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Fabrication of micro/nanostructure arrays

ABSTRACT

Micro/nanostructure arrays have been broadly applied in numerous industrial fields, such as optics,
antibacterial fields, and anti-corrosion. However, the highly efficient fabrication of micro/nanostructure
arrays, especially the high-aspect-ratio and hierarchical micro/nanostructure arrays, remains a challenge.
Motivated by this, the study designs a novel piezoelectrically actuated (PA) cutting system for fabricating
this kind of micro/nanostructure array. First, the mechanical structure of the PA cutting system is
designed based on the circular flexure hinge. Then, a finite element model is established to analyze its
resonant frequencies and mode shapes. Next, to determine the working performances of the PA cutting
system, a performance test platform is built. Finally, various micro/nanostructure arrays with two fea-
tures of the high-aspect-ratio and the multilayer are fabricated, demonstrating the effectiveness and flex-
ibility of the PA cutting system. Besides, the function of machined micro/nanostructure arrays about the
corrosion property was investigated. This study provides a new approach for fabricating high-aspect-
ratio and hierarchical micro/nanostructure arrays, which can be applied in industrial manufacturing

and corrosion protection fields.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Micro/nanostructure arrays are drawing increasing interest
because of their outstanding properties in optics, superhydropho-
bicity, self-cleaning, anti-corrosion, etc. For example, nano-tree
arrays can realize continual fog harvesting. The harvesting effi-
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ciency is higher by 85 % than the original surface [1]. The micro-
pillar array can enhance the electrical output performances of tri-
boelectric nanogenerators by increasing the contact area of tribo-
electric materials, providing a 184.6 pW/cm? power density [2].
The micro-dimple array can reduce friction by 80 % in comparison
with untextured surfaces [3]. The heat transfer is dramatically
enhanced by using the micro-channel in the heat exchangers [4].

But how to generate these functional micro/nanostructure
arrays has become a hot topic. Lithography and two-photon poly-
merization are popular fabrication processes. They fabricate micro-
groove arrays [5], mushroom-like pillar arrays [6], and micro-
needle [7], but the expensive equipment, specific material, and
laborious steps limit the large-area fabrication of micro/nanostruc-
ture arrays. The beam-assisted machining process is another fabri-
cation method that utilizes the focused ion beam or laser beam to
generate micro/nanostructure arrays. It includes focused ion beam
milling [8] and laser beam machining [9], but the low surface qual-
ity and low fabrication efficiency influence their wide applications
in industrial production.

Ultraprecision cutting using the single-crystal-diamond (SCD)
cutting tool is a promising machining method due to its low cost,
good surface quality, and applicability to numerous engineering
materials [10]. According to the relative motion relationship of
the workpiece and cutting tool, it can be divided into fly cutting,
diamond milling, single-point diamond turning (SPDT), and
vibration-assisted diamond machining. In fly cutting and diamond
milling, the SCD cutting tool is installed on the spindle of the
machine tool while in diamond turning and vibration-assisted dia-
mond machining the workpiece is mounted on the spindle. Zhu
et al. [11] applied the fly cutting process to machine micro-
pyramid arrays and sinusoidal grid microstructure arrays. Zhou
et al. [12] utilized diamond milling to create micro-lens arrays on
the surface of a nickel-phosphorous plated mold. The surface
roughness of generated micro-lens arrays can reach 7.9 nm. But
the non-continuous contact between the cutting edge of the SCD
cutting tool and the workpiece influences fabrication efficiencies
of the fly cutting and diamond milling. The SPDT and vibration-
assisted diamond machining have continuous contact during fabri-
cating of micro/nanostructure arrays. Meier [13] applied the SPDT
method to fabricate diffractive microstructures and explored the
influences of different material properties on cutting forces, chip
formation, and surface finish. By designing the specific cutting
paths, single-point diamond turning can be used to fabricate some
simple microstructure arrays. In order to fabricate more complex
micro/nanostructure arrays, vibration-assisted diamond machin-
ing is fast developing recently. In vibration-assisted diamond
machining, a higher-order motion (vibration motion) is superim-
posed on the cutting tool [14-16]. Combining with the motions
of the rotational axis and the linear axis of the ultraprecision lathe,
periodical cutting trajectories are generated. These synchroniza-
tion motions between the workpiece and the cutting tool help
the diamond cutting tool to remove the surface materials of the
workpiece and fabricate the micro/nanostructure arrays. Suzuki
et al. [17] designed an elliptical vibration cutting device and devel-
oped a control system to realize the fabrication of micro-grooves.
The sinusoidal-shaped, zigzag-shaped, and ramp-shaped micro-
groove arrays were fabricated on the surfaces of hardened steel.
Guo et al.[18] designed an ultrasonic vibration device, which was
inspired by an ultrasonic motor, to generate elliptical vibration tra-
jectories. Micro-dimple arrays were generated on the aluminum
alloy surfaces by using this device, which operated at 28 kHz.

