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In the automotive industry, porous aluminum is expected to be used as a new functional material because of its light weight, high energy
absorption and high sound-insulating property. Recently, a new processing route for fabricating the porous aluminum precursor, which utilizes
friction stir processing (FSP), has been developed. It is expected that, by applying the FSP route precursor method, the cost-effective fabrication
of porous aluminum with high productivity can be realized. In this study, two different types of A1050 porous aluminum were fabricated from
two different sizes of precursor by the FSP route precursor method. The two types of porous aluminum fabricated using small and large
precursors are hereafter referred to “FSP-S porous aluminum” and “FSP-L porous aluminum”, respectively. The pore structures of FSP-S
porous aluminum, FSP-L porous aluminum and also commercially available porous aluminum (ALPORAS, fabricated by Shinko Wire Co.,
Ltd.) were nondestructively observed by X-ray computed tomography (X-ray CT). From the nondestructive observation of pore structures, it was
shown that a large number of pores of smaller area and volume were distributed in porous aluminum fabricated by the FSP route precursor
method compared with the pores in ALPORAS. However, there was little difference in the circularity of pores between porous aluminum
fabricated by the FSP route and ALPORAS, and there was little dependence of the pore structure on the precursor size for porous aluminum

fabricated by the FSP route. This result indicates the potential of the FSP route for fabricating larger porous aluminum samples.
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1. Introduction

In the automotive industry, porous aluminum is expected
to be used as a new functional material because of its many
advantages such as weight reduction enabling low fuel
consumption, high crash energy absorption properties for
increased safety, and high sound absorption reducing the
acoustic emissions from cars and improving their comfort.!?

Various types of processes have been developed for
fabricating porous aluminum including the ALPORAS proc-
ess,” the Lotus-type process® and the precursor method.*'"
A precursor method has high potential for obtaining high-
porosity and high-quality (i.e., a uniform pore size distri-
bution with highly spherical pores) closed-cell porous
aluminum. In the precursor method, aluminum alloy (as a
starting material) and a blowing agent powder are first mixed.
This foamable mixture is called the “precursor”. Next, the
precursor is heat-treated to decompose the blowing agent
powder and to release gases. Finally, these gases expand the
softened aluminum alloy to form porous aluminum. There are
several routes for fabricating the precursor, such as the
powder metallurgical route,*> the ARB process route®” and
the compressive torsion processing route.®? However,
various factors prevent their practical application,! such as
the use of expensive aluminum alloy powder for the starting
material and the need for many time-consuming and
complicated fabrication processes.
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Recently, a new processing route for fabricating the
precursor, which utilizes friction stir processing (FSP), has
been developed.'®'D It is expected that, by applying the
FSP route precursor method, the cost-effective fabrication
of porous aluminum with high productivity can be realized.!”
However, a quantitative evaluation of the pore structure of
porous aluminum fabricated by the FSP route, which affects
the properties of porous aluminum, has not been carried out
in previous studies.'>!¥ Also, only porous aluminum samples
that were too small to be subjected to compression tests'®
were fabricated in the previous studies.'>!?

In this study, two different sizes of A1050 porous
aluminum were fabricated from two different sizes (small
and large) of precursor by the FSP route precursor method,
which we hereafter refer to as “FSP-S porous aluminum”
and “FSP-L porous aluminum”, respectively. The pore
structures of FSP-S porous aluminum, FSP-L porous
aluminum and also commercially available porous alumi-
num (ALPORAS, fabricated by Shinko Wire Co., Ltd.,
by direct foaming of melts with blowing agents®) were
nondestructively observed by X-ray computed tomography
(X-ray CT). The following three issues were investigated.
First, the pore structures (area and circularity of pores) were
investigated by the analysis of two-dimensional cross-
sectional X-ray CT images. Next, the volumes of pores
were investigated three-dimensionally by stacking two-
dimensional cross-sectional X-ray CT images using image-
processing software. Finally, the dependence of the pore
structure (area, circularity and volume of pores) of FSP-S
porous aluminum and FSP-L porous aluminum on the
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precursor size was investigated. From these results, the
feasibility of fabricating larger porous aluminum samples by
the FSP route, on which compression tests can be performed,
was also examined.

