
                     

P1: BAJ KL-906-190-98 December 23, 1998 15:0

JOURNAL OF MATERIALS SCIENCE34 (1999 ) 291– 299

The mechanical behavior of foamed aluminum
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Experiments have been carried out to investigate the mechanical behavior of foamed
aluminum with different matrixes and states. It is found that the matrix composition has a
significant influence over the deformation, failure and fracture of foamed aluminum. Like
other cellular solid materials, Al foam shows a smooth compression stress–strain curve
with three regions characteristic of plastic foams: linear elastic, plastic collapse and
densification. AlMg10 foam has a serrated plateau and no densification, characteristic of
brittle foams. AlMg10 foam has higher compressive and tensile strength but lower ductility
than Al foam. The difference in the mechanical properties between Al foam and AlMg10
foam decreases as the relative density decreases, and when it is lower than roughly 0.15,
no difference can be discerned. The mechanical properties in compression are clearly
higher than those in tension, which can be explained in terms of dislocation theory and
stress concentration behavior. C© 1999 Kluwer Academic Publishers

1. Introduction
Porous metals have long been commercially important
materials of practical use in a wide variety of appli-
cations [1]. Recently, those with macropores have at-
tracted extensive attention for their excellent functional
properties. One example is foamed aluminum (FA) [2].
It has a higher porosity ranging from 60% to 85% and
low bulk density. While its functional properties such
as acoustic absorption [3], mechanical damping [4], en-
ergy absorption [5, 6] and electromagnetic shielding [7]
have been comprehensively studied and well under-
stood, few studies on its structural properties have been
reported, and its mechanical response to applied stress
is still unclear. For a functional material, the durability
or lifetime of the function is an important property and
should be taken into consideration; it is directly related
to the material’s mechanical properties. Therefore, the
mechanical properties of FA such as strength, deforma-
tion and damage were investigated to provide valuable
information for applications.

2. Experimental procedure
2.1. Preparation of FA specimens
FA blocks were manufactured by a melting foaming
process using commercially pure aluminum and alu-
minum–10% magnesium alloy. The whole process con-
sists of five steps:

(i) Melting the metal ingot at 700◦C;
(ii) Adding MnO2 powder (mean particle size of 20

µm) into the melt and stirring it at a speed of 800 r.p.m.
to make it become a viscous fluid;

(iii) Introducing TiH2 powder (mean particle size of
40 µm) into the modified melt and stirring it at an

increased speed of 2300 r.p.m. to distribute the pow-
der uniformly in the melt;

(iv) Holding the mixture at 625◦C for 120 s, allow-
ing the TiH2 to decompose and release hydrogen gas,
allowing the bubbles to evolve;

(v) Removing the melt together with the crucible
from the furnace and cooling them by air blowing.

Cylindrical specimens, with a diameter of 30 mm
and a length of 40 mm, were then cut by electrospark-
ing from the cast blocks. The density of each specimen
was calculated from a measurement of its mass and vol-
ume. The calculation of relative density is based on the
density of 2.7 g cm−3 for commercially pure aluminum
and 2.55 g cm−3 for AlMg10 alloy, respectively. Some
AlMg10 foam specimens were subjected to solution
treatment at a temperature of 454± 5 ◦C for 20 h.

2.2. Apparatus
A uniaxial compression and a uniaxial tension test were
performed with an Autograph universal testing machine
(Shimadzu Corp., Tokyo, Japan, AG-A Series, Com-
puter Control System). The strain rate was 2× 10−2

mms−1. Stress is defined as the load per total area of
the specimen, including porosity. Likewise, the strain
is defined as a nominal value for the foam structure and
is not the true strain experienced in the cell walls. The
structure morphology of the foam was examined using
conventional light microscopy and scanning electron
microscopy.

3. Results
3.1. Structure morphology of FA
Fig. 1 exhibits two typical structures of FA. A pore size
gradient and a density gradient exist in the structure

0022–2461 C© 1999 Kluwer Academic Publishers 291



          

P1: BAJ KL-906-190-98 December 23, 1998 15:0

Figure 1 Typical structures of FA: (a) Al foam and (b) AlMg10 foam.

of commercially pure aluminum foam (Al foam). The
foam has larger pores and a lower density in the middle
and significantly smaller pores and a higher density near
the boundary. In contrast, aluminum–10% magnesium
alloy foam (AlMg10 foam) has quite a uniform pore and
density distribution through the section. The pores in
both foams are irregular ellipsoids and most are closed.

