5
structure inside the Al-OC foam presented a different porosity and morphology from the optimized
one. Although the pores were not uniform and the control of the porosity during the foaming was
not possible, it ensured that the procedure were performed under the same operating conditions.
In addition, the hybrid structures were reproducible as a whole, taking into account not only the filling
material but the also the Al-OC. Though no chemical bonding between the metal surface and polymer
was observed or even expected, an excellent form-fitting connection of the PUF/GNPs2.5 to the rough
metal surface was visible by direct observation. The PUF/GNPs2.5 density was increased in the vicinity
of the metal surface, visible in the color scheme (green color, Figure 5c).

 

Figure 5. Specimens (a) Al-OC; (b) PUF/GNPs2.5-OC; and (c) μCT PUF/GNPs2.5-OC.

3.2.2. Mechanical Properties

The stress–strain curve is shown in Figure 6a and the energy absorption (EAD) and specific
energy absorption (SEA) are illustrated in Figure S4. As described earlier for pristine PUF and PUF
nanocomposites, these hybrid structures also present the typical behavior of foams, with three distinct
regions: elastic, stress plateau, and densification [10]. Comparing the PU/GNPs2.5-OC compressive
response with Al-OC, a similar behavior can be observed; however, with higher stress peak and
stress plateau values and the densification occurring earlier. The EAD is higher for hybrid structures,
with improvements of 27% comparative to the Al-OC foam and 13 times lower than the PUF/GNPs2.5.
However, the SEA is lower, suggesting that the increase in EAD does not compensate the increase in
weight, as found by Reinfried [14], that combined a steel open-cell foam with an expanded polystyrene
foam. The values of apparent density, stress peak, EAD and SEA, and thermal conductivity are
gathered in Table 4.

Figure 6. (a) Average stress–strain compressive curves; (b) sound absorption of Al-OC, PUF/GNPs2.5
and PUF/GNPs2.5-OC.
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Table 4. Apparent density, stress peak, energy absorption, specific energy absorption, and thermal
conductivity (n = 3).

Samples

Apparent Density
(kg·m−3)

Stress Peak
(MPa)

EAD
(MJ·m−3)

Strain: 0.8

SEA
(MJ·m−3·kg−1)

Strain: 0.8

Thermal Conductivity
(W·m−1·K−1)

Mean
Value

Std.
Dev.

Mean
Value

Std.
Dev.

Mean
Value

Std.
Dev.

Mean
Value

Std.
Dev.

Mean
Value

Std. Dev.

Al-OC 110 1.6 0.312 0.015 0.317 0.004 249 1.5 1.1781 0.0002

PUF/GNPs2.5 50 1.2 0.028 0.004 0.028 0.004 445 31 0.0355 0.0001

PUF/GNPs2.5-OC 116 6.4 0.396 0.005 0.401 0.002 127 8.8 0.0377 0.0001

Contrary to the hybrid structures composed by the Al-OC impregnated with dense polymers,
epoxy [12] and polydimethylsiloxane [11], whose compressive mechanical behavior is governed by the
dense materials, in this case it is the metal skeleton (Al-OC) that controls the compressive response
under loading, as reported in a similar study describing the Al-OC filled with bacterial cellulose
nanocomposite foam [15]. However, it should be noted that the weight of these structures is much
lighter, and a good compromise between weight and strength can be achieved.

3.2.3. Sound Absorption

The sound absorption ability of the hybrid structure (evaluated by the sound absorption coefficient)
present higher sound absorption values (peak at 1200 Hz with a value of 0.8 and followed by a
nearly constant value of 0.7 for higher frequencies) (Figure 6b) when compared with the filling
material. The increase of stiffness provided by the Al-OC structure can improve the absorption at
low frequencies. Increased sound absorption can be obtained for thick specimens [55,56]. The NRC
value for PUF/GNPs2.5-OC was 0.45, three times higher than for pristine Al-OC. These values are
comparable with other cellular materials reported in the literature with similar thickness (around
22 mm) and density (120 kg/m3) [57].

3.2.4. Thermal Conductivity

The values of thermal conductivity obtained for the hybrid PUF/GNPs2.5-OC are similar to
those obtained for PUF and its nanocomposites, around 0.038 (W·m−1·K−1), suggesting that Al-OC
contribution is negligible in the overall thermal conductivity value. This may be due to the small
(about 1 mm) layer of filler foam (PUF and PUF/GNPs2.5) surrounding the metal foam that blocks
the heat transfer. Another aspect is related to the highly porous structure of Al-OC, so the amount of
solid material (Al-SiO3) that would effectively increase the conductivity value is very small. The same
trend was observed in our previous works [11,12,15], in which the contribution of Al-OC was small
regarding the filling materials. The polymer filler (e.g., polydimethylsiloxane [11], epoxy [12] and
cellulose nanocomposites [15]) acts as an insulator, preventing effective heat transfer. On the other
hand, some authors [58,59] have demonstrated that the open-cell metal foams can be used to enhance
the low thermal conductivity of the pure phase change materials (PCM), composite PCMs and paraffin
for application to many situations (e.g., latent heat thermal energy storage system, heat sink and
heat exchanger). Furthermore, Fiedler et al. reported [60] that the polymeric adhesives exhibit a low
thermal conductivity, and thus form thermal barriers between advanced pore morphology (APM)
foam elements (sphere-like closed-cell aluminum foam), resulting a distinct decrease of the thermal
conductivity of adhesively bonded APMs. Globally, hybrid PUF/GNPs2.5-OC can be used as a thermal
insulation material [18,56].

4. Conclusions

In the present study, hybrid structures were prepared by impregnating an Al-OC foam with
other cellular material, a PUF nanocomposite. Prior to the incorporation into the open structure of
Al-OC foams, the standalone PUF nanocomposites were prepared with different amounts of GNPs and
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GO and fully characterized. The presence of the carbon nanostructures in the PUF nanocomposites
provided PUF with excellent fire retardancy, better mechanical strength, and thermal and acoustic
insulating properties. The formulation with 2.5 wt% of GNPs was considered the more promising
one. The process of filling the Al-OC open structure with the optimized PUF nanocomposite was
successfully achieved, and the resulting hybrid structure maintain a low thermal conductivity value
(0.038 W·m−1·K−1), high sound absorption coefficient specially at mid to high frequencies (NRC 0.45)
and better mechanical behavior (the stress corresponding to 10% of deformation was improved in
more than ten times). Therefore, these hybrid structures are thoroughly multifunctional materials with
potential applications in the construction, automotive and, aeronautic sectors.
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of PUF/GNPs1.0 and PUF/GO1.0; Figure S3: (a) Thermogravimetric (TG) and (b) derivative thermogravimetric
(DTG) curves of PUF with different graphene based materials (GNPs and GO) additives under oxidative
atmosphere; Figure S4: (a) EAD and (b) SEA curves of Al-OC; PUF/GNPs2.5 and PUF/GNPs2.5-OC.
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Abstract: The paper focuses on the fabrication of novel aluminium cellular structures and their
metallographic and mechanical characterisation. The aluminium UniPore specimens have been
manufactured by rolling a thin aluminium foil with acrylic spacers for the first time. The novel
approach allows for the cheaper and faster fabrication of the UniPore specimens and improved
welding conditions since a lack of a continuous wavy interface was observed in the previous
fabrication process. The rolled assembly was subjected to explosive compaction, which resulted in
a unidirectional aluminium cellular structure with longitudinal pores as the result of the explosive
welding mechanism. The metallographic analysis confirmed a strong bonding between the foil
surfaces. The results of the quasi-static and dynamic compressive tests showed stress–strain behaviour,
which is typical for cellular metals. No strain-rate sensitivity could be observed in dynamic testing at
moderate loading velocities. The fabrication process and the influencing parameters have been further
studied by using the computational simulations, revealing that the foil thickness has a dominant
influence on the final specimen geometry.

Keywords: unidirectional cellular structure; porosity; fabrication; explosive compaction; metallography;
computational simulation; experimental tests; mechanical properties

1. Introduction

There is an ever-increasing demand for new multifunctional lightweight materials in advanced
applications in engineering, transportation, and medicine, which can often be met by cellular metals.
Their behaviour can be tailored [1] by combining the base material, porosity, morphology (size and
shape of the cells, connectivity between cells) and topology (distribution of the cells within the material)
according to [2]. Additionally, the behaviour can be tuned either by the partial [3] or full [4] infiltration
of polymer filler into the cellular structure. These parameters and the manufacturing procedure [5] have
to be carefully chosen to achieve required physical properties (e.g., stiffness, strength, energy absorption,
conductivity) of cellular metals [6]. The main advantages of cellular materials and structures are a
lightweight design, fire retardancy, efficient energy absorption, isolation and damping [5]. They can be
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used in various industrial applications (e.g., as sandwich structures, filters, heat exchangers, isolators,
dampers, bearings, and energy absorbers [7]) due to their advantageous physical [8], biocompatible [9],
and ergonomic characteristics [10].

Nevertheless, the production costs of cellular metals are high in general due to some technological
problems that have yet to be solved. The current research and development trends are presently
centred on the development of foam formation and stabilisation mechanisms, the investigation of
advanced blowing constituents (agents), the optimisation of the production and the decrease of their
market value [11]. The technological problems are mainly related to the control of the material structure
since most existing technologies do not allow for precise control of the shape, size, and distribution of
pores. This results in a scatter of physical and other characteristics of these materials and components.
Some of the already existing manufacturing methods for different types of cellular structures—e.g.,
Metallic Hollow Sphere Structures [12], Kagome structures [13], auxetic structures [14], additively
manufactured open-cell structures [15], Lotus-type [16] or Gasar [17] and UniPore structures [18], and
syntactic foams [19,20]—allow for a higher level of regularity and reproducibility.

The recent development of unidirectional UniPore structures [21] enabled the production of
unidirectional cellular metals with a nearly constant size of cells and the intercellular wall thickness
through the length of the specimens. Furthermore, the cells are completely isolated, without gaps
between each other [18] and advanced mechanical properties [22]. The fabrication method [23] is
based on explosive welding phenomena of metal (e.g., copper [18], aluminium [24]) cylindrical pipes
with circular cross-section assembly. The transversely isotropic UniPore cellular structure exhibits
a promising combination of mechanical [25] and thermal behaviour [26]. The original fabrication
of UniPore structures has shown only moderate welding conditions not forming a continuous
wavy interface at some interface sections because of the changing collision angle [18]. Additionally,
the fabrication consists of a tedious filling of expensive thin inner pipes (with a pipe diameter smaller
than 3 mm and its wall thickness of approx. 0.2 mm) with a polymer to avoid complete compaction
and its removal after fabrication. Due to these shortcomings, new fabrication methods have been
considered. A new procedure to manufacture UniPore structures was proposed [27]. It consists of
rolling a non-expensive copper foil with equally spaced spacer bars (made of acryl) placed on the foil
and subsequent compaction by explosive detonation.

Herein, the fabrication and properties of novel rolled aluminium UniPore structures were analysed.
The rolling of the non-expensive aluminium foil improved welding conditions and decreased handling
time of the specimens before and after fabrication. Various rolled UniPore geometries have been
fabricated and characterised by metallographic analysis and (quasi-static and dynamic) mechanical
compressive testing for the first time. Additionally, the fabrication process was analysed in detail with
computational simulations based on the finite element analysis.

2. Fabrication Method and Specimens

The fabrication method of the rolled aluminium UniPore structures is a convenient and cheaper
method for manufacturing the UniPore cellular structures with unidirectional pores by using the
aluminium foil (A1100-O). It consists of the following steps: (i) preparation of acrylic spacer bars by
cutting the acrylic resin plate into rectangular shaped bars, (ii) positioning of the acrylic spacer bars
on the aluminium foil in a uniform pattern with an offset of approximately 3 mm, (iii) tight rolling
of the aluminium foil with acrylic resin spacer bars around the aluminium bar as the centre (core),
(iv) insertion of the rolled foil into the outer aluminium pipe, (v) central insertion of the aluminium
pipe with rolled foil into the PVC round container (height: 270 mm and diameter: 83 mm), (vi) filling
the void space between the central aluminium pipe and container wall with the primary explosive
(750 g), (vii) explosive ignition by an electric detonator (booster) to achieve explosive compaction of
aluminium pipe and foil, (viii) removal of the acrylic bars by heating the recovered specimens.

The schematic illustration of the fabrication method and the explosive compaction (cylindrical)
assembly is presented in Figure 1, while the physical properties of the components and the assembled
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specimens are listed in Table 1. The porosity of the specimens could be altered by changing the
thickness of the outer pipe and by reducing the diameter of the inner aluminium bar.

(a) (b) 

Figure 1. (a) Schematic preparation of the specimens and (b) experimental production assembly.

Table 1. Physical properties of the prepared aluminium UniPore specimens.

Specimen
Type

Outer Pipe
Diameter

(mm)

Length
(mm)

Internal Structure

Estimated
Porosity

(%)

Al Core
Diameter

(mm)

Al Foil
Thickness

(mm)

Acrylic Bar

Thickness
(mm)

Quantity
(-)

No. 1

30/24 210 10

0.2 0.5 67 16.5

No. 2 0.4 0.5 40 9.4

No. 3 0.2 1.0 35 18.1

No. 4 0.4 1.0 31 15.0

The ammonium-nitrate based ANFO-A with the detonation velocity of 2.3 km/s and the bulk
density of 530 kg/m3 was used as the primary explosive for manufacturing the rolled aluminium
UniPore structure. The primary explosive was electrically detonated using a booster (10 g SEP
explosive). Ignition of the primary explosive caused propagation of the detonation wave through
the primary explosive. The detonation gas uniformly radially accelerated the outer aluminium pipe
towards the centre of the specimen. The achieved velocity was high enough to allow for welding
between surfaces of the outer pipe and aluminium foil. Stable welding conditions and inclination angle
were similar to the already known explosive welding mechanism [28]. Furthermore, the explosive
welding of clads is being characterised as cold pressure welding. The annealing effect, which would
decrease the hardness, does not usually appear, and the increase in hardness is considered to be the
result of the work hardening [22]. Figure 2 presents the cross-sections of the recovered specimens,
while their geometrical properties (dimensions and porosity) are given in Table 2.
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Figure 2. Cross-sections of the fabricated specimens.

Table 2. Properties of the recovered specimens.

Specimen
Type

Number of Recovered
Specimens

(-)

Average
Diameter

(mm)

Average
Height
(mm)

Average
Mass

(g)

Achieved
Average

Porosity (%)

No. 1 4 26.2 11.0 12.8 15.5

No. 2 4 26.2 11.9 14.9 9.3

No. 3 1 26.3 10.4 12.7 17.5

No. 4 4 26.0 10.4 12.3 15.0

The shape and pore topology can be easily varied and adjusted for specific and individual
applications by using the above-described fabrication method porosity (e.g., via wall thickness),
dimensions (e.g., diameter).

3. Computational Analysis of the Fabrication Process

3.1. Computational Model

The computational simulations of the high-strain-rate deformation mechanism during fabrication
of the aluminium UniPore structures were carried out to analyse the outer pipe’s acceleration during
the fabrication and the deformation of the recovered specimens in more detail. The computational
simulations of all four specimen types (Figure 3) were performed based on the following assumptions
and simplifications: (i) two-dimensional computational models were used, (ii) the aluminium pipe,
bar and foil were compressed without joining, and (iii) the geometry of the rolled foil was modelled
with multiple concentric circles.

 

Figure 3. A two-dimensional computational model of the aluminium UniPore specimens.
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The aluminium and acrylic resin were discretised by the Lagrangian mesh, while the ANFO-A
explosive has been modelled with the Eulerian finite elements. The computational simulation was
based on the Euler–Lagrange interaction within the engineering code AUTODYN. To assure reliable
results and reasonable computational times a finite element mesh convergence study was performed.
The results showed the appropriate element size of 0.2 mm and 0.5 mm for the foil and aluminium bar,
respectively. The Johnson–Cook constitutive equation [29] was applied for the aluminium (A1100-O)
because it takes into account the strain-rate sensitivity and hardening effects. The relation between
the pressure and volume of the aluminium and acrylic resin at a specific temperature was defined
using the Mie–Gruneisen equation of state [30]. It is based on the shock Hugoniot equation and can be
expressed as [31]:

P = pH + Γ ρ(e− eH) (1)

pH =
ρ0 c2

0 μ (1 + μ)

[1− (s− 1) μ]2
(2)

eH =
1
2

pH

ρ0

(
μ

1 + μ

)
(3)

where P represents the pressure, Γ the Gruneisen coefficient, ρ the density, e the internal energy and
μ = ρ/ρ0 − 1. The shock velocity (Us)

Us = c0 + s·us (4)

changes linearly (represented by the Hugoniot relation) with the particle velocity (up). The parameters
s and c0 are experimentally determined material constants [31]. Parameters of the Mie–Gruneisen
equation of state applied in the computational analysis are given in Table 3.

Table 3. Values for the Mie–Gruneisen equation of state.

Material
Reference Density
ρ0 (kg/m3)

Gruneisen
Coefficient
Γ (-)

Speed of Sound
c0 (m/s)

Material Constant
s (-)

A1100-O 2707 1.9 5386 1.339

Acrylic resin 1186 0.97 2598 1.516

In the computational simulations, the ANFO-A was described as highly pressurised gas with an
initial pressure of 0.939 GPa, a detonation velocity of 2.3 km/s, and a density of 530 kg/m3 [32].

3.2. Computational Results

The diagrams in Figure 4 shows the of the outer pipe velocity V changes with time. The results
based on the acrylic resin bar of 0.5 mm in thickness are represented with dotted lines, while the
results based on the acrylic resin bar of 1 mm in thickness are represented with solid ones. It can
be observed from the diagrams that the collision velocity is higher than 300 m/s, which is sufficient
to obtain explosive welding [33]. The outer pipe velocity strongly depends on the aluminium foil
thickness, while the influence of acrylic resin bar thickness is minimal.

The computationally estimated deformation process during the explosive compaction of all four
specimen types is shown in Figure 5. The highly localised deformation during the explosive compaction
can be observed. The primary effective plastic deformation occurs in areas around the acrylic bars,
where the thin aluminium foil is locally bent.
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Figure 4. Velocity variation of the outer aluminium pipe during explosive compaction: (a) foil thickness
0.2 mm and (b) foil thickness 0.4 mm.

Figure 5. Simulation of the deformation process during explosive compaction of the four aluminium
UniPore samples (Table 1) with annotated effective plastic strain.

The deformed shapes of the UniPore structures obtained by the computational simulations
are presented in Figure 6. The computational results are in an excellent agreement with the actual
specimens in terms of deformed shapes, which are shown in Figure 2. The deformation mechanism up
to the impact between the foil surfaces and acrylic resin bars was thoroughly investigated by conducted
computational analyses. However, it should be noted that the metal jet formation was not directly
considered in the computational simulations.
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Figure 6. Computationally predicted final deformed shapes of the four analysed specimen
configurations (Table 1).

4. Metallographic Analysis

Metallographic analysis of the recovered specimens has been performed to determine the quality
and suitability of the fabrication method. The specimens were prepared according to the standard
metallographic methods (embedding in the epoxy resin, grinding, polishing, chemically etching).
The microstructure of two perpendicular (longitudinal and transversal) cross-sections was analysed by
the light microscopy using the optical microscope Nikon LV150N (Nikon, Tokyo, Japan). Figures 7
and 8 show the metallographic images of the longitudinal and transversal cross-section, respectively.

