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Abstract: Forming aluminum foam to the desired shape while retaining its pore structures is essential
for manufacturing aluminum foam products. Recently, a press forming process for aluminum foam
that is performed after precursor foaming but before solidification has been proposed. In this study,
to track individual pores throughout press forming immediately after foaming, X-ray radiography
inspection was applied. A thin precursor was used, and foaming was constrained to the X-ray
transmission direction. It was shown that, although some pores coalesced with other pores, the pores
did not collapse during press forming. In addition, the porosity of aluminum foam evaluated from
X-ray transmission images was constant during press forming. Some pores retained their shape
during press forming but their position was changed by the material flow generated by press forming.
These results show that by press forming before the solidification of aluminum foam, aluminum
foam can be shaped without the collapse of pores.

Keywords: cellular materials; X-ray radiography inspection; foam; press forming

1. Introduction

Products with high functionality and reduced weight are essential in many industries
such as the automobile and construction industries. Aluminum foam has low density,
allowing it to float on water, with excellent energy absorption and vibration damping
characteristics [1,2]. To meet the requirements of various industrial fields, it is indispensable
to form aluminum foam with the desired shape. It is difficult to shape aluminum foam by
a general cutting process because the collapsed cell walls fill the surface pores, resulting in
a dense aluminum layer [3-5].

A precursor foaming process has been developed for manufacturing aluminum foam
products [6,7]. In this foaming process, solid aluminum containing foaming agent powder
is prepared as the precursor in advance. Next, the precursor is placed in a mold and then
foamed by heat treatment. The foaming agent powder decomposes and releases gas during
heat treatment. The foamed precursor fills the mold and acquires its shape [8,9]. A problem
with this foaming process is that the mold is also heated, resulting in excessive power
consumption. In addition, using the mold makes it difficult to control the temperature
of the precursor during foaming. This is because changes in precursor temperature are
delayed owing to the heating and cooling processes first affecting the mold. The delay in
cooling before the solidification of aluminum foam induces the coarsening and coalescence
of the pores of aluminum foam. Furthermore, unmolding is necessary after cooling.
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Recently, the press forming of aluminum foam immediately after foaming but before
solidification has been proposed [10-12]. In this forming process, the precursor can be
directly heated because of the absence of the mold, and the cooling rate is high owing
to the use of a cold die as the press-forming die. In addition, press forming is a high-
productivity process. Furthermore, immediately after foaming the foamed precursor is soft
enough for press forming with a lower force than that used in the general compression
of aluminum foam at room temperature. Generally, pores collapse during the formation
of aluminum foam [13-15], similarly to the one observed [16-18]. In contrast, the surface
of the die can be transferred to the aluminum foam while retaining the pores by press
forming immediately after foaming [10]. In our previous study [11], X-ray transmission
was attempted as a means of observing pores during press forming to confirm their
retention without collapsing during press forming. However, several pores overlapped in
their projection on X-ray transmission images. In particular, when the direction of X-ray
transmission was perpendicular to that of press forming, the number of pores gradually
increased during press forming, which was induced by the expansion of aluminum foam
caused by the material flow. Therefore, it was difficult to track individual pores and to
evaluate porosity throughout press forming.

In this study, a thin precursor was foamed while constraining foaming to the X-ray
transmission direction so that only one or two non-overlapping pores appeared during
press forming, which could be easily observed without overlapping. X-ray radiography
inspection was carried out to observe the movement of individual pores and the change in
porosity during press forming. Moreover, to confirm that the X-ray radiography inspection
process can be used to clearly observe individual pores, X-ray computed tomography (CT)
inspection was applied to the aluminum foam.

2. Experimental
2.1. Precursor of Aluminum Foam

The precursor was prepared by the powder metallurgy route as shown in Figure 1. As
shown in Figure 1a,b, Al-Si-Mg (AC4CH) alloy powder, titanium hydride (TiH;) powder as
a foaming agent, and alumina (Al,O3) powder as a thickening agent were first mixed. The
AC4CH powder (Toyo Aluminium K.K., Osaka, Japan), TiH, powder (Kojundo Chemical
Lab. Co., Ltd., Sakado, Japan), and Al,O3 powder (Kojundo Chemical Lab. Co., Ltd.)
had particle sizes of approximately 25 um, less than 45 um, and approximately 1 um,
respectively. The amounts of TiH, and Al,O3 powders were 1 mass% and 5 mass%,
respectively, with respect to the mass of AC4CH powder, in accordance with the work
in [19]. Then, as shown in Figure 1lc, the mixed powder was sintered using spark plasma
sintering (SPS) equipment. The holding temperature was 520 °C, the holding time was
5 min, and the holding pressure was 50 MPa, in accordance with the work in [20]. Then, a
sintered mixture with a diameter of 20 mm and a height of 20 mm was obtained, and then
cut to obtain a precursor with a diameter of 20 mm and a thickness of 3 mm, as shown in
Figure 1d.

