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Abstract Cellular AlCu5Mn foams with porosity of
91.2-45.8% were fabricated by melt-foaming method. The
measured compression properties show that both strength
and energy absorption capacity of cellular AICuSMn foams
are better than those of the other Al-based foams. The
highest values of strength and energy absorption capacity
of cellular AlCu5SMn foams are 82.7 MPa and
72.22 MJ m ™7, respectively, which implies that cellular
AlCu5Mn foams should be attractive in practical
applications.

Introduction

Metallic foam is a class of attractive materials, which
exhibits unique combination of physical, mechanical,
thermal, electrical, and acoustic properties [1, 2]. In par-
ticular, it is light and good at absorbing energy, which is
drawing extensive attention in construction, automobile,
and aerospace applications from the viewpoint of envi-
ronmental preservation [2, 3]. Cellular Al/Al alloy foams
with relative high porosity (~80%) have been well
developed and their mechanical properties as well as their
related energy absorption characteristics have been widely
studied [4, 5]. With relatively low-energy absorption
capacity, which is not more than 13 MJ m~> [6, 7], and
low strength, which is usually less than 15 MPa [1], the
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application of Al foams is limited. The mechanical per-
formance of metallic foams was found to be strongly
affected by foam characteristics like porosity, cell size, cell
shape, and cell wall strength, etc. Generally, the foams with
low porosity, small cell size, and high cell wall strength are
supposed to possess better mechanical properties than those
with high porosity, big cell size, and low cell wall strength.
In recent years, based on the results of revealing relation-
ship between thermal decomposition properties of titanium
hydride, the blowing agent, and Al alloy melt foaming
process, we have furnished a method to prepare Al alloy
foams with relative low porosity (<75%) and small cell
size (<1 mm) [8-10]. In this article, we fabricated the
cellular AICuSMn foams with porosity of 91.2-45.8% by
melt-foaming method and investigated their compression
and energy absorption properties. Comparing these prop-
erties of cellular AlICuSMn foams with those of other Al-
based foams, which possess good mechanical properties
and energy absorption capacities [11-14], leads to a con-
clusion that cellular AICu5SMn foams should be attractive
in practical applications.

Experimental

An Al alloy containing 4.5-5.3 wt% Cu, 0.6—-1.0 wt% Mn,
and 0.15-0.35 wt% Ti (AICu5Mn), which possesses good
mechanical properties [15, 16], was used as the matrix
material. Ca particles (purity >99.9 wt%) was selected as
the thickening agent and the as-received titanium hydride
powder (purity >99.2 wt%, ® 40 pm) was chosen as the
blowing agent. The melt-foaming method was applied to
prepare the cellular AICuSMn foams and the specific fab-
rication process has been reported in Ref. [10]. Briefly, the
thickened Al alloy melt was foamed by adding titanium
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hydride powder at a proper foaming temperature and the
pore structures of the final products were controlled by
adjusting the stirring foaming time, holding foaming time,
impellor stirring speed as well as selecting the moment the
melt foam being initiated to be solidified. As a result,
cellular AICu5Mn foam samples with porosities (Pr) of
91.2-45.8% and cell size (D) of ~3 to ~0.5 mm were
obtained.

In this study, the porous Al/Al alloy foams were also
fabricated by the melt-infiltration method [17], and parts of
porous Al alloy samples were processed by T6 heat treat-
ment to increase the cell wall strength [18]. The starting
materials used to prepare the porous Al/Al alloy foams are
commercially pure Al, AlSi7 Mg (Si 6.5-7.5 wt%, Mg
0.25-0.45 wt%, Al Bal.), AlSi9Cu2Mg (Si 8.0-10.0 wt%,
Cu 1.3-1.8 wt%, Mg 0.4-0.6 wt%, Mn 0.1-0.35 wt%, Ti
0.1-0.35 wt%, Al Bal.)), AlCuSMnCdVA (Cu 4.6-
5.3 wt%, Mn 0.3-0.5 wt%, Ti 0.15-0.35 wt%, Cd 0.15-
0.25 wt%, V 0.05-0.3 wt%, Zr 0.05-0.2 wt%, B 0.005—
0.06 wt%, Al Bal.), and AICu5Mn.

Using fabricated foams, the cylinder compression
specimens were made by electro-discharging machine. In
order to avoid the cell-size effect on the compression
properties of cellular metals[19], the sizes of the specimens
are ® 40 mm x 60 mm and ® 20 mm x 30 mm for
porosities higher and lower than 80%, respectively. The
porosity of a specimen was calculated from its mass (M)
and volume (V) using the following expression:

Pr=[Vs — (M/p)]/ Vs x 100% (1)

where p is the density of the matrix. The quasi-static
compression tests were carried out at room temperature on
the SS-2202 Universal Testing Machine (Changchun
Institute for Testing Machines Co. LTD, China) with a
constant cross-head speed of 5 mm/min and the stress (¢)—
strain (¢) curves were obtained and recorded using a
computer.