3.2. The stress–strain behavior in
compression

Typical compression curves for several Al and AlMg10
foams are shown in Fig. 2a–c. Al foam has a smooth
stress–strain curve, characteristic of plastic foams [8],
with three distinct regions: a linear elastic region; a
long plateau where the stress is almost independent of
strain; and a final region of densification in which the
stress–strain curve rises steeply. In contrast, AlMg10
foam shows a rather different curve. As-cast AlMg10
foam has a serrated plateau region, a pronounced fea-
ture of brittle foam [9]. After solution-treatment, the
magnitude of the load oscillations during serrated frac-
ture is substantially reduced compared to that of as-cast
samples, which implies some improvement of ductility.
Both AlMg10 foams show no densification regions.

The stress–strain curves show linear elastic behavior
at small strains (approximately less than 0.05) which

seems to be independent of the matrix and its state.
The difference in the plateau between Al foam and
AlMg10 foam is clearly ascribed to different deforma-
tion mechanisms, which will be discussed in the fol-
lowing sections.

Densification starts for Al foam when the cell walls
touch. The strain boundary defining the start of densi-
fication is given by [10]

εs = 1− 2
ρ

ρs
(1)

whereρ/ρs is the initial relative density of Al foam. Ob-
viously the strain at which densification starts decreases
as the relative density increases, which is demonstrated
by Fig. 2a.

3.3. Compressive deformation feature
As seen in Fig. 3, after the initiation of collapse there
are both deformed and undeformed regions in the struc-
tures of both Al and AlMg10 foam, i.e. complete col-
lapse of some parts has occurred while the rest is still
elastic. Therefore, two strain states coexist at almost
the same stress. The collapse bands increase in size
with increasing strain until the whole specimen col-
lapses. In Al foam, pore collapse occurs essentially by
plastic yielding of the cell walls throughout the en-
tire deformation bands and the yielding appears in a
layer roughly perpendicular to the direction of compres-
sive stress. In contrast, AlMg10 foam collapses by brit-
tle fracture of the cell walls, and no yielding modes are
discerned. At a higher strain, longer cracks penetrate
through the uncollapsed region, and the interface be-
tween the collapsed region and the uncollapsed region
is no longer a plane. The rupture induces the cell walls
to break into many small pieces, and the stress is there-
fore relaxed. As the compression proceeds, the broken
structure is squeezed together and the stress again rises
until the next fracture occurs, which is responsible for
the serrations in the plateau.

Fig. 4a and b shows two locally magnified collapse
structures of Al foam and AlMg10 foam, respectively.
In the structure of Al foam, the plastic bending and
the overlapping of the cell walls are quite significant,
while rupture is indiscernible. But in the structure of
AlMg10 foam, serious brittle fracture takes place and
isolated fragments (as indicated by A) can be clearly
seen near the fractured surface. The fractured surface
shows a jagged pattern, and some of the surface has
been squeezed together (as shown by B). These fea-
tures further demonstrate the difference in the collapse
modes of Al foam and AlMg10 foam.

3.4. The compressive strength
For fair comparison of different foams, we define the
stress at 0.02 offset strain as the yield strength (σ0.02)
of FA in view of the stress–strain curves. As shown in
Figs 2 and 5, AlMg10 foam has a much higherσ0.02
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Figure 2 Compressive stress–strain curves of FA: (a) Al foam and (b) AlMg10 foam (as-cast); (c) AlMg10 foam (solution treated).

Figure 3 Deformation development of FA: (a) Al foam and (b) AlMg10 foam.
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Figure 4 The morphology of collapse structures of FA: (a) Al foam and
(b) AlMg10 foam.

Figure 5 (a) Yield strength versus relative density and (b) yield strength
versus the power of 3/2 of relative density.

than Al foam, consistent with their corresponding ma-
trix since block Al–10% Mg alloy also has much higher
strength than commercially pure Al. The increase of the
yield or crushing strength of FA with the relative density
is consistent with the expected behavior of FA, but the
dependence is obviously non-linear. The solution treat-
ment shows little influence on the compressive strength
of AlMg10 foam.

