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Abstract This paper studies the fast generation of micro
structured surface by means of micro polycrystalline diamond
(PCD) tools, which are manufactured by applying the wire cut
electrical discharge machining (WEDM). Firstly, the fabrica-
tion of micro PCD tools is introduced in the WEDM process.
Furthermore, by applying the micro cutting tools, the micro
structures are directly fabricated on the alumina workpiece
with just a simple micro turning process, which verifies the
feasibility of the proposed microfabrication method.
Following that, the tool wear in the micro turning process is
also investigated. Although there is no considerable tool shape
deterioration and tool edge damage, the adhesion of the work-
piece material to the cutting edge is observed, which may
cause the increase of cutting forces and the decrease of the
machining accuracy. As following, a series of fundamental
micro turning tests are conducted, and the influence of cutting
conditions on the machined structure quality is investigated in
detail. Finally, it is proposed that the micro/nano structures can
also provide the self-cleaning properties due to the low surface
energy. The proposed microfabrication process is expected to
become a potential method for the fast generation of micro
structured surface in the future.
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1 Introduction

Structured surfaces with sophisticated micro/nano structures
can provide advanced and useful functions. Structured sur-
faces have been increasingly demanded in various applica-
tions, such as optics [1-3], solar energy technology [4, 5],
bioengineering [6-8], self-cleaning [9, 10], advanced
manufacturing [11-13], and so on [14, 15]. To promote wide-
spread use of the functional structured surfaces in the practical
industries, the manufacturing technology of miro/nano struc-
tures is absolutely essential. When the feature size is down-
scaled into micrometer or nanometer level, those fabrications
may become extremely challenging. To overcome this prob-
lem, numerous methods for the micro/nano structure fabrica-
tion have been proposed so far. As the diamond machining has
a large dimension span in the micro/nano structure fabrication,
which is flexible and capable for many different designs.
Ultra-precision diamond cutting is superior to produce ultra-
precision and sophisticated structures in the feature size of
several to hundreds micrometers practically. It also has many
advantages of high geometrical accuracy, good surface quali-
ty, and high machining efficiency. Commercial diamond cut-
ting machines are generally available for machining axisym-
metric or free-form optical surfaces [16—18], and hence,
quickly popularizes among the related industries. Recently,
the micro diamond cutting is one of the most important ma-
chining technologies for fabricating the complex micro struc-
tures. For example, the micro diamond milling is frequently
utilized for fabrication of the simple micro grooves and micro
dimples [19]. A high-speed spindle with a hydrostatic bearing
is generally utilized, and specially designed micro milling tool
made of diamond is mounted. Although a series of micro V-
shaped, trapezoid-shaped, R-shaped, and square grooves are
successfully fabricated with high machining accuracy, the mi-
cro milling process expresses the shortages of low machining
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efficiency and difficult tool setting. Among a series of dia-
mond cutting techniques, the micro diamond turning process
is hoped as one of the simple and efficient methods for the fast
generation of micro/nano structures. The tool setting is simple,
and the arbitrary designed geometries of micro tools can be
directlly transferred to the workpiece material with high ma-
chining accuracy. Moreover, combination of the micro dia-
mond turning and the fast tool servo (FTS) technology possi-
bly enables the highly efficient fabrication of complex micro/
nano structures in a variety of applications [16, 20, 21].