  

(a) (b) 

Figure 7. Metallographic images of the longitudinal cross-section of UniPore specimen. (a) lower
magnification; (b) higher magnification.

A wavy interface between two colliding surfaces of the aluminium foil is represented in Figure 7,
which assures a strong connection and good bonding between surfaces [33]. From the metallographic
analysis, it can be concluded that the foil surfaces were welded at a sufficiently high velocity, despite a
few places, where the surfaces might not be bonded completely.

The metallographic images in Figure 8 also show good bonding between the foil surfaces in the
transversal cross-section and that the pores are separated and isolated between each other.

  
(a) (b) 

Figure 8. Metallographic images of the transversal cross-section of UniPore specimen. (a) lower
magnification; (b) higher magnification.

5. Compressive Experiments

5.1. Experimental Set-Up

The mechanical behaviour of manufactured rolled aluminium UniPore structures was evaluated
in transversal direction by the quasi-static and dynamic (one specimen of the type No. 1, 2 and 3)
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compressive experimental tests using the universal testing machine (Instron 8801, Instron, Norwood,
MA, USA). The velocity of the cross-head during the quasi-static and dynamic loading cases was set to
0.1 mm/s and 284 mm/s, respectively. Displacements and loading forces were measured during the
compressive tests. At the same time, the deformation mechanism was captured by an HD video camera
Sony HDR-SR8E (Sony, Tokyo, Japan) during the quasi-static tests, and the middle-wave infrared (IR)
thermal camera FLIR SC 5000 (FLIR Systems, Wilsonville, OR, USA) during the dynamic tests. The IR
thermography allows following the yielding, cracking and failure during the dynamic loading [34].
It has been already successfully implemented for studying the response of various cellular structures.

5.2. Experimental Results

The compressive deformation behaviour of the four specimen types subjected to quasi-static
loading conditions is illustrated in Figure 9. A similar deformation behaviour can be noted for all
cases. Initially, the porous part of the specimen is compressed, followed by the deformation of the
specimen’s core. A strong interface bonding can be observed for the specimen No. 1 (aluminium foil
thickness: 0.2 mm and acryl bar thickness: 0.5 mm). The bonds between the foil surfaces of the other
three specimen types failed at larger strains, especially in case of the specimen No. 4 (aluminium foil
thickness: 0.4 mm and acryl bar thickness: 1 mm).

Figure 9. Transversal compressive testing of rolled aluminium UniPore structure.
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Figure 10 shows the IR images of the deformation mechanism of specimens (No. 1, No. 2 and
No. 4) during the dynamic tests. The interface between the foil surfaces tends to fail again in the
specimen No. 4. However, the deformation mechanism seems to be similar for all specimen types.
The porous structure starts to yield below and above the aluminium core with the plastification zone
spreading through the specimen up to full densification. Furthermore, the explosive welding of clads
is characterised as cold pressure welding.

 
(a) 

 
(b) 

 
(c) 

Figure 10. IR thermography images of the dynamic loading sequence (strain increment: ~0.15):
(a) Specimen No. 1; (b) Specimen No. 2; (c) Specimen No. 4.

The mechanical response in terms of force-displacement diagrams is shown in Figure 11.
A compressive relationship typical for the cellular metals [2] can be observed in all cases. After the
initial quasi-elastic region, the yield stress is reached, followed by a short stress plateau region. Then the
force starts to build up gradually and reaches the densification displacement at approximately 14 mm
(equal to the strain of 0.54), after which the force drastically increases (the porous structure above and
below the core is wholly densified).

The measurements show a very consistent response (almost no deviation between specimens
of the same type) up to the end of the plateau region. The deviation becomes prominent during
the gradual force increase, which can be attributed to bending, buckling, and collapsing of the foil
(intercellular walls) and the separation of the bonds between the foil surfaces.

Finally, the quasi-static and dynamic tests provided similar results. Thus, no strain-rate sensitivity
was noted for the tested moderate strain-rates.
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(a) (b) 

Figure 11. Compressive force-displacement curves in the transversal direction: (a) foil thickness 0.2 mm
and (b) foil thickness 0.4 mm.

6. Conclusions

The existing UniPore structures with unidirectional pores have shown two main disadvantages:
(i) moderate welding conditions, which result in a lack of a continuous wavy interface at some bonded
sections, and (ii) the fabrication consists of filling the expensive thin inner pipes with a polymer to avoid
complete compaction and its removal after fabrication. Explosive compaction has been applied for the
first time to fabricate the rolled aluminium UniPore specimens. After rolling an aluminium foil with
acrylic spacers (no additional filling and removal step of the polymer was required), the assembly was
subjected to explosive compaction, which—due to the mechanism of explosive welding—resulted in a
unidirectional cellular structure with longitudinal pores. The fabrication process and the influencing
parameters have been studied in detail by use of computational simulations, revealing that the foil
thickness has a dominant influence on the finial specimen geometry (shape). The computational results
compare well to the actual specimens in terms of the specimens’ final shape. The metallographic
analysis confirmed a strong bonding between the foil surfaces, which could be observed through the
wavy interface, typical in the successful explosive welding. The compressive experiments showed
a typical cellular metal response with excellent repeatability and a low deviation up to the end of
the plateau region. Due to the moderate loading velocity, the dynamic compressive tests revealed
negligible strain-rate sensitivity.

The future work should be focused on analysing a higher porosity by changing the thickness of
the outer pipe and the rolled foil layer, and the diameter of the inner aluminium bar. Furthermore,
it would be meaningful to perform a full strain-rate sensitivity study of the UniPore structures.
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Abstract: This work comparatively studies the uniaxial compressive performances of three types
of lattice materials, namely face-centre cube (FCC), edge-centre cube (ECC), and vertex cube (VC),
which are separately generated by topology optimisation and crystal inspiration. High similarities are
observed between the materials designed by these two methods. The effects of design method, cell
topology, and relative density on deformation mode, mechanical properties, and energy absorption
are numerically investigated and also fitted by the power law. The results illustrate that both
topology-optimised and crystal-inspired lattices are mainly dominated by bending deformation
mode. In terms of collapse strength and elastic modulus, VC lattice is stronger than FCC and ECC
lattices because its struts are arranged along the loading direction. In addition, the collapse strength
and elastic modulus of the topology-optimised FCC and ECC are close to those generated by crystal
inspiration at lower relative density, but the topology-optimised FCC and ECC are obviously superior
at a higher relative density. Overall, all topology-generated lattices outperform the corresponding
crystal-guided lattice materials with regard to the toughness and energy absorption per unit volume.

Keywords: lattice material; topology optimisation; crystal inspiration; mechanical properties;
energy absorption

1. Introduction

As a mimic of nature cellular material, lattice material is designed with its unit cells arranged
periodically along tessellation directions. Metallic lattice materials can provide excellent mechanical
properties, e.g., ultra light weight, better durability, high specific strength and stiffness, and a superior
energy absorption capability [1–4]. Methods for lattice material design can be generally classified into
two categories, i.e., manual generation and mathematical generation [5].

Manual generation means designing a lattice material by using beams and trusses with joints
modified to create seamless transitions between unit cell elements [5]. There are numerous manually
designed lattice materials and some of them are inspired by crystal structures. Typical examples
are simple cubic [6], diamond [7], face-centred cubic (FCC) [8], FCCZ (i.e., FCC with enhanced
vertical struts) [9], body-centred cubic (BCC) [10], Kagome [11], F2BCC [12]; Gurtner-Durand [13],
Octet-truss [14], Octahedron [13], Octahedron-cross [15], Octahedral [16], tetrakaidecahedron [13],
rhombic dodecahedron [17], etc. Additive manufacturing (AM) technology can be employed to
fabricate lattice materials [18]. Lozanovski et al. [19,20] numerically investigated the strut defects of
lattice materials fabricated by the AM method, and a Monte Carlo simulation-based approach was
proposed to predict the stiffness of a lattice material with defects.

Metals 2020, 10, 491; doi:10.3390/met10040491 www.mdpi.com/journal/metals185



Metals 2020, 10, 491

The mathematical generation method utilises algorithms and constraints to create a lattice
structure [5]. Examples of mathematically generated lattice materials are triply periodic minimal
surfaces (TPMS) (e.g., skeletal-TPMS and sheet-TPMS lattices) [17,21,22], all face-centred cubic
(AFCC) [23], FCC [1], edge-centre cube (ECC) [1], vertex cube (VC) [1], cuttlebone-like lattice (CLL) [24],
etc.) The topology optimisation algorithm can also be used to determine the optimal material
distribution for lightweight structure design.

Two common solutions for topology optimisation are the optimality criteria (OC) [25] and
the Method of Moving Asymptotes (MMA) [26], and details are referred to [27]. Its applications on
engineering structures are reviewed by Sigmund and Maute [28] and Kentli [29]. Topology optimisation
methods based on discrete elements are the ground structure approach (GSA) [30], solid isotropic
material with penalization (SIMP) method [31–34], homogenization method (HM) [35], evolutionary
structural optimization (ESO) [36], level-set method (LSM) [37,38], and the hybrid cellular automata
(HCA) algorithm [39]. In terms of lattice material design by topology optimisation, Hu et al. [24]
proposed a CLL material that exhibited high compression-resistant capability. However, it can only
suffer uniaxial loading rather than multiple loadings from triaxial directions. Xiao et al. [1] proposed
three topology-optimised lattice materials, i.e., FCC, VC, and ECC, under three different loading modes,
which were similar to manually designed lattices. Yang et al. [40] addressed four different lattice
cells under various extreme loading modes, which expanded the library of structural metamaterials.
However, the differences between topology-optimised and manually generated lattices have not
been assessed.

In the present work, our objective is to systematically explore the similarities and differences
of three types of lattice materials guided by two methods, i.e., topology optimisation and crystal
inspiration. Section 2 presents the detailed design process and topological geometries, as well as
the relationship between relative density and aspect ratio for crystal-inspired lattices. Finite element
models are built in Section 3, and the results are presented in Section 4, including deformation modes,
mechanical properties, and energy absorption. Finally, some meaningful conclusions are reported in
Section 5.

2. Cell Architecture Design

2.1. Topology Optimisation Problem

In this study, two kinds of design methods, i.e., topology optimisation and crystal inspiration,
are adopted to generate lattice cells. Topology optimisation is carried out in LS-TaSCTM by integrating
with Ls-dyna® (LSTC, Livermore, CA, USA). The implicit algorithm is employed. The optimisation
problem can be mathematically stated as follows:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
min F(x) = c(x)
s.t. K(x)u = f,

M(x)/M0 ≤M f ,
0 < xmin ≤ xi ≤ 1, i = 1 . . . n

(1)

The goal of the topology optimisation in Equation (1) is to minimise the compliance c(x). The design
variable x, with 0 < xmin ≤ x ≤ 1 is known as relative density. n denotes the total number of design
variables. f and u are, respectively, the vectors of nodal force and displacement, while K(x) is the
structure stiffness matrix. M0 and M(x) represent the initial mass and the current mass of the design
domain. A constraint is imposed on the mass fraction M f . The base material is a high-strength steel
referred to Yang et al. [41], with the key parameters presented in Table 1. Three different loading
conditions, i.e., face-centred loadings, edge-centred loadings and vertexes loadings, represented by
arrows, are illustrated in Table 2. The magnitude of loadings (1 N) is well selected to make sure that the
design domain only suffers elastic deformation and the loading points are fixed during the optimisation
process. Increasing the value of loading may lead to different optimised cells and it may also cause a
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problem in designing structures with a high level of porosity [1]. The topology optimisation method is
a hybrid cellular automata (HCA) algorithm [42], and the solid isotropic material with penalization
(SIMP) model is adopted. Two termination conditions are used to stop the optimisation process: (i) the
number of iterations exceeds the maximum number of iterations, or (ii) the change in the topology is
smaller than the tolerance [43]. Corresponding optimal cells are also presented in Table 2.

Table 1. Material properties of the base material, data from [41].

Density,
ρ0/(kg·m−3)

Young’s Modulus,
E0/GPa

Poisson’s
Ratio, μ

Tangent Modulus,
Etan/MPa

Yield Strength,
σy/MPa

Ultimate Strength
σu/MPa

7850 206 0.26 517 382 482

Table 2. Lattice materials with various relative densities generated from topology optimisation and
crystal inspiration.

Lattice
Material

¯
ρ = 0.10

¯
ρ = 0.15

¯
ρ = 0.20

¯
ρ = 0.25

¯
ρ = 0.30

FCC-TO

      
ECC-TO

      
VC-TO

 
     

FCC-CI      
ECC-CI      
VC-CI
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2.2. Analogy with Crystal Structures

Crystal structures are favourable sources of inspiration in manual designs with struts and joints [44].
As shown in Figure 1, a simple cube (7.5 × 7.5 × 7.5 mm3) is composed of six faces, twelve edges,
and eight vertexes. Therefore, three lattice materials can be generated by, respectively, connecting the
face-centre points, edge-centre points, and vertexes. The obtained lattice materials are referred to as
the face-centred cube (FCC), edge-centred cube (ECC), and vertex cube (VC), which is consistent with
Xiao et al. [1].

   
(a) (b) (c) 

Figure 1. Schematic illustration of manually designed lattice materials: (a) FCC (face-centre cube);
(b) edge-centre cube (ECC); (c) vertex cube (VC).

To mathematically analyse a lattice material, the individual struts shown in Figure 2 are considered.
The materials overlapping in joints are removed to calculate the actual volume occupied by the lattice
material. It is assumed that the lattice is composed of several struts and each strut contains one
cylinder and two cones. Thus, the relative density (ρ) of three cells can be obtained via Equations (3)
and (4), respectively.

ρ = ρL/ρ0 (2)

FCC and ECC : ρ = 3π
(

d
l1

)2( √2
2
− 5d

6l1

)
(3)

VC : ρ =
3π
2

(
d
l1

)2(1
2
− d

3l1

)
(4)

where ρ0 and ρL are the density of the base material and of the lattice material, respectively, d represents
strut diameter, l1 is cube length, and d/l1 denotes the aspect ratio.

It should be mentioned that FCC and ECC share the same expression of relative density
(Equation (3)). Figure 3 plots the curves showing the change in the relative density versus aspect ratio
d/l1 given by Equations (3) and (4). Computer-aided design (CAD) predictions are also given in the
same figure to properly validate the responses of both equations. As can be seen from Figure 3, good
consistency is observed between theoretical and CAD predictions.

2.3. Numerical Results

Lattice materials derived from topology optimisation (labelled as -TO) and crystal inspiration
(labelled as -CI) are presented in Table 2. The relative density of the generated cells varies in the
interval [0.1, 0.3], which is comparable to that of aerogel, alumina nanolattices, and other ultralight
materials [45]. The boundary surface of the final optimised topology of the lattice is fitted smoothly
by using FreeCAD software (open source); thus, the geometry model of the lattice cell is obtained.
High consistency is observed in geometry between topology-optimised and crystal-inspired materials,
but the solutions provided by topology optimisation are generally non-uniform in terms of strut
thickness and joint shape, unlike the regular topology of crystal-inspired cells. By increasing the
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relative density, walls are likely to be formed between neighbouring struts (see lattice materials with
ρ = 0.30). It should be mentioned that the FCC in this work is similar to the octahedral lattice in [5,46].
The ECC in this work is also named as octahedron in Gross et al. [13], and the VC in this work has the
same cell topology as the cubic lattice in Mei et al. [2].

  
(a) (b) 

Figure 2. Individual strut geometries of: (a) FCC and ECC; (b) VC.
p

 
Figure 3. Comparison of the relative density predicted by theory and the CAD model.

3. Finite Element Modelling

Finite element models are built in Ls-dyna® to predict the uniaxial compressive behaviour of the
lattice materials. The geometry models of lattice materials are meshed into tetrahedral elements, which
are constant stress solid elements. Instead of using periodic boundary conditions on a single unit cell,
a 3 × 3 × 3 cell model with dimension of 22.5 × 22.5 × 22.5 mm3 is built. The influence of the number
of cells on the elastic modulus of lattice material was numerically studied by Maskery et al. [47],
and they found that the converged modulus of the 3 × 3 × 3 cell diamond lattice was just 1% below
the upper bound of the theoretical elastic modulus. The FE model of FCC-TO is shown in Figure 4.
The lattice materials are placed between two parallel plates, which are modelled as rigid bodies by
*Mat.020_Mat_Rigid [48]. The bottom plate is fixed while the top plate impacts the specimen at a
constant speed (10 m/s). “*Mat.024_Mat_Piecewise_Linear_Plasticity” [48] is selected to bilinearly
approximate the stress–strain curve of elastic-plastic material in Table 1. The impact force is captured
by using the *Automatic_Surface_To_Surface contact algorithm [48] applied among specimens and
boundaries. In this algorithm, the stiffness of contact elements is penalised by a scale factor [48]. Mesh
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size is determined, as a result of a sensitivity analysis, as a compromise between accuracy and low
computing time. Figure 5 plots the stress–strain curves of the FCC-TO sample calculated by various
element sizes, i.e., 0.10~0.15 mm, 0.125~0.200 mm, 0.15~0.25 mm, 0.20~0.30 mm, and 0.25~0.35 mm.
In Figure 5, convergence can be obtained when element size is equal to 0.125~0.200 mm. Therefore,
this element size is employed for computation throughout this study, which means the main parts
of the lattice have an element size of 0.200 mm, while other parts (e.g., joints) are characterised by
a smaller element size, i.e., 0.125 mm. The finite element model has been validated by means of
experimental results obtained for a body-centred-cubic (BCC) lattice made of 316L stainless steel, taken
from [49]. As shown in Figure 5b, a good agreement is observed between experimental and numerical
data. It should be noted that the simulation curve in Figure 5b is filtered by using Butterworth Filter
with a frequency of 20,000 Hz. The frequency is carefully selected to filter the numerical perturbation
while maintaining the characteristics of the stress–strain curve.

 

Figure 4. Finite element model of the FCC-TO with its unit cell enlarged.

  
(a) (b) 

Figure 5. (a) Effects of element size on the stress-strain curve of the FCC-TO lattice material; (b) validation
of the modelling method by using experimental data reproduced from [49], copyright permission:
Elsevier, 2020.

4. Results and Discussion

4.1. Deformation Modes

Table 3 reports the Von Mises stress distributions in lattice materials with a relative density of 0.10
up to 50% overall deformation. Generally, each layer of lattice materials collapses almost synchronously,

190



Metals 2020, 10, 491

although the middle layer deforms relatively faster than the top and bottom layers, which was also
observed in sheet-IWP latice by Al-Ketan et al. [50]. There are strong stress concentrations occurring on
some supporting struts and connecting joints for each lattice material. However, the level of equivalent
stress is the lowest at the horizontal rods of VC-CI because these struts are orthogonal to the loading
direction. The gap between the stresses of vertical and horizontal rods results in unstable deformation
in VC-CI at a low relative density, which exhibits a failure band at ε = 0.35. Liu et al. [51] obtained
microscopy images of local stress concentrations in VC-CI where slip bands and grain boundaries
were found. Comparing the topology-guided and manually generated lattices, FCC-TO and ECC-TO
exhibit highly similar deformation modes to the FCC-CI and ECC-CI. However, an obvious difference
is found between VC-TO and VC-CI lattices (marked in Table 3) and no shear band is observed in the
VC-TO lattice. Thus, the topology-optimised VC lattice undergoes a more stable deforming process.

