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COMPRESSIVE CRUSH PERFORMANCE OF SQUARE TUBES FILLED WITH SPHERES OF 
CLOSED-CELL ALUMINUM FOAMS

This paper describes the compressive crush behaviour of spheres of closed-cell aluminium foams with different diameters 
(6, 8 and 10 mm) and square tubes filled with these spheres. The spheres of closed-cell aluminium foams are net spherical shape 
fabricated via powder metallurgy methods by heating foamable precursor materials in a mould. The square tubes were filled by 
pouring the spheres of closed-cell aluminium foams freely (without any bonding). The compressive crush performance of square 
tubes filled with spheres of closed-cell aluminum foams were compared to that of the empty tubes. The results show a significant 
influence of the spheres of closed-cell aluminium foam on the average crushing load of the square tubes. The energy absorption in 
the square tube filled with spheres of closed-cell aluminium foam with diameters of 10 mm is higher than in the other square tubes. 
The spheres of closed-cell aluminium foams led to improvement of the energy absorption capacity of empty tubes.
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1. Introduction

Recently, there has been increased concern regarding alu-
minium alloy foams owing to their properties of low density, high 
damping and impact energy absorption capacity. These materials 
have many applications in aerospace, automotive, biomedical 
and engineering industries in general [1-3]. They are capable 
of transforming the impact energy of deformations and can 
absorb more energy than bulk materials at a lower strain [4,5]. 
In particular, the use of aluminium foams as filling materials in 
structural compositions has been designed and developed [1]. 
Cellular fillers are usually designed in order to increase energy 
absorption to reduce sound/vibration or simply to make it pos-
sible for sandwich and hollow structures to perform better as a 
simple light core layer [6-10].

The study of crash boxes and bumpers made of hollow alu-
minium or steel revealed positive results when aluminium foam 
was used for reinforcement [11]. Many experimental studies have 
been performed on aluminium foams and tubes with foam cores 
[12-19]. Duarte et al. [7-10,20] investigated several deformation 
modes and failure mechanisms for ex-situ and in-situ foam-filled 
tubes made of aluminium alloys under quasi-static and dynamic 
compression and bending loads. Results of the study emphasizes 
the importance of the reaction occurred between the foam and the 
tube. Guden and Kavi [17] examined the axial crushing behav-
iour of empty and closed-cell aluminium foam-filled multi-tube 
designs under axial compressive stress for several states. They 
found that multi-tubes are more effective than single tubes with 

respect to the level of energy absorption. Toksoy and Guden [21] 
suggested that foam filler changes the mode of deformation of 
the tube (from multi-lobe mode to symmetrical mode) which in 
turn reduces the folding performance. Hall et al. [18] examined 
energy absorption of Al foam-filled and empty tubes made of 
aluminium, brass, and titanium.

The spheres of closed-cell aluminium foams, called Ad-
vanced Pore Morphology (APM) foam, have become of inter-
est due to their simple geometries that can be easily produced 
[22-26]. The APM foams first started to be produced at the 
IFAM Fraunhofer Institute in Bremen, Germany. The produc-
tion process involves heating the small rectangular precursor 
elements in a continuous belt furnace [22]. The APM foam 
parts are closed-cell aluminium foams of approximate spherical 
shape of a diameter from 2 to 15 mm, which are fabricated by 
using the conventional powder metallurgy method [22,25-27]. 
Duarte and Ferreira studied the 2D quantitative analysis of metal 
foaming kinetics by hot stage microscopy. They demonstrated 
that the surface tension force, which is relatively greater than 
in the hydrostatic pressure, provides the formation of approxi-
mate spherical foam pieces during the melting process [26,28]. 
However, the samples are not perfectly spherical as a result of 
the melting foam which is deformed due to the effect of grav-
ity [24]. Therefore, the mechanical response of the foam parts 
may chance.

