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Fused silica is widely used as a material for optical lenses owing to its excellent
optical properties and low thermal expansion coefficient. However, as a hard and
brittle material, there is very limited option of processing technologies to
machining fused silica with surface structures. In this paper, a picosecond laser
based single crystal diamond tool fabrication technology is proposed to generate
micro milling tools with different geometrical designs, and the tool cutting
performance is experimentally tested through micro-milling of fused silica
under different cutting conditions. An optimal picosecond laser processing
path is proposed to inhibit the graphitization of diamond tool and improve the
concentricity of tool blades, and a multi-edge milling tool with a minimum rotary
diameter of 0.4 mm can be obtained. The effects of rake angle on cutting force
and the degree of brittle damage on the subsurface of fused silica are studied by
micro milling tests of fused silica using the laser-shaped tools. The results show
that the fused silicamachined by diamondmilling tool with a rake angle of −30° has
the best surface finish (Ra = 41.2 nm). Using this laser-machined milling tool, a
plurality of micro Fresnel lenses with aperture of 1.6 mm were successfully
machined on a fused silica sheet.
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1 Introduction

Micro-structured surfaces have received increasing interests in recent years due to their wide
applications in optics and electronics (Holmberg et al., 2014), bioengineering (Bartolo et al., 2012)
and tribology (Meng et al., 2010). For example, Fresnel lenses or lenses with diffraction structures
have irreplaceable functions of lenses with smooth surface. Micro and nanomanufacturing
technologies such as laser machining, electron beam lithography, ion beam etching,
nanoimprinting, etc. can fabricate those micro-lenses to some extent. Nano scratching test
(Chen et al., 2022) has been reported to understanding the material deformation behavior in
nanoscale. However, the large-scale production of functionalmicrostructure surfaces is very limited
due to their high production cost and low production efficiency. With the advance of tooling
technology, micromilling using special designed cutting tool is recognized as a potential method to
produce micro-structure with high material removal rate and good surface integrity (Chae et al.,
2006; Aurich et al., 2012). Diamond is an ideal material for micro-tools because of its outstanding
properties in terms of hardness, rigidity and thermal conductivity (Kumar et al., 2022).

The preparation of high-quality single crystal diamond (SCD) microscale milling tool is
the key of micro milling using micro-tool. As the hardest material, micro diamond tool is
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difficult to fabricate in conventional grinding process (Mouhamadali
et al., 2020). Several new processing methods have been applied to
produce microscale diamond tools, such as electric discharge
machining (EDM) (Wu et al., 2019; Malayath et al., 2020),
focused ion beam (FIB) (Xu et al., 2010; Tong et al., 2015) and
laser beam machining (LBM) (Kim et al., 2014; Eberle et al., 2015;
Zhou et al., 2021; Geng et al., 2022). Although EDM are suitable for
processing of ultrahard materials, both processes are limited by
conductivity of material to be processed rapid electrode tool wear
(Nan Lia et al., 2020). The process of removing diamond by FIB is
highly controllable but slow, and the tool with excellent edge quality
can be obtained when preparing nanoscale diamond tools. Due to
high efficiency and few laser-induced defects, ultrafast laser
machining has been considered as an attractive method for
machining of microscale diamond tool. In ultrafast laser
machining process, the laser beam with high intensity ablates
onto the workpiece surface after focused through optical lens to
removematerial by thermal effect caused by laser-induced electronic
excitation and relaxation (Mao et al., 2004). As a non-contact
machining process, the size of the processed feature is not
limited by necessary tools such as grinding wheel. Many
researchers have reported on ultrafast laser processing of
diamond using laser focusing on the surface or inner diamond
and have machined micro structures (Pettersson and Jacobson,
2006; Okamoto et al., 2022), sub-micro grooves (Shinoda et al.,
2009) and even nanometer characteristics (Hsu et al., 2011) to study
the laser ablation of diamond. In addition to the common laser
induced thermal defects such as chipping and micro-cracks, the
crystal structure of SCD will change during laser processing, and
graphitization usually occurs with laser cutting. Graphitization of
diamond affects not only the formation of precise structure over the
ablated diamond surface, but also the strength of the machined
milling tool. The effects of laser processing parameters including
laser energy (Wang et al., 2016) and scanning speed (Konov, 2012)
on surface cracks and graphitization of diamond have been
investigated to minimize defects generated by lasers. And
processing path can be optimized to improve the cutting-edge
profile (Zhao et al., 2021). The tool with fine profile and laser
damage suppression has good cutting performance and service life.

