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The deformation behaviour of two different types of aluminium alloy foam are studied
under tension, compression, shear and hydrostatic pressure. Foams having closed cells are
processed via batch casting, whereas foams with semi-open cells are processed by
negative pressure infiltration. The influence of relative foam density, cell structure and cell
orientation on the stiffness and strength of foams is studied; the deformation mechanisms
are analysed by using video imaging and SEM (scanning electronic microscope). The
measured dependence of stiffness and strength upon relative foam density are compared
with analytical predictions. The measured stress versus strain curves along different
loading paths are compared with predictions from a phenomenological constitutive model.
It is found that the deformations of both types of foams are dominated by cell wall bending,
attributed to various process induced imperfections in the cellualr structure. The closed cell
foam is found to be isotropic, whereas the semi-open cell foam shows strong anisotropy.
C© 2001 Kluwer Academic Publishers

1. Introduction
Porous materials are found in a variety of microstruc-
tural forms, one of these has been termed as cellular.
The most important feature of a cellular solid is its rel-
ative density, ρ(≡ ρ∗/ρs)); that is, the density of the
cellular material, ρ∗, divided by that of the solid from
which the cell walls are made, ρs. The cellular geometry
may be two dimensional, e.g. honeycombs, or three di-
mensional, e.g. foams. These materials are further clas-
sified into open and closed cell geometries. In open cell
materials, the cells are interconnected such that there
is a continuous pore phase throughout and the solid is
an interconnected array of struts. Closed cell materials
on the other hand, have a thin membrane of solid in the
cell faces sealing them from neighbouring cells. If the
foams are partly open and partly closed, it is said to be
semi-open.

Cellular materials are widespread in everyday life
and are known to have a high stiffness combined with
very low specific weight [1]. For this reason foams
are exploited in structural sandwich panel applications,
where they are laminated between two dense materi-
als as a means of maximising the moment of inertia
with a minimal usage of material. Traditional cellular
foams are mostly polymer or ceramic based. However,
the processing of low cost metallic foams with a range
of novel mechanical and physical properties has be-
come possible due to recent developments in manufac-
turing methods [2]. The benefits of weight gaining and
higher performance of metal foams, such as high stiff-
ness [3], crash energy absorption [2], heat dissipation
[4], non inflammability [5], noise control [6, 7], and
corrosion resistance [2], have to be considered for the

whole system to fully exploit the advantages of these
advanced materials [8]. There is a growing literature on
the mechanical-thermal-acoustic properties of metal-
lic foams, see for example Gibson and Ashby [1] and
Ashby et al. [2].

The present study aims at characterising the mechan-
ical behaviour of two types of aluminium alloy foam,
one with closed cells and the other with semi-open
cells. Both foams have not been systematically studied
before, especially when subjected to external loadings
other than uniaxial tension and compression. The mea-
sured dependence of stiffness and strength on relative
foam density will be compared to analytical predictions
due to Gibson and Ashby [1]. In addition, the mea-
sured stress versus strain response will be compared to
the predictions from the phenomenological constitutive
model of Chen and Lu [9]. Deformation mechanisms
for each type of foam will be studied using video imag-
ing and SEM.

2. Theoretical considerations
2.1. Predicted properties of metallic foams
The properties of cellular materials can vary widely,
depending on three main sets of parameters: the prop-
erties of the matrix material of which the cells are made,
the apparent density and the structure of the cells. Other
factors, which may also affect the properties, include
temperature and anisotropy (cell orientation).

There are two basic architectures used to describe
a foam: open cell and closed cell. Each structure re-
sults in different mechanical behaviour. Under uniax-
ial compression, open-celled foams deform by bending
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followed, at sufficiently large loads, by the formation
of plastic hinges within the cell walls. In closed cell
foams, the deformation mechanism is more compli-
cated. When a closed cell foam is deformed, bending
of the cell edges is accompanied by stretching of the
cell faces. For relative densities lower than 0.2, cell
face stretching is the more significant mechanism of
deformation in closed cell foams. However, imperfec-
tions present in metallic foams may change the picture
dramatically [10].

By considering the mechanisms by which the cells
deform and fail under uniaxial compression, the elastic
modulus, E∗, and plastic collapse strength, σ ∗

pl of cel-
lular foams can be shown to depend upon the relative
foam density by [2]

E∗

Es
= α1

(
ρ∗

ρs

)n

(1)

σ ∗
pl

σy
= α2

(
ρ∗

ρs

)m

(2)

where Es and σy denote the Young’s modulus and yield
strength of the solid wall material. Note that Equations 1
and 2 are the simplified versions of the property re-
lations proposed by Gibson and Ashby [1]. For most
metal foams, the material constants n has a value be-
tween 1.8 and 2.2, m between 1.5 and 2.0, α1 between
0.1 and 4, and α2 between 0.25 and 0.35, depending
on the structure of the foam [2]. These predictions are
true for metal foams having either closed or open cell
structure. As with elastic collapse, large plastic strains
in compression cause the cell walls to crush together.
This results in a steep rise in the compressive stress
versus strain curve when the applied strain exceeds a
nominal compressive strain, known as the densifica-
tion strain, εd. The strain boundary defining the start of
densification is given by:

εd = 1 − α3

(
ρ∗

ρs

)
(3)

where the material constant α3 is about 1.4 for non-
metallic foams [1] and between 1.4 and 2 for the cur-
rently available metallic foams [2]. Obviously the strain
at which densification starts decreases as the relative
density increases.

