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Abstract

Aluminum foam is expected to be applied in various industrial fields as a lightweight,
multifunctional material. When it is used as an industrial product, it is essential to form it
into the required shape. There have been some attempts to form aluminum foam. However,
the formability remains low. In this study, we attempted to form aluminum foam, which
was fabricated by heat foaming a precursor, into a flat plate by reheating it above its
foaming temperature and then roller forming it. It was found that heating above the
foaming temperature and subsequent roller forming enabled the aluminum foam to be
formed into a flat plate without causing defects. In a sample in which the precursor was
roller-formed immediately after foaming, it was found that compared to the as-foamed
aluminum foam, the decrease in porosity was limited to approximately 5%, enabling roller
forming while minimizing the influences on pore structures. In samples that were roller-
formed after reheating, porosities slightly decreased, but most pores were retained. Even
when the aluminum foam was roller-formed to the same thickness as the initial precursor
before foaming, the porosities exhibited around 65%, limiting the reduction in porosities to
approximately 15% compared to the as-foamed aluminum foam.

Keywords: porous aluminum; aluminum foam; roller forming; reheating; precursor;
optical heating

1. Introduction
Aluminum foam is a lightweight aluminum material containing numerous pores [1,2].

Due to the existence of numerous pores, it exhibits excellent shock absorption, sound
insulation, and thermal insulation properties. Therefore, as a lightweight, multifunctional
material, it is expected to be applied in various fields such as automotive components and
building materials [3–5]. With the current demand for reducing CO2 emissions, lightweight
materials based on aluminum, which have excellent recyclability [6,7], are expected to
increase their use in the future.

When aluminum foam is used as an industrial product, it is essential to form it into
the required shape. Aluminum foam is a difficult material to form because it consists
of numerous pores with thin aluminum cell walls. There have been some attempts to
form aluminum foam, including laser forming [8–11], compression forming [12–15], bulge
forming [16,17], incremental forming [18,19], and extrusion and rolling [20,21], but the
formability remains low. For example, in the case of forming by bending deformation,
thin cell walls fracture on the tension side and pores collapse on the compression side,
preventing the introduction of large deformation.
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Several methods for fabricating aluminum foam have been proposed, including the
melt foaming process, gas injection process, spacer process, and precursor foaming pro-
cess [22–26]. Among these, the precursor foaming process [27–29] is a relatively easy
fabrication process for pore control due to its short heating time. This method involves
preparing a precursor by mixing a foaming agent into aluminum and then heating it. The
foaming agent thermally decomposes to generate gas, which forms pores in the melted
aluminum and causes foaming. In this precursor foaming process, it is known that by
placing the precursors into the mold and heating it, aluminum foam with the mold shape
can be fabricated [29–31]. However, since the entire mold is heated, energy consumption
becomes high. In addition, due to the high thermal capacity of the mold, controlling the
precursor temperature is difficult. Therefore, insufficient foaming or excessive foaming
easily occurs, which makes it difficult to control pore structures.

It is known that the precursor begins to foam gradually when the base aluminum
is in a solid–liquid coexistence state, and then foams rapidly and significantly once the
temperature exceeds the liquidus temperature [32,33]. Recently, it has been demonstrated
that by press forming [34–36] or roller forming [37] immediately after the foaming of
the precursor, with the aluminum foam still above the liquidus temperature, material
flow occurs while maintaining pores, enabling forming. Immediately after foaming of
the precursor, the base aluminum alloy is in a melt state, allowing the pores to prevent
collapse due to gas internal pressure and facilitate material flow. Based on these results,
it is expected that even aluminum foam that has already been foamed and is at room
temperature can be formed while maintaining its pores by reheating it above its liquidus
temperature. There have been several studies attempting to form aluminum foam by
heating and softening. Liu et al. [38,39] attempted to form aluminum foam into a spherical
crown under a solid–liquid coexistence state and found that an appropriate temperature
exists. Furthermore, Movahedi et al. [40] found that in high-temperature compression tests
of aluminum foam, the pores were compressed without significant collapse, exhibiting
ductile behavior. However, few studies have attempted forming by heating aluminum
foam above the liquidus temperature and applying significant deformation.

Therefore, in this study, we attempted to fabricate flat plates by reheating aluminum
foam, which was prepared by heating and foaming a precursor to a temperature above
its liquidus temperature, followed by roller forming. We also attempted to perform roller
forming immediately after foaming the precursor. In addition, repeated reheating and
cooling cycles of aluminum foam were performed. From these experiments, the effect of
reheating on the pore structures and formability of aluminum foam was investigated.