It is well known that the single crystal diamond (SCD) tool
is usually applied to the ultra-precision diamond machining
process, which can be obtain both the sharp cutting edges and
the high hardness. However, its cleavage feature and anisot-
ropy of mechanical properties to SCD tool often cause practi-
cal problems in particular applications [22]. For example,
Chen et al. [23] reported that the chipping of SCD tool usually
occurs when fabricating the diffraction optics. Zhang et al.
[24] considered that the SCD tool damage is due to the accu-
mulation of small-scale chippings of the tool cutting edge.
Although the fine tool sharpness can be obtained in SCD tool,
the tool damage or breakage occurs easily. On the other hand,
the hardness of PCD material is nearly close to that of SCD.
Although the cutting edge is not sharp in the commercial PCD
tool due to the relatively large size of the diamond grain, the
PCD tool can also be successfully applied to the untra-
precision machining process. With the development of the
micro PCD milling tool, micro Fresnel molds and micro dim-
ple lens are successfully fabricated on the tungsten carbide
[25, 26]. With the assistant of ultrasonic vibration turning,
the precision machinability of tungsten carbide and hardened
steel is confirmed by using PCD tools [27, 28]. Moreover, the
feasibility of precision machining of glass and ZrO, is also
verified by applying the micro PCD grinding tools [29, 30].
Recently, a novel nano-polycrystalline diamond, which has
the nano size diamond grains (10-50 nm) bonded directly to
form a dense structure without any binder materials, was de-
veloped by Sumitomo Electric Industries, Ltd. [22, 31]. Due
to the extremely high hardness, high wear resistance, no an-
isotropic mechanical properties, no cleavage feature, and high
thermal stability, the nano-polycrystalline diamond is one of
the excellent potential materials for precise cutting tool man-
ufacture in the future. Moreover, the cost of PCD is much
lower as compared with the SCD, which makes the PCD tool
more suitable in the precision industrial applications. In order
to obtain the fast generation of micro structures, the micro
turning process equipped with the micro PCD tool was inves-
tigated in this paper.

In order to perform the micro turning process, the fabrica-
tion of micro cutting tool is an important issue. In recent years,
the micro grinding, focused ion beam (FIB) milling, and micro
electrical discharge machining (EDM) are applied to the fab-
rication of micro cutting tools [26, 29, 32, 33]. Compared with
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the micro grinding process, the macroscopic mechanical force
is very small in the FIB and EDM process, which does not
cause the workpiece deformation. As compared with the EDM
process, FIB milling has the disadvantages of low removal
rate, time-consuming nature, and high cost. Recently, the wire
electrical discharge machining (WEDM) is considered as one
of the effective methods for the micro tool processing. By
precisely controlling the relative movement between the wire
guider and the tool, various complex micro structures can be
fabricated as the micro tool cutting edges. Fleischer et al. [34]
manufactured a micro end milling tool with 100 pm diameter
using the WEDM process, confirming that the WEDM has an
advantage of acceptable machining time and tolerable costs.
Yan et al. [35] fabricated a micro end milling tool on tungsten
carbide by WEDM process, and a series of micro rectangular
grooves were fabricated on nickel-plated steel. Zhang et al.
[36] also fabricated a series of micro square grooves on the
cemented carbide cutting tool edge by applying WEDM pro-
cess and successfully applied it to the fast generation of micro
square structures in turning process. Zhang et al. [26] fabricat-
ed a micro hemispherical PCD end milling tool by applying
WEDM, and the micro dimples on tungsten carbide were suc-
cessfully fabricated. Gao et al. [37] fabricated the PCD micro
milling tool by WEDM process, and the roughing and
finishing optimal parameter values were investigated. The ex-
cellent feasibility of micro PCD tool processing was experi-
mentally confirmed by applying the WEDM process.
Nowadays, a series of novel methods are also proposed to
improve the machined profile accuracy in WEDM process.
For example, in order to enhance the profile machining accu-
racy, Werner [38] proposed an online feedback measurement
method, Wang et al. [39] proposed a axial electrolyte flow
method, and Sarkara et al. [40] proposed a wire lag model in
WEDM process. With the increase of machining accuracy,
WEDM becomes more and more suitable for the fabrication
of micro PCD tools.