The above devices have a common feature: they only operate at
a fixed frequency (namely, the resonant frequency), which influ-
ences the fabrication flexibility. The non-resonant vibration cutting
devices can solve this problem, which is also named the fast-tool-
servo device (cutting system). They are generally driven by the
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piezoelectric actuator or electromagnetic actuator. In our previous
studies, different fast-tool-servo cutting systems were developed
to solve the small stroke, small stiffness, or low working frequency
[19-21]. But the high-aspect-ratio and hierarchical micro/nanos-
tructure arrays still cannot be fabricated by using the existing cut-
ting systems, due to the limitations of the arc-shaped SCD cutting
tool that is widely used in the existing cutting systems.

To solve the above problems, this study designs a novel piezo-
electrically actuated (PA) cutting system for generating high-
aspect-ratio and hierarchical micro/nanostructure arrays on metal
surfaces, which can work at 1200 Hz. In Section 2, the mechanical
structure and working principle of the PA cutting system are illus-
trated. Section 3 analyzes resonant frequencies and mode shapes
using finite element analysis. Section 4 describes the performance
test platform and fabrication experimental setup. Section 5 dis-
cusses the working performances of the PA cutting system, charac-
terization of micro/nanostructure arrays, and corresponding
corrosion properties of micro/nanostructure arrays. Finally, Sec-
tion 6 concludes this study.

2. Mechanical design of the piezoelectrically actuated cutting
system

The aspect ratio is the value of the height of micro/nanostruc-
ture arrays over the width. The high-aspect-ratio micro/nanostruc-
ture arrays are of specific interest in many fields, such as sensor
[22], wetting [23], and microfluidics [24]. In general, the high
aspect ratio increases the challenge of fabricating them [25,26].
From the scanning electron microscope image of the arc-shaped
SCD cutting tool, it has nearly no chance to fabricate the high-
aspect-ratio micro/nanostructure arrays, as described in Fig. 1(a).
Because when increasing the depth-of-cutting, the width of the
micro/nanostructure arrays (perpendicular to the depth-of-
cutting direction) dramatically increase because of the existence
of the arc-shaped cutting edge. But the trapezoid-shaped SCD cut-
ting tool provides the chance of fabricating high-aspect-ratio
micro/nanostructure arrays because it has a very narrow cutting
edge, as described in Fig. 1(b).

In this study, a piezoelectric actuator is chosen to be a vibration
source. Therefore, the next problem is how to add the vibration
motion from the piezoelectric actuator into the trapezoid-shaped
SCD cutting tool. It is because if the hierarchical micro/nanostruc-
ture arrays are fabricated by using the one-step process, the cut-
ting tool has to have higher-order vibration motions. There are
mainly-two types of flexible hinges that help to transfer the vibra-
tion motion of the piezoelectric actuator into the trapezoid-shaped
SCD cutting tool. They are the right-angle flexure hinge [27] and
circular flexure hinge [28], as presented in Fig. 2(a) and (d). The
first-order resonant frequency of the flexure hinge influences the
working frequency of the cutting system. The stiffness influences
the stability of the cutting system. In general, the high first-order
resonant frequency represents the high working frequency. The
larger stiffness represents the high resistance to external distur-
bances. These two indicators are chosen to evaluate the perfor-
mance of flexure hinges.

