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Abstract: As the fatigue strength of metallic components may be affected by residual stress variation
at small length scales, an evaluation method for studying residual stress at sub-mm scale is needed.
The sin2ψ method using X-ray diffraction (XRD) is a common method to measure residual stress.
However, this method has a lower limit on length scale. In the present study, a method using at a 2D
XRD detector with ω-oscillation is proposed, and the measured residual stress obtained by the 2D
method is compared to results obtained from the sin2ψ method and the slitting method. The results
show that the 2D method can evaluate residual stress in areas with a diameter of 0.2 mm or less in a
stainless steel with average grain size of 7 µm. The 2D method was further applied to assess residual
stress in the stainless steel after treatment by laser cavitation peening (LCP). The diameter of the
laser spot used for LCP was about 0.5 mm, and the stainless steel was treated with evenly spaced
laser spots at 4 pulses/mm2. The 2D method revealed fluctuations of LCP-induced residual stress at
sub-mm scale that are consistent with fluctuations in the height of the peened surface.

Keywords: residual stress; X-ray diffraction; laser cavitation peening; pulse laser

1. Introduction

As residual stress is one of the most important factors related to the fatigue strength
of metallic materials [1–8], it is worth measuring the residual stress in local areas subject to
fatigue crack nucleation. It is well known that conventional welding causes tensile residual
stress near the welded line due to the heat-affected zone (HAZ) [9–12]. Friction stir welding
(FSW) also generates tensile residual stress near the FSW region [13–18], as FSW produces
stirring and a thermo-mechanically affected zone. Residual stress is one of the key factors
for mechanical surface treatments such as shot peening (SP) [19]. Laser peening can also
improve fatigue properties by introducing compressive residual stress [20–23]. As the
distribution of the residual stress of conventional welding and the FSWed part drastically
changes with distance from the welding line, the residual stress of the laser-peened surface
is also distributed with a laser spot size of the mm-order. One of the conventional methods
used to evaluate the residual stress is X-ray diffraction. As the size of the measured area
using X-ray diffraction is similar to that of the distribution of the residual stress of the
welding part and/or the laser-peened surface in sub-millimeter order, it is necessary to
improve the accuracy of residual stress measurements by using X-ray diffraction. Note that
the most important factor of the stresses measurement accuracy in local area using X-ray
diffraction is the number of the grains.

The sin2ψ method is the most popular method for evaluating the residual stress of
polycrystal metals using X-ray diffraction [24], and a 2D method using a two-dimensional
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detector has been developed [25]. Regarding JSMS standard, 3 × 105 to 6 × 105 grains
is required for the sin2ψ method. Each method is based on its own theory, and each
has advantages and disadvantages. For example, in the case of the sin2ψ method, a
simple goniometer is sufficient to evaluate the residual stress. On the other hand, the
2D method can evaluate the 3D stress state, but a highly accurate multi-axis goniometer
is needed. The great advantage of using a 2D detector is that the Debye ring can be
evaluated by interpolation and extrapolation. Namely, the 2D method using a 2D detector
could be used to evaluate residual stress of very small area and/or coarse grain. A 2D
method with specimen oscillation by moving the detector in the direction orthogonal
to θ-direction was proposed to obtain better Debye ring in the reference [26], but the
obtained result was not compared with the result obtained using the other method. One
way to evaluate residual stress measurements using X-ray diffraction is to compare them
with mechanical relaxation method such as a slitting method [27] and/or a hole drilling
method [28]. The slitting method is relatively easy to perform, can be performed quickly,
and provides excellent repeatability, which makes it very useful for actual laboratory
residual stress measurements [27]. As the experimental deviation of the slitting method
was smaller than that of the hole drilling method [29], the slitting method was chosen in
the present experiment.

As mentioned above, laser peening introduces compressive residual stress and en-
hances the fatigue properties [20–23]. Y. Sano et al. measured the residual stress distribution
with depth for stainless steel SUS304 and demonstrated an improvement in fatigue strength
by laser peening without protective coating [21]. In the case of laser peening with coat-
ing [20,22], coating or tapes such as black polymer tape or metal foil is pasted on material
to control laser energy absorption and prevent the surface from melting. The distributions
of residual stress were precisely measured, but fluctuations due to the laser spot were not
observed [30,31]. The distribution of changes in residual stress with depth was precisely
measured, but there was no information provided for the distribution on the surface [32,33].
On the other hand, in the case of the numerical simulation, residual stress distributions due
to laser spots were clearly observed [6,34–36]. Recently, the patterns of residual stress on
the surface due to laser spots were also observed [37,38]. G. Xu et al. measured the residual
stress of SUS316L by the sin2ψ method, in which the diameter of the measured area was
2 mm with a 0.5 mm step; the laser spot was 3 × 3 mm2; the overlapping rates were 30%,
50% and 70%; and the cyclic pattern of the residual stress was obtained [37]. X. Pan et al.
measured the residual stress of Ti6Al4V by the sin2ψ method, in which the diameter of the
measuring area was 2 mm with a 1 mm step, the laser spot was 2.4 mm, the overlapping
rate was 40% and a cyclic pattern due to laser spots was not observed in the distribution of
residual stress [39]. Using a synchrotron, Y. Sano et al. measured the distribution of the
residual stress crossing over a single laser spot with 1D line irradiation by measuring an
area of 0.2 mm in diameter; the laser spot was about 1 mm in diameter and the authors
reported the tensile residual stress due to the laser spot [38]. It was determined by numeri-
cal simulation that the crack propagation was affected by the residual stress distribution
due to laser peening [40,41]; therefore, the precise distribution of the residual stress had
to be determined. Figure 1 shows the typical pattern of a fractured fatigue specimen of
a stainless steel (a) non-peened specimen and (b) laser-peened specimen [23]. As shown
in Figure 1b, the fatigue crack of the laser-peened specimen propagated nearly straight
compared with that of the non-peened one, in which several cracks were propagated in
parallel due to the increase of the hardness near the crack tips by plastic deformation. The
distribution of residual stress of laser peened specimen. The distribution of residual stress
of the laser peened specimen could be one of the reasons for crack propagation. Consider-
ing a previous report [38], the measurement of the residual stress in a submillimeter-order
area is required. Thus, a method that can measure residual stress at a submillimeter level
using a conventional X-ray diffraction apparatus is needed.

This paper consists of two parts. The first half reveals the optimization of measur-
ing the condition of the 2D method using a two-dimensional detector for residual stress
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measurements to evaluate the surface modification layer compared with the mechanical
method, i.e., the slitting method [27], and the sin2ψ method [24]. The second half demon-
strates the residual stress measurement of the peened specimen by laser cavitation peening
using the proposed 2D method.

Materials 2021, 14, x FOR PEER REVIEW 3 of 18 
 

 

  
(a) (b) 

Figure 1. Aspect of a fractured fatigue specimen of stainless steel. (a) Non-peened specimen (σa = 301 MPa, Nf = 7.8 × 105); 
(b) specimen treated by laser cavitation peening (σa = 308 MPa, Nf = 4.8 × 106). 

This paper consists of two parts. The first half reveals the optimization of measuring 
the condition of the 2D method using a two-dimensional detector for residual stress meas-
urements to evaluate the surface modification layer compared with the mechanical 
method, i.e., the slitting method [27], and the sin2ψ method [24]. The second half demon-
strates the residual stress measurement of the peened specimen by laser cavitation peen-
ing using the proposed 2D method.  

2. Experimental Apparatus and Procedures 
2.1. Peening Systems 

To prepare specimens with compressive residual stress, cavitation peening (CP) us-
ing a cavitating jet (see Figure 2) and laser cavitation peening (LCP) using a pulse laser 
(see Figure 3) were applied. In the case of CP, a high-speed water jet was injected into a 
water-filled chamber. The cavitating conditions were the same as those in a previous pa-
per [8]; the injection pressure of the jet was 30 MPa, the diameter of the nozzle d was 2 
mm and the standoff distance was 222 mm. To enhance the peening intensity, the nozzle 
had a cavitator with a diameter dc of 3 mm [42] and an outlet bore with a diameter D and 
length L of 16 and 16 mm, respectively [43]. The specimen was installed in the recess. In 
the case of LCP, a Nd:YAG (Nd:Y3Al5O12) laser with Q-switch was used to generate laser 
cavitation [12]. The repetition frequency of the pulse laser was 10 Hz. The used wave-
length was 1064 nm. The pulse laser was focused onto the specimen, which was placed in 
a water-filled glass chamber. The standoff distance in the air sa and in water sw was opti-
mized by measuring the peening intensity [12]. The specimen based the stage was moved 
perpendicularly to the direction of the laser axis by the stepping motors.  

As the backside surface of the peened plate had compressive residual stress [44], a 
recirculating shot peening (SP) system accelerated by a water jet [45] was used for the 
peening. Note that compressive residual stress was introduced onto the backside surface, 
but the grain size on the back side was not affected, as the backside surface was not peened. 
At SP, the shots were installed a chamber, whose diameter was 54 mm, and accelerated 
by the water jet through three holes with a diameter of 0.8 mm. The diameter and the 
number of the shots were 3.2 mm and 500, respectively. The injection pressure of the water 
jet was 12 MPa. The distance from the nozzle to the specimen surface was 50 mm. To avoid 
a loss of shots, the specimen was set in the recess. 

Figure 1. Aspect of a fractured fatigue specimen of stainless steel. (a) Non-peened specimen (σa = 301 MPa, Nf = 7.8 × 105);
(b) specimen treated by laser cavitation peening (σa = 308 MPa, Nf = 4.8 × 106).

2. Experimental Apparatus and Procedures
2.1. Peening Systems

To prepare specimens with compressive residual stress, cavitation peening (CP) using
a cavitating jet (see Figure 2) and laser cavitation peening (LCP) using a pulse laser (see
Figure 3) were applied. In the case of CP, a high-speed water jet was injected into a water-
filled chamber. The cavitating conditions were the same as those in a previous paper [8];
the injection pressure of the jet was 30 MPa, the diameter of the nozzle d was 2 mm and the
standoff distance was 222 mm. To enhance the peening intensity, the nozzle had a cavitator
with a diameter dc of 3 mm [42] and an outlet bore with a diameter D and length L of 16 and
16 mm, respectively [43]. The specimen was installed in the recess. In the case of LCP,
a Nd:YAG (Nd:Y3Al5O12) laser with Q-switch was used to generate laser cavitation [12].
The repetition frequency of the pulse laser was 10 Hz. The used wavelength was 1064 nm.
The pulse laser was focused onto the specimen, which was placed in a water-filled glass
chamber. The standoff distance in the air sa and in water sw was optimized by measuring
the peening intensity [12]. The specimen based the stage was moved perpendicularly to
the direction of the laser axis by the stepping motors.
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Figure 2. Schematic diagram of cavitation peening (CP) using a cavitating jet.

As the backside surface of the peened plate had compressive residual stress [44], a
recirculating shot peening (SP) system accelerated by a water jet [45] was used for the
peening. Note that compressive residual stress was introduced onto the backside surface,
but the grain size on the back side was not affected, as the backside surface was not peened.
At SP, the shots were installed a chamber, whose diameter was 54 mm, and accelerated by
the water jet through three holes with a diameter of 0.8 mm. The diameter and the number
of the shots were 3.2 mm and 500, respectively. The injection pressure of the water jet was
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12 MPa. The distance from the nozzle to the specimen surface was 50 mm. To avoid a loss
of shots, the specimen was set in the recess.
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Figure 3. Schematic diagram of cavitation peening using a pulse laser, i.e., laser cavitation peening (LCP).

2.2. Material

The tested material was austenitic stainless steel, Japanese Industrial Standards JIS
SUS316L. Four different specimens were used, as shown in Table 1. All specimens were
made from plates 2, 3 and 6 mm in thickness, respectively, and all the plates featured a
No. 2B surface finish accomplished by temper rolling. Specimen A was used to measure
the residual stress of the peened side by the 2D method compared with the slitting method
and sin2ψ method. Specimens A, B and C were used to optimize the measuring conditions
of the 2D method. Specimen D was used to demonstrate the effect of the laser spot on
the residual stress distribution. During LCP, the surface was laser and the outermost
surface showed tensile residual stress; the surface was then removed by electrochemical
polishing. The peening intensity of CP, SP and LCP was controlled based on processing
time per unit length, processing time and pulse density, respectively. The processing time
per unit length of specimen A was chosen based on the values in the reference [8]. To
introduce large compressive residual stress into the specimen, 100 pulses/mm2 pulse
density and 6 mm thickness were chosen for specimen B. Considering the results of the
preliminary experiment by measuring the residual stress, 30 s and 3 mm thickness were
chosen for specimen C. For specimen D, the pulse density of 4 pulses/mm2 was optimized
by measuring the fatigue life changes based on pulse density.

Table 1. Specimens for residual stress measurements.

Symbol Peening Method Peening Intensity Thickness Measured Side Electrochemical Polishing

A Cavitation peening CP 8 s/mm 2 mm Peened side None

B Laser cavitation peening LCP 100 pulses/mm2 6 mm Peened side 39 µm

C Shot peening SP 30 s 3 mm Back side None

D Laser cavitation peening LCP 4 pulses/mm2 2 mm Peened side 33 µm

As mentioned above, the number of grains in the measurement area is important
factor for the accuracy of the stresses using X-ray diffraction method. The average grain
size, i.e., spatial diameter [46] and the grain size that occupied 50% of the area dN were
measured. The dN was obtained by the following procedure. The area Ai of each grain was
measured and they were sorted from small value to large value, then the cumulated area
AC was calculated as follows.

AC =
N

∑
i=1

Ai (1)
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when the number N at AC/A = 50% was obtained, dN = 2
√

AN/π was defined as the
grain size that occupied 50%. Here, A was test area. 300 grains were measured in the
present experiment.

Figure 4 illustrates a schematic diagram of specimen D and the coordinates of the
residual stress with the scanning direction of the laser. The specimen was moved at 5 mm/s,
and the reputation frequency of the laser was 10 Hz. Then, the specimen was stepped at
0.5 mm, as shown in Figure 4. The positional relationship of the laser spots in each row
was different for each row as shown in Figure 4, as the stepping motors and pulse laser
were not synchronized. Note that the rolling direction was y-direction in Figure 4.
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Figure 4. Schematic diagram of specimen D treated by laser cavitation peening and the coordinates
for residual stress measurement.

2.3. Residual Stress Measurement

To confirm the compressive residual stress of specimen A introduced by cavitation
peening, the residual stress was measured using the slitting method [27]. The slitting was
done using a wire electric discharge machine (EDM, Sodick, Chicago, IL, USA), and the
residual stress was evaluated from the strain obtained by the strain gage. The diameter of
the wire was 0.254 mm and the gage length of the strain gage was 0.81 mm. The distribution
of the residual stress with depth under the surface was obtained by using the recorded
strain and solving an inverse problem following the procedure in the reference [15]. In
the present paper, slitting of 0.0254 mm in depth was used as the reference value. The
distribution of the residual stress with depth and more details on the slitting method can
be found in the reference [8].

To measure the residual stress by X-ray diffraction, an XRD system (Bruker Japan K. K.,
Tokyo, Japan) with a two-dimensional position sensitive proportional counter (2D-PSPC)
was used. The same system was used for the sin2ψ method [24] and 2D method [47]. The
schematic diagram and coordinates θ, ψ, ω, χ, ϕ of the XRD system with 2D-PSPC are
shown in Figure 5. The Kα X-rays from a Cr-tube operating at 35 kV and 40 mA were used.
The used diffracted plane was γ-Fe (2 2 0), and the diffraction angle without strain was
128◦. In the residual stress analysis for both the sin2ψ method and the 2D method, Relevant
software (Leptos ver 7.9, Bruker Japan K. K., Tokyo, Japan) was used. The used Young’s
modulus and Poisson ratio were 191.975 GPa and 0.3, respectively. To investigate the effects
of the measuring area, five different collimators with diameters of 0.1460, 0.3, 0.5, 0.5724
and 0.8 mm were used. The 0.1460 and 0.5724 mm collimators were of the total reflection
type, and the other collimators were of the double-holed type. Tables 2 and 3 show the
measuring conditions and analyzed areas of X-ray diffraction obtained using each method
based on the standard method [24] and the previous report [26]. Under both the sin2ψ
method and the 2D method, 24 frames were measured. In the case of the sin2ψ method,
the X-ray diffraction profile obtained an accumulating X-ray diffraction of χ = 85–95◦, and
diffracted peaks 2θ were obtained at each ψ. Then, the residual stress was calculated from
the sin2ψ−2θ diagram. To eliminate the ψ split, +ψ and −ψ were measured for each x and
y direction. At the sin2ψ method, σRx was obained by ϕ = 90◦ and 270◦, σRy was obtaied
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by ϕ = 0 and 180◦, respectively. Namely, 12 frames in Table 2 were used to obtain σRx and
σRy, respectively.
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Figure 5. Schematic diagram and coordinates of XRD system with 2D-PSPC. (a) Coordinates of the
system; (b) coordinates on the 2D-PSPC.

Table 2. Measuring conditions for each method.

Method ψ◦ ϕ◦

sin2ψ method

0 0, 90, 180, 270
20.268 0, 90, 180, 270
29.334 0, 90, 180, 270
36.870 0, 90, 180, 270
43.854 0, 90, 180, 270
50.768 0, 90, 180, 270

2D method
0 0, 45, 90, 135, 180, 225, 270, 315
30 0, 45, 90, 135, 180, 225, 270, 315
60 0, 45, 90, 135, 180, 225, 270, 315

Table 3. Analyzed area of obtained X-ray diffraction.

Method 2θ◦ χ◦

sin2ψ method 125–132 85–95

2D method 125–132 70–110

2.4. Observation of Specimen Surface

To investigate the grain size of the tested material, the surface was observed using a
scanning electron microscope (SEM; JCM-7000, JEOL Ltd., Tokyo, Japan). The aspect of
the laser-cavitation-peened specimen was also observed using a laser confocal microscope
(VK-100, Keyence Corporation, Osaka, Japan) to obtain the surface profile.

3. Results

3.1. Comparison of Measured Residual Stress between the Slitting Method, sin2ψ Method and
2D Method

In order to compare the residual stress measured by the slitting method, the sin2ψ
method and the 2D method, Figure 6 illustrates the residual stress σRy of specimen A. For
the sin2ψ method and the 2D method, the effect of the measuring area was investigated by
changing diameter of the collimator dcol. As shown in Figure 6, the exposure time at each
frame texp was also changed based on the area of the collimator. In the case of dcol = 0.8 mm
and texp = 20 s, the specimen was moved in both directions, x = ±2 mm and y = ±2 mm,
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to minimize the exposure time. As shown in Figure 6, in the case of dcol = 0.8 mm and
texp = 40 s at x = ±0 mm and y = ±0 mm, the residual stress σR measured using the sin2ψ
method and the 2D method was −220 ± 74 and −220 ± 14 MPa; these results are similar
to −251 ± 16 MPa, which was measured by the slitting method. For the sin2ψ method, the
residual stress measured using dcol ≥ 0.5724 mm was similar to that of the slitting method.
However, at dcol ≤ 0.5 mm, the residual stress was too small and the standard deviation
of the residual stress was too large. For the reference, Appendix A reveals the diagram of
sin2ψ − 2θ for dcol = 0.146 mm, texp = 20 min and dcol = 0.8 mm, texp = 40 s. On the other
hand, in the case of the 2D method, the residual stress measured using dcol = 0.146 mm was
−187 ± 29 MPa. Thus, it can be concluded that the 2D method can evaluate the residual
stress by using dcol = 0.146 mm. Specifically, the 2D method can measure the residual stress
in the 1/15 region of the sin2ψ method under the presented conditions.
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Figure 6. Comparison of the slitting method, sin2ψ method, and the 2D method for the residual stress of stainless steel
treated by cavitation peening (specimen A).

In order to investigate the difference in the measurement of residual stress between the
sin2ψ method and the 2D method for the austenitic stainless steel tested using a collimator
of dcol = 0.146 mm, Figure 7 shows the aspects of the surface of the measured sample
observed using a scanning electron microscope (SEM). The average grain size, i.e., spatial
diameter [46], was 6.6 ± 4.0 µm in diameter, and the grain size that occupied 50% of
the area was about 11 µm. As shown in Figure 7, specific anisotropy is not observed.
Thus, at the present condition, the rolling direction did not affect the results of residual
stress measurement.

Figure 8 illustrates a typical X-ray diffraction pattern that was a part of the Debye ring,
as detected by 2D-PSPC from the stainless steel treated by cavitation peening—i.e., specimen
A treated using dcol = 0.146 mm—and the analyzed area for (a) the sin2ψ method and (b) the
2D method. As illustrated in Figure 7, the grain size was about 1/10 of the diameter of the
collimator, and the X-ray diffraction pattern was a mottled pattern, as shown in Figure 8.
In the case of the sin2ψ method, the diffraction pattern located near χ ≈ 90◦ should be
used due to the theory of the sin2ψ method; the standard deviations of the sin2ψ method at
dcol ≤ 0.5 mm were remarkably large, as the diffraction pattern at χ ≈ 90◦ was weak or not
obtained. For the present residual stress analysis, χ = 85–95◦ was used for the sin2ψ method.
The residual stress obtained by the sin2ψ method for dcol = 0.8 mm, texp = 40 s, x = 0 mm and
y = 0 mm was−300± 46 MPa based on analysis using 2θ = 125–132◦ and χ = 70–110◦. These
values were too large compared to the value of −251 ± 16 MPa measured by the slitting
method. Namely, when large area, i.e., χ = 70–110◦. was used, the number of counts of the
X-ray diffraction was increased. However, χ = 70–110◦ was too large for the sin2ψ method.
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On the other hand, χ = 70–110◦ was used for the 2D method, as the 2D method obtained
the residual stress from the distortion of the Debye ring. For the 2D method, the Debye ring
was obtained by interpolation and extrapolation of the patchy patterns of the diffraction
spots. It was concluded that the 2D method could evaluate the residual stress in a smaller
area compared to the sin2ψ method, as the Debye ring was used in the relatively large area
of χ. Thus, it can be said that the key point for evaluating the residual stress in a small area
is to obtain a more uniform Debye ring.
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Figure 8. Typical X-ray diffraction pattern detected by 2D-PSPC from stainless steel treated using
cavitation peening (Specimen A) and the analyzed area (dcol = 0.146 mm, ψ = 0◦, ϕ = 0◦, ∆ω = 0◦,
texp = 20 min, x = 0 mm, y = 0 mm); (a) analyzed area for the sin2ψ method (2θ = 125–132◦, χ = 85–95◦);
(b) analyzed area for the 2D method (2θ = 125–132◦, χ = 70–110◦).

3.2. Optimum Condition for the 2D Method to Evaluate Residual Stress

In the present paper, to obtain a better Debye ring, specimen oscillation in the
ω direction—i.e., ω-oscillation—was proposed. Figure 9 shows the X-ray diffraction
pattern (a) without ω-oscillation (i.e., ∆ω = 0◦) and (b) with ω-oscillation at ∆ω = 10◦. As
shown in Figure 9a (ψ = 0, ϕ = 0) and (b) (ψ = 0, ϕ = 0), the diffraction spot at χ ≈ 102◦

became a streak by ω-oscillation. Precisely, the diffraction spot became a streak in the
χ direction by ω-oscillation of the specimen. The ω-oscillation helped to achieve a better
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Debye ring. Note that, in the case of 2D method, there should be an optimum value of ∆ω,
as the residual stress was obtained by the distortion of Debye ring. The optimum value of
∆ω is discussed in the following.
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Figure 9. X-ray diffraction patterns detected by 2D-PSPC from the stainless steel treated by cavitation peening (Specimen A).
(a) ∆ω = 0◦; (b) ∆ω = 10◦.

In order to investigate the ω-oscillation of the specimen both qualitatively and quan-
titatively, Figure 10 shows the typical X-ray diffraction pattern of specimen A at ψ = 0◦
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and ϕ = 0 changing with (a) the collimator diameter dcol, (b) the exposure time texp and (c)
the ω-oscillation angle ∆ω. Figure 11 illustrates the relationship between the total count
of X-ray diffraction and the standard deviation of the residual stress ∆σR. As shown in
Figure 10a, the X-ray diffraction pattern became a mottled pattern with a decrease in the
diameter of the collimator dcol. Then, the ∆σR increased with a decrease of dcol, as shown
in Figure 11. When the exposure time texp was increased, the Debye ring became clear,
as shown in Figure 10b, and then ∆σR decreased with an increase of texp. As shown in
Figure 11, ∆σR decreased with an increase in the total count of X-ray diffraction for both
dcol and texp. As shown in Figure 10c, the diffraction pattern changed from a mottled
pattern to a streak-like pattern with an increase of ∆ω. The ∆σR was 64 MPa for ∆ω = 0◦,
49 MPa for ∆ω = 2◦, 49 MPa for ∆ω = 4◦, 37 MPa for ∆ω = 6◦, 29 MPa for ∆ω = 8◦ and
32 MPa for ∆ω = 10◦. Specifically, ∆σR decreased with an increase of ∆ω at ∆ω = 0–8◦ and
presented its minimum at ∆ω = 8◦; then, ∆σR slightly increased at ∆ω = 10◦. As the 2D
method evaluates the residual stress caused by distortion of the Debye ring, a ∆ω that is
too large dims the distortion by averaging too large an area in the χ direction. Thus, it
can be concluded that the ω-oscillation of the specimen was effective, and the optimum
value of ∆ω was 8◦. In Figure 11, ∆σR = 64 MPa. In Figure 11, ∆σR = 64 MPa for ∆ω = 0◦

corresponds to texp = 4 or 5 min and ∆σR = 29 MPa for ∆ω = 8◦ corresponds to texp = 20 min.
Thus, ω-oscillation of the specimen has the effect of shortening the measurement time
to 1/4–1/5.
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In order to confirm that the 2D method can evaluate the residual stress of the austenitic
stainless steel by using the 0.146 mm-diameter collimator, Figure 12a reveals the residual
stress (σRx, σRy) of specimen A, B and C as a function of the diameter of the collimator dcol,
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and Figure 12b shows the standard deviation of the residual stress. The data for specimen
A in Figure 6 were used as the σRy in Figure 12. For all three specimens, A, B and C, as
both σRx and σRy at dcol = 0.146 mm were nearly equal to the values at dcol = 0.8 mm, the
residual stresses of dcol = 0.146 mm for specimens A, B and C were able to be evaluated.
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Figure 12. Effect of the collimator dimeter on the residual stress measurement of the stainless steel by
the 2D method (∆ω = 8◦); CP: specimen A, LCP: specimen B, SP_BS: specimen C. (a) residual stress;
(b) standard deviation of residual stress.

