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Abstract

In each industry, compromises have to be made when choosing materials. Lower-density materials have a significant advantage in the
automotive sector, especially due to rising fuel prices, since weight reduction can lower overall fuel consumption. The advantageous
properties of metal foams, such as low density, high specific strength, and excellent energy absorption, should be researched and
exploited in as many areas and ways as possible. This research aims to perform and evaluate the bending tests of ex situ functional
metal foams: aluminum alloy matrix (AlISi7Mg) was used, which was filled with @2.5-3.0 mm lightweight expanded clay aggregate
particles and surrounded by thin-walled aluminum tubes (AIMgSi0.5) with a wall thickness of 2 mm and an outer diameter of @32 mm.
Empty tubes, foam-filled tubes (with and without structural epoxy adhesive) and metal matrix syntactic foams were compared based
on their flexural strength and energy absorption capacity. Quasi-static three-point bend tests were carried out up to 25 mm deflection.

The foam-filled tubes with epoxy adhesive showed an average of 6% increase in flexural strength compared to the foam-filled tubes

without adhesive and a 145% increase compared to the metal matrix syntactic foams.
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1 Introduction
Composite metal foams are hybrid structures with sev-
eral important advantages, such as high specific strength,
low density, and excellent mechanical energy absorption,
while providing thermal and chemical stability [1-3].
Metal matrix syntactic foams (MMSFs) are rarely pro-
duced as functional, structural materials; they are pri-
marily researched as bare foams and space-filling parts.
It is not very complicated or expensive to manufacture
MMSFs, but extreme care must be taken to set the param-
eters correctly and to monitor the correctness of the pro-
cedure. Usually, there is a large difference between the
melting points of the mold used and the matrix mate-
rial, so there should not be any significant problems
during casting; however, proper pressure and pre-heat-
ing must be applied. Metal foams are generally charac-
terized by their energy-absorbing properties; currently,
compression testing is the only internationally standard
measurement [4—7].

Nevertheless, metal foams can be placed or adhesively
bonded between dense sheets [8] or inside a tube (ex situ
production). It is also possible that foams are foamed
inside or infiltrated into a tube in one step (in sifu pro-
duction). Foam-filled tubes (FFTs) are structural materi-
als that can achieve high energy absorption even with low
additional weight [9-16].

Most articles on metal FFTs are on the axial compres-
sive properties of closed-cell aluminum foam-filled alu-
minum [17, 18] or steel tubes [19-21]. Furthermore, some
deal with radial compression [22, 23], and a few with
three-point bending; the latter articles are detailed below.
In Duarte et al's [9] research, cylindrical samples of alu-
minum alloy closed-cell metal foams were produced using
the powder metallurgy method and placed into thin-walled
tubes made of aluminum alloy AA 6060 T66 (AIMgSi0.5).
In the case of the FFTs, the crack started in the foam and
then spread onto the outer tube. The FFTs had the highest
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load capacity but fractured at much lower deformation,
which occurred suddenly compared to the empty tube.
In addition, it was also found that by combining two struc-
tures, the energy absorption capacity can be increased
without a significant increase in weight.

Shojaeifard et al. [16] examined elliptical, circular
and square tubes of the same aluminum alloy (6063-T3)
with different wall thicknesses (1.5 mm and 2.0 mm).
The energy absorption of aluminum foam-filled square
and circular tubes was approximately 18% and 38%
higher, respectively, compared to empty tubes.

In Zhang et al.'s [24] research, closed-cell aluminum
alloy foams were placed in 6063 T5 aluminum alloy tubes.
The external dimensions of the tubes were 15 x 6 x 360 mm,
and the wall thickness of the tubes was 0.8 mm. The ready-
made aluminum alloy foam was placed into the tube with-
out adhesive. The research showed that the strength of the
foam core, the wall thickness of the tube and the diame-
ter of the supports during the bend tests significantly affect
the structural response of the FFTs. The axial stretching
induced by large deflection plays an important role in the
post-yield regime of the foam-filled rectangular tube.