In this paper, a method for the fast generation of micro
structures is introduced in turning process by applying the
micro PCD tools, which are fabricated in WEDM process.
Firstly, the micro machining process is introduced. The target
micro structures are fabricated on the PCD as the tool cutting
edge, and then the envelop of the cutting edge is directly
transferred into the workpiece in the turning process. The
efficiency of the micro structure fabrication can be increased
efficiently by applying the proposed method. Following that,
the fabrications of micro PCD tools are introduced in detail by
applying the WEDM process. In order to improve the accura-
cy of the fabricated tool shape, the motion path of the cutting
wire, the sparking gap, and the discharging energy are consid-
ered. Then, the edge radius of the fabricated micro tools is
measured by applying a surface profiler, which is helpful to
determine the minimum depth of cut in the micro turning
process. After that, the micro PCD tools are equipped to an
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ultra-precision turning machine tool, and the feasibility of fast
generation of micro structures is experimentally verified.
Following that, a series of fundamental micro turning tests
are conducted in order to investigate the influence of cutting
conditions on the machined structure quality. Finally, it is
proposed that the optical elements with the micro/nano struc-
tures may provide both the advanced optical and the self-
cleaning properties.

2 Target structure fabrication on PCD material
in WEDM process

Commercial PCD tool inserts (Grade D10, SANDVIK Co.,
Ltd) were used as the workpiece material for the micro tool
fabrication in the WEDM process. The micro cutting tools
were designed with a clearance angle of 5° and a rake angle
of 0°. In the WEDM process, the cutting wire is made of
CuZn37 coated with special layer, which is fabricated by
Agie Charmilles Co., Ltd. The radius of the cutting wire is
50 um. Figure 1 shows the experimental setup for fabricating
the micro PCD turning tools. A precision WEDM machine
named Agie Charmilles CUT3000 is used, which has a posi-
tioning resolution of 0.1 wm in each axes. The lower guide
head is fixed in the present WEDM machine system. With
adjusting the position of upper guide head under x-axis and
y-axis controlling, the designed clearance angle can be obtain-
ed when fabricating the micro cutting tool. In order to obtain
the designed rake angle, the tool position can be modulated in
the x-z plane by positioning the tool jig, as shown in Fig. 1.
The tool jig is mounted on a movable table which can move in
the horizontal plane under u-axis and v-axis controlling. The
designed geometric profiles of the micro cutting tool can be
successfully fabricated by positioning the u-axis and v-axis.
The micro PCD tools with the simple profiles, i.e., the
triangular shape and the square shape, are fabricated by ap-
plying the WEDM process. In order to improve the accuracy
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PCD tool
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Fig. 1 Experimental setup for the fabrication of micro cutting tool

of the fabricated tool shape, the motion path of the cutting
wire, the sparking gap, and the discharging energy are consid-
ered in the WEDM process. Figure 2 shows the micro tools
fabricated by applying the WEDM process. The tool geome-
tries were examined by using an optical microscope. A de-
signed intersection angle of 105° is fabricated on the micro
triangular tool.

Following that, the edge radius of the micro cutting tools is
measured by applying a surface profiler (Taylor Hobson PGI
12508). In advance of the measurement, the tool is cleaned with
acetone carefully. Subsequently, the tool edge is vertically
placed beneath the probe, as shown in Fig.3a. Figure 3b shows
a measurement result of the tool cutting edge. A stylus with a
radius of 2 wm is used in the measurement. Based on the mea-
sured profile which is the motion path of the stylus center posi-
tion, the actual measured profile can be obtained in Fig.3b.
Hence, the edge radius 7, of the fabricated micro tools can be
calculated as about 4.5 um, which is between the 1.8 pum re-
ported by Zhang et al. [26] and 6.7 pm reported by Gao et al.
[37] when fabricating the micro PCD tools in WEDM process.

3 Fast generation of micro structures by applying
the micro PCD tools

3.1 Experimental setup

In order to verify the feasibility of micro structure fabrication, a
series of turning process are carried out by applying the fabricat-
ed micro PCD tools. The designed micro structures are fabricated
on the aluminum alloy (A16061), which is adopted as the work-
piece material in the present research. The experimental setup is
shown in Fig. 4. A precision machine tool Microturn 1000 V
made by Hembrug Machine Tool Corp. is used for the target
structure fabrication. A positioning resolution of linear axes is
10 nm. The workpiece with a diameter of 100 mm is fixed to the
top surface of B-axis, and the rotation velocity is set to be 5 rpm.
The maximum nominal cutting speed is calculated as about
1.5 m/min. The tool is set to be along the Z-axis direction, and
the rake face of the cutting tool is vertical to the cutting direction.
With the designed depth of cut, a simple face turning process is
carried out by just controlling the motion of X-axis.

