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Abstract: Conventional methods for producing porous metals involve the use of chemicals such as
thickeners and foaming agents under high temperatures and pressures. However, these methods are
costly and pose a risk of dust explosion. Thus, the objective of this research is to achieve the cost-
effective and safe production of porous metals by introducing microbubbles generated by ultrasonic
oscillation into the molten metal. One end of an ultrasonic horn was inserted into three different
molten metals—white metal, Pb-free solder, and zinc—and microbubbles were generated at the
horn end by the strong ultrasonic oscillation in the molten metals. The microbubbles that contained
molten metal changed phase to porous metal through solidification, and the diameter, porosity, and
stress—strain curve of the generated porous metals were measured. The results indicate that the
porosity of white metal, Pb-free solder, and zinc foams reached 54%, 76%, and 48%, respectively, and
these porous metals had many micropores less than 1 mm in diameter. It was also observed that the
higher the melting point, the larger the pore diameter and the lower the porosity. Furthermore, in
the case of white metal, a plateau region of large deformation at constant stress was observed in the
stress—strain curve.

Keywords: microbubbles; porous metals; ultrasonic oscillation; gas injection

1. Introduction

Porous metals have garnered significant attention as functional composites that merge
the properties of metals and porous materials [1]. Their elevated porosity enables the
creation of ultralight materials that are even lighter than the lightest alloys of Mg and
Al. Therefore, their application is anticipated in industrial commodities such as structural
components and automobile impact absorbers, for which the expected requirements en-
compass rigidity, potency, impact mitigation, and vibration management, in addition to
weight diminution [2].

Empirical studies have demonstrated that porous metals have numerous excellent
properties, including shock absorption, thermal insulation, sound deadening, and vibration
damping [3-5], as well as a series of mechanical properties [6] and electrochemical proper-
ties [7]. For example, Selivanov et al. reported that aluminum alloys with a porous structure
are effective as shock absorbers to absorb the impact of a spacecraft landing [8]. Duan et al.
also proposed porous metal panels a new lightweight sound-absorbing material, which
were proven to have good sound-absorbing properties and exhibit practicality [9]. Yang
et al. succeeded in effectively improving the sound absorption properties of porous metals
by means of a composite structure, achieving optimum values for sound absorption [10].
Many techniques for the fabrication of porous metals exist, which are contingent on factors
such as structural intricacy, pore count, pore diameter, porosity, and pore morphology.
Certain approaches involve the incorporation of foaming agents or thickeners into the
molten metal, whereas others entail the blending of a foaming aid with metal powder,
followed by solidification [11,12]. These techniques are complicated and expensive due to
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the high material costs of foaming and thickening agents. The possibility of dust explosion
should also be considered in the case of methods using metal powders [13]. To solve these
problems, porous metal fabrication technology using microbubbles was proposed. Mi-
crobubbles with diameters of less than 50 um have attracted considerable attention because
of their properties such as a large surface area per unit volume, low rising velocity, and
self-pressurization due to surface tension. Conventionally, microbubbles are generated by
the following two types of techniques: generation using gas release from a small orifice and
generation based on hydrodynamic instability. Microbubble generation from a small needle
or porous media is simple because the size of the microbubbles can be controlled by varying
the orifice size [12]. Two-fluid nozzles such as a swirl flow nozzle can be used to generate
microbubbles with diameters of less than 100 um at high gas flow rates [14]. The generation
of microbubbles is often achieved by introducing gas into a porous medium or disturbing
the gas-liquid interface using shear flow [14,15]. However, these methods are not effective
when applied to highly viscous fluids, such as high-temperature molten metals, due to
the risk of clogging the porous media or damaging the pump used to generate the shear
flow. Makuta et al. devised a method for generating microbubbles in liquids using a gen-
erator equipped with a cylindrical hollow ultrasonic horn that oscillates at 19.5 kHz with
a 40 pm amplitude [16]. This method can be easily adapted to high-temperature liquids
and liquids with greater viscosity than water, generating microbubbles with a diameter
of approximately 20 um [17]. However, the ultrasonic transducer connected to the horn is
unsuitable for high-temperature applications and can only be employed at temperatures
below 100 °C. Therefore, past studies have produced only porous metals with a melting
point of 78 °C, a porosity of 70%, and a pore size of up to 100 um [18].