In this paper, a picosecond laser based single crystal diamond
tool fabrication technology is proposed to produce SCD
microscale milling tool. The focus is on how to effectively
control the laser beam for improved tool profile accuracy and
its cutting performance. The effects of tool rake angle on cutting
force and machined surface roughness were studied, from which
optimal cutting parameters were identified. The feasibility of
using the laser-shaped SCD milling tool on surface micro-
structuring was demonstrated by generating a micro Fresnel
lens array on fused silica surface.

2 Picosecond laser machining strategy
of microscale SCD milling tools

2.1 Structure of microscale SCD milling tool

For the hard and brittle material such as fused silica, in addition
to the correct cutting parameters, the tool needs to have a negative

rake angle to suppress the generation of cracks, and needs a high
stiffness design to resist cutting vibration and tool deformation.
Allowing for working depth and stiffness of the milling tool, the
diameter and length of cutting section on the proposed microscale
diamond milling tool are designed as approximately 400 μm and
200 μm respectively. And due to the low feed per tooth in the
machining process of hard and brittle materials, the milling tool with
high concentric multiple cutting edge is attractive because of high
material removal rate.

In order to facilitate processing, the 1 mm thick SCD sheet
brazed on the front end of the carbide shank is firstly cut into a
cylinder with a diameter of 1 mm as the tool blank by picosecond
laser. The front end of the diamond cylinder is processed into a
micro-structure with a depth of about 200 μm, forming 6 cutting-
edges concentric with shank. The milling tool manufactured by this
method can be regarded as composed of shank, transition section
and cutting section (Figure 1), in which the latter two are processed
from one diamond sheet. The welding area of the shank and
transition section is far greater than the cross-sectional area of
the cutting section, so such structure can bear larger cutting force
and torque.

2.2 Optimal pitch and machining width of
laser cutting

The laser processing depth of cutting-edges and transition
section is beyond the working range of picosecond laser (depth
of field), so layered cutting is applied to laser machining process,
which means that laser continuously focuses and ablates the surface
formed by previous processing. The Gaussian distribution of laser
energy makes the laser ablation remove the material unevenly. And
when laser is irradiated on an uneven surface, the projection of
circular laser spot on the ablated surface is irregular, which results in
a great difference in the energy density of picosecond laser ablation
in different regions. Using a laser processing path with a specific
overlap ratio can obtain a relatively flat laser processed surface for
subsequent laser ablation (Figure 2A).

The spatial distribution i(r) of Gaussian laser beam can be
expressed as the following equation.

i r( ) � i0 exp − r
2

ω2
( ) (1)

Furthermore, the accumulated absorbed laser energy IS on the
ablated surface between adjacent machining paths can be
approximately expressed as the following expression.

IS � i r( ) + i r − p( ) � i0 exp − r
2

ω2
( ) + exp − r − p( )2

ω2
( )( ), 0< r<p

(2)
Where, i0 is the laser peak energy, ω is the laser radius when the laser
energy drops to 1∕ ⅇ times of the peak energy, r is the distance
between a point in the beam and the laser center, and p is the laser
path pitch.

The optimal pitch of laser processing paths po should meet the
minimum error of laser energy fluctuation. Figure 2B shows the
impact of overlap of laser processing paths on energy fluctuation.
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When the pitch of laser processing path is 1.56ω, the fluctuation
error of accumulated absorbed laser energy on the ablated surface is
the lowest, and the theoretical value is 1.48%.

po � argmin
max IS −min IS
max IS +min IS

( ) � 1.56ω (3)

Although the bottom of the formed surface is relatively flat, the
energy density of the laser on the inclined sidewall is greatly reduced,
and possibly even less than the material removal threshold.
Therefore, in layered cutting, the removal of bottom material will
be much more obvious than that of side wall material. As the
number of picosecond laser processing increases, steep side walls
will be formed, which are not easy to be ablated. As shown in
Figure 2A, θ and h describe the tilt angle of steep side wall and
maximum laser processing depth, respectively. In order to achieve
the maximum removal efficiency, it is necessary to ensure that the
flat bottom surface with good laser absorption effect cannot shrink

to disappear before the maximum processing depth is reached. The
width b of laser cutting should meet b> 2h tan θ.