Table 3. Deformation features of lattice materials with ρ = 0.10 at different compressive strains.

Lattice Materials ε = 0.015 ε = 0.15 ε = 0.35 ε = 0.50

FCC-TO

  
  

FCC-CI

  
  

ECC-TO

   
 

ECC-CI

   
 

VC-TO

   
 

VC-CI

   

It should be noted that the stress level related to the colour fringe of each figure in Tables 3 and 4 varies to have a
better visualisation. In general, the blue colour represents the lowest stress level, while the red colour denotes the
highest stress level in each figure.

191



Metals 2020, 10, 491

Table 4. Deformation features of lattice materials with ρ = 0.20 at different compressive strains.

Lattice Materials ε = 0.015 ε = 0.15 ε = 0.35 ε = 0.50

FCC-TO

    

FCC-CI

  
  

ECC-TO

    

ECC-CI

   
 

VC-TO

   
 

VC-CI

  
  

To study the effect of relative density, the deformation features of lattice materials with a relative
density ranging from 0.10 to 0.30 are carefully examined. The stress distributions are similar for a
relative density higher than 0.20, although the higher the relative density, the higher the Von Mises
stress due to the higher stiffness. Thus, the Von Mises stress distributions in the lattice materials with
relative density of 0.20 are presented in Table 4. It can be found that lattice materials deform more
uniformly and collectively at a higher relative density. In addition, the shear band disappears in the
VC-CI lattice when its relative density is higher than 0.20.

4.2. Stress-Strain Curves

The stress-strain (σ-ε) curves extracted from the impact simulation on the designed lattice materials
with various relative densities are shown in Figure 6. Additionally, the initial compression stage with
ε < 5‰ is enlarged. The stress and strain are calculated in accordance with the initial cross-sectional
area and length of each specimen, respectively.
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(a) 

 
(b) 

 
(c) 

Figure 6. Stress-strain curves of lattice materials generated from two methods with various relative
densities: (a) FCC; (b) ECC; (c) VC.

The curves are similar to those of common porous or cellular materials [52], which exhibit three
ideal regimes under uniaxial compression, i.e., a pre-collapse regime (including the linear elastic stage),
followed by a plateau regime with approximately constant stress and a final densification regime with
steeply increasing stress. The linear elastic regime is characterized by elastic modulus (EL), which
is driven by the bending or stretching for the inclined or vertical cell struts/walls, respectively [53].
The plateau regime due to the plastic hinges at sections or joints can be measured by plateau stress (σpl).
The densification regime starts from a densification strain (εcd), where the individual cell strut/wall
comes into contact with each other, and exhibits dramatically increasing strength [53].

The modulus EL is defined as the slope of the initial linear elastic region; the initial highest peak
stress is defined as the strength σb; and the plateau stress σpl is calculated as the arithmetical mean of
the stress at a strain interval between 20% and 40% according to ISO 13314: 2011 [54].

σpl =
1

ε2 − ε1

ε2∫
ε1

σ(ε)dε, (5)

193



Metals 2020, 10, 491

where ε1 and ε2 equal 0.2 and 0.4, respectively.
The εcd is identified by using the energy absorption efficiency (η) method.

η(ε) =
1
σ(ε)

ε∫
0

σ(ε)dε. (6)

The onset of densification is given by using the following equation:

dη(ε)
dε

∣∣∣∣∣∣
ε=εcd

= 0, (7)

for which the η(ε) reaches a maximum on the η(ε) − ε curve. For example, the η(ε) − ε curves of the
FCC-TO lattices are depicted in Figure 7.

 
Figure 7. The η(ε) − ε curves of FCC-TO lattices with various relative densities.

Figure 6 shows that the slopes and initial peak stresses of the σ-ε curves go up as the relative density
increases and all the curves reach the maximum strength value at about 1‰~5‰ overall deformation.
The plateau regime is steady at lower relative density. However, a nearly linear hardening phenomenon
is observed in lattice materials with higher relative density due to an increasing stiffness and hardening
effect of base material. With an increasing relative density, the onset of densification also occurs earlier,
resulting in a decreasing εcd (Figure 7). Comparing the two lattice generation methods, topology-guided
lattices generally produce higher σ-ε curves than manually generated structures. Specifically, the gap
between TO- and CI- lattices is larger at a higher relative density, although the difference is not obvious
at a lower relative density. This is because of the cell walls formed in topology-optimised lattices at
high mass fraction, as shown in Table 2. In general, σpl of optimised structures is higher than that
of manually designed structures, especially for FCC (see Table 5). However, three cases (i.e., ECC
with ρ ≈ 0.15, VC with ρ ≈ 0.15 and 0.20) are excepted, which may be attributed to the slightly lower
relative density of topology-optimised lattices comparing with the corresponding crystal-inspired
lattices. For example, the ρ of VC-TO is 0.147, while that of corresponding VC-CI is 0.150 (see Figure 6).

194



Metals 2020, 10, 491

Table 5. Plateau stress, σpl/[MPa], of the as-designed lattice materials with various relative densities.

Relative Density,
¯
ρ [-] FCC-TO FCC-CI Difference ECC-TO ECC-CI Difference VC-TO VC-CI Difference

0.10 20.63 15.59 32.33% 11.43 10.70 6.78% 32.19 28.36 13.49%
0.15 33.69 28.08 19.98% 18.45 21.24 −13.13% 52.96 60.08 −11.84%
0.20 65.43 45.05 45.24% 36.76 34.16 7.63% 90.26 93.16 −3.12%
0.25 110.53 69.13 59.89% 61.00 52.64 15.89% 127.66 124.92 2.19%
0.30 156.75 100.09 56.60% 86.66 80.37 7.82% 190.38 158.42 20.18%

4.3. Mechanical Properties and Energy Absorption

In general, the compressive strength and elastic modulus of lattice materials would increase if
the relative density increases because there is a larger amount of material withstanding the impact
force. This relationship could be fitted by a power law proposed by Gibson and Ashby [55]. The elastic
Modulus, EL, and collapse strength, σb, scale with relative density,ρ, according to the relationships:

σb
σy

= C1(ρ)
n1 , (8)

EL

E0
= C2(ρ)

n2 , (9)

where n1 and n2 represent the structural bending/stretching dominated mode. For bending-dominated
structures (e.g., body-centred lattice), n1 = 1.5, and n2 = 2; for stretching-dominated structures
(e.g., Octet-truss lattice), both n1 and n2 are equal to 1. C1 and C2 are constants related to the lattice’s
architecture as well as the base material properties.

The power law and simulation data are plotted in Figure 8, reflecting that the results of this study
are fitted very well with the formulae. The coefficients of constant C (C1 and C2) and exponent n (n1

and n2) are tabulated in Table 6. It is noticed that the exponents, n1 and n2, of the as-designed lattice
materials are respectively close to 1.50 and 1.70, which indicates a bending-dominated behaviour mixed
with a light stretching mode. Montemayor and Greer [46] pointed out that the FCC lattice behaves as a
bending-dominated structure due to the rotation between and within unit cells, although the unit cell is
a stretching-dominated structure. This phenomenon can be observed in Table 3. Gross et al. [13] made
it clear that the ECC lattice is also a bending-dominated structure. Compression tests were carried out
on the VC-CI lattices by Mei et al. [2], where the power law with n1 = 1.5 and n2 = 2 was used to fit the
experimental data.

Table 6. Values of the parameters of the power laws used in fitting mechanical properties and
energy absorption.

Lattice Material

Collapse Strength,
σb [MPa]

Elastic Modulus,
EL [GPa]

Toughness,
UT [MJ/m3]

Strain Energy,
WV [MJ/m3]

C1 n1 C2 n2 C3 n3 C4 n4

FCC-TO 1.048 1.548 2.369 1.707 205.554 1.773 566.801 1.782
ECC-TO 1.165 1.482 2.807 1.611 154.456 1.849 354.951 1.849
VC-TO 1.242 1.453 3.512 1.691 147.402 1.438 884.025 1.719
FCC-CI 0.830 1.418 2.106 1.705 107.533 1.502 183.828 1.241
ECC-CI 0.935 1.397 2.613 1.603 103.767 1.625 126.143 1.230
VC-CI 1.250 1.353 3.614 1.608 105.342 1.292 499.610 1.449

Comparing the six bending-dominated structures in Figure 8a,b, it is predicted that VC lattices are
stronger than ECC lattices, while ECC lattices are superior to FCC lattices. Additionally, the collapse
strength and elastic modulus of FCC-TO and ECC-TO are close to those of FCC-CI and ECC-CI
at lower relative density. However, the topology-optimised FCC and ECC obviously outperform
the corresponding crystal-inspired structures at a higher relative density. Interestingly, the inverse
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phenomenon is found in VC lattices where the collapse strength and elastic modulus of VC-CI are
higher than those of VC-TO.

  
(a) (b) 

  
(c) (d) 

Figure 8. The relationship between the mechanical properties/energy absorption and relative density
of lattice materials: (a) normalised collapse strength; (b) normalised elastic modulus; (c) toughness;
(d) energy absorption per unit volume.

The energy absorption ability, namely the energy absorbed per unit volume of cellular materials,
is defined by the area under the stress-strain curve up to the densification strain.

WV =

εcd∫
0

σ(ε)dε (10)

Among which, the toughness (UT) is defined as the amount of energy per unit volume up to the
strain of 0.25 [50].

UT =

εa∫
0

σ(ε)dε, εa = 0.25 (11)

The UT and WV are also be fitted by the power law.

UT = C3(ρ)
n3 (12)

WV = C4(ρ)
n4 (13)
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As shown in Figure 8c,d, the toughness and energy absorption of all materials rise with an
increasing relative density. The relationship among three kinds of lattice materials keeps as VC
> FCC > ECC, and the differences become more distinct at a higher relative density. In addition,
topology-optimised lattices are characterised by performances better than those of crystal-inspired
lattices and the differences also become more distinct with an increasing relative density.

Engineering application generally requires that an energy absorber ought to absorb impact energy
as much as possible while maintaining a low maximum stress [55]. Cellular material with high
porosity produces low plateau stress; however, the quantity of absorbed energy may also be low.
In contrast, a dense material is able to absorb a large amount of energy, but a high plateau stress may
exceed the stress limitation [55]. The plot of energy absorption in Figure 8d misses the information
of the maximum allowable stresses. Therefore, Figure 9 shows the diagrams of FCC-TO, ECC-TO,
and VC-TO, in which the WV is plotted with respect to the stress (σ) to simplify the relationships of
different compressive stages. The maximum allowable stress (σmax) under a certain energy absorption
ability can also be obtained. This curve helps to find a cellular material that bears the required σmax by
maximising the energy absorption capability [56]. An energy-efficient structure gives a high envelope.
In Figure 9, VC-TO lattice is able to absorb more energy than others with the same allowable stress.
For instance, if the σmax is 300 MPa, the values of WV for FCC-TO, ECC-TO, and VC-TO with ρ = 0.196
are 64 MJ/m3, 47 MJ/m3, and 80 MJ/m3, respectively.

 
Figure 9. The energy absorption diagrams of topology-optimised lattice materials.

5. Conclusions

Three types of lattice materials, i.e., FCC, ECC, and VC, have been separately designed based on
two different methods: topology optimisation and crystal inspiration. Numerical compression tests
have been conducted to comparatively characterise their deformation modes, mechanical properties,
and energy absorption capability. The main conclusions and contributions are summarised as follows:

a) Topology optimisation-guided lattice materials are highly similar to the corresponding
crystal-inspired lattice materials, especially at a low relative density. The topology
optimisation-guided lattice materials are generally non-uniform in terms of strut thickness
and joints shape, while the crystal-inspired cells are uniform.

b) Formulae relating the relative density (ρ) and aspect ratio (d/l1) of crystal-inspired lattices are
presented, which has been well validated by CAD predictions.

c) Comparing the topology-guided and manually generated structures, FCC-TO and ECC-TO exhibit
a highly similar bending-dominated deformation mode to FCC-CI and ECC-CI, respectively.
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However, differences are found between VC-TO and VC-CI lattices. Shear band is observed in
VC-CI structures at a low relative density while the VC-TO lattice deforms stably.

d) In terms of collapse strength and elastic modulus, the VC lattice is stronger than the FCC and
ECC lattices because its struts are arranged along the loading direction. On the other hand,
topology-generated lattices outperform the corresponding crystal-guided lattices in aspects of
toughness and energy absorption per unit volume.
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Abstract: The fabrication process of cellular materials, such as foaming, usually leads to cells
elongated in one direction, but equiaxed in a plane normal to that direction. This study is aimed at
understanding the elasto-plastic behaviour of transversely isotropic cellular materials with inner gas
pressure. An idealised ellipsoidal-cell face-centred-cubic foam that is filled with gas was generated
and modelled to obtain the uniaxial stress–strain relationship, Poisson’s ratio and multiaxial yield
surface. The effects of the elongation ratio and gas pressure on the elasto-plastic properties for a
relative density of 0.5 were investigated. It was found that an increase in the elongation ratio caused
increases in both the elastic modulus and yield stress for uniaxial loading along the cell elongation
direction, and led to a tilted multiaxial yield surface in the mean stress and Mises equivalent stress
plane. Compared to isotropic spheroidal-cell foams, the size of the yield surface of the ellipsoidal-cell
foam is smaller for high-stress triaxiality, but larger for low-stress triaxiality, and the yield surface
rotates counter-clockwise with the Lode angle increasing. The gas pressure caused asymmetry of the
uniaxial stress–strain curve (e.g., reduced tensile yield stress), and it increased the nominal plastic
Poisson’s ratio for compression, but had the opposite effect for tension. Furthermore, the gas pressure
shifted the yield surface towards the negative mean stress axis with a distance equal to the gas
pressure. The combined effects of the elongation ratio and gas pressure are complicated, particularly
for the elasto-plastic properties in the plane in which the cells are equiaxed.

Keywords: foam; enclosed gas; anisotropy; elasticity; plasticity; multiaxial yielding

1. Introduction

Cellular materials, either natural or manmade, are unique with regard to mechanical, thermal,
acoustic and electromagnetic properties, benefitting from their high porosity, which reduces the overall
density, enhances the energy absorption capacity and enables the integration of multiple functions.
Foams, made of metals, polymers, ceramics, etc., are typical cellular materials, and they are widely
used in transport, aerospace, defence, building and biomedical industries [1,2].

In the fabrication of foams, the cell structure is determined by the foaming process, which is
sensitive to the foaming agent used and the state of the base material during the foaming [3]. It is
common that the cell structure is anisotropic after fabrication, particularly when gravity plays an
important role in the foaming process. Foams usually consist of cells which are elongated in one
direction, but equiaxed in the plane perpendicular to the elongation direction, exhibiting transversely
isotropic structural characteristics [4]. However, most previous studies focused on the elasto-plastic
behaviour of presumably isotropic foams [5–8], and there is still a paucity of experimental and
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modelling data for better understanding the anisotropic elasto-plastic behaviour of foams. Therefore,
more studies on anisotropic foams are needed for both uniaxial and multiaxial loadings, which are
pertinent to applications of foams as energy absorbers and cores of sandwich structures.

Closed-cell foams contain inner trapped gas in the cells after fabrication and the inner gas
pressure can considerably affect the macroscopic elasto-plastic properties [1]. It is also of fundamental
significance and scientific interest to study the effect of gas pressure on the elasto-plastic behaviour of
closed-cell foams. For static loading, Ozgur et al. [9] analysed the effect of gas pressure on the elastic
properties of cellular materials using 2D finite element (FE) models, in which hexagonal, rectangular
and circular cells were considered. Öchsner and Mishuris [10] developed a 3D simple cubic cell model
and numerically analysed the gas effects on the stress–strain relationship, Poisson’s ratio, Young’s
modulus and yield surface. Zhang et al. [11] established a theoretical model using second-order
moment of stress with consideration of inner gas pressure, and they overcame the limitation of an
earlier theoretic model [12] and clarified the gas effect. Based on the Gurson yield function [13],
Guo et al. [14–17] developed a thick-walled spherical unit cell model and systematically studied the
yield behaviour of metal foams with inner gas pressure. For dynamic loading, Sun and Li [18]
investigated the effects of gas pressure on the dynamic strength and deformation of cellular materials,
and their findings have been applied to explain experimental observations on dynamic compressive
behaviour of closed-cell foams [2]. However, these previous studies all focused on isotropic cellular
materials. There is still a lack of modelling studies on the elasto-plastic behaviour of anisotropic cellular
materials with inner gas pressure.

In this study, an idealised transversely isotropic cellular material with inner gas pressure, i.e.,
gas-filled ellipsoidal-cell face-centred-cubic (FCC) foam, is studied numerically. The ellipsoidal cell is
elongated in one direction, but equiaxed in the plane normal to the elongation direction. Different
elongation ratios are considered to investigate the effects of anisotropy on static elasto-plastic properties
(e.g., uniaxial stress–strain relationship, Poisson’s ratio and multiaxial yield surface). The effects of gas
pressure on the anisotropic elasto-plastic properties are also investigated.

2. Material and Methods

The typical cell structure of a transversely isotropic closed-cell foam is shown in Figure 1a, along
with the inner gas pressure. To facilitate modelling without losing key physics, one representative
volume (RV) unit is considered, as shown in Figure 1b. The RV simplification of geometry implies that
the cells are periodically arranged in 3D space, as well as cell deformation, in contrast to the random
distribution of irregular cells and cell deformation in an actual closed-cell foam that is normally seen.
Nevertheless, provided that the closed-cell foam possesses transversely isotropic macro-properties,
a mechanical model based on RV geometry is deemed reliable to capture qualitative behaviour and
gain general insights. The enhanced computational efficiency obtained by the geometric simplification
enables the analysis of sufficient loading cases in modelling to investigate both the uniaxial and
multiaxial elasto-plastic behaviour of the closed-cell foam. A similar RV approach has been widely
used for the analysis of the elasto-plastic behaviour of cellular materials [10,19,20].

The RV unit is idealised to be an FCC unit with ellipsoidal cells, as shown in Figure 1b. The
ellipsoid is elongated in the y direction (Figure 1c) and mathematically described as

(x2 + z2)

a1
2 +

y2

a22 ≤ 1 (1)

where a1 and a2 are the axial radii in the isotropic plane (i.e., x-z plane) and along the elongation
direction (i.e., y direction), respectively. The elongation ratio is thus defined as R = a2/a1.

The relative density of a cellular material is

f = ρ/ρs (2)
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where ρ and ρs are the densities of the cellular material and the base material, respectively. For the
closed-cell FCC foam, the relative density can also be determined from geometric parameters, viz.

f = 1− 16πa1
2a2

3L3 (3)

Here, L is the size of the cubic unit, which is kept constant. We adopted f = 0.5 in this study. It should
be noted that, for given R, L, and f, the values of a1 and a2 can be uniquely determined.

 
(a) 

 
(b) 

 
(c)  (d) 

Figure 1. (a) Typical cell structure of transversely isotropic closed-cell foam with inner gas pressure;
(b) representative volume (RV) unit of ellipsoidal-cell face-centred-cubic (FCC) foam; (c) orientation of
the ellipsoidal cell, which is equiaxed in the x-z plane, but elongated in the y direction; (d) definition of
directions parallel and perpendicular to the elongation direction (i.e., y-direction).