2. Experimental Procedure

2.1 FSP procedure

Figure 1 shows a schematic illustration of the FSP route
used in this study. Commercially available pure aluminum
A1050 plates of 3 mm and 3.5 mm in thickness were used for
the fabrication of FSP-S porous aluminum and FSP-L porous
aluminum, respectively. Two aluminum plates were stacked
with the blowing agent powder and stabilization agent
powder distributed between them. FSP was carried out using
an SHH204-720 FSW machine (Hitachi Setsubi Engineering
Co., Ltd.). The FSP tool has a columnar shape with a screw
probe. The diameter of the tool shoulder is 17 mm, the
diameter of the tool probe is 6 mm and its length is 5 mm.
SKHS51 high-speed tool steel was used as the tool material.
The traversing speed of the tool was 100 mm/min and a tilt
angle of 3° was used throughout the experiments.

Titanium(II) hydride (TiH,, <45 um) powder and alumina
(x-Al,O3, ~1 um) powder were used as the blowing agent
and stabilization agent, respectively. The stabilization agent
was used to stabilize the pore structure and to prevent the
release of gases from porous aluminum by improving its
viscosity during the foaming process. The powders were
placed along the path of the FSP tool, as shown in Fig. 1(a).
The amounts used were 1 mass% TiH, and 5 mass% Al,Os,
relative to the mass of aluminum with the dimensions of the
area over which TiH, and Al,O5; were distributed and the
length of the tool probe. Multipass FSP!>!9 was applied to
thoroughly mix TiH, and Al,O3 by traversing the same FSP
region more than once and to obtain a larger area of precursor
by traversing different regions.
2.1.1 FSP procedure of FSP-S porous aluminum

The procedure of multipass FSP applied to fabricate FSP-S
porous aluminum was as follows. First, as shown in
Figs. 1(c) and (d), FSP was carried out twice in the region
where TiH, and Al,O3 were placed by shifting the FSP tool
by approximately the diameter of the tool probe in the
direction perpendicular to the FSP direction. Next, as shown
in Fig. 1(e), the traversing direction was reversed and the
next FSP was carried out twice in exactly the same region as
before. Finally, as shown in Figs. 1(f) and (g), the four above-
mentioned FSPs (as shown in Figs. 1(c)—(e)) were carried out
once again. The tool rotating rate during the traversing of
the tool was 1000 rpm throughout the fabrication of each
precursor of FSP-S porous aluminum. Precursors of 6 mm
thickness, 15 mm width and 15 mm length were machined
from the region stirred by FSP.
2.1.2 FSP procedure of FSP-L porous aluminum

The procedure of multipass FSP applied to fabricate FSP-L
porous aluminum was as follows. First, as shown in
Fig. 1(¢/), FSP was carried out four times in the region
where TiH, and Al,O3 were placed by shifting the FSP tool
by approximately the diameter of the tool probe in the
direction perpendicular to the FSP direction for each FSP.
Second, as shown in Fig. 1(d’), the traversing direction was
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Fig. 1 Schematic illustration of the manufacturing process of precursors of
FSP-S porous aluminum and FSP-L porous aluminum by FSP.

reversed and FSP was carried out four times in exactly the
same region as before. Third, as shown in Fig. 1(¢’), the plate
was turned over, and TiH, and Al,O3 powders were placed
on the reverse side of the FSP surface along the path of the
FSP tool. Finally, as shown in Figs. 1(f') and (g’), the same
FSP procedures as those shown in Figs. 1(¢’) and (d’) were
carried out once again to obtain a thicker precursor. The tool
rotating rate during the traversing of the tool was 2200 rpm
throughout the fabrication of each precursor of FSP-L porous
aluminum. In a previous study, we confirmed that there was
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Fig. 2 Two-dimensional cross-sectional X-ray CT images of (a) FSP-L porous aluminum, (b) FSP-S porous aluminum and (c) ALPORAS
samples. (d)—(f) Two-dimensional binarized cross-sectional X-ray CT images of the samples in (a)—(c), respectively. (g)—(i) Three-
dimensional volume images corresponding to the samples in (a)—(c), respectively.

little difference in the porosity and pore structure obtained
at a tool rotating rate of 1000 rpm by traversing the tool four
times, as shown in Figs. 1(c)—(g), and those obtained at a
tool rotating rate of 2200 rpm by traversing the tool twice,
as shown in Figs. 1(¢)—~(d’), in the case of A1050 porous
aluminum.'® According to this result, a larger precursor can
be made with a similar FSP time to that required for a smaller
precursor by increasing the tool rotating rate. Precursors of
FSP-L porous aluminum of 10.5 mm thickness, 25 mm width
and 25 mm length were machined from the region stirred by
FSP.