2.3 Laser processing path planning

SCD transition section is machined from 1 mm thick SCD sheet
by layered cutting using a group of concentric circular picosecond
laser processing paths. The minimum radius rmin of this group of
concentric circles is the design radius of SCD transition section, the
step increment is the optimal pitch po, and the maximum radius is
(rmin + bmin), which meets the minimum groove width for efficient
laser ablation.

After the cylindrical transition section is obtained, the lower
surface is precisely removed by laser ablation, and the
remaining material forms the cutting-edges. Based on such a
processing strategy, the intuitive method is to process all cutting

FIGURE 1
Structure of microscale multi-edge milling tool processed by picosecond laser.

FIGURE 2
Effect of laser path overlap on the flatness ofmachined surface, (A) ablated surface formation process using laser layered cutting, (B) the influence of
Gaussian laser beam overlaps on the fluctuation of accumulated energy.
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edges at one time with the profiled helix of the cutting section
contour as the processing path (Figure 3A). In theory, the edge
profile error of the processed milling tool only includes the
positioning error of laser spot and the laser-induced defects, and
the included angle between cutting-edges and tool profile can be
guaranteed. However, the eccentricity between the laser
processing path and the shank will destroy the radial runout
of the cutting-edges in actual processing. In addition, the
continuous laser processing causes the diamond to be heated
continuously due to laser thermal effect, resulting in
graphitization which seriously affects the cutting
performance of the tools (Figure 3B).

The profile accuracy and concentricity of the cutting-edges are
important indicators to determine the cutting performance.
Considering that the eccentricity between the laser processing path
and the shank caused by its position error in the laser processing system
is difficult to avoid, the processing path needs to be optimized so that the
cutting-edge runout is not affected by the shank position. The fractional
arraymachiningwill help to suppress the cutting-edge runout caused by
the position error of the shank. In one process of laser ablation, only one
cutting edge is processed, and then the same processing path is used to
process another after the shank is rotated until all cutting edges are
processed (Figure 3C). Using this processing strategy, the center of the
circular array of the processing path is the axis of the shank. Therefore,
the position error of the shank in the laser processing system only
slightly affects the diameter of cutting section on milling tool, and does
not affect the radial runout of the cutting-edges.

Due to the inertia of the optical element that controls laser spot
position, the scanning speed of laser at the abrupt change-point of the
processing path will be reduced, and the long-time stay of laser makes
excessive material removal, as a result, it is not easy for laser beam
machining to process sharp features. Considering that the cutting-edges
need to be sharp enough to ensure good processing performance, the
rake and flank face of themilling tool are processed separately and form

the cutting edges to avoid the long-time stay of laser and obtain a fine
cutting-edge profile. As shown in Figure 3C, the chip removal groove
and the flank face are processed by the laser with the red processing
path, and then the rake face is finished by the laser according to the blue
processing path, and the cutting edge is formed.

3 Experimental verification

3.1 Laser machining system

The laser processing system is composed of picosecond laser, beam
expander, galvanometer, f-θ lens, energy monitor and mechanical
motion axis (Figure 4). The picosecond laser (Trumpf) can produce
a laser with pulse width of 8 ps, maximum average power of 40W, base
frequency of 400 kHz and beam quality M2 of up to 1.1. The beam
expander increases the aperture of the parallel light generated from the
laser to facilitate the generation of higher quality laser spot. The mirror
in the galvanometer controlled by computer can change the direction of
laser propagation, and the high-speed moving mirror in the
galvanometer can provide a maximum scanning speed of 3 m/s for
the laser spot movement. The laser is focused on the plane about
100 mm below the f-θ lens, which has the maximum laser energy
density and is used as the working plane of picosecond laser. The energy
monitor in the optical path monitors the output power of the
picosecond laser in real time and feeds it back to picosecond laser
to provide the correct and stable energy of the laser output. The vertical
straight axis (Z-axis) can change the position of the laser working plane,
and ensure that the processed area is in the focal plane of the laser
during the whole laser processing. There are also two linear axes in the
plane to adjust the position of the workpiece in the laser processing
system. The rotation axis (C-axis) under the f-θ lens is used as the
indexing head to rotate the shank which was clamped on it with a self-
centering fixture.