The mechanism of deformation during uniaxial ten-
sile stressing can be described by a simple adaptation
of Equations 1 and 2. The tensile modulus is not the
same as that in compression, due to different deforma-
tion mechanisms [1, 2]; the tensile modulus is greater,
typically by 10%. The tensile strength is about 1.1 to
1.4 times the compressive strength.

The shear deformation of cellular foams may be mod-
elled by considering the bending, buckling and fracture
of an idealised cell structure, i.e., regular hexagonal
honeycombs [1]. The shear modulus G∗ of the foam is
then found to scale with the relative foam density as:

G∗

Gs
= (3/8)α1

(
ρ∗

ρs

)n

(4)

If shear modulus of the cell wall material can be calcu-
lated from: Gs = Es/2(1 + vs), where vs is the Poisson
ratio of the cell wall material, it then follows that

G∗ ∼= (3/8)E∗ (5)

However, if the Poisson ratio v∗ of a metal foam is
different from vs (see Equation 26 later), then (5) needs
to be modified.

The failure analysis of foams when subjected to mul-
tiaxial stressing is more complicated than that for their
uniaxial behaviour. Several collapse mechanisms can
act simultaneously, but the mechanism that gives the
lowest strength dominates the failure. For the case
of a perfect 2-D honeycomb with regular hexagonal
cells, the macroscopic bulk modulus K ∗ and hydro-
static strength σh are given by [1]

K ∗

Es
= 0.25

(
ρ∗

ρs

)
,

σh

σy
= 0.5

(
ρ∗

ρs

)
(6a)

which are typically an order of magnitude larger than
the Young’s modulus and uniaxial compressive strength
of the honeycomb, see Equations 1 and 2. This is due
mainly to the difference in deformation mechanisms,
with cell wall stretching dominating in hydrostatic com-
pression and cell wall bending dominant under uniaxial
stressing. However, it has been established that the pres-
ence of a small degree of geometrical imperfections in
the cellular structure will easily trigger cell wall bend-
ing under arbitrary loading, and hence significantly re-
duce the stiffness and strength of the honeycomb under
hydrostatic stressing to a level comparable to that of the
corresponding uniaxial properties [10]. For 2D foams
having imperfect cellular structures (e.g., fractured cell
walls), it is found from finite element analysis that [10]

K ∗

Es
= α4

(
ρ∗

ρs

)3

,
σh

σy
= α5

(
ρ∗

ρs

)2

(6b)

where α4 ≈ 1 and α5 ≈ 0.4. For metallic foams,
Equation 6b is consistent with experimental measure-
ments, whereas Equation 6a is not [2, 10, 11].

2.2. Constitutive modelling
Under stressing, metallic foams are elastic-plastic and
exhibit strongly pressure sensitive yielding behaviour.
Several constitutive models have been proposed to de-
scribe the yielding of foams. Using a mechanism-based
micromechanics model for open-celled rigid polymeric
foams, Gibson et al. [12] derived a yield surface

σe

σs
= ±λρ−3/2

[
1 −

(
3σm

σsρ

)2
]

(7)

where λ is a material constant to be evaluated by uni-
axial loading, and σe, σm are the Mises effective stress
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and mean stress, respectively, given by

σe =
√

1

2

[
(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2

]
σm = σ1 + σ2 + σ3

3
(8)

where σi (i = 1, 2, 3) are the principal stresses. How-
ever, due to the complicated failure mechanisms asso-
ciated with the irregular and imperfection-prone mi-
crostructures commonly found in foams, it is difficult
to derive user-friendly yield functions from microme-
chanics study. A phenomenological approach has there-
fore been widely applied to formulate the constitutive
model for both polymeric and metallic foams. The an-
alytical results of Gibson et al. are fitted by Puso and
Govindjee [13] with a single elliptical yield surface
given, in the σe–σm space, by

σ 2
e + 1

R
σ 2

m − h2 = 0 (9)

where R and h are material parameters. This model is
extended by Zhang et al. [14] to study the yielding of
polymeric foams, with an added parameter to define the
centre of the yield locus,

[σm − X0(εmp)]2

a(εmp)
+ σ 2

e

b(εmp)
≤ 1 (10)

where εmp is the plastic volumetric strain, and X0(εmp),
a(εmp), b(εmp) are material parameters to be deter-
mined from uniaxial compression, simple shear, and
hydrostatic compression tests.

Compared with rigid polymeric foams, the yielding
of metal foams is complicated by the presence of var-
ious types of morphology imperfections [10]. Whilst
Equation 7 suggests that the hydrostatic yield strength
of a perfect foam is governed by cell wall stretching and
that its uniaxial strength is dominated by cell wall bend-
ing, Chen et al. [10] found that a small degree of imper-
fections such as cell wall waviness and misalignment
suffices to induce cell wall bending under all macro-
scopic stress states, reducing the hydrostatic strength
to the same level as the uniaxial strength. Based upon
the elliptical yield function (9), Deshpande and Fleck
[11] proposed two phenomenological constitutive mod-
els for metallic foams: the self-similar model and the
differential hardening model. In the first model, the as-
pect ratio R of the ellipse is a material constant while
h depends not only upon the accumulated plastic strain
but also upon the stress state and is characterised by
the uniaxial and hydrostatic compression stress versus
strain curves. The more complicated differential hard-
ening model is developed to capture the experimentally
observed evolution of shape of yield surface in metallic
foams. Here, both R and h are assumed to be strain
and stress states dependent, requiring four material pa-
rameters to characterise hardening. Although improved
accuracy is obtained by using the differential hardening
model, detailed test data on the initial yield surface and

its evolution must be provided to determine the four
material parameters.