3

92 um

(a) Micro triangular tool

(b) Micro square tool
Fig. 2 a, b Micro tools fabricated by applying WEDM process
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Fig. 3 a Measurement setup and
b results in obtaining the tool
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3.2 Feasibility of micro structure fabrications

In advance of the micro fabrication process, a flat surface with
a surface roughness of Rz 25 nm is prepared on the workpiece
material by applying a SCD tool. As following, the fabricated
micro triangular tool in Fig. 2a is applied to the fabrication of
micro triangular structures in turning process. In the micro
turning process, the minimum uncut chip thickness (MUCT)
should be considered in order to improve the machining ac-
curacy. Malekian et al. [41] clarified that the MUCT in micro
machining of aluminum Al6061 is about 0.23r,, where 7, is
the edge radius of cutting tool. Below the MUCT, the cutting
process is dominated by a plowing process, which is a type of
plastic deformation of the workpiece material without chip
formation. The plowing process causes the increase of edge
force and the deterioration of finished surface quality, i.e., burr
generation and plastic recovery of workpiece material. It
should be noted that the uncut chip thickness is the same as
the depth of cut in this present research. Moreover, the edge
radius 7, of the fabricated micro tools was measured as about
4.5 um as shown in Fig. 3b. Hence, the MUCT should be
adopted as larger than 0.9 um based on the Malekian’s re-
search results. In the present research, a much larger depth
of cut is applied to the micro turning process in order to de-
crease the plowing process. Table 1 shows the experimental

Fig.4 alllustration and b picture
of experimental setup for micro
structure fabrication in turning
process

-axis rotary index

Machine base
(a) lllustration of experimental setup
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(b) Measurement results

conditions, including details for subset conditions A and B in
which cutting speed, feed, and depth of cut were varied.
Figure 5 shows an optical photograph and a measured profile
of the fabricated triangular structures under conditions subset
A. The sharp edges on the top surface can be successfully
obtained. The average pitch value is measured as 40.2 pum,
and the measured structure height is about 16.5 um.

It should be noted that the profile along the feed direc-
tion in Fig. 5b is measured by applying the aforemen-
tioned surface profiler (Taylor Hobson PGI 1250S). The
stylus radius of 2 um should be considered in analyzing
the measurement results. Because of this nature, in terms
of the curvature, there is no restriction in measuring the
convex structures. On the other hand, for concave struc-
tures measurement in the present research, the curvature
restriction needs to be taken into account. If the machined
corner radius r, is larger than the stylus radius 7, as shown
in Fig. 6, the measured corner radius 7| is calculated as
r1 = r, — r. As the measured corner radius r; is 2.9 um as
shown in Fig. 5b, the actual machined corner radius 7, is
about 4.9 um in considering the stylus radius » of 2 um.
The value of the machined corner radius is similar as the
measured edge radius of the micro cutting tool in Fig. 3b.

Figure 7 shows an optical photograph and a measured pro-
file of the fabricated triangular structures under conditions

Toowolde_

Micro cutting tool

i\,:/ S NN
| B-axis rotary index table

(b) Picture of experimental setup
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Table 1 Experimental conditions for micro triangular structures ===+ Measured prOﬁle ——Machined pf0ﬂ|e
fabrication
Conditions A B
Cutting Cutting speed [mm/min] 265415 640-825
conditions Depth of cut [pm] 20 125
Feed [pum/r] 40 400
Tool Rake angle [degree] 0
Clearance angle [degree] 5
Workpiece Aluminum alloy Al6061

subset B. With a large depth of cut of 125 pum and a large feed
value of 400 pm, the triangular grooves can also be success-
fully fabricated by applying the micro triangular tool. It is
experimentally verified that the strength of micro tool is
enough with a large material removal ratio. It is advantageous
to improve the micro machining efficiency.

