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Abstract

Three different aluminium foams, manufactured by compact powder technology starting from 7075, 6061 and AlSi7 alloys were studied by
performing microstructural and morphometric analyses, with the aim of explaining their different behaviour during axial crushing. Void distribution
coupled with material microstructure justifies the behaviour of load—displacement curves obtained during axial crushing of the foams. The results
show that 7075 alloy seems to be the material having the best behaviour during crushing, at least when the foam is removed of the external walls.
Despite that outer skin presence coupled with the intrinsic brittle behaviour of this alloy may cause instability, if it is used to fill hollow components
like crashboxes. During deformation process 6061 and AlSi7 alloys that are more ductile, give in and maintain contact adapting to the encasement

deformation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past 10 years there has been interest in the production
and characterisation of lightweight metallic foams [1-5]. These
materials have great potential for a number of applications in the
automotive, railway and aerospace industry. In particular, they
are interesting in the crashworthy design to produce components
able to withstand loads, dissipate kinetic energy and minimise
forces and accelerations experienced by components during the
application of dynamic loads.

Several methods have been used to produce metallic foams:
the most common one is based on powder metallurgy. After hot
pressing the metallic powder and the foaming agent (usually
TiH,), the precursor is foamed by heating it up above the melt-
ing temperature. This process appears interesting since it allows
the production of complex shapes by varying the die geometry.
It also allows in situ foaming by filling hollow elements with
the powder and by heating them up at the desired temperature.
Although the latter process could be very interesting from the
technological point of view as it reduces the costs related to foam
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insertion in complex shapes, structural problems can arise from
residual stresses due to the different thermal expansion between
foam and hollow element.

Another disadvantage related to the use of metallic foams is
their inhomogeneity, pore shape and distribution anisotropy as
well as metallurgical state and defects. Size, shape and distri-
bution of cells are strictly connected to the process parameters
used during the foaming process. A number of papers is avail-
able in literature concerning the process parameters optimisation
for aluminium foam manufacturing and the study of aluminium
foam formation: these works are focused on how the foam
emerges from the liquid, how it changes with time and what
mechanisms are responsible for its formation [6-8].

In order to use foamed metals as a tailored material, it is of
paramount importance to know the relationship between mor-
phological and mechanical properties. So far, studies on foam
mechanical properties have been carried out on specimens char-
acterised by a porosity fraction varying over the range 70-90%,
which have great usable strain as energy absorber [9]. Gen-
erally speaking, it can always be found a strong correlation
between absorbed energy and foam density, while the selected
alloy affects both the values of absorbed energy and the load uni-
formity during crushing [10]. This behaviour is affected by bulk
material microstructure and type of load (static or dynamic).
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There are many papers available that studied the strain depen-
dence of mechanical properties of foams [11-14]. It has been
reported that the specific energy absorption of Alcan aluminium
foam is independent of applied strain rate in the range 1073 to
103 s~! [14] and that the plateau stress obtained for Alulight and
Duocell foams is almost insensitive to strain rate, for strain rates
up to 5000s~! [12].

Determining a correlation between foam morphology and
mechanical behaviour requires the knowledge of 2D and 3D-
foam architecture. Resolving the structure includes several
methods, studied over the past few years, such as embedding the
foam in a coloured resin for contrast or using micro-computed
tomography, although the latter method is not yet standardised
[15]. Despite the extensive work carried out on this topic there is
uncertainty about the role of foam morphology and skin thick-
ness in affecting mechanical properties.

A further important factor affecting the mechanical response
of metallic foams, when a static or a dynamic load is applied,
is the cell wall and skin microstructure, i.e. size and distribu-
tion of secondary phases can dramatically influence the material
performance. Few papers concerning the effect of cell wall
microstructure on the deformation of aluminium based foams
are available in literature [16—18]: it is concluded that cell wall
ductility and toughness are impaired by a high volume fraction
of coarse eutectic or brittle particles and that a careful selec-
tion of heat treatment parameters allows to customise the foam
properties.

The aim of the present work is to analyse the combined effect
of morphometric parameters and wall microstructure on foam
mechanical properties relevant to crushing energy absorption.

2. Experimental procedure

Aluminium based foams, investigated in this work, are pro-
duced and supplied by IFAM in Bremen, Germany. They are
manufactured by compact powder technology. All the speci-
mens have square base section (45 mm x 45 mm) and 100 mm
height (Fig. 1). Their size and shape were established according
to common practice in bumper crashbox design.

The selected alloys used in this work were Al 6061, Al 7075
and AISi7. Their nominal composition is reported in Table 1.

The research was carried out by using the following method-
ologies: image analysis of cell distribution inside the specimen,
microstructural examination by SEM/EDS (energy dispersive
spectroscopy) and mechanical characterisation by crushing.

