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Grahical abstract Abstract
| EG | | A356 | This research investigates the manufacturing of metal syntactic foams (MSFs)

using a packed bed of porous (2-2.8 mm) expanded glass (EG) within an A356
alloy matrix. To this end, the counter-gravity infiliration casting technique is

Counter  gravity employed to manufacture the specimens. The density of the MSFs ranges from
Infiltration Casting 1.05 to 1.17 g/cms3, making it one of the lowest densities foams, attributed to

l the filler particles' low bulk density. The study investigates the influence of Té

heat treatment on the mechanical properties and microstructural

MSF characteristics of the manufactured MSFs. The mechanical properties of the

MSFs are characterized under quasi-static compressive loads at 1 mm/min.

| As Cast | | T6 Heat Treatment | After heat treatment, the compression test results indicate a significant

‘ l enhancement in most mechanical properties. Compression strength and

- plateau stress are approximately doubled compared to as-cast foams for

| Compression test | samples with similar densities. While energy absorption of the MSFs triples in
heat-treated conditions. These improvements are attributed fo changes in the

| Stress and microstructure Analysis | mcﬂrix. micr.os’rruc.’rL.Jr.e due to thermal Trep’rment..Micr.os’rruc’rurol .o.nolysis revegls
l that Si particles, initially sharp and continuous within infer-dendritic boundaries,

become blurry and discontfinuous through spheroidization after thermal

Compare the mechanical properties treatment. This hinders crack growth in the cell wall and mitigates the effects of
of Ac and HT of MSF samples casting defects and the columnar dendritic structure. The majority of
1 mechanical properties in both heat-treated (HT) and as-cast (AC) foams

exhibited an increase in density due to an increase in the matrix fraction.
However, plateau end strain and energy absorption efficiency demonstrated
an independent effect of heat freatment and density.

Conclusion
HT foams showed significant improvement
in  mechanical properties including
compression strength, energy albsorption,

plateau stress and energy absorption Keywords: Metal syntactic foam, mechanical properties, microstructure

properties, expanded glass particle, A356 matrix, infiliration method

efficiency.
© 2025 Penerbit UTM Press. All rights reserved
1.0 INTRODUCTION significant interest due to their exceptional physical
and mechanical properties, including low density,
Metal Syntactic Foams (MSFs) are novel lightweight high-energy absorption, and a favorable strength-fo-
materials consisting of particles embedded in a weight ratio [2] The unique properties of the MSFs
metal matrix [1]. Recently, they have garnered necessitate further exploration of their mechanical
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characteristics and the influence of processing
factors, such as heat freatment and aging processes
[3]. Weak particles, such as expanded glass (EG) [4],
[5], expanded clay [6] pumice [7], and expanded
perlite [8] particles serve as space holders in MSFs,
imparting  ductility and stable  deformation
compared to MSFs with high-strength particles [9].
The mechanical properties of the MSFs with low-
stfrength particles primarily depend on the metal
mafrix fype and the microstructure of this matrix [10].
Consequently, heat freatment applied to aluminum
matrices, such as A356, can enhance the
mechanical properties of the MSFs. Several studies
have demonstrated that heat freatment is an
effective approach to tailoring the mechanical
properties of MSFs [5].

To date, limited research has investigated the
effect of different heat tfreatment processes on the
microstructure and mechanical properties of MSFs
containing high-strength particles [3]. Notably, these
investigations have vyielded insignificant results
regarding the impact of heat treatment processes on
mechanical properties. This might be attributed to
the strong dependence of the mechanical
properties of these MSFs on the filler particles rather
than the matrix materials. These syntactic foams
exhibit immature cracks at the beginning stages
of compression and are brittle fracture-susceptible
[T1, 12]. This restricts the foam's ability to absorb
energy. Few studies have explored the effects of
heat freatment on MSF containing low-strength
porous particles, revealing that heat treatment is a
highly effective approach for enhancing the
mechanical properties of metal syntactic foams,
parficularly when the matrix material is heat-
treatable [13]. Taherishargh et al. [14] fabricated an
MSF  using inexpensive and  uliralightweight
expanded perlite particles as filler and A356 alloy as
a matrix. The produced foams significantly improved
plateau stress and absorbed energy after heat
tfreatment. The primary reason for this improvement
lies in the alteration of the microstructure of the
maftrix material. Bolat et al. [13] Heat-tfreated MSF
specimens demonstrate greater mechanical and
energy absorption characteristics, regardless of the
size of the particles, in comparison to their as-cast
properties with similar or nearly identical density
values.

