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Press-forming technology is excellent for mass production. However, for micrometer-order
forming, manufacturing press tools is unprofitable. Because laser-induced shock waves
cannot rapidly accelerate heavier workpieces into molds, the workpieces are limited to thin
metal foils. In this study, an explosion-derived high-impulse shock wave was applied to
dynamically compress a polymer stamper into a metal plate. The stamper was pressed for
a few microseconds, resulting in a well-imprinted submicron structure on the aluminum
plate surface. Numerical simulation clarified the imprinting mechanism, which involved
local compression and restoration of the stamper profile that occurred when the reflected
shock wave generated at the boundary between the stamper and the workpiece reached
the free surface of the stamper. It was discovered that the shock wave must continue to act
for a significantly longer time than that required for the reflected shock wave to reach the
free surface of the stamper. Therefore, explosion-derived shock waves with a long pressure
duration are effective for imprinting. This method has the potential to be developed into a
practical technique for imparting functional microsurfaces to structural components.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
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1. Introduction

Recently developed laser shock imprinting (LSI) [1,2] uses
laser-induced shock waves and high-quality silicon or
nickel electroformed nanomaterials prepared using nano-
imprint lithography [3] or electron beam lithography [4] to
imprint on metallic foil surfaces in the range of nanome-
ters. In this technique, a thin metallic foil is compressed
into a hard mold. The mechanism for forming a workpiece
true to the mold is related to the plastic flow of the work-
piece associated with the emergence of a high strain rate
field exceeding 10°—107/s [5,6]. The mold, which exhibits no
deformation during the shock compression process, is the
source of the high strain field [1,7]. Although LSI, which is
used for fabricating metallic nanostructures in a single
step, is more efficient than other lithographic techniques
(that are multi-step and time-consuming processes), it re-
quires expensive nanomolds, which are damaged during
shock compression [8—10]. This is a significant disadvan-
tage of LSL

Recent studies on LSI have focused on incorporating the
use of inexpensive polymer molds. Copying a nanomold
with a photo or thermosetting polymer is relatively easy
[11]. Goswami et al. used titanium particle composite epoxy
nanomolds to achieve nanoimprinting on a metal that was
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deposited on a polyethylene terephthalate film [12].
Imprinting can also be achieved on freestanding metal
workpieces, such as metal foils. Jin et al. replicated the
microstructures of a bamboo leaf surface using an
ultraviolet-curable polymer as a mold for LSI, and they
successfully imprinted an aluminum (Al) foil with the leaf
microstructure. The recovered metallic leaves had a strong
water-repellent property, similar to that of the bamboo
leaves, and demonstrated frictional power generation by
the rolling of raindrops [13]. Furthermore, they focused on
the submicron-order periodic sinusoidal surface structure
of an optical disc (DVD). The DVD was composed of poly-
carbonate (PC). The PC was used as a mold, and the
obtained samples acquired surface plasmon resonance [14].
These studies demonstrated that functional surfaces can be
produced using polymer molds.

The processing area of LSI is limited to the laser irradi-
ation range. Therefore, achieving imprinting beyond an
area of 1 cm? through a single shot is difficult. To achieve
large-scale imprinting, recent studies have focused on
shock imprinting using explosion-derived shock waves.
High imprinting accuracy and large-area imprinting have
been demonstrated using underwater shock waves derived
from explosions exerting a high pressure over a wide area
[15—17].
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Fig. 1 — Schematic of the impact imprint process and pressure measurement experiment using a polymer stamper.
(a) Preparation of the DVD stamper. (b) Stamper and Al workpiece subjected to the underwater shock wave. (c) Imprinted Al
workpiece. (d) Layout of the pressure measurement experiment.
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Fig. 2 — The simulation model and initial conditions.
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(a) 2D SPH model. (b) Initial pressure conditions.