2.2 Foaming procedure

The precursors were heat-treated in a preheated electric
furnace to induce foaming. The holding temperature (equal
to the preheated temperature) was determined by reference
to our previous study'® and was fixed at 1003 K during
the heating process. The holding time for FSP-S porous
aluminum was fixed at 10 min, also in accordance with our
previous study,'® whereas that for FSP-L porous aluminum
was varied from 14 to 15 min. The sample was then cooled to
room temperature under ambient conditions. Six precursor
samples of FSP-S porous aluminum and two precursor
samples of FSP-L porous aluminum were foamed.

2.3 Evaluation of pore structures
The porosity p (%) of FSP-S porous aluminum and FSP-L
porous aluminum, including the skin, was calculated as

p = (pi — pp)/pi x 100, (D

where p; is the density of the precursor before heating and p¢
is the density of the foamed aluminum. The densities were
evaluated by Archimedes’ principle.

The circularity e of the pores was calculated as

e =4nA/L?, 2)

where A is the pore area and L is the pore perimeter. A value
of circularity closer to 1 indicates a more circular pore.

2.4 X-ray CT inspection

The pores in the foamed aluminum were observed non-
destructively by X-ray CT using an SMX-225CT microfocus
X-ray CT system (SHIMADZU Corporation) at room
temperature. The X-ray source was tungsten. A cone-type
CT, which has a three-dimensional image construction
system, was employed. In this system, a single rotation of
the specimen was sufficient to obtain a three-dimensional
volume image, which consists of a set of X-ray CT images
with a slice pitch equal to the length of one pixel in the X-ray
CT image. The resolution of the X-ray CT image was
512x512, and the length of one pixel was 71.4 um, 100.0 um
and 78.4um for FSP-S porous aluminum, FSP-L porous
aluminum and ALPORAS, respectively. The height resolu-
tion in each case was about 450. The X-ray CT images
displayed 16-bit gray-scale data. The X-ray tube voltage and
current were 80kV and 30 uA, respectively. FSP-S porous
aluminum and FSP-L porous aluminum, including their skin,
were observed as they foamed. ALPORAS samples were
machined to dimensions of 25 mm x 25 mm x 10 mm before
observation. To obtain the pore structures, an appropriate
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Fig. 3 Relationship between area of pores A and frequency of observation
in two-dimensional binarized cross-sectional X-ray CT images.
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Fig. 4 Relationship between circularity of pores and frequency of
observation in two-dimensional binarized cross-sectional X-ray CT
images.

threshold was set to distinguish the aluminum and the pores,
and binarized X-ray CT images were established. Pores
with areas of less than 1 mm? were excluded because the
resolution of the X-ray CT images did not allow their
accurate evaluation.

By stacking the cross-sectional X-ray CT images,
three-dimensional volume images were obtained using
VOXELCON 2008 image-processing software (Quint
Corporation). To obtain the volumes of pores in the three-
dimensional images, an appropriate threshold was set to
distinguish the aluminum and the pores, and an isosurface
was established. Pores with volumes of less than 1 mm? were
excluded owing to the resolution of the X-ray CT images.

3. Results and Discussion

The mean porosities of FSP-S porous aluminum and FSP-
L porous aluminum were 78.4% and 78.7%, respectively.
The porosity of ALPORAS was approximately 90%.> The
difference between these values was due to the existence
or nonexistence of a skin.
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Fig. 5 Relationship between volume of pores V and frequency of
observation in three-dimensional X-ray CT volume images.

Figures 2(a)—(c) show cross-sectional X-ray CT images
of samples of FSP-S porous aluminum (Fig. 2(a)), FSP-L
porous aluminum (Fig. 2(b)) and ALPORAS (Fig. 2(c)).
Gray regions indicate the aluminum alloy and black regions
indicate pores. Figures 2(d)—(f) show binarized and reversed
black and white cross-sectional X-ray CT images of the
samples shown in Figs. 2(a)—(c), respectively. Black regions
indicate the aluminum alloy and white regions indicate
pores. Figures 2(g)—(i) show the three-dimensional volume
images corresponding to the samples in Figs. 2(a)—(c),
respectively.