In porous metal fabrication technology, the metals are subjected to a processing tech-
nique that uses small bubbles known as millibubbles and microbubbles. Millibubbles,
whose dimensions are on the millimeter scale, exhibit traits that are comparable to those of
bubbles commonly observed in our day-to-day experiences. They ascend swiftly in water
and ultimately burst and dissipate at the water surface. Conversely, bubbles with diameters
of 50 pm or less demonstrate characteristics that are distinct from those of ordinary bubbles
and are referred to as microbubbles to distinguishes them from their larger counterparts.
The primary characteristics of microbubbles include a substantial gas-liquid interfacial
area per unit volume [19], a slow ascent rate within water [20], the self-pressurization
phenomenon, and distinctive surface potential characteristics [21]. Especially for a slow
ascent rate in liquid, they are expected to be effective for the fabrication of porous structures
with molten metal.

In this study, we tested the feasibility of using white metal, which has a low melting point
and is readily available, to produce porous metals. We also verified the effect of the melting
point on the formation and structure of porous metals. For this purpose, similar experiments
were performed with metals with higher and lower melting points than white metal.

2. Materials and Methods
2.1. Materials

The base metal we used for the production of porous metal was white metal (W]-1,
5n-65b-4Cu, Fujimetal Industry Co., Ltd., Ota, Japan). White metal is an alloy consisting of
Sn, Sb, and Cu. To clarify the effect of the melting point on the fabrication of porous metals,
additional experiments were conducted with a lead-free solder alloy and zinc. According to
thermal analysis by DSC (DSC-60 Plus, Shimadzu Co., Ltd., Nakagyo, Japan), the melting
point and solidification point of the white metal were 239 °C and 223 °C, respectively, and
those of the lead-free solder alloy (LLS-138, Sn-58Bi, SOLDER COAT Co., Ltd., Midori,
Japan; hereafter referred to as “LLS-138") were 140 °C and 138 °C, respectively. As for the
zinc (granular zinc, E-material Co., Ltd., Tachikawa, Japan), the melting point was 419 °C
according to the product information.
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2.2. Microbubble Generator

We utilized an ultrasonic microbubble generator with a Langevin transducer (UH600-
SH, SMT Co., Ltd., Katsushika, Japan). We used an electric piezoelectric ultrasonic trans-
ducer to generate ultrasonic waves by capitalizing on the expansion and contraction of the
piezoelectric material.

A hollow ultrasonic horn featuring an internal flow channel that enables the passage
of gas was attached to the transducer. Supplying the gas through the horn’s inner pathway
amplified the ultrasonic oscillation of the horn, thereby generating many tiny bubbles at the
end of the horn. As this method does not require the circulation of liquid, the generation
of microbubbles can be achieved through the use of a hollow ultrasonic horn, regardless
of the nature of the liquid. Consequently, we adopted this system to effectively generate
microbubbles within the molten metal at elevated temperatures.

The microbubble generator consists a 19.5 kHz ultrasonic transducer, an ultrasonic
horn that contains a cylindrical gas flow pathway with an inner diameter of 3 mm, and
an orifice tip screwed to the end of the horn. Figure 1a shows the hollow ultrasonic horn
with the orifice tip, and Figure 1b,c show the shape of the orifice tip. The ultrasonic waves
generated by the transducer are amplified at the step horn. Upon introduction of gas
into the horn while it is submerged in a liquid, the interface between the gas and liquid
undergoes vibration and induces the formation of surface waves. This process leads to
the segregation of the gas phase, resembling its envelopment by the liquid phase, thereby
generating microbubbles. Moreover, a cooling system is used for liquids hotter than 100 °C,
including white metal. A cooling device with water circulating inside it is mounted between
the transducer and the horn. The cooling system counteracts the heat transmitted from the
horn and prevents heat transfer to the transducer.

