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Abstract

The goal of this study is to evaluate the mechanical characteristics and energy absorption capabilities of both closed-cell pure Aluminum foam
and closed-cell A356 foam. A portion of the lightweight pure foam samples (17.12, 17.77 and 15.27 g) is produced through casting of raw
material (99.9 % pure aluminum) using Titanium Hydride (TiH2) as a foaming agent, which lead to (7.5, 7 and 8) Pores Per Inches (PPI); and
samples of A356 foam (38.24, 38.18 and 35.88 g) is produced through casting of A356 alloyed material with same procedure which lead to
(11, 10 and 12) PPI. In order to determine the maximum compressive strength, strength-to-weight ratio, energy absorption density,
complementary energy, and energy absorption efficiency, a uniaxial compression test is conducted. The results indicate that compression of
pure foam structure smashed in a ductile manner and shows a lamellar eutectic structure while A365 foams under compression are crashed
with brittle character with complex phases distribution inside (polyhedral and globular morphologies), A noticeable enhancement is observed
in the mechanical characteristics of the A356 foam. The maximum compressive strength and specific energy absorption of alloyed foam are
increased by a factor nearly of 4 and 2 respectively for all tested samples. Also, the result shows a significant decreasing in compressive
strength with increasing of PPI for both pure and alloyed foam. The notable enhancements in the properties of alloyed closed cell foam render
these advanced materials a viable option for high-strength applications.
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1. Introduction

Metal foams are a modern class of materials [1] that have
a combination of interesting physical and mechanical
properties like low density, high stiffness, low weight, and the
capability of being adapted for a given purpose or function of
properties that prove valuable in solving a host of design needs
that exist today. The multifunctional performance of metal
foams makes them attractive for numerous uses, including:
thermal insulation, heat sinks, acoustic insulation, energy
absorption devices, lightweight structural sandwich panels,
and vibration damping devices [2].

The mechanical properties and strength-to-weight ratio are
the most crucial characteristics of these materials, as they
render them dependable for use as energy absorption materials

(3].
1.1. Metal manufacturing

Production of metal foams is a very difficult task because
of the simultaneous occurrence of solid, liquid and gaseous
phases at different temperatures [4].

There are several procedures for Aluminum foam
manufacturing. Banhart (2003) [2] studied three different
procedures; these are Foaming Melts by Gas Injection,
Foaming Melts with Blowing Agents and Solid—Gas Eutectic
Solidification. Then he listed the application of the foams.

On the other hand, Rajak et al. (2017) [5] highlighted the
manufacturing process of nine procedures and the properties
of the produced metal foams as well as their advantages and
limitations.

To find the best suitable method for Aluminum metal
foams production, Mahadiv et al. (2018) [4] studied various
possible methods for mechanical application. However, their
experimental results showed that aluminum metal foams
produced by the Powder Metallurgy method present high pore
connectivity.

In their 2016 study, Nabawy et al. [6], aimed to develop a
dependable manufacturing technique for various metallic
foams. Pure Aluminum, Magnesium, and an Aluminum-
Silicon Carbide nanocomposite (MMNC) were created
through melt infiltration aided by electromagnetic force. Field
Emission Scanning Electron Microscopy (FESEM) was
utilized to investigate the microstructures of the resulting foam
materials, which were then subjected to compression testing.
The findings demonstrate that this innovative technique is
highly applicable for producing metallic foams composed of
pure metals and metal matrix nanocomposites.

1.2. Mechanical properties

The research from past few decades indicated that the
mechanical properties capabilities of metal foams are
promising fields, including: thermal insulation, heat sinks,
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acoustic insulation, energy absorption devices (crash
protection), lightweight structural sandwich panels (as the core
material) and vibration damping devices [3].

Koza et al. (2003) [7] studied the compressive strength of
Aluminum foam manufactured under powder metallurgy
technique for different porosities (different density) and size,
his results shown that the mean compressive strength increases
almost linearly with increasing density, and the specimens
having lower density exhibit steadier properties.

The mechanical properties, including stiffness, yield
strength, and fracture resistance, of three commercially
available closed-cell Aluminum foam types (ALPORAS,
ALCAN, and ALULIGHT) were investigated for tension and
compression tests by Sugimura et al. in 1997 [8]. Optical
characterization of cell morphology was carried out through
electro-discharge machining (EDM) and polishing, while
microstructural cell characteristics were obtained through
etching. The study revealed that fracture measurements
indicated crack growth along cell walls via a mechanism
similar to the plastic tearing of thin sheets.