The multiaxial plastic behaviour of cellular materials is complicated. It has been demonstrated that
the yield surface of an isotropic foam is dependent on both the first and second stress invariants [2,6].
For transversely isotropic cellular materials, the yield surface may be more complicated and the locus of
yield points may not be unique if only the first and second stress invariants are used in characterisation.
Therefore, a full description of the stress state should be provided. In general, three parameters are
needed to determine each point in the principal stress space, and here, the mean stress, Mises equivalent
stress and Lode angle are adopted. It should be noted that these stress parameters are solely associated
with the type of loading and are independent of the constitutive behaviour of the material which is
either isotropic or not isotropic. The mean stress is expressed as

σm =
σkk
3

(4)

with Einstein’s summation convention applied. The familiar Mises equivalent stress is given by

σe =
√

3J2 =

√
3
2

sijsi j (5)
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where J2 is the second deviatoric stress invariant, and sij is the deviatoric stress, i.e., sij = σi j − σmδi j, (i,
j = 1, 2, 3). The stress triaxiality is thus obtained via

XΣ =
σm

σe
(6)

The Lode angle is defined as follows:

L = − cos(3θ) = −
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝3

3
√

1
2 J3

σe

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
3

= −27
2

J3

σ3
e
= −27

2

Det(sij)

σ3
e

(7)

where L is the Lode parameter, θ is the Lode angle and J3 is the third deviatoric stress invariant.
It is assumed that the principal stress direction coincides with the axial direction of the ellipsoidal

cell, i.e., σ1 = σ11, σ2 = σ22 and σ3 = σ33. Accordingly, the relationship between the principal stress,
mean stress, Mises equivalent stress and Lode angle is given as follows:

3
2σe
{σ1, σ2, σ3} =

{
− cos

(
θ+

π

3

)
, − cos

(
θ− π

3

)
, cosθ

}
+

3
2 Σ
{1, 1, 1} (8)

In the ellipsoidal-cell FCC foam model, only one eighth of the RV unit is considered (Figure 2a)
owing to symmetry. Multiaxial loading is applied according to Equation (8), as shown in Figure 2b,
where T1, T2 and T3 are axial loads in three principal directions. Any state of loading stress can be
obtained by varying the ratio of the three axial loads.

 
(a) (b) 

Figure 2. (a) Schematic of ellipsoidal-cell face-centred-cubic (FCC) foam model (only 1/8 volume is
considered owing to symmetry); (b) application of multiaxial loading.

Details of the loading process are described below:
1) Inner gas pressure is applied and meanwhile, an additional load is applied to balance the

inner gas pressure. Note that the gas pressure refers to the gauge pressure after the subtraction of
ambient air pressure. Öchsner and Mishuris [10] concluded that the inner gas pressure only causes
slight deformation and thus the gas pressure is assumed to be constant throughout the loading process.
Taking a uniaxial loading case as an example, the area A1 of the solid in Figure 2a is on the loading
boundary, where a balancing load to the inner gas pressure P needs to be applied, in addition to the
main load. The equilibrium equation is given as

∫
A2

PdA2 = −
∫
A1

F′dA1 (9)
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where A1 and A2 are the areas of the solid and gas, respectively, as shown in Figure 2a. F′ denotes the
balancing load to the inner gas pressure P. The method for balancing gas pressure is the same when
applying loads in other directions;

2) The relationship between triaxial loads and invariant stress parameters has been given in
Equation (8). Accordingly, the loads to be applied in the three axial directions are calculated and
determined for different stress states. This provides guidance on the application of multiaxial loads to
maximise the attainable stress states in the principal stress space, and the multiaxial loading is applied
in a proportional manner;

3) The macroscopic stress and strain is calculated. Taking uniaxial loading as an example, the
macroscopic stress can be calculated using the following formula:

σ =
1

A1 + A2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
∫
A1

FdA1 +

∫
A2

PdA2 +

∫
A1

F′dA1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ (10)

where F is the main load applied to the FCC foam. Taking into account Equation (9), the macroscopic
stress can be expressed as

σ =
1

A1 + A2

∫
A1

FdA1 (11)

The corresponding macroscopic strain ε can be expressed as

ε = εF − εP − εF′ (12)

where εF, εP and εF′ are the strains corresponding to the main load F, inner gas pressure P and the
balancing load F′ to the gas pressure, respectively. Similarly, macroscopic stresses and strains in other
directions can be obtained. Finally, the macroscopic Mises equivalent stress and equivalent strain can
be calculated via

σe =

√
3
2

SijSij (13)

εe =

√
2
3

eijei j (14)

where Sij and eij are the macroscopic deviatoric stress and strain tensors, respectively.
General purpose FE software ANSYS® was employed in numerical modelling. Linear solid

elements (ANSYS designation SOLID185) were used and the FE mesh consisted of 61,091 elements,
as shown in Figure 3. A mesh sensitivity analysis was performed, which showed that the numerical
results of stress and strain were unchanged when further refining the mesh.

It is assumed that the base material conforms to Hooke’s elasticity law and von Mises plasticity
theory, i.e.,

σ =

{
Esε, for ε ≤ ε0

σs + Ep(ε− ε0), for ε > ε0
(15)

where Es and Ep are the elastic modulus and plastic hardening modulus, respectively; σs and ε0 are
the initial yield stress and yield strain, respectively. For a qualitative study on cellular materials
in general, the following parameters are assumed: Es = 3.5 GPa, Ep = 0.1 GPa, σs = 80 MPa and
Poisson’s ratio = 0.33.

The initial yield stress of the ellipsoidal-cell FCC foam is defined as the intersection of the
extrapolated linear elastic portion and plastic portion in the macroscopic stress–strain curve, as proposed
by Deshpande and Fleck [21]. For multiaxial loading, the Mises equivalent stress–strain curve and
mean stress–strain curve are used to determine the initial yield surface. The Poisson’s ratio of
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the ellipsoidal-cell FCC foam is defined as the absolute value of the ratio of macroscopic strains
perpendicular and parallel to the loading direction, respectively.

Figure 3. Finite element (FE) mesh of ellipsoidal-cell face-centred-cubic (FCC) foam model (only 1/8
volume is considered owing to symmetry).

3. Results and Discussion

3.1. Uniaxial Stress-Strain Relationship

Figure 4 shows the uniaxial stress–strain curves of the FCC foam loaded along the ellipsoidal-cell
elongation direction, when different values of gas pressure and elongation ratio are considered. For a
typical elongation ratio (R = 2), increasing the gas pressure does not change the linear elastic portion
of the stress–strain curve, but the plastic portion is significantly affected, as shown in Figure 4a.
Without inner gas pressure, the stress–strain curve is antisymmetric between tension and compression,
but such anti-symmetry is violated by the presence of gas pressure. When the gas pressure increases,
the tensile yield stress markedly decreases, while the compressive yield stress only slightly decreases
(in magnitude). For spheroidal-cell foam, Xu et al. [20] found a similar effect of gas pressure on
tensile yield stress, but a slight increase in compressive yield stress due to gas pressure, in contrast
to the observation in Figure 4a. It is surmised that the gas pressure can exacerbate the deformation
concentration at the end of the long axis when compressive load is applied along the long axis, thereby
promoting macroscopic yielding at a lower stress level for the ellipsoidal-cell foam, compared to
the compressive behaviour of spheroidal-cell foam [20]. Nevertheless, for both spheroidal-cell and
ellipsoidal-cell foams, the effect of gas pressure on the uniaxial stress–strain curve is more pronounced
in tension than in compression.

Figure 4b shows the uniaxial stress–strain curves of the gas-filled ellipsoidal-cell FCC foam with
different elongation ratios. For a given value of gas pressure (P = 15 MPa), increasing the elongation
ratio leads to an increase in yield stress for both tension and compression, to a lesser extent for the latter.
The elastic modulus (i.e., slope of the linear elastic portion) also increases. The above observation
demonstrates a strong effect of the elongation ratio on the uniaxial elasto-plastic behaviour of the
gas-filled FCC foam loaded along the cell elongation direction. The increases in both yield stress and
elastic modulus can be attributed to the fact that a higher elongation ratio implies more material is
distributed to bear the load applied in the cell elongation direction.
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Figure 4. Uniaxial stress–strain curves of the ellipsoidal-cell face-centred-cubic (FCC) foam loaded
along the cell elongation direction for different values of inner gas pressure (a) and elongation ratio (b).

Figure 5 shows the uniaxial stress–strain curves of the FCC foam when the loading direction is
perpendicular to the cell elongation direction. Figure 5a shows the gas effect when the elongation ratio
is two. Again, the gas pressure hardly affects the elastic modulus and the effect of gas pressure on the
tensile stress–strain curve is similar to that in the parallel loading case (Figure 4a). However, the gas
pressure enhances the magnitude of compressive yield stress, unlike the decreasing trend found in the
parallel loading case (Figure 4a). It is expected that the gas pressure can contribute to an enhanced
resistance of the FCC foam to compressive load, since the gas pressure can be directly additive to the
compressive load-bearing capacity, except that undesirable deformation potentially induced by gas
pressure could cause an adverse effect (e.g., slight decrease in compressive yield stress, as observed
in Figure 4a). Figure 5b shows the effect of the elongation ratio on the uniaxial stress–strain curve of
the gas-filled ellipsoidal-cell FCC foam. It appears that increasing the elongation ratio does not affect
the elastic modulus, but causes a reduction in tensile yield stress, in contrast to the increasing trend
found in the parallel coating case (Figure 4b). The effect of the elongation ratio on the compressive
yield stress is similar between the perpendicular and parallel loading cases.
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Figure 5. Uniaxial stress–strain curves of the ellipsoidal-cell face-centred-cubic (FCC) foam loaded
perpendicularly to the cell elongation direction for different values of inner gas pressure (a) and
elongation ratio (b).

Comparing the results shown in Figures 4 and 5, one can conclude that (1) given an elongation
ratio greater than one, the elastic modulus and tensile yield stress are larger in the long axial direction
than in the short axial direction, whether inner gas pressure is present or not; however, the compressive
yield stress is affected by gas pressure in opposite ways between the parallel loading and perpendicular
loading, although when gas pressure is absent, the compressive yield stress is higher in the long axial
direction than in the short axial direction; (2) given the gas pressure, the elongation ratio plays a more
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significant role in the uniaxial elasto-plastic behaviour under parallel loading than under perpendicular
loading; (3) in general, the gas pressure hardly affects the elastic modulus, and it has less effect on the
uniaxial plastic behaviour under parallel loading than under perpendicular loading.

3.2. Poisson’s Ratio

Figure 6a,b shows the Poisson’s ratio of the FCC foam uniaxially loaded parallelly and
perpendicularly to, respectively, the cell elongation direction. It should be noted that the Poisson’s
ratio of isotropic spheroidal-cell foam (R = 1) is independent of the loading direction. By contrast,
for ellipsoidal-cell foam, the Poisson’s ratio does not vary in the equiaxed-cell plane (x-z plane) for
the parallel loading (Figure 6a), but it differs between the long and short axes for the perpendicular
loading (Figure 6b). The prominent feature is that when the gas pressure is absent, the Poisson’s ratio
is symmetric between tension and compression and such symmetry is independent of the elongation
ratio and loading direction. When the elongation ratio increases, the Poisson’s ratio becomes larger
in the parallel loading case (Figure 6a), but smaller in the perpendicular loading case (Figure 6b).
The gas pressure does not affect the Poisson’s ratio in the elastic stage, but its effect is significant in
the plastic stage, wherein the gas pressure decreases the Poisson’s ratio for tension, but increases
the Poisson’s ratio for compression. As a result, the Poisson’s ratio becomes asymmetrical between
tension and compression. The effect of gas pressure on Poisson’s ratio can be explained as follows. For
uniaxial tension, the gas pressure and tensile loading are aligned, which favours the deformation along
the loading direction and thus reduces the Poisson’s ratio. Conversely, the gas pressure counteracts
the compressive load and thereby increases the Poisson’s ratio under uniaxial compression. Such
trends hold for different elongation ratios. A similar gas effect on Poisson’s ratio was also reported by
Xu et al. [20] and Öchsner and Mishuris [10] for isotropic cellular materials.
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Figure 6. Poisson’s ratio of the ellipsoidal-cell face-centred-cubic (FCC) foam loaded parallelly (a) and
perpendicularly to (b) the cell elongation direction. Note that for perpendicular loading, the Poisson’s
ratio differs between the short and long axes.

3.3. Multiaxial Yield Surface

Figure 7 shows the initial yield surfaces of the FCC foam under multiaxial loading at different
Lode angles. For a Lode angle of 0◦, when the elongation ratio is one (i.e., spheroidal-cell foam) and
the gas pressure is zero, the yield surface is an ellipse, being symmetrical about the σe axis in the
σe − σm plane, but such symmetry is violated when the elongation ratio is two, leading to a yield
surface manifested as a tilted ellipse in the σe − σm plane. It is clearly seen that the yield surface of
the transversely isotropic ellipsoidal-cell FCC foam is distinct from the yield surface of the isotropic
spheroidal-cell FCC foam. Particularly, compared to the spheroidal-cell foam, the ellipsoidal-cell foam
is more susceptible to yielding when approaching a hydrostatic stress state (i.e., yield stress is lower
when XΣ →∞ ), but it is more resistant to yielding when approaching a shear stress state (i.e., yield
stress is higher when XΣ → 0). The Lode angle does not affect the yield surface of the spheroidal-cell
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foam (R = 1), but it does affect the orientation of the tilted yield surface of the ellipsoidal-cell foam
(R = 2), i.e., the yield surface rotates counter-clockwise when the Lode angle is increasing.
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Figure 7. Initial multiaxial yield surfaces of the ellipsoidal-cell face-centred-cubic (FCC) foam for Lode
angles of 0◦ (a), 60◦ (b) and 90◦ (c).

The effect of gas pressure on the yield surface is straightforward, i.e., the gas pressure shifts the
yield surface towards the negative mean stress axis with a distance equal to the gas pressure in the
σe − σm plane. Such an effect is independent of the Lode angle and elongation ratio, which is consistent
with the previous studies by Xu et al. [20] and Zhang et al. [11].

4. Conclusions

A qualitative study on the elasto-plastic properties of transversely isotropic cellular materials
with inner gas pressure is presented, which is focused on a gas-filled ellipsoidal-cell FCC foam with a
relative density of 0.5. The findings are summarised as follows:

(1) The elasto-plastic behaviour of the gas-filled ellipsoidal-cell FCC foam is dependent on the
loading direction. The effect of the elongation ratio is most pronounced for uniaxial loading along
the cell elongation direction. Increasing the elongation ratio leads to increases in the elastic modulus,
yield stress and Poisson’s ratio, due to more load-bearing material being distributed in the elongation
direction. For perpendicular loading, increasing the elongation ratio does not affect the elastic modulus,
but reduces the tensile yield stress and Poisson’s ratio, and increases the compressive yield stress.
In general, the elastic modulus, tensile yield stress and Poisson’s ratio are higher for parallel loading
than for perpendicular loading. For multiaxial loading, the initial yield surface of the ellipsoidal-cell
FCC foam is a tilted ellipse in the σe − σm plane and it rotates counter-clockwise when the Lode angle
is increasing;

(2) The inner gas pressure causes asymmetry of the uniaxial stress–strain curve of the FCC foam.
It reduces the tensile yield stress, but it has the opposite effects on the compressive yield stress for
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loadings parallel and perpendicular to the cell elongation direction, i.e., slight reduction for the former,
while a considerable increase for the latter. The effect of gas pressure on the uniaxial stress–strain curve
is more pronounced in tension than in compression. Poisson’s ratio is independent of gas pressure in
the elastic regime, but it increases in the plastic compression regime and decreases in the plastic tension
regime, due to the effect of gas pressure. Furthermore, the gas pressure shifts the tilted multiaxial yield
surface of the ellipsoidal-cell foam towards the negative mean stress axis with a stress value identical
to the gas pressure value.
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Abstract: Sound absorption performance of a porous metal can be improved by compression and
optimal permutation, which is favorable to promote its application in noise reduction. The 10-layer
gradient compressed porous metal was proposed to obtain optimal sound absorption performance.
A theoretical model of the sound absorption coefficient of the multilayer gradient compressed porous
metal was constructed according to the Johnson-Champoux-Allard model. Optimal parameters for the
best sound absorption performance of the 10-layer gradient compressed porous metal were achieved
by a cuckoo search algorithm with the varied constraint conditions. Preliminary verification of the
optimal sound absorber was conducted by the finite element simulation, and further experimental
validation was obtained through the standing wave tube measurement. Consistencies among the
theoretical data, the simulation data, and the experimental data proved accuracies of the theoretical
sound absorption model, the cuckoo search optimization algorithm, and the finite element simulation
method. For the investigated frequency ranges of 100–1000 Hz, 100–2000 Hz, 100–4000 Hz, and
100–6000 Hz, actual average sound absorption coefficients of optimal 10-layer gradient compressed
porous metal were 0.3325, 0.5412, 0.7461, and 0.7617, respectively, which exhibited the larger sound
absorption coefficients relative to those of the original porous metals and uniform 10-layer compressed
porous metal with the same thickness of 20 mm.

Keywords: gradient compressed porous metal; sound absorption performance; optimal parameters;
theoretical modeling; cuckoo search algorithm; finite element simulation; experimental validation

1. Introduction

Noise pollution is one of the major environmental problems all over the world [1]. Especially
in the urban area, the increasing noise pollution is harmful to persons, animals, precise instruments,
and structural buildings, and the harmful level is determined by its frequency, intensity, and time [2].
Therefore, noise reduction is one of the research focuses in the field of environmental protection [3], and
development of a sound absorber with fine sound absorption performance is considered an effective
method to achieving noise reduction [4,5]. Normally, sound absorption performance of the sound
absorber with certain thickness is evaluated by the average sound absorption coefficient in the given
frequency range, which indicates that the desired sound absorber must achieve a higher average sound
absorption coefficient and utilize smaller total thickness simultaneously. Moreover, taking the practical
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applications into account, besides the outstanding sound absorption performance, the desired sound
absorber should have the additional advantages of low fabrication cost, excellent fire resistance, fine
environmental friendliness, convenient installability, and easy maintainability [6,7]. Therefore, these
factors should be taken into consideration in developing the sound absorber for practical application.

The proposed sound absorber in this study is expected to be used for noise reduction in workshops.
Although many sound absorbers made of wood or cork have been developed and can exhibit fine
sound absorption performance, they will be favorable to use in the workshops when their fire resistance,
mechanical strength, and maintainability are improved in future, because the materials used in the
workshops should obey the stricter requirements. Among the present common sound absorbing
materials, porous metal is considered as one potential candidate to fabricate the sound absorber
for mass production and large-scale application in workshops, and many sound absorbers that
consist of porous metal have been developed [8–14]. Ru et al. [8] prepared the porous copper by
the resin curing and foaming method, which exhibited a greater sound absorption capacity than the
lotus-type copper. A porous polycarbonate material sample was developed by Liu et al. [9] through
the additive manufacturing method, and the results indicated that increasing the angle of the slanted
pores decreased the sound absorption coefficient when the porosity was kept as constant. Ning and
Zhao [10] studied sound absorption characteristics of the multilayer porous materials backed with
the air gap, which could achieve better sound absorption behavior for an increase of the acoustic
resistance. Sound absorption performance of the porous metals was enhanced by Otaru [11] through
using X-ray tomography images to reliably characterize pore structure-related parameters of the high
density porous metallic structures, and the flow simulations were used to deduce parameters that
determine the acoustical properties, which could assist in minimizing the operating cost and the time
involved in sound absorption measurement. Chen et al. [12] presented a method for calculating and
optimizing the sound absorption coefficient of the multi-layered porous fibrous metals in the low
frequency range, and the numerical examples demonstrated that the optimization model was very
applicable and efficient. The various nickel foam-based multilayer sound absorbing structures were
developed by Cheng et al. [13], which could achieve the optimal sound absorption coefficient of 0.4 in
the 1000–1600 Hz for the composite structure of five-layer foams with a backed 5 mm-thick cavum.
Ao et al. [14] conducted the sound absorption characteristics and the structure optimization of porous
stainless steel fibrous felt materials, and it indicated that the sample with excellent sound absorption
performance could be prepared by adjusting the match between the mean pore size and the fibrous
diameter for different frequencies. This research [8–14] proved that sound absorption behavior of
the porous metal was determined by its structural parameters, and it could be improved by using
some optimization methods, which indicated that the suitable optimization was a crucial procedure to
develop a novel sound absorber made of the porous metal.

