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This paper investigates the effects of geometrical fea-
tures of tailored textures on friction reduction of a
surface with a lubricant-film thickness of several to
several-tenths micrometers, using the Navier-Stokes
equations and the orthogonal experimental design.
The results indicate that the surface textured with the
selected sawtooth riblets in lubricant can have up to
93.83% less friction than an untextured surface. The
thickness of the lubricant film plays the most impor-
tant role in friction reduction; the height and the ridge
angle of the riblets are the secondary factors. The re-
sults and principles obtained can potentially be used
in the designing of low-friction surfaces in precision
machines with transmission parts.

Keywords: friction-reduction, micro-textured surface,
lubrication, orthogonal experimental design

1. Introduction

Adding lubrication is an efficient way to reduce fric-
tion and wear between sliding friction pairs. It has been
determined that micro-textured surfaces are able to af-
fect the load-carrying capacity of parallel sliding trans-
mission parts [1-3]. Because research on the friction
of transmission parts is also needed in many fields [4],
some researchers have tried to improve the lubrication
performance of parts, such as bearings [5,6] and rod
seals [7], by designing and fabricating textures on sliding
surfaces. Kawasegi et al. [8] have proposed milling tools
with micro- and nanometer-scale textures to improve the
frictional characteristics and resulting machining perfor-
mance. Many experimental studies concerning the fric-
tion of textured surface have been carried out [9, 10].
Greidanus et al. [9] have successfully decreased friction in
the Taylor-Couette flow by pasting a vinyl film with saw-
tooth riblets on the surface of a rotator. A maximum fric-
tion reduction of 5.3% was found at the Reynolds num-
ber of 4.7 x 10*, which corresponds to the riblet spacing
Reynolds number st = 14. Ramesh et al. [10] have ma-
chined micro-dimples on stainless steel to obtain a tex-
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tured surface that exhibits friction as much as 80% lower
than that of an untextured surface.

With the development of computational science, more
and more researchers have done theoretical investigations
into the effects of geometrical features on tribological per-
formance by using CFD. Several researchers have com-
pared the validities of the CFD and Reynolds equations on
textured surfaces [11, 12]. Li and Chen published that the
Reynolds equation is not suitable for calculating the effect
of squared transverse textures when the heights of tex-
tures are higher than 10% of the thickness of the film [11].
M. Dobrica and M. Fillon have illustrated the validity of
the Reynolds equation in the textured surface [12]. There-
fore, some researchers have used CFD to discuss the rela-
tionship between the textured configurations and lubricant
performances [13-15]. Cupillard et al. [13] solved the
Navier-Stokes equations and showed that micro-dimpled
textures can minimize surface friction. Sahlin et al. [14]
solved the Navier-Stokes equations to optimize the geo-
metrical features of dimples on a surface in order to mini-
mize the friction coefficient. Cararmia et al. [15] also ex-
plained how to achieve a maximum friction reduction of
20%. Another texture, the sawtooth riblet, has also been
used to decrease friction on the surface of aircraft in turbu-
lent air flows [16, 17], and a maximum friction reduction
of 10% was attained. Compared with the turbulent air, the
effects of the fluid compressibility and the vortex distribu-
tion on friction reduction are ignored in the lubricant flow,
but the friction is also very likely to be reduced by reduc-
ing the amount of surface area exposed to the lubricant
flow, a Newtonian laminar flow, with a large velocity gra-
dient in the normal direction of the surface. Moreover,
sawtooth riblets are easy to produce by precision cut-
ting with geometrically defined structures, unlike micro-
dimpled textures, which were widely produced by laser
machining and electrical discharge machining [18,19].
The lubricant-film thickness, which plays a sensitive role
in the wall shear stress and the velocity gradient, has gen-
erally been defined as larger than 1 gm in previous sim-
ulations [14, 15]. However, it is usually in the submicron
range in industrial activities.

We therefore investigated the friction reduction of slid-
ing friction pairs having micrometer-scaled sawtooth ri-
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blets with micrometer- or submicrometer-thick film. To
seek out the optimum shape of sawtooth riblets for friction
reduction, a statistical method, the orthogonal experimen-
tal design, was used to design the plan of simulations. Be-
cause orthogonality exists in the ridge angles, the height
of the riblets, and the distance between the surfaces, these
three parameters are defined as the orthogonal variables
to control the geometry of the calculation field, namely,
the geometry of the lubrication film. Additionally, it is es-
sential to define a recommendatory sliding speed for the
{riction pairs in industrial applications, such as hydrody-
namic bearings and rod seals, so the sliding speed of fric-
tion pairs was also defined as an orthogonal variable.

2. Mathematical Model

2.1. Governing Equations

The continuity equation and the steady three-
dimensional Navier-Stokes equations for an incompress-
ible lubricant flow can be written as follows:

du dv dw
B e e O T (IR (1
dx ' dy * dz 0 -

du i }Bu o )c')u
Al Bgp dy vz

2 2 2
=@+u(a ”+ﬂ+ﬂ), L@

dx ox> 3y 97
8v+vav+ @
p Hﬁ a—y Hraz

dp (()zv d%v (9%)
=——tp|=—t+t=—t—), . .3
dy H ox* 9y 97 &

6’W+ 8w+w8w
P uax ‘ay dz

dp *w  Pw  Iw
dz +”(ax2 k ay* g ()22) e 1
where u, v, and w are the components of the local veloc-
ity vector in the directions of x, y, and z in the lubricant
film. p, p, and p are the pressure, density, and dynamic
viscosity of the lubricant, respectively. In the simulation,
the dispersed Navier-Stokes equations are solved by the
SIMPLE algorithm [20].

2.2. Geometry of Computational Field

A three-dimensional sawtooth riblets model was built,
as shown in Fig. 1, to analyze the friction performance.
As a typical model of the Taylor-Couette flow, the slid-
ing speeds of the upper movable plate are defined as 0.01,
0.02, and 0.03 m/s. The sliding direction of the movable
upper plate is parallel to the ridge of the microstructures,
as indicated by the green arrow. Since the Reynolds num-
ber ranges from O to 0.111, the fluid is considered as a
laminar flow. The surfaces around the gap between the
upper plate and the lower textured surface, marked with
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Sliding direction Sliding direction Pressure boundary 3 Upper plate

Lubricant
Pressure boundary 4

Pistiins Bopddire 1 / 1

Pressure boundary 2 \aner plate

Cross-section A Cross-section B

Fig. 1. Schematic of computational field and boundaries.

Pressure boundary 2

‘ Movable upper wall § Pressure boundary 4

dddddds. Static lower wall
Pressure boundary 1

Fig. 2. Structured hexahedral grid and boundary conditions.

Upper plate

Lubricant film

Lower plate

Fig. 3. Dense grids in the gap between the upper plate and
the ridges of sawtooth riblets.

red and orange dashed lines in cross-sections, are defined
as pressure boundaries of 101,325 Pa.

The structured hexahedral grid shown in Fig. 2 is set
up to disperse the computational field, yellow lubricant
film. The pressure boundaries 1, 2, 3, and 4 are defined
as 101,325 Pa. The difficulty comes when taking into ac-
count that the riblet height (H) is much larger than the
thickness of the lubricant film (7°). This special height ra-
tio between H and T leads to the large changes in pressure
and velocity gradient that occur precisely in the lubricant
film on the ridges of riblets. Therefore, dense grids are
generated between the ridges of riblets and the upper wall,
as shown in Fig. 3. The theorem of grid distribution in the
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Table 1. Geometrical features of textured surfaces and flat
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Fig. 4. Relation of calculation stability to the number of grids.

normal direction of the wall used in our calculations can
be written as follows:

Uoo
Zp\/v-xgl"""""""(s)
where Z, is the distance to the wall from the adjacent
cell centroid, u.. is the average flow velocity of the lu-
bricant, v is the kinematic viscosity of the lubricant, and
x is the distance along the wall from the starting point of
the boundary layer [21].

Based on this theorem, grid-clustering is done near the
upper wall and the textured surface. It is observed that the
parameter, which is sensitive to the friction of the textured
surface, is grid distribution along the direction of flow. By
varying the element size along the direction of flow, it is
possible to obtain different calculation results [17,22].

The frictions on the textured surface are calculated for
grids with different elements along the direction of flow
(x-axis). The result of the grid study presented in Fig. 4
reveals a tolerance between each calculation. A grid with
more than 1,400 elements along the x-axis can provide ac-
curate friction, within a satisfactory tolerance of 0.02%.
Since calculation time increases with the increase in the
quantity of elements, the condition of 1,400 elements
along the direction of flow has been used in all of the cal-
culations. The chosen grid consists of 7,271,600 nodes
and 7,779,712 hexahedral elements.

3. Orthogonal Design

In order to find the optimal geometry of sawteeth and
sliding speed for friction reduction, the orthogonal exper-
imental design [23] and the range analysis are provided
to design the plan for the simulations with different con-
ditions. Four orthogonal factors, the ridge angle of riblet
6. the thickness of lubricant film T, the velocity of up-
per plate V, and the height of riblet H are selected as the
variables of simulations. Each orthogonal factor, factor j,
is defined as three levels, and i € {1,2,3} is the ordinal
number of the level. The images and geometrical features
of the textured and the flat surfaces are listed in Table 1,
and detailed combinations of factors are listed in Table 2.
A process for determining the primary factors and the op-
timal combination is shown in Fig. 5.

The coefficient of friction reduction of a textured sur-
face calculated by number s simulation, Cry, is given by
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surface.
VAVAVANG j
Level i T H 0 T
[pm] [Lm] [deg] [tm]
i=1 0.3 10 60 0.3
i=2 0.5 20 70 0.5
i=3 3 50 90 3

Table 2. Designed plan of simulations based on Ly {34).

Factors j
Sim. Num.s T [um] 6 [deg] H[pm] V [m/s]
1 03 60 10 0.01
2 0.5 60 20 0.02
3 3 60 50 0.03
4 0.3 70 20 0.03
5 0.5 70 50 0.01
6 3 70 10 0.02
7 0.3 90 50 0.02
8 0.5 90 10 0.03
9 3 90 20 0.01
Cr, Cr
Calculation
R

Range analysis -
Analysis Primary and secondary factors <

Optimal level .

Optimal combination <

Fig. 5. Process of range analysis. Cr is the coefficient of
friction reduction, Cr is the average value of Cr, R; is the
range of Cr of the factor j (T, H, 8 or V).

the following equation:

F . — It
cn=1mxiﬁﬁi—£L.... e s 18)
Fy
where Fiexwre 1S the friction of a textured surface and Fy
is the friction of a flat surface. The friction, F, can be

written as follows:
F:/t¢& R | A

where A is defined as the wetted area of the flat or textured
surface. The wall shear stress, 7, is related to the normal
velocity gradient at the wall and given by the following
equation:

d
r=p53.. Thopil s BERLEERE SR
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Table 3. Results of simulations.

Sim. Num.s Cr[%]
1 87.77
2 84.22
3 67.65
4 90.20
5 9222
6 31.00
i 9291
8 78.74
9 54.99

where n is the normal vector of the surface. For a lubri-
cant, dynamic viscosity, it is a constant of 7.05 mPa-s.
The velocity, « can be obtained by solving the Navier-
Stokes equations.
The average coefficient of friction reduction in the level
i of factor j, Crj;, is given by the following equation:
——  Crg +Crg, +Cry,
Crji= ! - =,
3
where s, s2, and s3 are the numbers of simulations with
factor j set to the i-th level. Based on the magnitude of
Cr i, the optimal level of factor j can be determined. The
combination of the optimal levels of 7', 6, H, and V is the
optimal combination for friction reduction.
For the range analysis of orthogonal factors, the range
oft‘_r:.:;, R;, can be written as follows:

)

R; = max{Crji}ic(123) — min{Crji}ic(123)- - (10)

A larger value of R; indicates more impact of factor j on
the extent of the friction reduction. That is, the factor j is
more important for friction reduction than other factors.

4. Results and Discussion

4.1. Range Analysis of Factors

The results of simulations are presented in Table 3, and
the range analyses of Cr are listed in Table 4. What calls
for special attention in Table 4 is that the result of range
analysis, Ry > Ry > Ry > Rg. shows that the thickness
of the lubricant film, 7, plays the most significant role
in the process of friction reduction. Additionally, the op-
timal level of factor j (7', 8, H or V) is defined by the
largest value of the Crjy, Crjz, and Cr;3 in the same col-
umn under factor j. The results indicate that the optimal
combination of geometrical parameters and sliding speed
for friction reduction is Ty, Hz, 8;, and V3.

4.2. Analysis of Velocity and its Gradient

The friction is related to the velocity gradient near the
interface between the surface and lubricant. Therefore,
the profiles of the velocity and its gradient in the near-wall
region with a distance of 0-0.3 gm from the surface are

Int. J. of Automation Technology Vol.12 No.2, 2018
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Table 4. Range analysis of factors.

Factors j
Crji T (] H 14
Crit 90.29  79.88  65.84 78.33
Crip 85.06 71.14 7647  69.38
Cri 5121 7554 8426 78.86
R; 39.08 8.74 1842 9.49
Priority T>H>V>0
Optimal T 6, H, V3
combination 03 um  60° 50 um  0.03 m/s
Optimal Cr 93.83%

]

*x =150 um
z=0.3 pm
z=0pum
z=-50 pm

Fig. 6. Positions of lines = 1, 2, and 3 in the fluid ficld.

analyzed. To obtain the results on the different positions
of the interface, five vertical lines with alength of 0.3 pm,
lines 1-5, are located in cross-section C, which is defined
as the place where x = 150 um and is parallel to plane YZ,
as shown in Figs. 1 and 6. The white dotted lines indicate
the intersections of cross-section C and the interfaces. As
shown in Fig. 6, lines 1-5 are perpendicular to the white
dotted lines on the different positions on the interfaces.
Equation (8) reveals the relationship between the ve-
locity gradient and the wall shear stress. Moreover, ( is
assumed as a constant, so the wall shear stress increases
along with the growing velocity gradient. Eq. (7) shows
that the friction also increases along with the growing wall
shear stress. It means that the velocity and its gradient are
directly related to the friction, so the gradient and the wall
shear stress are discussed in the following. As presented
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Fig. 7. Flow velocity and velocity gradient on the ridge of
riblet (line 1): (a) velocity, (b) velocity gradient.

in Eq. (6), the friction on the flat surface which is a bench-
mark for comparison with that on the textured surface, so
the velocity and gradient of a textured surface are com-
pared with those of a flat surface. Based on the predictive
results of orthogonal experimental design and range anal-
ysis, the velocity and its gradient of the textured surface
with the optimal combination of 7y, Hi, V3, and 8, were
investigated. Figs. 7-9 show the details of these param-
eters at the positions of the lines drawn above the inter-
faces. Moreover, the velocity and its gradient on the mov-
ing flat surface are shown in Figs. 10 and 11. In these fig-
ures, the vertical axes represent the distance to the surface
from the local position, and the horizontal axes represent
the flow velocity and the corresponding velocity gradient.

Figure 7 shows that the velocity and its gradient at the
position of the ridges of riblets (line I). As can be seen in
Fig. 7(a), the linear velocity increases with the growing
distance to the surface from the local position. Otherwise,
the velocity gradient is smaller than 140,000 s~! in this
near-wall region, as shown in Fig. 7(b). At the interface
between the ridge and the lubricant where the distance is
0 um, a velocity gradient of 97,000 s~ is found.
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Fig. 8. Flow velocity and velocity gradient on the sidewall
of riblet (line 2): (a) velocity, (b) velocity gradient.

Figure 8 provides entirely different profiles of the ve-
locity and velocity gradient on the sidewall of a riblet
(line 2). The velocity near the sidewall also exhibits lin-
ear growth, but with a value much smaller than that near
the ridge (line 1). Additionally, the velocity gradient of
4,624 s~! near the wall is also much smaller than that on
line 1. On this position of the sidewall, which is 25 um
lower than the ridge, the results show that the velocity gra-
dient decreases along with the increase in depth from the
ridge of the riblet to the local position.

As shown in Fig. 9, similar trends of the velocity and
velocity gradient are also observed in the bottom of the
valley of the riblet (line 3), though the velocity gradient
of 516 s~! near the wall is much lower than that on the
ridge (line 1) and the sidewall (line 2). Actually, those are
not of the same magnitude. It should be noted that the
flow velocity in most of the region of the valley is nearly
0 m/s. That is, the sawtooth riblet texture lifts the higher-
velocity flow off the valley floor and reduces surface area
exposed to the higher-velocity flow.

In the following Figs. 10 and 11, each curve is named
based on its position and kinestate. For instance, in the

Int. J. of Automation Technology Vol.12 No.2, 2018
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Fig. 9. Flow velocity and velocity gradient in the bottom of
the valley between riblets (line 3): (a) velocity, (b) velocity
gradient.

friction pairs, “Sta flat-Sli flat” indicates the stationary flat
surface opposite the sliding flat surface, and “Sli flat-Sta
saw” refers to the sliding flat surface opposite the saw-
tooth surface. Fig. 12 is a schematic view showing the
positions of the surfaces.

As shown in Fig. 10, the velocity and the velocity gra-
dient on “Sta flat-Sli flat” are compared with those on the
sawtooth surface (lines 1, 2 and 3). The velocity gradient
on the flat surface is not only similar to that on the ridge
of a sawtooth (line 1) but also slightly larger than that on
the sidewall and the valley bottom of the sawtooth (lines 2
and 3). According to Eq. (8), the larger velocity gradient
on the flat surface can lead to more massive wall shear
stress than that on most of the area of the sawtooth riblet.

The velocities and the velocity gradients on lines 1, 2,
and 3, as shown in Figs. 7-11, reveal that the gradient
decreases with the decline in height of the local position
from the bottom of the valley. It is evident that the valleys
between sawtooth riblets reduce friction at the interface
of the lubricant and the textured surface.

In order to clarify the effects of the stationary textured
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Fig. 10. (a) Comparison of flow velocity on the flat surface
opposite the sliding flat with that on the riblet, (b) compar-
ison of velocity gradient on the flat surface with that on the
riblet.

surface on the velocity and the gradient of the paired slid-
ing fat surface, the friction of the sliding flat surfaces is
discussed in the same manner. Fig. 11 compares the ve-
locities and the gradients on “Sli flat-Sta flat” with those
on lines 4 and 5.

Figure 11(a) shows that the velocities decrease as the
distance from the interface increases. On line 4, the ve-
locity is lower than 0.005 m/s when the distance from the
interface is greater than 0.25 um. In the near-wall area,
the descent rate of the velocity on line 4 is higher than that
on line 5. However, in comparison with the “Sli flat-Sta
flat,” the descent rates of the velocities on lines 4 and 5
are lower. The velocity gradients shown in Fig. 11(b) il-
lustrate the discussions of the velocities. In the near-wall
region, the gradient on line 4 is much larger than that on
line 5, and smaller than that on the “Sli flat-Sta flat.”

4.3. Analysis of Friction and Wall Shear Stress

The two kinds of friction pairs are shown in Fig. 13
to present the differences in surface friction. Fig. 13(a)
presents the distribution of the wall shear stress on “Sli
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Fig. 11. (a) Comparison of flow velocity on the flat surface
in textured friction pairs with that in smooth friction pairs.
(b) Comparison of velocity gradient on the flat surface with
that on the riblet.

Sli flat-Sta saw

Fig. 12. Positions of the surfaces (Sli flat-Sta flat, Sli flat-Sta
saw, and Sta [lat-Sli flat).

Sliding flat strface Sli flat-Sta flat Sliding flat surface

Stationary flat surface

flat-Sta flat.” In Fig. 13(b), the wall shear stress on “Sta
flat-Sli flat” is shown. It is clear that the distributions and
magnitudes of the wall shear stress on the sliding surface
are similar to those on the stationary surface. Figs. 13(c)-
(e) provide the wall shear stress on “Sli flat-Sta saw” and
the stationary sawtooth surface. As can be seen in the
figures, the wall shear stress is nearly O Pa on most of
the sawtooth surface. The maximum shear stress appears
near the ridge of a sawtooth whether on “Sli flat-Sta saw”
or a sawtooth surface. If Figs. 13(a) and (c¢) are com-
pared, it is clear that the wall shear stress on “Sli flat-
Sta flat™ is larger than that on “Sli flat-Sta saw.” More-
over, Figs. 13(b), (d) and (e) reveal clearly that the wall
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shear stress of 682.88 Pa on the ridge of a sawtooth is not
only less than that on the “Sta flat-Sli flat” but also much
greater than that on other positions of the sawtooth riblet.
The wall shear stress increases as the local position gets
closer to the ridge. Moreover, the area of the ridge, the
red area, is only a small portion of the total area of the
textured surface.

On the basis of the aforementioned instructions and the
expression of Eq. (7), the friction, F, on total textured sur-
face is much less than that on “Sta flat-Sli flat.”” Moreover,
a maximum coefficient of friction reduction of 93.83% is
obtained. Sawtooth riblets can provide friction-reduction
performance to an opposing flat surface in a sliding fric-
tion pair.

5. Conclusion

The effect of the textured surface on friction reduction
was investigated by using numerical simulations. The pre-
sented research allows for valuable conclusions about the
application of textured surfaces to friction reduction for
sliding pairs in lubricants. The results of simulations and
further discussions lead us to the following conclusions.

(1) Sawtooth riblets can be used to decrease the friction
by changing the normal velocity gradient of the lu-
bricant in near-wall region. The maximum friction
on the textured surface is nearly the same as that on
a flat surface, and the friction on the other places,
such as the sidewalls and bottoms of the riblets, is
much smaller than that on a flat surface.

(2) The sawtooth riblet can provide friction-reduction
performance for the paired sliding flat surface in the
friction pairs.

(3) The effects of geometrical features on friction re-
duction were presented. The geometrical parametric
analysis based on the range analysis and the orthog-
onal experimental design with statistical significance
reveals the impact of the texture features on the per-
formance of friction reduction. The thickness of the
lubricant film (7') plays the most crucial role. The
riblet height (H) and the ridge angle (0) are the sec-
ondary factors in decreasing friction.

(4) The predicted optimal condition for friction reduc-
tion of about 93.83% was successfully verified.
Additionally, the recommended sliding speed of
0.03 m/s for the optimal shape of the textured sur-
face was also verified.
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Experimental investigations were carried out to ver-
ify if the friction reduction in lubrication can be ex-
panded by a textured surface with sawtooth riblets.
Sawtooth riblets were formed by ultraprecision dia-
mond cutting, with a ridge angle of about 60°-90° and
height of about 20-50 gm on the contact surface. Six
types of textured surfaces with different ridge angles,
heights, and sliding directions were tested and com-
pared with the untextured surface. The tribological
tests were conducted by a flat-on-flat tribometer in lu-
brication. The effects of the ridge angle, height, and
relative sliding direction on the friction coefficient in
lubrication were reported.

Keywords: textured surface, friction reduction, lubrica-
tion, ultraprecision diamond cutting

1. Introduction

With the development of the fabrication technology,
various functions including optical and friction properties
can be obtained by fabricating regular patterns or textures
on surfaces [1]. Decreasing the friction and wear of lubri-
cated friction pairs is crucial for improving the service life
and accuracy of transmission parts such as shafts, bear-
ings, and gears. Severe wear and high friction occur when
a plastic deformation is generated by solid-to-solid con-
tacts in lubrication. The modification of surface topogra-
phy by artificially produced microtextures influences the
deformations and behaviors of lubrication films, and con-
sequently, the wear and friction of rubbing surfaces.

Dimples and grooves have been widely studied to im-
prove the tribological performance of friction pairs [2-5].
To research the friction characteristics of a micro-dimpled
surface, some fabrication methods of dimples, such
as micro-coating, abrasive jet machining (AJM), laser
beam machining (LBM), electrical discharge machin-
ing (EDM), and etching, have been developed. Ramesh
et al. reported that the dimpled surfaces fabricated by
micro-coating have a lower coefficient of friction (COF)
compared to the untextured surface under mixed lubrica-
tion [6]. Pettersson et al. produced grooves and dimples
on the wafer by using etching and coating and studied

Int. J. of Automation Technology Vol.12 No.4, 2018

the frictional performances of textured surfaces in lubrica-
tion. They found that TiN-coated surfaces exhibit a good
frictional performance, however the low friction condi-
tions last shorter on the textured surface than on the flat
surface [7]. Wakuda et al. [8] fabricated micro-dimples on
a silicon nitride ceramic nitride surface by using AJM and
LBM and studied the effect of micro-dimples on the fric-
tion. They showed that the size and density of the micro-
dimples have a significant influence on the friction reduc-
tion of friction pairs in lubrication. The dimpled surfaces
with a diameter of 100 ptm and a texture area ratio of 5%—
20% were recommended. Segu et al. used an Nd:YAG
laser to fabricate multi-shaped dimples on a scale of hun-
dreds of micrometers in width on steel surfaces, and found
that the multi-shape dimpled surface can significantly re-
duce friction under dry and lubrication conditions when
compared to untextured surfaces [9]. Podgornik et al. [10]
fabricated the micro-dimpled surface on a steel surface by
using an Nd:YAG laser and summarized that the smaller
dimples and lower texture area ratio can lead to the lower
friction of textured surfaces. EDM was also employed
to fabricate the textured surface with low friction [11].
The friction coefficient of the EDM-dimpled surface was
found to be 11%—-24% lower than that of the non-textured
surfaces. The frictional performance of the round, di-
amond, and ellipse dimples was studied, and the round
dimples were found to be the most helpful for decreasing
the wear and friction.