In 2013, Negi et al. [9] aimed to enhance the compressive
strength of Aluminum foam prepared through the melt route
method by incorporating different nickel particles. The
compression test results were compared with pure Aluminum
foam samples to assess the impact of nickel particle percentage
on the compressive strength of Aluminum foam. The stress-
strain diagrams generated during the compression test were
used to determine the energy absorption of various Aluminum
foam samples. The compression strength test revealed that the
yield strength of pure Aluminum foam was relatively low, but
with the addition of nickel particles, there was a notable
increase in its value. It was observed that the yield strength
initially increased rapidly, but as the amount of nickel
increased, the growth rate decreased, indicating that the
addition of a higher percentage of nickel particles was making
the foam more brittle. The incorporation of Ni elements
prominently improved the plateau region compressive strength
and vyield stress of the foams, but to ensure ductile
deformation, the content of Ni elements needed to be limited.

Gibson (2000) [10], provided a comprehensive summary
of the elastic moduli, uniaxial strength, yield criterion, creep,
and fatigue of metallic foams. The purpose was to establish a
foundation for their potential use in engineering applications.

Motaz and Pippan (2002) [11] Standard fracture toughness
tests were applied to aluminum alloy foams with different
densities and in situ tests scanning electron microscope were

performed to identify fracture processes and to make local
deformation measurements. Fracture toughness values in
terms of the critical stress intensity factor, KIC, the critical J-
integral, JIC, and the critical crack-tip opening displacement,
were determined.

The research is aimed to study the plastic deformation of
closed-cell aluminum foam under uniaxial compression by
microstructural investigation for closed cell pure aluminum
and alloyed (A356) aluminum foam for a foam manufactured
in "foaming melts with blowing agents" process.

For a successful design with these materials, the
mechanical properties of the metal foam have to be known, and
for that purpose a uniaxial compression test according to
ASTM-E9 mechanical tests and microstructure investigation
before and after the compression test have been done.

To get a better understanding of foam fracture, optical
metallography and field emission scanning electron
Microscope (FESEM) investigation have been included in the
microstructure investigations.

2. Manufacturing method

A pure and alloyed closed-cell aluminum foam was
produced based on addition of foaming agent in melt injection
to investigate the effect of PPl on mechanical and energy
absorption properties of these metals foam. However,
production of metal foams is a very difficult task because of
the simultaneous occurrence of solid, liquid and gaseous
phases at different temperatures.

In the present work, foam is produced through casting of
pure and alloyed aluminum with a chemical composition
measured by a Ametex spectro material analyzer and presented
in Table 1 and Table 2 was used as the raw material for closed-
cell foam. Liquid-state processing is conducted using Titanium
Hydride (TiH,) as a foaming agent. Pure/alloyed aluminum is
melted in carbon steel crucible and maintained at 700 °C. 1.5
wt % calcium (as a thickening agent) in form of granules is
added to the melt at a speed of 450 rpm for 10 min. 0.5 wt %
of a blowing agent (TiH>) is added in the next step at a stirring
speed of 1400 rpm for 100 sec which is then poured into a
cubic steel crucible in an electric furnace. Titanium hydride
release hydrogen gas inside the hot viscous liquid. Foam
formation occurs at 660 °C during 7 min. When foaming is
completed, the melt is cooled and solidified, preventing
hydrogen gas from escaping.

Table 1. Chemical composition of Pure Aluminum.

Si Fe Cu Mn Mg Zn Cr Ni Ti Be Ca Li
0.04 0.12 Trace Trace | <0.005 | 0.008 Trace 0.009 Trace None 0.002 None
Pb Sn Sr \Y Na Bi Zr B Ga Al
Trace <0.002 None 0.002 Trace | <0.003 | Trace 0.0009 0.01 Base

Table 2. Chemical composition of A356 alloy.

