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A B S T R A C T   

An active area of research is the altering of surface functions (e.g., wettability and cell adhesion) by controlling 
fine surface structures such as laser-induced periodic surface structures (LIPSS). It has been found that 
micrometer-scale grooving (produced, for example, using ultraprecision cutting) followed by short-pulsed laser 
irradiation can result in efficient LIPSS coverage of a large area. However, micrometer-scale grooves can remain 
on the surface after short-pulsed laser irradiation. In this paper, to clarify the phenomenon and processing 
principle of groove-assisted short-pulsed laser irradiation, a finite-difference time-domain simulation is devel-
oped and experiments are conducted using 304 stainless steel and nickel-phosphorus (Ni–P) plating layer sub-
strates. The use of magnetic abrasive finishing (MAF) is proposed for fabricating sub-micrometer-deep straight 
grooves with various peak-to-peak distances (pitch length) prior to the short-pulsed-laser irradiation. The sub-
sequent short-pulsed-laser irradiation produces sub-micrometer-deep straight structures superimposed on the 
MAF-produced surface. While the pattern and depth of LIPSS are influenced by the groove depth made by MAF 
prior to the short-pulsed laser irradiation, the pitch length of LIPSS is dependent on the laser wavelength. This 
demonstrates the ability of MAF to produce grooves that guide the LIPSS and the efficacy of the developed 
method for fabricating fine LIPSS. The geometry of the sub-micrometer deep grooves—made prior to the short- 
pulsed laser irradiation—is the dominant factor in determining the pattern and geometry of the LIPSS.   

1. Introduction 

Many research projects have been carried out to study the creation of 
fine structures on a surface to impart various functionalities such as a 
reduction of friction [1–3], control of wettability [4,5] and enhance-
ment of cell adhesion [6,7]. Laser-induced periodic surface structures 
(LIPSS) enable those surface functions, and it has been shown that 
short-pulsed laser irradiation is a promising method for fabricating 
LIPSS in a self-organizing manner [8]. However, it has been difficult to 
finely control the LIPSS made by short-pulsed laser irradiation due to a 
lack of understanding of the processing principle and the phenomenon 
itself [9–12]. While it has been reported that the pitch length and the 
direction of LIPSS are controlled by using two lasers [13,14], there are a 
few reports to control LIPSS by changing the original surface shape 
before laser irradiation. 

Our previous study revealed that LIPSS are influenced by the crystal 
structures, as shown in Fig. 1 [15]. Another study revealed that LIPSS 
follow debris or depressions on the substrate surface that easily induce 
plasma waves [16]. We proposed groove-assisted short-pulsed-laser 
irradiation, a method based on this phenomenon to fabricate LIPSS 
patterns guided by micrometer-deep grooves made using ultraprecision 
cutting followed by short-pulsed laser irradiation [17]. As shown in 
Fig. 2 [17], straight, high-aspect-ratio LIPSS were fabricated on top of 
the microgrooves; however, the cutting grooves remained on the sur-
face. To eliminate the remaining deep groove and control the structures 
made using groove-assisted short-pulsed-laser irradiation, the effects of 
the groove geometry (roughness) on the laser-irradiation phenomena 
needs to be further studied. 

Magnetic abrasive finishing (MAF) is a process by which material is 
removed by magnetic abrasives sliding against a target surface in a 
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magnetic field, capable of polishing a complicated three-dimensional 
curved surface with high accuracy and efficiency [18–20]. The 
MAF-processed surface is the accumulation of generated scratches, 
which are between nanometers and micrometers deep, depending on the 
abrasive size and the magnetic force acting on the magnetic abrasive 
[21]. 

The objectives of this study are to apply MAF to fabricate grooves 
with various geometries (e.g., depth and pitch length) and to investigate 
the effects of the groove geometry on short-pulsed laser irradiation. A 
finite-difference time-domain (FDTD) simulation was developed to 
investigate the effects of straight micro/nanogrooves on the electric field 
intensity distribution by laser irradiation, causing fabrication of LIPSS, 
and experiments were conducted using 304 stainless steel and Ni–P 
substrates in which sub-micrometer- and micrometer-deep straight 
grooves, fabricated using MAF, was irradiated using short-pulsed laser 
energy. This paper describes the efficacy of MAF to produce grooves 
assisting the short-pulsed-laser irradiation and identifies the effects of 
the geometry, especially roughness, of the grooves made using MAF on 
the structures made using short-pulsed laser irradiation. 

2. Principles 

Fig. 3 shows the MAF processing principle for the inner surface of a 
nonferrous magnetic tube. A magnetic field magnetizes and attracts a 
mixture of iron particles and magnetic abrasives, pressing them against 
the inner tube surface. The magnetic force F acting on a magnetic par-
ticle in a non-uniform magnetic field is expressed as follows: 

F ¼ VχH⋅gradðHÞ (1)  

where V is the volume of the magnetic particle, χ is the susceptibility, 
and H and grad(H) are the intensity and the gradient of the magnetic 
field, respectively. 

When the tube is rotated at high speed, the mixture of iron particles 
and magnetic abrasives move relative to the inner surface of the tube, 
finishing it. The motion of the mixture of iron particles and magnetic 
abrasives (shown in Fig. 3(b)) leads to self-generating action. 

Fig. 4 shows the processing principle of short-pulsed laser irradiation 
[17]. Surface unevenness provides the starting points for the plasma 
waves created by the parametric decay when the surface is irradiated 
[22,23], as shown in Fig. 4(a). Surface plasmon occurs due to interfer-
ence between the plasma wave and the incident light, causing periodic 
Coulomb explosions on the surface. After the collisional relaxation time 
(CRT), heat is distributed on the surface, inducing ablation or inhibition 
of structures, eventually producing LIPSS [24,25]. The wavelength of 
the plasma wave is 0.5–0.85 times as long as the wavelength of the 
irradiating laser and is approximately equal to the pitch length between 
LIPSS [22,23]. LIPSS are fabricated when the pulse duration, a major 
factor in the fabrication of LIPSS, is shorter than the CRT [26,27], and a 
short-pulsed laser with a 20 ps pulse duration has been used in our 
research since the 20 ps pulse duration is similar to the CRT and the 
increase of the pulse duration reduces machining cost and stabilizes 

laser irradiation. 

3. Electromagnetic field analysis 

3.1. Methodology 

A finite-difference time-domain (FDTD) simulation was conducted 
for investigation of the effect of the groove depth on the electric-field 
intensity when fabricating LIPSS using a short-pulsed laser. This 
method involves the calculation of the electromagnetic field intensity by 
solving the time-dependent Maxwell’s equations in differential form, 
introduced by Yee in 1966 [28–32]. The time arrangement is deter-
mined by Eqs. (2) and (3) by solving Maxwell’s equations. Each electric 
field is located in the middle between a pair of magnetic fields. 

En ¼
1 � σΔt

2ε
1þ σΔt

2ε
En� 1 þ

Δt
ε

1þ σΔt
2ε
r� Hn� 1

2 (2)  

Hnþ1
2 ¼ Hn� 1

2 �
Δt
μr� En (3)  

where E is the electric field, B is the magnetic flux density, D is the 
electric flux density, H is the magnetic field, ρ is the electric charge 
density, J is the current density, μ is the permeability, ε is the permit-
tivity and σ is the conductivity, superscript n is the time steps, Δt is the 
time increment. 

3.2. Analytical setup and conditions 

Electromagnetic field analysis was conducted by using an FDTD 
simulation (using nanophotonic FDTD simulation software from 
Lumerical Inc.) to investigate the effects of the optical constants (the 
refractive index, the extinction coefficient) for each material. Fig. 5 

Fig. 1. LIPSS on a 304 stainless steel surface [15].  

Fig. 2. LIPSS on a flat surface and a Ni–P surface with cutting groove [17] 
(a) Schematic of internal MAF 
(b) Behavior of magnetic particles and abrasives at finishing area. 
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shows the analytical model of the initial process of LIPSS: the insides of 
the orange-bordered rectangle and the yellow-bordered square are the 
analysis area and the monitor area, respectively, and the purple arrow 
and the blue double-headed arrow indicates the direction of the incident 
light and the direction of the laser polarization, respectively. Nickel- 
phosphorus (Ni–P) and 304 stainless steel were used for analysis ob-
jects, and the analytical conditions are listed in Table 1, including the 
refractive index and the extinction coefficient measured by an ellips-
ometer. The pitch length of grooves (Pl) was set to 800, 850 and 900 nm 
to investigate the difference of the electric field distribution for each 
material and to predict the geometry of LIPSS. The two-dimensional 
analysis was conducted, and the boundary conditions of x-axis and y- 
axis were set to the periodic boundary conditions and the perfectly 
matched layer (PML) conditions absorbing and attenuating lights inci-
dent on the boundary surface with little reflection, respectively, 
modeling the laser irradiated on the surface with periodic structures. 

Next, the same analysis was performed to investigate the effects of 
and the initial surface with a groove on the height of LIPSS. Fig. 6 and 
Table 2 show the analytical model of a surface with a groove irradiated 
by a laser and the analytical conditions. The two-dimensional analysis 
was conducted, and the boundary conditions of x-axis and y-axis were 
set to the PML conditions, modeling the laser irradiated on the surface 
with a groove. The groove depth was set to 500, 1000 nm to investigate 
the effects of groove depth smaller than 1000 nm on the fabrication of 
LIPSS since the previous study investigated the effect of the groove with 
1000 nm depth [17]. 

3.3. Results and remarks 

Fig. 7 shows the analytical results for each material, suggesting that 
ablation might occur at the area with large electric field intensity (EFI) 
due to the multiple ionization and the Coulomb explosion. The upper 
and the lower parts in the analytical results show the atmosphere and 
the workpiece, respectively. If the penetration depths of the EF at the 
bottoms of the grooves is larger than that at the tops of grooves, the 
bottoms of the grooves might be removed. Fig. 7 shows that the electric 
field at the bottom of the grooves reached deeper into the material than 

Fig. 3. Processing principle of internal magnetic abrasive finishing process 
(a) Mechanism of surface plasmon due to parametric decay 
(b) Processing model. 

Fig. 4. Processing mechanism of short-pulsed laser [17].  
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that at the top of them on all surfaces except for Pl ¼ 900 nm on 304 
stainless steel surface. Fig. 8 shows the relationship between Pl and the 
EFI of the bottom and the top of grooves for each material. The gap of 
EFI between the bottom and the top of grooves were the largest when 
Pl ¼ 850 and 900 nm on 304 stainless steel and Ni–P surface, 

respectively, suggesting that the pitch length of LIPSS on a 304 stainless 
steel surface might be shorter than that on a Ni–P surface because it has 
the high refractive index, shortening the wavelength of incident lights. 
The EFI of Ni–P was smaller than that of 304 stainless steel due to a less 
extinction coefficient inducing small absorption. 

Fig. 9 shows the analytical results of the surface with a groove irra-
diated. The EF is distributed periodically on all surfaces with grooves 
inducing surface plasma waves, and the EF reached deeper into the 
surface with increasing the groove depth. Fig. 10 shows the maximum 
and minimum electric field intensity on the substrate surface for each 
analytical condition. The maximum and minimum EFI slightly increased 
and decreased with the increase of the groove depth, causing much 
ablation of material and resulting in LIPSS with a high aspect ratio 
(depth divided by pitch length), since a deeper groove had larger in-
clined planes which induce the multiple reflections and strong surface 
plasma waves. 

These results show that a material with a higher extinction coeffi-
cient and surfaces with deeper grooves are key factors to effectively 
fabricate LIPSS with high aspect ratio. 

As shown in Fig. 2, the previous research showed that the 
micrometer-scale deep grooves, which were helpful in LIPSS fabrication, 
remained on the Ni–P surface after the laser irradiation. The groove 
depth before the laser irradiation was about 1 μm, which was longer 
than the height of LIPSS. This result and the FDTD simulation combine 
to suggest that the groove should be deep enough to facilitate LIPSS 
fabrication but should not exceed the depth of ablation. 

4. Experiments 

Experiments were conducted to fabricate straight high-aspect-ratio 
LIPSS and to investigate the effects of the groove depth on the fabri-
cated LIPSS. Grooves with various depths were fabricated using MAF, 
and these grooves were irradiated by a short-pulsed laser. The resultant 
structures were observed with a scanning electron microscope (SEM) 
and measured using an atomic force microscope (AFM). 

4.1. Groove fabrication 

4.1.1. Experimental setup and conditions 
Ni–P-plated 304 stainless steel tubes (19 mm OD � 17.2 mm 

ID � 100 mm long) with the film thickness of 200 μm and 304 stainless 
steel tubes (20 mm OD � 18 mm ID � 100 mm long) were prepared as 
workpieces for this study to fabricate LIPSS on the free curved surface. 
Fig. 11 shows the MAF equipment, which includes four Nd-Fe-B per-
manent magnets (9.53� 9.53 � 19.05 mm) to generate the magnetic 

Fig. 5. Analytical model of periodic structures.  

Table 1 
FDTD analytical conditions.  

Laser wavelength 900 nm 

Pulse duration 20 ps 
Material Ni–P 304 stainless steel 
Refractive index 2.73 3.11 
Extinction coefficient 3.68 4.89 
Pitch length Pl 800, 850, 900 nm 
Height 50 nm 
Boundary condition (x-axis) Periodic 
Boundary condition (y-axis) PML  

Fig. 6. Analytical model of surface with a groove.  

Table 2 
FDTD analytical conditions.  

Laser wavelength 900 nm 

Pulse duration 20 ps 
Material Ni–P 
Groove depth Gd 100, 500, 1000 nm 
Groove angle 90�

Boundary condition (x-axis) PML 
Boundary condition (y-axis) PML  
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field inside the tube, a chuck to hold the tube, and motors for tube 
rotation and magnet vibration (in the tube axial direction). 

The finishing conditions are provided in Table 3. The abrasive depth 
of cut mainly determines the groove depth in the tube surface. In this 
study, the abrasive depth of cut was altered by changing the magnetic 

particle size and the magnetic force acting on the magnetic particles 
pressing the magnetic abrasive against the tube surface. As shown in Eq. 
(1), the magnetic force acting on the particle is proportional to the 
volume of the particle. Four different sizes of ferromagnetic particles 
were used in the case of Ni–P-plated tubes. The initial surface roughness 
of the plated tubes was about 1.6 μm Rz (average maximum height). 
They were initially finished with the largest magnetic particles for 5 min 
and they were then rinsed using an ultrasonic cleaner, and the surface 
roughness was measured with a diamond-stylus profilometer. The fin-
ishing experiments were continued with smaller magnetic particles for 

Fig. 7. Electric field distribution for each material with different pitch.  

Fig. 8. Changes in electric field intensity for each material with different pitch.  

Fig. 9. Electric field distribution for each groove with different depth.  
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another 5 min, followed by another roughness measurement. This 
sequence was repeated four times to meet the polishing limit. In the case 
of the unplated 304 stainless steel tubes, the initial surface roughnesses 
were not consistent. Therefore, both the magnetic particle size and 
finishing time were adjusted to obtain the roughnesses similar to the 
Ni–P-plated surfaces by using the largest magnetic particle and gradu-
ally reducing the magnetic particle size. After completing the surface 
finishing, the tubes were sectioned and the surface geometries were 
further analyzed using an AFM. 

4.1.2. Results 
Figs. 12 and 13 show the AFM images and the peak-to-valley RZ of 

the Ni–P surface after finishing in each condition, respectively. Figs. 14 
and 15 show the AFM images and the peak-to-valley RZ of 304 stainless 
steel surfaces after finishing in each condition, respectively. The peak- 
to-valley RZ was obtained from the sectional profile of the AFM image. 

In both cases, the finished surfaces had roughnesses between 0.1 and 
1.0 μm RZ. It was observed that the larger the iron particle, the stronger 
the magnetic force acting on the iron particle. The G50 steel grit is 
harder than the iron particle and has a sharp edge, which occasionally 
caused deep scratches on the surface. This resulted in the roughest 
surface among the four conditions in both cases. 

Fig. 10. Changes in electric field intensity for each groove with different depth.  

Fig. 11. MAF equipment.  

Table 3 
Finishing conditions.  

Workpiece Ni–P plated 304 stainless steel tube (∅19 �∅17.2 � 100 mm), 
304 stainless steel tube (∅20 �∅18 � 100 mm) 

Workpiece 
revolution 

2000 min� 1 

Magnetic particle MP1) 1.6 g Iron particles (grain diameter 44–149 μm) 
MP2) 1.6 g Iron particles (grain diameter 149–297 μm) 
MP3) 1.6 g Iron particles (grain diameter 177–595 μm) 
MP4) 1.6 g Steel grit 50 (mean diameter 297 μm) 

Abrasive 0.4 g Magnetic abrasive (mean diameter 80 μm, Alumina 
particles < 10 μm) 

Lubricant Soluble-type barreling Compound: 0.8 mL 
Permanent magnet Neodymium (Nd-Fe-B) permanent magnet: 

9.5 � 9.5 � 19.05 mm 
Amplitude 2.5 mm 
Frequency 0.8 Hz 
Finishing time 5 min  

Fig. 12. AFM images of the Ni–P surfaces finished by MAF.  

Fig. 13. Relationship between Ni–P surface roughness and finishing conditions.  

Fig. 14. AFM images of the 304 stainless steel surface finished by MAF.  
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4.2. Fabrication of LIPSS using short-pulsed laser irradiation 

4.2.1. Experimental setup and conditions 
Short-pulsed laser irradiation experiments on the MAF-finished sur-

faces were conducted with a picosecond-pulse laser oscillator (EKXPLA, 
PL 2250–50P20) with 20 ps pulse duration due to lower cost and more 
stable laser irradiation with longer pulse duration and because the 
maximum of the collisional relaxation time of metals is about 20 ps. 
Fig. 16 shows the experimental setup including a polarizer to isolate the 
specific polarization of a light, a beam splitter to separate a laser beam 
into a necessary beam and a redundant beam, and a collecting lens with 
a focusing range of 150 mm. 

The laser irradiation conditions are provided in Table 4. The laser 
was a Gaussian beam and was irradiated on the fixed point of a work-
piece surface without scanning, inducing ablation at the central part of 
an irradiated area where was analyzed with an AFM. The energy density 
Ed was set to relatively small values, 0.14 and 0.10 J/cm2, in the case of 
Ni–P-plated tubes and 304 stainless steel tubes, respectively, since the 
laser with low Ed is favorable to fabricate LIPSS. Additionally, compared 
the thermal conductivity, 5 W/m/K of Ni–P is less than 16 W/m/K of 
304 stainless steel, causing ablation of the whole irradiated surface with 
an increase of the number of shots n, thus n was set to 10 and 150 shots 
in the case of Ni–P-plated tubes and 304 stainless steel tubes, 
respectively. 

4.2.2. Results 
Fig. 17 shows AFM images of short-pulsed-laser-irradiated zones of 

Ni–P surfaces. This demonstrates that straight LIPSS were fabricated on 
all surfaces superimposed on the surfaces finished using MAF. The di-
rection of the straight LIPSS was perpendicular to the laser polarization. 
Fig. 18 shows the changes in groove depth in the Ni–P surfaces for each 
surface condition. The average LIPSS height on the MAF-polished sur-
faces was about 200 nm which was higher than the LIPSS height of about 
100 nm on the mirror surface [17]. The average LIPSS height increased 
slightly with increasing surface roughness of the MAF-finished surface. 
The average height of LIPSS was similar to the MAF-finished surface 
roughness RZ of MP1 and MP2 but less than the roughness of MP3 and 
MP4. This can be attributed to the multiple scattering of the electro-
magnetic waves at the surface, increasing the energy absorptivity at 
both peaks and valleys [33–35]. 

AFM images of LIPSS on the surface of processed 304 stainless steel 
are shown in Fig. 19. Although the condition MP4 had a surface 
roughness similar to the laser wavelength, straight LIPSS were pro-
duced. While the straight LIPSS were fabricated on the central part of the 
laser-irradiated spot, the LIPSS at the edge of irradiated spots were 
distorted as shown in Fig. 20. The reason is because the laser had a 
Gaussian beam profile, and the laser fluence at the edge of irradiated 
surface was smaller than that at the central part, decreasing surface 
plasma waves and ablation. Fig. 21 shows the heights of LIPSS on each 
304 stainless steel surface. Like the Ni–P case, the rougher the MAF- 
finished surface, the higher the fabricated LIPSS since the electric field 
reached deeper into the workpiece and the maximum electric field in-
tensity on the surface increased with the increase of the groove depth as 
shown in the analytical results. The LIPSS fabricated on the 304 stainless 
steel surfaces were taller than the ones fabricated on the Ni–P surfaces. 
This was because the extinction coefficient and the maximum electric 

Fig. 15. Relationship between 304 stainless steel surface roughness and fin-
ishing conditions. 

Fig. 16. Setup of short-pulsed laser processing.  

Table 4 
Laser irradiation conditions.  

Workpiece Ni–P plated 304 stainless 
steel 

304 stainless 
steel 

Wavelength 1064 nm 
Pulse duration 20 ps 
Frequency 50 Hz 
Beam diameter (Gaussian 

profile) 
�2500 μm 

Irradiation number n 10 shots 150 shots 
Entire laser power 6.70 mW 4.69 mW 
Energy density Ed (1 pulse) 0.14 J/cm2 0.10 J/cm2  

Fig. 17. AFM images of LIPSS on Ni–P surfaces.  
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field intensity on the surface of 304 stainless steel are higher than those 
of Ni–P as shown in the analytical results, resulting in large ablation. 

Fig. 22 shows changes in the pitch length of LIPSS fabricated on (a) 
Ni–P and (b) 304 stainless steel surfaces for each irradiation condition. 
The pitch length was independent of the surface roughness conditions 
after MAF in both cases. The pitch lengths of LIPSS on the Ni–P and 304 
stainless steel surfaces were about 900 nm and 780 nm, respectively. 
While the pitch length in the case of Ni–P was calculated to be about 
0.85 times the irradiation laser wavelength of 1064 nm, the pitch length 

in the case of 304 stainless steel was about 0.74 times the laser wave-
length. These phenomena were attributed to the surface plasmons whose 
wavelength is extended with the decrease of the refractive index of the 
irradiated material [36], which corresponded with the analytical results 
that the pitch length of grooves with the largest gap of EFI between the 
bottom and the top of grooves was longer on the Ni–P surface with the 
low refractive index than that on the 304 stainless steel surface with the 
high refractive index. In both cases, the pitch increased slightly as the 
roughness of MAF-finished surface increased since the EFI increased 
with the increase of the groove depth, increasing the electron density 
and extending the pitch length of surface plasma waves explained by the 
parametric decay [13], but slightly decreased in condition MP4. To 
determine the cause, this trend needs further study. 

Overall, these results demonstrated the efficacy of groove-assisted 
short-pulsed laser irradiation to fabricate straight LIPSS on Ni–P and 
304 stainless steel surfaces and the efficacy of an FDTD simulation to 
investigate the effects of original surface roughness on fabrication of 
LIPSS and to predict the LIPSS geometry. The aspect ratio (depth divided 
by pitch length) of the structures fabricated on the Ni–P and 304 
stainless steel are approximately 0.21–0.25 and 0.42–0.71, respectively. 

Fig. 18. Relationship between height of LIPSS on Ni–P surface and sur-
face conditions. 

Fig. 19. AFM images of LIPSS on the 304 stainless steel surface.  

Fig. 20. An SEM image of LIPSS at the edge of the irradiated spots (304 
stainless steel, MP1, Ed ¼ 0.09 J/cm2, n ¼ 50). 

Fig. 21. Relationship between height of LIPSS on 304 stainless steel surface 
and laser irradiation conditions. 

Fig. 22. Relationship between pitch length of LIPSS and laser irradia-
tion conditions. 
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5. Conclusions 

This paper studied the effects of surface roughness before the short- 
pulsed laser irradiation on the resultant LIPSS. The results of experi-
ments are summarized as follows:  

1. MAF enables the fabrication of straight, sub-micrometer-deep 
grooves, which facilitate the induction and propagation of surface 
plasma waves periodically and linearly on Ni–P and 304 stainless 
steel surfaces.  

2. As long as the groove depths are shorter than the wavelength of laser 
irradiation, the short-pulsed laser irradiation enables the fabrication 
of LIPSS superimposed on the grooved substrate structures.  

3. The structures guided by grooves were higher than the structures 
made on mirror surfaces. The height of the structure increased with 
increasing surface roughness (generated using MAF). FDTD simula-
tion also showed that deeper grooves facilitate the creation of elec-
tric fields at the bottoms of grooves. 