Jin et al. conducted a numerical analysis of the dynamic
deformation between the metal workpiece and polymer mold
and found that the mechanism of shock imprinting using the
polymer molds is based on the fact that the sound velocity in
the polymer is lower than that in the metal workpiece [13] (i.e.,
the metal workpiece deforms faster than the polymer mold).
Therefore, in previous studies, thin workpieces were used to
reduce the polymer mold deformation [13—17]. Thin foils were
used even for micro- and nano-scale imprinting studies using
hard molds [1,2,7,18—21].

Hasegawa et al. conducted sub-millimeter-order shock-
forming experiments and numerical simulations to investi-
gate the dynamic interaction between the polymer mold and
the metal workpieces. They found that the polymer mold
deformed easily during processes with pressures in order of
several hundred MPa to several GPa. The original mold shape
recovered during the pressure relaxation process, and this
recovery strongly affected the final shape of the workpiece
[22]. 1If the metal workpiece deforms during the end of the
process, the thin metal foil is not required. Imprinting can be
achieved by pressing the polymer mold onto the metal plate
material. Currently, shock-imprinting techniques have been
limited to foil materials being used as the processing targets.
Using plate materials as the processing targets may result in
structural components with functional properties.

The objectives of this study are as follows: First, we
demonstrate the technique for microimprinting metal plates
using a polymer stamper. The second objective is to under-
stand the imprinting mechanism of this new technology. In
this study, a submicron-order sinusoidal structure on the sur-
face of a DVD was used as the stamper. Explosives were used as
the source for shock waves to achieve large-area imprinting.
Submicron-scale numerical simulations were performed to
investigate the dynamic deformation process and to describe
the micro-scale multi-physics behavior at the interface be-
tween the reflected shockwave and the stamper. This study
proposes an unconventional imprinting concept that uses a
polymer stamper, which is softer than the metal workpieces.

2. Experimental and numerical simulation
2.1. Stamping on metal with polymer

In previous shock-imprinting studies, a thin metal foil was
compressed into a mold. In contrast, in this study, a polymer
mold was compressed onto a metal plate. This method in-
volves simple stamping. The only novel step is the explosion
that creates the shockwave. The process of this method, along
with the layout of the explosives and samples (stamper and
the metal plate) are shown in Fig. 1. The DVD (DHR47JDP
Verbatim Japan, Tokyo, Japan) without the protective plate
was cut into several 30 mm squares, and the stamper was
prepared (Fig. 1 (a)). A PC stamper was used, and a reflective
silver film was deposited on its surface. The stamper thick-
ness was 0.8 mm. The sinusoidal structure of the surface had a
period of 740 nm and wave height of 84 nm (details of the
stamper geometry are given in Section 3). The DVD was used
because it is inexpensive, and its surface topography shows
excellent uniformity. This makes it suitable as a stamper for
laboratory-level experiments. The stamper was overlaid on an
Al plate. They were packed inside a polyethylene bag for
waterproofing and decompressed to an internal pressure of
0.01 MPa. Subsequently, they were placed under water. For the
shock wave source, 3.0 g of a pentaerythritol tetranitrate
(PETN)-based explosive (SEP, 6970 m/s, 1310 kg/m?, Kayaku
Japan Co., Ltd., Tokyo, Japan) was used. PETN is a powdered
explosive with a density of 1770 kg/m® and a detonation heat
of 5.81 kJ/g [23]. A cylinder-shaped explosive with a diameter
of 18 mm was used, and it was detonated underwater using an
electric detonator at a distance H from the stamper. Water
was used as the medium because it could transmit the pres-
sure while blocking the detonation heat. The underwater
shock wave generated by the explosion acted on the stamper
(Fig. 1 (b)), imprinting the stamper microstructure on the Al
plate surface (Fig. 1 (c)). The Al plate was A1050-O with a
thickness of 5.0 mm. The stamper and imprint geometries
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were evaluated using atomic force microscopy (AFM) (SPM-
9700, Shimadzu Co., Ltd., Kyoto, Japan).

