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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 Sinzl/J 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 w-oscillation is proposed, and the measured residual stress obtained by the 2D
method is compared to results obtained from the sin?y 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 um. 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/mm?. 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 sin? 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 x 10° to 6 x 10° grains
is required for the sin?y method. Each method is based on its own theory, and each
has advantages and disadvantages. For example, in the case of the sin’y 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 0-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 sinzv,b method, in which the diameter of the measured area was
2 mm with a 0.5 mm step; the laser spot was 3 x 3 mm?; 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 sin?y 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 Sinzl/J method [24]. The second half demon-
strates the residual stress measurement of the peened specimen by laser cavitation peening
using the proposed 2D method.

(b)

Figure 1. Aspect of a fractured fatigue specimen of stainless steel. (a) Non-peened specimen (¢ = 301 MPa, Ny =7.8 x 10%);

(b) specimen treated by laser cavitation peening (¢, = 308 MPa, Ny = 4.8 x 100).

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 d. 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:Y3Al504;) 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 s, and in water s, 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.

Stainless tank Pressurized water jet

Cavitato ‘
Nozzle plate

Guide pipe
Standoff
distance

Specimen
Recess . K «cavitation

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.

Specimen Stage
Glass chamber Water
Laser cavitation\
Ablation|

Convex lens

Laser

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 sin?y 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/mm? 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/mm? 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/mm? 6 mm Peened side 39 um
C Shot peening SP 30s 3mm Back side None
D Laser cavitation peening LCP 4 pulses/mm? 2mm Peened side 33 um

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 dy were
measured. The dy was obtained by the following procedure. The area A; of each grain was
measured and they were sorted from small value to large value, then the cumulated area
Ac was calculated as follows.

N
Ac=) A @
i=1
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when the number N at Ac/A = 50% was obtained, dy = 2v/An/ 7T 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.

30
20

Laser spot

Scanning
direction
of laser

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 Sinzl[J method [24] and 2D method [47]. The
schematic diagram and coordinates 6, ¢, w, x, ¢ of the XRD system with 2D-PSPC are
shown in Figure 5. The Ko X-rays from a Cr-tube operating at 35 kV and 40 mA were used.
The used diffracted plane was y-Fe (2 2 0), and the diffraction angle without strain was
128°. In the residual stress analysis for both the sin?y 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 sin?
method and the 2D method, 24 frames were measured. In the case of the sinzlp method,
the X-ray diffraction profile obtained an accumulating X-ray diffraction of xy = 85-95°, and
diffracted peaks 26 were obtained at each ¢. Then, the residual stress was calculated from
the sin?p—20 diagram. To eliminate the ¢ split, +¢ and —i were measured for each x and
y direction. At the sin’ method, or, was obained by ¢ = 90° and 270°, Ury Was obtaied
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by ¢ =0 and 180°, respectively. Namely, 12 frames in Table 2 were used to obtain o, and
Oy, respectively.

Incident .
monochromator Specimen
(Graphite)

Collimator

____'__~>

X-ray source

2D-PSPC “/

(a) (b)

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 yP° ¢°

0 0, 90, 180, 270

20.268 0,90, 180, 270

Sinzl/J method 29.334 0,90, 180, 270

36.870 0,90, 180, 270

43.854 0,90, 180, 270

50.768 0,90, 180, 270
0 0,45, 90, 135, 180, 225, 270, 315
2D method 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 26° x°
sinp 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, sin>y Method and
2D Method

In order to compare the residual stress measured by the slitting method, the sin?
method and the 2D method, Figure 6 illustrates the residual stress o, of specimen A. For
the sin?y method and the 2D method, the effect of the measuring area was investigated by
changing diameter of the collimator d,,. As shown in Figure 6, the exposure time at each
frame t,y, was also changed based on the area of the collimator. In the case of d.,; = 0.8 mm
and feyp = 20 s, the specimen was moved in both directions, x = +2 mm and y = +2 mm,
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800

-600

to minimize the exposure time. As shown in Figure 6, in the case of d.,; = 0.8 mm and
texp =40 s at x = +0 mm and y = 0 mm, the residual stress cg measured using the siny
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 sin?y method, the
residual stress measured using d.,; > 0.5724 mm was similar to that of the slitting method.
However, at d,; < 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
sin?y — 20 for d,; = 0.146 mm, texp = 20 min and dg,; = 0.8 mm, teyx, = 40 s. On the other
hand, in the case of the 2D method, the residual stress measured using d,,; = 0.146 mm was
—187 £ 29 MPa. Thus, it can be concluded that the 2D method can evaluate the residual
stress by using d,; = 0.146 mm. Specifically, the 2D method can measure the residual stress
in the 1/15 region of the sin’ method under the presented conditions.

Residual stress or  MPa
-400 -200 0 200 400 600 800

[ = S—— Slitting method

" sin’ ymethod, dew =0.8 mm, tap =205, x =+2 mm, y =+2 mm
———=————sin’ ymethod, dw =0.8 mm, tap =40s, x=0mm, y =0 mm
—t=="""""""1¢in? ymethod, dewi = 0.5724 mm, texp =2 min, x =0 mm, y =0 mm

_—t .
sin?  method, det = 0.5 mm, tep =2 min, x =0 mm, ¥y =0 mm

sin? ymethod, de = 0.3 mm, t.mp =5 min, x=0mm, y =0 mm

sin? ymethod, dei =0.146 mm, fey =20 min, x =0 mm, y=0mm

= 2D method, der = 0.8 mm, few =20 s, x =2 mm, y =+2 mm
T 2D method, dei = 0.8 mm, feap =40 s, x=0mm, y =0 mm
e 2D method, det = 0.5724 mm, tep = 2 min, x =0 mm, y =0 mm
= 2D method, det = 0.5 mm, tep =2 min, ¥ =0 mm, y =0 mm
=l 2D method, deot = 0.3 mm, tep =5 min, x =0 mm, y =0 mm
| 2D method, der = 0.146 mm, fep = 20min, x =0 mm, ¥ =0 mm