4. The pitch lengths of LIPSS on the Ni–P and 304 stainless steel sur-
faces were about 0.85 and 0.74, respectively, times the laser wave-
length due to the parametric decay of the laser light to the plasma 
waves. 
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A B S T R A C T   

Micro ultrasonic machining (micro-USM) is an unconventional micromachining technology that has capability to 
fabricate high aspect ratio micro-holes, intricate shapes and features on various hard and brittle materials. The 
material removal in USM is based on brittle fracture of work materials. The mechanical properties and fracture 
behaviour are different for varied hard and brittle materials, which would make a big difference in the processing 
capability of micro-USM. To study the processing capability of USM and exploit its potential, the material 
removal of work materials, wear of abrasive particles and wear of machining tools in USM of three typical hard 
and brittle materials including float glass, alumina, and silicon carbide were investigated in this work. Both 
smoothed particle hydrodynamics (SPH) simulations and verification experiments were conducted. The material 
removal rate is found to decrease in the order of glass, alumina, and silicon carbide, which can be well explained 
by the simulation results that cracking of glass is faster and larger compared to the other materials. Corre-
spondingly, the tool wear rate also dropped significantly thanks to the faster material removal, and a formation 
of concavity on the tool tip center due to intensive wear was prevented. The SPH model is proved useful for 
studying USM of different hard and brittle materials, and capable of predicting the machining performance.   

1. Introduction 

Nowadays, although manufacture technologies are well developed, 
considerable problems such as long machining cycle and high produc-
tion cost still exist in the machining of hard and brittle materials 
including ceramics, crystals, and glass. Particular difficulties are the 
production of complex micro/nano structures with stringent re-
quirements such as high machining efficiency, good shape control, high 
aspect ratios, and superior surface quality. Hence, there is a crucial need 
for exploring efficient and precision micromachining techniques for 
these difficult-to-machine materials. Unconventional machining tech-
nologies including electric discharge machining (EDM) [1], laser beam 
machining (LBM) [2], electrochemical machining (ECM) [3] have been 
developed to solve the problems in micromachining of hard and brittle 
materials. However, LBM is less effective for drilling thick workpiece 
materials because the limited working range of the beam, and always 
subjected to heat-induced damages which also happens to EDM tech-
nique. In addition, ECM and EDM cannot machine electrically 
non-conductive materials, this greatly limits the use of the two 

techniques for fabricating glass and ceramic materials which are always 
have high electrical resistivity. Ultrasonic machining (USM) using loose 
abrasive particles suspended in a liquid slurry for material removal is 
another alternative technique for fabricating various hard and brittle 
materials. During USM, the tool ultrasonically vibrates to impact the 
workpiece surface through the abrasive particles and make a large 
number of tiny fractures, therefore a considerable amount of workpiece 
materials would be removed away. The material removal process only 
relys on small mechanical forces and does not suffer from heat or 
chemical effects, so that no thermal damages, significant levels of re-
sidual stress or chemical alterations occur [4,5]. This ensures stable 
micromachining on hard and brittle materials. 

Generally, the material removal is induced by brittle fracture of the 
work materials in USM. The mechanical properties and fracture 
behaviour are different for varied materials, which would make a big 
difference in the processing capability of micro-USM. Markov [6] clas-
sified workpiece materials into three categories in consideration of the 
USM suitability as shown in Table 1. The most suitable materials for 
USM process are quite brittle materials, such as glass, mica, and quartz, 

* Corresponding author. 
E-mail address: wjs@dlmu.edu.cn (J. Wang).  

Contents lists available at ScienceDirect 

Precision Engineering 

journal homepage: http://www.elsevier.com/locate/precision 

https://doi.org/10.1016/j.precisioneng.2020.02.008 
Received 2 October 2019; Received in revised form 29 January 2020; Accepted 14 February 2020   

mailto:wjs@dlmu.edu.cn
www.sciencedirect.com/science/journal/01416359
https://http://www.elsevier.com/locate/precision
https://doi.org/10.1016/j.precisioneng.2020.02.008
https://doi.org/10.1016/j.precisioneng.2020.02.008
https://doi.org/10.1016/j.precisioneng.2020.02.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precisioneng.2020.02.008&domain=pdf


Precision Engineering 63 (2020) 159–169

160

which are cut by the initiation and propagation of tiny cracks of the 
workpiece. The materials that exhibit some plastic deformation before 
fracture like titanium alloys, carburized and nitride steels can be 
machined by USM with some difficulty. However, the ductile materials, 
such as soft steel and copper, are not suitable in principle for USM. The 
ductile substrate materials are not really removed but are displaced, 
which also have been observed for some fine polishing operations [7]. 
Tough materials are considered to cause a low material removal rate, 
high tool wear and reasonable surface roughness [8]. Komaraiah and 
Reddy [9] stated that the fracture toughness and hardness of the 
workpiece material play an important role with respect to material 
removal rate. As the fracture toughness and hardness increase, there is a 
reduction in the material removal rate. 

Even though the basic principle and characteristics of USM are well 
reported, not much research has been conducted to clarify the mecha-
nism of micro-USM up to date. In micro-USM, the tool diameter, abra-
sive particle size, and the tool vibration amplitude are reduced to 
microscale, which brings about several problems. The top two problems 
are low machining rate and the surface/subsurface micro-cracks. The 
volume of material removal per stroke is very little due to the use of 
micrometer-sized abrasive particles. And microcracks generated during 
this process may remain on machined surfaces. Especially, for micro 
products, such a crack strongly influences the service life and several 
functional properties [10–12]. The easiest method to reduce cracks is by 
using smaller abrasive particles, however this will further reduce the 
material removal rate. It is therefore important to find ways to remove 
the cracks with no sacrifice of the machining rate. However, the current 
knowledge of the technology is not sufficient to provide a comprehen-
sive understanding of the material removal mechanism and instructive 
rules for improving the machining performance. Therefore, the devel-
opment of micro-USM has been quite slow in recent years. The pro-
cessing capability of micro-USM for different hard and brittle materials 
should be separately discussed and further illustrated by studying the 
material removal mechanisms involved. In this work, the material 
removal of work materials, wear of abrasive particles and wear of 
machining tools in USM of three typical hard and brittle materials 
including float glass, alumina, and silicon carbide were investigated by 
both smoothed particle hydrodynamics (SPH) simulations and verifi-
cation experiments. The processing capability of micro-USM for the 
three kinds of materials were compared, and the nature of the material 
removal mechanism was discussed based on these results. 

2. SPH simulation on different hard and brittle materials 

As the abrasive slurry in USM blurs the machining zone, where 
cracks initiate and propagate beneath the work surface within an 
extremely short time due to the ultrasonic tool vibration, it is nearly 
impossible to investigate the material removal process during USM 
directly. Therefore, the current authors proposed a SPH model for 
studying the USM process. SPH does not require a numerical grid, 
instead, a set of particles endowed with material properties are 
distributing in the domain and interacting with each other according to 
the governing conservation equations. Therefore, it has some potential 
advantages including solving problems involved in large deformations 
and fractures which cause error due to mesh distortion and tangling in 
the FEM [13,14]. The SPH offers substantial potential in a variety of 
problems such as explosion [15], underwater explosion [16], high ve-
locity impact [17–19], metal forming process [20], and the erosive wear 
in solids by particle impact [21]. Encouraging results have been ac-
quired, for example, in the simulations of penetrator impact on concrete 
targets [22,23], SPH well demonstrated the fracture process in a brittle 
concrete plate caused by high velocity impact. In particular, fracture 
distribution agreed well with the experimental results. Consequently, 
SPH method is suitable to study the material removal due to fracture 
failure of hard and brittle materials in USM, and the former studies 
proved its effectiveness [24,25]. This section will present the SPH Ta
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simulation approach and results for different work materials. 

2.1. Material modelling 

In this work, for the hard and brittle workpiece and abrasive mate-
rials, the Mie-Grüneisen polynomial equation of state [26] was 
employed to describe the initial elastic response of the materials. The 
strength and damage behavior of these hard and brittle materials were 
modeled with Johnson-Holmquist material model, which was first 
developed for facilitating simulations of ballistic problems. The 
Johnson-Holmquist material model is suitable to simulate the phe-
nomena where brittle materials are subjected to load and damage, 
similar to the situation in USM of hard and brittle materials. The model 
defines that material damage begins to accumulate when the stress ex-
ceeds a critical value under compressive loading [27]. This damage 
accumulation for fracture is tracked via a damage parameter (ranging 
from 0 to 1.0). For undamaged material, D ¼ 0, while for entirely 
fractured material, D ¼ 1.0. When 0 < D < 1.0, it indicates that irre-
coverable plastic strain occurs, and the material is considered to be 
partially damaged. The detailed definition of Johnson-Holmquist ma-
terial model is introduced in the references [28,29]. 

The tool material used in this work is 304 stainless steel, here 

referred to as SS304. For this material, the Shock equation of state [26] 
was used to model the relation between the hydrostatic pressure, the 
specific volume, and the specific energy, by considering that accurate 
description of shock transition states is very important for impact cal-
culations. In this model, the reference function for the Mie-Grüneisen 
equation of state is chosen as the Hugoniot relations [30]. The strength 
of SS304 material is formed by Steinberg-Guinan model [31]. 

Because materials used as abrasive particles should be harder than 
those of workpieces in USM for material removal, the abrasive for silicon 
carbide workpiece was modeled by boron carbide. For the other two 
workpiece materials, silicon carbide was used in abrasive modelling. 
The constants related to the equations of the material models and ma-
terial properties, for glass [32,33], silicon carbide (SiC, also used as 
abrasive material) [34], and alumina (Al2O3) [35] used for workpiece 
modeling; boron carbide (B4C) [33,36] employed for abrasive modeling; 
SS304 [37] utilized for tool modeling, are obtained from existing test 
data and summarized as shown in Table 2. 

2.2. Modelling description 

A snapshot of the simulation model for studying USM on different 
workpiece materials was built as shown in Fig. 1. A one-quarter model 
with symmetric boundary conditions was used to reduce the calculation 
amount. And as the SPH generally takes more computation time, the 
simulation was conducted with a combination of SPH solver and grid- 
based Lagrange solver by constructing the part in large and small 
deformation with the SPH particles and Lagrange grids, respectively. 
The dimensions for each part are as defined in the figure, and the finite 
element mesh size is 1 μm for workpiece and tool modeling. The 
smoothing length of SPH particles used in the model was 200 nm. The 
top surface of the tool was endowed with the velocity condition which is 
simplified from ideal ultrasonic vibration in the experiments introduced 
later. The calculation method of the velocity was introduced in our 
former work [24,38]. An initial velocity of 0.6 m/s was applied in this 
study. A transmit boundary condition was used on the bottom and side 
surfaces of the workpiece, so the pressure transmitted without refection. 
This allows the calculation of a large target in reality. 

2.3. Simulation results 

2.3.1. Fracture of workpiece and abrasive particle 
The time-dependent cracking of the workpiece and abrasive particle 

along x-z symmetric plane are shown in Fig. 2, the left half was the 
mirror images of the original model. Green, blue and red elements 
indicate the materials are in elastic, plastic and failure states. After a 
calculation of 0.15 μs, a plastic region (in blue color) appears in both 
float glass and Al2O3 workpiece, even though the area is very small for 
Al2O3 workpiece. With further penetration driven by the tool, a median/ 
radial crack can be confirmed to be generated and propagate into the 
two materials, with those growing faster in the glass workpiece. While 
for the SiC workpiece, no fractures can be confirmed during the down-
ward stroke of the tool (0–2 μs). Then, when the tool is unloaded, the 

Table 2 
Material models and relevant parameters.   

Float glass SiC Al2O3 B4C SS304 

Equation of state Polynomial Polynomial Polynomial Polynomial Shock 
Density g/cm3 2.53 3.215 3.89 2.51 7.9 
Bulk modulus A1 GPa 45.4 220 231 233 None 
Grüneisen coefficient Γ None None None None 1.93 
Strength Johnson-Holmquist Johnson-Holmquist Johnson-Holmquist Johnson-Holmquist Steinberg-Guinan 
Shear modulus GPa 30.4 193.5 152 199 77 (G0) 
Hugoniot elastic limit GPa 5.95 11.7 6.57 12.5 None 
Yield stress MPa None None None None 340 
Failure Johnson-Holmquist Johnson-Holmquist Johnson-Holmquist Johnson-Holmquist None 
Hydro tensile limit MPa 150 750 262 7300 None  

8 µm8 µm

10 µm

6 µm

6 µm

6 µm

Tool
(Mesh)

Tool
(SPH)

Abrasive
(SPH)

Workpiece
(SPH)

Workpiece
(Mesh)15 µm

8 µm

10 µm

13 µm 13 µm

Fig. 1. A snapshot of the simulation model.  
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plastic region under the impact site in the glass and Al2O3 workpiece is 
transformed to material failure in the form of a lateral crack as pointed 
out in the figure. For the SiC workpiece, crack is also found near the 
work surface during the unloading process, which is similar to a lateral 
crack pattern. The final crack depth for glass, Al2O3, and SiC, is 6.4, 4.4, 
and 0.4 μm, respectively. The crack is larger for glass with a lower 
hardness and fracture toughness than the other two materials. Also, 
same tendency can be found for the crack width on the workpiece sur-
face, which is 6.6, 5.8, and 2.6 μm, for glass, Al2O3 and SiC, respectively. 

It is exciting to know that the crack formation process is similar to the 
median crack system [39,40] for glass and Al2O3, the median/radial 
crack generated during tool downward stroke and the lateral crack 
initiated in the upward stroke. While in the SiC workpiece, crack grew 
after unloading and its extension is tiny. The different crack pattern 
indicates that the distribution of the stress field for the three materials is 
different even though the impact conditions are the same. In this 
simulation, the maximum tensile hydrostatic pressure for SiC is 750 
MPa, which is much higher than 150 MPa for glass and 262 MPa for 
Al2O3. This means more difficult for SiC to fracture and explains the 
different cracking behavior. 

Fractures of abrasive particles working on different substrates were 
also confirmed as shown in Fig. 2. Both glass and Al2O3 workpiece used 
SiC abrasive particle, and SiC workpiece used boron carbide abrasive 
particle. As harder Al2O3 workpiece resist fracture better than float 
glass, higher pressure would be applied on the abrasive particle working 

on the Al2O3 workpiece and induce large fracture in the particle. On the 
other hand, boron carbide is too hard to broken, so only small fractures 
can be found on boron carbide abrasive particle as shown in Fig. 2(c). 

The growth of crack during micro-USM is demonstrated by using the 
SPH model. According to the various crack patterns resulted from the 
calculations, the machining conditions such as the workpiece material 
would have a large effect on the crack initiation and propagation. If the 
model is reliable, it may be extremely useful to clarify the material 
removal mechanism of micro-USM and to study the processing 
capability. 

2.3.2. Deformation of tools 
Plastic strains on SS304 tools during calculation are shown in Fig. 3. 

The strain value is highest for SiC workpiece, followed by Al2O3 work-
piece, and it is lowest for float glass. This means pressure applied on the 
tool for float glass workpiece is lower, and less wear is expected to occur. 
The results also show that the abrasive particle not only indented into 
the workpiece, but also penetrated into the tool. As the SiC workpiece is 
hard and not easily broken, the penetration of boron carbide particle 
into the tool is large, inducing large plastic deformation, which is 
considered to induce large wear of the tool. In respect to SiC abrasive 
particles, the material is not that hard as boron carbide to penetrate into 
the tool deep and the area in contact with the tool were fractured during 
the hammering as illustrated in Fig. 2(a) and (b). 

(a)

(b)

(c)
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Fig. 2. Simulation results of material status: (a) float glass, (b) alumina, and (c) silicon carbide.  
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Fig. 3. Plastic strain on the tools: (a) float glass, (b) alumina, and (c) silicon carbide.  
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3. USM experiments on different hard and brittle materials 

3.1. Machining conditions 

Fig. 4 shows the photograph of the experimental setup. A precision 4- 
axis desktop type CNC machine tool with three linear axes and one ro-
tary axis was used. An ultrasonic vibration spindle is mounted on this 
CNC tool for micro ultrasonic machining experiments. The vibration 
frequency and the amplitude at the tool tip were about 61 kHz and 4 μm 
(peak to peak), respectively. The tool top surfaces were all finished by a 
micro-EDM machine with the same finishing conditions before USM 
experiments. Deep blind hole drilling tests were conducted on glass, 
alumina (Al2O3), and silicon carbide (SiC). The original surfaces of the 
three materials were polished to confirm no defects existed and com-
parable with the simulation. In each experiment, a constant feed rate 
was applied to the tool and the feed depth was monitored by following a 
CNC program. A load cell with a resolution of 10 mN was employed to 
trace the machining force during the hole drilling process. Stop 
machining conditions when either the feed depth is bigger than 1 mm 
and the maximum machining force is larger than 3 N were used. The 
machining process ends while either of the two conditions achieved. 
Table 3 lists the physical and mechanical properties of the three mate-
rials. Detailed experimental conditions are listed in Table 4. 

3.2. Experimental results 

3.2.1. Material removal rate 
The material removal rate was calculated as the depth of the 

machined holes over the machining time. The machined area was 
scanned to measure the hole depth using a laser probe profilometer with 
1 nm resolution on Z direction and 0.1 μm resolution on XY direction 
(NH-3T) produced by Mitaka Kohki Corporation. The test results are as 
shown in Fig. 5. Even though an entire profile of deep holes (side surface 
is along the light path) cannot be achieved by the laser profilometer, the 

(a) (b)

Fig. 4. Experimental setup: (a) the main machine body, (b) installation of the 
load cell. 

Table 3 
Physical and mechanical properties of the workpiece materials.   

Silicon carbide Alumina Glass 

Density g/cm3 3.1 3.7 2.5 
Poisson ratio 0.14 0.21 0.23 
Knoop hardness kg/mm2 2800 1100 465 
Young’s modulus GPa 407 280 70 
Fracture toughness MPa m1/2 4.1 3.5 0.8  

Table 4 
Experimental conditions for deep blind hole drilling on different work materials.  

Process parameters Value 

Vibration frequency About 61 kHz 
Vibration amplitude About 4 μm (peak-to-peak) 
Maximum tool feed 

depth 
1 mm 

Machining force Lower than 3 N 
Tool feed rate 0.5–10 μm/s 
Tool material 304 stainless steel (⌀ 1 mm) 
Flow rate of slurry 50 mL/min 
Abrasive material Silicon carbide (mean size: 8 

μm) 
Diamond (mean size: 6 
μm) 

Workpiece material Glass, alumina Silicon carbide  
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Fig. 5. Cross-section profiles of the holes for the measurement of machined 
depth: (a) glass, (b) Al2O3, (c) SiC. 
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hole depth can still be calculated from the distance between the original 
workpiece surface and the bottom surface. In this way, the measured 
machined hole depth was 996 μm, 914 μm, and 373 μm for glass, Al2O3, 
and SiC workpiece, respectively. The machining time was calculated by 
dividing the feed depth by the feed rate. A feed depth of 1 mm was 
finished when fabricating glass and Al2O3, while only 415 μm feed was 
completed for SiC. The feed rate was set as 1 μm/s for glass, 0.5 μm/s for 
both SiC and Al2O3 samples. Therefore, the average material removal 
rate was calculated and equal to 0.996 μm/s, 0.457 μm/s, and 0.449 μm/ 
s decreasing in the order of glass, Al2O3, and SiC. With the increase of 
fracture toughness and hardness of workpiece materials, there is a 
reduction in the material removal rate. Note that the value for Al2O3 is 
far lower than its feed rate of 0.5 μm/s and only a little higher than the 
one for SiC, which results from the difficulty in machining deeper holes. 
Generally, the material removal rate decreases with the increase of hole 
depth due to the restriction of slurry movement [41,42]. 

3.2.2. Machining force and maximum feed rate 
The machining force for drilling the above holes on the three mate-

rials is shown in Fig. 6. The force rapidly increases and reaches 3 N when 
fabricating SiC due to a lower real-time material removal rate than the 
tool feed rate. On the other hand, the forces of machining glass and 
Al2O3 plates were stable and lower than 3 N, which indicates that the 
material removal went on smoothly. Commonly, in order to obtain op-
timum machining performance, the feed rate should be set appropriately 
since too low chosen will not yield a maximum machining rate while too 
high one will cause a jamming between the tool and the abrasives. The 
jamming leads a decrease of material removal efficiency and finally 
increases the machining force. 

Different tool feed rates were applied to fabricate the three materials 
and each experiment was repeated three times. The maximum feed 
depth under different feed rates for the three materials were listed in 
Table 5. The circle symbol means that the feed depth reaches the stop 

machining condition of 1 mm before the machining force achieves 3 N. 
And the value listed in the table is the maximum feed depth when the 
machining force reaches 3 N. Blank in the table means no experiments 
were conducted. The results show that the tool feed rate can increase up 
to 6 μm/s within completing a 1 mm deep hole for glass, while up to 0.5 
μm/s for Al2O3. In the case of SiC, the maximum feed depth can be 415 
μm when the feed rate is 0.5 μm/s. The machining efficiency can be 
evaluated with the maximum feed rate, which decreases in the order of 
glass, Al2O3, and SiC. 

3.2.3. Machining accuracy and surface quality 
The cross-sections of machined holes were observed with a scanning 

electron microscope (model SU1510) developed by Hitachi Corporation. 
A hole with high form accuracy was observed on the glass plate, whose 
bottom is quite flat as same as the contour scanned by the laser profil-
ometer in Fig. 5(a). The hole shape on an Al2O3 substrate is not as 
symmetrical as that of glass, which may result from local uneven abra-
sion of the tool. However, in the case of SiC, an obvious protrusion was 
formed in the middle of the bottom surface as same as the contour in 
Fig. 5(c). The material removal is commonly greater at the periphery of 
the work zone [4,43], whereas it is lower in the center because the 
abrasive renewal and debris removal are more difficult at the center 
zone [44–46]. The difference of the material removal rate then results in 
the initiation of the protrusion in the center area. In addition, abrasive 
particles in the gap may abrade the sloping machined surface due to 
oblique impact direction and consequently facilitate the formation of a 
large protrusion. The surface roughness of the machined surfaces was 
measured using the laser probe profilometer. The arithmetic average of 
absolute values (Ra) of the smoothest part on the bottom surface of the 
machined holes for SiC, Al2O3 and glass plate was 0.334 μm, 0.603 μm 
and 0.657 μm, respectively. Even though the form accuracy is lowest for 
SiC, fine surface was still obtained. The micro-USM presents a good 
surface finish for hard and brittle materials. From the magnification 
views of the bottom and the side surfaces as shown in Fig. 7, cracks 
remaining on the Al2O3 and glass plates were identified; however, no 
obvious cracks were found on the SiC substrate. These results are 
consistent with the simulation results that more and large cracks formed 
on glass workpiece due to continuous impact of abrasive particles and 
this will make sufficient material removal. The sufficient material 
removal ensures high material removal rate and machining accuracy. 
Conversely, if cracks propagated seriously in the depth direction, they 
may be not removed totally during machining process and may remain 
on the machined surfaces. 

According to the simulation and experimental results, the cracks 
initiated close to the work surface and propagated into the surrounding 
material almost parallel to the surface such as the lateral crack finally 
induce large chipping of materials, which causes main material removal 
in micro-USM. On the other hand, cracks generated beneath the work 
surface and extended deep into the material such as the median crack 
may remain inside the material and ultimately lead to subsurface 
defects. 

3.2.4. Tool wear rate 
The tool wear rate was calculated as the ratio of reduction of the tool 

length along the longitudinal direction to the machined hole depth. To 
measure the change of tool length, a 60 μm square was firstly marked on 

Feed depth µm

M
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hi
ni
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e

N

SiC

Al2O3

Glass

Fig. 6. Machining force.  

Table 5 
Maximum feed depth under different feed rates for the three hard and brittle materials.  

Work material Feed rate (μm/s) 

0.5 1 2 3 4 5 6 7 8 9 10 

Glass � � � � � � � 350 146 151 146 
Al2O3 � 516 106 111        
SiC 415 100 103         

Unit: μm. 
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Fig. 7. Cross-sections of machined holes: (a) glass plate, (b) Al2O3 plate, (c) SiC plate.  
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the tool as shown in Fig. 8 by an Nd:YAG laser (532 nm wavelength), and 
the length (L0) from the mark to the tool tip was then measured with 0.1 
μm resolution using the laser probe profilometer. Accordingly, the 
reduction of the tool length can be obtained by comparing L0 before and 
after USM. The hole drilling experiments were carried out three times for 
each work material, and the feed rate was kept to 1 μm/s for glass, and 
0.5 μm/s for both Al2O3 and SiC. The tool wear rate for different ma-
terials is summarized in Fig. 9. The test results demonstrated that the 
wear of tool increased in the order of glass, Al2O3, and SiC. The deviation 
is also small when fabricating glass, which means the hole drilling 
process is stable. 

Next, the tool geometry after USM was investigated. Fig. 10 presents 
the cross-sectional profile of the tool tip measured with the laser pro-
filometer. Besides the length wear and corner wear, hole wear also 
occurred in the center of the tool tip when fabricating SiC plate. A 
concave shape was formed as shown in Fig. 10(c), which is opposite to 
the workpiece. A slight concavity was also found on the tool after 
machining Al2O3 plate in Fig. 10(b). In the narrow machining gap, the 
stagnation of debris occurs during micro-USM [44]. As the slurry 
flushing in the center zone of the hole is more difficult, debris accu-
mulates intensively in the center zone, where the debris interacts with 
the tool causing the concavity in the center of the tool tip. The 
machining gap between the vibrated tool and the workpiece decreases 
due to the low material removal rate while fabricating SiC, where the 
piled debris density becomes higher inducing bigger concavity on the 
tool tip. However, the concavity formation was prevented when 

fabricating glass plate in which effective debris flushing takes place 
thanks to the high material removal rate. In turn, better form accuracy 
can also be obtained on the work side as mentioned above. 