As following, the tool wear was also investigated. Figure 8
shows the tool cutting edges after the micro turning process in
the fabrication of triangular structures and grooves. Although
the adhesion of the workpiece material can be observed on the

_.-T_'_':_".';—‘T'Z

utting_direction - . E
(a) Optical photograph

Enlarge view of part A
L 20 pum |
E 30
=
520
Qo
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Length in feed direction [um]

(b) Profile of micro triangular structures

Fig. 5 a Optical photograph and b a feed direction profile of the
fabricated micro triangular structures

ri - Measured corner radius
r. - Machined corner radius
r : Stylus radius

Fig. 6 Relationship between the measured profile and the actual
machined profile

rake face of the tool, the tool geometries in the cutting regime
keep stable. It shows that the clear tool cutting edges and the
sharp corner of the cutting tool can be obtained in Fig. 8b with
no considerable tool wear.

As following, the feasibility of micro square structures fab-
rication is also investigated by applying the micro square tool
as shown in Fig. 2b. The experimental conditions are summa-
rized in Table 2.

Figure 9 shows an optical photograph and a part of mea-
sured profile of the fabricated square structures. The average
pitch value is almost equal to the designed value of 120 um
because of the stable feed value of the precision turning

‘\

Utting dire O —. | 1™
(a) Optical photograph

- N
=)
o o

1OOWVWVWV

0

n
o

Structure height [um]

0 05 10 15 20 25 3.0 35 4.0
Length in feed direction [mm)]

(b) Profile of micro triangular grooves

Fig. 7 a Optical photograph and b a feed direction profile of the
fabricated micro triangular grooves
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Fig. 8 a, b Optical images of the
micro triangular tool after turning
process

(a)Top view of used cutting tool

machine tool. The measured structure height is about
56.2 pm, which is a little smaller than the designed value of
60 pum.

As following, the tool wear was also investigated.
Figure 10 shows the tool cutting edges after the micro turning
process in the fabrication of square structures. Although the
sharp corner of the tool cutting edges can keep stable, the
adhesion of the workpiece material to the cutting edges be-
comes serious. This phenomenon increases the edge radius of
the cutting tool, which causes the increase of edge force and
cutting forces. The motion of workpiece material being
pushed may be huge at the bottom of the cutting edge. This
pushing process may also cause the burr generation in micro
machining of the square groove. Moreover, it was observed
that the designed square structures are changed into the trap-
ezoidal structures because of the elastic/plastic deformation of
the workpiece material under the large cutting forces, as
shown in Fig. 9. In the future, the micro tools equipped with
the elliptical vibration cutting process [42—44] may be a po-
tential method to reduce the cutting forces and the adhesion in
the micro turning process, which is advantageous to improve
the machining accuracy in the micro/nano structure
fabrications.

3.3 Influence of cutting parameters on the machined micro
structure quality

As known, the cutting parameters have a significant influence
on the machined structure quality in the micro machining
process. As introduced in Fig. 9, the burrs are generated on

Table 2 Experimental conditions for micro square structures
fabrication
Cutting conditions Cutting speed [mm/min] 1570-825
Depth of cut [pum] 60
Feed [um/r] 120
Tool Rake angle [degree] 0
Clearance angle [degree] 5
Workpiece Aluminum alloy Al6061

@ Springer

Flank face

(b)Enlarge view of tool edge corner

the edge of the micro square structures, which causes the
decreasing of the machining accuracy in the micro structure
fabrication process. Hence, it is necessary to indicate the ap-
propriate cutting conditions to accurately and efficiently fab-
ricate the micro structures in this research. As following, a
series of micro square grooves are fabricated by applying the
micro square tools in the turning process. In order to indicate
the variation of the cutting forces, a dynamometer is adopted
in the micro turning. The experimental setup is shown in
Fig. 11. A groove with the width of 10 mm and the depth of
1 mm was fabricated on the top surface of the workpiece,
which is advantageous to monitoring the cutting forces in each
turning cycle.