Figure 6. Comparison of the slitting method, sinzlp 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
sin? method and the 2D method for the austenitic stainless steel tested using a collimator
of dy = 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 um in diameter, and the grain size that occupied 50% of
the area was about 11 um. 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 d., = 0.146 mm—and the analyzed area for (a) the Sinzl/J 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 sin?y method, the diffraction pattern located near x ~ 90° should be
used due to the theory of the sin? method; the standard deviations of the sin?y method at
d.o; < 0.5 mm were remarkably large, as the diffraction pattern at y ~ 90° was weak or not
obtained. For the present residual stress analysis, x = 85-95° was used for the sin? method.
The residual stress obtained by the sinzlp method for d.,; = 0.8 mm, ., =40's, x = 0 mm and
y =0mm was —300 & 46 MPa based on analysis using 26 = 125-132° and x = 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., x = 70-110°. was used, the number of counts of the
X-ray diffraction was increased. However, x = 70-110° was too large for the sin? method.
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On the other hand, x = 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 sin?y method, as the Debye ring was used in the relatively large area
of x. 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.

SED 100kV WD124mm S
STD 202103 20

(a)

Figure 8. Typical X-ray diffraction pattern detected by 2D-PSPC from stainless steel treated using

cavitation peening (Specimen A) and the analyzed area (d,,; = 0.146 mm, { = 0°, ¢ = 0°, Aw = 0°,
texp =20 min, x = 0 mm, y = 0 mm); (a) analyzed area for the sin2lp method (26 = 125-132°, x = 85-95°);
(b) analyzed area for the 2D method (20 = 125-132°, x = 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
w direction—i.e., w-oscillation—was proposed. Figure 9 shows the X-ray diffraction
pattern (a) without w-oscillation (i.e., Aw = 0°) and (b) with w-oscillation at Aw =10°. As
shown in Figure 9a (¢ = 0, ¢ = 0) and (b) (¢ = 0, ¢ = 0), the diffraction spot at y ~ 102°
became a streak by w-oscillation. Precisely, the diffraction spot became a streak in the
X direction by w-oscillation of the specimen. The w-oscillation helped to achieve a better



Materials 2021, 14, 2772

9of 17

%
;

¥=30,0=45 ¢=30,9=90

=30, p=45

P=60,0=0

Debye ring. Note that, in the case of 2D method, there should be an optimum value of Aw,
as the residual stress was obtained by the distortion of Debye ring. The optimum value of
Aw is discussed in the following.

§

¥=30, =135

Y=60,0=45 =60,0=90 P=60,9=135 ©=60,9p=180 Y =60,9=225 PY=60,¢=270 =60, =315

(a)

=30,0=135 =30,¢=180 =30,9=225 ¢=30,¢9=270 )=30,9=315

=30, =90

¥

& & : %

R L L L "
R ey

3
3

W=60,0=45 1P=60,0=90 1P=60,0=135 =60,¢=180 P=60,0=225 =60, 9=270 =60, =315

(b)

Figure 9. X-ray diffraction patterns detected by 2D-PSPC from the stainless steel treated by cavitation peening (Specimen A).
(a) Aw =0°; (b) Aw =10°.

In order to investigate the w-oscillation of the specimen both qualitatively and quan-
titatively, Figure 10 shows the typical X-ray diffraction pattern of specimen A at ¢ = 0°
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dcol =
texp =

X, Y=

texp =

Aw=

0.146 mm
20 min
0, 0 mm

2 min

3 min 4 min 5 min 10 min 15 min 20 min

and ¢ = 0 changing with (a) the collimator diameter d,;, (b) the exposure time f,x, and (c)
the w-oscillation angle Aw. Figure 11 illustrates the relationship between the total count
of X-ray diffraction and the standard deviation of the residual stress Acg. As shown in
Figure 10a, the X-ray diffraction pattern became a mottled pattern with a decrease in the
diameter of the collimator d.,;. Then, the Aoy increased with a decrease of d,,; as shown
in Figure 11. When the exposure time t.y, was increased, the Debye ring became clear,
as shown in Figure 10b, and then Aoy decreased with an increase of teyy. As shown in
Figure 11, Aoy decreased with an increase in the total count of X-ray diffraction for both
deor and teyp. As shown in Figure 10c, the diffraction pattern changed from a mottled
pattern to a streak-like pattern with an increase of Aw. The Aoy was 64 MPa for Aw =0°,
49 MPa for Aw = 2°, 49 MPa for Aw = 4°, 37 MPa for Aw = 6°, 29 MPa for Aw = 8° and
32 MPa for Aw = 10°. Specifically, Acg decreased with an increase of Aw at Aw = 0-8° and
presented its minimum at Aw = 8°; then, Aoy, slightly increased at Aw = 10°. As the 2D
method evaluates the residual stress caused by distortion of the Debye ring, a Aw that is
too large dims the distortion by averaging too large an area in the x direction. Thus, it
can be concluded that the w-oscillation of the specimen was effective, and the optimum
value of Aw was 8°. In Figure 11, Aog = 64 MPa. In Figure 11, Acg = 64 MPa for Aw = 0°
corresponds to teyy = 4 or 5 min and Aoy =29 MPa for Aw = 8° corresponds to t,y, = 20 min.
Thus, w-oscillation of the specimen has the effect of shortening the measurement time

to1/4-1/5.

0.3 mm 0.5 mm 0.5724 mm 0.8 mm 0.8 mm
5 min 2 min 2 min 40 s 20s
0, 0 mm 0, 0 mm 0, 0 mm 0, 0 mm +2, +2 mm

4e 6° 8° 10°
()

Figure 10. Typical X-ray diffraction patterns detected by 2D-PSPC at 1 = 0° and ¢ = 0° from stainless steel treated by
cavitation peening (Specimen A). (a) effect of the collimator diameter d., at Aw = 8°; (b) effect of exposure time t.y, at

deor = 0.146 mm and Aw = 8°; (c) effect of the w-oscillation angle Aw at dg = 0.146 mm and fey = 20 min.