Si Fe Cu Mn Mg Zn Cr Ni Ti Be Ca Li
6.62 0.15 0.24 0.08 <0.33 0.008 0.001 0.07

Pb Sn Sr V Na Bi Zr B Ga Al
0.005 Base
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Blocks of solidified foams (Fig. 1) are cut using specially
saw. Cutting is performed in all 6 faces in order to take the
sound foam out. It should be noted that the upper surface is
rather wavy due to the movements on the surface at the initial
stage of casting. The lower part, on the other hand, possesses
a dense structure and needs to be cut before being used. Then
three samples with dimensions of 25 x 25 x 50 mm cut and
prepared for compression test for both pure and alloyed foam.

Fig. 1 As cast foam block.

3. Uniaxial compression test

The compressive behavior of pure and alloyed closed-cell
aluminum foam was evaluated using a compression test
designed according to ASTM E8 standard [12]. The test
determined the first maximum compressive strength as the
yield stress. The pure/alloyed foam samples, with dimensions
of 25x25x50 mm, were subjected to a uniaxial compression
test using an Instron machine with a 5-ton capacity at a strain
rate of 10 mm/min and at room temperature. The compression
process was graphically presented in the results. The
displacement-force curve was used to derive a stress-strain
curve. Prior to plastic deformation, SEM images of the pure
and alloyed foams were taken using a field-emission electron
microscope (FESEM) with a resolution up to 20 nm at 15 kV.
The morphological assessment was done according to ASTM
E883-11 using different magnifications.

4. Results and discussion
4.1. Compressive behaviour and fracture mechanism

As shown in Fig. 2-a for pure and 2-b for A356 closed-cell
aluminium foam, under uniaxial loading, cell walls are
crushed. Work hardening of pure and alloyed samples are
totally different. More stress fluctuations are observed in the
case of A356 material (Fig. 2-b) and within the region of 18-
25 % strain, a large drop in stress is seen (Figs. 20 and 21).
Images of the super-slow camera (Fig. 2-b) show the fact that
the A356 sample is crushed and broken into several parts due
to compression. This indicates the brittle nature of the material
as already confirmed by SEM images. It can be concluded that
A356 foam is a relatively high-strength material with pore
walls breaking under compression in a brittle fashion. The
process of wall failure is continuous and time consuming and
results in fluctuations in stress-strain curve. Further increase in
strain (up to about 45%) is a result of foam densification.

Contrary to the alloyed material, foams fabricated from
pure aluminium do not show any work-hardening behaviour.
A relatively linear trend in stress is seen up to 45 % of
strain where the sample is smashed. Images of the sample
(Fig. 2-a) reveal this behaviour. No fragmentation is observed
during plastic deformation and pore walls keep their
consistency through forming local hinges throughout the entire
sample. Finally, the sample becomes flat like a compressed
spring.

Fracture mechanisms mentioned above are already
observed in SEM microstructures revealing fragmentation
and smashing as main mechanisms with more crushing seen in
the case of alloyed foam. This means that the A356 foam
(which is 4-times stronger than pure material) has a larger
energy absorption capacity as well.

29% 35% 46%

Fig. 2-a Compression behavior of Closed-cell pure Aluminum foam at a
strain rate of 10 mm/min across varying stages of compression (strain).

470

28% 33% 46%
Fig. 2-b Compression behavior of closed-cell A356 Aluminium foam at a
strain rate of 10 mm/min across varying stages of compression (strain).

4.2. Electron microscopy (SEM)
4.2.1. A closed-cell A356 foam

The foam appearance under FESEM is observed in Fig. 3.
A uniform structure is seen in which, cell walls seem to be
thicker than commercially-available foams [1]. Wall
thicknesses and pore sizes are marked in Fig. 4. Wall thickness
lies in the range of 250-850 microns while pores are between
2-3.5 mm in diameter.



H. A. Fadhil et al. / Basrah Journal for Engineering Sciences, Vol. 24, No. 1, (2024), 1-11 4

o )
|F=878.3
L o 1
2 o ; e ves et A
NG Rix | SeMwn 150K [ ] RASTRSCAN et e ] M dsaR
oS T T Wi e e

Date(mialy} 0205720 | View feld: 7.2 mm RAZIFOUNDATION ' Date{midyk 02105120 | View field: 7.22 mm

Fig. 4 (a) pore size. (b) Wall thickness for A356 foam determined under
FESEM.