In the case of specimen B, i.e., LCP, the specimen was treated with 100 pulses/mm2,
as mentioned in Table 1. The specimen was moved in the x-direction at 1 mm/s. As the
repetition frequency of the pulse laser was 10 Hz, the distance of each laser spot was
0.1 mm. After each specimen was treated in the x-direction, it was moved stepwise at
0.1 mm in the y-direction. As shown in Figure 12a, σRx and σRy were about −400 MPa
and −670 MPa, respectively. Specifically, the compressive residual stress introduced in
y-direction, i.e., the stepwise direction, under laser cavitation peening was 270 MPa larger
than that in the x-direction. Even though the distances between the laser spots in both x-
and y-direction were the same, the compressive residual stress introduced in the y-direction
was larger than that in the x-direction. This tendency was similar to the results in the
reference [38].

In the present experiment, SP was applied, then the residual stress on the back side of
shot peened specimen was measured to avoid the effects of the change of the grain size etc.
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If the treated surfaces by SP, CP and LCP were evaluated, the characteristics of the peened
surfaces have different features. It was reported that the dislocation density of CP and LCP
of austenitic stainless steel SUS316L was lower than that of SP at the equivalent peening
condition, i.e., the equivalent arc height condition [48].

In order to investigate the effects of ω-oscillation of the specimen, Figure 13 reveals the
residual stress (σRx, σRy) and the standard deviation of the residual stress ∆σR as a function
of the ω-oscillation angle ∆ω for specimens A, B and C. As shown in Figure 13, the residual
stress of specimen A, B and C was roughly constant for all ∆ω values, and ∆σR roughly
decreased with an increase of ∆ω. In the case of LCP, i.e., specimen C, the compressive
residual stress increased with an increase of ∆ω at ∆ω ≤ 8◦; then, the compressive residual
stress slightly decreased at ∆ω = 10◦. Further, the ∆σR of specimen C had its minimum at
∆ω = 8◦, and the ∆σR at ∆ω = 10◦ was larger than the ∆σR of ∆ω = 8◦. As the 2D method
obtained the residual stress from the distortion of the Debye ring, a ∆ω value that was too
large caused a decrease of the residual stress and an increase of ∆σR, just as with specimen
A. It can be concluded that the ω-oscillation of the specimen is effective for evaluating the
residual stress and that the optimum value of ∆ω is 8◦.
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Figure 13. Effect of the ω-oscillation angle ∆ω on the residual stress measurement of stainless steel
using the 2D method (dcol = 0.146 mm, texp = 20 min); CP: specimen A, LCP: specimen B, SP_BS:
specimen C; (a) residual stress; (b) standard deviation of residual stress.

In order to determine the optimum exposure time needed to obtain the X-ray diffrac-
tion pattern, Figure 14 shows (a) the residual stress σRx, σRy and (b) standard deviation
of the residual stress ∆σR as a function of exposure time texp for specimens A, B and C.
Under all measurement conditions in Figure 14, the specimens were oscillated at ∆ω = 8◦,
and the diameter of the collimator was 0.146 mm. For specimens A and B, the σRx and σRy
were nearly constant at all texp values. For specimen C, σRx and σRy decreased and became
saturated at texp = 15 and 20 min. The ∆σR of specimens A, B and C decreased with an
increase of texp and became saturated at texp = 15 or 20 min. Under the studied conditions,
texp = 20 min is the optimum exposure time to obtain residual stress. The X-ray diffraction
totaled about 4.6 × 104 counts.



Materials 2021, 14, 2772 13 of 17

Materials 2021, 14, x FOR PEER REVIEW 13 of 18 
 

 

  
(a) (b) 

Figure 13. Effect of the ω-oscillation angle ∆ω on the residual stress measurement of stainless steel using the 2D method 
(dcol = 0.146 mm, texp = 20 min); CP: specimen A, LCP: specimen B, SP_BS: specimen C; (a) residual stress; (b) standard 
deviation of residual stress. 

In order to determine the optimum exposure time needed to obtain the X-ray diffrac-
tion pattern, Figure 14 shows (a) the residual stress σRx, σRy and (b) standard deviation of 
the residual stress ∆σR as a function of exposure time texp for specimens A, B and C. Under 
all measurement conditions in Figure 14, the specimens were oscillated at ∆ω = 8°, and the 
diameter of the collimator was 0.146 mm. For specimens A and B, the σRx and σRy were 
nearly constant at all texp values. For specimen C, σRx and σRy decreased and became satu-
rated at texp = 15 and 20 min. The ∆σR of specimens A, B and C decreased with an increase 
of texp and became saturated at texp = 15 or 20 min. Under the studied conditions, texp = 20 
min is the optimum exposure time to obtain residual stress. The X-ray diffraction totaled 
about 4.6 × 104 counts.  

  
(a) (b) 

Figure 14. Effect of exposure time texp on the residual stress measurements of stainless steel under the 2D method (dcol = 
0.146 mm, ∆ω = 8°); CP: specimen A, LCP: specimen B, SP_BS: specimen C. (a) Residual stress; (b) standard deviation of 
residual stress. 

3.3. Residual Stress Distribution of Specimen Treated by Laser Cavitation Peening 
To determine the typical results for the residual stress of austenitic stainless steel JIS 

SUS316L in the local area measured by the 2D method, the residual stress of the specimen 
treated by laser cavitation peening, i.e., that of specimen D, was evaluated using the 2D 
method. Considering the results in Sections 3.1 and 3.2, the measuring conditions were as 
follows: The diameter of the collimator dcol was 0.146 mm, the ω-oscillation angle ∆ω was 
8° and the exposure time of each frame texp was 20 min. The pulse density of the laser 
cavitation peening dL was 4 pulses/mm2, as the fatigue life was greatest at dL = 4 
pulses/mm2 and changed with the pulse density [23]. Under these conditions, the laser 
spot distances in the x- and y-directions were 0.5 and 0.5 mm, respectively. As mentioned 

-800

-600

-400

-200

0

0 2 4 6 8 10 12
ω-oscillation angle  Δω° 

Re
si

du
al

 s
tr

es
s 

σR
x, 

σR
xy

  
M

Pa
 

CP, σRx CP, σRy 

SP_BS, σRx SP_BS, σRy 
LCP, σRx 

LCP, σRy 
0

20

40

60

80

100

120

0 2 4 6 8 10 12

St
an

da
rd

 d
ev

ia
tio

n 
Δσ

R 
 M

Pa
 

CP, ΔσR 

SP_BS, ΔσR 
LCP, ΔσR 

ω-oscillation angle  Δω° 

Figure 14. Effect of exposure time texp on the residual stress measurements of stainless steel under
the 2D method (dcol = 0.146 mm, ∆ω = 8◦); CP: specimen A, LCP: specimen B, SP_BS: specimen C. (a)
Residual stress; (b) standard deviation of residual stress.

3.3. Residual Stress Distribution of Specimen Treated by Laser Cavitation Peening

To determine the typical results for the residual stress of austenitic stainless steel JIS
SUS316L in the local area measured by the 2D method, the residual stress of the specimen
treated by laser cavitation peening, i.e., that of specimen D, was evaluated using the 2D
method. Considering the results in Sections 3.1 and 3.2, the measuring conditions were
as follows: The diameter of the collimator dcol was 0.146 mm, the ω-oscillation angle
∆ω was 8◦ and the exposure time of each frame texp was 20 min. The pulse density of
the laser cavitation peening dL was 4 pulses/mm2, as the fatigue life was greatest at
dL = 4 pulses/mm2 and changed with the pulse density [23]. Under these conditions,
the laser spot distances in the x- and y-directions were 0.5 and 0.5 mm, respectively. As
mentioned above, the top surface revealed tensile residual stress, and then the surface of
33 µm was removed by electrochemical polishing. Note that the residual stress at 30 µm
accurately corresponded to the fatigue life, as the fatigue life estimated by the residual
stress at 30 µm, the surface hardness and the surface roughness was proportional to the
experimental value [23].

Figure 15 shows (a) the aspects of the laser-cavitation-peened specimen observed
using a CCD camera on the XRD system and (b) the aspects of the same specimen observed
using a laser confocal microscope. As the specimen was treated with dL = 4 pulses/mm2,
the distances of the x- and y-directions between the laser spots were 0.5 and 0.5 mm.
Under the presented conditions, the depth of the laser spot was about 10 µm. As shown
in Figure 15, the laser spot diameter was about 0.5 mm after the 33 µm electrochemical
polishing. The vertical positional relationship of the laser spots was not aligned, as the
stepping motor and laser system were not synchronized.
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Figure 15. Aspects of the surface of the stainless-steel specimen treated by laser cavitation peening
(specimen D); (a) observation using the CCD camera on the XRD system; (b) observations from the
laser confocal microscope.
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Figure 16 shows the residual stress distribution as a function of y at x = 0, 0.125, 0.25,
0.375 and 0.5 mm for (a) σRx and (b) σRy. The standard deviation at the residual stress was
about 70 MPa. It was difficult to recognize the 0.5 mm interval period at each position of x, as
shown in Figure 16a,b, because the positional relationships of the laser spots at y = 0, 0.5, 1, 1.5
and 2 mm were different, as shown in Figure 15. As σRx and σRy varied from 0 to−150 MPa,
there was a difference of about 150 MPa depending on the location for both σRx and σRy.

Figure 17 reveals the residual stress σRx and σRy changing with distance x at y = 0 with
the laser spot aligned in the x-direction. The σRx was about −100 MPa at x = 0 mm; it had a
peak of 0 MPa at x = 0.125 mm and then decreased with an increase in x. Then, σRx had a
minimum of 150 MPa at x = 0.375 mm and increased to 0 MPa at x = 0.5 mm. On the other
hand, σRy had a minimum at x = 0.125 mm and a maximum at x = 0.375 mm. Even though
the standard deviations were somewhat large, a 0.5 mm cycle was observed for both σRx
and σRy. It can be concluded from Figures 16 and 17 that the residual stress may differ by
about 150 MPa depending on the location when austenitic stainless steel JIS SUS316L is
treated using laser cavitation peening at 4 pulses/mm2. As shown in Figures 12 and 13,
when the residual stress was relatively uniform, the experimental deviation at the present
condition using the 0.146 mm collimator was about ±40 MPa. At the measurement of
LCP specimen treated at 4 pulse/mm2, the residual stress was changed from 0 MPa to
−150 MPa within 0.25 mm in length, thus the experimental deviation using the 0.146 mm
collimator was about ±70 MPa due to the spatial distribution.
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4. Conclusions

To clarify the possibilities and measure the conditions of residual stress in a mechanical-
surface-modified layer with a small area by the 2D method using X-ray diffraction, the
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residual stress of the austenitic stainless steel JIS SUS316L treated by cavitation peening was
measured by the 2D method changing with the diameter of the collimator comparing with
the sin2ψ method and the slitting method. The measured sample was austenitic stainless
steel with temper rolling. The average diameter and 50% area of the grain size of the tested
specimen were 6.6 ± 4.0 µm and about 11 µm, respectively. The specimens were treated by
cavitation peening using a cavitating jet and a pulse laser, i.e., laser cavitation peening. The
results obtained can be summarized as follows:

(1) Compared to the sin2ψ method, the 2D method can evaluate the residual stress
in a small area, which is 1/15 of the area ratio of the sin2ψ method. In the present
experiment, the measurable areas of the sin2ψ method and 2D method were 0.5724 mm
in diameter and 0.146 mm in diameter, respectively.

(2) The ω-oscillation of the specimen using the 2D method had the effect of reducing
the measurement error to 1/2. This result is equivalent to the effect of reducing the
measurement time to 1/5–1/4. The optimum ω-oscillation angle ∆ω was 8◦.

(3) The 2D method using optimized conditions can evaluate the residual stress distribu-
tion for a laser spot with a diameter of 0.5 mm.

(4) The compressive residual stress under laser cavitation peening at 100 pulses/mm2

was larger in the stepwise direction than in the orthogonal direction.
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Appendix A

For the reference, Figure A1 shows the diagram of sin2ψ − 2θ for dcol = 0.146 mm,
texp = 20 min and dcol = 0.8 mm, texp = 40 s. As shown in Figure A1, the peak of the profile
of the X-ray diffraction, i.e., the diffraction angle of dcol = 0.146 mm was scattered, therefore
the experimental deviation in Figure 6 of dcol = 0.146 mm was large.
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A B S T R A C T   

In biomedical engineering, laser-induced periodic surface structures (LIPSSs) have been extensively applied 
where laser irradiation of selective laser-melted (SLMed) samples to generate LIPSS-covered free-form samples is 
a promising technique. Using this technique, nanopillars around a spheroidal particle that was not molten during 
the SLM process have been formed, indicating that nanopillars can be induced around spheroidal particles on a 
material surface. This study investigates the mechanism of LIPSS and nanopillar formation on SLMed and uneven 
surfaces experimentally and through finite-difference time-domain simulation. A 50 Hz picosecond laser with 
1064 nm fixed wavelengt, 20 ps pulse duration, 0.5 J/cm2 laser fluence, and 400 μm/s scanning speed was 
employed to irradiate Ti6Al4V alloy samples with 100 μs exposure time. The results show that induced nano-
pillars form a concentric area around a single particle with curvature radius approximately twice the particle 
radius. The simulated electric field intensity is ripple-like distributed for particle size beyond 5 μm, with 
approximately 1 μm periodic length and is close to the laser wavelength. This matches the experimental results 
from scanning electron microscopy for 800–00 nm LIPSS periodic length, indicating that desired nanostructures 
can be generated by appropriately designing the surface topography before laser irradiation.   

1. Introduction 

Laser-induced periodic surface structures (LIPSSs), first studied by 
Birnbaum in 1965 [1], have been observed on many materials [2], 
including semiconductors [3,4], metals [5], and polymers [6]. Since the 
discovery of LIPSSs, numerous researchers have focused on the physical 
mechanisms of LIPSS formation. The widely accepted theoretical tech-
niques for LIPSS formation are based on either electromagnetic depo-
sition theories [7–12] or matter reorganization theories [13–17]. The 
former suggests that the surface roughness results in optical scattering 
that may lead to the excitation of surface plasmon polaritons (SPPs) that 
interface with the incident light, modulating the absorbed fluence, and 
then modulated ablation in periodic surface structures [17,18]. Finally, 
the ripple-like structures were generated as LIPSS. The latter may 
involve thermodynamic phase transitions and hydrodynamic effects of 
the transiently melted surface [19,20], which indicates that the inter-
ference between the laser beam and electromagnetic field will cause 
spatial modulation of the electron density and electron temperature with 
periodic distribution. The subsequent coupling of the electronic system 
and solid lattice through electron–phonon coupling and thermal diffu-
sion leads to a modulated lattice temperature distribution, local 

ablation, and solidification, resulting in the final LIPSS pattern [17]. 
There have also been various experimental studies to discover the 

mechanism of LIPSS formation, and they have revealed that many 
conditions, including the materials, laser fluence, wavelength, pulse 
duration, polarization direction, surface roughness, and environment, 
influence LIPSS formation [21–25]. For instance, Reif et al. [20] pre-
sented a theoretical model to explain the process of LIPSS formation 
whose results exhibited excellent agreement with the experimental re-
sults. Their model showed that directional asymmetry in the pattern 
could result from spatial asymmetry of the initial excitation induced by a 
corresponding distribution of excited-electron kinetic energies. Based on 
the numerical simulation results, they concluded that the laser polari-
zation direction played a decisive role in structure generation. Gurevich 
et al. [26] analyzed the different possible mechanisms of LIPSS forma-
tion during single-pulse and multipulse femtosecond laser irradiation. 
Plasmon excitation due to the surface roughness was tested, and a rapid 
decrease in the LIPSS period with the number of laser pulses was implied 
in multishot laser ablation experiments. Kodama et al. [27] studied the 
effects of surface microstructures formed before short-pulse laser irra-
diation on the resultant LIPSS and concluded that submicrometer-deep 
grooves facilitated the periodic propagation of surface plasma waves 
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on Ni-P and 304 stainless steel surfaces. Daminelli et al. [28] investi-
gated the effects of silicon irradiation through a femtosecond laser in 
water and air environments. The results showed that compared to silicon 
irradiation in an air environment, silicon irradiated under water had a 
smaller ablation depth, higher modification threshold, smaller periodic 
length, etc. Connor et al. [29,30] compared the ablation of 175 nm ITO 
film on glass for patterning and substrate by 10 ps and 150 laser pulses. 
They demonstrated that shorter pulse laser is more appropriate for se-
lective and partial ablation. 

Concurrently with the research to discover the mechanism of LIPSS 
generation mentioned above, applications of LIPSS in the industry have 
also been studied. LIPSS-covered material surfaces are beneficial for 
application in fields such as aerospace [31], environment [32], and 
coatings [33,34]. In biomedical engineering, highly structured surfaces 
can be employed as antibacterial surfaces, which are exceedingly 
desirable for implants to prevent bacterial adhesion on material surfaces 
[21,35]. Besides LIPSS application, additive manufacturing (AM) tech-
nologies such as selective laser melting (SLM) have also played an 
increasingly important role in biomedical engineering [36–38]. 

Based on the above situations, we considered that LIPSSs combined 
with SLM might be promising for the fabrication of implants or 
customized medical devices and performed laser-induced processes on 
selective laser-melted (SLMed) samples. After laser irradiation, scanning 
electron microscopy (SEM) unexpectedly revealed that not only LIPSSs, 
but also nanopillars (hereafter, “LIPSS” specifically refers to ripple-like 
nanostructures to distinguish from “nanopillars,” pillar-like nano-
structures) were on them (see Section 4.1 for details), and additional 
experiments demonstrated that nanopillars were created around the 
particles that incompletely melted in the SLM process. In this study, we 
investigated the mechanism of nanopillar generation around particles 
through experiments and numerical simulation. Based on the pre-
liminary experiment, we assumed that the particles on the material 
surface influenced the electric field intensity (EFI) distribution of the 
laser and induced nanopillars. To verify this assumption experimentally, 
we laid different particles on polished surfaces and irradiated them with 
a picosecond laser. Although the LIPSS formation mechanism is a 
complex physical process influenced by not only the EFI but also the 
temperature [39], surface plasma [40], environment [28], surface 
roughness [41], etc., our previous works demonstrated that the EFI 
distribution is one of the main factors influencing LIPSS formation 
[41,42]; therefore, we focused on the EFI alone in this study. 

The EFI was simulated by using the finite element method (FEM) and 
numerically stable boundary element discretization and combined with 
preconditioning and solving the sparse matrix of the obtained equation 
system. The results can show the three-dimensional distribution of the 
EFI, which was easy to compare with the experimental results. However, 
the simulated model size was limited by random-access memory (RAM) 
via FEM; therefore, the finite-difference time-domain (FDTD) numerical 
simulation method, which has been extensively applied to study LIPSS 
formation [12,43–49], was also employed to investigate the EFI when 
forming nanopillars or LIPSSs around a particle using a picosecond laser. 
Between the FEM and FDTD approach, the FEM can use unstructured 
tetrahedral grids to adapt to the boundaries of complex shapes [48] 
accurately; nevertheless, the FDTD method can simulate a model with a 
larger size and save a considerable amount of computation time. For the 

Fig. 1. Sample preparation process.  

Table 1 
Experimental conditions of the SLM process.  

Parameters Data 

Scanning speed 290 mm/s 
Laser power 50 W 
Laser beam diameter 80 mm 
Powder layer size range 45 μm 
Hatch spacing 25 μm 
Exposure time 100 μs 
Laser wavelength 1070 nm 
Chamber atmosphere Argon 
Laser type Yb-fiber laser  

Fig. 2. Laser processing setup; same as [57].  
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above reasons, the FEM and FDTD were both employed to simulate the 
EFI distribution. The simulated EFI distribution results well matched the 
generated LIPSSs and nanopillars, demonstrating that the surface 
structure influences the EFI distribution significantly and suggesting 
that the expected LIPSSs can be obtained by suitably designing the 
surface structure before irradiation. 

2. Experimental 

2.1. Material and facilities 

Titanium 6 wt% aluminum 4 wt% vanadium (Ti6Al4V) alloy, which 
is the most popular titanium alloy because of its low density, high 

Fig. 3. Scanning path of the laser irradiation process.  

Fig. 4. SEM micrograph images of the surface texture: (a) top and (b) side surfaces of the SLM sample, (c) SLM structure, and (d) bulk plate cut using wire EDM 
and polished. 

Table 2 
Experimental conditions of the pulse laser treatment process 
[57].  

Parameters Data 

Laser wavelength 1064 nm 
Pulse duration 20 ps 
Pulse frequency 50 Hz 
Laser beam waist radius 150 μm 
Laser fluence 0.5 J/cm2 

Hatch spacing 120 μm 
Scanning speed 400 μm/s 
Overlap ratio 96%  
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strength, excellent corrosion resistance, and superior biocompatibility 
[50–53], is extensively used in both the biomedical and SLM industries 
[54–56]. Hence, we selected Ti6Al4V alloy for our experiment. Fig. 1 

depicts the sample preparation process. The SLMed workpieces were 
fabricated on an SLM machine (ProX 100, 3D Systems Corp.) using 
Ti6Al4V alloy powder (TILOP64–45, Osaka Titanium Technologies, Co., 
Ltd.) with an average particle diameter of 18 μm under the conditions 
listed in Table 1. 

The samples other than the SLMed ones were prepared from 
commercially available bar material, which was cut into a disk shape 
with a thickness of 1 mm through wire electrical discharge machining 
(EDM). The samples were then finished with a surface grinder and emery 
paper to obtain a mirror-polished surface with an Sa roughness of 0.06 
μm, and surface texturing was induced by a picosecond laser machine 
with a fixed wavelength of 1064 nm, pulse duration of 20 ps, and fre-
quency of 50 Hz (PL 2250–50P20, Ekspla) as shown in Fig. 2 [57]. The 
picosecond laser has a Gaussian power distribution, and the average 
power and laser fluence were tested using a laser power meter (Field-
MaxII-TOP, Coherent, Inc.) and a charge-coupled device camera 
(SP620U, Ophir–Spiricon, LLC.), respectively. All the samples were 
cleaned by ultrasonication with ethanol for 15 min before they were 
irradiated by a laser beam and observed through SEM at an accelerating 
voltage of 15 kV. A high-vacuum environment was employed in SEM to 
capture the surface morphology after the laser-induced modifications on 
the sample surface. 

2.2. Laser treatment 

The samples were placed on a workbench with a movable stage, 
which was numerically controlled to follow an S-shaped laser scanning 
path, as shown in Fig. 3. The Gaussian picosecond laser was focused 
through a telecentric lens with a focal length of 150 mm, and the beam 
diameter 2ω0 (e− 2) was estimated to be approximately 300 μm experi-
mentally. The surface textures before laser irradiation are displayed in 
Fig. 4. We previously [57] demonstrated that the LIPSSs were generated 
on the surface of Ti6Al4V alloy only when the laser conditions, including 
the laser fluence and scanning speed, were set in a specific range; 
therefore, the laser conditions were set as listed in Table 2 according to 
[57] and these conditions were consistently used throughout this paper. 
To study the influence of particles in the nanostructure generation 
process, Ti6Al4V alloy powder particles with an average diameter of 18 
μm were deposited on the polished surface and irradiated by a pico-
second laser. 

Fig. 5. (a) Single and (b) four-particle mesh models in FEM simulation and 
boundary conditions settings. 

Fig. 6. FDTD analytical model.  
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3. Numerical simulation 

3.1. FEM model 

The EFI distribution was simulated using commercial software 
(COMSOL Multiphysics 5.6). A symmetrical quarter model was analyzed 
to save computation time and avoid a shortage of RAM. The laser 

polarization direction was parallel to the Y-axis, and the top layer was 
set as a perfectly matched layer (PML). Two areas along the X- and Y- 
axes were set as a perfect electric conductor (PEC) and perfect magnetic 
conductor (PMC), respectively, whereas the others were set to a scat-
tering boundary condition (SBC), as shown in Fig. 5a. The EFI distri-
bution with four particles was also simulated, as shown in Fig. 5b, which 
illustrates the mesh model of a quarter of the spherical particles on the 

Fig. 7. SEM micrographs of the edges of an SLMed sample irradiated by a picosecond laser.  

Fig. 8. SEM micrographs of the (a, b) top and (c, d) sides of an SLMed surface irradiated by a picosecond laser.  
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polished surface and irradiated by a polarized laser and all the boundary 
conditions. The particle and workpiece materials were set as Ti6Al4V 
alloy, with n (refractive index) and k (extinction coefficient) values of 
3.57 and 3.50, respectively [58–60]. The following equations were 
employed to normalize the analyzed EFIs: 

I0 = P0/A (3) 
E0 =

̅̅̅̅̅̅̅̅̅̅̅̅
2I0Z0

√
(4) 

E = Eewfd/E0 (5) 
where P0 is the default power (1 W), A is the laser irradiation area in 

the model, Z0 is the characteristic impedance of vacuum, which is a 
default parameter in COMSOL (376.73 Ω); Eewfd is the analyzed result of 
the EFI; and E is the normalized EFI. 