2.2. X-ray Radiography Inspection

An image and photograph of the setup for observing pores during press forming
is shown in Figure 2a,b. An X-ray transmission system, which Morisada et al. [21,22]
adopted to observe the material flow during friction stir welding (FSW), was used for the
observation. The equipment for precursor foaming and press forming was introduced
between the X-ray source and the detector, which were placed horizontally. The tube
voltage and tube current of the X-ray source were 40 kV and 4.5 mA, respectively. The
resolution of the obtained images was 960 x 1280. The frame rate of the scanning was
50 fps. The precursor was placed between two 1-mm-thick carbon sheets, which were held
by a copper jig to constrain a thin aluminum foam during foaming and press forming as
shown in Figure 2c. The precursor was placed on the copper plate to adjust the height of
the precursor so that it could be clearly observed by X-ray transmission imaging during



Metals 2021, 11, 1226

30f10

foaming and press forming. Then, they were placed on a ceramic plate. The carbon sheets
were used because of their high thermostability and sufficient strength to constrain the
precursor in the thickness direction and easily transmitted X-rays. This precursor with the
carbon sheets was heat treated using a 2 kW halogen lamp from above. The current and
voltage were approximately 15 A and 80 V, respectively, throughout the experiment. After
the precursor had sufficiently foamed, the X-ray irradiation began, then press forming was
conducted using a copper bar with a thickness of 1 mm and a width of 3 mm. The width
of the copper bar was similar to the distance between the two carbon sheets to enable the
copper bar to be easily placed between the carbon sheets and to move down. During press
forming, the copper bar was moved down by a robot arm (Single Axis Robots RS2; MISUMI
Group Inc., Tokyo, Japan) at 7 mm/s to form a 7-mm-height aluminum foam. Then, the
X-ray irradiation was stopped and the lamp was turned off. The press-formed aluminum
foam was cooled between the carbon sheets with the copper bar kept in contact with the
foam. After the aluminum foam had sufficiently solidified, X-ray transmission began
again and an X-ray transmission image of the solidified aluminum foam was obtained.
The same experiment was conducted on two samples (Samples I and II, hereinafter). In
addition, a sample that was only foamed between the carbon sheets without press forming
was fabricated.

(2) (b) (©) ‘ (d)

ACACH powder M‘l ‘v
o .

TiH, ALQO, '

Base powders Mixing Sintering Precursor

Figure 1. Schematic illustration of preparing AC4CH precursor. (a) Base powders used in this
study, (b) mixing the powders, (c) sintering by spark plasma sintering (SPS), and (d) photograph of
obtained precursor.

2.3. X-ray CT Inspection

The obtained aluminum foam was subjected to X-ray CT observation after it had
solidified and been taken out from the carbon sheets. As the copper bar was embedded in
the aluminum foam and could not be removed, X-ray CT inspection was conducted on the
foam including the copper bar. An SMX-225CT micro-focus X-ray CT system (Shimadzu
Corporation, Kyoto, Japan) was used for the observation with X-ray tube voltage and
current of 80 kV and 30 pA, respectively. The voxel size of the obtained X-ray CT images
was 114 um. Cross-sectional X-ray CT images in the desired direction were obtained by
using image processing software.
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Figure 2. X-ray transmission system for observing pores during press forming of aluminum foam
immediately after foaming. (a) Image of setup, (b) Photograph of equipment and (c) enlarged
photograph around precursor.

