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ABSTRACT

Laser powder bed fusion manufactured (LPBF-ed) porous Ti6Al4V materials have attracted much attention in the
biomedical industry due to their functional properties. In this study, mono- and bi-layer LPBF-ed surfaces were
prepared to better understand the dynamics of pore formation and the impact of one layer on the next. The
powder spreading direction was regarded as the direction here, and then LPBF-ed surfaces could be defined as x-
and y- scanned ones. As for LPBF-ed monolayers, the y-scanned surface was rougher than the x-scanned surface,
in good agreement with the surface profile of the powder layer extracted from the numerical work. The finding
indicates that the morphology of LPBF-ed layers is affected by the relationship between the powder spreading
direction and the laser scanning direction. Besides, surfaces scanned with varying laser numbers were used to
analyze the effect of the remelting phenomenon, which confirmed that additional laser scans prone to reshaping
the pore distribution. The wettability was further studied to investigate their biocompatibility initially. No
obvious changes were observed between the CAs of the x- and y-scanned surfaces, whereas the remelting
accelerated the surface stabilization of LPBF-ed monolayers. LPBF-ed bilayers were much rougher and more
hydrophilic compared to monolayers, and the same result could be verified on xy- and yx-scanned surfaces. The
study contributes to better control pores and even performance within LPBF-ed samples by investigating the
surface morphology and wettability of LPBF-ed layers.
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Z. Li and M. Mizutani
1. Introduction

The Ti6Al4V alloy is one of the promising biomaterials because of its
excellent biological and mechanical performance [1-3]. However, cur-
rent Ti6Al4V bioimplants are easily leading to bone tissue resorption
due to the high elastic modulus of commercial bulk Ti6Al4V materials
[4]. To narrow the differences between Ti6Al4V materials and bones,
materials with porous structures have been introduced into the
biomedical field [3,5]. A significant decrease in elastic modules has been
achieved by using lattice structures [6,7] that even include hierarchical
porous structures [8] or controlling laser parameters such as laser
power, scan speed, and hatch distance [9] in additive manufacturing
(AM) technology. Special lattice structures always put forward strict
requirements on CAD design, whereas the latter only adopts simple solid
design. Thus, adjusting processing parameters has been an effective way
to develop AM materials such as Ti6Al4V. Further, samples with high
pore volume were reported to promote tissue generation and integration
[10] in the biomedical field.

Among all kinds of AM techniques, the LPBF technology has attrac-
ted considerable attention in fabricating porous structures with desired
mechanical properties due to its advantages in generating high-
resolution features and internal passages, and maintaining dimen-
sional control [11,12]. Based on the track-by-track and layer-by-layer
features of LPBF, Dilip et al. [5] produced single-track deposits and
bulk samples by verifying laser power and scan speed, and confirmed
that the width of the track reduces at a low power level and high scan
speed, and the depth of penetration of the melt pool decreases with
slower scan speed, leading to changes in porosity in the bulks parts.
Stamp et al. [13] easily obtained porous structure with controlled
porosity through a beam overlap procedure (i.e. laser hatch spacing),
and confimed a microtexture and spherical metal powder particles on
the as-built LPBF manufactured (LPBF-ed) surfaces. In both cases,
porous samples with various pore size and porosity were successfully
fabricated by controlling laser parameters because of unmelted powders
caused by low laser energy and gas atmospheres. However, the corre-
lation between pores and laser parameters deserves further study to
precisely control their microstructures and performance.

Except for the above-mentioned changes in the pores of LPBF
Ti6Al4V samples, changes in the surface morphology [14] also play a
key role in improving the biocompatibility through significant effects on
wettability [15,16]. Song and Fan [17] investigated synergistic effects of
surface roughness coupled with temperature and pressure on contact
angle and proved that the droplet on a rougher surface corresponded to a
lower contact angle when temperature and pressure were the same.
Besides, special structures like the rectangle convex structure [18] and
microgrooves [19], were produced on the surface to optimize the
wettability. Evenmore, many mechanical and chemical surface modifi-
cation techniques were also used to optimize the bioactive character of
Titanium-based biomaterials. Cotrut et al. [20] highlighted differences
in wettability, roughness, in vitro corrosion resistance, and biominer-
alization ability of different modified Ti-based biomaterials, and
demonstrated that surface properties can be controlled and enhanced by
modifying the roughness and reducing internal tension in the superficial
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layer. Huang et al. [21] analyzed the wettability, and biocompatibility
of Ti-based surfaces and showed that a high contact angle surface cor-
responds to high compatibility. All these works prove the necessity of
investigation in wettability for biomedical applications as it is highly
related to biocompatibility. Furthermore, the layer-stacking process
makes the surface morphology of a single layer closely related to the
pores of the bulk LPBF-ed sample. Thus, investigation of LPBF-ed
monolayers and bilayers is beneficial to clarify the pore formation
mechanism in LPBF-ed samples.

Considering the general scanning strategy consisting of straight lines
pattern with a rotation of 90° between each successive layer [22],
monolayer surfaces scanned by 0° (x) and 90° (y) lasers referring to the
powder spreading direction, and bilayer surfaces of xx and yx were
characterized to compare the formation dynamics of pores and their
distribution, as well as the corresponding wettability. In addition to
changing laser parameters (laser power, laser scanning speed, and laser
hatching spacing to promote pore vacancies by lowering the average
laser energy), the remelting also has been shown to effectively modify
both surface and interior pore vacancies [23-25]. Thus, monolayer and
bilayer surfaces under different laser scans were also prepared and
characterized in the study. The study is expected to control and reshape
pores and even modify their wettability of LPBF-ed Ti6Al4V samples.

2. Experimental methodology
2.1. Preparation of LPBF-ed layers

An LPBF machine ProX100 (3D systems) was used to sinter powders
on a wrought Ti6Al4V plate (100 x100x10 mm?). A fiber laser with a
spot diameter of 80 pm and wavelength of 1070 nm is packed inside the
3D printer. The Ti6Al4V powder used in the study has a gaussian dis-
tribution with an average value of 18 pm.

Based on its layer-by-layer stacking process [13], a single layer and
double layers were developed to investigate the combination perfor-
mance with the basic plate. Considering the roller rolling direction v, the
same direction as v is x, and the direction perpendicular to v is y. The
combinations of xx and yx were formed when the laser tracks in the
second layer were all parallel to v, which could be used to compare the
impact of overlayer strategies and identify mechanisims of the inner
pore generation. Fig. 1 displays the detailed design.

2.2. Extraction and characterization of powder bed surface

Due to the limitations of the closed chamber of packaging 3D
printers, powders spread on the base plate are difficult to be charac-
terized using morphological analysis equipment. Instead, the powder
spreading process was numerically investigated with the help of the
software EDEM to study the powder distribution in the x and y directions
(defined as Section 2.1). Physical models and methodologies have been
described in the previous publication [26]. To allow enough powders
spread on the base plate, the roller and bed in Fig. 2 were enlarged to
dimension of ®0.3 mmx2.4 mm and 8 mmx2.4 mmx0.5 mm, respec-
tively. Particles from the paved particle layer will be extracted to

Fig. 1. Schematic diagram of the LPBF-ed layers prepared by different laser trajectories: (a) x- (parallel to v) and y- (vertical to v) scanned monolayers, (b) xx- and yx-

scanned bilayers.
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Fig. 2. The DEM model for generating a paved particle layer, (a) geometry details with particle piles; (b) a paved particle layer after the roller rolling.

Fig. 3. Schematic diagram of contact angle measurement.

analyze the surface topography, and then compute the particle distri-
bution in the x and y directions. The particle position and diameter data
were exported from the DEM model and then the top surface was rebuilt

using MATLAB. Five cross-sectional curves in each direction (x and y)
were extracted to get the wettability-related parameter roughness fac-
tor, which reflects the difference in particle distribution.

2.3. Contact angle measurement

To evaluate the wettability of the above LPBF-ed mono- and bi-
layers, an automatic contact angle meter (DM-501Hi, KYOWR, Japan)
was used to measure the contact angle. The sessile drop method was
adopted, and the contact angle was measured 2000 ms after a 0.5 pL
water drop impacted the surface. The specific schematic diagram shows
in Fig. 3, and water drops on specimens will show different shapes
driven by the hydrophilic (contact angle less than 90°) or hydrophobic
(contact angle greater than 90°) nature.

Fig. 4. Illustration of the contact angle of different surface: (a) ideal wettability, (b) Wenzel model.

Fig. 5. LPBF-ed monolayer surfaces: (a)~(a2) the x-scanned surface; (b)~(b2) the y-scanned surface.
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Fig. 6. Contours of a powder bed in the x and y directions, (a) the surface morphology of the powder bed and the location of the contours, (b) Two-dimensional

curves of the contours.

2.4. Wettability theory

The difference in surface energy acting on the contact line of
different material phases provides the equilibrium condition of a
droplet. The contact angle (CA) is thus fixed and expressed as Eq. (1).

cosf) = Vs — Vs 1
Vi

Where ysg, ysL, and yg are surface energies of solid-gas, liquid-gas and
solid-liquid interfaces, respectively [27]. For a rough surface, the drop
spread on it until an equilibrium point is reached, as sketched in Fig. 4
(b). The liquid/gas interface is replaced by solid/liquid interface when
the contact line extends on the rough surface. Based on a geometrical
argument factor r introduced by Wenzel [27], the surface energy vari-
ation dE arising from an apparent displaces dx of the line (per unit length
of the contact line) can be written as Eq. (2).

dE =1 (yg, — Vs6)dx + 716 * dx * cosd” @
Where the roughness factor r is the ratio between the actual surface area

and the apparent surface area of a rough surface. The minimum of E
(dE=0) yields Eq. (1) if the solid is flat (r=1); if not, the contact angle

obeys Eq. (3).

cosf" = r * cosd 3)

Where 6 is the chemical angle given by Eq. (1). Eq. (3) predicts that
roughness enhances wettability. Further, the wicking phenomenon is
involved once the material is not fully filled. The droplet gently depos-
ited spreads and stops when it is surrounded by primarily non-wetting
defects.

2.5. Surface characterization

The surface topography was measured using a shape analysis laser
microscope (Keyence VK_X1100) with a resolution of 0.5 x 1 nm (height
x width). Thus, the digital data were collected, which could then be
used for quantitatively assessing the surface parameters. An SEM system
(SU1510) was further used to obtain the high-resolution images to
supplement the surface morphology.

3. Results and discussions

As mentioned above, different LPBF-ed layers were prepared and

Fig. 7. LPBF-ed bilayer surfaces: (a)~(a2) the xx surface; (b)~(b2) the yx surface.
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Fig. 8. Roughness factor rg,s of LPBF-ed (a) x- and y- scanned monolayer surfaces; (b) bilayer surfaces xx and yx.

characterized to study the effects of laser scanning direction and the
laser scans (remelting) on the microstructure and performance of LPBF-
ed materials.

3.1. Laser scanning directions

Fig. 5 shows x- and y- scanned LPBF-ed monolayer surfaces, where
Fig. 5(a)~(a2) show details of the monolayer x, and Fig. 5(b)~(b2) show
details of the monolayer y. Both surfaces were obtained at laser scanning
speeds (LSS) of 200 mm/s, laser power of 50 W and laser hatching
spacing of 80 pm. Obvious boundaries between adjacent tracks appeared
on both monolayer surfaces, but more unmelted powders were kept on
the monolayer y compared to the monolayer x. Considering the gener-
ally two steps of the LPBF process: spreading powders on a base plate
and then sinter the powder layer using a laser. The laser parameters used
here were the same, therefore, the differences in surface morphology
most likely originate from the powder spreading process. Further
referring to the work reported by other scholars on the effect of powder
spreading process [28,29], the quality of a single powder spreading
layer was considered to find out the reasons for the difference in x- and
y- scanned monolayers. Fig. 6 shows the contours of a powder layer
extracted from EDEM simulation results. Similarly, the direction x here
refers to the direction in which the roller moves, whereas y is vertical to
x. All these contours consisted of many arcs, which were boundaries of
spherical particles.

The morphologies of bilayers xx and yx were compared in Fig. 7.
Surfaces xx and yx were typical as-built LPBF surfaces [14,22], but with
different pore distributions due to the different laser scanning directions
of their 1st layers. The material in surface xx (Fig. 7(a2)) was connected
and extended in direction x, whereas materials in surface yx (Fig. 7(b2))
were even able to extend in the direction y, which can be attributed to
the error remapping of the surface morphology of the 1st layer. Further,
the 1st layer become the substrate of the 2nd layer, and thus, the powder
spreading process of the 2nd layer has become spreading powders on a
rough surface (as Fig. 5 (a2) and (b2) shown). The powder-spreading
process of the 2nd layer was significantly different from that of the 1st
layer therefore. Xiang et al. [30] have proved that the substrate surface
significantly affected the packing density of powders, and a substrate
with a rough surface resulted in the deposition of more powder particles,
and even more, the difference in packing density was also confirmed
when rotated the texture orientation. Same with Fig. 5 (a2) and (b2), the
1st layers of the bilayers xx and yx differed not only in surface roughness
but also in texture orientation, leading to different packing density of the
2nd powder layer. On one hand, powders with different packing density
results in changes in laser absorption and heat conduction, and then,
affects the sintering quality of the 2nd layer. On the other hand, the

rough monolayer surfaces confirmed in Fig. 5 will affect the flow of
molton materials in the 2nd layer. Further controlled by the surface
tension of molten Ti6Al4V, the LPBF-ed xx and yx surfaces with different
surface morphologies and inner pores were generated.

The above-mentioned LPBF-ed layers were verified to have different
surface morphologies, and further quantitative comparison was done to
reveal its relationship with wettability. As introduced in Section 2.4, the
roughness factor r plays a vital role in determining contact angle (CA). r
of a rough surface gy is calculated according to Eq. (4), and r of a rough
contour reone is defined as Eq. (5).

S surf

Fourf = 4
Sproj
Leon

Yeomt = L : (5)

proj

Where Sqyf is the total area of the surface and Sy is the area of its
projection, Leon: is the total length of the curve and Ly, is its projected
length. Fig. 8(a) and (b) show the results of roughness factor rgyf of
mono- and bi- layers, respectively. The error bars here were obtained
from 5 measurements. Overall, ry,s increases as laser scanning speed
(LSS) increases. Ishibashi et al. [31] observed that the top surface of
LPBF-ed samples become rougher as LSS increases, which was well
agreed with the increasing trend of rg,.f here. Compared with monolayer
x fabricated under the same laser parameters, monolayer y always has a
higher rgyf, which coincides well with surface morphology shown in
Fig. 5. Surface roughness factor ron; Of curves in Fig. 6 was calculated to
figure out the possible cause of the phenomenon. rcoy of the x-profile
line of a particle layer was 16.155 pm, whereas reon¢ Of its y-profile line
was 17.221 pm. The surface roughness factor of the powder layer was
much higher than that of an LPBF-ed surface, but they all followed the
rule thatr in the y direction is larger than that in the x direction. Powder
particles were melted and then flowed to nearby lower areas due to
gravity, leading to a flatter surface compared to the original particle
surface [32]. Thus, the roughness factor r of an LPBF-ed surface (less
than 3 pm) is much smaller than that of a particle layer surface (more
than 15 pm). Simultaneously, the greater inhomogeneity of the particle
distribution in the y direction caused the LPBF-ed monolayer surface y to
be rougher than the surface x, i.e., rgyf of y is larger than that of x.
Particles spread along the direction y were due to the roller rolling on
the bed substrate whereas particles spread along the direction x were
due to the roller having a certain length, leading to differences in
non-uniformity of particle distribution in directions x and y.

However, the change in the roughness factor of the bilayer surface is
inconsistent with that of LPBF-ed monolayers. As described in Fig. 7,
surfaces xx and yx were greatly dominated by the morphology of the 1st

5
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Fig. 9. SEM images of single tracks at increasing laser scanning speeds of (a) 100 mm/s, (b) 200 mm/s, and (c) 400 mm/s, and (al) ~(c1) are their enlarged images,
respectively.

Fig. 10. Results of CA on different days: day 1, day 8 and day 31. (a) x- and y- scanned monolayer; (b) bilayer surfaces yx and xx.

Fig. 11. Wettability of: (a) wrought bulk Ti6Al4V, (b) monolayer, and (c) bilayer on day 1, and (al) ~(c1) are their corresponding results on day 31, respectively.

6
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Fig. 12. LPBF-ed monolayer under different laser scans: (a)~(a2) one scan; (b)~(b2) two scans, and (c)~(c2) four scans.

sintered layer. As for bilayer surfaces S100 and S200, rg,s of yx is lower
than that of xx. The fully overlapping 2nd laser scan trajectories of the
surface xx allowed for in situ material stacking because the rapid
condensation of molten material limited its ability to fill the pores
generated in the 1st layer, especially boundary pores. The 2nd laser scan
trajectories of surface yx avoided completely aligning high-energy laser
area, resulting in a more uniform surface. Meanwhile, boundary pores
formed in the 1st LPBF-ed layer were easier filled, forming samples with
less pores. As for the bilayer surface yx, the elimination of boundary
pores significantly reduced the maximum height difference and resulted
in a lower rg,s. However, the bilayer surface S400 didn’t obey the rule.
To better explain the abnormality, single tracks under changing laser
scanning speeds (LSS) were supplemented. Fig. 9 shows the surface
morphology of single tracks under different LSS, and it reveals an sig-
nificant difference at a speed of 400 mm/s. Materials on the track S400
were unable to continuously connect with each other, generating sepa-
rate metal balls on the scanning track. At the case, the fraction of track
pores (pores appeared on the laser scan trajectory) exceeded that of
boundary pores (pores appeared between two adjacent laser scans), and
become the dominant in forming the LPBF-ed bilayer surface. When a
same laser scan was irradiated on it, more molten material filled these
track pores, leading to a relative small surface roughness factor rg+. In a
sum, the layer stacking process is too complicated to summarize into one
trend under changing laser parameters, but the roughness factor of
bilayer was higher than that of the monolayer under same laser scanning
speed, indicating that the surface quality deteriorates with increasing
number of layers. The rough surface will facilitate the formation of inner
pores in LPBF-ed samples.

Fig. 10 summarizes the contact angle of above-mentioned mono- and

bi- layers. As time goes by, the hydrophobicity of LPBF-ed samples
gradually improved, which can be seen from the increasing contact
angles (CA). A similar surface wettability trend was reported by Zhang
et al. [16] in their study on laser-induced plasma micromachined
Ti6Al4V surfaces. CA of the monolayer was larger than that of the
bilayer on the same day. Even more, droplets on the bilayer surface were
absorbed quickly on day 1 (the same as Fig. 11(c)), and no CA was ob-
tained. Note that all LPBF-ed layers were still sintered on the wrought
Ti6Al4V base plate, which could be regarded as a total dense Ti6Al4V
material, whose CAs were also measured (as shown in Fig. 11 (a) and
(al)). The combination of LPBF-ed layers and base plate was therefore
regarded as a graded material. Fig. 11 (b), (c), (b1), and (c1) show CAs of
these graded materials. The CAs on both day 1 and day 31 demonstrate
that the bilayer surface is more hydrophilic compared to the monolayer
surface, indicating the stacking thinkness has vital affect on wettability.
Further, LPBF-ed layers indeed promotes the hydrophilicity compared to
the dense Ti6Al4V.

Specificly, a larger * corresponds a smaller surface factor r when the
constant @ is smaller than 90° according to Eq. (3). As shown in Fig. 8
(a), the x-scanned monolayer was with a larger CA, but a smaller r
compared with the y-scanned monolayer, which agrees well with Eq.
(3). But as time goes by, there is no obvious difference between x- and y-
scanned monolayers. As for bilayers, the CA of bilayer yx was larger than
that of xx on day 8, but no significant difference on day 31. The findings
indicate that surface morphology dominates the wettability of these
tested surfaces initially, but the material properties will take over the
control of wettability as time goes by.



Z. Li and M. Mizutani

Colloids and Surfaces A: Physicochemical and Engineering Aspects 688 (2024) 133572

Fig. 13. LPBF-ed bilayer surfaces under different laser scans: (a)~(a2) one scan; (b)~(b2) two scans, and (c)~(c2) four scans.

3.2. Number of laser scans

Fig. 12 shows LPBF-ed surface under different number of laser scans.
Both optical and SEM images illustrated significant changes in surface
morphology. Lv et al. [33] verified that the in-situ re-melting could
eliminate previous pores or introduce new pores by controlling laser
parameters, which indicates that the re-melting is effective in rear-
ranging pores of LPBF-ed samples. Pores of the monolayer scanned once

(Fig. 12 (al) and (a2)) were mainly concentrated on the track bound-
aries and obvious track-to-track boundaries could be observed. Even
unmelted powders were observed on the 1-scanned surface. However, as
another in-situ laser scan irradiated on the monolayer, unmelted pow-
ders were dismissed and separate metal balls were enlarged. The 2nd
laser scan allowed sufficient material melting and further equilibrium
between surface tension [34] and gravity. The cross-section of a single
LPBF-ed track is generally close to a semicircle. Additional laser scans

Fig. 14. Roughness factor ry,s of LPBF-ed: (a) monolayers and (b) bilayers under different laser scans.
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Fig. 15. Contact angle of (a) LPBF-ed monolayers and (b) LPBF-ed bilayers on day 1, day 8 and day 31.

allowed materials flow from the top of a semicircle to sides, forming the
vertically extended part. Herein, materials on the 2nd scanned surface
appeared to extend vertically as the remelted materials flowed to fill
boundary pores, which led to a slight decrease in the height gap of
Fig. 12(b1) compared with Fig. 12(al). At the same time, part of the
track boundaries remained and the remelting promoted the elimination
of the traces of previous metal flow due to further action surface tension.
Fig. 12 (c1) and (c2) show LPBF-ed monolayer irradiated by four laser
scans. The 4th scanned surface allowed surface tension of the vertically
distributed portion to fully act, resulting in the increase in the height gap
in Fig. 12(c1).

Similar phenomena were observed in LPBF-ed bilayer surfaces, as
shown in Fig. 13. Bilayer surfaces were with larger height differences
compared to corresponding monolayer surfaces. Similar to the 1st layer,
the material in the 2nd layer was reshaped by increasing the number of
laser scans. However, affected by the 1st layer, the materials in the 2nd
layer were molten and flowed to fill pores of both 1st and 2nd layers. As
Fig. 13(b1) shown, powders were melted and sintered after the 1st laser
scan, but materials condensed before adequate flow, thus the effect of
pores of the 1st layer was not so obvious. As the number of laser scans
increases, the molten material even could fill into the pores of the 1st
layer, which will affect the morphology of the 2nd layer thereby. The
bilayer surface in Fig. 13(c2) was dominated by both vertically (similar
to Fig. 12(c2)) and horizontally (to fill pores in Fig. 12(c2)) connected
materials. Overall, pores play a significant role in guiding the flow of the
remelted materials, especially for multi-remelted materials.