2. Materials and Methods
2.1. Precursor Preparation

In this study, precursors were fabricated by a method utilizing friction stir welding
(FSW) [41–47]. Figure 1 shows a schematic diagram of the precursor fabrication process.
As shown in Figure 1a, two Al-Si-Cu aluminum alloy ADC12 [48,49] die-casting plates
(210 mm × 80 mm × 3 mm) were used as the base material. Titanium hydride (TiH2)
powder (particle size less than 45 µm) was used as the foaming agent, and alumina
(α-Al2O3) powder (particle size approximately 1 µm) as a pore structure stabilizer. After
mixing the powders, they were placed between two ADC12 plates aligned with the stirring
area (170 mm × 20 mm) by the FSW tool. The powder quantities were set at 1 mass% TiH2

and 5 mass% Al2O3, relative to the mass of the stirred region. Subsequently, as shown in
Figure 1b, the rotating tool was plunged into the stacked ADC12 plates and traversed to
join the two ADC12 plates. The significant material flow generated by the tool traverse
also mixed the powders into the ADC12 plates. The FSW conditions were set at a tool
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rotating speed of 1200 rpm, a tool traversing speed of 120 mm/min, and a tilt angle of 3◦,
with the tool traversing in four rows. The four-row traverse was performed to fabricate
wide-width precursors. To ensure thorough mixing of the powders, this four-row traverse
was repeated a total of four times over the same area. These conditions were set with
reference to ref. [50]. Subsequently, as shown in Figure 1c, a precursor with dimensions of
30 mm × 15 mm × 6 mm was cut out from the stirred region.

Figure 1. Schematic of the fabrication of the precursor by FSW: (a,b) FSW and (c) obtained
the precursor.

2.2. Heat Foaming and Roller Forming

Figure 2 shows a schematic diagram of the foaming of the precursor, followed by the
reheating and roller forming of the obtained aluminum foam. First, the foaming of the
precursor was performed by placing the precursor on a ceramic honeycomb plate, as shown
in Figure 2a, and heating it from above using a spot heater with a halogen lamp. The power
consumption of the spot heater was set to 1600 W. A 3 mm deep hole was drilled in the
center of the bottom of the precursor, into which a thermocouple was inserted to measure
the temperature of the precursor during heating. The precursor began foaming when it
was heated above the solidus temperature and expanded to a sufficient size when heated
to the liquidus temperature [32,33]. The solidus and liquidus temperatures of ADC12 are
515 ◦C and 580 ◦C, respectively [51]. As shown in Figure 2b, heating was stopped when
the precursor foamed and reached 630 ◦C, sufficiently exceeding the liquidus temperature
of ADC12, and then the sample was cooled to room temperature. Figure 2c shows the
reheating of the obtained aluminum foam. Heating was performed using the same spot
heater as in Figure 2a, and heating was stopped at 630 ◦C. The temperature was measured by
inserting the thermocouple into the hole used during foaming. The temperature increased
to approximately 660 ◦C due to residual heat. When the temperature returned to 630 ◦C,
roller forming was commenced, as shown in Figure 2d. Roller forming was performed
over a distance of 60 mm, and it traversed in approximately 1.5 s. During roller forming,
if the indentation depth was too high, the aluminum foam moved along with the roller.
Therefore, roller forming was performed by setting the indentation depth per pass to 2 mm,
traversing horizontally for a fixed distance, as shown in Figure 2e, lowering the height of
the roller by 2 mm, and repeating this process five times. This resulted in a total indentation
depth of 10 mm, achieving a thickness of 6 mm, identical to the original precursor. These
roller forming conditions were determined based on past research [52].

Figure 3a shows a photograph of the equipment actually used in the experiment. The
precursor was placed on a ceramic honeycomb plate and heated using a halogen lamp from
above. The roller forming was performed by attaching the roller to the robot arm positioned
on the left. Figure 3b shows the roller used in the experiment. The roller has a diameter
of 30 mm and a width of 30 mm, and is made of Al-Mg series aluminum alloy AA5056.
BN spray was applied to the roller surface as a release agent to prevent the adhesion of
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aluminum foam. The robot arm used was the Dobot Magician, manufactured by Dobot
(Shenzhen Yuejiang Technology Co., Ltd. (Shenzhen, China)).

 
Figure 2. Schematic of experiment: (a) Heating precursor, (b) foaming and cooling, (c) reheating
aluminum foam, and (d,e) roller forming.