3. Results and Discussion
3.1. Foaming without Press Forming

By constraining foaming using carbon sheets, a thin aluminum foam was obtained
as shown in Figure 3a, which shows the aluminum foam without press forming. The
thickness of the Al foam measured by a caliper was 4.54 mm (average of ten points). The
slight foaming for the thickness direction was considered to be the deformation of carbon
sheets. Figure 3b shows the X-ray transmission image of the foam at the end of the heat
treatment. Dark gray areas show cell walls and light gray areas show pores. Figure 3c
shows a cross-sectional X-ray CT image of the aluminum foam obtained after solidification
observed from the same direction as in Figure 3b. Gray areas show cell walls and black
areas show pores. Although the X-ray transmission image has a slightly lower resolution
than the X-ray CT image, it was found that individual pores can be observed even by
X-ray transmission imaging. For example, pores A and B shown by arrows in Figure 3¢
can also be seen in Figure 3b. Figure 3d shows the cross-sectional X-ray CT image in the
thickness direction, which was obtained from above the sample in Figure 3c. Although
the slight foaming occurred for the thickness direction, it can be seen that only one or two
pores existed in the thickness direction. These images confirm that X-ray transmission
can be used to observe individual pores by constraining the precursor to foam in the
thickness direction.
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Figure 3. (a) Aluminum foam obtained without press forming. (b) X-ray transmission image of foam (a). (c) X-ray CT image

corresponding to foam (b). (d) Cross-sectional X-ray CT image of foam (a) in thickness direction.

3.2. Observation of Pores during Press Forming

X-ray transmission images for Sample I taken during press forming are shown in
Figure 4. Figure 4a shows the image obtained when press forming began after the precursor
had sufficiently foamed and the copper bar (gray horizontal bar in the images) touched the
aluminum foam. The precursor was sufficiently foamed even though it was covered with
the carbon sheets and copper bar. The amount of press forming, A, was defined as A =0 at
this pointand A = A;, at the end of press forming. Figure 4b—d shows sequential deformation
images taken during press forming at A/A, = 0.3, 0.7, and 1.0, respectively. It can be seen
that the aluminum foam retained its pores without collapsing and expanded only laterally
as a result of the material flow generated during press forming. Arrows in these images
show examples of individual pores, which were tracked throughout press forming. Pore
A retained its shape during press forming, but its position was changed by the material
flow generated by press forming. Although pore B coalesced with other pores around
A/Ap =0.7-1.0, the pores did not collapse. In the general compression test of aluminum
foam at room temperature, aluminum foam deforms with the collapse of pores [16-18]. In
contrast, it was shown that by press forming before the solidification of aluminum foam,
the aluminum foam deformed without the collapse of pores. Figure 4e shows an X-ray
transmission image taken after the aluminum foam had sufficiently solidified. It was found
that the pore shape slightly differed between Figure 4d,e. This indicated that the pore shape
slightly changed during cooling until solidification. Figure 4f shows a cross-sectional X-ray
CT image of the solidified aluminum foam taken from the same direction as Figure 4e.
Although the field of view of the X-ray transmission image was small and part of the
sample cannot be observed, it can be seen that the pore structures observed by X-ray
transmission (Figure 4e) corresponded to those observed by X-ray CT (Figure 4f). Note
that a burr with a dense part was generated around the copper bar. This was due to the
gap between the copper bar and the carbon sheets during press forming. It is considered
that the burr can be minimized by adjusting the press-forming die in actual production.

The X-ray transmission images taken during the press forming of another sample
(Sample II) are shown in Figure 5. Pores C and D changed their position during press
forming without collapsing, although pore C had moved out of the image by the end of
press forming. Pore D can be observed even after the solidification of the aluminum foam
in Figure 5e, as well as in the X-ray CT image shown in Figure 5f. Note that some pores
coalesced and became large during press forming and cooling. This is because the heat
treatment continued during press forming. Therefore, the pores continued to grow and
coalesce. In addition, the heating rate was lower than the general optical heating rate
because the light was cut off by the carbon sheets and copper bar, and the precursor was
heated by the transfer of heat from them. Furthermore, the cooling rate was low because the
aluminum foam was surrounded by them. Therefore, the foaming and cooling behaviors
were considered to be different from those of the general foaming process. Despite these
issues, individual pores could be observed and tracked during press forming, and the
pores were retained without collapsing during press forming.



Metals 2021, 11, 1226

6 of 10

Copper plate bar

Ay =1.0 Solidified CT image

Figure 4. (a—f) X-ray transmission images of Sample I taken during press forming and X-ray CT
image of obtained aluminum foam.