Recently, researchers have not only focused on the
tribological features of the micro-dimpled surfaces but
also on that of the micro-grooved surfaces for develop-
ment of bearings and shafts. Kawasegi et al. [12] pro-
posed the milling tools with micro- and nanometer-scale
grooves to improve the frictional characteristics and re-
sulting machining performance successfully. Scaraggi
et al. [13] presented an experimental approach on the
friction properties of a laser-grooved surface from the
boundary to hydrodynamic lubrication. Suh et al. [14]
fabricated the micro-grooved crosshatch pattern on the
SKDI11 steel by the photolithography process and ob-
served the relations among the frictions of the textured
surfaces, the crosshatch angles of micro-grooves, and the
width of grooves by using a pin-on-disc tribometer. They
compared the frictions of the textured surfaces by chang-
ing the cases of the pattern widths and crosshatch angles.
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Fig. 1.
mirror surface: (a) rake face, (b) enlarged drawing of cutting
tip, (c) 0° rake angle and 57 clearance angle.

Geometric features of diamond tool to finish the

They, however, did not discuss the friction reduction in
comparison with a mirror-finished surface.

Thus, it is evident that the rough parts of the textured
surfaces, such as the top of the groove [15], the edges of
dimples, and the non-dimpled regions between them [ 16],
influence the friction of the textured surface. However,
such parts are difficult to control in the above fabrication
methods. Compared to the photolithography process and
laser machining, ultraprecision diamond cutting is more
efficient, applicable, precise, and reproductive for texture
producing various metals. Additionally, as an environ-
mentally friendly processing method, ultraprecision dia-
mond cutting can also be used to fabricate a polygonal
shape, which is difficult to be finished precisely by using
the above-mentioned methods. Moreover, the friction of
sawtooth riblets has not been discussed in detail. Based
on above background, this paper aims to analyze the in-
fluences of the geometrical features of sawtooth riblets on
friction and the friction reduction in comparison with the
mirror-finished surface in lubrication. The experiments
reported in this paper were conducted on textured sur-
faces with sawtooth riblets parallel or transverse to the
relative sliding direction of the friction pairs. The rela-
tion between the sliding friction and direction of relative
motion was also studied. Additionally, the load carrying
capacity of the textured surface, which is an important
factor influencing solid friction in lubrication, was inves-
tigated in two sliding forms by using computational fluid
dynamic analysis.

2. Experiments

2.1. Surface Texturing

Ultraprecision diamond cutting, a mechanical pro-
cess used in precision fabrication to efficiently and
precisely remove the substrate material, was carried
out on the mirror-finished surfaces of aluminum al-
loy 7075 (A7075). It can not only afford precise control
over the shape and size of the sawtooth riblets but also
finish the mirror surface and sawtooth riblets over an en-
tire surface simultaneously with high accuracy. To con-
trol the roughness of the rubbing surface, the roughness,
R, was measured using a probe-type roughness tester.
The A7075 samples were preliminarily processed to mir-
ror surfaces with roughness (R,) of 0.005 gm by using
the diamond tool shown in Fig. 1. The V-shaped dia-
mond tools shown in Figs. 2-4 were then employed on
the mirror-finished surfaces to obtain the sawtooth riblets
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Fig. 2. Geometric features of 60°-V-shaped diamond tool:
(a) rake face, (b) enlarged drawing of cutting tip, (c) 0° rake
angle and 5° clearance angle.

Fig. 3. Geometric features of 70”-V-shaped diamond tool:
(a) rake face, (b) enlarged drawing of cutting tip, (c) 0° rake
angle and 5° clearance angle.

1000 pun

Fig. 4. Geometric features of 90°-V-shaped diamond tool:
(a) rake face, (b) enlarged drawing of cutting tip, (c) 07 rake
angle and 5° clearance angle.

V60H20

Fig. 5. SEM photographs of the sawtooth surfaces.

with different ridge angles. The rake and clearance angles
of the tools were 0° and 5°, respectively. As we know,
increasing the cutting speed is a useful way to suppress
the burrs and finish cutting with a small cutting thickness
is also necessary for improving the shape accuracy of tex-
tures. Therefore, the maximum cutting speed of the ma-
chine tool, i.e., 10 m/min, was used. Moreover, the cutting
depth of the finish cutting was set as | tm.

Here, each sample is named based on its degree of the
ridge angle with V, the value of the sawtooth height in
micrometers with H, and the relative sliding direction with
either capital of traverse or parallel, such as “V60H20_T.”
The six types of sawtooth surfaces were fabricated by the
selected diamond tools, and their SEM photographs are
shown in Fig. 5. It can be seen that the qualities of the
ridges of the sawtooth riblets differed slightly. However,
because the sizes of the burr and the notch of the ridges
were much smaller than the depth of the valley and the

Int. J. of Automation Technology Vol.12No.4, 2018
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Fig. 6. (a) Flat-on-flat tribometer, (b) diagram of the mea-
suring procedure.

valley and ridge angle played an important role in friction
reduction, the quality of the ridge was not considered in
this study.

2.2. Tribological Testing

The tribological behaviors of the friction pairs consist-
ing of a ribleted surface and a microscope slide glass were
investigated under a reciprocating motion by using a sur-
face contact-type tribometer, as shown in Fig. 6(a).

To keep the upper and lower pairs parallel to each other,
the following six steps, as shown in Fig. 6(b), were per-
formed. In Step 1, the bond was painted on the roof of the
microscope slide glass, which was placed on the fixed tex-
tured surface. In Step 2, the pin that contacted the force
sensors was loaded and fixed with the roof of the micro-
scope slide glass by the bond. After this step, the glass
and textured surface can be considered as parallel friction
pairs. To establish the lubricated friction pairs, the up-
per glass was lifted (Step 3) and the lubricant was filled
into the gap of the pairs (Step 4). In Step 5, the normal

Int. J. of Automation Technology Vol.12 No.4, 2018
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Table 1. Experimental conditions.

Material Microscope slide glass (upper pair)
AT7075 (lower pair)

Normal load 50g

Contact area 400 mm? (20 mm x 20 mm)
Sliding velocity 10 mm/s (reciprocating motion)
Temperature 25°€

Lubricant viscosity | 8.108 x 107° m%/s

Lubricant density | 869 kg/m®

Fig. 7. Sliding directions relative to the ridges of sawtooth
riblets: (a) in parallel form and (b) in (ransverse form.

load acting on the pin was carried out to give an initial
lubricant film of the friction measurement. In Step 6, the
friction of the friction pairs was measured under recipro-
cating motion.

Moreover, the substrate was an A7075 with a ri-
bleted surface; the upper sliding flat was a mirror surface
formed of the microscope slide glass with a surface rough-
ness (R,) of 0.002 um. During the tribological testing,
the friction pairs were immersed in the No. S8P oil lu-
bricant, whose temperature was 25°C. The details of the
testing are reported in Table 1. In the 600 s of testing
time, each testing had a sixty-second pre-run time to pre-
vent the unstable friction signal generated by the starting
friction, which has a substantial effect on the average of
the sliding friction.

It is well known that the pressure profile of the lubricant
plays a major role in improving the load carrying capacity
and frictional performance of the friction pairs [17, 18].
Therefore, to clarify the influence of relative sliding direc-
tion on the frictions of different sawtooth riblets, the two
forms of relative sliding directions of the friction pairs,
the transverse and parallel directions, were used in the tri-
bological testing, as shown in Fig. 7. The lubricant in dif-
ferent sliding directions could provide different load car-
rying capacities acting on the upper slide glass to offset
the contact pressure on the contact areas between the mi-
croscope slide glass and the ridges of the sawtooth riblets.

3. Results and Discussion

3.1. Friction in Lubrication

The COFs (y-axis) were plotted against the ridge an-
gles (x-axis) of the sawtooth riblets in Fig. 8. To analyze
the friction reductions of sawtooth surfaces, the COF of
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Fig. 8. Relations among the COFs, heights, and ridge an-
gles of sawtooth riblets in the transverse and parallel sliding
forms.

the mirror-finished surface, which is equal to 0.203709,
was also measured and considered as a standard in com-
parison with that of the sawtooth surfaces.

Clearly, the COFs increased with the growth of the
ridge angles irrespective of being in the parallel sliding
form or transverse sliding form. Moreover, a sawtooth
height of 50 ptm could provide lower COFs than that of
20 pm, as shown in Fig. 8. The curves of “H20_P” and
“H20_T” show the influence of the sliding form on fric-
tion. It is evident that the transverse sliding form can pro-
vide a lower COF than the parallel sliding form regard-
less of the heights and ridge angles of sawtooth riblets. In
comparison with the mirror-finished surface, the selected
sawtooth textured surfaces can provide lower COFs. The
transverse sliding form is also able to give a deeper im-
provement to decrease the COFs of the sawtooth surfaces.
“VT70HS50_T” for 70" ridge angle with 50 um sawtooth
height in the form of transverse sliding can provide the
largest friction reduction of 22.85%.

Furthermore, the fluctuations in the friction forces dur-
ing the measuring procedures are listed in Fig. 9. The
x-axis shows the measuring times, and the y-axis shows
the measured friction force. As shown in Fig. 9, all fric-
tion forces were nearly symmetrical with 0 mN, which
means that the measurements were performed under sta-
ble states.

3.2. Load Carrying Capacity of Lubricant

Because the fluid friction between the lubricant and
solid surface is much lower than the solid friction, a de-
crease in the fluid friction cannot give an obvious [riction
reduction in lubrication. The solid-to-solid pressure is di-
rectly proportional to the solid friction. Therefore, one
of the main objectives of the sawtooth surface is to im-
prove the load carrying capacity for offsetting the normal
solid-to-solid pressure occurring on the sawtooth ridge.
As an important role for friction behaviors of friction
pairs in lubrication, the load carrying capacity of the saw-
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tooth surface was discussed by computational fluid dy-
namic (CFD) analysis.

In the CFD model, the continuity equation and the
steady three-dimensional Navier-Stokes equations for an
incompressible lubricant flow can be expressed as

v i N | SR e S S i - |
p(V-VIV=-Vp+V- - (uVV) . . . . .. (2

where V is the local velocity in the lubricant film, and p,
P, and u are the pressure, density, and dynamic viscos-
ity of the lubricant, respectively. In the simulation, the
dispersed Navier-Stokes equations were solved using the
SIMPLE algorithm [19].

A three-dimensional sawtooth riblets model was built
to analyze the load carrying capacity in different sliding
forms. As shown in Fig. 10(a), the model was composed
of a lubricant (yellow part), glass pane, sawtooth surface,
and the interface (orange plane) between the lubricant and
the glass flat. The sliding velocities of the movable saw-
tooth surfaces were 10 mm/s along the directions of paral-
lel and transverse to the ridges of the sawtooth riblets. The
ridge angle and height of the sawtooth were set as 90° and
50 pm, respectively. This numerical calculation was per-
formed at an environmental pressure of 101325 Pa. A nor-
mal load of 0.5 N was applied on the upper glass surface
with an area of 200 tm x 200 um. Considering that the
calculation time increased with the number of elements,
the calculational field was discretized into 200,000 ele-
ments, as shown in Fig. 10(b).

The load carrying capacity, F, can be written as

F:[]);(IA..............(3)

where A was defined as the area of the interface between
the upper flat and the lubricant. The normal pressure act-
ing on the interface, p., was not only related to the shape
of the fluid field and the relative sliding direction of the
friction pairs.

The distributions of normal pressure on the interface
between the upper glass and lubricant were shown in
Fig. 11. During the transverse sliding of the sawtooth
surface, the load carrying capacity centered on the inter-
face near the sawtooth ridge was larger than that on the
other place, as shown in Fig. 11(a). The normal pressure
from the upper glass acting on the sawtooth ridge could
be offset by the load carrying capacity. However, a dif-
ferent condition was found in Fig. 11(b), where the saw-
tooth surface in the form of parallel sliding could neither
give enough normal pressure acting on the upper glass
nor offset the solid contact. The lubricant could be eas-
ily squeezed out through the valley with sawtooth sliding,
so the load carrying capacity was nearly 0 Pa in the form
of parallel sliding.

To give an intuitive impression, the load carrying ca-
pacity was calculated by Eq. (3) based on the normal pres-
sure acting on the upper flat. The results indicated that the
load carrying capacity in the form of transverse sliding
was 2.68 x 10~'! N, which is larger than that in the form
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Fig. 12. (a) Schematics of the motion of wear debris on the
mirror-finished and sawtooth surfaces, (b) burrs on the ridge
of the sawtooth riblets.

of parallel sliding, i.e., —1.6787 x 10~'% N. It is clear that
lubricant in the form of transverse relative sliding can pro-
vide more load carrying capacity to support the upper flat
than that in the form of parallel sliding. With the rise of
load carrying capacity of lubrication, the normal pressure,
which is proportional to the solid friction, decreased. The
above reason resulting in the COF in the form of trans-
verse sliding is obviously smaller than that in the form of
parallel sliding.

3.3. Wear in Lubrication

Some previous studies have concluded that the wear in
the contact region plays a key role in friction performance.
Owing to the existence of roughness at the contact region,
the friction and wear were affected seriously [9, 20].

The surface differences between the mirror-finished
and textured surfaces result in the difference in the fric-
tion and wear mechanisms in lubrication. Schematics of
the debris motion during sliding are shown in Fig. 12. The
arrows show the route of the debris during the relative
sliding of the friction pairs. In the case of the mirror-
finished surface, the wear debris is mainly caused by the
surface microasperity. Once debris arises in the contact
region, it hardly evacuates from there, and such free debris
leads to more wear and debris, as shown in the left part of
Fig. 12(a). On the sawtooth surface, the wear debris pri-
marily results from the burrs on the ridges of the sawtooth
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Fig. 13. Debris and scratches on (a) the mirror-finished sur-
face and (b) the sawtooth surfaces.

riblets, as shown in Fig. 12(b). During the relative slid-
ing, some burrs fall off from the ridges of sawtooth riblets
and become free wear debris. However, because the val-
leys of the sawtooth riblets can play the role of channels
for discharging the wear debris from the contact region,
as shown in the right part of Fig. 12(a), the lower friction
and abrasive wear were obtained.

The wear and debris of the mirror-finished and saw-
tooth surfaces are depicted in Fig. 13. The main differ-
ence observed here is that the debris was discharged into
the sawtooth valley on the textured surface, as shown in
Fig. 13(b); however, it was not discharged from the con-
tact region on the mirror-finished surface, as shown in
Fig. 13(a). The debris led to an increasing number of
scratches and debris at the contact region on the mirror-
finished surface. Meanwhile, the size of the debris de-
creased during the relative sliding. It can be seen that the
size of the linear debris with a length of | to 5 pum dis-
tributed the edges of the scratches. The average depths of
the scratched grooves were near 4 um. On the sawtooth
surface, it is helpful in decreasing the wear and friction
that the valleys of sawtooth riblets store and discharge
the debris during sliding. It can be seen that the deep-
est place of the scratched groove on the mirror-finished
surface was nearly 6 ptm, as shown in the last two figures
of Fig. 13(a). However, in Fig. 13(b), the scratches on
the ridges of the sawtooth riblets were not so significant
as those on the mirror-finished surface. The size of the
debris ranged from 5 pm to 20 gum. Moreover, the debris
was distributed in the bottom of the valley of the sawtooth
riblet and could not influence the sliding friction anymore.

To confirm the mechanism, an energy dispersive
X-ray (EDX) analysis for the tested sawtooth surface was
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ments on the sawtooth surface.

carried out as shown in Fig. 14. Since the microscope
slide glass is much harder than A7075, all elements shown
in Fig. 14(b) were those that form A7075, and silicon,
the main element of the microscope slide, was not found.
Namely, the debris was the wear of the sawtooth surface.

4. Conclusions

In this study, the friction reduction of sawtooth riblets
was achieved and the mechanism of friction reduction was
investigated. The conclusions can be summarized as fol-
lows.

L.

The sawtooth surface could decrease the sliding fric-
tion of the friction pairs by discharging the debris on
the contact surface.

. The sawtooth valley played the role of the channels

for evacuating more wear debris from the contact re-
gion, which led to a lower friction and longer wear
life of the friction pairs.

The transverse sliding form provided higher load car-
rying capacity and lower friction than the parallel
sliding form on the sawtooth surface.

. The friction of the sawtooth surface decreased with

an increase in the sawtooth height. The relative small
ridge angle was better for reducing the friction of the
sawtooth surface based on the experimental results.

Int. J. of Automation Technology Vol.12 No.4, 2018
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As future research, the friction behaviors of micro-
patterns such as sawtooth, dimple, and crosshatched
grooves under the lubricated condition will be discussed
theoretically by using numerical modeling.
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In recent years, nanostructures have been required
for industry and medical services, to perform func-
tions such as reduction in friction, control of wetta-
bility, and enhancement in biological affinity. Ultra-
short pulsed lasers have been applied to meet these
demands, and have been actively studied both experi-
mentally and theoretically in terms of phenomena and
principles. In this study, to clarify the phenomenon
of the fabrication of laser-induced periodic surface
structures (LIPSS), and its application to industry, ex-
periments were conducted on SUS304, titanium, and
nickel-phosphorus by a short pulsed laser that has a
longer pulse duration, higher cost-effectiveness, and
higher stability than ultrashort pulsed lasers. The
results confirmed that while LIPSS were fabricated
on Ti and Ni-P workpieces, a uniform fine periodic
structure was not fabricated on the whole irradiated
surface of SUS304, and crystal grain boundaries ap-
peared with low energy density and irradiation num-
ber because SUS304 is an alloy composed of Fe, Cr,
and Ni. Further, the short pulsed laser has a low power
and long pulse duration, inducing the thermal effect.
We clarified the effect of crystal structure on fabricat-
ing fine periodic surface structures with short pulsed
laser.

Keywords: short pulsed laser, crystal structure, crystal
orientation, parametric decay, surface plasmon

1. Introduction

Reduction in energy loss, and a safer and more secure
society are highly demanded. Hence, particular interest
has been shown in the fabrication of fine structures on
material surfaces capable of imparting functional proper-
ties, such as the reduction in energy loss by reducing the
friction of automobile sliding parts [1-3], the improve-
ment in the safety of medical care owing to the enhance-
ment of biocompatibility of implants [4-6], and the im-
provement in the efficiency of solar light power genera-
tion by reducing reflection [7]. For use in the fabrication
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of functional surfaces, ultraprecision cutting, ultrasonic-
vibration-assisted machining, and photolithography tech-
niques are often employed; however, some disadvantages
exist: long processing time, complicated work process,
and difficult processing with large surface areas. There-
fore, we have chosen the fabrication of fine periodic struc-
tures with ultrashort pulsed lasers, hereinafter defined as
the less-than-one-picosecond pulse duration laser, as this
method creates nanostructures in self-organizing manner
by laser irradiation alone [8). This method can simplify
the working processes, shorten the processing time, and
significantly reduce energy loss. It will contribute to mit-
igating the pace of global warming, and therefore, facili-
tate a safer and more secure society.

Figure 1 shows the processing model when an ultra-
short pulsed laser is irradiated on the surface of metal.
First, laser irradiation induces surface plasmons causing a
deviation in the electric field. Next, ionized atoms cause
Coulomb explosions in the large electric field. Finally,
ablation occurs in a heat distribution generated on the sur-
face. As mentioned above, fine periodic surface structures
are fabricated in self-organizing manner by laser irradia-
tion in this technique [9-17].

The pulse length of lasers is a determinant factor for
fabricating nanostructures, as optical phenomena primar-
ily occur when it is shorter than the collisional relaxation
time of the object material [15-17]. Therefore, ultrashort
pulsed lasers are suitable for the fabrication of nanos-
tructures. However, longer pulsed lasers are favorable
from the aspects of cost-efficiency of equipment, and sta-
bility of irradiation. Thus, in this study, a short pulsed
laser, whose pulse length is 20 ps, is used to fabricate
nanostructures on a stainless steel alloy SUS304, tita-
nium, and nickel-phosphorus, and to examine the effects
of a picosecond-long pulse length on the processing.

Herein, we report the results considering distorted pe-
riodic structures and the non-existence of structures fabri-
cated on the irradiated surface of the alloy.

Int. J. of Automation Technology Vol.12 No.6,2018
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Fig. 1. Processing model of ultrashort pulsed laser.
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Fig. 2. Setup of laser processing.

2. Fabrication of Fine Periodic Surface
Structures on Various Materials via
Short Pulsed Laser

Basic experiments were conducted with various mate-
rials using the 20-ps pulsed laser to verify the effect of the
material.

2.1. Methodology

A picosecond pulse laser oscillator (EKSPLA,
PL 2250-50P20) was applied in this experiment. Fig. 2
and Table 1 show the setup and the laser irradiation con-
ditions, respectively. The work materials were stainless
steel alloy SUS304, titanium, and nickel-phosphorus,
which were polycrystalline, single crystal, and amor-
phous materials, respectively. They were all mirror
finished. In an experimental trial, laser with a Gaussian
beam profile was irradiated at a fixed point on the sample
under the following conditions: the irradiation number
was n, the energy density was E,, and the irradiated
points, n and E; were varied in each trial.

Int. J. of Automation Technology Vol.12 No.6, 2018

Table 1. Experimental conditions.

Wavelength 1064 nm
Pulse duration 20 ps

Frequency 50 Hz
Beam spot size 2500 pm

Irradiation number n
Energy density E,4
Workpiece

1-1000 shot(s)
0.011-0.296 J/em?
SUS304, Ti, Ni-P

= _,:'10'1-

(a SUSB

E2= 0L115/7/cm? 27501198 ) ci B

D= B O

(c) Ni-P

Fig. 3. The SEM images of LIPSS on each material.

2.2. Results

Laser was irradiated on SUS304, Ti, and Ni-P work-
pieces to fabricate the LIPSS. Fig. 3 shows the scan-
ning electron microscope (SEM) images of the LIPSS
on each material. The LIPSS were fabricated on Ti
and Ni-P perpendicular to the polarization when £, was
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Table 2. Experimental conditions.

Wavelength 1064 nm
Pulse duration 20 ps
Frequency 50 Hz
Beam spot size 2500 pm
Irradiation number n 10, 200 shot(s)
Energy density E;  0.03-0.05 J/em?
Workpiece SUS304

(1R 0% 700030 cina il f(21 0% 20051 emig

Fig. 4. Irradiated areas.

0.1 to 0.2 JJem?. In the case of SUS304, however, un-
der a high power of E; = 0.199 J/cm?, LIPSS of differ-
ent pitch lengths and directions were fabricated, whereas
no LIPSS were observed on the irradiated area under
E; = 0.072 J/cm? and n = 70, as shown in Fig. 3(a).
SUS304 is an alloy composed of Fe, Cr, and Ni, and
the short pulsed laser has a lower power and longer pulse
duration, thus inducing the thermal effect compared to an
ultrashort pulsed laser [18]. Additionally, the LIPSS were
not fabricated on the (111) face of polycrystallines with
high lattice defect storage [19]. Thus, it is considered that
changes in atomic density with crystal orientation affect
the fabrication of LIPSS with SUS304, and the effect of
crystal structure on LIPSS is studied in the next section.

3. Effect of Crystal Structure on Laser-
Induced Periodic Surface Structure

LIPSS were fabricated on crystalline, single crystal,
and amorphous materials. However, either different
LIPSS or none were observed on the irradiated area of
SUS304 with low n and E;. The effect of crystal structure
on the fabrication of LIPSS was studied.

3.1. Methodology

Experiments were conducted using the same device
as in the previous section. Table 2 shows the experi-
mental conditions. Laser was beamed at a fixed point
on the workpiece with E; = 0.03-0.05 J/em? for 10 and
200 shots.

3.2. Results
3.2.1. Irradiated Areas

The irradiated areas on SUS304 workpieces with low n
and E,; were observed. Fig. 4 illustrates the SEM im-
ages of the irradiated areas where n = 10, E; = 0.03 and
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Fig. 6. EBSD image corresponding to Fig. 4.