Figure 3. (a) Photograph of the equipment actually used in the experiment; (b) the roller used for
forming in the experiment.
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Using similar procedures, six types of samples, labeled Samples A–F, were prepared
as shown in Figure 4, which indicates the heating process for each sample. Sample B
(Figure 4b) corresponds to the sample shown in Figure 2. Sample A (Figure 4a) is a sample
in which only the foaming and reheating of the precursor shown in Figure 2a–c were
performed, while the roller forming shown in Figure 2d,e was not performed. Sample D
(Figure 4d) was processed as follows: After reheating and performing the roller traverse
once, it was cooled sufficiently to room temperature. Then, it was reheated to 630 ◦C, the
roller was lowered by 2 mm, the roller traverse was performed once again, and it was
cooled again to room temperature. This process was repeated until a total indentation
depth of 10 mm was achieved. Sample C (Figure 4c) was subjected to six cycles of reheating
and cooling without forming in Sample D. Sample F (Figure 4f) was subjected to the roller
forming shown in Figure 2d,e immediately after foaming the precursor before cooling
below the liquidus temperature. Sample E (Figure 4e) was subjected only to foaming the
precursor. In this study, we prepared four samples for Sample A, eight samples for Sample
B, four samples for Sample C, ten samples for Sample D, thirty samples for Sample E, and
seven samples for Sample F.
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Figure 4. Foaming and reheating conditions for Samples A–F.
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2.3. Observation of Pore Structures

After the roller forming process, X-ray CT imaging was performed on the obtained
aluminum foam to observe the pore structures. Imaging was performed at an X-ray tube
voltage of 80 kV and an X-ray tube current of 30 µA, with a pixel equivalent length of
approximately 100–120 µm/pixel. The porosity p of the aluminum foam was calculated
by Equation (1).

p =
ρi − ρf

ρi
× 100, (1)

where ρf is the density of the obtained aluminum foam evaluated by Archimedes’ princi-
ple [47,53], and ρi is the density of the precursor before foaming. ρi was determined using
the density of dense ADC12, as referred to in ref. [51].

3. Results and Discussion
Figure 5 shows the heating process of Sample A. Figure 5a–c shows the initial heating

process during the foaming of the precursor. In addition, the lower section re-shows the
extracted part of Sample A from Figure 4. Figure 5a shows the state immediately after
starting heating of the precursor, and Figure 5b shows the state just before the precursor
foamed and heating was stopped. The precursor exhibited significant foaming when heated.
Figure 5c shows the state after heating was stopped, and the obtained aluminum foam
was cooled below the liquidus temperature. Although slight shrinkage due to cooling
was observed, aluminum foam was successfully fabricated. The measured porosity of
this aluminum foam after cooling to room temperature was 81.0%. Figure 6 shows the
relationship between temperature T and time t elapsed since heating began. Heating
caused the temperature increase, but as it reached the solidus temperature, the temperature
gradient became gradual, resulting in a solid–liquid coexistence state. At this point, the
precursor began to foam. Then, once the temperature exceeded the liquidus temperature,
the temperature gradient increased again, causing significant foaming. After stopping
heating at 630 ◦C, the temperature continued to increase due to the residual heat, but
cooling began shortly thereafter. For samples subjected to roller forming, forming was
performed after the temperature reached 630 ◦C again. Subsequently, the temperature of
the aluminum foam followed a reverse temperature history to that during heating, and
similarly, the temperature gradient became gradual when the temperature reached the
solid–liquid coexistence state.

Figure 5d–f shows the process of reheating the obtained aluminum foam, which was
once cooled, as shown in Figure 5c, up to the same temperature applied for foaming.
Figure 5d shows the state immediately after starting heating, and Figure 5e shows the state
just before reaching 630 ◦C and stopping heating. No significant changes were observed
during heating. Figure 5f shows the state after heating was stopped and the sample was
cooled below the liquidus temperature. After heating stopped, slight shrinkage was ob-
served. The porosity of this reheated aluminum foam after cooling to room temperature
was 76.7%. Sample A was subjected to four trials. The average porosity of the as-foamed
samples was 80.1%, whereas the average porosity of the reheated samples was 76.2%. That
is, it was found that the aluminum foam slightly shrank when reheated. The reason for the
slight shrinkage of the aluminum foam after reheating is considered as follows. Immedi-
ately after the foaming of the precursor, the pores maintained internal pressure due to the
generated gas. Therefore, even as the aluminum foam cooled and shrank during solidifi-
cation, the pores maintained their shape, resulting in no significant reduction in porosity.
However, tiny holes formed in the cell wall during this solidification shrinkage [54–56]. In
addition, previous research has indicated that heating causes the internal pressure of the gas
to become equivalent to that during foaming [39]. Furthermore, it has been demonstrated
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that the foaming agent in the precursor does not completely decompose after foaming; it
remains within the aluminum foam and can generate gas through reheating [57]. When
aluminum foam was reheated, gas was generated from the residual foaming agent during
reheating. However, it is considered that the gas leaked through tiny holes in the cell walls
and did not reach a sufficient internal pressure to be retained. Therefore, no expansion
occurred during reheating, and it exhibited greater solidification shrinkage during cooling
than immediately after foaming.