A finite element simulation software “ANSYS 19.0” was used to
analyze the above two indicators. The simulated results are shown
in Fig. 2(b) and (e), which shows that the first-order resonant fre-
quency of the circular flexure hinge (21291 Hz) is far higher than
that of the right-angle flexure hinge (6328.7 Hz). For the stiffness,
static structural analysis was conducted by inputting an external
disturbance force of 1 N, as presented in Fig. 2(c) and (f). The stiff-
ness of the circular flexure hinge (31.02 N/um) is also far bigger
than that of the right-angle flexure hinge (1.71 N/um). Therefore,
it can be concluded that the circular flexure hinge has better per-
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Fig. 1. Scanning electron microscope images of (a) the arc-shaped SCD cutting tool and (b) the trapezoid-shaped SCD cutting tool.
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Fig. 2. (a) Three-dimensional model of the right-angle flexure hinge, (b) first-order resonant frequency of the right-angle flexure hinge, (c) stiffness of the right-angle flexure
hinge, (d) three-dimensional model of the circular flexure hinge, (e) first-order resonant frequency of the circular flexure hinge, and (f) stiffness of the circular flexure hinge.

formance, which is chosen to transfer the original vibration motion
from the piezoelectric actuator into the trapezoid-shaped SCD cut-
ting tool.

Considering the assembly of the trapezoid-shaped SCD cutting
tool and the piezoelectric actuator, a supporting structure with a
symmetrical layout is designed, which avoids the undesired dis-
placement disturbance along the depth-of-cutting direction during
fabricating micro/nanostructure arrays. Besides, a supporting block
with a square pit is chosen to fix the piezoelectric actuator. Inte-
grating the circular flexure hinge with a supporting structure and
a supporting block, the whole mechanical structure of the cutting
system can be obtained, as illustrated in Fig. 3(a) and (b). The
trapezoid-shaped SCD cutting tool and the piezoelectric actuator
are located in the centreline of the mechanical structure. The
trapezoid-shaped SCD cutting tool is fixed to the mechanical struc-
ture via the hex socket head bolt. The adjusting bolt is utilized to
provide the piezoelectric actuator for the preload force.

The main working principle of the PA cutting system is, once the
voltage signal (electrical signal) is inputted to the piezoelectric
actuator then it generates the vibration motion (mechanical
motion) by using the inverse piezoelectric effect. It is found that
the inverse piezoelectric effect is the combination of the electrical
signal and mechanical motion, so the PA cutting system is an elec-

tromechanically coupled system, which can be mathematically

described by governing equations of piezoelectric materials [29]:
D*d;
Wzl — 0jjj = pb; (1)

Dii=q (2)

where p, d;, gy, b, D;, and q are the density, displacement vector, the
Cauchy stress tensor, body force vector, the electrical displacement
vector, and the electric body charge, respectively. 2 is the material
derivative.

The constitutive equations are given to express the mathemat-
ical relation between the stress, strain, electric field, and electric
displacement field in a strain-charge form or a stress-charge form
[30]:

T; = GiS; — ek (3)
D; = ej,-Sj + S}Z»Ej (4)
Si = siT; + dyE; (5)



H. Du, Z. Zhu, Z. Wang et al.

(a)

Circular ¥===---
flexure hinge

Materials & Design 226 (2023) 111660

(0]
T
|

0.000

0.020

0.080 (m)

0.060

Fig. 3. (a) Three-dimensional model, (b) photograph, and (c) finite element model of the PA cutting system.

D; = dj,‘Tj + Szijj (6)

where vectors T, S, E, and D are stress, strain, electric field, and elec-
tric displacement, respectively. The matrices CF, e, st, d, &, and &7 are
the mechanical stiffness at the constant electric field, the stress
piezoelectric coefficient, the mechanical compliance at the constant
electric field, the strain piezoelectric coefficient, the permittivity at
constant strain, and the permittivity at constant stress, respectively.
The subscripti,j =1, 2, ..., 6 refer to different directions within the
piezoelectric material coordinate system. In this study, the material
of the piezoelectric actuator is lead zirconate titanate.