In this study, the pressure of the underwater shock wave
was the only variable. The shockwave pressure attenuates as
H increases. The pressure value of the shock wave acting on
the stamper is necessary for numerical simulations. The
layout of the pressure measurement experiment is shown in
Fig. 1(d), which is the same as that of the imprint experiment.
Piezoelectric film gauges (PVDF) (PVF2-11-0.125-EK, Dynasen
Inc., Goleta, CA, USA) were glued onto the PC stamper (#1) and
Al plate (#2). The film gauge was connected to an oscilloscope
(DPO7254C, Tektronix Inc., Beaverton, OR, USA) through a
charge integrator (CI-50-0.1, Dynasen Inc., Goleta, CA, USA).
The pressure measurements were performed at values of H: 10
and 30 mm.

2.2. Numerical simulation

ANSYS Autodyn 19.2 software was used for the numerical
analysis. The model assumed a plane strain field, and a 2D
smooth particle hydrodynamics (SPH) solver was used. The
model diagram is shown in Fig. 2 (a). AFM was used to measure
the geometry of the stamper (period: 740 nm, height: 84 nm).
The stamper was composed of a PC and a reflective deposition
film, gold (Au), which is similar to that used in the study con-
ducted by Jin et al. [14]. PC possesses a significant strain-rate
hardening effect [24]. The thickness of the deposition film
was set to 84 nm, which is the same as the amplitude of the PC
sine wave [25]. The Al plate was modelled below the stamper.
To reduce the computation time, the thicknesses of the PC and
Al plates were set to 1 and 0.5 um, respectively. The stepped
pressure, as shown in Fig. 2 (b), was used as the initial condi-
tion on the top surface of the PC that was set up as a stamper,
based on the peak pressure measured in the pressure mea-
surement experiment under the H = 30 mm condition. This
analysis assumes that the shock waveform is constant because
it terminates after a few nanoseconds, which is sufficiently
shorter than the duration of the shock wave action. All parti-
cles in this analysis were discretized to a size of 2 nm.

The material boundaries were assumed continuous, and
the movement was restricted to the longitudinal direction.
A1100-0O, PC, and Au material properties were used in this
model. These materials were modelled wusing the
Mie—Gruneisen equation of state (EOS) based on the Hugoniot
data as follows:

p=pu+Tple—en), 1)

I'p=Top, = const, 2)
__Pocop(1+u) 3

T a-Gs-uw” ¥
_lew( w

72 o <1+u>’ K

where p is the pressure, Py is the Hugoniot pressure, I' is the
Gruneisen gamma, p is the density, e is the internal energy, ey
is the Hugoniot internal energy, I', is the Gruneisen gamma of
the reference state, po is the initial density, ¢ is the bulk

velocity of the sound, u is the compression, and s is the linear
Hugoniot gradient coefficient. Table 1 lists the parameters of
the Mie—Gruneisen EOS for A1100-0O, PC, and Au.

An accurate characterization of the mechanical properties
of the materials subjected to high strain rate deformation is
very complex because of the simultaneous effects of several
phenomena, such as workpiece hardening, strain rate hard-
ening, and thermal softening. In this case, the yield stresses of
A1100-0, PC, and Au were estimated using the Johnson—Cook
elasto-viscoplastic material model [29]. The equivalent von
Mises yield stress (oy) is defined as follows:

7y = (A+Be;;) (1+Clné;)(17T*’”), ©)

where A, B, n, C, and m are the material parameters, ¢, is the
equivalent plastic strain, ¢ = &/ere is the dimensionless strain
rate, and T* is the dimensionless temperature. The dimen-
sionless temperature is defined as {T" = (T — TyoomV(Tm —
Troom)}. Additionally, ¢ is the strain rate, Eref is the reference
strain rate, T is the current temperature, Ty, is the melting
temperature of the alloy, and Tyom is the room temperature.
Since the imprint phenomenon may be closely related to
material failure, the Johnson—Cook fracture model [29] was
used in the numerical analysis to analyze the behavior of the
A1100-O under high-strain conditions. In this model, the
equivalent strain to fracture ¢ is defined as follows:

e = (D1 +Dze™" ) (14D Inej ) (1+DsT'), 6)

where D;—Ds are the material parameters, ¢* = g,n/0¢q is the
stress triaxial ratio, ¢y, is the mean stress, and o.q is the
equivalent von Mises stress. Depending on the equivalent
fracture strain, the damage parameters were calculated as
follows:
p—32¢ 7)
&f
Here, D is the damage parameter, which is assumed to be
equal to one when the material is destroyed and <1 when
intact, and 4e is the change in plastic strain. Table 2 lists the
parameters of the Johnson—Cook constitutive and fracture
laws for A1100-0O, PC, and Au used in this analysis.