Expanded glass particle (EG) stands out as one of
the best options for creating lightweight metal foams
with a uniformly distributed filler, owing to its low
density and approximately spherical shape. Previous
studies have explored EG-MSFs using A356 as an
untreated metal matrix [15]. The study's output
samples are regarded as some of the lightest metal
syntactic foams, making them appropriate for
various uses. The novelty of this project is to create
lightweight material while maintaining its mechanical
properties and improving its energy absorption. This
material can be useful in numerous applications like
impact absorbers. The main way to enhance the
mechanical properties of metal syntactic foams

made of weak filler particles is via a heat-treatment
process [16, 17]. Therefore, the primary objective of
this study is to investigate the consequences of heat
freatment on the mechanical properties of an MSF
made of EG as a filer and A356 as a matrix. It's
important to note that the EG particle used in this
work was provided by a different supplier than in
previous studies [4, 18, 19]. As a result, this work will
include some characterizations for this particle.

2.0 METHODOLOGY

2.1 Preparation of Metal Foam

The counter-gravity infiltration casting was employed
to fabricate the MSF samples. The A356 aluminum
alloy and EG particles were used as the matrix and
fillers respectively. This casting tfechnique was
described in detail in our previous research [12]. The
composition of the A356 alloy comprises 7.2 wi% Si,
0.4 wi% Mg, 0.1 wit% Fe, and 0.12 wt% Ti, as indicated
by the supplier's material datasheet (Hayes Metals
Pty Ltd., Riverstone NSW 2765, Australia). The matrix
composition was additionally verified and confirmed
at the Chemical Science Department Laboratory of
the University of Thi-Qar through optical emission
spectroscopy.

The EG particles utilized in the current research
study were manufactured from recycled crashed
glasses. The composition of the EG particle consists of
71 wit% SiO2, 2 wit% Al2Os, 13 wt.% Na20, 1 wt.% K20, 8
wt.% CaO, 0.5 wt.% Fe20s3, 2 wt.% MgO, and 0.5 wt.%
as frace elements (supplied by Liaver GmbH & Co.
KG, Germany). The appearance of the EG particles is
grey. These particles were produced in different
particle sizes ranging from 0.1-8 mm, as illustrated in
Figure 1a. Figure 1b shows the infernal porous
structure of the EG particles, which contain pores of
various sizes and are characterized by a closed shell,
and a semi-spherical morphology. Some small
surface cavities with various sizes are also visible on
the outer surface of the EG particles.

In the first step of manufacturing, the graphite
mold was filled with 2-2.8 mm EG particles in
approximately seven to eight equal steps. This
procedure ensures a uniform distribution of the
particles packed bed within the mold. A steel mesh
was then placed on top of the filler particles to
stabilize them and prevent their downward
movement due to gravity.

A specific mass of the A356 ingot was placed in a
cylindrical graphite pot (see Figure 2). The pot was
then positioned within an electrical furnace and held
at 700 °C for 20 minutes. Subsequently, after that, the
pot was taken out of the furnace, and the filled mold
was inverted and placed into the pot. A steel
container was then positioned atop the mold to
gather any exira melt through the infiliration process.
Subsequently, the entire setup was returned to the
furnace for five minutes fo heat the particle packing,
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enhancing the infiltfration process and preventing the
effects of the cold mold. This procedure follows the
novel approach used by Al-sahlani [2] to mitigate EG
shrinkage at temperatures above 600 °C. After 5
minutes, the entire setup was removed from the
furnace. A 3 kg mass was placed on the steel
container to push the filled mold down. As a result,
the molten metal infiltrated in the counter-gravity
direction, filing the channels between the EG
particles. The assembly was then cooled in the air.
The samples were then removed from the mold and
underwent machining using a lathe machine to
remove the steel mesh.