FIGURE 3
Two laser machining path for cutting section, (A) the profiled helix of the cutting-edge contour, (B) optical microscope image of cutting edges using
(A) as processing path, (C) laser processing path of fractional arraymachining, (D) optical microscope image of cutting edges using (C) as processing path.
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The diamond to be laser processed is a diamond sheet
synthesized by means of high temperature and high pressure
(HPHT), with thickness of 1.0 mm. The microscale milling tools
with rake angle of 5°, 0°, −15°, −30° and clearance angle of 10° are
processed by picosecond laser with average laser power of 4 W,
scanning speed of 0.5 m/s and the predetermined processing path,
and prepared for cutting performance testing.

3.2 Cutting performance test

The cutting test of the microscale milling tool is carried out on
the precision 5-axis machining center Kern Micro. The milling tool
produced by picosecond laser is installed on the milling spindle with
the maximum rotational speed of 50000 rpm and radial runout of
less than 0.8 μm by HSK tool holder. The linear feed axis of the
machine tool is driven by a linear motor, which can realize the stable
movement of low feed speed with positioning accuracy of 1 μm and
repetitive positioning accuracy of 0.5 μm. The two rotation axes of
the machine tool are B and C axes, with positioning accuracy of

0.002° and their axes are parallel to Y and Z-axes respectively
(Figure 5). The workpiece used for milling tool cutting
performance test is a 1 mm thick fused silica sheet with Mohs
hardness of 7. The fused silica sheet is fixed on the force-measuring
device installed in the machine tool through the clamp, which can
detect and store the cutting force data of fused silica specimen in real
time. In the milling experiment, each milling tool was used with
spindle speed of 35000 rpm, cutting depth of 0.05 mm and three
different feed rates of 5, 10 and 15 mm/min.

4 Results and discussions

4.1 Cutting edges profile and graphitization
of laser-processed diamond tools

The profile of SCD milling tool processed by direct machining
strategy and fractional array machining strategy is measured and
analyzed by optical microscope. Figure 3B shows the morphology of
all cutting edges processed with direct machining strategy. Due to

FIGURE 4
Picosecond laser machining system, (A) schematic diagram of optical path and motion axes, (B) picture during processing.

FIGURE 5
Experimental apparatus for cutting performance verification of SCD microscale milling tool.
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the continuous laser ablation for a long time, a large number of
thermal defects including cracks and fragmentation appear on the
diamond surface, the cutting edges are not sharp, and the profile of
the cutting edge is seriously poor. The centers of the two concentric
circles in Figure 3B are the axis positions of the cylindrical shank,
and the two circles are the maximum and minimum rotation circles
of the cutting edges, respectively. The radius difference between the
two circles is defined as total radial runout of the cutting edges. The
eccentricity between the geometric center of cutting edges and the
shank axis is measured as 8 μm. Due to the position error of the
shank in the laser processing system and serious laser-induced
processing defects, the total radial runout of the six cutting edges
is 26 μm. Such a large runout makes the cutting edges unable to fully
participate in cutting and unstable actual feed per tooth will lead to
poor processing effect of brittle materials.

In contrast, the microscale milling tool machined with fractional
array processing strategy has significantly improved in terms of tool
profile, cutting-edge sharpness and radial runout (Figure 6). The
cutting edges with fine profile are evenly distributed, and the thermal
crack is suppressed. The part of the diamond removed to get each
cutting edge is marked in Figure 3C, including 6 chip removal grooves
and 6 areas removed for rake face finishing. Since the fractional array
machining effectively suppresses the cutting-edge runout caused by
the position error of shank in laser processing, the total radial runout
of cutting edges with different rake angles are 9.4 μm, 5.3 μm, 7.6 μm
and 8.6 μm respectively. And the deviation of cutting section diameter
is about 10 μm. The intersection of the rake faces and the flank faces
form sharp cutting edges, and the radius of the edge is about 3.2 ±
2.1 μm. After laser processing of tools with theoretical rake angle of 5°,
0°, - 15° and - 30°, the actual rake angle is 6°, 0°, −16° and −29°, and the
maximum error is approximately 1°. All cutting edges have a clearance
angle of about 10°, which can effectively reduce the friction between
the flank faces and the machined surface.