The elemental composition of foams was determined using
energy-dispersive spectrometry (EDS) of the FESEM. For
this, plateau zone (the junction between three bubbles, as well
as wall ends were analysed. Magnified image of such a zone is
depicted in Fig. 5.

SEM HV: 150KV
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Fig. 5 Magnification of the zone selected for EDS analysis.

EDS analysis results are presented in Fig. 6. In addition to
aluminium and silicon, iron was also detectable which
originates from dissolution of the mixer blade in the melt.
Also, calcium seems to be abundant which the result of
calcium addition is during thickening. The presence of these
elements will change the chemical composition of the original
alloy (A356) but is a fact accepted by producers. Finally,
titanium (remaining due to the addition of TiH, bubbler) is
also detected by EDS detector (hydrogen leaves the material
during bubbling).
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Fig. 6 EDS analysis result for zone A marked in Fig. 5.

In addition to the triple junction (marked as zone “A” in
Fig. 5), pore walls (marked as zone “B” in Fig. 7) were also
examined through EDS in Figs. 7 and 8, respectively. Clearly,
the amount of silicon and titanium is much higher on the
surface as compared to the junction. This is a direct result of
bubble nucleation by TiH, and floating feature of silicon.
Therefore, A356 foams present a concentration gradient when
moving from internal surface of the bubble to the core of the
walls.
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Fig. 7 Zone B selected for EDS analysis of internal pore walls.
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Fig. 8 EDS analysis result for zone B marked in Fig. 7.
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In the next step, foams were mounted in a resin in order to
be evaluated in detail under electron microscope for being
compared with optical microscopy findings. Images of the
sample are shown in Fig. 9 under secondary electron (SE) and
backscatter (BS) conditions, thus making different phases
distinguishable.

SEMMAG: 200kx | SEMHV: 150KV,

WO: 1415 mm Dot: BSE 20m
Date(midyy): 0210520 View fieid: 108 pm

MIRAS TESCAN  SEM MAG: 20 X SEMHV: 15.0 KV L MIRAY TESCAN|

WD: 40.48 men Det SE 2mm

RAZI FOUNDATION  Date(mitiy): 02/05/20 | View field: 7.22 mm RAZI FOUNDATION

 SEMMAG: 300X MIRAS TESCAN|
VID: 4411 mm

Date(midy): 020520

RAZI FOUNDATION

Fig. 9 FESEM micrographs of the etched A356 foam sample.

The sample was analysed through EDS mapping for a
better understanding of the material under study. Results (Fig.
10) show the possibility of formation of a number of
complexes such as Al-Si, Al-Cu, Fe-Al, and Al-Mg in addition
to the presence of titanium. Here, Al-Si look to possess larger
percentage among all.

Fig. 10 Element mapping distribution of Fe, Ti, Si, Al, Mg, Cu and Ca.

4.2.2. Closed-cell pure aluminium foam

An FESEM image of pure aluminium foam is shown in
Fig. 11. A rather uniform structure with thin walls is observed.
In comparison to the alloyed foam, the pure material possesses
larger pores with thinner walls in between. Pore dimensions
and wall thicknesses are marked in the same image.

SEM MAG: 20 x SEMHU 155KV i MIRAS TESCAN
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Date(midy): 0220520 | View bield: 7.22 mm
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Fig. 11 Pure aluminium foam and its pore specifications.

Figure 11 clear the pore sizes lie in the range of 2.5 to 4.5
mm which are larger than the alloyed counterpart. Also, pore
wall thicknesses are in the range of 50-130 microns. In other
words, expansion of the pores makes the wall thinner. If
reached to a critical value, they are burst. This phenomenon is
already visible in microstructures. In the case of alloyed foam,
however, burst structure is not observed which means that
silicon affects wall formation in a positive way, making the
walls thicker and more rigid during foaming. These
phenomena result in a decrease in foam density with a reduced
PPI. In other words, pure foam is lighter than the alloyed one.
However, its strength falls below the A356 foam as presented
in Fig. 20.

Similar to alloyed samples, pure foams were also analysed
via EDS. The triple junction in Fig. 12 (marked as “zone A”)
was tested with results presented in Fig. 13.

SEM MAG: 100 x

SEM HV: 150 kV

WX 22.20 mm Det: SE 200 pm
Date{midly): 020520  View field: 1.44 mm

Fig. 12 EDS analysed triple junction area.
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Fig. 13 EDS analysed results for zone A marked in Fig. 12.