To better understand the effect of multiple laser scans, the quanti-
tative surface parameter roughness factor rg, s of LPBF-ed surfaces was
calculated and shown in Fig. 14, where the error bars are derived from 5
measurements. I, increases as the laser scanning speed increases no
matter how many time the laser is irradiated on the material. Further-
more, Ty, f increased significantly when the number of laser scan was
changed from 1 scan to 2 scans. The 2nd laser scan allowed further
surface expansion of the molten material due to surface tension. But
limited by the nature of the material itself, the surface expansion will
stop once it was sufficiently melted. Thus, rg,f of some LPBF-ed samples
still increased after being irradiated by 4 laser scans. However, the
expanded material flowed and connected with nearby materials, driven
by gravity, and some pores vanished thereby, leading to the decrease of
Tsurf- The decreased rgyf of monolayer surface S400 and bilayer surface
S100 after 4 scans indicated that the pore vanishing dominated the
change of surface roughness factor rgy,s.

The wettability of surfaces under different laser scans was studied
and summarized in Fig. 15. Fig. 15(a) shows the contact angle (CA) of
monolayer surfaces. On the 1st day, CAs of 1 scan surfaces were smaller
than that of 2 scans and 4 scans surfaces, which coincided well with a

lower roughness factor according to Eq. (3). However, the CAs of 1 scan
went up quickly as time went up, whereas that of other two groups (2
scans and 4 scans) increased slightly. Thus, on the 8th day, CAs of LPBF-
ed monolayers under varying laser scans was almost the same. But on
the 31st day, CAs of 1 scan become much larger than those of other two
groups. Fig. 15(b) shows CAs of LPBF-ed bilayers under varying laser
scans of 1 scan, 2 scans and 4 scans. Droplets on bilayer surfaces of 1
scan were absorbed quickly on the 1st day, whereas CAs of 2 scans and 4
scans were around 60° . Similarly, CAs of 1 scan surfaces increased
significantly as time went up compared to the slight increase in CAs of 2
scans and 4 scans surfaces. Noted that CAs on 1st and 8th days obeyed
the order of 1 scan, 2 scans and 4 scans in ascending order, partially
agreed with the changes in rg,+. However, CAs of 1 scan went beyond
others on the 31st day. In a sum, CAs of LPBF-ed surfaces were greatly
affected by the surface roughness factor at the initial stage. Further, the
increasing number of laser scans allowed LPBF-ed samples to reach the
steady state, told by a small range of CAs as time went up.

4. Conclusion

In the study, the surface morphology of LPBF-ed mono- and bi- layers
were analyzed and characterized as the surface roughness factor rgys.
Obviously, both the laser scanning directions and the number of laser
scans affected the morphologies of these LPBF-ed layers, but their CAs
did not changed a lot. However, the CAs of LPBF-ed monolayes were
higher than that of bilayers. The detailed conclusions were summarized
as follows:

(1) The y-scanned LPBF-ed monolayer was rougher than the x-scan-
ned one, agrees well with the rougher particle distribution in the
direction y obtained from a numerical work on the powder
spreading process. The powder spreading quality affected the
sintered quality of LPBF-ed layers by affecting the laser
absorption.

(2) The LPBF-ed bilayer xx was rougher than yx at high laser energy

but less rough at a low laser energy. More boundary pores on the

1st layer were covered by the melting of the 2nd layer, leading to

a better surface of yx. However, the material of the sample S400

(corresponds to a low laser energy) cannot be continuously con-

nected even in a single laser track and many pores appeared on

the laser tracks, causing its abnormality compared to S100 and
$200.

The CAs of LPBF-ed mono- and bi- layers decreased as time went

by, and no obvious difference between x- and y- scanned mono-

layers, and bilayers yx and xx. But the CAs of monolayer surfaces
were larger than those of bilayer surfaces on the same day,

3

-
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indicating that increasing LPBF-ed layers can promote the
hydrophilicity.

(4) The number of laser scans significantly affected the morphology

G))

of LPBF samples, especially the pore distribution. Adding another
laser scan allowed materials to be sufficiently melted and expand
in the height due to the surface tension, resulting in a larger
surface roughness factor rgys. It also allowed materials connec-
tion, which was beneficial in forming a better surface. rs,f reflects
an balance results.

As time went by from day 1 to day 31, the decrease in CAs of 1
scan surfaces larger than that of 2 and 4 scans surfaces, indicating
that the increasing laser scan accelerated surface stabilization,
which is meaningful in biomedical application. The final CAs of
LPBF-ed monolayers can be ordered as 1 scan, 2 scans, and 4
scans from large to small, but the CAs of bilayers at 4 scans were
slightly larger than that of 2 scans, indicating a complicated
wettability mechanism for LPBF-ed multilayers.
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Abstract. Amorphous alloys with no crystal structure, particularly Fe-based ones, exhibit excellent soft
magnetic properties and are expected to be applied to motor cores because of their high magnetic flux
density. However, they are difficult to machine because of their mechanical properties, such as high
strength and toughness, owing to their unique structure. These mechanical properties of amorphous alloys
change due to thermal microstructural changes, that is, structural relaxation and crystallization; however,
the excellent magnetic properties also degrade. Therefore, this study proposes a new blanking method that
improves the machinability of amorphous alloys without degrading their magnetic properties by thermally
changing the microstructure of the local area where blanking is performed. This study investigated the
effectiveness of ultrashort pulsed lasers, which have little thermal effect, on the local heat treatment of
amorphous alloys. Furthermore, blanking tests were performed on the locally heat-treated amorphous
alloys, and the blanking resistance values and characteristics of the blanked surfaces were evaluated.

Keywords: Amorphous alloy, Ultrashort pulsed laser, Local heat treatment, Blanking, Surface
characteristic

1 Introduction

Amorphous alloys exhibit a unique structure without crystals, which is achieved by rapid quenching from
the molten state to suppress the formation of a long-range ordered structure [1]. In particular, Fe-based
amorphous alloys exhibit excellent material properties, such as high soft magnetic properties, strength,
and toughness. Because of their high magnetic flux density and low iron loss, they are expected to be
applied in motor cores with high energy-saving effects [2]. However, their tough mechanical properties
render them difficult to machine. All of these material properties are caused by the amorphous structure.

Therefore, this study develops a new blanking method that locally transforms the amorphous
microstructure, which is the cause of various material properties, and improves only the machinability [3-
5]. Because amorphous alloys are metastable, they transform their structure through structural relaxation
[6] and crystallization [7], in which atoms are shifted to stable positions by heat. In this study, the
microstructure was gradually changed by adjusting the heat treatment temperature [3], and the
mechanical properties in a few-micrometer region drastically changed depending on the microstructure
[4]. Furthermore, by using ultrashort pulsed lasers, which have a low thermal effect, for heat treatment
applications, it was possible to thermally transform only the machining area while suppressing thermal
diffusion, and the machining resistance was successfully reduced [5].

In this paper, the effect of microstructure on blanked surface characteristics is discussed by comparing

the blanked cross sections of samples heat-treated with ultrashort pulsed lasers and conventional methods.

2 Methods

Iron-based amorphous alloy foil strip Fe;;BsCr,Sis (Metglas 2605S-3A, PROTERIAL, Ltd.) with
approximately 20-um thickness, whose microstructure changes due to heat treatment had been
investigated in the past [3], was used for the evaluation. As the microstructure of amorphous alloys
changes drastically with a difference of only a few degrees in the heating temperature [3], normal heat
treatment was performed using a thermogravimetric differential thermal analyzer (TG-DTA: TG8120,
Rigaku Corp.), which enables precise temperature control. Heat treatment was performed in a reducing
atmosphere (0.998% H,-Ar gas) to prevent oxidation. The samples were heated from 300 K at 20 K/min
to 713 K and 873 K for structural relaxation and full crystallization, respectively. Subsequently, it was
cooled to 300 K at 20 K/min without holding the samples isothermally at the highest temperature. An
ultrashort pulsed laser (LPF-2, Lastec Co., Ltd.) with a laser beam diameter (1/e* width) of 65.6 um was
used for local heating. The laser irradiation conditions were an oscillation central wavelength of 1,030
nm, power of 1 W, pulse width of 260 fs, and pulse repetition frequencies of 50 kHz and 200 kHz. Laser
irradiation at 50 kHz causes structural relaxation, whereas irradiation at 200 kHz causes crystallization
[5]. The laser was irradiated at equal intervals with a 0.1-mm spacing after 20,000 laser pulses per spot,
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and local heat treatment was performed in a dotted pattern along the contour of the tool geometry (see Fig.
1(a)). Moreover, four pinholes were created to fix the sample to the blanking machine. The as-received,
normally heated, and locally heated samples were blanked under the same conditions. The machine
shown in Fig. 1 (b) was used for the blanking test. The clearance between the punch and die was set to 2
um. A rectangular punch with a 4-mm width and 12-mm length was used. To accurately blank out the
heated position of the locally heated specimen, the punch was fixed to four pins installed on the blanking
machine. The blanking speed was set to 20 mm/s, and the blanked fracture surface was observed using a

scanning microscope (SEM, JXA-8530F, JEOL).
(b)
Punch
Stripper
Pin

(a)
- T

Die
Laser was irradiated at 0.1 mm intervals.

Load sensor

Fig. 1. Schematic diagram of (a) the laser irradiated specimen and (b) the blanking machine.

3 Results and Discussion

Fig. 2 shows the SEM images of the blanked fracture surfaces of the as-received and normally heat-
treated samples. Figs. 2(a), 2(b), and 2(c) refer to the as-received sample, structurally relaxed sample
heated to 713 K, and (c) fully crystallized sample heated to 873 K. In all the cases, the tool was fed from
the top to the bottom of the image. Generally, the blanking surface of a metallic material consists of four
elements: (i) a shear droop caused by material deformation, (ii) a sheared face created by friction between
the tool and material, (iii) a broken face created by crack growth, and (iv) a burr, which is a machining
defect at the bottom of the material. The as-received specimen in Fig. 2(a) has high toughness, and faces
(i) and (ii) were generated by shear slip and tool friction. In Fig. 2(b), (iii) appeared all over the surface
due to embrittlement, and in Fig. 2(c), (iv) was caused by the recovery of the plastic deformation ability
due to crystallization. In the unobserved area, large cracks and wavy surfaces were observed in all cases,
and it is difficult to conclude that the surfaces were well-machined.

Fig. 2. Blanked surface characteristics of (a) the as-received specimen, (b) the specimen annealed up to 713 K, and
(c) the specimen annealed up to 873 K, as observed by SEM.

Fig. 3 shows the SEM images of the blanked surfaces of the samples locally heated by an ultrashort
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pulsed laser. Fig. 3(a) shows a sample of structural relaxation when the pulse repetition frequency is 50
kHz, and Fig. 3(b) shows a crystallized sample when the pulse repetition frequency is 200 kHz. In both
cases, the laser irradiation initially causes ablation, followed by local heating due to latent heat, resulting
in a hole-like cut line at the laser-irradiated point (arrow mark in Fig. 3). Fig. 3 shows that (ii) and (iii)
appear above and below the fracture surface, respectively, regardless of the microstructure. Furthermore,
neither (i) nor (iv), which can lead to machining defects, were observed. Even in the unshown region, an
ideal machined surface without cracks or waviness was obtained. As shown in Fig. 2, the specimens with
normal heating exhibited significant changes in mechanical properties [4] and fracture surface shape [8],
depending on the microstructure of the specimens. This is attributed to the original undulation of the
specimen, which preferentially deforms the convex part of the specimen, resulting in an unevenly
blanked surface. In contrast, when ultrashort pulsed laser local heating was used, the small holes formed
during the heat treatment caused a notch effect, and deformation proceeded from the stress concentration
points, resulting in almost the same fracture surface shape, regardless of the microstructure.

Fig. 3. Blanked surface characteristics of the locally heated specimen when the pulse repetition frequencies are (a) 50
kHz and (b) 200 kHz. Each surface was observed by SEM.

4 Conclusions

In this study, the blanked surface characteristics of Fe-based amorphous alloys subjected to different heat
treatment methods were evaluated using SEM images. For the normal heat treatment method, the blanked
surface characteristics significantly changed depending on the change in the microstructure, resulting in
the appearance of an uneven blanked surface. However, for local heating using an ultrashort pulsed laser,
the notch effect caused by the small holes formed during the heat treatment resulted in the appearance of
a uniform and ideal blanked surface, even for specimens with different microstructures.
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Abstract. An impact of a bubble induced by a submerged pulsed laser is utilized for improvement of
fatigue strength of metallic materials. As the bubble induced by the pulsed laser behaves like a cavitation
bubble, the laser induced bubble is called as “laser cavitation”. The mechanical surface treatment using
the laser cavitation impact is named as “laser cavitation peening”. At laser cavitation peening, the impact
induced by laser cavitation collapse strongly depends on the bubble geometry. There are two typical mode
at the bubble collapse. One mode is “microjet mode”, at which bubble develops near the target and is
collapsed with generating a microjet in the bubble. The other mode is “hemispherical mode”, at which a
hemispherical bubble develops on the target surface and is collapsed on the surface. As the bubble
collapse of microjet mode is interesting phenomenon, a lot of researchers investigate “microjet mode”.
However, impact induced by “hemispherical mode” is significantly larger than that of “microjet mode”. In
the present paper, to optimize laser cavitation peening condition, a fluid/material coupled numerical
simulation of a bubble collapse near a wall was carried out changing with standoff distance from wall. It
was revealed that the equivalent stress induced by hemispherical mode was larger than that of microjet
mode.

Keywords: Cavitation, Bubble, Numerical Simulation, Laser, Peening

1 Introduction

In the case of laser peening, which is also called as laser shock peening, there are two types. One is laser
peening with water film [1]. The other is laser peening under water, i.e., submerged laser peening [2]. For
both laser peening, it has been thought that peening mechanism to introduce local plastic deformation is
caused by laser ablation [3]. Namely, it is thought that inertial force caused by shock wave at laser
ablation is contained by water, and it produces plastic deformation into metallic materials [1, 3].
However, in the case of submerged laser peening, a bubble which behaves like a cavitation bubble is
generated after the laser ablation, and the bubble impact can be utilized for peening [4] (see Fig. 1 (a)). In
the present paper, the bubble is called as “laser cavitation”, and a peening method using laser cavitation
impact is named as “laser cavitation peening” [5-7].

When pressure wave in water was measured by a submerged shock wave sensor, the amplitude of laser
ablation was larger than that of laser cavitation collapse as shown in Fig. 1 (b) [4] . However, an impact
induced of laser cavitation collapse measured by a PVDF sensor in target was larger than that of laser
ablation (see Fig. 1 (c)) [4]. Namely, the laser cavitation impact is useful for the laser cavitation peening.

(a) Aspect of laser ablation and laser cavitation
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(b) Signal from a shockwave sensor in water (c) Signal from a PVDF sensor in the target
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Fig. 1. Calculation area and initial condition of calculation [4].
As the improvements of fatigue properties of metallic materials such as additive manufactured titanium
alloy Ti6Al4V [8] and magnesium alloy AZ31 [9] by laser cavitation peening were reported, it is
worthwhile to optimized and enhance peening intensity of laser cavitation peening.

In the case of research area on cavitation, i.e., bubble dynamics, a bubble collapse with a microjet, i.e.,
“microjet mode”, was an attractive phenomenon in both experimental and numerical analysis since early
1970s [10, 11]. When peening effects such as introduction of compressive residual stress was compared
experimentally, hemispherical bubble collapse, i.e., “hemispherical mode” was more aggressive
comparing with “microjet mode” [7]. Iga and Sasaki demonstrated numerically by a fluid/material
coupled numerical simulation that effects of bubble collapse into material surface strongly depended on
the bubble shape.

In the present paper, in order to optimize laser cavitation peening, the difference between “microjet
mode” and “hemispherical mode” was investigated numerically by the fluid/material coupled numerical
simulation.

2 Numerical Method

In the preset paper, in house code of fluid/material coupled numerical simulation was used. The details
were described in the previous papers [12, 13]. Figure 2 shows the calculation area and initial condition
of calculation. Duralumin was simulated as target material. In order to investigate the collapsing mode of
the bubble, yis defined by the distance between the center of the bubble and the wall surface, L, and the
maximum bubble radius Ryay as Eq. (1).

L

y = 1)

Rmax

Here, =0 and y= 1.2 correspond to “hemispherical mode” and “microjet mode”, respectively [13].
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Fig. 2. Calculation area and initial condition of calculation.

3 Results

Figure 3 reveals the color contour at bubble collapse (a) hemispherical mode and (b) microjet mode. As
bubble shape, pressure in water and stress in material were changing with time, the time of maximum
pressure in water at each mode was chosen for Fig. 3, respectively. In Fig. 3, black lines show the bubble
shape changing with time from R = Ry, to the collapse. The color contour of upper left of each figure
reveals void fraction. The void fraction is almost zero at the moment in Fig. 3 because the moment of
maximum pressure is final stage of the bubble collapse, although the bubble will rebound after this
moment. The upper right illustrates pressure and velocity vectors in the fluid domain. The equivalent
stress in the material domain was shown in lower part.

Figure 4 shows the maximum equivalent stress in material domain (Geq)max during the collapse. In the
case of microjet mode, the pressure in water reached about 450 MPa due to water hummer pressure of the
microjet, however, (Ceq)max Was less than 100 MPa. On the other hand, (Geg)max 0f hemispherical mode
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reached over 2.5 GPa. And also, the volume of stress influential area and the depth of stress influential
area of hemispherical mode were larger than those of microjet mode [13]. These results well correspond
to the experimental result, in which the introduced compressive residual stress by hemispherical mode
was larger and deeper than that of microjet mode [7].

(a) Hemispherical bubble on the wall (b) Spherical bubble near the wall
(hemispherical mode) (microjet mode);

Fig. 3. Fluid/material coupled numerical simulation of collapse of a bubble near a wall

Maximum equivalent stress in material domain (Geq)max MPa
0 1,000 2,000 3,000

Hemispherical mode

Microjet mode

Fig. 4. Difference between hemispherical mode and microjet mode on maximum equivalent stress in material domain

4

Conclusions

In order to demonstrate the difference on peening intensity of laser cavitation peening between microjet
mode and hemispherical mode, fluid/material coupled numerical simulation was carried out. It was
concluded that maximum equivalent stress induced by hemispherical mode was larger than that of microjet
mode.
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This study proposes a novel dental treatment method using powder jet deposition (PJD). PJD can be employed to
fabricate hydroxyapatite (HA) films directly on human enamel by blasting fine HA particles. Acid resistance tests
were performed on HA films fabricated with two blast angles (@ = 60° and 90° with two samples each) and using
human enamel (with one sample) to evaluate the usefulness of the HA films in acidic intraoral environments. All
samples were dissolved in acid, and their volume gradually decreased over the test time ty;4. Transmission
electron microscopy images showed that the grain boundaries near the acid-exposed surface of the HA films were
densely modified and prevented acid penetration, whereas the human enamel grains became finer owing to the
acid-base reaction. Thus, the HA films lost lesser volume than the human enamel did, indicating higher acid
resistance. However, one film fabricated at « = 60° partially peeled off during t,.ig = 6-9 h. Analysis of the PJD
phenomenon through smoothed particle hydrodynamics indicated that the tensile residual stresses promoting
crack propagation and delamination increased as @ became more acute, causing HA film peeling. Therefore,

particles should be blasted in multiple directions to avoid stress bias.

1. Introduction

Human teeth have hard enamel comprising small columnar struc-
tures that protect dentin composed of tubules [1]. Current widespread
caries treatment practices involve removing the caries penetrating the
dentin and filling the cavity with dental material [2]. However, extreme
temperature and pH conditions of the intraoral environment pose
challenges. Therefore, differences in material properties between dental
materials and human teeth cause deformation of the dental materials,
resulting in the recurrence of caries from the interface between the
dental material and cavity, known as secondary caries [3]. This neces-
sitates the use of new dental materials with mechanical properties
similar to those of human teeth and new treatment methods for tightly
bonding the dental materials to human teeth.

To meet these requirements, this study proposes an innovative dental
treatment method using powder jet machining (PJM) (Fig. 1). PJM is a

* Corresponding author.
E-mail address: c-kuji@tohoku.ac.jp (C. Kuji).

https://doi.org/10.1016/j.mtcomm.2024.109564

blasting method using metal or ceramic particles, as well as other ma-
terials. When particles impact a workpiece at a high velocity, either the
workpiece is removed (referred to as abrasive jet machining (AJM)) [4],
or the impacted particles are deposited on the workpiece (referred to as
powder jet deposition (PJD)) [5]. AJM and PJD can be performed under
atmospheric pressure at normal temperatures and transition depending
on processing conditions, such as the size d,, impact velocity v, and
impact angle 0 of the blasting particles [6]. General deposition pro-
cesses, such as thermal spraying [7], cold spraying [8], and aerosol
deposition [9], have environmental restrictions, e.g., they can be con-
ducted only under a high temperature or vacuum, making the
restriction-free PJD a unique method. PJM can be directly applied to the
intraoral environment; caries can be removed through AJM and an
artificial dental film can be created through PJD. In particular, artificial
dental films prepared through PJD have high versatility and can be
applied in preventive and cosmetic dentistry.
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To evaluate the usefulness of the proposed method, hydroxyapatite
(HA): calcium phosphate (Ca;o(PO4)(OH)3), a highly biocompatible
bioceramic material accounting for 97 % of human enamel and 70 % of
dentin [10,11], was used as the blasting particle material, and a
fundamental investigation was conducted. HA films were formed on
human enamel through PJD. The Vickers hardness of the films was
equivalent to that of human enamel, whereas their bonding strength to
human enamel was comparable to that of a dental composite resin
bonded with bonding agents [12]. Molecular dynamics showed that
atomic-level bonds were formed between human enamel and the HA
films owing to the instantaneous high-temperature and high-pressure
environment at the impact interface caused by PJD [13]. Thermal
cycling tests simulating intraoral temperatures were performed, and no
changes in the Vickers hardness or adhesion strength were observed
before and after the tests, demonstrating high adaptability to harsh
intraoral environments [14]. However, the effects of the oral pH have
not been investigated. Although the average intraoral pH is 7.4, the oral
environment is prone to pH changes; acidic foods and beverages, drugs,
and gastric reflux significantly reduce the pH [15]. When dental plaque
is deposited on the tooth surface, the pH in the area beneath the dental
plaque drops to less than 5.5 immediately after consuming a sugary
food. Human enamel and dentin are demineralized when the intraoral
pH drops to 5.5-5.7, causing dental caries [16]. Therefore, the acid
resistance of PJD-fabricated HA films in an intraoral acidic environment
must be evaluated to determine the practical usability of the films.

This study evaluated the usefulness of HA films fabricated through
PJD in an intraoral acidic environment and tested the acid resistances of
the films as well as human enamel. HA films are typically prepared by
blasting perpendicular to the flat workpiece. However, the actual tooth
surface is uneven [17] and may be blasted in an oblique direction to the
affected area. Therefore, this study fabricated HA films at two different
blasting angles a and investigated the effect of a on the acid resistance of
the HA films. The microstructures of the HA films and human enamel
were observed using scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM), and the physical phenomena during
PJD were analyzed using the smoothed particle hydrodynamics (SPH)
method.

