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Abstract: Closed-cell aluminium foams with different compositions have been manufactured starting
from powders and also characterized from a morphological point of view and by means of compres-
sive tests in order to determine mechanical properties. Circularity, equivalent diameter, and average
porosity area of such foams have been calculated from the analysis of cross-sections as well specific
energy absorption in compression tests. Samples with a higher amount of blowing agent (TiH2) have
the highest energy absorption while samples with a higher amount of stabilizing agent (SiC) exhibit
good foam properties overall (best compromise between morphology and energy absorption). The
analysis of morphological properties, such as area, circularity, and equivalent diameter, can provide a
better understanding of the foam’s structure and porosity—-parameters which can be manipulated
to enhance the foam’s properties for specific applications, both structural and functional.

Keywords: metal foams; porosity; image analysis; energy absorption

1. Introduction

The use of lightweight materials [1–3] with high strength and stiffness [4] is becoming
increasingly important in many industries, such as aerospace [5], automotive [6], and
biomedical [7]. Metal foams, which are a class of lightweight materials with a unique porous
structure, have shown great potential in meeting these demands [8]. Recent years have seen
considerable attention focused on closed-cell aluminum foams. Their excellent mechanical
and physical properties have made them conducive to various engineering applications in
chemical, biological, functional, and structural sectors [9,10]. Such foams are characterized
by their lightness, high strength, and excellent energy absorption capacity [11,12], making
them attractive materials for various engineering applications such as impact energy
absorbers, aerospace, and automotive components.

To fully exploit the potential of closed-cell aluminum foams, it is imperative to under-
stand their mechanical behavior and the response to different loading conditions. One of
the most common methods used to evaluate the mechanical behavior of closed-cell alu-
minum foams is compression testing under quasi-static conditions. The method involves
the application of a compressive load on the foam sample under a constant crosshead speed
and measurement of the foam’s response to the load in terms of the stress–strain curve.
Invaluable information about the foam’s compressive plateau, pseudo-elastic modulus, and
energy absorption capacity can thereby be gleaned, giving us an insight into its mechanical
properties [13].

A strong correlation has been observed between the morphology and compression
behavior of closed cell aluminum foams. The foam’s cell size, shape, and distribution signif-
icantly affect compression strength, energy absorption, and deformation behavior [14,15]
in static and dynamic conditions [16]. Smaller cell size and uniform cell distribution result
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in higher compression strength and energy absorption, whereas irregular cell shapes lead
to reduced foam performance.

Closed cell aluminum foams are a type of foam composed of aluminum with closed
pores inside. They have been widely used in various industries due to their unique combi-
nation of properties. The microstructure of closed cell aluminum foams can have a major
influence on their mechanical properties, and thus it is important to understand the correla-
tion between microstructure and mechanical properties. In particular, the porosity, size,
and circularity of the foam can affect the mechanical properties of the material. Generally,
the higher the porosity size, the lower the stiffness and the strength of the material. This
is because the porosity provides a lower reacting surface, resulting in lower stiffness and
strength. Additionally, the porosity can also affect the thermal properties of the foam, as
the open cells provide a greater surface area for heat transfer [17,18]. On the other hand,
the smaller the porosity size and the higher the circularity, the higher the stiffness and the
strength of the material. This is because smaller cells provide a more even distribution
of stress, resulting in a stiffer and higher strength material. Additionally, the circularity
of the cells can also affect the thermal properties of the material, as circular cells can pro-
vide higher heat transfer coefficient [18]. Despite many papers being published during
recent years, a systematic study on the correlation between microstructure and mechanical
properties in compressive tests has not been carried out on closed-cell Al foams.

In this work, a comprehensive study on the compression behavior of closed-cell
aluminum foams is illustrated. To control the physical microstructure of cell walls and
eliminate weakening phases, the Al powders must be carefully selected, additives that
enhance viscosity and foaming agent must be added in the powder’s mixture, and, finally,
account must be taken of the thermal conditions during foam solidification [19]. The
study aims to investigate the effect of stress, strain, and the energy absorption of foam.
The compression tests were conducted using MTS Insight 50 kN machine, and the results
were analyzed. At the same time, the image analysis on some cross sections of closed
cell aluminum foams was conducted by Nikon Lucia Scmeas software, which provides a
deeper understanding of the morphology of the closed cell aluminum foams manufactured
with a different composition of base powders.