In a recent research, Chilla et al. [25] examined 316L
stainless steel tubes filled with open-cell aluminum foam.
Ex situ FFTs were produced by inserting the foam into
uncoated tubes, and in situ FFTs were fabricated by foam-
ing an Al-6Si-4Cu-2Mg alloy precursor inside uncoated
and copper-coated tubes. This latter method was proven
to be a successful procedure, as after the aluminum was
foamed, the continuous copper coating disappeared, and
the reaction product was formed at the interface between
the foam and the tube, which contained aluminum, cop-
per, tin, and iron. The specimens made with copper-coated
tubes established an excellent bond between the foam and
the tube, and no air gap was observed between them,
even after the compressive test was completed. The bond
enabled the foam-tube interaction during the entire defor-
mation process, which resulted in the foam being trapped
between the folds created during compaction; therefore,
the highest compressive strength and specific energy
absorption (10% increase) could be measured for these
test specimens. The difference could also be observed
in the bending test results, but with no difference in the
failure mode and a lower improvement in the properties.
An important conclusion of the study is that if no addi-
tional layer is used to promote bonding, the in situ FFTs
showed only slightly improved properties compared to the
foam cores placed tightly inside the tube.

Garai et al. [18] produced ex situ circular closed-cell
FFTs with three different insertion methods. They found
that the adhesive-bonded FFTs had the highest strength
and energy absorption values during three-point bend-
ing, the foams that were inserted with mechanical press-
ing into the tubes resulted in lower strength, and the FFTs
that were joined by heat dilatation had the lowest values.
The authors concluded that ex situ foam-filled elements
can be used in the safety systems of automobiles.

Zhang et al. [14] investigated the bending properties of
fly ash cenosphere-filled MMSF-cores in stainless steel
tubes with 50% and 100% foam fillings. It was concluded
that the foam-filled fraction dominates the failure mode;
however, combined with finite element analysis, they stated
that the bending properties of FFTs were more sensitive to
the tube wall-thickness than to the foam-filled fraction.

Taherishargh et al. [26] produced in situ AlSi7Mg
FFTs with expanded perlite-filled MMSF cores and stain-
less steel tubes. The overall properties of the FFTs with
0.9 mm wall-thickness were superior to the 1.2 mm walled
FFTs. The authors found a reaction zone between the tube
and the matrix. Additionally, the tensile strength was esti-
mated from the flexural strength.

Compared to previous research articles, MMSFs were
placed and adhesive bonded into empty tubes in this
paper. The samples were loaded with three-point bending,
where both compression and tension occur through the
cross-section of the FFTs.

2 Materials and methods

2.1 Materials

During the research, aluminum alloy matrix AISi7Mg
MMSFs were placed in AIMgSi0.5 aluminum alloy tubes.
Lightweight expanded clay aggregate particles (LECAPs)
sold by Liapor GmbH & Co. KG were used as fillers, with
the chemical composition of ~60 wt% SiO,, ~17 wt%
Al O,, ~14 wt% Fe,O, and other oxides (CaO, MgO, Na,O,
K,0). The particles were sieved into the size range of
2.5-3.0 mm. The properties of the fillers were measured
in a previous study [27].

2.2 Manufacturing

For the bend tests, MMSF cylinders were made. The man-
ufacturing process began with coating the inside of the
steel crucibles (60 x 60 mm cross-section, 240 mm high
square-based column) with N-77 graphite spray (DUE-CI
ELECTRONIC s.n.c., Avesa, Italy). The drilled gas outlet
on the side was then filled with an alumina quilt to prevent