(b) Tip front view.

(a) Overall view of horn. (c) Tip side view.
Figure 1. Photographs of the ultrasonic horn: (a) overall view; (b) front view; (c) side view of tip.

Figure 2 shows the generation of microbubbles in water using an ultrasonic wave
under the conditions of a flow rate of 100 mL/min, a frequency of 19.5 kHz, and an
ultrasonic amplitude of 40 um. The image was taken using a high-speed camera (FASTCAM
SA1.1, PHOTRON Co., Ltd., Chiyoda, Japan) and a 2X objective lens (M Plan Apo 2X,
Mitutoyo Co., Ltd., Kawasaki, Japan). Immediately after the ultrasonic oscillation, that
is, at 0 ms, the bubbles (the black areas in Figure 2) exist in a clustered state. They then
undergo deformation and division to form smaller bubbles. In Figure 2, the photograph at
20 ms captures the moment when the bubbles become finer, as indicated by the red dashed
lines around the bubbles.
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Figure 2. Microbubble generation mechanism using a hollow ultrasonic horn (flow rate, 100 mL/min;

frequency, 19.5 kHz; amplitude, 40 um).

2.3. Fabrication Process for Porous Metals

Figure 3 shows the experimental apparatus employed for the generation of the porous

metal, and Table 1 shows the corresponding experimental conditions. The experimental
apparatus comprises a small furnace for heating the molten metal and a microbubble
generator that is equipped with an ultrasonic horn. The process of producing the porous
metal is as follows:

1.

——

Molten metal

Stainless cup

Sample metal in the amount of 200 g is placed into a stainless-steel cup measuring
@40 mm x 35 mm; then, the cup is placed in a furnace (FT-01P, FULL-TECH Co., Ltd.,
Yao, Japan);

The tip of the ultrasonic horn is inserted into the molten metal to a depth 12 mm
below the surface. Air is then blown through the orifices at the tip of the horn into
the molten metal at a rate of 100 mL/min using a tube pump (Masterflex 7554-90,
Cole-Parmer Instrument Co., Ltd., Vernon Hills, IL, USA);

The samples of LLS-138, white metal, and zinc are heated to 300, 500, and 550 °C,
respectively. Except in the case of zinc, due to the risk of its thermal ignition, silicone
oil is filled in the test section to suppress the temperature difference between the top
and bottom of the molten metal,;

Ultrasonic oscillation is applied for 10 min to generate microbubbles in the molten metal;
The stainless-steel cup holding the foamed molten metal is extracted from the furnace
and cooled in cold water at 10 °C-15 °C.

—

I:I\O

Tubing pump
N\

Air D o Bubble generator device

—+— Cooling system

T Ultrasonic horn

Furnace \'\ OO0 |

Figure 3. Experimental apparatus used for fabrication of porous metal and the cooling system.



Metals 2023, 13, 1648

50f11

Ultrasonic horn

C

e —

S —

Mlten metal

Table 1. Experimental conditions.

Term LLS-138 White Metal Zinc
Melting temp. 180 °C 325°C 470 °C
Heating temp. 300 °C 500 °C 550 °C

Oil temp. 150 °C 295°C Not used
Supplied gas Air
Supply gas flow rate 100 mL/min
Insertion depth 12 mm
Frequency 19.5 kHz
Amplitude 40 pm

3. Results and Discussion
3.1. Fabrication of Porous Metals

Figure 4 shows consecutive images at 0 s, 5s, 30 s, 1 min, and 6 min during the
generation process for the porous metals. When the ultrasonic horn begins to oscillate with
the gas supply at 0 s, small bubbles in molten metal gradually move upward because of
their buoyancy, as shown in the images at 5 s, 30 s, and 1 min; they push the metal surfaces
as a thick foam layer, as shown in the image at 6 min. The porous metal is finally generated
by the phase change in the molten metal foam due to cooling.