2. Materials and methods
2.1. Materials

HA was used as the particle and workpiece material for PJD. The HA
particles were synthesized by a hydrothermal synthesis method, and the
HA substrate was obtained as a commercial product (Kurisera, Kyushu
Refractories CO., LTD.) commonly used in dental research. Fig. 2(a)
shows the HA particle size distribution measured using a laser diffrac-
tion particle size analyzer (SALD-2200, Shimadzu Corp.). The density of
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the HA particles used in PJD was 3.109 g/cm?, and the median diameter
(Fig. 2(a)) was 2.16 pm. Fig. 2(b) shows the TEM bright-field (BF) image
of the HA particles before blasting. In TEM, the transmission electrons
and scattered electrons of the electron beam transmitted through the
sample are used for imaging to observe the microstructure of the sample
and analyze its structure. Therefore, it is necessary to use a thin film
sample through which electron beams can transmit. All samples for the
TEM observation in this study were fabricated into thin films using the
focused ion beam (FIB) method. This method uses a Ga ion beam focused
from a few to several hundred nanometers and scans the sample surface
to produce a thin film using sputter etching. The HA particles were
placed on a Cu grid, and a protective film was prepared by C deposition
to prevent damage to the material structure during FIB processing. The
HA particles were polycrystalline materials comprising approximately
0.5-1 pm-sized crystal grains (Fig. 2(b)). The selected area diffraction
(SAD) patterns from the circled regions in A and B in the BF image were
identified with 111 and 102 spots from the <211> incident beam and
100 and 010 spots from the <001> incident beam of hexagonal HA.
Fig. 2(c) shows the X-ray diffraction (XRD) results [18] of the HA par-
ticles used in this study; the particles were confirmed to be HA after
indexing based on [19]. Fig. 2(d) shows the TEM BF images of the HA
substrate microstructure. All HA films, HA substrates, and human
enamel observed by TEM in this study were protected by Pt deposition
over the entire surface of the samples and subsequently sampled by the
FIB. The PJD film and HA substrate were thinned together by the FIB.
The HA substrate was 10 mm wide, 25 mm long, and 2 mm thick, with
uniform material properties. This substrate had a columnar poly-
crystalline structure (Fig. 2(d)) similar to human tooth enamel [20]. The
columnar polycrystalline structure of human enamel grows toward the
tooth surface, and the short-axis cross-section of the column is exposed
on the surface. Therefore, HA films were prepared on the top surface
shown in Fig. 2(d) under the same conditions as those used for HA film
formation on human enamel in the oral cavity. In the acid resistance test,
the surface of the HA substrate was polished to measure the change in
volume of the HA film over time. A smooth surface was used as the
reference for the volume measurement. For comparison with HA films,
the human enamel sample shown in Fig. 2(e) was prepared by cutting a
human tooth embedded in resin and polishing the cut surface. The
polished surface of the human enamel was slightly exposed compared to
that of the resin, and the smooth surface of the resin was used as the
reference. The HA substrate and human tooth enamel were both pol-
ished with a diamond slurry in the grit order of #320, #600, #1000,
#1200, #2000, and #4000.

2.2. Fabrication method of HA films

Fig. 3 shows schematics of the PJD apparatus, blasting parameters,
HA film formation area, and xyz coordinates. PJD was performed using a

Fig. 1. Schematic of novel dental treatment method.
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(caption on next column)
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Fig. 2. Evaluation results for experimental materials. (a) Size distribution of
hydroxyapatite (HA) particles. (b) Cross-sectional transmission electron mi-
croscope (TEM) bright-field (BF) images and selected area diffraction (SAD)
patterns of the HA particles. The SAD pattern was acquired from the circled
regions in A and B and identified 111 and 102 spots from the <211> incident
beam and 100 and 010 spots from the <001> incident beam of HA. (c) X-ray
diffraction (XRD) pattern of HA particles [18]. (c) BF TEM images of the HA
substrate. (d) Image of human tooth enamel sample. TEM samples of (b) and (d)
were prepared by focused ion beam (FIB) processing.

dental handpiece-shaped device with two internal channels: supply and
acceleration (Fig. 3(a)). The HA particles in the particle tank were
transported using compressed air through the supply channel to the
junction of the two channels. The HA particles were then accelerated
using compressed air supplied to the acceleration channel. The accel-
eration and supply pressures were set to 0.5 MPa. The tank was filled
with 2.0 g of HA particles for every film fabrication process, and the
remaining HA particles in the tank were removed and replaced with new
particles each time the PJD location changed. The distance from the tip
of the blasting nozzle to the substrate was defined as the standoff dis-
tance d, and the angle between the centerline of the nozzle and substrate
was defined as the blasting angle « (Fig. 3(b)). The outer diameter of the
blasting nozzle was 3.2 mm; thus, d was 5.0 mm to avoid contact with
the substrate, even when the nozzle was tilted. The transition from PJD
to AJM has been shown to occur as @ becomes more acute; hence, two
blasting conditions, @ = 60° and 90°, were set for fabricating the HA
films [6]. Four HA films were fabricated on one HA substrate, i.e., two
each at @ = 60° and 90° (Fig. 3(c)). The processing range in the y di-
rection was approximately 4 mm under each a [6]. Therefore, PJD was
performed with a spacing of at least 5 mm to avoid overlapping of the
HA film fabrication area. A masking tape was used to protect the
reference surface of the HA substrate to prevent processing, and the HA
films were fabricated in an area approximately 1 mm wide and 3 mm
long.

2.3. Acid resistance testing

Fig. 4 shows a schematic of the acid resistance test. To prevent the
dissolution of the HA substrate into the acid, the substrate surfaces,
except for the HA film area, were masked using a hot-melt adhesive. The
prepared human enamel sample (Section 2.1) was attached to the resin
part, and the prepared HA film samples (Section 2.2) were attached to
the holding area in Fig. 3(c) using a string and suspended from a beaker
filled with the acid solution. The acidic solution was prepared according
to a protocol used to simulate the acidic environment of the human oral
cavity pH 4.5 [21]. A hot plate maintained the solution temperature at
37 °C, the intraoral temperature [22], and a stirrer was used to stir the
solution during the test. Thermocouples were used to measure the so-
lution temperature. Tests were performed in 3 h cycles for up to test time
tacia = 12 h, and the dissolution area and volume of the HA films and
human enamel were measured every 3h using a three-dimensional
shape-measuring instrument (NH-3 T, Mitaka Kohki Co., Ltd.). This
apparatus enables highly accurate non-contact shape measurements by
scanning a point-focus laser beam across the surface of the sample. SEM
and TEM were performed to observe the surface and microstructure of
the samples, respectively. Because HA exhibits insulating properties, a
protective film was prepared by Pt vapor deposition on the SEM
observation surface to prevent charging, which could cause the sample
surface to be electrically charged and thereby prevent the acquisition of
clear images.

2.4. Analysis of the physical phenomena in PJD through SPH
The physical phenomena in PJD were analyzed through SPH, a mesh-

free analysis method in ANSYS AUTODYN 14.5. SPH treats the analysis
target as a collection of randomly distributed particles. This allows for
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Fig. 3. Schematics of (a) powder jet deposition (PJD) apparatus, (b) blasting
parameters, and (c) hydroxyapatite (HA) substrate and HA films.

Fig. 4. Schematic of acid resistance test.

the analysis of large deformations that are otherwise difficult to analyze
through the mesh method [23]. By placing complementary points that
maintain the physical quantities as SPH particles and assigning each
node the distribution of a given physical quantity f(x) in the region, as
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shown in Eqgs. (1)-(4), the simulation target is represented as a contin-
uum [23].

Fx) ~ /f(x/)W(x—xZ hydx (1)
I=|x—x| (2)
3, 3,
) 150" +,4 (0<t<1)
WEN =15\ 2-0° (1<q<2) ®
0 (2<q)
1
q:E 4

W(, h) is the kernel function, where l is the distance from the node and h
is the smoothing distance (SPH particle diameter).

Fig. 5(a) and (b) show an isometric view of the simulation model and
a cross-sectional view in the xz plane at y = 0 pm, respectively. The
coordinate axes in this analysis were the same as those in Fig. 3, and the
origin was set at the point where the HA particles impact the HA

Fig. 5. (a) Isometric image and (b) cross-sectional image in the xz plane aty =
0 pm of the particle impact analysis model in powder jet deposition (PJD).
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substrate. The physical properties of HA were applied to the particles
and substrates. Even when PJD is performed at a constant «, the blasted
particles reach the workpiece surface with different angular distribu-
tions 0 [6]. Therefore, three 8 conditions, & = 30°, 60°, and 90°, were
considered in this analysis. To clarify the effect of 9, the HA particles
were isotopically spherical. Moreover, d, was set to 3.2 um, which was
evaluated to be suitable for adhesion processing [13], and the SPH
solver was applied. Under the conditions for PJD described in Section
2.2, the HA particles impacted the substrate at approximately v =
300 m/s [6], and the initial velocity v; was 300 m/s. For the HA sub-
strate geometry, a cubic SPH solver with a side of 12.0 um was built
within the HA particle impact region. A rectangular Lagrange solver
with a height of 18.0 um, width of 24.0 um, and length of 24.0 um was
built to cover the outside of the SPH solver. All SPH particles were set to
h = 0.1 um, and the Lagrange solver used boundary conditions that
allowed shock waves to penetrate (expect the xy plane) at z = 0 pm. The
Drucker-Prager model was used for the plastic deformation behavior
[24].

3. Results

3.1. Volume reduction of the HA film and human enamel after the acid
resistance test

Fig. 6 shows the three-dimensional shape change of the samples
every 3 h during the acid resistance test. The two samples fabricated at «
= 60° shown in Fig. 6(a) and (b) are referred to as HA60-1 and HA60-2,
respectively. Those fabricated at « = 90° shown in Fig. 6(c) and (d) are
referred to as HA90-1 and HA90-2, respectively. Fig. 6(e) shows the
human enamel sample. Similar to the results of the study by Kuji et al.
[6], HA90-1 and HA90-2 were thicker than HA60-1 and HA60-2. In
addition, HA90-1 and HA90-2 had a heterogeneous film height, and the
surface properties of HA60-1 and HA60-2 were smoother than those of
HA90-1 and HA90-2. All samples exhibited a gradual decrease in height
over time. However, HA60-1 exhibited a sudden decrease in the film
thickness during t,iq = 6-9 h.

Fig. 7(a) and (b) show the decrease in the sample thickness from t,iq
= 0 h AT and a specific volume V; every 3 h during the acid resistance
test, respectively. The acid-exposed volumes of the HA film and human
enamel samples were measured based on the smooth reference surface
described in Section 2.1. The HA films were partially defective in
deposition; therefore, the height of the reference surface was set to O pm,
and the initial areas of the HA films were defined as the areas with a
deposition height of 1 um or greater at t,.;4 = 0 h in Fig. 6(a)-(d). For the
human enamel, the initial area was defined as the acid-exposed area at
taid = 0 h, as shown in Fig. 6(e). The reference plane, area, and volume
of all samples were set and measured using a three-dimensional shape-
measuring instrument’s software.

Fig. 7(a) shows the AT over 3h. The sample thickness was the
average value calculated by dividing the acid-exposed volume by the
initial area. The thicknesses of all samples, except HA60-1 and HA90-2,
decreased gradually as tgcq progressed. The AT values at t,;g = 12 h
were 3.96, 1.52, 1.56, 0.85, and 2.54 pm for HA60-1, HA60-2, HA90-1,
HA90-2, and the human enamel, respectively. This indicates that all
samples, except HA60-1, dissolved lesser in acid than the human enamel
did. For HA60-1, AT was large for t,.js = 6-9 h but small for tg.;q = 0-6
and 9-12 h. Fig. 6(a) also shows that a portion of the HA film was lost
simultaneously during t,.q = 6-9 h. This indicates that dissolution into
the acid occurred when AT was small (tqjg = 0-6 and 9-12 h), and film
peeling occurred when AT was large (tyig = 6-9 h). HA90-2 had a
rougher surface at tqq = 0 h than the other samples, and the accurate
volume could not be measured owing to measurement errors. Therefore,
Vs was obtained by normalizing the volume exposed to acid at t,.;3=0h
to 1.0, and the changes in V; for samples other than HA90-2 were
compared (Fig. 7(b)). The V; of the human enamel continued to decrease
at an almost constant rate. By contrast, the decrease in V; over time for
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the HA films prepared through PJD was small, particularly at tyq =
0-6 h for HA60-2 and HA-90-1, where no film peeling was observed.
Even in HA60-1, where the HA film peeled off during the acid resistance
test, the V; decrease was smaller than that of the human enamel, except
at tgeig = 6-9 h when the film peeled off.

3.2. Microstructural changes in the HA films caused by acid

Fig. 8 shows typical surface images of the HA films obtained by SEM
at tyig =0, 12 h. Fig. 8(a) and (b) show the HA films prepared at a = 60°
and tyijq = 0 and 12 h, and Fig. 8(c) and (d) show those prepared at a =
90° and t4ijg = 0 and 12 h, respectively. Cracks were observed on the
surfaces of all HA films after the acid resistance test (Fig. 8(b), (d))
compared to those without testing (Fig. 8(a), (c)). Cracks sized
approximately 50-100 um were observed on the HA films fabricated at
= 60°, whereas cracks sized approximately 5-10 um were observed on
the entire surface of the HA films fabricated at @ = 90°. Although the
cracks on the HA films fabricated at @ = 60° occurred less frequently
than those on the HA films fabricated at a = 90°, each crack was
approximately 10 times larger.

Fig. 9 shows the TEM images of a cross-sectional HA film prepared on
an HA substrate at a = 90° without acid resistance testing; Fig. 9(a) and
(b) show BF and dark-field (DF) images, respectively. As shown in Fig. 2,
the HA particles used in the PJD were polycrystalline, comprising crystal
grains sized approximately 0.5-1 pm. By contrast, the crystals of the HA
particles were refined by the impact on the substrate, and the HA film
comprised polycrystals sized several tens of nanometers. An amorphous
region with a thickness of several hundred nanometers was observed at
the boundary between the HA film and HA substrate. The thickness of
this amorphous region decreased as a decreased [25]. Fig. 9(c) shows
the diffraction image obtained from the HA film in Fig. 9(a), in which the
diffraction rings 002, 321, and 410, corresponding to the diffraction
pattern of Fig. 2(c), appear.

Fig. 10 shows TEM images of the HA film and human enamel after
acid resistance testing. Fig. 10(a) shows cross-sectional TEM BF images
of HA90-1 at t,¢jq = 12 h, and Fig. 10(b) shows the SAD pattern obtained
from the circled area of Fig. 10(a). The brightness of the BF image in
Fig. 10(a) shows that the upper part of the sample is dense, while the
lower part has grain boundaries similar to those in Fig. 9, which is the
HA film without acid resistance testing. In the diffraction image ob-
tained from the surface area after the acid resistance test (Fig. 10(b)),
only the diffraction ring with the highest diffraction intensity of 321 was
clearly observed; the diffraction rings of 002 and 410 that appeared in
the diffraction image of the HA film without the acid resistance test
(Fig. 9(c)) were not observed. This suggests that the area near the acid-
exposed surface of the HA film was modified by the acid compared to the
untested film. Fig. 10(c) shows a TEM BF image of a cross-section of a
human enamel sample at ty;g = 12 h. It shows that the columnar poly-
crystals of human enamel exposed to acid are slightly finer than in areas
not exposed to acid.

3.3. Stress distribution during HA film fabrication

Fig. 11 shows the stress distribution of an HA particle and substrate
in the PJD analyzed using the SPH method. The time when the particle
impacted the substrate was defined as t = 0 ns, and the stress distribu-
tion changed every 0.5 ns from impact to t = 0.5-2.5 ns. The black point
at the collision interface illustrated at t = 0.5 ns in Fig. 11(a)-(f) is the
origin of the xyz coordinate system, and all figures show the cross-
sectional stress distributions in the xz plane at y = 0 pm. Fig. 11(a)-
(b), (c)-(d), and (e)-(f) show the stress distributions at = 30°, 60°, and
90°, respectively. Fig. 11(a), (c) and (e) show the vertical stresses, and
Fig. 11(b), (d) and (f) show the shear stresses. The positive direction of
the z-axis indicates the direction of positive vertical stress values, and
the negative direction of the x-axis indicates the direction of positive
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Fig. 6. Three-dimensional shapeshift of the specimens every 3 h in the acid resistance test. (a)-(d) are hydroxyapatite (HA) films fabricated by powder jet deposition
(PJD); (a), (b) are HA60-1 and HA60-2 samples fabricated at @ = 60°; (c), (d) are HA90-1 and HA90-2 samples fabricated at « = 90°; and (e) is a human
enamel sample.
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Fig. 7. (a) Thickness change AT and (b) specific volume V, every 3 h for each
sample in the acid resistance test.

Fig. 8. Typical scanning electron microscopy (SEM) images of the hydroxy-
apatite (HA) film surface without (0 h) and after 12 h of the acid resistance test.
HA films fabricated at (a), (b) a = 60° and (c), (d) a = 90°. (a), (c) are the
images obtained without testing, while (b), (d) are obtained after the acid
resistance test.
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shear stress values.

Inside the HA particles, the vertical and shear stresses propagated
over a wider area as 0 increased, and the fracture area increased. A
portion of the HA particles at the collision interface, crushed by the high
stress applied during the collision, stacked to form a polycrystalline film,
as shown in Fig. 9 [13]. Because HA films are formed by the collision and
deposition of multiple HA particles, the stress generated in the HA
substrate in this analysis was repeatedly added to the fabricated HA film,
and residual stress accumulated. Therefore, the stress distribution in the
HA substrate, considered to significantly contribute to the residual stress
in the HA film, was compared. First, for the vertical stress, the stress
distribution at x < 0 pm became wider than that at x > 0 pm after t =
1.0 ns for 8 = 30° (Fig. 11(a)) and after t = 1.5 ns for 6 = 60° (Fig. 12(c)).
In the case of § = 90° (Fig. 11(e)), the stress distribution was symmet-
rical about the yz-plane at x = 0 pm. These biases in the stress distri-
bution within the HA substrate were more evident for the shear stresses.
In the case of § = 30° (Fig. 11(b)), the positive shear stress was
concentrated at x < O pm at t = 0.5 ns, followed by an expansion of the
stress distribution at x < 0 pm along with a slight negative stress at x >
0 pm at t = 1.0-1.5 ns. After t = 2.0 ns, only a positive shear stress
occurred. At = 60° in Fig. 11(d), a negative shear stress occurred at x <
0 pm at t = 0.5-2.0 ns; however, the positive shear stress at x > 0 pm was
larger in value and wider in range over all t. After t = 2.5 ns, only a
positive shear stress occurred. For § = 90° (Fig. 11(f)), the shear stress
was symmetrically distributed about the yz-plane at x = 0 pm. That is,
the more acute the 6, the more the shear stress applied for a prolonged
time, biased toward the direction of the particle impact.

4. Discussion

Acid resistance tests were performed on the HA films prepared
through PJD and using human enamel. The HA films exhibited lesser
dissolution in acid than the human enamel, and the microstructure of
the acid-exposed areas of the HA films exhibited a denser polycrystalline
structure compared with that of the human enamel. Thus, the artificial
dentinal films fabricated through PJD had a higher acid resistance in the
oral cavity than the human enamel. However, HA60-1 peeled off during
the acid resistance test, suggesting that a influences the fragility of the
HA films. Therefore, the reasons for the difference in acid resistance
between the HA films and human enamel are discussed in terms of the
microstructure, and HA film peeling is discussed in terms of stress.

4.1. Influence of the microstructure of the HA film and human enamel on
the acid resistance

As shown in Figs. 6 and 7, the thicknesses of the HA films and human
enamel decrease gradually with tg.q. In terms of AT, the decrease is
greater for the human enamel unless the HA film peeled off. This was
attributed to the microstructural differences and chemical reactions
between the HA film and human enamel.

First, the acid dissolution rate is discussed. HA films and human
enamel are polycrystalline, and display grain boundaries at t;js = 0 h. In
the oral cavity, acid can penetrate HA films and human enamel through
these grain boundaries, and HA is believed to dissolve in the acid. HA
crystals have a hexagonal columnar structure, and their dissolution rate
in acids has been reported to vary depending on the crystal orientation
[26,27]. Human enamel with a columnar polycrystalline structure fac-
ing a single direction exhibits the dissolution of HA crystals in the [001]
and [011] directions, where the dissolution rate is high, and gaps are
created at the grain boundaries to promote acid penetration. By contrast,
HA films fabricated through PJD are polycrystalline films with various
orientations, unlike the columnar polycrystalline structures of human
enamel; therefore, the dissolution rate is relatively low.

Subsequently, the microstructures of the samples at tqcijq = 12 h were
compared using TEM images. The HA film prepared through PJD was
densely packed to a depth of several micrometers from the acid-exposed
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Fig. 9. Transmission electron microscopy (TEM) images of the microstructure of a typical hydroxyapatite (HA) film fabricated at « = 90° without acid resistance
testing: (a) bright-field image, and (b) dark-field image. (c) Selected area diffraction (SAD) patterns of HA film acquired from the circled regions of (a). The observed
sample was processed by an FIB from an area with a sufficiently small thickness of the HA film.

Fig. 10. Transmission electron microscopy (TEM) images of the microstructure of the hydroxyapatite (HA) film fabricated at « = 90° and human enamel after 12 h of
acid resistance testing. (a) Bright-field images of the acid-exposed surface of the HA film, and (b) diffraction image obtained from the white-circled area in (a). (c)

Bright-field image of the acid-exposed surface of the human enamel sample.

surface (Fig. 10(a)), though the human enamel exhibited grain refine-
ment near the acid-exposed surface (Fig. 10(c)). This indicates that
densification of the microstructure did not occur in the human enamel as
in the HA films. The test solution used in this experiment was an acidic
mixture of lactic acid (CH3CH(OH)COOH), calcium chloride (CaCly),
and potassium dihydrogen phosphate (KH,PO4), with the hydrogen ion
index maintained at pH = 4.5 [21]. HA is a basic calcium phosphate with
the chemical formula Ca;o(PO4)s(OH), and excellent ion exchange
properties [28]. Therefore, the OH group of HA and the H group of the
acidic solution underwent an acid-base reaction, as shown in Eq. (5).

Cayo(PO4)(OH), + 8H"=10Ca%" + 6(HPO,)*” + 2H,0 5)

The HA films fabricated through PJD were densified because of the
chemical reaction in Eq. (5), causing shrinkage. The small volume loss of
the HA films fabricated up to t,q =6 h is attributed to the densification
of the HA films, which prevented acid penetration. After ty.;q = 6 h, the
volume loss rate was similar to that of the human enamel, which can be
attributed to acid penetration through the cracks, as shown in Fig. 8. By
contrast, human enamel contains HA and other inorganic and organic
substances. Thus, effects other than the chemical reaction between HA
and the acid may have prevented densification. Nevertheless, in the
human enamel, the crystal grains exposed to the acid became finer. This
indicates that the dissolution of HA into the acid occurred gradually,
decomposing the crystal structure into finer grains.

4.2. Effect of stress on the acid fragility of the HA film

After the acid resistance test, many cracks appeared on the surfaces
of the HA films (Fig. 8). The cracks in the HA film fabricated at @ = 60°
occurred less frequently but were larger than those in the HA film
fabricated at @ = 90°. The cracks in the HA film fabricated at @ = 90°
were more frequent, but each crack was approximately 1/10 the size of
those in the HA film fabricated at o = 60°.

The generation of these cracks is attributed to the chemical reaction
occurring when HA is dissolved in an acid. As described in Section 4.1,
HA undergoes an acid-base reaction described by Eq. (5), resulting in
the densification of the HA film due to dissolution and shrinkage. This
shrinkage inevitably causes cracks on the HA film surface.