Electrical discharge machining was used to manufacture the
mechanical structure. The 304 stainless steel, due to its excellent
durability and strength, was chosen as the material of the mechan-
ical structure. The main sizes of the mechanical structure are sum-
marized in Table 1.

3. Finite element analysis

The finite element simulation, as a high efficiency and visualiza-
tion analysis method, was used to preliminary investigate the nat-
ural resonant frequencies and mode shapes of the PA cutting
system. In general, the higher resonant frequency implies a wider
working frequency area of the PA cutting system. A commercial
software “ANSYS 19.0” was used to analyze the natural resonant
frequencies and mode shapes, and the finite element model is
shown in Fig. 3(c).

The mathematical model of the undamped system can be
expressed in matrix notation:

(M]{ii} + [K]{u} = {0} (7)

where M is the mass matrix, il is the 2nd time derivative of the dis-
placement u, and K is the stiffness matrix.
Assume the displacement u is the harmonic motion:

{u} = {di}sin(wit) (8)

where {;} is the eigenvector representing the mode shape of the
it natural circular frequency w;, and t is the time.
Then, the Eq. (7) becomes:

(K]-?M)){@} = {0} 9)
Next, the natural frequencies f; can be obtained by solving Eq.
(9):

_ Wi
fi - 21

The three surfaces of the PA cutting system were fixed as the
boundary conditions of the finite element model, as shown in
Fig. 3(c). The contact type of the different components is the
“bonded” type. And the material in the finite element model is
304 stainless steel. After these settings, simulation results of the
finite element model can be obtained. Fig. 4 shows the simulation
results of the first six-order resonant frequencies and mode shapes
of the PA cutting system. The first-order resonant frequency of the
PA cutting system is 1583.6 Hz, indicating that it has a wider work-
ing frequency area. The first-order mode shape is along the cutting
direction. The second-order resonant frequency is 1630.7 Hz, and
second-order mode shape is perpendicular to the rake face of the
cutting tool. Similarly, other resonant frequencies and mode

(10)

Table 1

Main geometric sizes of the mechanical structure (sketched in Fig. 3(a), unit: mm).
w h r t I; I, I3 Iy b; b,
50 14 2.75 0.5 52 40 12.05 6 35 14
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(a)  First-order resonant frequency: 1583.6 Hz
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(c)  Third-order resonant frequency: 3248.8 Hz
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(e) Fifth-order resonant frequency: 6018.7 Hz
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(b) Second-order resonant frequency: 1630.7 Hz
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(d) Fourth-order resonant frequency: 5914.9 Hz
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(f) Sixth-order resonant frequency: 6093.1 Hz
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Fig. 4. The first six-order resonant frequencies and mode shapes of the PA cutting system. (a) First-order resonant frequency, (b) second-order resonant frequency, (c) third-
order resonant frequency, (d) fourth-order resonant frequency, (e) fifth-order resonant frequency, and (f) sixth-order resonant frequency.

shapes can be observed. It can be found the different resonant fre-
quencies of the PA cutting system have different mode shapes,
which agrees with the vibration theory.

4. Experimental setup
4.1. Performance test experiments

During fabricating micro/nanostructure arrays, the maximum
working frequency and maximum working stroke are significant
performance specifications because the working frequency directly
determines the fabrication efficiency, and the working stroke influ-
ences the height of the micro/nanostructure arrays. In general, the
larger the working frequency, the higher the fabrication efficiency;
the larger the working stroke, the larger the height of micro/nanos-
tructure arrays. To determine these two specifications of the PA
cutting system, a performance test platform was established, as
shown in Fig. 5.