3.2. FDTD model 

The maximum particle size that can be simulated by FEM is 1.5 μm 
due to the RAM limitation. Therefore, an FDTD simulation (nano-
photonic FDTD simulation software, Lumerical Inc.) was also performed 
to investigate the EFI distribution of a flat surface on which a larger size 
single particle was deposited, induced by a 20 ps laser pulse with a 
wavelength of 1064 nm. The main idea of the FETD is to solve Maxwell’s 
equations [61,62]: 

μ0
∂H
∂t = − ∇ × E (1) 

∊0∊r
∂E
∂t +σE = − ∇ × H (2) 

where E and H are the electric field and magnetic field, respectively; t 
is the time; μ0 is the vacuum permeability, ∊0 is the vacuum permittivity, 

Fig. 9. SEM micrographs of the concave area of the polished-SLMed surface irradiated by a picosecond laser.  

Fig. 10. SEM micrographs of the powder particles deposited on a polished surface and irradiated by a picosecond laser.  
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∊r is the relative permittivity of the material, and σ is the electric con-
ductivity of the material. 

A preliminary experiment confirmed that nanopillars arose around 
various particles whosever shapes were spherical and polygonal, but we 
specifically focused on the spherical one in the calculation because its 
symmetry saves computing time and memory space. Additionally, 
because a sphere is isotropic to the polarization direction, comparison 
between the calculation and experiment becomes easy. The laser po-
larization was parallel to the polished surface in the Y-direction, and the 
model was quartered, as shown in Fig. 6. The boundary conditions at 
Xmin and Ymin were set as antisymmetry and symmetry, respectively, 
whereas the other boundaries were set as a PML. The material compu-
tational data, namely, the refractive index of Ti6Al4V and air, were the 
same as those in the FEM simulation. 

4. Results and discussion 

4.1. SLM specimen with laser treatment 

The SLMed sample with different regions (Fig. 4b–d), including 
concave and convex parts, cracks, and incompletely melted particles on 
their surfaces, was irradiated by the picosecond laser and nanostructures 
were formed on and around these small structures as shown in Figs. 7 
and 8. Their high-magnification images illustrate that nanopillars seem 
to be distributed irregularly. 

Fig. 9 shows that nanopillars were generated in the concave area of 
the polished SLMed workpiece, which corresponds to Fig. 4c. In 
contrast, the polished area was covered by LIPSSs, indicating that the 
surface structure before irradiation is a vital factor for the morphology 
and distribution of the generated nanostructures. Although the gener-
ated nanostructures seemed to be distributed irregularly on the whole 
SLM samples, the areas around the particles seem to be where nano-
pillars are specifically generated, as shown in Figs. 7–9. Therefore, we 
assumed that the surface particles play a crucial role in the nanopillar 
formation process. 

4.2. Generation of nanopillars around the particles 

To verify the assumption introduced towards the end of the previous 
section, the Ti6Al4V powder particles with an average diameter of 18 
μm used in the SLM process were deposited on a polished surface and a 
scanning laser irradiated the entire surface. Fig. 10 demonstrates that 
many nanopillars were generated around the dark areas where powder 
particles were deposited prior to being moved away by the scanning 

Fig. 11. SEM micrographs of the powder particles deposited on a polished surface and irradiated by a picosecond laser.  

Fig. 12. Statistics of the curvature radius (R) of nanopillar area (NPA) and the 
radius (r) of the particle. 
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Fig. 13. Normalized EFI around the quarter particle model simulated using FEM.  

Fig. 14. Comparison of the (a) half and (b) quarter FEM simulation EFI result with the LIPSS structure.  

Fig. 15. EFI distribution of four particles irradiated by picosecond laser.  
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laser. Further, we fixed the powder particles on the polished surface 
using melted wax before laser treatment to ensure that the particles 
influenced the nanostructures generated during the laser irradiation 
process. Fig. 11 shows that nanopillars were generated around the 
powder particles and LIPSSs are formed farther from the area whose 
boundary is marked by the white dotted line, indicating that the cur-
vature radius (R) of the formed nanopillar area (NPA) around the par-
ticles is related to the particles (r). Count the data of R and r in Fig. 11, 
and couple out the prediction line of R-r as shown in Fig. 12, indicating 
that R is approximately twice as r. However, in such certain areas as the 
upper-left image of Fig. 11, nanopillars were generated instead of LIPSSs 
farther from the NPA. This may be because the surrounding particles 
influence electromagnetic wave transfer and the EFI distribution in the 
laser irradiation process. 

4.3. Comparison of the simulation and experimental results 

Fig. 13 displays the normalized EFI distribution on a flat surface; the 
ripple orientation along the X-axis is similar to the LIPSS morphology. 
The ripple pitch length in the Y-direction, ranging from 0.64 to 0.87 μm, 
matches the LIPSS periodic length (800–900 nm), and pillar-like struc-
tures are present in the area near the particle. Fig. 14 shows nano-
structures around a 1.5-μm-radius particle on the polished surface and 
compares them with the EFI simulation. The LIPSS morphology matches 
the EFI distribution tendency well, implying that the LIPSS generation 
mechanism might be explained by the EFI distribution in the laser 
irradiation process. 

Fig. 15 shows a model with four particles with a radius of 1.5 μm, 
displaying that the orientation of the ripple–like structure is perpen-
dicular to the polarization direction, which is along the Y-axis direction, 
and the center area where is far from particles (R > 2r) was the pillar- 
like structure. This may explain that many particles closely located 
each other can cause to generate nanopillars on the area far away (R >
2r) as shown in Fig. 11a. 

To investigate the influence of the particle size on EFI distribution in 
laser irradiation, particles with different diameters irradiated by the 
picosecond laser were simulated. The 2D EFI distribution results are 
shown in Fig. 16. The laser wavelength is 1064 nm, and the particle size 
ranges from 0.02 μm to 2 μm. It shows that when the particle size is less 
than 0.4 μm, the EFI distribution on the material surface is almost the 
same, which does not affect the LIPSS and nanopillars’ generation. 
However, for particle size of>0.5 μm, the EFI around the particle is 
distributed as ripple-like, which is different from the EFI distribution far 
from the particle. 

Fig. 17 shows the FDTD analytical result of a single particle (r = 9 
μm) located on a flat surface irradiated by a picosecond laser. The area 
inside the white dotted line is pillar-like and around the particle. The 
NPA has a curvature radius of 22 μm, which is approximately 2.4 times 
as large as the particle radius (9 μm). The EFI is automatically normal-
ized in the FDTD approach, and its distribution appears similar to the 
LIPSS and nanopillar distribution. Hence, the LIPSS/nanopillar genera-
tion mechanism might be explained by the EFI distribution in a laser- 
induced process. 

Fig. 16. Illustration of the nanopillars formed near the powder particles on a laser-irradiated surface.  

Fig. 17. EFI around the particle simulated using the FDTD method.  
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4.4. Mechanism 

Fig. 18 is a schematic of the generation of nanopillars around a 
powder particle irradiated by a Gaussian laser source. Nanopillars are 
formed around the particles, and LIPSSs are formed farther away. The 
nanopillars surrounding the particle form a concentric area with a cur-
vature radius approximately twice the spheroidal particle radius. This 
trend exists because the particle influences the EFI distribution in the 
laser irradiation process, as proved by comparing the simulation and 
experimental results. However, specific nanostructures are formed with 
an irregular distribution of particles of different sizes or shapes. For -
instance, electromagnetic wave transfer is affected when many particles 
are discharged close to each other, affecting the EFI distribution formed 
by the laser irradiation area, as shown in Fig. 11a. On the other hand, the 
LIPSS and nanopillar generation is also influenced by the thermody-
namic phase transitions or hydrodynamic effects of the transiently 
melted surface. The EFI distribution influences the heat distribution of 
the surface and then leads to selective ablation and solidification. 
Therefore, the surface morphology before laser treatment plays a sig-
nificant role in nanostructure generation. 

Moreover, in the area outside the NPA (R > 2r), nanopillars are 
generated instead of LIPSSs because the neighboring particles influence 
the EFI distribution. Hence, the expected nanostructures may be formed 
by suitably designing the surface structure prior to laser induction. 

5. Conclusions 

We irradiated a 50 Hz picosecond laser with 1064 nm fixed wave-
lengt, 20 ps pulse duration, 0.5 J/cm2 laser fluence, and 400 μm/s 
scanning speed on SLMed samples for the first time and found that 
LIPSSs and nanopillars were generated mainly on the boundary and 
uneven surfaces, revealing that the nanopillars that arose specifically on 
the areas around the particles melted incompletely in the SLM process. 
Assuming that particles play a major role in generating nanopillars, we 
then irradiated the laser on the particles placed on the polished surface. 
The results clarified that the nanopillars formed within the concentric 
area of a single spherical particle whose curvature radius was approxi-
mately twice the particle radius, and LIPSSs were formed outside of the 
area; note that nanopillars were generated far from the particles if 
multiple particles are close to each other. These results seemed to be 
attributable to electromagnetic wave transfer, and the surrounding 
particles influenced the EFI distribution in the laser irradiation process. 
The simulation results demonstrated that the EFI distribution and LIPSS 

morphology features were well matched, implying that the LIPSS irra-
diation mechanism could be explained by the EFI distribution in a laser- 
induced process. 

The influence of the EFI distribution in a laser irradiation process is 
determined by several factors, including the surface roughness and 
morphology, laser fluence, polarization direction, pulse duration, fre-
quency, environment, and materials. Surface morphology is one of the 
critical factors affecting the EFI distribution. The desired nanostructures 
can be obtained by designing thesurface structure, including the surface 
particle size or shape and periodic length, before laser irradiation. 
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ABSTRACT

We have systematically prepared diverse microstructures by annealing B-rich

Fe–Si–B–Cr amorphous sheets to obtain the optimum mechanical property and

cutting machinability of the alloy. Thermal, structural, and mechanical analyses

showed that the early reaction sequence of the amorphous alloy upon annealing

is characterized by structural relaxation, heterogeneous nucleation of the a-

Fe(Si) phase at the surface, and homogeneous nucleation of metastable Fe3B

core, which is enclosed by the a-Fe shell. The development of the core–shell

structure, approximately 200 nm, is governed by the repeated partitioning out

of Si and B from the Fe3B and a-Fe phases, respectively. The hardness and

specific cutting resistance force (SCRF) were found maximum for the alloy

annealed to 873 K, which is filled with the aforementioned core–shell crystalline

phases. On the other hand, the best cutting performance with minimum burrs

and chips, and the lowest SCRF, was realized for the alloy annealed at 763 K,

which exhibits a heterogeneous microstructure, where the core–shell units are

finely dispersed in the amorphous matrix.
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GRAPHICAL ABSTRACT

Introduction

Many electrical devices use soft magnetic materials as

magnetic cores, and the development of magnetic

materials with high energy conversion efficiency and

low iron loss is required [1–4]. The authors have

focused on amorphous alloys among the various

magnetic materials currently being developed [1–12].

Amorphous alloys are fabricated by rapid quenching

from a liquid or a gas state [5, 6]; consequently, they

solidify without translational symmetry and do not

have grain boundaries or crystalline magnetic aniso-

tropy [7]. This structure exhibits unique physical

properties that are not found in crystalline metals

[8–12]. Especially when used as an iron core material,

Fe-based amorphous alloys have excellent soft mag-

netic properties, such as a high specific permeability

of 5000 at 1 kHz and low iron loss, compared to the

conventional 6.5% silicon steel with a specific per-

meability of 1200 at 1 kHz [8–13]. Amorphous alloys

have excellent mechanical properties such as high

strength, high toughness, and high elasticity, expec-

ted to be used in applications, such as motor core or

transformers. To employ them practically, it is

required that these amorphous sheets be cut/ma-

chined to a specific size. However, they are very

difficult to machine, and only a few studies have been

done on their machining characteristics [14–19].

To overcome this problem, we have proposed a

novel efficient processing method to shear or blank

the amorphous sheet as desired by using their

amorphous/crystal state change depending on the

temperature. By heating an amorphous alloy, the

atoms in the thermodynamically metastable state are

rearranged and then crystallized by nucleation and

growth mechanisms [20–22]. This rearrangement of

the atoms below the crystallization temperature is

called structural relaxation, which changes the

material’s physical properties such as mechanical

properties while maintaining the amorphous struc-

ture [22–25]. With increasing the temperature more,

the formation of crystalline structures causes the

embrittlement of materials [22, 24]. Considering these

characteristics, we have employed a focused laser

that can provide a high energy input in such a short

time as femtoseconds to picoseconds in a limited

zone to modify the irradiated zone to a more

machinable state like the ones obtained via structural

relaxation and crystallization. In other words, we

have been investigating applications of laser cutting

to punching and cutting of selected regions.

This paper assesses the feasibility of the proposed

selective machining by local laser heating: We

J Mater Sci



examined the effects of heat treatment on Fe-based

amorphous alloys to clarify the relationship between

material structure and mechanical properties.

Specifically, we have chosen, as the material to be

studied, an alloy based on the Fe–Si–B system, whose

crystallization behavior has been well documented;

in this system, the crystallization sequence depends

on Si/Fe and B/Fe ratios [26]. Particularly, in a B-rich

system, crystallization starts with the formation of the

metastable Fe3B phase as a nucleus, followed by its

growth and the subsequent emergence of the a-Fe

phase with increasing temperature [27, 28]. Focusing

on this point, we prepared samples with different

microstructures by heat treatment near the crystal-

lization temperature and examined their mechanical

properties.

Materials and methods

An amorphous thin strip, known as Metglas 2605S-

3A [29] manufactured by Hitachi Metals, Ltd., was

used in this study. The composition of this sample

was analyzed using a high-frequency inductively

coupled plasma optical emission spectrometer (ICP-

OES: ARCOS FHM22 MV130) of SPECTRO Analyti-

cal Instruments, and the results are shown in Table 1.

In this alloy, Cr is added to improve corrosion

resistance [11].

The samples were thermally analyzed using a

Rigaku Corporation differential scanning calorimetry

(DSC) system (DSC-8230). As-received samples were

sealed in alumina pans and heated from room tem-

perature to 873 K at a heating rate of 20 K/min in a

reducing atmosphere (0.998% H2–Ar gas) to investi-

gate the phase transition phenomena. Likewise,

calorimetric measurements were performed for

heating rates of 5, 10, 20, 40, and 80 K/min, and

effective activation energies were determined from

the shifts of the crystallization peak temperatures,

based on several methods proposed by Kissinger

[30], Marseglia [31], and Gao-Wang [32].

For the heat treatment of the samples, a thermo-

gravimeter–differential thermal analyzer (TG–DTA:

TG8120) by Rigaku Corporation was used because of

its ability to control the temperature with high

accuracy. The samples were cut into 3 mm widths

and 5 mm lengths and annealed from room temper-

ature to 673, 693, 713, 733, 753, 763, 773, 873, and

1073 K at a heating rate of 20 K/min in the afore-

mentioned atmosphere, followed by immediate

cooling at 20 K/min in the same atmosphere. Here-

after, these heat-treated samples are simply referred

to using the peak temperature, e.g., as 1073 K

samples.

An X-ray diffraction (XRD) analyzer (SmartLab

9SW) of Rigaku Corporation was used for structural

analyses of the samples before and after the heat

treatments, with Cu Ka (wavelength: 1.5418 Å,

45 kV, 200 mA). The microstructures before and after

heating were observed using transmission electron

microscopes (TEMs) (JEM-2000EXII and JEOL ARM-

200F). The TEM samples were thinned down to an

observable thickness using a focused ion beam (FIB)

system (Quanta3D) manufactured by Thermo Fisher

Scientific Inc. A fully automatic micro-Vickers hard-

ness tester (HM-221) of Mitutoyo Corporation was

used to evaluate the mechanical properties. The test

conditions were selected according to the JIS stan-

dard (JIS Z 2244), with a load of 0.05 kgf and a load

holding time of 10 s. Since small indentations with a

diagonal length of fewer than 20 lm are known to

cause large measurement errors, ten indentations

were measured for each sample and the average was

calculated.

To determine the cutting resistance force, a

scratching test was conducted using a wear tester

(FPR-2100) from RHESCA Corporation. The indenter

was a diamond scriber with a tip radius of curvature

of 15 lm and a cone angle of 60� of Asahi Diamond

Industries Co., Ltd. The applied load was 50 gf, the

scratching speed was 0.1 mm/s, and the scratching

test was conducted three times for each sample. The

cutting area was measured using a confocal laser

microscope (HYBRID L7) manufactured by Lasertec

Corporation, and the specific cutting resistance force

was determined. The cutting marks and chips were

observed using a field emission electron microana-

lyzer (FE-EPMA: JXA-8530F) of JEOL.

Table 1 Alloy composition

(mol%) Fe B Cr Si

77.39 15.44 2.04 5.13
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Experimental results

Figure 1a shows DSC thermograms obtained by a

series of measurements carried out on the as-received

amorphous ribbons at heating rates of 5, 10, 20, 40,

and 80 K/min. For all the profiles, there is a small

step at about 620 K (inset A), which can be ascribed

to the ferromagnetic to paramagnetic transition, i.e.,

the Curie temperature [33]. Following this, the ther-

mograms can generally be characterized by three

peaks. For example, for the profile taken at 20 K/min,

it can be seen that a small exothermic peak appeared

at 755 K (inset B), followed by a dominant exothermic

reaction starting at 795 K with the major peak at

804 K, which is then followed by a relatively small

peak at around 822 K (third peak). The average heat

evolution for all the thermograms was 120 ± 8 J/g,

which can be compared to the reported values of

82 J/g (Fe78B13Si9) [34]. On the other hand, although

the five thermograms display this basic trend, as

seen, their appearances are strongly influenced by the

heating rate. Namely, not only do the peaks shift to a

higher temperature range but also the ratio of the

second to the third peaks increases with the rate. This

is the phenomenon reported for B-rich Fe–Si–B

amorphous ribbons [28] and will be discussed in

detail in conjunction with our microstructural

Figure 1 Differential scanning calorimetry (DSC) profiles of the

amorphous alloy. a DSC curves were obtained with the heating

rates of 5, 10, 20, 40, and 80 K/min. Insets A, B are magnified

partial profiles indicated by boxes A and B, corresponding to the

Curie point and the first exothermic peak. b, c Kissinger and

Marseglia plots of peak temperatures for the profiles obtained with

heating rates of 5, 10, 20, 40, and 80 K/min. d Gao-Wang plots

obtained for the profiles with 5, 10, and 20 K/min.

Table 2 Effective activation energies of crystallization

determined from several methods proposed by Kissinger [30],

Marseglia [31], and Gao-Wang [32]

Peak no. Activation energy (kJ/mol)

Kissinger Marseglia Gao-Wang

1 378 354 445

2 416 361 449

3 554 512 323
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characterization by TEM. Here, we show, in Fig. 1b–

d, the results of assessments for effective activation

energies by three methods, proposed by, respectively,

Kissinger [30], Marseglia [32], and Gao-Wang [33]

and summarize the values in Table 2.

Figure 2 shows XRD profiles for the as-received

sample and those annealed in the temperature range

of 673–1073 K. The profiles up to 713 K are charac-

terized by the broad halos, typical of an amorphous

structure, while peaks arising from crystalline

phase(s) appear as the annealing temperature

increases, with their assignment, which is indicated

in the figure. Namely, these XRD results indicate that

the a-Fe phase emerges in the early stage, followed

by metastable Fe3B and finally by the stable Fe2B and

Fe23B6, apart from peaks due to oxides. In the early

stage of the crystallization process, it was difficult to

evaluate the proportion of the phases from the profile

because of the amorphous background. Nevertheless,

the average crystalline sizes have been evaluated by

using the Scherrer formula [35], which yielded the

following values: a-Fe: 20 nm (773 K), 47 nm (873 K),

117 nm (1073 K); Fe3B: 30 nm (773 K), 42 nm (873 K);

Fe2B: 134 nm (1073 K).

Figure 3a–c shows a bright-field (BF) image,

selected area diffraction (SAD) patterns obtained

from inside the sample, and that taken from the

surface area circled in (a), respectively, for the 753 K

specimen. Similarly, Fig. 3d–f and g–i shows the sets

of the BF and SAD images obtained from the 763 K

and 773 K samples, respectively. The BF image (a)

shows mostly gray featureless contrast, while the

SAD pattern (b) shows halos, both of which are typ-

ical of an amorphous structure. On the other hand, as

Figure 2 X-ray diffraction

(XRD) patterns of the alloys

annealed to 673, 693, 713,

753, 763, 773, 873, and

1073 K.
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shown in (a), there exists a strongly contrasted layer,

about 50 nm thick at the surface. The SAD pattern (c)

indicates partial rings, which can be assigned to 110

and 112 rings of the a-Fe phase. Contrastingly, the BF

image (d) shows contrasts of small particles approx-

imately 50 nm in size, in reasonable agreement with

the value obtained by the Scherrer method [35, 36].

These particles exist throughout inside the specimen.

The SAD patterns (e) and (f) were obtained from

these particles inside the TEM sample and can be

identified, respectively, as [113] and 137
� �

patterns of

the Fe3B phase. As shown in Fig. 3g, there are many

core–shell particles in the amorphous matrix. The

SAD pattern (h) was obtained from the circled area in

(g), showing diffractions spots that can be assigned to

those of 110 and 112 of the a-Fe phase, while pattern

(i) was taken from another particle and can be iden-

tified with [110] pattern of the Fe3B phase. Figure 3j, k

shows, respectively, a BF image, and the SAD pattern

is taken from the specimen annealed to 873 K, while

(l) is a BF image with different magnifications,

showing that the sample is completely transformed

into the agglomerates of the core–shell crystalline

units. Finally, Fig. 3m–o shows similar sets for the

1073 K annealed specimen, showing that the

microstructure now consists of grains of several

hundred nanometers of the a-Fe and stable boride

phases, which compare favorably with the values

obtained by XRD as mentioned above.

Figure 4a shows a BF image of particles observed

in the 773 K specimen, (b) the corresponding SAD

pattern, and (c) and (d) dark-field (DF) images

obtained with the diffraction spots indicated by the

circles in (b). The spot (c) is located at 200 positions of

the Fe3B phase, while (d) corresponds to 110 of the a-

Fe as well as 231 and/or 330 of the Fe3B phases. Thus,

these DF images suggest that the rectangular core

and the shell are composed of the Fe3B and a-Fe

phases, respectively. Figure 4e–h shows the scanning

transmission electron microscopic energy-dispersive

spectroscopy mappings of Fe, Cr, Si, and B, respec-

tively, showing redistribution of these atoms upon

the crystallization process. Particularly, it is noted

that Si atoms are partitioned out from the Fe3B core,

while B and, to a minor extent, Cr atoms are ejected

from the a-Fe shell.

Figure 5 shows the hardness of the 676–1073 K

samples measured by a micro-Vickers hardness tes-

ter. The hardness increased with increasing heating

temperature, with the maximum observed at 873 K;

conversely, the hardness of the 1073 K sample is the

smallest.

Figure 6a–f shows the cutting traces at the end of

cutting in the scratching test performed on the as-

received, 713, 763, 773, 873, and 1073 K samples,

respectively. Figure 6a shows that the sheared chips

evacuated from the center of the cut and burrs arose

at the edge of the cutting marks. This burr was

observed in almost all the cutting marks in this

specimen. Figure 6b shows that the burrs in the cut-

ting marks began to decrease and about 1-lm-long

periodic microcracks arose at the edge of the cutting

marks. Figure 6c shows, on the other hand, the burr

almost disappeared from the edge of the cutting trace

and only microcracks appeared. Figure 6d exhibits a

cutting mark with sharp edges without burrs and a

protruding region due probably to plastic deforma-

tion that appeared in front of the cutting direction.

Figure 6e shows that burrs that had disappeared in

(c) and (d) appeared again, and many small chips

arose. Figure 6f shows that the cutting generated

large ductile chips, while burrs adhered to the entire

edge of the cutting marks.

Figure 7 shows the cross-sectional profiles of the

cutting traces. Because the test load was the same on

each sample, the depth of cut reflects the material

hardness. The figure illustrates that both edges of the

scratch trace protrude due probably to elastic recov-

ery of the material and burr. The amount of cutting

on the 1073 K specimen was significantly larger than

the other specimens due to softening.

Figure 8 shows the cutting resistance forces during

the scratching test and magnified SEM images of chip

bFigure 3 Cross-sectional transmission electron microscope

bright-field (BF) images and selected area diffraction (SAD)

patterns. a BF image for 753 K sample. b SAD pattern

117
� �

110
� �

taken from the inside of sample, showing a halo

pattern. c SAD pattern taken from the circled region in (a),

showing that the partial rings arise from the ferrite (a-Fe) phase.
d BF image for 763 K sample. The arrows indicate crystalline

particles. e, f SAD patterns taken from particles inside and

identified with [113] and zone axis patterns of the metastable Fe3B

phase. g BF for 773 K sample. h SAD patterns from the circled

region in g, showing the presence of the a-Fe, while the pattern

i identified with of the Fe3B phase. j, k BF image and SAD for

873 K sample, while l a magnified BF image, showing an

agglomerate of the core–shell structures. m, n BF image and SAD

for 1073 K sample and o slightly demagnified BF image.
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shapes. As shown in Fig. 8a, c, the resistance peri-

odically undulated from the as-received sample to

the 873 K sample. In comparison, Fig. 8e shows that

the undulation interval of the resistance became

extremely narrow in the 1073 K sample. As shown in

Fig. 8b, shear-type discontinuous chips like Piis-

panen’s card model were discharged from the as-re-

ceived samples [37], and similar discontinuous chips

formed on the 873 K sample as shown in Fig. 8d. On

the contrary, on the 1073 K sample shown in Fig. 8f

discharged chips emerge continuously with finely

layered slippage.

Figure 9 shows, as a function of the annealing

temperature, the specific cutting resistance force

(SCRF), which is defined by the cutting resistance

force divided by the cut width obtained from the

cross-sectional profile of the scratch traces in Fig. 8.