1 min

Figure 4. Porous metal formed by blowing microbubbles in molten white metal.

3.2. Internal Structure of Fabricated White Metal

The sample was cut by a contour machine (BS-23, Toyo Associates Co., Ltd., Musashimu-
rayama, Japan), and the cut surface was polished with #240, #400, #800, #1000, and #2000
waterproof sandpaper in ascending order. The cross section of the cut and polished porous
metal was observed under an optical microscope (VHX-2000, KEYENCE Co., Ltd., Higashiyo-
dogawa, Japan). Figure 5 shows the cross-sectional surfaces of the fabricated porous white
metal, and Figure 5b shows a magnified image of the area indicated by the red square
in Figure 5a, which shows the whole image. Differently shaped and sized black spots in the
upper and middle area of Figure 5a can be identified, and almost no spots appear in the bottom
area as the generated bubbles move upward through buoyancy. Figure 5b shows that many
variously sized pores, including those with a size less than 1 mm, exist independently, which
means the fabricated porous metals have a closed-cell structure. The pores with a spherical
shape are thought to be due to microbubbles having with a strong surface tension that have
solidified with their spherical shapes. Non-spherical pores are thought to be solidified by
relatively large bubbles that form from the coalescence of microbubbles or insufficient gas
breakup at the end of the horn.
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Spherical Pores
—caused by strong
surface tension

Figure 5. Cross section of porous white metal observed by an optical microscope. (a) Overall
cross-sectional view. (b) Magnified cross-sectional view.

3.3. Pore Size of Fabricated White Metal

The pore distribution was obtained by image processing with 15 cross-sectional images
taken by an optical microscope. In this image processing, bright areas and dark circular
areas in the cross-sectional image were regarded as metal wall and pores, respectively, and
the pore size was assumed to be the area equivalent diameter of the dark circular area. The
maximum, minimum, and standard deviation of the measured pore size (n = 694) were
1070 pum, 28 um, and 180 pm, respectively. Figure 6 shows the pore size distribution of white
metal as analyzed by the software (Mac-View Ver4, Mountech, Shinjyuku, Japan), in which
equivalent diameters are calculated from the area of the pore opening in the cross-sectional
image shown in Figure 5a. The distribution of the pore diameters exhibited its highest peak
within the range of 300 to 400 um. Furthermore, over half of all the pores measured by the
software have a diameter of less than 200 um. The average pore size of the porous metal
was 220 pm in equivalent diameter. This size exceeds 20 um, which is the average size of
the microbubbles generated in the water by the device. For the generation of microbubbles
in water from the ultrasonic horn, microbubbles are generated by primary breakup of the
gas-liquid interface near the horn end and secondary breakup, in which the bubbles from
the primary breakup are further miniaturized by resonance of the bubbles [16]. Equation
(1) shows the relationship between resonance frequency and bubble diameter [22].

1 1 40

where f is the resonance frequency, D is the bubble diameter, « is the specific heat ratio of the
gas inside the bubble, P is the atmospheric pressure, and ¢ is the surface tension coefficient.

or
S
[
IR

1 10 100 1000
Pore diameter (um)

Figure 6. Pore diameter distribution of the fabricated closed-cell porous white metal.
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Substituting the physical properties of water and the molten white metal [23], the
resonance bubble diameter in the case of 20 kHz ultrasonic oscillation is about 330 um
in the case of water and 110 um in the case of white metal, indicating that the size of the
resonance bubble is considerably smaller in the case of white metal. Therefore, in the
case of water, when bubbles of about 300 um, which is close to the resonance diameter,
are generated from the horn, they are miniaturized by secondary breakup due to bubble
resonance, whereas in the case of molten white metal, bubbles of the same size are much
larger than the resonance bubble diameter in water; therefore, secondary breakup does
not occur easily. In addition, the generated bubbles become larger with time and move
away from the resonance diameter due to the heating and expansion of the gas inside.
Since secondary breakup rarely occurs in the case of molten metal, the frequency peak of
pore diameter in porous metal is much larger than that of the bubble diameter in water.
Nevertheless, in comparison with the pores generated through conventional methods,
which generally possess average pore diameters of more than 1 mm, the observed pores
are significantly smaller [24-26].