3. Results and discussion
3.1. Imprint experimental results

The details of the samples recovered in the imprint experi-
ment are shown in Fig. 3. Fig. 3 (a) is a picture of the

Table 1 — Mie-Gruneisen EOS parameters for A1100-O
[26], PC [27], and Au [28].

A1100-O0 PC Au
Reference density (kg/m?) 2.707 1.197 19.24
Gruneisen gamma 1.970 0.61 2.97
¢o (m/s) 5386 1933 3056
s 1.339 2.6050 1.572

Reference temperature (K) 293 293 293
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Table 2 — Jonson—Cook strength and failure model
parameters for A1100-0 [30,31], PC [14], and Au [14].

A1100-0O PC Au

A (MPa) 49 75.8 120
B (MPa) 157 68.9 243
C 0.016 0.052 0.056
n 0.167 1 0.147
m 1.7 1.85 0

D, 0.071 - -

D, 1.248 = =

Ds ~1.142 = =

Dy 0.0097 = =

Ds 0.0 = =

appearance of a sample recovered under the condition of
H = 30 mm. A 30 x 30 mm? area of a 5 mm thick Al plate
showed a clear structural color. Fig. 3 (b) and (c) presents the
surface profiles and 3D images, respectively, of the stamper
and Al plates recovered under each condition, as measured
using AFM. The stamper originally had a sinusoidal structure
with a wave height and period of 84 and 740 nm, respectively.
In the experiment, the smaller the height H, the higher the
pressure acting on the stamper. For H = 10 mm, the average
value of the imprinted wave height was 41 nm despite the
high-pressure condition. The 3D image also shows a rough
surface texture. The average imprint wave height was 58 nm
for H = 30 mm. The maximum peak-wave height was 64 nm.
Therefore, an imprint wave height of approximately 69% of
that of the stamper was formed. The 3D images show smooth
surface properties. In an LSI study by Jin et al. using a DVD
mold, grooves with a depth of 40 nm were formed on an Al foil
with a thickness of 4 pm. In our study, the imprints on the

plate material were deeper than that achieved the foil mate-
rial, which is a significant milestone. The expansion of the
pressure working area can be easily achieved by changing the
shape of the explosive [32]. Using an explosive allows for
imprinting over a larger area.

3.2. Pressure measurement result

The results of the pressure measurement experiment corre-
sponding to the distance H are shown in Fig. 4. Fig. 4 (a) shows
the results for H = 10 mm and the pressure history with the
time of detonation for the electric detonator as 0 ns. The gauge
#1 glued to the stamper outputs a characteristic profile that
rises during the imprinting step. The PVDF gauge manufac-
turer recommends that the gauge be glued to a rigid body [33].
In this experiment, gauge #1 was glued onto a non-rigid PC,
which absorbed the shock pressure. Therefore, a plateau
pressure (step) is observed for gauge #1. The reflected shock-
wave generated at the boundary between the stamper and
workpiece propagated through the PC and travelled to the free
surface of the stamper. When it reached the free surface,
gauge #1 output the peak pressure. The rapidly rising output of
gauge #2 indicates that the shock wave propagated in the PC
arrived at gauge #2, which promptly output a peak pressure.
Fig. 4 (b) presents the pressure history for H = 30 mm. The
formation of the profiles for gauges #1 and #2 are similar to
that in the case of H = 10 mm. Compared with the results
corresponding to H = 10 mm, the pressure values show a clear
pressure decay with an increasing H. A notable feature of both
the results is the length of the pressure duration. The under-
water detonation of explosives produces a high-impulse
shock wave. The initial pressure values applied to the nu-
merical simulation were the plateau pressure wave outputs of
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(b) @™ DVD Stamper