As shown, the SCRF decreased initially and became

the lowest on the 763 K sample, followed by a grad-

ual increase. By comparing the results of cutting

quality and specific cutting resistance force, it can be

said that the SCRF decreases linearly with the dis-

appearance of the burr. The decrease in the SCRF

observed on 713 K can be ascribed to structural

relaxation because no crystalline phase was detected

on this specimen (Fig. 2). Note also that the Vickers

hardness has already started to increase before

crystallization.

Discussion

The experimental results have demonstrated that the

machining behaviors of a Fe–Si–B-based amorphous

alloy strongly depend on the annealing temperatures,

where the underlying mechanism is closely related to

Figure 4 BF/DF images and energy-dispersive X-ray

spectroscopy (EDS) mapping of the core–shell structure

observed in the 753 K sample. a BF image, b SAD pattern, c,

d DF images taken with the diffraction spots, respectively, at

circles c (400 of Fe3B) and d (110 of a-Fe) in b. e–h EDS

mappings of, respectively, Fe, Cr, Si, and B.

Figure 5 Vickers hardness of the alloys, annealed to 673, 693,

713, 753, 763, 773, 873, and 1073 K.
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the microstructure of the annealed alloys. In brief,

they can be summarized as structural relaxation [38],

heterogeneous nucleation of a-Fe at the surface of the

amorphous ribbon, homogeneous nucleation of

metastable Fe3B crystallites with surrounding a-Fe

shell, and finally the dominance of equilibrium and

a-Fe and Fe2B phases. These changes are reflected not

only in the direct TEM observation but also in the

subtle changes in DSC thermograms. In what follows,

we discuss the present findings from the viewpoints

of structural evolution upon annealing observed by

DSC and TEM and of their responses to machining.

Crystallization behavior

First, we discuss in some detail the observed DSC

thermograms taken at different heating rates. One of

the commonly employed techniques to obtain effective

activation energy is due to the analysis outlined by

Kissinger [30]. Even though this method is obtained

for Eyring nth-order transformations, Henderson has

shown that [39] the functionally identical procedure

is valid for Johnson–Mehl–Avrami–Kolmogorov

(JMAK)-type isothermal transformations [40]:

x ¼ 1 � expfA0 expð�E=RTÞtng

provided the reaction rate dx/dt is separable in

temperature T and x, where x is the ratio of trans-

formation; t time; n, so-called the Avrami exponent;

R gas constant; and A0 a constant.

Since it is often desirable to obtain kinetic param-

eters, such as n, various methods have been pro-

posed, [32, 40, 41] which are well documented and

compared by Hasani et al. [36, 42–46].

Figure 6 SEM images of

cutting marks after scratch

tests. a As-received sample.

b–f samples annealed,

respectively, to 713, 763, 773,

873, and 1073 K.
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It should be emphasized that these analytical

techniques based on the JMAK formula are valid,

provided that nucleation is spatially random and the

growth rate depends only on temperature, and not on

time [39]. In fact, since the JMAK formula was

derived based on the concept of extended volume

[40], for a simple case of constant growth rate, the so-

called Avrami exponent n is equal to m ? 1 for an m-

dimensional growth. And if nucleation and growth

are both thermally activating processes, we can write

E = EN ? mEG, where EN and EG are activation

energies for nucleation and growth, respectively.

Therefore, the effective activation energy, E/n, gives

only a rough knowledge of the transformation pro-

cess. Conversely, if EN and EG are known and the

JMAK mechanism is operative, DSC curves upon

crystallization can well be reproduced [47].

With these restrictions in mind, the values listed in

Table 2 compare favorably with the published data.

For example, in the Fe-based amorphous ribbons, it is

222 ± 4.82 kJ/mol for Fe80Si20 [48], 261 kJ/mol for

Fe78B22 [49], 318 kJ/mol for Fe80B10Si10 [49], and

434 kJ/mol for Fe78B16Si6 [49]. In addition, the acti-

vation energy of Fe-based bulk metallic glasses is 470

to 1100 kJ/mol for Fe41Co7Cr15Mo14Y2C15B6

[42, 44–46] and 157 to 280 kJ/mol for [(Fe0.9Ni0.1)77-

Mo5P9C7.5B1.5]100-xCux (x = 0.1 at%) [36, 43].

Next, we focus on the behaviors specific to the

FeSiB melt-spun amorphous alloy. First, the minor

exothermic peak observed at 753 K (Fig. 1) and the

corresponding XRD peaks in the profile (Fig. 2) can

Figure 7 Cross-sectional profile of cutting marks obtained after

the scratch tests.

Figure 8 Cutting resistance

forces measured during the

scratch tests, and chip images

observed by SEM. a, b as-

received sample; c, d 873 K

sample; and e, f 1073 K

sample.
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be ascribed to the heterogeneous crystallization at the

surface of the amorphous ribbon. The reaction

sequence of Fe–Si–B-based melt-spun amorphous

alloy has been the subject of numerous studies in the

past [26], among which Załuska and Matyja sug-

gested that the metastable Fe3B phase formation not

only depends on the B content but are related also to

the formation of the a-Fe phase, which in return

influenced by the ordering tendency upon the intro-

duction of Si. Gibson and Delamore reported that

dendritic a-Fe has grown on a core of metastable Fe3B

in B-rich Fe–Si–B amorphous alloys [28], to which the

crystallization mode observed in the present study is

identical. Yet, the underlying mechanism for the

emergence of this distinct microstructure has not

hitherto been described. In particular, it is interesting

to note that the enclosing a-Fe shells start to form

only when the Fe3B cores have grown to a size of

about 50 nm and that the size of the composite

structure is always approximately 200 nm, resulting

in a uniform dispersion of the composite crystalline

structure in the amorphous matrix.

The compositional mappings in Fig. 4 indicate that

Si was partitioned out during the growth of the Fe3B

core. This movement of Si atoms means that the

driving force for the formation of a-Fe in the

peripheral amorphous matrix regions increases by

the Si enrichment, which is well-known ferrite for-

mer. In return, the growth of the dendritic a-Fe is

accompanied not by the diffusion of Si, but by the

ejection of B, thus reducing the driving force for the

a-Fe formation, resulting in a limited size of each

core–shell crystalline composite.

Given these findings, we are now able to propose

reasoning on the rather puzzling trend observed in

the DSC thermograms: not only peak position but

also their ratio changes as the heating rate increases.

Gibson suggested that this was due to the saturation

of nucleation rate with time, but we can modify the

suggestion that it is rather the growth rate that

decreased because they must involve partitioning out

of Si and B.

Machinability

Generally, amorphous alloys are deformed when

local plastic deformation occurs in unstable regions,

which then transform into macroscopic shear zones

[50]. The initial increase in hardness with increasing

heating temperature is considered to be due to the

minor atomic shifts from quenched-in positions to

stable ones, i.e., structural relaxation. Upon further

annealing, the hardness increases monotonically,

while the SCRF drops continuously to 763 K, fol-

lowed by a slight increase at 773 K, at which the

annealed specimen exhibits the best cutting perfor-

mance. A molecular dynamics study reported that

deformation concentrates in the amorphous phase in

a small-crystal-scattered amorphous alloy [51]. This

report suggests that deformation due to the shearing

of the amorphous phase is dominant in the early

stage of crystalline particle formation. The cutting

tests also suggested that the difference in hardness

due to the change in microstructure significantly

affects the cutting quality, the mechanisms of chip

evacuation, and burr formation. In the as-received

specimens, during shear-type chip evacuation, the

edge of the cutting trace remained on the substrate

due to the toughness of the material and appeared as

burrs. On the other hand, the heat treatment up to

773 K decreases the toughness, but hardens the

material, and the edge of cutting trace, which causes

burrs, was also ejected as chips, and burrs were

reduced. With reducing burrs, microcracks appeared

on the machined edge, and the periodicity of micro-

cracks corresponded to the period of slip surface of

Figure 9 Specific cutting resistance force (SCRF), i.e., SCRF

normalized to the scratched area, obtained from the scratch tests,

as a function of annealing temperature of the alloys. Error bars

indicate the standard deviation.
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shear-type chips as shown in Fig. 7b, d. This result

suggests that the microcracks are caused by brittle

fracture caused by the impact of sliding during the

formation of a new shear surface of the chip.

The most favorable cutting trace with the least burr

was observed in the 773 K sample, and its structure

was amorphous with crystallites scattered inside. In

fact, this structure is similar to those of sulfur free-

cutting steel and/or lead free-cutting steel, and in

these materials, spherical inclusions in solid solution

effectively facilitate chip evacuation because they

become starting points of cracks [52–54]. Similarly,

the precipitated crystals in the 773 K sample became

the starting points of deformation like additives in

free-cutting steel and improved the cutting quality.

Additionally, studies on the precision cutting of

amorphous alloys have reported that good machin-

ability can be obtained when a plastic deformation

region smaller than the cutting width occurs in front

of the cutting direction [19]. It should also be pointed

out that the cutting marks in Fig. 6d are notably

similar to the previously reported burr suppressed

cutting marks [19], indicating that the cutting condi-

tions were favorable.

Conversely, the cutting quality on the 873 K spec-

imens decreased again due to the transition from the

deformation of the amorphous layer to the defor-

mation mode of the crystalline metal originating from

grain boundaries and defects. The undulations of

cutting resistance force observed in Fig. 7a, c, and e

are considered to correspond to the process of chip

evacuation due to periodic slippage, especially in the

1073 K sample, where the cutting phenomenon

changed significantly due to softening caused by

crystal coarsening. Under the condition where the

crystals were scattered in the amorphous

microstructure, the cutting quality was the best, but

the specific cutting force gradually increased. When

the number of crystal grains increased to the extent

that crystals were adjacent to each other, the cutting

quality decreased regardless of the specific cutting

force.

The maximum hardness was observed for the

873 K sample, and this result is thought to be due to

the increase in grain boundaries caused by crystal

growth, and a shift from deformation of the amor-

phous phase to deformation caused by dislocation

migration, which is characteristic of crystalline met-

als. On the other hand, the decrease in hardness of

the 1073 K sample is ascribed to the large grain size.

According to the Hall–Petch rule, the smaller the

grain size becomes, the stronger the crystalline metal

becomes [55, 56]. The grain size of the composite

crystals, which was about 100–200 nm in the 873 K

sample, grew to the order of several hundred

nanometers by heating at high temperatures. There-

fore, the 873 K sample is considered to be the hardest

due to the grain refinement strengthening in the

Hall–Petch rule.

Conclusions

We investigated the effects of annealing of B-rich Fe–

Si–B–Cr amorphous ribbon and thereby the changes

in the inner structures, upon their mechanical prop-

erties, especially the machinability. The major find-

ings are as follows:

(i) The hardness and specific cutting resistance

force (SCRF) exhibit, respectively, a gradual

increase and decrease before crystallization at

753 K, which have been ascribed to structural

relaxation.

(ii) Early crystallization sequence of this alloy is

heterogeneous crystallization of a-Fe at the

surface of the ribbon at 753 K, homogeneous

nucleation and growth of Fe3B to a size of

50 nm at 763 K, followed by the nucleation

and growth of a-Fe on the Fe3B core at 773 K.

(iii) Silicon is ejected during the growth of Fe3B

core, accumulating in the adjacent amor-

phous matrix, thereby increasing the driving

force for the nucleation of the a-Fe phase.

(iv) The a-Fe phase grows into the surrounding

Si-rich amorphous until the excess Si, or

equivalently, the driving force is exhausted.

This process results in the microstructure,

where crystalline core–shell particles of about

200 nm are dispersed uniformly in the amor-

phous matrix.

(v) The minimum SCRF was observed for 763 K

annealed specimen. No chips or burrs were

ejected upon cutting, exhibiting the ideal

machinability.

(vi) Upon further heating, the hardness and SCRF

of the alloys increase up to 873 K and finally

decrease, resulting in degraded machinabil-

ity, which can best be understood from the

polycrystalline nature of the alloys.
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A B S T R A C T   

The goal of this study was to investigate a study for the efficient generation of pillar-like nanostructure (nano-
pillar) on a material surface over a large area. In this research, a vertical cross-scanning (VCS) strategy using two 
linearly-polarized lasers with different laser conditions was proposed for the generation of nanopillars on a 
mirror-polished surface on a large scale. It found that the laser fluence and scanning speed of the second laser 
scanning should be controlled within a specific range to generate the nanopillars. Additionally, the distance 
between scan lines, which is defined as hatch distance, h, of the second scan, is also a non-negligible factor to 
induce nanopillars to cover the entire surface. This work demonstrated that the VCS method is a feasible strategy 
for the fabrication of nanopillars on the entire mirror-polished surface of Ti6Al4V alloy by linearly-polarized 
picosecond laser conveniently and efficiently.   

1. Introduction 

The surfaces of metallic material covered with many micro/nano-
structures that are usually beneficial for the applications of these ma-
terials in many fields, including biomedical [1], environmental [2,3], 
and aerospace [4]. Particularly in biomedical engineering, highly 
nanostructured surfaces can be used as antibacterial surfaces that are 
highly desirable for implants to prevent the adhesion of bacteria on the 
material surfaces [5,6]. Any surface can be endowed with antibacterial 
capability by covering it with pillar-like structures (nanopillars). For 
instance, Ivanova et al. [7] have demonstrated that nanopillar-covered 
surfaces have a significant impact on the bactericidal effect of pene-
trating cells. In investigations of the physical surface structure of cicada 
wings, individual bacterial cells were killed on the nanopillar-covered 
surface of cicada wings within approximately 3 min [7]. Gudur et al. 
[8] found that nanopillar surface makes it more valuable than tradi-
tional flat surfaces in biological applications, such as medical treatment, 
neuron pinning, biosensors, tissue engineering, DNA analysis, and 
antibacterial materials. Cunha et al. [6] demonstrated that nanopillar 
surface could reduce Escherichia coli (E.coli) and Staphylococcus Aureus 

(S.a) adhesion because the nanopillar size and the average distance 
between them are approximate to the bacterial size (1 μm) that reducing 
the area of the contact interface between the individual bacterium and 
the metal. Furthermore, the surface covered with the micro/-
nanostructure could also be used in many other bio-applications, such as 
tissue engineering, medical treatments, and biosensing due to its capa-
bility of altering the wettability of biological fluids and other liquids as 
well as the cell behavior on the implant surface [9]. Therefore, it is 
necessary to fabricate the functional surfaces covered by micro/-
nanostructures. To achieve this purpose, ultraprecision cutting and 
ultrasonic-vibration-assisted machining techniques have been employed 
[10–12]. However, these techniques have many disadvantages, such as 
long fabrication time, complicated machining processes, and the 
inability to fabricate nano-scale structures. On the other hand, laser 
micromachining technology is gradually becoming the preferred tech-
nology for various micro-scale materials processing applications [13]. 

The femtosecond laser has become one of the most common lasers in 
surface processing to create surface structures at micro-and nano-scale 
on metals and semiconductors due to its flexibility and simplicity [14, 
15]. However, compared with femtosecond lasers, picosecond lasers are 
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more stable, reliable, and at a lower cost. Picosecond laser technology 
has made many remarkable achievements, such that it has become a 
reliable tool in the micro-processing industry with an excellent perfor-
mance in both accuracy and efficiency [16]. The picosecond laser pos-
sesses many advantages; for example, it can be used for micro-scale 
patterning of almost all materials, including but not limited to metals 
[16–19], silicon wafers [17,20–22], semiconductors [23], and solar cells 
[24–26]. It also can drill smaller hole sizes (~100 μm) through 1 mm 
steel [27]. According to the above reasons, the picosecond laser has been 
chosen to fabricate components surface covered with micro/-
nanostructures such as nanopillars and microgrooves. 

Various research studies found that many laser irradiation factors, 
including but not limited to laser fluence, scanning speed, wavelength, 
polarization, scanning path, surface roughness, and environment, will 
affect the size, periodicity, and morphology of the nanostructures 
[28–33]. Yan et al. [29] have successfully proposed and demonstrated a 
novel nanostructure generation method based on the nanosecond pulsed 
laser irradiation of a mixture of silicon powders, polyimide, and carbon 
black deposited on copper foil. Olivera et al. [30] conducted the ex-
periments of fixed point irradiation of a femtosecond laser on a fixed 
titanium surface within stable conditions. They found that ripples were 
primarily obtained on the titanium surfaces for the fluences close to the 
ablation threshold of titanium (0.2 ± 0.1 J/cm2), while microcolumns 
formed when the first 200 pulses had the fluences between 0.6 ± 0.2 and 
1.7 ± 0.2 J/cm2. The results provide reference values for our selection of 
the experimental laser fluence. Regarding other factors such as surface 
roughness and the processing environment, Mustafa et al. [31] reported 
that the initial surface roughness should be lower for high ablation 

Fig. 1. The sample preparation process.  

Fig. 2. Setup of laser processing.  

Fig. 3. Laser scanning path of the VCS method.  
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efficiency. It was also discovered that only the periodicity and depth of 
the produced structure differed in different environments such as air, 
water, ethanol, or chloroform [32]. 

To date, many researchers have found that a laser with an S-shaped 
scanning path could easily create laser-induced periodic surface struc-
tures (LIPSS). However, it is challenging to obtain nanopillars via this 
scanning strategy, only controlling the energy density or scanning speed 
of the laser. The fabrication of microgrooves via ultraprecision cutting 
followed by laser irradiation was also investigated [34]; however, this 
method is yet to generate nanopillars. On the other hand, Peter et al. 
[35] used a linearly polarized picosecond laser with two pulses to 
fabricate the nanopillars on tool steel via two different polarization di-
rections; however, this method only fabricates the nanopillars within a 
spot but changeling to generate over a large area effectively. Therefore, 
we attempted to fabricate nanopillars over a large area effectively by a 
linearly-polarized laser via controlling laser scanning speed or laser 

fluence. 
In this work, we seek to produce nanopillars over the entire surface 

using a linearly-polarized picosecond laser and study the mechanism of 
nanopillar generation. Therefore, we examined different laser irradia-
tion conditions required to generate novel micro/nanostructures on the 
mirror-polished surface. The experiment results show that vertical-cross 
scanning (VCS) could induce nanopillars by a linearly-polarized laser 
with different laser fluences. The first laser scan (LS1) induces the LIPSS 
and then irradiated by the second laser scan (LS2) with varying scanning 
speeds or fluences, creating the nanopillars on the entire mirror-polished 
surface. The experimental result demonstrates that the LS2 with an 
excessive fluence breaks the LS1-generated LIPSS and that with an 
insufficient fluence does not induce nanopillars. The nanopillars are 
only induced when the laser fluence of the LS2 is within a specified limit. 
On the other hand, the distance between scanlines, defined as the hatch 
distance of the LS2 is also an essential factor to induce the nanopillars to 

Fig. 4. SEM micrographs and AFM images of the surface textures. Laser-induced periodic surface structures (LIPSS) (a, b) and nanopillars (c, d). The polarization 
directions are the same as the arrow. 

Fig. 5. Mirror-polished surface irradiated by the laser with different fluences at the scanning speed of 300 μm/s, and all of the polarization directions are the same as 
the red arrow. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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cover the whole surface. 

2. Experimental setup 

2.1. Material 

Ti6Al4V alloy is widely used in orthopedic and dental applications 
owing to its excellent heat resistance, low density, strength, plasticity, 
toughness, corrosion resistance [36–40]. And especially its biocompat-
ibility, which enhances the adhesion between native tissue and the 
implanted material [41]. Meanwhile, implant with nanostructured sur-
faces has antibacterial or biocompatibility effects, and Ti6Al4V alloy is 
one of the most common materials in the implants. In this research, we 
aimed to fabricate nanostructure on metal surface, which might be 
applied in biomedical engineering. Therefore, we chose Ti6Al4V alloy in 
this research to induce nanostructures on the material surface by pulse 

laser. Commercially available bar material was separated into disks by 
wire electrical discharge machining (EDM) with 1 mm thickness and 
then polished by a grinding mill and emery paper to obtain a 
mirror-polished surface with an average roughness of Sa = 0.06 μm. All 
of the disks were cleaned by ultrasonication with ethanol for 15 min 
before they irradiated by the laser beam and captured the micrographs 
by the scanning electron microscope (SEM), as shown in Fig. 1. 

2.2. Laser system 

The atmosphere has a specific influence on the nanostructure gen-
eration process, and the main factor is a variety of gas types in the air. In 
addition, if a technique requires to be performed in a specific environ-
ment such as vacuum or argon, it will become a significant obstacle to its 
popularization. Moreover, only a few researchers have done similar 
experiments to study the chemical effects accompanying the formation 

Fig. 6. 3D (top row) and 2D (middle row) AFM images and 2D (bottom row)cross-section images of LIPSS illuminated by scanning laser with different laser fluences.  

Fig. 7. Maximum height (Sz) and mean roughness (Sa) of LIPSS illuminated by scanning laser with different laser fluence.  
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of LIPSS [42]. Therefore, all of the experiment was conducted in the air 
environment. 

The texturing was performed via a picosecond laser source (EKSPLA, 
PL 2250-50P20) with a fixed frequency of 50 Hz, pulse duration of 20 ps, 
and four wavelengths of 1064 nm, 532 nm, 355 nm, and 256 nm, as 
shown in Fig. 2. In this work, only the wavelength of 1064 nm was 
chosen because LIPSS or nanopillars were challenging to be fabricated 
by the wavelength of 532 nm and could not be induced with the other 
two wavelengths showed in our previous work [43]. A fixed lens focused 
the laser with a 150-mm focal length, and the spot diameter 2ω0 at e− 2 is 
estimated experimentally to be around 300 μm. The sample was on the 
work stage, and a movable stage was numerically controlled to follow 

the S-shaped laser scanning path, as shown in Fig. 3. The laser source is a 
Gaussian light source whose average power (P) is tested by a laser power 
meter at first, and then use the measured data (P) to test the laser fluence 
(F0) by a CCD camera. 

The distance between two consecutive spot centers, d, is given by: 

d =
v
f
, (1)  

where v is the scanning speed, and f is the irradiation frequency. 
It could be assumed that the Gaussian beam is a simple astigmatic 

one, and its orientation stays constant at every point along the beam 

Fig. 8. Mirror-polished surface irradiated by the laser with different scanning speeds at the fluence of 0.184 J/cm2. All of the polarization directions are the same as 
the red arrow. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. Nanostructures induced by the first laser scan: F1 = 528 mJ/cm2 and v1 = 300 μm/s, and the second laser scan: F2 = 51 mJ/cm2 and different scanning speeds 
(v2). All of the polarization directions are the same as the red and yellow arrows. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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path. The following equation can describe the two-dimensional local 
fluence intensity distribution of such beam on a processed surface: 

F(x, y)= F0e
− 2(x− x0)

2
+(y− y0)

2

ω2
0 (2)  

where x0 and y0 are the coordinates of the central point and F0 is the 
peak fluence of Gaussian beam expressed as: 

F0 =
2P

f πω2
0

(3)  

where P is the average power. 
By combining Eqs. (1) and (2) and Fig. 3, the accumulated fluence 

can be expressed as follow: 

ϕ(x, y)=F0

∑

i
e
−
(x− id)2

ω2
0
∑

j
e
−
(y− ih)2

ω2
0 (4)  

where h is the distance between the scan line, which is defined as hatch 
distance. 

While, the effective accumulated fluence per unit area, ϕ, will be 
deduced from Eqs. (3) and (4) as the following equation: 

ϕ =
F0f πω2

0

2vh
=

P
vh

(5) 

The overlapping factor (OF) also illustrated in Fig. 3 and can be 
calculated as [44,45]. 

Fig. 10. Nanostructures induced by the first and second laser scan under the scanning speed of 300 μm/s and hatch distance of 120 μm with the different laser 
fluences. All of the polarization directions are the same as the red and yellow arrows. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 11. Nanostructures induced by the first and second laser scans under the scanning speed of 300 μm/s and different laser fluences. All of the polarization di-
rections are the same as the yellow and red arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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OF =
1

πω0

⎡

⎣2ω0arccos
(

d
2ω0

)

− d

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(
d

2ω0

)2
√ ⎤

⎦ (6) 

Additionally, we propose the VCS method as a laser scanning strat-
egy shown in Fig. 3 to create the nanopillars on the mirror-polished 
surface by laser irradiation. First, the LS1 performs with a scanning 
speed and a fluence to create LIPSS. Then, the sample was rotated by 
90◦, and the LS2 performs. The cross-scan area predicted that nano-
pillars would be obtained. 

2.3. Inspection of LIPSS morphology 

The open source software Gwyddion was used to perform two- 
dimensional fast Fourier transform (2D FFT) of the SEM micrographs, 
which provides an effective method to analyze the orientation and 
period of LIPSS [46–48]. Since the relation between the LIPSS period (Λ) 
and the distance between 2D FFT peaks is given by equation Λ = 2/d, the 
scale bar was set at 2 μm− 1 to estimate the frequency domain and the 
generated LIPSS period. 

3. Results 

3.1. Topography of the laser-treated surfaces 

Two types of produced textures (LIPSS and nanopillar) are defined 
and presented by SEM micrographs and atomic force microscope (AFM) 
images, as shown in Fig. 4. A linearly-polarized picosecond laser irra-
diated the mirror-polished surface with an S-shaped scanning path to 
figure out the conditions of LIPSS generation. Fig. 5 shows the laser- 
irradiated surfaces by different laser fluences (F0) at the scanning 
speed (v) of 300 μm/s and hatch distance (h) of 120 μm with the S- 
shaped scanning strategy. A well-defined LIPSS was not fabricated 
clearly when laser F0 ≤ 0.06 J/cm2, while when F0 = 0.08–0.5 J/cm2, 
and similar LIPSSs were fabricated. However, unclear nanostructures 
were induced when F0 > 0.6 J/cm2. It was concluded that the laser 
fluence within a specific range provided no noticeable effect on the 
LIPSSs’ features, such as the periodic length and the direction described 
in our previous research [40]. However, the height (Sz and Sa) of LIPSS 
increased with increasing the laser fluence, as shown in Figs. 6 and 7. 
The AFM images and 2D cross-section images of LIPSS are shown in 
Fig. 6 and conclude that the surface texture is smooth when the laser 
fluence can induce the LIPSS and rough when the fluence is insufficient 
to induce a clear LIPSS. 