Photographs of Samples I and II and their cross-sectional X-ray CT images in the
thickness direction are shown in Figure 6. The upper part of the sample above the copper
bar was the burr generated between the copper bar and carbon sheets during press forming.
The thickness, t¢, of Samples I and II measured by a caliper was 4.66 mm and 4.68 mm
(average of ten points), respectively. The figure shows that press forming can be conducted
without the generation of cracks in the aluminum foam, which indicates that ductile
deformation was achieved by press forming immediately after foaming. This tendency is
consistent with our previous study [11]. In addition, as shown in Figure 6b,d, only one
or two pores existed in the thickness direction. Therefore, it is considered that individual
pores can be observed by X-ray transmission as shown in Figures 4 and 5.

The changes in the porosity p (%) of Samples I and II during press forming are shown
in Figure 7. X-ray transmission images of Sample I for A/A, =0, 0.4, 0.8, and 1.0 are also
shown. The actual porosity was difficult to obtain from the X-ray transmission images
because of their low resolution, making it difficult to separate aluminum cell walls and
pores. Therefore, the porosity was estimated from the average gray scale value of the
analysis area enclosed in a box in the X-ray transmission images. First, the actual thickness
of Al without pores, t, was estimated on the basis of the Lambert-Beer law [23] using the

following equation:
t «In (IIO> , @D

where Iy and I are the transmission intensities before and after X-ray transmission for
a sample. Here, we assumed that Iy was assigned the average grayscale value (220.4)
estimated from the X-ray transmission image of the carbon sheets alone without the
precursor (open beam), as shown in Figure 8a. The grayscale value was obtained using
the image processing software Image]J. For comparison, the average grayscale value (116.1)
estimated from the X-ray transmission image of the 3-mm-thick precursor between the
carbon sheets before foaming, as shown in Figure 8b, was obtained. Then, t was estimated
using the gray scale value of the Al foam sample and p was defined as
te—1t

p= . %100 ()
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where {; is the thickness of the Al foam sample measured using a caliper. The analysis
area was the same during press forming. This was to eliminate the effect of the variation
in grayscale value with the location of the analysis area on the image. It was found
that the porosity of aluminum foam exhibited little variation during press forming and
retained its initial porosity. Note that the porosity evaluated from the X-ray CT images was
approximately 60% for all the samples, i.e., the non-press formed sample (Figure 3) and
the press-formed samples (Samples I and II in Figures 4 and 5). To evaluate the porosity,
an appropriate threshold was set to distinguish the Al substrate and the pores to establish
binarized images using the Image] image processing software. Consequently, there was a
negligible difference in porosity between the aluminum foam samples with and without
press forming.

Copper plate bar

e B (R

- '_‘

A, =10 Solidified CT image

Figure 5. (a—f) X-ray transmission images of Sample II taken during press forming and X-ray CT
image of obtained aluminum foam.

(b)

S0P B e,

10 mm

33

Copper plate bar
e I
&N

Figure 6. (a) Sample I and (b) its cross-sectional X-ray CT image in thickness direction. (c) Sample II
and (d) its cross-sectional X-ray CT image in thickness direction.
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Figure 7. Porosity distribution during press forming.

(a) (b)

Figure 8. X-ray transmission images of (a) carbon sheets and (b) precursor between carbon sheets.

These results show that the press forming of aluminum foam immediately after
foaming the precursor can be used to shape aluminum foam while retaining its pores.
One reason for the retention of pores without their collapse is that the decomposing TiH,
continues to release gas throughout the foaming process according to the works in [24-27].
Therefore, the release of gas continues until solidification, which maintains the inner
pressure of the pores, resulting in them keeping their shape even during press forming.

Recently, continuous acquisition of three-dimensional images by applying fast X-ray
tomoscopy have been conducted to clarify nucleation and growth, rearrangements of pores
during foaming [28]. It is expected that using the fast X-ray CT scanning can be useful as a
means of obtaining information during press forming immediately after foaming.

4. Conclusions

X-ray radiography inspection was applied to track individual pores and to evaluate
porosity throughout the press forming of aluminum after foaming. A thin precursor was
used and foaming was constrained to the X-ray transmission direction. The following
conclusions were obtained from the experimental results.

(1) It was found that only one or two pores existed in the X-ray transmission direction.
Therefore, individual pores can be observed and tracked during press forming.

(2) Press forming can be conducted without the generation of cracks in the aluminum
foam, indicating that ductile deformation can be achieved by press forming immedi-
ately after foaming.

(3) Although some pores coalesced with other pores, the pores retained without collaps-
ing. In addjition, the porosity retained constant during press forming.
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(4) Some pores retained their shape during press forming, but their position was changed
by the material flow generated during press forming.
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