At first, the influence of depth of cut on the machined
structure quality is investigated in an empirical manner.

Feed direction

'Cutting direction m—— (0 | m |
—J

]

|

—8‘ Profile from point Ato B
'.E‘ A’ “\ ‘1\./‘.‘ Bur'\‘\d ’\
; - |- l“\__/“ \\__/' \
0 [pm] 540

Fig. 9 Optical photograph and a feed direction profile of the fabricated
micro square grooves
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Fig. 10 a, b Optical images of
the micro square tool after turning
process

(a)Top view of used cutting tool

Asakura and Yan [45] clarified that the size of the burr de-
pends strongly on the depth of cut, and the burr formation can
be suppressed with a smaller depth of cut. Figure 12 demon-
strates the micro square structures fabricated with the different
depth of cut in the present experiments. The pitch value of the
neighboring square grooves is 300 um. The cutting speed is
adopted as an almost stable value of 1.57 m/min, and a similar
micro square tool as shown in Fig. 2b is utilized.

Surface quality of the fabricated micro structures changes
depending on the depth of cut in the proposed micro turning
process. As shown in Fig. 12, inconspicuous burrs are gener-
ated with the depth of cut not larger than 10 pm. In contrast,
the burrs are obviously generated on the edge of the micro
grooves with the depth of cut larger than 15 um. With the
increase of the depth of cut, the plastic deformation ability
of the workpiece material becomes larger, which results in
the serious burr generation in the present investigations.
Based on the abovementioned experiments, a depth of cut less
than or equal to 10 wm should be adopted in order to accu-
rately fabricate the micro structures. Moreover, the variation

Dynamometer

B-axis rotary index table

Fig. 11 Micro turning process with the cutting forces detecting

Flank fa;!

(b) Tool cutting edge

of cutting forces, i.e., principal forces and thrust forces, is also
investigated with the increase of the depth of cut. As shown in
Fig. 13, both the principal forces and the thrust forces become
larger as increasing the depth of cut from 0 to 20 um. At the
small depth of cut, the thrust force in the micro turning is
dominant due to the existence of the cutting edge radius as
introduced in Fig. 3. The radius of cutting edge is about
4.5 pum, which cannot be ignored as comparing with the
adopted depth of cut. In case of a small depth of cut compared
to the tool edge radius, some workpiece material is deformed,
uncut, underneath the tool in the micro turning process. The
force associated with this phenomenon is defined as the
plowing force. The arc cutting edge generally initiates the
plowing process, where the large thrust force generates due
to the contact of flank face to workpiece. For example, the
principal force is smaller than the thrust force at the small
depth of cut of 5 and 10 um, as shown in Fig. 13d. On the
other hand, the chip formation process becomes dominant at a
large depth of cut in the micro turning process. The workpiece
material is mainly removed by the rake face of the cutting tool
with the shear deformation. As shown in Fig. 13d, the princi-
pal force becomes larger than the thrust force with increasing
the depth of cut to 20 um. At the depth of cut of 10 um, the
principal force is almost equal to the thrust force, and the chip
formation process plays an important role in the material re-
moval process.

Moreover, the influence of cutting speed on the machined
structure quality was also investigated. Based on the
abovementioned micro turning results, a depth of cut of
10 um was adopted in the following experiments. The pitch
value of the neighboring square grooves is 300 um, and a
micro square tool as shown in Fig. 2b is utilized. The cutting
speed v is changed from 1.57 m/min to the maximum value of
15.7 m/min. The top surfaces of the fabricated micro square
grooves are measured by applying an optical microscope, as
shown in Fig. 14.