Large Inner
Porous

. ‘ Poros -ce N
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1N o
(a) Different sizes of EG (b) Cross section of EG.

Figure 1 Morphology and section of EG

EG particles

Ventilation

Graphite

nold Graphite

crucible

Steel container

Figure 2 The setup of the counter-gravity pressure infiltration
technique

2.2 Heat-treatment Method

The Té heat-treatment procedure has been an
effective procedure for improving the mechanical
propertfies and microstructural features of the A356
aluminum alloy, as indicated by numerous studies
published over the past decade [12,15]. In an
extensive investigation, the influence of different
solutions and aging durations on the mechanical
characteristics of A356 alloy was examined by
Tiryakioglu et al. [13]. The solution and aging times
ranged from 1 to 64 hours and 1 to 30 hours,
respectively. The best properties for strength are
always possessed by A356in the Té approach [24,
25]. According fo previous research studies [4,13,
14,15,17], the heat-treatment procedure depicted in
Figure 3 was employed in the current study to
achieve the optimal mechanical properties of the

A356 aluminum alloy matrix. In this regard, the
specimens underwent solution treatment at 540 °C
for 16 hours and were subsequently cooled in
agitated ice water. Following that, the specimens
were artificially aged at 160 °C for 10 hours and
cooled slowly in the air.

Solution treatment
5404 !
16 hrs

Temperature (°C)
Buiyouanb sazepy

Ageing
10 hrs

160

o0 N

Time (hr)

Figure 3 T6 heat-tfreatment approach

2.3 Microstructure Characterization

In order to examine the aluminum syntactic foams'
microstructure, an  Olympus BX460M  optical
microscope was used. Two slices from both
unfreated and heat-freated samples were cut for
typical grinding and polishing. The sections were
mounted with resin and polished using grit silicon
carbide papers of varying grades. Succeeding
polishing with 6 ym and 1 um diamond suspensions in
distilled water was performed to attain a high-quality
surface finish for microscopic observations. After
utilizing an ulirasonic cleaner for 20 minutes to
eliminate unwanted micronized contaminants, the
samples were dried in an oven for 24 hours.

2.4 Compression Tests

The physical characteristics of the MSF samples,
including their mass (MusrF), diameter (D) and height
(H) were calculated. Then, the volume of each MSF
(Vusr) and its density (Pusr), in as cast and heat-
freated conditions were determined using equations
(1) and (2) respectively:

wD?
Vairsr = (_4 )* H
M sF
Viise

PumsF =

Equations provided by Taherishargh [27] are
employed to mathematically determine the volume

fraction of EG particles (Fr) and total porosity
percentage of the samples (Fr). In these equations,
(Mms) and (V) represent the mass and volume of the
EG particle filler, respectively. Additionally, (##) and
(fs) denote the particle density and solid state of the

EG spheres respectively, while (Pai) is the density of
the matrix.
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MpysF ~Mp

Vp = Vigsr — Bt (3)
Ve

o= e (4)

Pe= . (5)

A uniaxial computer-controlled 50 kN Shimadzu
testing machine was utilized to conduct quasi-static
compression tests on both groups of samples. This test
determines the mechanical properties of the MSFs. To
minimize frictional effects, a silicone release agent
was sprayed onto the surfaces of the compression
test platens to lubricate them. The samples were
compressed at a constant crosshead speed of 1
mm/min. The load-displacement data was recorded
during the fest wusing the machine software
(Trapezium 2). The initial cross-sectional area and
height of the samples were used to derive the
engineering stress-strain curves (@ —£),

ISO 13314 standard [28] was used fo determine
the mechanical properties of the MSF samples.
According to this standard, the initiation of plastic
deformation is estimated by determining the 1%

offset yield stress. The plateau stress (Gpl} of the MSFs
was determined as the arithmetic stress value in the
strain range of 0.2-0.4. The volumetric energy
absorption capacity (W) of the metal foam samples
is represented by the area under the stress-strain
curve up to the strain value of 0.5. This can be
calculated according to equation (7)

w=J"ede (7)

where ¢ and e are the compressive stress and
strain, respectively.