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 (0ry, Ory) of specimen A, B and C as a function of the diameter of the collimator d,,
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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 ORy in Figure 12. For all three specimens, A, B and C, as
both g, and ogy at dy = 0.146 mm were nearly equal to the values at d,; = 0.8 mm, the
residual stresses of d,,; = 0.146 mm for specimens A, B and C were able to be evaluated.

100
o texp
[ o
-g o/ ° 4w
G = *e
L x ¥
T o
f:.'c dwl
& >:/
10 PSR | MEEPETITETET! b A A N T T
1000 10,000 100,000 1,000,000

Total count of X-ray diffraction

Figure 11. Relationship between the counts at ¢ = 0° and ¢ = 0° detected by 2D-PSPC and the
standard deviation of the residual stress of stainless steel treated by cavitation peening (specimen A)
changing with exposure time t,y, collimator diameter d,,; and w-oscillation angle Aw.

0 120 ¢

r CP, ORy CP ORx L
- ’ £ 100 f i

;}")é -200 | S r SP_BS, Aor

= [ L .

‘jz [ ;é 80 ¢ LCP, Aox

Sz 400 + & y - 60 | 4

5 8 i SP_BS, ory  SP_BS, ox: =g ; / CP, Aox

g2 - LCP, or: == 40

~ & -600 | 3 < :
[ & T - Bp---C ) 20
r LCP, Ry r

_800 ..‘u...nm.\‘..n PR T 0'-|-ln||||..|...|...
0 02 04 06 08 1 0 02 04 06 08 1
Collimator diameter dwi mm Collimator diameter dcw: mm
(@) (b)

Figure 12. Effect of the collimator dimeter on the residual stress measurement of the stainless steel by
the 2D method (Aw = 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/ mm?,
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, g, and og, 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 w-oscillation of the specimen, Figure 13 reveals the
residual stress (0ry, 0ry) and the standard deviation of the residual stress Aoy as a function
of the w-oscillation angle Aw 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 Aw values, and Aoy roughly
decreased with an increase of Aw. In the case of LCP, i.e., specimen C, the compressive
residual stress increased with an increase of Aw at Aw < 8°; then, the compressive residual
stress slightly decreased at Aw = 10°. Further, the Aoy of specimen C had its minimum at
Aw = 8°, and the Aoy at Aw = 10° was larger than the Aoy of Aw = 8°. As the 2D method
obtained the residual stress from the distortion of the Debye ring, a Aw value that was too
large caused a decrease of the residual stress and an increase of Aoy, just as with specimen
A. It can be concluded that the w-oscillation of the specimen is effective for evaluating the
residual stress and that the optimum value of Aw is 8°.

0 120
" e ] £ 100 f SP_BS, Aox
DAt -200 - - = F
gs 25 80 LCP, Aok
0 9]
Tg = -400 4 g = 60 CP, dor
56 SP_BS, oy "SP_BS, on: 58
&"3 g 600 - LCP, orx - = 40
Tt-$-5--2 £ 2%
LCP, ORy s
_800 PRI T S T T T T N T T S T B B 0-|||| 1 [EPETET S BT AT B
0 2 4 6 8 10 12 0 2 4 6 8 10 12

a-oscillation angle  Aa®

(a)

a-oscillation angle  4ea°

(b)

Figure 13. Effect of the w-oscillation angle Aw on the residual stress measurement of stainless steel
using the 2D method (d,,; = 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 oy, 0r, and (b) standard deviation
of the residual stress Aoy as a function of exposure time t.y, for specimens A, B and C.
Under all measurement conditions in Figure 14, the specimens were oscillated at Aw = 8°,
and the diameter of the collimator was 0.146 mm. For specimens A and B, the g, and oy,
were nearly constant at all ¢y, values. For specimen C, g, and ORy decreased and became
saturated at teypy = 15 and 20 min. The Aoy of specimens A, B and C decreased with an
increase of t.x, and became saturated at t.yy = 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 x 10* counts.
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Figure 14. Effect of exposure time t.y, on the residual stress measurements of stainless steel under
the 2D method (d,, = 0.146 mm, Aw = 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 d.,; was 0.146 mm, the w-oscillation angle
Aw was 8° and the exposure time of each frame t.y, was 20 min. The pulse density of
the laser cavitation peening d; was 4 pulses/mm?, as the fatigue life was greatest at
dp = 4 pulses/mm? 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 um was removed by electrochemical polishing. Note that the residual stress at 30 um
accurately corresponded to the fatigue life, as the fatigue life estimated by the residual
stress at 30 um, 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 d; = 4 pulses/mm?,
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 pm. As shown
in Figure 15, the laser spot diameter was about 0.5 mm after the 33 um electrochemical
polishing. The vertical positional relationship of the laser spots was not aligned, as the
stepping motor and laser system were not synchronized.

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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MPa

ORx

Residual stress

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) ogy and (b) og,. 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 og, and o, varied from 0 to —150 MPa,
there was a difference of about 150 MPa depending on the location for both og, and ogy.

Figure 17 reveals the residual stress oy and o, changing with distance x at y = 0 with
the laser spot aligned in the x-direction. The or, 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, or, 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, og, 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 g,
and og,. 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/mm?. 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/mm?, 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.

100
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ORy

x=0mm

Residual stress
,
N
o
o

R

0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Distance y mm Distance y mm

(a) (b)

Figure 16. Distribution of the residual stress changing with distance y at various positions of x (specimen D); (a) residual

stress in the x-direction og,; (b) residual stress in the y-direction oy,

100 |

Residual stress ox., ory MPa

-300 I TP T TP AP T
0 01 02 03 04 05

Distance x mm
Figure 17. Distribution of the residual stress o, and o, changing with distance x (specimen D).

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 sin?y 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 um and about 11 um, 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 sinzlp method, the 2D method can evaluate the residual stress
in a small area, which is 1/15 of the area ratio of the sin?y method. In the present
experiment, the measurable areas of the sinzv,b method and 2D method were 0.5724 mm
in diameter and 0.146 mm in diameter, respectively.