The propagation of cracks generated by chemical reactions is
considered to be strongly related to the residual stresses generated
during the fabrication of HA films through PJD. In general, the tensile
residual stress inside a material promotes crack propagation during fa-
tigue and stress corrosion cracking, whereas the compressive residual
stress suppresses crack propagation [29]. As shown in Fig. 11, the ver-
tical stress along the z-axis and shear stress along the x-axis simulta-
neously occur in the HA film owing to PJD. The vertical stress along the
z-axis is considered to be a compressive residual stress inhibiting crack
propagation, whereas the shear stress along the x-axis is a tensile re-
sidual stress promoting crack propagation. Comparing Fig. 11(a), (c),
and (e), the compressive stress values in the substrate were larger and
spread over a wider area as 6 increases. Peng et al. [30] showed that
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Fig. 11. Stress distributions in the xz plane at y = 0 pm for a hydroxyapatite (HA) particle and substrate in powder jet deposition (PJD) analyzed through the
smoothed particle hydrodynamics (SPH) method. Stress distributions at (a) and (b) & = 30°; (c) and (d) € = 60°; (e) and (f) & = 90°. (a), (c), and (e) show vertical
stresses, while (b), (d), and (f) show shear stresses.
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stress loading due to mastication causes the fragmentation of the
columnar crystal structure of HA in the human tooth surface layer,
resulting in surface hardening. In addition, grain refinement is a
strengthening technique in metallic materials that had been shown to
increase the hardness even in HA [31]. These facts imply that a
compressive residual stress, which suppresses crack propagation, is most
likely to occur when 6 = 90°, and that the HA film is mechanically
strengthened. Subsequently, the shear stress, which affects the tensile
residual stress, was examined. At § = 90°, the shear stress was sym-
metrically distributed from the particle impact area (Fig. 11(f)). The
shear stresses canceled each other out in the shear direction, and the
compressive residual stresses in the vertical direction were primarily
generated in the film. Conversely, as § became more acute, the shear
stress distribution became more biased toward the direction of particle
impact. In addition, the value and range of shear stress in the negative
direction, significant for canceling the residual stress, decreased, and the
time of occurrence became shorter. Thus, the HA films fabricated at a
smaller 0 had higher tensile residual stresses, promoting crack propa-
gation. Because more HA particles collide with a smaller 6 for a smaller
a, the HA films fabricated at a = 60° were subjected to higher tensile
residual stresses, which may have resulted in crack propagation and
peeling of the HA films. By contrast, the HA films fabricated at a = 90°
exhibited higher stress during fabrication. Fig. 6(c) and (d) show that the
surface roughness of the films has increased, with the observation of
deposition defects. Therefore, a should be reduced to some extent to
fabricate smoother HA films.

In summary, HA films fabricated through PJD were chemically
transformed into a dense and strong crystalline structure through the
chemical reaction with the acid in the oral cavity and exhibited
improved acid resistance compared with that of human enamel. How-
ever, as a decreased, the stress distribution became biased, resulting in
tensile residuals that caused the HA films to peel off more easily.
Conversely, for a = 90°, the surface properties were degraded owing to
the higher applied stresses. Therefore, when fabricating HA films
through PJD, the particles should be blasted in multiple directions to
avoid stress bias.

5. Conclusions

The acid resistance of HA films prepared through PJD in the oral
cavity was investigated to evaluate the usefulness of a novel dental
treatment method. HA films were fabricated through PJD at two
different blasting angles, « = 60° and 90°, and their acid resistance was
compared with that of human enamel. The acid resistance was tested
using an acidic solution simulating the human oral cavity environment.
The following conclusions were drawn:

(i) Part of the HA film fabricated at « = 60° peeled off during the acid
resistance test. However, the decrease in thickness of the HA film
fabricated at any a was smaller than that of the human enamel
unless the film peeled off, indicating that the HA film was highly
acid-resistant.

(ii) The crystal grains near the acid-exposed surfaces of the human
enamel became finer. This indicates that the human enamel
gradually dissolved into the acid, while its crystal structure
decomposed finely.

(iii) TEM revealed that the microstructure near the acid-exposed
surface of the HA film shrank owing to the chemical reaction
and became densely modified. By contrast, the human enamel did
not show the same microstructural densification as that of the HA
film owing to the influence of components other than HA.

(iv) The densification of the HA film resulted in cracking, and the
cracks appearing on the surface of the HA film fabricated at a =
60° after the acid resistance test were approximately 10 times
larger than those fabricated at a = 90°.
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(v) SPH analysis suggested that the smaller the HA particle impact
angle 0, the greater the tensile residual stress affecting crack
growth and HA film peeling.

The development of HA films with superior acid resistance may lead
to more resilient dental restorations and coatings. This may reduce the
need for frequent replacements due to degradation over time and
enhance the overall quality and durability of dental treatments.
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Two FegsSijs amorphous alloy models were created based on molecular dynamics with different cooling rates of
100 K/s (slower model) and 102 K/s (faster model) and examined the effects of atomic structure on the me-
chanical properties and shear band (SB) propagation behavior, which determines the shear processing quality.
Voronoi analysis of the short-range ordered structures (SRO) revealed that the slower model has more full
icosahedral SROs than the faster model, and Young’s modulus and tensile strength were 11 % and 14 % higher
than those of the faster model, respectively. Indentation calculations presuming crack propagation during shear
processing were then performed on both models. Only in the case of the slower model, the icosahedral SRO in the
SB changed to intermediate structures, increasing the distorted body-centered cubic (BCC) structure. The SB in
the faster model spread out isotropically from the indenter, whereas that in the slower model propagated in the
indent direction. These results indicate that intermediate and distorted BCC structures in the SB provide direc-
tionality to the SB propagation and suggest that the slower model, in which cracks propagate toward the shear
direction of the material and break it in a straight line, may produce a higher-quality surface in shear processing.

1. Introduction

Metals that become supercooled liquids by rapid cooling do not form
crystalline structures but, rather, become metastable solids below the
glass transition temperature while maintaining random structures [1,2].
This type of metallic material, which solidifies without translational
symmetry, is called an amorphous alloy and was discovered by Duwez in
1960 [3]. Amorphous alloys exhibit various properties owing of their
unique structures [4]. In particular, Fe-based amorphous alloys exhibit
excellent performance in terms of high strength [5], high corrosion
resistance [6], and high soft-magnetic properties [7]. For example, the
iron loss of Fe-Si-B amorphous alloy, a typical Fe-based amorphous
alloy, is approximately 0.05 W kg ! (50 Hz, 1 T), which is 1/10 that of a
non-oriented electromagnetic steel sheet [8]. Because of this low iron
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loss, it is being considered for application as a soft magnetic material in
motor cores and other devices [9-11].

Single-roll liquid quenching is widely used for the mass production of
amorphous alloys [12], which are generally made available today as
thin strip alloys with thicknesses of approximately 20-30 pm. Such thin
sheet materials are typically processed via shear processing by pressing,
which is widely used because of its high productivity [13]. Fig. 1 shows a
schematic of shear processing. As shown in Fig. 1(a), shear processing
utilizes shear deformation caused by compressive forces from a pair of
tools called a punch and die. When the punch bites beyond a certain
level, cracks are generated and subsequently propagate and fracture
(Fig. 1(b)) [14]. The cut surface is composed of four elements: (i) a shear
droop generated by material draw-in, (ii) a sheared face created by
punch bite, (iii) a broken face generated by crack growth, and (iv) burrs
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Fig. 1. Schematic of shear processing. (a) Closs-sectional view of shear pro-
cessing, (b) magnified view of deformation area of (a), and (c) schematic dia-
gram of machined cross section, which is divided into four parts: (i) shear
droop, (ii) sheared face, (iii) broken face, and (iv) burrs.

on the bottom surface of the material (Fig. 1(c)). Among these elements,
the growth of cracks generated from the punch-cut edge, which corre-
sponds to (iii), plays an important role in shear processing [15]. If the
direction of crack growth can be controlled, a favorable machined sur-
face can be obtained [14]. This is especially true for high-speed shear
processing, which produces a smooth fracture surface over the entire cut
surface; the deformation zone of the material is narrowed, resulting in a
good fracture surface with little shear droop and high squareness [16].
However, the shear processing of amorphous alloys is problematic
because of the extremely low plate thickness and high tool wear caused
by their high material strength [17]. Typical machining defects include
the generation of burrs larger than the plate thickness, lack of edges due
to shear failure, and cracks in the machining area [17].

To improve the machinability of amorphous alloys, the shear pro-
cessing method known as blanking and its use in conjunction with the
structural changes caused by heat treatment were investigated [18-21].
When metastable amorphous alloys are heated, the atoms move to
energetically stable positions and then crystallize [18,22-24]. The very
slight structural changes that occur before crystallization to stabilize the
energy of the system are referred to as “structural relaxation,” which
changes the mechanical properties while maintaining the amorphous
structure of the alloy [18,24-27]. Because each property of an amor-
phous alloy is derived from its amorphous structure, the product per-
formance is determined by the degree to which the amorphous structure
can be maintained. Therefore, heat treatment to improve machinability
should ideally be limited to a state of structural relaxation without
crystallization. Our micro-tensile and machining tests have shown that
structural relaxation significantly reduces the tensile strength and
toughness of amorphous alloys [19], allowing for reduced machining
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resistance and improved machining quality [20]. Furthermore, it has
been shown that the improved machinability via structural relaxation
can be restricted to the few-micrometer region involved in the
machining [21]. However, unlike clear structural changes, such as
crystal precipitation, structural relaxation is caused by small movements
of atoms, making it difficult to identify the structural changes using
direct observation techniques.

Molecular dynamics (MD) have been used to analyze the structures
and elucidate the mechanical properties of amorphous alloys, which
otherwise cannot be realized by direct observation [28]. For example,
Lashgari et al. clarified the effect of crystallization due to heat treatment
on the material properties of amorphous alloys using MD in conjunction
with nanoindentation experiments [29-33], whereas Nakatani et al.
investigated brittle fracture behaviors and mechanical properties during
crack propagation in a monogenic amorphous model [34-37]. Matsu-
moto et al. investigated the influence of size and volume fractions of
nanocrystals in amorphous alloys on mechanical properties [38,39].
However, we have not found any research studies that investigated the
deformation behaviors of commercially used amorphous alloy systems
consisting of metal-semimetal atoms, while focusing on slight differ-
ences in the energy state or atomic structure, such as structural
relaxation.

Therefore, herein, we performed an MD study with two objectives.
The first objective was to investigate the effects of small differences in
the energy state and atomic structures of amorphous alloys on their
mechanical properties, such as Young’s modulus and tensile strength.
The second was to clarify the effect of such differences in atomic
structure on shear band (SB) propagation and to provide new insights
into shear processing as an industrially applied process. In the experi-
ments, the ability to form amorphous alloys depended on the atomic
species and composition ratio. Fe-based binary amorphous alloys exhibit
amorphous formation abilities at compositions with 10 at% to 20 at%
half-metals [40] and are particularly prone to amorphization with Si and
B half-metals [12]. Among these, the relationship between Fe and Si has
been of interest to researchers. Si has been reported to play an important
role in promoting crystallization from structural relaxation in multi-
system Fe-based amorphous alloys [18]. In this study, a model for a
binary system composed of transition metal Fe and 15 at% semimetal Si
was investigated. To produce slight differences in the energy state and
atomic structure, the amorphous alloy models were constructed using
two different cooling rates. For the first objective, the created amor-
phous alloy models were evaluated based on their potential energies and
atomic packing factors (APFs), and the mechanical properties were
assessed using uniaxial tensile calculations. For the second objective,
indentation calculations were performed for each cooling rate amor-
phous alloy model assuming a compressive load from the punch tip, such
that the compressive force generates an SB. The short-range ordered
structures (SROs) of the pre-indentation and post-indentation SBs were
obtained via Voronoi analysis, and finally, the differences in SB propa-
gation behavior between the models created with different cooling rates
were discussed.

2. Calculation methods

In this study, the simulations were performed using the LAMMPS
software program (version 29 Oct 2020 https://lammps.sandia.gov)
[41]. The second nearest-neighbor modified embedded atom method
(2NN-MEAM) proposed by Jelinek et al. for the Al-Si-Mg-Cu-Fe system
was employed for the interatomic potentials [42]. In 2NN-MEAM, the
angle-dependent terms of the atoms are taken into account, and the
potential energy, lattice constant, elastic modulus, single-crystal struc-
tures such as those of Fe and Si, and B2 crystal structures such as that of
FeSi are well reproduced [41]. The 2NN-MEAM model has also been
reported to be able to qualitatively reproduce the work softening
behavior of Fe-based amorphous metals [29]. Meanwhile, the calcula-
tion results were visualized using OVITO (version 3.3.4 27 Nov 2020 htt
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ps://www.ovito.org) [30].

Fig. 2 shows the typical unit cell models. First, a body-centered cubic
(BCC) unit cell model (BUM) with a side length of 42.75 ;\, consisting of
6750 atoms in total, was prepared (Fig. 2(a)). Atoms were randomly
arranged at the lattice points of the BCC structure such that the ratio of
Fe atoms to Si atoms was 85:15 (Fig. 2(b)). Periodic boundary conditions
were then applied in all directions of the Fe and FegsSi;s BUM, and the
model was heated from an initial temperature of 0 K to 3000 K at a
heating rate of 3.0 x 10"3 K/s using an isothermal-isobaric (NPT)
ensemble. To further melt the model, it was held at 5000 K for 100 ps,
cooled to 3000 K at a rate of 2.0 x 103 K/s using the canonical (NVT)
ensemble, and again held at 3000 K for 100 ps using the NPT ensemble.
Afterward, the fully melted FegsSi;5 BUM was quenched to 300 K at one
of two different rates, i.e., 101 K/s or 1012 K/s, using the NPT ensemble
to produce a unit cell model of the amorphous alloy (AUM) for each of
the two different cooling rates. Fig. 2(c) shows the FegsSi;s AUM cooled
at 10'° K/s. The timestep for the cooling calculation at the rate of 10'°
K/s was set to 4 fs, while the timestep for all other calculations was set to
1 fs. The Parrinello-Rahman method was used for pressure control
[43,44], and the Nosé-Hoover thermostat was used for temperature
control [45,46].

Uniaxial tensile calculations were performed on the Fe BUM (Fig. 2
(a)) and FegsSi;s AUM (Fig. 2(c)) to evaluate the mechanical properties
of each model. First, periodic boundary conditions were applied in all
directions of the model, and 25 ps relaxation calculations were per-
formed at 300 K in the NPT ensemble. Subsequently, a strain rate of
0.001/ps was applied in the x-axis direction, and tensile calculations
were performed. In this case, the vertical stresses along the y- and z-axes
were maintained at a constant value of 0 Pa using the NPT ensemble.
The same calculations were performed in the y- and z-directions, and the
average Young’s modulus was obtained.

Fig. 3 shows an indentation model that assumes shear processing. In
this calculation, the tip of the tool used for shear processing was
assumed to be a cylindrical virtual indenter, and deformations due to
compressive forces from the punch were reproduced by pushing the
indenter into the amorphous alloy. The AUM was stacked 8 x 1 x 4
times in the x-, y-, and z-directions, respectively, and the constructed
piled-up amorphous model (PAM), consisting of 216,000 atoms in total,
was used for subsequent calculations. As shown in Fig. 3, periodic
boundary conditions were applied to the PAM in the x- and y-directions,
and a bottom thickness of 5 A was fixed in the z-direction. The virtual
cylindrical indenter was also placed parallel to the xy-plane. This virtual
indenter provided a repulsive force of F(r) = -K (r — R)? to the atoms in
contact with it, where K is the specified force constant, r is the distance
from the atom to the center of the indenter, R is the radius of the
indenter, and F(r) = O for r > R. The specified force constant was set to
1.0, the indenter radius was set to 100 ;\, and the virtual indenter was
pushed in the — z-direction of the model at a velocity of 10 m/s.
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Fig. 3. Schematic of indentation model using piled-up amorphous model
(PAM). PAM consisted of 216,000 atoms and was constructed by stacking the
amorphous alloy unit cell model (AUM) 8 x 1 x 4 times in the x-, y-, and z-
directions. A virtual indenter with a radius of 100 A was pushed in the — z-
direction of the PAM at a velocity of 10 m/s.

3. Results and discussion

3.1. Evaluation of potential energy, volume, atomic packing factor, and
mechanical properties of AUM with different cooling rates

Fig. 4 shows the change in potential energy per unit atom during the
cooling of the FegsSi;5s BUM from the molten state at 3000 K to 300 K at
cooling rates of 10'° K/s and 10'2 K/s. It can be observed that for both
cooling rates, the slope of the potential energy changed at approximately
900 K. This indicates that the FegsSi;5 AUM formed by the rapid cooling
of the FegsSijs BUM undergoes a glass transition at a cooling tempera-
ture of approximately 900 K. Furthermore, a comparison of the potential
energies of the two models shows that the model constructed using a
slower cooling rate of 10'° K/s has a slightly lower potential energy than
that of the model cooled at 102 K/s. The difference in the potential
energies at 300 K was evaluated to be only 0.2 %.

Table 1 shows the volumes and APFs of the FegsSi;5 AUMs prepared
using different cooling rates. The atomic radii of Fe and Si used in the
volume and APF calculations were 1.26 A and 1.18 A, respectively, and
the total number of atoms in each model was 6750. It can be observed
that for the same composition ratio, the model constructed using a
slower cooling rate has a smaller volume and higher APF by

Fig. 2. Unit cell models with each side length of 42.75 f\, consisting of 6750 atoms of (a) Fe BCC structure (Fe BUM), (b) Fegs Si;s BCC structure (Fegs Si;s BUM), and
(c) Fegs Si;s amorphous structure (Fegs Sijs AUM) constructed using a cooling rate of 100 K/s.
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Fig. 4. Potential energy per unit atom during quenching at cooling rates of 101°
K/s and 10'2 K/s for Fegs Si;s amorphous models.

Table 1
Volumes and atomic packing factors (APF) of two Fegs Si;s AUMSs prepared using
different cooling rates: 10'° K/s and 102 K/s.

Composition FegsSiis

Cooling rate [K/s] 10'° 102
Volume [A%] 79,654 79,783
Atomic packing factor [%] 69.10 68.99

approximately 0.1 %. Hence, the model built using a slower cooling rate
exhibited a more closely packed structure, although only slightly,
compared with those exhibited by the model cooled at a faster cooling
rate. This is attributed to the longer cooling time, which allowed more
time for the atoms to move to stable positions.

Fig. 5 shows the stress—strain diagrams obtained from tensile calcu-
lations in the x-axis direction for the Fe BUM and FegsSi;s AUM built
using different cooling rates. In Fig. 5(a), E and ¢ denote the average
values of Young’s modulus and tensile strength obtained from tensile
calculations on the Fe BUM in the x-, y-, and z-axis directions. In Fig. 5
(b), E10 and 019, and Ej3 and 075 denote the average values of Young’s
modulus and tensile strength in the x-, y-, and z-axis directions obtained
from tensile calculations on the FegsSi;5 AUM built using cooling rates of
10'° K/s and 10'? K/s, respectively. As shown in Fig. 5(a), the Young’s
modulus and tensile strength of the reference Fe BUM are 103.5 GPa and
3.2 GPa, respectively. For comparison, Hitomi et al. [47] performed
tensile calculations for a BCC crystal model of Fe using MD and found
that the Young’s modulus in the [001] direction is 108.9 GPa at 300 K,
with which the Young’s modulus indicated in Fig. 5(a) is in good
agreement. As shown in Fig. 5(b), the strength and Young’s modulus of
the FegsSi;s AUM built using the slower cooling rate of 10'°K/s are 4.3
GPa and 90.7 GPa, respectively, whereas those of the FegsSi;5s AUM built
using the faster cooling rate of 10'2 K/s are 3.7 GPa and 80.6 GPa,
respectively. It has been reported that Young’s modulus of Metglas,
commercial Fe-based amorphous alloys, are approximately 80 GPa to
150 GPa [48], showing values similar to that of the AUM constructed
using the present calculation. Furthermore, Jin et al. [49] indicated a
similar trend to our calculation, that Fe-Si-based amorphous ribbon
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Fig. 5. Stress—strain curves of (a) Fe BCC unit cell model (BUM), (b) Fegs Si;s
amorphous unit cell models (AUMs) built using different cooling rates: 10'°K/s
and 10'2 K/s. The Young’s modulus E and tensile strength ¢ of BUM (E, ¢) and
AUMs built at slower (E1¢ , 610) and faster (E12 , 612) cooling rates were (E, 0) =
(103.5 GPa, 3.2 GPa), (E10 , 610) = (90.7 GPa, 4.3 GPa), (E13 , 612) = (80.6 GPa,
3.7 GPa).

fabricated at a slower cooling rate showed a higher Young’s modulus
and tensile strength than that of a faster cooling rate one by experiments.
With regard to the tensile strengths of the Fe BUM and FegsSij5 AUM,
those of the AUMs for both cooling rates are higher than that of the Fe
BUM, indicating that the FegsSijs AUM constructed in this study re-
produces the high-strength properties of amorphous alloys. A decrease
in potential energy and an increase in APF, thus, a decrease in free
volume [50], leads to an increase in tensile strength [51]. Although
there are only slight differences of 0.2 % in the potential energy and 0.1
% in the APF at 300 K between the FegsSijs AUMs prepared using
different cooling rates, the tensile strength and Young’s modulus differ
by as much as 14 % and 11 %, respectively. This suggests that apart from
the potential energy and APF, a specific atomic structure may have
contributed to the change in mechanical strength. Therefore, we decided
to investigate the SRO, a local structural feature, to clarify why the
atomic structure produces large differences in mechanical properties.

3.2. Investigation on SRO of non-deformed amorphous model structure by
Voronoi analysis

Although amorphous alloys do not have long-range ordered struc-
tures like those in crystalline metals, they have SROs owing to their
ability to form closely packed structures [52]. In particular, the icosa-
hedral SRO structure consisting of 13 atoms, which increases rapidly at
the glass transition temperature, is a characteristic SRO of amorphous
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alloys [53-55]. Such SROs can be analyzed using Voronoi analysis [56],
which uses a polyhedron (Voronoi polyhedron: VP) composed of an
arbitrary central atom and bisecting planes of surrounding atoms. VPs of
crystalline or amorphous structures are generally formed by triangular
to hexagonal faces. Therefore, the VPs are expressed using a notation
method called the Voronoi index (n;), in which the number of hexagonal
faces from triangular to hexagonal is listed as < ng, n4, ns, ng>, where n;
is the number of i-angular faces constituting the VP. For example, a fully
icosahedral structure is expressed as < 0,0,12,0>, whereas a BCC crystal
structure is expressed as < 0,6,0,8 > . Because the sum of the Voronoi
indices n; represents the total number of atoms located adjacent to the
central atom, this sum is defined as a simplified coordination number
(CN).