Recently, Chen and Lu [9] established a unified
framework of constructing phenomenological consti-
tutive models for a broad class of elasto-plastic mate-
rials exhibiting either plastical incompressibility (e.g.,
grey cast iron) or plastical compressibility (e.g., metal
foams). The constitutive framework also enables the
different yielding behaviours under tension and com-
pression as well as differential hardening along differ-
ent loading paths to be accounted for in a relatively
simple manner. The resulting plasticity model does not
require the difficult task of experimentally probing the
initial yield surface and its subsequent evolution—it
is completely determined from a set of as few as two
distinctive stress versus strain curves measured along
characteristic loading paths. In this general framework,
a characteristic stress σ̄ and its work conjugate ε̄, the
characteristic strain, are introduced as

σ̄ = (
σ 2

e + β2σ 2
m

)1/2
(11)

ε̄ =
(

ε2
e + ε2

v

β2

)1/2

(12)

where β is a parameter related to the Poisson ratio of
the material by

β =
[

9(1 − 2v)

2(1 + v)

]1/2

(13)

Note that, with the introduction of σ̄ and ε̄, the elastic
complementary energy, W , can be separated into the
distortional and volumetric parts, as

W = 1

2Ē

[
σ 2

e + β2σ 2
m

]
(14)

where Ē = 3E/2(1 + v). A yield function in terms of
σ̄ and ε̄ is then proposed as

� = σ̄ 2 + C(ε̄)σ 2
m − Y (ε̄) = 0 (15)

where C(ε̄) and Y (ε̄) are material properties to be eval-
uated by two characteristic tests: in the present study,
uniaxial compression and hydrostatic compression tests
will be used. It is proposed to use � in conjunction
with the associated flow rule to calculate the total strain
rate as

ε̇Y ′
i j = λ̇Y ′ ∂�

σi j
(16)

where the proportionality factor λ̇ is determined from
the consistence condition of plasticity as

�̇ = ∂�

∂σi j
σ̇i j + ∂�

∂ε̄
˙̄ε = 0 (17)

From the measured stress versus strain curves under
uniaxial compression and hydrostatic compression, the
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two material parameters C(ε̄) and Y (ε̄) can be easily
determined as

C(ε̄) = σ̄ 2
hc − σ̄ 2

uc

σ̄ 2
uc/(9 + β2) − σ̄ 2

hc/β
2

(18)

Y (ε̄) = σ̄ 2
hcσ̄

2
uc

1/(9 + β2) − 1/β2

σ̄ 2
uc/(9 + β2) − σ̄ 2

hc/β
2

where the subscripts ‘uc’ and ‘hc’ used to denote uniax-
ial compression and hydrostatic compression, respec-
tively. Together with the associated flow rule (16) and
consistence condition (17), the yield function (15) can
now be used to study the constitutive behaviours of
foams having either closed or open cells. Stress versus
strain curves under several different proportional load-
ing paths are reported in detail by Deshpande and Fleck
[11] for a high density closed cell aluminium foam
(Alporas foam from Shinko Wire Company, Japan) and
for a low density open cell aluminium foam (Duocel
foam from ERG Company, USA). Close agreement
between the model predictions and the experimental
measurements of Deshpande and Fleck [11] has been
reported by Chen and Lu [9].

3. Preparation of materials
Two types of aluminium foams are examined in this
study, all made by a foam casting method, but with
distinctly different foaming strategies. Both materials,
processed at the Southeast University, China with a
range of relative densities, will be called below the SEU
foams. For convenience, the semi-open foams with rel-
ative densities of 0.39 and 0.35 are labelled Sample 1
and 2 respectively. Similarly, the closed cell foams are
named Samples 3, 4, 5 and 6, with Sample 3 having
the highest relative density of the four. For each sam-
ple, its bulk density, relative density and the type of tests
performed are summarised in Table I. At least two spec-
imens are prepared and tested for each type of sample.
The material axes of the SEU foams are defined such
that the X2-axis is parallel to the foaming direction and
the X1-axis is perpendicular to foaming direction, as
shown in Fig. 1b. All samples were loaded in the X1
direction unless otherwise specified. All samples were
cut to size using the electric discharge machine (EDM)
to minimise local cell wall damage.

T ABL E I Physical and mechanical properties of SEU metal foams

Sample 1 2 3 4 5 6

Bulk density (g/cm3) 1.07 0.95 0.45 0.43 0.38 0.30
Relative density 0.39 0.35 0.17 0.16 0.14 0.11
Cell morphology Semi-open Semi-open Closed Closed Closed Closed
Compression

Young’s modulus (GPa)∗
–Loading 2.94 2.47 1.04 0.82 0.74 0.60
–Unloading 3.00 2.72 1.23 1.10 0.83 0.67

Strength (MPa)∗ 18.85 19.21 5.47 4.37 3.88 2.34

Shear
Modulus (GPa)∗ 0.65 0.56 0.44 0.36
Strength (MPa)∗ 3.22 2.53 2.26 1.54

∗Error of measurement = 10–15%.

Figure 1 (a) Processing of semi-open cell SEU foams with the negative
infiltration method, (b) definition of material axes for SEU foams, with
X1 and X2-axes perpendicular and parallel to the foaming direction,
respectively.