2. Materials and Methods
2.1. Foams Production Method and Material Composition

The production of closed cell aluminum foams using the powder compact melting
method involves several steps, including powder preparation and mixing, compaction,
melting, and foaming. A sketch of the production method is reported in Figure 1. The
manufacturing technique summarized here is described with major details in a previous
work [20]. In fact, many parameters affect the foaming process: composition of the powders,
size, and shape of the stabilizer’s particles, powder mixing and conditions, temperature,
and pressure during powder compaction, temperature of the oven, heating rate of the foam
precursor, foaming time, atmosphere and pressure on the melt, and, finally, cooling rate to
room temperature. Foam precursors have been prepared by using Al powder (purity 99.5%)
with an average diameter of 45 µm, SiC particles with an average diameter of 37 µm and
TiH2 particles with an average diameter of 5 µm. Four set of samples have been produced
by mixing together at room temperature different amounts of TiH2 (0.2, 0.4 and 0.6 wt %)
and SiC (2.8 and 6.0 wt %), as detailed in Table 1. For each composition, 5 samples have
been produced in order to check the repeatability of the process and, consequently, the
morphological and mechanical properties; average properties have been reported. In the
first step, aluminum (Al) powders are mixed with a blowing agent (Titanium Hydride) and
a stabilizing agent (Silicon Carbide) to create a powder mixture [21] in a rotating device
whose distribution is as uniform as possible. This mixture is then compacted with a uniaxial
pressure system under a load equal to 12 t. At the end of the compaction step, a manageable
solid precursor is obtained. The precursor is then placed inside a copper crucible which
must be oxidized in an oven at 700 ◦C before using it. After inserting the precursor in the
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crucible, the whole system is heated in a furnace up to a temperature above the melting
point of aluminum, typically around 700–750 ◦C, depending also on the composition of
the alloys. At this temperature, after a few minutes, the aluminum powders melt while
the blowing agent releases gas (H2), creating closed cells within the molten aluminum
matrix. In the case of Al powders, the oven temperature was set at 700 ◦C, not much higher
than the Al melting point (660 ◦C). This choice was driven by the melt viscosity being
too low at higher temperatures. The precursors were heated to 700 ◦C in about 120 s in
order to avoid an excessive gas dispersion before foaming. During the foaming process, the
pressure inside the closed cells increases, causing the surrounding aluminum to expand
and form the foam structure. The foaming process is carefully controlled from the top side
of the oven monitoring the growth of the foam. The dwell time in the oven is critical for
achieving the desired cell size, distribution, and density of the foam. Typically this time is
in the range 4–6 min, depending on the mass of the employed powders. With shorter dwell
time the growth of the foam is limited as well as porosity size, while with excessive longer
times, coalescence between bubbles is the main problem, with the opposite problem that
porosity size becomes excessive and consequently compromises the mechanical properties.
When the foaming process is completed, the closed cell aluminum foam is cooled down
in water. Four compositions have been investigated in the present study, derived from
earlier studies [14,19,20], focused on the detailed definition of the manufacturing process,
as detailed in Table 1.
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Table 1. Composition (wt %) of the manufactured Al foams.

Sample Al (%) TiH2 (%) SiC (%)

1 97.0 0.2 2.8
2 96.8 0.4 2.8
3 96.6 0.6 2.8
4 93.8 0.2 6.0

2.2. Static Compression Tests on Foams

The static compression tests have been conducted using the MTS Insight 50 machine
(Eden Praire, MN, USA), a standard tensile-compression machine, to determine the me-
chanical properties of materials. The compression testing process is carried out placing a
specimen of the closed cell aluminum foam (φ = 16 mm of diameter) between two com-
pression platens on the machine. A constant crosshead speed, 5 mm/min and 10 Hz, as
the data sampling frequency has been selected (Figure 2, 1–4) until the foam reaches the
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final densification. The load cell and displacement transducer of the machine record the
load and deformation of the specimen, respectively. The complete compression curve is
fundamental to finding the compressive strength, stiffness, and energy absorption capacity
of the aluminum foam. The maximum compressive stress that the foam can withstand
before final densification, the slope of the stress-strain curve at the pseudo-elastic region
(indicative of the stiffness), and the area under the stress-strain curve (energy absorption
capacity) up to the final densification are all recorded (Figure 3). Five compression tests
have been performed for each composition in order to investigate the repeatability of the
process, too.
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3. Results