(2) The w-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 w-oscillation angle Aw 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/mm
was larger in the stepwise direction than in the orthogonal direction.
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Appendix A

For the reference, Figure Al shows the diagram of sin?y — 26 for d,; = 0.146 mm,
texp = 20 min and dg; = 0.8 mm, f,x, = 40 s. As shown in Figure A1, the peak of the profile
of the X-ray diffraction, i.e., the diffraction angle of d.,; = 0.146 mm was scattered, therefore
the experimental deviation in Figure 6 of d,,; = 0.146 mm was large.

131
AN
& 130 ™ deor=0.146 mm
A - fexp=20 min
2
'::.D 129 8
E g-BTeTSSTO
;3 128 deor = 0.8 mm
13 tep =40's A
127 " M " " 1 i " " 1 1 " " L
0 0.2 0.4 0.6
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Figure A1. Relationship between sin2tp — 20 (dgoy = 0.146 mm, fexp = 20 min and d,; = 0.8 mm, teyy = 40 s).
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ARTICLE INFO ABSTRACT

Keywords: In biomedical engineering, laser-induced periodic surface structures (LIPSSs) have been extensively applied
LIPSS where laser irradiation of selective laser-melted (SLMed) samples to generate LIPSS-covered free-form samples is

Electromagnetic field a promising technique. Using this technique, nanopillars around a spheroidal particle that was not molten during

Is\l}?;lr(iplﬂ:e d laser the SLM process have been formed, indicating that nanopillars can be induced around spheroidal particles on a
FDTD P 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/cm? laser fluence, and 400 pm/s scanning speed was
employed to irradiate Ti6Al4V alloy samples with 100 ps 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 pm, with
approximately 1 pm 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

* Corresponding author.

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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Fig. 9

Fig. 8 (a, b)

v SLMed sample
As-received Mirror-polished
Ti6Al4V powder SLMed sample sample Fig. 8 (c, d) Laser
treatment
: Ultrasonic bath LIPSSs Fig. 10-11
Wire for 15 min
N A = =
Cleaned sample Powder-deposited sample
Ti6Al4V bar Ti6Al4V disks Mirror-polished sample
Fig. 1. Sample preparation process.

Table 1 Concurrently with the research to discover the mechanism of LIPSS

Ez e:imental conditions of the SLM process generation mentioned above, applications of LIPSS in the industry have
id L - also been studied. LIPSS-covered material surfaces are beneficial for
Parameters Data application in fields such as aerospace [31], environment [32], and
Scanning speed 290 mm/s coatings [33,34]. In biomedical engineering, highly structured surfaces
Laser power Sow can be employed as antibacterial surfaces, which are exceedingly
];ase;befm diameter ig mm desirable for implants to prevent bacterial adhesion on material surfaces
'owder layer size range m . . . P .
Hatch spaZing & 25 le [21,35]. Besides LIPSS application, additive manufacturing (AM) tech-
Exposure time 100 ps nologies such as selective laser melting (SLM) have also played an
Laser wavelength 1070 nm increasingly important role in biomedical engineering [36-38].
Chamber atmosphere Argon Based on the above situations, we considered that LIPSSs combined
Laser type Yb-fiber laser

Laser
oscillator

Polarizer

Fig. 2. Laser processing setup; same as [57].

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.

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
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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.

above reasons, the FEM and FDTD were both employed to simulate the

Table 2 EFI distribution. The simulated EFI distribution results well matched the
Experimental conditions of the pulse laser treatment process generated LIPSSs and nanopillars, demonstrating that the surface
[571. structure influences the EFI distribution significantly and suggesting

Parameters Data that the expected LIPSSs can be obtained by suitably designing the

Laser wavelength 1064 nm surface structure before irradiation.

Pulse duration 20 ps

Pulse frequency 50 Hz 2. Experimental

Laser beam waist radius 150 pm

Laser fluence 0.5 J/cm? . .

Hatch spacing 120 pm 2.1. Material and facilities

Scanning speed 400 pm/s

Overlap ratio 96% Titanium 6 wt% aluminum 4 wt% vanadium (Ti6A14V) alloy, which

is the most popular titanium alloy because of its low density, high
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“Flat surface
(b)

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

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

Monitoring
domain

Analytical
domain
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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 pm 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
pm, 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 2w, (e %) was estimated to be approximately 300 pm 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 Ti6A14V 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
pm were deposited on the polished surface and irradiated by a pico-
second laser.

Antisymmetric plane

Symmetric plane

Fig. 6. FDTD analytical model.
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Fig. 8. SEM micrographs of the (a, b) top and (c, d) sides of an SLMed surface irradiated by a picosecond laser.

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

30 plﬁ

Fig. 10. SEM micrographs of the powder particles deposited on a polished surface and irradiated by a picosecond laser.

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:

Ip = Po/A (3)

Eo = \2I0Zo (4)

E = Eewia/Eo (5)

where Py is the default power (1 W), A is the laser irradiation area in
the model, Z; is the characteristic impedance of vacuum, which is a
default parameter in COMSOL (376.73 Q); E.wq 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 pm
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]:

/40%1 =-VxEQ)

eoer%—f +0E =—-V x H (2)

where E and H are the electric field and magnetic field, respectively; t
is the time; i, is the vacuum permeability, € is the vacuum permittivity,
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Fig. 12. Statistics of the curvature radius (R) of nanopillar area (NPA) and the
radius (r) of the particle.

€, is the relative permittivity of the material, and o 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 Ynin, 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.

Applied Surface Science 572 (2022) 151453
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SEM micrographs of the powder particles deposited on a polished surface and irradiated by a picosecond laser.

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
pm 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
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Fig. 15. EFI distribution of four particles irradiated by picosecond laser.
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Fig. 17. EFI around the particle simulated using the FDTD method.

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 pm,
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-pm-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 pm,
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 pm to 2 pm. It shows that when the particle size is less
than 0.4 pm, 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 pm, 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
pm) 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 pm, which is approximately 2.4 times
as large as the particle radius (9 pm). 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.
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Fig. 18. Illustration of the nanopillars formed near the powder particles on a laser-irradiated surface.