On the other hand, different nanostructures were generated by 
different scanning speeds ranged from 20 μm/s to 400 μm/s when the 

fluence of the scanning laser was fixed to 0.2 J/cm2. Fig. 5 shows that 
bumps induced if the scanning speed was lower than 100 μm/s. In 
comparison, the LIPSSs were generated if the scanning speed was 
controlled within 200–400 μm/s and OF was less than 99%, and with no 
noticeable difference in the morphology and the periodical length with 
different scanning speeds. 

Based on the results of Figs. 5 and 8, the approximate ranges of the 
laser fluence and scanning speed for the LIPSS generation could be 
considered to 0.08–0.5 J/cm2 and 200–400 μm/s, respectively. And the 
LIPSS periodicity, Λ, given by the 2D FFT at around 1 μm. It also can be 
concluded that controlling the laser fluence or scanning speed alone 
cannot create nanopillars via the scanning strategy of the S-shaped scan. 
Therefore, the VCS strategy was proposed to generate nanopillars on the 
entire mirror-polished surface showed in Fig. 3. To study the influence of 
different laser conditions on the nanopillars’ creation, we examined 
different scanning speeds (v2), laser fluences (F2), and hatch distance (h) 
of the LS2 in Sections 3.2, 3.3, and 3.4, respectively. 

3.2. Scanning speed 

The scanning laser first irradiated the mirror-polished surface with a 
laser fluence (F1 = 528 mJ/cm2) and a scanning speed (v1 = 300 μm/s) 
to create the LIPSS structures. The LS2 then irradiated the LIPSS with 
different scanning speeds (v2) under a fixed fluence (F2 = 51 mJ/cm2). 
The SEM micrographs of the obtained surfaces are displayed in Fig. 9. 

The top row in Fig. 9 depicts that the created nanostructures are 
LIPSS because the low scanning speed, v2 < 300 μm/s, provided the 
surface with much time to absorb enough energy to destroy the existed 
LIPSS and created a new one. On the other hand, the LS2 with the 
speeds, v2 = 0.3–1 mm/s, created the nanopillar-liked structures as 
shown in the middle row of Fig. 9. Meanwhile, the bottom row of Fig. 9 
shows that the nanopillars could not be fabricated obviously when v2 ≥

2 mm/s. This is because the high scanning speed leads to the absorbed 
energy was insufficient to induce the nanopillars’ generation on the first 
created LIPSS due to the short irradiation time. It concluded that the 
scanning speed of the LS2 is a crucial factor for the generation of the 
nanopillars because it determines the effective accumulated fluence per 
unit area, which is also decided by the distance between scan lines (h) 
and the average power (P), as shown in Eq. (5). Based on this analysis, 
the laser fluence, which is affected by the average power, is an essential 
factor for the morphology of the generated nanostructures. Therefore, 
we set different laser fluences to the LS2 to irradiate the LS1-created 
LIPSS. Figs. 8 and 9 show the nanostructures created by different laser 
fluences under the scanning speed of 300 μm/s for both the LS2 and LS2. 

Fig. 12. Maximum height (Sz) and mean roughness (Sa) of nanostructures induced by different laser fluence laser scans with the scanning speed of 300 μm/s.  
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3.3. Laser fluence 

In the study by Peter et al. [35], nanopillars were fabricated by two 
pulses; however, they only studied polarization direction and pulse 
numbers but never researched the laser fluence of the relationship be-
tween the two pulses. Therefore, the relationship of laser fluences of LS1 
and LS2 to influence the nanopillars generation was studied in this work. 

The top row of Fig. 10 illustrates that neither LIPSS nor nanopillars 
were obtained due to the low laser fluence of the LS1 (F1 = 37 mJ/cm2). 
With the increase of the laser fluence of the LS2, the nanostructures 
similar to the nanopillar could be obtained but not clearly. Meanwhile, 
when the laser fluence of the LS1 increased to 51 mJ/cm2, the nano-
pillars or LIPSSs could be obtained. On the other hand, Fig. 11 illustrates 
that the nanostructures induced with different LS2 fluences on the LIPSS 
generated by the LS1 with the laser fluence of 95–528 mJ/cm2. The 

leftmost column of Fig. 11 illustrates that the laser fluence of the LS2, F2 
= 28 mJ/cm2, was not high enough to induce the nanopillars on the 
created LIPSS. The LS2 with F2 = 37 mJ/cm2 generated the clear 
nanopillars as shown in the middle column of Fig. 11, while the LS2 with 
F2 = 95 mJ/cm2 destroyed the first LIPSS and generated a new one, as 
shown in the rightmost column of Fig. 11. 

Based on Section 3.1, the laser fluence of the LS1 should be around 
0.1 J/cm2 or more to induce the LIPSS structure. Then, the created LIPSS 
irradiated by the LS2 with the laser fluence should be within a suitable 
range, i.e., a too-low laser fluence of the LS2 cannot induce the nano-
pillars or LIPPS and a too-high laser fluence destroys the existed LIPSS 
and generates a new one. Thus, it concludes that the laser fluences with 
F1 = 95–528 mJ/cm2 and F2 = 37–70 mJ/cm2 are suitable to form the 
nanopillars when both scanning speeds are fixed at 300 μm/s. 

Fig. 12 shows that the relationship between the maximum (Sz) or 

Fig. 13. Nanostructures induced by the second laser scan under the scanning speed of 300 μm/s and laser fluence of 51 mJ/cm2 with different hatch distances of (a) 
100 μm, (b) 120 μm, (c) 140 μm, and (d) 160 μm. 
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arithmetic mean roughness (Sa) and the laser fluences of the LS1 and 
LS2. It concludes that Sz and Sa increase with the increasing of the laser 
fluences of laser scans. Meanwhile, Sa can express the average height of 
LIPSS; therefore, the mean height of LIPSS can be increased with the 
laser fluence increasing. 

3.4. Distance between scan lines 

Based on the results of Sections 3.2 and 3.3, the VCS strategy could 
be an advantageous method to create nanopillars on the mirror-polished 
surface via control of the laser fluence and scanning speed of the LS2. 
Besides, the hatch distance is also an essential factor to induce nano-
pillars to cover the whole material surface because it is also a factor of 
the effective accumulated fluence per unit area, as shown in Eq. (5). 
Fig. 13 shows the SEM micrographs of the nanostructures induced by the 
LS2 with different hatch distances on the LIPSS created by the LS1 with 
the scanning speed of 300 μm/s and the laser fluence of 417 mJ/cm2. 

When the hatch distance of the LS2 was over narrow (h = 100 μm), 

new nanostructures were induced on the nanopillars in the rescanned 
area, as shown in Fig. 13a. While the LS2 induced the nanopillars when 
the hatch distance was overbroad (h = 160 μm), but some LS1-induced 
LIPSS far from the scanning path remained, as shown in Fig. 13d. 
Meanwhile, the generated nanostructures were only nanopillars without 
LIPSS when the hatch distance a specific range (120–140 μm), as shown 
in Fig. 13b and c, where the effective accumulated fluence per unit area 
was ranged from 8.34 to 9.73 J/cm2. Therefore, it concluded that to 
induce the nanopillars covered on the entire mirror-polished surface, not 
only the laser fluence and scanning speed but also the hatch distance of 
the LS2 is a non-negligible factor. 

4. Discussion 

4.1. Mechanism of nanopillar fabrication by VCS method 

The right half of the workpiece was irradiated by the LS1, and the 
LS2 irradiated the bottom half, i.e., only the right-bottom area was 

Fig. 14. SEM micrographs of the polished sample modified by the VCS method. (a) Polished surface not irradiated, (b) irradiated once by the first scanning, (c) the 
second scanning, and (d) irradiated twice. 

Fig. 15. Schematic of the polished sample irradiated by VSC. Polished surface (a) not irradiated by laser, (b, c) irradiated once by laser, (d) irradiated twice by laser.  
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irradiated twice, as shown in Fig. 14. The fluences, scanning speeds, and 
hatch distances of the LS1 and LS2 were the same as 0.1 J/cm2, 300 μm/ 
s, and 120 μm, respectively. No difference was observed in the nano-
structures between Areas (c) and (d) of Fig. 14 though they received 
different laser irradiations. On the other hand, nanopillars were gener-
ated in Area (b), where the LIPSS was supposed to be induced by the LS1 
rather than LS2. Fig. 15 schematically explains this situation: the laser 
beam is considered as a moving Gaussian light source, and the fluence at 
the center of the laser beam was high enough to destroy the existing 
LIPSS and recreate a new one in Area (d). While, the peripheral region of 
the laser beam with a lower fluence, which was not high enough to 
induce LIPSS or nanopillars on the mirror-polished surface newly, but 
sufficient to modify the existing LIPSS to nanopillars. It demonstrates 
that compare with the LS1, a relatively lower laser fluence of the LS2 
might irradiate the nanopillars on the LIPSS. Therefore, the experiment 
results in Fig. 14 depict the workpiece surface that explains the mech-
anism of the nanopillars’ generation in the VCS method within one 
figure. 

To summarize how to obtain nanopillars with the VCS method: when 
the scanning speed of the LS1 and LS2 are both 300 μm/s, the laser 
fluence of the LS1 must exceed the LIPSS generation criterion, which 
should be around 0.1 J/cm2 because otherwise, it does not induce the 
LIPSS during the LS1 as shown in Fig. 5. The laser fluence of the LS2 then 
must exceed the nanopillar induction criterion, which should be around 
37 mJ/cm2, and not higher than the LIPSS destruction criterion around 

70 mJ/cm2. 

4.2. Hatch distance of the second laser scan 

The distance between scan lines, hatch distance, is also an essential 
factor in fabricating the nanopillars on the entire surface. Section 3.3 
shows that when the laser fluence of the LS2 is within limits, the 
nanopillars could be created on the crossed area of the LS1 and LS2; 
when the hatch distance of the LS2 is narrow, as shown in Fig. 16b, the 
following irradiation deforms the nanopillars fabricated by the previous 
irradiation to new nanostructures; besides, when the hatch distance is 
broad as shown in Fig. 16c, nanopillars are not created on the space 
between two scanning lasers, and the new induced nanostructures 
combined with nanopillars and LIPSS. In those two situations, nano-
pillars could not cover the entire mirror-polished surface. Therefore, 
setting a suitable hatch distance of the LS2 is a vital process in inducing 
nanopillars to cover the whole surface. 

The LS2 with an appropriate hatch distance generates nanopillars on 
LIPSS to cover the entire surface, as shown in Fig. 16d. The laser fluence 
distribution F is supposed to be a Gaussian distribution that can be 
expressed as: 

F(r) = F0e
− 2r2

ω2
0 (7)  

where ω0 is the laser beam radius, F0 is the peak laser fluence of the 

Fig. 16. Schematic of the nanostructures induced on the LIPSS by the second scanning laser with the (a) one-shot, (b) two shots with a short hatch distance, (c) two 
shots with a long hatch distance, and (d) two shots with a suitable hatch distance. 

Fig. 17. The generated nanostructures 
generated by different combinations of F1 
and F2, unclear nanostructures or nothing 
can be observed due to the low laser fluence 
(∅); expected nanopillars (✓); unclear 
nanostructures due to the over laser fluence 
(∅); LIPSS generated by LS1 combined the 
low fluence of LS2 (LIPSS1); LIPSS generated 
high fluence of LS2 destroyed LIPSS1 
(LIPSS2). The scanning speed set as fast as 
possible to improve efficiency, overlap fac-
tor can be simplified as 1 - v/f ω0 when v/ 
f ≪ ω0.   
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Gaussian beam, and r represents the distance to the laser beam center. 
The fluence of the LS2 ranged from 37 to 70 mJ/cm2 could induce 

nanopillars on the LIPSS as shown in Section 3.3; therefore, the 
threshold fluence for the nanopillars generation, Fth, can be assumed as 
37 mJ/cm2. Reversely, when the fluence of the LS2 is fixed to 51 mJ/cm2 

as in Section 3.4, the threshold hatch distance, hth, can be expected with 
Fth, as shown in Fig. 16d. Considering that hth = 2rth, hth can be obtained 
by modifying Eq. (7) as: 

hth =ω0

̅̅̅̅̅̅̅̅̅̅̅̅̅

2ln
F2

Fth

√

(8) 

Substituting the experimental conditions and results, Fth = 37 mJ/ 
cm2, F0 = 51 mJ/cm2, and ω0 = 150 μm, hth = 120.17 μm. It agrees with 
the results in Section 3.4, which is that the hatch distance ranged from 
120 μm to 140 μm could induce the nanopillars on the entire mirror- 
polished surface. 

To sum up, there are two conditions on the fluence of LS2 to induce 
the nanopillars: (1) F2 has to exceed the minimum fluence to induce 
nanopillars but be lower than the fluence destroying the existing LIPSS 
as concluded in Section 4.1, and (2) h has to set the distance to avoid 
destroying the nanopillars generated by the preceding scan path. The 
suitable value can be calculated by Eq. (8). Fig. 17 shows the laser 
conditions (v, F1, F2, h) combination to generate the expected 
nanopillars. 

5. Conclusions 

This work shows that the micro/nanostructure generated on the 
Ti6Al4V alloy surface is closely related to the laser conditions and 
scanning strategy. The generated nanostructures were fabricated via two 
laser scans, and the effective accumulated fluence per unit area (ϕ) of 
LS1 and LS2 is the critical factor for LIPSS or nanopillars generation. ϕ is 
decided by the laser scanning speed (v), laser fluence (F), hatch distance 
(h), and the desired nanostructures can only be obtained when all of 
these factors are controlled together and to be in the appropriate range. 
When the scanning speed is fixed or within a particular range, the 
combination of laser fluence of LS1 and LS2 is the most critical factor to 
irradiate expected nanopillars. When the scanning speeds of both LS1 
and LS2 were 300 μm/s, and the laser fluence of the LS1 was ranged 
from 0.1 to 0.5 J/cm2, that of the LS2 should be higher than 37 mJ/cm2 

and should not exceed 70 mJ/cm2 to obtain nanopillars. Meanwhile, the 
mean height (h0) of LIPSS or nanopillars, which can be expressed by Sa, 
is also influenced by laser fluence; it increases with the increasing laser 
fluence. However, the periodic length (λ) of LIPSS is not changed by the 
laser fluence; therefore, the aspect ratio (h0/λ) of LIPSS could be 
increased by the laser fluence increasing. To fabricate the nanopillar on 
the entire surface, the hatch distance of the LS2 should set in a specific 
range. It is set according to the diameter of the laser beam and the ratio 
of F2 and the threshold fluence to induce the nanopillar. 
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Abstract. Porous metals are attracting considerable attention for solving problems and improving 
functions of the metal implants. This study proposes a “rhizoid porous structure (RPS)” utilizing 
vacancy defects present in an object produced via selective laser melting (SLM). Herein, we 
attempted to control the formation of the RPS pores by manipulating the building conditions. The 
results demonstrate that pores are oriented along the direction when the laser scanning is limited to a 
uniaxial direction. Furthermore, the specimens with oriented pores have mechanical anisotropy. 
Moreover, these results indicate that the proposed method can realize highly functional implants with 
mechanical functions equivalent to that of living bones. 

Introduction 

As people in societies across several countries continue to age, the development of sophisticated 
implants that can increase the healthy life expectancy and quality of life of elderly patients has become 
an urgent task. Porous metal materials have attracted considerable attention to achieve this goal. The 
benefits of porous implants include their ability to reduce the stress-shielding effect [1] and achieve 
a strong bony union due to the bone growth inside the pores [2]. Owing to the development of Metal 
Additive Manufacturing (MAM) techniques such as Selective Laser Melting (SLM), manufacturing 
porous structures with a high degree of freedom is currently possible in terms of shape design. 
However, the geometric design of porous structures requires complex work using dedicated software; 
additionally, it is constrained by the limits in the dimensions that can be used to allow the 
reproducibility of the shapes. Therefore, techniques for manufacturing porous metal materials that 
are simple and unaffected by the size of the design domain are desired. 

Thus, this paper proposes a “Rhizoid Porous Structure (RPS),” which utilizes the vacancy defects 
formed within an object created using SLM. This structure has pores that are several tens to hundreds 
of μm in size, and is named after the characteristic shape of its connected pores. Previously, we have 
succeeded in controlling the porosity of these structures by manipulating the laser scanning speed, 
together with achieving higher mechanical strengths than those of conventional porous materials [3]. 
By deriving appropriate fabrication conditions from preliminary mechanical or functional designs, 
we ultimately aim to produce sophisticated implants that combine multiple functionalities using near 
net shape manufacturing. 

This study focuses on the orientation of the pores to control the pore shapes in RPS materials with 
a much higher degree of freedom. First, we investigate the effect of the properties of the top surface 
of a specimen on the formation of the pores. Herein, the “top surface” of a specimen refers to the 
newest surface on which melting using a laser and solidification has been completed. Based on the 
results, we propose a technique for controlling the orientation of the pores and evaluate the orientation 
angle of the pores in the specimens using image processing. Furthermore, we evaluate the mechanical 
characteristics of the specimens using tensile testing based on the prediction that oriented pores create 
mechanical anisotropy. 
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Relation between Roughness of Top Surface and Porosity 

Experimental Method. The specimens were fabricated using the ProX100 metal additive 
manufacturing device from 3D Systems. Gas atomized powder of the Ti–6Al–4V alloy (64Ti) from 
Osaka Titanium Technologies was used as the starting material. The specimens were fabricated under 
the conditions listed in Table 1 as 7-mm square cubes. To vary the surface properties of the top surface 
of the specimens, two types of laser scan strategies (i.e., X1Y1 and X2Y2 strategies) were employed 
in this experiment. In the X1Y1 strategy, the direction of the laser scan was rotated by 90° for each 
layer and six different speeds were used for the laser scan speed, s, as shown in the Table 1. In the 
X2Y2 strategy, two laser scans were made along the same path for each layer, where the scan speed 
for the first scan, s1, was varied across the same six speeds as in the X1Y1 strategy and that for the 
second scan, s2, was 100 mm/s. In summary, specimens were obtained under 12 different conditions 
comprising six different conditions for each strategy. The top surface of the fabricated specimens was 
observed using a shape analysis laser microscope VK-X1000 from KEYENCE, and the three-
dimensional shape data obtained from it were used to obtain the surface roughness, Sa. The porosity 
of the specimens was obtained using X-ray computed tomography (CT) scans. 

 
Table 1. Building conditions 

 

Spot diameter of laser 80 μm 

Wave length 1070 nm 

Transmission method Continuous wave laser 

Laser power 50 W 

Layer thickness 45 μm 

Laser scanning distance 70 μm 

Atmosphere Argon 

Laser scan strategy and laser scan speed 

X1Y1 Strategy 

s [mm/s] 100, 150, 240, 300, 400, 430 

X2Y2 Strategy 

s1 [mm/s] 100, 150, 240, 300, 400, 430 

s2 [mm/s] 100 

 
Results and Discussions. Figure 1(a) shows the relation between the laser scan speed and surface 
roughness for each specimen. Herein, surface roughness exhibited a decreasing tendency with 
decreasing scan speed and double scanning, whereas it is assumed that the top surface formed a 
rugged shape because of cohesion of molten metal in the melt pool due to surface tension [4]. 
Additionally, the decrease in roughness was presumably caused by a decrease in the surface tension 
of the molten 64Ti, following an increase in the temperature of the melt pool, as well as by re-melting 
of the rugged shape by the laser. 

Figure 1(b) shows the presence of a clear, positive correlation between the top surface roughness 
of the specimens and their porosity. Furthermore, from the cross-section profiles of the top surface 
shown in Figure 2, the development of a remarkably rugged shape could be observed for the sample 
with the higher roughness. At areas corresponding to the troughs of the rugged surface, the thickness 
of the next powder layer that was supplied became large, which could possibly result in insufficient 
melting of the metal along the depth direction and eventually causes the formation of unmelted areas 
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and easily traps the metal vapor. Thus, the trough areas were conceived to be a starting point of pore 
formation. In contrast, there were no deep troughs observed in the specimen at lower scan speed, 
which is conceived to have resulted in the reduction of areas where pore formation occurred 
preferentially, i.e., where the specimen displayed lower porosity. 

 

      
(a) Scan speed vs Sa                   (b) Sa vs Porosity 

 
Figure 1. Evaluation of manufactured structure 

 

 
(a) s = 430 (X1Y1 Strategy) 

 

 
(b) s1 = 100, s2 = 100 (X2Y2 Strategy) 

 
Figure 2. Section profile of top surface 

Orientation of Pores and Mechanical Anisotropy 

From the previous section, it was implied that the geometric shape of a specimen’s top surface 
formed by the laser scan affects the shape of pores in the specimen. We performed an experiment in 
an attempt to control the orientation of the pores, based on this assumption. 

Experimental Method. Figure 3 shows the laser scan strategy employed in this experiment. It was 
assumed that limiting the laser scan direction to a uniaxial direction would orient the rugged peaks 
and troughs of the top surface, as well as the pores formed along with them. We used a scan speed of 
240 mm/s and retained all other fabrication conditions as in the previous section. 

We evaluated the orientation of the pores via image processing. First, we used the image 
processing program ImageJ to binarize computed tomography (CT) images of the X–Y sections 
obtained using X-ray CT scans, and extracted all pores subject to evaluation. Next, we approximated 
each pore by a 1-pixel wide line using a thinning process and defined the angle between the line 
segment that was formed by connecting the two ends of each line. The positive x direction was defined 
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as the pore orientation angle θ (-90° < θ < 90°). We obtained the orientation angles for all pores 
existing in a CT images, and ultimately accumulated all values obtained from 880 images for each 
specimen to create a histogram of the orientation angles. 

Additionally, we performed tensile tests to evaluate the mechanical characteristics of the 
specimens. Two types of specimens were used: one was “vertical specimen,” whose tensile direction 
was made to be perpendicular to the laser scan direction; another was “horizontal specimen,” whose 
tensile direction was made to be parallel to the laser scan direction. 

 

 
Figure 3. Schematic of X∞ strategy 

 
Results and Discussions. Figure 4 shows part of the X-ray CT image (after binarization) of two 
specimens for this experiment, created using an identical scan speed and the X1Y1 strategy, for 
comparison. The specimen fabricated with the X∞ strategy displayed pores that were elongated in the 
direction of the laser scan. A remarkable orientation of the pores in the direction coincident with that 
of the laser scan direction could also be observed from the orientation angle histogram in Figure 5. 
In contrast, for the specimen fabricated using the X1Y1 strategy, pore orientation was not observed in 
either the CT image or the histogram. 

Accordingly, the tensile strengths of the “vertical” and “horizontal” specimens were 278 [MPa] 
and 368 [MPa], respectively, with a significant difference observed between them (p < 0.05). More 
particularly, the “vertical” specimen was conceived to exhibit lower strength than the “horizontal” 
specimen because it had a higher ratio of pores that were elongated perpendicularly to the tensile 
direction, whereas crack growth in mode I (opening mode) initiated by stress concentration at the 
ends of the pores was likely to have induced fracture. 

 

 
Figure 4. XY section of CT images 

 

 
Figure 5. Histogram of orientation angle 
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Conclusions 

The conclusions of this study are as follows: 
1) A clear, positive correlation exists between the surface roughness of the top surface of a specimen 

being fabricated and its porosity. The geometric shape of the top surface was implied to induce a 
dominant effect on pore formation in RPS materials. 

2) Limiting the laser scan direction toward uniaxial direction during specimen fabrication leads to 
pore orientation in the specimen toward the same direction. Furthermore, the tensile strength of 
specimens with oriented pores changes depending on the tensile direction. 

Accordingly, these findings demonstrate that we can control the orientation of pores in a specimen 
by manipulating the laser scan strategy. Moreover, we can possibly develop bone replacement 
materials for implants that exhibit mechanical anisotropy equivalent to that of bone.                                                                                                             
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Abstract： 

We aim to promote innovations of pico- & nano-precision Micro/Meso 

Mechanical Manufacturing (M4 process) at the frontier of manufacturing technology, 

including ultra-precision mechanical manufacturing technologies for various shapes, 

nano-precision fabrication for 3D microstructures, atom/molecule manipulation for 

nanostructures and so on. Our goal is not only to create high-precision shapes, but 

also to generate functional structures on the shape by controlling the micro textures. 