Recent studies focused on the mechanical properties of APM 
foam elements. For example, Lehmus et al. [29] explored the 
effects of the APM foam density using quasi-static and dynamic 
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compression tests. Vesenjak et al. [30] investigated the axial 
crushing behavior of single APM foam elements and composite 
APM foam. Researchers have used infrared thermal imaging 
in order to identify the plastification zone in further advanced 
empirical tests. Nevertheless, micro computed tomography 
(μCT) analysis was employed in order to assess the structural 
characterization and volumetrics voids of the APM foam ele-
ments. These studies evaluated the relationship between pore 
dimension distribution and their location in APM foam elements 
and pore geometry and the aluminium alloy [32,33]. Duarte et 
al. [26] investigated the uniaxial-compressive crush performance 
of thin-walled structures made of Al-alloy AA 6060 filled with 
Advanced Pore Morphology (APM) foam elements using poly-
amide as the bonding agent. Results of the study showed that a 
better adhesive bond between foam elements and tube improves 
the mechanical properties of the structure. Such a bond facilitates 
the load transfer from the tube to foam during compression.

The aim of the present work was to investigate the com-
pressive crush behaviour of spheres of closed-cell aluminium 
foams with different diameters (6, 8 and 10 mm) and square 
tubes filled with these spheres. The square tubes were filled by 
pouring the spheres of closed-cell aluminium foams freely (with-
out any bonding). The axial compressive crush performance of 
these square tubes was studied and evaluated by using uniaxial 
compression tests. The compressive crush performance of square 
tubes filled with spheres of closed-cell aluminum foams were 
then compared to that of the empty tubes.

2. Experimental procedure

Preparation of the specimens

In this study the powder metallurgy (PM) method was used 
to fabricate spheres of closed-cell aluminium foam filler. PM 
method [27,34], one of the most commonly used to fabricate 
the closed-cell metal foams, consists on heating of a foamable 

precursor material obtained by compaction of a metal alloy (e.g., 
Al-alloy) with blowing agent powders (e.g., titanium hydride, 
TiH2). In experimental studies, air atomized Al powder (ECKA 
Granules) with particle size <160 μm, 7 wt. % Si powder (Atlan-
tic Equipment Engineers) with particle size < 44 μm and 1 wt. % 
TiH2 powder was supplied from Sigma-Aldrich were used as 
the starting materials. The starting materials were blended in 
a three-dimensional mixer for 30 min. The mixture powders were 
cold compacted inside a steel die under a pressure of 400 MPa 
to produce PM block samples with diameter of 62 mm (Fig. 1a). 
These samples were pre-sintered to achieve a more intense 
structure and to facilitate extrusion at a temperature of 550°C. 
The extrusion process (extrusion rate = 1 : 4) was carried out 
at 550°C before rolling in order to produce foamable precursor 
samples with a 25×30 mm2 cross-sectional area (Fig. 1b). The 
rolling process were applied to the extruded foamable precursor 
materials in order to obtain sheets with different thickness (~2, 3 
and 5 mm) (Fig. 1c). The precursor material was then cut into 
pieces to the dimensions shown in Figure 1c. These pieces were 
placed in steel moulds with diameters of 6, 8 and 10 mm. This 
mould is composed of two parts (Fig. 2a). There are holes on 
the upper part (number 1) of the foaming mould. These holes are 
very important for the completion of the foaming process as the 
process controls were carried out through these holes. The mould 
was put in the resistance furnace which had been preheated to 
a certain temperature (710°C) (Fig. 2b). The precursor started 
to foam after it was heated for a certain time. Subsequently, it 
took the shape of the mould and then overflew from the holes 
on the upper part of the foaming mould. At this point the mould 
was taken out of the furnace and cooled in air, and finally, the 
net-shaped spheres of closed-cell aluminium foam with different 
diameters (6, 8 and 10 mm)  were obtained (Fig. 2c). Thus, the 
foam parts with excellent spherical shapes were obtained and 
the size control could be done easily. The spheres of closed-cell 
aluminium foam parts then filled by pouring into the square 
tubes made of structural steel (St 37), which have a cross section 
of 25×25 mm2, wall thickness of 1 mm, and length of 50 mm 

Fig. 1. Schematic view of sample cross-sections at various production stages; a) compacting, b) extrusion, c) rolling
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(Fig. 1c). After the filling, the ends of the square tubes was closed 
with steel sheets made of structural steel (St 37) which had a cross 
section of 25×25 mm2, wall thickness of 1 mm (Fig. 2d). For 
this operation, welding seams form a point-to-point produced 
by metal inert gas (MIG) welding process was used. The aim is 
to prevent the fall of the foam pieces.