Figure 5. Heating process of Sample A: (a–c) Initial heating process during the foaming of the
precursor; (d–f) reheating process of aluminum foam obtained in Figure 5c.

Figure 6. Relationship between temperature and time elapsed since heating began.
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Figure 7a,b show the appearance of Samples C and E, and Figure 7c,d show X-ray CT
images of Samples C and E. In the X-ray CT images, the white areas indicate the ADC12
region, while the black areas indicate pores or background air. Numerous pores were
observed in both samples. The porosity of Sample C was slightly lower than that of as-
foamed Sample E, but the X-ray CT images showed no evidence of localized shrinkage in
any specific areas through reheating. Sample C exhibited an average porosity of 75.9% for
four trials, while Sample E exhibited an average porosity of 80.0% for thirty trials.

Figure 7. Appearances and X-ray CT images of Samples C and E.

Figure 8 shows the appearance observed from the top surface (the surface contacted
by the roller) (Figure 8a–g), the appearance observed from the side (Figure 8h–n), and the
cross-sectional X-ray CT images (Figure 8o–u) for the as-foamed sample and the samples
subjected to reheating and roller forming, respectively, in Sample D, along with their
porosities. The upper surface of the aluminum foam, where the roller contacted, was
formed into a flat shape. As the roller indentation depth increased, flat-shaped aluminum
foam with corresponding thicknesses can be fabricated. Consequently, it was found that
aluminum foam that was initially foamed in a mountain shape can be formed into a flat
shape. However, the porosity gradually decreased, and X-ray CT images showed an
increase in white ADC12 areas, particularly on the upper layer near the surface, suggesting
that the pores were slightly deformed and collapsed. However, despite the thickness of
the aluminum foam with an indentation depth of 10 mm (6th) being equivalent to that of
the initial precursor before foaming, its porosity still remained approximately 65%. That is,
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not all pores were collapsed; instead, many pores were maintained, and the decrease in
porosity was limited to about 15% compared to the as-foamed aluminum foam.

Figure 8. Appearances and X-ray CT images of Sample D.
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Figure 9 shows the average porosity of as-foamed aluminum foam for Samples C and
D, as well as aluminum foam after each reheating and roller forming cycle. First, in Sample
C, when the as-foamed aluminum foam was reheated once, shrinkage occurred, as shown
in Figure 5. However, after first reheating, no decrease in porosity occurred, even after
repeated reheating and cooling. As described in Figure 5, this is considered to be due to
the formation of tiny holes on the cell walls, allowing gas within the pores to freely escape,
causing the ADC12 that constitutes the cell walls only to repeat thermal expansion and
shrinkage through cooling. In contrast, in Sample D, the porosity gradually decreased
with each reheating and roller forming process, and the difference in porosity compared
to Sample C increased with each repeated reheating and roller forming cycle. Therefore,
a decrease in porosity was considered to be caused by roller forming. Unlike the case of
Sample F described later, the gas within the pores of reheated aluminum foam escaped,
resulting in no internal pressure. This caused some pores to deform and collapse during
the roller forming.

Figure 9. Porosity of as-foamed aluminum foam for Samples C and D, as well as aluminum foam
after each reheating and roller forming cycle.