4. Discussions 

Above results and discussions indicate that the material removal in 
micro-USM is mainly determined by the crack generation of workpieces, 
fast and large cracking of the workpiece facilitate the material removal, 
and reduce the wear of abrasive particles and tools. Numerous cracks 
can lead to chip removal of materials and directly affects the material 
removal efficiency. On the other hand, cracks extended deep into the 
material may remain inside the material and ultimately lead to 

L0

Fig. 8. Laser mark for tool length measurement.  

Fig. 9. Tool wear rate for different workpieces.  
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Fig. 10. Cross-sectional profiles of tool tip after micro-USM: (a) for fabrication 
of glass plate, (b) for fabrication of Al2O3 plate, (c) for fabrication of SiC plate. 
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subsurface defects. Therefore, it is important to control the crack gen-
eration and propagation that ensures effective material removal and 
high surface quality. 

In addition, in practical machining process, sufficient material 
removal is necessary to maintain a large machining gap for abrasive 
renewal and debris flushing, and ensures smooth material removal in 
entire machining zone. While fabricating materials with higher hardness 
and fracture toughness, cracking of workpiece is not enough to generate 
large chip removal and the abrasive particles in the machining zone 
fracture seriously. Therefore, the machining gap between the tool and 
work surface would be decreased with the on-going downward feed of 
machining. The narrower the machining gap becomes, the harder new 
abrasive particles flow into the center zone. The fractured particles in 
the narrow gap will gradually lose their cutting ability but abrade the 
tool material. The material removal process in micro-USM is schemati-
cally shown in Fig. 11. Larger crack generation in substrates and smaller 
wear of abrasive particles are helpful to maintain the machining gap and 
improve the machining efficiency. In this study, extremely hard abrasive 
was used to machine silicon carbide workpiece, even though the particle 
did not fracture seriously in the SPH calculation, we should know that 
the abrasive particle will be finally worn under constant impact action 
and the material removal process will become jammed due to slow and 
tiny cracking of silicon carbide. 

5. Conclusions 

The machining capabilities of micro-USM for hard and brittle ma-
terials were investigated in this study with both SPH simulations and 
blind hole fabrication experiments. The cracking process of workpiece, 
the wear of abrasive, and deformation of tool were visually demon-
strated by the simulation models. The material removal rate, machining 
force, form accuracy, surface roughness, surface damage, tool wear rate 
and tool geometry when fabricating glass, alumina, and silicon carbide 
were compared. The following conclusions can be drawn: 

Cracks remaining on the machined surfaces after micro-USM were 
identified. The cracks are formed during the machining process, and 
have a close relation to the material removal mechanism in USM. 

The material removal rate decreased in the order of glass, Al2O3 and 
SiC. With the increase of fracture toughness and hardness, crack 

generation becomes difficult and there is a reduction in the material 
removal rate. It can be well demonstrated by the simulation results that 
cracking of glass is faster and larger compared to the other materials. 

The tool wear rate drops significantly when fabricating glass. For-
mation of concavities on the tool tip was prevented because fast and 
large cracking process of glass and effective abrasive renewal under a 
big machining gap. In turn, better form accuracy was also obtained on 
the glass workpiece. 

In order to improve the processing capability of micro-USM for hard 
and brittle materials, we need find ways increasing the speed and degree 
of cracking process for effective material removal while reducing the 
tendency of cracks to extend deep into the work materials. Methods 
including heat treatment and chemical immersion can be tried in the 
future study. 
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Abstract. Surface microstructures can confer various functions on materials. Hierarchical, ideally 

fractal, structures are supposed to be beneficial to obtain functions because such structures can extend 

the surface area. Therefore, micrometer-scaled combined structures were attempted to fabricate in 

this study by employing ultrasonic assistance. Ultrasonic-assisted cutting is advantageous to fabricate 

hierarchical microstructures because the combination of the vibration frequency and simple feed 

motion leaves microstructures within the macroscopic structures that are shaped if the ultrasonic 

vibration is not employed. This report focuses on controlling the wettability, a surface function, and 

various surface structures were fabricated based on locus calculation and the change of wettability 

was experimentally evaluated. 

Introduction 

The surface can be defined as the interface where a material interacts with its surrounding 

environment [1], and most of the significant physical phenomena and chemical actions occur on the 

surface. Therefore, the surface textures like the asperity, surface area ratio, and spatial frequency 

affect the surface functionality. Many natural organisms have already acquired surface 

microstructures on their epidermises to perform more functions; moth eyes, shark skin, gecko feet, 

and lotus leaves are some of the most prominent examples [2, 3], and biomimetics that is an academic 

field to acquire functionalities by mimicking natural organisms has currently garnered attention [3, 4]. 

Focusing on the wettability as an example of the surface functions, the lotus leaf has been giving 

ideas to fabricate water repent structures [5–7]: the surface of the lotus leaf consists of micro- and 

nanostructures and such hierarchical structures can trap air to perform a high hydrophobic state 

explained by the Cassie–Baxter model [8]. To control the wettability, we have also been attempting 

to fabricate such hierarchical microstructures with a mechanical machining process, specifically, 

ultrasonic-assisted cutting [9, 10]. This paper reports the fabrication of micrometer-scaled pyramid 

and frustum arrays with substructures to confer water repent property. The feed motion of the machine 

tool generated the larger structures and ultrasonic vibration concurrently fabricated the finer 

structures. The wettability of the structured surfaces was then measured with a contact angle meter. 

Experimental equipment and conditions 

Device for ultrasonic-assisted cutting. The ultrasonic elliptical vibration cutting apparatus 

employed in this experiment was "Sonic-Impulse EL-50Σ" (Taga Electric Co., Ltd.). It can generate 

two-axial ultrasonic vibration whose frequency f is 41.4 ± 1.5 kHz in both longitudinal and horizontal 

directions. Its maximum vibration amplitude is 6.0 μm in both directions; while, the recommended 

value is up to 4.0 μm and the value can be set in increments of 0.5 μm from the external oscillator. 

The two vibrations are independent of each other, and elliptical vibration is generated by 
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synchronizing the phases of the vibrations. A V-shaped single crystal diamond tool with a 0° rake 

angle and a 14° clearance angle was fixed on the device. 

Machine tool. The ultrasonically vibrated tool was mounted on an ultraprecision machine tool "MIC-

300" (Nagase Integrex Co., Ltd.) as shown in Fig. 1. It adopts hydrostatic bearings and its positioning 

resolution is 0.1 nm in the X, Y, and Z axes, and 0.00001° in the C axis.  

Workpiece. The machine tool equips a magnetic table, therefore a ferromagnetic stainless steel alloy, 

SUS420J2, was chosen as the base material of the workpiece, on which electroless nickel-phosphorus 

(Ni-P) plating (Ni 90%, P 10%) was formed with 60–80 μm in the thickness. The microstructure 

fabrication was performed on/within the Ni-P layer. 

Cutting conditions. The fabrication procedure of micrometer-scaled pyramid and frustum arrays is 

schematically shown in Fig. 2. Parallel grooves were fabricated unidirectionally at even pitches and 

the equal depth, and the workpiece was then rotated by 90° and grooved likewise. The cutting depth 

d was set to 8 μm and the pitch p was 16, 20, 30, 60 μm; therefore, the individual shape of the array 

was a pyramid when p ≤ 16 μm and a frustum when p > 16 μm. The elliptical vibration mode was 

applied and its amplitude was set to 2.0 μm. The feed speed v was 10 m/min and the pitch of the 

ultrasonic-vibration-derived microstructures could be estimated between 3.9–4.2 μm by solving v/f = 

(10/60 [m/s]) / (41.4 ± 1.5 [kHz]). 

 

 
Fig. 1 Experimental setup. 

 

 
Fig. 2 Fabrication procedure of pyramid and frustum array. 
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Experimental results 

Figure 3 is scanning electron microscopic photographs of the microstructured surfaces and illustrates 

that the pyramid and frustum arrays with substructures (ripples) derived by ultrasonic vibration were 

able to be fabricated as designed. The contact angle of the surfaces were then measured with a contact 

angle meter (DM-501, Kyowa Interface Science Co. Ltd.) to evaluate the wettability quantitatively. 

Figure 4 concludes the measured values with 0.7 μL refined water droplet and it indicates that the Ni-

P surface was originally hydrophilic and transited to hydrophobic with the surface textures. Thus, the 

substructures may capture air and the contact mode may be the Cassie-Baxter mode. Additionally, 

 
(a) p = 16 μm 

 

 
(b) p = 30 μm 

 

Fig. 3 Fabricated surface textures. 
 

 
Fig. 4 Water contact angles on the microstructures. 
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the frustum arrays of p = 20, 30 μm got more hydrophobic than the pyramid array. This result suggests 

that the small flat zones may give effect to capture air in the microstructures. 

Conclusion 

This research attempted to fabricate micrometer-scaled hierarchical structures with the assistance of 

ultrasonic vibration. The pyramid and frustum array microstructures with ripple substructures were 

successfully fabricated and all of the microstructured surfaces indicated hydrophobicity while the flat 

surface was hydrophilic. Additionally, the frustum array surfaces with small top zones were more 

hydrophobic than the pyramid array surface. 
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1. Introduction  

 

Metal cellular materials exhibit superior functions in terms of 

lightness, fluid permeability, and thermal conductivity compared to 

dense metals, and their practical application including lightweight 

materials, insulation, or filters has been promoted1. Major fabrication 

methods of porous metals such as casting process, direct foaming in 

melt method, spacer method have been developed for many years, and 

additive manufacturing (AM) technology has also attracted attention in 

recent years. Most of the porous metals fabricated by AM are open-cell 

structures whose pores connect each other; while it is generally 

challenging for the AM to manufacture closed-cell structures. However, 

Tsukuda et al. proposed a new method to create a closed porous 

structure using selective laser melting (SLM), which is a representative 

AM technology3. The feature of their method is to achieve porosity of 

SLM objects by leaving pores, which had been recognized as defects 

in the samples. The study clarified the relationship between porosity 

and manufacturing conditions including the laser scan speed and 

energy density by evaluating the porosity of the fabricated object, 7 × 

7 × 7 mm3 cubes. Additionally, cell structure inside the samples 

changed from a closed-cell structure to an open cell one as the laser 

scan speed increased. To extend the application field, it is necessary to 

control the porosity and pore morphology inside any shape objects. 

Thus, this research focused on a sintered area of SLM object and 

evaluated porosity using X-ray computed tomography (CT) scanning. 

The pore inclination angle (PIA) and aspect ratio (AR) were also 

evaluated from the cross-sectional images using an image processing 

program because these pore parameters are important factors as a 

mechanical and thermal property of the porous structure4.  

 

 

2. Material and method 

 

2.1 Shaping conditions  

ProX100 (3D Systems) with a Gaussian beam fiber laser was used 

to prepare cubic samples and gas-atomized Ti-6Al-4V powder 

(OSAKA Titanium technologies Co., Ltd., TILOP64-45) was selected 

as a shaping material. The powder was layered at a thickness of 45 μm 

per layer and sintered with the laser in an argon atmosphere. The 

scanning speed, scanning width, spot diameter, wavelength, power of 

the laser were set to 100 mm/s, 70 μm, 80 μm, 1070 nm, 50 W, 

respectively. Under these conditions and the others listed in Table 1, 

four types of cubic samples with the different sintered areas were 

shaped. The laser scanning strategy is shown in Fig. 1. 

 

2.2 Analysis conditions of X-ray computed tomography 

Two-dimensional images of the cube samples were obtained by X-
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Porous metal materials have unique features such as low density, adiabaticity, and damping capacity and these features are 

known to be affected by pore morphology including pore size, shape, and cell structure. To produce a porous metal material 

with wide range pore type, a variety of porous metal processing has been developed. This research proposes a new 

manufacturing method of porous metal using selective laser melting (SLM). This method produces porous SLMed objects 

efficiently by letting naturally arising pores remain in the products; on the other hand, the pore morphology is hardly 

predictable. To ascertain the relationship between the pore morphology and building conditions, X-ray computed tomography 

visualized the pore shape and position in the SLMed objects prepared under various building conditions. Additionally, the 

cross-sectional images were analyzed using an image processing program. The analysis showed that the inclination angle of 

the pore aligned parallel to the laser scan direction and the porosity increased as the sintered area increased. The above 

results indicate that the building conditions might control the pore morphologies in SLM products. 
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ray CT scanning using a ScanXmate-D160TSS105 with a pixel 

resolution of 7.067 μm/pixel, a voltage of 200 kV, and a current of 

200 μA. The analysis domain was 4 × 4 × 4 mm3 at the center of 

each cube, and it gave the sequential two-dimensional images of the 

cross-section perpendicular to the building direction. The image 

binarization and the noise removal were performed by an image 

processing software ImageJ. Subsequently, its particle analysis 

program was run to obtain the PIA and AR of each pore. The triangle 

method and median filter were used as a binarization and noise 

removal method. The reference radius value of the median filter is 2 

pixels, and particles of 9 pixel2 or less were judged as noise and 

excluded from particle analyze results. 

 

 

3. The effect of the sintered area on porosity and pore 

morphology of SLM objects 

 

Figure 2 shows the relationship between the sintered area and the 

porosity of the cubic samples and indicates that the porosity increased 

with increasing of sintered area. Particularly, the porosity got greater 

approximately three times when the sintered area changes from 49 

mm2 to 95.6 mm2. In the samples with the porosity of 10% or more, 

elongated pores are formed easily because independent pores begin to 

connect.  

The AR of each pore is defined as the ratio of the major and minor 

axis length, and the larger AR means that the pore is more elongated. 

The lengths of the major and minor axes were calculated by the ellipse 

fitting algorithm. The PIA is defined as the angle between the major 

axis and width axis in Fig. 1. Figure 3 shows the histograms of the PIA 

to the width direction and the AR in the cube samples. As can be seen 

in Fig. 3(a), the PIA peaked at 0°–10°, 170°–180°, and 90°–100° which 

correspond to the width-axis and length-axis in Fig. 1. This result 

indicates that the pores tend to be oriented in a direction parallel to the 

laser scanning strategy. Figure 3(b) shows that all of the cube samples 

have their modes of AR at the interval of 1.2–1.3. Focusing on Cube 

04, the frequency of the mode is decreasing, and it increases at the AR 

of 1.8 or more. This result indicates that the proportion of elongated 

pores increases with the increase of the sintered are. From the above 

results, the sintered area is considered to be one of the important 

shaping parameters that affect the pore morphology and porosity. 

 

 

4. Conclusions 

 

The cube samples designed in the different sintered area were 

shaped by SLM and their porosity and pore morphology were 

evaluated in detail by X-ray CT scanning. As a result, the porosity 

showed a positive correlation with the sintered area and showed an 

increase of more than 4 times at maximum. The analysis of the PIA and 

AR showed that the pores tended to be oriented in the laser scanning 

direction, and vertically elongated pores increased as the sintered area 

increased. Therefore, when fabricating porous metals using SLM, not 

only energy density or laser scan speed but also the sintered area needs 

to be considered. 

 

Table 1 The shapes of the samples 

 Width Length Height Sintered area 

 [mm] [mm] [mm] [mm2] 

Cube 01 7.00 7.00 

7.00 

49.0 

 
Cube 02 9.78 9.78 95.6 

Cube 03 19.78 19.78 391.2 

Cube 04 29.78 29.78 886.8 

 

 

Fig. 1 Schematic of laser strategy 

 

 

Fig. 2 Sintered area dependence of porosity 

 

 

 

(a) (b) 

Fig. 3 Histogram of (a) pore inclination angle to the width direction 

and (b) pore aspect ratio in the cube samples 
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1. Introduction 

Fine bubbles (FBs) generally refer to the bubbles with 

less-than-100-μm diameters and they are further classified into 

microbubbles (MBs) and ultrafine bubbles (UFBs): the MBs and 

UFBs are defined as the bubbles with diameters of 1–100 μm and less 

than 1 μm, respectively1). The FBs have been researched and utilized 

in the industry as ultrasound contrast agents, aerated wastewater 

treatment, friction reduction in large vessel navigation, etc2,3). These 

applications are considered to attribute to the MBs and the effects of 

the UFBs have not been clarified3). A reason for the difficulty to 

clarify the mechanism attributes to the difficulty of the measurement: 

their diameters exceed the diffraction limit of the visible light so their 

shapes cannot be confirmed with conventional optical methods2,3); 

while, the Tyndall phenomenon can be confirmed as well as other 

colloid suspensions. Therefore, laser-employed measurement 

methods including dynamic light scattering method and Brownian 

motion tracking method were developed to detect the UFBs.  

Hydroxyl (OH) radicals are highly reactive and are known to arise 

with ultrasonic cavitation that generates high pressure and high 

temperature4). The MBs and UFBs are also expected to generate OH 

radicals by their self-collapse effect. Takahashi et al. reported that the 

OH radicals were detected from the MB-dispersed water without an 

external stimulus5), but Tada et al. pointed out that they could not find 

self-collapse phenomenon in MB-UFB water6); either way, we 

considered that the ultrasonic assistance on the UFB-dispersed water 

(UFB water) could help to generate more OH radicals, which would 

effectively modify the workpiece surfaces. This report presents the 

effect of applying ultrasonic vibration to UFB water on generating 

OH radicals. 

2. Detection of ultrafine bubbles and hydroxyl radicals 

A static mixer type UFB generator (nanoQuick, NANOX Co., 

Ltd.) was employed to obtain UFB water. The operation conditions 

were fixed as follows: the supplied gas was oxygen, the gas supplying 

pressure was 0.1 MPa, the pump pressure was 1 MPa, the water flow 

rate was 4.7 L/min, and the operation time was 15 min. The generated 

UFBs were then measured with a particle analyzer. 

2.1 Measurement and count of ultrafine bubbles 

The nanoparticle tracking analysis (NTA, NanoSight NS 300, 

Malvern Panalytical Ltd.), which computes the particle size in liquids 

with the temporal change of the images of the scattering lights from 

nanometer-sized particles, was employed to measure and count the 

UFBs. The bubble size is calculated based on the Brownian motion 

and the Einstein–Stokes equation.  
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The ultrafine bubble (UFB) that is defined as a less-than-one-micrometer-diameter bubble has currently caught attention 

because of its effects. Some of the effects are assumed to attribute to the generation of hydroxyl (OH) radicals due to the 

implosions of UFBs. The UFBs are, on the other hand, stable in water; therefore, external forces are necessary to implode 

them, and in this research, ultrasonic vibration was employed to accelerate the generation of OH radicals. Spin trapping 

agent had been added on both pure and UFB suspended waters and the halves of them were ultrasonically vibrated, and the 

four solutions were then measured with the spin trapping and electron spin resonance methods. The results quantitatively 

showed that the UFB suspended water increased the generation of OH radicals. 
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2.2 Detection of hydroxyl radials 

The OH radicals were detected with electron spin resonance (ESR, 

JES-FA100, JOEL Ltd.) spectroscopy. Because the OH radicals are as 

short-lived, whose half-life is 1 ns7), a spin trapping agent, 

5,5-dimethyl-1-pyrroline N-oxide (DMPO, Labotech Co., Ltd.), was 

employed to extend the lifetime of the OH radicals to several hours.  

3. Experimental results 

3.1 Effect of ultrasonic nozzle 

First, an ultrasonic nozzle (W-357-1MPD, Honda Electronics Co., 

Ltd.) was employed to verify if supplying the UFB water with an 

ultrasonic nozzle was effective. Figure 1 shows the UFB distributions 

detected with the NTA before and after ultrasonic nozzle jetting, and 

the total numbers of the UFBs were (8.15 ± 0.75) × 108 and (8.00 ± 

0.21) × 108 in before and after ultrasonic nozzle jetting, respectively. 

These results indicate that there are no significant difference between 

them. While, as an interesting phenomenon, UFB water was atomized 

by the ultrasonic nozzle jetting, which phenomenon was not 

confirmed with purified water. 

3.2 Effect of ultrasonic bath 

A self-developed ultrasonic bath was employed to confirm the 

effect on generating the OH radicals. DMPO was mixed with purified 

water and UFB water and the concentration was adjusted to 0.3 mol/L. 

The conditions of ultrasonic irradiation was as follows: the frequency 

was 1.6 MHz, the output power was 30 W, the amount of the samples 

were 200 μL, and the irradiation time was 1 min. Figure 2 is the result 

of the ESR method to measure the amount of OH radicals. It indicates 

that the UFB water alone did not generate the OH radicals, while the 

UFBs extended the generation of the OH radicals under the 

conditions of the ultrasonic irradiation. 

4. Conclusions  

This report presents the effect of ultrasonic irradiation on UFB 

water. The ultrasonic nozzle jet did not change the amount of the 

UFBs, while UFB water was atomized with the nozzle.  

The ESR tests indicated that the UFB water provided the effect to 

extend the generation of the OH radicals in the ultrasonic bath 

compared to the purified water. 
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Abstract. 

We determined a case of bacterial diversity in an industry-based liquid in-use grinding fluid sample 

by next-generation sequencing and were mainly dominated by Pseudomonas genus. For the 

bactericidal test, we prepared two types of ultrafine bubbles water (UFB) using air or CO2. The fresh 

grinding fluid diluted by each UFB and inoculated 106 CFU/mL of Pseudomonas aeruginosa 

ATCC10145 into each sample. After a two-hour of treatment, no colony detection was shown in 

CO2-UFB. We observed specific fluorescently stained bacteria by fluorescence microscope before 

and after treatment of UFB. After treatment, P.aeruginosa was dead by membrane damage. We were 

able to find that UFB water using CO2 is effective to control Pseudomonas genus in grinding fluid, 

and elucidate a part of bactericidal mechanisms of UFB. 

Introduction 

Grinding fluids are generally used in the grinding process, and they have deteriorated with use 

frequency, and they decay through the action of micro-organisms, mainly bacteria and fungi. They 

emit unpleasant odors, especially some factories whose temperature is not controlled and/or using the 

emulsion type fluid. Additionally, the grinding fluid turns into a mist and is spattered to the working 

space when the grinding fluid is supplied to a grinding wheel under high pressure. Such aerosolized 

contaminated water or solutions are closely linked to the development of respiratory tract infections. 

Metalworking fluids used in factories may be implicated in community-acquired pneumonia (CAP) 

involving previously healthy people in this setting [1]. There are also at risk for infection because 

grinding fluid is given in an aerosol mist for the workers. 

Pseudomonas genus is one of the major bacteria in industry-based liquid in-use water-miscible 

metalworking fluids including grinding fluids [2]. Especially, Pseudomonas aeruginosa is one of the 

pathogenic bacteria and CAP with P. aeruginosa was also reported [1]. The majority of the 

metalworking fluids are preserved by biocides, but biocides used as preservatives were suspected to 

create increased dermatitis risks for operators [3]. To solve the problem, non-chemical sterilization is 

required. 

UFB are said to be effective for control of microbe growth [9], but the mechanism is uncertain. In 

this report, we tried using UFB as a method of controlling the bacterial number in the grinding fluid 

and preserving grinding fluid from decay. 
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Material and Methods 

Generation of UFB UFB was prepared according to the manual by Nanox Co., Ltd. in the 

NQ-KP-M1.5 CD-200/60-R3s. The basis of generation is described in Fig. 1.  

Grinding fluid sample Both fresh and in-use samples were chemical oil-based, in-use sample 

collected from systems of grinding operation. 

Isolation of bacterial DNA and 16S rDNA metagenome analysis Bacterial genomic DNA 

(gDNA) was extracted directly from duplicate 750-μL samples and was stored at −20°C.  

Polymerase chain reaction (PCR) amplification of the 16S rDNA fragments prior to 16S rDNA 

metagenome analysis and data analysis was performed as recommended by Illumina, Inc. in the 

MiSeq system manual. The principle of the reaction is described in Fig. 2. 

Bactericidal test We used Pseudomonas aeruginosa ATCC10145. The precultured strain 

solution (108 CFU/ml), fresh grinding fluid, and diluent were aseptically added to sterilized 2-mL 

cryovials. The initial concentration of the bacteria was checked by the cultivation of the serial dilution 

method using NAC agar medium (Eiken Kagaku) for 24 hours at 37 degrees Celsius. Other test 

conditions are described in Table 1. The vials were set in a cool incubator at 23 degrees Celsius. After 

two hours later, the concentration of the bacteria was analyzed by the cultivation of the serial dilution 

method using NAC agar medium (Eiken Kagaku) for 24 hours at 37 degrees.  