3.4. Relationship between Porosity and Compressive Deformation of White Metal

The characteristics of porous metals are influenced by their porosity, which denotes
the ratio of the pore volume to the total volume of the metal [27]. To measure the porosity
of the generated porous metal, the metal was placed in a measuring cylinder filled with
water; the volume increase in the cylinder was measured by the rising water level, and
the porosity was calculated according to this volume and mass. Equation (2) presents the
porosity equation.

porosity = (pa — pB)/PA, (2

where pp (g/mL) is the density of the base metal and pp (g/mL) is the density of the
metal after foaming. In the case of white metal, a value of pp =7.38 g/mL was used in the
calculation. The value for pg was obtained by dividing the mass of fabricated porous metal
by the volume. In this case, the porous white metal had a porosity of 54%.

Porosity is closely related to material performance, especially the mechanical proper-
ties [6,28]. Therefore, a compression test was performed using a universal testing machine
(Autograph AG50KGN, manufactured by Shimadzu Co., Ltd., Nakagyo, Japan) based on
ISO 13314:2011 to confirm the performance of porous metals [29]. Compression tests were
carried out on 10 x 10 x 10 mm cube specimens cut out from fabricated porous metal.
Figure 7 shows the results of the compression test (stress—strain curve) on white metal,
where the horizontal axis is the strain and the vertical axis is the stress. The black dashed
line in Figure 7 represents the result for nonporous metals, and the red line represents the
result for porous metals. In the nonporous case, the slope of the stress—strain curve is nearly
constant until the high-stress region. In the porous metal, the slope changes considerably
with an increase/decrease in stress. When the stress is between 5 and 12 N/mm, the
deformation of strain is the largest; then, the deformation gradually decreases as the stress
increases and becomes linear. The region in which the strain changed with a slight changed
in stress is called the plateau region. On the other hand, the yield stress of the non-porous
specimen was about 50 MPa, which is considerably larger than the plateau stress of the
porous metal specimen.

There is no plateau region in low-porosity samples, and a plateau region exists when
the porosity is 45% or greater [30]. It can be inferred that the white porous metal fabricated
in this study has compressive properties similar to those of ordinary porous metal, with
excellent specific stiffness and shock absorption properties [31] because the porosity of the
white porous metal reached 54%, and a plateau region also appeared, as shown in Figure 7.

The plateau region of the stress—strain curves obtained from the compression tests is
an indicator of the ability of the porous metals to effectively absorb impact energy when
used as shock absorbers [32]. The appearance of this region is due to the presence of many
small pores. The size of the plateau region and the deformability of the metals increase
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with increased porosity [5]. Therefore, by properly adjusting the porosity of the metals, the
impact energy of car crashes can be effectively absorbed by the breaking of the porous metal.

= Porous Metal

50
- ’ == Non-Porous Metal

S
(=]
T

o
(=]

o
(=]

Platcau region

Stress (N/mm?2)

(=]

0
00 01 02 03 04 05 06 07 08

Strain (-)
Figure 7. Stress—strain curve of white metal in compression test.

3.5. Application to Other Metal Alloys (LLS-138 and Zinc)

To investigate the effect of the melting point, porous metals of LLS-138 (Sn-58Bi,
melting point 138 °C) and zinc (Zn, melting point 419 °C) were fabricated using the
processing techniques described in Sections 2.2 and 2.3.

Figure 8 shows a cross-sectional image of porous metals using LLS-138 (Figure 8a),
white metal (Figure 8b), and zinc (Figure 8c). The center, left, and right of each section in
Figure 8 are images of the overview. The pores of all metals in Figure 8 have various shapes
and sizes; the number of pores generated in LLS-138 is greater than the number of pores in
zinc and white metals, and the pore size in LLS-138 is smaller than in zinc and white metal.