3.1. Semi-open foams
The SEU semi-open aluminium alloy foams are made
via the negative pressure infiltration method, where an
interconnected cellular structure (i.e., sponge metal)
may be obtained by infiltrating a bed of spherical par-
ticulates with a liquid aluminium alloy melt. This tech-
nique incorporates the benefits of net-shape produc-
tion of cellular aluminium parts and integral-casting of
dense and porous parts.

Spherical particles are made by a specially de-
signed machine which mixes very fine Al2O3 pow-
ders with a binder solution—composed of inorganic salt
(e.g., Na2CO3) and water—to form round particles and
‘roll’ these particles until they become (approximately)
spherical. The selection of fine Al2O3 powder is based
on its high temperature resistance, excellent remov-
ability after foaming, good formability, high stiffness
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and strength, low thermal conductivity, and, most im-
portantly, non-wettability with molten aluminium al-
loy. After baking (in order to make the inorganic salt
crystallise), the particles are separated, via screening,
into groups with varying sizes: 0.3–0.45, 0.45–0.6, 0.6–
1.0, 1.0–1.25, 1.25–1.6 mm, with those obviously less
spherical discarded. The particles from a selected group
are randomly packed, assisted by mechanical vibra-
tion, into a cylindrical stainless steel mould of diam-
eter 200 mm. The mould is then preheated in a spe-
cially designed oven, maintained at 700◦C for about
30 minutes to ensure uniform heating of the particles.
Molten aluminium of temperature ∼720◦C is subse-
quently infiltrated into the preform under controlled
pressure (Fig. 1a). After the mould cools down to room
temperature, the particle/Al composite is removed; the
particles are then separated from the Al skeleton and
washed away by an water jet. In addition to pure Al,
the casting alloy comprises about 6.5–7.5% Si and
0.25–0.45% Mg. The aluminium alloy has a density
of 2.68 Mg/m3 and melting temperature of 615◦C.

3.2. Closed cell foams
The SEU closed cell aluminium alloy foam is produced
by a method better known as the batch casting pro-
cess. The relatively short time interval between adding
a foaming agent to the molten alloy and foam forma-
tion makes the casting operation difficult. The key is
to control the viscosity of the melt. With low viscosity,
the bubbles float easily to the surface and gas is dissi-
pated into atmosphere. On the other hand, if viscosity
is too high, bubbles hardly float in the foaming molten
material and gas pressure rises so high in the centre
of the molten material that the cell collapses. Thicken-
ing is one means of enabling the foamed metal to be
maintained in its heated, fluid condition for relatively
prolonged periods without collapsing. In foams pro-
duced by thickening method followed by foaming the
pore size is smaller and more uniform.

To process the SEU closed cell foams, foaming agent
titanium hydride (TiH2) is added to the molten metal.
When heated to a temperature above 465◦C, it decom-
poses into Ti and gaseous H2. As a result, large volumes
of hydrogen gas are produced, creating bubbles that can
lead to a closed cell foam, provided foam drainage is
sufficiently slow, requiring a relatively high melt vis-
cosity. The process begins by melting aluminium and
stabilising the melt temperature between 670 and 690 C.
Its viscosity is then raised by adding 1–2% of calcium
which rapidly oxidises and forms finely dispersed CaO
and CaAl2O4 particles. The melt is aggressively stirred
and 1–2% of TiH2 is added. Once the foam expands
to the desired volume, the melt is cooled to solidify
the foam before the hydrogen escapes and the bubbles
coalesce or collapse.

4. Experimental procedures
4.1. Uniaxial compression
Uniaxial compression tests were carried out on closed
cell and semi-open cell foam specimens using the servo
hydraulic Instron 8872 testing machine with a max-

imum load capacity of 25 kN. The cuboid samples,
each of dimensions 20 × 20 × 40 mm, were loaded in
the X1 direction. Additional samples were also tested in
the X2 direction to investigate the degree of anisotropy.
Compression testing was performed at a crosshead rate
of 2 mm/min, and was carried out to a total deforma-
tion of 75% whenever possible. The deformation of the
cellular material was determined from the crosshead
displacement of the machine. Loading and unloading
of the stress versus strain curve was repeated at dif-
ferent stages of the deformation throughout the test.
The elastic behaviour is characterised by a stiffness pa-
rameter, E , determined from the unloading portion of
an unload-load cycle early in the test. The two par-
allel loading platens were coated with a PTFE spray
to reduce friction between the specimen and loading
platens.

The compressive strength of a closed cell SEU foam
is taken as the yield strength measured at a nominal
strain of 10%. The compressive strength of a semi-open
cell SEU foam is defined by the 2% proof stress, as its
stress versus strain curve is different from that corre-
sponding to a closed cell sample, with strong hardening
observed in one loading direction and weak hardening
in the other (see Fig. 7 later).

4.2. Uniaxial tension
Uniaxial tensile tests were performed with an Instron
testing machine—Model 5530R—by using the 10 kN
load cell and a clip gauge attached to the reduced central
region of the specimen. All specimens had a rectangu-
lar, dogbone shape geometry; the overall dimensions
are 150 mm long, 30 mm wide and 20 mm thick. The
specimens contained a waisted region 40 mm in length
and 20 × 15 mm in cross section. This region acts to lo-
calise the deformation and to prevent premature failure
in the grip sections. These specimens were then loaded
in the X1 direction at a rate of 0.5 mm/min.