0.05 J/em?, expressing the surface topographies consid-
ered as crystal grain boundaries (CGBs).

CGBs have a lower melting point than crystal grains
owing to impurities [20] and high absorption from the dis-
turbed atomic arrangement [21]. Tsukamoto et al. [22] re-
ported that CGBs appeared after nanosecond laser irradi-
ation on SUS304 because the CGBs melted at a low melt-
ing point and high absorption, migrated to the top surface
owing to the expansion of the surrounding crystal grains,
and became an elevated portion after cooling and solidify-
ing. However, as shown in Fig. 5 [8], the result of CGBs
appearing from Tsukamoto et al. is confirmed, in that the
appearance is different from the results of our experiment.
Therefore, an electron backscattered diffraction (EBSD)
pattern analysis is performed to confirm if the structure is
caused by the crystal orientation.

Figure 6 shows the EBSD images of the surfaces
shown in Fig. 4. By comparing Fig. 4 with Fig. 6, we
confirmed that the structures appearing after laser irradi-
ation are in accordance with the crystal structures, and it
is possible to visualize crystal structure of material sur-
face by short pulsed laser with low n and E4. Neverthe-
less, while a nanosecond laser visualizes the CGBs in the
previous research, the short pulsed laser expresses crystal
structures that are not CGBs. The reason for this will be
considered later.

3.2.2. Fabrication of Fine Periodic Structures on
Crystal Structures

To confirm the effects of crystal structure on the fab-
rication of nanostructures with the short pulsed laser, the
laser was irradiated on the surface that was preliminar-
ily analyzed with EBSD. First, the laser was irradiated
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Fig. 7. The surface with n = 10, E; = 0.03 J/em®.

Fig. 9. The large SEM images of face (001), (111), and (101).

with n =10 and E; = 0.03 J/cm? to decide the irradiation
point, whose SEM and EBSD images are shown in Fig. 7.
Next, the laser with n = 200 and E; = 0.05 J/lcm? was
irradiated on the decided point. Fig. 8 shows the SEM
images of the result. and the magnified images of faces
(001), (101), and (111) are shown in Fig. 9. As shown in
these figures, the fabricated structures vary with the crys-
tal orientation planes. They confirm that the pitch length
of the nanostructures on (001) are shorter than those on
(101) and (111). whose pitch lengths are similar to the
laser wavelength, and the structure direction on (101) was
not perpendicular to the polarization unlike cases of (001)
and (111).

3.2.3. Effects of Crystal Structures on Pitch Length of
Nanostructures

The pitch length of periodic structures is calculated by
fast Fourier transformation applied to the luminance pro-
files of the SEM images. While face (001) demonstrated
a pitch length of approximately 500 nm, which is half
the laser wavelength, faces (101) and (111) exhibited the
pitch length of approximately 900 nm, i.e., 0.85 times the
laser wavelength.
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The reason that the pitch length is 0.5-0.85 times the
laser wavelength is explained by the parametric decay by
Sakabe et al. [23,24]: an incident light divides into a sur-
face plasma wave and a scattered wave after changing the
surface roughness with laser irradiation. Subsequently,
a surface plasma wave interferes with the incident light
and nanostructures are fabricated with the pitch length of
the surface plasma wavelength. The wavelength of a sur-
face plasma wave is related to the laser power and electron
density as follows:

W, —wsp=cksp—cky, . . . . . . . . . ()

NTE—F . A S £ R R | [

1 1
m§P=ck§P—§wﬁ—\/c4k§P+Zmﬁ. s ey A5

where subscripts L and SP express the incident light and
the surface plasmon, respectively; @ is the frequency; ¢
is the velocity of light in vacuum; & is the wave number;
p is the electron plasma frequency. From these equa-
tions, the wavelength of a surface plasma wave is half the
laser wavelength with low laser power and electron den-
sity, e.g., @p//2 = 0. Meanwhile, it widens to 0.85 times
the laser wavelength with an increase in the laser power
and electron density, e.g., @p/v/2 = @;. It is considered
that the pitch length of the nanostructures depends on the
electron density of each crystal orientation face.

3.2.4. Expansion of Surface of Each Crystal
Orientation Face

The aforementioned previous study suggested that
crystal structures are actualized by different expansions
of crystal grains and CGBs owing to the difference in
melting points. However, the actualizing method in this
study is different from that of the previous research. Ito
et al. reported that heat conductivity depends on crystal
orientation, which increases in the order of (100), (110),
and (111), thereby accelerating the electric discharge ma-
chining speed in the order of (111), (110), and (100) [25].
They reported that the visualization of crystal structures
is attributed to the difference in the expansion rates and
heat conductivities among the crystal orientations, and
that (111) exhibits the largest expansion. The difference
in expansion according to crystal orientation was con-
firmed by analyzing the three-dimensional topographies
with a laser microscope. Fig. 10 shows the laser micro-
scope (KEYENCE, VR-3000) image of the irradiated sur-
face before structure fabrication. It also shows that (001)
has a larger expansion than (101) and (111), which is dif-
ferent from the expectation.

The laser microscope image of the irradiated surfaces
after structure fabrication is shown in Fig. 11, and shows
that (001) has the largest expansion coefficient, the same
result as before. From the result, the visualization of crys-
tal structures with the short pulsed laser is due to the dif-
ferent expansion coefficients according to crystal orienta-
tion, while the expansion coefficient is different from the
expectation.
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Fig. 10. The laser microscope image of Figs. 4(a) and (b).

12 pm

Fig. 11. Laser microscope images of the irradiated surface
with n = 200, E; = 0.05 J/em?.

3.2.5. Effects of Crystal Structure on Nanostructure
Fabrication

From the atomic structures, it is considered that the
expansion coefficients are different from the expectation,
and that the fabricated nanostructures vary with the crys-
tal orientation. By comparing (001) with (111}, while the

872

atomic density of the (111) surface is larger, that of (001)
in the depth direction is larger [26], thereby rendering the
lattice vibration of (001) easier to transfer in the depth
direction. Consequently, the evaporation of the (111) sur-
face is larger because the atoms can easily move owing
to the layered structure in the depth direction [11,27].
A (100) surface has a larger heat conductivity as men-
tioned above. Meanwhile, the heat conductivity of (111)
in the depth direction is larger [28]. It is considered that
the expansion of the (001) surface is larger because the
lattice vibration can easily transform owing to the low
heat conductivity and high atomic density in the depth di-
rection.

Although the pitch length of the nanostructures is sim-
ilar to the laser wavelength, the pitch length of (001) is
half the laser wavelength, as explained by the parametric
decay owing to the low laser power, low electron density,
and high heat conductivity of the surface.

The atomic structure of face (101) is periodic and con-
tains periodic gaps. It is considered that the nanostruc-
tures on the (101) surface are not perpendicular to the
polarization because Coulomb explosion can easily occur
between adjacent atoms, and the periodic atomic structure
is not perpendicular to the polarization.

In conclusion, to fabricate uniform nanostructures on
the whole surface, it is necessary to increase the laser en-
ergy density as various LIPSS with different directions
and pitches can be fabricated with only low power, as
shown experimentally. Otherwise, the sample of a uni-
form crystal structure, e.g., single crystal materials and
amorphous materials can be used, as LIPSS differ depend-
ing on crystal orientation.

4. Conclusion

The effect of crystal structure on the fabrication of
nanostructures with short pulsed laser was clarified using
the SUS304 alloy in this research. Based on the experi-
mental results and further discussion, the following con-
clusions were drawn:

1. Crystal structures could be visualized by the irra-
diation of short pulsed laser with lower irradiation
number and energy density on the mirror surface of
SUS304.

2. The fabricated structures varied with the crystal ori-
entation as follows:

(001): Nanostructures exhibited a pitch length of
half the laser wavelength, and a high aspect
ratio owing to the low heat conductivity and
atomic density, and large atomic density in
the depth direction.

(101): Nanostructures whose pitch length was
0.85 times the laser wavelength was not per-
pendicular to the polarization because the pe-
riodic atomic structure was not perpendicular
to the polarization.
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(111): The pitch length was 0.85 times the laser
wavelength perpendicular to the polarization.

It was effective to uniformly fabricate nanostructures
on the whole surface by increasing the energy den-
sity, and using materials of uniform crystal structure,
such as single crystal and amorphous materials.
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Surface microstructures can provide various function-
alities, and wettability is a typical surface property
that can be controlled by surface textures. Unidi-
rectional wetting properties (UWPs) have been gar-
nering attention as a useful wetting function for in-
dustrial functions. Thus, in this study, developing
UWPs using surface microstructures has been tested.
First, UWPs were calculated with the thermodynamic
analysis of contact angle (CA). The analytical results
predicted that an increased oblique angle of the mi-
crostructures, @,, can increase the advancing CA;
the receding CAs could not be calculated, and might
exhibit the pinning effect. Ultrasonic-assisted cut-
ting was subsequently employed to fabricate hierar-
chical microstructures for providing UWPs to a work-
piece. Although many burrs have been observed on
the edges of the structures, microstructures with dif-
ferent oblique angles, @, = 5°, 10°, and 15°, were
fabricated in the designed scales. Finally, the UWPs
were verified by measuring the CAs and sliding angles
(SAs). The anisotropy of CA hysteresis was indicated
in each oblique angle structure, and the anisotropy of
SAs was confirmed when @, = 10° and 15°. The re-
tention force ratio of a droplet, r, which indicates the
UWPs, was subsequently estimated with two different
approaches, and both approaches led a similar value
of the attrition rates of r from @, = 10° to 15°.

Keywords: ultrasonic cutting, functional surfaces, wet-
ting, surface finishing

1. Introduction

Surface microstructures can provide various functional-
ities including friction reduction, antireflection, and struc-
tural colors to materials [1-3]), and many examples are
shown in nature: moth eyes, shark skin, and gecko feet
have provided inspiration for functional surfaces [4-7]
and currently biomimetics, which is an academic field
pertaining to artificial imitation of such extraordinary nat-
ural abilities, has garnered attention to solve human prob-
lems [5]. Wetting is a typical surface phenomenon that

Int. J. of Automation Technology Vol.13 No.2, 2019

is affected by the surface microstructures as well as the
surface chemical properties [8,9]. From the biomimetic
viewpoint, natural organisms possess many functional
surfaces to control wettability: lotus leaves have ultra-
hydrophobic surfaces [6], which is widely known as the
lotus effect, and the wings of a butterfly (Morpho aega)
have lamellar-stacked nanometer-sized tips that allow not
only waterproof surfaces but also unidirectional sliding
such that their bodies can avoid wetting [7]. Zheng
et al. [7] explained this unidirectional sliding with the pin-
ning and rolling states of droplets caused by micro- and
nanostructures, and indicated that the unidirectional wet-
ting properties (UWPs) can be potentially applied to var-
ious smart fluid-controllable interfaces. Chu et al. [10]
and Malvadkar et al. [11] fabricated microstructures via
selective chemical patterning and the bottom-up vapor-
phase technique, respectively, and both studies confirmed
UWPs. Additionally, Extrand suggested that the unidi-
rectional wetting in the capillary tube with asymmetric
surface structures was generated by the difference in re-
tention forces between both directions [12, 13].

Models and mechanisms to explain the effect of mi-
crostructures, or surface roughness, on wetting have been
classically studied [8,9] and the models of Wenzel and
Cassie-Baxter are the most famous for describing the ef-
fect in the isotropic and static states; however these mod-
els cannot express dynamic and/or anisotropic wetting
phenomena including the UWPs. To compute such wet-
ting behaviors that cannot be explained with the classic
models, a thermodynamic analysis of the contact angle
(CA) has been proposed [14-17]. The principle of the
analysis is to calculate the change in surface free energies,
or surface tensions, of the three-phase boundaries during
the droplet transition. The CA on the microtextures is de-
cided where the summation of the free energies, F, mini-
mizes.

Ultrasonic-assisted cutting is a well-known method to
reduce the cutting force and improve the quality of the
surface finish [18, 19]. Because ultrasonic-assisted cut-
ting is a mechanical removal process, it can be applied
on various materials such as metals, ceramics and poly-
mers. Additionally, this method leaves characteristic cut-
ting marks owing to the machining conditions including
the vibration frequency, amplitude, and feed rate. Such
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micrometer-scaled cutting marks are usually regarded un-
desirable roughness, but in our study, they have been uti-
lized proactively to shape above-mentioned microstruc-
tures [20, 21].

Based on the background mentioned above, we have at-
tempted to calculate wetting with thermodynamic analy-
sis, and subsequently fabricated microstructures [22]. The
objective of this study is to fabricate microstructures with
ultrasonic-assisted cutting to obtain the UWPs. First, the
thermodynamic analysis of the CA was conducted to es-
timate the effect of the microstructures that will be fab-
ricated. Subsequently, experiments of ultrasonic-assisted
cutting were performed to create graded microstructures
and their effects on the UWPs were confirmed experimen-
tally.

2. Analysis of Unidirectional Wetting Surfaces

2.1. Fundamentals of Thermodynamic Analysis

The thermodynamic analysis of CA was utilized to cal-
culate the UWPs. As mentioned in the previous section,
the summation of the free energy of the system, F, was
used:

F= ¥

PBE{LG,LS,SG}

v | R ISHESR

where Y*B and AP are the surface tension and area
of each phase boundary (PB), respectively; the two-
character sets (LG, LS, and SG) indicate two phases form-
ing a boundary: and L, G, and S represent liquid, gas, and
solid, respectively. Because this analysis is conducted in
a representative cross-section of a droplet, Eq. (1) is mod-
ified by neglecting the depth as

F = ) FRER e s Y e @

PB¢ {LG,LS,SG}

where F' is the free energy in a cross-section, and I'® is
the cross-sectional length of each PB. Consequently, the
analysis requires the length of the microstructure.

2.2. Details of Analysis

Figure 1 is a schematic of a structure that ultrasonic-
assisted cutting is expected to fabricate. The spindle ro-
tation and circular ultrasonic vibration create a trochoid
locus; therefore an arc-shaped groove with small grooves
remains on the surface during one revolution of the tool.
The feed motion allows the fabrication of the same struc-
tures intermittently, and the interval of the structure is

LiSoy o oo wa w ko= @ v ow & adsn oo (3)

where v is the feed rate and n is the rotation number. The
oblique angles of the structures, @» and @; in Fig. 1(b),
depend on the shape of the tool; it is noteworthy that the
subscripts 2 and 3 are referred to the notation in [12].
The trochoid-shaped grooves shaped in the xz plane are
expected to operate as microchannels deciding the flow
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Fig. 1. Schematic of a structure that ultrasonic-assisted cut-
ting is expected to fabricate. (a) Brief fabrication procedure,
(b) representative cross-section of yz plane.

Fig. 2. Advancement of droplet and geometric parameters.

direction, and the oblique structures are expected to pro-
vide the pinning and rolling effects mentioned in [7]. Be-
cause the objective of this study is to fabricate surfaces
with UWPs, the representative cross-section of analysis
was set in the yz plane as shown in Fig. 1(b). In addi-
tion, the following two assumptions were introduced to
simplify the calculation:

1. The cross-sectional shape of the droplet is a circular
segment.

2. The cross-sectional area is constant during the droplet
transform.

Let us assume that the contact point advances from A
to B (A — B) and subsequently from B to C (B — C) as
shown Fig. 2. The change in the free energy can be ex-
pressed as follows:

5 PN N ) RS
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Fig. 3. Calculated relationships between contact angle and normalized free energy.

where Fy is the free energy of the system when the contact
point is at an arbitrary point X, which can be written as

B=iP0eyP B L. | . i u s )

C is an arbitrary surface energy that is constant during the
droplet advance [14]. Firstly, let AFy .5 be considered.
Each ("B related to A — B can be obtained geometrically
as follows:

. 204L
LG ALA
0 sin@, 2
20yL
IEG:_—H-—B-Jf-Ql'zSin(U?_COS(Dg, S| S T )
sin Oy
T E A AR R (1

where Oy is a temporary CA when the contact point is
at X; Ly is from the center of the droplet to X as shown in
Fig. 2.

Using the equations above, the normalized change in
the free energy is expressed as

AFyg ., ( 6sLls  Oals
yLC Y sin B4

sin Bp

—l.cosm (cos@ —2sinma). . . . (9)

It is noteworthy that the normalized free energy,
AFy .p/y*, requires the initial CA 6, such that a rela-
tive comparison can be performed without actual surface
tensions.

By can be calculated with the assumptions that result in
the following constraint equation:

Bala®  Ls* L 6els® by
sin®0, anfy sin®@; tanBp

o 3
1.7 sin @» cos” @y,

. (10)
where,
L;;:L,1+I:c0.~;2m3. )

Similarly, AFg_.c and the constraint equation can be
expressed as follows:
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AFp ¢ _5 ( OcLe  6Oplp )

LG sinBc  sinBp
—l.coswn (cosB +2sinm), . . (12)
Osls® Ls® _ 6L Lt
sin2@y tanfg  sin?fc tanBc
+[525in3a}lcosa'q, < (13)
Le = Lg +1.cos® . . (14)

2.3. Calculation Results

Three oblique angles, > =5°, 10°, and 157, were set in
the analyses by considering the actual tools. Other analyt-
ical conditions were set to the following: /. = 200 um, the
intact CA 8 =80°, L; = 0.5 mm, the initial CA 8, = 160°.
GNU Octave was used to program and solve the equa-
tions.

Figures 3 and 4 show the calculated free energy di-
agrams and free energy barrier (FEB) diagrams, respec-
tively. The free energy is decided at the minimum point of
the diagram, and the x-intercept of the FEB indicates the
advancing and receding CAs [14]. The advancing CAs
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Ultrasonic vibration
Stepping motor & Rotation
Tool
Feed
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Coolant supply P

Dynamometer

could be obtained; however, as the receding CAs became
less than 0", they could not be calculated. This result illus-
trates that receding FEBs exist however small the CA be-
comes. This means that the receding of the droplet would
be blocked by the FEB even if the CA were 0", which was
considered to signify the pinning effect mentioned in [7].
In addition, an increased a» results in an increased FEB, :
thus the sliding of the droplet will be disturbed. (a) w2=5°,

100 pum

3. Experiments

3.1. Ultrasonic-Assisted Cutting for Fabricating e
Microstructures

3.1.1. Conditions

Ultrasonic-assisted cutting was performed using a spin-
dle with three-directional ultrasonic generators (SC-45
SP-H24, Taga Electric Co., Ltd.), which was mounted
on a four-axis desktop CNC machining table (Trider-X,
Nexsys Corp.). The contact between the tool and
the workpiece was detected with a dynamometer
(Type 9256A, Kistler Instrument Corp.) placed beneath
the workpiece jig. The workpiece material was a tough S EE
pitch copper C1100, which is a cheap plastic molding (¢) w2 = 15°.
material. Fig. 5 depicts the setup of the experiments and
the motion directions. Fig. 6 shows scanning electron mi-
croscope (SEM) images of the employed diamond tools.
Their nose radii were 0.01 mm and they have different
edge angles of 5°, 107, and 15°, as mentioned in the pre-
vious section. Table 1 lists the details of the machining

(b) ez = 10°.

100 pm

Fig. 6. SEM images of tool tips.

Table 1. Experimental conditions.

conditions. To avoid excessive friction and wear on the Obtiquessngle 0 (Neg) ; e 2

tool tips, the cutting depth  was set to a constant, 20 ftm, Rotation number 2 [min~'] 1000

and v was varied. Feed rate v [mm/min| 200 100 70
Structural spacing /- [um] 200 100 70
Height of structure [ftm] 174 176 188

3.1.2. Results Vibration amplitude A [tm] 15

Figures 7 and 8 are SEM and white light interferometer Feed interval a; [fm] 400
(WLI) images of fabricated microstructures, respectively. Cutting depth d [fm] 20

Micrometer-scaled hierarchical structures are shown in
each condition. Compared to microstructures attributed
to ultrasonic circular vibration, the rightmost figures of
Fig. 7, the cutting locus can be observed when @, = 5°;
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Fig. 7. SEM images of fabricated microstructures.
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Fig. 8. White light interferometer images and cross-sectional profiles of fabricated microstructures.
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meanwhile, lamella structures were formed when @, =
10° and 15°. These results might be owing to the geo-
metrical constraint of material removal. The more @, in-
creases, the more geometrically limited is the direction of
material removal. Thus, the material might remain more
easily and be stacked as shown in the rightmost images of
Figs. 7(b) and (c).

3.2. Measurement of Unidirectional Wetting
Properties

Unidirectional wetting properties were obtained by
measuring the CA of the microstructured surfaces. A CA
meter (DM-501, Kyowa Interface Science Co., Ltd.) was
employed to detect the CA and sliding angle (SA). Dur-
ing SA measurement, the inclination angle of the work-
piece table increases from 0" to 90° within 30 s, and a
charge-coupled device camera captures the shape of the
droplet to compute the advancing and receding CAs at
every 1 inclination. The sliding angle was automatically
detected and recorded by verifying the advance of the con-
tact point.

Before the measurement, the workpiece experienced
ultrasonic cleaning (i) in ethanol for 10 min, (ii) in pu-
rified water for 5 min, and subsequently once again (i)
and (ii). After cleaning, a fluorochemical release agent
(Optool HD, Daikin Industries, Ltd.) was coated on the
microstructured surfaces because it had been confirmed
in the preliminary experiment that the microstructures en-
hanced the hydrophilicity of copper and a droplet had
spread unmeasurably. The cleaned workpiece was subse-
quently set on the table and a 5-uL purified water droplet
was deposited on it. Each sample was tested 10 times.

The results of the measurements are shown in Fig. 9.
The subscript plus and minus signs of y indicates the
sliding direction, having definition as shown in Fig. 1.
Every microstructured surface became more hydrophilic
than the mirror-finished surface whose CA was 106” when
the inclination angle was 0°. Specifically, the CA in-
creased by 34% and 29% when @, = 10° and 157, re-
spectively. Each surface also shows the CA anisotropic
hysteresis. Droplet sliding occurred 10 times out of 10 tri-
als (10/10) for the mirror-finished surface; the mean value
of SA was 47.8°, and the CA hysteresis, A8, was 13.3°.
When @, = 5°, the droplet had never slid to either direc-
tion, y. or y_. Meanwhile, sliding occurred 10/10 to y_
and 8/10 to y. when @> = 10°, and 4/10 to y_, and 1/10
to y- when @, = 157, which demonstrate the UWPs.

4. Discussion

The thermodynamic analysis of the CA predicted that
the advancing CA increases with @». as confirmed be-
tween @» = 5° and 10°; however, this did not apply be-
tween @y = 10” and 15°. Meanwhile, the CA hysteresis
increased with a».

From the difference shown in the microphotographs of
Figs. 7 and 8, it can be considered that burrs might affect
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Fig. 9. Inclination angle and contact angle hysteresis.

the sliding behavior of the droplet.

The effect of microstructures on the UWPs was sub-
sequently investigated with Extrand’s equation that ex-
presses the retention force anisotropy [12]:

1
S| —AB
£ sin (m_; + 5 )

=5 1
o1 _A
sin (0}2—4-2 6)

FExt %
where A8 is the CA hysteresis of the inherent surface;
f>» and f3 are the retention forces whose subscripts cor-
respond to the direction referring to Fig. 1. This equa-
tion originally explains the ratio of the retention forces in
a capillary tube; however, it is also applied for explain-
ing the anisotropic wetting of a plane [11]. The retention
force of a droplet in the sliding test is the adhesion force

o P T
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against the gravitation. Consequently, when the sliding
angle is B, the retention force f; is expressed with the
mass of a droplet m and the gravitational acceleration g
as:

fe=mgsinB. . . . ... (16)

The measured retention forces fy, and f,_ are repre-
sented by the mean values; subsequently, their ratios, rexp,
is

i=l
~ N (1))

N

IlV Zm;,y_gsin Biy_

1 .

N mi»)’+gsmﬁi,)’+

where N is the number of trials, where the subscript i
means the i-th trial.

Using the experimental results and assuming that f§ =
90° when sliding did not occur, rexp was calculated as 1.43
and 1.12 when @; = 10° and 15°, respectively, and the
attrition rate was 22%. In contrast, by substituting the
mirror-finished surface A@ = 13.3° to Eq. (15), rgx =
3.49 when @; = 10° and rgy, = 2.68 when w; = 15°. The
attrition rate was 23%, similar to the former rate.