The energy absorption efficiency (n), which
represents the proportion of actual to ideal energy
absorption of MSF, is another important material
factor in metal foams. This parameter can be
calculated according fo equation (8) below and
shows the uniformity of the stress within the stress-
strain curve up to the strain value of 0.5:

_ W
m= Omax B50% ouvuevirenerenennnennnns (8)

where fmax is the foam's maximum stress up to 50%
strain.

3.0 RESULTS AND DISCUSSION

3.1 Particle Characters

The EG particle used in this research was supplied by
Liaver Company. It is grey, and its chemical
composition is slightly different from the EG provided
by Poraver Company (see section 2.1), which was
used in previous works [4, 18, 19, 25]. The current EG

exhibited a higher softening point than the previous
one, resulting in less particle shrinkage when heated
above 600 °C, which is likely due fo variations in
composition. Other physical properties, such as
shape and bulk density (measured using the method
explained in [2]), are comparable and fall within the
range of 0.19-0.20 g/cm3 [18].

SEM tests were conducted on the EG particles to
investigate their structure. The results showed that the
inner structure of the spheres consists of a wide range
of porous sizes separated by struts, as depicted in
Figure 4a. The shell and struts are also formed with
multiple finy pores. A higher magnification of the
particles revealed that the shell has variable
thickness and various sizes of small pores (1 — 200 pm),
as shown in Figure 4b. A similar observation was
made by [29]. This finding explains the closed-cell
morphology of the EG particles, despite having some
surface holes. This characteristic, combined with its
relatively high crushing strength [18] makes EG
particles an excellent candidate to be used as filler
for manufacturing different MSF

00 fima
: 2.96 um - <~

(a) Whole section (b) the shell microstructure

Figure 4 The infernal structure of EG

3.2 Structural Characteristics of MSF

Figure 5a shows a manufactured sample of MSF and
its morphology. To characterize the manufactured
EG MSFs, a cross-section of a sample was prepared
and investigated in this research. Figures 5b illustrate
a typical macrostructure of the fabricated MSFs. All
samples demonstrate excellent aluminum matrix
distribution and harmony, attributed to the greater
infiltration ability of the counter-gravity pressure
infiltration fechnique. No signs of unintended
aluminum melt infiltrating into particles during the
production process or particle breakage were
observed; all particles remained intact.

Figure 5c shows a scanning electron microscope
(SEM) image of the magnified area of the section. In
this Figure, it is evident that the parficle retains its
spherical shape despite the high temperature during
the process. This preservation is achieved through the
technique used to confrol EG particle shrinkage [18].
Additionally, there are numerous small inter-particle
voids located in proximity to the contact areas
between adjacent particles, where the melt failed to
fill these narrow channels. These voids are indicated
by white arrows in Figure 5b. Void pafches create
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specific vulnerabilities in the foam and could serve as
a precursor to larger-scale collapse. This is described
in more detail in [18].

The microscope images in Figures 6a and éb show
other types of voids or micropores resulfing from
casting defects or solidification shrinkage. These
defects are indicated by white arrows in the figures.
The volume confraction accompanying dendritic
solidification led to shrinkage, resulting in the
development of small casting defects [30]. However,
poor feeding or lack of infiltration is the main reason
for the formation of large casting defects occurring in
the matrix in the narrow interspace of touching EG
particles. Similar findings are documented in research
on solid A356 alloy [31]. These types of porosities
weaken the MSFs and decrease their stfrength during
the loading tests. Figures éa and éb display the
characteristic microstructure of the as-cast EG/A356
MSF. The metal alloy matrix consists of a network of
primary and secondary dendritic arms that are rich in
aluminum. A eutectic structure, comprising silicon
and aluminium-rich phases, is disorderly distributed in
the dendritic boundaries of the grains [31]. The silicon
phase develops with morphologies resembling rods
or plates [32]. The dominant structure in the cell walls
of MSFs is the columnar dendritic grain morphology.

