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Abstract: Cellular metals exhibit diverse properties, depending on their geometries and base mate-
rials. This study investigated the mechanism of high-pressure generation during the high-velocity
impact of unidirectional cellular (UniPore) materials. Cubic UniPore copper samples were mounted
on a projectile and subjected to impact loading using a powder gun to induce direct impact of samples.
The specimens exhibited a unique phenomenon of high-pressure generation near the pores during
compression. We elucidate the mechanism of the high-pressure phenomenon and discuss the pore
geometries that contribute to the generation of high pressures.
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1. Introduction

Cellular metals are characterised by high porosity that significantly influences their
mechanical properties. They can be used in a wide range of fields [1-3] because of their
various functions, which depend on the cellular morphology, topology and base material.
In cellular materials, research has been conducted to clarify the relationship between the
structure, mechanical properties [4-8], and thermal conductivity [9-11], as well as to explore
their applications in aerospace [12,13] and medical fields [14-16]. Additionally, the research
scope in this field is extensive, including studies on nano-cellular metals [17,18] with cell
sizes scaled down to nanometre dimensions.

Although the behaviour of cellular materials under high-velocity impact has already
been investigated, only a few studies focus on the high-pressure generation within cellular
materials during impact [19-21]. The high-pressure phenomenon has been used in various
fields, such as diamond production [22], nanocomposite material preparation, and powder
solidification. It has also been applied to synthesise hydrogen-storage materials [23].
Therefore, the investigation of high-pressure generation within cellular materials may lead
to further development of future predesigned application-oriented cellular materials. The
advantages of the high pressure in each pore of the cellular material are that it can be used
to synthesise new materials efficiently in a single experiment, and the high pressure inside
the pores makes it easy to recover the synthesised materials.

In this study, the cellular material was accelerated using a powder gun and impacted
on a fixed anvil. The testing was captured by a high-speed video camera that confirmed
high-pressure generation in the compression process, which was also observed by numer-
ical analysis simulating the impact experiment [20]. This phenomenon is similar to the
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study of void collapses on hollow cylinders; however, the mechanism of high pressure
generated in cellular materials has not been clarified yet [24]. Therefore, the main objective
of this research is to elucidate the generation mechanism of ultra-high pressure and pro-
pose a cellular material geometry that can generate even higher pressures by applying the
observed mechanism and the metal jet generated during explosive welding.

2. Mechanism of High-Pressure Generation
2.1. Previous Research Results and Analytical Model

The samples, test and analysis conditions, and material parameters were the same
as those used in the previous study [20]. The projectile, consisting of a copper-based
unidirectional porous (UniPore) cube sample [6,7], metal disk, and sabot, was accelerated
by a powder gun to 400 m/s and impacted on a fixed anvil. A cubic sample of 17.3 mm
on each side was cut from a copper UniPore structure. The porosity of this sample was
0.26, and the average diameter of the pores was in the range of 1.5-1.6 mm. The barrel
and impact chamber of the gun were in a near-vacuum state to minimise the air resistance.
Details of the experimental methods are described in Chapter 2 of [20].

The computational analysis was performed using the ANSYS AUTODYN version
2021R1 code with a three-dimensional model. In this model, all the materials, i.e., steel,
copper and Ultra High Molecular Weight Polyethylene (UHMWPE) are described as a
Lagrangian mesh. Based on this model, the complete deformation mechanism and the
induced impact force (pressure) during a high-speed collision were analyzed. The equation
of state, constitutive equation and material parameters are given in [20]. It is noted here
that the effectiveness of this computational model was demonstrated by comparing the
experimental and simulation results of the final deformation state after impact, pressure
history on the anvil, etc [20].

Figure 1a shows a magnified view of the compression process of the UniPore copper
structure. After the sample impacted the anvil, the circular pores first deformed into an arc
shape, followed by pore volume decrease, and finally, pore collapse. High pressure was gen-
erated when the pore surfaces collided. The highest pressure estimated by computational
simulations was approximately 25 GPa, where the red region in Figure 1b was at 2.3 ps.
The arc shape of the collapsed pores was also confirmed by observing the cross-sections of
the impacted samples [20].