5. Conclusion

Surfaces with UWPs were used for fabrication in this
study. First, the thermodynamic analysis of CA was con-
ducted to analyze the effect of the microstructures on
the properties. The analytical results illustrated that the
increase in inclination angle of the microstructures in-
creased the advancing CA; however, the receding angles
could not be calculated. The inability in calculation might
indicate the pinning effect of the structures. Ultrasonic-
assisted cutting was subsequently employed to fabricate
microstructured surfaces. Although burrs and lamellar
structures were observed, the microstructures could be
fabricated in the designed scales. Finally, the microstruc-
tured surfaces were examined with a CA meter. The
anisotropy of the CA hysteresis and the SA was confirmed
when @, = 10° and 15°. The decrease ratios of the reten-
tion force ratios exhibited similar values.
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ARTICLE INFO ABSTRACT

Short-pulsed laser in the fabrication of fine periodic surface structures (hereinafter, referred to as LIPSS: laser
induced periodic surface structures) has been studied to reduce friction, improve control of wettability and
improve bioaffinity. While it has low cost and stable irradiation compared with the ultrashort-pulsed laser
traditionally used, it is difficult to control the fabrication of LIPSS using the short-pulsed laser because of its
lower peak fluence than the ultrashort-pulsed laser and the unclarified principle. Optimizing the surface shape
before laser irradiation may make it easier to control fabrication using short-pulsed laser since it has been
reported that LIPSS is fabricated due to surface plasmons induced by plasma waves after altering the surface
roughness during laser irradiation. The proposed method involves cutting the surface to assist with the short-
pulsed laser for the control LIPSS: the surface of the workpiece is irradiated after straight microgrooves are
fabricated by ultraprecision cutting. The experimental results showed that microgrooves made straight LIPSS
with a high aspect ratio and also expanded the effective fluence range of experimental conditions when fabri-
cating LIPSS. The new method was shown to control LIPSS effectively, and highlights the importance of the
surface shape before laser irradiation for LIPSS fabrication.

Keywords:

Short-pulsed laser

Ultraprecision cutting

Straight microgrooves

Surface shape before laser irradiation

1. Introduction

Fine structures have been studied largely because their character-
istics make them well suited for use applications designed to improve
environmental issues. They typically are characterized by a reduction in
friction [1-3], the antireflection of light [4] and an improvement of
bioaffinity [5]. The fabrication of fine structures with a short-pulsed
laser has many advantages and solves the problems associated with the
traditional fabrication methods. However, because the principles of the
phenomenon have yet to be completely clarified [6-9], controlling fine
structures with a short-pulsed laser remains a challenge. Fig. 1 illus-
trates a scanning electron microscope (SEM) image of fine periodic
surface structures (hereinafter, referred to as LIPSS) fabricated on
nickel phosphorus (Ni-P) plating by a short-pulsed laser. The distorted
structures that can be clearly seen in this image result in poor func-
tionality. It has been reported that LIPSS favorably occurs around debris
and depressions because plasma waves are readily induced by such
surface features, as shown in Fig. 2 [10]. To produce LIPSS with more

* Corresponding author.

desirable characteristics, we focused on the surface texture before laser
irradiation. While it has been reported that LIPSS is controlled by using
two lasers [11,12], there is a few reports to control LIPSS by changing a
surface shape. In our new method, ultraprecision cutting is carried out
prior to irradiation with a short-pulsed laser to fabricate straight LIPSS
with a high aspect ratio. That is, ultraprecision cutting is employed to
produce straight microgrooves several-micrometers in height with
nanometer precision on the workpiece before irradiating the surface
with short-pulsed laser.

The objective of this study is to control the LIPSS of short-pulsed
laser with ultraprecision cutting and to investigate the effect of the
surface texture prior to laser irradiation on the fabrication of LIPSS.
First, a finite-difference time-domain (FDTD) simulation was performed
to investigate the effects of the electric field intensity distributed by a
straight microgroove. Then, the workpiece was flattened and straight
microgrooves were fabricated on its surface by ultraprecision cutting
with a round chip and a triangle chip, respectively. Finally, the pre-
pared surface was irradiated with a short-pulsed laser to fabricate
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15.0kV 14,8mm x5.00k SE

Fig. 1. SEM image of LIPSS with short-pulsed laser.

Fig. 2. Micrograph of LIPSS with femtosecond laser [10].

straight LIPSS.

2. Principles

Fig. 3 illustrates the mechanism of LIPSS fabricated by a short-
pulsed laser: laser induces the surface plasmons as collective vibration
of free electrons due to the plasma wave or the change of electric field
intensity distribution due to interference between incident laser and
scattered laser. Then, the Coulomb force among the ionized atoms re-
sults in a Coulomb explosion and the material surface is removed per-
iodically. After the collisional relaxation time (CRT), heat distribution
results in either the ablation or inhibition of the structure depending on
the characteristic property of the material. LIPSS is fabricated in this
manner [13,14]. It has been reported that LIPSS are fabricated when
the pulse duration of the laser is shorter than the CRT, and that the
resultant LIPSS has better clarity and is more readily formed when the
pulse duration of the laser is in the femtosecond range [15]. This
highlights the importance of CRT as a factor in the fabrication of LIPSS.
In our study, a pulse duration of 20 ps was employed due to the lower
cost of lasers with longer pulse duration and because the irradiation is
more stable. At 20 ps, however, it is difficult to fabricate and control
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Laser

Scattered light

Fig. 4. Geometry of the parametric decay.

LIPSS due to thermal influence and low peak fluence.

Surface plasmons induced by plasma waves are another important
factor in the fabrication of LIPSS. Sakabe et al. explained this me-
chanism in terms of parametric decay [16,17]: laser irradiation alters
the surface roughness dividing incident light into scattered light and the
plasma wave parallel to laser polarization, and inducing surface plas-
mons due to an interference between the incident light and the plasma
wave as shown in Fig. 4. The surface roughness is clearly an important
factor in inducing surface plasmons. The wavelength of a surface
plasma wave can be expressed as:

Wy, — Wsp = Cksp - CkL (1)
wp = CkL (2)
W = ckZo + L0? — etk + Tat

2 4 3)

where subscripts L and SP express the incident light and the surface
plasmons, respectively, w is the frequency, c is the velocity of light in
vacuum, k is the wave number and wp is the electron plasma frequency.
Fig. 5 shows the relationship between the wavelength of a surface
plasma wave and the plasma frequency obtained with these equations.
Note that the wavelength of the surface plasma wave is 0.5-0.85 times
as long as that of the laser.

In addition, since dispersion relations of the incident light and the
plasma wave are not in accord when laser is irradiated perpendicular to
a flat surface, surface roughness is undoubtedly a determining factor in
the fabrication of LIPSS. In order to control LIPSS, ultraprecision cutting
prior to the use of a short-pulsed laser is proposed. A laser is irradiated
on the straight microgrooves produced by ultraprecision cutting as the
laser polarization direction is perpendicular to the microgroove direc-
tion since LIPSS are fabricated perpendicular to the laser polarization.

3. Simulation

A finite-difference time-domain (FDTD) simulation was performed
to investigate the effect of a straight microgroove on the electric field

Ablation

Laser irradiation ~ Surface plasmon ~ Coulomb explosion Heat distribution

Inhibition of structure

Al Attt
il

Collisional relaxation time (CRT)

Fig. 3. Processing model of short-pulsed laser.

434



S. Kodama et al.

0.9
s 0.8 =
S
?5— E
= 0.7F =
1)
5
% -
= os} .
0.5 | | | |
0.0 0.2 0.4 0.6 0.8 1.0
Plasma frequency _0)‘;/)?_2
1 L
Fig. 5. Wavelength of plasma wave with frequency [16].
E,
H 1
Ex -4 Z ! p
. E
ik | =
! " X 2
Y 4 4
e |
Ezt/ : E Hx : Ez }1}
T M
: ..-IIIIIIII ---/-E» sssshas
4 E{I .o' s 2T Y
7 AR M| AR ——
.’0 . / Y Ex
Jﬂ ’.0 ’/
E l
X k4

Fig. 6. Spatial arrangement of electric and magnetic fields.

intensity distribution, which brings fabrication of LIPSS. The FDTD is a
numerical algorithm for solving the time dependent Maxwell's equa-
tions in differential form, introduced by Yee in 1966 [18-22]. The
spatial arrangement referred to as Yee cell is shown in Fig. 6.

3.1. Method

FDTD simulation (Lumerical's nanophotonic FDTD simulation soft-
ware) was used in electromagnetic field analysis, the analytical model
of which can be seen in Fig. 7. Laser is irradiated on a flat surface and a
surface with a microgroove. The analytical conditions are listed in
Table 1. Nickel phosphorus Ni-P, an amorphous material, was used as
the substrate.

3.2. Results and remarks

The analytical results are provided in Fig. 8. While the electric field

(a) Flat surface

(b) Microgroove

Fig. 7. Analytical model.
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Table 1
FDTD analytical conditions.
Laser wavelength 900 nm
Pulse duration 20 ps
Material Ni-P
Groove depth 0, 1 um
Boundary condition PML

n
2
g
9
E
=

-3 -2 -1 0 1 2 3
x{microns)

(a) Flat surface

) 1
x{microns)

(b) Microgroove

Fig. 8. Analytical result.

was not confirmed on the flat surface, it was periodically detected on
the grooved surface. The reason is that surface plasmons are not in-
duced by g perpendicular laser irradiation to a flat surface [23]. On the
other hand, surface plasmons are more readily induced on the surface of
the workpiece with straight grooves than on the flat surface, and they
follow the grooves allowing straight LIPSS to be fabricated. Based on
the simulation results, an expected LIPSS on the workpiece with
straight microgrooves was drawn as shown in Fig. 9.

4. Experiments

The proposed method to control LIPSS was investigated experi-
mentally. Straight microgrooves were produced on the flattened surface
of a workpiece by ultraprecision cutting using an apparatus capable of
fabricating microstructures precisely on various materials including
nickel phosphorus [24-27], and the surface was then irradiated with a
short-pulsed laser. Subsequently, images of the irradiated surfaces were
taken with a scanning electron microscope (SEM), and the pitch length
and the height of LIPSS were evaluated to investigate the effects of the
straight microgrooves on the fabricated LIPSS.

Fig. 9. Expected shape.
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Cutting tool
Injection nozzle

_ Workpiece

Stage

Fig. 10. Cutting setup.

Table 2
Flattening conditions.
Tool Diamond
Round nose R 2mm
Material Ni-P
Depth of cut 10 um
Pitch f 20 um
Cutting speed 10000 mm/min
Atmosphere Oil

4.1. Experimental method

A five axis ultraprecision machine (Nagase Integrex Co., Ltd.
MIC300), shown in Fig. 10, was employed to flatten the surface of the
workpiece and to produce microgrooves with the conditions listed in
Tables 2 and 3, respectively. The work material was Ni-P, an amor-
phous material. After cutting, experiments were conducted using a pi-
cosecond pulse laser oscillator (EXPLA, PL 2250-50P20). Fig. 11 and
Table 4 show the setup and the laser irradiation conditions, respec-
tively. The microgrooves with different pitch lengths and depths were
prepared to investigate the effects of them on the fabrication of LIPSS.
The laser with a Gaussian beam profile was focused on a fixed point on
the flat surface and the microgrooved workpiece.

4.2. Results and remarks

The surface roughness Ra and Rz of the flattened workpiece were
5.37 nm and 20.01 nm, respectively. Fig. 12 shows a laser microscope
image of the microgrooved surface. SEM images of LIPSS on different
pitch depths and lengths are shown in Fig. 13. These figures indicate
that a short pitch length is better to control LIPSS. In the case of the
pitch length of 50 um, the LIPSS was destroyed at the area far from
microgrooves. It is also clear from Fig. 13 that straight LIPSS were
fabricated on the processed surface compared to LIPSS on the flat sur-
face. Fig. 14 illustrates the effective range, where LIPSS were actually
fabricated, of experimental conditions when LIPSS was fabricated on
the flat surface and the surfaces with grooves of 2 um in depth and pitch
lengths of 10 and 50 um. From these results, it can be concluded that
microgrooves facilitate the fabrication of LIPSS since the parametric
decay favorably occurs at the microgrooves and surface plasma waves
are readily induced.

Figs. 15 and 16 show the pitch length and the height of the

Table 3
Microgrooving conditions.
Tool Diamond
Nose angle 90°V
Material Ni-P
Depth of cut 1, 2um
Pitch f 10, 50 pm
Cutting speed 10000 mm/min
Atmosphere 0Oil
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Laser
oscillator

Polarizer

Beam
splitter

Workpiece

Fig. 11. Setup of laser processing.

Table 4
Experimental conditions.
Wavelength 1064 nm
Pulse duration 20 ps
Frequency 50Hz
Beam spot size 2500 pm

1 - 1000 shots
0.072-0.251 J/cm?
Ni-P

Irradiation number n
Energy density E4
Workpiece

Fig. 12. Laser microscope image of the processed surface with grooves of 2 um
depth.

fabricated LIPSS on the flat and the microgrooved surfaces, respec-
tively. As shown in Fig. 15, compared with LIPSS on flat surface, pitch
length of LIPSS is a little small on the grooved surface, although it is
considered that pitch length of LIPSS on the grooved surface is larger
than that on a flat surface since absorbed energy is increased due to
much production of plasma wave by grooves. In case of the 1-pm-deep
grooved surface, pitch length of LIPSS is larger on the grooved surface
with smaller pitch of grooves since plasma wave is induced more ef-
fectively by more grooves increasing absorbed energy. Contrastingly in
case of the 2-um-deep grooved surface, increase of the number of
grooves on the irradiated area decreased the pitch length of LIPSS since
the deep grooves might disturb surface plasmon. Further studies about
effects of grooves on the pitch length of LIPSS are needed. The height of
the LIPSS was evaluated by an atomic force microscope (AFM) and
Fig. 16 shows that while the LIPSS on the surface with microgrooves of
1 um depth and 10 pm pitch length is the highest, and microgrooves
help to expand the aspect ratio of the LIPSS. In this regard, the mi-
crogrooved surface was more suitable for irradiation than a flat surface
for fabricating LIPSS. It can be concluded that ultraprecision cutting
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Fig. 14. Effective range of experimental conditions.

prior to irradiation with a short-pulsed laser is an effective method for
the control of LIPSS: straight microgrooves likely induce the parametric
decay and propagate the surface plasma waves perpendicularly to the
grooves, and the surface plasmons occur periodically and linearly, fi-
nally resulting in straight LIPSS.

5. Conclusion

The effects of the surface shape on the fabrication of LIPSS were
clarified by employing ultraprecision cutting prior to a short-pulsed
laser to control the fabrication of LIPSS. The following conclusions can
be drawn from this investigation:

Precision Engineering 55 (2019) 433-438

1]

flat dlpl0 dlp50 d2pl0 d2p50

Fig. 15. Pitch length of LIPSS.
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Fig. 16. Height of LIPSS.
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1. FDTD simulation shows that a straight microgroove likely induces
both a periodic and linear electric field after laser irradiation while
there is no electric field on the flat surface irradiated by laser.

. LIPSS was straight on all surfaces with microgrooves of different
pitch lengths and depths. A shorter pitch length provides better
since the LIPSS is distorted at the area far from the microgrooves
when the pitch length was longer. This difference was not confirmed
for LIPSS on grooved surfaces with different depths.

. The pitch length of LIPSS is close to and depends only on the laser
wavelength regardless of the pitch length and depth of the micro-
grooves.

. LIPSS fabricated on the microgrooved surface are higher than those
on the flat surface. The short pitch length of microgrooves is effec-
tive to fabricate high aspect ratio LIPSS.

. Ultraprecision cutting prior to irradiation by a short-pulsed laser is
effective to control LIPSS since the parametric decay is likely caused
at microgrooves, and the periodic and linear plasma wave are
readily induced and propagated perpendicularly to the grooves.

. The proposed method is able to make LIPSS straight and improve
aspect ratio, providing high functionalities, and has possibility to
control LIPSS.
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ARTICLE INFO ABSTRACT

As a particular important factor in UltraSonic Machining (USM), the tool wear largely affects the material re-
moval process and accordingly influences the machining performance. Although a number of experiments were
conducted to monitor and measure the tool wear during USM in previous works, the nature of the tool wear
mechanism and its relation to material removal have not been totally understood. Therefore, both simulations
and experiments were conducted for studying the influence of tool wear on material removal in this work. Three
different tool materials i.e. 304 stainless steel, 1045 carbon steel, and tungsten carbide were used. A numerical
simulation model utilizing both Smoothed Particle Hydrodynamics (SPH) meshfree method and Finite Element
Method (FEM) was built first to predict tool deformation and fractures of workpiece and abrasive particles.
Experiments were then conducted to verify the simulation results. It was found that using tool materials pos-
sessing a high flexibility such as 304 stainless steel can slow down the wear of abrasive particles and improve the
material removal efficiency. Additionally, work hardening was confirmed to occur in 304 stainless steel and
accordingly suppressed the tool wear. On the other hand, when using tungsten carbide as the tool material, even
though the tool wear was small due to the high hardness, the abrasive particles were abraded seriously and the
material removal efficiency was lowest. Finally, the relation between the material removal and the tool wear was

Keywords:

Ultrasonic machining

Smoothed particle hydrodynamics (SPH)
Hard and brittle materials

Tool wear

Material removal mechanism

discussed based on these results.

1. Introduction

Hard and brittle materials have a wide variety of industrial appli-
cations due to their superior mechanical and physical properties.
Various micro-shaped structures are required to be fabricated on these
materials to endow them with more attractive performances. Generally,
not only the material property would influence the quality and the
stability of the final products, the machining precision and potential
damages on the machined surfaces can also strongly affect the service
performance. For example, in fabrication of quartz accelerometers or
gyrometers, damages can generate and propagate in the crystal from a
tiny defect even in nanometer scale, which may deteriorate the re-
solution of the final products [35]. Therefore, to meet the increasing
applications of hard and brittle materials, developing precision and
efficient micromachining techniques is urgently demanded. However,
the high hardness and strength and chemical stability make their ma-
chining process extremely hard, costly and time-consuming [5,9]. At
present, efficient and economic fabrication of micro-structures with
high dimensional accuracy and surface quality on hard and brittle

materials is still a great challenge to keep up with the development of
advanced technology.

Numerous non-traditional methods such as Laser Beam Machining
(LBM), Electrical Discharge Machining (EDM), ElectroChemical
Machining (ECM) and UltraSonic Machining (USM), have been devel-
oped to solve the problems in manufacturing hard and brittle materials.
Among these processes, the micro-USM is considered the most effective
from the views of machining efficiency, cost, machined form accuracy,
surface quality and material dependence [39]. It does not thermally or
chemically damage the work material and does not cause significant
levels of residual stress. Fig. 1 shows a schematic view of USM. A tool is
set directly above the workpiece and ultrasonically vibrated perpendi-
cular to it. A slurry comprising hard abrasive particles is provided
constantly into the working zone, and the tool indirectly impacts the
workpiece surface through these abrasive particles. For hard and brittle
materials, a large number of tiny fractures occur and the materials are
removed by their accumulation. In this system, many process para-
meters exist which would influence the machining performance. Major
parameters including slurry characteristics [36,37,6,9], work material
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Fig. 1. Schematic view of USM.

[26,28], tool material [32] and some other dynamic conditions [11,32]
on the machining performance have been widely experimentally in-
vestigated. In addition, many studies were conducted to reveal the in-
volved material removal mechanisms in USM [23,38,4]. However, due
to the complexity of this process and the difficulty of observing the
machining phenomena directly, a total understanding of USM is still not
possible. The relation between the various process factors and material
removal should be further studied with a more effective way, which is
important for putting micro-USM into practical high quality micro-
machining. Therefore, authors of this work firstly proposed to use
Smoothed Particle Hydrodynamics (SPH) method to clarify the mateiral
removal mechanism [33]. Wear of abrasive particles and crack gen-
eration in workpieces were investigated by the calculation in conjuction
with the experimental verification [34], and the SPH method is proved
effective in studying the material removal mechanism in USM.

As a particular important factor in this system, the tool wear can
largely affect the material removal process. The complex tool wear
patterns in USM is divided into longitudinal wear and lateral/side/
diametral wear [3]. The longitudinal tool wear is the shortening or
reduction of the length of the tool, while the lateral wear refers to the
diameter reduction of the tool from the original contour. A number of
investigations [10,15,22] have been conducted to monitor and measure
both of them. The influence of tool wear on machining performance
have also been discussed in these works. The results have shown that
tool wear is a very important variable in micro-USM, which affects both
the machining rate and the machining precision. A worn tool produces
a poor form accuracy and a wrong choice of the tool will even lead to
failure of the machining. However, as mentioned above, the nature of
the tool wear mechanism and its relation to material removal during
micro-USM are still not clear. Generally, tool wear in micro-USM de-
pends on several parameters including tool material, workpiece mate-
rial, static load of the tool on the abrasive particles, amplitude of tool
vibration, and dimension and type of abrasive particles [7]. In this
paper, the effect of tool material was investigated by both SPH simu-
lations and USM experiments. 304 stainless steel, 1045 carbon steel,

SPH particle
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and WC were used as the tool material for comparison. The machining
efficiency, surface quality, wear of abrasive particles and tool wear
when using different tool materials were studied. We found that the tool
material used in USM is not the harder the better, and some interesting
features exist in the wear process. Finally, the tool wear mechanism and
its relation to material removal was further discussed by using these
results, which is significant for understanding USM process and im-
proving the machining performance.

2. Simulation method and results
2.1. SPH to FEM coupling

The simulations were conducted with the computer program
AUTODYN from Century Dynamics. The SPH solver has been im-
plemented in it and can be used together with other grid-based
Lagrangian techniques including FEM. Grid-based techniques assume a
connectivity between nodes while SPH utilizes a density estimation. In
SPH, a set of particles endowed with physical properties are distributing
in the domain and interacting with each other according to the gov-
erning equations to simulate a practical problem. SPH does not require
a numerical grid, therefore problems involved in large deformations
and fractures which may result in error due to mesh distortion and
tangling in the FEM could be solved [25]. Consequently, it is suitable to
study the material removal due to fracture failure of hard and brittle
materials in USM. However, the SPH is always more expensive in
computation time because the algorithm takes more time to find
neighboring particles. The combination of SPH and FEM allows mate-
rial in small deformation to be constructed with grid-based solver and
reduces the calculation amount. The joining method between SPH
particles and finite element mesh is schematically shown in Fig. 2. The
particles for the object can be aligned with the edge of a mesh and does
not need to be aligned at nodes. On the other hand, a small gap size is
defined to detect the interaction between objects (not joined together)
modeled with different solvers. These provide the possibility of calcu-
lation among SPH and FEM.

2.2. Material modeling

Glass was used for workpiece modeling; silicon carbide (SiC) was
employed as abrasive material; SS304, STEEL1045 and WC referred to
stainless steel (AISI: 304), carbon steel (AISI: 1045) and tungsten car-
bide were utilized for tool modeling. The Mie-Griineisen polynomial
equation of state [1] was employed to describe the initial elastic re-
sponse of glass and SiC materials. In this material model, the hydro-
static pressure P is

P=Au+ Ap? + Ap® + (By + Bi)pge (u>0 Compression) @

Fig. 2. Joining method between SPH particles and
finite element mesh.

fo

Fa

Grid based
Lagrange part
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P = Tiu+ Tu? + Bopye (u<O0 Tension) )

where A;, A,, A3, By, B;, T; and T, are constants (A; is the bulk mod-
ulus); e is the internal energy; and u = p / pg — 1 for current density p
and initial density po, which is a variation of the volumetric strain.

On the other hand, Johnson-Holmquist material model was used to
describe the strength and damage behavior of the two materials which
may fracture in the USM. There are two closely related variations of this
model. The first version is commonly called JH-1 [18] and the second
version is correspondingly termed JH-2 model [19] which incorporated
a damage evolution rule. They are suitable to simulate the fracture
phenomena of brittle materials and proved effective to visually express
the crack extension [13].

The Shock equation of state [1,8] was used for SS304 and WC
materials. In this model, the Hugoniot relations [21,29] is chosen as the
reference function for the Mie-Griineisen equation of state. While for
STEEL1045, the equation of state simply used a linear description as

p = Ku ©)

where © = (p / pp) — 1, and K is the material bulk modulus. This form
of equation of state is only used for small compressions.

The strength of SS304 is formed by Steinberg-Guinan model [31].
The model produced expressions for the shear modulus G and yield
strength Y as functions of equivalent plastic strain &, pressure P and
internal energy T. The constitutive relations for Steinberg-Guinan
model are represented in the forms

_ G\ P (G _
G_GO[1+(G())77”3 +(G0 )(T 300)] @
= N %\ P (G
Y_K’[1+K(E+S‘)][l+(¥0)n1/3 +(G0 )(T 300)] ®

where x and n are work-hardening parameters.

Johnson-Cook model [17] was employed to model the strength
behavior of STEEL1045. The model for the von Mises stress, o, is ex-
pressed as

o=[A+ Be][1+ Clné*][1 - T*"] (6)

where ¢ is the equivalent plastic strain, é* = ¢/¢, is the dimensionless
plastic strain rate for ¢, = 1.0 s~ %, and T" is the homologous tempera-
ture where T " = (T — Teoom) / (Tmeit — Troom). The five material
constants are A, B, t, C, and m, where A is the yield stress, B and t
represent the effects of strain hardening, and C is the strain rate con-
stant.