(b) White metal

(c) Zinc

Figure 8. Cross-sectional image of the fabricated porous metals.
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Figure 9 illustrates the distribution of pore sizes in the three different types of porous
metals produced using white metal, LLS-138, and zinc. It is evident that pores with a
diameter of less than 200 pm dominate in all three samples. Moreover, the peaks in the
pore size distribution curve correlate with the melting temperature of the alloys, and the
alloys have progressively larger peaks in the order of LLS-138, white metal, and zinc.

12
A —_ — Zinc I'l |
- | —— White metal 1) 1
10 acae- LLS-138 i
[ j |
[ N s i

(=]
y
-

Frequency (%)
o

A 0 S i

10

1
aaaaal

100 1000
Pore diameter (pm)

(39

Figure 9. Pore diameter distribution of the fabricated closed-cell porous metals using zinc, white
metal, and LLS-138.

Table 2 presents the average pore diameter and porosity values for the three types of
porous metals, showing a decrease in porosity as the melting point increases.

Table 2. Measurement of porous metals fabricated using alloys with different melting points.

Average Pore

Metal Melting Point (°C) Diameter (m) Porosity (%)
LLS-138 138 103 76.0
White metal 235 220 54.0
Zinc 419 244 48.0

The increase in the average pore size with the increase in melting point might have
caused a shift from optimum ultrasonic oscillation length due to the thermal expansion
of the titanium alloy, in addition to volume expansion of the bubbles in the hot molten
metals. Because ultrasonic horns amplify oscillation by forming standing waves between
the surface connected to the transducer and the end of the horn, the distance between the
transducer and the end of the horn is important. Here, the coefficient of linear expansion
of the titanium alloy is 8.8 x 107 [/°C], and the horn (almost 135 mm) extends 0.56 mm
with respect to 470 °C. Therefore, it is thought that sufficient miniaturization did not occur
from the position shift from resonance with the increase in temperature, especially in zinc,
because of the extension of the horn. In addition, microbubbles in molten metal are made
from air at room temperature and expand in a high-temperature environment. As for the
compression test, except for white metal, test specimens with uniformly dispersed voids
for the compression test could not be obtained in sufficient quantity due to large voids or
cracks from one surface to the opposite surface of the cubic specimen.

In summary, the porosities of white metal, LLS, and zinc reached 54%, 76%, and 48%,
respectively, which confirms that the presence of many pores with diameters of 1 mm or
less. It also shows that the higher the melting point, the larger the pore size and the lower
the porosity.
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4. Conclusions

A pioneering approach involving the utilization of ultrasonic microbubbles was de-
vised to manufacture porous metals. These metals have garnered significant attention for
their wide-ranging application as functional composite materials and energy-absorbing
substances. By employing this innovative method, porous metals were produced from alloys
with various melting points. The porous metals were subsequently subjected to analysis to
assess their pore size and porosity. The ensuing findings can be summarized as follows:

1. Utilizing an ultrasonic microbubble generator enables the creation of closed-cell
porous metals featuring microscale pores, even if the melting point is 419 °C;

2. Many small pores with diameters of less than 1 mm were observed in the porous
metal after formation;

3.  In molten white metal, the bubbles generated from the ultrasonic horn were larger
than those of water because secondary breakup was less likely to occur due to the
decrease in resonance bubble diameter and thermal expansion of the bubbles;

4. The developed method allows for the fabrication of porous metals that exhibit porosi-
ties exceeding 45%, provided that the melting point is 419 °C or less;

5. The higher the melting point, the larger the pores and the lower the porosity.

Based on these results, the proposed method using an ultrasonic horn is expected
to generate microbubbles in high viscous molten metal containing a thickening agent
for preferred porous metal fabrication. In the future, we will perform compression and
acoustic tests on the porous metals we have produced so far. Porous metal formation by
microbubbles has not yet been realized for magnesium alloys and aluminum alloys, which
are practical metals. To enable the formation of these metals, it is necessary to elucidate the
mechanism of porous metal formation and optimize the experimental conditions.
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