Figure 3 shows the relationship between the area of pores
A and the frequency of observation in two-dimensional
binarized cross-sectional X-ray CT images such as those
shown in Figs. 2(d)—(f). The total number of pores evaluated
was 335 from six samples of FSP-S porous aluminum, 134
from two samples of FSP-L porous aluminum and 487 from
eleven samples of ALPORAS. For FSP-S porous aluminum,
the frequency of pores with area less than 3 mm? was more
than 50%, and the frequency rapidly decreased with increas-
ing pore area. This tendency was also observed for FSP-L
porous aluminum. In contrast, for ALPORAS the frequency
of pores was approximately 25% for areas of 1-3 mm?, 3—
6 mm? and 6-9 mm?, then gradually decreased with increas-
ing pore area.

Figure 4 shows the relationship between the circularity of
pores and the frequency of observation in the two-dimen-
sional binarized cross-sectional X-ray CT images. The
numbers of pores evaluated were the same as those for
Fig. 3. The frequency was maximum at a circularity of 0.8—
0.9 and a similar frequency distribution was obtained for all
three types of porous aluminum. However, for FSP-L porous
aluminum, the frequencies of low values of circularity such
as 0.1-0.2 and 0.3-0.4 were slightly higher. Examples of
such pores are indicated by black arrows in Fig. 2(e), and
they were generated because of the excessive heating time,
which induced the movement and coalescence of pores,
causing the generation of elongated pores. Further studies are
clearly necessary to optimize the foaming conditions.

Figure 5 shows the relationship between the volume of
pores V and the frequency of observation in three-dimen-
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sional volume images such as those shown in Figs. 2(g)—(i).
The numbers of pores evaluated were 1599 from six samples
of FSP-S porous aluminum, 586 from two samples of
FSP-L porous aluminum and 820 from eleven samples of
ALPORAS. For FSP-S porous aluminum and FSP-L porous
aluminum, approximately 60% of pores had a volume of less
than 5 mm?, the frequency decreased with increasing volume,
and hardly any pores had a volume exceeding 30 mm?. In
contrast, for ALPORAS, approximately 25% of pores had
a volume of less than 5mm?, and the frequency gradually
decreased with increasing pore volume. The mean pore
volumes were 6.56 mm?, 8.38 mm? and 17.87 mm? for FSP-S
porous aluminum, FSP-L porous aluminum and ALPORAS,
respectively. Thus, it was shown that the pores in porous
aluminum obtained by the FSP route had a smaller volume
with a narrower distribution than those in ALPORAS.
This tendency was also observed for pore area in the two-
dimensional cross-sectional X-ray CT images, and has also
been reported in the literature.!” Although more pores can
be evaluated from each porous aluminum sample using
the three-dimensional volume images compared with the
two-dimensional cross-sectional images, the above result
indicates that two-dimensional cross-sectional observation
was satisfactory for comparing the pore structures in porous
aluminum obtained by the FSP route and those in ALPORAS
in this study.

From these results, it was considered that there was limited
dependence of the pore structures in porous aluminum
fabricated by the FSP route on the precursor size. Thus, the
fabrication of larger samples of porous aluminum with a
small pore volume distributed within a narrow range and at
least 10 pores for each side,'” which can be subjected to
compression tests, is expected to be possible by the FSP
route.

4. Conclusions

Closed-cell A1050 porous aluminum was fabricated by
the FSP route precursor method. In this study, the pore
structures of fabricated porous aluminum (FSP-S porous
aluminum and FSP-L porous aluminum) and commercially
available porous aluminum (ALPORAS) were nondestruc-
tively observed by X-ray CT inspections, and the area,
circularity and volume of pores were compared. The
experimental results led to the following conclusions.

(1) A large number of pores of smaller area and volume were
distributed in porous aluminum fabricated by the FSP route
compared with those in ALPORAS.

(2) There was little difference in the circularity of pores
between porous aluminum fabricated by the FSP route and
those in ALPORAS.

(3) There was little size dependence of the pore structure
of porous aluminum fabricated by the FSP route on the
precursor size. This result indicates the possibility of
fabricating larger porous aluminum samples by the FSP
route.

(4) There was little difference between the trends observed
for pore structures using two-dimensional cross-sectional
X-ray CT images and those obtained from three-dimensional
X-ray CT volume images. This result indicates that two-
dimensional cross-sectional observation is satisfactory for
evaluating the pore structures in porous aluminum.
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