Fig. 6 shows the results of the Voronoi analysis for the FegsSij5 AUM,
which consists of 6750 atoms in total, and lists its top 10 VPs. Fig. 6(a)
and Fig. 6(b) show the Si-centered and Fe-centered VPs of the FegsSiis
AUM fabricated using the faster cooling rate of 10'2 K/s, and Fig. 6(c)
and Fig. 6(d) show the Si-centered and Fe-centered VPs of the FegsSiis
AUM fabricated using the slower cooling rate of 101° K/s. The results
show that for both cooling rates, <0,3,6,4 > is especially rich in Si-
centered VPs and < 0,2,8,4 > and < 0,1,10,2 > in Fe-centered VPs,
indicating that these VPs are easily formed during the rapid cooling step
in the fabrication of Fe-Si binary amorphous alloys. For comparison,
Pan et al. used MD to calculate how the SRO of Fe at a high-temperature
liquid state transforms its atomic structure during the cooling process to
form solid BCC-Fe and investigated the transformation process of SRO
from liquid Fe to solid BCC-Fe using Voronoi analysis [57]. Their

Fig. 6. Top ten Voronoi polyhedrons (VPs) of Fegs Si;s AUMs built using
different cooling rates: (a) and (b) Si-centered and Fe-centered VPs, respec-
tively, of Fegs Si;s AUM built using a cooling rate of 10'2 K/s; (c) and (d) Si-
centered and Fe-centered VPs, respectively, of Fegs Sijs AUM built using a
cooling rate of 10'° K/s. The black bar graph shows the main intermediate VPs
that appear in the process of liquid Fe changing to solid BCC-Fe through rapid
cooling [57].
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findings revealed that the top three VPs present in Fe in a high-
temperature liquid state are < 0,3,6,4>, <0,1,10,2>, and < 0,2,8,4>,
and that < 0,3,6,4 > in particular plays an important role in the crys-
tallization process [57]. These three VPs are abundant in our FegsSiis
AUM, as shown in Fig. 6, indicating that the SRO of the FegsSi;5s AUM
built using rapid cooling is similar to that of Fe in the high-temperature
liquid state. Furthermore, the high fraction of VPs (indicated by black
bars) is consistent with the occurrence of intermediate VPs during the
transformation of VPs from Fe in a high-temperature liquid state to solid
BCC-Fe by rapid quenching. Pan et al. showed that during crystallization
by cooling from a high-temperature liquid state, VPs existing in the
liquid state transform into BCC structures through various intermediate
structures [57]. Because crystallization or amorphization depends on
the cooling rate upon cooling from the high-temperature liquid state, it
was considered in this present study that slight differences in the atomic
structure due to differences in cooling rates might appear in the inter-
mediate structures. Therefore, based on the deformation path of VPs
from the high-temperature liquid state of Fe to BCC-Fe, as derived by
Pan et al., the deformation path is inferred and shown in Fig. 7, for
which only the VPs that appeared in the present analysis were extracted.
It is known that melting occurs along with crystallization; therefore the
VP deformation paths that occur during crystallization, melting, and
without crystallization and melting have been identified, as indicated by
black, gray dotted, and black dotted arrows, respectively [58]. The
deformation paths are divided into layers from Layers 1 to 5. The
characteristic structure of amorphous alloys, which is the fully icosa-
hedral VP < 0,1,12,0 > and the distorted icosahedral VPs < 0,1,10,x>
(x =2, 3), <0,2,8,x> (x = 2,4), are labeled as “amorphous-like struc-
ture,” VPs < 0,3,6,x> (x = 3-5) are labeled as “intermediate structure,”
and distorted BCC VP < 0,4,4,6 > as a “BCC-like structure” [58]. We will
use this classification to investigate SROs in the subsequent parts of the
study.

Afterward, we investigated how the fractions of the VPs in the
FegsSiys AUM, as shown in Fig. 7, for the different cooling rates vary
with the central atomic species. Fig. 8 shows the fractions of the VPs in
the FegsSij5 AUM with respect to the CN for (a) 102 K/s (faster cooling
rate) and (b) 1010 K/s (slower cooling rate). The black and gray bars
indicate the fractions of Si-centered and Fe-centered VPs, respectively. It

Fig. 7. Selected crystallization pathways from fully icosahedral SRO to BCC
SRO, as proposed by Pan et al [57]. Black arrows indicate crystallization, dotted
gray arrows denote melting, and dotted black arrows signify transformation
without crystallization and melting. A, I, and B indicate amorphous-like, in-
termediate, and BCC-like structures, respectively [58].
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Fig. 8. Fractions of Voronoi polyhedra sorted by coordination number (CN) of
initial amorphous structure for different cooling rates; (a) Fegs Sijs AUM built
using a cooling rate of 10'2 K/s and (b) Fegs Si;5 AUM built using a cooling rate
of 10'° K/s. A, 1, and B indicate amorphous-like, intermediate, and BCC-like
structures, respectively.

can be observed that in both models, the Si- and Fe-centered VPs are
distributed on the low- and high-CN sides, respectively. From a com-
parison of the stable crystal structures of each atom, it can be inferred
that Si tends to form covalent crystals with a diamond structure (CN = 4)
and that the CN tends to be relatively small. By contrast, Fe tends to form
a closely packed structure via metallic bonding, forming BCC crystals
(CN = 8) and face-centered cubic (FCC) crystals (CN = 12), resulting in a
relatively large CN. Even during the quenching process, each atom at-
tempts to form an energetically stable atomic structure. The difference
in the CNs owing to the difference in the central atomic species confirms
that the present simulation reproduces the covalent bonding nature of Si
and the metallic bonding nature of Fe. The transformation paths from

Materials & Design 249 (2025) 113566

Layer 1 to Layer 3 in Fig. 7 are divided into two: polyhedra < 0,2,8,2>,
<0,3,6,3>, and < 0,3,6,4 > on the low-CN side and polyhedra <
0,1,10,2>, <0,1,10,3>, and < 0,2,8,4 > on the high-CN side. Fig. 8
shows that in the FegsSi;5 AUMs prepared using cooling rates of 102 K/s
and 10'° K/s, the total percentages of the VP groups on the low-CN side
are 13.7 % and 11.5 %, respectively, for the Si-centered VPs and 7.1 %
and 6.5 %, respectively, for the Fe-centered VPs. Similarly, the total
percentages of the VP groups on the high-CN side are 1.1 % and 2.1 %,
respectively, for the Si-centered VPs, and 19.2 % for both cooling rates
for the Fe-centered VPs. This finding indicates that in Layers 1 through 3
shown in Fig. 7, Si-centered VPs are more dominant in the low-CN paths,
whereas Fe-centered VPs are more dominant in the high-CN paths.

Based on the results shown in Fig. 8, the percentages of VPs of (i)
amorphous-like structure (<0,0,12,0>, <0,2,8,x>, <0,1,10,x > ), (ii)
intermediate structure (<0,3,6,x > ), and (iii) BCC-like structure
(<0,4,4,6 > ) in the constructed FegsSi;5 AUM model were then summed
up. Aforementioned percentages of (i)-(iii) of Si-centered and Fe-
centered VPs in the FegsSijs AUMSs built using a cooling rate of 10'2
K/s, as shown in Fig. 8(a), are (i) 6.6 %, (ii) 9.7 %, and (iii) 1.5 %, and (i)
20.4 %, (ii) 10.1 %, and (iii) 3.1 %, respectively, whereas those in the
FegsSiis AUM built using a cooling rate of 10'° K/s, as shown in Fig. 8
(b), are (i) 5.8 %, (ii) 9.1 %, and (iii) 1.9 %, and (i) 19.8 %, (ii) 9.8 %, and
(iii) 3.1 %, respectively. In other words, for both VPs of the central el-
ements, the model in Fig. 8(a) built using the faster cooling rate of 10'2
K/s has more amorphous-like and intermediate structures, whereas the
model in Fig. 8(b) built using the slower cooling rate of 10'° K/s has
more BCC-like structures. As shown in Table 2, although the fraction of
total icosahedral structure is higher in the FegsSijs AUM created at a
faster cooling rate of 1012 K/s than that of a slower cooling rate of 10*°
K/s, the fraction of fully icosahedral structure is lower, with a higher
fraction of distorted icosahedral structure. The same trend is observed in
Fe-Si-based amorphous alloys [59] using the same interatomic potential
as our research. Other reports [60] have shown that early yielding and
less stiffness occur when the full icosahedral structure is few. This
fraction difference between full and distorted icosahedral structures is a
factor that caused the difference in Young’s modulus and tensile
strength in Fig. 5.

In addition, depending on the cooling rate, the change in the fraction
of Si-centered VPs was larger than that of Fe-centered VPs. Therefore, it
is clear that slight differences in the atomic structure owing to differ-
ences in the cooling rate are more likely to appear in Si-centered VPs
than in Fe-centered VPs. Focusing on the Si-centered VPs, Fig. 8(a)
shows that the fractions of < 0,2,8,2> (amorphous-like structure) and <
0,3,6,4> (intermediate structure) increase for the model built using a
faster cooling rate, whereas Fig. 8(b) shows that the fractions of <
0,1,10,2 > and < 0,2,8,4> (amorphous-like structure), and < 0,4,4,6>
(BCC-like structure) increase for the model built using a slower cooling
rate. In particular, the characteristic fully icosahedral structure of
amorphous alloys, i.e., <0,0,12,0>, and distorted icosahedral struc-
tures, i.e., <0,2,8,x > and < 0,1,10,x>, formed 7 % more in the FegsSi;5
AUM fabricated using the faster cooling rate than in the FegsSi;s AUM
constructed using the slower cooling rate. Intermediate structures,
<0,3,6,x>, also formed 7 % more in the faster cooling rate AUM. This
result indicates that the FegsSij5 AUM built using a faster cooling rate is
more likely to form amorphous-like and intermediate structures during
the cooling process because of the low-CN transformation (Fig. 7, Layers
1-3, left path), in which Si-centered VPs are more abundant. Conversely,
the AUM fabricated using a slower cooling rate is inferred to transform
into Layer 5 through a high-CN deformation path (Fig. 7, Layers 1-3,
right path), which has a large fraction of Fe-centered VPs, and thus is
more likely to create a BCC-like structure. Therefore, it can be said that
for both models, regardless of the cooling rate, the SROs are amorphous
structures; however, those built using a slower cooling rate have more
SROs that are closer to the crystalline structure.
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Table 2
Fraction of icosahedral structure of two Fegs Si;s AUMs prepared using different
cooling rates; 10'° K/s and 102 K/s.

Cooling rate [K/s] 10'2 101

Type of central atom in VP Fe Si Fe Si
Total icosahedral VP fraction [%] 23.6 7.1 23.1 6.6
Full icosahedral VP fraction [%] 3.1 0.5 3.3 0.8
Distorted icosahedral VP fraction [%] 20.4 6.6 19.8 5.8

3.3. Investigation of mechanical strength by indentation calculation and
SRO investigation by Voronoi analysis in deformation region

To investigate how the SROs of amorphous alloys are affected by
shear deformation due to external forces, indentation calculations were
performed on PAMs constructed using different cooling rates. First, the
indentation calculations were performed to investigate the mechanical
strengths of the PAMs under compressive deformation. Fig. 9 shows the
relationship between the applied force in the indentation direction (z-
axis direction) and the indentation depth d; for the PAMs constructed
using different cooling rates. It can be observed that in both models,
elastic deformation occurs up to d; = 25 A, and plastic deformation
occurs above d;. The yield forces (Fy;q) for the models built using the
slower cooling rate of 10'° K/s and faster cooling rate of 10*2 K/s were
237 GN and 213 GN, respectively. Similar to the tensile calculations in
Fig. 5, the indentation calculations also revealed a higher strength for
the model fabricated using a cooling rate of 10'° K/s, indicating that
strength changes occur for both tensile and compressive deformation.
Because the deformation of amorphous alloys proceeds through a series
of local plastic deformations connected to generate SBs [61], differences
in the structure within the SBs are thought to influence the changes in
the mechanical properties. Therefore, to clarify the cause of the large
strength difference despite the small differences in energy and APF, the
SRO in the sheared region generated by the indentation was investi-
gated. Note that PAM at d; = 30 A was used to investigate the SRO in the
sheared region, because it is considered to have undergone sufficient
plastic deformation. Atoms with shear strain (&) greater than 0.1 were
used to evaluate the SRO.

Fig. 10 shows the results of classifying all VPs (Si-centered VPs + Fe-
centered VPs) in the model by the layers defined in Fig. 7 for the pre-
indentation structure and sheared region structure created by indenta-
tion. Fig. 10(a) and Fig. 10(b) show the Voronoi analysis results for the
PAM fabricated using the faster cooling rate of 10'2 K/s and slower

Fig. 9. Force-indentation depth curves of models with different cooling rates.
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cooling rate of 10'° K/s, respectively. The notation is as follows: L1 is an
abbreviation for Layer 1; the other layers are similarly labeled. The full
icosahedral structure < 0,1,12,0 > and distorted icosahedral structures
< 0,1,10,x>, <0,2,8,x > are categorized as amorphous-like structures,
<0,3,6,x > as intermediate structures, and < 0,4,4,6 > as BCC-like
structures. The black bars show the fractions of VPs before indenta-
tion, whereas the gray bars show those of VPs in the sheared region after
indentation. It can be observed that for both cooling rates, the fully
icosahedral VP, <0,0,12,0>, which is characteristic of amorphous
structures, decreased in the sheared region. Furthermore, along the
Layers 1-3 pathway shown in Fig. 7, the fraction of Fe-centered VPs, i.e.,

Fig. 10. Fractions of Voronoi polyhedra of Layers 1-5 for models with different
cooling rates; (a) Fegs Si;s PAM built using a cooling rate of 10'? K/s and (b)
Fegs Si;s PAM built using a cooling rate of 10'° K/s. Notation: L1 indicates
Layer 1; other layers are similarly labeled, and A, I, and B indicate amorphous-
like, intermediate, and BCC-like structures, respectively.
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Fig. 11. Elongation behaviors of SBs in Fegs Si;s PAMs built using different cooling rates when the indent depth d; = 15, 20, and 25 A; (a)-(c) PAMs built using a

cooling rate of 10'2 K/s and (d)~(f) PAMs built using a cooling rate of 10° K/s.

<0,1,10,2>, <0,1,10,3>, and < 0,2,8,4>, in the sheared region
decreased (black-filled inverse triangles in Fig. 10), whereas the fraction
of Si-centered VPs, i.e., <0,2, 8,2 > and < 0,3,6,3>, in the sheared re-
gion on the low-CN side increased (white-filled triangles in Fig. 10). This
indicates that < 0,0,12,0>, which is a fully icosahedral SRO existing in
the pre-indentation structure, is deformed in the shear region through
the Layers 1-3 paths where the Si-centered VPs are abundant. Here, we
focus on, as indicated by the arrows in the figure, <0,3,6,4 > in Layer 3,
and < 0,3,6,5 > in Layer 4, which are the intermediate structures, and <
0,4,4,6 > in Layer 5, which are BCC-like structures. The model in Fig. 10
(a) built using the faster cooling rate exhibits a decrease in intermediate
structures by 1 % and an increase in BCC-like structures by 6 % in the
sheared region. Whereas the model in Fig. 10(b) built using the slower
cooling rate exhibits an increase in intermediate structures by 11 % and
an increase in BCC-like structures by 11 % in the sheared region. These
results indicate that the deformation of the amorphous structure in the
sheared region of the model built using the faster cooling rate is limited
to the path from Layers 1 to 3, whereas in the model built using the
slower cooling rate, the deformation proceeds to Layer 5, and the
structure in the sheared region changes to a BCC-like structure. It is
known that icosahedral structures in amorphous alloys hinder the for-
mation of long-period regular structures such as crystals [62]. The <
0,3,6,4 > in Layer 3, which is the starting point for the change into the
BCC-like structure, is formed mostly by deformation from < 0,2,8,2 >
and < 0,1,10,2>, with the extra atoms entering the central atoms of the
< 0,2,8,2 > or the interatomic distances of < 0,1,10,2 > decreasing
[57]. Furthermore, <0,3,6,4 > changes to a BCC-like structure when
extra atoms are introduced into the central atoms of the polyhedra [57].
Therefore, the Si-centered icosahedral structure (Fig. 8), which is
abundant in the model constructed using the faster cooling rate, hinders
the migration of atoms and suppresses their transformation into a BCC-
like structure. By contrast, the slower-cooling-rate model has fewer
icosahedral structures that hinder the migration of atoms, and more VPs
are converted into BCC-like structures in the sheared region owing to
compressive forces during indentation.

3.4. Investigation of SB elongation behavior affecting shear machining
quality

This section elucidates the effects of the slight structural differences
between the two models with different cooling rates, as presented in
Sections 3.1 to 3.3, on the formation of the broken face due to crack
propagation from the tool tip in shear processing, by visualizing the

propagation behaviors of the SBs generated by the indentation. Based on
the results of the indentation calculations shown in Fig. 9, the SBs
generated in the elastic range of d; < 25 A, where the deformation is
considered to have progressed linearly, were selected for investigation.
The atoms with e5 > 0.5 were evaluated as SBs, assuming that the atoms
under strong shear strain are the center of the SBs.

Fig. 11 (a)—(c) show atoms with ¢gg > 0.5atd; =15 10\, 20 A, and 25 A
for PAMs built using a cooling rate of 10'2 K/s, whereas Fig. 11(d)-(f)
show atoms with e > 0.5atd; = 15 A, 20 A, and 25 A for PAMs built
using a cooling rate of 10 K/s. For both cooling rates, the SBs were
generated at approximately 45° from the tool contact surface to the
indentation direction at d; = 15 A (Fig. 11(a) and Fig. 11(d)). Atd; =20
A (Fig. 11(b) and Fig. 11(e)), the generated SBs propagated and grew
into larger SBs. This is consistent with the findings of past research
studies involving uniaxial uniform loading tests on amorphous alloys
using MD techniques, in which the formation of multiple SBs and SBs in
the direction of 40°-45° under compression have been observed [61].
The present results indicate that the SBs propagated in a direction of
approximately 45°, as in past studies, even when the load was concen-
trated at a single point. To compare the SB propagation behaviors of
models with different cooling rates, we compared the SBs at d; = 25 A in
Fig. 11(c) and Fig. 11(f), where a wide range of shear strain was
observed. As shown in Fig. 11(c), the model built using a cooling rate of
10'2 K/s exhibited isotropic SB growth from the entire tool contact
surface (within the dotted semicircle), whereas as shown in Fig. 11(f),
the SB extended around an isosceles triangle (within the dotted trian-
gle), with one side at approximately 45° with the tool contact surface as
the base. The reason for the directional growth of SBs in the model
fabricated using a cooling rate of 10'° K/s is thought to be the lower
number of Si-centered SROs, which are typical of amorphous structures,
in the pre-indentation structure (Fig. 8) and the easy formation of SROs
with BCC-like structures, which are close to crystalline structures, in the
SBs (Fig. 10). Furthermore, various scholars have studied the relation-
ship between SRO and deformation behavior in amorphous alloys by MD
simulation. Kbirou et al. [58] showed that < 0,3,6,4 > and < 0,3,6,5 >
VPs are precursor structures for crystallization induced by stress. Guder
et al. [63] demonstrated that < 0,3,6,4 > and < 0,4,4,6 > VPs represent
nucleation of crystalline order and that crystalline-like order is caused
by chemical affinity between atoms. Mishra et al. [64] indicated that <
0,2,8,2 > and < 0,3,6,4 > VPs have liquid-like properties and therefore
promote collective shear deformation and plastic deformation under
load. Table 3 shows the increase/decrease ratio after indentation
calculated from the results in Fig. 10 for the VPs listed above. Evidently,
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Table 3

Ratio of VPs increase/decrease after indentation calculations.
Cooling rate <0,2,8,2> <0,3,6,4> <0,3,6,5> <0,4,4,6>
102 K/s 7 % -2% 0% 6%
10" K/s 26 % 11 % 11 % 11 %

all the VP groups increased in models created at a slow cooling rate.
Therefore, the VPs formed within the shear band induced by the
indentation stress induced a crystalline order, causing collective plastic
deformation. This collective deformation acted like the {011} slip plane
of the BCC crystal, giving directionality to the shear band development.
This is thought to have led to the progression of ordered deformation,
similar to dislocations in crystalline metals. It has been reported that
during shear processing, high-quality broken faces can be obtained by
controlling the direction of initial crack propagation [14]. Therefore, the
model fabricated using the slower cooling rate, as shown in Fig. 11(d-f),
in which the SB propagates directionally in the cutting direction of the
plate, is a more suitable structure for shear processing

The aforementioned discussion indicates that in the model built
using the slower cooling rate of 10'° K/s, the SBs, which are the cause of
cracking in the early stages of shear processing, develop toward the
cutting direction. The previous sections have shown that in the model
built using the slower cooling rate of 10'° K/s, the number of SROs in the
SBs generated by compressive forces that deform into intermediate and
BCC-like structures is greater than that for 10'? K/s. Therefore, in pro-
cessing methods such as shear processing, where crack propagation is
caused by compressive forces from a tool, a smooth broken face can be
obtained for the model built using the slower cooling rate of 10*° K/s.
This is because in this model, the sheared region, which is the source of
cracks, propagates while forming an ordered structure resembling a
crystalline structure. If these results are applied to actual experiments, it
is predicted that in specimens that have been structurally relaxed by
heat treatment below the crystallization temperature, crystallization-
like deformation is promoted by changes in the SROs inside the SBs
that occur during shear processing. This suggests that heat treatment of
amorphous alloys below the crystallization temperature controls the
direction of crack propagation during shear processing and contributes
to improved machining quality.

4. Conclusions

In this study, two amorphous models were fabricated using different
cooling rates to investigate the effects of slight differences in the energy
and atomic structure on the mechanical properties and SB propagation
behavior, which determines the shear processing quality. The results
obtained are as follows:

(i) The FegsSiys amorphous model built using a cooling rate of 1010
K/s from 3000 K to 300 K had a potential energy 0.2 % lower and
an atomic packing factor (APF) 0.1 % higher than those of the
FegsSi15 amorphous model built using a cooling rate of 1012 K/s
from 3000 K to 300 K. The difference was only slight.

(ii) The total number of short-range ordered structures (SRO) of the
icosahedral structure, which typically appears in amorphous
structures, was lower in the amorphous model built using a
cooling rate of 10'° K/s than in the model built using 10'2 K/s.
However, the fraction of fully icosahedral structures is higher,
with a lower fraction of distorted icosahedral structures in the
model built by a slower cooling rate.

(iii) The results of the SRO investigation on the sheared region
generated by the indentation calculations show that in both the
amorphous models built using cooling rates of 10'° K/s and 10'2
K/s, the fully icosahedral SRO structure at 300 K is deformed to a
Si-centered distorted icosahedral structure during shear defor-
mation. However, it is only in the amorphous model built using
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the slower cooling rate that the deformation progresses further,
and the SRO of the BCC-like structure increases by 11 % before
and after the deformation.

(iv) Compared to the amorphous model built using the faster cooling
rate, the amorphous model fabricated using the slower cooling
rate had an 11 % higher Young’s modulus and 14 % higher tensile
strength owing to the significant difference in the SRO, as shown
in (ii) and (iii), even though there was only a slight decrease in
energy and increase in the APF.