It was proved by Bai et al. [15] that the sound absorption efficiency of the porous metal could be
improved through compression, and the average sound absorption coefficient of the compressed and
the microperforated porous metal panel absorber in the 100–6000 Hz reached 0.5969 with a backed
cavity of 20 mm [16]. Meanwhile, Yang et al. [17] proposed a high-efficiency and thin-thickness acoustic
absorber by compression and assembly of the porous metals, which could obtain an excellent average
sound absorption coefficient of 0.6033 in the 100–6000 Hz with a total thickness of 11 mm. Therefore, a
10-layer gradient compressed porous metal was optimized to obtain an excellent sound absorption
performance in this research. Firstly, the structural parameters of each compressed layer of porous
metal were derived according to their definitions, and the theoretical model of the sound absorption
coefficient of the 10-layer gradient compressed porous metal was constructed by the transfer matrix
method [18,19] based on the Johnson-Champoux-Allard model [20,21]. Secondly, parameters of the
proposed sound absorbers were optimized for best average sound absorption coefficients in varied
frequency ranges by the cuckoo search algorithm [22,23], which was proved effective in optimizing
parameters of the sound absorbing structures [24]. Thirdly, finite element simulation models of the
obtained optimal sound absorbers were founded in the virtual acoustic laboratory [25], which was
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considered an effective assistant method to preliminarily verify the sound absorption performance
of the composite structures [19,24]. Afterwards, the desired 10-layer gradient compressed porous
metals were fabricated according to the optimal parameters by compression and assembly. Finally,
the sound absorption coefficients of the sound absorbers were tested by the standing wave tube
measurement [26,27], which was treated as effective validation for the theoretical sound absorption
model, the cuckoo search optimization algorithm, and the finite element simulation method.

2. Theoretical Modeling

The 10-layer gradient compressed porous metal consisted of 10 single compressed porous metals,
thus it was necessary to derive the structural parameters for each layer. The major structural parameters
were thickness, porosity, and static flow resistivity. Based on their definitions, when the compression
ratio of the single compressed porous metal was η (defined as the ratio of the reduced thickness by the
compression to the initial thickness), the corresponding thickness d, the porosity φ, and the static flow
resistivity σ could be calculated by Equations (1), (2), and (3), respectively [17]. Here, d0, φ0, and σ0

were thickness, porosity, and static flow resistivity of initial porous metal before compression.

d = d0 · (1− η) (1)

φ =
φ0 − η
1− η (2)

σ ==
φ0

(φ0 − η)(1− η)σ0 (3)

Based on the Johnson-Champoux-Allard model [20,21], complex effective density ρ(ω) and
complex effective bulk modulus K(ω) of the single compressed porous metal could be obtained
according to the derived structural parameters, as shown in Equations (4) and (5), respectively. Here,
ωwas the sound angular frequency, which could be calculated by Equation (6); ρwas the density of
the air with normal temperature, 1.21 Kg/m3; γwas the specific heat ratio of the air, 1.40; P0 was the
standard static pressure of the air, 1.013·105 Pa; Nu was the Nusselt number, 4.36; Pr was the Prandtl
number, 0.71 [15–21]. Meanwhile, j was the symbol of the imaginary number.

ρ(ω) = ρ

⎡⎢⎢⎢⎢⎣1 +
(
32 +

4ωρ
σφ

)−0.5

− j
σφ

ωρ

(
1 +

ωρ

4σφ

)0.5⎤⎥⎥⎥⎥⎦ (4)

K(ω) = γP0

⎡⎢⎢⎢⎢⎣γ− (γ− 1)

⎛⎜⎜⎜⎜⎝1−Nu

(
j
8ωρPr

σφ
+ Nu

)−1⎞⎟⎟⎟⎟⎠
⎤⎥⎥⎥⎥⎦
−1

(5)

ω = 2π f (6)

Moreover, for the single layer compressed porous metal, the wave number k in it and its
corresponding characteristic impedance Z could be calculated through Equations (7) and (8), respectively.
Furthermore, transfer matrix P of the single layer compressed porous metal could be calculated by
Equation (9) [17–19].

k = ω

√
ρ(ω)

K(ω)
(7)

Z =
√
ρ(ω)K(ω) (8)

P =

[
cos(kd) jZ sin(kd)

jZ−1 sin(kd) cos(kd)

]
(9)
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The utilized porous metal samples were all purchased from YiYang Foam metal New material
Co., Ltd., Yiyang, China, and their initial thicknesses, porosities, and static flow resistivities were
the same, which indicated that the structural parameters of the compressed porous metals were
determined by the compression ratio η. Therefore, supposing the transfer matrix of the ith layer single
compression porous metal with the compression ratio of ηi was Pi, the total transfer matrix T of the
10-layer gradient compressed porous metal could be calculated by Equation (10) based on the transfer
matrix method [18,19], and the corresponding sound absorption coefficient α could further be obtained
by Equation (11). In Equation (11), Re() and Im() corresponded to the real part and the imaginary
part of one complex number, respectively. In this way, the theoretical sound absorption model of the
10-layer gradient compressed porous metal was constructed, which provided the theoretical basis for
further parameter optimization.

T =

[
T11 T12

T21 T22

]
=

10∏
i=1

Pi (10)

α =
4Re

(T11
T21
· 1
ρc

)
[
1 + Re

(T11
T21
· 1
ρc

)]2
+

[
Im

(T11
T21
· 1
ρc

)]2 (11)

3. Parameter Optimization

As mentioned above, all the utilized porous metal samples were purchased from YiYang Foam
metal New material Co., Ltd., Yiyang, China, and their initial thicknesses, porosities, and static flow
resistivities were 5 mm (measured by Vernier caliper), 0.95 (measured according to its definition), and
10,200 Pa·s·m−2 (measured based on the water tank method), respectively, which were marked by the
manufacturer and further validated through the experimental measurements in this study. Therefore,
for the proposed 10-layer gradient compressed porous metal in this research, its sound absorption
performance was completely determined by the 10 compression ratios, and parameter optimization
was realized by using the cuckoo search algorithm [22,23], which was proved effective and practical to
optimize parameters of the sound absorbing structures [24]. The proposed sound absorber was desired
for use in workshops, and the available space to install it was limited to 20 mm, which indicated that
the summation of the 10 compression ratios needed to be smaller than six (summation of thicknesses
of the 10 initial porous metals was 50 mm), as shown in Equation (12). Meanwhile, from Equation (2),
it could be observed that each compression ratio ηi needed to be smaller than the initial porosity φ0.
Furthermore, it was validated through the compression experiments that it was difficult to further
compress the utilized porous metal sample when the compression ratio exceeded 0.9, because the
structure of the compressed sample was more and more dense. Therefore, the additional constraint
condition of the limit for each compression ratio was given and is shown in Equation (13).

10∑
i=1

ηi ≥ 6 (12)

ηi ≤ 0.9 i = 1, 2, . . . , 10 (13)

For the various equipment and machines installed in the different workshops, frequency ranges
of their noise differed. Taking practical applications into consideration, the investigated frequency
ranges were 100–1000 Hz, 100–2000 Hz, 100–4000 Hz, and 100–6000 Hz. In the optimization process,
maximization of the average sound absorption coefficient in the corresponding frequency range was
treated as the optimization target, as shown in Equation (14). Here, fmin and fmax were the upper limit
and the lower limit of the investigated frequency range.

max(average(α( f )), f ∈ [ fmin, fmax]) (14)
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As is well known, the cuckoo search algorithm may obtain a local optimal solution instead of a
global optimal solution. There are two factors that affect the optimization results, which include initial
values of the parameters and the optimization time. Therefore, in order to improve the reliability of
the optimization results, each optimization process continued as long as possible, and it was stopped
until the obtained optimal parameters had no changes for more than 1 h. Meanwhile, in order to
further improve accuracy of the optimization results, different initial values of the parameters were
selected for each optimization process. Consistency of the optimal parameters for each investigated
sound absorber was obtained, which validated the reliability and the accuracy of the cuckoo search
algorithm. According to the cuckoo search algorithm [22–24], compression ratios of each layer in the
optimal 10-layer gradient compressed porous metals with the different investigated frequency ranges
were obtained and are summarized in Table 1. The total thickness of each optimal sound absorber
was 20 mm. The corresponding average sound absorption coefficients were 0.3805, 0.5678, 0.7503,
and 0.8231 when the investigated frequency ranges were 100–1000 Hz, 100–2000 Hz, 100–4000 Hz,
and 100–6000 Hz, respectively. By contrast, the average sound absorption coefficients of the original
porous metal with the same thickness of 20 mm were 0.1639, 0.3070, 0.4981, and 0.6050 when the
frequency ranges were 100–1000 Hz, 100–2000 Hz, 100–4000 Hz, and 100–6000 Hz, respectively.
Meanwhile, when the 10 compression ratios in the 10-layer gradient compressed porous metals were
equal to 0.6, it was named by the uniform compressed porous metal as a special case, which was
also treated as the contrast. The average sound absorption coefficients of the uniform compressed
porous metal were 0.2593, 0.5015, 0.7168, and 0.7980 when the investigated frequency ranges were
100–1000 Hz, 100–2000 Hz, 100–4000 Hz, and 100–6000 Hz, respectively. It could be observed that the
sound absorption performance in each investigated frequency range was significantly improved by
the 10-layer gradient compressed porous metals relative to the original porous metal with the same
thickness of 20 mm, and the optimal 10-layer gradient compressed porous metals exhibited better
sound absorption performance than the uniform compressed porous metal.

Table 1. Summary of compression ratios of each layer in the optimal 10-layer gradient compressed
porous metals with the different investigated frequency ranges.

Layer Sequences
Investigated Frequency Ranges

100–1000 Hz 100–2000 Hz 100–4000 Hz 100–6000 Hz

1st layer 7.11% 37.17% 85.03% 32.16%
2nd layer 90.00% 90.00% 32.65% 74.59%
3rd layer 90.00% 46.36% 28.15% 32.52%
4th layer 78.15% 42.65% 32.74% 35.33%
5th layer 43.31% 45.28% 42.15% 45.27%
6th layer 43.83% 50.51% 53.95% 56.51%
7th layer 47.02% 57.32% 66.56% 70.10%
8th layer 51.91% 65.54% 78.76% 79.40%
9th layer 58.67% 75.17% 90.00% 84.13%
10th layer 90.00% 90.00% 90.00% 90.00%

Sound absorption coefficients of the optimal 10-layer gradient compressed porous metals were
obtained through taking the optimal parameters in Table 1 into the constructed theoretical sound
absorption models in Equations (1) to (11), and their distributions are shown in Figure 1. Meanwhile, the
sound absorption coefficients of the original porous metal and those of the uniform compressed porous
metal with the same thickness of 20 mm were also calculated according to the Johnson-Champoux-Allard
model [20,21] and are shown in Figure 1 for contrast. It could further prove the improvement of the
sound absorption performance by these obtained optimal 10-layer gradient compressed porous metals.
Meanwhile, it could be found that the sound absorption coefficients were reduced in the 100–1000 Hz
when the investigated frequency range was enlarged, because the corresponding sound absorption
peak shifted to the high-frequency direction.
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Figure 1. Comparisons of sound absorption coefficients of the optimal 10-layer gradient compressed
porous metals and those of the original porous metal and uniform compressed porous metal.

4. Finite Element Simulation

Finite element simulation models were considered as an effective assistant method to preliminarily
verify the sound absorption performance of the composite structures [19,24], and the obtained optimal
sound absorbers were simulated in a virtual acoustic laboratory [25]. The constructed finite element
simulation model for the 10-layer gradient compressed porous metal is shown in Figure 2. Meanwhile,
the finite element simulation model for the original porous metal and uniform compressed porous
metal with a thickness of 20 mm is shown in Figure 3, which was treated as the contrast. The used
model for the porous metal in this study was the Delany-Bazley-Miki model [28,29], and the structural
parameters we needed to set were thickness, porosity, and static flow resistivity, which could be
obtained by Equations (1), (2), and (3) according to the optimal compression ratios in Table 1 and
the parameters of the initial porous metal. Plane wave was imported in the acoustic source inlet,
which was the incident sound source in the finite element simulation model. Sound pressures of the
incident wave and those of the reflected wave at the two microphones were measured, and the sound
absorption coefficient αs could be calculated through Equation (15). Here, H12, Hi, and Hr were transfer
functions of the total sound field, the incident wave, and the reflected wave, respectively; k0 was the
wave number; xl was the distance between microphone 1 and the surface of the detected sample.
The length of the standing wave tube was 300 mm, and the distance between the two microphones
was 40 mm [19]. The mesh grid was set to 5 mm in these constructed finite element simulation models,
as shown in Figures 2 and 3. Meanwhile, in order to validate the influence of the mesh grid to the
simulation results, the corresponding finite element simulation models with mesh grids of 0.5 mm,
1 mm, and 3 mm were also constructed. The influence of the mesh grid was evaluated by average
deviations of the sound absorption coefficients at the corresponding frequency points among these
simulation data obtained by the various finite element simulation models. It could be found that the
calculated average deviations were smaller than 1%, which indicated that the influence of the mesh
grid was insignificant in this study. Therefore, in order to improve the computing speed and promote
the simulation efficiency, the mesh grid of 5 mm was selected in the finite element simulation models
in this study, as shown in Figures 2 and 3.
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αs = 1−
∣∣∣∣∣ H12 −Hi
Hr −H12

ej2k0xl

∣∣∣∣∣2 (15)

 
(a) 

 
(b) 

Figure 2. The constructed finite element simulation model for 10-layer gradient compressed porous
metal. (a) Frame diagram of the system of the standing wave tube measurement; (b) schematic drawing
compositions of the 10-layer gradient compressed porous metal.

Figure 3. The constructed finite element simulation model for the original porous metal and the
uniform compressed porous metal.

Comparisons of the sound absorption coefficients of the investigated sound absorber in theory
as well as those in simulations are shown in Figure 4. It could be observed that, for the four optimal
10-layer gradient compressed porous metals, the original porous metal with the thickness of 20 mm, and
the uniform compressed porous metal with the thickness of 20 mm, simulation results were consistent
with theoretical results, which could preliminarily verify the effective improvement of the sound
absorption performance by the optimal 10-layer gradient compressed porous metals. The existing
differences between theoretical data and simulation data were primarily generated by the different
acoustic models used for the porous metal. The theoretical sound absorption models were constructed
based on the Johnson-Champoux-Allard model in this study [20,21], and the acoustic model for porous
metal in the finite element simulation model was the Delany-Bazley-Miki model [28,29]. It is well
known that single-piece fabrication of the porous metal with different structural parameters is high-cost
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and time-consuming, and the measurement of sound absorption coefficients of the sound absorber
also takes a great deal of time. Therefore, finite element simulation could be treated as an effective
supplement for further experimental validation [19,24].

 
(a) 

 
(b) 

Figure 4. Comparisons of the sound absorption coefficients in theory and those in simulation. (a) The
optimal 10-layer gradient compressed porous metals for the varied frequency ranges; (b) the original
porous metal and uniform compressed porous metal with same thicknesses of 20 mm.

5. Standing Wave Tube Measurement

The initial porous metal was porous copper, which was purchased from YiYang Foam metal
New material Co., Ltd., Yiyang, China. According to the obtained compression ratios of each layer
in the optimal 10-layer gradient compressed porous metals in Table 1, the initial porous metals were
compressed by the CTM2050 universal testing machine (Wuxi City Bleecker Trading Co., Ltd., Wuxi,
China), as shown in Figure 5 [15–17]. Afterwards, the 10 single compressed porous metals were
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assembled by the glue water according to the orders in Table 1. The neighboring layers were glued by
the glue water at three boundary points, and the bonding area was limited to smaller than 1 mm2,
which aimed to reduce the influence of the glue water on the sound absorption performance of the
10-layer gradient compressed porous metals. In this method, the four optimal 10-layer gradient
compressed porous metals were fabricated.

 

Figure 5. Schematic diagram of the used CTM2050 universal testing machine for fabrication of the
optimal 10-layer gradient compressed porous metals.

The fabricated optimal 10-layer gradient compressed porous metals are shown in Figure 6, and
their sound absorption coefficients were measured by the AWA6128A detector (Hangzhou Aihua
Instruments Co., Ltd., Hangzhou, China), as shown in Figure 7 [15–17,27]. According to the operating
manual of the AWA6128A detector, measurement of the sound absorption coefficient in the 100–2000 Hz
range required the sample with a diameter of 96 mm, and that in the 2000–6000 Hz required the
sample with a diameter of 30 mm. Therefore, it was found that, for the investigated frequency ranges
of 100–1000 Hz and 100–2000 Hz, there was one sample with a diameter of 96 mm in Figure 6a,b,
respectively. Meanwhile, for the investigated frequency ranges of 100–4000 Hz and 100–6000 Hz, there
were additional samples with the diameter of 30 mm in Figure 6c,d, respectively. In order to reduce
the random error in the measuring process, the four 10-layer gradient compressed porous metals, the
original porous metal with the thickness of 20 mm, and the uniform compressed porous metal with
the thickness of 20 mm were measured 10 times, and the final actual sound absorption coefficients
were the average of the 10 experimental measurements for each sound absorber. It was found that the
standard deviation for each sound absorption coefficient data was smaller than 0.6%, which indicated
that the experimental uncertainty in this research was negligible, and the experimental data obtained
by the standing wave tube measurement were accurate and believable.

Comparisons of theoretical data, simulation data, and experimental data of the sound absorption
coefficient of the four optimal 10-layer gradient compressed porous metals, those of the uniform
compressed porous metal with a thickness of 20 mm, and those of the original porous metal with a
thickness of 20 mm are shown in Figure 8. When the investigated frequency ranges were 100–1000 Hz,
100–2000 Hz, 100–4000 Hz, and 100–6000 Hz, the average deviations between theoretical data and
experimental data for the optimal 10-layer gradient compressed porous metals were 0.0520, 0.0438,
0.0304, and 0.0624, respectively, and the corresponding deviations between the simulation data
and the experimental data were 0.0315, 0.0294, 0.0296, and 0.0356, respectively. For the uniform
compressed porous metal with a thickness of 20 mm, the average deviation between theoretical data
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and experimental data was 0.0596, and that between simulation data and experimental data was 0.0393.
For the original porous metal with a thickness of 20 mm, the average deviation between theoretical data
and experimental data was 0.0825, and that between simulation data and experimental data was 0.1069.
Consistencies among the theoretical data, the simulation data, and the experimental data proved
accuracies of the theoretical sound absorption model, the cuckoo search optimization algorithm, and
the finite element simulation method, which provided a novel method to develop gradient compressed
porous metals.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. The prepared 10-layer gradient compressed porous metals for the varied frequency ranges.
(a) 100–1000 Hz; (b) 100–2000 Hz; (c) 100–4000 Hz; (d) 100–6000 Hz.