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/cm? laser fluence, and 400 pm/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
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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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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

@ Springer

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



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-5i-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 Fe;B phase as a nucleus, followed by its
growth and the subsequent emergence of the o-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% Hy—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

Table 1 Alloy composition
(mol%) Fe B Cr Si

7739 1544 2.04 5.13

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 Ko (wavelength: 1.5418 A,
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 um 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 pm 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.
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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

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 (FezsB13Sio) [34]. On the other hand, although
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Curie point and the first exothermic peak. b, ¢ 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.

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

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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Figure 2 X-ray diffraction
(XRD) patterns of the alloys
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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 Fe;B and finally by the stable Fe,B and
Fey3Bg, apart from peaks due to oxides. In the early
stage of the crystallization process, it was difficult to

50 55 60 65 70 75 80 85 90
20 [deg.]

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);
Fe,B: 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
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«Figure 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. ¢ 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, £ SAD patterns taken from particles inside and
identified with [113] and zone axis patterns of the metastable Fe;B
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 Fe;B phase. j, k BF image and SAD for
873 K sample, while 1 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.

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 Fe;B 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 Fe;B phase. Figure 3j, k
shows, respectively, a BF image, and the SAD pattern
is taken from the specimen annealed to 873 K, while
() 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 o-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 Fe;B phase, while (d) corresponds to 110 of the a-
Fe as well as 231 and/or 330 of the Fe;B phases. Thus,
these DF images suggest that the rectangular core
and the shell are composed of the Fe;B and o-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 Fe;B 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-um-long
periodic microcracks arose at the edge of the cutting
marks. Figure 6¢c 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
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Figure 4 BF/DF images and energy-dispersive
spectroscopy (EDS) mapping of the core—shell
observed in the 753 K sample. a BF image, b SAD pattern, c,
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Figure 5 Vickers hardness of the alloys, annealed to 673, 693,
713, 753, 763, 773, 873, and 1073 K.

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

@ Springer

d DF images taken with the diffraction spots, respectively, at
circles ¢ (400 of Fe;B) and d (110 of o-Fe) in b. e-h EDS
mappings of, respectively, Fe, Cr, Si, and B.

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
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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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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 Fe;B crystallites with surrounding o-Fe
shell, and finally the dominance of equilibrium and
o-Fe and Fe,B 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
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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 wvalid for Johnson-Mehl-Avrami-Kolmogorov
(JMAK)-type isothermal transformations [40]:

x =1—exp{Apexp(—E/RT)t"}

provided the reaction rate dx/dt is separable in
temperature T and x, where x is the ratio of trans-
formation; ¢ time; n, so-called the Avrami exponent;
R gas constant; and Aj 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].
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7 time [39]. In fact, since the JMAK formula was
As-received derived based on the concept of extended volume
6 MW [40], for a simple case of constant growth rate, the so-
—_ 713K called Avrami exponent n is equal to m + 1 for an m-
g W dimensional growth. And if nucleation and growth
o) 5k 763 are both thermally activating processes, we can write
5 E = Eny + mEg, where Ey and Eg are activation
a4 t 773K energies for nucleation and growth, respectively.
‘_g 873K Therefore, the effective activation energy, E/n, gives
L3 wwww only a rough knowledge of the transformation pro-
§ cess. Conversely, if Ey and Eg are known and the
& JMAK mechanism is operative, DSC curves upon
g 2 r crystallization can well be reproduced [47].
®) With these restrictions in mind, the values listed in
1 r 1073K Table 2 compare favorably with the published data.
For example, in the Fe-based amorphous ribbons, it is
0 L L L L ! 222 + 4.82 kJ/mol for FegySipyg [48], 261 kJ/mol for

0O 5 10 15 20 25 30
Width [um]

Figure 7 Cross-sectional profile of cutting marks obtained after
the scratch tests.

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

Figure 8 Cutting resistance

FE78822 [49], 318 k]/mol for FegonSim [49], and
434 kJ/mol for Fe;gB;¢Sig [49]. In addition, the acti-
vation energy of Fe-based bulk metallic glasses is 470
to 1100 k]/mol for FE41CO7CI'15MO14Y2C1586
[42, 44-46] and 157 to 280 kJ/mol for [(FeyoNig1)77.
MosPoC7 5B1 5]100-Cuy (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

Feed rate 0.1 [mm/s]

forces measured during the 100
scratch tests, and chip images (a)
observed by SEM. a, b as- 50

received sample; ¢, d 873 K

sample; and e, f 1073 K = 0 . L L

sample. £ 0 1 2 3 4 5
Ty Time t [s]
3100
5 (b)
NPV NSV NVAAN
c
3
l) 0 1 1 1 1
8 o 1 2 3 4 5
g’ Time t [s]
£ 170
)

@ Springer

120

70

0 1 2 3 4 5

Time t [s]




~
(@)

(@]
o
T

(&)}
(@)
T

N .5
o
T

w
o

T

4

N
o

T
—@—

-
o
T

Specific resistance force [mMN/um?]

0 1 1 1 1
273 473 673 873 1073

Annealing temperature T [K]

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.

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 Zaluska and Matyja sug-
gested that the metastable Fe;B phase formation not
only depends on the B content but are related also to
the formation of the o-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 Fe;B
in B-rich Fe-5Si-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 Fe;B 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 Fe;B
core. This movement of Si atoms means that the
driving force for the formation of o-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
o-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
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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.

@ Springer

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 o-Fe at the
surface of the ribbon at 753 K, homogeneous
nucleation and growth of Fe;B to a size of
50 nm at 763 K, followed by the nucleation
and growth of a-Fe on the Fe;B core at 773 K.