Special care was undertaken to ensure that the stan-
dard Instron grips which were used to transmit the load
applied by the testing machine to the specimen were
tighten sufficiently to avoid slip of the specimen, but
not excessively to the extent of crushing the material as
this would introduce undesirable bending stresses. Mis-
alignment in the grips could cause significant elastic
bending stresses that superimpose on uniaxial stresses.
This may cause localised microplastic flow and lo-
calised rupture at lower applied stresses than the true
average uniaxial tensile stress typically required.

4.3. Simple shear
The shear properties were investigated by means of
a double lap shear test, using a specimen consist-
ing of two rectangular test samples of dimensions
100 × 20 × 20 mm sandwiched between three steel
load plates (Fig. 2). The samples were bonded to the
steel plates using epoxy REDUX 325, and left for at
least 24 hours before carrying out the tests on the Instron
5530R testing machine with a 100 kN load cell. Only
the closed cell foams were tested in simple shear, due
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Figure 2 Geometry of double shear lap specimen.

partly to the anisotropy exhibited by the semi-open cell
foams and partly to the difficulty of preventing interfa-
cial debonding failure between the semi-open cell foam
and the loading plates.

The relative displacement between the loading plates
was measured using a clip gauge. It is attached to the
middle load plate and the side plates, and measures the
position of the middle plate relative to the side plates
during loading. A tensile load was applied to the ends
of the load plates through a universal joint so as to dis-
tribute the load uniformly across the width of the speci-
men. Based on preliminary test results, the load was ap-
plied using a constant crosshead speed of 0.5 mm/min in
order to reach the maximum loads within 3 to 6 minutes
as recommended by the ASTM standard. The stress cor-
responding to the maximum load is taken as the shear
strength of the foam. The shear modulus is calculated
from the slope of the shear stress versus shear strain
curve in the linear-elastic region.

4.4. Hydrostatic compression
The multiaxial compression tests were carried out on a
closed cell SEU foam (Sample 5) using a high-pressure
triaxial loading system which was developed originally
for studying powder compaction and adapted later to
probe the yield surface of Alporas and ERG foams [11].
It consists of a pressure chamber and a piston rod for
the application of axial force. Hydraulic fluid is used as
the pressurising medium, and the pressure chamber is
designed to withstand a maximum pressure of 100 MPa.
Cylindrical specimens of diameter 30 mm and length
40 mm were tested.

During the hydrostatic compression tests, the confin-
ing pressure was increased in increments of 0.1 MPa
and the corresponding change in volume of the speci-
men was deduced from the axial displacement. When

the SEU foam is subjected to hydrostatic pressure, both
compressive radial and axial strains were induced. The
decrease in axial length of the cylindrical specimen was
measured using a linear variable displacement trans-
ducer (LVDT) attached to the triaxial cell. With the as-
sumption that the closed cell SEU foam deforms in an
isotropic manner (which is confirmed later, see below),
the volumetric strain is equal to three times the axial
strain. There is no provision in the present triaxial cell
design for measuring the change in diameter of the foam
sample during hydrostatic loading. Therefore, it is not
suitable for samples that show signs of anisotropy, as is
the case of semi-open SEU foams. Note that in all these
experiments, the error of measurement is typically on
the order of 10–15%.

5. Results and discussion
5.1. Uniaxial compression
Uniaxial compressive stress versus strain curves for
SEU foams having different relative densities are plot-
ted in Fig. 3; all samples are loaded along the X1 direc-
tion. The curves show that, as the relative density de-
creases, the Young’s modulus, plastic collapse strength,
and slope of the stress versus strain curve through the
plastic collapse region all decrease, while the strain at
which densification begins increases. In Fig. 4a, the
measured compressive strength σ ∗

pl of closed cell SEU
foams is plotted against relative foam density ρ; the re-
sult can be described by a fractional power relationship,
given by

σ ∗
pl

σy
= 0.98

(
ρ∗

ρs

)1.5

(19)

For comparison purposes, the compressive stress in
each curve has been normalised by the plastic collapse
stress σy of the solid material. Whilst the power in-
dex m = 1.5 is consistent with that for other types of
closed cell foams, the proportionality coefficient α2 has
a slightly higher value of 0.98. The elastic modulus E∗
of closed cell SEU foams measured from the first few
hysteresis loops is presented in Fig. 4b as a function

Figure 3 Uniaxial compressive stress versus strain curves of SEU foams
of various relative densities.
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Figure 4 (a) Compressive strength, (b) Young’s modulus of SEU closed
cell foams as functions of relative foam density. The dotted lines are
predictions by Equations 1 and 2, and the full line is a best fit for exper-
imental results.

of ρ. The experimental data are consistent with those
predicted by (1), with

E∗

Es
= 0.4

(
ρ∗

ρs

)1.7

(20)

Note that the exponent of Equation 20 is slightly dif-
ferent from that proposed in [1]. This may be caused
by experimental error, or because the model used in
[1] is for foams having idealized pore morphologies,
or a combination of both. The elastic modulus E∗ of
the SEU foams is not constant but varies as the ap-
plied strain is increased. Fig. 5 presents E∗ of a closed
cell SEU foam (ρ = 0.11) as a function of compres-
sive strain; the corresponding stress versus strain curve
is also included in Fig. 5 for comparison. The much
smaller elastic modulus of the foam upon initial load-
ing is believed to result from immediate yielding at cell
nodes due to stress concentration [15], and hence has
been ignored in Fig. 5. It is seen from Fig. 5 that E∗
initially decreases with increasing strain by as much
as 20–50%, reaching a minimum at a strain of about
20–25%, and then increases due to densification. The
relatively large drop in E∗ during the initial stage of
compression is attributable to the fracturing of cell faces

Figure 5 Young’s modulus plotted as a function of nominal strain for
a closed cell SEU foam of relative density 0.11. A polynomial to the
power of 5 is used to fit for E(ε).

as well as geometrical softening due to cell wall bend-
ing; similar behaviour has been reported for other types
of aluminium alloy foam [6].