Mechanical characterisation

The experimental testing was divided into two parts: (1) 
characterization of single sphere of closed-cell aluminum foam 
and (2) characterization of the square tubes filled with spheres 
of closed-cell aluminum foams with empty tubes. Uniaxial 
compression tests (loading rates for tubes and single spheres of 
closed-cell aluminium foam were 10 and 1 mm min–1, respec-
tively) were performed on the samples with an Instron 3369 
testing machine to evaluate the foam filling effect. At least four 
samples for each experimental process were tested.

3. Results and discussion

Compressive behaviour of individual spheres of closed-cell 
aluminum foams

Figure 3 shows the sphere of closed-cell aluminum foam 
with diameter of 10 mm at various compression states (a) and 
average force-strain curves (b) of spheres of closed-cell alu-
minum foams with different diameters (6, 8 and 10 mm). Ini-
tially, the contact points between the foam and the compression 
punch depended on the deformation of the spheres of closed-
cell aluminum foams [24]. The formation of cracks in the outer 
surface layer of the samples began at 40% deformation. These 
cracks can be seen at higher deformation rates. However, they 
are not necessarily detectable because of geometry changes in 
the deformed samples. The force level increase in samples with 
high density is seen to be higher. The increase in the volume or 

diameter corresponded to the increased resistance to deforma-
tion and strength [35]. The deformation is not uniform because 
of the constantly changing geometry of the samples in the load 
direction, which started at the contact of the samples with the 

Fig. 2. Foaming mould (a), furnace (b), spheres of closed – cell aluminium foams with different diameters (D: 6, 8 and 10 mm) (c), square tube 
filled with the spheres of closed – cell aluminium foams

Fig. 3. Images of the sphere of closed-cell aluminium foam with diam-
eter of 10 mm at various compression stages (a) and average force-strain 
curves (b) of spheres of closed-cell aluminium foams with different 
diameters (6, 8 and 10 mm)
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clamping plates. Then, very small changes in cross-sectional 
areas of samples occurred with plastic deformation. The rapid 
increase in the level of deformation, however, inevitably led to 
strain hardening and the formation of cracks in the outer surface 
layer. Although this outer surface layer in the spheres of closed-
cell aluminum foams provides structural resistance during the 
deformation, irregularity of the cellular structure can break this 
resistance. A study by Stöbener et al. [24] reported that the vol-
ume/diameter ratio has no significant effect on stress.

Compressive behaviour of square tubes filled with spheres 
of closed-cell aluminium foams

Figure 4 shows the compression load–displacement curves 
of the spheres of closed-cell aluminium foams-filled tubes and 
the empty tube. Crush images taken during the deformation 
are shown on the same curves. The mean load values of each 
sample were constantly increased and decreased as seen in the 
Figures 4a-c. The average load values of the empty tubes were 
represented by the gray line. The peak value of the first load 

for the empty tube is similar to the value of the next load, and 
from that point on, the load was decreased. The maximum value 
of the crush can be considered to be 22 kN. Empty tubes were 
crushed with an average load of 15 kN. The crushing behaviour 
of the spheres of closed-cell aluminium foams-filled tubes is 
different from that of the empty tubes. However, the first crush 
load values were changed owing to the difference in the volume 
of aluminium foam spheres. The first loads to instantly crush 
the spheres of closed-cell aluminium foams with diameters of 
6, 8 and 10 mm in the filled tubes averaged 25, 23 and 23 kN, 
respectively. The folding of the squared tubes with the addition 
of 6 mm diameter foam and the empty tubes started from one 
end towards the other end of the tube and progressed (Fig. 4a). 
However, the folding of the square tubes filled with spheres of 
closed-cell aluminium foams with diameters of 8 and 10 mm 
started at either end of the tube (Figs. 4b,c). The empty tubes were 
folded symmetrically, but axial differences in the filled tubes 
were observed. This is because volume cavity irregularities and 
non-homogeneous dispersion of sphere of closed-cell aluminium 
foam fillers can be shown in the square tubes. Moreover, it may 
result from the lack of an interface bond between spheres of 