Specific fluorescently staining of bacteria and microscope observation Pseudomonas 

aeruginosa in grinding fluid before and after treatment of UFB were stained by -Bacstain- CFDA 

(5(6)-carboxyfluorescein diacetate) and Bacstain PI (propidium iodide) solutions (Dojindo 

Laboratory). The principle of these reagents is described in Fig. 3. Specific fluorescently stained 

bacteria were observed by a fluorescence microscope (BZ-9000, Keyence). 
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Fig. 1 Extremely-high density UFB generating system [6] 
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3. Sequencing and Data analysis
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Fig. 2 Next generation sequencing (NGS) [7] 
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Fig. 3 Microbial cell viability confirmation [8] 

 

Result and Discussion 

16S rDNA metagenome analysis (Table 1) We determined a case of bacterial diversity in an 

industry-based liquid in-use grinding fluid sample by next-generation sequencing and were mainly 

dominated by Pseudomonas diminuta (Brevundimonas diminuta) (16.23%). Pseudomonas genus is 

one of the major bacteria in industry-based liquid in-use water-miscible metalworking fluid [2]. The 

results estimated that this genus existed in the in-use grinding fluid at a great rate (We didn't check the 

concentration of Pseudomonas genus in this sample by cultivation.). 

Bactericidal test (Table 2) No colony was detected after a two-hour treatment by CO2-UFB. 

The pH of CO2-UFB water became acid by hydrogen carbonate ions of dissolved carbon dioxide 

(pH7.0 to pH5.0). We studied the effect of pH on the sterilization of bacteria. The results are shown in 

Table 2. The condition of pH 5.0 was inhabitable for Pseudomonas aeruginosa [4]. The CO2-UFB 

had bactericidal activity despite pH 5.0. This result indicated the possibility of bactericidal effect by 

UFB. The hydroxyl radical was not generated from a dissolving air UFB without a dynamic stimulus 

[5], we considered the physical impact as a possible cause of sterilization. 

Specific fluorescently staining of bacteria and microscope observation (Fig. 4) After CO2- 

UFB treatment, P.aeruginosa was dead and stained PI. This result showed that bacterial membrane 

damage caused death. We were not found a noticeable change of forms. 
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Table 1 Bacterial diversity in in-use grinding fluid sample 

Species classification % Total Reads

Pseudomonas(Brevundimonas) diminuta 16.23

Dyadobacter beijingensis 8.38

Methylobacillus glycogenes 6.05

Thermus thermophilus 4.83

Brevundimonas terrae 3.40

Aminobacter aminovorans 3.16

Comamonas testosteroni 2.68

Unclassified at species level 42.21

Other 13.06
 

 

Table 2 Effect of UFB treatment on cell number of P. aeruginosa 

type of metalworking

fluid

additive rate

【%】
diluent gas pH

initial concentration of

P.aeruginosa

【CFU/ml】

Number of colonies

after treatment

【CFU/ml】

sterilization

rate【%】

chemical type 2.5 ultrafine bubbles water Air 7.04 8.0×10
6

<8.0×10
6 0

－ － ultrafine bubbles water Air 7.04 8.0×10
6

<8.0×10
6 0

chemical type 2.5 ultrafine bubbles water CO2 5.03 8.0×10
6 0 100

－ － ultrafine bubbles water CO2 5.03 8.0×10
6 0 100

chemical type 2.5 purified water － 7.35 8.0×10
6

<8.0×10
6 0

－ － purified water － 7.35 8.0×10
6

<8.0×10
6 0

chemical type 2.5 purified water － 5.01 1.8×10
6

<1.8×10
6 0

－ － purified water － 5.01 1.8×10
6

<1.8×10
6 0  

 

After CO2-ultrafine bubbles water treatment

After purified water treatment

All cell Live cell Dead cell

All cell Live cell Dead cell

 
Fig. 4 Effect of UFB treatment on cell membrane damage of P. aeruginosa 
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Summary 

The safety control of grinding fluid is the one of important part for machining processing, but 

biocides used as preservatives were suspected to create increased dermatitis risks for operators [3]. 

Pseudomonas genus was mainly dominated in grinding fluid (Table 1). 

In this report, we focused on the UFB generated by different gas and found that CO2-UFB has 

bactericidal effect for Pseudomonas aeruginosa (Table 2). We tried elucidation of the bactericidal 

mechanism of the CO2-UFB using specific fluorescent staining and observed that P.aeruginosa was 

dead by membrane damage addition of UFB (Fig. 4). 

Finally, we can conclude that UFB using CO2 is effective to control Pseudomonas genus in 

grinding fluid without biocides and preserve grinding fluid from decay. 
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Abstract. Powder jet deposition (PJD) is a film formation technique that can be employed under 

atmospheric and room-temperature conditions. PJD has been attempted to apply to dental treatment 

by utilizing hydroxyapatite (HA) particles. This research focuses on the aesthetic aspect of the PJD 

dental treatment; specifically, the color tones of the PJD-formed HA films, as well as a zirconia block 

and a dental shade guide, were measured and evaluated quantitatively in the CIE (Commission 

Internationale de l'Eclairage) L*a*b* color space. Subsequently, HA and zirconia composite particles 

were created by a mechanochemical powder fusion device and the particles were employed in PJD to 

verify whether the formed composite films took on a medium color tone between that of the HA film 

and the zirconia block. 

Introduction 

Dental treatment has aspects of functional restoration and aesthetic improvement: generally, the 

former is paramount, but once the functionality is ensured, the latter is also essential and what people 

concern about [1, 2]. Repairs of dental cavities, for example, have been filled with alloys, but the 

composite resins and porcelain that are more aesthetic currently started to be used favorably by 

patients [3, 4]. Because dental metal allergy is a major issue on metallic fillings [5], choosing 

metal-free materials is reasonable but aesthetics also affects patients' choices. On the other hand, each 

material possesses risks of the occurrence of secondary caries and the aged deterioration because they 

are exposed to the severe environment of human mouths where they experience mechanical and 

thermal stresses for many decades. Additionally, the composite resin has been pointed out that a more 

risk of secondary caries [4, 6]. The destructions often initiate at the boundaries of the human teeth and 

fillings where mechanical and material properties are different. In order to solve these problems, we 

have been investigating to employ powder jet deposition (PJD) that is a film formation method with 

high-speed fine particles blasted on substrates under room temperature and atmospheric pressure 

environment [7]; specifically, fine particles of hydroxyapatite (HA) that is the main component of 

human teeth are used to collide directly on teeth surfaces and to form films. Akatsuka et al. [8] 

revealed that HA PJD treatment can form thick films with sufficient bonding strength and hardness 

on HA substrates. We have also been attempting applying HA PJD treatment on aesthetic dentistry. 

Because films created with pure HA particles are whitish transparent color, additive components 

might be needed to hide the substrate color. Izumita et al. [9] reported that titanium dioxide (TiO2) 

and HA combined particles can whiten discolored tooth surfaces; on the other hand, the toxicity of 

TiO2 nanoparticles have currently been reported [10]. Therefore, zirconium dioxide (ZrO2) that is a 

mailto:akeita.shimada.c6@tohoku.ac.jp
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commonly used material for all-ceramic implants was chosen as the additive materials in this 

research.  

The objective of this report is to evaluate the color tones of the PJD HA films and ZrO2 

quantitatively for expecting the color-modifying ability of ZrO2. First, the spectral reflectances of HA 

films and a ZrO2 disk were measured to obtain the color tones in the CIE (Commission Internationale 

de l'Eclairage: French) L*a*b* color space. Subsequently, HA and ZrO2 composite particles 

(hereinafter, simply referred to as 'HA/ZrO2 particles') were fabricated and employed in PJD to form 

composite films and the change of the color tones was figured out. 

Colors of hydroxyapatite films and zirconia block 

Samples for color measurement. A self-developed PJD handpiece was employed and the blasting 

conditions are listed in Table 1. Microscope slides made of soda-lime glass were chosen as the 

substrates to form HA films for color measurement because it is a transparent and colorless material 

that does not disturb the color measurement by reflecting light. Figure 1 shows a microscope slide 

before and after forming an HA film; on the other hand, the color of ZrO2 was measured via a 

commercially available ZrO2 disk (NANOZR, Panasonic Healthcare: ZrO2 + HfO2 67.9 wt%, CeO2 

10.6 wt%, Al2O3 21.5 wt%) [11], which was machined in the dimension of 2 mm × 3 mm × t1 mm. 

All specimens were polished with a waterproof abrasive paper up to 0.01 μm Ra before color 

measurement to eliminate the effect of the surface topography on the light reflection. Their colors 

were then measured with a spectrophotometer (CMS-35FS, Murakami Color Research Laboratory) 

using CIE standard illuminant D65. The light source was a halogen lamp, the irradiation and 

Table 1 PJD conditions 

Parameters Values 

Blasting Particle Hydroxyapatite 

Particle size 2.2 μm (mean) 

Blasting distance 3.0 mm 

Supplying pressure 0.5 MPa 

Accerelating pressure 0.5 MPa 

Blasting duration 30 s 

Substrate Soda-lime glass 

Conveying fluid Air 

(a) Before forming  (b) After forming

Fig. 1 Formed hydroxyapatite film 
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measuring diameters were 3.0 and 1.6 mm, respectively, the measurement time was 3.0 s, and the 

measuring capacity was 390–730 nm. Additionally, the dental shade guide (SG) (Lumin-Vaccum, 

VITA Zahnfabrik) numbered as A3.5, which is similar to the common Japanese tooth color, was 

measured as a control. Following the previous research [12], the color measurement of SG was 

performed in the three areas (the cervical, middle, and incisal areas). 

Results of color measurement. Figure 2 illustrates the measured reflectance for each wavelength. 

The graph indicates that the HA film possessed as uniformly low reflectance as around five percent in 

the whole measured spectra; therefore, the irradiated white light was almost absorbed or transmitted. 

The spectra of the three areas of the SG have no significant difference and their reflectances increased 

linearly from 12% to 20% in the spectral range of 390–600 nm, then became almost constant as 

around 20%. The ZrO2 block possessed the largest reflectance in the whole area out of the measured 

samples. Its reflectance increased largely 37%–62% in 390–500 nm, then increased gradually 62%–

65% in 500–730 nm.  

These measured spectra were then transformed to the CIE L*a*b* color space to evaluate and 

compare each color tone quantitatively. The three values (L*, a*, b*) represent for the lightness 

(black–white: 0–100), green–red (minus–plus), and blue–yellow (minus–plus), respectively [13]. 

Table 2 lists the calculation results from the values of Fig. 2 and it indicates that both SG and ZrO2 

take yellowish tones. 

Table 2 CIE L*a*b* color parameters on SG, HA, and ZrO2 

L* a* b* 

Shade guide (A3.5) 

Cervial area 49.86 −0.164 9.346 

Middle area 50.06 −0.176 9.156 

Incisal area 49.19 −0.366 8.398 

Hydroxyapatite film on glass 26.47 −0.085 −1.043 

ZrO2 block 82.75 −2.845 8.770 

Fig. 2 Spectral distributions of the HA film, zirconia, and shade guide. 
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The total color difference ΔE*
ab is defined as the Euclidean metric in the color space, i.e., ΔE*

ab is 

obtained as 

ΔEab
*  = √(L*2  −  L*1)2 + (a*2 −  a*1)2 + (b*2  −  b*1)2. (1) 

Based on Eq. (1), ΔE*
ab from the middle area of the SG were 25.7 at the HA film and 32.8 at the 

ZrO2 block. Because the just noticeable difference in the CIE color space is supposed to be 2.3 [14], 

these color differences are quite great and they will provide a color change if they are used dental 

treatment. 

Powder jet deposition with composite particles for controlling the color tone 

Hybridizing of hydroxyapatite and zirconia particles. The color tone of the SG is approximately 

in the middle of the HA film and ZrO2 block in the color space as listed in Table 2; thus, powder 

hybridizing was performed to clarify if the composite conditions of ZrO2 and HA particles can control 

the color tone of PJD films. HA/ZrO2 particles were created by a mechanochemical powder fusion 

device (Nanocular, Hosokawa Micron) that possesses a four-bladed impeller in its chamber and 

particles are hybridized by the stress applied when they pass the gap between the blade and inner wall. 

Additionally, the device can employ atmospheric plasma to enhance hybridization by cleaning the 

surfaces of the particles. The hybridizing conditions are listed in Table 3. The operation time was 

varied to change the degree of hybridization. Subsequently, PJD was performed with the obtained 

HA/ZrO2 particles under the conditions listed in Table 1. 

Color tones of the films formed by composite particles. The color parameters of the formed 

HA/ZrO2 films and the color differences between them and the middle area of the SG are listed in 

Table 4. These results indicate that the lightness L* of the composite films became in the middle of 

the HA film and the ZrO2 block though their a* and b* were outside of the interval. The increase of 

the hybridizing operation time raises the surface coverage of ZrO2 sub-particles on the HA main 

particles; however, the lightness of the formed film reversely decreased with the increase in the 

operation time. 

Table 3 Conditions of powder hybridization 

Parameters Values 

Main particles Hydroxyapatite, 2.5 μm 

Sub-particles Zirconium dioxide, 10 nm 

Blade rotation number 1500 min-1 

Operation time 5, 10, 20 min 

Hybridizing ratio (ZrO2/HA) 5.0 wt% 

Atmospheric plasma generator 100 W, Radio-frequency (13.56 MHz) power  

Plasma source gas Air, 30–50 Pa 



The 22nd International Symposium on Advances in Abrasive Technology, 6-9 December 2019 

Summary 

This research quantitatively evaluated the color tones of the HA film, ZrO2 block, and HA/ZrO2 

composite films for aesthetic dental treatment of the PJD. The color tone of the PJD formed HA film 

was dark enough to be recognized, which result indicates that the pure HA film alone cannot change 

the color tone of the original tooth; on the other hand, the color tone of the ZrO2 block was strongly 

bright compared with the SG. Composite particles of HA and ZrO2 were then created by a 

mechanochemical powder fusion device, and the PJD films formed with the composite particles took 

the medium color tones between the HA and ZrO2. 
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Abstract. The purpose of the research described in this paper was to evaluate the physicochemical 

properties of laser-irradiated zirconia and to verify the detailed effects for biocompatibility. 

Nanosecond pulsed laser (NPL) was applied to irradiate yttria-stabilized tetragonal zirconia 

polycrystals (Y-TZP) and ceria-stabilized tetragonal zirconia polycrystals with alumina 

nanocomposite (Ce-TZP), and they were characterized with point-autofocus-probe 3D measuring, 

energy dispersive X-ray spectrometry (EDX), and contact angle measurement. Besides, the effects of 

cell behavior were investigated through the observation of osteoblast-like cells with scanning 

electron microscopy (SEM) a day after planting, and cell proliferation evaluation three days after 

planting. The NPL irradiation created two types of surface textures; laser-roughened surface and 

laser-grooved surface. The contact angle measurement results showed that the irradiated Y-TZP and 

Ce-TZP obtained more hydrophobic surfaces. The reason was supposed that the contaminant 

adhesion and roughening during NPL irradiation on the surfaces made the surfaces more hydrophobic. 

The SEM images show that the cells were extended along with the machine direction on the irradiated 

samples. However, there was no remarkable difference in the state of cell attachment between two 

types of materials. The cells on the laser-grooved Y-TZP surfaces encouraged cell growth 

significantly more than the laser-roughened Y-TZP surfaces. This result suggests the laser-grooved 

surface had an important role to help cells to grow. On the other hand, the cells on the irradiated 

Ce-TZP surfaces encouraged cell growth significantly less than the polished Ce-TZP surfaces. This 

result suggests that the chemical alteration with NPL inhibited the cell growth process, but this result 

did not relate to the EDX and contact angle results. 

Introduction 

Zirconia dental implants have garnered attention due to aesthetic whiteness and no risk of metal 

allergy as an alternative to titanium implants. Yttria-stabilized tetragonal zirconia polycrystals 
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(Y-TZP) has already been used for clinical application, and ceria-stabilized tetragonal zirconia 

polycrystals with alumina nanocomposite (Ce-TZP), which has superior toughness and deterioration 

resistance to Y-TZP [1], has been developed. High biocompatibility is a vital material property for 

dental implants. Thus, many researchers have examined surface modification of zirconia. 

The pulsed laser can perform microfabrication on difficult-to-cut materials by the removal of 

material caused by local heating. It is also effective to create micro- and nano-scale rough surfaces, 

which are considered a favorable environment to help cells to grow [2]. Delgado-Ruíz et al. reported 

that the grooved Y-TZP surface with a femtosecond pulsed laser (FPL) had a higher bone-to-implant 

contact (BIC) when implanted into the edentulous lower jaws of foxhound dogs [3] [4]. However, 

Hirota et al. reported that the grooved surfaces with nanosecond pulsed laser (NPL) increased BIC of 

Y-TZP, but decreased that of Ce-TZP when inserted into the femur bone defects of Wister rats [5]. 
This result supposed that the heat effects with NPL could chemically alter Y-TZP or Ce-TZP surfaces. 
However, the detailed reason is not clarified.

The purposes of the research descrived in this paper were to evaluate the physicochemical 

properties of the NPL-irradiated Y-TZP and Ce-TZP and to verify the detailed effects for 

biocompatibility. Generally, surface wettability is assumed as an important property on protein 

adsorption and subsequent cell behavior [6]. Therefore, NPL-irradiated Y-TZP and Ce-TZP were 

characterized by chemical analysis and contact angle measurement, and the effects of cell behavior 

were investigated. 

Experimental Method 

Sample preparation. Two types of zirconia ceramics, 3 mol% yttria-stabilized tetragonal zirconia 

polycrystals (Y-TZP, YT-3Y-BE, Tosoh) and 10 mol% ceria-stabilized tetragonal zirconia 

polycrystals with 30 vol% alumina nanocomposite (Ce-TZP, NANOZR, Panasonic Healthcare), were 

used because additive agents may make differences in their heat effects. The specimens were cut to 

the size for each evaluation and polished with waterproof abrasive paper (#400, #600, #1000 and 

#1500).  

Surface textures. The zirconia specimens were irradiated using an NPL oscillator (red ENERGY G4 

SP-020P-A-EP-Z-F-Y, SPI Lasers) with a Gaussian beam profile in air. Table 1 lists the NPL 

irradiation conditions and Fig. 1 shows laser scanning passes. Irradiation was performed in two ways, 

(a) to roughen the surfaces with aggregate debris caused by NPL irradiation and (b) to create grooves 
(more than 30 μm width and depth); thus, all four combinations of the two treatments (LR: 
laser-roughening and LG: laser-grooving) and two samples (Y-TZP and Ce-TZP) were obtained, and 
each sample is abbreviated using the symbols like "LR/Y-TZP" in the following. The surface textures 
were characterized using a point-autofocus-probe 3D measuring instrument (NH3-T, Mitaka kohki).

Chemical analysis. The laser blackened the Y-TZP and Ce-TZP surfaces. The chemical 

compositions of the samples were then identified with energy dispersive X-ray spectrometry (EDX, 

EMAX ENERGY EX-250, Horiba). The samples (ϕ 12 mm × t 1 mm) were analyzed within the 20 

μm × 80 μm area. As for LG/Y-TZP and LG/Ce-TZP, the analysis was conducted onto the ridge and 

groove, respectively. 

Surface wettability. The contact angle was measured to examine the influence of the textures and the 

surface energy states on the wettability. The irradiated samples (ϕ 12 mm × t 1 mm), which were 

stored in a vacuum desiccator after ultrasonic cleaning (in ethanol for 10 min and in distilled water for 

10 min), were determined with a contact angle meter (DM-501, Kyowa Interface Science, Japan) and 

an analysis software (FAMAS, Kyowa Interface Science, Japan).  

Table 2 shows the conditions, and the droplets were observed as shown in Fig. 2. 
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Table 1 Irradiation conditions. 

Wavelength Pulse duration Frequency Pulse energy Scanning speed 

1064 nm 20 ns 5 kHz 100 μJ 1000 μm/s 

Table 2 Conditions for contact angle measurement. 

Measurement Temperature Solvent Droplet size 

Tangent method 23°C Distilled water 5.0 μL 

(a) For the laser-roughened surface. (b) For the laser-grooved surface.

Fig. 1 Laser scanning passes. 

Fig. 2 Observation direction for the droplets. 

Cell cultures. Cells were cultured on each irradiated sample. The irradiated samples (5 mm × 5 mm × 

t 1 mm) were sterilized by immersion in 2% glutaraldehyde for 1 h and thrice ultrasonic cleaning (in 

distilled water for 5 min). For prior culture, MC3T3-E1, an osteoblast precursor cell line derived from 

mouse calvaria, were grown in α-modified minimum essential medium (α-MEM) containing 10% 

fetal bovine serum (FBS), 100 units/mL penicillin, and 0.1 mg/mL streptomycin until 80% 

confluency of a 25 cm2 flask. Then, the cells were detached using trypsin and 

ethylenediaminetetraacetic acid (EDTA), and 50 μm/mL ascorbic acid, 10 mmol/L 

β-glycerophosphoric acid disodium salt and 0.01 mmol/L dexamethasone were added into the 

preculture medium. The cells were cultured in 48-well cell culture plates at a density of 30×103 

cells/cm2 on the TZP samples and incubated.  

Cell attachment and morphology. Cells on the TZP samples a day after planting were fixed using 

4% paraformaldehyde and observed with scanning electron microscopy (SEM, SU1510, HITACHI 

High-Technologies).  

Cell proliferation. Cell proliferation on the TZP samples 3 days after planting was determined by 

WST-1 based colorimetry (WST-1, Roche Applied Science). Statistical significance of data was 

followed by Tukey-Kramer honestly significant difference method for multiple comparisons between 

pairs at p = 0.05. 
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Result and Remarks 

Surface texture. Fig. 3 shows the 3D images of irradiated samples and developed interfacial area 

ratio (Sdr, ISO 25178: 1996) of them. The Sdr value of the polished Y-TZP was 0.8%, and that of the 

polished Ce-TZP was 1.3%. These results demonstrate that the NPL irradiation expanded the surface 

areas, and developed areas of the laser-grooved samples were larger than the laser-roughened 

samples. 

Chemical analysis. Fig. 4 shows the chemical composition of the polished, LR and LG TZP surfaces. 

It shows the NPL irradiation decreased the oxygen atomic ratio and the atomic ratio of the elements 

had no significant difference between LR and LG samples. Noda et al.[7] reported that a millisecond 

pulsed laser blackened Y-TZP surfaces due to the reduction of zirconia via Eq. 1. 

ZrO2 → ZrO2-x + xO                                                                                                                                   (1) 

Thus, the NPL is supposed to reduce the TZP surfaces and resulted in decreasing the atomic ratio of 

oxygen. Besides, the chemical composition changes might not depend on the ways of laser scanning. 

(a) LR/Y-TZP. Sdr = 103% (b) LG/Y-TZP. Sdr = 129%

(c) LR/Ce-TZP. Sdr = 81% (d) LG/Ce-TZP. Sdr = 125%

Fig. 3 The surfaces of the irradiated samples and Sdr values. 
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(a) Y-TZP. (b) Ce-TZP

Fig. 4 Chemical composition of the polished and irradiated surfaces. The average values are on the 

labels (n =3). (G) and (R) indicate the results of the ridge and groove areas, respectively.

Contact angle. Fig. 5 shows the contact angles of the polished and irradiated surfaces, and it 

demonstrates that the NPL irradiation made Y-TZP and Ce-TZP more hydrophobic. According to 

Wenzel’s equation [8], the rougher a hydrophobic surface is, the more hydrophobic it gets. Besides, 

ceramics are generally thought to have hydrophobic surfaces due to the adhesion of contaminants in 

air. The LR surfaces were supposed to raise the contact angles because the contaminant adhesion and 

roughening of the surfaces during NPL irradiation made the surfaces more hydrophobic. The droplets 

on LG/Y-TZP and LG/Ce-TZP had elliptical shapes extended along with machine direction and had 

no significant difference between them; on the other hand, LR/Ce-TZP had a lower contact angle 

(almost 110°) than LR/Y-TZP did (almost 140°). On the LG surfaces, droplets were supposed to 

contact primally to the areas that were not melted by NPL irradiation. On the LR surfaces, by contrast, 

droplets contacted the melted and solidified areas. Therefore, it is supposed that the NPL irradiation 

altered the Ce-TZP surfaces and affected the wettability of Ce-TZP, but notable changes were not 

confirmed from Fig. 4.  

(a) Y-TZP. (b) Ce-TZP

Fig. 5 Contact angle of the polished and irradiated surfaces. MD and CD indicate that the contact 

angles were observed in the machine direction and cross direction, respectively. 

Cell cultures. Fig. 6 shows the SEM images of the cells attaching to the sample surfaces a day after 

planting. It shows that the cells extended randomly on the polished Y-TZP and Ce-TZP, while along 

with the machine direction on the irradiated samples. However, there was no remarkable difference in 

the state of the cell attachment between the two materials. Fig. 7 shows cell proliferation on the 

polished and irradiated surfaces. The LG/Y-TZP surface encouraged cell growth significantly more 

than the other Y-TZP surfaces. On the other hand, the LR/Ce-TZP surface encouraged cell growth 

significantly less than the polished Ce-TZP surface, and cell proliferation on the LG/Ce-TZP surface 

tended to more increase than the LR/Ce-TZP surface although that was not significant. 