AVAVAVAVAVAVAV

-50
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Fig. 3 — Recovered Al plates and original DVD stamper evaluated by AFM. (a) Sample appearance (H: 30 mm). (b) Surface
profiles of stamper and imprinted specimens. (c) 3D surface of stamper and imprinted specimens.
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Fig. 4 — Pressure history corresponding to the distance H from the explosive to the sample. (a) 10 mm. (b) 30 mm.

gauge #1 from the pressure measurements and were equal to
1.8 and 0.5 GPa for H = 10 mm and 30 mm, respectively.

3.3. Numerical simulation results

Good imprinting was achieved for H = 30 mm. The numerical
simulation results for a constant pressure input (0.5 GPa) are
shown in Fig. 5. The left and right sides of the simulation im-
ages at the characteristic times show the deformation and
internal pressure distributions of each element, respectively.
The gauge point in the 0.00 ns image is the gauge point of the
physical quantities in the simulation. The timestamp in each
image shows the elapsed time, with 0 ns being the time
immediately before the incident shock wave approaches the
gauge point. The shock waves propagating inside the PC were
reflected at the boundary of the Au deposition layer and
gathered above the stamper convexity. Consequently, a local
high-pressure field appeared in the PC (the area enclosed by
the red dashed line at 0.08 ns). The height of the sinusoidal
wave decreased when the stamper was compressed into the
Al Note that there was a pronounced deformation on the Al
side (0.50 ns). A numerical analysis by Jin et al. demonstrated
that the metal deposition layer contributes to the maintenance
of the sinusoidal structure of the PC [14]. Our study also ob-
tained similar results. When the stamper is fully compressed
into the Al, the sinusoidal wave height decreases to 42 nm (0.66
ns). The sinusoidal wave height then begins to recover. This
phenomenon began from 0.80 ns owing to the appearance of a
local low-pressure field created on the surface of the PC, as
shown in the area enclosed by the white dashed line. The sine
wave height eventually recovers to 67 nm (1.68 ns).

The history of the changes in the pressure and specific
volume of the gauge point is shown in Fig. 5 (b). The changes in
the physical quantities before and after the shock wave fol-
lowed the Rankine—Hugoniot equation [28]. Therefore, the
pressure and specific volume of the PC are inversely related.
The pressure change, despite the initial condition of 0.5 GPa,
immediately increases to 1.2 GPa due to the convergence of
the reflected shock wave generated at the boundary between
the PC and Au. Section #1 shows the pressure release in the
subsequent history, which indicates that the deformation of

the stamper and Al spread into the free space. The increase in
the pressure in section #2 can be attributed to the free space
being filled with the deformation. The drop in the section #3
pressure was caused by the reflected shock waves generated
at each boundary reaching the free surface of the PC. At this
point, the specific volume began to increase. In the time that
followed, the specific volume of the PC began to decrease, but
the deformation of the Al had already reached the plastic re-
gion. During the simulation, the stamper continued to be
compressed into the workpiece because the pressure at the
gauge point was always positive. The shape-restoring force of
the stamper surface caused by the reflected wave is one of the
important factors in achieving a good imprint.

In the numerical simulation corresponding to H = 10 mm, a
pressure of 1.8 GPa was exerted. The simulation images for the
characteristic timings are shown in Fig. 6. The stamper was
fully compressed into the Al, as shown in the image, at 0.52 ns.
The high pressure reduces the shape-retention efficacy of the
metal deposition layer. Consequently, the sinusoidal wave
height was temporarily reduced to 29 nm. The sinusoidal wave
height eventually recovered to 57 nm (1.52 ns). This value is
smaller than the corresponding result of the analysis for
H =30 mm. The deformation mechanism was the same as that
for H = 30 mm. This result implies the existence of ideal pres-
sure conditions that lead to the achievement of a good imprint.