Fig. 4. Compression load-displacement curves of the spheres of closed-cell aluminium foams-filled tubes and the empty tube; a) Empty tube + 
foam (D: 6 mm), b) Empty tube + foam (D: 8 mm), c) Empty tube + foam (D: 10 mm)
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closed-cell aluminium foams and tube walls. Duarte [10] reported 
that formation of a better interface bond between tube and foam 
filler will contribute to axial symmetrical deformation without 
distortion while the lack of interface bond leads to an irregular 
folding with a certain distortion. The literature provides several 
studies on the buckling behavior of steel and aluminium alloy 
profiles. Additionally, it is known that buckling behavior depends 
mainly on the material (e.g. chemical composition and mechani-
cal properties) and geometrical (e.g. cross-section diameter, wall 
thickness and height) properties [9,36-38].

Energy absorption capabilities

The energy absorption (EA) of samples were evaluated 
with the integral of the area under the load-displacement curve 
(Fig. 4). This value was calculated by the formula given in 
Equation (1), where δ and F are the displacement and the load, 
respectively.

 
0

EA F d   (1)

The corresponding average crushing load (Fa) is calculated 
dividing the absorbed energy by the displacement (Equation 2).

 a
EA

F   (2)

The energy absorption in the square tube filled with spheres 
of closed-cell aluminium foam with diameters of 10 mm is higher 
than in the other metal tubes as shown in Fig. 5. The spheres of 
closed-cell aluminium foams led to a small improvement of the 
energy absorption capacity of empty tube. The average crushing 
loads of the tubes containing spheres of closed-cell aluminium 
foams with diameters of 6, 8 and 10 mm were 19, 21 and 26 kN, 
respectively. Additionally, the energy absorption increases with 
the increase of the foam filer density of foam–filled tubes [9,10]. 
However, the volumetric voids between the spheres of closed-
cell aluminium foam filler and the square tube might provide 
a relatively negative contribution and uncontrolled energy 
absorption (Fig. 6). This situation is related to the interaction 
between the spheres of closed-cell aluminium foam filler and the 

inner walls of square tubes. Asavavisithchai et al. [12] reported 
that the bonding strength between the foam filler and the tube 
wall has no significant effect on the energy absorbed during the 
compressive crushing test. Duarte et al. [8] used an adhesive for 
a strong bonding between the foam core and the inner tube wall. 
The strong bonding between the foam core and the inner tube 
wall is effective in load transfer from the tube to the foam core, 
leading to an increase in the energy absorption capability. In this 
study, however, the square tubes filled by pouring the spheres of 
closed-cell aluminium foams freely (without any bonding). Thus, 
a strong bonding between the spheres of closed-cell aluminium 
foam filler and the inner tube wall was not obtained compared 
to in-situ foam filled tubes.

Fig. 5. Energy absorption values of square tubes filled with spheres of 
closed-cell aluminium foams with different diameters (6, 8 and 10 mm)

4. Conclusions

The compressive crush performance of square tubes made 
of structural steel (St 37) filled with non-bonded spheres of 
closed-cell aluminium foams with different diameters (6, 8 and 
10 mm) were evaluated. The compressive crush performance 

Fig. 6. Cross section of crushed square tubes filled with spheres of closed-cell aluminium foams with different diameters (6, 8 and 10 mm)



1760

of these structures were compared to that of the empty tubes. 
The spheres of closed-cell aluminium foams are an approximate 
spherical shape fabricated via the powder metallurgy methods 
by heating foamable precursor materials in a mould. The results 
show a significant influence of the spheres of closed-cell alu-
minium foam filling on the average crushing load of empty tubes. 
The energy absorption in the square tube filled with spheres of 
closed-cell aluminium foam with diameters of 10 mm is higher 
than in the other square tubes. Additionally, the energy absorption 
increases with the increase of the foam filer density of foam–
filled tubes. The load transfer between the spheres of closed-cell 
aluminium foam filler and the inner tube wall was not uniform.
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