Results and discussion

Figure 1 demonstrates the section images and corre-
sponding stereo micrographs of cellular AICuSMn foams
with different pore structures, which shows that both
samples have homogenous pore structures and the sample
with high porosity (Pr = 86.5%; Fig. 1a) possesses big cell
size (D > 1 mm; Fig. Ic), while the sample with low
porosity (Pr = 49.0%; Fig. 1b) possesses small cell size
(D < 1 mm; Fig. 1d).

Figure 2 is compression stress—strain curves of cellular
AlCu5Mn foams with porosities of 91.2—45.8%. Similar to
the compression behaviors of other metallic foams, the
stress—strain curves of cellular AICuSMn foams in Fig. 2

Fig. 1 Section images and stereo micrographs of cellular AICu5SMn
foam samples. a Section image of sample “a” with Pr = 85.6%,
b section image of sample “b” with Pr = 49.0%, c stereo micrograph
of the sample “a”, d stereo micrograph of the sample “b”
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Fig. 2 Compression stress—strain curves for cellular AICu5Mn foams
with porosities of 45.8-91.2%

consist of three regions, an initial, approximately linear
deformation region until the peak stress followed by a
softening region to a plateau region, where the stress
increases slowly as cells are crushed steadily, and finally
the densification region, in which the stress increases rap-
idly due to the collapsed cells having been almost fully
compacted together.
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The peak stress is defined as yielding strength, g¢*, of a
cellular AICu5SMn foam. The yielding strength values of
cellular AICuSMn foams as well as those of cellular Al
foams [5, 20], cellular Al alloy foams [21-24], porous Al
foams [25, 26], porous Al/Al alloy foams prepared in this
study, cenosphere-Al syntactic foams [11], Al-steel com-
posite foams [12], and ceramic microballoon reinforced Al
matrix composites (microballoon MMCs) [13, 14] are
shown in Fig. 3, which indicates that the yielding strength,
o.*, of cellular AICu5Mn foam as well as that of the other
Al-based foams has the tendency of decreasing with
increasing of porosity, where the o¢* of the cellular AIC-
uSMn foams with porosity 45.8, 49.2, 51.1, 56.9, 58.8,
64.5, 67.3,72.0, 78.7, 83.4, 86.3, 88.7, 90.5, and 91.2% are
82.7, 70.3, 63.0, 50.9, 48.3, 43.2, 30.3, 29.0, 24.8, 16.2,
11.3, 6.5, 4.5, and 1.98 MPa, respectively. And at a given
porosity, the o.* of the cellular AlCuSMn foam is higher
than all those of the other Al-based foams except those of
the Al-steel composite foams and the microballoon MMCs
reported in Ref. [12] and Refs. [13, 14], respectively.
Notably, a more reasonable comparison about them will be
done in the text hereafter.

In particular, the o¢* of the cellular Al foams [5, 20] (the
red circles in Fig. 3) are comparable with that of the cel-
lular AlICuSMn foams for a given porosity when Pr is
higher than ~82%, where the o,* of cellular Al foam
decreases from 6.2 MPa for porosity of §2.6% to 3.1 MPa
for porosity of 90.2%. The o* of the cellular AlICu5SMn
foams are much higher than those of the porous Al foams
(the green triangles in Fig. 3) for a given porosity, where
the g* of the porous Al foam decreases from 13.3 Mpa for
porosity of 51.5% to 0.41 MPa for porosity of 88.3%. The
os* of the cellular AlSi6Cu4 foams prepared by powder

metallurgical method [21] (purple and dark yellow points
in Fig. 3) are comparable with those of the cellular AIC-
uSMn foams for a given porosity when Pr is higher than
~79%, where the o.* of the cellular AlSi6Cu4 foam
decreases from 21.9 MPa for porosity of 69.7% to 3.6 MPa
for porosity of 87.5%. For a given porosity, the o,* of the
cellular Al(Si) foams reported in Ref. [5] (orange line in
Fig. 3) are in the range of 15.8-28.0 MPa for the porosity
range of 77-68%, which are higher than those of the cel-
lular AlSi6Cu4 foams [21], but still lower than those of the
cellular AICu5Mn foams. For a given porosity, the o,* of
the porous AlCuSMn foams with the pore size of 2.0-
2.6 mm after T6 heat treatment (pink points in Fig. 3) are
higher than those of the other porous Al/Al alloy foams, but
still lower than those of the cellular AICu5Mn foams,
where the o,* of the porous AlICu5Mn foam decreases from
50.4 MPa for the porosity of 56.6% to 11.0 MPa for the
porosity of 68.7%. Furthermore, according to Fig. 3 (blue
points), the values of o* of the cenosphere-Al syntactic
foams with (Pr=43.7%, D = 150 pm) and with
(Pr =40.7%, D = 90 pm) are 45 and 75 MPa, respec-
tively[11], which are lower than those of cellular AICu5Mn
foams when their porosities are lower than ~58 and
~47%, respectively.