These results show the LG surface had an important role to help cells to grow. It was reported that 

micro- and nano-scale rough surfaces could contribute to cell proliferation [2]. Besides, the cells were 
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thought to get into the cell-sized grooves on LG/Y-TZP and LG/Ce-TZP and be stimulated from 

roughened surfaces on the bottoms and the sides. That was supposed to result in increased cell growth. 

It was confirmed that the NPL-irradiated Ce-TZP surfaces tended to decrease cell growth. This result 

suggests that the chemical alteration inhibited the cell growth process because there was no 

remarkable difference in cell attachment and cell morphology between Y-TZP and Ce-TZP. 

In the case of titanium surfaces, hydrophilic surfaces are supposed to be better to encourage cell 

attachment and growth [9]; on the other hand, the above research did not find out the relationship 

between the cell behavior and the wettability on the zirconia surface. However, the contact angle 

results also suggest that the Ce-TZP may be specifically altered. Therefore, further chemical analysis 

with other methods should be conducted to clarify this alteration. 

(a) Polished Y-TZP. (b) LR/Y-TZP (c) LG/Y-TZP.

(d) Polished Ce-TZP (e) LR/Ce-TZP (f) LG/Ce-TZP

Fig. 6 SEM images of the cells attaching to the polished and irradiated surfaces a day after planting. 

(a) Y-TZP. (b) Ce-TZP

Fig. 7 Cell proliferation on the polished and irradiated surfaces 3 days after planting. The control 

group was polished Y-TZP in (a), and polished Ce-TZP in (b), respectively. 
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Summary 

To evaluate the physicochemical properties, and to verify the detailed effects for biocompatibility, 

the NPL-irradiated Y-TZP and Ce-TZP were characterized through chemical analysis and contact 

angle measurement, and the effects for cell behavior were investigated. From the results and further 

discussion, the following conclusions were drawn:  

1. Micro-grooves created with NPL increased the cell growth on Y-TZP.

2. The cell behavior and the wettability on the zirconia surfaces were not connected in the

experiments.

3. Chemical alteration with NPL on Ce-TZP might inhibit the cell growth process.
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Abstract
Precision is one of the most important aspects of manufacturing. High precision creates high
quality, high performance, exchangeability, reliability, and added value for industrial products.
Over the past decades, remarkable advances have been achieved in the area of high-precision
manufacturing technologies, where the form accuracy approaches the nanometer level and
surface roughness the atomic level. These extremely high precision manufacturing technologies
enable the development of high-performance optical elements, semiconductor substrates,
biomedical parts, and so on, thereby enhancing the ability of human beings to explore the macro-
and microscopic mysteries and potentialities of the natural world. In this paper, state-of-the-art
high-precision material removal manufacturing technologies, especially ultraprecision cutting,
grinding, deterministic form correction polishing, and supersmooth polishing, are reviewed and
compared with insights into their principles, methodologies, and applications. The key issues in
extreme precision manufacturing that should be considered for future R&D are discussed.

Keywords: ultraprecision cutting, grinding, polishing, supersmooth surface, ultraprecision
measurement, extreme precision

(Some figures may appear in colour only in the online journal)

1. Introduction

The term ‘manufacturing technologies’ refers to the processes
by which raw materials are transformed into final products.
The study of manufacturing technologies has been a part of
human activity since ancient times. Three kinds of material
processing technologies have been developed in response
to manufacturing needs: (1) subtractive manufacturing,
(2) additive manufacturing, and (3) material forming.

Subtractive manufacturing is undoubtedly the most
widely used process, in which a workpiece is shaped by
removing material away from a bulk of material. The process
of removing unnecessary material from a workpiece is termed
machining. Mechanical machining is further divided into
cutting methods, such as turning, milling, drilling, etc, and
abrasive machining methods, such as grinding, lapping, and
polishing.

Additive manufacturing is a process by which a work-
piece is constructed by depositing material in layers such that
it becomes a predesigned shape. Three-dimensional (3D)
printing is one of the common processes of additive manu-
facturing. Additive manufacturing is suitable for small-sized
components containing enclosed features that cannot be
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machined by subtractive manufacturing. Material forming
generally refers to methods that change the shape or internal/
external structure of the workpiece without changing the
material volume. These processes include casting, forging,
press/injection molding, stamping, and imprinting. Each of
the above-mentioned processes has its own advantages and
limitations. Therefore, manufacturing technology encom-
passes a very vast area and provides the tools that enable
fabrication of a broad range of products.

In this paper, we focus on subtractive manufacturing, i.e.
machining processes, because a huge number of diverse
engineering materials (metals, semiconductors, optical glas-
ses, ceramics, composite materials, and polymers) can be
machined; and a large variety of functional surfaces (with
optical, mechanical, microfluidic, bionic, or electronic func-
tions) can be achieved. Another reason for the focus on
subtractive manufacturing is that this method can achieve
extremely high precision which cannot be achieved by other
methods.

In recent years, various high-performance optics, optoe-
lectronics, and semiconductor products have emerged which
require manufacturing technologies of higher and higher
precision. For example, the surface roughness of a substrate
used in a ring laser gyroscope is required to reach a roughness
average (Ra) of <0.5 nm and a flatness of N<30 nm. The
surface roughness of mirrors in deep ultraviolet (DUV) lasers
and ultrahigh power laser systems is required to reach an
Ra<0.2 nm and a flatness of N<60 nm [1, 2]. In order to

realize extreme ultraviolet (EUV) exposure, the total thick-
ness variation of a 12 inch bare silicon (Si) wafer is required
to be less than 200 nm; and the middle spatial frequency
roughness is required to be less than 0.1 nm [3]. In addition,
inertial confinement fusion (ICF) is a fusion energy research
project that attempts to initiate nuclear fusion reactions by
heating and compressing a fuel target, typically in the form of
a pellet that contains a mixture of deuterium and tritium. To
compress and heat the fuel, energy is delivered to the outer
layer of the target using high-energy laser beams. Each ICF
system requires more than 7000 pieces of high-precision,
large optical components [4].

In 1983, Taniguchi proposed a chart to predict the
development of achievable machining accuracy over time [5].
The Taniguchi chart is considered to be the Moore’s law of
the machining field. According to the chart, shown in figure 1,
normal machining by the year 2020 comes in at better than
200 nm accuracy. Precision machining comes in currently at
about 5 nm capability. It is worth noting that ultraprecision
machining (extremely accurate machining) can produce an
accuracy of better than 0.3 nm, reaching atomic or molecular
scale precision. The way to achieve this precision is either
through the subtractive process (atom/molecule removal or
ion beam machining) or the additive process (atom/molecule
deposition). Taniguchi’s predictions are very close to the
state-of-the-art (as of the year 2019) process and precision
levels, especially for ultraprecision machining accuracy.

Figure 1. Taniguchi chart to predict the development of machining accuracy.
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Ultraprecision machining is the final processing method
for obtaining high form accuracy and low surface roughness.
In recent decades, ultraprecision machining has been
demonstrated to be a deterministic method for achieving high
accuracy and cost-effectiveness for the generation of func-
tional surfaces. At present, through multiaxis machining,
optical or near-optical surface finish and micro/nanos-
tructures can be directly created in freeform surfaces. Appli-
cations of ultraprecision machining have ranged from optics
to illumination, astronomy, automobiles, biomedical pro-
ducts, and so on. Ultraprecision machining technology plays
an important role in the construction of a nation’s industry
and economy.

2. Typical ultraprecision machining processes

At present, ultraprecision machining technologies can be
roughly divided into four categories: (1) ultraprecision cut-
ting, (2) ultraprecision grinding, (3) corrective polishing, and
(4) supersmooth polishing. This section will provide a brief
summary of the fundamentals of these technologies.

2.1. Ultraprecision cutting

Ultraprecision cutting uses ultraprecision lathes and single-
crystal diamond tools to machine a workpiece. As the tool-
workpiece interface is limited to a very small region
approaching a point, ultraprecision cutting is also referred to
as single-point diamond turning (SPDT). The diamond tool
edge can be sharpened to the nanometer scale, which enables
removal of an extremely thin layer of material and finally
realizes the generation of high form accuracy and a smooth
surface. Ultraprecision cutting is suitable for processing
ductile materials, such as nonferrous metals, plastics, and
some infrared optical crystal materials. A form accuracy of
less than 100 nm and a surface Ra of less than 1 nm can be
achieved by ultraprecision cutting [6].

2.2. Ultraprecision grinding

Ultraprecision grinding uses ultraprecision grinders and
grinding wheels with fine/ultrafine abrasive grains to obtain a
form accuracy of ∼100 nm and a surface Ra of ∼10 nm.
Ultraprecision grinding is suitable for processing hard and
brittle materials, such as fused silica, silicon carbide, cera-
mics, etc. The grinding wheel usually needs to be precisely
dressed to make the abrasive particles keep protruding from
the wheel surface. After grinding, the grinding trace left on
the ground surface is extremely fine; and the residual surface
height is very small [7].

2.3. Corrective polishing

Although ultraprecision cutting and grinding can produce an
optical surface which can be directly used for infrared optics
and even for visible lights, sometimes after ultraprecision
cutting and grinding, the form error of the machined surface
cannot meet the high precision requirements, especially for

ultraviolet optics. In such a case, corrective polishing is
needed. Polishing has been traditionally used for reducing the
surface roughness of a workpiece or changing the dimen-
sional or geometric accuracy of a workpiece by manual
control of pad pressure or dwelling time. However, in the
field of ultraprecision machining, the polishing pressure and
dwelling time can now be precisely controlled on a highly
local zone on a workpiece surface, thus corrective polishing is
a common method used to achieve nanometric form accuracy.

A variety of corrective polishing techniques were
developed to improve the surface form accuracy, such as
computer-controlled optical surfacing (CCOS) [8], stressed-
lap polishing [9], bonnet polishing [10], and magnetorheo-
logical finishing (MRF) [11]. These methods use different
polishing tools and abrasive particles to improve the work-
piece surface finish by means of mechanical, electro-
magnetical, chemical, or electrochemical actions. Another
nonmechanical method for ultraprecision form correction is
ion beam figuring (IBF) [12]. As will be discussed later in this
paper, deterministic form correction has been widely used in
processing the optical elements with extreme precision, such
as a large-aperture telescope and DUV/EUV lithography
optics.

2.4. Supersmooth polishing

As for ultraprecision optical elements, not only is high-
precision form accuracy required, but a supersmooth surface is
indispensable. Some supersmooth polishing techniques have
been developed for the purpose of reducing surface roughness,
such as bowl-feed polishing [13], float polishing [14], elastic
emission machining (EEM) [15], microfluid jet polishing
(MFJP) [16], and use of the canon super smooth polisher [17].
Moreover, it should be pointed out that the combination of
supersmooth polishing and corrective polishing may be used in
the final finishing phase for optical elements with extreme
precision where an extremely high level of surface form acc-
uracy and low surface roughness are required at the same time.

To date, there have been a number of review papers in
the precision manufacturing field written from different per-
spectives [18–25]. There have also been several books pub-
lished recently that review precision manufacturing
technologies [26–29]. However, much higher precision has
been required in recent years, and advanced optics with more
complex surfaces, such as microstructured and freeform sur-
faces and optics with extremely small/large dimensions have
been attracting attention due to their unique optical perfor-
mance. Continuing improvements and new challenges in the
fabrication of large-aperture, extremely accurate, and super-
smooth aspheric optical surfaces, such as EUV lithography,
require the surface roughness of EUV mirrors to be machined
at the subangstrom level [30].

Therefore, a comprehensive review of state-of-the-art
manufacturing technologies for achieving extreme precision
is necessary. In this paper, we review the latest challenges for
manufacturing technologies that have received extensive
attention in the high-precision optical fabrication and
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optoelectronic engineering fields in recent years and identify
some future directions of R&D activities in this area.

3. Advances in manufacturing precision

3.1. Early developments

Ultraprecision machining technology has important applica-
tions in the field of optical components fabrication. Because
optical elements need to manipulate light waves, the accurate
manufacturing of their surfaces should be on the order of
optical wavelength. Therefore, the development of ultra-
precision machining technology has been driven by the need
for ultraprecision optical components.

Ultraprecision cutting technology originated in the 1950s.
Ultraprecision cutting, i.e. SPDT technology, was first developed
in order to meet the processing requirements of aluminum mirrors
[31]. With high processing efficiency and high surface finish, this
technology has become the main processing method for optical
mirrors, especially for batch processing of aluminum/copper
mirrors. With the increasing requirements for processing accuracy
during the past decades, ultraprecision cutting has been widely
used for processing of nonferrous metals, nonelectrolytic plated
nickel, soft and brittle optical crystals, and some optical plastics.
The surface roughness can reach the nanometer level, and the
surface form accuracy can reach the submicron level [32–34].

Because it is difficult to process hard and brittle materials
by ultraprecision cutting, diamond grinding is an alternative
used for machining glass and ceramics. In recent years, the
development of on-machine dressing technology for grinding
wheels has caused ultraprecision grinding to play an impor-
tant role in the processing of hard and brittle materials.

However, grinding usually generates grinding marks on
the surface and internal material defects, i.e. subsurface
damage (SSD) inside the workpiece. Thus subsequent pol-
ishing is normally needed. For semiconductor wafers, such as
silicon, silicon carbide, and gallium nitride, which have plane
surfaces, chemo-mechanical polishing (CMP) planarization is
generally required to remove the grinding marks and grind-
ing-induced SSD after ultraprecision grinding.

3.2. State-of-the-art precision level

Advances in precision manufacturing have been greatly
driven by astronomy. Astronomy is an ancient science, which
has a far-reaching and wide-ranging impact on human beings.
The development of astronomy urgently requires the con-
struction of advanced experimental equipment. Astronomical
telescopes have always been the indispensable research tool
to observe distant planets, galaxies, and other astronomical
objects. The angular resolution of a telescope optical system
is determined by the working wavelength and the system
aperture. The relationship can be expressed as [35]:

D

1.22
, 1a

l
= ( )

where α is the angular resolution, λ is the working wave-
length, and D is the telescope aperture. By increasing the

aperture D, the angular resolution of the system can be
effectively improved; and the energy collection ability of the
system can be improved at the same time. Thus, more dim
objects of the universe can be observed. Therefore, large-
aperture aspheric optical elements have been used more and
more widely in modern optical telescope systems.

In order to obtain high-resolution images, high form
accuracy as well as low surface roughness of less than 1 nm
Ra over an aperture range of several meters is required. For
example, the primary mirror of a very large telescope is an
8.2 m diameter mirror; and the level of form accuracy
achieved is 18–43 nm root mean square (rms) for a surface
roughness of 0.8–2 nm over the full aperture [36]. A 14 nm
rms form error was achieved for the 8.2 m diameter mirror of
the Japanese Subaru Telescope [37]. Moreover, the diameter
of the primary reflective mirror in the Hubble Space Tele-
scope (HST) is 2.4 m. The form accuracy achieved in the
effective aperture was 8 nm in rms [38–40].

Such rigorous requirements for form accuracy and sur-
face roughness are extremely difficult to achieve and cannot
be directly obtained even by ultraprecision turning or ultra-
precision grinding methods. Normally, such optical elements
need to be manufactured by ultraprecision turning (for ductile
materials) or grinding (for hard brittle materials) as the pre-
ceding process and ultimately manufactured by a subaperture
corrective polishing process with iterative measurements and
corrections of local form errors [41]. Sometimes, large-aper-
ture optics have to be decomposed into a number of smaller
pieces of segments, and each segment is machined individu-
ally. After machining, the segments are then combined
together and aligned by numerous high-precision actuators to
achieve total form accuracy. In a word, astronomy is
undoubtedly one of the main forces driving the development
of ultraprecision manufacturing engineering. Astronomers’
need for large-aperture telescopes is constantly challenging
the extreme-precision manufacturing capabilities of humans.

The aforementioned large-aperture telescopes are mainly
used to control visible light with a wavelength band between
350 and 750 nm [42]. If light with a shorter wavelength needs to
be controlled, the manufacturing accuracy of optical compo-
nents will become more stringent. Typical applications of short
wavelength optics are objective lenses in lithographic machines,
alternatively called steppers, for semiconductor chip fabrication.

In recent decades, there has been rapid progress in the
integrated circuit industry with more and more functionality
being packed onto a single chip, which is largely being driven
by the rapid progress of photolithography [43]. Photo-
lithography is the process of transferring geometric patterns
on a mask to the surface of a Si wafer using a stepper. For a
lithographic system, the line-width resolution R (minimum
feature size) is determined by the Rayleigh formula [44]:

R
k

NA
, 2

l
= ( )

where λ is the wavelength of light, NA is the numerical
aperture (the brightness of the projection lens), and k is a
constant process factor.
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In order to create finer patterns, a light source providing a
shorter wavelength is needed. The state-of-the-art lithography
tools use DUV light from argon fluoride (ArF) excimer lasers
with wavelengths of 193 nm, which has enabled transistor
feature sizes to shrink below 10 nm [45]. A typical projection
system consists of 28 fused silica lenses, and 7 of them are
aspherical lenses with a maximum diameter of 280 mm [46].
It should be noted that, in the case of lithography optics, the
specification for surface roughness measurement is further
subdivided into middle spatial frequency range (MSFR), high
spatial frequency range (HSFR), and extended HSFR
[47, 48]. Carl Zeiss has investigated the influence of errors in
different frequency bands on the performance of optical
systems [49]. The surface form error causes image distortion
and introduces various aberrations. The MSFR error causes
small-angle scattering and flares, which will affect the ima-
ging contrast. The HSFR error will cause large-angle scat-
tering and reduce the refractivity of the lenses [50]. Therefore,
the errors of every spatial frequency, namely surface form
accuracy, waviness, and roughness, should be precisely
controlled to the nanometer level.

According to the previous research results, the surface
form accuracy of each DUV lens should be 2 nm rms; and the
MSFR error should be 0.3 nm rms [51–56]. As the diameter
of an atom is 0.1–0.2 nm, the atoms on the surface need to be
removed layer by layer if the size fluctuation range of the
machined surface is in the subnanometer order, which is the
ultimate target processing accuracy, namely, atomic-level
accuracy.

Even higher precision is required. Extreme ultraviolet
lithography is the latest lithography technology using an EUV
wavelength of 13.5 nm [57]. The reflective projection system
in an EUV lithographic machine has the highest accuracy of
the reflective optical systems. The wavefront error of the all-
reflective EUV mirror system is required to be 1 nm, and thus
the accuracy of a single mirror element is required to reach
the 0.1 nm level. The MSFR, which determines the flare level
of the system, is critical in overall EUV lithography. An
extremely smooth surface should be polished with MSFR
roughness down to 0.05 nm rms [58]. It means that manu-
facturing technology and metrology should close the loop for
form accuracy control on the subatomic level. Therefore, the
manufacturing of the EUV mirrors is full of tough challenges,
representing the highest level of ultraprecision machining in

the contemporary era [59–64]. Table 1 lists some precision
levels and manufacturing methods for typical applications.

In the semiconductor industry, another need for an
atomic level surface finish is CMP of bare Si wafers. In
general, Si wafers are polished using an elastic polisher and a
slurry made from ultrafine silicon dioxide (SiO2) particles
(approximately 10 nm in size) suspended in an alkaline
solution of approximately 10 pH. The Si wafers are required
to be polished to a high-quality surface with a surface
roughness of 0.1 nm Ra and a flatness of about 1 μm in the
12 inch range without any resultant defect from the former
processes.

Overall, in order to achieve such high flatness and surface
finish, the resolution of surface material removal must reach
the atomic or subatomic level. The manufacturing process is
accompanied by many unprecedented subatomic level phe-
nomena. Therefore, clarifying the new principles and the
physical and chemical phenomena of the nanometric- and
atomic-level manufacturing processes is the fundamental
requirement for the manufacturing of the above-mentioned
optical elements.

4. New developments in ultraprecision
manufacturing

4.1. Ultraprecision cutting

4.1.1. Materials to cut. Ultraprecision cutting has become
one of the most important methods used for the direct
machining of ductile materials, such as aluminum, copper,
copper alloy, silver, gold, electroless plated nickel, and
acrylic plastic, to optical quality without the need for a
subsequent polishing process. These materials are very
difficult to machine into a mirror surface by abrasive
machining processes because they are soft, and the
abrasives scratch the finished surface. In addition, this
process is unable to produce high levels of flatness at the
edges of the machined surface.

On the other hand, some hard and brittle materials, such
as Si and germanium (Ge) can also be finished to a surface
roughness of a few nm Ra. Gerchman and Mclain [65]
published their results of early work on the machining of Ge
in which they diamond-turned Ge to a surface roughness of

Table 1. Precision levels and manufacturing methods for typical applications.

Applications
Form accuracy

(nm rms)
Surface roughness

(nm rms) Manufacturing methods

Eye glasses 2000 10 Hot press or injection
Illumination optics 300 2 Grinding+polishing
Projector optics 300 1 Precision grinding+polishing
Photo optics, consumer devices 100 1 Ultraprecision grinding+polishing
Space optics 20 0.5 Corrective polishing+supersmooth polishing
DUV projection lithography
system

2 0.3 Corrective polishing+supersmooth polishing

EUV projection lithography
system

0.1 0.05 Corrective polishing+supersmooth polishing
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5–6 nm Ra. The machined samples were 50 mm in diameter
with spherical surfaces. The material removal rate in diamond
turning was given in terms of a tool feed of 2.5 μm per
revolution of the workpiece together with a 25 μm depth of
cut. More recently, Shore [66] has reported that material
removal rates on the order of 2–4 mm3 per minute have been
obtained in diamond turning of Ge optics with a 100 mm
diameter. The tool life (expressed as the effective cutting
distance of the tool) when producing optical surfaces (<1 nm
Ra) at these removal rates was in excess of 12 km. More
detail on this subject is provided in the next section.

Every sword has two edges, and diamond cutting is no
exception. A diamond tool wears at a very high rate during
the cutting process of ferrous materials [67–69]. In general, a
diamond tool cannot be used for turning steels, irons,
titanium, and pure nickel. This is due primarily to the
graphitization of diamond induced by the catalytic reaction
with the ferrous materials even at ambient temperatures.

4.1.2. Ductile-regime cutting of brittle materials. In recent
decades, research efforts have focused on the ultraprecision
diamond turning of hard and brittle materials. It is well known
that the surface roughness and SSD caused by diamond
turning of a hard and brittle material could be reduced as the
undeformed chip thickness t is reduced to the submicron scale
or smaller. There exists a critical value for t below which
surface damage does not occur. This critical value is known
as the critical undeformed chip thickness (tc). The process of
machining hard and brittle materials in such a mode is called
ductile-regime machining. When the undeformed chip
thickness is larger than tc, however, cracks are generated,
forming fractured cutting chips. These two different
machining regimes are schematically shown in figure 2
[70]. The brittle-ductile transition is originated from a tensile
to compressive stress state transition in the cutting region due
to the effect of edge radius. In order to improve the surface
finish in diamond turning of hard and brittle materials, it is
desirable to machine them in a ductile-regime way in that
continuous cutting chips are formed, thus leaving a crack-free
surface.

Ductile-regime cutting can be realized by reducing the
undeformed chip thickness to a certain value. The cutting
performance is strongly determined by the conditions of the
cutting tool edge [69]. If the diamond tool edge wears
severely, ductile-regime cutting will change to brittle-regime

machining even though the undeformed chip thickness is
smaller than tc. Therefore, keeping the cutting tool edge sharp
and reducing the tool wear rate plays a significant role in the
application of ductile-regime cutting technologies. While tool
wear cannot be completely avoided, it can be minimized to
some extent if the temperature rise is suppressed and the
lubrication of the tool-workpiece interface is improved [71].

Laser-assisted cutting was recently reported to be a
potential method for realizing low tool wear ductile cutting of
some hard and brittle materials. Traditionally, the heat-
assisted cutting techniques were applied in such a way that
the heating zone was in front of the cutting tool, softening
materials prior to chip formation. In 2005, Patten et al
[72, 73] proposed micro laser-assisted machining (μ-LAM),
as shown in figure 3, where the laser beam passes directly
through the cutting tool and heats the cutting zone. After that,
Ravindra et al [74] investigated the ductile mode material
removal and high-pressure phase transformation in silicon
during the μ-LAM process. Their results demonstrated that
the optimized laser power condition resulted in a greater
critical depth of cut and a nearly damage-free or cured
diamond structure silicon (Si-I), similar to that of the original
workpiece phase.

Using alternative tool materials is another challenge. As
diamond tools are prone to graphitization at high temperature,
they are not suitable for carbon alloy cutting. Wei et al [75]

Figure 2. Schematic diagrams for (a) brittle-regime cutting and (b) ductile-regime cutting.

Figure 3. Schematic of laser-assisted cutting by directly heating the
cutting zone. Reprinted from [73], Copyright 2015, with permission
from The Society of Manufacturing Engineers.
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investigated laser-assisted cutting with a sapphire tool that has
high heat resistance.