The shape recovery of the PC owing to the sudden pressure
drop is caused by the reflected shock wave reaching the free
surface of the PC, as described previously. Additionally, the Al
continues to be compressed by the underwater shock wave
during the shape recovery of the PC. The actual PC thickness
of 0.8 mm was modelled in the simulation as 1 ym. Assuming
that the speed of sound corresponding to the PC was 2000 m/s,
the actual time required for the reflected shock wave to reach
the free surface of the stamper was 400 ns. Notably, a signif-
icant difference exists between the simulation and actual
phenomenon in terms of the time at which the shape resto-
ration of the stamper occurs. However, as shown in Fig. 4, a
characteristic property of the explosive-derived shock waves
is their long duration of action (in the order of microseconds).
This is compensated for by noting that the compression
caused by the underwater shock wave continues to act for a
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Fig. 5 — Dynamic deformation process of the stamper and Al workpiece reproduced via numerical simulation and changes in
the internal pressure distribution (H = 30 mm). (a) Deformation and internal pressure distribution. (b) Pressure and specific

volume change in PC convexity.

significantly longer time than the time required for the re-
flected shock wave to reach the top edge of the stamper. The
high-pressure duration of the laser-induced shock wave was
approximately three times longer than the laser exposure
time, which was in the order of tens of nanoseconds [34,35].
Therefore, explosion-derived shock waves work well for
imprinting thick plates.

This study has several limitations. Explosions typically
release an explosive energy of several kJ/g. The long duration
of the pressure, which is characteristic of the explosive-
derived shock waves, is attributed to this energy. Excess en-
ergy was consumed in this study. In this method, the defor-
mation of the polymer stamper must be maintained within an
elastic range. Pressure and duration are critical to the
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Fig. 6 — Imprinting process under high-pressure conditions (H = 10 mm). (a) Decrease of sinusoidal wave height at the most
compressed timing. (b) Restoration of sinusoidal wave height by the PC restoring force.

accuracy of an imprint. While using explosives, the pressure
value can be controlled by regulating the distance H, and the
duration of action can be controlled by regulating the amount
of explosives. Stamper geometries with sharp edges or high-
aspect ratio geometries can cause plastic deformation or
changes in the polymer state. The optimization of the energy
and stamper geometry can be studied in the future.

4, Conclusion

Previous shock-imprinting technologies have been limited to
thin metal foils as processing targets. To overcome this limi-
tation, experiments related to shock imprinting on an Al plate
using a polymer stamper were conducted. Furthermore, nu-
merical simulations were performed to clarify the deforma-
tion mechanism between the polymer stamper and metal
workpiece, leading to the following conclusions.

1. The underwater detonation of explosives produced a high-
impulse shock wave. The shock wave compressed the
thick polymer stamper onto the thick Al plate. Conse-
quently, an imprint of approximately 69% of the sinusoidal
wave height of the stamper was achieved on a 30 x 30 mm?
area of the Al plate surface.

2. The shock wave compression temporarily reduced the
height of the sine wave of the stamper. When the reflected
shock wave generated at the stamper/workpiece boundary
reached the stamper-free surface, the internal pressure on
the PC surface decreased locally. The pressure drop
established a restoring trend in the specific volume of the
convexity (restoration of the sinusoidal wave height). The
high-impulse shock wave continuously compressed the
stamper, and the shape restoration of the stamper during
this process contributed to the high imprinting accuracy.

5. Outlook

The results of this study have several possible applications.
Metasurfaces are functional surfaces that convert electro-
magnetic wave properties into sub-wavelength structures.

Sky radiators are functional surfaces that control the ab-
sorption and emission of infrared radiation to achieve radia-
tive cooling using micrometer-order surface structures. A
possible application of this technology is the creation of
ultralarge sky radiators. This technology imprints micro-
structures on thick Al plates. The high thermal conductivity of
Al and high heat capacity of the plate material lead to
increased heat absorption from the structure, which is con-
verted by the metasurface to thermal wavelengths that are
not absorbed by the atmosphere. Currently, the implementa-
tion of metamaterials has only been envisioned for small
electronic devices. This technology paves the way for outdoor
applications of metamaterials.
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