Again, traces of iron (remaining from mixer blade) are
observed in the sample. Calcium (added for thickening) was
also detected. Most probably, silicon is remained from the
previous runs with alloyed material. Finally, titanium is
coming from TiH. addition as the bubbling agent.

The interior wall of a pore (marked as “zone B”) is depicted
in Fig. 14 for which, EDS analysis results are brought in Fig.

f
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Fig. 14 EDS analysis of the internal pore walls of pure foam.
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Fig. 15 EDS analysis results of zone "B".

Figure 15 show that the concentration gradient in pure
foam is lower than the alloyed A356 foam and those
complexes mentioned earlier are not formed. Al-Ca eutectic
alloy is the only complex remaining in after foaming which
can be effective in strengthening of the material.

The foam under study was prepared through polishing and
etching using Keller’s reagent in order to make detailed
metallographic examinations possible. Results, depicted in
Fig. 16, show the microstructure under FESEM. These images
are taken in SE and BSE modes in order to make the phase
contrast which is clearly visible in BSE mode. Indentations in
the pore walls are result of resin detachment during polishing.

MIRA3 TESCAN

SEMMAG:8 x SEMHV: 15.0 KV N e

VIO 40.49 man Det: SE Smm

Date{midiyk 02105720 | View feld: 181 mm /20| View tiela: 108 pm RAZI FOUNDATION

&

SEMHV: 150 KV
Det: SE, BSE
View field: 482 pm

SEM MAG: 300 x
WO: 2225 mm
Dote{midy): 02105120

Fig. 16 (a, b) Microstructure of pure aluminium foam after etching. (c)
comparison of the microstructure under SE and BSE modes.

EDS maps of the sample are provided in Fig. 17 where the
addition of calcium to the melt introduces the material as an
alloy (to this, one needs to add the presence of iron remained
from the steel impeller). Composition maps reveal the
presence of aluminium-calcium eutectic alloy. Titanium is
remained from TiH; as foaming agent and no complex is
formed in this system. The Al-Ca system decides the strength
of the foam material.

Fig. 17 Pure aluminium element mapping distribution of Fe, Ti, Si, Al, Mg,
Cu and Ca.
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In contrast to the alloyed material, no dispersion
strengthening is expected here. Therefore, crack formation
and propagation rate (during plastic deformation) is much
slower than A356 foam. This is the origin of its higher strength
in comparison to the alloyed A356 foam.

In simple words, foams fabricated out of pure aluminium
show the tendency toward ductile behaviour whereas A356
foam is brittle and breaks down under loading. Cracks formed
due to the presence of complexes and eutectic phase, render
the material brittle and prone to failure.

4.2.3. Fracture cross-section after compression test

Sample residuals after uniaxial compression testing were
collected and examined under FESEM in order to find out
more details on fracture mode. Results are depicted in Fig. 18
for both pure and alloyed materials after being crashed under
compression.

SEMMAG: 20X

W 11,08 mm
Dule(midy): 0205720

Fig. 18 Microstructure of fracture surface (a) A356, (b) pure aluminium.

Higher magnification (1500X, at 15 kV, 20 nm resolution)
of the fracture surfaces (Fig. 19) reveals a brittle character for
A356 with complex phases distributed inside (polyhedral and
globular morphologies). No dimple (characteristic of ductile
fracture) is seen. In contrast, pure aluminium foam shows a
lamellar eutectic structure being quite different from the
alloyed material. In other words, failure of the alloyed foam is
accompanied with particle crashing and low work-hardening
while in the case of pure foam, the structure fails in a ductile
manner showing higher levels of work-hardening. Therefore,
their stress-strain behaviour and energy absorption properties
differ to a large extent.

Fig. 19 Failure modes in pore walls (a) A356, (b) pure aluminium.

When alloyed, aluminium foams reveal a much stronger
structure as compared to the pure material processed in the
same way. This is reflected in the results of compression
testing (Fig. 20) where A356 foam shows a larger area (means
need to higher energy for plastic deformation).

Electron microscopy examinations confirm the difference
in failure modes. While A356 behalves in a brittle manner, the
pure material fails in a ductile mode. The former shows larger
fracture strength whereas the latter reveals smaller fracture
strength values. Therefore, A356 foam, although comes with
higher density, it presents larger energy absorption capacity
and strength.