The strength for WC was simply used von Mises yielding criterion.
The yield occurs when von Mises equivalent stress o is greater than the
yield stress Y [20], which is shown as

1/2
”e (0x — ) + (0y — 0 + (0 — 0 )* + 6(T, + T + T2) _y
2
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Workpiece

Workpiece
(Mesh)

Fig. 3. Snapshot of the initial state of the simulation model.

The important parameters for glass [2,14], SiC [12], SS304 [30],
STEEL1045 [16] and WC [30] are summarized in Table 1.

2.3. Construction of simulation model

A snapshot of the initial state of the simulation model is shown in
Fig. 3. A one-quarter model with symmetric boundary conditions was
used to reduce the calculation amount. The abrasive particle was as-
sumed to be a sphere which was different from those of angular shape
in the experiments to simplify the model. In our former work [34],
effects of the spherical and angular abrasive particle on USM were
discussed by both SPH simulations and experimental verifications. It
was found that sharp corners of the angular particle would be worn and
turned to be round with the increase of machining time. The generated
round particle resisted wear better and played a primary role in ma-
terial removal. As we are focused on the tool wear in the current work,
simulations by using spherical particles are considered suitable for the
investigation. The abrasive particle and the partial workpiece areas
around the impact site were built with SPH solver, while the tool and
the remaining parts of the workpiece were modeled using the Lagrange
finite element mesh to improve the calculation efficiency. The
smoothing length used in the model was 200 nm. The finite element
mesh sizes of the workpiece and the tool were 1 pm and 0.25 um, re-
spectively. The velocity condition of the tool vibration was applied on
the top surface of the tool, which is simplified from ideal condition

™ given in the experiments. The calculation method of the velocity was
Table 1
Material models and important parameters.
Float glass SiC SS304 STEEL1045 wC
Equation of state Polynomial Polynomial Shock Linear Shock
Density g/cm® 2.53 3.215 7.9 7.83 14.9
Bulk modulus GPa 45.4 220 None 159 None
Griineisen coefficient T None None 1.93 None 1.5
Strength Johnson- Holmquist Johnson- Holmquist Steinberg-Guinan Johnson- Cook Von Mises
Shear modulus GPa 30.4 193.5 77 (Go) 81.8 254
Hugoniot elastic limit GPa 5.95 11.7 None None None
Yield stress MPa None None 340 (Yo) 553.1 (A) 5100 (Y)
Failure Johnson- Holmquist Johnson- Holmquist None None None
Hydro tensile limit MPa 150 750 None None None
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Fig. 4. Time-dependent results of material status with (a) SS304, (b) STEEL1045, and (c) WC tools.

introduced in our former work [33]. Two cycles of the loading
boundary conditions with the initial velocities of 0.75 m/s and 0.9 m/s
were used. Fixed boundary conditions were applied to the bottom and
the side surfaces of the workpiece.

2.4. Simulation results

Time-dependent results of material status with SS304, STEEL1045,
and WC tools are shown in Fig. 4(a), (b), and (c), respectively. Red color
means material failure. Median/radial and lateral cracks [24] are
confirmed to be generated during the loading and unloading cycles for
all three cases. The penetrations of the abrasive particles into SS304 and
STEEL1045 tools can be seen immediately at the start of the calcula-
tions with that being deeper for SS304 tool, while no variation of WC
tool can be found in the total calculation cycle. A plastic region (blue
color) was firstly generated in the workpiece when subjecting to the
compression of abrasive particles. It was generated after a calculation of
0.25 ps with both STEEL1045 and WC tools and after 0.5 ps with SS304
tool. Similar lag of fractures in the abrasive was also occurred with
SS304 tool. The possible reason is that the large deformation of SS304
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After second unloading

t=5ps After second unloading

due to the abrasive penetration slows down the indentation into the
substrate and relieves abrasive fracture. The median cracks grew into
6.6, 6.4, and 5.8 um in depth at the end of the first unloading cycle (t =
5 ps) with SS304, STEEL1045, and WC tools, respectively. The obvious
decrease of the crack size with a WC tool is considered as the result of
particle fracture. At the time, the total fracture mass (calculated from
the red elements) of the abrasive particle was the largest of 21.09 pg
with the WC tool, while being 17.9 pg with the STEEL1045 tool and the
lowest value of 14.2 pg when using the SS304 tool. During the second
cycle, no extension of the median crack occurred with the SS304 tool,
while the crack depth increased to 6.8 and 6.4 um with STEEL1045 and
WC tools, respectively. The large deformation of the SS304 tool is
considered helpful in suppressing the further crack growth in the depth
direction. On the other hand, the lateral cracks with widths of 7.1, 7.9,
and 9.1 pm were generated after the first vibration cycle and extended
to 7.9, 8.3, and 9.5 pym with SS304, STEEL1045, and WC tools, re-
spectively. The large lateral cracks and their growths are significant for
the material removal. In respect to WC tool, the lateral crack was the
largest after the first loading cycle, but its growth is low during the
second cycle. It is considered that even though the indentation into the
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workpiece with the WC tool is larger due to no penetration into the tool
at first, the fracture of the abrasive particle decreased the pressure
applied on the work surface in the following impact. Therefore, the
crack width was only increased slightly, which was not helpful for
material removal. Fig. 5 shows the plastic strains on the three kinds of
tools. The highest value of the SS304 tool was nearly 1.25 times higher
than that of the STEEL1045 tool. Whereas no plastic strain occurred in
the WC tool and correspondingly no deformation was generated to re-
lieve the compression pressure applied on the abrasive particles. Pres-
sure change over the time for different tools during first vibration cycle
were summarized as shown in Fig. 6. The solid lines depicted the results

i
Za
i
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Fig. 5. Plastic strain on different tools: (a) S5304, (b)
STEEL1045, (c) WC.
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(d) 5 ps
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at the contact center of the tool and the abrasive, while the dash lines
illustrated the results at the point of 0.75 pm above the contact center.
The pressure at the contact center was the lowest with the SS304 tool
due to its lowest resistance to deformation. Besides, the difference of
pressure in the two evaluated points was smallest when using SS304
because of the possible reason that the pressure was transmitted inside
the tool material.



J. Wang et al.

5.50E+06

SO0E+06 F 0 um (SS304)

—— 0 um (STEEL1045)

—== 0.75 um (SS304)
4.50E+06 |
—== 0.75 pm (STEEL1045)
4.00E+06

0 um (WC) 0.75 um (WC)

3.50E+06
3.00E+06

2.50E+06

Pressure kPa

2.00E+06
1.50E+06 F
1.00E+06 K

5.00E+05

0.00E+00

1.5 2

Time ps

45 5

Fig. 6. Pressure change over the time for different tools (evaluated at the contact center
of the tool and the abrasive and the point of 0.75 um above this contact center).

3. Experiments with different tool materials
3.1. Machining efficiency with different tools

A stationary ultrasonic drilling machine (SD-100K; Taga Electric
Corporation) was used in this work. To verify the simulation results, the
same tool materials were utilized in experiments. Blind-hole drilling
experiments on glass plates were conducted to compare the machining
efficiency. The detailed experimental conditions are listed in Table 2.

The results of machining force with different tools are shown in
Fig. 7. The machining forces for all the three cases were steady and
lower than 3 N when the feed rate was low as shown in Fig. 7(a), which
means that the material removal was carried on smoothly. On the other
hand, the machining forces for all the three cases rapidly increased if a
high feed rate was employed as shown in Fig. 7(b), which implies that
the material removal rate cannot meet the tool feed rate. The maximum
feed depths under different feed rates until the machining force reaches
3 N are shown in Fig. 8. The results show that the tool feed rate can be
up to 7 um/s to finish 500 pm feed with the tool made of SS304, while
being 6 um/s by using the tool made of STEEL1045 and the lowest
value of 2 um/s by using the tool made of WC. Therefore, the ma-
chining efficiency when using different tool materials can be ordered
from high to low in magnitude as to be SS304, STEEL1045 and WC. In
consideration of the simulation results, the lowest material removal
efficiency with WC tool may be associated with the large fractures of
the abrasive particles. Because of the severe wear of abrasive particles,
the crack generation and growth in the workpiece were suppressed, and
which accordingly slows down the material removal rate.

3.2. Subsurface cracks

The machined surfaces after etching were observed with an SEM
and the crack depths of the remaining cracks were examined. The crack
distribution for each case is summarized as shown in Fig. 9. Depths of
cracks on the bottom surfaces are less than 6 uym and larger than those

Table 2
Experimental conditions for blind-hole drilling experiments by using different tools.

About 61 kHz

About 4 um (peak-to-peak)

500 pm

Lower than 3 N

304 stainless steel, 1045 carbon steel, WC (¢ 1 mm)
SiC (mean size: 8 um)

Vibration frequency
Vibration amplitude
Maximum tool feed depth
Machining force

Tool material

Abrasive material

Tool feed rate 1~ 15pum/s

Flow rate of slurry 50 mL/min

Abrasive volume 10 wt.% mixed with water
Workpiece material Glass
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Fig. 7. Machining force with different tool materials: (a) low feed rate, (b) high feed rate.
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Fig. 8. Maximum feed depth under different feed rates with different tools.

of cracks on the side surfaces for all the three cases. The bottom surfaces
contain a small percentage of cracks larger than 3 um when using WC
tool and it was the lowest among the three cases. The mean depths
when using different tools were calculated based on these observations
and plotted in Fig. 10. The calculated values are 1.73, 1.70, and
1.68 um for the bottom surfaces with the SS304 tool, the STEEL1045
tool, and the WC tool, respectively. The corresponding values for wall
surfaces are 1.25, 1.27 and 1.21 um, respectively. The depths of re-
maining cracks tend to decrease with the WC tool, which again supports
the simulation results that the crack growth was slowed down due to
the large fractures of abrasive particles.
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Fig. 10. Mean crack depth with different tools.

3.3. Wear of abrasive particles

To compare the wear of abrasive particles with different tool ma-
terials, deep holes up to 1300 pm were drilled on glass plates. Slurry of
20 g in mass (not including the amount in the pump tube) with a low
concentration of 5 wt.% was provided at first and no fresh slurries were
added in the machining process. The detailed experimental conditions
are listed in Table 3. The transition of the mean particle size with the
increase of machining time is depicted in Fig. 11. The results show that
the particle size decreases with the machining time for all three cases. It
also clearly shows a fastest decrease in particle size with the WC tool,

102

which means that a highest wear rate occurred in abrasive particles
with this tool material. Suppression of particle wear can be obtained
with the other two materials possessing high flexibility. These results
well agreed with the simulation results that the particle fracture can be
suppressed due to the deformation of the tools.

3.4. Tool wear

The machining conditions for investigating the wear of different
tools are listed in Table 4. Each tool was used for machining five holes
successively. The cumulative longitudinal tool wear with the increase of
the number of holes is shown in Fig. 12. The tool wear increases almost



J. Wang et al.

9
-~ 304 stainless steel

g s -o- 1045 carbon steel
g 8 f
‘@ wC
° I
2 T
= |
g E o
Q
=

6 L . L

0 500 1000 1500 2000

Machining time s

Fig. 11. Decrease of mean particle sizes when using different tools with the increase of
machining time.

Table 4
Experimental conditions for investigating the influence of tool materials on tool wear.

Vibration frequency About 61 kHz

Vibration amplitude About 4 pm (peak-to-peak)

Maximum tool feed depth 1000 pm

Machined hole numbers of each tool 5

Tool material 304 stainless steel, 1045 carbon steel, WC
(z 1 mm)

50 mL/min

SiC (mean size: 8 um)

10 wt.% mixed with water

Workpiece material Glass

Flow rate of slurry
Abrasive material
Abrasive volume

100

-~ 304 stainless steel
80 - 1045 carbon steel

60

40

N

3 4 S

Hole number

Longitudinal tool wear um

(8]

Fig. 12. Longitudinal wear of different tools during holes drilling experiments.

linearly with the number of holes for all cases, which indicates that the
longitudinal tool wear during USM grows nearly uniformly with the
machining time under the same machining conditions. The wear of the
STEEL1045 tool was the highest, followed by the SS304 tool, and it is

o
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the lowest for the WC tool. The cross-sectional profiles of the cutting
surfaces before and after machining were measured for the three tools
as depicted in Fig. 13, Fig. 14, and Fig. 15, respectively. The results
show that the lateral wear of the WC tool is also the lowest. It is be-
lieved that the harder the tool material, the larger the lateral wear re-
sistance [22]. In addition, large wear in the center of the cutting surface
after machining five holes was confirmed for STEEL1045 tool, the same
wear was slight for SS304 tool. In respect to WC tool, no center wear
can be found on the cutting surface. All the results show that the tool
wear is highest for STEEL1045 tool. As we know, both SS304 and
STEEL1045 have good strength, durability, and flexibility, however the
SS304 tool shows a much better machining performance than the
STEEL1045 tool. Therefore, to find the reason, the properties of the
cutting surface of the tools were evaluated.

The hardness of the different tools before and after machining was
measured with a microhardness measuring system (FISCHERSCOPE®
HM2000 LT). The values for each case were obtained by calculating an
average value of five different measured points under a load of 500 mN.
Fig. 16 depicts the load-depth curves based on measured results. The
figures on the left side show the results before machining, while those
on the right side exhibit the results after machining. Fig. 17 shows the
measured Vickers hardness and Fig. 18 shows the indentation modulus
calculated from the slope of the tangent of the unloading curve. In re-
spect to SS304 tool, the hardness increased dramatically after USM,
which explained the result that low wear occurred on SS304 tool during
USM. The drastic increase in the hardness of austenitic 304 stainless
steel is considered as the result of the work hardening of the cutting
face due to repeated impacts of abrasive particles. Commonly, when
austenitic stainless steels are deformed or strained, formation of a
martensite occurs and the dislocation density within the host material
increases in accordance with the amount of deformation [27], which
will harden the material. As the cutting surface became harder after
impacts of the abrasive particles, the erosive wear of the tool can be
suppressed. On the other hand, the indentation modulus of SS304 after
USM is still around 200 GPa, which means the tool is as flexible as the
one before machining. It is considered that the interior material was not
hardened as the cutting surface. The tool still showed flexibility when
subjecting to impacts of abrasive particles, which is significant to sup-
press the abrasive fracture and maintain the machining gap. For the
other two materials, both the hardness and the indentation modulus
decreased after USM, which implies a degradation of surface quality
due to repeated impacts. Micrographs of the test surfaces are shown in
Fig. 19. All the surfaces were polished with #1200 abrasive paper be-
fore machining. After USM, SS304 showed irregular indentations and
scratches as marked in Fig. 19(a). Flattened surface can also be found,
which is considered as the result of successive impacts of the erodent
abrasive particles. In respect to STEEL1045, cracks and large craters are
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Fig. 13. Cross-sectional profiles of the 304 stainless steel tool tip after holes drilling experiments: (a) before machining, (b) after one hole, (c) after two holes, (d) after five holes.
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Fig. 14. Cross-sectional profiles of the 1045 carbon steel tool tip after holes drilling experiments: (a) before machining, (b) after one hole, (c) after two holes, (d) after five holes.

E o0l
=
8
§ 0.05
g
© 0
0 0.2 04 0.6 0.8 1
Scanning direction mm
(2)
£ ol
=
.8
2 0.05
g
© o0
0 0.2 0.4 0.6 0.8 1
Scanning direction mm
(b)

£ 01
]
g
2 0.05
g
© 0

0 0.2 0.4 0.6 0.8 1

Scanning direction mm
©

g o1
=
g
8 0.05
%
2
© 0

0 0.2 0.4 0.6 0.8 1

Scanning direction mm

(d)

Fig. 15. Cross-sectional profiles of the WC tool tip after holes drilling experiments: (a) before machining, (b) after one hole, (c) after two holes, (d) after five holes.

clearly confirmed on the cutting surface after USM machining, which
verified the assumption that the surface quality was degraded due to
repeated impacts of the abrasive particles. WC also exhibited a clue of
the degradation. Random fractures of WC grains occurred after USM as
shown in Fig. 19(c), which is believed to have effects on the hardness
and indentation modulus of the test surface.

4. Discussion on tool wear mechanism and its relation to material
removal

Longitudinal wear of the tool is a complex phenomenon arising from
the hammering action by the abrasive particles at ultrasonic frequency,
abrasion by the flow of the slurry, and cavitation effects [22]. Fatigue
wear and erosive wear are considered to occur in this process. Gen-
erally, the wear is low due to abrasive particles that only indented and
did not slide on the material surface. During the successive impacts
between the abrasive particles and the cutting surface, the tool material
may deform plastically first before fracture.

Fig. 20 shows the relation between the material removal process
and the tool wear in micro-USM. Fig. 20(a) depicts the best situation
with smooth material removal and small tool wear, which can be
considered as the case of using a SS304 tool. In this situation, slight
deformation can occur in the tool material due to the penetration of
abrasive particles, in turn, fractures of both the abrasive particle and
the workpiece can be slowed down. The moderation of particle fracture
is helpful to retain the machining gap and ensure further extension of
cracks in the workpiece. Therefore, high material removal rate can be
obtained. With the machining process going on, the cutting surface
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hardened due to the repeated impacts of abrasive particles, which
makes it keep away from the risk of fractures or other damages and
accordingly reduces tool wear. Besides, the material inside the tool was
not hardened as the cutting surface and still shows a good flexibility
when subjecting to impacts of abrasive particles, which ensures slow
particle wear and high material removal efficiency in total machining
process. Fig. 20(b) shows the tool wear due to jammed material re-
moval. In this situation, the tool also has a good flexibility, which can
be considered to be made of STEEL1045. At the earlier stage of ma-
chining, smooth material removal was conducted and slight deforma-
tion occurred in the tool material. However, in this case, the tool did
not have a high tendency to work hardening as the SS304 and did not
possess sufficient capacity to undergo plastic deformation before frac-
ture took place. Accordingly, the cutting surface exhibited a bad quality
with cracks and big craters. The cracks and big craters are considered to
hinder the motion of abrasive particles, and fresh abrasive particles in
the slurry may be prevented from flowing into the cutting zone. As we
know, the machining gap would become narrower and narrower when
fresh abrasive particles cannot be flushed into the machining area and
this causes the abrasive renewal in the center region more difficult.
Therefore, the difference of the material removal rate at the center zone
and the peripheral area of the tool would be enlarged with further feed.
The fractured particles in the narrow area were not effective to make
material removal, but eroded the tool material and led to a concavity on
the tool surface. When no further erosion occurs, large plastic flow in
the center of the cutting face would be generated inducing a dish shape.
On the other hand, if a very hard tool material, such as WC, is used,
almost no deformation occurs and the particle wear is fast, which is not
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Fig. 16. Load-depth curves of different tools before
and after USM: (a) 304 stainless steel tool, (b) 1045
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good to maintain the machining gap as shown in Fig. 20(c). The ma-
terial removal rate for the entire machined area decreases rapidly, so no
concavity is formed in the tool. In addition, the high hardness of the
tool material can ensure a high resistance to wear.

5. Conclusion

In this work, the tool wear during micro-USM was discussed, which
was considered to have an extremely close relation with the material
removal process. The tool materials were confirmed to have large ef-
fects on the tool wear.

The major conclusions have been drawn as follows:

(1) The tool wear and crack generation were visually demonstrated by
using the SPH simulation models, which is significant for under-
standing the tool wear mechanism and material removal me-
chanism in USM.

(2) Steels with a high flexibility such as 304 stainless steel are good
choices as tool materials in micro-USM. Slight deformation can
occur due to the penetration of abrasive particles, in turn, fractures

Wear 394-395 (2018) 96-108

Fig. 19. SEM photographs of samples for hardness
measurements: (a) 304 stainless steel, (b)1045
carbon steel, (¢) WC.

of the abrasive particles can be slowed down. The moderation of
particle wear can retain the machining gap and ensure further
material removal.

(3) Work hardening occurred on the cutting surface of the austenitic
304 stainless steel tool, while the material inside the tool was not
hardened and still had a good flexibility. The combination of the
two features ensures slow tool wear and particle wear.

(4) 1045 carbon steel does not have a high tendency to work hardening
and does not possess sufficient capacity to undergo plastic de-
formation before fracture. Cracks and big craters occurred on the
tool surface during machining and then prevented fresh abrasive
particles flowing into the cutting zone. The fractured particles in
the narrow center area were not effective to make material re-
moval, but eroded the tool and led to a concavity on the tool sur-
face. Therefore, the tool material applied in USM should be able to
keep a good surface quality under successive impacts of abrasive
particles for smooth material removal.

(5) The wear of abrasive particles is fast when using a hard WC tool
because almost no deformation occurs, which is severe to maintain
the machining gap. Even though the tool material is too hard to be
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Fig. 20. Relation between material removal and tool wear.

eroded, the material removal rate for the whole machined area
decreases rapidly. Therefore, the tool material used in USM is not
the harder the better.
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The purposes of this study were to evaluate the microstructuresand chemical composition changes of the surface of tetragonal zirconia
polycrystal (TZP) after irradiation of nanosecond pulsed laser and to consider the effects for biocompatibility. Two types of zirconia ceram-
ics, yttria—stabilized TZP (Y-TZP) and ceria-stabilized TZP/alumina nanocomposite (Ce-TZP), weré irradiated. To evaluate microstruc-
tures, the irradiated samples were observed with a scanning electron microscope (SEM). Laserirradiation blackenedithe surface of Ce-TZP;
contrastingly, it gave no color change on that of Y-TZP. To identify the chemical composition changes, the samples werecharacterized using
X-ray diffraction (XRD), energy dispersive X-ray spectrometry (EDX) and X-ray photoelectron spectroscopy (XPS). To examine the
changes in the surface chargeability of zirconia, zeta potential was determined. SEM images showed microgrooves, whose widths were the
same as that of laser spot (30 um), were formed on the surfaces of both samples, and the surfaces of the grooves were roughened by coagula-
tion materials of a few micrometers in size. Such cell-sized grooves with rough surfaces are considered a favorable environment to help os-
teoblast cells to grow. XRD patterns showed that laser irradiation induced monoclinic-to—tetragonal phase transform. Because the monoclinic
phase was induced by machining or polishing, this result means laser irradiation returned the crystal phase to the bulk state. However, XRD
patterns did not reveal the reason of the color change. EDX result showed oxygen atoms decreased on the irradiated surface of both samples.
In addition, XPS spectra of Zr3d from Ce~TZP showed a part of Zr** shifted to lower side after irradiation. Considering these points, the color
change was caused by the generation of oxygen—deficient zirconia. After laser irradiation, zeta potential of Ce-TZP was decreased. This result
suggests the possibility that the amount of deposition of ions and proteins in body liquid is decreased. It is concluded that the grooves to im-
prove biocompatibility can be formed on TZP surfaces by nanosecond pulsed laser, but adverse chemical composition change can be occurred
by deficiency of oxygen. Additional process may be needed to prevent the phenomenon.  [doi:10.2320/jinstmet.J2018043]

(Received August 20, 2018; Accepted October 30, 2018; Published December 14, 2018)
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Fig. 1 Diagram of laser spot.

Table 1 Laser irradiation conditions.

Pulse duration 3 ns

Power 150 wl/pulse
Wavelength 1064 nm
Frequency 50 Hz

Scanning speed 7 um/s

Laser spot Rect. 30 um x 60 um

Environment Standard atmosphere
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Table 2 Roughness measurement conditions.

Magnification 50x
Sampling areas 2048 pm X 1536 um
Measurement length 200 pm
Number of sampling n=20

Cutoff value
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Fig. 3 The region for measurement of EDX.

Table 3 Conditions for measurement of zeta potential.

Solvent Water
Refractive index 1.3
Viscosity 8.9 mPas
Permittivity 78.3

Temperature 25°C
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Fig. 4 SEM images. (a) Trradiated surface of Y-TZP; (b) Trradiated
surface of Ce-TZP; (c¢) The cross-sectional face of Y-TZP; (d) The
cross—sectional face of Ce~TZP; (e) High magnification image of Y-
TZP; (f) High magnification image of Ce-TZP.

Table 4  Surface roughness values of irradiated Y-TZP and Ce-TZP
(Ra + Standard deviation) .

