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1.

Introduction

Al foam is a promising material for automobile components to improve both fuel efﬁciency and the safety of
passengers owing to its light weight and high energy
absorption.1,2) Functionally graded (FG) Al foam, in which
the properties vary with the position, is expected to improve
the performance of Al foam. There are several processing
routes for fabricating FG Al foam, such as the casting route
replication process,36) powder metallurgy route replication
process,7) syntactic foam process8) and precursor process.9,10)
In these processes, the variation of properties is achieved
through position-dependent pore structures.
Recently, a friction stir processing (FSP) route for
fabricating the precursor of Al foam has been developed.11)
FSP was developed from the basic principles of friction stir
welding (FSW), which is a solid-state bonding process.12,13)
It has been demonstrated that FG Al foam with varying pore
structures can be fabricated by bonding precursors with
different amounts of blowing agent added using FSW, which
is carried out prior to the foaming process by heat treatment
of the bonded precursor.14,15) By this FSP route, it has also
been demonstrated that FG Al foam with varying alloy
composition can be easily fabricated by bonding precursors
containing different Al alloys.16) It is expected that FG Al
foam with varying alloy composition exhibiting controlled
deformation behavior and compressive properties corresponding to those of each Al alloy in the foam can be
realized. In addition, other properties can be realized, for
example, corrosion resistance at the surface and high energy
absorption in the interior.
In this study, FG Al foam consisting of pure Al (A1050)
with high corrosion resistance and AlSiCu alloy (ADC12)
with high strength was fabricated by the FSP route.
Compression tests were conducted to investigate the compressive response of the A1050ADC12 FG foam by comparing it with those of uniform A1050 and ADC12 foams.
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2.

Experimental Procedure

Figure 1 shows a schematic illustration of the fabrication
process of an A1050ADC12 FG foam precursor. A1050
pure Al rolled plates and ADC12 (equivalent to A383.0) Al
alloy high-pressure die casting plates were used. Some gases
are already contained in the die casting plates owing to the
die casting process.17,18) These gases can be used for foaming
to fabricate Al foam without using a blowing agent.19,20)
First, as shown in Fig. 1(a), Al plates were stacked with
powders distributed between them. A blowing agent (TiH2,
<45 µm, 0.6 mass%) and a stabilization agent (¡-Al2O3,
³1 µm, 5 mass%) were both used for A1050, and only the
stabilization agent was used for ADC12. Second, as shown
in Fig. 1(b), multipass FSP21,22) was applied to obtain a
larger amount of precursor and to mix the powders and gases
thoroughly. FSP was carried out using a 1D-FSW machine
(Hitachi Setsubi Engineering Co., Ltd., Hitachi, Japan).
Finally, as shown in Figs. 1(c) and 1(d), both laminated
plates were cut in the stirred region and butt-welded by
conducting FSW. A precursor was obtained that included the
bonding layer as shown in Fig. 1(d).
The precursor was heated in a preheated electric furnace.
The holding temperature and holding time were 1003 K and
9.5 min, respectively. Uniform A1050 and ADC12 foams
were fabricated by the same process as that used for FG
foam. The holding temperature and holding time were
1003 K and 14 min for A1050 and 1003 K and 9.5 min for
ADC12, respectively. The difference in the holding time is
due to the higher liquidus-line temperature of A1050 (930 K)
than ADC12 (853 K) and because the uniform A1050
precursor was not foamed for a holding time of 9.5 min. In
contrast, A1050 layer of the FG foam foamed for a holding
time of 9.5 min. This is considered to be due to the smaller
volume of A1050 of the FG foam than uniform A1050 foam.
Clearly, further studies are necessary to optimize the foaming
conditions.
The foamed samples were cut by electro-discharge
machining, and compression specimens of 20 mm ©
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Schematic illustration of the fabrication process of an A1050ADC12 FG foam precursor.

20 mm © 40 mm were fabricated. The pore structures in each
compression specimen were observed nondestructively by
microfocus X-ray CT. Compression tests were carried out at
a strain rate of 3.3 © 10¹3 s¹1.
3.

cut

Experimental Results and Discussion

Figure 2 shows the compression test specimens of uniform
A1050 foam (p = 87.3%), uniform ADC12 foam ( p =
77.4%) and FG (p = 83.3%) foam. The porosity p of these
foams was evaluated from mass and dimension measurements. It can be seen that the uniform foams have almost
homogeneous pore structures and that the uniform ADC12
foam has smaller pores than the uniform A1050 foam owing
to the lower expansion efﬁciency resulting from not using a
blowing agent. In contrast, the FG foam has a pore structure
that varies with the position and contains three speciﬁc
layers, that is, A1050 (upper), transition (middle) and ADC12
(lower) layers.
Figure 3 shows the relationship between the location in the
FG foam (in the compression direction), expressed as the
height h from the bottom of the specimen normalized by the
specimen height, and the porosity p and average pore
diameter da evaluated from X-ray CT images. It can be seen
that the A1050 and ADC12 layers have almost constant
porosity and pore diameter, with the A1050 layer having
higher values than the ADC12 layer. Note that the porosity
and pore diameter became slightly larger in the transition
layer, as was also observed in Fig. 2(c). This is considered to
be due to the dispersion of the blowing agent during the
bonding process shown in Fig. 1(d), which was indicated by
the previous studies.16,23) Namely, the blowing agent, which
only existed in the A1050, was dispersed into the ADC12 by
the intense stirring action of FSW. During the heating
process, the low-melting-point ADC12 ﬁrst foamed, and the
bonding region also foamed before the A1050 because it
contained both gases and the blowing agent. The high
expansion efﬁciency of the blowing agent, as shown in the
reference,24) and the earlier occurrence of foaming resulted in
the coalescence of pores.
Table 1 shows the porosity and pore diameter of the
A1050 and ADC12 layers of the FG foam, along with those
of uniform A1050 and ADC12 foams. It can be seen that
each layer of the FG foam had almost the same value as that
for the uniform foams, although the pore diameter of the
A1050 layer of the FG foam was smaller than that for the
uniform A1050 foam owing to the longer holding time during
the foaming process. The porosity of the foams evaluated
from X-ray CT images was lower than that evaluated from