4.1.3. Microstructure cutting. Microstructures with a high
aspect ratio, such as V-grooves, pyramids, and microlens
arrays, can enhance the functionality of surfaces in many
ways. Such microstructured optics are used in various optical
applications for imaging, illumination, or light concentration
[76–79]. One example is the Fresnel lens, which can be
machined by diamond turning with the tool path matching the
contour of the structure. For example, the microgrooving
process was performed on single-crystal Ge for fabricating
infrared Fresnel lenses [80], where a sharply pointed diamond
tool was used to generate the micro-Fresnel structures under
three-axis ultraprecision numerical control, as shown in
figure 4. By adopting a small angle between the cutting
edge and the tangent of the objective surface, this method
enabled the uniform thinning of the undeformed chip
thickness to the nanometric range and thus provided
complete ductile regime machining of brittle materials. A
Fresnel lens, which has a form error of 0.5 μm and a surface
roughness of 20–50 nm Ry was successfully fabricated during
a single tool pass.

Another example of microstructure cutting on hard and
brittle material is the machining for spherical and hexagonal
concave microlens arrays on a single-crystal Si wafer by STS
diamond turning, as shown in figure 5 [81]. The rapid
fabrication of microlens arrays on the surface of single crystal
Si was realized by the sectional cutting method where the
follow-up error of the tool servo was suppressed. Microlens
arrays with a form error of ∼300 nm peak-to-valley (PV) and
a surface roughness of ∼6 nm Sa were successfully
fabricated.

4.1.4. Ultrasonic-vibration assisted cutting. Hardened steel is
a common die material developed for molding plastic and
glass optical elements. However, conventional diamond
cutting is not applicable to steel materials due to the
extremely severe chemical tool wear [82]. In the last few
decades, ultrasonic vibration cutting technology has been
successfully applied to difficult-to-cut materials [83, 84].
Shamoto et al [85] proposed the elliptical vibration cutting
(EVC) method, as shown in figure 6. The feasibility of cutting
steel with diamond tools was verified by applying EVC.
Moreover, the vibration amplitude of the EVC is actively
controlled while machining. Thus, the depth of cut can be
changed rapidly just like using a fast tool servo (FTS). This
technology combines the advantages of EVC and FTS, which
enables fabrication of micro/nanostructures on difficult-to-cut
materials [86]. The EVC system developed was applied
to sculpture arbitrary micro-/nanostructures by vibration
amplitude control. Subsequently, a nanometer-scale sculpture
was fabricated on a hardened steel surface. Figure 7 shows an
example of a machined angle grid surface with a height of 1 μm
and a wavelength of 150 μm on hardened steel [87].

4.1.5. Fly cutting of large crystals. Fly cutting is an
intermittent cutting process in which a diamond tool is
mounted to the end of a spindle to intermittently cut a
workpiece [88–91]. This process has important applications
in the production of large flat surfaces. Figure 8 is an example
of fly cutting of potassium dihydrogen phosphate (KDP)
crystal which has excellent nonlinear optical properties [4].
Potassium dihydrogen phosphate crystal is a typical soft,
brittle material which has poor processing properties, such as
easy deliquescence and mechanical anisotropy [92]. This
makes it one of the most difficult to cut materials.
Ultraprecision fly cutting has proven to be an effective
processing method to fabricate large-sized KDP crystals. The

Figure 4. Schematic diagrams for the microgrooving process for fabricating Fresnel lenses on single-crystal Ge and a surface topography of
the machined lens. Reproduced from [80]. © IOP Publishing Ltd. All rights reserved.
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flatness of large KDP crystals was machined within 500 nm,
and the surface roughness reached 1 nm Ra [93–95].
Recently, the fly cutting method has also been equipped
with a slow FTS to fabricate hybrid structural surfaces on
freeform surfaces [96].

4.1.6. Diamond turning of roll-to-roll imprinting molds.
Diamond turning of high-precision molds is a vital process
for the roll-to-roll resin imprinting process used in fabricating

subwavelength gratings [97–102]. Jones et al [103] presented
a focused-ion-beam fabricated diamond tool for producing
submicron structures through a roll-based mastering method.
Burr formation was minimized, and the surface quality of the
product was improved by optimizing the tool shape and the
microcutting conditions. Liu et al [104] suggested that a
higher cutting speed was the most critical factor influencing
the mold accuracy. The experimental result demonstrated that
through the strict control of cutting parameters, diamond
turning was an effective approach for ensuring the continual
mass production of subwavelength gratings. Moreover,
Terabayashi et al [105] proposed a method for machining

Figure 5. Spherical and hexagonal microlens arrays on a single-crystal Si wafer machined by slow tool servo diamond turning. Reprinted
from [81], Copyright 2017, with permission from Elsevier.

Figure 6. Amplitude control sculpturing method in elliptical
vibration cutting. Reprinted from [85], Copyright 1994, with
permission from CIRP.

Figure 7. Machined angle grid surface with a height of 1 μm and a
wavelength of 150 μm. Reproduced from [87]. CC BY 3.0.
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two-directional wavy microgrooves by using a slow tool
servo (STS) system. As shown in figure 9, microgrooving
experiments using a two-axis STS system were conducted on
cylindrical oxygen-free copper roller molds to machine
various wavy microgrooves. The resulting form accuracy on
the roll mold was at the ∼1 μm level and surface roughness
was at the ∼10 nm level. The machined roller mold was used
for ultraviolet resin imprinting, and high-precision replication
of the two-directional wavy structures was realized. These
structures are very useful for reducing fluid drag.

4.2. Ultraprecision grinding

Ultraprecision grinding is primarily used to generate high-
quality, functional surfaces made of difficult-to-machine
materials, such as hard and brittle materials. Through the
multipoint cutting actions of ultrafine abrasive grains, ultra-
precision grinding can generate parts with high surface finish,
high form accuracy, and high surface integrity at reduced tool
wear, compared to diamond cutting.

4.2.1. Ductile mode grinding. The fracture toughness of hard
and brittle materials, such as glass, is very small, only
10−2

–10−3 of the metal materials [106]. Therefore, cracks
appear easily during the grinding of hard and brittle materials.
In recent decades, it has been established that the
ultraprecision machine enabling an extremely small feed
rate can achieve ultraprecision mirror surface grinding, which
is similar to the grinding of metal materials. Thus, the
transition from brittle-to-ductile material removal is
considered to be of great importance for ultraprecision
grinding. Until now, intensive research efforts have been
focused on the ductile grinding of a variety of hard and brittle
materials, such as Si [107], silicon carbide (SiC) [108], and
optical glasses [109, 110].

The critical depth of cut (critical chip thickness in a 3D
model) for ductile-brittle transition is the most critical
parameter to produce a ductile ground surface. Ductile
grinding of hard and brittle materials requires a maximum
chip thickness not exceeding the critical value for crack

initiation. In most cases, the critical chip thickness in grinding
is different from that in cutting due to the significant
difference in the edge geometries between a diamond cutting
tool and abrasive grains. Several investigations about the
critical depth of cut brittle materials have been conducted by
indentation and scratching. A simple equation was developed
for the calculation of the critical depth of cut in grinding in
terms of material properties [111]
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where E is Young’s modulus, Kc is fracture toughness, and H
is hardness. The critical chip thickness can be estimated from
equation (1).

To achieve ductile mode grinding, a diamond wheel
having fine/ultrafine grains is critical [112]. Essentially,
truing/dressing the wheel surface to make a uniform
protrusion of grains is a key point for ductile mode grinding.

4.2.2. Grinding kinematics. In recent years, several grinding
kinematics, including cross-grinding, parallel grinding, and
wheel-axis adaptive grinding, have been developed for the
precision grinding of curved surfaces [113–115]. Cross-
grinding is the most common grinding technique for large
convex surfaces. As shown in figure 10(a), the rotational
direction of the workpiece and the cutting direction of the
wheel are perpendicular at the grinding point. The wheel wear
is concentrated at the contact point. Therefore, it is difficult to
obtain a high form of accuracy when the workpiece is very
hard and the size is large. Parallel grinding employs an arc-
shaped grinding wheel, where the grinding spindle is tilted
with respect to the workpiece axis [113]. As shown in
figure 10(b), the grinding point moves along the grinding
wheel, thus the wheel wear could be dispersed over a large
area, which is helpful for improving form accuracy. However,
the form accuracy of the grinding wheel must be high for
parallel grinding, which is a critical issue.

Wheel-axis adaptive grinding means the wheel axis
always changes to keep the wheel normal to the workpiece
surface [116]. As shown in figure 10(c), the grinding point
remains constant during grinding as a result of the tool-axis
rotation. This grinding mode has a very low requirement of
wheel form accuracy. However, wheel wears rapidly at the
fixed grinding point, which introduces a gradually increased
form error on the ground surface.

4.2.3. In-process dressing technologies. In order to reduce
the surface roughness and SSD on ground wafers, grinding
wheels with smaller diamond grains are desirable. However,
when the size of diamond grains decreases to micron scale
with a high concentration, it is very difficult for the wheel to
maintain sufficient self-dressing ability [117].

To solve this problem, the electrolytic in-process
dressing (ELID) grinding method was proposed. The ELID
continuously exposes new sharp abrasive grains by dissolving
the bond material (mainly cast iron) around the abrasive
grains [118]. As shown in figure 11, the wheel surface had

Figure 8. Schematic of the processing of large-aperture KDP crystal
by fly cutting. [4] 2016. Reprinted by permission of the publisher
(Taylor & Francis Ltd, http://tandfonline.com).
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good conductivity at the predressing stage. The conductivity
of the wheel surface was reduced with the growth of the oxide
layer thickness. However, the oxide layer became worn along
with the grinding action. The wear of the oxide layer caused

an increase in conductivity of the wheel surface. Thus, the
electrolysis could be restarted and the oxide layer regenerated.
By this manner, the protrusion of the grains remains constant
during grinding.

In 1985, ELID grinding of ceramics was reported using
metal-bond diamond wheels with grain sizes smaller than 30
μm [119]. Afterward, the ELID technique was further
improved. In 1995, ELID grinding experiments on silicon
wafers were conducted with a 5 nm grain size iron-bonded
diamond grinding wheel. A superfine surface with Ra 3.29 Å
was successfully achieved [120]. In recent years, ELID has
become an important manufacturing process for hard-to-
machine materials, although several technical barriers have
been reported for ELID grinding to achieve extreme precision
[121]. For example, the material removal rate in ELID
grinding of Si wafers is low compared to conventional wafer
grinding. As the wheels are dressed during the grinding
process, the wheel wear must be precisely compensated for in
order to obtain high dimensional accuracy. Thus, it is difficult

Figure 9. Slow-tool-servo turning for two-directional wavy microgrooves. Reproduced with permission from. Reproduced with permission
from [105].

Figure 10. Relative motion between wheel and workpiece: (a) cross-grinding method, (b) parallel grinding method, and (c) wheel-axis
adaptive grinding. [116] 2016 © Springer-Verlag London. With permission of Springer.

Figure 11. Principle of ELID grinding. Reproduced with permission
from [118].
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for ELID grinding to achieve high wafer flatness. In addition,
the oxide layer on the ground surface has been reported to be
a problem with ELID grinding [122].

In addition to ELID, there are a variety of other in-
process dressing methods, such as electrochemical in-process
controlled dressing (ECD) [123], laser dressing [124], laser-
assisted dressing [125], water-jet in-process dressing [126],
ultrasonic dressing [127], and electrical discharge dressing
[128]. These methods all have their advantages and problems
and need to be studied further prior to application in
ultraprecision grinding.

4.2.4. Chemo-mechanical grinding technology. Diamond
grinding induces grinding marks and SSD in the form of
crystal defects and amorphous layers [129]. Those defects can
be removed in the subsequent CMP process [130]. As an
alternative, Zhou et al [131] proposed the chemo-mechanical-
grinding (CMG) process, which combines the advantages of
both grinding and polishing. The CMG is a fixed abrasive
process integrating chemical reaction and mechanical
grinding into one process and shows advantages against
CMP in efficiency, geometric controllability, and waste
disposal. Figure 12 shows the manufacturing process of the
CMG wheel [132]. The experimental results indicated that
the CMG process could achieve supersurface finishing
comparable to that obtained from CMP by decreasing the
wheel abrasive hardness and introducing chemical reactions
with the workpiece surface [133, 134]. The application of
CMG in the processing of crystalline materials, such as
silicon [135], quartz glass [136], and sapphire [137] have
been reported. A major issue in CMG is the relatively low
material removal rate.

4.2.5. Microstructure grinding. Microstructures on
nonferrous metals can be machined by single-point diamond
machining [6]; grinding is preferred for processing hard
materials, especially ceramics such as fused quartz glass, SiC,
and tungsten carbide (WC). A number of such grinding
processes have been developed in recent years. For example,
Guo et al [138] proposed an ultrasonic-vibration-assisted
grinding technique to fabricate microstructured surfaces. The
experimental results indicated that the introduction of
ultrasonic vibration was able to both improve the surface
finish and the edge sharpness of the microstructures. Micro-
V-groove arrays and pyramid arrays were successfully

machined on binderless WC as well as SiC. The edge
radius of the V-grooves and pyramids was less than
1 μm [139].

Figure 13 shows the schematic of grinding microgrooves
[140]. The flat diamond grinding wheel is trued into a
V-shaped microtip. The wheel moves horizontally along the
cutting direction. Yin et al [141] developed a V-groove
grinding process by applying ELID and microtruing opera-
tions. The minimum wheel tip radius of 8.2 μm was achieved
by microtruing the grinding wheel in a diameter of 305 mm.
Finally, a corner radius of V-groove ranging from 15 to
25.8 μm could be realized on a Ge surface. The grinding
method developed was used in the fabrication of a large Ge
immersion grating element for the SUBARU Telescope.

4.2.6. Grinding for large optics. The next generation of
ground-based telescopes requires hundreds of meter-scale,
off-axis reflective mirrors. To fulfill the fabrication demands,
the Cranfield BoX™ grinding machine was developed to
provide meter-scale grinding capability for optics at high
material removal rates while minimizing levels of SSD
[142–145]. The high loop stiffness of the BoX™ machine was
demonstrated by the absence of edge roll-off and chipping, as
well as the microlevel SSD layer. In the grinding of the
European extremely large telescope 1.45 m freeform
ZERODUR® segments, an rms form deviation of <1 mm
for error-compensated grinding with a surface roughness of
between 100 and 200 nm Ra was achieved [146].

Zhang et al [116] developed an ultrasonic-vibration-
assisted, fix-point grinding technology. In-process compensa-
tion of surface form error was developed based on the wheel
wear prediction and modification of the tool path. Using the
grinding strategies developed, a 2 m SiC mirror blank, as
shown in figure 14, was ground to a form accuracy of 2 μm
in rms.

4.3. Corrective polishing

4.3.1. Computer-controlled optical surfacing. The form
accuracy of the workpiece finished by cutting and grinding
is determined by the high-precision spatial motion trajectory
of the ultraprecision machine tools. In theory, the accuracy of
a workpiece surface cannot exceed that of the machine tools.

In the 1970s, Rupp proposed the CCOS process [147].
As shown in figure 15, a polishing tool with a smaller

Figure 12. Manufacturing process of the CMG wheel. Reprinted from [130], Copyright 2012, with permission from Elsevier.
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diameter than the workpiece is controlled to pass through the
workpiece surface and polish off a certain amount of material
at each individual point.

As shown in figure 16(a), the feed speed along the tool path
is purposefully changed to control the dwell time (polishing
time) at each point [149]. The polishing tool is controlled to ride
on the high regions to cut off the peaks, while skipping the low
regions without removing the material there. Therefore, a low
frequency surface error can be corrected, as shown in
figure 16(a). Theoretically, the amount of material removed is
determined by the local dwell time and tool impact function
(TIF). The TIF means the spatial removal amount of polishing
tool in unit time. The material removed is a convolution of the
removal function and the dwell time, given as follows:

H x y R x y D x y, , , , 4**=( ) ( ) ( ) ( )

where H(x, y) is the desired removal function, R(x, y) is the TIF
per unit time, andD(x, y) is the dwell time function. As shown in

figure 16(b), the high points in the polishing tool covered area,
which suffer greater pressure, were removed first so that the high
frequency surface errors were eliminated.

Computer-controlled optical surfacing uses an iterative
approach to achieve the desired surface precision. First, the
error distribution of the workpiece surface is obtained by
accurate measurement. Then, the local dwell time of the
polishing tool on the workpiece is calculated. After that, the
polishing tool is controlled to correct the local surface errors
on the workpiece surface. By sufficient rounds of error
correction, extremely high-precision surfaces with a smooth
surface could be achieved even using low-precision machine
tools [148].

One of the early applications of the CCOS technology is
the manufacture of the HST [150], and today CCOS is being
widely used in the manufacture of high-precision large
aspheric optical surfaces.

In CCOS, the polishing tool makes the physical contact
and removes material from the workpiece. Thus, tool
development is an especially complex task, especially for
aspheric (or freeform) optics manufacturing. Local curvatures
of an aspheric surface vary as a function of position on a
workpiece; however, the CCOS uses a rigid polishing tool
whose shape cannot change during polishing. When polishing
a large aspheric surface, a rigid polishing tool cannot follow
the curvature changes at different areas of the surface,
resulting in the inconsistency of material removal rate and
low efficiency of surface error convergence. In order to
improve the performance of a rigid polishing tool, several
flexible contact polishing methods were proposed to maintain
good contact with the workpiece surface. These methods
include stressed-lap polishing [151], bonnet polishing [152],
and rigid conformal (RC) tool polishing [153], which will be
reviewed as follows.

Figure 13. Schematic of microgrinding of microgroove. [140]
© Springer Nature Singapore Pte Ltd, 2018. With permission of
Springer.

Figure 14. Mounting of a 2 m SiC mirror blank onto a machining
center for surface grinding. [116] 2016 © Springer-Verlag London.
With permission of Springer.

Figure 15. Schematic diagram of the CCOS.
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4.3.2. Stressed-lap polishing. As early as 1984, Angle et al
[154] proposed that the polishing tool should be actively
deformed in order to reproduce the subaperture shape of the
aspheric mirror corresponding to the pad position on the
mirror surface, as shown in figure 17 [156]. Based on this
concept, several stressed laps were designed to change their
shape in-process to coincide with the mirror surface during
polishing [157–160]. Figure 18 shows one design of a
stressed lap in which the deformation of the pad surface is
achieved by drawing steel wire using a servo motor [155].
Stressed-lap polishing has significant advantages in the
polishing of superlarge astronomical telescopes. One
example is that an 8.4 m diameter primary mirror in the
Giant Magellan Telescope (GMT) project was processed by
the Steward Observatory Mirror Lab at the University of
Arizona [161]. Stressed-lap polishing with a diameter of 1 m
was developed. After polishing, full surface roughness and
form accuracy reached 20 nm Ra and less than 1 μm,
respectively [162].

4.3.3. Bonnet polishing. As shown in figure 19, the first
principle of bonnet polishing is to use a flexible air bonnet as

the polishing tool [163]. The air pressure in the air bonnet can
be adjusted in real time, and the outside of the air bonnet is
covered with a layer of polishing cloth. The flexible air
bonnet coincides with the workpiece surface.

The second principle of bonnet polishing is to use a kind
of motion called ‘precession,’ which is different from the
‘rotation’ and ‘translation’ of a traditional polishing tool
[164–166]. The precession motion is divided into two parts:
(1) the air bonnet rotates around the normal direction of the
tool and (2) the air bonnet rotates around the normal direction
of the workpiece at a certain angle, as shown in figure 18. Due
to the precession motion, bonnet polishing can homogenize
the motion trajectory, thus improving the machined surface
roughness.

Bonnet polishing is a kind of flexible polishing, which is
characterized by high determinacy of TIF and high conv-
ergence efficiency. However, due to the use of a spherical air
bonnet, the contact area with the workpiece is small; and the
material removal efficiency is low.

4.3.4. Rigid conformal lap polishing. In 2009, Kim and Burge
proposed a rigid conformal polishing tool that conforms to the
aspheric shape yet maintains stability to provide natural
smoothing for high spatial-frequency errors on the workpiece
[167–169]. The tool uses an elastic rubber paste called

Figure 16. Figuring and smoothing through CCOS. Reprinted from [148], Copyright 1987, with permission from Elsevier.

Figure 17. The schematic diagram of stressed-lap polishing technology. Reproduced with permission from [155].

Figure 18. Top view of the stressed lap. Reproduced with permission
from [155].

Figure 19. The schematic diagrams of the ‘precession’ motion in
bonnet polishing.
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Silly-Putty® as the deformed layer of the polishing tool, as
shown in figure 20. Silly-Putty is an organosilicon polymer
and a nonlinear viscoelastic non-Newtonian fluid [170]. The
fluid has both flexibility and rigidity for different time scales.
Under long-term stress, it shows the fluidity of liquid; under
high-frequency stress, it shows the rigidity of solid.
Therefore, the rigid conformal polishing tool has not only
the ability of a flexible polishing tool for a nonspherical
surface but also the smoothing effect of a rigid polishing tool.

Compared with CCOS methods, rigid conformal lap
balances the advantages and disadvantages of various
processing methods. Therefore, it has various advantages,
such as excellent TIF stability, high material removal rate, and
good physical smoothing ability. Moreover, rigid conformal
lap can provide a supersmooth surface finish with <1 nm rms.
This may eliminate the need for the final touch-up step for a
supersmooth surface finish. Because of these competitive
advantages, the rigid conformal lap polishing is very suitable
for processing large aperture aspheric mirrors with high
steepness and large deviation. The Steward Observatory
Mirror Lab of the University of Arizona successfully applied
this technology to the GMT 8.4 m primary mirror fabrica-
tion [171].

4.3.5. Magnetorheological finishing. The aforementioned
polishing methods made changes to the polishing tool but
did not change the polishing fluid or abrasives, thus it was
difficult to ensure long-term stability of the TIF because of the
poor consistency of particle concentration in polishing
regions. In order to solve this problem, MRF was developed.

Magnetorheological finishing was originally proposed by
Kordonski et al in the former Soviet Union [172]. The
working principle of MRF is illustrated in figure 21 [173].
The magnetorheological fluid is composed of base fluid,
surfactant, magnetic particles, and polishing particles. Mag-
netorheological fluid flows out of the nozzle and moves along
the polishing wheel to the top area. The viscosity of

magnetorheological fluids increases instantaneously, becom-
ing viscoplastic Bingham medium under the action of a high-
intensity gradient magnetic field. When the Bingham medium
passes through the narrow gap formed by the workpiece and
the polishing wheel, it generates a great shear force at the
contact area, thus removing the surface material of the
workpiece.

Magnetorheological finishing is a deterministic polishing
process because the polishing tool will not dull or wear
[174–178]. The shape, the size, and the hardness of the
flexible polishing belt can be controlled by adjustment of
the magnetic field intensity at the polishing zone. Therefore,
the material removal consistency of MRF is greatly improved
compared with CCOS.

Figure 22 is the TIF shape of the MRF, which looks like
a bullet [179]. Such a TIF has only one peak value and is very
helpful for the convergence of surface error. However, the
TIF of MRF is very small compared with traditional large
polishing tools. Therefore, the material removal rate is low
and the processing time of MRF is bound to be very long for
large-aperture optical surfaces.

Figure 20. Three-dimensional schematic of rigid conformal lap
structure. Reproduced with permission from [153]. © 2010 Optical
Society of America.

Figure 21. Mechanisms of MRF polishing and its material removal
mechanism. Reproduced with permission from [173].

Figure 22. The tool impact function of MRF. Reproduced with
permission from [179]. © 2011 Optical Society of America.
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4.3.6. Ion beam figuring. The aforementioned polishing
methods are all contact processes. The polishing tools exert
a certain degree of pressure on the workpiece surface, which
leads to print-through of the structure of a light weighted
mirror [180]. Moreover, when the polishing tool moves to the
mirror edge, the polishing area becomes smaller and the
pressure increases, which inevitably leads to the edge roll-off
phenomenon [181].

As a noncontact and nonmechanical process, IBF has
been successfully applied in the polishing of space mirrors
since the 1970s [182, 183]. Figure 23 shows the working
principle of IBF [184]. IBF is a method of bombarding high-
energy ions (generally argon ions) into the machined surface
and removing materials by physical sputtering at the atomic
level. One of the main advantages of IBF is the contactless
nature of an ion beam as a polishing tool, which eliminates
the edge roll-off effects of mechanical tools. Because the
energy distribution of an ion beam can be accurately
controlled, excellent stability of atomic-level removal can
be achieved [185–187].

There are, however, a few trade-offs to these benefits.
The deterministic removal of this method depends heavily on
the stability of the ion source and the environmental stability
of the vacuum chamber. The material removal efficiency of
IBF is very low compared to mechanical methods due to
atomic-level material removal characteristics.

4.4. Supersmooth polishing

4.4.1. Elastic emission machining. EEM was first proposed
as a polishing method by Mori et al about 40 years ago [188].
EEM is a noncontact machining method that involves passing
a flow of fine powder particles in pure water across the
workpiece surface. As shown in figure 24, the particles
supplied in a flow of pure water and the topmost atoms of the
work surface are chemically removed at the atomic level.
Hence, the work surface can be finished without defects. In

most cases, silica particles with submicron diameters are used
as abrasives.