 
(a) 

Figure 7. Cont.
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(b) 

Figure 7. The AWA6128A detector for the standing wave tube measurement. (a) Schematic diagram;
(b) actual picture.

Comparisons of the average sound absorption coefficients of the four optimal 10-layer gradient
compressed porous metals, those of the uniform compressed porous metal with a thickness of 20 mm,
and those of the original porous metal with a thickness of 20 mm are shown in Table 2. The actual
average sound absorption coefficients of the optimal 10-layer gradient compressed porous metals
were 0.3325, 0.5412, 0.7461, and 0.7617 when the investigated frequency ranges were 100–1000 Hz,
100–2000 Hz, 100–4000 Hz, and 100–6000 Hz, respectively, which exhibited higher sound absorption
coefficients than those of the uniform compressed porous metal and those of the original porous metal
with the same thickness of 20 mm. The improvement was evaluated by the growth ratio of the average
sound absorption coefficient, as shown in Equation (16). Here, average(αG( f )), average(αU( f )), and
average(αO( f )) were the actual average sound absorption coefficients of the optimal 10-layer gradient
compressed porous metal, that of the uniform compressed porous metal with a thickness of 20 mm,
and that of the original porous metal with a thickness of 20 mm, respectively. Relative to the original
porous metal, it could be calculated by Equation (16) that the growth ratios were 117.5%, 118.5%, 76.3%,
and 44.3% when the investigated frequency ranges were 100–1000 Hz, 100–2000 Hz, 100–4000 Hz,
and 100–6000 Hz, respectively. Meanwhile, for the uniform compressed porous metal, the growth
ratios were 58.5%, 19.4%, 9.2%, and 3.1% when the investigated frequency ranges were 100–1000 Hz,
100–2000 Hz, 100–4000 Hz, and 100–6000 Hz, respectively. It could be found that the improvement of
the sound absorption coefficient in the low-frequency range was more remarkable than that in the
high-frequency range, and the optimal 10-layer gradient compressed porous metal could make up for
the shortage of the original porous metal and broaden its sound absorption broadband. Meanwhile,
relative to the uniform compressed porous metal, the sound absorption performance of the 10-layer
gradient compressed porous metal could be further improved by parameter optimization.⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

ε1 =
average(αG( f ))−average(αO( f ))

average(αO( f ))

ε2 =
average(αU( f ))−average(αG( f ))

average(αG( f ))

(16)
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 8. Comparisons of the theoretical data, the simulation data, and the experimental data of
the sound absorption coefficient of the investigated sound absorbers. (a) Optimal 10-layer gradient
compressed porous metals for 100–1000 Hz; (b) optimal 10-layer gradient compressed porous metals
for 100–2000 Hz; (c) optimal 10-layer gradient compressed porous metals for 100–4000 Hz; (d) optimal
10-layer gradient compressed porous metals for 100–6000 Hz; (e) uniform compressed porous metal
with the thickness of 20 mm; (f) original porous metal with the thickness of 20 mm.
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Table 2. Comparisons of average sound absorption coefficients of the optimal 10-layer gradient
compressed porous metal and those of original porous metal and the uniform compressed porous metal.

Investigated
Frequency Range

Type of Material
Average Sound Absorption Coefficient

In Actual In Theory In Simulation

100–1000 Hz
Original porous metal 0.1529 0.1639 0.1179

Uniform compressed porous metal 0.2098 0.2593 0.2292
Gradient compressed porous metal 0.3325 0.3805 0.3804

100–2000 Hz
Original porous metal 0.2477 0.3070 0.2540

Uniform compressed porous metal 0.4531 0.5015 0.4664

Gradient compressed porous metal 0.5412 0.5678 0.5645

100–4000 Hz
Original porous metal 0.4233 0.4981 0.4917

Uniform compressed porous metal 0.6831 0.7168 0.6793

Gradient compressed porous metal 0.7461 0.7503 0.7244

100–6000 Hz
Original porous metal 0.5280 0.6050 0.6227

Uniform compressed porous metal 0.7391 0.7980 0.7597
Gradient compressed porous metal 0.7617 0.8231 0.7870

6. Structural Analysis

Distributions of the compression ratio of the optimal 10-layer gradient compressed porous metals
are shown in Figure 9. It could be observed that, for each optimal sound absorber, there was a layer
with a high compression ratio in the beginning two layers. Afterwards, the compression ratio decreased
quickly in the next several layers, and then it increased gradually until the last layer. These were
common structural characteristics for the four optimal 10-layer gradient compressed porous metals,
which influenced their sound absorption performance.

 

Figure 9. Distributions of compression ratio of optimal 10-layer gradient compressed porous metals.

As mentioned above, the sound absorption performance of porous metal was primarily determined
by its structural parameters, and these structural parameters were controlled by the compression
ratios in the optimal 10-layer gradient compressed porous metals. Therefore, structural parameters
of the optimal 10-layer gradient compressed porous metals, which included thickness, porosity, and
static flow resistivity, were calculated by Equations (1), (2), and (3), respectively [17], as shown in
Table 3. Distributions of the structural parameters of the optimal 10-layer gradient compressed porous
metals along the thickness direction are shown in Figure 10. It was found that there was a layer with
low porosity and high static flow resistivity in the first several layers. After the gradient decrease
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of the porosity and the gradient increase of the static flow resistivity in the middle several layers,
there were more layers with low porosity and high static flow resistivity in the last several layers.
It was presumed that the varied pore structures in the optimal 10-layer gradient compressed porous
metals were effective in absorbing the sound in different frequency ranges [17], and the two layers
with low porosity and high static flow resistivity enhanced the sound absorption effect. In the future,
interactions between the material and the sound wave will be further quantitatively investigated and
theoretically modeled, which is favorable to reveal the sound absorption mechanism of the gradient
compressed porous metal and to explain its sound absorption characteristics with different frequencies
and parameters.

 
(a) 

 
(b) 

Figure 10. Distribution of structural parameters of the optimal 10-layer gradient compressed porous
metals along the thickness direction. (a) Porosity; (b) static flow resistivity.
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Table 3. Structural parameters of the optimal 10-layer gradient compressed porous metals.

Parameters
Frequency
Range (Hz)

1st
Layer

2nd
Layer

3rd
Layer

4th
Layer

5th
Layer

6th
Layer

7th
Layer

8th
Layer

9th
Layer

10th
Layer

Thickness
(mm)

100–1000 4.645 0.500 0.500 1.093 2.835 2.809 2.649 2.404 2.066 0.500
100–2000 3.141 0.500 2.682 2.868 2.736 2.475 2.134 1.723 1.242 0.500
100–4000 0.748 3.367 3.592 3.363 2.893 2.302 1.672 1.062 0.500 0.500
100–6000 3.392 1.270 3.374 3.233 2.737 2.175 1.495 1.030 0.794 0.500

Porosity

100–1000 0.946 0.500 0.500 0.771 0.912 0.911 0.906 0.896 0.879 0.500
100–2000 0.920 0.500 0.907 0.913 0.909 0.899 0.883 0.855 0.799 0.500
100–4000 0.666 0.926 0.930 0.926 0.914 0.891 0.850 0.765 0.500 0.500
100–6000 0.926 0.803 0.926 0.923 0.909 0.885 0.833 0.757 0.685 0.500

Static flow
resistivity

(105 Pa·s·m−2)

100–1000 1.108 174.8 174.8 23.73 2.983 3.041 3.438 4.218 5.821 174.8
100–2000 2.490 174.8 3.350 2.911 3.213 3.969 5.434 8.611 17.75 174.8
100–4000 60.64 2.081 1.820 2.087 2.858 4.624 9.192 25.35 174.8 174.8
100–6000 2.122 16.86 2.073 2.265 3.211 5.221 11.74 27.19 50.63 174.8

7. Conclusions

Optimization and validation of the sound absorption performance of 10-layer gradient compressed
porous metals were conducted in this study. Through theoretical modeling, parameter optimization,
finite element simulation, sample preparation, standing wave tube measurement, and structural
analysis, the following conclusions were obtained.

(1) According to the constructed theoretical sound absorption model, parameter optimizations of
the 10-layer gradient compressed porous metals were realized by the cuckoo search algorithm, and
the optimal actual average sound absorption coefficients were 0.3325, 0.5412, 0.7461, and 0.7617 when
the investigated frequency ranges were 100–1000 Hz, 100–2000 Hz, 100–4000 Hz, and 100–6000 Hz,
respectively, which proved that 10-layer gradient compressed porous metals could obtain excellent
sound absorption performance relative to the original porous metal and the uniform compressed
porous metal with the same thickness of 20 mm.

(2) Sound absorption performance of the optimal 10-layer gradient compressed porous metals, the
uniform compressed porous metal, and the original porous metal were preliminarily verified by the
finite element simulation method and further validated through the standing wave tube measurement.
Consistencies among the theoretical data, the simulation data, and the experimental data proved
accuracies and reliability of the theoretical sound absorption model, the cuckoo search optimization
algorithm, and the finite element simulation method.

(3) Structural analysis of the optimal 10-layer gradient compressed porous metal was realized
through calculation and discussion of the structural parameters, which included the thickness,
the porosity, and the static flow resistivity. The varied pore structure in the optimal 10-layer gradient
compressed porous metals was effective in absorbing the sound wave with different frequency
ranges, and the two layers with low porosity and high static flow resistivity enhanced the sound
absorption effect.

The developed optimal 10-layer gradient compressed porous metals exhibited outstanding sound
absorption performance in the varied frequency ranges, which is favorable for promoting their practical
applications in the reduction of industrial noise and the protection of an acoustic environment.
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Abstract: A mixture of Al burrs of Al high-pressure die-castings and a blowing agent powder was
used to fabricate Al foam-filled steel tubes by friction stir back extrusion (FSBE). It was shown that
the mixture can be sufficiently consolidated to form an Al precursor that is coated on the inner
surface of a steel tube by the plastic flow generated during FSBE. Namely, a precursor coated steel
tube can be fabricated from Al burrs by FSBE. By heat treatment of the precursor coated steel tube,
an Al foam-filled steel tube can be fabricated. Al foam was sufficiently filled in the steel tube, and
the porosity was almost homogeneously distributed in the entire sample. In compression tests of
the samples, the Al foam-filled steel tube fabricated from Al burrs exhibited similar compression
properties to an Al foam-filled steel tube fabricated from the bulk Al precursor. Consequently, it was
shown that an Al foam-filled steel tube cost-effectively fabricated from Al burrs by FSBE compares
favorably with an Al foam-filled steel tube fabricated from the bulk Al precursor.

Keywords: cellular materials; composites; friction welding; foam; recycle

1. Introduction

Composite structures consisting of a dense metallic tube filled with aluminum (Al) foam have
attracted interest in various industrial fields owing to their light-weight and good energy absorption
properties [1,2]. Generally, Al foam-filled metallic tubes have been fabricated by simply placing Al
foam into a metallic tube with a gap between the Al foam and the metallic tube, which adversely affects
the mechanical properties of the tube [3,4]. Hamada et al. and Toksoy et al. demonstrated that bonding
between the Al foam and Al tube with adhesives resulted in superior absorption properties to those
without any bonding [3,5]. Bonaccorsi et al. fabricated an Al foam-filled steel tube with metal bonding
between the Al foam and steel tube by foaming a precursor in the steel tube [6]. The precursor was a
solid Al homogeneously containing blowing agent [7,8]. Duarte et al. fabricated an Al foam-filled Al
tube with metal bonding between the Al foam and Al tube by foaming a precursor in the Al tube [9].

Friction stir back extrusion (FSBE) has been developed for coating wear-resistant Al-25%Si on the
surface of an Al-Si-Cu alloy AC2B engine cylinder [10], and for fabricating Al tubes and copper tubes
with a fine grain structure from bulk starting materials [11,12]. Hangai et al. developed a fabrication
process for Al foam-filled steel tubes [13,14] and Al foam-filled Al tubes [15,16] by FSBE. In this process,
a bulk Al precursor was placed into a metal tube; then a rotating tool was plunged onto the precursor.
The generated friction heat between the rotating tool and precursor softened the precursor, then the
plastic flow of the precursor occurred, causing it to fill the space between the rotating tool and the
metal tube, resulting in the coating of the precursor on the surface of the metal tube. The plastic
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flow induced the exposure of the new surface of the precursor and metal tube, realizing strict contact
between them. Heat treatment of the precursor resulted in the foaming of the precursor, which filled
the tube and bonded to the tube with metallic bonding. A bilayer tube consisting of an outer Al foam
and an inner Al tube can also be fabricated by a similar process [17].

A reduction in cost and the high recyclability of Al foam-filled metal tubes can be expected
by using Al chip waste from industrial production [18,19]. Consolidation of Al chips has been
attempted by hot extrusion [18,19], compression torsion processing [20,21], friction extrusion [22],
friction consolidation [23–25], screw extrusion [26], and FSBE [27]. Among these processes, FSBE can
fabricate an Al tube directly from Al chips and realize strict contact with an outer metal tube.

In this study, a mixture of Al burrs of Al high-pressure die-castings and a blowing agent powder
was used to fabricate Al foam-filled steel tubes by FSBE. It was expected that a foamable precursor
would be fabricated by consolidating the mixture by the plastic flow generated during FSBE, along with
the coating of the precursor on the inner surface of the steel tube. By heat treatment of the precursor
coated steel tubes, Al foam-filled steel tubes were obtained. The pore structures of the inner Al foam
were nondestructively observed to determine whether sufficient foaming occurred, and the pores
were found to be homogeneously distributed in the whole specimen. Thereafter, compression tests
of the obtained Al foam-filled steel tubes were conducted to determine whether similar mechanical
properties to those of an Al foam-filled tube fabricated from the bulk Al precursor could be obtained.

2. Materials and Methods

2.1. Fabrication of Al Foam-Filled Steel Tube

Figure 1 shows Al burrs used to fabricate the Al foam of the Al foam-filled steel tube. The Al
burrs were from Al-Si-Cu alloy ADC12 (equivalent to A383.0 Al alloy) die-castings. Figure 1a shows a
scanning electron microscope (JEOL Ltd., Tokyo, Japan) image of the ADC12 burrs in powder form.
As received ADC12 burrs were sieved with a mesh size of 180 μm to remove the impurities and for
easy mixing with the blowing agent powder. Figure 1b shows the ADC12 burrs in round-plate form.
Relatively thick (approximately 0.2 mm thickness) ADC12 burrs were cut into a circular shape with a
diameter of 18 mm.

Figure 1. ADC12 burrs (a) in powder form and (b) in round-plate form.

Figure 2 shows the fabrication process of the Al foam-filled steel tube by FSBE. First, as shown
in Figure 2a, ADC12 burrs in powder form and a blowing agent powder were mixed. TiH2 powder
(<45 μm) was used as the blowing agent. The amount of TiH2 was one mass% relative to the mass of
ADC12 burrs in accordance with reference [13]. As shown in Figure 2b, the mixture was placed in a
SUS304 stainless-steel tube fixed by a steel jig. The steel tube had a diameter of 20 mm, a thickness of
0.2 mm, and 40 mm height. Then, five ADC12 burrs in round-plate form were laminated on top of the
mixture in the steel tube to prevent the mixture from scattering during FSBE. As shown in Figure 2c,
a rotating tool was plunged from above until the tip of the tool reached 3 mm above the bottom of the
steel tube using friction stir welding machine (Hitachi Setsubi Engineering Co., Ltd., Hitachi, Japan).
The rotation speed and plunging rates were 1500 rpm and 4 mm/min, respectively. The tool was made
of tool steel with a diameter of 16 mm and had a flat bottom. The mixture was consolidated by loading
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the tool and the plastic flow of the mixture, resulting in the formation of a precursor and the coating
on the inner surface of the steel tube. The temperature during the plunging of the tool was obtained by
a K-type thermocouple placed at half the height of the steel tube and 2 mm from its surface. As shown
in Figure 2d, the upper and lower parts of the obtained precursor coated steel tube were machined by
wire electrical discharge machining, then the entire tube was foamed by heat treatment in an electric
furnace previously held at 675 ◦C for 6.5–7.0 min. Then, as shown in Figure 2e, an Al foam-filled
steel tube was obtained. The upper and lower parts of the obtained Al foam-filled steel tube were
machined by wire electrical discharge machining to obtain a compression test specimen with 20 mm
diameter and 20 mm height. Fourteen compression test specimens were obtained. In addition, similar
compression test specimens were fabricated from a bulk Al precursor, which was fabricated by the
friction stir welding route [28,29], by the same process as above using FSBE.

Figure 2. Schematic illustration of fabrication process of Al foam-filled steel tube by FSBE.

2.2. Evaluation of Pore Structures

The pore structures of the compression test specimens were nondestructively observed by a
microfocus X-ray CT system (Shimadzu Corporation, Kyoto, Japan) at room temperature in accordance
with reference [30]. The X-ray source was tungsten. A cone-beam CT system, where only one rotation
of the specimen is required to obtain a set of cross-sectional X-ray CT images with the slice pitch
equal to the length of one pixel in the CT image, was employed. The number of slices was about 450.
The voltage and current of the X-ray tube were 80 kV and 30 μA, respectively. The equivalent length of
a pixel was approximately 74 μm.

The porosity (volume fraction of pores) p (%) of the Al foam part of each compression test
specimen was evaluated as follows. First, the density of the Al foam part ρf was evaluated as

ρ f =
mFFT − mtube
VFFT − Vtube

,
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where mFFT and VFFT are the mass and volume of the compression test specimen, respectively, which
were obtained from the measured weight and dimensions of the specimen. mtube and Vtube are the
mass and volume of the steel tube part of the compression test specimen, respectively. Then, p was
evaluated as

p =
ρi − ρ f

ρi
× 100,

where ρi is the density of the precursor without the tube before foaming, for which the density of
ADC12 Al alloy [31] was used.

2.3. Compression Tests

Compression tests of the obtained Al foam-filled steel tubes were conducted using a universal
testing machine (Shimadzu Corporation, Kyoto, Japan). The compression rate was 4 mm/min in
accordance with reference [32]. The compression stress was obtained by dividing the compression
load by the area of the circle equivalent to the outer diameter of the Al foam-filled steel tube.