the melt from flowing through. The stability of the quilt
was promoted by reducing the cross-section of the out-
let. Then the crucible was filled with ~300 ml of LECAPs,
and a stainless-steel net was placed on top of the particles,
which prevented the LECAPs from floating up in the alu-
minum melt. The steel crucibles were then preheated in
a Lindberg/Blue M box furnace (Thermo Fisher Scientific
Inc., Waltham, MA, USA) at 600 °C and kept there for at
least 30 minutes so that the crucible and all the LECAPs
reached the set temperature. Meanwhile, the AlSi7Mg
blocks were heated to a glowing red state (~850 °C) in
an IND IF-10 induction melting furnace (Inductor. Ltd.,
Diodsd, Hungary). Once this state was reached, the machine
was turned off, and the melt temperature was measured
during cooling with a Maxthermo MD-3003K digital ther-
mometer (Maximum Electronic Co Ltd., New Taipei City,
Taiwan). The melt was poured into the preheated steel
crucible filled with LECAPs at a temperature between
750 °C—-800 °C. The required pressure for infiltration was
applied through an insulated pipe, which was connected to
a high-pressure argon bottle through a reducer, and a pres-
sure of 500 kPa was applied to press the melt. Schematic
images of the infiltration installation can be found in pre-
vious articles by the authors [13, 28].

After the now foam-filled crucible was cooled, the
MMSF block was removed, and samples were machined
into 160 mm long, ~@26 mm diameter cylinders for
the three-point bending tests (see Table 1). To fabricate
the functional MMSFs as FFTs, AIMgSi0.5 tubes with
032 mm outer diameter and 2 mm wall thickness were cut
into 160 mm long pieces.

Before the fabrications of the FFTs, a heat-treatment
process, namely precipitation hardening (shown in Fig. 1),
was used to increase the strength of the used aluminum
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Fig. 1 Heat-treatment cycles of the applied materials
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alloys. Precipitation hardening leads to the formation of
fine precipitates within the aluminum matrix; hence, these
particles obstruct the movement of dislocations in the
crystal structure, thereby increasing the overall strength,
hardness and wear resistance of the material, while the ini-
tial ductility is also preserved [13].

The density data of the fabricated syntactic metal
foams is also detailed in Table 1. Density plays a pivotal
role in metal foams and foam-filled structures by having
a pronounced influence on various advantageous struc-
tural properties, including energy absorption capacity
and the extent of weight reduction. As shown in the fourth
column of Table 1, the recorded values for foam density
have an average of 1.48 £ 0.05 g/cm?, nearly half compared
to the density of the utilized aluminum alloy matrix and
tube. The third column of Table 1 shows the density values
of the manufactured specimens, depending on their type
(whether adhesive bonded or just placed). In each case,
there is a noteworthy reduction in weight compared to the
initial density of aluminum.

The heat-treated MMSFs were inserted or adhesive
bonded into heat-treated tubes with 3M™ Scotch-Weld™
DP410 epoxy adhesive (3M Co., Saint Paul, MN, USA)

(Fig. 2).

2.3 Bend tests

During the examination, a total of 12 samples were inves-
tigated: MMSFs placed in tubes (f-MMSFs), MMSFs
adhesive bonded in tubes (fFEMMSFs), empty tubes (ET)
and MMSFs (without tubes). The bend tests were per-
formed according to ISO 7438:2020 [29], on an MTSS810
hydraulic universal material testing device equipped with

Table 1 The actual densities and diameters of the specimens

. Density Density of ~ Diameter of
Sample Specimen (g/em’) the foam the foam
(g/em?) (mm)
f-MMSFs f-MMSEF 1 2.10 1.45 26.1
f-MMSF 2 2.04 1.46 25.1
f-MMSF 3 2.09 1.49 26.1
-MMSF_4 1.99 1.49 25.1
f-EMMSFs f-EMMSF 1 2.16 1.45 26.0
f-EMMSF 2 1.94 1.43 24.1
f-EMMSF 3 2.12 1.51 26.1
f-EMMSF 4 2.03 1.50 25.1
MMSFs MMSF 1 1.42 1.42 27.6
MMSEF 1 1.60 1.60 277
ETs ET 1 2.67 -
ET 2 2.70 -
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Fig. 2 The four types of samples: (a) MMSFs placed in tubes (f-MMSFs), (b) MMSFs adhesively bonded into tubes (FEMMSFs), (c) MMSFs and
(d) empty tubes (ET)

a 250 kN load cell. The length between the supports was
140 mm, and the diameter of the supports and the load-
ing roller was @14 mm. The crosshead speed was set to
5 mm/min. The tests were recorded with a mounted cam-
era for monitoring the deformation process (Fig. 3).