Y-TZP Ce-TZP
Ra, pm (Laser-irradiated) 2.42+0.57 1.73+0.47
Skewness -0.37 -0.83
Kurtosis 0.16 0.10
Ra, um (Sandblasted)'" 1.01+0.08 1.13+0.10
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Table 5  Scratch conditions.
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Fig. 5 SEM images of scratch mark. (a) Irradiated Y-TZP; (b)
High magnification of (a).
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Fig. 7 Friction coefficient of irradiated and polished Y-TZP.
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Fig. 8 Photographs of irradiated and heated samples. (a) Y-TZP;
(b) Ce-TZP.
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Fig. 9 XRD patterns of TZP surfaces. (a) Y-TZP; (b) Ce-TZP.
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Table 6 Binding energy at the peak position of each isolation spec-
trum.

Spectrum Line  Ey/eV
(D 3ds. 183.0
3d;, 1854
(1) 3ds.  184.0
3d;,  186.4
(1) 85.4
(IV) 3ds, 1825
3di 1849
(V) 3ds. 184.0
3d,  186.4

Table 7 Binding energy of Zr3d corrected by assuming the binding
energy of gold 4f7), line at 83.9 eV.

Oxidation state Line  E/eV
Zr0O, 3ds» 182.9+0.1
3dso 185.2+0.1
(ZrO), 3ds:  180.7+0.1
3ds» 183.0+0.1
(ZxO); 3ds.  179.740.1
3ds 182.0+0.1
Clean Zr 3ds» 178.7+0.1
3ds 181.1£0.1
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Low wear / low friction interface generation by plasma-shot treatment and grinding processing
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Development of High Functional Cutting Tool with Nanostructure
Fabricated by Short Pulse Laser
O%F ®¥# —#", /IE BF", HK FE!
UH BEXY, KB ExT, B Ex
Kazuhiro FUKUT", Shuhei KODAMA®™, Kouhei SHIMIZU"!,
Keita SHIMADA™!, Masayoshi MIZUTANI"! and Tsunemoto KURIYAGAWA"!
! ALK Tohoku University

In the field of cutting, improvement of friction characteristics and process under the dry condition has been
demanded to achieve cost-effective and environmentally friendly process. Hard coating is a well-known method to
reduce friction, but limitations of control of film are also pointed out. Micro- or nanostructures on the friction surfaces
has also been paid attention because they can reduce friction. The authors have tried to realize a further friction
reduction than using only each method by creating nanostructures on a hard coating with a short pulse laser through the
phenomenon called laser induced periodic surface structure (LIPSS). In this report, two samples, LIPSS on the hard
coating and hard coating on LIPSS, were prepared and these surface properties were evaluated. Then the friction
characteristics of them by friction test under the dry condition were evaluated.

Key Words : Friction, Hard coating, LIPSS, Nanostructure, Short pulse laser
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AERTIIE L —FRIRES (EKSPLA #8, PL2250-50-P20) 2A W CL—¥2BE L. R1iZL—VR
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a—F ¢ 7 LB (LC R KD o 2 i ER L. v —VHEITOREIERIZHT 2 BTN & Sa, &
K Sl E Sz i CL 3EHT Sa=0.010 pm, Sz=0.272 um, LC 3} T Sa=0.008 um, Sz=1.015pum TH
27,

Table | Laser beam parameters.

Coated-then-LIPSSed (CL) sample LIPSSed-then-coated (LC) sample
Wavelength 1064 nm
Pulse width 20 ps
Frequency 50 Hz
Laser fluence 0.0715 J/em? 0.226 J/em*
Number of shots 150 75
Base material Stainless steel Cemented carbide

3. REBER

31 5@ LA L—HIC & HRGEE SRR

B 1 35RO b—F B O AT RUPRMEE (SEM: Scanning Electron Microscope) HifgTHh 0, FHhFh
DEEMIZEBO TR WSS ORI HEGR T X 5, Fin, B 2 18008k & 5 7[5 ) BEFS 845 AFM: Atomic Force
Microscope)Z HIV N THIE L7z 3 Yoclifg b = OWiE 70 7 7 A L Th Y, Wimi7' 07 74 L LY EH L LIPSS
O1iEE CL Gl 883.8 nm, A5 X 156.5 nm, LC 3B} TR 921.7 nm, #3555 & 1408 nm &, HER
L UM S ok E AERIIMGRE S . —J7C SEM B4 L O3 kgoiEdk L 0 CL 3ENTIZ L 0 ok ok
LA SN TOHONMERELD. LIPSS ORGSR = 2 X —(TEfFE L, Bz RAF—UhE0EY
WG Ap D Z LD G TWAHO, AT & ETRIEC T 7 L—3 a L RREAS A D S0 E MRS O filpk
AMRET RN —A e 0, CL SURHOMAHIAN S IR BH = 2L — 2B 72 D L0 Sl e il 2 8@ A IZ ARl
ni-LBZzbhs.

CL sample LC sample

Figure | SEM images of microstructures: CL sample, LC sample.

CL sample LC sample ,
7.46 pm . 7.46 pm
7.47 pm /Iumm
it .
M
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oo e - P -

yipm) u jem)

Figure 2 3D AFM topography of microstructures: CL sample, LC sample.
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\
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Figure 2 Average friction coefficients of CL samples and coated samples

N=500 g N=2000 g

10 pm 10 pm

Figure 3 SEM images of CL samples

Figure 4 Friction ball surfaces after friction tests
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Figure 5 Average friction coefficient of LC samples and C samples
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Figure 6 SEM images of LC samples
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Figure 7 Friction ball surfaces after friction tests
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Evaluation of Wear and Corrosion Resistance of PDM Treated Titanium
O% /#k B—", AZ Bz KB ExS
Keiichi KOBAYASHI"!, Noriyuki HISAMORI™,
Masayoshi MIZUTANI"3
N FEARFARFE  Sophia University Graduate School, ‘2 _E%&K%  Sophia University,
% HILKF  Tohoku University

Titanium alloys is widely used as biomedical implant materials due to its high strength and biocompatibility.
However, poor wear resistance has prohibited its application as bearing materials for artificial joints. In order to improve
the wear resistance of titanium alloys, much research has been done on surface modification of titanium. Plasma discharge
modification (PDM) is one of the promising surface modification methods of titanium. In this study, wear and corrosion
resistance of PDM treated titanium, TiC processing and Si processing, was evaluated. The result of ball on disk wear test
showed that PDM greatly improves the wear resistance of titanium. This is attributed to the hard TiC layer formed by
PDM both on TiC processing and Si processing. The result of anodic polarization tests revealed that the PDM layer shows
equal or superior passive current density compared to titanium substrate. However, the pitting potential decreased
compared to titanium substrate. Observation of the tested samples show that the corrosion started from the dimple and
the interface of the PDM shots created during modification. Therefore, the early pitting potential may be caused by the
galvanic coupling of the substrate and the PDM layer at the dimple and PDM shot interface.

Key Words : Plasma Discharge Modification, PDM, Surface modification, Titanium, TiC coating
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Table I  Chemical composition of CP-Ti (Grade 2). Ti-6Al-4V alloy (Unit: weight%)
N C H Fe (0] Al \Y Ti
CP-Ti (Grade2) 0.03=2 0.08= 0.013= 0.25= 0.20= - - Bal.
Ti-6Al-4V 0.05= 0.08= | 0.0150= | 040= 020= | 550-6.75 | 3.50-4.50 Bal.

Table 2 PDM parameters

Working parameters TiC processing Si processing

Electrode materials TiC electrode Si electrode

Discharge Current (A) 10 5.5

Open circuit voltage (V) 320 260

Discharge duration (ps) 8 8

Pulse interval (us) 256 64

Table 3 Chemical composition of Co-Cr alloy (ASTM F799) (Unit: weight%)
Mn Si Ni Fe (8 N Mo Cr Co
ASTM F799 1.00= 1.00= 1.00= 1.5 0.35= 0252 5.0-7.00 | 26.0-30.0 [ 58-59

> g ! 10(‘{ pm | e g s 'A", 10_0 um
Fig. I Surface of PDM treated CP-Ti after 10pm polish.
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ORI T 2 — RS 21T o 7. BALOMSNIE-1V b 4V £TL Lz, @5 A 20mV/min & L
7=, RERBRBIIRZER AT ) v 7% LTz 37TCOAEBEEK D& AV,

3. RBRREIUER

3.1 pPDM BRMOILFMERDORE

2 |2 CP-Ti ¥4 PDM #1 & Polish ##® X #EHf#EREZ RT. FRELY, TC EMB IV S EM & biZ
JEMH O o-Ti (21 2T, WA TIC oEHFE—2 BRIE S, £72, SicdE Micisvwgid, SioEre—2 1R
EXNAD-T-. #41ZEDXIZ LD PDM MO TR OERSFERERT. FAREY, FFxFE (T &
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N5 PDM M OO Fak4A T, B OFRICED G TIC BEKRTH D Z LivbiroT-.

[No.18-1] BAHHES 2018 FEFRKE MHHCE (2018.9.9-12, ¥eH)



Copyright©2018 —B#tEEZA BEBEHZS

® a-Ti|-
= ‘f v TiC
[ TiC Coat |
el ]
L v
Si Coat
'_J“-‘J\ °
I ™
® z
g[ i ° CP-Ti Substrate 7
(%}
B A JUL o
30 30 50 50
20 degree

Fig. 2 X-ray diflraction patterns of PDM treated specimens and CP-Ti substrate.

Table 4 Quantitative analysis of PDM treated surface by EDX.

Element (at.%)
Coat Substrate
Ti C Si
TiC CP-Ti 55.0 45.0 -
Ti-6Al-4V 543 45.7 -
Si CP-Ti 57.3 40.8 1.9
Ti-6Al-4V 56.4 395 4.1

3.2 EEEBRER

3 (2 PDM #4 & Polish #4 OFEERERAERTS B A7 T, RIBRAOMEIE, A = S5 CREFER O Wit © EEFE(RRT
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Fig. 3 Wear volume of polished specimens and PDM treated specimens.
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Fig. 4 Polarization curve of polished substrate and PDM treated specimens.

1 £ fdge of PDM shot'~

; Dimple"‘:

Fig. 5 Surface of TiC processed CP-Ti before polarization.
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i § ? - g T, . 3
Fig. 6 Surface of TiC processed CP-Ti after 2.3V polarization showing (a)preferential corrosion around the dimple and edge of

PDM shot. (b) corrosion around the edge of PDM shot.

CP-%isubsUate

Fig. 8 Cross sectional image of PDM shot interface.
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(1) Tuomo Visuri. Hakan Borg. Pekka Pulkkinen, Pekka Paavolainen and Eero Pukkala, A retrospective comparative study of
mortality and causes of death among patients with metal-on-metal and metal-on-polyethylenc total hip prostheses in primary
osteoarthritis after a long-term follow-up, BMC Musculoskeletal Disorders, 11:78(2010)
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Particles flow dynamics in dental PJD handpiece
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Powder jet deposition (PJD) is a technique to deposit material on the target under atmospheric pressure and room temperature. It has been
tried to apply on dental treatment by using particles of hydroxyapatite (HA), the main component of human teeth. Prototype PJD equipment
was developed in the previous research, but problems such as unstable and inefficiency jetting of HA were confirmed. In this research, we
developed HA compacted powder-adopted PJD system to realize quantitative jetting of HA particles. Moreover, shape optimizations of the
internal flow path were tried in order to solve the problems of PJD systems. As a result, it was confirmed that particles scattering causes
particles to adhere to the wall, and that the collision of HA particles to the wall surface can be reduced by applying the expansion-and-reduction

section at curving part of the flow path.

Key Words: hydroxyapatite, dental, PJD, particles, jetting, handpiece, design, developing
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Complicated processes
Long processing time
Difficult-to-cut material
Waste liquid

Small area

Flat surface

Effect of Crystal Orientation
on Short Pulsed Laser-lnduced Cutting | Ultrasonic machining Photolithography

Periodic Surface Structure

’Fine periodic structure ‘ v Simple process

S Tmoon v~ Short processing time
v Difficult-to-cut materials
v" No environmental burden
v’ Large area
v" Three-dimensional shape

X X X X X X

L_aser

___Lens >

Graduate School of Engineering, Tohoku University
Shuhei Kodama, Shinya Suzuki, Akihiro Shibata, é

Keita Shimada, Masayoshi Mizutani, “N&//
and Tsunemoto Kuriyagawa TOHOKU

UNIVERSITY

Fine structures give new functions

)1 Saving of energy °f High functionality o8 High value X Low repeatability X Difficult control of structure
7 | - 4 Principle Is not clarified especially in Collisional relaxation time
Biocompatible o O ) 3
f&é‘ W %CJQQ\%%@:\\% &6\0 il ‘06"1&\0%\0 3&0\0&\0 P:O\(&\\O ) &&\)0&

Al At s Al

TW Al e s
_ i+‘I+I+H+‘I+I4-iV

~1ps ~20ps Time

Optical behavior Thermal behavior
CRT (Collisional relaxation time)

ng (ISMNM2018) May 8- 11t Nanjing, China



m“"
|
||||||||
"
>
W

~

Experimental methods
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Pulse duration

Laser
oscillator
Experimental conditions
Wavelength 1064 nm
Pulse duration 20 ps
50 Hz

Polarizer Frequency
Beam spot size
(Gaussian profile) 2500 pm
Irradiation number n 10, 200 shot(s)
Energy density E, 0.03, 0.05 J/cm?
Workpiece SUS304

Beam
splitter

Workpiece

Ultrashort pulsed laser
P » Short pulsed laser

X High equipment cost
X Unstable laser irradiation

(ISMNM2018) May 8"— 11t Nanjing, China
Fabrication of fine periodic structures

|||||||II
[
|||||HI
'\
>
Sy}

Research objectives

SEM images of the irradiated areas (prev. work)

Energy density: 0.05 Jicm? Energy density: 0.2 J/icm?
Iradiation number: 80 Irradiation number: 30

‘

X 10pm

10 Oum 15 OkVY 15 4mm X5:00k SE,

n=200, E,=0.05 J/cm?

"

» Fabricated structures vary
with crystal orientation

planes

150kV 16.4mm x5 OQk SJ_E‘

M (ISMNM2018) May 8t— 11t Nanjing, China

» To clarify these phenomena and to control structures
(ISMNM2018) May 8- 11t Nanjing, China




Effects of crystal structures on texturing

on- Gamma The face (001) The face (111)
1 (Fj’_olarti_zation Top surface Side surface Top surface Side
Irection
— — High atomic density Low atomic density
EOTistmn x50 (o — Low heat conductivity A High heat conductivity
the faces (001) and (111) ot :
The face (001) G
(001) Pitch length of nanostructures .
are short, which is about 500 nm The parametric decay
(111) Pitch length is similar to the laser * Low laser power
wavelength, which is 900 nm * Low electron density
101 The structure direction was not Surface Side The pitch length is short
perpendicular to the polarization o Low atomic density
Periodic structure ;g heat conductivity

The 5" International S‘\“!T\;JDS\U“H on Micro/Nano Mechanical Mavywmg and Mam,\fz—;mmg (|SMNM2018) May 8th— 11“‘, Nanjing, China

Conclusions

Fabricated structures vary with crystal orientation as below:

(001): The pitch length and aspect ratio of nanostructures is half the laser
wavelength and high respectively due to low heat conductivity and less atomic
density on the surface, and large atomic density in a depth direction.

(101): Nanostructures whose pitch length of 0.85 times the laser wavelength is
not perpendicular to polarization since the periodic atomic structure is not
(101) perpendicular to polarization.

(111)

Small

. (111): Nanostructures perpendicular to polarization has the pitch length of 0.85
Expansion the surface of times the laser wavelength.
each crystal orientation face

» The expansion coefficient is

n =200, E, = 0.05 J/cm? different from the expectation
g (ISMNM2018) May 8t — 11t Nanjing, China The 5" Int a n ¢ (ISMNM2018) May 8- 11t Nanjing, China

Laser microscope images
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¢ Annual trend of estimated dental patients

Improvement of oo,
- - —— = zg"f 27.3 29.0 33.8 35.9
biocompatibility 5 ov, -
- - - = %
for zirconia dental implant Eowe | B2 1 gl
&b 40%
by nanosecond pulsed laser 2 30
g 20% 29.3 27.8 25.8 233
~10%
0% 8.2 9.5 8.7 8.5
2002 200 2008 20
Tomohiro Harai Grad. Sch. Eng., Tohoku Univ. ezﬂ/’(‘:;a;ﬁ% ’ Year "

N
D)
Keita Shimada Grad. Sch. Eng., Tohoku Univ. 1\‘;\‘ R’ﬁ/

Q) J 00-14 ages [O15-44 ages [D045-64 ages Dover 65 ages
Masayoshi Mizutani Grad. Sch. Eng., Tohoku Univ. \w;

Tsunemoto Kuriyagawa Grad. Sch. Biomed. Eng., Tohoku Univ. = TOHOKU

UNIVERSITY

http://www.mhlw.go.jp/file/05-Shingikai-10801000-Iseikyoku-Soumuka/0000087739.pdf

1,400,000

7 1,200,000 1,140,528 1.164.414
Q
= 999,588
= 1,000,000 930,351

ER-

< <

&5 800,000 | 727,164

g &

= E

£ 600,000

5 =

[a <
5
£ 400,000
Q
E
& 200,000

' ? 0
Denture Implant 2005 2007 2009 2011 2013
Year

*1 http://www.hosi.co.jp/customer/qol/

*2 http:// www.sanwa-dental.com/web/info/smiledenture_cameroua/

*3 http:// www.sudo-dental.info/price/

*4 http:// www.medicalexpo.com/ja/prod/nobel-biocare-services-ag/product-73432-656920.html Statistics of Production by Pharmaceutical Industry, Ministry of Health, Labour and Walfare, Japan.

The 5% International Sym;:woswum on Mic o Mechanical Maohwng and Manufacturmg (|SMNM201 8) May 8th— 11"‘, Nanjing, China The 5% International Symposwum on Micro/Nano Mechanical Mathwng and Manufacturmg (|SMNM201 8) May 8th— 11"’, Nanjing, China



Zirconia implant

Wax (Paraffin Base Plate)

Zirconia (Zenostar)

4
k ' 1 Pure titanium (JI52)
Almina (inCoris AL)
CoCr alloy(Sintron)
0 20 40 60 80 100120

4 L
3
L ‘ %\ % Mirror polished surface .
Contact angle (* )
2

-

Titanium implant

lonization
T % - »
O
Titanium
abutment . i g
. 1
Bad points
» Hydrophobic surface

» Lower biocompatibility than titanium
* 1 http://dent-implant.jp/05reason/0525implant/oam_implant006.html. * 2 S.Ban: JSB, 34(2016) 62-65.

) 1'!
1= ﬂ
Bad points
We need to improve biocompatibility of zirconia implants.

0.5 pL distilled water

» Metallic color

Good points
 High fatigue strength
+ High biocompatibility * Metal allergy

*1 http://www.japan-implant.info/1510about *2 http://www.perio-tokyo.jp/

Now aesthetic and metal-free implant is needed.
The 5 International Symposium on Micro/Nano Mechanical Machining and Manufacturing (|SMNM201 8) May 8th— 11“1, Nanjing, China
E5S1AB

Zirconia implant

S =

{ lg y
[
-~ y U | i
Good points Olncreasing surface areas OCatching osteoblasts
Olmproving hydrophilicity OGrowing cells along grooves
OAdhering early cells OPromoting calcification
*1 http://www.sugiyama-dental.com/implant/senmon2.html. *2M.Yoshinari: IRUCAA@TDC, 103(2003), 565-572.
We will create both patterns to zirconia surface.
ng and Marmfatt\,n‘mg (|SMNM2018) May 8th— 11”’, Nanjing, China

The 5% Internation

+ Aesthetic whiteness
* No risk of allergy
+ Higher toughness among other ceramics

* 1 http://dent-implant.jp/05reason/0525implant/oam_implant006.html. * 2http://www.iwaki-dental.net/staffblog/629.html.
no Mechanical Machmmg and Manufam\,umg (|SMNM2018) May 8th— 11"‘, Nanjing, China
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Nanosecond pulsed laser

Microfabrication method for difficult-to-cut materials

x

Laser NN e

Evaporation \ ,/

/ Melting
-
..... }

Sample Heat tgnsfer

> s ] A few micrometers
N e .

i-?.::}})‘“g_,‘ 3 y A heat-affected layer

To the implant fixture part \
..... > V

*http://www.sophiahi.com/zirconium-implants/
» Groove geometry by removal process
* Rough surface by coagulation materials

+ Chemical composition change by heat effect.
M (ISMNM2018) May 8t 11t Nanjing, China

Materials

Ce-TZP

Cerium-stabilized

Tetragonal
/A1,04

Y-IIZP
Yittrium:stabilized

¢ Toughness comparison

Enamel ]

— Dentin

Ce-lTZP
19 MPa-m/2

Titanium
28 - 108 MPa-m?2

Dentin
3 MPa-m2

*1 http://kibami—senshi.com/wp—content/uploads/2017/01/enamerushitsu.png. *2 http://www.japan-implant.info/1510about.
| s MicioNano M M M (ISMNM2018) May 8" 11t Nanjing, China

SEM images

L}
. control

® irradiated

control

20° 30° 40° 50° 60° 70° 80°

26

W Tetragonal ZrO,

O Monoclinic ZrO, v AlLO,

(ISMNM2018) May 8t - 11t Nanjing, China



EDX results

Y-TZP Ce-TZP
Eridge Wgroove Oridge Mgroove
% S
s 100 g 100
: :
3 S
S 50 ° 50
L =
o -
- [¥]
=2 =
g g o
s 0 = .
> Control Trradiated Heated Control Irradiated Heated

The 5 International Symposium on Micro/Nano Mechanical Machining and Manufacturing (lSMNM201 8) May 8th— 11“1, Nanjing, China
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Effect of Laser Scanning Conditions

on Metal Microstructure of

Selective Laser Melting Products

Shiniji Ishiabshi

Mizoi Takumi®, Masaki Tsukuda™,

Keita Shimada®, Masayoshi Mizutani’, Tsunemoto Kuriyagawa™

*Grad. Sch. Eng., Tohoku Univ., **Grad. from Tohoku Univ. ( Currently in NISSAN),
***Grad. Sch. Biomed. Eng., Tohoku Univ.

What is SLM

CAD data

Selective
Laser
Melting

I Background

Bone
10-30 GPa
LR IR
100-200 GPa
Implant

Porous structure
manufactured via SLﬂ/

&}

To provide anisotropic mechanical properties on SLM products

by controlling microstructure

microstructures in SLM products

To reveal the effect of laser conditions on the

¥http://fukuyamaika.co.jp/struct/wp-content/uploads/Fotolia_50008554_S-300x200.jpg

I Experimental conditions

WV Shaping conditions

ProX100 (3D Systems)

Equipment
Atmosphere N,
Laser type Fiber laser
Laser spot diameter 80 ym
Wave length 1070 nm
power 50 W
Laser strategy 90° alternate

Thickness 30 um

ProX100

V Metal powder

17-4PH stainless steel

material

diameter d10=4.4 um, d50=11.9 pm, d90=25 um

Chemical composition wt%
Ctr Ni Cu Si Mn Nb C P S Fe
164 43 39 07 07 02 0.02 0.018 0.010 Bal.