3. Results and Discussion

3.1. Time–Temperature Relationship during FSBE

Figure 3 shows typical relationships obtained between torque N and time t and between
temperature T and time t. t = 0 was defined as the time when the tool first came in contact with
the ADC12 burrs in the round-plate form. As the indentation of the tool increased, the ADC12 burrs
were densified, and plastic flow occurred. It has been reported that the filling of the Al between the
rotating tool and tube occurs from the upper part, which is softened by the friction heat generated
between the rotating tool and the Al precursor [15]. It is considered that plastic flow occurred in the
vicinity of the tool where friction heat was generated. The torque and temperature gradually increased
in this stage. At around t = 5 min, the torque increased rapidly. The temperature exhibited a similar
tendency except with a small delay due to the time for the generated heat to be transferred to the
thermocouple. In this stage, densification of the ADC12 burrs had finished, and only plastic flow
occurred, resulting in a rapid increase in the resistance force and temperature. Similar tendencies
were observed for all other samples, and the maximum temperatures of all the samples were between
350 and 415 ◦C. Also, similar tendencies were observed for the samples using the bulk Al precursor.
These temperatures are much lower than the solidus temperature of ADC12 (515 ◦C [31]), at which
the foaming of the precursor begins [33,34]. It has been demonstrated that the decomposition of TiH2

gradually occurs between 390 and 920 ◦C [35], 427 and 850 ◦C [36], and 440 and 800 ◦C [37]. In the
FSBE process, it is assumed that little decomposition of TiH2 occurred because the temperature of
the precursor reached these reported decomposition temperatures for only a limited time. Therefore,
almost all the TiH2 remained without decomposition.
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Figure 3. Torque N– indentation time t and temperature T–t relationships during FSBE.

3.2. Obtained Al Foam-Filled Steel Tube

Figure 4a shows the as-fabricated precursor coated tube. It was shown that the ADC12 burrs were
sufficiently consolidated except in the upper part of the tube. The upper part of the tube was subjected
to a less plastic flow during FSBE, resulting in insufficient consolidation of the ADC12 burrs. These
parts were machined before foaming as shown in Figure 4b. Figure 4c shows a cross-section of the
machined precursor before foaming, and Figure 4d shows an enlarged image of the bonding region of
Figure 4c. It was shown that the ADC12 burrs were sufficiently consolidated to form the precursor and
were coated on the surface of the tube without a gap between the tube and precursor by the load of the
tool and the intense plastic flow during the FSBE.

Figure 4. (a) As-fabricated precursor-coated steel tube. (b) machined precursor-coated steel tube before
foaming and (c) its cross section. (d) enlarged image of bonding region of (c).

Figure 5a,b show the as-foamed Al foam-filled steel tubes after foaming for 6.5 min and 7.0 min,
Figure 5c,d show the Al foam-filled steel tube compression test specimens obtained by machining the
samples shown in Figure 5a,b, and Figure 5e,f show their cross-sectional X-ray CT images, respectively.
Black and white regions in the X-ray CT images indicate pores and Al, respectively. Although a few
large pores were observed, it was shown that the coated precursor was sufficiently foamed and filled
the tubes. The porosities of the Al foam part of the compression test specimens shown in Figure 5c,d
were p = 79.3% and p = 90.2%, respectively.
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Figure 5. (a,b) As-foamed Al foam-filled steel tubes after foaming for 6.5 min and 7.0 min, respectively.
(c,d) Al foam-filled steel tube compression test specimens machined from (a,b), respectively. (e,f) Their
cross-sectional X-ray CT images.

Figure 6 shows the relationship between the porosity and foaming time of all the compression
test specimens. The figure indicates that vigorous foaming occurred between 6.5 min and 7.0 min.
In previous studies on the foaming of ADC12 precursor [33,34], it was demonstrated that the precursor
started to foam once the precursor temperature exceeded the solidus temperature and gradually
foamed between the solidus and liquidus temperatures. Then, vigorous foaming occurred once
the precursor temperature exceeded the liquidus temperature. Although some variation among the
porosities appeared at a foaming time of 6.5 min owing to the difficulty of obtaining the same foaming
behavior for each specimen using an electric furnace, a foaming time of around 7.0 min induced
sufficient foaming for the precursor temperature of all the samples to exceed the liquidus temperature.

Figure 7 shows the porosity distributions of the compression test specimens shown in Figure 5c,d
in the height direction for foaming times of 6.5 min (p = 79.3%) and 7.0 min (p = 90.2%), respectively,
which were evaluated using X-ray CT images such as shown in Figure 5e,f by image processing
software. Although there were a few large pores, the Al foam sufficiently filled the tube with an almost
homogeneous porosity distribution throughout the entire specimen, especially for the sample foamed
for 7.0 min, which exhibited sufficient foaming of the precursor. The variation of the porosity and
the existence of large pores are considered to be due to the insufficient distribution of the foaming
agent compared with that in the bulk precursor because it was difficult to homogeneously mix the
ADC12 burr and TiH2 powders with different particle sizes. Also, slight segregation occurred during
the insertion of the mixture into the tube and during the FSBE. This may be prevented by using ADC12
burr particles with a similar size to that of TiH2.
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Figure 6. Relationship between porosity and foaming time of obtained Al foam-filled steel tube
compression test specimens.

Figure 7. Porosity distributions in the height direction of Al foam-filled steel tube compression test
specimens with (a) p = 79.3% and (b) p = 90.2% corresponding to Figure 5c,d, respectively.

3.3. Compression Properties

Figure 8 shows the deformation behavior of the fabricated Al foam-filled steel tubes with p = 79.3%
and p = 90.2%, respectively, which are shown in Figure 5c,d during the compression test, along with that
of the tube fabricated from the bulk Al precursor with p = 84.5% by FSBE in accordance with Ref. [13].
The three black lines on the surface of the samples perpendicular to the compression direction were
marks made to easily observe the deformation behavior. It was found that the deformation occurred
layer by layer. Little difference was observed in the deformation behavior between the Al foams with
different porosities, although the number of buckling folds were different. This difference is because
the lower-porosity Al foam expanded in the width direction as the deformation increased. In contrast,
the higher-porosity Al foam deformed with little expansion in the width direction. The deformation
behavior was similar for the other specimens fabricated in this study, including those fabricated from
the bulk Al precursor.

237



Metals 2019, 9, 124

Figure 8. Deformation behavior during compression test of the fabricated Al foam-filled steel tube with
(a) p = 79.3%, corresponding to Figure 5b,c. (b) p = 90.2%, corresponding to Figure 5d,c Al foam-filled
steel tube fabricated using bulk Al precursor with (c) p = 84.5%.

Figure 9 shows the stress σ – strain ε curves of the fabricated Al foam-filled steel tubes with
p = 79.3% and p = 90.2%; along with that of the tube fabricated from the bulk Al precursor with
p = 84.5%, whose deformation behavior is shown in Figure 8. An elastic region in the early stage of
the σ–ε curves, where σ rapidly increased to an initial maximum stress was observed. Then, a plateau
region exhibiting an appropriately constant or slightly increasing σ was observed as ε increased. Then,
a densification region where σ rapidly increased was observed. The increases and decreases in σ in the
plateau region were observed when the folds were generated. These σ–ε curves were also observed for
other specimens fabricated in this study regardless of the porosity.

Figure 9. Stress–strain curves for the specimens in Figure 8.
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Figure 10 shows the plateau stress σpl– porosity p and energy absorption per unit volume EV–
porosity p relationships for all the samples including those fabricated from the bulk Al precursor. σpl
was defined as the average σ for ε = 0.2–0.3 in the σ–ε curves and EV was defined as the area under
the σ-ε curves for ε = 0–0.5 in accordance with Ref. 32. It was found that σpl and EV decreased as p
increased. This tendency was also observed for the samples fabricated from the bulk Al precursor.
Consequently, it was shown that Al foam-filled steel tubes can be fabricated from ADC12 burrs that
exhibit almost the same compression properties as Al foam-filled steel tubes fabricated from the bulk
Al precursor when the porosity of the Al foam part is the same.

Figure 10. Relationship between (a) plateau stress σpl and (b) energy absorption per unit volume EV

and porosity p for the obtained Al foam-filled steel tubes fabricated from ADC12 burrs along with
those fabricated from the bulk Al precursor.

4. Conclusions

In this study, a mixture of ADC12 burrs of Al high-pressure die-castings and a blowing agent
powder was used to fabricate Al foam-filled steel tubes by FSBE. The experimental results led to the
following conclusions.

(1) A mixture of ADC12 burrs and a blowing agent can be sufficiently consolidated to form a
precursor that is coated on the inner surface of a steel tube by FSBE. Namely, a precursor-coated steel
tube can be fabricated from ADC12 burrs by FSBE.

(2) An Al foam-filled steel tube can be fabricated by heat treatment of the precursor coated steel
tube. Al foam was sufficiently filled in the steel tube, and the porosity was almost homogeneously
distributed in the entire sample.

(3) The Al foam-filled steel tube fabricated from ADC12 burrs exhibited similar compression
properties to an Al foam-filled steel tube fabricated from the bulk Al precursor.

Consequently, it was shown that an Al foam-filled steel tube can be cost-effectively fabricated
from Al burrs by FSBE and compares favorably with an Al foam-filled steel tube fabricated from the
bulk Al precursor.
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1. Introduction

Cellular metals are considered to be one of the world’s most versatile lightweight multifunctional
materials for a wide range of commercial, industrial, and military applications [1–4]. Cellular metals
are non-flammable and recyclable, extremely tough, and can plastically deform and absorb energy.
They can survive high temperatures in comparison to cellular polymers (e.g., polyurethane foams),
which are widely used as crash/impact energy absorbers for vehicles due to their high strength-to-weight
and stiffness-to-weight ratios and high energy absorption capacity [4].

Over recent decades, many products and solutions based on cellular metals [5–18] have been
developed combined with other light materials like advanced high strength steels, light metals [19,20],
polymers [21–27] and carbon nanostructures (e.g., carbon fibers) [28]. For example, cellular solids are
used and/or tested as filler [29–32] and cores [33,34] of thin-walled structures and sandwich panels for
buildings, industrial machines, cars, trains, and aircrafts. Their use contributes to an immediate weight
reduction and material savings of the components, but also to perform multiple functions due to their 3D
porous cellular structures (open-or-closed-cells) [35]. The open- and closed-cell structures are used as
functional materials (e.g., electrodes, heat exchangers, and biomedical implants) and structural materials
(e.g., impact/crash energy absorbers in vehicles, antivibration dampers), respectively [1,2]. The field of
cellular materials has significantly increased over the last decades, which is reflected in the growth of
published literature (Figure 1). Several cellular metals have been emerging due to two main reasons.
The first reason is the need to create cellular structures with high structural efficiency and capacity to
absorb both impact and damping noise and vibration. The second reason is the need to create periodic
cellular structures with an easily reproducible unit cell to achieve predefined performances, establishing
the process–structure–property relationships. Recent developments include composite and nanocomposite
metal foams [28], lattices [36,37], 3D printed structures [38], syntactic foams [26,29,39], hollow sphere
structures [27], auxetic materials [40–42], and hybrid structures [22–25,43] (e.g., filled hollow structures
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and sandwich panels). The latter often leads to the introduction of new technologies (e.g., 3D additive
manufacturing) and products.

Figure 1. Number of published documents per year in the field of cellular materials (Source: Scopus).

Given the importance and diversity of these cellular materials, it is essential that the researchers
use the same measurement science tools and techniques to assess their performance for comparing
the different cellular materials. Most of the experimental tests are based on standards. Nevertheless,
there is the need to improve and upgrade current testing techniques and methods in some cases.

2. Geometrical and Structural Characterization

Cellular metals are complex materials, formed by two or more phases (Figure 2). For example,
two phases are observed in the open- and closed-cell metal foams, a discontinuous or continuous
gaseous phase (cells or pores) and a continuous solid phase (base material or matrix). The base material
can also have micro and nano reinforcement elements (e.g., alumina and carbon nanotubes) [28].
Other cellular materials like some syntactic foams can be formed by two solid phases (material from the
porous particles/hollow spheres and interstitial material) and a discontinuous or continuous gaseous
phase (e.g., pores from filler particle) [39].

(a) (b) 

Figure 2. Closed-cell foam (cross section: 20 mm × 20 mm) (a) and syntactic foam (diameter: 30 mm) (b).
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Several material characterization techniques are normally used to characterize them. Microstructure,
morphology formed phases/precipitates within matrix are usually analyzed by optical microscopy, scanning
electron microscopy (SEM), X-ray diffraction (XRD), energy-dispersive x-ray spectroscopy (EDS), and atomic
force microscopy (AFM). Formed phases, precipitates, fibers, and particles can also be investigated to some
extent with nanotomography [44].

AFM is used to achieve a correlation between the surface roughness with the precipitated phase density
in metallic matrix. Nano and micro indentation testers are used to determine the parameters like the stiffness
and Vickers hardness of the matrix. XRD is used to identify and determine the various crystalline forms.

The morphometric parameters of the cellular metals such as a mean cell size and cell size distribution,
fraction of solid, connectivity between cells, cell orientation, and porosity can be measured by a
non-destructive technique, X-ray microcomputed tomography (μCT). This technique has revealed a
power tool to characterize the cellular structure of these materials [45–47], but also to study their deformation
behavior [48–50] and to develop numerical models to predict the mechanical, thermal and acoustic behavior.
There are many different μCT scanners on the market, each having different capabilities, namely the
resolution, maximum energy level, different filter options, stage set up and internal chamber area.

The equipment is composed of an X-ray source, a motor controlling rotating stage (where the specimen
is mounted) and a detector (Figure 3a). The specimen is mounted between the X-ray source and the detector
panel and projections are taken after each degree of rotation. Flat panel is an example of a commercial
detector which is composed by an array of discrete sensors arranged as a matrix. The response of each
sensor is proportional to the radiation energy that reaches its surface and is captured. The capture of data
from each discrete part produces a 2D projection/scanned image (Figure 3a) that is converted into a digital
image and, thus, is immediately visualized on a computer.

(a) 

 
(b) 

Figure 3. Scheme of the X-ray microcomputed tomography (μCT) equipment and an open-cell aluminum
foam (height: 20.4 mm; diameter: 18.9 mm) (a) and showing and showing raw scans/projections,
segmented images, reconstructed structure, and real photo (b).
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The μCT principles are based on an X-ray source, which produces the X-ray emission that passes
across the specimen and is projected on a digital detector, measuring the attenuation of the X-rays
and producing a radiograph (known as scanned or projection image, Figure 3). The quality of the
images mainly depends on the partial absorption and differential absorption that occurs during the
scanning step. The partial absorption is associated to the absorption of some X-rays by the specimen
and the transmission of others to the detector. The differential absorption refers to the absorption
characteristics of the different materials to be scanned. For example, in the case that there is no
differential absorption, the specimen result comes out as a uniform gray level (no contrast). Usually,
it is difficult to distinguish the different materials within the specimen. Both (partial and differential)
absorptions are influenced by several aspects, such as the size of the specimen and the chemical
composition of the materials that are made which the X-rays have to pass. The projection images are
taken incrementally over a total rotation (180◦ or 360◦). The projection images (Figure 3a) are then
processed using a computer software, producing a series of reconstructed images (2D slices) that allow
to observe the internal structure of the object. Basically, the μCT data analysis is divided in four main
steps, which are scanning, segmentation, reconstruction and visualization, as shown in Figure 3b.
To optimize the image quality during these steps, it is necessary to adjust several parameters like
magnification, incident X-ray intensity, filter type (e.g., no filter, copper, and aluminum), rotation step
and acquisition time, and threshold.

There are many commercial software tools (e.g., NRecon v.1.7.3.1, Bruker, Kontich, Belgium;
Octopus 8.6, Inside Matters BVBA, Aalst, Belgium and Phoenix datos, GE Sensing & Inspection
Technologies GmbH, Wunstorf, Germany) that include the filtering (artefacts) and smoothing of the
μCT data to enhance the quality of the images. Threshold segmentation converts a grey value image
into a binary one. The resulting image then comprises two sets: one represents the background
(e.g., black), the other one the object (e.g., white). This image binarization/segmentation procedure is
an essential step in which the different phases/constituents using thresholding algorithms to measure
the grayscale values in the μCT images are distinguished.

The reconstructed μCT images can be used for volume rendering of tomographic data, creating
3D models (Figure 4) using numerous available software tools, e.g., CTAn, CTvox, CTVol, VGStudio,
and Avizo. The data visualization includes the mapping and the rendering of the results.

   

 
Figure 4. Volume rendering showing the cellular structure and the dense metal skin covered a closed-cell
foam (width: 20 mm) with color by local structure separation, a measure of pore size.
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The μCT can also be used to study the deformation and failure mode of these materials using
ex-situ and in-situ tests. Ex-situ tests use specimens previously subjected to a mechanical test in a
universal testing machine. In-situ imaging is performed inside μCT scanner using a material testing
stage that allows the study of the deformation and failure behavior. The specimen is placed into the
material testing stage (MTS) chamber and an accurate force, measured by a load cell, is applied to the
specimen. The resulting deformation is measured by a precision displacement sensor. During scanning,
the loading curve is displayed on the screen in real time.

Figure 5 shows a force–displacement curve of a closed-cell foam compressed with MTS up to
1540 N and 11 mm displacement, showing the collapse of pores of cellular structure.

 
Figure 5. Force–displacement curve, showing the three orthogonal reconstructed slices (from Bruker’s
Data Viewer software [51]) of a closed-cell foam (cross section: 15 mm × 15 mm).

The μCT is also used together with finite element modelling [52,53] to develop the numerical
models to describe and predict different process parameters and the mechanical, acoustic, and thermal
behavior of the cellular materials, studying the different geometrical parameters. Finite element
method (FEM) models can help to select the best microstructure for a given property (then for a
given application) without the traditional, complex, time consuming, and labor-intensive experimental
tests. The μCT scanned images are reconstructed using algorithms (e.g., filtering and smoothing)
and software like NRecon (Bruker, Belgium). The μCT scanned images are used to create FEM meshes
(Figure 6).

 

Figure 6. Finite element method (FEM) meshes of aluminum closed-cell foam (cross section: 10 mm× 10 mm).
Courtesy of Diogo Heitor, Universidade de Aveiro, Portugal.
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After segmentation, geometry cleanup, and refinement the model can be discretized and analyzed
in a software (e.g., Abaqus, ANSYS). The geometrical properties of the mesh elements are based on the
actual structure of the solid phase measured in the μCT image [54,55].

3. Mechanical Characterization

Mechanical characterization provides an insight into the mechanical response of cellular metals
when subjected to various loading conditions. For this purpose, mechanical tests are being used.
They allow to determine the deformation mechanics and mechanical properties of various types of
cellular materials and structures. The tests can vary with respect to loading conditions (e.g., type,
direction, and velocity), tested materials and expected results. Most commonly, mechanical tests are
carried out by experimental or numerical (computational) methods, as the complexity of the cellular
structure usually exceeds the efficiency and applicability of the analytical approach.

3.1. Experimental Methods

The most frequently applied experimental method for cellular metals is the uniaxial compressive
test [56–59] because: (i) cellular metals are in applications often subjected to compressive loading
and (ii) this type of test is straightforward, cost-effective and has minimum time requirements (short
preparation time). From the compressive tests, the force-displacement (engineering/true stress–strain)
diagrams can be obtained via load cells (or additional sensors) and the deformation behavior by visual
capturing. Regardless of the type of the cellular metal, porosity or relative density (influences the
elastic modulus, plastic strength, and energy absorption [60], base material, topology, and morphology
(e.g., cell size effect [61], graded porosity [62]), a characteristic compressive behavior can be observed
(Figure 7), which can be distributed in four main sections. Quasi-linear response (i) represents the
initial stiffness of the cellular metal and is followed by transition zone (ii), where the cellular structure
constituents (cell walls and struts) start to compress, bend, or stretch, resulting in local yielding.
After additional loading, the stress–strain curve flattens into the stress plateau (iii). The stress is kept
almost constant due to bending, buckling, stretching, and crushing of the cellular structure up to
densification (iv), where the stiffness increases and approaches the base material properties at full
compaction. The most important mechanical properties are initial stiffness, stress plateau σpl (in
cellular metal literature also sometimes referred to as yield stress, yield strength), densification strain
εd, and energy absorption capacity (grey area under the stress–strain curve).