SCD is prone to graphitization at high temperature, and this
change in atomic distribution will greatly damage the performance
of diamond tools. In addition to the geometric characteristics of the
tool, the graphitization of the tool surface needs to be monitored for
the diamond tool made by laser. Considering that diamond and
graphite have different characteristic peaks, Raman spectroscopy
can analyze the graphitization degree of the SCD surface. Laser with
wavelength of 633 nm and power of 17 mWwas used as light source
for Raman spectroscopic investigation. And the measuring position
was the side edge of the milling tool, which has the longest laser
ablation time and has an important impact on the cutting
performance.

The Raman shift peaks at 1,333 cm-1 (ID) and 1,580 cm-1 (IG)
correspond to the sp3 and sp2 hybridization of carbon atoms,
respectively, and the intensity of peaks represents the content of
SCD and graphite. The intensity ratio ID/IG of characteristic signals
of diamond and graphite can be used to analyze the degree of
graphitization (Wu et al., 2018). The intensity ratio of the diamond
tool machined with the direct processing strategy is 1.32, while the
intensity ratio of the diamond tool processed according to the fractional
array strategy is 1.76 (Figure 7). The optimized processing strategy and
laser processing path can reduce the graphitization of SCD in laser
processing, and the SCD microscale milling tool with fine profile
accuracy can be manufactured by picosecond laser.

4.2 Micro milling of fused silica using laser
shaped tools

To demonstrate the cutting performance of laser shaped tools,
micro-milling tests on fused silica were conducted under different
cutting conditions. The effects of rake angle on cutting force and the
degree of brittle damage on the subsurface of fused silica are studied.

FIGURE 6
Optical microscope image of cutting edge profile for microscale milling tools with rake angle of (A) 5°, (B) 0°, (C) −15° and (D) −30°.
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After machining, the machined fused silica surfaces are observed by
optical microscope and scanning electron microscope (SEM,
Tescan). The SEM image of Figure 8B indicate that the machined
surface of fused silica is not smooth, but has sub-micron to micron
size crushing without obvious cracks. The cutting force of micro-

milling was also monitored and recorded in real time. The result
shows that the amplitude of cutting force is stable and no tool
fracture occurs. The cutting force increases slightly when the cutting
tool with negative rake angle is used. Table1 shows the amplitude of
cutting force using different rake angles and feed rates. Cutting force

FIGURE 7
Raman spectrum of diamondmilling toolsmachinedwith two laser processing paths, (A) the profiled helix of the cutting-edge contour, (B) fractional
array machining.

FIGURE 8
Cutting performance of SCD microscale milling tool with rake angle of −30° (ap = 0.05 mm, f = 0.143 μm/rev), (A) optical microscope image of
groove, (B) SEM image of fused silica machined surface, (C) surface roughness Ra of fused silica machined surface, (D) cutting force monitor of micro-
milling process.
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is mainly affected by the feed rate. In the cutting performance
experiment, the cutting force is basically proportional to the
feed rate.

Figure 9 shows the test result of roughness Ra obtained with
surface profile instrument. The experimental results show that the
fused silica processed with the negative rake angle tool has lower
surface roughness, and the negative rake angle tool is suitable for
milling process of fused silica. Moreover, a more obvious negative
rake angle can produce a surface with lower roughness, under the
conditions of all feed rates in the cutting experiment. When the feed
rates are 5 mm/min and 10 mm/min, the milling tool with rake
angle of 5° has better cutting performance than the tool with 0° rake
angle at the beginning of milling, but the sharp wear of the positive
rake angle tool whenmachining hard and brittle materials causes the
rapid deterioration of the cutting-edge state, making its service life
very short.