The deformation development in the closed cell SEU
foam of relative density 0.11 at different stages of com-
pressive strain is illustrated in Fig. 6. After the initiation
of plastic collapse, there are both deformed and unde-
formed regions in the cellular structure, i.e., complete
collapse of some parts has occurred while the rest is still
elastic. Therefore, two strain states coexist at almost
the same stress. In most specimens, plastic collapse
initiates from within a localised band at roughly mid-
height of the specimen. The collapse bands increase
in size with increasing strain until the whole specimen
collapses. Pore collapse occurs essentially by plastic
yielding of the cell walls throughout the entire defor-
mation bands, and yielding appears in a layer roughly
perpendicular to the direction of compressive stress.
Some foam samples exhibited multiple secondary de-
formation bands throughout the specimen rather than a
single dominant band. Progressive collapse was marked
by both the expansion of existing deformation bands
and the formation of new ones. The load resistance of
the closed cell foam sample remained fairly constant af-
ter cell collapse, increasing only slightly in some cases,
see Fig. 3. The rate of increase became larger as the
specimen approached densification.

To check the effect of cell orientation (relative to
the foaming direction) on stiffness and strength, se-
lected samples of SEU foams with closed cells were
also tested under uniaxial compression in the X2 direc-
tion. Fig. 7a compares the measured compressive stress
versus strain curve for a sample of relative density 0.14
loaded in the X2 direction with that in the X1 direction.
It is clear from Fig. 7a that the material exhibits (nearly)
isotropic behaviour; the deformation mechanisms ob-
served are also similar for both cases. Similar trends
have been observed for closed cell SEU foams with
different relative densities. The same tests were also
carried out for the semi-open cell SEU foam of rela-
tive density 0.35; the corresponding stress versus strain
curves are presented in Fig. 7b. Clearly, the semi-open
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Figure 6 Deformation of closed cell SEU sample (ρ = 0.11) at various stages of uniaxial compression, corresponding to (a) 0%, (b) 10%, (c) 25%,
(d) 50% of applied strain.

cell foam is strongly anisotropic. When loaded in the X1
direction, multiple deformation bands were formed in
semi-open cell foams before eventually reaching den-
sification (Fig. 8a), which is somewhat similar to that
observed for the closed cell foams. However, whilst
the closed cell foams have weak strain hardening, the
semi-open cell foams exhibit strong strain hardening
behaviour (Fig. 7b). This may be caused by the rela-
tively large relative density of the semi-open cell foam
tested (ρ = 0.35), in comparison to the highly porous
closed cell foams (ρ ≈ 0.1). On the other hand, when
loading was applied to the semi-open cell foam speci-
men (ρ = 0.35) along the foaming direction, X2, a to-
tally different deformation mechanism occurs (Fig. 8b).
Here, multiple shear bands form and, as the compres-
sion test proceeds, the sample crumbles at relative low
strain levels (∼30%) due to the formation of relatively
large cracks in the direction of loading. The correspond-
ing stress versus strain curve (Fig. 7b) shows initially
linear elastic behaviour at small strains, followed by
a plastic yielding region where multiple shear bands
form before decreasing rapidly once crumbling takes
place. This is further confirmed when the semi-open
foam sample is analysed using the SEM (Fig. 9). The
foam sample exhibits a visually discernible gradient in
cell size, shape and orientation across the X1 and X2
planes as defined in Fig. 1b, due to the geometric con-
straints on the foam during infiltration processing. In the
transverse direction, X1, the cells are mostly rounded
with small variation in size and shape across the sur-

face (Fig. 9a). However, in the longitudinal direction,
X2, it was found that the cell orientation is nearly ver-
tical, parallel to the foaming direction X2, and the cells
are ellipsoidal-shaped, with a wider cell size variations
(Fig. 9b). The degree of anisotropy may be measured by
the ratio of the strength in the transverse direction to that
in the longitudinal direction. Hence, from the results
shown in Fig. 7, the semi-open cell foams have a degree
of anisotropy of about 1.72 and the closed cell foams
about 1.02. In comparison, Alporas and ERG foams
are isotropic, whereas the Alulight foam produced by
Mepura Ltd., Austria, has a degree of anisotropy of
about 1.33 [16].

The Young’s modulus and plastic collapse strength
of SEU aluminium alloy foams normalised by those of
the solid aluminium are plotted against relative density,
ρ∗/ρs in Fig. 10a and b, respectively, and are compared
with those of commercially available aluminium alloy
foams. More detailed results are summarised in Table I.
These provide useful information to a design engineer
in the material selection process.

5.2. Uniaxial tension
Typical uniaxial tensile stress versus strain curves are
shown in Fig. 11a for different relative densities of the
SEU foams having either closed or semi-open cells. The
curves show linear elastic behaviour at small strains
(<2%), followed by yielding and strain hardening up
to the peak stress, whereupon the load decreases rapidly
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Figure 7 Comparison of uniaxial compressive stress versus strain curves
X1 and X2 directions for (a) closed cell SEU foam (ρ = 0.14), (b) semi-
open foam (ρ = 0.35).

due to cracking. The linear elastic part of the curve sig-
nifies linear-elastic elongation behaviour; the straight-
ening of curved cell edges or walls, where the elonga-
tion of the cells are in the direction parallel to the tensile
load applied, seems to be predominating. After a short
plastic elongation a crack initiates and extends to cut
across the foam core. When the peak load is reached,
many specimens bent (as a result of stable crack prop-
agation) before finally necking and subsequent ruptur-
ing, preventing accurate measurement of the ultimate
strain.