Particle "'J"

Metal

(c) SEM of interparticle matrix and particle

Figure 5 The macrostructure of the EG MSF sample

Dendrites begin to nucleate at the EG particle
surface, creating a columnar dendritic structure in
different sizes. Typically, one direction of dendritic
growth predominates over the others most of the
fime. In the narrow interparticle spaces, the entire
grain microstructure is affected by nucleation around

the parficle (Figure éb). Nucleation signifies good
wettability between the aluminum melts and EG
particles. In the wide interparticle spaces and in
areas far from the particle surface, dendrites also
grow in approximately columnar arms with different
directions (Figure éa). Similar observations on the
solidification structure of Mg-based syntactic foams
have been documented in [33].

particle

100 um

(b) Lorg casting defect in
the cell wall via SEM

(a) Small casting defect
via opfical microscope

Figure 6 The microstructure of as-cast EG/A356 MSF

Figure 7a shows the high magnification of the
microstructure of the matrix in the as-cast foam
sample. This microstructure consists of primary and
secondary aluminium dendrites bounded by a sharp
continuous eutectic Si, as explained above. The
matrix microstructure of the heat-treated MSF sample
is presented in Figure 7b. The heat treatment process
significantly alters the morphology of the Si-rich
network but does not affect the dendritic structure of
the matrix. Under heat-tfreated conditions, the sharp
continuous network of the Si phase in the as-cast
maftrix changes to a disconfinuous clouding network.
This change is a result of the heat freatment process
causing the Si phase to change in size and shape.
The majority of eutectic Si has granular shapes and is
discontinuously distributed on the grain boundaries.
Several studies have reported that the Si phase
becomes approximately spherical and spherically
expands at high temperatures [21, 34, 35]. This is
observed in Figure 7b. The size of the aluminum
dendrites in the heat-treated matrix becomes finer
than that in the as-cast cell wall due to the effect of
heat tfreatment. Studies reveal that the
microstructure of binary phase alloys can change
due to convection in the melt or changes in
temperature gradient during solidification [36].

o

(a) As-cast sample

Figure 7 The microstructure of EG A356
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According to several studies [22, 34], Mg-rich phases
dissolve, and alloying elements lke Mg and Si
become homogenized during the solution treatment.
During the stage of arfificial aging, dissolved
elements precipitate. The precipitates and eutectic Si
are the main sources of alloy matrix strengthening in
the A356 material. Si atom clustering initiates the
precipitation, followed by the creation of different
phases that end with the stable phase of Mg2Si. Due
to their tiny size (smaller than 500 nm), the MgaSi
needles are hardly visible under optical microscopy
[22]. This explains the eutectic changes affer the
heat-treated solution and/or aging approach.

3.3 Physical Properties of Produced MSF

Table 1 shows the main physical properties of the
heat-treated foams. HTEG-MSF stands for heat-
freated expanded glass metal syntactic foams. After
measuring the height of the samples with
approximately constant diameter (28.5 mm), the
volume of each sample was calculated according
to Equation 1. The mass of each sample was
measured using a digital accurate scale. Thus, the
density of each sample can be calculated
according to Equation 2. The volume fraction of filler
particles  (Fr), the volume of filer (Vz) and total
porosity percentage (Fr) of each sample were
estimated using equations 3-6. The results are
presenfed in Table 1.