3.5. The stress–strain behavior in tension
Typical tensile stress–strain curves are shown in Fig. 6
for different relative densities and foams. For Al foam,
the curves show linear elastic behavior at a strain of
roughly 0.02, much smaller than that in compression,
followed by plastic yielding and strain hardening up
to the peak stress. For AlMg10 foam, the stress–strain
curves show a very sharp peak at strains less than 0.04
and little or no yield could be found. The peak becomes
a little wider after solution treatment, suggesting that
the plastic deformation increases before fracture. As in
compression, the offset strain increases with increasing
relative density, but is much smaller than that in com-
pression. In addition, as the relative density decreases,
the Young’s modulus, the yield strength and the slope
of the stress–strain curve through the plastic collapse
region all decrease.

3.6. Tensile fracture feature
Micrographs of a typical fracture surface are shown in
Fig. 8. The cell walls can be seen to form ridges and the
outline is clear and smooth, corresponding to its smooth
stress–strain curves. In contrast, the fracture surface
of AlMg10 foam exhibits a rather rough morphology,
a typically brittle fracture feature. Solution treatment
seems to have little influence on this morphology. It
can be argued that the Al foam failed due to the stable
propagation of cracks, while the propagation of cracks
in AlMg10 foam is multidirectional and much quicker.

3.7. The ductility in tension
Fig. 7 shows the influences of relative density, matrix
composition and state on the ductility (δgt) of FA. Of
the three foams, Al foam has a maximumδgt, whereas
AlMg10 foams of different states show roughly the
same value. However, the difference in ductility be-
tween Al foam and AlMg10 foam rapidly decreases
with decreasing relative density, and when it reaches a
value around 0.15, no difference can be found. From
the above results, we know that AlMg10 foam is a brit-
tle foam, while Al foam is a plastic one. Therefore, the
value of 0.15 seems to be a critical value of relative
density, below which even plastic foams may become
completely brittle.

According to the dislocation theory of plastic defor-
mation, the ductility of a crystalline material depends
on the mobility of dislocations in the structure. The for-
mer is determined either by the dislocation–dislocation
interaction, direct dislocation–particulates interaction
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Figure 6 Tensile stress–strain curves of FA: (a) Al foam; (b) AlMg10 foam (as-cast) and (c) AlMg10 foam (solution treated).

Figure 7 Variation ofδg versus relative density.

or by indirect dislocation-particulates interaction [11].
In general, high dislocation density and dispersed
particulates may resist the movement of dislocations.
Previous results showed that there were substantial

dislocations and other defects in the microstructure
of FA, particularly around the pores [4]. Dislocation
mobility is therefore strongly constrained, leading to
a lower ductility. Thus both Al foam and AlMg10
foam show much lower ductility in tension than that
in compression. Furthermore, in the microstructure
of as-cast AlMg10 foam there are quantities of brittle
β phase (Mg2Al3) particulates distributed along the
α grain boundaries [12], where high dislocation
density is generated as a result of differential thermal
contraction caused by the difference in the coefficient
of thermal expansion of the two phases. Under tensile
loading, dislocations will pile up surrounding theβ
particulates due to their pinning effect, initiating high
degree of stress concentration [13]:

τ = nτ0 (2)

whereτ is the stress imposed on the pinning points,n is
the number of dislocations andτ0 is the applied stress.
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Figure 8 Morphologies of fracture surface. (a) Al foam and (b) AlMg10
foam (as-cast); (c) AlMg10 foam (solution treated).

Since theβ phase is very brittle, cracks can read-
ily propagate across it and combine with each other
in many directions after the initiation of cracks in the
grain boundaries, leading to brittle crushing. Therefore,
AlMg10 foam exhibits a much lower ductility than Al
foam. From the sudden drop of the stress–strain curves,
it is recognized that the propagation of cracks is very
rapid and the failure of the specimen is catastrophic.

3.8. Tensile strength
The yield strength and ultimate tensile strength are plot-
ted against relative density in Fig. 9. The dependence of
the strengths on relative density follows a significantly

Figure 9 Tensile strength versus relative density: (a) yield strength and
(b) ultimate strength.

linear relationship. This trend is quite different from
that in compression, in which the yield strength and
relative density follow a fractional power relationship
(Fig. 5).