2.2. Mechanism of Ultra-High Pressure Generation

In this section, the mechanism of high-pressure generation around the pores is investi-
gated by computational simulation. Figure 2 shows the position of the pressure gauges
positioned around the selected circular pore, at the front of the sample computational
model. Gauges 1 and 3 are located on the pore’s front and back surfaces, respectively,
on the pore’s horizontal axis, considering the impact anvil. Gauges 2 and 4 are located
above and below the pore, respectively, converging at the arc shape, as shown in Figure 1.
Figure 3a shows the velocity vectors at 0.5, 1.0 and 1.5 us, and Figure 3b shows the velocity
vectors at 2.0, 2.1 and 2.2 ps. In Figure 3a, the velocity vectors of the material around the
pore on the anvil side are reversed. Figure 3b shows that the velocity vector is towards
the centre of the pore. The reason for this gauge arrangement is that the velocities with
the x-axis of gauges 1 and 3, and the y-axis of gauges 2 and 4, contribute to the generated
pressure at the time of impact.
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Figure 1. Deformation process during impact of copper-based unidirectional porous (UniPore)
cube sample: (a) observed by the high-speed camera, (b) computational simulations, showing local
pressure distribution and (c) a zoomed, detailed view of the selected arc-shape deformed pore shown
in (b) at 2.1 ps. Reprinted from [20] with permission from Elsevier.
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Figure 2. Schematic diagram of the computational analysis and gauge positions in the specimen.
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Figure 3. Absolute velocity vectors; (a) shows local distribution (b) shows only the pore to make it

easier to see the vectors.

Figure 3a shows that the high pressure caused by the collapse of the neighbouring
pore has little effect on the target pore, because there is a certain distance between target
pore and the neighbouring pore in this model. However, when the pores are close to each
other, this effect needs to be considered.

The positive longitudinal direction (right) of the computational model and the flying
direction of the sample (left) were opposite. According to Figure 4, the velocity of the pore’s
front surface (gauge 1) reduced fast to zero when the specimen collided with the anvil, and
then increased in the reverse direction to finally surpass 400 m/s, just before colliding with
the opposite surface at the back of the pore. The velocity of the pore’s back surface (gauge
3) remained at approximately —400 m/s until the pore surface collision and inevitable
collapse. The combined impact velocity of the pore surface at collapse was estimated
at 800 m/s. The pressure peak generated during the copper pore surface collisions can
be calculated using an impedance matching technique that uses the Rankine-Hugoniot
equation relating pressure to particle velocity [25]. Figure 5 shows the impedance matching
relationship for a copper-to-copper collision with an initial velocity of 800 m/s, leading to
a pressure intersection of about 16 GPa. The pressure intersection in Figure 5, that is, the
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potentially generated pressure value, is calculated as 16 GPa. Since the pressure estimated
by the velocity in the x-axis alone does not reach the 25 GPa estimated by the computational
analysis [20], the next step is to investigate the transversal direction.
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Figure 4. Velocity histories at gauges 1 and 3 in x—axis estimated by computational simulation.
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Figure 5. Impedance matching relationship for a copper—to—copper collision with initial velocity
800 m/s in x—axis.

The velocities of the pore surface at gauges 2 and 4 in the transversal direction were
observed next (Figure 6). The positive transversal direction of the computational model
in Figure 2 is oriented upwards. The top of the pore (gauge 2) shows a gradual transver-
sal velocity increase towards the pore centre (downward movement) due to arc-shape
deformation, reaching approximately —200 m/s at total pore collapse. The bottom of the
pore (gauge 4) also moves towards the pore centre with a positive increasing transversal
velocity following the same deformation mechanism, reaching approximately 480 m/s at
pore collapse. The velocity difference is due to varying local structure stiffness around
the observed pore as a consequence of the different positioning of the neighboring pores.
Assuming collision only in the y-axis direction, the generated pressure value was calculated
by the impedance matching method to be 11.8 GPa.
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Figure 6. Velocity histories at gauges 2 and 4 in y—axis estimated by computational simulation.

Figures 4 and 6 show that the pores were closed by the convergence of high velocities
in the x- and y-axes; that is, a high pressure is generated by the convergence of velocity in
these two axes.

The observed velocities along the second transversal orientation aligned with the pore
are very small compared to the velocities observed in the other two directions, and its
effects on the generated pressure are consequently negligible.

3. Differences in Pressure Depending on Geometry of the Specimen

In Section 2, we explained the mechanism of high-pressure generation related to our
previous studies. In this section, we apply the same mechanism to propose a cellular
material geometry, shown in Figure 7, that can obtain even higher pressures than presented
in Section 2. The analysis conditions and material parameters were the same as those in
previous studies [20].

| 17.3 | 17.3

7

™ & ™

1 &
Ll

30°
— ;.
(a) (b)

Figure 7. The shape of the proposed cubic cellular samples. (a) Sample 1, pore dimensions: Isosceles
triangle with a base of 3 mm and a height of 1.5 mm (b) Sample 2.