The tensile strength of closed cell SEU foams are
plotted against relative density in Fig. 11b; the Young’s
modulus obtained in the tensile test has a value similar
to that of the compressive elastic modulus, and hence
are not reported below. When the data are fitted by using
Equation 2, the value of the index m is found to be ap-
proximately 2. With increasing relative density, the ten-
sile strength increases and the strain at which the peak
strength is measured decreases. For example, Sample 3
with relative density of 0.17 reaches its peak strength
at a strain of 4.1%, whereas Sample 6 having a lower
relative density of 0.11 peaks at a strain of about 2.75%.

Figure 8 Video images of progressive deformation and failure of semi-
open SEU foam (ρ = 0.35) when loaded along (a) X1, (b) X2 directions.

The tensile strength of closed cell SEU foams is signif-
icantly lower than their compressive strength listed in
Table I. It appears that the tensile test is especially crit-
ical to inhomogeneities of the foam samples. This may
be explained by the voids or cracks present in the mate-
rial as a result of differential thermal contraction during
processing of foamed aluminium, which appears to be
more harmful in tension than in compression.

5.3. Shear
Shear stress versus strain curves for closed cell SEU
foams with different relative densities are shown in
Fig. 12. Each curve demonstrates an almost linear-
elastic beginning that changes gradually into plastic de-
formation. Elongation of cell walls similar to that in the
tensile test was observed during the earlier part of the
shear test. When the maximum shear load is reached,
failure is visible as a crack is seen to run across the
whole sample. A fast failure was observed after the
maximum load is reached, similar to that observed dur-
ing the tensile test. In all these tests, failure initiated
from the foam core, instead of from the foam/plate
interface.

The shear test results are summarised in Table I.
Fig. 13a and b illustrate the effect of relative den-
sity on the shear moduli and shear strength of closed
cell SEU foams; the experimental data were found to
be closely described by the following power-law type
relationships

G∗

Gs
= 0.27

(
ρ∗

ρs

)1.4

(21)

τ ∗

τs
= 1.04

(
ρ∗

ρs

)1.6

(22)
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(a)

(b)

Figure 9 Microstructural features of semi-open SEU foam (ρ = 0.35) observed under SEM normal to (a) X1, (b) X2 directions.

2782



(a)

(b)

Figure 10 Cross plots of (a) Young’s modulus, (b) plastic collapse strength against relative density for existing aluminium alloy foams.

5.4. Hydrostatic compression
Fig. 14 compares the hydrostatic stress versus volumet-
ric strain curve for the SEU closed cell foam of rela-
tive density 0.14, with the uniaxial compressive stress
versus strain curve of the same foam. As was previ-
ously discussed, the volumetric strain is three times
the axial strain. Similar to the uniaxial compressive
behaviour, the hydrostatic pressure versus volumetric
strain curve has three distinct stages. During the ini-
tial linear stage where the pressure varies linearly with
volumetric strain, the deformation is mainly due to the

bending of cell walls. The intermediate region is char-
acterised by a small slope (weak strain hardening) and
is associated with the plastic buckling of the cell walls.
Finally, when the cell walls start to make contact with
each other, the slope of the curve increases and densi-
fication begins.

The stress at 10% axial strain is defined as the uni-
axial compressive yield strength; similarly, in the case
of hydrostatic loading, the hydrostatic pressure at 10%
axial strain is defined as the hydrostatic yield strength.
The measured hydrostatic yield pressure (3.2 MPa) is
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Figure 11 (a) Uniaxial tensile stress versus strain curves for SEU foams
of different relative densities, (b) uniaxial tensile strength of SEU closed
cell foams plotted as a function of relative density, with the dotted lines
representing predictions of Equation 2, and the full line as a best fit
for experimental results. Here, σ ∗

pl is defined as the peak stress on the
uniaxial tensile stress-strain curve.

Figure 12 Shear stress versus shear strain curves for closed cell SEU
foams of different relative densities.

comparable with the uniaxial yield strength in com-
pression (3.8 MPa), suggesting that cell wall bending,
rather than cell wall stretching, dominates the defor-
mation and failure under hydrostatic loading. Bending

Figure 13 Cross plots of (a) Shear modulus, (b) shear strength against
relative foam density for closed cell SEU foams, with the dotted lines
representing predictions of Equation 4 and the full line as a best fit. Here,
τ ∗

pl is defined as the peak stress on the shear stress-strain curve.

Figure 14 Hydrostatic pressure versus volumetric strain curve of SEU
closed cell foam (ρ = 0.14) compared to the uniaxial compressive stress
versus strain curve.

under hydrostatic loading is a result of imperfections
in the foam structure. These include features such as
cell wall curvature, local inhomogeneities (in relative
density, shape or orientation), random cell structure and
missing cell walls [10, 11].
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Figure 15 (a) Characteristic stress versus stain curves, (b) comparison
between model predictions and experimental measurements for closed
cell foam (ρ = 0.14) subjected to uniaxial compression, hydrostatic com-
pression, and simple shear.