All foam specimens were characterised in terms of density
using a calliper and an Orma microbalance.

Several samples, for every considered alloy, were sectioned
minimising cell wall damage. The surfaces were painted using a

Fig. 1. Macrograph of a foam specimen.

black dye in order to obtain a good contrast, essential for image
analysis. The specimens were ground with a series of SiC papers
and afterwards polished with 1 and 0.3 pm alumina. Image
analysis was carried out using Leica QWin software: cell size,
roundness and mean area were determined at different distances
from the ingot surfaces.

Microstructural examination of polished cross-sections was
performed using a scanning electron microscope and composi-
tional analyses were performed using EDS.

Uni-axial compression tests were carried out on a MTS
testing machine (max load 25 tonnes). Tests were conducted
under displacement control with a cross-head speed of 0.5 mm/s
(quasi-static load condition). Considering that mechanical
properties of foams are almost insensitive to strain rate for
strain rates up to 1000s~!, quasi-static tests allow to assess
foam behaviour in case of low speed manoeuvring colli-
sions (less than 15km/h). Further tests were carried out
with a speed 100 times greater just to confirm that in
this speed range no relevant strain rate effect occurs. The
main output of this kind of test is a load—displacement
curve. This curve allows extrapolation of important indica-
tors, such as initial peak load, mean force, specific energy
absorption and material efficiency, which is calculated as the
ratio between mean force and peak load. Because of the
inhomogeneous cell distribution that causes scattered results,
mechanical tests were carried out on more than three spec-
imens for each foam and the obtained data were averaged
out.

Table 1
Nominal composition (wt.%) of the tested alloys

Mg Si Cu Cr Mn Zn Fe
6061 0.8-1.2 0.4-0.8 0.15-0.4 0.04-0.35 0-0.15 - -
7075 2.1-2.9 0-0.40 1.2-2.0 0.18-0.28 0-0.30 5.1-6.1 -
AlSi7 0.25-0.40 6.5-7.5 0-0.10 - 0-0.4 0-0.10 0-0.7
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Fig. 2. Crushing behaviour of 7075 and 6061 foam specimens (nominal density
900 kg/m?).

3. Results and discussion

In the first part of this research project foam mechanical
characterisation of 7075 specimens, revealed some deviations
from the foam’s ideal absorption behaviour (Fig. 2). Their
load—displacement curves show large oscillation coupled with
jagged behaviour, characteristic of low efficiency and high dis-
persion absorption capability. These effects are respectively
connected to the outer specimen’s wall thickness and the alloy’s
intrinsic brittle behaviour. During the crush test part of the
energy is spent to compress the walls, which behave as an
outer brittle tube filled by foam. All the specimens have outer
walls due to the foaming process. Different 7075 and 6061
alloy specimens were cut both in cross and longitudinal sec-
tions for a qualitative assessment of the outer wall thickness.
Its width is randomly distributed and varies from few tenths
of millimetres to 2mm (Fig. 3). In samples characterised by
almost uniform and large skin thickness in the load direction,
peaks occur before the outer walls could be crushed. Fig. 2
clearly shows this phenomenon. The large oscillations around
the mean load are the result of the external wall crushing.
The curves obtained for 6061 alloy specimens are smoother
because 6061 alloy is less brittle. This observation suggested
that a thorough investigation on outer wall’s microstructure
and thickness distribution could be crucial in understanding

Fig. 3. Macrographs showing outer wall thickness distribution in 6061 and 7075
alloy foams.

and interpreting the mechanical behaviour of the studied sam-
ples.

3.1. Morphological examination

The morphological examination was performed on several
specimens for every considered alloy. Due to the irregular cell’s
shape and distribution, evident to a naked eye examination, it was
decided to divide the outer walls, cut along the z-direction, into
three different pieces. Average void density and cell roundness
were determined for every considered area in order to evaluate
a possible correlation between cell shape irregularity and its
position along the specimen.

Void density, Dy, was given by:

i
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Fig. 4. Void density distribution along the z-direction calculated for 7075, 6061 and AlSi7 alloys.



F. Campana, D. Pilone / Materials Science and Engineering A 479 (2008) 58-64 61

70

o7075
mE081

= 60 - S AISIT
)
8 50 +—
c
g
5 40—
040
Q
O
= 304—]
5 30
> q
g
& 20 N
S N
8- i 3 N
N
= — LN N W l
w 10 "R R E
NlR R B
N IR S X 3
N N 3 N R
0 N NS s N N M S

112515175 2 22525275 3 3253.53.75 4 4.25 4.54.75 5 525
Cell Roundness

Fig. 5. Cell roundness distribution in 7075, 6061 and AlSi7 alloy specimens.

where A; stands for ith void area and Ay for the investigated
total area.