(v) In the amorphous model built using the slower cooling rate, the
SB propagation becomes directional owing to deformation while
forming a BCC-like SRO in the sheared region generated by the
indentation calculations. Therefore, in the amorphous model
built using the slower cooling rate, the SB propagates toward the
cutting direction, suggesting that high-quality surfaces can be
obtained in shear processing, which uses crack propagation.
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NOBBEHRFIZLIZLIZ M RO Y — gl
DT EIFRH SN S, &itsh/iza=y bt
WL ETEIMEIR O BT ZE BRI I S Tz 5
N5HZ LT, w#ENEEREELHS (B2). 2241
DA RIEIRITFTEREIC L 2 % FH OB TS 12
ETReTH V), ZILEREDHIM & v ) STl iEkT
FrERE ER2EHELZRET A, 72721, AM
OWEE, F—N=NY TR TIIEEARPEL
LUREMEDSE\ 720, HEEFOEOER AR
WTIHEE RS SNLENETH L. T2, 2
LDSENIZHRAL L - PARILOTEREE & 2561E, &
TR SN h o KD EILNIERE T 5 72
W, FNEREHRT2OOEBILE RS HLER D
L. FONE, RSOOSR IXREMEX D
DT T AL ELICHEEBELZITINE RS .

CHOLZEZFIHLTELESIL, AMIZE 55
TEMINFTIC TR S 5 2L M R L 7-fg s % 12
FLTBY, BEEEILOFHN 2R SHRIRZ L
Z##5E (RPS : Rhizoid Porous Structure) & 44141772,
RPSIERIBIZR L7z &) et~ EaIru vt —
FTOMSILBLUBHSAILZHE L, TOEILETL —

Fig. 1 Fig. 2
2= bl AMIZ &L o TR S 7= LB SR
D3DETFI

RPS#F} o I 1 i 5 ZE LAl R

(CTiHif)
Fig. 3 RPS O N

Fig. 4 T )V FHE L RPS D 2L DO BR

PEERE 2 EOBRSEMI L o TEREICHIETTRE
Thsb. H412, ERKO AV FEE L 22O
MRERY. 22T, TARVTHEEI/mm’] &ix
TEIIE S AL ARRE L 72 D ISR A SN BE Z IR L
L=V p (W], HEE[mm], E&EEI mm],
EARE s[mm/s] = HOWCLUTORTERSND.

&:7%— (1)
R T, BRI R THASY% OIE % ER L
TBY, T HRIVFHEEORMIAE > T 5% AT I
LTV EWHHADSRKAD T T 706 FHEEN
T\Wb, F7z, FRMER KOK DA D RIRIC
BUFAHL—FORINEIZHEL 5 2, LD
EBXOIHNCEFG T A5 EDTRIBENT VS,
RFEECTREHOZREY 7 by 27 b fiilHE
NI, AMIC X A i 72 i CHILER S 2 RS
HIENTReE A, T2, 2=y bRV EHW
BETFETIIRIKROBHHSHETH L L9 28I
T — FORFHR S L TH L ILUEHEE 25T
LHIEDUEETH L., X512, FRFEHEBIIX L TH
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17T NOELEIIX, R D LTI
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DEXFOZILAIL TR EIERIL T2 L) HE
ZFAL, =LA ToOEREEIRTZ LT, T
Ty h-FHRAOHKEXZNEZELLEVIEZFHD
BHENTWS., Pz tnrs, ZILEESEME
34 77 2 b OREBRTRERE R L ERT A 72
ODERELRHNTTHLENZD.

COX)BERIIRNLT, HEEOSIREL TS
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VRS, FRTIEERHA > 75> FEBlE L Tw
b, BATT 2 bOIVEIRIEZ, BEEAOEKIZ
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DB ET T2 8T, ERIMT L EATE
HIRBR O & RIKB A2 M35, 2% D,
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Fig.5 AMIZ &> TIEL SN ZILEA v T 5~ 1Y

Fig. 6 RPS#%ICH L7-@EhElEAf >~ 77~ b
(247 )

KA TS MIT—F— A4 N, SRS &
OEBEO3IEE»HENICMZ TWE. FESIL
RPSOZEILEEOHIMAMHE X IR L, F72, %
MBYPEE % & 0 RPS AR E AR W45 & Rl R 72
WREM A - A 2 & T, B v 75 b0
FEHAEHIBL WD,

5. RPS zcH L BRI ZFLEBEF DRI

[ZEMIIIC 1D OFERED H MO FEEE & i)
72T PERIIZZAL S B VIR DAL 2 B RERTF
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Tt E, BREOEBERITMBRHEEOZIIZE ST
bzbshn, B712, 2EEOMBED S % 5 EF
BREM B OS2 RT. TNENAIRE R L -
TR AT 2002 RIS LG, €
DEAHB S TR A E BRI Z L L, #IBER
ISR L ZH3EORNCE V185, —F,
PEREM R CIXEFE O BRI IFES T, FE
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BEARMRL 2055, BEHOBEREL AR 2 7218
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BFOO R HHBHEEEA L TWD, FORFREEIE
ZEILEDTRR BT A EFMEE S o THE D,
BB AR SN I NEBD R~ & A L —
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FEDOMI S 520D EHEMILTW5 Y.

K5 TI_RET 2 RPS 2o L 7Stk rett 4 >~
T b FE, BH—DA YTy MRIZBWTHE
Botkrex B3 2 HAMERE LTRETES. 1
YT NOEILELICE o Th b ENLKRE R
FIEO 1 DIFHEEOERRTH L. L L ZO%A,
ZALEALIC L BBEDRTILMET 5 2 & TE W
7o%, REMEE SR E 0L ILERE TR T 5
CEIFBENTIEI R, Lo T, FEDMHEIEET
X ZEFLDOTER & H] L b3 5 2 & T, &IKRD
GRS 2R T 2 L ENH D, T2, 22fLick -
THEOLNLEIRMZHEEED 1 DI 8 — B EIc B
JABEMEON ESFIFON L. ZhdZELic X
STHEEINLILNERE (> 70— R) % FH
L72bDT, 4075 & FOMREZLRER R
BT BISEF ORI SNS. Lizh> T,
1075 N EBFHIIFFEDZEILE Y b O% LY
MafEST 52 Eh, AREEED R CTIEEICHER
ThibrEzoND, DLEOBRSHEIEOVA
Y77 v MHBEOMESER8IIRT. ARSI
FHEI A SIS S LB LS B Ik L L, Fh
ZNOMHEIEAGE L7z B D Re 2 Ho TV b, &
IR O 2 BRI EILEOZILIARE L, 2D
BRESIZEICRONS L) EFHEEE 2o TWw
L. LUF, Z2fLEsilifim d 5 I B e Ic 2 b3
B HEE A RS ILERE S L R 5.

KEETIEZOHE1BREE LT, 48 L 72k
EENTNRLLEMTERET A LT, EEHN

Fig.8 RPSZIEHIL7:A > 75 b AHEEOBAR

Fig. 9 L —VEAMHEE & 224D BfR

EENMOZENTITIN > 1222 AR A A1
LA ER SR DRI & A 7R 2 T 5.

51 HEEAMEANDERIE
REBFRCTRIFEDEADEZEARNL | LW
) AMOEBI 2 TREZFHA L, BB HMIZH-
TZFLEDMEFIIEALT 5 Zf LR SO % 3
Iz, BEHELOINT TOMEI»SESNRTWL L
— A HEE & RPS O ZEILFEOMIEEZ K II/RT
77750, ERHEE 100-430mm/s O #HH TlEZE
FLER &AM I ORI H 5 L IREL, RN
FEEIZL > CUTOERR 2157

p=0.081s — 3. (2)
(p @ 224l (%], s @ EAHEE [mm/s])

AEH X 0 Tmm, B34 5SmmOME Lz, #
DRFHERZ S S HIMIZ100E L, FhERoHE
W B EARE 2 H ) LTz BEEMEIRO X 5
2B101ZRT. AR L 72 &80 22 fL31T,
KQ)IEEHEEDEEZRAT S Z & TRD G
fETh b, tEREAIME zE A E L, B &
z=0[mml] & L7z, EERICHELLZL—WE
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RN 5 & TR - 7222l Ta 7 7
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MLTWABZ ERnhb. 12(a) 2R L7-FEfE
HIENZ AT 2 Wi B 5 CTH{E (ZEfLE) 25
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BRRIENICRT DUV T 77 A4 VX T )V
(UFB) D3R o sy

~ALRE SRS XT T D BREBES DRRE~

ALK

O HZZ- FAERZBE] kA IES

Examination of the cleaning effect of Ultra Fine Bubble
(UFB) on sebum stains
~Examination of removal ability for cosmetic ingredients~

Kohei Nakamaru and Masayoshi Mizutani

1
UV T T 7 A NT VLT, UFB) & X ER Imm LA
TOMNREIRTH 5. UFB IR ICEHM T, WEsh
RROBRENF & Vo Tokk 2 RFFBEROZ E R L I
TWa. ZOZ b, FE¥E, BRE & B
ER, BEREO A 2B CORBEN/ED LTS D,
L2L, &8 C UFB 273 58, UFB D&MD L5
A EOLIICREA L THREZAAH LTI D
Dy, FOFEMR A F7 = X BN TR R T4y 3%
SHFHET D, BIZIEERFEOSHETIE, UFB #fWVicvx
J—r~y R ERRREINTEY, TOWEHE IR
BV IBHE SN TWDR, TOHENRED L 5125
BLTWDINEAHZRbESN TV, & 2 TR
T, BRIBNUCKT T % UFB O R 2 M L,
FONBNRKBTHA DAL T L2 EM
L7 AMIZZEOE 1 BETHY, FIBHNDRIKD
1 >THHD, 77T — a3 OENICFEHEL, UFB
WIFIET D REHR TEOHENR ED K S %82 R
DITOWTRRRT - BEE LTz,

T

2 UFB DB DOHER

2.1 UFB DAERFE

UFB A 25 B (NQ-KP-MI.5CD-200/60-R3S, -/ 7 &)
FRWTAER LA, FEETE, R 7N TRIKE R
HiRA L, NELlc@mERAWKEE I X Hc%Esd. 20
IFXFVATRERENMH LMV BRSNS Z & T, N7
TS AL, UFB BAER SN AHHATH D Y. K4
% Z&{t % Tablel (27”7

2.2 UFB DARDOHER

T Kt T T U v EEBENE(Nanosight  NS500)% A
VWC UFB OARE 2 Tes® 3% . UFB 1% 1mm LI F O&MAkE
FTHDHIOT, TIvEHEL, L—F—EKETHN
EBELEE R T2 2 L A2FIH L TEEBS AR L L
fRNTCE 5. ZO L ITICHW D BEALT, ¥ R
b ERAWT, IHtREk D #8945 (1) & Stokes-
Einstein DR Q2)D 2 2 TH Y, ZhHDHN 5 UFB DX
AREHINTES.

AREEBRTH = UFB O & KJaR 1 Table2 12779

(x ) _

e

D )

Kg: RV <88 D ek
no KREE T HRRIREE

TKg
p=—01b_

Jmnd )
Table 1  Conditions for generating UFB

Generation conditions Air, Oz CO2
Gas pressure [MPa] 0.1 0.1

Pump pressure [MPa] 1 0.7

Gas flow rate [ml/min] 200 100
Operating time [min] 15 10

Table 2 Density and bubble diameter of UFB

Enclosed Average Density Average Bubble
Body [particles/ml] Diameter [nm]
. 6.32e+07
Air +/-3 246106 138.0 +/-1.9
0, ey 1377 4/-5.8
COs g0l 175.5 +/-20.4

3 75— OB
3.1 EBRFIE

NLEEETVZT7 75— a %% 300mg &
SR, 24 BRI S 2. F0%, NTREET L
Z UFB- Air ##f A L7z UFB KIZEIESYE, 1 B#
BELiZ. 205 BRI, FEREITo ThLRES Y
7=, Z0k, ThENFEEBEL, 7707 —=
UIMANTEREET VIS HEIDB N DRI OV THERS
L7=(Fig.1). 728, Hlxig & U-CBHM/KICRE S &
7T L, iR T 7.
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32 ERBERLBE

Figl k0, 775 —varvalot NG
UFB-Air KHIZIRIET 5 &, ToEMEICHICRZ 5
A RXDVEREE > TOAETHRERTE 2. L ITRE
BIARET DL, E0Z<OEAPESLTNDZERN
fifes® C & 7= (Fig.2).

R L, $i#RE L725G, @K Cldsim ) & o Rk,
EIITHERR SN2 S, UFB-Air K TIXEE A4 U
(Fig.3). IBIZENE 1 HRBIEZHDOTIE, EFIC
MZFIBEL T DERT-DHER TE T2 (Fig4). ULz L
5 &, UFBITET, BFEEMEIMSET 2 5t (B 7E5)
WEFEY, BIZARZDZ A XORE IO D. £D
%, BRI EMZD E, TORPEEL, M
FETIFEREREL, RETEHHBEZEL WD bOL
EZz bbb, £ <IZ, Figd T UFB-Air KICIRIE S Lz 7
7T =Y a VORI 2T IO XD 72
TERDHERTE D0, ZhiT UFB MMk 2 ERI236E
FThHvAr7aTzy MLEEbLOREEEZLN, ZOX
DIRMBIIAERN T 7 T — v a VORI
FEHLELDEEZBHZD

4 & F
ARFFETIE, NLEEBET VB L7 7 o T —
2 2% UFB KB LOEMAFTCED L 5 2E¥E 2R~
PITOWTHRR EIT 7. TORE, BikFTixe<
WAL E T2Vt L, UFB KHIZEIE, &5V
BHRLELOTIE T 70T —3 3 VOEBLHBEN e
RBENTZ. ZTHIL UFB B EDHFTNICES L, 14 XK
XD ELBIT, ZOWEPBIBT HERICAELD~A 7
By N7 7T — g UEE - SEICERNC R

HLIEERTHDLEB LN,

BE IR

) JUNBRE = L X — RN, 7 7 A T
MG EFIEE, 2018; pl-pS. (2024451 A 18 H 7
77 R)

2)  RREE, ENEH, HProh, SORKIER, 77 1 v
NIV E T PR, FinEIF 20185 69: 10
55 p8-pl2.

3)  RIREER, AMET, BrLEA, v 7 r T
NANBOAIEKE - PRIBA~DOFEE. AARRE FE
B HERE 2023.4.23 ; p3-p4

4)  FRE—KEWRZ=, 2K, BESK, 774 N
7OV AM(B T TR, #AT, (2016) ; p187-p188.

UFB-Air Ultra-Pure Water

Fig.1 Artificial skin model immersion only

UFB-Air Ultra-Pure Water

Fig.2 After 1 day of immersion

UFB-Air Ultra-Pure Water

Fig.3 Immediately after immersion agitation

UFB-Air Ultra-Pure Water

Fig.4 After 1 day of immersion agitation

54



Sl

ERMESERY o o
INDBE =Dy TR 3D
BIRZAAFTIORBAEFHFLWVEFRABEAD B EH
DT ST
1% = FRFFETIEL, M T RO Th o I H L, £ LA

BUE A S U QWD BRBHARREIL, Sk (k) #HaBr 2
L, DB OBRENC I A U7 283 (IR % s B EHZ Lo T
FHEIELTIETHD V. LnLed s, DENIZIRES pH
DOEALAE U EEEERBETHY, R B At & OR BHE
PEDOE TR BB OER 2B XL, Rk 5
SRR L TLED 2. TO76, At LA
DSFERLUT= B -7 B AL, 38 KL OV B Bk & At 2 5 ]
B ST DT IRIRERED RO BTN D,

FEFEOIT, =N 118 280 L (Powder Jet Machining,
PIM) Z R FHER ~LIG 35 Azt C& 7=, Jok PIM
BB LTIy I AEOMERRL % IO TS I L TH
D, MPERRL A3 R mR 2S¢ 5 2 IS IR R o
BRECHE ISR - O BN A RETH D, AIE OBREM T
Abrasive Jet Machining (AJM) ¥, %3 D135 T.1% Powder
Jet Deposition (PID) VL EFKIND. EHOH IR KERE
TCH A ATEETHY, MR T Ok AR 2 (v), 722
£ (o) FOM LEAFIEIFLT AIM & PID (38835,
B PID 1345072 FIETHY, — A7 gt - A5 T T
HOHRGHE 9RLa— LRAT L —ik O, 27/ LT RV T g
E DO IHNTERSORE L E ORI A Tfocb\
D72 PIM X HPENER BRI EEE H T, ORIy
0 A R B Fn fiﬁ)mb\iﬁ%%)/ﬁaﬁw/?-b
(Caio(PO4)(OH),) D/AREF L7 734 Ak (HA) D% W i

WCHWDZET, FFi i PHRE N T REL 70D . RFIE

T, AIM ICEDHElZERZEL, PID (2X0 A TAYZ2 5 (HA
f5) 25495 (B 1) . PID (CED/ERLL 72 HA 38 i vEAS
&<, BRI AEEARIRICBAS TR FHC, thi 2K i OFRY
AR=2 T HEOR TR ~DOREAL BFTEIL T D 2.

; ; HA film

%/ HA partlcles \.

Dental
handpiece

Enamel Cavity

Powder Jet Machining (PJM)

XK1 PIMICXDHEFRHEH

FAER NP LA FERHE AR REAIRK B - T 980-8579
BRI T R XA T T 5E6-6-01
Department of Mechanical Systems Engineering,

Graduate School of Engineering, Tohoku University
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1477 (Computational Fluid Dynamics, CFD) {£E& #1751
¥, AIM & PID OEB MR T 3 ko7 meAwyE s
ZAERL LTz 1O IG5 TR - 3 145 7175 (Smoothed
Particle Hydrodynamics, SPH) {51245 T, PIM IZ331F A 1E %<
R (HARL ) EAN 6 G4 4 (HA Bebf) Rz 8) 1012),
BXOIE A0 DEFHMELZ. FiEKSERS FTO HA
LD L AF IV A DI, PID %0 HA kL35
OY HA RO @R 8-SR (TEM) IZ LD MBI B Ll g
%> 1-8) /)5 (Canonical Molecular Dynamics, CMD) /%, SPH
EEMBAE DY, FFNTROHEEETTo72 1913,
AT, ZHHORRETT 2.

2. ERBIUMBITES
2.1 EEBREH
PIM (ZIF#E 3.109 g/em® D HA RiT-Z4 I L7-. HA hi
TAX1~5 um DRLE A RDY, AT 47 U F1E2.16 pm Th
Sl TR G EHIIE, AT AL L EZEOFRZ A i
i %412 HA F5E V2. HA SRR m T,
T O S & FEMEE S (0 pm) EEFEL T PIM 2177~
PIM (Z1E, PEICBHRIEEIER O 2 AOFHKEFTD
éﬁ%%ﬂ%xVF‘th%#ﬁ@%%%ﬁﬁﬁ L= (K 2(a)). ki -%
ZIZFEBS N HA B 113, [EHEZR RO AL I it
*f'p?ft&%:LO“C 2 OOFED A TS ETIEIIND. TDHE,

Acceleration gas (air)

Particle tank
| — |

Supply gas (air)

HA particles

Merging location

S

/ ™ Blasting nozzle ™ Dental handpiece
(a) FEBRBEAE ORERE[XD

(b) MR RTRA—ZDIEFED
X2 SEERALE
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DS B ST A 22 S O N T A2 50 HA K130
WAL, SRV OIER SIS, 1 FIOFERRIZOX, KT
Zo71213 2.0 g O HA KL FA2FRIEL, a2, AR 21
ZNEI0.5 MPa LU CE AR % 60 s1To72. (2 A7)
JADFE T2, PID I LTz HA BRI EIXL, [
Bf-& HA N 30g 1T 1 B (TEM) IS KBl LTe.

B 2(b)IMES ST A—F DIEFETHY, EHT IR, A
&0, 72 O EE HA BBON T O M4 xyz SRR
DI EEFEDT. dIE5.0 mm IZEEL, 6% 30°, 45°, 60°, 90°
(B ESETZ, INTH ORI 3 ITAREIE 28 (NH-3T,
SRR A 2O CHIE L.

2.2 BWEH

PIM THEH L7 HA ki FOBLERS v OIENTIZIE CFD 74
(Ansys FLUENT ver. 15.0) & HI\ 7=, ELEE T /WITIE, M
2ED A HFENRE DWW — 7 72 E OfHTIZEL, ¥
=y MRIUZIB W TR M 2 L0 EE IS T CE L R84
Ff-O Realizable k& &7 /L ZEA LY. B 3(a)DilY, EhE
HEEOWNEFREE B L O XV N BRI ST 5ET
DZEMZHBIL, JEK)SIE 0.5 MPa DEMEZE K TAL,
BRI DI 0.5 MPa OJERFZE R E AL 3.0 um D HA KI-1-
MIEHSND IR E LT, K 3(b)LE L2 MU ;D AV =
WiETHD. /I Ay I E RS L, /A2 0.05
pm, AR AR 0.3 mm (ZFELTZ. BER TORAKDEE I
ZEFET DI, BERIZIIEIR DAY L 2 G AR
2b)E[AERIC d, 0, A EFRL.

PIM ORI {2412 331F 5 HA KL 138X OV HA B Ol
ZRENSCIS TIRREDO MRNTIZIZ, SPH 1% (ANSYS AUTODYN
14.5) & v /=, SPH VAL, fATXIFRZ T 4 o34 LThL
T (SPH Ri1) DEARELT]IZET, Ay oL TN
BEEETHD RETGHBEDOMANT41TOZ LM TES 19, [M3(c)
ITBELIZET VORRKE y =0 pm (2B D xz i OWr
X TH5. HARLT-OFRIT, a DEACIZEAERR SN
{ELA2WISIZE T O HHERIREL, PID 1ZH T2 &3S
MRS 3.2 um EL72 17, HA FERIE, HA B 1 O @22 5H
1213475 12.0 pm 2SR HNE SR SPH VLN — A HEEEL,
FOIMAZFE EHITE S 18.0 pm, 1 24.0 pm, £ 24.0 pm
DEJTENG/2% Lagrange YV 3—ZAERILT=Z. /2%, HA
K27, HA F5# 412 SPH VL 8 — 0 SPH KL T- 0D - #3 L EERE
1%0.1 um &L, Lagrage /L 3N—Zz=0 um (ZB1F5 xy Vi
DS B A B S DA S L7, HA R 7%
v =300 m/s T HA JEMIZHHZESH, Drucker-Prager €7 /L1
FOEBIEAE R A BT 19,

PID IZBIT AT E AT =X LR DT, CMD 54 -,

A MRT v, TABVERANTARRLT VB L3
EBENTARBRENNIKSIND, AT HEETEDE DR+
RT 2w/l ThD Born-Mayer-Huggins (BMH) R 7> 2 %
NEFNZ NVT 7o 7k, k-5 N, 558 v, 5
JE T %—EELT=. MD ECIEFERNICBE 2R 7O s X
OV E D g6 72 53 1 X R 722720, - DB 2 N e
IR TE] IR D IS Ko CEERSROICEE RS Sy L, R 72 Bh %
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Acceleration gas inlet “;
Supply gas
inlet
Analysis Area Supply gas
(air) (air + HA particles)

Blasting nozzle outlet

HA particle conflict surface
— (HA substrate)

(a) CFDIE TOREMT L EE AR
s T :

rigin ¥ HA particle conflict surface

(b) CFDIETOMEH ST A—H D EFE

@ HA particle @ HA substrate
SPH .

Origin
SPH ~, Lagrange g
N o

2 [
‘%‘ M\Z
Q) 2 flA ow y'i,v

(c) SPHIE COMRHTET VAKX (f2) LW X (F7) 1)

z

Impact angle «

'18.0 um
18.0 um

z
18.0 um 'yi->x

HA O Ca P H v
Particle @ O o ° L!> x
Substrate . () o °
Space group a b c

P63/m 9.432 A

130.0 A

b

L.