5.5. Constitutive model: Comparison with
measurements

To check the validity of the constitutive model de-
scribed in Section 2.2, the uniaxial compression, sim-
ple shear and hydrostatic compression results of a SEU
closed cell foam (ρ = 0.14) are analysed. Notice that,
under uniaxial, hydrostatic, or simple shear loading,
Equations 11 and 12 can be simplified as
uniaxial loading

σ̄uc =
√

1 + β2/9|σ |, ε̄ = |ε|/
√

1 + β2/9 (23)

hydrostatic loading

σ̄uc = β|σm|, ε̄ = |εv|/β (24)

simple shear

σ̄sh =
√

3|τ |, ε̄ = |γ |/
√

3 (25)

where the subscripts ‘uc’, ‘hc’, and ‘sh’ refer to uniax-
ial compression, hydrostatic compression, and simple
shear, and τ and γ are the shear stress and engineering
shear strain, respectively. The measured uniaxial stress
versus strain curve and mean stress versus volumetric
strain curve of the foam (ρ = 0.14) have been plotted
in Fig. 14. These curves are then transformed into the
characteristic stress versus strain curves in accordance
with Equations 23 and 24, as shown in Fig. 15a. To
fully determine the two material parameters C(ε̄) and
Y (ε̄) in the yield function (15), we also need the value
of β. Since the measured Young’s modulus E∗ and bulk
modulus K ∗ of the foam are 0.785 GPa and 0.364 GPa,
respectively, and that the Poisson ratio v∗ of the foam
is related to E∗ and K ∗ by

v∗ = 1 − E∗/3K ∗

2
(26)

one gets v∗ = 0.141. Substitution of v∗ into Equation 13
gives β = 1.68. It is noticed that since the error in mea-
suring the mechanical properties of SEU foams is esti-
mated to be about 10–15%, the error is also carried to
the numbers quoted above.

The characteristic stress versus strain curves shown
in Fig. 15a and β = 1.68 are sufficient to determine C(ε̄)
and Y (ε̄), and hence the constitutive model is now fully
specified. It may be used to predict the stress-strain re-
lationship of the closed cell foam (ρ = 0.14) subjected
to an arbitrary loading path. Consider the deformation
behaviour of the foam under simple shear. The mea-
sured shear stress versus engineering shear strain curve
is shown in Fig. 12, and is replotted using Equation 25
in Fig. 15b in terms of the characteristic stress σ̄sh and
strain ε̄; the predicted σ̄sh versus ε̄ curve is included in
Fig. 15b. Comparison between the model predictions
and the experimental measurements for stress versus
strain curves under uniaxial and hydrostatic compres-
sion is also shown in Fig. 15b. Because uniaxial com-
pression and hydrostatic pressure are used as the char-
acteristic tests to specify the constitutive model, it is not
surprising to see from Fig. 15b that the predicted uniax-
ial and hydrostatic behaviours both agree well with the
measurements. For the case of simple shear, the agree-
ment is good up to the ultimate failure strength before
the occurrence of softening. However, given that the
failure of the foam under simple shear is by cracking
rather than by plastic yielding, the present constitutive
model based on the phenomenological yield function
is not able to capture the fracturing behaviour of metal
foams. To model the cracking induced softening, a dam-
age model embedded in the present framework is rec-
ommended; a nonlocal approach is perhaps also needed
to remedy the mathematical ill-posedness of the local
approaches in the presence of softening [17, 18].

6. Conclusions
The deformation behaviours of SEU semi-open cell and
closed cell foams subjected to uniaxial tension, uni-
axial compression, simple shear and hydrostatic pres-
sure are studied. The measured stiffness and strength as
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functions of relative foam density are compared to those
predicted from the Gibson-Ashby model. Overall, close
agreement between measurements and predictions are
obtained; however, the scatter of uniaxial tensile results
is consistently higher than that of uniaxial compres-
sive data. This is due to the fact that tensile testing is
more prone to the effects of morphological imperfec-
tions such as fractured cell walls and holes/inclusions.
The tests also reveal that the closed cell foams behave
in an isotropic manner whilst the semi-open cell foams
are strongly anisotropic. When loaded in the direction
perpendicular to the foaming direction, X1, the semi-
open cell foams deform in a way similar to the closed
cell foams where deformation bands are formed normal
to the direction of applied load; the foam continues to
deform until densification. When loaded in the foam-
ing direction, X2, shear bands are formed before crum-
bling failure occurs at relatively small strain levels. This
is consistent with SEM images showing rounded cell
cross sections in the X1 plane and elongated elliptical
cell shapes in the X2 plane.

When the SEU closed cell foams are subjected to
hydrostatic compression, it is found that the deforma-
tion consists of three different stages similar to those
observed during uniaxial compression, with initial elas-
tic deformation followed by plastic collapse and end-
ing with a steep rise in pressure due to densification.
Due to the presence of imperfections in the foam, the
hydrostatic yield pressure is comparable with the uni-
axial compressive strength, and is governed by cell
wall bending instead of cell wall stretching expected
for a perfect cellular structure such as the hexagonal
honeycombs.

The measured stress versus strain curves from uni-
axial compression and hydrostatic pressure are used to
characterize the phenomenological constitutive model
which is subsequently used to predict the deforma-
tion behavior under simple shear. The prediction agrees
well with the experimental measurements until crack-
ing (and hence softening) starts to occur in the material.
More experiments need to be performed to check the
applicability of the constitutive model to other loading
paths including non-proportional loading. The model
also needs to be improved to account for cracking and
softening mechanisms.
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