Some researchers regard porous materials as a partic-
ular two-phase solid composed of voids and cell walls,
whose strengths obey a simple law of mixtures [14]. Re-
sults for porous Cu by Simone and Gibson [15] were
consistent with this theory. However, the present study
shows that FA does not obey this law. From Fig. 9, the
yield and ultimate tensile strength, for instance, of the
solid cell wall material, estimated from the intercept of
the linear regression, are about 12.5 MPa and 19.5 MPa
respectively, which are much smaller than the handbook
values of both metals. This implies that the weakening
effect of pores on the strengths is not solely determined
by the number of pores.

During the fabrication of FA, numerous bubbles orig-
inate in the melt. During the subsequent cooling, they
will hinder the solidification contraction of the melt,
forming a high degree of thermal stress and even micro-
cracks in the cell walls. Thus, in addition to pores,
stress concentration and micro-cracks certainly impose
an additional weakening effect accentuating the fail-
ure under a relative smaller tensile loading, leading to a
much smaller strength than that deduced from the law of
mixtures.

As shown in Fig. 9, the metal matrix has a pro-
nounced effect on the tensile yield strength and is sim-
ilar to the situation in compression; AlMg10 foam also
has a higher yield strength than Al foam. Nevertheless,
the matrix has only a slight influence over the ultimate
strength.
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It can also be noted that, like theδgt, the discrepancy
between the tensile yield strength for different foams
decreases as the relative density decreases and the crit-
ical value of the relative density is also approximately
0.15. This trend suggests that as the relative density de-
creases, the contribution of the matrix composition to
the overall mechanical properties decreases, and when
the relative density is below 0.15, the contribution is
too small to be detected. Thus it appears that selection
of a stronger matrix for FA may be of importance only
for a relative density greater than 0.15.

The effect of solution treatment is rather indiscer-
nible, similar to the effect of compression. This is
perhaps because the strengthening due to the solution
treatment is balanced by the weakening induced by the
pores.

4. Discussion
4.1. The compressive deformation models

of cellular solid materials
There have been several models describing the com-
pressive deformation and mechanical properties of cel-
lular materials, the more recent of which is presented
by Ashby and Gibsonet al. [10]. They predicted that
the compressive stress–strain curve of cellular solids,
whether elastomeric, plastic or brittle, can be divided
into three regions: the linear elastic, the plateau and
the densification regions. The extent of each region de-
pends on its relative density and responds to different
mechanical behavior.

Ashby and Gibson, in terms of the cubic model of
an open-cell cellular material and Euler’s equation, de-
rived a series of equations to describe the mechani-
cal properties of a cellular solid. Those relating to the
present investigation are listed below.

(i) Linear elastic region:
E∗

Es
=
(
ρ

ρs

)2

(3)

(ii) Plateau region: for plastic foam
σ ∗pl

σY
= C1

(
ρ

ρs

) 3
2

(4)

for brittle foam
σ ∗f
σ f
= C2

(
ρ

ρs

) 3
2

(5)

Stress–strain response:
σ

σY
= C3

(
ρ

ρs

) 3
2

×


1−

(
ρ

ρs

) 1
3

1−
[
ρ

ρs

(
1

1− ε
)] 1

3

 (6)

whereE∗ is the Young’s modulus of foam,Es is the
Young’s modulus of the cell wall material,σ ∗pl is the

plastic collapse stress of plastic foam,σY is the yield
strength of cell wall material,σ ∗f is the crushing strength
of brittle foam,σ f is the modulus of rupture of cell wall
material,σ is the compressive stress, andC1 andC2
are constants.

As seen in Fig. 1, FA has a dominantly closed cell
structure. Nevertheless, a number of experiments have
proven that most foams behave as if their cells were
open, because surface tension concentrates material
into the cell edges during their manufacture [10, 16].
The faces are frequently so thin that they contribute
very little to the overall stiffness and strength, partic-
ularly when the relative density is very low, and the
mechanical properties of a closed cell material can be
treated as that of an open one. Since the relative density
of the present specimens is in the range of 0.1–0.3, this
corresponds to the condition of a “thin” face. Further-
more, the cell collapse initiates from plastic bending
(for Al foam) or brittle fracture (for AlMg10 foam) of
the cell walls, similar to the failure of a beam, as shown
in Figs 3 and 4. Thus the mechanical behavior of FA
in compression can be well described by the Gibson–
Ashby model. The linear dependence of the compres-
sive strength on the 3/2 power of relative density shown
in Fig. 5 provides a good example.