Figures 20 and 21 discloses the fact that in comparison to
the pure sample, alloyed foam shows higher strength under the
same foaming conditions (i.e. 0.5 wt % of foaming agent and
1 wt % of Ca). This is a result of alloying and possessing
needle-like Si particles.

4.3. Elastic properties

According to 1SO 13 314, the yield point is one of the
critical parameters of any cellular material. A stress-strain
curves for three A356 and three pure foams at strain rate of 10
mm/min are disclosed in Figs. 20 and 21 respectively, shows
that the yield strength of A356 foam are about 4-times yield
strength as compared to the pure counterpart and increasing
the PPI negatively affects the yield strength (Figs. 22 and 23)
[13]. According to the idea previously mentioned in the
fracture mechanism of structures to the best of our knowledge,
these values are the largest values reported so far; this is
probably due to the thicker pore walls compared to the
commercially available products such as Alolaight and
Aloporos. In addition, solid pores show a more curved
morphology. These two features result in better yield strength
and are seen more in alloyed foam than the pure sample
(compare Figs. 4 and 11). Therefore, higher yield values for
A356 foam comes from:

1. Spherical structure of the cells and their thickness.

2. Alloying and strengthening by needle-like particles.
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Fig. 20 Stress-strain curve for A356 closed cell aluminium foam
compression test (3 samples).
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Fig. 21 Stress-strain curve for pure closed cell aluminium foam compression
test (3 samples).
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Fig. 23 strength-PPI for pure closed cell aluminium foam compression test (3
samples).

4.4. Properties of energy absorption

The examined properties of the foam samples in this study
include absorbed energy density, complementary energy, total
energy, specific energy absorption, energy absorption
efficiency, and energetic behaviors at different stress levels.
The relationship between normalized energy and stress and the
impact of pores per inch (PPI) on energy absorption are also
analyzed and compared.

4.5. Total energy

The energy absorbed by the material can be divided into
two parts: The energy absorbed per unit volume, which is also
referred to as the energy absorption density or strain energy,
comprises the first part. The second part is the complementary
energy. Equations (1) and (2) are used to calculate these
values, as shown in the schematic in Fig. 24. The total energy
absorbed can be calculated using Equation (3) [14].

U XFdx*IXFdx*fEd :
u_V_o V_oAXo_oag M
LU deFfode” J 5
A N RS A N @
ut=u+u*=fd(ae)=fads+fsda 3)

in which; ug total energy, V: foams volume and the other
parameters are explained in Fig. 24.

1.0
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Sk L nergy
o U
Z 06 = F
2
o
2
5
0.4 A1
X dx
X,
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0.0
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Fig. 24 approach for computing the total energy.

The energy absorption density of A356 foam and pure
foam (strain energy) is calculated by Equation (1) and
presented comparatively in Figs. 25-a and 26-a respectively.
As the strain increases, the quantity of absorbed energy also
increases. It is also slightly related PPI for pure foam and more
affected by PPI changes for A356 foam, and it is evident that
structures with higher density absorb greater amounts of
energy at equivalent strains.

Figures 27 and 28 show, alloyed foam absorbed maximum
energy 0.06, 0.08 and 0.12 (MJ m-3) for PPI 10, 11, and 12,
while for pure foam 0.014, 0.022 and 0.031 (MJ m-3) for PPI
7, 7.5, and 8, respectively.

It is noteworthy to compare the energy absorption density
of pure foam related to PPl and alloyed foam, the increased
PPI, and the Silicon improved the absorbed energy of A356
foam to 4 times compared with pure one, and that related to
increasing stress increases the values of total energy
absorption (Fig. 24), which leads to increasing the total energy
of the core materials, as shown in Table 27 and Fig. 28.
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Fig. 25 (a) Energy absorption density of A356 closed-cell foam. (b)
Complementary strain energy of A356 closed-cell foam.
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4.6. Energy Absorption Efficiency

The rate of energy (i) absorbed at a particular strain
relative to the total amount of absorbed energy and is
calculated through Equation (4) [21] and is plotted concerning
displacement in Figs. 29 and 30 for both alloyed and pure
closed cell aluminum foam respectively.