The average foam density of all heat-treated
samples is 1.13 g/cm?®. The lowest density is 1.06
g/cm?®, which was for sample 1 (HTEG-MSF1). This
means that the produced foam in this research has
one of the lowest densities compared to previous
literature efforts. Broxtermann [37]and Taherishargh
[27, 38] made MSF considered the lowest densities
among aluminum syntactic foams, 0.75 and 1.05
g/cm3, respectively. EG particles are very lightweight
porous particles with a solid and closed shell. lis
density is close to the density of expanded perlite,
which is considered the lightest porous partficle [27].
EG has a reasonable crush resistance to resist
pressure or metal leakage during fabrication
processes [25]. According to Table 1, the average
volume fraction of EG filler for all samples is 65.4%,
which is considered one of the highest filler volume
fractions compared to [27].

Table 1 Physical characteristics of AC- [9] and HT-MSF

MSF e H Ve PMSF Fp Fr
g cm cms3 g/cm? A %
HT1 25.00 37.00 23.59 1.06 67.97  60.81
HT2 28.09 39.00 24.87 1.13 65.38  58.20
HT3 28.57 39.44 25.15 1.14 65.14 57.95
HT4 29.58 40.30 25.70 1.15 6458 57.39
HT5 30.63 41.5 26.46 1.16 64.33 57.15
ACI1 23.86 40.05 22.41 1.05 67.74  60.62
AC2 23.98 40.22 22.51 1.05 67.71 60.59
AC4  22.48 35.5 19.87 1.13 65.24 58.12

AC3 2471 37.7 21.10 1.17 63.76  56.64

The average porosity of these produced foams is
58.3%. This suggests that the technique used fo
manufacture the foam samples and the method of
batching the filler in the mold [18] were effective in
preventing penefration of molten metal or leakage.
Compared to other publications [18, 27], the value of
porosity (Fr)a be considered one of the highest
porosities. In comparison to as-cast samples from [18],
the Té heat freatment process did not change the
physical properties of the samples.

3.4 Experimental Compressive Testing

Figure 8 displays the compressive stress-strain curves
of T6 heat-freated metal syntactic foams (HT-MSFs).
The stress-strain curves of four as-cast foams (AC-
MSFs) from [18] which have comparable densities of
1,05, 1.13, and 1,14 kg/cm3, are included in Figure 9
for comparison. All curves illustrate a typical system
for cellular metals, comprising a linear elastic section,
the plateau section, and the densification area [25,
27]. After an elastic region, all curves exhibit slight
fluctuations throughout the plateau region. The AC
curves progressively decline continuously, indicating
progressive plastic deformation. Nonetheless, each
HT foam demonstrates a consistent stress escalation
up to around 35% stfrain. Following this point, a
majority  of them initiate a gradual decline
accompanied by significant  fluctuations. A
consistent, uniform layer-by-layer foam deformation
in ductile behavior is the main reason for the
progressively increasing stress-strain  curve of HT
samples [14]. After that, shear bands separate
through the whole sample, leading to a decline in
the stress-strain curve due to an increase in collapsed
cell walls. This holds frue for all HT curves except for
the heat-treated sample (HT-MSF1) with the lowest
density, which confinues to exhibit a steadily
increasing stress throughout the entire plateau area.
Tahershargh [27, 37] showed similar observations. The
reason for this can be explained according to the
deformation mechanism. The influence of shear
bands exhibited a limited impact on the given
sample. It is likely because this sample has more
porosity than others (less density), which can lead to
more space for cell walls to deform. The heightened
ductility observed in the cell wall of HT foams,
coupled with the delayed collapse of cells in regions
experiencing maximum shear stress, remains a
potential contributing factor. This phenomenon
persists, even in samples featuring thinner walls.
Accordingly, it is possible to argue that the heat
freatment produces uniform deformation
characteristics that are desirable.

When high energy absorption is required, plateau
stress value is crucial for metal syntactic foams. The
final stage sees a sudden upsurge in the stress value
as the majority of the space holder (EG particles)
collapse. It is evident from Figure 8 that heat
freatment significantly enhances the strength of EG-
MSFs. This improvement is atfributed to the changes
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in the microstructure of the matrix cell walls of MSFs,
as explained in section 3.2.