In this section, the main results coming from compression tests are presented and dis-
cussed. Some common features of all manufactured foams while subjected to compression
tests (stress-strain curve) are reported below:

(1) A nearly linear pseudo-elastic stage in which stress and strain are almost linearly
proportional is always present in all foams. However, limited and localized plastic
deformations occur in the foam, hence the name “pseudo” elastic.

(2) The second stage of the curve is characterized by the presence of an extensive
“plateau”, which is a widened part of the curve in which the stress is nearly con-
stant while the material undergoes huge plastic strain. Microscopically, this stage is
associated with the progressive plastic collapse of the cell walls.

(3) Once the porosities inside the foam totally collapsed, the material turns into the final
stage of densification, which is characterized by a fast increase in the compressive
load while only small deformation occurs.
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The whole stress-strain graphs for samples 1–4 are reported in Figures 3–6 (different
scaling of y-axis):
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In Tables 2–5 compression test results (geometrical features and weight), respectively,
for samples 1–4 are reported.
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Table 2. Properties of sample 1 (0.2% TiH2, 2.8% SiC) before and after compression.

Before Compression After Compression

Weight (g) 5.8 3.9
Diameter (mm) 16 21

Height (mm) 28 7

Table 3. Properties of sample 2 (0.4% TiH2, 2.8% SiC) before and after compression.

Before Compression After Compression

Weight (g) 5.8 3.7
Diameter (mm) 16 20

Height (mm) 30 7

Table 4. Properties of sample 3 (0.6% TiH2, 2.8% SiC) before and after compression.

Before Compression After Compression

Weight (g) 7.6 6.0
Diameter (mm) 16 21

Height (mm) 45 9

Table 5. Properties of sample 4 (0.2% TiH2, 6% SiC) before and after compression.

Before Compression After Compression

Weight (g) 4.4 3.0
Diameter (mm) 14 18

Height (mm) 16 4

4. Strain Energy

Under the effect of the external applied load, Al foams undergo plastic deformations.
The greatest part of the applied energy is heat dissipated, with a small amount is the storage
in the material in the form of strain energy, and just a little amount is present in the form of
residual stress. The strain energy stored in the pseudo-elastic stage is almost equal to the
work conducted by an external force (work–energy theorem). Until the pseudo-elastic limit
is reached, it can also be approximated by computing the area under the curve of the stress
vs. strain graph.

According to Hooke’s law, for minor deformations of elastic materials, the strain is
directly proportional to the applied stress. Hooke’s law only applies to minor deformations
in an elastic material (up to the proportional limit) under the hypothesis of linear elasticity.
Under plastic deformation, the strain energy density is the amount of strain energy per
unit volume that is uniformly distributed inside a material. It can be determined by:

Uv =
Total Strain Energy

Volume o f the Material

From the analysis of Figures 3–6 the plateau stress, the maximum strain, and the maxi-
mum energy per unit of volume have been extrapolated and reported in Figures 7 and 8
and summarized in Tables 6 and 7.
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The ability of closed-cell aluminum foams to absorb energy improves as their relative
density and strain rate increase [14]. This improvement in energy absorption at high strain
rates is promising for the application of closed-cell aluminum foams in high-impact energy
absorption scenarios [14]. By limiting the computation of absorbed energy up to 80% of the
strain, the following results can be evidenced (Table 7).

These results evidence that Sample 2 (SiC = 2.8%, TiH2 = 0.4% and Al = 96.8%) shows
higher strain energy when compared to other samples. Metal foams with higher strain
energy per unit volume have several advantages, including improved energy absorption,
increased structural strength, enhanced thermal insulation, and improved sound absorption
capabilities. They can absorb a greater energy amount, provide a high strength-to-weight
ratio, slow down heat transfer, and offer better sound absorption, making them ideal for
use in various applications such as impact protection, load-bearing structures, building
insulation, heat exchangers, and noise control.