2
o
% St

SEM image of powder

Laser strategy




Processing parameters and I = -
Crystal structure analysis Grain morpho'°9|es

V¥ Laser conditions IPF Map
s — Scanning speed
canning spee atch spacing 7 mm
mm/sp unr: S
Cube1 (S100-D40) 100 40 N 111
Cube? (5400-D120) 400 120 ]
Cube3 (S100-D120) 100 120 001 101
Cube4 (S400-D40) 400 40 Cubs gonfiguration £
s (@]
LAy [ N
5
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g@@@d Estame &
o
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\ . . . Buildi
V Electron Backscatter Diffraction V X-ray diffraction S direction
Electron beam CIB
&
3
(@]
N
—
Detector \  S=—™——+4/LL e ——— =
EBSD pattern S0pm
: 6
Top views of cubes Phase maps
Cubel Cube2 Cube3 Cubed S .
canning speed
(5100-D40) (S400-D120) (S100-D120) (S400-D40)
A,h‘b i : | j 200 : B aphase
O y phase
&
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o0
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- Building
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I Mechanism of grain transformation a I Volume fraction of y phase

0.35

bottom

0.30
bottom

bottom

0.25

bottom

0.20 |

Building
N X 5

direction! ‘ -
T ‘(. li?f

| 015 |

y proportion Vol%

0.10 r

BEEREE L%
888555888881
I
RRRRKIY]
RIS

P R
RIS
X KA

PRREREERARRY] RAEREEEIRLREIEEL
SRR RRRRRSSI
s S350,

0.05 |

[otetetatetetetotetet 0.00
e nnneesest

IR
KRR

OSSESSSEEK Cube2 Cube3 ube4
RIS R RIS oetetatatetetetety (8100 D40) (8400 D120) (3100 D120) (8400 D40)
otstsssatatototetetets! kS o RIS Iofoletatatatatetotels Sototetatatatatotots - - - -
RIS RRRRREERZIS peesRRRsees] BRI SRR

I XRD diffraction patterns Conclusions

Top Side

Succeeded in creating unique samples consisting of

g . Cubed 6 _ Cubed Cube4 fine grains and/or longitudinal grains.
NI IR B S S 2L
: S Cube3 ‘g  Cubed Cube3 Copflrmed tha? the amount and dlstrlputlon of y phase
\ Els §57z2%8 . varied depending on the energy density and repeated
D - B B I L S heat input.
. 3 Cube2 B Cube2 E R Cube?
S - - A B N S S CHEE S S5 I Proposed a mechanism how to generate and
g g . g E transform the microstructure during SLM process.
- < % Cubel A‘ < R Cubel - g Cubel
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Texturing with ultrasonic cutting

(ISMNM 2018) May 8" - 11*, Nanjing, China

Nano Precision Mechanical Fabrication Laboratory, Tohoku Universit

Fabrication of
functional surfaces
by ultrasonic-assisted
cutting

Keita Shimada*(Presenter) 5,:
\“»

Takuya Hirai**, Masayoshi Mizutani*, Tsunemoto Kuriyagawa

*k%k
N

*Grad. Sch. Eng., Tohoku Univ. **Grad. from Tohoku Univ. (Currently in AISIN)
- ' T O HOKU
Grad. Sch. Biomed. Eng., Tohoku Univ. ONIvERSITY

Control of wettability

Wettability = Chemical Prorerties + Geometrical features

Emphasis of Wettability

Elements & functional group

Liquid spreads on & within structures
» Contact area A Wenzel 5 el

Hydrophobicity

?¢9%¢e

Hydrophilicity

Change to hydrophobic

Air is captured '
>G-S boundary forms CaSS|e-Baxters model

n cosf,, = fcosd + f -1

Mac chining and Manufact turing |SMNM2018) May 8th— 11th Nanjlng China

The 5% International S

Major methods Ultrasonic texturing

-VVacuum deposition

Ultrasonic vibration

*Lithography Tool .
endle T
Substrate

') Cost-effective We've
focused on

') Control of form

X Expensive ™) Versatile

X Limit of materials ) Effective

X Time-consuming

Ultrasonic assisted cutting

Rotation

Vibration

> > > > >

MR Z42YIRY

) Grooves (Macroscopic)

ng and Manufacturing (|SMNM2018) May 8th— 11th, Nanjing, China
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Complex wetting phenomena Eis .o Objectives F
3D wetting Dynamics of wetting
’ . Moachini Ultrasonic cutting of microtextures for
ysteresis achining ) ) )
AO= 0,4, O anisotropic wetting

Thermodynamic contact analysis on
expected surface textures

AdVancing contact angle
ReCeding contact angle

Ek
=
XV

Analsis

Hysteresis
Sliding angle

Sliding angle B [

Comparing experimental and analytical

Anisotropic wetting
Eqgs. Wenzel or Cassie-Baxter cannot explain >
Evaluatlon results

< yL6cosh + LS =956 cosf,, = fcosh + f -1
Thermodynamic contact analysis .
The 5" International Sy ymposium on Micro/Nano Mechanical Macmmng and Manufac 1urm |SMNM2018 May 8h— 11lh Nanjlng China The 5" International Swmo ium on Micro/Nano Mechanical Mac chining and Manufartuunq(|SMNM2018) May 8th— 11“‘ Nanjlng China

Thermodynamic contact analysis

Modeling of analysis
Simplification of model

Envelope of sinusoidal motion
v
4 Approximation with line components

Constant volume

Shape of droplet: spherical cap

- Cross-sectional area: constant
» Figure out the directional dependency

Calculation of free energy

Surface tension y:
Helmholtz free energy F for a unit area

_(ﬁj
’ aA TV

Three boundaries » Total free energy F

— (}/LS % ALS)+(7/SG x ASG)+(}/LG ALG)

A=
C Bl A e
The 5% Interational S mposium on Micro/Nano Mechanical Machining and Manufacturmg (|SMNM2018) May 8th— 11th, Nanjing, China

Find out the point where Fbecomes the minimum

The 5% International S mposium on Micro/Nano Mechanical Ma hining and Manufacturmg (|SMNM2018) May 8th—11th Nanjlng China



Length crossing the textures varies
depending on a

’ i) < 45° ii) = 45°
1
__& __ % I
%" cosa Ay % sina a1
o 20, 1 a2
b, | F=--b---- b b, 1
- = )
" cosa *sing f
«— >
a, _a Cy =G, Q Cop =1Cy
“ cosa

Calculation result

Calculation conditions Non-composite Composite
Width of cyl. &, 200 pm
Width of micr.str. a, 5pm ! ! l_._A—_._._A_._l
Interval b, 5um
Height of mic. str.c, 2 pym \ /
Cutting angle a 0° 10 ! : |
Equil. cont. ang. 80° :Initial contact angle
Init. ang. 130° £ 80° o
Init. radius 10 mm §
Q
c
o)
)
2
i=
A o
% /47ﬁ
©
/‘/ £
X =z

70 80 90 100 110 a1 O
Contact angle [° ]

chining and Manufacturing (lSMNM201 8) May 8th— 11th, Nanjing, China
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]
OrP

Normalized free energy [m]

Size of structures

Expansion and reduction

st&1

Exp.

Red.

:20

QM e
#/32 ,’?bz,zs ”m,02i=2 lJm

—

2 =5 =20 W

g =b,=25pm, ¢ =1 pm

Expansion of the arc-shaped grooves

a

=200 pum, a, =600 pm,

& =b, =5um, c, =2 m

Increase of the height of the structure

a =200‘p)m,
| /
/La2ib2/=5 Hm, ¢, =5 um

The 5
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-8.75
-8.8
-8.85
-8.9
-8.95

-9.05
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Experimental conditions

Ultrasonic
vibrator

Tool

Feed direction
Workpiece

Dynamomet

Rotation number n min’!
Feed rate v mm/min
Frequency /" kHz
Amplitude 4 pm

Surface protrusion a,, b, pm
Feed pitch a; pm

Cutting depth d pm

1500
15

3000 3000

60 60
25

3 3

20 20

400 200
15

70
o 60 -
50 - I

Qo

2 40

©

T 30

8

S 20

o

= 10

=]

g o

Flat a=0" a=90" a=0"  a=90° a=0"  a=90°
a, =400 pm a, =400 ym a, =200 pm
a, =10 uym a, =20 pum a,=10 pm
The 5" International Swr‘u‘,,u;:‘wu on Micro/Nano Mechanical Mdlj“H'\H'\U and Mdﬂ\,\fﬂ,h\f‘\”g (|SMNM2018) May 8th— 11“1, Nanjing, China
Conclusions

Ultrasonic assisted cutting was applied to form
microtextures, and anisotropic wetting was verified
with thermodynamic contact analysis.

€ Anisotropic wetting was confirmed experimentally.

€ Calculation and experimental results agreed
qualitatively; quantitatively, there is a big gap.

€ The gap might come from the simulation model
that cannot handle the composite and non-
composite models simultaneously.

g (ISMNM2018) May 8t — 11, Nanjing, China
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Manufacturing of
functional surface
with preventing frost
accretion effect

Sho Hasegawa
Keita Shimada
Masayoshi Mizutani
Tsunemoto Kuriyagawa Grad. Sch. Biomed. Eng., Tohoku Univ.

Grad. Sch. Eng., Tohoku Univ.
Grad. Sch. Eng., Tohoku Univ. \awé
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1. Background

Problems of the frost

III|IIII|
I|III||
N
@®

3

Frost-formation

» Heat exchange surface + Cooling surface of cooler &

| /.;‘Q\-;f\,'ﬁaﬁ ‘ I Flow resistance
Refngtlerator : ’ =
\ \ ‘ ’ Lifting power
2 Visibility
Wlngs /"Window

Fraditional-defrost-methods

. Worm the cooling zone
. Pollution environment

We require further development of
more efficient and economical defrosting technology.

Frost growth model

[
mu‘
Iy ‘h.
'\
>
(0]

(@) . Pt (3) Microdroplets form
on cooling surface

TR o v
: (!

S, (P) Droplets absorb :

moisture and grew '

(© Ice

Sy (©) The dropletsfreeze. () n ’ “
(they change to ice) |

(d) i

| X X
zzzzzzzza (d) Frost grow on the
~ Growth model * ices

n The droplets are indispensable to frost growth

Surface conditions affect the droplets
We focused on Wettability and Microstructure.

073280 ' ,\




Observing the frost growth

Air temperature £, 21.9°C
Relative humidity ¢ 19.4%
Cooling rate x;, -10°C/min
Initial setting temperature {; 20°C
Target temperature £, -30°C
2. Influence of the surface wettability on the frost growing Cooling system fieting
Liquid N,

Observing system &/ \/Sample size

Observing the frost on each sample and comparing
the droplets formation and the frost thickness

The 5" International Swnpusmn on Micro/Nano Mechanical Mac)wng and Manufav:tw,n‘mg (|SMNM2018) May 8th— 11“‘, Nanjing, China

Wettability effect

Tow kinds of experiments were conducted to confirm
influence of the wettability on frost formation

Sample A Sample B Sample C Sample D % k\ j .\ N

Material Surface Coating Contact angle(® ) 5\f§§'9§3§§,€5@
e TR :b&?ﬁc
Sample A Non-coating 73.8° 5 ¢5:~§'sf§§10’pm}§
Sample B Hydrophilic coated 22.0° ; Lo
—  AISI5052  Mirror finished -
Sample C Hydrophobic coated 92.0°
Sample D Super hydrophobic coated 159.3°

Evaluation items;
Droplet formation® Frost thickness




The droplet before just before freezing

Contact-angle-and-droplet-size

C. A.
Large

Small

D. S.

Small

Large  /

= z f = ==
The frost thickness
3 25
25 L 15
Q A
\ i /,\’"ﬁ
=2 2 = 2 5 -
g Ve sl @)
E E <
% \ Tz 2 8 g
g5 e - 5 %
= Y Zad “®-Sample A (0=73.8" ) 8
b A Sample B (0=22.0° ) g
g y al Sample C (0=92.0° ) __ | | &
- [ 78 B-Sample D (0=159.3° )
/ —Surface temperature
|
0.5 \/" -25
o
;|
0 D*j*:*[l/ -35
0 500 1000 1500

Time (s)

Vibration and cooling

Observation the vibrated cooling surface to evaluate frost strength

Vibration direction

Cooling pipe
@ Sample
Fixture
CO, gas
(Refrigerant)
Screw
Air temperature £, |22.3°C
Relative humidity ¢ | 20.4%

Frequency ¥ 19.18 kHz
Amplitude A 0.39 pm

Low-temperature CO, gas-
blasting

20%20%0.8 mm3

Vibration

Cooling system

Sample size

Non-vibrated surface Vibrated surface

02:56.001



Extended videos

3. Influence of the microstructure on the frost growing

Influence of the micro-structure on the frost growing

Observation the frost on the microstructures

() The frost formation depends on the water droplet size.
< .Small droplets ware formed on the hydrophobic surface. Creating microstructures using a metal 3D printer and comparison frosts of each
*On the other hand, large droplets were formed on the hydrophilic surface. Material AIS| S17400 0.5 mm
1 1 1 1h ** S
It has been confirmed that the frost had high density on the hydrophilic surface. Air temperature £, 23 6°C /05 mm \,\\\
Frost density: Low Frost density: High Relative humidity ¢ 49.7% |€f )
Frost strength: Low Frost strength: High _ ——
Cooling rate x;, -10°C/min
Initial setting temperature £, | 20°C SAmble E
‘ Target temperature £, -30°C
' 0.5 mm 05 mm
0.5 mm : .. 0.5 mm
T r ’s_,‘ g |
|
Sample F Sample G

Hydrophilic surface

Hydrophobic surface

m hydrophObic m mm e ISMNM2018) May 8- 11t, Nanjing, China




Discussion

The frost concentrated on the tops of the structures

NN NI

Higﬁ vorticity

HLow vorticity,
Microstructures

Microg,truc;;turles

Film-like ice

Hemispherical ice

Hydrophobic surface Hydrophilic surface

Manufacturing aof functiona) surface with
preventing frost accretion effect

The wettability of the surface affects the shape of the water
droplet as the starting point of the frost, and the frost arises
with low density and low strength on the hydrophobic surface.

Water droplet and frost concentrate in the vertices of the
microstructure because the structure promotes moisture
supply to the droplets and frosts caused by high vorticity
occurrence.

Combining the microstructure and wettability makes it possible
to manipulate the frost occurrence location and its growth
pattern.

=]

The 5" International Symposmm on Micro/Nano Mechanical Machining and Manufacturing (lSMNM2018) May gth— 11th, Nanjing, China
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Study on Dental Treatment by Powder Jet Deposition

Takaaki SUNOUCHI, Hiroki YAMAMOTO, Kuniyuki IZUMITA, Keiichi SASAKI,
Keita SHIMADA, Masayoshi MIZUTANI, Tsunemoto KURIYAGAWA

Key words: fast particle impact, powder jet deposition, hydroxyapatite, dental treatment, composite particles
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Experimental investigation on surface modification of zirconia implant with nanosecond pulsed laser irradiation
Tohoku University Tomohiro HARALI, Tsurumi University Masatsugu HIROTA, Tohru HAYAKAWA,
Tohoku University Keita SHIMADA, Masayoshi MIZUTANI, Tsunemoto KURIYAGAWA
The aim of this study were to evaluate the microstructures and chemical composition change of tetragonal zirconia polycrystals (TZP)
after nanosecond pulsed laser irradiation and to consider the effect on osteocompatibility. Specifically, ceria-stabilized TZP/alumina
nanocomposite (Ce-TZP) was chosen in this study. Scanning electron microscopy revealed microgrooves, with the same widths of laser
spot. Such cell-sized grooves are considered a favorable environment to promote the differentiation and promotion of osteoblasts. The
surface blackened by the laser irradiation was then investigated with energy dispersive X-ray spectrometry and X-ray photoelectron
spectroscopy to identify the chemical composition change. The results showed that oxygen atoms decreased on the irradiated surface
and a part of Zr** shifted to lower side after irradiation. Considering these points, the generation of oxygen-deficient zirconia caused the
color change. After laser irradiation, zeta potential was decreased. This result suggests the possibility that precipitation of ion and

protein in body liquid can be suppressed. It is concluded that nanosecond pulsed laser can form the grooves to improve

osteocompatibility on TZP surfaces, but it can occur adverse chemical composition change of oxygen deficiency.
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Table 1 Laser irradiation conditions.
Pulse duration 3ns
Pulse energy 150 w/pulse

Wavelength 1064 nm
Frequency 50 Hz
Feed speed 7 um/s
Laser spot Rect. 30 um x 60 um
Atmosphere In air
Lasef spot :
[ ¥
D
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2mm | B
R —

Fig.1 Laser scanning pass.

Fig.2 SEM images. (a) Laser-irradiated surface of Ce-TZP;
(b) The cross-sectional face of Ce-TZP.
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Fig.5 Core-level XPS spectra of Zr3d from Ce-TZP.

Table 2 Binding energy of Zr corrected with the C1s (285.1 eV)
peak as a reference®.

Oxidation state Line Ey/ eV
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3da 184.5
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Fig.6 Zeta potential of Ce-TZP.
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Fig.7 Deposition behavior of ions in body fluid.
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Study on crystal structure control of titanium oxide layer by laser irradiation
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Creation of rhizoid porous structure aiming to realize the highly functional implant
Tohoku University  Takumi MIZOI, Shinji ISHIBASHI, Masataka CHUZENJI, Masaki TSUKUDA
Komatsu NTC Ltd. Hidekazu MAEHANA
Tohoku University  Hiroyasu KANETAKA, Osamu SASAKI, Keita SHIMADA, Masayoshi MIZUTANI, Tsunemoto KURIYAGAWA
Porous metals are attracting attention for solving problems and improving functions of metal implants. Authors have proposed “rhizoid
porous structure (RPS)™ utilizing vacancy defects contained in an object produced by selective laser melting (SLM). In this research, we
attempted to control the pore forms of RPS by manipulating shaping conditions. The result demonstrates that when the laser scanning is
limited in a uniaxial direction, pores are oriented along the direction. Furthermore, the specimen with oriented pores have mechanical
anisotropy, These results indicate that the proposed method can realize highly functional implants with mechanical functions equivalent
to that of living bone.
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Study on Short-Pulsed Laser-Induced Periodic Surface Structures Assisted by

Mechanical Processing

Shuhei Kodama

Abstract

Fine structures have been studied largely to provide materials with such functionalities as a reduction
in friction, change of the wettability, a reduction of light reflectance and an improvement of
biocompatibility. Ultraprecision cutting, ultrasonic machining and photolithography have been widely
used to create these functional surfaces, however, these traditional methods have many disadvantages
such as complicated processing steps, environmental burden and difficulty processing large area and
three dimensional shapes.

A laser is also a suitable method to fabricate fine structures, and an ultrashort-pulsed laser (USPL) can
fabricate fine periodic surface structures called as LIPSS (laser induced periodic surface structures)
through self-organizing phenomena. A USPL is a promising method for solving problems associated
with traditional methods and providing functions by LIPSS.

However, this method still has such problems as low repeatability and difficulty controlling LIPSS
since the principles and the phenomena of fabricating LIPSS have not been clarified completely.
Moreover, a USPL which unstably irradiates at high cost have mainly been used to fabricate LIPSS since
it has been reported that the laser with shorter pulse duration than the collisional relaxation time (CRT)
can fabricate LIPSS. Industry needs a laser with as long pulse duration as possible to stably fabricate
LIPSS at low cost. Hence, in this dissertation, fabrication of LIPSS using a short-pulsed laser (SPL) with
20 ps pulse duration was proposed and investigated to clarify principles and phenomena of fabricating
LIPSS. In addition, the machining-assisted SPL was proposed to investigate the effects of the surface
geometry before laser irradiation on LIPSS and to control LIPSS.

This thesis consists of seven chapters.

Chapter 1 gives the introduction of this dissertation. Various functionalities produced by fine structures
on material surfaces and fabrication techniques of them are elucidated. A USPL, capable of fabricating
LIPSS in an efficient way, is stated as an effective method to fabricate fine structures. On the other hand,
its issues concerning stability of laser irradiation, equipment cost, principles, phenomena and control of
LIPSS are pointed out. In addition, principles and phenomena of fabricating LIPSS were stated, and the
effects of laser irradiation conditions and environments on fabrication of LIPSS were studied. The
interference between incident lights and scattered lights, surface plasmons or the parametric decay, one
of them changes the electric field distribution and ionizes atoms inducing the Coulomb explosions
periodically on the material surface. After the CRT, the heat distribution causes either the ablation or the
inhibition of LIPSS, resulting in LIPSS. Dependency of the pitch length of LIPSS on the laser wavelength,
the laser fluence and the incident angle is pointed out. Next, the pulse duration of a laser used in this
study was decided to 20 ps, about the upper limit of CRT, via calculation of the CRT to clarify the
principles and phenomena of fabricating LIPSS. Moreover, low-temperature environment experiment is
introduced to fabricate sharp LIPSS easily and effectively due to extension of the CRT. Finally, the
objectives and organization of this dissertation were drawn.

In Chapter 2, fabrication of LIPSS on a 304 stainless steel (SUS304) surface was investigated using
the SPL with the pulse duration of 20 ps, and LIPSS perpendicular to the laser polarization were



fabricated. Next, the finite-difference time-domain (FDTD) simulation of the electromagnetic field
analysis was conducted to investigate the effects of the electric field (EF) distribution on fabrication of
LIPSS and to predict the effective conditions and the shapes of LIPSS. The simulation demonstrated that
the decrease of the laser wavelength increased the EF intensity at the bottom of grooves and shortened
the pitch length of LIPSS, and the EF intensity is large just at the bottom of grooves under a low
temperature. Subsequently, experiments under various laser irradiation conditions and the initial material
temperature demonstrated that the pitch length of LIPSS depends on the laser wavelength, the laser
fluence and the incident angle, and the low temperature environment is effective to create sharp and high-
aspect-ratio LIPSS.

In Chapter 3, the effects of material characteristics on fabricating LIPSS were investigated analytically
and experimentally with titanium (T1), nickel-phosphorus (Ni-P) and SUS304. LIPSS were fabricated on
all material surfaces and the aspect ratio of LIPSS depended on the extinction coefficient, the electron
density, the ionization energy and the thermal conductivity. On the other hand, the ununiformed LIPSS
were fabricated on the SUS304 surface, and the effects of crystal structure on fabrication of LIPSS were
investigated. The geometry of LIPSS depended on the atom arrangement which varies with the crystal
orientation.

In Chapter 4, the SPL assisted by the magnetic abrasive finishing (MAF), capable of creating straight
nanogrooves, was proposed to investigate the effects of the initial surface geometry on fabricating LIPSS
and to fabricate straight and high-aspect-ratio LIPSS since LIPSS follow depressions and debris. The
effects of nanogrooves on fabrication of LIPSS were investigated analytically and experimentally. The
FDTD simulation showed that the EF intensity decreased with increasing the depth of the grooves since
deep grooves prevented the propagation of surface plasma waves. The experiments demonstrated the
effectiveness of the MAF-assisted SPL to control LIPSS and fabricate straight and high-aspect-ratio
LIPSS. The pitch length and the height of LIPSS increased with the increase of surface roughness. The
aspect ratio of LIPSS on the Ni-P and SUS304 surfaces fabricated using the MAF-assisted SPL are
approximately 0.2—0.25 and 0.4-0.7, respectively. From analytical and experimental results, the surface
geometry before laser irradiation as the key factor is pointed out to control LIPSS since grooves facilitate
the induction and the propagation of the surface plasma waves.

In Chapter 5, ultraprecision cutting prior to SPL irradiation was proposed to investigate the effects of
the groove geometry on fabricating LIPSS and to fabricate micro/nanostructures with microgrooves and
LIPSS. The effects of straight microgrooves on the geometry of LIPSS were investigated analytically
and experimentally. The FDTD simulation showed that straight microgrooves with short pitch induces
the high EF intensity. The experiments demonstrated that LIPSS fabricated around microgrooves were
straight and the short-pitch grooves effectively help to fabricate straight LIPSS since decreasing the
induction of the surface plasma waves causes distorted LIPSS at the area far from microgrooves.
Moreover, the decrease of the pitch length of microgrooves increased the pitch length and the height of
LIPSS since the microgrooves induced much surface plasma waves and increased the electron density.
Finally, micro/nanostructures were successfully fabricated using the SPL assisted by ultraprecision
cutting.

In Chapter 6, the effects of the groove angle on LIPSS were investigated by laser irradiation on the
microgrooved surfaces with changing the angle of laser polarization to control LIPSS freely and to
fabricate complex LIPSS. LIPSS followed the direction of microgrooves regardless of the laser
polarization when the angle between grooves and the laser polarization was from 45° to 90°. Based on
the results, an SPL was irradiated on the surfaces with zigzag and crosshatch microgrooves created by
ultraprecision cutting to control LIPSS freely and to fabricate zigzag LIPSS and micro/nano-crosshatch
structures. Zigzag LIPSS were fabricated as following zigzag microgrooves when the wavelength of the
zigzag grooves was 10 um and the amplitude of zigzag grooves was 3 and 6 um. Crosshatch LIPSS were
fabricated as following crosshatch microgrooves when ¢ = 60° and 45°, Eq = 0.09 J/cm? and n = 10;
though LIPSS were distorted under the other experimental conditions. This chapter demonstrated the
importance of the initial surface shape for fabrication of LIPSS and the effectiveness of the machining-
assisted SPL to control LIPSS freely and to fabricate complex fine structures due to the propagation of
the surface plasma waves from bumps and dents on the material surface.



In Chapter 7, the general conclusions of this research were given out.

In this dissertation, an SPL was proposed to clarify principles and phenomena of fabricating LIPSS
and to fabricate LIPSS effectively. The SPL capable of fabricating LIPSS and the geometry of LIPSS
depending on laser irradiation conditions, material characteristics and crystal structures were stated.
Moreover, the machining-assisted SPL irradiation was proposed to investigate the effects of the initial
surface geometry on fabrication of LIPSS and to control LIPSS. The simulations and experiments
demonstrated the initial surface geometry as the key factor for control of LIPSS and the effectiveness of
machining-assisted SPL to fabricate straight and high aspect ratio LIPSS. Finally, micro/nanostructures
and complex fine structures with zigzag and crosshatch shapes can be fabricated using the machining-
assisted SPL.