All of the fabricated micro square grooves almost have the
same surface quality. Inconspicuous burrs are measured at the
side edge of the square grooves, and strong relationship be-
tween the cutting speed and the machined structure quality

@ Springer
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Cutting direction
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Feed direction 'Q0HT
(a) Depth of cut: 5 um

(d) Depth of cut: 20 um

Fabricated micro grooves

/

| S—
(b) Depth of cut: 10 pm

(e) Depth of cut: 30 um

—
(f) Depth of cut: 40 pm

Fig. 12 a—f Micro square grooves fabricated with the different depth of cut

cannot be found. Furthermore, the variation of cutting forces
with the different cutting speed is also investigated, as shown
in Fig. 15. Although the different cutting speed is adopted, the
cutting forces keep the stable average values, i.c., the thrust
force of 3.4 N and the principal force of 2.7 N. In the proposed
micro turning process, the edge force (for plowing) on the tool
flank face and the shear force (for chip formation) on the tool
rake face have little relationship with the cutting speed. In
order to improve the machining efficiency, a larger cutting
speed of 15.71 m/min can be adopted in the micro square
structure fabrication process. About 3 min was taken for the

micro square grooves fabrication on the workpiece with a
diameter of 100 mm. The pitch value of the square grooves
is 300 um, and with a depth of cut of 10 um.

Furthermore, as introduced in Fig. 10, the adhesion of the
workpiece material to the cutting edges becomes serious in
fabricating the micro square structures. Hence, the influence
of cutting distance on the cutting forces variation is also ex-
perimentally certified. A depth of cut of 10 um and a constant
cutting speed of 1.57 m/min were adopted in the following
experimental investigations. Figure 16 shows the variation of
measured cutting forces with the increase of the cutting

Fig. 13 a—c Cutting forces at 2 5
different depths of cut and d the — Thust forcs L oo oo
variation of cutting forces with < 4 [Vmeipyrtemnd z 3 f m (Moo @ radl
the increase of the depth of cut 8 ‘ 8 ‘ I
) U { v E 1 | i
Principal force || ||
1 1 Principal force
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Machining time [s] Machining time [s]
(a) Depth of cut: 5 pm (b) Depth of cut: 10 um
8 [Prnc 8 e principal force
= 6 z 6| ~@ Thrust force
g4 84
S 2 2,
0 Thrust force
10 15 20 25 30 35 00 5 10 15 20 25

Machining time [s)
(c) Depth of cut: 20 pm
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Fig. 14 a—d Effect of the cutting
speed on the machining quality of
micro structures

EEm—
|

g direction

Cutting direction

— | —Cuttin

a) v=1.57 m/min

distance. Although no obvious tool wear was measured after
the experiment, the adhesion of the workpiece material to the
cutting edges occurs. At the cutting distance of about 100 m,
both the principal force and the thrust force increase as com-
pared with those values at the beginning of cutting of 0.6 m.
However, the increase ratio of the thrust force is a little larger
than that of the principal force. It is assumed that the adhesion
of the workpiece material to the cutting edge becomes serious
with the increasing of the cutting distance. This phenomenon
may increase the edge radius of the cutting tool and cause the
increase of edge forces and cutting forces. Hence, a novel
micro turning method with the reduction of the cutting forces
and the adhesion should be applied to the proposed micro
structure fabrication process in the future.

3.4 Application of the textured surface

Furthermore, it is well known that the applications of micro
structured surfaces have been widespread in recent years. The
textured surface with micro/nano structures can also provide
hydrophobic function because of its low surface energy [46,
47]. Different types of micro structures, e.g., shallow cavities

(b) v=3.14 m/min

preen

Cutfing direction
—

(c)v=6.28 m/min  (d) v=15.7 m/min

and micro grooves, can be applied as hydrophobic surfaces as
reported by Bico et al. [9]. For example, Fig. 17 shows the
shapes of water drop (1 1L) on the flat surface and the textured
surface with the micro triangular structures in Fig. 5.