4.2. Comparing tensile strength with
compressive strength

A constitutive model for porous materials indicated that
the porosity acted as a hardening mechanism when the
material was subjected to overall hydrostatic compres-
sion and as a softening mechanism for overall hydro-
static tension [17]. Thus the tensile strength is lower
than the compressive strength for most porous mate-
rials. The present study shows the same trend, though
some different results have been obtained by other in-
vestigators [8].

Both theory and experiment have proven that voids
or cracks are more harmful to the mechanical properties
of materials in tension than in compression. Consider
a crack of lengthc in an elastic solid, lying normal to a
remote tensile stressσ (Fig. 10), that creates a singular
stress field [8]

σl = σ
√

c

2r
(7)

at a distancer from its tip. BecausecÀ r andσl À σ ,
the resulting stress concentration at the tip will fracture
the cell walls locally, thus extending the flaw and lead-
ing to sudden fracture and thus produce a lower tensile
strength. Evidently this stress concentration does not
exist in compression.

As mentioned above, high thermal stress can be gen-
erated during the fabrication of FA and hot cracks are
inevitably initiated in the high thermal stress region,
because of the relatively low thermal strength in the
process of solidification. Thus, these cracks together
with “softer” pores are the major origin of low tensile
strength.
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Figure 10 Propagation of a crack through a foam loaded in tension.

The present investigation shows that the tensile prop-
erties of FA have obvious linear relationships with the
relative density, while the compressive strength is pro-
portional to the fractional power (3/2) of the relative
density.

Gibsonet al. [8] pointed out that the moment on the
first unbroken cell wall (marked A) beyond the crack
tip is

M =
∫ (h+lsinθ )/2

0
σl b

(
h+ l sinθ

2
− r

)
dr (8)

whereb is the depth of the honeycomb cell (normal to
the page), andr is the distance from the crack tip. From
this equation, the tensile strength for loading in theh
direction is given by

σ ∗

σs
= 1

4
√

2 cos3/2 θ

√
l

c

(
t

l

)2

(9)

whereσ ∗ andσs are the fracture stress of foam and of
cell-wall material, respectively, andc is the length of a
crack.

From the preceding paragraph, the pores of FA in the
present study can be simplified as open ones in view of
the Gibson–Ashby dimensional argument model. Thus,
we obtain

(
t

l

)2

∝
(
ρ

ρs

)
(10)

From Equation 9, it can be shown that

σ ∗ ∝ ρ

ρs
(11)

i.e. the tensile strength of FA is proportional to its rel-
ative density, consistent with the present results.

5. Conclusions
A study has been carried out to examine the structural
morphology and mechanical behavior of foamed alu-
minum with two different matrixes under compressive
and tensile loading.

The pores in present foamed aluminum specimens
are irregular ellipsoids and most are closed ones. The
foamed aluminum made of commercially pure alu-
minum shows a smooth compressive stress–strain curve
with three distinct regions: linear elastic, plastic col-
lapse plateau and densification region. Its failure origi-
nates from the plastic bending of cell walls, character-
istic of plastic foams. However, that made of Al-10%
Mg alloy shows a serrated plateau and no densifica-
tion region. It fails by brittle crushing of the cell walls,
consistent with brittle foams.

In addition to different responses to applied stress,
foams with different matrixes show different mechani-
cal properties. AlMg10 foam has a higher compressive
and tensile strength but lower ductility than Al foam.
The effects of the matrix on the mechanical properties
decrease with decreasing relative density. When the rel-
ative density decreases to roughly 0.15, no observable
difference can be found between different foams. This
suggests that selection of a stronger matrix may be help-
ful only when the relative density of a foam is relatively
large, say greater than 0.15.

The mechanical behavior of foamed aluminum
in compression is in agreement with the Gibson–
Ashby dimensional argument model. The compres-
sive strength of foamed aluminum follows a fractional
power relationship with the relative density, while the
tensile strength decreases linearly with decreasing rel-
ative density, which can be explained by a beam bend-
ing model. Foamed aluminum has lower mechanical
properties in tension than in comression, where it suf-
fers from the rapid propagation of cracks under tensile
stress. Unlike the composition, the matrix state has only
a slight influence on the mechanical behavior of foamed
aluminum.
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