(iii) ~ Silicon is ejected during the growth of Fe;B
core, accumulating in the adjacent amor-
phous matrix, thereby increasing the driving
force for the nucleation of the o-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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Restoring tooth color by Powder Jet Deposition

Nami HONGO, Hiroki YAMAMOTO, Takaaki SUNOUCHI, Akihiko TOMIE, Kuniyuki IZUMITA,
Keiichi SASAKI, Keita SHIMADA, Masayoshi MIZUTANI and Tsunemoto KURIYAGAWA

Ny —Lxzyb TR P ay (PID) i, HRARERE T CHEFHEE R SMIc RS ZES S CRHEsE2
MR FETHD. FEELIIEFELZAWVT, EMEDER S THEI NIRRT 7380 (HA) 28 o R
SWPHAREEZEL TV, LL, #ile HA BB LRBREICZ LS, PID OFEEFILR~OERAIT
RHAIN TRV, EZTHBR Tk, BETEAOERME CHD Z10; DRIF, 3LV HA RIFE Z0: K17
CHEMUBEERTFORBEERA, BRLIBEOMRBHELFE ML, 3181 HA B, SARFH, Z0,
BEDIRICKEL, B IC B 2K T OFETREVERLARY, BAE IR FESRROBA S
ALk E, BERTEIZRVT Zi0: BEVRRICIEEL TV A I LB bHZ L.

Key words: hydroxyapatite, zirconium dioxide, composite particles, powder jet deposition
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TE, BRERSF CIESRoR S &FCmME, F
EHRHAROTBENRET>TVA D, A CIIELEHRAR
¥ EELEERBOAREEEL, BOXKAHETEER
DERERETHIEEBRICRELTERTS. HEOF
EWFHAR T, aVRI b IrRwIIy s 228 OlEH
EEMEE, EEEREEN L TERCETICEEMICK
W BB DRIER— R THE . — 55, BITOERMHE
BEREIEE T DL - BB FHED K E BB END,
AIE IHUNRIR DR FRUE, BRENAL, FRLLTERY
DERBEL 7= DEBE MR ALV B LB HEL R TS I,
T, BAENHE N S TEEMICEELRISOMECHE
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04— =y MIIT (Powder Jet Processing) 2R L T30, &
FHRAEPHSREICBRATAZLEE L TVA.
RNYF—JxyMNLEE, EREFLIZIEIIVIR LD
K F 2SI RIEH RSB LIz L > TBRAIE 21T
M T EORKTHD 9. REROHERE/LL DI
FA—E BLURIF - AR BLOBBAEIC LY, BRERS
DT 7V A7V =y ML (AIM: Abrasive Jet Machining) &
FHFERBONRYY —J 2y b F R a (PID: Powder Jet
Deposition) D 2 SOMIHRKUZHEFESNS. PID 12201,
KED N, PID IZ51T BRREIRLF O = R RS ok e
DHHEHEERIZLVEL ns PR TR ft
BFL, TORDEUICEVIESTREINDLBEL TS, T
1 BT H7=D DA 3 BITRLFIRD 7%BETHY 9, 20{t
FLTRLFEHES, AR BB TlREMRE S EHREL,
ERITHEE THBLTOBIELIALNER>TUD TS,
UEDOFEEL D PID 2FIAL TeMED RS TH DN
AFaX 7737 A+ (Ca(POs)s(OH)z, LA F HA) BiaHR T
LEMIL, HBBLCTFHERONF CHR CHIZLNE
KRREBRICIVEIIN TS Y. —F T, #if'e HA BETIXF
HWORBBIEICZ UL, PID OFEHEFIER~OIS AT LB
TV, B TEEDIL, 175 MHELTRIAMIEX
LT3 ZrO: DRIF% HA BRI T LA URBR T 3L TliE
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2. 2 WRANAF LIS A5 FERO/REEER
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BRUSEEE 2.2 pm 0 ZrOki 72 FH U V=, 6 TN i 4
2R 1T [RIFEOIMEE S, WA b 535 A
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1 WAHR(
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2.4 HAELE ZrO, [ BDEIE
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ARTICLE INFO ABSTRACT

Keywords:

The goal of this study was to investigate a study for the efficient generation of pillar-like nanostructure (nano-

LIPSS pillar) on a material surface over a large area. In this research, a vertical cross-scanning (VCS) strategy using two

Picosecond laser
Ultrashort pluses
Pillar structure

Nanometer-scale

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

* Corresponding author.

(S.a) adhesion because the nanopillar size and the average distance
between them are approximate to the bacterial size (1 pm) 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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Fig. 1. The sample preparation process.
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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 pm) 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 4 0.1 J/cmz), while microcolumns
formed when the first 200 pulses had the fluences between 0.6 + 0.2 and
1.7 + 0.2 J/cm?. 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
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Fig. 3. Laser scanning path of the VCS method.
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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.

F =0.06 J/cm?

10 pm

F=0.08 J/cm?

10 pm AN

F =0.6 J/cm?

10 pm

Fig. 5. Mirror-polished surface irradiated by the laser with different fluences at the scanning speed of 300 pm/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.)

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
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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
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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.
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Fig. 7. Maximum height (Sz) and mean roughness (Sa) of LIPSS illuminated by scanning laser with different laser fluence.

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
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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 pm. 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
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Fig. 8. Mirror-polished surface irradiated by the laser with different scanning speeds at the fluence of 0.184 J/cm?. 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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Fig. 9. Nanostructures induced by the first laser scan: F; = 528 mJ/cm? and v; = 300 pm/s, and the second laser scan: F, = 51 mJ/cm? 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.)

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 2wy at e 2is
estimated experimentally to be around 300 pm. The sample was on the
work stage, and a movable stage was numerically controlled to follow
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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
(Fp) by a CCD camera.

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

d=-,

1
7 @

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
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Fig. 10. Nanostructures induced by the first and second laser scan under the scanning speed of 300 pm/s and hatch distance of 120 pm 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.)
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Fig. 11. Nanostructures induced by the first and second laser scans under the scanning speed of 300 pm/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.)

path. The following equation can describe the two-dimensional local a2 o2
i G

fluence intensity distribution of such beam on a processed surface: blx,y) = F"Z ¢ % Z e % )
o) : J

F(x,y)= Foe “ 2 . . . - X
where h is the distance between the scan line, which is defined as hatch

where xo and yy are the coordinates of the central point and F; is the distance.

peak fluence of Gaussian beam expressed as: While, the effective accumulated fluence per unit area, ¢, will be
deduced from Egs. (3) and (4) as the following equation:

2P
Fo=—— 3
°7 frw? &) b= Fofnw; _P ®

2vh vh

where P is the average power. The overlapping factor (OF) also illustrated in Fig. 3 and can be
By combining Eqgs. (1) and (2) and Fig. 3, the accumulated fluence calculated as [44,45].

can be expressed as follow:
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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.