Figure 3 also demonstrates that the o,* of the Al-steel
composite foams (black solid points in Fig. 3) and micro-
balloon MMCs (shaded square in Fig. 3) are higher than
those of the cellular AICu5Mn foams at a given porosity,
where the o¢* of the composite foams containing low
carbon steel (LCS) hollow balls are in the range of 50.7-
60.9 MPa for the porosity range of 57.3-58.8%, the o,* of
the composite foams containing stainless steel (SS) hollow
balls are in the range of 70-90.4 MPa for the porosity
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Fig. 3 Relationships between yielding strength and porosity for Al-based foams
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range of 57-58% [12] and the o¢* of the microballoon
MMCs are in the range of 146.9-56.5 MPa for porosity
range of 50-70% [14]. The higher strengths of these
composite foams are likely attributed to the high volume
fraction of LCS/SS hollow sphere (~59 vol.%, 3.7 mm in
diameter and 200 pm in wall thickness) or ceramic
microballoon (50-70 vol.%, 45 or 270 pm mean diameter)
distributed in the Al matrix. On the other hand, the den-
sities of the AI-LCS/Al-SS composite foams and the
microballoon MMCs are around 2.40 x 10° kg m > [12]
and 4.2 x 10° kg m—> [14], respectively, so, the highest
specific strengths (yielding strength divided by density) of
the AlI-LCS/SS composite foam with porosity of 58% and
the microballoon MMCs with porosity around 50% are
37.7 x 10° m? s72 and 35.0 x 10° m? s_z, respectively,
which are both lower than the specific strength of the
cellular AlCu5Mn foams (41.7 x 10° m? s_z) for the
porosity lower than 58.4%.

The energy absorption capacity (C) of the cellular
AlCu5Mn foams is calculated as the area under the stress—
strain curves shown in Fig. 1 by using Eq. 2 and the results
are shown in Fig. 4, which indicates that the C value of the
cellular AlCuSMn foam increases when the porosity

decreases at a given strain.
&

C=/a~d8, (2)

0

In particular, in Fig. 4, the solid black squares on the C—¢
curves represent the positions indicating the energy
absorption capacity at 0.5 strain (C s5) for cellular AICu5Mn

foams, where the value of C, 5 increases from 1.3 MJ m3
(for porosity of 91.2%) to 49.3 MJ m™> (for porosity of
45.8%). The relationship between C 5 values of the cellular
AlCu5Mn foams and porosity are shown in the left top small
figure in Fig. 4. For porosities lower than 47.6% (point A in
Fig. 4), the Cy 5 values of the cellular AICu5Mn foams will
be larger than 44 MJ m™>, which is higher than those of the
Al=steel composite foams (24.4-44 MJ m ™~ for the porosity
of ~58% [12]).

According to the data in Figs. 2 and 4, the C values of
the cellular AlICu5Mn foams at the densification strain (C,)
can be determined by the C—¢ curves shown in Fig. 5,
where the solid black circles represent the positions indi-
cating the C; values. Figure 5 shows that the C,; values
possess the tendency of increasing with decreasing of
porosity, where the C,; value of the cellular AlCu5Mn foam
increases from 2.70 MJ m—> (for porosity of 91.2%) to
72.22 MJ m~ (for porosity of 45.8%).

Specifically, according to the experimental C; and Pr
values, a relationship between C, and Pr can be obtained
(see the left top small figure in Fig. 5), which indicates that
for the porosities lower than ~75% (point A in Fig. 5), the
C, values of the cellular AICu5Mn foams will be higher
than 13 MJ m >, which is higher than those of Al alloy
foams reported in Ref. [6]; for the porosities lower than
66.0% (point B in Fig. 5), the C, values of the cellular
AICu5Mn foams will be larger than 20 MJ m_3, which are
higher than those of cenosphere-Al syntactic foams with
porosity of 43.7% (C; is ~20 MJ m73) [11] and for the
porosities lower than 56.5% (point C in Fig. 5), the C,
values of the cellular AICuSMn foams will be larger than
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Fig. 5 Relationships between
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35 MJ m >, which are higher than those of cenosphere-Al
syntactic foams with porosity of 40.7% (C; is
~35MJ m_3) [11]; for the porosities lower than ~46%
(point D in Fig. 5), the corresponding C, values of the
cellular AICuSMn foams will be higher than 65 MJ m~>,
which is higher than the maximum C, value of the mi-
croballoon MMCs (~65 MJ m ™) [13].

Conclusion

In summary, for cellular AICu5Mn foams prepared by melt
foaming method, there exist relationships among the
porosity, the strength, and the energy absorption capacity:
for the porosity decreasing from 91.2 to 45.8%, the cor-
responding strength increasing from 1.98 to 82.7 MPa and
the energy absorption capacity increasing from 2.70 to
72.22 MJ m 3, which makes this material a promising
future in the applications requiring any pair of values of
strength and energy absorption capacity in the wide range.
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