Today, I will introduce pico-precision advanced processes (PPAP) and hybrid 

machining processes for function generation machining, which aim for high value 

manufacturing. In the hybrid process, Hybrid vibration machining, Ultrasonic 

vibration assisted electrolytic grinding, Ultrasonic vibration assisted plasma discharge 

grinding, and Laser assisted micro-cutting will be introduced.  
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We discovered that optimal blanking characteristics could be obtained by adjusting 

the microstructure of amorphous alloys by heat treatment. To investigate the 

extending behavior of shear bands, which play a key role in the deformation of 

amorphous alloys, a blanking model of the amorphous alloy composed of metal and 

semimetallic was built using molecular dynamics. The simulation results indicate that 

micro shear bands generated at the tool contact point were connected and propagated 

in the depth direction generating a network of multiple shear zones. The blank test of 

the as-received amorphous alloy showed high blanking resistance and left significant 

shear marks drooping on the blanked surface. Whereas the heat-treated specimens 

showed much lower blanking resistance, and the lowest blanking resistance was 

achieved with the one whose crystal nuclei started to sparsely precipitate and its 

blanked surface was composed of microscopic multiple shear bands. Furthermore, 

excessive heat treatment caused an increase in the number of crystals, which caused 

chip fractures and burrs due to the crystalline deformation mechanism. The thickness 

of the fracture surface became non-uniform as the grain size increased. 
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ウルトラファインバブルを含有した研削クーラントの濡れ性評価 
 

畑山陽介*１*２，大越広夢*１，水谷正義*１，厨川常元*１ 

 

Effect of Ultrafine Bubbles on Wettability of Grinding Fluid 

 

Yousuke HATAYAMA, Hiromu OKOSHI, Masayoshi MIZUTANI, Tsunemoto KURIYAGAWA 

 

Key words : ultrafine bubbles, grinding fluid, wettability, contact angle, surface tension, sliding angle 

 

 

１．緒 言 

ウルトラファインバブル（以下，UFB）は，直径 1 μm以下の

気泡であり，名称は ISO で定義されている 1)．UFB は洗浄，

殺菌，水質浄化などの機能を必要とする分野で使用が進め

られている．また近年では，研削加工に UFB を含むクーラン

ト（以下，UFB クーラント）を用いることで，研削性能や加工精

度が向上することが報告されている 2)～7)．しかしその一方で，

UFB クーラントの基礎特性に関する評価は十分に行われて

いないのが現状であり，UFB が研削性能や加工精度向上に

寄与する機序の解明には至っていない． 

そこで本研究ではまず，UFB クーラントの基礎特性につい

て明らかにし，それを踏まえて UFB が研削特性に及ぼす影

響について明らかにすることとした．その中で本報ではとくに

UFB クーラントの接触角や表面張力，滑落角を測定すること

で，濡れ性の観点から UFBクーラントの基礎特性に関して検

討・考察を行った． 

 

２．ウルトラファインバブル（UFB）生成装置 

図1に使用したUFB生成装置の模式図を示す．図中の矢

印は，水道水またはクーラント，および空気の流れを示してい

る．本装置では，気液混合部，ポンプ，せん断部が一体とな

っている．せん断部を構成する内筒および外筒の壁面には

凹凸が多数設けられている．気液混合部で空気と混合され

た液体は，内筒と外筒の隙間を内筒部の回転により螺旋を

描きながら下流側へと流れていく．このとき凹部での大小の

渦の発生と消滅の繰り返しにより，気泡が微細化されてUFB

が生成される．なお，0.5 minで液体が1回循環するように液

体容量やUFB生成装置の液体流量を設定した． 

本報では，UFBクーラントの基礎特性評価のため，表1に

示す5種類の評価液を比較した．なお，評価液2は，水道水

をベースにUFBを生成した．表2に本報で使用するクーラント

の仕様を示す． 

 

３．UFBクーラントの特性評価 

 本報では，表1に示した各種UFBクーラントの接触角，表面

張力および滑落角を測定し，UFBクーラントの基礎特性につ

いて検討を行う． 

まず，表3に接触角の測定条件を，図2に測定結果を示す．

なお，評価液2のUFB密度は13.1 億個/mLで，このUFB水を

用いて評価液4を作製した．評価液3は，所定の希釈倍率と

なるようにUFB生成装置のタンクに水道水とクーラントの原液

を入れ，空気送入なしで5分間循環させて作製した．評価液5

は，評価液3を空気送入しながらUFB生成装置を120分運転

し作製した． 

図2より，水のグループ（評価液1・2）に対しクーラントのグ

ループ（評価液3～5）は接触角が小さくなり，親水化している

 

 

*1 東北大学大学院工学研究科：〒980-8579 宮城県仙台市青葉区

荒巻字青葉6-6-01 

   Graduate School of Engineering, Tohoku University 

*2 KYB株式会社：〒509-0206 岐阜県可児市土田60 

   KYB Corporation 

 

 

図 1 UFB生成装置の模式図 
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表 1 評価液一覧 

評価液 内容 

1 水道水 

2 UFB水 

3 水道水で希釈したクーラント 

4 UFB水で希釈したクーラント 

5 UFBクーラント 
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ことがわかる．また，各グループ内でUFBの有無による接触

角の差はほとんど認められなかった． 

 次に，図3に表面張力の測定結果を示す．なお，表面張力

測定には接触角と同一バッチで作製したサンプルを使用し

た．同図より，表面張力は接触角と比較的類似した傾向とな

った．具体的には水のグループ（評価液1・2）に対し，クーラ

ントのグループ（評価液3～5）は約46 %表面張力が小さくな

るが，グループ内でのUFB有無による差はほとんど確認され

なかった． 

 以上の結果から，UFBの存在が接触角を小さくし，濡れ性

を改善させているというわけではなく，クーラントの存在による

親水化によりUFBが加工点に効率的に運搬され，加工点で

UFBが何らかの作用を及ぼすことで研削性能が変化するも

のと考えられる．なお，別途行った実験により，UFBクーラント

の使用により研削性能が改善することを確認しているが，加

工点に運搬されたUFBが加工点でどのような作用をもたらし

ているかについては今後詳細に検討する予定である．  

図4に滑落角の測定結果を示す．滑落角は，接触角と同じ

実験系で測定した．液滴を着滴させたガラス板を徐々に傾け

ていき，液滴が0.15 mm動いた時の傾斜角を滑落角とした．

同図より，接触角や表面張力とは異なり，滑落角は，クーラン

トやUFBの有無による差はほとんど認められなかった．このこ

とから，UFBクーラントによる研削性能に対して，滑落角は影

響を及ぼさないと考えられる． 

 

 

 

４．結 論 

(1) 接触角や表面張力には，UFB有無の影響はほとんどな

いが，クーラント自体の影響が作用し，加工点にUFBを

運搬している可能性があることが示唆された． 

(2) 滑落角には，クーラントやUFBの有無による影響はほと

んどないことがわかった． 
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表 2 クーラント仕様 

項目 内容 

メーカ ユシロ化学工業 

銘柄 ユシローケン FGC822J 

希釈倍率 40倍 

タイプ 水溶性ソリューション 

 
表 3 測定条件 

接触角 

滑落角 
測定機 

協和界面科学（株） 
DM-501Hi 

算出法 接線法 

相手材 BK7 ガラス 

表面張力 
測定機 

協和界面科学（株） 
DMo-501 

算出法 懸滴 ヤング・ラプラス法 

滴下量 μL 2 

 

 

図 2 接触角測定結果 
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図 3 表面張力の測定結果 
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図 4 滑落角の測定結果 
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歯科用着色ジルコニアクラウンの 3D 造形技術の開発 
第 1 報：着色ジルコニア粉末を用いたセラミックス 3D 造形への適応 

 
近藤直樹*1, 水谷正義*2, 佐々木啓一*3, 厨川常元*2 

 
Development of 3D printing technology for dentistry crown by colored zirconia 

1st report : Adaptation to ceramics 3D printing by colored zirconia powder 
 

Naoki KONDO, Masayoshi MIZUTANI, Keichi SASAKI, Tunemoto KURIYAGAWA 
 

歯科治療における歯冠の作製は，鋳造法から CAD/CAM システムによる切削法に変わりつつあり，近年ではセラ

ミックス 3D 造形技術の適用が注目されている．本研究ではこのセミラックス 3D 造形技術に注目し，造形体の機械的

特性や生体適合性，さらには審美性などの複数の機能を同時に付与するための革新的な造形プロセスの構築を目

的としている．本稿ではとくに審美性に着目し，自然歯に近いカラーグラデーションを達成するための造形条件につ

いて詳細な検討を行った．その結果，色調の異なる粉末と樹脂の配合率を変えることにより造形体の色調を制御可

能であるということが明らかとなった．また，それらを多層化することで明確な境界のない色調のグラデーションを実現

できた．  
 

Key words : zirconia, 3D printing, stereolithography, dentistry crown, aesthetics  

 

 

１． 緒言 
近年，3D 造形に関する技術は日々発展しており，樹脂や

金属の造形による実用品が作製されている 1)．最近ではセラ

ミックスの 3D 造形にも注目が集まっており，それを実現する

装置の開発も進められている 2)． 

セラミックス 3D 造形は様々な分野での応用が期待されて

おり 3)，そのアプリケーションの１つとして人工歯冠が挙げられ

る 4)．歯科治療における人工歯冠の多くは精密鋳造法により

作製されているが，近年では金属単価の高騰や金属アレル

ギの観点から脱金属化として硬質レジンやセラミックス材料に

シフトし始めている．また最近では CAD/CAM システムによる

削り出しの手法にも変わりつつあり，さらに保険適用により広く

普及しつつある． 

人工歯冠に求められる機能の一つとして，とくに国内では

周囲の歯との色調を合わせる審美性が挙げられる．これに関

して現状では材料の配合や盛り付け方等，歯科技工士の技

量に頼る部分が多く再現が難しい．一方で，CAD/CAM シス

テムではあらかじめカラーグラデーションが施された削り出し

ディスク／ブロック材料を使用することで対応しているが，あく

まで数種類のバリエーションによるレディメイドでの対応となる

ため，患者一人一人に合わせたオーダーメイドとは言えない．

さらに，除去加工により加工後の色調までを制御することは極

めて困難であり，この点についても課題が残されている． 

以上の課題を解決する方策として，本研究ではセラミックス

3D 造形技術による人工歯冠の作製に着目した．すなわち所

望の審美性を満たす手法として，積層造形の特性を活かし層

ごとに材料の色調を自由に選択することでカラーグラデーショ

ンをオーダーメイドで作製可能ではないかと考えた．具体的

には人工歯冠材料として最も広く使用されているジルコニア

を素材とし，カラーグラデーション実現を目指した．その第一

段階として，本法では白色のジルコニア粉末と黄色に着色さ

れたジルコニア粉末を用いてセラミックス 3D 造形を行い，そ

の際の色調の変化および造形挙動について検討を行った．  

 

２． セラミックス 3D 積層造形技術 

セラミックスの 3D 造形技術は大きく分類して①材料押出方

式，②バインダージェット方式，③粉末焼結積層，④光造形

法がある 5)．その中でも高精度，高密度の複雑形状を造形す

るのに適しているのが光造形法であり，本研究ではその方式

を採用した． 

図 1 に光造形法による造形機構を示す．材料にはセラミッ

クス粉末と光硬化性樹脂とを混合し，ペースト状にしたもの

（以下，ペースト材料）を用いる．本手法ではまず，ペースト材

料をタンクから定量切り出し，それをドクターブレード方式によ

って 1 層分の膜に成膜する．膜厚は材料によっても異なるが，

およそ数十 m である．得られた成膜面に対して UV レーザを

照射することで造形個所を選択的に硬化させる．その後造形

＊１ 新東工業株式会社：〒442-8505 愛知県豊川市穂ノ原
3-1 SINTOKOGIO, LTD. 
＊２ 東北大学 大学院工学研究科:〒980-8579 仙台市青葉
区荒巻字青葉 6-6 School of Engineering, Tohoku University 
＊３ 東北大学 大学院歯学研究科:〒980-8575 仙台市青葉
区星陵町 4-1 School of Dentistry, Tohoku University 
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テーブルが 1 層分降下し，再び材料の成膜，UV 照射を繰り

返すことで成形体を作製する．セラミックスの 3D 造形ではあく

までもセラミックス粉末を樹脂で固めた成形体の作製であり，

その後，加熱炉にて脱脂（脱バインダー）及び焼成を行う必

要がある． 

従来のセラミックス光造形法では，主に炭化ケイ素やアルミ

ナといった粉末が用いられており，それらを用いて 3D 造形用

ペースト材料 6)，3D 成形体 7)およびその焼成体 8)9)の作製と

いう観点で研究が進められている．また材料の複合化という

観点では，複数のセラミックス粉末を混ぜ合わせた混合材料

による造形が試みられている 10)．その一方で，層ごとに異なる

材料を積層し，造形体を作製するという事例はこれまでにな

い．本研究ではこの点に着眼し，歯科的に高い審美性を有

するカラーグラデーション造形体の作製を目的として，層ごと

に色調の異なる材料を用いた造形を試みた． 

 

図１ セラミックス 3D プリンター（光造形法）の造形機構 

 

３． 実験方法 

３．１．供試材料 

粉末には白色，黄色の 2 種類のジルコニアを用いた．白色

粉末には TZ-PX-245（東ソー製）を用い，黄色粉末には TZ-

PX-364（東ソー製）を用いた．各粉末に分散剤，光硬化性樹

脂，光重合開始剤を適量配合し，自動乳鉢 AMN-1000 型

（日陶科学株式会社製）にて混ぜ合わせ，3D 造形用のペー

スト材料を作製した．本研究では表 1 に示すように 2 種類の

粉末を用いて3 種類の配合のものを作製した．なお，これら粉

末と樹脂の配合比は①粉末：樹脂＝30vol%：70vol%，②粉

末：樹脂＝50vol%：50vol%の 2 種類とした． 

３．２．粘度測定 

セラミックス粉末と樹脂の配合によって見掛けの粘度が変

化する．そこで，配合したペースト材料の物性の一つとして粘

度を測定した．粘度の測定は TVE-25 形粘度計（東機産業製）

を用いた．ペースト材料は非ニュートン流体であり，チクソトロ

ピー性を示すため見掛け粘度として測定を行った．見掛け粘

度の測定は JIS R166511)セラミックススラリーの回転粘度計に

よるチクソトロピー性測定方法を参考とした．測定温度は 23

度に設定し，せん断速度は 0.2，2.0，20.0，200.0 s-1 とした．

また，高せん断速度で 10 分間十分なずり速度を与え，その 3

分後に各せん断速度にて見掛け粘度を測定した． 

３．３．成形方法 

3D 成形装置には Ceramaker100（3D CERAM-SINTO 製）

を用いた．レーザの出力は 300mW とし，積層厚さは 25μm と

した．各色の TP（テストピース）は□10mm×厚さ 2mm の板状

とした．また本研究では 3 種類の材料を用いた 3 層構造の TP

も準備した．この TP は□20mm×厚さ 3mm の板状であり，

1mm 毎に材料の種類を変えて成形を行った．なお，全ての

成形体は成形後に未硬化のペースト材料に覆われている．

そのため，有機系溶剤等を用いて洗浄し硬化した成形体の

みを取り出した． 

３．４．脱脂・焼成 

脱脂炉には熱風循環式常圧脱脂炉 DC-6060-SP（モトヤマ

製）を使用した．温度 500℃，保持時間 3h の条件で脱脂を行

った．炉内雰囲気は①大気，②窒素雰囲気の 2 条件とした．

焼成炉には高速昇温電気炉 NE-3035F-SP（モトヤマ製）を使

用し，温度 1435℃，保持時間 2h，の条件で焼成を行った． 

３．５．熱分析 

脱脂工程の分析には熱分析（TG-DTA）を行った．分析装

置は Therm Plus2（リガク製）を用いた．昇温速度は 20℃/min

とした．各 TP 作製時に□2mm×厚さ 1mm のサイズのサンプ

ルを一緒に成形し熱分析用試料として用いた． 

３．６．単層膜厚測定 

各ペースト材料の 3D 造形時の硬化度合いを比較するため，

単層膜を作製し，その膜厚の計測を行った．単層膜は造形テ

ーブルに十分な高さ（約 1mm）のペースト層を準備し，□

10mm のサイズに UV 光を 1 層分照射させることで作製した．

作製した単層膜を膜厚計にて 3 か所測定しその平均値を膜

厚とした． 

 

表１ 供試粉末の配合比 

配合 

ジルコニア粉末 

TZ-PX-245 

（白色） wt% 

TZ-PX-364 

（黄色） wt% 

白色 TP 100 0 

中間色 TP 50 50 

黄色 TP 0 100 
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４． 実験結果および考察 

４．１． ジルコニア TP 作製における粉末配合率の影響 

前述の通り，セラミックス粉末と樹脂の配合によって見掛け

の粘度が変化するが，光造形法ではこのときの粘度が造形条

件として重要な要素となる．とくに同手法ではドクターブレード

方式により数十 m の膜厚を成膜するため，可能な限り低粘

性であることが好ましい．そこで本研究ではまず，粉末と樹脂

の配合率と見掛け粘度の関係について評価を行った．その

結果を図 2 に示す．同図より，粉末濃度が高くなるほど見掛け

粘度も高くなる傾向が確認された．また，各配合比の材料を

用いて 3D 造形を行った．その結果，粉末濃度が 50vol%を超

えると，ペーストの状態を保てなくなり，造形が不可となった．  

 

図２ 粉末濃度と見掛け粘度の関係 

 

次に，粉末濃度 30vol%と 50vol%で配合したペースト材料

を使用して 3D 造形を行った．図 3 にその成形体，脱脂体お

よび焼成体を示す．粉末濃度 50vol%で作製した TP は脱脂

後に一部の変形が確認されたが破損までには至らず，焼成

まで行うことができた．それに対して粉末濃度 30vol%で作製

した TP は，脱脂時に著しい変形が生じ，破損にまで至ったた

め焼成が行えなかった．これは，脱脂工程で材料に含まれる

樹脂分が加熱され，多量のガスが発生したためであると考え

られる．つまり脱脂時に内部で発生したガスが外部へ放出さ

れる際に成形体の変形を引き起こしていると考えられる．その

ため，粉末濃度が低く樹脂分が多い，粉末濃度 30vol%の TP

において，変形，破損が生じたものと考えられる．そのため次

節以降は粉末濃度 50vol%を材料配合の基準として採用し，

実験を行った． 

図３ 白色粉末を用いた成形体および脱脂体，焼成体 

 

４．２． 造形体のカラーグラデーション化 

着色されたジルコニア TP を作製するにあたり，本研究では

まず，白色粉末のみを使用して造形した TP（白色 TP），黄色

粉末のみを使用して造形した TP（黄色 TP）およびそれらを

50wt%ずつ配合した粉末を使用して造形した TP（中間色 TP）

を造形した．3 種類の成形体，脱脂体および焼成体を図 4 に

示す．同図に示した通り，どの TP も脱脂時に変形が生じた．

また，黄色粉末が含まれる黄色 TP および中間色 TP では，脱

脂によって赤く変色することが確認された．この赤い変色は

TP の表面だけに現れており，内部では変色が認められなか

った．このことから，黄色粉末が含まれる TP の変色は，黄色

粉末に含まれる微量の酸化鉄成分による影響であると考えら

れる．ただし，これらの変色は焼成後には確認されないため，

上述の脱脂時における変色は焼成体の色調には影響を及ぼ

さないといえる．以上のことから，粉末の配合率を変化させ，

色調を変えたペースト材料を用いることによって，その色調に

応じた色味を有する造形体を作製可能になることが明らかと

なった．  

 

図４ 各配合で作製した成形体，脱脂体および焼成体 
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次に作製した 3 種類の材料を用いて 3 層構造のカラーグラ

デーションを有する造形体の作製を試みた．なお，最下層か

ら黄色，中間色，白色の順で 3 層構造とした．図 5 にそれらの

成形体，脱脂体および焼成体を示す．同図より，図 4 と同様，

脱脂時に変形が生じ，焼成体にその変形が残留しているもの

の破損までには至らなかった．また，焼成体の最上面は白色，

最下面は黄色を示しているが，側面から見ると下方から上方

に黄色味が減少している様子が確認できた．このことは，色調

の異なる粉末の配合比を変化させた材料を適切に供給する

ことにより，造形体のカラーグラデーション化が図れることを示

すものである． 

ただし，焼成体の側面では黄色層と中間色層の層間に割

れが生じていた．この層間の割れは完全な剥離にまでは至っ

てはいないが，目視できるほどの大きさであった．その一方で，

中間色層と白色層の層間には上記のような割れは確認され

ず，色調の境界線も認められなかった．この点については 4.4

節で検討，考察を行う． 

 

図 5 3 層構造 TP の成形体，脱脂体および焼成体 

 

４．３．成形体の変形に及ぼす脱脂雰囲気の影響 

前節までの TP の造形において，脱脂工程での変形が課

題となった．これは脱脂時に生じる樹脂の燃焼反応および発

生するガスに起因するものであると考えた．そこで，これまで

の大気雰囲気での脱脂から，窒素雰囲気に変えることで酸素

の供給を抑え燃焼反応を抑制することで脱脂時の変形を抑

制することを試みた． 

まず，4.2 節で使用した 3 層構造を有する TP に対して窒素

雰囲気での脱脂および焼成を行った．図 6 に窒素雰囲気で

脱脂した TP の成形体，脱脂体および焼成体を示す．なお，

窒素雰囲気での脱脂後には樹脂に由来する炭素が表面に

残存しており，焼成前に脱炭処理を行った．同図より，焼成体

の上面および下面には目立った変形は確認されなかった． 

次に，大気雰囲気と窒素雰囲気における脱脂時の燃焼反

応について調べるため，各雰囲気での発熱量を測定した．そ

の結果を図 7 に示す．同図より，大気雰囲気では 400℃付近

に大きな発熱量のピークがあり，燃焼反応が起きていることが

確認された．また図 8 に熱分析時の雰囲気温度の変化を測

定した結果を示す．昇温速度 20℃/min で制御されているに

もかかわらず，大気雰囲気では 400℃付近に昇温速度の上

昇が確認された．これらの結果から，大気雰囲気では燃焼反

応により大きな発熱反応が生じていることが明らかとなった． 

以上の結果から，脱脂時における成形体の変形は樹脂の

燃焼反応に伴うガスの発生によるものであるといえ，窒素雰囲

気で脱脂を行うことで上記の反応を抑制でき，変形の問題を

解決可能であることが明らかとなった． 

 

図 6 窒素雰囲気で脱脂した 3 層構造 TP 

 

図７ 各雰囲気での熱分析結果（発熱量） 

 

図８ 各雰囲気での熱分析結果（雰囲気温度） 
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４．４．造形体の層間割れに及ぼす粉末配合率の影響 

 前節において，脱脂時の雰囲気を変更することにより成形

体の変形抑制が可能となった．ただしその一方で，焼成体に

は大気雰囲気中での脱脂時と同様，1 層目（黄色層）と 2 層

目（中間色層）の層間に割れが生じた．これは脱脂条件だけ

でなく成形時点で何らかのひずみが発生したためであると考

えられる．とくに，3 層構造 TP の層間の割れは黄色 TP と中

間色 TP の層間にのみ生じていたことから，色調（粉末配合率）

の違いが何らかの影響を及ぼしていると考えた． 

そこでまず，各ペースト材料に対して UV 光を照射した際の

硬化の度合いを比較した．具体的には UV 硬化させた単層

膜を作製し，その膜厚の比較を行った．その結果を図 9 に示

す．同図より，膜厚は白色 60.0μm， 中間色 54.3μm， 黄色

48.0μm であり，配合する粉末の色調によって UV 硬化の度合

いが変化した．これは，各ペースト材料に含まれる樹脂配合

率に違いがないことを踏まえると，各粉末の持つ色調によって

UV 光に対する光学特性（吸光率）が異なることに起因するも

のであると考えられる．すなわち，色調の異なるペースト材料

では硬化に寄与する樹脂量の割合が異なり，その結果として

成形体 1 層当たりの膜厚が変化したと考えられる． 

 

図９ 各材料の単層膜厚測定の結果 

 

次に各成形体の熱分析を行った．その結果を図 10 に示す．

同図より，各成形体はいずれも前節で発熱が生じた 400℃付

近で重量が減量し，600℃付近で一定の値に収束するという

挙動を示した．ただし各成形体で収束する値が異なっており，

白色，中間色，黄色の順に減量割合は大きく，それぞれ

20.5wt%，18.9wt%，16.2wt%であった．この重量減量は造形

体の収縮をもたらすものと考えられる． 

図１０ 各成形体の熱分析結果（重量減量） 

 

図 9，10 で得られた結果から 3 層構造造形体の層間で生

じた割れの原因について考察する．まず図 9 より，色調の異

なるペースト材料では硬化に寄与する樹脂の割合が変化す

ることが明らかとなった．このことは色調の違いにより硬化後に

残留する樹脂量に違いが生じることを示している． 

次に図 10 から各 TP の重量減量が変化することが明らかと

なった．この重量減量割合は白色 TP の重量減量を 1.0 とす

ると中間色 TP は 0.9，黄色 TP は 0.8 に相当し，この割合は

図 9 の膜厚の割合とも一致している．粉末のみの熱分析では

重量減量が生じないこと，また焼成後には樹脂はほとんど残

留していないことを考えると，図 10 で得られた重量減量分は，

硬化後に成形体に残留している樹脂量に対応していると考え

られる． 

以上のことから，まず造形時の硬化に寄与する樹脂量が色

調（粉末配合率）によって変化し，1 層当たりの膜厚が変化す

ると言える．また，それによって成形後に残留する樹脂量も変

化し，それに伴って脱脂時，焼成時の TP の収縮率が変化す

るということが言える．すなわち，色調の違いによる成形体一

層当たりの膜厚と，脱脂体，焼成体の収縮の関係により造形

体に発生するひずみ量が変化し，そのバランスによって割れ

が発生したものと考えられる．ただしこのひずみの発生機構

については今後詳細に分析し改めて報告する予定である． 

 

５． 結論 

本研究では白色および黄色のジルコニア粉末およびその

混合粉末を用いてセラミックス 3D 造形体を作製し，その際の

色調の変化および造形挙動について検討，考察を行った．

その結果，以下の知見が得られた． 

１． 各色の粉末と樹脂の配合率を変えることで，造形体の色
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調を制御可能であることを示した．またそれらを層状に重ねた

造形体では層間での色調の境界は確認されなかった．このこ

とから色調を更に多段階にわけることで自然なグラデーション

を有する造形体を作製できる可能性が示唆された． 

２． 大気雰囲気中で脱脂を行った場合，樹脂の燃焼反応に

伴うガスの発生により，色調に関わらず成形体が変形すること

が明らかとなった．この点に対して，雰囲気を窒素雰囲気に

変えることで発熱反応が抑制され，成形体の変形を制御可能

であることを示した．  

３． 色調（粉末配合率）の異なる造形体を層状に重ねた場合，

その重ね方によっては層間で割れが生じることが明らかとなっ

た．この割れは各造形体層における成形，脱脂，焼成時に生

じる変形に起因することを示し，そのバランスを考慮すること

で割れのない多層造形体を作製できる可能性を示した．  
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実施機関からのコメント 