(6)

1
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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 (A)
and the distance between 2D FFT peaks is given by equation A = 2/d, the
scale bar was set at 2 pm ™ 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 (Fp) at the scanning
speed (v) of 300 pm/s and hatch distance (h) of 120 pm with the S-
shaped scanning strategy. A well-defined LIPSS was not fabricated
clearly when laser Fy < 0.06 J/crnz, while when Fy = 0.08-0.5 J/cmz,
and similar LIPSSs were fabricated. However, unclear nanostructures
were induced when Fy > 0.6 J/em?. Tt 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 pm/s to 400 pm/s when the
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fluence of the scanning laser was fixed to 0.2 J/cm? Fig. 5 shows that
bumps induced if the scanning speed was lower than 100 pm/s. In
comparison, the LIPSSs were generated if the scanning speed was
controlled within 200-400 pm/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/cm? and 200-400 pm/s, respectively. And the
LIPSS periodicity, A, given by the 2D FFT at around 1 pm. 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 (v3), laser fluences (F»), 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 (F; = 528 mJ/cm?) and a scanning speed (v; = 300 pm/s)
to create the LIPSS structures. The LS2 then irradiated the LIPSS with
different scanning speeds (v2) under a fixed fluence (F = 51 mJ/cmz).
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, v < 300 pm/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, v = 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 v, >
2 mmy/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 pm/s for both the LS2 and LS2.
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Fig. 13. Nanostructures induced by the second laser scan under the scanning speed of 300 pm/s and laser fluence of 51 mJ/cm? with different hatch distances of (a)

100 pm, (b) 120 pm, (c) 140 pm, and (d) 160 pm.
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 (F; = 37 mJ/cm?).
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/cmz, 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/cm?. The
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leftmost column of Fig. 11 illustrates that the laser fluence of the LS2, Fo
= 28 mJ/cm?, was not high enough to induce the nanopillars on the
created LIPSS. The LS2 with F, = 37 mJ/cm? generated the clear
nanopillars as shown in the middle column of Fig. 11, while the LS2 with
Fy = 95 mJ/cm? 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/cm? 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
Fi = 95-528 mJ/cm? and F, = 37-70 mJ/cm? are suitable to form the
nanopillars when both scanning speeds are fixed at 300 pm/s.

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

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 pm/s and the laser fluence of 417 mJ/cm?.

When the hatch distance of the LS2 was over narrow (h = 100 pm),
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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 pm), 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 pm), as shown
in Fig. 13b and c, where the effective accumulated fluence per unit area
was ranged from 8.34 to 9.73 J/cm?. 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
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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.
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Fig. 17. The generated nanostructures
generated by different combinations of F;
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th 0 Fin =95 LIPSS2 tor can be simplified as 1 - v/f wo when v/
f<wo.
irradiated twice, as shown in Fig. 14. The fluences, scanning speeds, and 70 mJ/cm?.

hatch distances of the LS1 and LS2 were the same as 0.1 J/cm?, 300 pm/
s, and 120 pm, 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 pm/s, the laser
fluence of the LS1 must exceed the LIPSS generation criterion, which
should be around 0.1 J/cm? 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/cm?, and not higher than the LIPSS destruction criterion around
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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. 16¢, 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) @)

where g is the laser beam radius, F is the peak laser fluence of the
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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/cm? could induce
nanopillars on the LIPSS as shown in Section 3.3; therefore, the
threshold fluence for the nanopillars generation, Fy,, can be assumed as
37 mJ/cm?. Reversely, when the fluence of the LS2 is fixed to 51 mJ/cm?
as in Section 3.4, the threshold hatch distance, hy,, can be expected with
Fyn, as shown in Fig. 16d. Considering that hg, = 2ry, hy, can be obtained
by modifying Eq. (7) as:

®

Substituting the experimental conditions and results, Fy, = 37 mJ/
cm?, Fp=51 mJ/cm?, and ®o = 150 pm, hy, = 120.17 pm. It agrees with
the results in Section 3.4, which is that the hatch distance ranged from
120 pm to 140 pm 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) F» 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, F;, Fp, 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 (¢) of
LS1 and LS2 is the critical factor for LIPSS or nanopillars generation. ¢ 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 pm/s, and the laser fluence of the LS1 was ranged
from 0.1 to 0.5 J/cm?, that of the LS2 should be higher than 37 mJ/cm?
and should not exceed 70 mJ/cm? to obtain nanopillars. Meanwhile, the
mean height (ho) 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 (1) of LIPSS is not changed by the
laser fluence; therefore, the aspect ratio (ho/1) 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 F5 and the threshold fluence to induce the nanopillar.
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Optimization of Grinding Conditions of Axisymmetric Aspherical Grinding

Nobuhito YOSHIHARA, Keita SHIMADA, Masahiro MIZUNO and Tsunemoto KURIYAGAWA

With the recent increase in the size and image quality of optical equipment, there is a strong demand for higher precision
aspherical lenses. Generally, an aspherical glass lens or its mold is formed by grinding and then finished by polishing. Since
the shape accuracy deteriorates in this polishing process, it is necessary to keep the polishing amount small. Therefore, it is
desirable to optimize the grinding conditions and reduce the grinding surface roughness. In this paper, to optimize the grinding
conditions of axisymmetric aspherical surface, maximum height roughness of axisymmetric aspherical ground surface is
analyzed theoretically utilizing the statistical grinding theory. From the view point of relationship between the grain cutting
direction and workpiece feed direction, grinding can be classified into parallel grinding and cross grinding. And it is found
that the parallel grinding is suited to axisymmetric aspherical grinding.