Kanaoka [189] investigated the smoothing performance
of rotating-sphere EEM for processing ULE® and ZERODUR
materials for EUV optics. It was demonstrated that the rms
surface roughness converged to a constant value of 0.1 nm
after removal of a certain depth of material. The surface
roughness can thus be reduced to 0.1 nm rms or better,
fulfilling the requirements of the EUV optics.

4.4.2. Microfluid jet polishing. In order to achieve
supersmooth lenses for 193 nm projection lithography
systems, Ma et al [190] proposed a supersmooth polishing
method called MFJP, which combined the principles of float
polishing, CCOS, and abrasive jet polishing. As shown in
figure 25, the polishing slurry outflowed from the spray holes
of the polishing head, lifting the polishing tool a certain
distance through the dynamic pressure caused by the motion
of the polishing slurry. The chemical reaction between the
workpiece and the fine powder particles results in the removal
of the topmost atoms from the workpiece surface.

A 100 mm diameter (95% effective aperture) fused silica
flat optical element was polished using the MFJP method.

Figure 23. Schematic of the principle of ion beam figuring. [184]
2015 © Springer-Verlag London. With permission of Springer.

Figure 24. Schematic of atom removal process in EEM. Reproduced
with permission from [189]. © American Vacuum Society.

Figure 25. Principle of microfluid jet polishing. Reprinted from
[190], Copyright 2013, with permission from Elsevier.
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Testing results showed that the low-spatial form accuracy
improved from 3.624 to 3.393 nm in rms, and the midspatial
frequency surface roughness improved from 0.477 to 0.309 nm
in rms. The high-spatial frequency surface roughness improved
from 0.167 to 0.0802 nm in Rq. The power spectral density
curve before and after supersmoothing uniform polishing is also
shown in figure 26, in which the mid- and high-spatial
frequency roughness was significantly improved; but the low-
spatial surface form was not obviously changed.

5. On-machine measurement (OMM) and
compensation

For the form error correction process, the precise measure-
ment of the machined surface is an essential step. Metrology
is the most important supporting technology for ultraprecision
manufacturing. Without ultraprecision metrology, there will
be no advance in the precision level of manufacturing.
Typical surface metrology methods for ultraprecision surfaces
include contact/noncontact profilometer, laser interferometer,
white light interferometer microscope, and atomic force
microscope. However, most of the above-mentioned mea-
surement methods are off-machine methods. Because of the
remounting process, off-machine measurements reduce
manufacturing efficiency and may cause measurement error
due to workpiece remounting and/or environmental changes.
In order to solve these problems, on-machine metrology and
error compensation based on the measurement result is
expected.

There are several methods of realizing OMMs. A
touching probe, i.e. the so-called linear variable differential
transformer, is always installed on a commercial diamond
turning machine. Other methods include laser and chromatic
confocal probes, which are noncontact and nondestructive
methods for surface measurement. For example, Chen et al
[191] presented an OMM approach using a sapphire
microprobe of 0.5 μm in radius for the grinding of tungsten
carbide aspheric molds. The overall form error after grinding
was obtained by subtracting the target form from the actual
ground form. The aspheric surface had a high form accuracy
of 0.177 μm after three compensation cycles. Li et al [192]

proposed an OMM system based on capacitive displacement
sensors for high-precision optical surfaces. A 92% of full
aperture measurement of a spherical aluminum mirror with a
diameter of 300 mm was carried out, and the complete
measurement of the form error required only 5 min. Zou et al
[193] developed a chromatic confocal sensor to achieve
noncontact measurement with nanometer-level accuracy for
an ultraprecision turning machine and is capable of recon-
structing the 3D surface topography of flat, spherical, and
aspheric surfaces. Li et al [194] integrated a dispersed refer-
ence interferometer on an ultraprecision turning machine. Yan
et al used a white-light interferometer for nanometer level
precision on-machine profiling of curved diamond cutting
tools [195]. Both theoretical and experimental investigation
was conducted to prove the validity and effectiveness of the
proposed calibration methodology. In addition, as shown in
figure 27, Yu et al [196] proposed an OMM system using two
optical probes to rapidly reconstruct the surface form from the
radial and axial directions. Thus, a two-step compensation
strategy to generate a modified tool path was developed. The
results show that the OMM system and compensation strategy

Figure 26. (a) Low, (b) mid-, and (c) high-spatial frequency PSD data. Reprinted from [190], Copyright 2013, with permission from Elsevier.

Figure 27. Schematic of the two-probe measurement system
mounted on an ultraprecision lathe. Reproduced with permission
from [195].
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were effective for improving the form accuracy while
simultaneously enhancing the machining efficiency.

The error compensation strategy is a very important
issue. For example, in diamond turning, a typical machining
cycle consists of three steps: programming to generate tool
paths, tool alignment step for tool-workpiece alignment, and
machining for surface generation. A number of factors cause
workpiece form errors during each step of the process. In a
conventional process flow, the form error is corrected by
using feedback correction, thus only a specific error factor is
compensated for based on the experimentally measured form
error. The machining-measurement cycle must be repeated
many times because the form error decreases gradually in
each cycle; and it is extremely difficult and time-consuming
to reduce the form error completely.

Nagayama et al [197] proposed a new process flow
which includes error correction and prediction, as shown in
figure 28. The flow is composed of four steps: (1)
program optimization, (2) tool alignment error correction,
(3) machining error modification, and (4) form error predic-
tion. In this flow, all of the main error factors are optimized in
Steps (1), (2), and (3) based on error analysis; and the form
error of the finished surface is predicted in step (4). All of the
error corrections are carried out, and the finished form error is
predicted before machining. In this way, a very high form
accuracy can be obtained in a single cycle. Figures 29(a) and
(b) show the simulation and experiment results of form errors
under different conditions. In the simulation, the form error
was predicted to be reduced by 80% with correction steps (1),
(2), and (3), compared to the case of machining without any
corrections. The results of the experiment agree well with the
simulated results. Figure 29(c) shows the 3D topography of
the surface machined after all of the correction steps. A 10 nm
level sinusoidal wave grid was successfully fabricated on a
single crystal Si wafer by STS turning, and the form accuracy
was 8 nm PV [196].

6. Summary and outlook

Improving form accuracy and surface finish is the permanent
pursuit of high-value-added manufacturing technologies.
With the demands of the next generation EUV lithography,
space optics and laser fusion technology, ultraprecision
machining technologies are now stepping from the nanometer
scale towards the atomic scale. In the past decades, remark-
able advances have been achieved in the area of high-preci-
sion manufacturing technologies based on the significant
developments in machine building technology, tooling tech-
nology, measurement and control technologies. Future R&D
issues towards extreme precision manufacturing can be
summarized as follows.

(1) Material removal mechanisms at the atomic scale
The theoretical clarification of the basic principles

in the material removal process at the atomic level is
essential for optimizing existing manufacturing tech-
nologies and developing new technologies. In the early
1990s, Japanese scholars used extremely sharpened
single-crystal diamond tools to investigate experimen-
tally the minimum chip thickness for metal cutting and
demonstrated that a cutting thickness of 1 nm was
possible. Cutting experiments in scanning electron
microscopes and nanoindentation tests have been also
used to clarify the nanoscale phenomena of machining.
Such fundamental research will be still important in the
future for challenging the ultimate dimensional accur-
acy of ultraprecision cutting. In recent years, molecular
dynamics simulation has been applied to study the
nanometric and atomic scale cutting, grinding, and
polishing processes, which has made it easier for us to

Figure 28. Diagrams of the correction/prediction machining flow.
Reproduced from [196]. CC BY 4.0.

Figure 29. Results of simulation and experiment of form errors under
different conditions of correction/prediction machining. Reproduced
from [196]. CC BY 4.0.
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reveal a material removal mechanism and investigate
the machinability of various materials at small scales.

(2) Surface/subsurface evaluation for extreme-precision
machining

With the development of high-resolution and high-
reliability displacement sensors, noncontact OMM
technology will have a major breakthrough in the
future, which will enable deterministic compensation
strategy of surface form errors. On the other hand, SSDs
such as potential microcracks, phase transformations,
and residual stresses, which cannot be directly mea-
sured from the surface, also affects the imaging quality,
long-term stability, and laser-induced damage threshold
of optical components. Therefore, characterization and
control of subsurface properties has become one of the
key issues in the optical and semiconductor manufac-
turing industry. It is necessary to develop integrated
evaluation technologies to realize OMM, error com-
pensation, and subsurface evaluation.

(3) Compatibility of precision and cost-efficiency

Some ultraprecision machining technologies can achieve
high-quality surface finish and surface integrity, but the pro-
cessing efficiency is very low. It will be a long-term goal of
researchers in the field of ultraprecision machining to explore
processing methods that can improve both cost-efficiency and
accuracy. To achieve this goal, a multidisciplinary approach
for manufacturing R&D by interfacing manufacturing with
mechanical science, physics, material science and nano-
technology is necessary. There is still a long way to go in this
direction towards the industrial application of the extreme-
precision machining technologies to mass production of
consumer products.
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特集 超音波振動切削の最近の応用技術
U1909､06

機能性発現のための超音波援用切削による
微細テクスチャリング

＝濡れ異方性および単方向濡れ発現の試み＝

東北大学嶋田慶太・水谷正義・厨川常元

1．はじめに

加工の要求精度の高度化と、それに伴う工作機械

の高精度化の繰り返しにより、近年では機械加工の

分野においても表面粗さや指令最小単位などにおい

て、 「ナノ」はおろか「ピコ」という言葉すら聞か

れるようになった(lX2)。そうした中で、 ものづくりに

は形状創成に加え、擢水・親水性などの濡れ性、無

反射や再起反射などの光学特性を含む機能創成も同

時に行えることが求められると予想される{21．この

ような機能性は自然界にすでに備えられており、材

料的・化学的な性質のほかに、表面の微細構造が機

能性発現のカギを握っていることが知られている{31。

そこで、機械加工で模倣することができれば、機能

性表面を得られると期待される。そこで我々は超精

密加工と比較して安価な超音波援用切削がテクスチ

ヤリングに有効な手段として考え、研究を行ってい

る")。超音波援用切削で得られる振動由来の特徴的

なツールマークを工具・工作物の並進、回転、超音

波周波数と組合せミクロンーサプミクロンレベルの

微細構造を比較的容易かつ高速に創成することがで

きる'5'・本稿では、 とくに濡れ性に焦点を絞り、濡

れ異方性と単方向濡れについて紹介する'6M7'。

変化させた。その工具を超音波振動装置(Ultrasonic

generatorSC450SP-H24､多賀電気㈱）に把持させ、

それらを新世代加工システム㈱製デスクトップ4軸

加工機TRIDER.X(NX-DF-ELD22)上に配置した。

本スピンドルは軸方向と円周方向に超音波振動を独

立して付与できる特徴を有しており、一台で多様な

パターンの加工に対応可能である。また被削材とし

ては、被削性が良好で超精密切削に通じてさまざま

な精密機器部品に利用されるタフピッチ銅CllOOP

を使用し、水溶性加工液を噴射しながら加工を行っ

た。

(a)濡れ異方性用

2．超音波テクスチャリングによる

特徴的な濡れ性の発現

(d単方向溺れ用

第1図ダイヤモンドバイトのSEM像

2－1 共通装置・工具

本節ではまず用いた実験装置および工具について

まとめる。

工具材質には微細形状創成を要することから微細

な先端形状を有する単結晶ダイヤモンドエ具を用い、

創成したい形状に応じて第1図のように工具形状も

2－2濡れ異方性加工;‘）

濡れ異方性は方向によって濡れ性が異なる性質で

あり、液滴の流れる方向の制御を可能とする。本研

究では第2図に示すような送り、工具回転、および

超音波振動を組み合わせることで複合的微細櫛造を

超音波TECHNO 2019.il-12. 25





























図 1 公益財団法人いわて産業振興センター．
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. は じ め に

私は，2016年 3 月に東北大学大学院工学研究科機械シス
テムデザイン専攻 博士課程前期 2 年の課程(修士課程)を
修了し，2016年 4 月より，富士フイルム株式会社 RD 統
括本部生産技術センターにて子会社工場の工程改善に務めて
おりました．2018年 9 月より，現職である公益財団法人い
わて産業振興センターに U ターン転職し，2019年 4 月より
東北大学大学院工学研究科機械機能創成専攻 博士課程後期
3 年の課程(博士課程)に社会人ドクターとして進学．現在は
博士号取得を目指しながら，研究支援員として地元貢献のた
めの研究に取り組んでおります．私の研究生活の中で金属材
料に携わっている機会は少なく非常に恐縮ではございます
が，この度ご縁がありまして「はばたく」執筆の貴重な機会
をいただきましたので，これまでの経験を振り返り，現在の
研究活動について述べさせていただきます．

. 研究生活と企業経験

まずは，学生時代から現在までご指導をいただいている，
厨川常元教授の研究室をご紹介させていただきます．研究室
では，切削加工や旋削加工，レーザー加工やプレス加工な
ど，幅広い加工分野においてナノ精度の機械加工を行い，加
工表面に任意の機能を発現する微細 3D 構造を創成するな
ど，新たなものづくり技術の可能性を探求しております．そ
の中で私は，学部 4 年生から修士課程 2 年生までの 3 年
間，パウダージェット加工を用いた新たな歯科治療法に関す
る研究に取り組んでおりました．本研究では，ヒト歯と同様
の成分を持ち，生体親和性の高いハイドロキシアパタイト
Ca10(PO4)6(OH)2 というセラミクス材の微粒子を歯に直接
衝突させることにより，虫歯の除去や新たな歯質の創生を目
指しています．先行研究により，この除去加工と付着加工を
左右するメインファクターの特定と，最適加工条件選定の検
討が行われておりましたが，材料の破壊や付着のメカニズム
解明の検討は行われておりませんでした．そこで私は，延性
の小さいセラミクス材の変形を再現するため，平滑化粒子法
(SPH 法)を用いて粒子の衝突時の応力分布や破壊挙動を解
析し，分子動力学解析を併用することで原子結合により付着
する領域の特定を行いました(1)．しかし，研究活動は上手く
いくことだけではなく，従来付着するとされていた加工条件
であっても粒子が付着せず，試行錯誤する日々が続きまし
た．先生方と議論し，先輩と試行錯誤を行う中，東北大学金
属研究所 今野豊彦教授のもと，TEM による粒子の観察を
行う事で，衝突させる粒子の十分な結晶成長が必要であるこ
とを明らかにしました(2)．研究活動はスムーズに進むことだ
けではありませんでしたが，材料加工の原理原則を掴むため
には，根気よく様々な視点から材料自体の理解を深めること

が重要であることを学び，材料研究へ対する興味もより強く
なっていきました．

修士課程の修了後は企業に就職し，生産技術センターに所
属しました．企業時代は主に子会社工場の工程改善を担当
し，ものづくりの現場に密着した業務を行いました．製造能
力強化の任務を遂行する中で，日々の製造やトラブル対応と
並行して QCD(Quality(品質)・Cost(コスト)・Delivery(納
期))を担保するものづくり体制を確立していくには，製造部
や設計部門など，様々な関係者との協力が必要不可欠となり
ます．それぞれの専門が異なる集団で意思疎通を行う難しさ
や，何よりも研究室で行う研究とリアルなものづくり現場の
ギャップを肌で感じ，自分の経験不足・知識不足を痛感しま
した．しかし，様々な立場の人間が意見を出し合うことで自
分一人では思いつかない考えやアプローチが生まれる面白さ
も体感し，製造現場の方々の生の声を聞いていく中で，研究
員としてもっと現場に寄り添ったものづくり技術の開発をし
てみたい，という気持ちが生まれていきました．そのために
は，自分の専門分野の間口を広げ，より多くの企業の方々と
接していくべきだと感じ，転職を決意しました．

. 研究支援活動について

現在は，地元岩手県の公益財団法人いわて産業振興センタ
ー(図)に所属しております．幣センターは，県内の産業振
興を推進するため，県内中小企業に対し経営相談や販路開
拓，金融支援，研究開発における産学官連携のためのマネジ
メント等の総合支援を行う県の中核的支援機関です．今年度
から，新たな試みとして「若手専門人材確保支援事業」を創
設，2 名の研究員をセンター内に直接配置し，県内大学や企
業の研究活動のサポートを行っております．私はこの研究員
として機械加工分野を担当しています．また，新たな技術を
県内企業に移転するための研究テーマを模索し，自身の担当
する分野では，「難加工材料であるアモルファス金属の加工
に関する研究」，「各金属材料に対する高効率放熱表面創生の
研究」の 2 つの基礎研究を推進しています．金属材料に対
する加工については経験が少なく，暗中模索の日々ですが，
企業の方々にご助力いただきながら研究活動を行える環境に
やりがいを感じております．岩手県は自社に研究開発部門を
置く企業はまだ多いとは言えませんが，開発した技術を企業
へ移転する事で微力ながら地元の技術力向上に貢献できるよ
う邁進して参ります．

最後になりますが，この場をお借りしまして日頃研究をご
指導いただいております東北大学の先生方，地方独立行政法
人岩手県工業技術センターの職員様，ご助力頂いております
企業の皆様に深く御礼申し上げます．

文 献

( 1 ) 水谷正義，久慈千栄子，大久洋幸，西村俊亮，水谷公一，赤

塚 亮，佐々木啓一，徐少林，嶋田慶太，厨川常元砥粒加

工学会誌，61(2017), 2833.
( 2 ) 冨江瑛彦，久慈千栄子，大久洋幸，嶋田慶太，水谷正義，佐

々木啓一，厨川常元日本機械学会論文集，81(2015).
(2019年10月30日受理)[doi:10.2320/materia.59.161]

(連絡先〒0200857 盛岡市北飯岡 2426)







パウダージェットデポジションの審美歯科治療への応用 
 

本郷那美*1，山本浩己*1，冨江瑛彦*3，泉田一賢*2，佐々木啓一*2，嶋田慶太*1，水谷正義*1，厨川常元*3 

Nami HONGO, Hiroki YAMAMOTO, Akihiko TOMIE, Kuniyuki IZUMITA, Keiichi SASAKI, 

Keita SHIMADA, Masayoshi MIZUTANI and Tsunemoto KURIYAGAWA 

 

Key words: hydroxyapatite, zirconium dioxide, abrasive blast, composite particles 

 

 

１．緒 言 

近年，歯科医療分野では生体機能の回復・改善に加え，歯

の色調を美しく保つ審美歯科治療の需要が高まっているが，

現時点では，安全で確実な技術は確立されていない．この課

題を解決すべく，常温大気圧下で粒子を高速で衝突させ成

膜するパウダージェットデポジション（以下 PJD）法の審美歯科

治療への応用を試みる．人歯の主成分であるハイドロキシア

パタイト（以下 HA）粒子を用いた PJD 法による補綴および予

防歯科的な有用性は既に実証されおり 1)，現在臨床試験が行

われている．一方，純粋なHA薄膜では隠蔽性に乏しいことか

ら，インプラント材として利用が拡大している ZrO₂の粒子をHA

と複合することで審美治療に適用することを検討している．本

報では，まず ZrO₂粒子単体の PJD実験により，成膜性および

審美性を検証した．またその結果より，ZrO₂粒子は成膜性に

劣ることが判明したので，同粒子と HAを複合した HA/ZrO₂複

合粒子および比較のために粒径の異なる 2 種の HA 粒子を

複合したHA/HA複合粒子を作成し，その成膜性を検証した． 

２．ZrO₂粒子による成膜と色調評価 

２.１ ZrO₂粒子の成膜実験 

図 1 に歯科治療用に開発されたチューブ搬送式 PJD 装置

の外観を示す．この装置は，圧縮供給ガスが粒子を充填した

タンク内に流入し，粒子がチューブ内を通りハンドピース部へ

と搬送される仕組みである．粒子はハンドピース噴射口付近

で加速ガスと合流して加速された後噴射され，対象物へ衝突

して成膜に至る．同装置の粒子タンクに粒径 2.7µmの ZrO₂粒

子を充填し，表 1 の条件のもと成膜実験を行った．図 2 が形

成した膜の非接触 3次元形状測定機で測定結果であり，膜厚

約 2.0µmの薄膜形成を確認できる．ZrO₂粒子でも PJD法によ

り成膜可能であることがわかった． 

２.２ ZrO₂粒子膜の色調評価 

色調評価には，分光測色方式に属した高速分光光度計を

用いた．図 3に示す分光分布の測定結果より，全体的に ZrO₂

膜は HA 基板よりわずかに反射率が高かった．また，どちらも

波長が大きくなるにつれて反射率が単調に減少しているが，

ZrO₂膜は減少傾向が比較的小さく，より色の偏りが少ない白

色に近い．次に図 3 の結果を CIE L*a*b*表色系に変換し，

色差を求めた結果を表 2 に示す．L*，a*，b*値はそれぞれ，

明暗，赤緑，青黄の度合いを表し，図 4 の色空間における座

標，つまり色を決定する値である．色差ΔEabは同図における 2

点間の距離として以下の式で求められる． 

ΔEab=√(ΔL*)2+(Δa* )2+(Δb*)2  (1) 

ここで ΔL*，Δa*，Δb*は色空間内での明度と色度の差であ

る．一般的に ΔEab =2.3 を丁度可知差異として扱うことが多い
3)．計算の結果，ZrO₂膜と HA基板との色差は 4.93 と 2.3を上

回るため，有効な色差といえる．さらに表 2 から，求めた色差

は ΔL*が支配的で，ZrO₂膜の形成により L*値が増加したこと

を考慮すると，人が十分に識別できる程度に明度が高くなっ

たと判断できる．したがって本実験において，色の偏りが少な

くHA基板より高い明度を有する白色の ZrO₂膜の成膜に成功

したといえ，PJD 法を用いた ZrO₂粒子によるホワイトニング効

果を確認した． 

３．粒子の複合化による成膜性変化 

３.１ 複合粒子の作成 

HA粒子単体では PJD法により数十 µm以上の成膜を実現

している 1)．そこで第 2 章で示した ZrO₂粒子の成膜性を改善

するべく，HA粒子と複合した HA/ZrO₂複合粒子を作成し，そ

の成膜性について検証した．図 5 に示す複合化装置に投入

*1東北大学 大学院工学研究科：〒980-8579 仙台市青葉区荒巻
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図 1 PJD装置 

表 1 成膜条件 

基板材料 HA 

搬送流体 空気 

加速圧力 0.2MPa 

供給圧力 0.5MPa 

噴射時間 30s 

噴射距離 5.0mm 
  

 
図 2 ZrO₂膜断面プロファイル 

表 2  L*a*b*値 

 ZrO₂膜 HA基板 

L* 52.19 47.43 

a* −1.575 −1.618 

b* −11.55 −12.82 
 

 
図 3  ZrO₂膜と HA基板の分光分布 

 
図 4 色空間の模式図 
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された粒子は，高速回転する攪拌翼と容器内壁の間を通過

する際に受けるせん断力によりメカノケミカル反応を生じさせる．

この反応により子粒子を母粒子に対して高強度に固定でき，

粒子噴射時の破砕・分離等を防ぐことができる．本装置を用い，

表 3 の条件下で HA/ZrO₂複合粒子および比較用の HA/HA

複合粒子を作成した．同表で粒径はメディアン径を，複合比

率は生成時の母粒子に対する子粒子の重量比率を意味する．

図 6 は以上の粒子の走査型電子顕微鏡（SEM）像であり，母

粒子表面上に使用した子粒子の大きさ相当の微粒子の付着

が確認できることから，HA/ZrO₂および HA/HA 複合粒子が作

成できたと判断した． 

３.２ 複合粒子の成膜実験 

前節で作成した HA/ZrO₂複合粒子，HA/HA 複合粒子，お

よびその未処理の HA母粒子を用いて，前章と同様に表 1 の

条件下で成膜し，それら 3 つの膜を非接触 3 次元形状測定

器により測定した．図 7 が各膜の断面プロファイルであり，同

図(a)より，前章の ZrO₂粒子に比べ，HA/ZrO₂粒子による厚膜

化が可能であることがわかる．一方，同図(b)のとおり，成膜性

は未処理 HA 粒子が最も高く，以下，HA/HA 複合粒子，

HA/ZrO2複合粒子の順番であった．これらの結果は被加工物

衝突と粒子の最表層，複合粒子であれば子粒子の物性が影

響を及ぼしたと推定できる．HA は水酸基，カルボキシ基など

の官能基に高い吸着性を有し，自身もまた水酸基を持つこと

から，HA 粒子は HA 基板に付着しやすいと考えられる 4)．ま

た同材料の基板と粒子間で物性値の差異が無く，互いに親

和的であることも成膜性の高さに影響していると考えられる．

一方，ZrO₂には化学的吸着性は確認されておらず，また HA

基板と異なる物性値を有するため，HA/ZrO₂複合粒子の成膜

性は低下したと考察できる． 

さらに，粒子形状の変化が成膜性に及ぼす影響を考える．

西川は平滑粒子法により，球状粒子の衝突界面における最

大圧力は立方体粒子の約 1/5 であることを求め，その圧力下

で形成された球状粒子膜は多面体形粒子膜と比べて基板と

の結合強度が小さく，剥離しやすいことを示している 5)．そこで

HA/HA 複合粒子と未処理 HA 粒子の各 10 枚の SEM 画像

から円形度 φの平均値を算出し，複合化処理による粒子形状

の変化を評価した．円形度とは，真円を 1 とした場合の形状の

複雑さを表す特徴量で，次式で定義される．  

φ = 
4πS

L2
 (2) 

ここで， L は周長さ，S は面積を表す．図 8 の計算結果から，

複合化処理により粒子の円形度が 1 に近づくことがわかる．ま

た円形度の平均値は HA複合粒子で 0.857，HA未処理粒子

で 0.612 であった．これは，複合化処理の過程で，翼や円筒

内壁，他粒子間での衝突およびせん断力により，粒子の角が

削られたことによると推定できる．以上より，複合化処理により

粒子の円形度が増大し，成膜性の低下に繋がることを実験的

に確認した． 

４．結 言 

本研究では，PJD法を審美歯科治療にも応用するための基

礎的検討として，HA 粒子と ZrO₂粒子を用いた成膜実験およ

び色調評価を行った．以下に得られた結論を示す． 

(1) 厚さ約 2.0µmの ZrO₂膜を HA基板上に形成できた． 

(2) 成膜した ZrO₂膜は十分な明度を有し，かつ色の偏りの

少ない白色膜であった． 

(3) 高い成膜性を有する HA 粒子を ZrO₂粒子と複合する

ことで，成膜性が向上可能であることを示した．  

(4) 複合粒子の成膜性低下は，子粒子の物性と複合化処

理による円形度の変化に起因することを明らかにした． 
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図 5 複合化装置 

表 3 複合条件 

母粒子 HA 2.5µm 

子粒子 ZrO₂ 10nm 

HA 10 nm 

回転数 1500rpm 

複合時間 5min 

複合比率 5% 
  

 

(a) HA/ZrO₂複合粒子 

 

(b) HA/HA複合粒子 

図 6 SEM画像  

 
(a) HA/ZrO₂膜・ZrO₂膜 

 

(b) HA膜・HA/HA膜・HA/ZrO₂膜 

図 7 各膜の断面プロファイル 
 

 

図 8 円形度ヒストグラム 
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Study of Tape CMP Grinding of Gallium Nitride Wafer 

 

Kota ORINO 

 

Abstract 

Power semiconductors are used in various kinds of electronic devices in modern society, and the improvement 

of power semiconductors is essential for miniaturization, weight reduction and power saving of electronic devices. 