5. Image Analysis

Image analysis of closed cell aluminum foams is an important technique useful for
understanding microstructure and porosity characteristics. Such properties are crucial
for optimizing their performance in various applications. Image analysis can be used to
quantify the porosity of the foam, which affects its insulation properties and structural
performance. By analyzing the foam’s microstructure, image analysis can also provide in-
sight into its strength, stiffness, and energy absorption capacity, which are critical factors in
some applications, such as aerospace and automotive engineering. Image analysis can help
identify defects and inconsistencies in the foam’s microstructure, allowing manufacturers
to improve their production processes and quality control measurements. Furthermore,
image analysis can aid in the development of new closed cell aluminum foam materials
with tailored microstructures to meet specific application requirements. Image analysis also
enables researchers to study the behavior of closed cell aluminum foams under different
loading conditions, such as compression and impact, which can provide valuable insights
for designing safer and more durable products. Finally, image analysis can be used to
monitor the degradation of closed cell aluminum foams over time, helping to ensure their
long-term performance and reliability in harsh environments.

Lucia ScMeas software (supplied by Nikon) is an image analysis tool which can extract
useful information for research and commercial applications. The software has a wide
range of image processing and analysis tools, capable of performing automated feature
extraction, segmentation, object recognition, 3D volume rendering and visualization, and
statistical analysis. Users can import images from various sources and pre-process them
with image resampling, noise reduction, and contrast enhancement. The software can detect
edges, lines, shapes, and regions of interest in the image and perform object recognition by
training the software to recognize specific objects or patterns. It also provides statistical
analysis tools, including image statistics, correlation, and regression analysis.

5.1. Foam Properties: Circularity and Porosity

Circularity is a crucial characteristic of closed cell aluminum foam that affects their
performance in various applications. A high degree of circularity enhances the strength,
stiffness, thermal, and acoustic insulation properties of the foam by providing uniform
cell shapes that distribute loads evenly. This makes it ideal for lightweight structural
applications and thermal management in electronics. Low circularity can lead to irregular
cell shapes, resulting in an uneven distribution of loads and an increased risk of failure. In
industries such as aerospace and automotive, a high degree of circularity is essential for
the foam’s performance and reliability.

Porosity is an important characteristic of closed cell aluminum foams that affect their
performance in various applications, alongside circularity. The low porosity size provides
excellent insulation, strength, and stiffness, as well as durability and resistance to moisture,
chemicals, and UV exposure. These benefits make closed cell aluminum foams a popular
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choice for a wide range of applications in which weight reduction, thermal insulation,
and acoustic insulation are critical factors. Closed cell aluminum foams offer improved
strength and stiffness compared to open cell foams due to the enclosed cells providing
structural support to the material. Low porosity also prevents the loss of moisture and
other contaminants, which can cause corrosion and degradation of the foam over time. In
the following paragraph, a systematic comparison is performed on the area, circularity, and
equivalent diameter as a function of the content of TiH2 and SiC in Figures 9–14.
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5.2. Image Analysis Results

These results show that Sample 4 (SiC = 6%, TiH2 = 0.2% and Al = 93.8%) exhibits
optimal geometrical properties of foams from the point of view of the morphological shape
and size of the porosity. Metal foams with the highest circularity and the most uniform
equivalent diameter and area show uniform properties, allowing for more predictable
behavior in various applications. They also have better mechanical properties, with a more
regular plateau due to efficient load transfer, including compressive strength and energy
absorption. Overall, these foams offer a range of benefits, including improved properties
and increased surface area.

6. Discussion

The study of metal foams has received increasing interest in recent years due to
their unique properties, such as high strength-to-weight ratio, excellent energy absorption
capacity, and acoustic insulation. Metal foams have potential applications in several
industries, including aerospace, automotive, and biomedical. Therefore, it is useful to
understand their physical properties and how they can be modified to enhance their
performance.

The compression test is a standard method utilized to assess the mechanical properties
of foam. In this work, the foams have been compressed up to a specific strain level, and the
force required to achieve that strain has been measured. The compression test provides
insights into the foam’s compressive strength and energy absorption capacity.