(d) CMDIED FA TV (f2) HffTET v (F) 12
B3 HfEfghres v

fENT 95, ARUFFTIIEERE VB ISRE BE, Bk, etk
M Verlet Va8 AL, KRB/ CDY—ral )i Ewald

264 B
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B HA OFERT —5 036K 77 5 O BALK 75 o
il AR AR A LT (RS IS L O T IR D B B VA 1R
L, 1 A7y 757120 0.2 fs DFEFFHE A 50000 A7 > 71757
(X 3(d)) . ZOFEAENZEITE 741 3168 {#H 0> HA Ki 1,
JFF 552640 D HA BEARDET )VAEEEL, E22H ORK &
FFLERL 1% (001, FERR A (010) i & L7 (K 3(d)) .
Verlet {EIZEAMEE, E BN K02 m O & JE )
DSBS 20D HA KL 138 OV HA FER & o0 1R il 45
EATDT, A AR E L CHEAR 8 D F iR I E
Zi1ol-. HA RO % 2T Ik 570, B NI
TR A AR S T D YRR E Jg S LT

3. AUIM-PJD EBREEHDEH

PIM (28135 AIM & PID OEBSMZRAE D20, 0
ZIEZ RN TR Z4T-7-. K 413 0 = 30°, 60°, 90°C
PIM #4772 M LI D 3 Rt 7 a7 7 AL Thb 1D, § = 30°
TIX AIM 23, 0 = 90° Tl PID MTHONTZR, 6 = 60°TlE
PID & AIM MRRIFFZITONIZ. £2T CFD B2, /X
MO SHLZ HA KL - OliE, BEOVHA F (2= 0 pm @
-250 pm <y < 250 um OFIPH) (ZHEFEL 72 HA KL F-D v Z3K
Wiz E5 T, b 0 DRBERKEV 0=30°DF R THho .
5(a) kY, 0 B—EThH->Th, B II7- HA KL 1135872
DR () & v D52 > C HA FEARICEIE T 5280505
7. o 1 x WhoIE TSI i my Tlfm L7, /AL
H D25 HA BRI D> CTREHIRIZIE A 7. x oA 5
3 L ONE ST M ORI EZ2E LT HA B0 a 2242
oan, EEFHRTHE, 0 = 30°DMTIE a1 & o DREITH
12°0ZENAELT. K 5(b)XD, x Bl 7 B OFEZEE (R AFL
Ty BARESEALL, x BT A O HRD v IZABIIK FL-.
FERRO x Hil )7 1A O NN THE 1L CFD 12k»> TRked 7= HA i1
EZENRLOBINZEDD, x BF M OMmEGIZIBNT v MK
L7z HA B 713 PIM 2% G- LanZ e s g s gz,

DL EOFERED, PIMIZEIT DI TE L, HAKI 121
DD a L vIKTFL CERTAEE 2 DN, Z2C, LA
S, v, a D3I WILTIEATYE LT ELL T OFIATIER L.
FPETO 0ITHL, X 4 O 3 WITHIERFB RO KL LT
B/ O L& % 8% xz Wi o — kot 7 a7 AV L,
x A EOMTHE 0.1 mm &I TE SO VAERE L
7o [RIRRIZ, x BhF IO L0E 0.1 mm Z 212 5(b)D v D F-
BHEEBEH L. %12, X 5@)D a 23 x $l7 [ OAE 1K
FLTHIBICEAL T DEREL, x 7 M O THE 0.1 mm =
LD HA K10 a Z:RD7=. K 6 12455072 3 kot 7 kA
~ BT ERT W WEOMRAORRD PID, FEOMRN
AIM ZFL N5, K6 735 PID OFMITRESNTEY, o
> 60°DHFAITMNTES 10 um LU EOI T AT i=Zen
DINB. vITEWTIZK 240 m/s~310 m/s DL T TPID 23
1o, a ORKINTHLEDOD, v IZHERE R T
INTRARECTHHZENP LN/ oT2. TR, a < 60°
DEHFITBNTHREMTTHL AIM BMTbie. oY,
PID BLONAIM OFEBAEITBBLE a = 60°THHZEN
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HBIE R ST, BRI, ARAFED a < 35032 v > 310 m/s D
AT LEED 20 pm LA EE72oTNAEZEND, BREN
TEAEINSETZ0GEE, VIRV a2 X0 @ v TPIM
EATODODHEELNENZ D,

Blasting angle 6 = 30 deg.

3 4 5
|-23.4 J% ’ 2 3 \

&, 1 1 s 2
30.0 [um] K AN

43.1 Blasting angle 6 = 60 deg.

322

I21.4

10.5 oy

|-O.3
-11.1 [um]

56.4

z axis [um]
Lo
S 2002
o oooo

3 5 6
%, 4
%, 2 3 z
4 2 )
“,, ! o ! s 0w Y

Blasting angle 6 = 90 deg.

&~

45.0
I33.6
23
&L193
|1o.9 wf%)Zl oo “3\\ )
0.0 [um] v oo DeasWURE
4 PIMOIN L3R IC7T 27 7A/L1D

343 [m/s]

309

257

240

206

172

137

103 2 G
69 .

34
0

(a) PIMIZ IS ZHARL T-OHLE !

350
@' D ‘t e .‘.ﬁ
e [ o1 L o
> 300 | 1 ° 8
2 C e o
= 1> °
% Machining width %,
o [ .
5 250 L (experimental value) .
g L
£
200 [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-3000 -1500 0 1500 3000
x axis [um]

(b) HAKL - DR ZEN7 18 Z L O 55 FE D
X5 6 =30°DCEDEHTHE F
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Machining height [pum]
8

X6 3kt AwyE L7

4. PUM IZH 1+ HEEREEN LIS K EE D T

EFR FEENF—DOHA, a & v ITHEFLT AIM & PID
TEBT 5. TOE, HA B 7L HA RN EDIH72 1%%
FCERL, INTICHFE5T500%RE L. & 713 SPH &
IZEDRD - PIMIZEIT S HA R 1-B X OVHA SR O
LTI A THD B, 2 TOIT y = 0 pm 28BS xz
Wit T, BINIISMEZERT 5. HA KL 7A% HA FEK

.. Stress [GP
Origin el o4oaz]
-0.62
-1.44
z -2.26
-3.08
LX\ -3.90
1-4.72
1-5.54
1.0 pm :g:?g
-_ Omins 1.0fns -8.00
(a) @ = 30°DIEHE )L F1 /541
.. Stress [GPa]
Origin 0.70
z
8
1.0 pm
" 0.5nd 1.0ns
(b) a0 = 30°D8AMTIE 1534
Origin Stress [Go-l:)az]
-0.62
-1.44
z -2.26
-3.08
5 x -3.90
H-4.72
H-5.54
-6.36
1.0 pm R
— 0.5ns 1.0ns _;:(l)g
() a = 90°DIEE G ST /34
Origin Stress [((})2%
0.56
Ho.42
; tH
I 0.00
H-0.14
|-0.28
1.0 ym 056
— 0.5ns 1.0 ns 1.5ns N o7

(d) a0 = 90° D TEEL I S 43 A
[X7 SPHEIZ LAPIMAENTHRE 1D

2024F EHERI TP RPMERR AR E

~EELT-f A2t =0s L2 ADt=0.5~2.5ns D 1.0 ns
TEDIE AR ERLTEY, X 7(), (b)iX a=230° [X7(c),
()i a = 90°, X 7(a), (c)ITHESSSI, X 7(b), (d)iFE AW
W SR LTS, 2z BIE ST 1A AR BLG ) EOIE 1), x Bl
AT OGO IE 717 Cdhs. HA RN T a =
30°D S TIRL T DIE LT IR TS I, a = 90°
DM TiEx = 0 um D yz FHEI IS I BFZRIT A LT, HA
KET-NTI, a=30°DE1Z HA R 747 F OfEIRIZIE 103
BEEL, JEMEIS T, B AWE I EBICMEZE Rl Tl ke -
72 a=90°DEA, HA KT <fresh, HA R+ D
AT SIS SIS T U . Bl U O S ) Tk HA
T VBT T DI X IS EI NS AL, 28 FEc s\ T
ROFERE ST M=, B ABIE 31T x = 0 um O yz ‘i
KGHT AT LT,

— A BHCNTE T 25 | BRIE R S 1L & R R AR X
A, WIZERER RIS NTH 58 035 19, )7 D@y,
PIM Tl z $ihF7 [A] D EEELL S & x 7 10 D/ AW J1 723 [
BRI ET 5. a BRELARDIT DI HA BN O IEHEIS 77
EITRELS, ORI AT D280, o= 90°Thich, A5
HERESAIHISNDEHERISND. SIIRBRIS TR KIE
THAMIE I, a= 90°TIFAHE T2 H MITHAL, a= 30°
TIE—FENCREAETD., TOD, a HN/ISWIFE &4k R
RS B5IRFR IS NN RELRDEBZ DD, a IS
WG, 2R T ORISR EL, BRI LD et
ELFHE T2 10, AIM B LERICRDEE 25N,

5. PJD [ZHBIFDHFHEST 4TIV XD

PIDIZB T DRI L3554 ATV A RO D720, K
3 LT = 90°DPID# I [EN L7-HAKL T, VESLL7-HA
EDTEMEI 2221 T~ 7. BI8(a)l L Af I OHARIF-THY12,
EAKI05~1 umDFE NS b ki IA Th o7, [XI8(b)
VXPID& D[RR 1T, [ ORL - AR 2okl (K
~EEE LTIk (X8(c)) <20, ME DT AR T T A0
AR PRI (1X8(d)) AVRLT-AHEERIC BT, K7(c), (d)DY),
HARLF ORI St VS TP R AT H720, K1 Al
PIDICE G- Lz eHisisns. —J7, K8(b)DRiF-BDXH7
BB OHARI A1, [X8(a)D O 7 B 7k i 2 f 7= F
FTHoT. INRIEORL FITE BV NSO, I E24
B PITREFRIT S LRSS, K9IE0 = 90°DPIDIZL
IERLLIZHABEOTEMG ThH0'D, HABILX8(c)DHAKL 1
SIS RS AT oRs Sa IR E AR D F T/ A— v A —&
DOBGE R IRABRE SN T2, 512, HARPNIZIZTHA K
B3 U TATIZER O 7 L RVIEBE T2, ZOZEND,
HARL 1B 22 RE OIS DA I 0 BRs fb b S, & ofshs
SRR AN IR IS HERSE L CHAREZ I R A Z &R S LT,
F7, RUFFEICHOIZHAZEN I N =T AL LR O AR
DLHE G CH DY, HABEE O FLm I3t g iE 2 A &
TRWNT VT 7 AGEIR S HBLL 72, SPHIEMND, o = 90°DPID
2B W T, HARL F-EHA FER O 8 28 5L i Cldic K4.69 GPa
DOIEE)G ST, 3.85 GPaD[E S BAETTZZEMBBNER>T
5. OFED, PIDOI L CIEMIN LT Tih, HAK
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1 pm 2 ym
(a) AAEH] (b) PID#%
500 nm 500 nm

(c) kb b b AE (d) O A fElak
X8 HAKIFDTEMBLIZEAE H.12)

500 nm

X9 HABEDOTEME 2258 519

W OFER 2 # A 1 I THARL B 22RO IR NIZFH RS,
EAHS S LS TT ' T 7ML LTz EE 2 LS.

WIAZ, 72 R M T A0 EFE T 5720, CMDIEIC
KR TN 21T 7212, T5&, 2% R OHARL T-&
HA R ORICITHi - 17—y s &R E LTI, H2eml
FEDI200~400 m/sD Zefth CHifZE S T O /24 & 14
NHIINT 52O LT, R101XET22HE 300 m/sO 5
TF-ZBORRIFZEALTHY'Y, HARL FIZFHHIERI3.0 psTH
KOUIAHZRL, EDHIRE /2D DG S & O 22 BN
BEA~LBEN U, B2 E O O KB, JET-OMLIA
BB KEIR ST C1.48 GPaZ s L7z, 22 fm A
Uieiiiizrzr —a kG, RO FLENRKERD
FHEEH3.0 psCTRLFEAETDHEE2HND. £Z°T, PIDT
DFEFSEREIZ1.48 GPall LD Jj&7p~>T-HAKL T- DA f+
75 P HEREIR S EFR L, SPHIEDMENT#E RO LR FH7-0 D
{75 FTRE R DA EI S 28 H U7z, B11E, PIDICRITS
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0.0ps 1.5ps 3.0ps 45ps 6.0ps 10.0ps 14.0ps

P10 B ORERFZEAL)

S5
o [
8 [ ®
26t
B [
g [
_q4_- [ ]
e [ [ J
o [ ®
LN S
2 [ ]
5 [
§0- 1 1
30 50 70 90

Impact angle o [deg.]
P11 HARL D5 Lol LD fH 5 AT RERREEIS

HARL 1 O 2244 [ 0 L Off 25 FBERRTEIA THY, ad i
IS 5 AT RE SR D ARRTEI A TN T 228230035,
LINLZRD30, b IEZENE Ve = 90°DEFTH-TH
TOMEIX6.57%ICE FoTz. T 72, PIDICEBITAEMN LT
DENEITHRD TR EF 2, B DM EARDBD.

7. BRABEADERLSEORE
FEFHDLOIEERG A IR, ARG E B e Lz iR
TR, EHICEMETONE A% R 7205 AAFEIC B AT,
ZOBBARSNEIETT7 8 2y b 28, S F44E9 9 [ I
TR O R [ R & L CIE R R RGR A 2 T T
UL, LFEENO LR LT R OIEE, SHITIXE
RN L @A TR ) ICHERE L, SRR B 8 12
LIz R Ch 5. RIS ARSI T8 (X R A AiD 7223,
BIRE T OB Z LV IC T DL CEBTHLINTE .
BT, ITAEEF BIL, PIDICLVIERIL7ZHABEO O FERN
MRS N =T AL K0S E N e 2B ST LTZP. At
T AV DG, HERZ A RS ORI DR O ADME
I, RV R 2 I35, —J7, PIDICZLY
VERLLU 7= HAE R FUT 9D K912 7 MRS, AT
AV DISHT I E DA & e, Bt
SR LT~ L, BEDIRAZS DO THSD. L
LA, 0 < 90° TYERLL 7= HAREI TSP A S 7= 8] 98
FRBIG NI, MR ICRHIBEL CLES. 207 s
%X, HBEOIRR LD B RIS S OB AZ MG 5, &
ZNEILPIDAN LA A BRI TVETZL .

7. %8

AT T, IO FAEMENT TIEE EBR AR A D,
PIMOIN TR EBEBSEAIMTLED 1> THDall O
THREZEIT, BT OfE RIS,
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B 59k RN R — DA, alvil k77 L CAIMEPID
IXEREL, MTRGOERAEIIBBEEa = 60°T
5. PIDIZa > 60°%>2240 m/s <310 m/sD I
WTCAIMIZa < 359730y > 310 m/sD BTN
TESNKREL2S.

PIMIZ 31T HHARL 1 EHA R OS2 R 120, il )7
[ TR ) Exfili /7 161 0>H AW ) 23 RIS 38 A2
5. BRI B W TR RO IERF B L O AR 7128
FAL, afdKELILBITOIHARL T I ARSI
5. MRS AUTZHARL T- O W R Vs I s
U%. adV/NSWNEEESZHERAEET 55 3RIR IS T
DHAFER N TR EL2D, BUS N LD ekt 7%
FENDHIZD, AIMPN KA RD.

HAME, i 22RE OIS S I KO ASE f (b S 7=HA
B3 ERICHERE L O RS LD 5 i 1287727
I = AELNELTEY, DRI 75720 Ot 25 T HETH
BOEFEEIE 1T = 90°DEAET6.57%E725.

M

@

3)

6. # &
AIRFNE ~ZHEES TE X E U7 g K40 2 e )1
JeAeAE, M TS A F U mAL R HRE KA IER

A, AARERERSR WG MBS EIEELR L B £

FIARBIIEAHED HIZHT20, RN B IS RiE -
W AW E R PR - AL R 44 B A e A%
—HEAED, BMEFPIMEE R W TR R TR
WA AL R A B R A8 254D, 181
TEIZ DA OBRIC Z 8 & TR fE A o 72 BAL K %
DIAREEISEAED, M2 T ZEEW RSt ol
FRICEEIALI L B &
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Fig. 1 Schematic diagram of DSC curve
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Fig. 2 Change in normalized Vickers hardness by annealing
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Abstract:

Grinding wheels are made by mixing abrasive grains and bonding materials and then hardening the mixture. However, this process
can result in uneven sharpness and reduced machining accuracy. The study puts forth a novel layer-by-layer uniform arrangement of
abrasive grains, similar to additive manufacturing. This approach allows significant control over the arrangement of the grains on the
surface of the wheel. A blasting technique was used to embed the grains into a bonding-material layer. Uniform placement was
achieved by adjusting the air pressure and drying time of the binder. This versatile method based on additive-manufacturing is a

promising way to control the placement of abrasive grains.

Keywords : Additive-manufacturing, Blasting technique, Grinding wheels

1. Introduction

Grinding wheels are fabricated by combining abrasive grains and
bonding materials and hardening the mixture at high temperatures.
However, the random arrangement of abrasive grains in this process
reduces the machining accuracy of the grinding wheel. Therefore,
controlling the distribution of abrasive grains is important to improve
the machining accuracy of grinding wheels'. The utilization of
additive-manufacturing technology to uniformly place the abrasive
grains in one layer at a time can solve this problem>3. An operational
method for embedding abrasive grains into the bonding-material layer
of a wheel has been developed. However, agglomeration of the grains
arranged in layers leads to a loss of uniformity. This study aimed to
eliminate the agglomeration and achieve a uniform placement of

abrasive grains.

2. Spraying experiments by powder tableting
and cutting

2.1 Experimental method

The powder was pressed into a tablet, crushed with a drill, and
sprayed to avoid agglomeration. The tablets prepared using the press
machine were crushed using a rotating drill to achieve uniform
dispersion. The equipment used is shown in Fig. 1. The morphologies

of the particles before and after cutting were studied using scanning
electron microscopy (SEM) to confirm the elimination of
agglomeration. Finally, the parameters (of the equipment) were
selected to uniformly spray the powder within the target area.

Fig. 1 Tablet cutting method and the appearance of the equipment

2.2 Experimental result

A comparison of the morphology of the particles before and after
cutting using SEM is shown in Fig. 2, which suggests that the
agglomerated powder was crushed during drilling.

Subsequently, the parameters for uniform spraying were selected.
The first set of parameters is listed in Condition 1, and the result is
shown in Fig. 3. Under Condition 1, the spray started before the nozzle
moved, and a large amount of powder was sprayed. The tablet was cut
before the nozzle passed through the spray area, and a small amount of
powder was sprayed at the end of the nozzle movement. Therefore, the
waiting time at the starting point was reduced, the scanning method
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changed from round-trip to one-way, and the scanning speed increased.
The changed parameters are listed in Condition 2, and the result is
shown in Fig. 4. Under Condition 2, the amount of powder sprayed
was no longer biased, and the powder was uniformly sprayed within
the target area.

Drill-wear due to the hardness of the particles must be considered
when this method is used in the actual production of grinding wheels.
Methods for reducing the wear will be considered in the future.

Fig. 2 Comparison before and after cutting

Condition]
Drill rotation speed[rpm] 1100
Drill feed speed[mm/min] 16
Air pressure[MPa] 0.5
Air flow rate[L/min] 5
Scanning speed[mm/sec] 1
Clearance[mm] 5
Scanning route Round-trip
Waiting time[sec] 39

Fig. 3 Spray results under Condition 1

Condition2
Drill rotation speed[rpm] 1100
Drill feed speed[mm/min] 16
Air pressure[MPa] 0.5
Air flow rate[L/min] 5
Scanning speed[mm/sec] 2
Clearance[mm] 5
Scanning route One-way
Waiting time[sec] 15

Fig. 4 Spray results under Condition 2

3. Powder blasting experiment on the resin
layer

3.1 Powder jet deposition (PJD) method

A powder jet deposition (PJD) method is proposed for embedding
abrasive grains in bonding materials. PID is a precise mechanical
coating technique to fabricate functional surfaces with high efficiency*.
It uses ultrafine particles accelerated to several hundred meters per
second by the jet flow of a carrier gas. PJD has been applied to hard
materials such as glass and metal substrates. However, in this study, the
PJD method was applied to soft resin materials.

3.2 Experimental method

The resin material was applied to the substrate using a squeegee as
a bonding agent, dried on a hot plate at 80 °C for 10 min, and then
blasted on top of it using a PJD handpiece. Blasting pressure and

clearance were set to 0.1 MPa and 5 mm, respectively, and the
handpiece was moved back and forth.

3.3 Experimental result

The result of the blasting process is shown in Fig. 5. The center of
the surface was not sufficiently hardened, resulting in a nonuniform
surface. By contrast, the resin attained an appropriate hardness in the
peripheral area, and the powder was uniformly distributed.

Fig. 5 Result of blasting process
4. Conclusion

The experiments involving powder tableting, cutting, and blasting
on the resin layer yielded the following results.
(1) Agglomerated powder was broken into primary particles via
tableting and cutting.
(2) Uniform deposition on a desired area was achieved by setting the
appropriate parameters.
(3) The powder was placed uniformly by drying the resin to an
appropriate hardness value.

In the future, the resin and powder layers will be stacked to
approximate the shape of an actual grinding wheel, and the machining
accuracy will be evaluated.
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UFB-generation DJIEIZ K % 7257273, 15 min LARE (X UFB-generation
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This study explores the use of ultrafine bubbles (UFBs) to tackle a major challenge in inkjet printing technology: reducing
friction in pipes that carry high-viscosity ink. Inkjet printing, known for its 100% coating efficiency, has substantial potential
to contribute to global carbon neutrality, especially in industries like automotive manufacturing. However, the narrow and
complex flow channels in inkjet systems create high-pressure resistance, impeding the stable dispensing of high-viscosity ink.
UFBs—bubbles smaller than 1 um—help reduce this friction. This research measured ink flow rates with and without UFBs,

revealing that UFBs significantly increase flow rates
discharge. Furthermore, ink with UFBs exhibited a

over time, indicating reduced friction and improved stability in ink
smaller contact angle compared to ink without UFBs, enhancing

wettability. These findings suggest that incorporating UF Bs into inkjet printing could improve the reliability and efficiency of
industrial applications, fostering future technological advancements.

1. Introduction

Inkjet printing technology has the potential to significantly
advance global carbon neutrality, particularly in industries such as
automotive manufacturing, due to its 100% coating efficiency and
digital printing capabilities. Digital inkjet printing has been shown to
reduce CO2 emissions and volatile organic compounds (VOCs)
the

technology's widespread adoption is limited by challenges associated

compared to conventional analog printing!!l. However,
with high-viscosity inks used in certain applications. Specifically, the
narrow and complex flow channels in inkjet printers create high-
pressure resistance, complicating the maintenance of stable and
efficient ink flow. To address this issue, this study explores the use of
ultrafine bubbles (UFBs) as a novel solution. UFBs—invisible bubbles
smaller than 1 pm—have unique properties that allow them to remain
suspended in liquids for extended periods. Previous studies have
confirmed through molecular dynamics simulations that UFBs reduce
the frictional resistance of fluids and act as friction modifiersi?!®l, This
research investigates the potential of UFBs to improve the flow
characteristics of high-viscosity ink in inkjet printing, aiming to
enhance the technology's reliability and broaden its industrial
applicability.