This performance test platform contained a personal computer,
a high-sampling-rate multifunction I/O device, a high-performance
piezo amplifier, and a capacitive displacement sensor. The com-
puter offered the user interfaces and generated the digital signals
by the software “LabVIEW”. These command signals were digital
signals. But the piezoelectric actuator (Physik Instrumente P-
880.51, Germany) in the PA cutting system needed analogue sig-
nals (voltage signals). Therefore, a high- sampling-rate multifunc-

tion I/O device (National Instruments USB-6341, USA) was used
to achieve the digital-to-analogue conversion. This device offered
sixteen analogue input channels with a sampling rate of
500 kHz/s and two analogue output channels with a sample rate
of 840 kHz/s, which met the requirement of performance tests of
the PA cutting system. Besides, to meet the driving requirement
of the piezoelectric actuator, a piezo amplifier by a factor of 10
(Physik Instrumente E-617, Germany) was used to magnify the
analogue signals (voltage signals) in this platform. When the piezo-
electric actuator received the voltage signals, the PA cutting system
output the corresponding vibration motions. A capacitive displace-
ment sensor with the root mean square (RMS) resolution of
5.99 nm and the measurement range of 500 um (Elite, Lion Preci-
sion, USA) was used to ultra-precisely capture the output vibration
motions at a sampling rate of 200 kHz. A swept frequency method
was utilized to determine the maximum working frequency of the
PA cutting system. The maximum working voltage (the peak-to-
valley value is 100 V) was inputted to determine the maximum
working stroke of the PA cutting system.

4.2. Fabrication experiments

An ultraprecision lathe (Moore Nanotech 350FG, Moore Tool
Co., USA) was employed in fabricating high-aspect-ratio and hier-
archical micro/nanostructure arrays, which offers the three linear
motions in the X-, Y-, and Z-axis directions. The PA cutting system
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Fig. 5. Performance test platform of working performances of the PA cutting system.

was mounted on a micro height adjust tool holder. This micro
height adjust tool holder was installed on the Z-axis of the Moore
Nanotech 350FG, as presented in Fig. 6. The pure copper with
99.9 % purity was chosen as the workpiece material due to its bet-
ter machinability. The material composition is listed in Table 2. The
cuboid workpiece was installed on the spindle of the Moore Nan-
otech 350FG via a fixture. Before the fabrication of micro/nanos-
tructure arrays, an arc-shaped SCD cutting tool was first used to
flatten the original surface of the workpiece.

After flatting the workpiece surface, the trapezoid-shaped SCD
cutting tool with a tip width of 7.3 pm (V70723, Contour Fine Tool-
ing Inc., UK) was selected for generating high-aspect-ratio and
hierarchical micro/nanostructures. The nominal cutting velocity,
working frequency, and working voltage were set as 77.1 mm/
min, 500 Hz, and 13 V, respectively.

5. Results and discussions
5.1. Working performances

The amplitude of the measured displacement was extracted and
then the amplitude versus frequency was plotted, as shown in
Fig. 7(a). It can be found that the amplitude shows a peak when
the test frequency is 1510 Hz. This frequency is called the first-
order resonant frequency. The error between the simulation result
and the test result is 4.87 %, which demonstrates the effectiveness
of the finite element model. It also shows the finite element anal-
ysis has a high simulation accuracy. Before the first-order reso-
nance occurs, the amplitudes along the depth-of-cutting
direction are very stable and the corresponding frequency range
is 0 Hz ~ 1200 Hz, which is called the working frequency area of
the PA cutting system. The amplitude slowly increases from
1200 Hz to 1510 Hz, which cannot be used during fabricating
micro/nanostructure arrays because of its instability. Therefore,

e

Ultraprecision
lathe

PA i oss
cutting system |

Micro height adjust
tool holder

Fig. 6. The experimental setup of the micro/nanostructure array fabrication. The computer, multifunction 1/O device, and piezo amplifier are located outside of the

ultraprecision lathe, not observable in this figure.
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Table 2
Material composition of the pure copper.
Cu 99.9 %
Impurity elements (ppm) Element Zn Se Te
Content 0.3 0.4 0.4
Element P Pb S
Content 0.3 0.7 4.1

Bi Cr Mn Sb Ccd As Co
0.5 0.6 0.3 1.0 0.1 0.3 1.5
Sn Ni Fe Si Ag Others

1.0 0.2 0.3 0.3 103 Bal.

N~
o L

N
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Fig. 7. Measurement results of working performances of the PA cutting system. (a) Maximum working frequency and (b) maximum displacement.

the maximum working frequency, as an important specification of
the working performance, can be identified to be 1200 Hz.