The absorbed energy, maximum force, and flexural
strength were determined during the evaluation. The latter
was calculated by dividing the maximum bending moment
(which can be derived from the force) by the effective
section modulus (calculated as the section modulus of
the whole section, neglecting the pores) of the samples.
The absorbed energy was calculated at different deflec-
tions, with 5 mm steps (6 = 5 mm-25 mm).

3 Results and discussion

During the bend tests, a higher amount of absorbed energy
and strength can be observed for the functional MMSFs
compared to the bare MMSFs. Inside the tubes, the frac-
ture of the non-adhesive bonded -MMSFs showed a sud-
den force drop on the curve (Fig. 4 (a)), but the energy
absorption did not stop due to the deformation capacity
surplus of the outer tube. After the MMSF core frac-
tured, the tube did not crack on its tensile side but started
to push the MMSF out on the free sides. In the case of
the adhesive-bonded f-EMMSFs, the failure and their
curves were similar to that of the f-MMSFs. In the case
of the f~EMMSF with the smallest diameter MMSF core,
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Fig. 3 Captures of the bend test of an f-EMMSEF. (a) experimental setup without displacement, (b) 5 mm, (c¢) 10 mm, (d) 15 mm and (¢) 20 mm

deformation of the f-EMMSEF structure during bending, and (f) a close-up of the cracked side, where the A: brittle fracture of the MMSF core,

B: the torn epoxy adhesive and C: the plastic deformation of the tube is visible
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Fig. 4 Bending results of (a) f-MMSFs, ETs and MMSFs and
(b) -EMMSFs

the failure occurred at a larger deflection (Fig. 4 (b), red
curve), as the ductility was preserved up to a larger defor-
mation, resulting in higher absorbed energy compared to

the other functional MMSFs with or without adhesive.
Therefore, the gap between the tube and the MMSF core
influences the energy absorption capacity.

The difference between the f-MMSFs and f-EMMSFs
is due to the gap between the tube and the MMSF core,
which has been partially filled in the adhesive-bonded
case. The bare MMSF cannot absorb a high amount of
energy, they have a low flexural strength and have a brit-
tle fracture at a very low deflection (~2 mm), but when it
was adhesively bonded to a tube, the energy absorption
increased by 2300%, and the flexural strength by 137%
in average.

High energy absorption was observed when the ETs
were bent, but the maximum flexural strength was 45%
smaller on average than that of the functional MMSFs.
However, compared to the bending energy absorption of
the empty tubes, the structures that contained MMSFs
had brittle fractures at lower deflections, resulting in an
overall smaller energy absorption at the end of the test
(Table 2, W, ).

Table 2 Average energy absorbed by different specimen types at different
deflections, the maximum force value, and the flexural strength

Sample f-MMSF f-EMMSF MMSF ET
/) 2942 36+3 6+1 231
W mm ) 91+5 107 £2 6+1 61 +1
Won @) 136 +3 139+5 6=1 102+2
Wy (@) 14347 145+ 12 6+1 14242
s () 144 +£8 148 + 13 6+1 179+3
F_(N)  14807+359 156474243 8264+90 4064 =90
o, (MPa) 159 +4 169 +3 69 + 14 90+ 1
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4 Conclusions

Due to the brittleness of metal foams, they do not resist
bending stress. With the use of outer tubes, the applicability
of foam structures under bending can be enhanced. Based
on the results, there was no significant difference between
the failure of metal matrix syntactic foams (MMSFs) placed
in tubes (f-MMSFs) and MMSFs adhesive bonded in tubes
(f-EMMSFs) during three-point bending; however, the
presence of the epoxy adhesive had a slight positive effect
on the ductility so that a 3% greater energy absorption and
6% higher flexural strength can be achieved during bend-
ing. Changing the gap size between the tube and the MMSF
core and using various adhesive amounts offer promising
opportunities for further research on the topic.
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