90
~——HTEG-MSF1 (p=1.05 g/cm"3)

80 ——HTEG-MSF2 ( p=1.13 g/cmA3) "

7 HTEG-MSF3 ( p=1.14 g/cmAn3) //
HTEG-MSF4 ( p=1.15 g/cmA3)

——HTEG-MSFS ( p=1.16 g/cm~3)
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Engineering Stress (MPa)
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Figure 8 Compressive stress-strain curves of as-cast metal
syntactic foams [18].
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Figure 9 Compressive stress-strain curves of heat-treated
metal syntactic foams

Table 2 summarizes the important mechanical
characteristics of HT-MSF samples resulting from the
compressive test. However, the results of AC-MSF
samples were obtained from [18]. The 1%
compression sfress (oc), plateau stress (opl), plateau
end strain (ep), energy absorption (W), and energy
absorption efficiency values (n) resulting from stress-
strain curves of samples were computed according
to the ISO13314 standard [28] (equation 7 and 8) and
are presented in this Table.

According to the literature [14, 26, 39], heat
tfreatment of solid A356 alloy substantially improves its
mechanical properties. Similarly, heat treatment of
metal syntactic foams made of weak particles
enhances the mechanical characteristics since most
of the compressive force is supported by the matrix
structure [13, 34, 35, 40, 41]. Except for plateau end
strain, all mechanical properties of HTEG-MSFs
samples are substantially higher than those of ACEG-
MSFs at near-density value (see Table 2).

The heat-treated syntactic foams show higher
compression strength values compared fo as-cast
foams at near-density values. The average strength
values of HT and AC samples are 35.8 and 18.2 MPq,
respectively (see Figure 10 a). This means that the

heat-treated foams doubled in compression strength
which is a phenomenal increase in strength. EG
particles are weak to support the compression load
as a filler.

Table 2 Mechanical properties of as-cast and heat-treated
MSFs

MSF P Oc Opl & W n
g/cm® MPa MPa - MJ/m3 -
HT1 1.06 31.11  56.45 0.654 27.67 0.87
HT2 1.3 36.01 56.36 0.769 29.61 0.91
HT3  1.14 36.11 57.21 0.793 30.56 0.92
HT4  1.15 38.47 61.60 0.779 32.97 0.85
HTS  1.16 37.28 56.46 0.784 29.64 0.89
AC1 1.05 15.31 18.03 0.765 10.28 0.77
AC2 1.05 1570 20.74 0.809 11.60 0.78

AC4 1.13 20.81 31.37 0.767 16.08 0.88
AC3 1.17 21.03 29.54 0.755 16.06 0.88

A major characteristic of MSFs that is critical to
their ability to absorb energy and withstand
deformation during wide-strain  compression s
plateau stress. The plateau stress of HTMSF1 with a
density of 1.06 g/cm3 (27.67 MJ/m3) is approximately
2.4 times higher than the plateau stress of ACMSFI
with a closed density (10.28 and 11.60 MJ/m3). This
result can be one of the best improvements in the
plateau stress of MSFs [14, 37]. According to Table 2
and Figure 10 b, the average plateau stress value of
heat-treated MSFs (57.6 MPa) is remarkably higher
than that of as-cast samples (24.9 MPa).

Similarly, heat-freated MSFs exhibit a significant
improvement in energy absorption capacity in
comparison to as-cast. The primary criteria used to
assess metallic foams' energy absorption capacity
are their efficiency and capacity. The average
energy absorption value of HT foams is 30 MPa, which
is about 124% higher than the average value of AC
foams (see Figure 10 c). This remarkable
improvement is due to the high compression stress of
HT foams, although there is a reduction in the matrix
ductility.