Surface hydrophobicity is often characterized by the water
contact angle. For the flat surface, the water droplet tends to be
a spherical shape due to its minimal energy state [48]. For the
textured surface with the micro triangular structures fabricated
in the present research, the water drop tends to be compressed
in the feed direction, which indicated that a larger contact
angle can be obtained. The image of the water droplet was
taken from the side direction with a digital camera, and the
contact angle of the water droplet can be measured. Figure 18a
shows a schematic of a water droplet on the flat surface. The
contact angle is almost isotropic, and with a value of 32°.
Figure 18b shows the water droplet observed along the paral-
lel direction (direction 1) and the perpendicular direction (di-
rection 2) as indicated in Fig. 12. The contact angle is mea-
sured as 105° and 73°, respectively, which are both larger than
the value of 32° obtained on the flat surface. Moreover, the
water droplet is ellipsoidal due to the different expansion be-
havior of the water droplet on the micro grooved surface [45].

Fig. 15 a-d Variation of cutting 5 5
forces with the increase of the — 4 MUt ¥ 41 4 mﬂ ' P om——
cutting speed Z 3 " N‘ y z 3 s | nae it
@ ""““1 el 4 | -~
S 2 ' 8 2f | ( yi
w1 21 -
- . .
0 Principal force of * FLnncupal force
10 5 10 15 20 2 0 2 4 6 8 10
Machining time [s] Machining time [s]
(a) Cutting speed: 1.57 m/min (b) Cutting speed: 3.14 m/min
5
4 Thrust fome S TthSt for
— zw — an \ww) '\‘ \, ~\ A
z 3 Z apy , ,\M,
o ’ o 2
i 1 | \ \ 2 1 “
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Fig. 16 a, b Variation of cutting
forces with the increase of the
cutting distance
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Fig. 17 Top view of water drops

on a flat and b textured surfaces (a) F lat Surface

1000 pm
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b) Textured surface
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Direction 1
/ f 1000 um
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This phenomenon is helpful to facilitate the water drop to roll
off the textured surface. For example, with the combination of
optical micro structure and the hydrophobic function, the fab-
ricated optical elements can be applied to some special envi-
ronments with both optical and self-cleaning properties. It
allows dirt and water to simply wash off and decreases the
cost by nonuse of cleaning chemicals.

4 Conclusion

Based on the experimental study, it is confirmed that practical
fast generation of micro structured surface is feasible by
means of the micro PCD tools fabricated in the WEDM pro-
cess. Firstly, the fabrications of micro PCD tools are intro-
duced in detail by applying the WEDM process. And then,
the edge radius of the fabricated micro tools is measured as
4.5 um. After that, the micro PCD tools are equipped to an

ultra-precision turning machine tool, and the feasibility of fast
generation of micro structures is experimentally verified. The
triangular structures with a pitch value of 40.2 um, and a
structure height of 16.5 um was successfully fabricated.
With the increase of material removal ratio, the triangular
grooves with a large depth of cut of 125 um can be success-
fully fabricated by applying the fabricated micro triangular
tool. It is experimentally verified that the strength of micro
tool is enough with a large material removal ratio. After the
experimental verifications, no considerable tool wear is ob-
served. Following that, the fabricated micro square tool is
applied to the fabrication of micro square structures. Due to
the adhesion of the workpiece material to the cutting edge, the
edge force is seriously increased which causes the machining
accuracy deterioration because of the elastic/plastic deforma-
tion of the workpiece material under the large cutting forces.
As following, the influence of cutting conditions on the ma-
chined micro structures quality is investigated. A depth of cut

(a) Flat surface

Direction 1

73°
=l

Direction 2

(b) Textured surface

Fig. 18 Contact angle measured on a the flat surface and b the textured surface
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of smaller than 10 um and a large cutting speed of about
15.71 m/min are advantageous to reduce the burr generation
and improve the machining efficiency. Finally, it is proposed
that the optical elements with the micro/nano structures maybe
can provide both advanced optical and self-cleaning proper-
ties, which is helpful to promote the applications of the optical
elements in some special environments.
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