1 Em
n= J. ode 4
0

Om Em

in which 7 is energy absorption efficiency, em and om is strain
an stress at a certain strain em respectively.

Based on Figs. 29 and 30, it can be observed that the
alloyed and pure samples exhibit similar behavior. The energy
absorption efficiency curve shows a peak and then a decrease,
followed by a stable region. The peak occurs around the yield
point of the samples. A365 foams have better efficiency due to
their elastic nature, and their efficiency is significantly lower.
These results were obtained from force-displacement diagrams
and can guide material selection for industrial applications of
these lightweight foams.
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Fig. 29 Energy absorption efficiency of A356 aluminum closed-cell foam.
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Fig. 30 Energy absorption efficiency of pure aluminum closed-cell foam.

5. Conclusions

A lightweight pure foam was produced using 99.9% pure
aluminum and Titanium Hydride (TiH2) as a foaming agent,
resulting in PPI values of 7, 7.5, and 8. A356 alloyed foam was
also produced using the same procedure, resulting in PPI
values of 10, 11, and 12.

Uniaxial compression tests results showed that
compression of the pure foam structure exhibited a ductile
fracture mode with a lamellar eutectic structure, while A356
foams showed a brittle fracture mode with a complex phase
distribution (polyhedral and globular morphologies).

A significant improvement in the mechanical properties of
A356 foam was observed, which varied with the increase in
PPI.

Alloyed foam improved maximum compressive strength
and specific energy absorption by 4 times and 2 times,
respectively.

The results also indicated a significant decrease in
compressive strength with an increase in PPI for both pure and
alloyed foam. These findings demonstrate that alloyed closed-
cell foam exhibits significantly improved properties, making
them a suitable candidate for high-strength applications.

for A356 closed-cell aluminium foam, under uniaxial
loading, cell walls are crushed. Work hardening of pure and
alloyed samples are totally different. More stress fluctuations
are observed in the case of A356 material and within the region
of 18-25 % strain, a large drop in stress is seen. Images of the
super-slow camera show the fact that the A356 sample is
crushed and broken into several parts due to compression. This
indicates the brittle nature of the material as already confirmed

by SEM images. It can be concluded that A356 foam is a
relatively high-strength material with pore walls breaking
under compression in a brittle fashion. The process of wall
failure is continuous and time consuming and results in
fluctuations in stress-strain curve. Further increase in strain (up
to about 45 %) is a result of foam densification.

Fracture mechanisms mentioned above are already
observed in SEM microstructures revealing fragmentation and
smashing as main mechanisms with more crushing seen in the
case of alloyed foam. This means that the A356 foam (which
is 4-times stronger than pure material) has a larger energy
absorption capacity as well EDS analysis results are presented.

In addition to aluminum and silicon, iron was also
detectable which originates from dissolution of the mixer
blade in the melt. Also, calcium seems to be abundant which
the result of calcium addition is during thickening. The
presence of these elements will change the chemical
composition of the original alloy (A356) but is a fact accepted
by producers. Finally, titanium (remaining due to the addition
of TiHz bubbler) is also detected by EDS detector (hydrogen
leaves the material during bubbling).

The sample was analysed through EDS mapping for a
better understanding of the material under study. Results show
the possibility of formation of a number of complexes such as
Al-Si, Al-Cu, Fe-Al, and Al-Mg in addition to the presence of
titanium. Here, Al-Si look to possess larger percentage among
all.

Electron microscopy examinations confirm the difference
in failure modes. While A356 behalves in a brittle manner, the
pure material fails in a ductile mode. The former shows larger
fracture strength whereas the latter reveals smaller fracture
strength values. Therefore, A356 foam, although comes with
higher density, it presents larger energy absorption capacity
and strength.

The resulting stress-strain curves discloses the fact that in
comparison to the pure sample, alloyed foam shows higher
strength under the same foaming conditions (i.e. 0.5 wt % of
foaming agent and 1 wt % of Ca). This is a result of alloying
and possessing needle-like Si particles.

The results indicate that as the strain increases, the amount
of absorbed energy also increases. In pure foam, this
relationship is slightly related to PPI, while in A356 foam, it is
more affected by changes in PPI. Furthermore, it is evident that
denser structures absorb more energy at equivalent strains.
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