In addition, for the same tool, the surface roughness of the
machined surface increases with the increase of feed speed. When
using the SCDmilling tool with a rake angle of −30°, the surface damage
of fused silica samples is the least. For the hard and brittle material such
as fused silica, the tool with negative rake angle can help to suppress the
formation of cracks and has the advantage of obtaining a surface with
low roughness. Even though the SCD milling tool made by laser does
not achieve the plastic removal of fused silica, the machined surface of
fused silica with roughness Ra of 41.2 nm is obtained using the SCD
milling tool with rake angle of −30°, cutting depth of 0.05 mm and feed
rate of 0.143 μm/rev (Figure 8C).

4.3 The regression of tool cutting
performance and tool life

After continuous milling of fused silica with laser-machined
SCDmicroscale milling tool for 22 min (ap = 0.05 mm, f = 0.143 μm/
rev), the machined surface roughness Ra has increased from 44 nm
to 67 nm. Tool wear was evaluated by SEM image (Figure 10A). It is
found that the tool wear mainly occurred at the rake face near the
bottom edge and the side edge, in terms of chipping of the tool tip
and the flaky peeling of rake face. According to the diameter of tool
cutting section, continuous working time and spindle speed, the
maximum cutting length of the tool tip on diamond milling tool
with rake angle of −30° can be estimated as 967.6 m when used for
fused silica milling with cutting depth of 0.05 mm and feed per
revolution of 0.143 μm. Such microscale tool life can ensure that the
machining of micro-structure with small machining range can be
completed without switching tools.

In order to further verify the processing ability of laser processed
SCD milling tool on the microstructure surface of fused silica, a
microscale Fresnel lens array was processed on the optical fused
silica surface. The optical refraction surface of the Fresnel lens was
processed by the bottom edge of the microscale milling tool, and the
non-working surface of the Fresnel lens was processed by the side edge.
(Figure 10B). The specific milling tool orientation and tool center
position were calculated by the normal direction of the Fresnel lens
surface and themachining process was carried out on the CNC five-axis
machining center. As shown in Figure 10 c, three Fresnel lenses with

TABLE 1 Amplitude of cutting force in relation to rake angle and feed rate.

Rake angle Feed rate/mm·min-1 Cutting force amplitude/N Rake angle Feed rate/mm·min-1 Cutting force amplitude/N

5° 5 0.461 −15° 5 0.873

10 0.698 10 1.318

15 1.041 15 1.718

0° 5 0.629 −30° 5 0.943

10 1.018 10 1.432

15 1.490 15 1.827

FIGURE 9
Effect of rake angle on machined surface roughness of fused silica under three feed rates in micro-milling.
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aperture of 1.6 mm and focal length of 8 mm were completed with a
laser-processed diamond milling tool with negative rake angle of −30°.
Figure 10C shows the optical microscope image of one Fresnel lens and
its cross-sectionmeasured by surface profile instrument. The bright and
clear focus spot indicate that the processed Fresnel lens has high-
precision profile and good surface finish.

5 Conclusion

In this work, a picosecond laser based single crystal diamond
tool fabrication technology is proposed to generate micro milling
tools. A series of experimental tests have been carried out to
investigate the feasibility of using picosecond laser in shaping
SCD multi-edge microscale milling tool, optimal laser processing
parameters, and the tool cutting performance under various cutting
conditions. The conclusions are summarized as follows.

(1) Fractional array machining strategy for the multi-edge
milling tools can effectively reduce the cutting-edge
runout. Position error of shank affects diameter of cutting
section slightly but not the total radial runout of cutting
edges. A multi-edge milling tool with a minimum rotary
diameter of 0.4 mm has been obtained.

(2) Cutting force is approximately proportional to the feed rate, and
the rake angle of milling tool has little effect on it. The use of
milling tool with negative rake angle is conducive to machining
a low roughness surface of fused silica.

(3) A Fresnel lens array on the surface of fused silica was
successfully generated by laser-machined SCD microscale

milling tool, which verified that the tool prepared by laser
can manufacture optical microstructures.
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FIGURE 10
SCD milling tool after being used and a processing application, (A) SEM image of micro milling tool wear, (B)micro milling strategy for Fresnel lens,
(C) microscale Fresnel lens array machined by laser-produced SCD milling tool and its profile.
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