mass and dimension measurements. This is mainly due to the
procedure used during image processing to clearly observe
the pore structures, which involves using a threshold and
ﬁltration to distinguish between the aluminum alloy and
pores. Also, this is due to the resolution of the X-ray CT
images used in this study, in which pores with a diameter
below several tens of µm cannot be observed.25)
Figures 4(a)4(f ) show sequential deformation images of
the FG foam. The layer between the two arrows in Fig. 4(a)
corresponds to the transition layer indicated in Fig. 3. The
FG foam ﬁrst started to deform in the A1050 layer and the
transition layer with high porosity and large pores, and little
deformation could be seen in the ADC12 layer up to
approximately ¾ = 0.5; thereafter, the ADC12 layer started to
deform. Ordinarily, deformation should ﬁrst occur in the
layer with higher porosity and larger pores. It can be seen
from Figs. 4(a)4(c) that although the transition layer had
higher porosity and larger pores than the A1050 layer, the
two layers were deformed at almost the same time. This is
considered to be because the cell walls in the transition layer
were stronger than those in the A1050 layer. This was
because the transition layer became a mixture of A1050 and
ADC12, resulting in the formation of a high-strength AlSi
alloy due to the stirring action of FSW during the bonding
process.16)
Figure 4(g) shows typical stressstrain curves for the FG
foam, along with those of the uniform A1050 and ADC12
foams. To enable the direct comparison of the stressstrain
curves between the FG foam and the uniform foams, the
nominal strain of the uniform foams was modiﬁed, which
assumed that the deformation of FG foam at low strain was
occurred only in the A1050 layer and the deformation at high
strain was occurred only in the ADC12 layer.14) It was shown
that two different plateau regions appeared in the FG foam,
which corresponded to the plateau regions appearing in the
uniform foams. Table 2 shows the plateau stress of the ﬁrst
and second plateau regions of the FG foam and that of the
uniform A1050 and ADC12 foams. The two plateau regions
of the FG foam had almost the same plateau stress as that
for each corresponding uniform foam. The uniform ADC12
foam had a slightly lower plateau stress than the second
plateau stress of the FG foam. This is due to the decrease in
stress at the latter of the plateau region. In the uniform
ADC12 foam, parts of the cell wall collapsed as a result of
local brittle fracture during compression because ADC12 Al
alloy is composed of brittle eutectic AlSi alloy, and the true
cross-sectional area decreased.20) Also, the aspect ratio of
the specimen used in this study was comparatively high. In
Fig. 4(g) and Table 2, the results for uniform ADC12 foam
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Fig. 3 Relationship between height in the specimen, and porosity and
average pore diameter.
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Fig. 2 Compression test specimens of (a) uniform A1050 foam
( p = 87.3%), (b) uniform ADC12 foam ( p = 77.4%) and (c) A1050
ADC12 FG foam ( p = 83.3%).
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Fig. 4 (a)(f ) Sequential deformation images of FG foam and (g) stressstrain curve of FG foam along with those of uniform A1050 and
ADC12 foams.

Table 1 Porosity and pore diameter of A1050 and ADC12 layers of FG
foam, along with those of uniform A1050 and ADC12 foams.
A1050

Porosity p (%)
Average pore diameter da/mm

ADC12

FG

Uniform

FG

Uniform

76.7

79.7

61.8

61.5

1.06

1.66

Table 2 Plateau stress of ﬁrst and second plateau regions of FG foam and
those of uniform A1050 and ADC12 foams.

0.80

A1050
Plateau stress ·pl/Mpa

ADC12

FG

Uniform

FG

3.57

3.26

25.5

Uniform Uniform18)
18.4

25.9

0.84

with a porosity of 76.5% presented in a previous study,20)
which experiment was conducted by the lower aspect ratio of
the specimen than the specimen used in this study, are also
shown. This foam did not exhibit a decrease in stress during

compression tests. It was shown that the uniform ADC12
foam had almost the same plateau stress as the ADC12 layer
of the FG foam. From these results, it was shown that the
A1050ADC12 FG foam fabricated by the FSP route had the
compression properties of both uniform A1050 and ADC12
foams.
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Conclusion

In this study, an FG Al foam with varying alloy
composition was developed and the compressive properties
of the fabricated FG Al foam were demonstrated. It was
shown that the A1050ADC12 FG Al foam has the potential
for its location of deformation to be controlled. Moreover, the
FG Al foam with plateau regions and stresses corresponding
to those of uniform A1050 and ADC12 foams was obtained.
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