The experimental analysis performed in this work is based primarily on closed-cell
aluminum foams. The composition of such materials has been changed in order to get four
different types of samples. After the compression tests, the strain energy was evaluated,
and sample 2 showed the highest strain energy per unit volume.

The analysis of morphological properties, such as area, circularity, and equivalent di-
ameter, can provide a better understanding of the foam’s structure and porosity, parameters
which can be manipulated to enhance the foam’s properties for specific applications, both
structural and functional. In this work, the foams have been analyzed from a morphological
point of view: physical properties of the foams, such as area, circularity, and equivalent
diameter, were determined using image analysis software. This analysis was conducted on
all four samples and the main results are discussed in the following.

From the comparison of Figures 9–14, it has been found that the geometrical features
(area, circularity, and equivalent diameter) of the porosity critically depend, at first glance,
on the TiH2 content. In general, foams manufactured with 0.2% TiH2 show pores of
smaller size and homogeneous size in comparison with the ones produced with 0.4% and
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0.6% of TiH2 (Figure 9). With increasing TiH2 content the bubble’s size raises too and a
greater dispersion of the porosity size has been evidenced. The consequence of increasing
SiC content is shown in Figure 10, where the stabilizing effect of the ceramic particles is
particularly evident in the smallest range of area (0–0.05 mm2). Dealing with circularity,
it has been found that the highest values are achieved with the lower content of TiH2
(Figure 11) and with the higher content of SiC (Figure 12). As concerns the equivalent
diameter, it is reflected in the situation of the area illustrated in Figures 9 and 10. The
effect of the addition of TiH2 increases porosity size and consequently the equivalent
diameter (Figure 13) while the stabilizing effect of SiC addition has the greatest impact on
the smaller porosity size (Figure 14). The distribution of particles on the walls between
adjacent porosities contribute to the stabilization of the foam structure, reducing drainage of
molten metal and increasing the resistance to metal flow. In this way, thinning of the walls
is prevented, wall strength is enhanced, and, in general, mechanical strength is increased.

The analysis of the absorbed energy per unit of volume (specific energy) with a
different amount of TiH2 (Figure 7) evidenced that absorbed energy increases from 0.2%
to 0.4% TiH2 and decreases from 0.4% to 0.6% of TiH2. The main reason for that can
be ascribed to the contribution due to the lower plateau stress and higher strain found
with increasing content of TiH2. The specific energy is the area below the curve σ-ε, so
the opposite contribution due to stress and strain are evident from these results. The
combination of higher stress and lower strain as well lower stress and higher strain is the
reason for the smaller specific absorbed energy, while average values of stress and strain
allow the highest specific absorbed energy to be obtained.

7. Conclusions and Future Outlook

In conclusion, relative to the investigation on the analyzed compositions, it can be
deduced that:

(1) From the compression tests and foam property measurements, sample 2, containing
SiC = 2.8%, TiH2 = 0.4% and Al = 96.8%, has the highest energy absorption.

(2) Sample 4, containing SiC = 6%, TiH2 = 0.2% and Al = 93.8%, exhibited good morpho-
logical properties overall.

(3) Higher TiH2 content involves greater areas of the pores and consequently average di-
ameter, but, at the same time, a greater dispersion of the porosity has been evidenced.

(4) Higher SiC content involves an effect of stabilization on the porosity and consequently
on the circularity and the equivalent diameter.

(5) Specific energy absorption is strictly correlated to the morphology of the stress-strain
curve and the contribution of both. The combination of higher stress and lower strain
as well lower stress and higher strain is the reason for the smaller specific absorbed
energy while average values of stress and strain allow the highest specific absorbed
energy to be obtained.

(6) In general, the combined use of mechanical characterization and image analysis can
aid in the development of a new kind of closed cell aluminum foam materials with
tailored microstructures to meet specific application requirements. Image analysis
also enables researchers to study the behavior of closed cell aluminum foams under
different loading conditions, such as compression and impact, which can provide
valuable insights for designing safer and more durable products or materials with
customized deformation properties and energy absorption.

(7) Low weight and energy absorption capability but also thermal properties in heat
dissipation can be exploited in further possible applications.

In the future, further developments may regard a systematic investigation with a
greater amount of blowing agent and stabilizing agent, different base metals, and alloys in
order to extend relevant results to other materials and the morphology of porosity.
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