Cell roundness, R, measures the morphological aspect of
cavities. It is an adimensional value defined by:

L

R=— @)
4 A; x 1.064

where L is the cell perimeter and 1.064 is a factor that takes
into account the error introduced in the area calculation by the
digitalisation of the image, during which continuous perimeters
are approximated by discrete rectangles. R is equal to 1 when
the shape is circular, while voids that differ from circles are
characterised by R-values greater than 1.

Void density values, calculated for specimens all having a
nominal density equal to 750 kg/m?, are reported in Fig. 4. The
results are grouped into three sets, one for each area where the
computation was done.

AlSi7is found to have the most uniform void density along the
specimen height (49.4 £ 3%), followed by 6061 (52.8 £4.73%).
7075 alloy has more voids in the specimen’s centre part (area 2:
60.9%) with a mean value of 46.8 & 13.2%.

Fig. 5 shows the frequency of occurrence f(R) of a given cell
roundness R, against R, in specimens made of different alloys.

In terms of roundness, 7075 and 6061 alloys present the most
regular cell’s shape, with an average R-value equal to 1.3 and
2.2, respectively. AlSi7 is characterised by a mean R-value equal
to 2.

AlSi7 data are distributed, indicating that cell shapes of AlSi7
specimens vary over the range 1.5-3. 7075 specimens have quite
round cells: R varies mostly between 1.25 and 1.75. 6061 alloy
has the greatest mean roundness value among the three studied
alloys: cells are characterised by a roundness factor varying over
all the considered range.

The macrographs reported in Fig. 6 clearly show the inhomo-
geneity of void shape and distribution in AlSi7 specimens. As it
can be observed the outer walls cannot be clearly identified. In
fact the outer part of AlSi7 specimens is quite compact, although
it contains a very large number of small voids. The inner part is
characterised by large voids anisotropically distributed.

Image analysis highlighted also that foams made of different
alloys are characterised not only by different cell shape and
distribution, but also by different cell areas. In fact the mean
cell area calculated for 7075, 6061 and AlSi7 foams are 11.03,
4.04 and 3.46 mm?2, respectively. 7075 alloy foam is the one
characterised by the biggest and almost circular cells.

3.2. Microstructural characterisation

Cell wall and skin microstructure can dramatically affect the
mechanical response of metallic foams, in fact size and distribu-
tion of secondary phases can influence the material performance.
To improve the contrast between the different phases in the cell
walls and in the skins back-scattered mode image was used.

Microscopic investigations highlighted that, independently
of the considered alloy, the outer skins contain a higher volume
fraction of secondary phases in comparison with the cell’s walls.
This is probably due to different cooling rates in different areas
of such a complex system.

SEM inspection of 6061 alloy foams revealed the presence
in the skin microstructure of a phase having Chinese script
morphology (Fig. 7). Chinese script a-(Fe,Si) is one of the
most common and influential intermetallic phases found in

Fig. 6. Macrographs showing void distribution on two cross-sections of AlSi7 foams.
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Fig. 7. SEM back-scattered image showing the Chinese script intermetallic
phase found in the 6061 foam skin.

aluminium-silicon alloys [19]. EDS analyses identified that
phase as (Fe,Cr)3SiAlj>. A phase having the same chemical
composition, but a polygonal shape, was found in the cell wall
microstructure. The low cooling rate in the ingot inner part
favours diffusion processes and then the growth of coarse inter-
metallic phases.

SEM analyses carried out on 7075 alloy highlighted that two
intermetallic phases were formed: a Fe rich phase, which was
compact and platelet shaped, and a Cu rich phase with a dendritic
morphology (Fig. 8).

AlSi7 alloy after foaming shows typical microstructure of
cast Al-Si alloy with light a-Al grains and heterogeneous Al-Si
regions with their characteristic dark silicon needles (Fig. 9).

Microscopic investigation revealed also the presence of large
titanium particles randomly distributed within the cell walls.

Fig. 9. Micrograph showing AlSi7 foam microstructure.

These particles were surrounded by a sheath of a Si—Ti phase
(Fig. 10b and c) produced during the foaming process when
TiH; reacts to release hydrogen. The presence of these partially
reacted particles within the cell walls suggests that the foaming
process was not efficient.

Thorough selection of alloy composition and manufactur-
ing process parameters can strongly affect alloy microstructure
and cell shape, i.e. silicon needles characterising Al-Si alloys
probably influence surface tension and then cell shape.

3.3. Mechanical characterisation

The compressive stress—strain curve of aluminium alloy
foams, under quasi-static compression, exhibits three deforma-
tion characteristics, similar to those of other metal foams. An
initial linear-elastic region followed by a load-softening region
to a plateau region where successive bands of cells deform plas-
tically and collapse. Beyond the plateau cells are compacted
together.