Strain 

St
re

ss
 

 

 

(i) (ii) (iii) (iv) 

Figure 7. Characteristic compressive behavior of cellular materials.

The other types of mechanical tests involve bending [43,63], tensile [59,64], shear [59] and torsion
load. The described loading types can be also combined into multiaxial loading conditions (to define
e.g., multiaxial loading/stress states [59], yield surfaces [65]). For these tests, longer preparation time
for specimen preparation and setting up the experimental device is usually needed.

The cellular specimens can be during the tests subjected to quasi-static or dynamic (monotonic or
cyclic [66–68]) loading. According to [69], the quasi-static loading is considered for strain rates up to
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approx. 5 s−1. During compressive loading, three different deformation modes (in respect to critical
velocities) can occur [70]: homogeneous, transitional, or shock mode. For the homogeneous mode at
low loading velocities, it is common that the material starts to deform at its weakest point (negligible
effect of inertia), while at the shock mode the main deformation takes place at the loading surface,
regardless to the position of the weakest point in the material (substantial effect of inertia and strain
rate sensitivity). In addition to dynamic servo-hydraulic testing machines other testing methods are
also being used to achieve higher strain rates, e.g., drop towers, Taylor tests, Split–Hopkinson Pressure
Bar (SPHB) tests [71].

The deformation mechanics and collapse mechanisms can be monitored by recording the visual
data. For this purpose, cameras with a sufficient frame rate must be used, especially for the high-velocity
testing. The deformation behavior can additionally be monitored and analyzed by e.g., digital image
correlation (DIC) techniques (e.g., ARAMIS and GOM Correlate [72]), ex- and in-situμCT (see Section 2),
infrared thermography (see Section 4).

3.2. Numerical Methods

In the last two decades, numerical methods became a useful tool to supplement the mechanical
characterization of various types of cellular metals. They can be used before experimental testing to
reduce the number of specimens and experimental tests by predicting the mechanical response or after
to validate computer models and reduce the number of further experimental tests. In some cases,
computer simulations provide additional insight into the deformation behavior of cellular metals since
they also provide data for material points inside the specimens. In solid mechanics, the finite element
method (FEM) is the most used tool for analyzing the mechanical behavior of materials and structures
subjected to different types of loading conditions [73]. Advanced quasi-static and dynamic numerical
models of cellular structures allow to simultaneously account for material (e.g., strain rate dependent
elasto-plasticity with damage and failure), geometrical (e.g., large deformation) and structural
(e.g., contact and changing boundary conditions) nonlinearities. There are several ways how to
model and discretize a cellular metal. The structure can be discretized in a detail (using beam [74],
shell [75], or solid [76] finite elements, usually resulting in longer computational times) or as a
homogenized material (most commonly as solid finite elements, resulting in shorter computational
times). The geometry of the detailed computer models is either -based on computer aided design (for
regular and simple cellular geometries) orμCT-based (for irregular and complex cellular structures [55]),
as described in Section 2. In the case of homogenized models, the volume of the complex foam structure
is simply fully discretized with solid finite elements (structured mesh) with proper constitutive relation,
e.g., crushable foam [77]. If a regularity or periodicity can be found in the cellular structure, a part of
the structure can be represented with a unit cell (representative volume element—RVE [78]) and proper
boundary conditions, which drastically decreases the computational time. In addition to the finite
element method, also some other numerical methods can be used to study the mechanical properties
with highly effective accuracy and time consumption ratio, e.g., discrete element method (DEM) [79].
Numerical methods are also a very efficient tool for performing parametric studies (varying topology
and morphology of the cellular structure). Furthermore, specific effects in the mechanical behavior
can be easily isolated and studied. Their influence can be analyzed by changing one single or several
material or geometric parameters. Additional possibilities and applicability of numerical methods
represent topological optimization and current trends and development of additive manufacturing
and other production techniques allowing fabrication of pre-designed cellular metals targeted for
specific applications in various industries [80–84]. Although it is usually easier to predict the behavior
of pre-designed structures (performing numerical simulations before the fabrication), special care
should be taken to account for the additive manufacturing effects, e.g., surface roughness [85,86]
(crucial also for studying the osseointegration [87]) and balling [88–90].
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4. Infrared Thermography

Infrared (IR) thermography is a non-destructive testing method and already part of engineering
norms and standard procedures [91–93] applicable in evaluation of dynamic deformation process
of cellular materials. As cellular materials are often used as energy absorption structural elements,
such components are mostly loaded in compression, where a compression yield plateau is characterizing
the force-displacement, i.e., energy absorption response. It is common to use compression
tests and evaluation at loading rates starting from quasi-static to dynamic and impact velocities.
To understand the deformation scenario and what locally happens with cellular specimen, the strain at
the specimen’s surface is relevant. The passive IR thermography [91,94] is similar to the digital image
correlation (DIC), both applicable to such testing as these methods are providing strain distribution
during loading process. In references [95–99], it is shown how thermal image is comparable to
effective strain obtained by DIC. In [95], we have shown for the first time the similarity of strain
pattern and thermal image on a simple tension example, while in [96], more profound evaluation
including tension and three-point bending is provided. Both methods provide strain pattern (field)
on specimen surface and deformation of energy absorbing material, energy is mostly converted to
the heat, thermal image reveals, where the energy is locally transformed, where yielding occurs,
where plastic strain is created and how plastification zones spread through the specimen [96,97].
The thermographic approach, where DIC is combined with IR thermography has been adopted also by
other authors [98,99]. IR thermography is not applicable at quasi-static to low-rate dynamic loading
velocities as the heat dissipates trough material, what makes the DIC a more appropriate method.
For higher loading rates DIC is requiring faster CCD cameras, where the available hardware limits the
ability to obtain clear images relevant for surface pattern recognition, as reported in [96–99]. Contrary
to DIC, higher heat generation with less dissipation enables better IR images with lower integration
time. Importantly, IR hardware has specific acquisition rate characteristics. Most appropriate are
middle-wave IR focal point array detectors (e.g., InSb detector) cooled to cryogenic temperatures [92].
Such detector enables approximately 150 fps of clear images for full resolution (when data from all
detector’s pixels are acquired) up to 1000 fps for reduced size image resolution (when reduced number
of data from detector are used, so called window). Focal Point Array detectors of cooled middle wave
(MW) IR cameras are capable to acquire data for high frame rate. To transfer all data from detector
to computer, windowing (reducing active pixels) enables higher frame rates, with a drawback of
recording just a portion of full frame image. For the FLIR SC 5000 MW camera (FLIR Systems Inc.,
Portland, OR, USA) with InSb, Focal Point Array detector was used in this research, with full size
of 320 × 265 pixels, while minimum window size enabling faster frame rates with 160 × 128 pixels
and 64 × 120 pixels. Although, there are MW cameras capable of acquiring 35,112 fps for a strip for
reduced window size (64 × 4 pixels), it has been proven that the above mentioned camera provides
for reliable observation of cellular metals dynamic deformation behavior. The method based on IR
thermography is not limited to any particular type of cellular material. Various types of cellular metals
can be evaluated, e.g., open- and closed-cell foams, advanced pore morphology (APM) foam elements,
syntactic foams, pre-designed cellular structures [25,100]. Typical conclusions that can be drawn are,
e.g., where yielding is initialized, how plastification fronts propagate, where densification occurs.
This was shown in the previous research [25,100] related to thermography in experimental testing of
porous materials.

It is a full field method and the temperature image can be processed as a thermal gradient
image [97], giving information about direction of thermal change. Thus, from a single thermal image
it can be concluded what is happening with a specimen (Figure 8). The example in Figure 8 shows
the case of dynamical compression of a syntactic aluminum specimen (diameter: 26.9 mm; height:
43.2 mm). Infrared images are showing the specimen’s surface, where generated heat is representing
energy dissipated during compression process and, thus, the source of plastic deformation and collapse.
IR camera acquisition rate was 489 Hz. IR images present specimen’s deformation at a strain increment
of approximately 10%.
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Figure 8. Photo and Infrared (IR) image of aluminum syntactic specimen compressed at the rate of 284 mm/s.

5. Thermal Characterization

Thermal characterization methods of cellular metals predominantly address their thermal
conductivity and heat capacity. The heat capacity is readily determined based on foam density
and the heat capacity of the metallic matrix. Hence, this overview concentrates on commonly used
measurement techniques for the effective thermal conductivity of cellular metals. All methods are
summarized in Table 1. Techniques can be differentiated into transient and steady-state methods.
In general, transient methods are faster, permit simpler setups, and can operate within a narrow
temperature band. Steady-state methods are highly accurate and permit directional measurements
(thermal anisotropy) yet often require complex equipment and significant temperature gradients.
A challenge that affects all experimental techniques is thermal contact resistance. Cellular metals
are particularly susceptible to thermal contact resistance due to their porous surfaces and resulting
small contact areas. Failure to minimize and/or consider thermal contact resistance will result in an
underestimation of the effective thermal conductivity. Mitigation strategies include the application of
compressive force, thermal paste, and soft metallic foils at the interphases of samples, sensors, heaters,
and cooling elements.

5.1. Transient Methods

The well-established hot wire method [101,102] is not commonly used for cellular metals.
In order to measure the effective thermal conductivity of cellular metals, a representative volume
element (RVE) must be considered. The relatively small sample volume that is affected by hot wire
measurements often does not meet this requirement. Instead, transient hot strip (THS), transient hot
disc (THD), or transient hot plane (THP) methods with larger planar sensors are utilized [103–109].
In all cases, a wire is attached to a carrier material and acts simultaneously as the sensor (measuring
the variation of electrical resistance) and the heat source. The planar sensor must be positioned
between two samples and the measured thermal diffusivity is an average value of both samples.
The evaluation of these methods is relatively complex and requires the solution of Fourier’s differential
equation [110]. The intermediate result is the effective thermal diffusivity, which can be converted into
an effective thermal conductivity using the foam’s density and specific heat capacity. Benefits of these
transient methods are a minor temperature increase of only 1–5 K and the ability to measure thermal
conductivities between 0.01–200 W/mK [111]. The maximum measurement temperature is limited by
the carrier material and is currently about 800 ◦C [111].
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Another commonly used transient method is laser flash measurement [112]. However, the complex
geometry of the foam surface does not ensure a controlled energy transfer to the sample. In addition,
sample sizes are often too small to achieve RVEs. Hence, this method is not usually applied for the
characterization of cellular metals.

5.2. Steady-State Methods

Steady-state measurements impose a time-independent temperature gradient on a sample.
Key benefits are a high accuracy, simple test evaluation and the ability to measure directional
conductivities. In addition, heat flux passes through the entire sample facilitating measurements on
RVEs. As a negative, a significant temperature gradient is required that complicates the measurement
of the variation of thermal conductivity with temperature. Another disadvantage are the long
measurement times required to ensure thermal steady-state, in particular for materials with low
thermal diffusivities.

In absolute steady-state methods, the effective thermal conductivity is measured directly [113].
A commonly used method is the guarded hot plate [114–116]. The sample is positioned between
a heating and a cooling element to generate a thermal gradient within the sample. After reaching
steady-state, Fourier’s law is used for the evaluation, i.e.,

.
Q = k·A·ΔT/Δx, where k is the effective

thermal conductivity of the cellular metal, A is the sample cross section, and ΔT/Δx the temperature
gradient. In the guarded hot plate method, the heat flux

.
Q is determined as the energy input into the

heating element at steady state. The term “guarded” describes the thermal isolation of the measurement
setup to prevent convective and radiation heat losses. The Heat-Flow-Meter [115,117] resembles
the guarded hot plate, however, instead of directly measuring the energy input into the heating
element a heat flux sensor is positioned between the sample and the cooling element. The panel test
technique [104,118–120] is another variation, where the heat flux is measured using a calorimeter
that simultaneously acts as the cooling element. Compared to the guarded hot plate method, higher
measurement temperatures can be achieved.

In relative steady-state methods, the thermal conductivity is measured relative to a reference
material [121–124]. For increased accuracy, the thermal conductivities of the sample and the reference
should be similar. In the cut bar method, the sample and either one or two reference bodies are stacked
on a heating (cooling) element. The upper surface of the stack is brought into contact with a cooling
(heating) element and usually a compressive force is applied to minimize thermal contact resistances
within the stack. After reaching steady state, the reference bodies act as the heat flux sensors (similar
to a heat-flow-meter) and Fourier’s equation can be used for the evaluation.

5.3. Numerical Methods

In addition to the experimental methods outlined above, numerical analysis can be used to predict
the effective thermal conductivity of metallic foams. An important step is the discretization of the
typically complex cellular geometries. Unit cell models [125] and simplified model structures [126]
suffice in some cases, however, improved accuracy can be obtained by deriving the numerical models
from microcomputed tomography data [127,128]. Analogous to the experimental methods, transient
or steady-state calculations can be performed. Due to the significantly higher computational cost
of transient methods, almost exclusively steady-state analysis is selected. The two predominant
numerical methods are the Finite Element Method (FEM) [125–128] and the Lattice Monte Carlo (LMC)
method [129]. The result of the numerical analyses is typically a relative conductivity, i.e., the effective
thermal conductivity is determined as a fraction of the matrix material. These numbers can readily be
scaled for different type of matrices and temperatures. Comparison of effective thermal conductivities
obtained by numerical analysis and experimental studies usually results in good agreement [129,130].
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6. Acoustic Characterization

The acoustic characterization of the cellular metals is essential, since they are subjected to the
noise and vibration applications (e.g., high resonance response). However, the knowledge and data
are lacking for this type of materials. Few works have been published in this research topic [131–140].
The natural cork (100%) is an example of a natural cellular material widely used to minimize noise
and vibration problems in mechanical systems, including industrial machines, appliances, vehicles,
and buildings. The noise, vibration, and harshness (NVH) are one of the most fundamental issues for
automotive industry. The NVH analysis has commonly two targets, which are to reduce and control
noise and vibration for the benefits of users (occupants’ comfort and environmental noise emission)
and to minimize the effects of harsh forces and vibration on equipment (e.g., loosen joints and material
fatigue). The vibrations are measured in two ways (frequency and amplitude) and expressed as waves
per second (Hz). Vibrations that are felt are under 200 Hz, while vibrations between 20–20,000 Hz are
audible by humans. Vibrations over 20,000 Hz are ultrasonic and not audible by humans.

The sound absorption coefficient (α), noise reduction coefficient (NRC), sound transmission loss,
impact sound transmission and damping behavior (e.g., vibration frequencies, modes, and damping
ratios) are examples of the parameters measured to characterize the acoustic properties of cellular metals.

The ability of a material to reduce sound reflections, reverberation, and echo within an enclosed
space are determined based on the sound absorption coefficient and noise reduction coefficient.
These are the parameters used to evaluate the sound absorption characteristics of the cellular materials
and are assessed using an impedance tube according to the ASTM E1050 standard [141]. The cylindrical
specimen is placed into the impedance tube (e.g., inner diameter: 37 mm) at one end, while a sound
source consisting of a loudspeaker emitting a random noise is introduced at the other end of the
tube [22,23]. Two microphones are placed into the tube between the sound source and the studied
specimen to detect the sound pressure wave transmitted through the specimen and the wave portion
that was reflected. The acoustic absorption coefficient is defined as a ratio of absorbed sound intensity
in a given material and the incident sound intensity that is imposed on that material. The acoustic
absorption coefficient varies from 0 (0% sound absorption) to 1 (100% sound absorption). The value
0 means no sound is absorbed, while the value 1 means the opposite. The noise reduction coefficient
is calculated by defining an average of the sound absorption coefficients at the frequencies 250, 500,
1000, and 2000 Hz and rounding off the result to the nearest multiple of 0.05. The absorption and noise
reduction values are also measured in a small echo chamber, either in sound transmission test or
echo chamber.

The vibroacoustic behavior is measured by microphones (to measure sound pressure),
accelerometers (to measure acceleration), and force/displacement/velocity transducers (to measure
forces), in which the measurements are made by setting the instrument for a certain bandwidth
and center frequency vibration analyzer, covering the values over that range. The ability to act as a
barrier preventing airborne sound transmission from one space to another, sound transmission loss
coefficient at 1/3 octave bands, will be performed according to the ASTM E90. The modal analyses are
usually performed by vibration of specimens, exciting by a shaker or an impact hammer, measuring
the response using a laser scanning vibrometer [140]. The time domain response and loss factor from
their damped wave decay is determined using a spectral analyzer. The damping ratio of the resonance
mode is determined using the half-power bandwidth method.

7. Conclusions

Different experimental and numerical characterization methods of the cellular metals are presented,
i.e., different techniques to determine their structural, mechanical, thermal, and acoustic properties.
The methodology, the experimental set-up, the equipment, and its principles and standards were
summarized. The potential of non-destructive methods like X-ray computed tomography and infrared
thermography are also presented.
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X-ray microcomputed tomography is a powerful tool to characterize the complex cellular structure
of cellular metals in terms of their structural morphometric parameters, to study their deformation
and failure behavior and to develop numerical models to predict the mechanical, thermal, and acoustic
behavior. Infrared thermography is a versatile tool well suited for the study of dynamic deformation
processes of cellular metals (e.g., closed-cell foams, syntactic foams and metal hollow spheres structures)
and filled profiles and sandwich panels based on cellular materials.

In general, there is a huge demand for experimental and computational characterization of
physical properties of novel cellular metals. Thus, new opportunities for advances in new experimental
techniques and computational modelling arise. Furthermore, computational modelling can help in
designing new cellular materials (in combination with additive manufacturing) with desired properties
and behavior demanded by an application.
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25. Duarte, I.; Krstulović-Opara, L.; Vesenjak, M.; Ren, R. Crush performance of multifunctional hybrid foams
based on an aluminium alloy open-cell foam skeleton. Polym. Test. 2018, 67, 246–256. [CrossRef]

26. Taherishargh, M.; Linul, E.; Broxtermann, S.; Fiedler, T. The mechanical properties of expanded
perlite-aluminium syntactic foam at elevated temperatures. J. Alloys Compd. 2018, 737, 590–596. [CrossRef]

27. Waag, U.; Schneider, L.; Löthman, P.; Stephani, G. Metallic hollow spheres—Materials for the future.
Metal. Powder Rep. 2000, 55, 29–33.

28. Duarte, I.; Ferreira, J.M. Composite and Nanocomposite metal foams. Materials 2016, 9, 79. [CrossRef]
29. Movahedi, N.; Murch, G.E.; Belova, I.V.; Fiedler, T. Manufacturing and compressive properties of tube-filled

metal syntactic foams. J. Alloys Compd. 2020, 820, 153465. [CrossRef]
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68. Tomažinčič, D.; Vesenjak, M.; Klemenc, J. Prediction of static and low-cycle durability of porous cellular
structures with positive and negative Poisson’s ratios. Theor. Appl. Fract. Mech. 2020, 106, 102479. [CrossRef]

69. Jacob, P.; Goulding, L. An Explicit Finite Element Primer; NAFEMS: Glasgow, UK, 2002.
70. Zheng, Z.; Yu, J.; Li, J. Dynamic crushing of 2D cellular structures: A finite element study. Int. J. Impact Eng.

2005, 32, 650–664. [CrossRef]
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