Fig. 7(b) shows the maximum displacement when a sinusoidal
voltage with a maximum amplitude of 50 V and a frequency of
20 Hz was inputted into the PA cutting system. The average peak
and average valley of the maximum displacement are 6.34 pm
and —6.72 pm. Therefore, the maximum working stroke is deter-
mined as 13.06 pm, which meets the normal requirements of fab-
ricating micro/nanostructure arrays.

5.2. Characterization of micro/nanostructure arrays

After the diamond turning (flatting) of the original surface, a
mirror surface can be obtained, as shown in Fig. 8(a). A clear pic-
ture (a cartoon sticker) on the sample surface can be viewed clearly
because of the low surface roughness. For quantitatively acquiring
the values of the surface roughness, a white light interferometer
(Nexview™, Zygo Corp., USA) was used, which has a sub-
nanometre precision and the capability of realizing faster measure-
ments. Fig. 8(b)-(d) show measured results of the surface rough-
ness (R,) at the three different regions of this mirror surface. The
average value is 2.33 nm, which achieves ultraprecision fabrication
and provides an ultra-good surface before fabricating high-aspect-
ratio and hierarchical micro/nanostructure arrays.

Fig. 9 presents the morphologies of the micro/nanostructure
array that was fabricated by the PA cutting system. It can be found
that the micro/nanostructures array has the high-aspect-ratio and
the multilayer. The number (n) can be used to define the number of
layers of micro/nanostructure arrays [31]. For n = 0, there is not any
micro/nanostructure array. n = 1 presents that there is a one-layer
micro/nanostructure array on the workpiece surface, and so forth.
In this preliminary fabrication experiment (named “Case 1”), n =2
because the two-layer micro/nanostructure array is fabricated on
the workpiece surface, as demonstrated in Fig. 9(a) and (b). The
first layer is the micro-groove array. The direction of the micro-
groove array is parallel with the cutting direction (Y-axis direction,
as described in Fig. 6). The second layer is the nano-groove array,
and its direction is perpendicular to the cutting direction (X-axis
direction). The cross-sectional profile of the micro-groove array is
plotted in Fig. 9(c). It can be observed that the micro-groove array
has a right-angle cross-sectional profile. According to the average

values of the height h of the micro-groove array and the width
w, the aspect ratio (r = h/w) is calculated as 0.28. If using an act-
shaped SCD cutting tool with a 0.5 mm radius to machine the same
height (9.27 pum), the aspect ratio is 0.097. Therefore, in compar-
ison to the conventional mechanical cutting system [32], the PA
cutting system increases the aspect ratio by 188.7 %.

Fig. 9(d) plots the cross-sectional profile of the nano-groove
array. It has a steep triangle profile with a height of 265 nm and
a spacing of 2.71 um. The design value of the spacing is 2.57 pm,
which is calculated by fabrication parameters (the spacing is the
ratio of the nominal cutting velocity over the working frequency
of the PA cutting system). Therefore, the fabrication error about
the spacing of the nano-groove array is 5.06 %. For the micro/-
nanoscale fabrication, it is a very low fabrication error because
when the size decreases to the microscale or nanoscale, many fac-
tors influence the fabrication error, such as the material elastic
recovery, inhomogeneous grain size, assembly error, cutting tool
wear, and external disturbance of the fabrication environment,
and so on.

To further demonstrate the effectiveness and flexibility of the
PA cutting system, another two kinds of micro/nanostructure
arrays were fabricated, named “Case 2” and “Case 3”. Fig. 10 pre-
sents the three-dimensional morphologies and cross-sectional pro-
file of Case 2. Different from Case 1, the second layer is the sine-
shaped microstructure array. For Case 3, both the first layer and
the second layer have sine-shaped cross-sectional profiles, as pre-
sented in Fig. 11, which further shows the flexibility of the PA cut-
ting system.