The circular pore shape of the sample in Section 2 was changed to a triangular shape,
which is estimated to produce a higher pressure due to the convergence of the material at a
single point when the pore is completely closed. The shape of the proposed cubic cellular
samples are shown in Figure 7. Sample 2 is a model for copper-to-copper collisions, where
the metal jet is generated at an angle of 20-30° from the welding window, as studied in
explosion welding [26]. Here, metal jets are generated in the compression process and
collide to achieve a high pressure.

3.1. Proposed Cellular Material Shape (Sample 1)

An enlarged view of the compression process of sample 1 is shown in Figure 8, and
the pressure history of the most stressed discretisation point around the pore is shown
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in Figure 9. The material around the pore gathers at one point when the pore is com-
pletely closed. Therefore, a large pressure of approximately 70 GPa can be expected by
Figures 8 and 9. Although the impedance matching method cannot be applied to this pro-
posed example because it is a triple-point collision, the collision velocity of about 1000 m/s
is obtained at point x in Figure 8. Therefore, we can expect to obtain a high pressure as
shown in Figure 9.

(Unit: GPa)
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Figure 8. Local pressure distribution and pore deformation marked by “x” (the cross-sectional front

view. The anvil, plate and sabot are not displayed).
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Figure 9. Local pressure history at “x” marked in Figure 8 estimated by computational simulation.

3.2. Proposed Cellular Material Shape (Sample 2)

Figure 10a shows the schematic diagram used for explosive welding, where point
A moves toward point B with a velocity V,, and point O moves toward point B with a
velocity of V , creating a metal jet between edges OA and OB depending on the conditions.
The relationship between the velocity and angle is expressed by the following equation,
where f3 is the collision angle, and Vy, is the welding velocity [26,27].

1 . B
EVP =V sin > 1
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Figure 10. Geometrical analysis (a) Typical explosive welding, (b) proposed structure (sample 2).

Figure 10b shows a schematic diagram of the proposed structure corresponding to
Figure 10a, where V1 = abs(ment) + abs(Vyek ), subscript 1 corresponds to Figure 10b,
and Vi, and Vi, are the velocity vectors of the base material around the pore.

The pressure is expected to be higher due to the convergence effect at a single point at
the time of complete closure when angle (3 is large. Here, the inclination angle (3 was set
to 30°.

The computationally estimated compression process of the proposed cellular material
with triangular pore geometry is illustrated in Figure 11. The pore gradually compressed
from both transversal triangle corners towards the apex on the sabot side, and consequently
converged to a single point at the time of complete pore collapse. After the first pore
collapsed, a pressure wave was generated towards the next pore, indicating that the
phenomenon of high-pressure generation continued. Figure 12 shows pressure history
near pore estimated by computational simulation and the enlarged view of compression
process Figure 11 at 5.1 pus Although this computational simulation can not reproduce the
formation of the metal jet, it is expected that even higher pressures will be generated in the
experiment due to increased pore collapse followed by the metal jet appearance.
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Figure 11. Compression process with pressure contour (the cross-sectional front view. The anvil,
plate and sabot are not displayed).
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Figure 12. Computational simulation results; (a) Pressure history near pore (b) enlarged view at
5.1 ps.

3.3. Advantages of High-Pressure Generation with Cellular Materials

The observed high pressures produced in impact deformation of the UniPore cellular
material can be used for diamond synthesis, by placing carbon on the inside surface of the
pores. Althougth it is necessary to pay attention to the effect of the pressure generated in
the neighboring pores when the pores are close to each other in a porous geometry, this
method has the following advantages:

e The advantages of the high pressure in each pore of the cellular material are that it can
be used to synthesise new materials efficiently in a single experiment.

e  The number and shape of the pores can be easily changed, and the sample preparation
is relatively simple using a wire electrical discharge machine.

e High pressure is generated inside the cellular material, so the newly synthesised
material is easy to recover.

e  Colliding the metal jets of the base material is expected to contribute to new material
fabrication. Furthermore, it can be applied to the convergence of metal jets using a
conical concave metal block [28].

e  The adiabatic compression of air can be achieved by filling the pores with air capsules.

4. Conclusions

In this study, we investigated the mechanism of high-pressure generation using unidi-
rectional cellular (UniPore) materials. The study focused on the velocity of the base material
around the pore during the high-velocity compression forming process, using a powder
gun to induce direct impact of samples. The circular pores deformed in an arc-like shape
during impact, leading to a high-speed collision of opposite pore surfaces at pore collapse
in the longitudinal direction of the impact. A cellular material with a triangular pore shape
can produce even higher pressures by applying metal jets, as observed in explosive welding
studies.
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