Key words: parallel grinding, cross grinding, grain cutting direction, statistical grinding theory, ground surface roughness
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Table 1 Calculation conditions

Wo mm’ 0.00001
Random coeflicient n 3.3

Wheel revolution speed min™! 100 ~ 30000
Wheel feed rate v, mm/min 0.1 ~30
Width of wheel & mm 1

Wheel diameter 0 mm 10
Workpiece revolution speed @2z mm*! 0.1 ~ 1000
Digancc from center of workpiece to grinding 0.5~5
pointr  mm

Half-top angle of abrasive grain @ ° 80
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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 um 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., X'Y! and X?Y? strategies) were employed
in this experiment. In the X'Y! 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
X?Y? strategy, two laser scans were made along the same path for each layer, where the scan speed
for the first scan, s;, was varied across the same six speeds as in the X'Y! 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 um

Wave length 1070 nm
Transmission method Continuous wave laser
Laser power 50 W

Layer thickness 45 ym

Laser scanning distance 70 um

Atmosphere Argon

Laser scan strategy and laser scan speed

X'Y! Strategy

s [mm/s] 100, 150, 240, 300, 400, 430
X%Y? 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.
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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 ImagelJ 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 6 (-90° < 8 < 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.

Building
directi
irection y <;I <

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 X'Y! 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 X'Y! 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
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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.

Acknowledgements

This study was supported in part by JSPS KAKENHI Grant Numbers JP17K06074 and JP17KKO0126,
and by the 2014 Grant for Strengthening Innovation Platforms at National Universities. The authors
would like to express their gratitude to the Technical Division of the School of Engineering at Tohoku
University and to the staff of the Innovation Plaza, for their valuable support in conducting the
experiments.

References

[1] Sajad, A., Burnett, J., Michel, T., Damiano, P. (2017) Fully Porous 3D Printed Titanium Femoral
Stem to Reduce Stress-Shielding Following Total Hip Arthroplasty. J. Orthop. Res., 35, 8
(2017) 1774-1783.

[2] Ken, N., Jun T., Ryo, U., Hirotada K., Toshio M. (2015) Bone Ingrowth into Ti-Zr Porous
Implant and Bone Bonding Strength. J. Japanese Society of Oral Implantology. 19, 4, 29-35.

[3] Masaki, T., Shinji, I. Takumi, M., Hidekazu, M., Hiroyasu, K., Osamu, S., Keita, S., Masayoshi,
M., Tsunemoto, K. (2018) Development of high performance porous implants by metal additive
manufacturing. Proceedings of 2018 JPSE Spring Conference.

[4] Takayuki, N., Selective laser sintering of high carbon steel powder studied as a function of carbon
content. Journal of Materials Processing Technology, 209, 5653-5660.



Keynote Speaker: Prof. Tsunemoto Kuriyagawa
Presentation Title: The exploration of the frontiers of high
value manufacturing based on nanotechnology

Biography:

Professor Tsunemoto Kuriyagawa is the professor of Nano-Precision Mechanical
Fabrication Laboratory in Graduate School of Engineering, and the Professor of
Bio-Medical Interface Fabrication Laboratory in Graduate School of Biomedical
Engineering at Tohoku University.

Professor Kuriyagawa received his Bachelor of Engineering in 1979, Master of
Engineering in 1981, and Ph.D. 1987, all from Tohoku University, Japan. He then
served as a lecturer (assistant professor) from 1990 to 1992, an associate professor
since 1992 and a full professor since 2003. He was the Dean of Graduate School of
Biomedical Engineering of Tohoku University (2017.4-2020.3).

From 1991 to 1992, he carried out research on “Creep feed grinding of turbine
blade of jet engine” at the Center for Grinding Research and Development, University
of Connecticut, USA, as a visiting professor. At 2003, stayed at Center for Precision
Metrology of University of North Carolina at Charlotte, USA, for a sabbatical leave.
He is a member of Science Council of Japan, and was a council member of Science
Council of Japan (2014.10-2020.9). And he was the Chairman of the International
Committee for Abrasive Technology (ICAT) (2007-2008), and the President of the
Japan Society of Abrasive Technology (JSAT)(2017-2019).

Prof. Kuriyagawa’s research interest includes Pico & Nano-Precision Mechanical
Manufacturing, Functional Generation Machining, and Particle Jet Processing. He has
published over 400 refereed journal papers, 10 book chapters, over 50 patents. He has
been granted 56 awards and prizes.

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, | 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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To the New Frontier of Function Creation Processing for High Value Manufacturing

EfllkEsr
Prof. Tsunemoto
KURIYAGAWA

We have shown that the future of manufacturing will not be limited to “the creation of form”, but will also
include “the creation of function” by creating structures that express functions on or inside the machined
surface. This kind of “functional creation processing” is exactly what we are aiming for in "high value
manufacturing”, and we believe that it will become increasingly important. In this report, we introduce the
UV-assisted tape grinding technology for gallium nitride substrates, plasma shot technology for creating
low-friction and low-wear surfaces, and new surface function creation technology (ex. lattice coating) and
functional material creation technology based on 3D modeling technology.

Key Words: high value manufacturing, function creation processing, UV-assisted tape grinding, gallium

nitride, plasma shot
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Development of 3D printing technology for dentistry crown by colored zirconia
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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.
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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 mm?-
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



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 a-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.
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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 v, for each particle size.

v, =398d032% (4.4<d <9.5)
The transition velocity for the particle sizes below 3.1 um 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 um or less can be regarded as stable deposition conditions that do

not cause removal processing. Therefore, HA particle with a diameter of 3.1 pm 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 um 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., PJID 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-3 A (Fe77B16CrSis), 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 a-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 a-Fe on the core of FesB (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 a-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°C), suggesting that Ti-TiN (550°C) was stronger from the relationship of E= o / ¢ . 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 pm.
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 um, 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 ym.

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 um), and the effect of cutting resistance in the y-
direction was larger when the depth of cut was large (> 50 um). 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 um 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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