2. Flow Rate Measurement

2.1 Experimental method

The experiment aimed to investigate the effect of UFBs on
reducing friction in pipes carrying high-viscosity ink. The setup
included a UFB generation device and a flow meter installed in the
flow channel, as shown in Fig. 1. Three ink configurations were tested:

(1) UFB-generation, where UFBs were introduced into the ink flow; (2)

Unit, where the ink flowed without UFB generation; and (3) Tube,
where the UFB device was replaced with a simple tube. Flow rates

were measured at 15 min intervals over a 60 min period.

Fig. 1 Schematic of the ultrafine bubble injection setup
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2.2 Result and discussion

The flow measurement results are shown in Fig. 2. Data indicated
that the flow rate was highest in the UFB-generation configuration,
followed by the Tube, and then the Unit. The flow rate of the UFB-
generation ink increased over time, while the other configurations
remained constant. Although the installation of the UFB-generation
device complicated the flow path and initially reduced the flow rate,
the generation of UFBs ultimately compensate for this disadvantage,
resulting in a higher flow rate compared to tubing alone. These findings
suggest that UFBs reduce friction in the pipes, thereby improving the
flow of high-viscosity ink and potentially enhancing inkjet printing
efficiency.

3. Contact angle measurement

3.1 Experimental method

Contact angle measurement experiments were conducted to
evaluate the effect of UFBs on ink behavior. The contact angle is
commonly used to assess the wettability of solid surfaces. Fig. 3
illustrates the contact angle, 6. In this experiment, UFBs were
generated in the ink for 60 min using the equipment described in
Chapter 2. After this period, the contact angle of the ink was measured
and compared to the contact angle of ink without UFBs. The aim was
to assess the impact of UFBs on the wetting properties of ink by
analyzing the differences between the contact angles of UFB-treated
and untreated ink.

3.2 Result and discussion

The contact angle measurement results are shown in Fig. 4. The
data indicate that ink with UFBs has a smaller contact angle compared
to ink without UFBs, suggesting that UFBs enhances the wettability of
liquids. Improved wettability may reduce friction, as the liquid
becomes a more effective lubricant and the interface between the liquid
and solid surface becomes smoother.

4. Conclusion

In this study, UFBs were generated in ink, and the flow rate and
contact angle were measured to assess their effect on reducing friction
in high-viscosity ink for inkjet printing. The following conclusions

were drawn:

6>90° water repellency 6<90° hydrophilic

Fig. 3 Definition of contact angle

44

42t

40

38

Contact angle®

36

34

32

Ink with UFB Ink without UFB

Fig. 4 Contact angle measurement results

(1) The flow rate increased when the ink was circulated through

the channel with UFB generation.

(2) Ink with UFBs exhibited a smaller contact angle and better

wettability compared to ink without UFBs.

These findings suggest that UFBs effectively reduce friction in
high-viscosity ink pipes. Further research is needed to examine the
long-term effects of UFBs on ink properties and to optimize the
technology for broader industrial applications.
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Relationship between Thermal Microstructural Change Behavior and

Mechanical Properties of Fe-Si-B based Amorphous Alloys

Yuta Sugawara

Abstract

Amorphous alloys are metallic materials with no crystalline structure and material properties that differ from
those of common metallic materials. Amorphous alloys are expected to be applied to motor cores by taking
advantage of their high soft magnetic properties, one of the material properties. The use of amorphous alloys in
motor core materials is expected to improve the conversion efficiency of motors and significantly reduce domestic
electricity consumption. However, one of the other material properties, excellent mechanical properties, makes
machining difficult. In previous studies, new machining techniques that take advantage of thermal microstructural
changes in the specific Fe—Si—B based amorphous alloys and the associated changes in mechanical properties have
been shown to improve machinability. The alloy had the best machinability with a mixture of amorphous and
crystalline phases. Thermal microstructural changes in amorphous alloys vary with composition, but whether the
new machining techniques described above will be applicable to other amorphous alloys is not revealed. The
relationship between the composition of amorphous alloys, thermal microstructural changes, and changes in
mechanical properties is not fully understood, so these relationships need to be clarified for the practical application

of amorphous alloys in motor cores.

Chapter 1 outlines preparation methods, compositions, and material properties of amorphous alloys. It is also
shown that amorphous alloys are expected to be applied to motor cores by taking advantage of their high soft
magnetic properties. It is also noted that a new processing method utilizing thermal microstructural changes has
been proposed to solve the difficult processing properties, and that the thermal microstructural change behavior
and mechanical properties of amorphous alloys need to be investigated in more detail to develop generic processing

methods.

In Chapter 2, differences in thermal microstructural changes with composition were investigated. First, the
compositions of two Fe-Si-B based amorphous alloys were analyzed. The composition ratio of Metglas®2605SA1
and Metglas®2605HBIM was Si/Fe = 0.0914, B/Fe = 0.123, and Si/Fe = 0.0368, B/Fe = 0.150, respectively.
Therefore, Metglas®2605SA1 is referred to as “Si-rich sample” and Metglas®2605HBIM as “B-rich sample”.
Thermal analysis by differential scanning calorimeter (DSC) revealed that each sample had two exothermic peaks,
and the crystallization temperatures of the Si-rich and B-rich samples were 780.9 K and 767.8 K, respectively. The
peak temperatures and the magnitude of the peak intensity of two exothermic peaks were found to be different. To
evaluate the thermal microstructural changes in more detail, several samples were heated at different temperatures,
the crystal species were identified by X-ray diffraction method (XRD), and the microstructures were observed
using scanning transmission electron microscope (STEM). From these results, Si atoms melted into a-Fe in Si-
rich samples, but not in B-rich samples. The contours of the crystals precipitated in the Si-rich samples were linear
or curvilinear, while those in the B-rich samples were saw-toothed. Consequently, the activation energies
calculated from DSC results by using the Kissinger method reflected the differences in the crystal species

precipitated in the amorphous matrix, which was identified by XRD. The elemental distribution was also
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investigated by energy dispersive X-ray spectroscopy (EDS), and it was found that the composition affected the

type of nucleus crystal and the mechanism of crystal growth.

In Chapter 3, the crystal volume fraction was calculated from XRD, STEM, and DSC results to quantitatively
express the relationship between microstructure and mechanical properties. The separation of the exothermic peaks
in the DSC curves identified the reaction that caused the two exothermic phenomena. In the first peak on the low-
temperature side, crystallization of a-Fe(Si) occurred in the Si-rich samples and a-Fe in the B-rich samples. In the
second peak at the high-temperature side, in addition to a-Fe(Si) or a-Fe crystallization, metastable Fe;B
crystallization and transformation from Fe;B to stable Fe;B occurred in both samples. In the temperature range
where only crystallization occurred, the crystal volume fraction calculated by the three methods agreed precisely.
In contrast, in the temperature range where transformation occurs in parallel with crystallization, the crystal
volume fraction calculated by XRD and STEM did not agree with those calculated by DSC. This is because the
crystal volume fraction calculated by DSC was overestimated due to the effect of heat generated by the
transformation. Because the observation of microstructure and the calculation of the crystal volume fraction by

STEM require a lot of time and skills, it is preferable to calculate the crystal volume fraction by XRD.

In Chapter 4, Vickers hardness and micro-tensile tests were conducted to investigate the relationship between
microstructure and mechanical properties. Atomic stabilization by structural relaxation caused an increase in
Vickers hardness. The microstructural strengthening by crystallization caused a rapid increase in Vickers hardness;
both the Si-rich and B-rich samples showed similar trends in Vickers hardness and crystal volume fraction.
Therefore, the increase in Vickers hardness with crystallization is independent of composition ratio and thermal
microstructural behavior and depends only on the crystal volume fraction. In addition, the increase and decrease
in the volume fraction of each crystalline species caused the increase and decrease in Vickers hardness in the
temperature range where transformation occurred. After crystallization was completed, Vickers hardness decreased
rapidly with grain coarsening, partly due to the Hall-Petch effect. Fracture morphology changed from ductile to
brittle fracture due to crystallization. Embrittlement by crystallization was caused by the solid solution of Si in the
crystals, which contributed to the decrease in tensile strength. The susceptibility to embrittlement due to
microstructural changes depended on the position of the alloy composition in the alloy state diagram. The
embrittlement susceptibility of the Si-rich and B-rich samples, which are in the hypoeutectic composition, was
lower than that of the other amorphous alloys, which are in the hypereutectic composition. The B-rich samples

had lower embrittlement susceptibility than the Si-rich samples.

Chapter 5 summarized the results and conclusions of this thesis, also discussing the engineering and industrial
significance of this study. In this study, the effects of compositional differences of Fe-Si-B based amorphous alloys
on thermal microstructural changes and mechanical properties were investigated. Consequently, the crystal volume
fraction, a parameter used not only in amorphous alloys, but also in polymers and other fields, is preferred to be
calculated from XRD results. These are engineering significances of this study. Furthermore, the tensile strength
of annealed amorphous alloys is closely related to embrittlement, and its tendensy varies depending on the
composition. This knowledge can infer mechanical properties such as tensile strength from the results of
compositional analysis. This study is of industrial significance because it presents important findings for the

practical application of new processing methods for amorphous alloys.
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Study on Debris Behavior during Jump Flushing in Die-sinking EDM
Toyoki Hayashi

Abstract

In the Die-sinking electrical discharge machining (Die-sinking EDM) process, an electrode is made of conductive
material in a shape that is inverted concerning the shape to be machined, mainly in machining oil, and continuous
pulse electrical discharges of thousands to tens of thousands of times per second are generated between the gap
between the tool electrode and the workpiece. The heat generated by the electrical energy melts and removes the
workpiece, transferring the shape of the electrode to the workpiece. EDM is used in the machining of dies and
precision parts, and there is a growing demand for more efficient EDM machining. However, there is a problem
the debris generated by the machining process accumulates in the gap between the electrode and the workpiece,
causing abnormal electrical discharges. The jump flushing method, in which the electrode is periodically moved
up and down to discharge debris from the gap, is used as a means of discharging the debris, but it is difficult to
understand the phenomena in the gap, and various analysis methods have been studied to date.

The geometry of the electrode has a significant effect on the process of shaving ejection in the Die-sinking EDM
process. Therefore, it is necessary to clarify how the geometry of the electrode influences the shavings ejection
process in order to improve the shavings ejection process. The objective of this study is to observe the behavior of
debris during jump flushing, compare it with jump flushing simulations, evaluate the validity of the simulations,

and study the effect of electrode geometry on the evacuation of debris.

In Chapter 1, the characteristics of EDM in terms of machining methods and the principles of EDM are described.
In particular, the jump flushing method, which is a method for discharging debris in the die-sinking EDM process,
and the status of analytical methods in Die-sinking EDM are introduced, and the purpose of this study is described.

In Chapter 2, the ejection behavior of simulated debris due to the vertical motion of the electrode in the machining
fluid was clarified. Differences between the simulated debris, the effect of jump parameters, and the behavior of
the simulated debris were evaluated by particle tracking. For observation experiment, SiC #600 was suitable for
observing the simulated debris. When the jump parameter was changed, the simulated debris pulled up by the
electrode showed a whirling motion at jump speeds (JS) of 3 m/min or higher. Observation was difficult when the
jump-up amount (JU) was less than 1 mm, and the discharge of simulated debris from the machined hole was
confirmed at jumps of 2 mm or more. In addition, particle tracking was conducted under SiC #600, JS: 7 m/min,
and JU: 5 mm, which were considered optimal based on the above experiments. The results showed that the particle
velocities on both sides of the electrode were almost identical, and the maximum velocity of the simulated debris

during electrode descent was about 25 mm/s.

In Chapter 3, to investigate the effect of electrode geometry on the evacuation of debris, three-dimensional
measurements of a copper electrode were taken, and comparative observation experiments were conducted by
rotating the orientation of the electrode sides. The jump-flushing simulations conducted by previous studies were
then extended to allow comparison with the observational experiments conducted in Chapter 2. The results of the
observation experiments showed that the direction of the discharge of simulated debris was determined by the
shape of the bottom surface of the electrode. In the jump-flushing simulation, it was confirmed that in the flat
geometry simulation, gas ejection occurred from the moment the electrode descended 0.8 mm, and that a large

amount of gas was ejected by the time the electrode descended 2 mm. The simulation with a 100 pm taper showed
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that the timing of gas ejection was almost identical to the flat simulation, and the flow velocity was 3.7 m/s near
the gap exit, 1 m/s faster than in the flat simulation. In the simulation with a 20 um taper, the timing of gas discharge
was almost the same as in the flat simulation, and the flow velocity was 3.1 m/s near the gap exit, 0.4 m/s faster
than in the flat simulation. These results suggest that the tapered shape of the bottom surface of the electrode has
little effect during the ascent of the electrode and at the moment of gas discharge, but has a significant effect on
the flow velocity near the gap exit when the electrode begins to descend, and that the flow velocity near the gap
exit may be proportional to the height of the taper. Comparison between the observation experiment and the
simulation showed that the moment of the simulated debris discharge and the moment of gas discharge in the

simulation were almost identical, indicating that the simulation results were sufficiently valid.

In Chapter 4, we conducted an observation experiment of simulated debris discharge using a worn electrode,
followed by normal electric discharge machining using a worn electrode and three-dimensional measurement of
the workpiece surface and electrode to investigate the effect of the taper shape of the electrode on the workpiece
surface. As a result, the tapered shape of the bottom surface of the electrode was reduced after a short time of EDM.
The results showed that a worn electrode with a 20 um taper discharged simulated debris from both the left and
right sides of the electrode, and that a smaller taper enhanced the effect of debris discharge compared to the
discharge of debris with a 40 um taper. In EDM with a worn electrode, the amount of removal at the corners of
the workpiece surface was less than that at the center of the surface due to the effect of electrode wear. This
indicates that the influence of electrode wear was more dominant in the shape of the workpiece surface than the

taper shape of the electrode bottom surface.

In Chapter 5, the general conclusions of this study are summarized.
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Study on Mold Release Phenomenon in Optical Lens Molding

Hiromu FUJII

Abstract

Optical lenses are used in many optical devices such as single-lens reflex cameras, in-vehicle cameras, and
projectors. Optical lenses are mass-produced by mold forming, in which glass is heated and melted in a mold and
pressed to form glass lenses. However, due to the shrinkage of glass lenses during mold release, wrinkle-like steps
with a height of several nanometers to several tens of nanometers may appear on the glass lens surface in concentric
circles. These minute steps adversely affect the performance of glass lenses, rendering them unusable as products.
In addition, the detection and inspection of two-step mold release is costly, leading to a decrease in production
efficiency. Therefore, it is important to eliminate the occurrence of two-step mold release, but the mechanism of
this phenomenon itself is currently unknown. In this study, we considered that the two main causes of the step
generation mechanism are “(i) the phase transition from the liquid phase to the solid phase of the glass lens during
cooling in mold molding” and “(ii) friction between the deteriorated mold surface and the glass lens during molding.
Therefore, we simulated the phase transition and molding of glass lenses using the finite element method (FEM)
and examined the effects of the phase transition and the friction coefficient of the mold surface on the generation
of steps. The friction coefficients of the surfaces of molds that generate steps and those of new, unused molds were
measured and compared, and the effects of the friction coefficients of the mold surfaces on the generation of steps
were discussed.

Chapter 1 is an overview of this study. The demand for aspherical glass lenses and their molding method,
molding, are introduced. The phase transition of glass and mold friction as possible causes of the molding defects
that occur during the molding process are also outlined. Finally, the mechanism of step generation is described to
elucidate the mechanism from “phase transition of glass lens” and “friction on the mold surface,” and the structure
of this paper is presented.

In Chapter 2, we focused on the phase transition of glass lenses as the cause of step generation. To visualize the
thermal conduction and phase transition, we performed thermal conduction and phase transition simulations on
glass lens and mold models. The results of the heat conduction simulation showed that the cooling was insufficient
due to the difference in the mold geometry. When cooling across the glass transition temperature (7;), the phase
change progresses from the bottom surface of the center of the glass lens, and the phase state is not uniform on the
glass lens surface. The presence of the solid and liquid phases on the glass lens surface causes a difference in
shrinkage rate, suggesting that steps are generated at the interface between the two phases.

In Chapter 3, we focused on friction on the mold surface as the cause of step generation. The surfaces of the

molds with and without steps were observed using a scanning electron microscope (SEM), and it was confirmed

77



that the surfaces of the molds with steps had numerous scratches. We also conducted a molding simulation by
changing the coefficient of friction on the mold surface and confirmed that the contact force does not work
uniformly on the glass lens surface when the coefficient of friction increases. The friction coefficients of the
surfaces of the molds with steps and the unused molds were measured, and it was found that the friction coefficient
of the surface of the mold with steps was higher. The reduction of the frictional force, which constitutes the contact
force, contributes to the improvement of mold release. When the contact force does not work uniformly on the
glass lens surface, there is a difference in mold release. Therefore, it is suggested that a difference in shrinkage
rate also occurs, and a step is generated at the interface.

In Chapter 4, we introduced the surface coating techniques used in the actual glass lens manufacturing to prevent
degradation of the mold surface as shown in Chapter 3. However, few studies have investigated the effect of
different mold surface coatings on friction. In this chapter, friction tests were conducted on specimens treated with
different coatings to confirm the reduction in the coefficient of friction due to the coatings. To investigate the
temperature dependence of the coefficient of friction on the mold surface, friction tests were conducted at different
temperatures. The results showed that the coefficient of friction increased with increasing temperature for all
coating materials. Based on the results of the friction tests, the coefficient of friction at the actual forming
temperature range was predicted. These results suggest that a mold coated with a mold release agent on the precious
metal film has the lowest coefficient of friction and prevents the occurrence of steps.

Chapter 5 summarizes the results and conclusions of this thesis, also discussing the engineering and industrial
significances. Although there have been studies on molding conditions that inhibit the occurrence of molding
defects, there have been no studies that have examined the mechanism of the generation of steps on the surface of
glass lenses. In this respect, this study is significant from an engineering viewpoint. It is suggested that the surface
treatment by applying a mold release agent with excellent heat resistance to the precious metal film is the best way

to suppress the generation of steps on the surface of glass lenses. This is industrially significant.
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Study on Efficiency Improvement
of Lithium-ion Battery Production

with Fine Particles and Bubbles

Haruki MATSUZUKA

Abstract
Lithium-ion batteries (LIBs) are widely used in various applications, such as in portable electronic devices and
electric vehicles, due to their high energy density and lightweight properties. However, conventional
manufacturing processes for LIBs involve high costs and significant CO» emissions. To address these issues, this

study aims to improve the efficiency of LIB production using fine particles and microbubbles.

Previous studies on LIB manufacturing have primarily focused on conventional methods, which involve
multiple steps such as slurry mixing, coating, drying, and pressing. These conventional manufacturing processes
face challenges such as high production costs and significant CO, emissions, highlighting the need for a new
method to address these issues. This study proposes a novel electrode manufacturing method inspired by additive
manufacturing technology, called the 3D printing method. In this method, electrodes are fabricated through three
processes: (i) active material dispersal process in which active material particles are dispersed on a current
collector, (ii) binder dispensing process in which binder is discharged from the top of the active material layer to
form a slurry electrode layer, and (iii) binder drying process in which the entire electrode layer is dried and
solvents in the binder evaporate to bond active material particles to the current collector, and between active
material particles. This method involves fewer steps compared to conventional methods, making it promising for
reducing both production costs and CO, emissions. However, each process within this method presents its own
challenges. This study aims to address these challenges by developing new techniques based on the deposition of

fine particles and resin materials.

In Chapter 1, an overview of lithium-ion batteries, which are widely used in society, is provided, including
their history, structure, charging and discharging principles, materials, and conventional manufacturing methods.
A new manufacturing method, the 3D printing method, is proposed as an alternative to conventional methods.

This method is an electrode manufacturing method consisting of three processes: (i) active material dispersal
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process, (ii) binder dispensing process, and (iii) binder drying process. The active material dispersal process has
the problems of agglomeration of active material particles and non-uniform placement due to the particles not
being fixed. The binder dispensing process has the problem of poor binder dispensing stability. The binder drying
process has the problem of long drying time. These challenges of 3D printing as a manufacturing method are

discussed, and the purpose and structure of this thesis are outlined.

In Chapter 2, the focus is on the active material dispersal process in the 3D printing manufacturing method. We
worked on the disintegration of agglomerated particles and the embedding of particles in the electrode layer. The
“tablet cutting method” was proposed as a new approach to break up agglomerated particles. In this method,
active material particles are first pressed and hardened into a tablet to create a regular initial state. A drill is then
used to cut the tablets of particles at equal intervals to evenly distribute the particles. This is thought to break up
agglomerated particles into primary particles, as the distance between molecules is equalized and the force is
evenly applied. We developed an apparatus to realize this method, conducted particle dispersal experiments,
measured the size distribution of particles before and after cutting, and observed the results using scanning
electron microscope (SEM). The findings confirmed that the tablet cutting method can be used to break up
agglomerated particles and disperse them as primary particles without further crushing. We also proposed a
method for embedding active material particles in the binder layer using blasting and conducted experiments to
verify the effectiveness of this method. The binder was discharged onto the current collector to form a binder
layer. Active material particles, accelerated by air, were discharged from a blast nozzle to embed them in the
binder layer. The blast nozzle scanned the area where the binder was being discharged, ensuring a uniform
distribution of particles throughout the binder. Finally, the current collector was placed on a heated hot plate to
dry the binder and fix the particles. This method was confirmed to effectively fix active material particles in the
binder layer. However, we pointed out that the fixation performance of particles in the electrode layer depends on
the drying conditions of the binder and emphasized the need to control the drying rate to fix the active material

particles effectively.

In Chapter 3, we studied the binder dispensing and drying processes in the 3D printing method to reduce friction
in the tube, improve droplet separation characteristics, and control the drying rate. We proposed the use of
microbubbles to improve binder dispensing stability. Microbubbles were generated by installing a microbubble
generator with a porous ceramic tube in the circulation channel. The contact angles of the binder with and without
microbubbles were measured. The results showed that the contact angle of the binder was reduced by the
microbubbles, improving its wetting property. The flow rate was measured under three conditions: with
microbubbles, without microbubbles, and when the microbubble generator was replaced with a tube. The results

showed that the flow rate of the binder increased with microbubbles, indicating that microbubbles may reduce
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friction in the tube. To confirm the effect of microbubbles on droplet separation characteristics, high-speed camera
images of the discharge were captured. The results showed that droplet separation from the outlet of the binder
with microbubbles improved, though higher pressure was required for droplet discharge. In order to confirm the
effect of microbubbles on drying time, the drying time was measured and compared with and without
microbubbles. The results showed that microbubbles accelerated the drying rate of the binder. This finding may

solve the problem of insufficient fixation performance in the electrode layer discussed in Chapter 1.

Chapter 4 summarizes the key findings of this study. This study proposes a new 3D printing method for the
manufacture of lithium-ion batteries, and shows new ways to use technologies related to material discharge, such
as tablet cutting, blasting, and microbubbles. In addition, it has the potential to contribute to the realization of
carbon neutrality in following the concept of life cycle assessment. These points indicate that the engineering and

industrial significance of this research is significant.
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