However, the physical properties of silicon (Si) that is mainly used in power semiconductor substrates are reaching 

the theoretical limit. Therefore, such materials as gallium nitride (GaN) and silicon carbide (SiC) have been 

attracting attention as new semiconductor substrate materials. These materials possess better physical properties 

including a wide band gap, high breakdown strength and thermal conductivity than Si. SiC is suitable for devices 

that control high voltage and current, GaN is suitable for compact and high-frequency devices. Therefore, they are 

certainly expected to bring significant performance improvement in power semiconductors. On the other hand, 

their material properties like chemical stability, hardness, and brittleness, cause problems in the manufacturing 

phase; specifically in chemical mechanical planarization (CMP), considerable time is required to remove 

completely the residual damaged layer in rough-machining. Therefore, this thesis introduced tape CMP polishing 

that is ultraviolet (UV) and nanodiamond (ND) assisted tape polishing as a new method of CMP. UV exites the 

GaN surface and promotes generating gallium oxide (Ga2O3) that is half as hard as GaN. NDs can pull out Ga 

atoms in the GaN substrate if a sufficient pressure and relative velocity are applied between them. The advantages 

of tape polishing are a constant supply of new abrasives and an increase in effective abrasives. These advantages 

cause fine surface roughness with little damage. The purpose of this thesis is that achieving more efficient CMP 

than conventional CMP by tape CMP polishing. 

 

Chapter 1 introduces the background and objectives of this thesis. 

 

In Chapter 2, the basic material removal ability of the ND was evaluated through a ball-on-disk friction test on 

GaN substrates. Two types of ND dispersions, pure water dispersing negatively and positively charged NDs 

(hereinafter, referred to as ND-N and ND-P, respectively) and pure water alone as the control were utilized in the 

tests and the concentration of the dispersions was tested within 0.0001–0.1 wt%. The test load was set to 50, 100, 

and 200 g. The quantity of material removal and the residual damaged layer were then assessed from the processed 

workpieces via white light interferometric photographs and photoluminescence (PL), respectively. The ND-N 

dispersion provided the largest material removal amount under the same load condition. The material removal 

amount was increased with the concentration of NDs but the increase was saturated at around 0.001 wt% in both 

suspensions. The friction marks with the ND-N suspension raised a greater PL signal than those with ND-P; thus, 

the ND-N might contribute to minimizing residual damaged layer compared to ND-P. To sum up these results, the 

ND-N suspension with a concentration of 0.001 wt% or more was optimal for tape CMP polishing. 

 

In Chapter 3, in order to optimize the conditions for tape CMP polishing, UV assisted tape polishing was 

conducted using #10000 and #20000 mesh-sized diamond (D) and alumina (WA) abrasive films and the polishing 



efficiency and surface integrity including the roughness and thickness of the residual damaged layer were assessed. 

The D10000 film marked the highest polishing rate and the WA10000 film improved the surface roughness the 

most. On the other hand, some scratches were observed after polishing by the D20000 and WA20000 films. There 

were no significant differences in the PL signals between before and after polishing except for D10000. WA10000 

was optimal for tape CMP polishing because the surface roughness is more important than the polishing efficiency. 

 

In Chapter 4, surface roughness, amount of polishing and the residual damaged layer were assessed after UV 

assisted tape polishing and tape CMP polishing using WA10000. In addition to the PL measurement, a transmission 

electron microscope (TEM) was used to assess the residual damaged layer, and its observation clarified that the 

depth of the residual damaged layer before polishing was about 480 nm, which was beyond the range of the PL 

measurement. The depths of the residual damaged layers after UV assisted WA10000 tape polishing and after tape 

CMP polishing were around 390 nm and 330 nm, respectively. Therefore, assisting ND was more effective in 

removing the residual damaged layer. Finally, the PL signals after tape CMP polishing were larger than after UV 

assisted tape polishing. For all of these reasons, the increase in the removal amount is possible without an increase 

of residual damaged layer by assisting ND. 

 

In Chapter 5, the general conclusions of this study are summarized. 



Study on high functionality of cutting tool 

by Plasma-Shot Treatment  

 

Yorihito Shibata 

 

Abstract 

 

High-efficiency cutting has increasingly been demanded high-mix low-volume production; however, the tool 

life is a bottleneck for realizing more efficient manufacturing because the cutting tools are exposed in a severe 

environment of high temperature and high pressure in high cutting speed, which can extensively raise the wear 

rate. To protect the tools from wear, surface treatment technology is applied on the surface to form wear-proof 

layers. Conventional surface treatment technologies include chemical vapor deposition and physical vapor 

deposition The disadvantages of the conventional surface treatment are low adhesion for coating and the thickness 

nonuniformity in applying to the complex surfaces. The surface treatment technologies for solving these 

disadvantages are plasma shot (PS) treatment. In this process, arc discharges occur between the workpiece and the 

electrode, and the electrode partially melts and transfers to the workpiece surface during the discharge. The PS 

treatment can give various surface characteristics by using an appropriate electrode material; e.g. a previous study 

reports that a modified layer with a high hardness was successfully formed on iron-based materials by using TiC 

electrode; however, the PS treatment has the disadvantage of occurring shape deterioration called "sagging" when 

this treatment is applied to the cutting edge of tools. Thus, this thesis introduces a new PS treatment that solves 

the shape deterioration in the cutting edge by adjusting the position of the electrode, which is named position-

adjusted PS (PA-PS) treatment. Moreover, this thesis introduces another PS treatment named "structured-electrode 

PS (SE-PS) treatment" in which dimples are arrayed in stripes. The fabricated microtextures on the tool are 

expected to reduce the expansion of the adhesion range and trap wear debris. Cutting experiments were then carried 

out for evaluating the effectiveness of the microstructure on the high-speed steel (HSS) tools in the cutting process. 

This thesis consists of five chapters. 

 

Chapter 1 is the introduction of this study. The mechanism and feature of PS treatment were explained. Moreover, 

two new PS treatments, PA-PS and SE-PS, were proposed. The details of HSS that is a common material for cutting 

tools were explained. Finally, the objectives of this thesis and the organization of this thesis were described. 

  

In Chapter 2, the PS treatment was applied to HSS surfaces using a TiC electrode to confirm the effect of the 

discharge current (Ip) on forming a single dimple and evaluate the modified layer. The diameter of a single dimple 

increased by the increase of Ip but its growth became saturated after Ip = 10 A. The roughness of single dimple also 

was increased as Ip increased.  

The roughness of the modified layer increased when Ip increased. Energy-dispersive X-ray spectrometry (EDX) 

shows Ti atom and the atom density increased when Ip and the electrode consumption volume (Ve) increased. The 

friction test confirms that the friction of the modified surface was reduced by discharge dimples under low load 

conditions. The Vickers hardness test confirms that the hardness of the modified surface was about 300 to 600 HV 

larger than that of an untreated HSS surface. The hardness also increased with increasing Ip. The size of the 

deterioration of the edge of the modified layer increased when Ip increased. Therefore, the characteristics of the 



modified layer were confirmed when Ip and Ve were changed. 

 

In Chapter 3, the modified layers were formed by PA-PS and SE-PS. The PA-PS is a treatment adjusting the end 

of the electrode in several tens of micrometers from the edge of the workpiece to avoid deteriorating the edge form. 

The SE-PS is a PS treatment with a structured electrode to control the treated and untreated zones; the structures 

on the electrode are fabricated by wire electric discharge machining. 

As a result, the PA-PS achieved to form a modified layer without deteriorating the edge shape of the workpiece 

under Ip = 21 A. The SE-PS formed modified layer that dimples were controled the treated and untreated zones. 

The width of the unmodified part on the machined area decreased when Ip and the electrode machined width (w) 

increased. The machined area showed arc discharge obliquely ocuurred from the edge of the TiC electrode to the 

workpiece. The distance of the arc discharge increased with increasing Ip. The friction test confirms that the friction 

of the SE-PS treated surface under Ip = 3 A was not significantly different from that of the normal PS treatment. 

However, the friction of this treatment was slightly smaller than normal PS treatment under low load conditions. 

Therefore, the characteristics and appropriate treatment conditions of new two PS treatments are cleared.  

 

Chapter 4, cutting experiments were carried out using the tool with microstructure prepared in Chapter 2, and 

Chapter 3. The prepared HSS tools were (a) unmachined tool, (b) tool treated by normal PS treatment under Ip = 

3 A, (c) tool treated by "PS treatment using textured electrode" under Ip = 3 A, (d) tool treated by normal PS 

treatment under Ip = 21 A, (e) tool treated by  "Changed machining position treatment" under Ip = 21 A. Cutting 

experiments were carried out under wet conditions and dry conditions.  

As a result, black adhesion on cutting face and burning on the flank was confirmed under wet conditions by a 

Digital microscope. The range of burning on the flank increased when cutting distance increased. In (a), the 

adhesion area was expanded to a maximum area when the cutting distance was 50 m and this area was kept. The 

adhesions accumulated in the same adhesion area when the cutting distances were 150 and 300 m. In others, the 

adhesion range gradually increased as the cutting distance increased. In (c), the adhesion area was specially 

expanded in the groove on the microstructure surfaces. The white light interferometric figures show that the 

adhesion area under (d) was the smallest in all conditions. Moreover, this area was 50 % smaller than that of (a). 

The dynamometer shows that the cutting forces under (b) and (c) were lower than those of others. The cutting 

force under (d) became the largest in all conditions. The cutting force under (e) was lower than that of (d) because 

"Changed machining position treatment" reduces cutting force. The expansion of the adhesion area under (b) and 

(c) under dry conditions more accelerated than those of wet conditions when cutting distance increased. Therefore, 

the adhesion range was small at Ip = 21 A, and the cutting force was small at Ip = 3 A.  

 

Chapter5 presents the general conclusion obtained in this study 

 



Study on creation of fine periodic structure on 

V-shaped groove with short-pulsed laser 

 

Ryohei TAKASE 

 

Abstract 

In recent years, there have been increasing demands for high functionality, adding high values and saving 

energy of industrial products. Functional surface creation technology is attracting attention because it 

dramatically improves the properties of material and adds new functions with creating microstructures on 

the order of micro- nanometers on the material surface. These microstructures require suitable shapes and 

dimensions for the required functionality. Many studies have been conducted on a single processing method 

to create microstructures that can add some functionalities on material surface; while, there are few reports 

on composite structures created by combining single processing method, and the behavior of composite 

structure has not been clarified. However, “functional composite microstructures” created with combining 

some functional surfaces expected to have potential that can combine some functionality or exhibit 

unknown functionality. Therefore, in this study, functional composite microstructures were attempted to 

fabricate with combining the cutting process that has various advantages as a functional surface creating 

method, and the LIPSS (laser-induced periodic surface structures) created by short-pulsed laser (SPL), 

which is expected to further expand demand and industrial application in the future; in particular, create 

nanometers scale LIPSS into micrometers scale structure created with cutting process. The currently 

supported principle of LIPSS generation assumes only plane surface, however for practical use of SPL, it 

is important to clarify the behavior of LIPSS generation on non-planar surface. 

The purpose of this thesis is to create LIPSS with SPL on the slope of V-shaped microgrooves (hereinafter, 

simply referred to as “V-grooves”) created by ultraprecision cutting, investigate the effect of the surface 

shape on LIPSS creation, and clarify the principle of LIPSS generation on the slope. In addition, wettability 

was evaluated because it is expected to be applied to various products as a functional evaluation, and 

investigate the effect of the composite microstructures made with V-grooves and LIPSS on the wettability.  

 

This thesis is composed of five chapters. 

 

Chapter 1 states the background and the objectives of this thesis. 

 

In Chapter 2, 90° V-grooves were fabricated by ultraprecision cutting as an example of non-planar surface, 

and the SPL was irradiated on them to create the LIPSS on their slope areas. The LIPSS was successfully 

fabricated on the slope area of the V-grooves by laser irradiation; however, under specific conditions, the 

LIPSS were created in a different direction and had a pitch width from those fabricated on the plane. As 



opposed to the LIPSS created on the plane surface, on the slope of the V-groove that is parallel to the V-

groove regardless of the polarization direction and has narrower pitch than laser wavelength as UNPL 

(unidirectional narrow pitched LIPSS).Then, in order to verify the cause of why the LIPSS were differently 

fabricated, similar irradiation experiments were performed on 120° V-grooves, having a wider apex angle 

than 90°, and a one-sided slope that extracted one side of V-grooves.  

The experimental result suggested that the interferences between the incident laser and the reflection on 

the slope of the V-grooves and between the incident laser and diffracted light generated at the edge of the 

V-grooves affected to the fabrication of different LIPSS. 

 

In Chapter 3, the principles of the LIPSS generation on the slope of the V-grooves obtained in the 

previous chapter were examined with image analysis and electromagnetic field analysis by finite-difference 

time-domain (FDTD) method. The results of pitch width measurement and electromagnetic field analysis 

showed that the generation of the UNPL at the 90° V-groove slope was caused by the effect of interference 

between incident laser and reflected laser at the V-groove slope. On the other hand, it was clarified that the 

creation principle of UNPL created at the 120° V-groove slope is based the other theory described in Chapter 

2. The experimental results about irradiation number dependence of LIPSS generation showed that the 

principle of LIPSS generation on the slope of V-grooves varied with irradiation number and the energy 

density. 

 

In Chapter 4, V-grooves and LIPSS composite microstructures (hereinafter, simply referred to as "V-L 

structures"), LIPSS on the slope of the V-grooves, were fabricated by the ultraprecision cutting and the SPL 

and the contact angle (CA) was determined by dropping water droplets on the surface of the composite 

microstructures. The CA increased on the 90° V-L structured surfaces compared to on the 90° V-groove 

alone surfaces; contrastingly, it decreased on the 120° V-L structured surfaces. These differences might be 

brought that the LIPSS changed the behavior of water droplets that were attract to or repelled from the 

inside of the V-grooves. On the other hand, LIPSS orientation provided no significant change in the CA; 

therefore, LIPSS orientation might not possess enough effects to inhibit the extension of water droplets. 

 

In Chapter 5, the general conclusions of this study are summarized.  
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英文 Abstract 

Title: Study on creating functional biointerfaces by laser irradiation 

Author: Chiaki TAKITA 

Supervisor: Tsunemoto KURIYAGAWA 

Dental health is closely related to quality of life (QOL) improvement, and implant therapy is effective in 

prosthesis for missing teeth and recovery of QOL. Currently, however, inflammation caused by bacterial 

infection is a problem in implant therapy. The purpose of this study is to create ideal functional biointerfaces 

that have both biocompatibility and anti-bacterial adhesion properties, e.g. hydrophobicity and photocatalytic 

activity by the simultaneous process of microfabrication and chemical property changes on the material surface 

with nanosecond pulsed laser. 

This thesis is composed of five chapters. Chapter 1 states the background and the objectives of this thesis. 

In Chapter 2, laser processing was applied to Ti-6Al-4V alloy surfaces to create grooves and 

micro-irregularities on the surfaces. The surfaces became hydrophobic due to topographical changes and 

chemical stabilization, and the oxygen vacancies introduction into the oxide layer was suggested, which is 

thought to contribute to the improvement of photocatalytic activity. 

In Chapter 3, the bacteria tests using E. coli and S. aureus were performed and the results suggested that 

grooves rather than hydrophobicity contributed to antibacterial adhesion property. 

In Chapter 4, the cell proliferation and differentiation using osteoblast-like cells were performed on Samples 

A and B, on which bacterial adhesion increased and decreased respectively in the test of the previous chapter. 

The result showed that Sample A inhibited cell growth, and Sample B did not affect it. In conclusion, 

functional biointerfaces for dental implants may be realized by forming grooves suppressing bacterial adhesion 

and suitable micro-irregularities promoting cell growth. In Chapter 5, the general conclusions of this study are 

summarized. 

和文アブストラクト 

論文題目： レーザ照射による機能性バイオインタフェース創成に関する研究 

提出者氏名： 瀧田 千秋 

指導教員： 厨川 常元 

歯の健康は生活の質(QOL)向上に密接な関係があり，インプラント治療は欠損歯を補綴し QOL回復

に有効である．インプラントでは現在，細菌感染による炎症が問題であることから，本研究ではナ

ノ秒パルスレーザ加工により材料表面の微細加工と化学的性質変化を同時に行い生体適合性と，細

菌付着抑制の性質－疎水性，光触媒能など－を両立したインプラントにとって理想的な機能性表面

の創成を目指す．  

本論文は 5章構成である．第 1章では，上記の研究背景と研究目的を詳述する． 

第 2章では，Ti-6Al-4V合金表面にレーザ加工を施し，表面に溝形状や微細凹凸構造を形成した．

表面は形状変化と化学的安定化により疎水化し，酸化皮膜へは光触媒能向上に寄与すると考えられ

る酸素欠陥導入が示唆された． 

第 3 章では，大腸菌と黄色ブドウ球菌を用いた細菌試験を行った．その結果，細菌付着抑制には

表面の疎水化ではなく，溝形状が寄与することが示唆された． 

第 4章では，研磨試料（コントロール），細菌付着が増大した試料（試料 A）と，付着低減が示唆

された試料（試料 B）に対して骨芽細胞様細胞を用いた増殖・分化試験を行った．その結果，試料 A

は細胞の成長を抑制し，試料 B は細胞の成長に影響を及ぼさなかった．以上より，細菌付着抑制効

果の可能性がある溝形状と，細胞の成長促進のための適度な微細凹凸を併せ持つ表面が機能性表面

実現には必要であることが示唆された．第 5章は本論文の結論である． 

 



Development of Dental Handpiece of Powder Jet Deposition  

 

Hiroki YAMAMOTO 

 

Abstract 

 

The human teeth, which are hard tissues in the human oral cavity, are important structures related to 

mastication, pronunciation, respiration, and facial features. The occlusal abnormalities have been pointed out 

that they can have adverse effects on the body and mind, so maintaining healthy teeth is extremely important for 

improving quality of life. In the current caries treatment method, the prepared cavities where the decayed part is 

removed are filled by a dental restoration made of metal, resin, etc., using medical adhesive. However, these 

dental restorations have problems of mismatching in mechanical characteristics, biocompatibility, and 

aesthetics; consequently, the use of the original materials of the human teeth is ideal for restorative treatment. To 

realize the ideal, a new dental treatment method has been proposed by using powder jet deposition (PJD) 

technique to make coatings on human teeth. With this technology, a powerful coating can be formed by 

colliding particles at high speed under room temperature and atmospheric pressure. By using particles of 

hydroxyapatite (HAp), a major component of human hard tissue, films with properties similar to human enamel 

can be formed directly on human teeth. Clinical experiments of PJD treatment were performed using the 

developed equipment called tube-conveying type for particle ejection. However, the HAp particles are 

hygroscopic and become easily viscous, thus they can cause a choke of the flow path and sudden spray of 

particles. To solve these problems, a prototype device called a compacted powder-loaded type handpiece has 

been developed; particles are supplied by cutting a compacted powder. In this study, the blasting characteristics 

and optimum cutting conditions of this device are investigated. In addition, we verify the optimal flow path 

shape and particle dispersibility for HAp deposition. 

 

Chapter 1 is the introduction of this thesis. The background of the present research, the achievements and 

remaining problems of the previous study and the objectives of the present study are described. 

In Chapter 2, standard PJD tests were performed using the compacted powder-loaded type device to assess 

the blasting characteristics and cutting conditions. The temporal changes of particle spraying amount were 

assessed on the current model and the prototype. The results showed that the prototype could spray particles 

stably; while, the spraying amount fluctuated greatly in the current type. Next, the compressed particles were cut 

by different cutting speeds and rotation speeds, then the particle size distribution and the film shape were 

observed. Those results showed that a larger feed rate contributed to a better particle dispersibility and the 

processing mode shifted to the deposition more than the removal.  

 

In Chapter 3, in order to improve the problems in the blasting by the compacted powder-loaded type device, 

the shape of the nozzle flow path was optimized. The conventional nozzle had a part where the cross-sectional 

area decreased rapidly in the flow path, which caused a pressure loss. Consequently, the particle velocity at the 

moment of the collision was lower than that of the tube-conveying type, and the deposition efficiency was poor. 



In addition, the surface of the formed film became rough in both types. To solve these problems, the diameter of 

the nozzle outlet was reduced to accelerate particles and increase collision density. The results of computational 

fluid dynamics (CFD) using the flow path model of diameter reduction nozzles indicated that the reduction of 

nozzle outlet diameter could increase the particle velocity and density at the moment of the collision. Then, a 

thick smooth film with a maximum height of 30 µm and a volume of 6.43 million cubic micrometers was 

successfully formed under the conditions of 0.2 MPa supplying pressure and 0.8 mm outlet diameter. In addition, 

the particle size distribution showed that the smaller the diameter of the outlet through which the particles pass, 

the better the particle dispersibility. This tendency is due to the rapid acceleration of the particles and the 

increase of the internal static pressure. Based on these results, the interaction between the particle dispersibility 

and film surface roughness was investigated. Comparison of particle dispersibility and film surface roughness 

showed that powders with primary particles of 16.5% or more by volume produced a film with a smooth surface. 

Furthermore, particles with an equivalent circular diameter smaller than 4 µm were defined as primary particles. 

Finally, a mapping of the smoothness of the film surface was created based on the particle dispersibility and 

particle velocity. 

 

In Chapter 4, five types of metal nozzles were fabricated to verify the effect of the nozzle shape on the 

particle dispersibility. The nozzles were classified into straight-, stepped-, and bend-type flow paths. Firstly, 

every nozzle was designed with the CAD and the particle velocities at the collisional moment were calculated 

with the CFD under the supplying pressure of 0.1–0.5 MPa. From those data, the graphs and approximate 

expressions showing the relationship between the supply pressure and the particle collisional velocity were 

created about each nozzle. The collisional speed 163.7 m/s was set as the reference speed and the supply 

pressures of each nozzle at which the collision velocity becomes the reference speed was calculated using the 

approximate formula. The results of the blasting experiments and the particle size distribution at those pressures 

showed that acceleration at the step and collision with the wall at the bend disperse the particles, and 

rectification of the air through the long pipe causes the particles to aggregate. Additionally, a film by L24 nozzle 

had a volume of 25.9 million cubic micrometers. A comparison of the particle size distribution and the film 

surface suggested that the large agglomerated particles caused the roughening of the film surface. Film 

formation experiments using a powder mixture of conventional particles and large particles supported this. The 

relationship between the size of agglomerated particles causing surface roughness and collision velocity agrees 

with the relationship between the particles median diameter and collision velocity calculated in the previous 

research: Vc = 450.99d − 0.38. This fact indicates that large aggregated particles behave like large particles and 

that the target value of dispersibility can be calculated from the collision velocity. 

 

In Chapter 5, the general conclusions of this research are summarized. 
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