The maximum energy absorption efficiency for HT
foam is 91%, while for AC, it is around 88% (see Table
2 and Figure 10 d). This means that the efficiency is
hardly improved after Té6 heat freatment since it is
dependent upon the ideal flat behaviour of the
plateau zone and filler characteristics such as shape
and pore style. HT3 sample showed the highest
efficiency because it is the most flattened curve (see
Figure 8) and the longest plateau strain as shown in
Figure 10 e. Correspondingly, no obvious impact of
heat treatment on the value of plateau strain was
found. For T6 HT and AC foams, the average plateau
end strain values are very close; they are 0.76 and
0.77 respectively (see Figure 10 e).
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In a prior study [14, 19], it was demonstrated that the
matrix confrols the mechanical properties of the
metal syntactic foam and that the lightweight porous
parficles do not directly improve those properties.
However as explained in Section 3.2, the EG particles
induce some changes in the cell wall microstructure
by developing a columnar dendritic structure (see
Figure 7b). With this structure, the mechanical
characteristics of the cell walls are not isofropic and
are negatively impacted. Along the dendritic arms,
the cell wall's mechanical properties are greater; in
other directions, they are lower. The explanation for
this is that failure begins at the inter-dendritic
boundaries, which are susceptible to crack initiation
due to a continuous network of flake-like Si particles.
The total area of the infter-dendritic boundaries is
greater in directions other than the direction of
dendritic dominance. The condensed Si particle
network and its distinct boundaries are blurred by the
heat treatment (see Figure 7b). The growth of cracks
is limited by the spheroidized Si particles with a
significant  interparticle distance. Therefore, by
enhancing conditions in directions other than the
prominent dendritic direction, heat tfreatment can be
used to mitigate the negative effects of the
columnar dendritic structure on the mechanical
properties of the cell wall.

Primarily, the mechanical characteristics of HT-
and AC-MSFs samples are significantly influenced by
density, as depicted in Figure 10. The impact of
density on compression strength, energy absorption,
and plateau stress in both HT and AC samples follows
a similar tfrend, increasing with density (refer to Figure
10 and Table 2). Notably, differences in mechanical
properties are observed among foams with the same
or close density. These variations are attributed to cell
wall microstructure, imperfections, and pore structure
[42]. Refining the microstructure of cell walls during
heat freatment has led to a reduction in the effect of
imperfections in the cell walls. According to the
experimental findings, the energy absorptfion
efficiency and plateau end strain of MSFs are
independent parameters unrelated to foam density,
as previous studies have found [18, 43]
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Figure 10 The mechanical properties of HT and AC metal
syntactic foams
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4.0 CONCLUSION

This experimental study focused on the impact of Té
heat treatment on the mechanical characteristics of
EG/A356 syntactic foams leading to the following key
findings from compression tests and microsfructural
observations. First of all, the counter gravity low-
pressure infilfration process was successfully used to
produce EG/A356 foams with a good filler
distribution. The investigation revealed a high porosity
ranging between 64% and 6é8%, considered among
the highest porosities of MSFs. Té heat treatment
changed the microstructure of the Al columnar
dendrite structure that was formed near the surface
of EG particles. Also, heat treatment altered the
microstructure by blurring and spheroidizing the
continuous and sharp network of silicon phases in the
eutectic structure, leading to an increase in the
aspect rafio and interparticle distance of Si particles.
This microstructural change delays the shear band
and increases the ductility of the HT A356 matrix,
resulting in significant improvements in mechanical
characteristics.

The stress-strain curves of the heat-treated MSFs
exhibited a typical behavior with a small elastic area,
lorge plateau region, and densification. The
mechanical characteristics of the HT-MSFs, including
compression strength, plateau stress, and absorption
energy, were significantly increased compared to
AC foams. The compression and plateau stresses of
the HT foams were approximately twice as high as
those of AC foams. The absorption energy increased
around three times after heat treatment. In addition,
the compression strength, energy absorption, and
plateau stress were significantly influenced by density
for both HT and AC samples. This indicates that the
characteristics of the metal matrix regulate the
majority of mechanical characteristic of EG/A356
foams. However, the energy absorpfion efficiency
and plateau end strain were found to be
independent of density and heat treatment.
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