文部科学省ナノテクノロジープラットフォーム事業     

国立大学法人 東北大学 微細構造解析プラットフォーム 
 

a公益財団法人いわて産業振興センター 

久慈 千栄子a 

 アモルファス金属は、結晶構造を有する金属とは異なり、ガラスのような非晶質構造を保って固化した金
属である。その特殊な構造に起因して、高強度、高軟磁性、高耐食性等の優れた特性を発現し、特に軟磁性
材料としての応用が期待されている。一方で、機械的強度の高さから加工抵抗が非常に高く、工具摩耗が激
しい等といった難加工性を示す材料である。申請者は、アモルファス金属の諸特性がその構造に起因するこ
とに着目し、熱処理を援用した新たな加工手法の開発を試みている。加熱によりアモルファス金属は核生
成・成長機構により結晶を析出することが知られているが、その析出形態は組成比に依存して異なる挙動を
示す。そこで本課題では、最適熱処理条件の選定に向け、Fe系アモルファス金属に対して一様な熱処理を行
い、その結晶化挙動を明らかにすることを目的とした。  

 試料には、日立金属製のFe基アモルファス薄帯Metglas 2605S-3A（Fe77B16Cr2Si5）を用いた。還元雰囲気
下（0.998%H2-Ar）において、昇温速度20℃/minで室温からそれぞれ任意の温度まで昇温した。熱処理した
試料は、集束イオンビーム加工観察装置（FIB）を用いて薄膜化し、透過型電子顕微鏡（TEM）を用いて内部
構造の観察を行った（図1）。 
 TEM観察結果を図2に示す。非加熱の試料からは、アモルファス構造特有のグレーの観察像が得られた（図
2(a)）。最高加熱温度753Kの試料では（図2(b)）、試料内部は非加熱試料と同様のグレーパターンが得られ
たのに対し、試料表層には約数十ナノメートル厚の結晶相が析出した。回折像から、この表層に析出した結
晶相はα-Feであることが判明した。最高加熱温度773Kの試料では（図2(c)）、表層の結晶相に加え、試料
内部ではアモルファス相に約100nm程度の結晶粒が分散して析出した。さらに加熱温度を上昇させ、最高加
熱温度873Kの場合では（図2(d)）、試料内部に分散した結晶が結晶粒同士が隣接するほどに成長することが
分かった。 
 本課題では、熱処理温度に対応した結晶の析出形態を調査した。今後は、様々な構造に対する加工性の評
価を行う事により、加工性能を向上させる最適な熱処理条件を導くことが出来るものと期待される。 

本課題において利用者は工業的利用を念頭においたFe-Si-B系アモルファス金属の結晶化挙動の解明を必要としており、

精密な熱処理と構造解析が必須であった。DSC, XRD, FIB/TEM/STEM を用いた支援に基づいた議論を進める中で、この

材料が呈する機械的性質が微細構造の影響を強く受けていることが判明し、最適な加工法につながる熱処理条件を材料

科学的な観点から導出することができた。応用上の重要性だけではなく、一連の結果は学術誌でも公表されることが決

定し、「産業は学問の道場なり」を体現できた。 

 

アモルファス金属の加工技術開発 

成 果 

目 的 

非加熱試料     753 K      773 K      873 K 
 

図2 TEM観察結果  図1 透過型電子顕微鏡（TEM／JEOL JEM-2000EXII） 
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表 1 放電条件 

条件 ピーク電流 

[A] 

サーボ電圧 

[V] 

パルス幅 

[µs] 

休止時間 

[µs] 

1 13 41 128 128 

2 5 55 24 16.0 

3 1.5 100 6.4 30.4 

 

 

図 1 ジャンプパラメータと加工の概要 

 

図 2 デブリの粒度分布 

 

図 3 デブリの SEM画像 

 

 

 

放電加工時のデブリ発生とジャンプパラメータが加工効率に及ぼす影響 
 

〇湯田健太郎*1，黒川聡昭*2，齊藤大揮*2，水谷正義*1，厨川常元*1
 

 

Debris generation during electrical discharge machining and the Effect of Jump Parameters on Machining Efficiency 

Kentaro YUDA, Toshiaki KUROKAWA, Daiki SAITO, Masayoshi MIZUTANI and Tsunemoto KURIYAGAWA 

In die-sinking EDM, it is important to remove machining debris from the discharging gap for machining stability and 

efficiency. In the jump flushing method, which is the main method of removing debris, it is necessary to consider appropriate 

jump parameters in order to achieve both machining efficiency and flushing effect. However, it is still difficult to select the 

optimum jump parameters without some experiments because it is difficult to observe the gap space and the discharge 

phenomenon is not yet fully understood. Therefore, in this study, as a means of clarifying the discharge phenomenon, we 

analyzed the debris generated from multiple discharge conditions. In addition, the optimal jump parameters under specific 

conditions and the effect of each parameter on machining efficiency were investigated by conducting actual machining 

experiments. 

 

1  緒 言 

形彫放電加工において，デブリの滞留は加工速度の低下や

異常放電の原因となる．そのため，デブリの高効率な排出は

放電の安定性維持，あるいは加工の高効率化にとって重要な

役割を果たす．1)．ジャンプフラッシング (JF) 法は電極を周

期的に上下に往復運動させるもので，ギャップ間のデブリを

排出する手法であり 1)，放電加工におけるデブリの排出に最

も一般的に用いられている．JF法はこれまでに様々な研究 1)2)

がなされてきたが，デブリの挙動を解析的に解明し，加工条

件に適したジャンプパラメータを導出する手法の確立には

至っていない．本研究は，JF法におけるデブリ排出挙動をモ

デル化し，解析的に表現することを目的としている．本報は

その第一段階であり，種々の条件下でジャンプフラッシング

を行った際の加工効率の変化を実験的に評価し，その関係性

について検討・考察を行った． 

2  実験装置と実験条件 

本実験では電極に 5×5×27 mm の銅電極，工作物に 10×

10×30 mmの SUS420J2 系ステンレス合金を用いた．加工は

形彫放電加工機を使用し，表 1に示す条件 1から 3の放電条

件で Z軸単軸方向の止まり穴加工を行った．本研究では，ジ

ャンプ速度 (JS)，ジャンプアップ量 (JU)，ジャンプダウン時

間の (JD) の 3 つのジャンプパラメータを扱う．3 つのパラ

メータと加工の概要を図 1に示す．異常放電発生による電極

位置の制御はなく，ジャンプおよび放電は周期的に行う．ま

た，デブリの分析では，乾燥させたデブリを粒度分布計，走

査型電子顕微鏡 (SEM)を用いて分析を行った． 

3  デブリの粒度分布測定 

条件 1から 3のそれぞれのデブリについてその粒度分布を

測定した結果を図 2に示す．同図から，いずれの条件におい

ても 30 ~ 50 µm程度の粒子の存在割合が最も高く，条件１で

は 200 µm程度の粒子群，条件 2では 10 µm程度の粒子群も

存在していることが確認できる．また，放電エネルギの大き

い条件 1 では粒度が高く，ばらつきも大きいことがわかる．

これは放電エネルギが大きくなるほど，溶解部の体積が大き

*1 東北大学大学院工学研究科機械機能創成専攻 

*2 三菱電機株式会社 先端技術総合研究所 

 



くなり，飛散するデブリの粒径が大きくなるためであると考

えられる．図 3 は排出されたデブリを SEM により観察した

画像である．デブリには，同図上段のように粒径が数 µm ~ 30 

µm と比較的小さく円形度が高い粒子と，下段のように粒径

が比較的大きく複雑な形状の 2種類が存在していることが確

認できた. 

4  放電加工実験による最適ジャンプパラメータの選定 

表 1の条件 1を用いて，加工深さを 5 mmと固定し， 3つ

のジャンプパラメータを変化させ，各パラメータが加工速度

に及ぼす影響を検討し，最適パラメータを実験的に求めた． 

4.1  電極の消耗が加工時間に与える影響 

図 4は同一ジャンプパラメータ，同一電極で繰返し加工し

たときの加工時間の変化を示したグラフである．4 回目まで

は加工を重ねるにつれ加工時間が減少するが，5 回目以降は

加工回数の影響を受けないことがわかる．図 5は上記実験に

て，各回測定後の電極の様子をデジタルマイクロスコープで

観察したもので，図中右上のエッジ部分の消耗度合いに注目

する．その結果，電極の消耗度は 3回目の加工終了時までは

徐々に大きくなっていくが，4 回目終了時以降はほとんど変

化がないことがわかる．図 4と図 5の結果より加工時間の減

少は電極の形状に起因しており，これは，電極角部が消耗す

ることで，加工穴の角部に溜まったデブリの存在による集中

放電が起きにくくなるからであると考えられる 3)．本結果よ

り，以降の試験では 4 回以上加工を行った電極を使用する． 

4.2  ジャンプパラメータが加工時間に与える影響 

各ジャンプパラメータを変化させた時の加工時間の測定

結果を図 6 (a) ~ (c)に示す．また，このとき，形彫放電加工機

で測定した異常放電が発生したことを示す不良パルスの発

生率を図 7 (a) ~ (c)に示す．不良パルス率が高いほど，デブリ

による影響が大きいといえる．図 6 (a)の通り，JSが 5 m/min

の際に加工時間は最短となった．図 7 (a)より，この範囲でデ

ブリ排出効果に明確な優劣が存在しないため，JSが大きいも

のほど加工効率が良くなったと考えられる．また，図 6 (b)

より，JUが 0.6 mmの時に加工時間は最短となった．これは

図 7 (b)のように小さい JUではデブリの影響を受けやすい一

方で，大きい JU では加工が進行しない時間（非加工時間）

が長くなり加工効率の低下を招くことが要因と考えられる．

また，図 5 (c)および図 6 (c)より，JDが 0.25 msで加工時間が

最短となったが，これは JD が大きくなるほどデブリの影響

を受けやすくなり，逆に JD が小さすぎても非加工時間が長

くなってしまうからであると考えられる． 

5  結 言 

本研究では、初めにデブリの分析を行った．また，最適ジ

ャンプパラメータを実験的に求めるとともに，各パラメータ

が加工時間に与える影響ついて検討した．以下に得られた知

見をまとめる． 

(1) いずれの条件についても 30 ~ 50 µm程度の粒子の存在割

合が最も高く，放電エネルギが大きい条件では粒度が高く，

ばらつきも大きくなることが確認できた． 

(2) 条件 1，加工深さ 5 mmの場合，各パラメータについてそ

れぞれ JS = 5 m/min，JU = 0.6 mm，JD = 0.25 ms のとき加

工効率が最大となることがわかった． 

(3) JUが小さい場合，実際に加工が進行したことを示す有効

加工時間が長くなるがデブリによる影響が大きくなる．一

方，JUが大きい場合は，デブリ排出効果が大きくなるが非

加工時間が長くなる． 

(4) JDが小さい場合，デブリによる影響が小さくなるが加工

効率が低下する．一方，JDが大きい場合は，有効加工時間

が長くなるが加工屑による影響は大きくなる． 
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図 4 電極の使用回数と加工時間 

 

図 5 電極の使用回数と消耗度 
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Creation of Functional Three-Dimensional Structure with 

Metal Additive Manufacturing Technology 
 

Shinji Ishibashi 
 

Abstract 

While most industrial products made by humans are made of dense materials, most structures made by nature 

are porous materials. Porous structures have characteristics such as light weight, heat insulation, sound absorption, 

and energy absorption, and these effects vary depending on the shape and size of the pores. Metals with this porous 

structure are called porous metals, and are expected to be used in various industries, including the automotive 

industry for weight reduction, noise reduction, and safety; the electronics industry for cooling performance and 

miniaturization; and the medical industry for biocompatibility. One of the functionalities of porous materials is the 

graded function. Since interfaces between dissimilar materials whose composition and structure change 

continuously can alleviate the stress concentration that occurs at intermittent interfaces, gradient functional 

materials are being developed for aircraft, cutting tools, biomaterials, and other applications. This study focuses 

on the creation of gradient structures by porous materialization, because the realization of gradient functions in 

porous structures leads to the creation of materials that express both functionalities. An example of the application 

of the graded porous structure to an implant was shown. The method to realize the graded porous structure requires 

a wide range of porosity controllability, flexibility in forming complex shapes, and processing of difficult-to-

process biometals. These conditions, which are difficult to realize in conventional porous metal fabrication 

methods, inspired this dissertation to develop a new method using selective laser melting (SLM). Rhizoid porous 

structure (RPS) refers to the porous structure accidentally formed inside the SLM objects, and the RPS appearing 

on the cross section of the SLM object suggested that the laser conditions were able to control the pore properties 

of RPS. Therefore, the purpose of this dissertation is to control the pore properties of RPS using SLM for the 

realization of the functional graded structure. The material is Ti-6Al-4V powder and X-ray CT was used to evaluate 

the pore properties. Additionally, tensile and fatigue tests were conducted to investigate the mechanical 

functionality of the SLM objects with RPS. This dissertation is consisted of the following six chapters. 

Chapter 1 describes the flow from porous structure to the requirement of RPS control and clarifies the purpose 

of this dissertation. 

Chapter 2 evaluates the effects of energy density, sintered area, and laser time interval on the porosity of 73 mm3-

cubic SLM objects. Energy density refers to the laser energy input into the metal powder bed per unit volume, 

sintered area refers to the area sintered by the laser in a layer, and time interval refers to the time required for the 

laser to sinter from a point on one pass to a point on an adjacent pass. The decrease in energy density and increase 

in sintered area caused the increase in porosity, while the time interval had little effect on porosity. The three-

dimensional (3D) visualization of the pores inside the SLM model showed that the decrease in energy density 

caused the cell structure to change from a closed cell structure to an open cell structure as the porosity increased. 

The scan speed and hatch spacing are elements of the energy density and the effect of scan speed on the porosity 

was larger than that of hatch spacing. The insufficient sintering due to the low energy density and the created pores 
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suggested that the shrinkage of the melt pool caused the porosity increase at high scan speed. The images of spatter 

scattering and adhesion during sintering suggested that the degradation of the properties of the powder bed and 

sintered surface led to the increase of porosity in the high sintered area. By using a laser scanning speed that 

linearly changes the porosity, graded porous structures were successfully created in SLM objects. 

Chapter 3 evaluates the effects of scan speed, sintered area, and time interval on pore morphology (inclusion 

angle, flattening, formed distribution, and spatial frequency) to control the pore shape. The integrated results of 

the four pore morphologies analogize the 3D morphology of the porous structure produced by each shaping 

parameter. The scan speed and sintered area having a significant effect on the porosity also showed characteristic 

results for the pore morphology. While the porous structure created by high scan speed showed orientation and 

distribution perpendicular to the building direction and the periodicity related to layer thickness and hatch spacing, 

the porous structure created by the high sintered area showed an orientation and distribution parallel to the stacking 

direction and the periodicity related to hatch spacing. The difference of about 90° in the pore orientation between 

the high scan speed and high sintered area porous structures implied that the shape of the melt pool took the form 

of teardrops or keyholes, depending on the temperature state of the object during sintering. The pores of the high 

scan speed specimens were oriented perpendicular to the building direction because the pores formed preferentially 

around the teardrop-shaped melt pools that shrank with increasing scan speed. The increase in the sintered area 

would have increased the heat input to the object more than the heat escaping to the powder bed, thus increasing 

the temperature of the object. The increased temperature caused the melt pool to penetrate deeper into the object, 

and a pore was created at the tip of the keyhole-shaped melt pool. The increased object temperature caused the 

melt pool to penetrate deeper into the object and a pore was created at the tip of the keyhole-shaped melt pool. In 

other words, the pores of the porous structure are oriented perpendicular to the building direction when the melt 

pool is teardrop shaped, and those of the porous structure are oriented parallel to the building direction when the 

melt pool is keyhole shaped. The time interval did not affect the pore morphology as well as the porosity. 

Chapter 4 prepares tensile test specimens with RPS and evaluates the tensile properties of RPS. The tensile 

strength decreased with increasing scanning speed, and the specimen with scanning speed of 150 mm/s showed 

tensile strength exceeding that of conventionally annealed material. The RPS tensile specimens fractured brittle in 

a zigzag pattern, but the fracture surface showed equiaxial dimples caused by ductile fracture with necking. The 

microstructure of the SLM objects did not change significantly over a wide range of energy densities and was 

dominated by acicular α-phase grains. The tensile strength of RPS tensile specimens with high porosity was lower 

than that of conventional heat-treated specimens, even when the effective cross-sectional area calculated from the 

porosity was considered. This suggests that the decrease in strength of the high porosity RPS tensile specimens is 

not only due to the decrease in effective cross-sectional area but also because of pore shape. The local area between 

the pores with stress concentration at the corners becomes similar to the fracture with necking and then the fracture 

progression should cause the connection of the pores and the formation of equiaxial dimples on the fracture surface. 

Chapter 5 evaluates the effects of building direction, energy density, and laser path direction on fatigue life. The 

fatigue life of the rectangular SLM model was maximized by layering with high energy density in the height 

direction and the direction of the laser path was parallel to the short side. The fatigue life of the longitudinally 

layered fatigue specimens with the weakest orientation and distribution against bending stress was affected by 

their pore morphology more than by their porosity. The pores of the specimens layered in the height direction were 
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strong morphologies against bending stress. The fatigue life of the high energy density specimen did not reach the 

fatigue limit due to the lower limit of porosity. To break through the lower limit of the porosity, the laser path was 

fixed in the direction parallel to the short side. The fixed short laser path stables the shape of melt pool, achieved 

a porosity of less than 1%, and reached the fatigue limit at a stress amplitude of 100 MPa. 

Chapter 6 describes the conclusion of this dissertation and engineering and industrial significance. 

 



Study of Processing Mechanism in Dental Powder Jet Deposition 

 

Akihiko TOMIE 

 

Abstract 

In the current dental treatment, various dental materials are used for restorative treatment and prosthetic 

treatment. Dental materials must have sufficient mechanical strength to replace lost oral functions, while also being 

biocompatible to be functional in the body for a long time. In addition, aesthetic characteristics of the treated tooth 

are also required since it is an exposed tissue. However, no ideal dental material exists satisfying all those 

characteristics at the present time, and the conventional materials are applied to the treatments with the risk of 

secondary caries. Therefore, the author has proposed a new dental treatment method by utilizing hydroxyapatite 

(HA), which is the main element of the teeth enamel. By applying this material, a treatment could be realized with 

long-term stability and aesthetics in an oral cavity due to its high biocompatibility. In the proposed method, powder 

jet deposition (PJD) is utilized to form a HA film on a tooth surface. PJD is a process in which fine particle of 

several micrometers are injected onto a target object at high speed to adhere the particle material, and it can be 

applied in atmospheric pressure at room temperature. The objective of this study is to summarize the HA film 

formation technique for dental treatment. The first phase of the study was to clarify the stable deposition conditions 

under which HA films could be formed without removing the existing healthy teeth. This study applied a 

computational fluid dynamics (CFD) method to clarify the motion trajectory of HA particle. HA particle size 

appropriate for dental treatment was determined by comparing the analysis results with those of the processing 

experiments. In addition, the human teeth possess a curved surface, indicating that the particle may impact 

obliquely. In this case, a shear force acts on the impacted object, however, the processing phenomenon has not 

been investigated in previous studies. Therefore, this study adopted the particle impact angle as a parameter of 

processing conditions. The second step of this study was the investigation of thickening and multifunctionalization 

of HA films. Focusing on the crystal structure of HA particle surface, the particle structure enabling effective thick 

film formation was discussed. Furthermore, the method of creating functional film by combining HA particle with 

functional material was also developed, and the guideline of particle design for PJD was established. As the final 

phase, PJD handpiece was designed for use by dentists in treatment, and prototype evaluation was conducted. 

 

In Chapter 2, the relationship between the impact velocity of HA particle and processing characteristics was 

investigated. First, a computational fluid dynamics model was developed to determine the impact velocity of HA 

particle. An analytical model for a compressible fluid was developed using the finite volume method and compared 

with the results of particle image velocimetry (PIV) measurements. The analytical results for the free jet were in 

accurate agreement with the PIV measurements. Next, the collisional jet was analyzed to obtain the collision 

velocity of the particle. At the same time, processing experiments were carried out on human tooth enamel using 

five different sizes of HA particles. From the results of the analysis and processing experiments, the following 

experimental equation was obtained for the calculated transition velocity vt for each particle size. 

vt = 398d-0.324 (4.4 ≤ d ≤ 9.5) 

The transition velocity for the particle sizes below 3.1 µm is expected to be close to or even greater than the speed 

of sound. Since the particle velocity achievable with the PJD nozzle used in this study is less than the speed of 

sound at most, particle with a diameter of 3.1 µm or less can be regarded as stable deposition conditions that do 

not cause removal processing. Therefore, HA particle with a diameter of 3.1 µm or less will be used in subsequent 



investigations. 

 

In Chapter 3, the relationship between the impact angle of the HA particle and the processing characteristics was 

investigated. HA particle with a diameter of 2.44 μm were injected into the HA substrate at four different nozzle 

angles: 30 deg., 45 deg., 60 deg., and 90 deg. When the nozzle angle was 90 deg., PJD condition was observed in 

which the film layer was formed on the entire surface. As the nozzle angle became sharper, a removal area was 

generated, and for a nozzle angle of 30 deg. a removal area was generated on 79.2 % of the processed surface. The 

cross-section of the machined surface was observed by transmission electron microscopy, and it was found that 

the substrate surface was amorphized in all specimens. In the case of oblique particle impact, the substrate surface 

was deformed in the shear direction, and the depth of the deformation increased as the impact angle became sharper. 

Following this, the Smoothed particle hydrodynamics (SPH method) was used to analyze the stress state at the 

collision interface. In the analysis, the speed of HA particle was fixed at 300 m/s and the impact angle was the 

same as in the experiment. The results showed that the strain and temperature of the impact surface increased 

significantly as the impact angle became sharper. In particular, the interface temperature reached 767 K at the 

sharpest angle of impact, 30 deg. From the results, it was clarified that in case of the oblique particle impact, the 

cutting action due to the shear force became dominant and the processing phenomenon was transited to the removal 

process. 

 

In Chapter 4, the relationship between the crystal structure of HA particle and their processing properties was 

investigated. Typically, HA particle are synthesized by a wet process and then milled and classified to a 

predetermined particle size. During the milling process, the crystalline structure of the particle surface is often 

damaged and the surface becomes amorphous. Hence, the author investigated the relationship between the crystal 

structure of the HA particle surface and the processing characteristics. Two types of HA particles with different 

crystalline structures were produced as specimens: the first, type A particle, contained a few tens of nanometers of 

amorphous layer on the surface, and the second, type B particle, was produced by heating type A particle to 230 °C 

for 12 hours to grow the amorphous layer into a crystal. The processing experiment was carried out by injecting 

two types of particles onto HA substrate under the same conditions. As a result, the film removal occurred during 

the deposition process only for type A particle, indicating the difficulty of forming a thick film. The decrease of 

particle diameter caused by the impact was almost the same for both type A and B particles, suggesting that the 

heating did not significantly change the mechanical properties of the particle, but changed the adhesion force at 

the collision interface. The cross-sectional area near the boundary between the deposition layer and the HA 

substrate was observed by transmission electron microscopy. It was observed that the highly crystalline layer of 

type B particle did not damage the HA substrate, but rather formed a dense layer of HA particle pulverized to the 

order of several nanometers to tens of nanometers. On the other hand, the layer deposited by type A particle had a 

polycrystalline structure, as did the layer deposited by type B particle. However, cracks of about 300 nm were 

observed in the layer. This suggests that the adhesion strength of the film layer of type A particle is not strong 

enough to withstand the stresses from the impacting particles and jet stream. This result indicates that the HA 

particle suitable for film formation requires a heating process to grow the surface crystals. 

 

In Chapter 5, composite film of HA and zirconia was designed to add new dental functionalities to PJD films. 

The composite film was designed by mechanically mixing HA and zirconia particles beforehand, which were then 

utilized as injection particle for PJD. Two types of HA/zirconia composite particles with different mechanical 

energies particles were produced using a dry particle-composite apparatus: one was an ordered-mixture composite 



particle (OM-typed particle) that was mixed by applying lower mechanical energy to the particle during processing 

at a stirring blade speed of 400 rpm and a processed particle volume of 12.5 mL. The other was mixed with higher 

mechanical energy (3000 rpm and 50 mL, respectively) to promote mechanofusion particle (MF-typed particle). 

The manufactured particles were analyzed by using TEM and EDS. The results showed that the zirconia particle 

of the MF-typed particle was combined with the HA particle, while the particle of the OM-typed particle was easily 

separated from each other due to its lower bonding strength. At the same time, it was also clarified that the crystal 

structure of the MF-typed particle was transformed due to strain induced by applying higher mechanical energy. 

Processing experiments using both types of particles showed that the MF-typed particle formed 96 % lower amount 

of film compared to that of the OM-typed particle. As shown in Chapter 4, the decrease in crystallinity of the 

particle is considered to affect the deposition efficiency. From TEM and EDS analysis of the formed films using 

the same method as for the particle, the deposited layers were observed to be composed of crystal grains with a 

size of about 10 nm, and zirconia was confirmed to be solid solution in a flattened state that was crushed in the 

direction of particle impact, regardless of the composite conditions. Therefore, it is appropriate to utilize the 

composite particle of the ordered mixture, which have superior deposition efficiency as the PJD injection particle. 

 

In Chapter 6, PJD handpiece was designed for use by dentists in treatment. the micron-order HA particle shows 

a high degree of cohesiveness, which results in residual particle on the pipe transporting the particle from the 

particle tank to the handpiece. Therefore, the author developed a dental PJD handpiece without a particle-

transporting pipe, utilizing a particle feed mechanism of tablet cutting. The experiments were conducted to 

investigate the relationship between the nozzle shape and the dispersion of the generated particle as well as the 

processing characteristics by using the designed device. As a result, the residual particle in the pipe could be cleared 

and the HA film was formed. Moreover, it was clarified that the particle dispersion characteristics depended on the 

nozzle shapes and that the film removal appeared under the conditions of the aggregated particle remained. This 

result showed that the particle dispersive characteristics needs to be considered in the PJD system design. By 

applying the elemental technology established in this chapter to future designs, it will be possible to realize a 

handpiece with high deposition efficiency that is easy to set up and handle by dentists.  