5.3. Corrosion property of fabricated micro/nanostructure arrays

To explore the function of the fabricated micro/nanostructure
arrays, the corrosion property was studied by using the electro-
chemical workstation (Interface 1000™, Gamry Instruments, USA)
at the room temperature. Fig. 12 presents the potentiodynamic
polarization curves of the mirror surface and fabricated micro/-
nanostructure array surface (Case 1) in the 3.5 wt% NaCl solution.
It can be found that potentiodynamic polarization curves of the
mirror surface and micro/nanostructure array surface are very
close. In order to quantitatively analyze their differences, the cor-
rosion potential (Ec,;) and corrosion current density (I.) are
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Sz 0.022 ym

-0.011 pm
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(b)

:

0.011 ym
Sa 0.002 um [
Sq 0.003 pm
Sz 0.043

2000im

-0.033 um
Zygo 0.012 ym
Sa 0.002 um [
Sq 0.003 pm
Sz 0.027 um

-0.016 pm

Fig. 8. (a) Photograph of the mirror surface and (b)-(d) surface roughness at different measurement regions of the mirror surface.

extracted from potentiodynamic polarization curves by using the
Tafel extrapolation method, and they are listed in Table 3. In gen-
eral, the higher -E., and lower I.,, mean the better corrosion
resistance [33,34]. It is observed that the micro/nanostructure
array surface causes the improvement in -E, and the reduction
in Ico, Which confirms that the micro/nanostructure array surface
has better corrosion resistance. The corrosion inhibition efficiency
can be calculated by the following equation [35,36]:

1’] _ Icorr(O) - Icarr(i) % 100% (11)
Icorr(O)

where I is the corrosion current of the mirror surface and Icor;
is the corrosion current of the micro/nanostructure array surface.

The corrosion inhibition efficiency # of the micro/nanostructure
array surface is 18.5 %, which shows the micro/nanostructure array
on the pure copper surface acts as a protective film to improve the
corrosion resistance of the raw materials [37-39].

6. Conclusions

In this study, a novel piezoelectrically actuated (PA) cutting sys-
tem is designed for fabricating high-aspect-ratio and hierarchical
micro/nanostructure arrays on metal surfaces. The mechanical
design, finite element analysis, performance test, and micro/nanos-
tructure array fabrication were systematically performed. The
main conclusions of this study are as follows:

1) The mechanical structure of the PA cutting system was
designed based on the circular flexure hinge, and the sym-
metrical arrangement helped to reduce external distur-
bances. In the PA cutting system, a trapezoid-shaped
signal-crystal-diamond cutting tool was used for increasing
the aspect ratio of micro/nanostructure arrays. And a piezo-
electric actuator was used for increasing the layers of
micro/nanostructure arrays by adding the high-order vibra-
tion motion to the cutting tool.

2) A performance test platform was established to accurately
determine the performance specifications of the PA cutting
system. The maximum working frequency and maximum
working stroke were 1200 Hz and 13.06 pm, respectively,
demonstrating superior performances of the PA cutting
system.

3) Various two-layer micro/nanostructure arrays with low fab-
rication error were successfully fabricated on pure copper
surfaces. These micro/nanostructure arrays had two charac-
teristics: high aspect ratio and multilayer. Compared with
conventional mechanical cutting systems, the PA cutting
system increased the aspect ratio of micro/nanostructure
arrays by 188.7 %, demonstrating the effectiveness of the
PA cutting system.

Besides, the fabricated micro/nanostructure arrays improved
the corrosion resistance of the raw material by 18.5 %. This finding
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Fig. 9. (a and b) Morphologies and (c and d) cross-sectional profiles of the high-aspect-ratio and hierarchical micro/nanostructure array in Case 1.
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Fig. 10. (a and b) Morphologies and (c) cross-sectional profile of the high-aspect-ratio and hierarchical micro/nanostructure array in Case 2.

could be applied in pipeline and ship industries for reducing corro-
sion in the future.
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Fig. 12. Potentiodynamic polarization curves of the mirror surface and
micro/nanostructure array surface. The corrosion inhibition efficiency of machined
micro/nanostructure array can be obtained using the potentiodynamic polarization
curve.

Table 3
Polarization curve parameters of the mirror surface and micro/nanostructure array
surface.

Samples Ecorr (V Vs SCE) Ieorr (A/cm?)
Mirror surface —-0.332 3.25 x 10
Micro/nanostructure array surface -0.339 2.65 x 10
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