Figure 10 shows the appearance observed from the top surface (the surface contacted
by the roller) (Figure 10a–c), the appearance observed from the side (Figure 10d–f), the
X-ray CT cross-sectional images near the center (Figure 10g–i), and the porosities of Samples
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B, D, and F. In all samples, the aluminum foam that was initially foamed into a mountain
shape can be formed into a flat shape without any cracks or other defects appearing on the
surface. However, in Samples B and D, compared to Sample F, even after roller forming,
the expansion of aluminum foam in the lateral (circumferential) direction was low, and the
porosity also decreased. This is considered to be the gradual deformation and collapsing
of pores by the roller forming, as was also observed in Figure 9. This was also observed
in the X-ray CT images, with Samples B and D showing an increase in white ADC12
areas, particularly on the upper layer near the surface, indicating partial deformation and
collapsing of pores. Furthermore, for Sample D at the fourth roller forming, although
aluminum foam was heated to 660 ◦C before roller forming, two out of ten samples could
not be formed. At the sixth roller forming, the number of samples that cannot be formed
increased to five out of ten. This is attributed to the repeated reheating causing the oxide
layer on the surface skin layer to thicken and harden, and the robot arm used in this study
was insufficient in forming force. However, it is presumed that forming performed using
a robot arm with a high forming force would lead to crack formation on the surface. In
Sample F, although buckling occurred at the right edge, it was possible to form it into a flat
plate. The reason for the buckling was that at an indentation depth of 10 mm (sixth), the
aluminum foam began to adhere to the roller, causing the right edge to lift. X-ray CT images
of Sample F showed pores observed throughout the entire aluminum foam. However, at
the top of the aluminum foam, a slightly white area was observed where the surface skin
layer, which had initially foamed into a mountain shape, was folded due to being formed
into a flat shape. In addition, Sample F was expanded in the circumferential direction more
significantly than Samples B and D. The porosity of Sample F was also about 10% higher
than that of Samples B and D, indicating a higher pore stability during forming. Thus, it
was apparent that the aluminum foam of Sample F can form while maintaining its pores.

Figure 11 shows the average and standard deviation of the porosity for all samples.
First, the cases without roller forming (Samples A, C, and E) were compared. It was shown
that reheating caused a slight decrease in porosity, resulting in Samples A and C having a
lower porosity than the as-foamed Sample E, as also shown in Figure 5. In contrast, Samples
A and C exhibited similar porosities. Consequently, it was found that repeated reheating
had no effect on the porosity, as also shown in Figure 9. Next, the roller-formed samples
(Samples B, D, and F) were compared. Samples B and D exhibited similar porosities, both
approximately 75%. This indicates that whether aluminum foam was formed with an
indentation depth of 10 mm with only one reheating cycle or formed with an indentation
depth of 10 mm by repeatedly reheating and roller forming every 2 mm, the porosity was
not significantly affected. This indicates that when reheated and roller-formed, pores were
deformed and collapsed, corresponding to the amount of thickness reduction. In addition,
comparing Samples E and F, the porosities were slightly decreased by roller forming. This
is considered to be because, as also shown in Figure 10, when the surface of the mountain-
shaped aluminum foam was roller-formed, the thin skin layer on the surface was folded,
resulting in the formation of a slightly thin dense layer near the surface. Furthermore,
comparing Samples B and D with Sample F, it is apparent that roller forming immediately
after foaming the precursor minimized the influence on the porosity. In Samples B and D,
although the porosities were slightly decreased, they retained a significant number of pores.
Consequently, although there was a slight decrease in porosities and influences on the pore
structures, it was demonstrated that aluminum foam can be formed into a flat plate.
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Figure 10. Appearances and X-ray CT images of Samples B, D, and F.
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Figure 11. Averages and standard deviations of the porosities for all samples investigated in
this study.

4. Conclusions
In this study, we attempted to form aluminum foam, which was fabricated by heating

and foaming a precursor, into a flat plate by reheating it above its liquidus temperature
and then roller forming it. The following results were obtained.

(1) Aluminum foam tended to shrink slightly with reheating, but not significantly. X-ray
CT images showed no evidence of shrinkage in any particular areas by reheating.

(2) The shrinkage by reheating occurred during the initial reheating, and a slight decrease
in porosity was observed. In contrast, it was found that subsequent cycles of reheating
and cooling had no effect on the porosity. However, from the perspective of formability,
it was found that under the conditions set in this study, the high hardness of the
aluminum foam surface, presumed to be caused by the thickening of the oxide film,
limits the number of reheating and cooling cycles to approximately three.

(3) In all samples, heating above the liquidus temperature and roller forming enabled the
aluminum foam, which had foamed into a mountain shape, to be formed into a flat
plate without causing cracks on the surface.

(4) In Sample F, in which the precursor was roller-formed immediately after foaming, it
was found that compared to the as-foamed Sample E, the decrease in porosity was
limited to approximately 5%, enabling roller forming while minimizing the influences
on pore structures.

(5) In Samples B and D, which were roller-formed after reheating, the porosities decreased,
but most pores were retained. Even when the aluminum foam was roller-formed to
the same thickness as the initial precursor before foaming, the porosities exhibited
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around 65%, limiting the reduction in porosities to approximately 15% compared to
the as-foamed aluminum foam.

(6) Whether the roller forming was performed gradually through repeated reheating and
roller forming, or all at once after reheating, similar porosities, both approximately
75%, were obtained if the indentation depth was the same.
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