 

In Chapter 7, the general conclusions of this study were summarized. 

  



Study on machinability of amorphous alloys 

by localized microstructure control 

 

Chieko Kuji 

 

Abstract 

Amorphous alloys have random atomic structures without the long-periodic regularity of crystalline metals. 

Owing to their characteristic structure, in particular, Fe-based amorphous alloys exhibit excellent material 

properties such as high strength and toughness, high corrosion resistance, and high soft magnetic properties. The 

development of motors that take advantage of their high soft magnetic properties is expected to provide a clue to 

solving energy conservation problems. Nevertheless, high strength and toughness cause many machining defects, 

such as cutting faults, burrs, and excessive shear droop. The machining resistance is also high, and which results 

in severe tool wear. Although the various difficulties in machining have been pointed out, the novel machining 

method to overcome these problems has not yet been developed. In this study, we focused on the various properties 

of amorphous alloys are attributed to their random atomic structure. Therefore, we propose the new machining 

method, blanking, in which we transform the structure only the machining area of several micrometers by local 

heat treatment with an ultrashort pulsed laser. We attempted to develop a new machining method to improve the 

machinability without degrading the product quality. In order to obtain the basic knowledge necessary for the 

development of a new machining method using local heating, we have systematically prepared diverse 

microstructure by heat treatment and comprehensively investigated the effects of the microstructure on the 

mechanical and soft magnetic properties, and thus on the machinability. Finally, the effect of localized heat 

treatment by ultrashort pulsed laser is demonstrated, and the influence of microstructural changes due to local 

thermal effects on machining resistance and machining quality is discussed based on the obtained basic knowledge. 

Chapter 1 is an overview of this study. The energy problems of modern society and the trends in the development 

of soft magnetic materials are introduced. Among various magnetic materials, we reviewed the amorphous alloys 

with excellent soft magnetic properties that have been developed in recent years. In addition, we survey the 

research trend of machining on amorphous alloys and explained the difficulty of machining that has been pointed 

out in the past. Finally, we present a research guideline for the development of the heat-treatment assisted 

machining method in this study. 

In Chapter 2, the Fe-based amorphous alloy, Metglas 2605S-3A (Fe77B16Cr2Si5), was selected for this study. The 

systematic heat treatment was performed on the research material to clarify its microstructural change behavior. 

Thermal phase transformation behavior is investigated by differential scanning calorimetry (DSC), structural 

analysis was performed by X-ray diffraction (XRD), and the structures were directly observed by transmission 

electron microscopy (TEM). At a heating rate of 20 K/min, the selected amorphous alloy undergoes structural 

relaxation followed by heterogeneous nucleation of α-Fe in the extreme surface layer of the material (753 K). 

Uniform nucleation and growth of Fe3B to a size of 50 nm in the interior of the sample (763 K) and nucleation and 

growth of α-Fe on the core of Fe3B (773 K) are progressed. At temperatures above 873 K, the grains precipitate so 

densely that they are close to each other, and at high temperatures, 1073 K, the metastable crystalline phase grows 

into a stable phase and the grains become coarse. In this chapter, amorphous alloys with different microstructures 

are fabricated by homogeneous heat treatment. These samples are used to investigate the physical properties and 

machinability as a basis for the blanking method with the aid of local heat treatment. 



In Chapter 3, mechanical properties such as Vickers hardness and tensile properties were evaluated on different 

microstructures amorphous alloys which were fabricated in the previous chapter. The results show that the Vickers 

hardness increases with structural relaxation and increases in the amount of crystal precipitation, 873 K sample 

showed the maximum hardness, while the coarsening of crystal grains results in softening due to the Hall-Petch 

effect. Moreover, the strength and toughness of the amorphous alloy gradually decreased with structural relaxation 

and the sparse precipitation of crystals, and the lowest values were found in the 773 K sample. The soft magnetic 

properties are favorable up to 763 K, where the primary crystals begin to precipitate, but decrease significantly 

from 773 K, where the composite crystals begin to precipitate, due to the influence of α-Fe. 

In Chapter 4, the effects of slight differences in energy states and structures, such as structural relaxation, on 

shear deformation are analyzed using molecular dynamics (MD). Structural relaxation is difficult to identify by 

direct observation, and shear deformation plays a major role in the deformation of amorphous alloys. From the 

MD analysis, we found that the medium-range ordered structure, which is formed from the icosahedral short-range 

ordered structure causes changes in mechanical properties such as Young's modulus. In the structurally relaxed 

state, the amount of icosahedral short-range ordered structures characteristic of amorphous alloys is small. In 

addition, the specific icosahedral short-range order structure is rapidly reduced by shear strain. Such a decrease in 

the specific icosahedral ordered structure is thought to contribute to the change in mechanical properties due to 

structural relaxation. We also investigated the extensional behavior of the shear band generated by the compressive 

force from the tool, which determines the quality of the blanking process. As a result, the shear band propagates 

toward the cutting direction due to structural relaxation, suggesting that a high-quality machined surface can be 

obtained. In particular, in the structural relaxation model with more than 15% half-metals, the short-range ordered 

structure inside the shear band changes to a structure similar to BCC crystal. 

In Chapter 5, cutting and blanking tests were performed on the amorphous alloys with different microstructures 

fabricated in Chapter 2. The effect of the change in mechanical properties caused by the change in microstructure 

on the machinability is discussed based on the findings of Chapters 2, 3, and 4. In both machining tests, the as-

received specimens with high strength and toughness showed high machining resistance and many machining 

defects such as burrs. On the other hand, from the 713 K specimen with structural relaxation to the 763 K specimen, 

where the primary crystal precipitates, the machining mode changes to crack propagation due to embrittlement, 

which improves the machining quality and reduces the machining resistance. Note that the lowest machining 

resistance values for both cutting and blanking were obtained for the 763 K sample, where crystal nuclei start to 

appear. In the 773 K sample, where core-shell crystals are precipitated, the plastic deformation ability recovers as 

the number of precipitated crystals increases, slightly increasing the machining resistance, while the best 

machining quality is obtained without burrs or extension. In contrast, excessive grain precipitation leads to an 

increase in machining resistance and a worsening of machining quality. 

In Chapter 6, we proposed a new blanking method using local heating by an ultrashort pulsed laser. Even when 

an ultrashort pulsed laser is used, which has a small thermal effect on the material, it is possible to heat treat an 

amorphous alloy to the extent that it crystallizes. It was also shown that localized crystallization does not degrade 

the magnetic properties of the material. Crystallization by laser irradiation proceeds by increasing the heat 

accumulation effect after the ablation of the irradiated area is completed. The crystallization range can be 

controlled by adjusting the repetition rate, pulse width, and power of the laser. The blanking resistance was reduced 

by structural relaxation and crystallization and the machined cross-section showed a favorable machined surface 

without defects that have been reported in the past. In this way, the usefulness of the blanking method with the aid 

of local heating was demonstrated. 

Chapter 7 is the conclusion and summarizes the results of this study. 



Research on the creation of three-dimensional nitrogen-diffused 

 

titanium structures using metal additive manufacturing 

 

Yuta Itou 

 

Abstract 

Metallic medical implants are rapidly spreading as effective countermeasures against motor disorders and oral 

disorders. Therefore, they play an important role in the elderly patient prolongation of healthy life expectancy and 

improvement in the quality of life. In developed countries with aging populations, the demand for these products 

is expected to grow, but there are several issues to overcome. Cobalt-chromium alloy, which has excellent frictional 

properties, is used for the sliding part of artificial hip joints. However, the Implant-to-implant contact, and wear 

particles of cobalt-chromium alloy are generated, which adversely affect the human body. Therefore, we wanted 

to use titanium material, which has excellent biocompatibility, for the sliding part. 

The wear resistance of titanium material is inferior to that of other metals, and it is necessary to improve the 

wear resistance. Therefore, we proposed a "three-dimensional nitrogen-diffused titanium structure" in which a 

nitrogen diffusion layer is arranged three-dimensionally inside the titanium. We have already succeeded in 

improving the wear resistance by sintering nitrided powder (Ti-TiN) using the discharge plasma sintering (SPS) 

method. However, since the SPS method uses a mold, machining is required after sintering. 

Therefore, the author adopted the metal additive manufacturing (MAM) method, a kind of additive 

manufacturing technology, because the MAM method has a very high degree of freedom in design, which enables 

not only optimization of implant shape but also reduction of the number of processes because it can directly 

fabricate the desired shape, which leads to lower cost of made-to-order implants. 

In this study, microstructural analysis and mechanical tests were performed on pure titanium (CPTi) and Ti-TiN 

structures fabricated by MAM method to clarify whether it is possible to fabricate three-dimensional nitrogen-

diffused titanium structures for sliding parts by AM technology, and to demonstrate the feasibility of 

multifunctional implants. 

This thesis is composed of the following six chapters. 

In Chapter 1, the background and purpose of this thesis are introduced. 

In Chapter 2, X-ray diffraction measurements and mechanical tests (friction test, tensile test, and Vickers 

hardness test) were conducted on Ti-TiN (550°C) with nitriding temperature of 550°C and CPTi. The X-ray 

diffraction results of Ti-TiN (550°C) powder showed a TiN peak, indicating that the pure titanium powder was 

nitrided. In the friction test, Ti-TiN (550°C) with a laser scanning speed of 100 mm/s showed the lowest friction 

coefficient among the four conditions. In the tensile test, the obtained stress-strain diagrams showed that all the 

specimens behaved like ductile materials, and the gradient of the graph at the time of fracture was steeper for Ti-

TiN (550℃), suggesting that Ti-TiN (550℃) was stronger from the relationship of E=σ/ε. Finally, in the Vickers 

hardness test, Ti-TiN (550°C) showed slightly greater Vickers hardness than CPTi regardless of the scanning speed, 

but there was no significant difference between these values. 

In Chapter 3, we introduced a new powder (Ti-TiN (600°C)) with a higher nitriding temperature and a larger 



proportion of nitrogen diffusion layer, and performed modeling, but the plate of foundation and the modeling 

object detached in the process. In order to clarify the cause of this problem, we measured the particle size 

distribution of the powders and the surface roughness of the top surface. The median diameters of the powders 

were larger for CPTi, Ti-TiN (550°C), and Ti-TiN (600°C), in that order. Surface roughness measurements later 

revealed that the surface roughness of the top surface of the Ti-TiN (600°C) model was the greatest. Therefore, it 

was considered that the sintering of Ti-TiN (600°C), which contains a lot of enlarged powders, affected the surface 

roughness, and hindered the fabrication process. 

In Chapter 4, we considered that the enlargement of Ti-TiN (600°C) powder was the cause of the inability to 

form, and first classified Ti-TiN (550°C) powder and Ti-TiN (600°C) powder so that they were less than 32 µm. 

The molding of the Ti-TiN (550°C) powder after classification was completed, but the molding of the Ti-TiN 

(600°C) powder after classification was not completed because the plate and delamination occurred during the 

molding process. From the molding results, XRD, and SEM images of the delaminated surface, it was concluded 

that the cause of the failure was not the enlargement of the particles, but the inability of the laser to melt the powder 

sufficiently because the nitride layer occupied most of the Ti-TiN (600°C) powder and the melting point was high. 

Friction and wear tests were then conducted on CPTi, Ti-TiN (550°C), and Ti-TiN (600°C) with the same porosity, 

and the average friction coefficient decreased in the order of CPTi, Ti-TiN (550°C), and Ti-TiN (600°C). The 

amount of wear was found to be the lowest for Ti-TiN (550°C). Finally, in the Vickers hardness test, the Vickers 

hardness of Ti-TiN (600°C) showed the maximum value. 

In Chapter 5, we focused on the crystal structure peculiar to the MAM method and the crystal structure of Ti-

TiN. First, EBSD measurements were performed on cast and MAM CPTi specimens. As a result, there was no 

significant difference in the crystal structure of both specimens. Next, we examined the change in crystal structure 

with and without nitriding and at different nitriding temperatures and confirmed that the crystal structure changed 

to a needle-like structure when the powder was nitrided and fabricated by the MAM method, and that the needle-

like crystals became finer when the nitriding temperature was increased. Finally, we investigated the feasibility of 

controlling the crystal direction by using a unidirectional laser scan. As a result, it was confirmed that crystals 

facing the same direction were dominant, indicating that it is possible to control the crystal direction by controlling 

the laser scanning direction in one direction. 

In Chapter 6, summarized the results and conclusions of this thesis. Additionally, engineering and industrial 

significations of this study were stated. 

 



 

 
 

 

 

  

Development of uniform dispersion classification technology for 

nano-precision grinding wheels 

 

Yuu Kijima 

 

Abstract 

In recent years, a variety of information devices have been developing and spreading at a dizzying 

pace. The evolution of semiconductor devices has become indispensable in the development of high 

performance and high functionality in a wide range of devices, from information devices such as 

smartphones, optical drives, and SD cards, to medical devices such as MRIs, and precision devices 

used in various parts of cars. Currently, silicon (Si) semiconductors are the main material used to form 

integrated circuits in information equipment. On the other hand, in recent years, the performance of 

elemental semiconductors using Si has reached its limit, and in view of the fact that the world's 

electricity consumption is increasing by about 3% per year, there is a growing need for next-

generation semiconductor devices that can save energy. Among them, single-crystal gallium nitride 

(GaN) has a band gap of 3.4 eV, which is larger than that of Si (1.2 eV), the current material, and has 

such characteristics as the ability to operate at high temperatures, fast electron saturation, and high 

breakdown voltage. Therefore, it is expected to be a semiconductor device with low power loss. The 

hardness of GaN is 9 on the Mohs scale, which is the second hardest after diamond. The hardness of 

GaN is 9 on the Mohs scale, which is the second hardest after diamond, so it is necessary to use 

diamond abrasives for grinding. Grinding is a method of mechanical processing using a grinding 

wheel made up of small abrasive grains. In grinding, the uniformity of the grain size of these small 

abrasive grains has three major advantages. The first is the suppression of machining defects. 

Scratches can be cited as a cause of machining defects in the grinding process. This is caused by the 

inclusion of coarse grains and grain aggregates in the processing area, and can be suppressed by 

making the particle size uniform. The second is to improve the processing capacity of the grinding 

process. If a grinding wheel with a small variation in grain diameter is used, it is possible to reduce 

the surface roughness by up to a quarter under the same grinding conditions with the same grain ratio. 

Third is the reduction of processing time. By making the abrasive grain diameter uniform, it is 

possible to reduce the surface roughness in the pre-processing and middle processing, and as a result, 

it is possible to reduce the processing time in the finishing process. 

On the other hand, diamond particles are expensive, so in this study, we developed a technique called  

classification to separate small amounts of abrasive grains according to their grain size. 



 

This paper is composed of the following five chapters. 

 

In Chapter 1, the background and purpose of this paper are introduced. 

 

In Chapter 2, numerical fluid dynamics analysis is performed to observe the decrease inside the 

experimental apparatus and to find the optimum conditions for classification. As a result of the 

analysis, it was found that the flow rate at inlet 2 has a significant effect on the pass rate, and that the 

pass rate decreases as the particle size increases. When the classification experiment was conducted 

under the conditions where the classification effect was confirmed by this analysis, there was no 

significant change in the particle size distribution before and after the classification experiment. When 

the filter after the classification experiment was observed, the abrasive grains were laminated on the 

adhesive surface, and it is thought that due to this lamination, the particles with a large diameter that 

should have been supplemented due to the loss of the supplementing force were not supplemented, 

but were supplemented at the outlet by the airflow, and thus there was no significant change in the 

particle size distribution before and after the classification experiment. 

 

In Chapter 3, since classification may not have been performed correctly due to the stacked abrasive 

grains, we attempted to solve the problem by increasing the number of holes in the filter and 

increasing the adhesive surface. However, as in Chapter 2, there was no significant change in the 

particle size distribution before and after the classification experiment. Therefore, when the analysis 

of the laminated abrasive grains was conducted, it was found that the grain size distribution of the 

laminated abrasive grains did not change significantly from the grain size distribution before the 

classification experiment. 

 

In Chapter 4, since the diamond particles used until the previous chapter had a narrow particle size 

distribution of 1.5~3 ㎛, and it was difficult to confirm the classification effect, a classification 

experiment was conducted using alumina particles with a wide particle size distribution of 0.3~20㎛. 

When the classification experiment was conducted, it was confirmed that the particles were accurately 

classified, but when the numerical fluid dynamics analysis was conducted under the same conditions, 

the results were not as good as in the experiment, and it was thought that an error occurred because 

the abrasive grains formed coarse abrasive grains. In addition, when the classification experiment 

similar to that in Chapter 3 was conducted, the classification effect was confirmed even though 

laminated abrasive grains could be seen on the bonded surface, so it was found that laminated 

abrasive grains were not one of the causes of the failure to classify diamond particles, and it was 

found necessary to reconsider the simulation conditions. 

In addition, since the filter in this study was formed using a 3D printer, we checked whether the 

classification effect was affected by making the hole a special shape such as a star shape, and we were 

able to confirm a change, albeit a slight one. However, due to the small number of samples, it was not 

possible to determine why this change occurred. 

 

Chapter 5 summarizes the results and conclusions of this paper. 

 



Study on the Effect of Tool Texturing on the Tool Performance in 

Cutting Ti alloy 

 

Atsuki Minakawa  

 

Abstract 

Titanium alloys have excellent corrosion resistance and mechanical properties, and their demand has been 

increasing in recent years in the medical and aerospace fields. However, due to their low thermal conductivity and 

high chemical activity, titanium alloys have the disadvantage of rapid tool wear in cutting processes. Therefore, 

there is a need to develop a new surface treatment technology with higher performance than the conventional 

surface treatment technology. In this paper, we first clarify the relationship between the machining conditions and 

the quality of the machined surface during the cutting of alloys. Furthermore, we propose LIPSS (Laser-induced 

periodic surface structures) over the coating as a new surface treatment. The properties of this coating + LIPSS 

surface are evaluated by contact angle measurement and friction test. Finally, cutting experiments are conducted 

to evaluate the effectiveness of creating this structure on the rake surface of cutting tools. This paper is composed 

of five chapters. 

Chapter 1 is the introduction of this study. With the increasing demand for titanium alloys in the medical and 

aerospace fields, tool wear due to the hardness and low thermal conductivity of titanium alloys is a problem. A 

new surface treatment combining coating and surface microstructure creation is proposed as a method to improve 

this problem, and the purpose and structure of this thesis are described. 

In Chapter 2, the relationship between the machining conditions and the effect on the surface of the machined 

part and the effect on the inside of the machined surface was investigated when a commonly used titanium alloy, 

Ti-6Al-4V alloy, was cut with ordinary coated tools. First, samples were prepared by cutting at different depths of 

cut, cutting speeds, and tool nose radius. The arithmetic mean height, which is a typical parameter of the machined 

surface, and the residual stress, which is a typical parameter of the machined surface, were measured. In addition, 

cutting simulation was conducted to examine the effect of temperature during cutting. As a result, it was found 

that there was a strong negative correlation between the arithmetic mean height and the nose radius of the tool, 

while there was little correlation between the depth of cut and the cutting speed. The effect of tool nose R on 

residual stress was also significant, with a larger effect on residual stress perpendicular to the tool scanning 

direction when the cutting speed was large, and a larger effect on residual stress in the tool scanning direction 

when the cutting speed was small. In the cutting simulation, it was found that there was a positive correlation 

between the amount of heat generated by cutting, depth of cut and cutting speed. It was also found that the depth 

of cut and the maximum temperature had a logarithmic relationship. These results suggest that by controlling the 

nose radius of the tool tip, i.e., by suppressing tool wear, it is possible to reduce the surface roughness of the work 

material and control residual stress. 

In Chapter 3, LIPSS is applied to TiN and TiCN, which are the most commonly used coatings for cutting Ti 

alloys, and the effect of LIPSS on the coated surface is discussed. First, samples with coated + LIPSS surfaces 

were fabricated using a picosecond pulsed laser. We also simulated the electric field intensity to examine the 

difference in the formation of LIPSS on the fabricated samples. In addition, contact angle measurement and friction 

test were conducted to investigate the effect of LIPSS formation on the coated surface. First, the simulation of 

electric field intensity showed that the surface shape and refraction angle of the processed material affected the 



ease of LIPSS formation. The contact angle was significantly reduced by the creation of LIPSS, suggesting that 

LIPSS may increase the affinity with the work fluid and reduce the load on the tool during cutting when it is 

applied to tools. The friction coefficient increased with the development of the LIPSS, but it was suggested that 

the friction coefficient could be reduced by developing a more fragile LIPSS. 

In Chapter 4, LIPSS was created on the rake face of a TiN-coated tool to investigate the effect of LIPSS on the 

quality of the machined surface of the tool and workpiece. First, the LIPSS was created on the rake surface of a 

tool with the cutting edge facing downward in the horizontal and vertical directions. Using this tool, cutting tests 

were conducted at different depths of cut and cutting speeds to produce samples. The cutting resistance was 

measured during the cutting tests, and the tool wear and adhesion were evaluated after machining. The arithmetic 

mean height and residual stress of the samples were also measured. First of all, the maximum value of cutting 

resistance was significantly reduced in the LIPSS-generated tool. In addition, the effect of cutting resistance in the 

z-direction was larger when the depth of cut was small (about 10 μm), and the effect of cutting resistance in the y-

direction was larger when the depth of cut was large (≥ 50 μm). This is thought to be due to the decrease in the 

contact angle of the rake surface of the tool, which increases the affinity of the tool with the machining fluid, 

decreases the temperature of the cutting area, and facilitates the evacuation of chips. The direction of LIPSS had 

almost no correlation with cutting resistance. In addition, it was found that the adherends on the tool adhered gently 

and the height of the adherends decreased. This is considered to be one of the factors for the reduction of cutting 

resistance. It was also found that cutting with the LIPSS tool had little effect on the arithmetic mean height and 

residual stress of the work piece. 

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

 



 

 

 

 

Study on atmospheric-pressure plasma  

assisted Powder Jet Deposition  

 

Ryuki MORITA 

 

 

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 from cavities or periodontal diseases 

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 (HA), a major component of human hard tissue, films with properties similar to human enamel 

can be formed directly on human teeth. The PJD has not been applied to aesthetic dental treatment because the HA 

film hardly conceals the base color due to its transparency. Therefore, HA particles covered with ZrO2 small 

particles (HA/ZrO2 particles) were employed in the PJD to create an aesthetic composite film on the tooth. 

However, the shape of the HA/ZrO2 particles changed and the thickness of the deposited film became low. In this 

study, we proposed the atmospheric-pressured plasma assisted PJD method as basic study to solve this problem 

and investigated the change in the deposition thickness. 

 

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, the surface modification phenomenon by plasma treatment was analyzed in order to apply the 

plasma technology to the PJD method. A negative correlation was found between the contact angle and the plasma 

treatment time, and a positive correlation was found between the contact angle and the waiting time. These results 

demonstrate that plasma surface modification has an effect on the removal of organic matter and hydrophilization 

of HA substrate surfaces. A policy for plasma application to substrates and stacked surfaces was established. 

 

In Chapter 3, the effect of the plasma treatment on the HA substrate on the film thickness was examined and the 

mechanism was clarified.  From the experimental results, it was found that plasma application to the substrate 



was effective in increasing the film thickness. A positive correlation was found between the thickness and the 

plasma treatment time, and a negative correlation was found between the waiting time and the thickness. This is 

due to the removal of organic matter from the bonded surface by the surface modification effect of plasma and the 

high adsorption of hyaluronan to hydroxyl groups. We also analyzed the deposition mechanism of the PJD method 

and found that the initial layer formation took place around 10 s of HA injection time, and that the organic 

contamination on the substrate surface inhibited the film formation. Based on these results, we compared the effect 

of plasma application near the initial layer formation, and found that the film thickness near the initial layer differed 

by a factor of about 4 depending on whether plasma treatment was applied or not. The thickness of the film near 

the initial layer differed by a factor of about four depending on whether plasma treatment was applied or not. These 

results demonstrate that plasma application to the substrate makes a significant contribution to the smooth 

formation of the initial layer. 

 

In Chapter 4, the effects of plasma treatment on the HA stacked surface on the film thickness were examined. A 

system that simultaneously performs plasma treatment and PJD deposition was constructed, and simultaneous 

plasma injection experiments were conducted. By applying plasma to the deposition layer, an improvement of 

about 10 μm was confirmed. The removal of organic matter from the sprayed particles and the smooth formation 

of the initial layer are considered to be the reasons for the improvement in film thickness. As a conclusion of this 

study, plasma application to the substrate and stacked surface was determined to be the optimal plasma assisted 

PJD method. 

 

In Chapter 5, the general conclusions of this research are summarized. 
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【研究室だより】 

 昨年も寒さ身に染みる厳しい冬となりましたが，最近ではすっかり春らしく，穏やかな気候に心和む季節となりました．一

昨年，昨年と引き続き新型コロナウイルスの猛威は収まらず，新しい生活様式も気付けば何十年も続く日常のようにすら感じら

れます． 

 当研究室は，昨年度をもって厨川先生が退官され，水谷研究室として新たな一歩を踏み出しました．厨川先生の長年のご貢

献に感謝するとともに，新天地でのご活躍とご健康をお祈り申し上げます．水谷先生は研究や学生に対する指導，鞭撻に加え，

新体制への準備で忙しい日々を送っています．藤田秘書には事務手続きなど研究室の仕事をサポートしていただいております． 

 現在研究室では，博士課程（社会人）が 7名，博士課程後期学生は 4名，博士課程前期（修士）学生は 2年生が 2名，1年

生に留学生 2名が加わり，IMAC の 1名と合わせて 7名，学部 4年生が 2名となっております． 

 今年度も私たち水谷研究室一同，一丸となって日々研究をはじめあらゆる活動に励み，有意義な 1年を過ごしていきたいと

考えております． 

令和 4年 5月 

博士課程前期 1年 寺田 悠一郎 
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