Fig. 8. Back-scattered SEM image (a) showing two different intermetallic phases found in 7075 alloy and X-ray maps highlighting copper (b) and iron (c) distribution.
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Fig. 10. Back-scattered SEM image of AlSi7 foam (a) showing a blocky Ti particle and X-ray maps highlighting silicon (b) and titanium (c) distribution.

Due to the outer walls microstructure, characterised by fine
intermetallic particles, 7075 and 6061 alloys show unstable
behaviour that causes a decrease in energy absorption efficiency
due to initial peaks and large load variation in the plateau
region. AlSi7 is more ductile and voids are located mainly in
the centre of specimens, while in the outer part there is a quasi-
homogeneous region that during crushing may strain harden.
This explains why the AlSi7 load—displacement curves show no
initial peak, no oscillations and a pronounced strain-hardening
slope. Table 2 summarises the global values achieved for all the
alloys.

Some specimens made of 6061 and 7075 alloys were
removed of their outer skins to study their mechanical
behaviour (Fig. 11). The comparison among compressive
load—displacement curves obtained for all the alloys high-
lights that, after the initial linear-elastic region, for AlSi7 and
6061 alloys the stress increases slowly as plastic deforma-
tion proceeds. 7075 behaviour still shows stress oscillations
superimposed upon constant stress level. These oscillations
are typically associated with brittle behaviour. More ductile
alloy foams, such as AlSi7 foams, fail with a smooth ris-
ing curve and the failure is mainly due to cell walls bending
[18].

The study of a number of frames taken during the test
sequence highlighted the foam’s behaviour during crush tests.
Cell walls of 7075 alloy foam collapse in the areas where the
walls are thinner and the failure starts from pre-existing cracks.
External skin crumbles during compression tests, so witnessing
the brittle behaviour of 7075 outer walls.

Table 2
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Fig. 11. Load—displacement curves for 6061, 7075 and AlSi7 alloy specimens
removed of the external skin.

Energy absorption capacity of metallic foams is key to make
them interesting in the crashworthy design. Fig. 12 shows the
energy absorption capacities per unit mass of 6061, 7075 and
AlSi7 alloy foams. 7075 specimens, despite the brittle behaviour
witnessed by the jagged curves, show a linear absorption capac-
ity, while the other two alloys seem to be less efficient in the
first compression stages. In the case of AlSi7 this is due to strain
hardening.

On the ground of these results 7075 alloy seems to be the
material having the best characteristics during crushing, at least
when the foam is removed of the external walls. Outer skin
presence coupled with its intrinsic brittle behaviour may cause

Absorption characteristics of specimens having the same nominal density (700 kg/m?)

Peak load (kN) Mean force (kN) Efficiency Specific energy (J/g)
6061 35.05 £53 29.82 £ 5.5 0.85 £+ 0.05 127 £ 1.4
7075 66.9 + 6.7 43.68 £ 4.4 0.65 £ 0.06 17.6 £ 1.8
AlSi7 - 2542 £ 4.1 - 105 £ 1.6

The specific energy is calculated considering 60 mm displacement.
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Fig. 12. Energy absorption capacity of 6061, 7075 and AlSi7 alloy specimens
removed of the external skin.

instability if that alloy is used to fill hollow components like
crashboxes. During deformation process 6061 and AlSi7 alloys
that are more ductile, give in and maintain contact adapting to
the encasement deformation.

4. Conclusions

Three different aluminium foams, manufactured by com-
pact powder technology starting from 7075, 6061 and AlSi7
alloys, were studied with the aim of explaining their differ-
ent behaviour during axial crushing. The manufacturing process
and the alloy composition induce a scattered voids distribution,
both in terms of shape and location. 7075 and 6061 specimens
show the most regular void shape (roundness index equal to
1.3 and 1.7, respectively); AlSi7 foam is characterised by cell
roundness varying over a wide range. The first two alloys gen-
erally present outer walls of compact material with thickness
varying from 0.5 to 2 mm. During crushing the walls presence
produces load oscillations that decrease the energy absorption
efficiency. Microstructural examination of 6061 and 7075 alloy
foams highlighted that the outer skins contain a higher volume
fraction of secondary phases in comparison with the cell’s walls.

This characteristic determines the brittleness of the external skin,
especially in 7075 alloy foams.

AlSi7 specimens do not have such behaviour because voids
are mainly located in the specimen core, surrounded by a quite
compact alloy layer thicker than 5 mm. This morphological dis-
tribution, coupled with the material microstructure, justifies the
smoothness and the pronounced strain-hardening slope of AlSi7
load—displacement curves.

Reducing microstructure and void heterogeneity may
increase foam stability during crushing. This reduction can be
obtained only by optimising manufacturing process parameters.
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