Study on nanocrystalline metal reforming by local heating

Kohei Shimizu

Abstract

Material with high saturation magnetic flux density, which allows to pass 1.5 T, is currently required for soft
magnetic material. The material also has to possess high permeability and low iron loss for energy saving. These
characteristics are difficult to be compatible because they are general the contradictive factors. However, Fe-Si-B-
P-C type nanocrystalline alloys (hereinafter simply called “Fe-based nanoalloys”) have high saturation magnetic
flux density since it is a high iron concentration material containing 93-94 wt% iron. They also have high
permeability and low energy loss owing to soft magnetic material. This material is expected to reduce the current
domestic electricity loss by 72% if the existing material is replaced with it. It is manufactured in the amorphous
state and this state is transform into the nanocrystalline state with useful characteristics via heat treatment. Since
the nanocrystalline state is brittle, processing is carried out in the amorphous state. However, since amorphous
alloys generally possess characteristics such as high toughness and high strength, this processing cause problems
such as tool wear during high precision machining. Therefore, it is necessary to devise ways to process the
amorphous alloy with high efficiency and high accuracy and locally embrittling was proposed as a new method by
utilizing the embrittlement due to structural change.

With these backgrounds, this thesis demonstrates locally reforming and embrittling the amorphous alloy by local
heating and laser irradiation and stamp heating were proposed as new methods for local heating method.

This thesis is composed of six chapters.

Chapter 1 is the introduction of this study. The background of the present study and problems of the Fe-based
nanoalloys are reviewed in this chapter. There is an increasing demand for new processing methods for amorphous
alloys that can finish in high efficiency and high accuracy and can apply to press processing. This thesis, therefore,
focuses on laser irradiation and stamp heating as local heating method.

In Chapter 2, heat conduction simulations were performed to determine appropriate conditions for local heating
with both the optical laser irradiation and stamp heating. The previous investigation revealed that the Fe-based
nanoalloys transform after heating under 400°C for a certain duration. First, the criterion duration for the
completion of the crystallization was assumed as the time during which the sample exceeds 400°C, and the
criterion was determined by comparing the results of stamp heating experiment and simulation, both of which
were performed with a plate of whole surface at 600°C. Based on the criterion, the laser irradiation conditions and
the stamp heating conditions for local heating were determined by performing heat conduction analyses. Laser
irradiation analysis demonstrated that the local crystallization would occur under the conditions where the
heating energy was 0.6 W, scanning speed was 500 or 1000 pm/s; meanwhile the stamp heating analysis
demonstrated that the local crystallization would occur under the conditions where the stamp temperature T was
600°C and the heating duration z, was 1.0-3.0 s.

Chapter 3 discusses the thermal effects of the laser irradiation on Fe-based amorphous alloys. The irradiation
marks were smaller than 50 um of the laser beam diameter. Heat deformation was confirmed under all the



conditions from the surface shape measurement. The height of the thermal expansion increases with the
deceleration of the scanning speed. The height becomes constant and the width of it increases when the scanning
speed becomes slower. It is expected that these are caused by the movement of Fe atoms due to the absence of the
binding force.

Chapter 4 discusses the thermal effects of the stamp heating on Fe-based amorphous alloys. Three types of color
transition were confirmed in stamp heated sample. The width of the color transitions became longer as the contact
time increased. This transition is caused by the formation of an oxide film. This results under the conditions where
n = 1.0 s compared with the analytical result in Chapter 2 and the comparison suggested that this material became
steel color via temperature rise at 450°C and blueviolet color via temperature rise at 350°C. With these data, temper
color table in it is created.

Chapter 5 clarifies the crystallization and the embrittlement of the samples applied by the laser irradiation or the
stamp heating for local heating. First, the crystallization of them was measured by XRD. Since the laser irradiation
area of 50 um was not analyzed, samples having it of 1000 um were prepared by irradiating with operation.
Contrary to the result of the analysis, the crystallization was not confirmed under the condition where z, = 1.0 s. It
can be inferred that it is due to the measurable range of XRD. The peak of the XRD pattern was confirmed at 20
= 45° under the conditions where 7, = 2.0 or 3.0 s and V = 500 pum/s. This peak is similar to the XRD pattern of o-
Fe. Subsequently, the tensile test was conducted on these samples and each sample was broken from the processing
trace where 7, = 2.0 or 3.0 s and V = 500-2500 um/s. The breakage test force decreased with the increase of the
heat quantity. It can be expected to use the local heating method by the laser irradiation or the stamp heating for
press working. However, it is necessary to deeply study the heat effect of the width about the stamp heating,
because there is a risk that affect the product part.

Chapter 6 presents the general conclusions obtained in this study.



Study pn surface active effect by ultra fine bubble

Kazuki Suzuki

Abstract

In recent years, miniaturization, weight reduction, and power saving have been promoted with various kinds of
electronics devices, and improvement of "power semiconductors" used for power control has been required.
However, the physical properties of silicon that has been mainly used in semiconductor substrates are reaching the
theoretical limit. Therefore, such materials as gallium nitride (GaN) and silicon carbide (SiC) have been attracting
attention as new semiconductor substrate materials. Currently, much study and development of GaN and SiC have
been being carried out actively because the electronics devices with these can be expected to improve efficiency
significantly and miniaturization compared with silicon. However, the residual damaged layer in rough processing
and the low efficiency in finish processing have become problems in the wafer manufacturing process of the next
generation semiconductor substrate. This thesis introduced ultrafinebubble (UFB) assisted tape grinding as a new

processing method in order to realize high efficiency and low damage processing of GaN.
Chapter 1 introduces the backbround and the objective of this thesis.

Chapter 2 describes the behavior of UFB water over time, the usefulness of UFB water as a working fluid, and
confirmed the surface active effect of UFB by carrying out friction test. The particle size distribution measurement
of UFB one week after production revealed that about 100 million bubbles remained in 1 mL. From this, it was
shown that the UFB has a sufficient life span available for processing. A friction test on GaN was conducted under
the respective conditions of purified water and UFB water to evaluate the processing rate and surface properties.
This result showed the removal amount and the surface texture of both UFB water and purified water were not
changed. From the above, UFB could not form a sufficient oxide layer in the GaN surface layer, therefore a new

method to irradiate ultrasonic waves to collapse UFB more is proposed.

In Chapter 3, Ultrasonic assisted UFB water particle size distribution measurement was conducted, the influence
of ultrasonic wave on UFB was investigated, Electron Spin Resonance (ESR) measurement was carried out, and
OH radicals were quantitatively measured, and the surface active effect of ultrasonic assisted UFB water was
investigated. It was confirmed from the particle size distribution of UFB water before and after ultrasonic
assistance that the particle size of UFB remaining was reduced due to the influence of ultrasonic wave. From the
ESR measurement result of ultrasonic-assisted UFB water, collapse was not confirmed with UFB water alone. In
addition, when comparing ultrasonic assisted UFB water with ultrasonic assisted purified water, ultrasonic assisted
UFB water produced more hydroxy () radicals, and the larger the UFB concentration, the more OH radicals were
generated. In the next chapter, while ultrasonically assisted UFB water is continuously supplied to the processed
surface, GaN tape grinding processing is performed to evaluate processing rate and surface properties, and the

utility of ultrasonic assisted UFB water for GaN processing is examined.

In Chapter 4, effect of UFB water was irradiated with ultrasonic on GaN tape grinding were verified
experimentally. The processing rate, the surface roughness, and the process alteration layer were evaluated.
Compared with the using purified water, the processing rate using the ultrasonic assisted UFB was able to obtain

a processing rate of 2.7 times. Surface roughness and work-affected layer did not change under any working fluid



condition. From this fact, we have succeeded in improving the processing rate without deteriorating the surface

quality by utilizing ultrasonic assisted UFB water for GaN tape grinding.

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



Study on Powder Jet Deposition with composite particles

Takaaki SUNOUCHI

Abstract

Dental treatments including caries treatment based on minimal intervention are essential to improve the
quality of life. In the conventional caries treatment, a dentist removes curies part of tooth enamel and dentin by
using a dental drill and then fills the removed parts with an inlay material such as dental gold-silver-palladium
alloys, ceramics, or resin. The inlay materials, however, differ from natural teeth in the coefficients of the
thermal expansion and the tensile strength. The difference causes to deterioration at the interface between the
filling and tooth and finally induces the secondary caries. Additionally, aesthetics dentistry has been highly
demanded for patients in resent years. In the conventional aesthetics density has had problems such as poor
adhesion of restorative materials and treating harmful chemicals to human bodies. For these reasons, it has been
expected that a new dental care technology that can keep the quality of our oral function is innovated.

Powder jet deposition (PJD) is a film formation technology by high-speed collision of fine particles under the
atmospheric and room temperature conditions. PJD has been tried applying to dental treatment with
hydroxyapatite (HA) fine particles. The HA is the same ingredients as nature teeth; therefore, it is highly safe to
human, can be applied to aesthetic dentistry. Consequently, PID with HA is expected to perform a dental
treatment both functional and aesthetic characteristics. In this thesis, particles of zirconium oxide (ZrO) that is a
material mainly used as dental crowns in the aesthetic dentistry were composited on the HA particles for
aesthetical purposes and the composite particles were designed to improving aesthetics effectively. Moreover,
the relationship between the film structures made by the composite particles and the color tone of the films was
investigated.

The objectives of this thesis is to reveal the following contents: (1) evaluating color tones of the HA film and
ZrO; for designing the ideal composite particles, (2) the film formation mechanism of the composite particles of
HA and ZrO- (3) the relationship between the film structure made by composite particles and the color tone of
the film.

Chapter 1 is the introduction of this thesis. The back ground of this study and current problems of the
aesthetics density are reviewed in this chapter. The achievements of PJD and the composite particles of the

previous study are summarized, together with the objectives of this study.

In Chapter 2, the ideal color tone in the CIE L*a*b* color space was investigated. Spectrophotometry was
performed on an HA film sprayed by PJD, a ZrO. disk, which is a reference of aesthetic evaluation, and the
shade guide (SG), which is a tooth-shaped color referencesimulating natural tooth colors,; subsequently, their
spectra were modified in the CIE L*a*b* color space. The CIE L*a*b* is expressed by the three-dimensional
orthogonal coordinates: L* represents the lightness, a* and b* represent the combined attributes of hue and

chroma, so that the color difference between two colors is obtained by calculating the coordinate distance. The



results illustrate that the L* value of the HA film was lower than the SG; meanwhile, the ZrO, disk possessed a
higher L* value than the SG. order to caluculate a composite ratio between the HA and ZrO; which is an ideal

color tone. These results is the design guideline of the ideal film made by composite particles.

In Chapter 3, the deposition mechanism of the composite particles and a mechanical property of films made
by composite particles were investigated. The composite particles were prepared with the mechanochemical
treatment generating plasma the plasma in a RF source. The influence of the composite parameters revealed that
plasma promotes the composite. In addition, the longer the composite time was, the lower the film formability
became. These composite particles was revealed that the longer composite time made the composite particles
the more rounded by calucuating the circularity. The previous researches suggest that rounded particles possess
less ability to deposit than angular particles. Additionally, it was confirmed that the larger the amount of ZrO»,
the lower the film formability. Moreover, ZrO; has a risk of damaging meshing-teeth because it possesses higher
hardness value than human teeth. Therefore, the Vickers hardness test was carried out in order to confirm the
hardness problems occurred when made into the composite particles. This test showed that the film made by
composite particles was possible to adjust the hardness, so that the possibility of application to clinic was

shown.

In Chapter 4, the relationship between the film structure made by the composite particles and the color tone of
the film was investigated. The color tone of the films made by the composite particles was evaluted in the CIE
L*a*b* color space. As a result, the L* value of the film made by the composite particles was higher value than
the HA film, so that the film made by the composite particles whitened by the composite treatment of ZrO,
particles was revealed. In addition, transmission electoron microscope (TEM) and scannning transmission
electoron microscope (STEM) observations were revealed that ZrO, exists in the film made by the composite
particle. Energy dispersive X-ray spectroscopy (EDS) analysis the rate of HA and ZrO; in the film. As a result,
there is a correlation between the ZrO, particle volume and the L* value in the film. From this calculation result,
the composite parameters for the target color tone are shown. Moreover from the TEM/STEM observations
showed that the effectiveness of control of the film surface structure by composite particles prepared with the

mechanochemical treatment.

Chapter 5 gives the general conclusion of this research. In addition, academic and industrial significance of

this study were stated.



Imparting biocompatibility to zirconia implants

with nanosecond pulsed laser

Tomohiro Harai

Abstract

Japan has been currently experiencing a super-aging society. Implant treatment in dentistry is becoming the
mainstream for improving the quality of life (QOL). In recent years, zirconia implants have garnered attention due
to their high strength and toughness among ceramics materials, aesthetic whiteness and no risk of metal allergy. It
usually takes several months after implantation for forming a tight connection with growing new bone between
the implant and the jawbone, and if a sufficient connection cannot form within a certain period, bone tissue around
the implantation site is resorbed to fall off the implant. Thus high biocompatibility is a vital material property for
implants, and surface modification of zirconia has been developed.

The research of this thesis focused on nanosecond pulsed laser (NPL) as a potential treatment to improve
biocompatibility of zirconia implants. The NPL can perform microfabrication on difficult-to-cut materials by
removal of material caused by local heating. In addition, a heat affected area is formed about several micrometers
around the irradiated spot. The purposes of this research were to evaluate the microstructures and chemical
composition changes of the surface of tetragonal zirconia polycrystal (TZP) after the irradiation of the NPL and to
verify the effects for biocompatibility.

The present thesis is composed of six chapter. Chapter 1 is the introduction of the research background and
objectives.

In Chapter 2, the zirconia samples were irradiated using NPL with a top flat profile. Two types of zirconia
ceramics, yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) and ceria-stabilized tetragonal zirconia
polycrystals/ alumina hanocomposite (Ce-TZP) were used because stabilizing substances may make differences
in heat effects. The microtextures of the irradiated samples were evaluated through the observation with a scanning
electron microscope (SEM). The laser irradiation significantly blackened the Ce-TZP surfaces. To identify the
chemical composition changes, the samples were characterized using energy dispersive X-ray spectrometry (EDX)
and X-ray photoelectron spectroscopy (XPS). The SEM images showed that grooves whose widths were the same
as that of the laser spot (30 pm) were formed on the surfaces of both samples, and the surfaces of the grooves were
roughened by aggregate debris of a few micrometers in size. Such cell-sized grooves with rough surfaces are
considered a favorable environment to help osteoblast cells to grow. The EDX result showed oxygen atoms
decreased on the irradiated surfaces of both samples. In an additional experiment, the color of the irradiated Ce-
TZP was whitened by heating in air. Considering these points, the color change was caused by the generation of
oxygen-deficient zirconia. The Al2p spectrum from the XRD pattarns, however, slightly showed the Al-C binding
spectrum. Although this result can not clearly say the generation of aluminium carbide, the possibility that laser
irradiation altered the composition of Ce-TZP was suggested.

In Chapter 3, the zirconia samples were irradiated using NPL with gaussian profile to compare the shape of the
grooves to the result in Chapter 2. Controling irradiation parameters gave groove textures in any width and depth.
Wider grooves were formed on the Ce-TZP than those on the Y-TZP in the same irradiation conditions, which
results might be caused by a higher thermal conductivity of the Ce-TZP. The grooves were rounded comparing to
the result in Chapter 2. This shape can be expected to reduce stress concentration.



Chapter 4 demonstrates the trials to suppress the oxygen deficiency of zirconia using laser irradiation with
blowing two types of gases, oxygen and nitrogen, and evaluation of the chemical composition changes by EDX
and XRD. Blowing oxygen gas suppressed blackening and blowing nitrogen gas accelerated blackening compared
with the irradiation in air; however, EDX analysis and XRD patterns gave no change among irradiated samples.
The surface color differences appeared, but no chemical effects might occur. This phenomenon needs additional
researches.

Chapter 5 elucidates the evaluation of biocompatibility of the laser-irradiated zirconia. The zeta potential was
mesured to examine the surface chargeability of the samples. The contact angle was measured to examine the
wettability affected by the textures and the surface energy states. Cell culture experiments with MC3T3-E1, an
osteoblast precursor cell line derived from mouse calvaria, were conducted to examine the cell behavor on the
samples. The zeta potential values of the irradiated samples shifted to the positive direction and the absolute value
became smaller in the most of them. This result suggests the possibility that laser irradiation suppresses the
absorption of ions and proteins on zirconia in body. The contact angle values of the irradiated samples got higher
than the polished samples, and indicated hydrophobicity. Subsequently, cell attachment and morphology on each
surface were observed a day after seeding. SEM images and confocal laser scanning microscopy images (CLSM)
showed that the cells on the polished samples extended randomly; contrastingly, the ones on the irradiated samples
along the processing direction. Particularly on the laser-grooved samples, the cells attached to the sides of the
grooves and extended three-dimensionally. Three days after seeding, the cells proliferated better on the laser-
grooved Y-TZP than polished and the laser-roughened ones (p < 0.05). This result shows the effectiveness of the
groove texturing. Contrastingly, the cell prolifelation got worse on the irradiated Ce-TZP, among which the laser-
roughened Ce-TAP significantly suppressed it (p < 0.01). The chargeability and wettability are thought to be
irrelevant to the cell prolifelation result because of no significant difference in them between the Y-TZP and Ce-
TZP. Thus, the alteration of the constituents in the Ce-TZP may adversely effect to the cell proliferation.

Chapter 6 summerizes the main conclutions.



Study on Tribological Characteristics of Laser-Induced

Periodic Surface Structures

Kazuhiro FUKUI

Abstract

Friction and wear cause energy loss and life reduction of machines and lubricant and hard coating have been
widely used as countermeasures against those tribological problems; however, the restriction on the use of
chemical substances have gotten stricter due to prevention for large enviromental burden and the coating alone
cannot impart enough wear-resistant properties against current severe friction environments where manufacturing
machines experience. Meanwhile, microtexturing onto the friction surface is a well-known approach to improve
the tribological properties. The structure on the friction surface contributes to lowering friction due to reduction in
the actual contact area and trapping of the wear particles. Short pulsed laser (SPL) irradiation has attracted attention
as a microtexturing method; specifically, a linearly polarized SPL can generate a periodic groove structures, which
is generally referred to as LIPSS (laser-induced periodic surface structures), and their spatial period is close to the
laser wavelength and their direction is perpendicular to the laser polarization. The method possesses some
advantages including applicability to various kinds of materials and ease of fabrication.

The purpose of this thesis is to improve the tribological characteristics of LIPSS and to control them. First, two
types of samples, lasered-before/after-coating (LbC and LaC) samples, and these surface properties were
evaluated; subsequently, friction tests were performed under the dry condition. In addition, the relationship
between adhesion of materials and structure direction of LIPSS against friction direction were clarified and this
enabled control of adhesion of material.

This thesis is composed of five chapters.
Chapter 1 states the background and the objectives of this thesis.

In Chapter 2, the two kinds of samples, the LbC and LaC samples, were prepared to examine the difference of
the procedure of combining the LIPSS and hard coating. Diamond-like carbon was applied as the coating material
and the base material was cemented carbide. These surface features and topographies were evaluated by a scanning
electron microscope (SEM) and atomic force microscope (AFM). The spatial period of the LIPSS on the LbC
sample was approximately equal to the laser wavelength, while that of the other was approximately 1/5 of the laser
wavelength and the height of LIPSS was about a half of the LbC sample. The difference in the LIPSS topographies
was assumed due to the irradiation conditions and the material properties. Subsequently, the friction test were
performed under the dry condition. The result of experiments clarified that the LbC sample improves the
tribological characteristics; meanwhile the LaC sample was worn extensively. These result caused by the small
LIPSS and deterioration of the composition of DLC by the laser irradiation. The form of LIPSS perpendicular to
the friction direction was more effective in reduction of friction. Moreover, the wear powder trapping by the valley
parts of LIPSS and the reduction of the actual contact area were confirmed via the observation of the track of the
LbC sample.



In Chapter 3, the effect of LIPSS on the adhesion of material causing seizure or wear was evaluated by observing
the tracks after the friction test using an SUS304 ball. The friction tests were performed on cemented carbide with
and without LIPSS, DLC-coated cemented carbide and LbC samples. The track was analyzed with energy
dispersive X-ray spectrometry (EDX), and the amount of adhesion was determined by the atomic concentration of
Fe that is the main element of SUS304. The result of the friction test on the cemented carbide samples clarified
that the LIPSS could decrease debris adhesion than the mirror surface and the amount of the adhesion was smaller
as the angle between the structure direction and the friction direction was small. The result of the friction test on
the DLC-coated samples clarified that the LIPSS brought no new adhesion because all tracks had no adhesion.

In Chapter 4, since the wear debris adhesion depends on the structure direction, the control of the adhesion was
attempted by creating groove patterns. The two groove patterns, alternating vertically and horizontally grooves,
zigzag grooves, were created on the base material, cemented carbide, by controlling the polarization direction at
laser scanning utilizing LIPSS directions. Friction tests were performed on the LIPSSed cemented carbide and
LbC samples with each groove pattern to evaluate the effect on debris adhesion by observing the wear tracks. The
result of experiments of the LIPSSed cemented carbide samples clarified that local adhesion and the amount of
adhesion is controllable on alternating vertically and horizontally grooves, and adhesive particles were not affected
by the LIPSS direction. Meanwhile, the result of experiments of the DLC samples clarified that groove patterns
brought no new adhesion because all tracks had no adhesion. Further control of adhesion is expected because a
more complicated pattern could be created depend on the irradiation condition because crossing grooves were
created at the structural boundary of both patterns.

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



Study on influence of ultra fine bubble at friction interface

Sotaro Matsuda

Abstract
Various problems concerning the occurrence of friction between elements and the accompanying occurrence
of wear are extremely important tasks in the field of machining, and many researches are being conducted in the
field of tribology. The ultrafine bubble (UFBSs) is a bubble with the diameter of 1 um or less and has been
actively researched in recent years because it has various effects such as cleaning effect, catalytic effect,
sterilizing / disinfecting effect, deodorizing effect, fine particle adsorbing effect and bioactive effect. Friction
reduction is also reported as an effect of the UFBs; however, its mechanism has not been established yet. The

objective of this thesis, therefore, to elucidate the mechanism.

Chapter 1 demonstrates the background and the objectives. The previous study of the UFBs and microbubbles

(MBs) are briefly reviewed and the objectives of this thesis are elucidated.

In Chapter 2, the viscosity measurement experiment of UFBs water was carried out to verify the influence of
UFBs on the viscosity of purified water. The experiment was recorded with a high speed camera for 2.18 s with
1/12000 s of the shutter speed and 250 frame per second every five minutes to capture the change in the
appearance of UFBs water and pure water. The results showed that MBs and submillimeter bubbles sticked on
the transducer of the viscometer and expanded temporally in UFBs water; meanwhile, no changes were
observed in pure water. Consequently, the appearing bubbles might be generated with UFBs agglomeration
induced by the external vibration of the viscometer. In addition, it became clear that the viscosity nominally

increased by submillimeter bubble generation on the oscillator.

In Chapter 3, plate-on-plate friction tests were performed to verify the influence of UFBs at the friction
interface between the planes. Two specimens of the mirror-finish and the fine-grooved surfaces were attached on
the bottom of the tribometer to examine the influence of UFB on the coefficient of friction depending on the
presence or absence of fine groove structure. To observe the behavior of the bubbles at the friction interface,
soda lime glass was used for the upper test piece. The test with the mirror-finished surface showed no
differences in appearance or friction coefficient between purified water and UFBs water. Meanwhile, the test
with fine-grooved specimens showed that MBs and submillimeter bubbles appeared in the microchannels when
the UFB water was applied and the fricition coefficient was increased; no bubbles appeared in the
microchannels with the purified water and the friction coeffieint was not changed significantly. These results
reconfirm the outcome of the previous chapter: UFBs are agglomerated by the external force and turned to
visible-sized bubbles; additionally, it was suggested that the submillimeter bubbles might arise the direct contact

between the two bodies to increase the friction coefficient.



In chapter 4, the influence of the UFBs on friction coefficient on the pin-on-disc friction test was investigated.
The results indicated that the friction reducing effect may be obtained by the lubricating action of both the UFBs
water and the purified water in the test, but the conclusion that the friction reducing effect tends to be the
inclusion of UFBs in purified water was not obtained. In addition, it was clarified that the fine groove structure

does not contribute to the friction reduction effect in the pin-on-disk friction test.

In chapter 5, the general conclusions of this research are summarized.



Development of the highly functional implant

by metal additive manufacturing

Takumi Mizoi

Abstract

Metallic medical implants are rapidly spreading as effective countermeasures against motor disorders and oral
diseases; therefore, they play an important role in elderly patients' prolongation of healthy life expectancy and
improvement in quality of life. The demand for them is expected to grow in developed countries with the aging
population; however, they have several problems to be overcome: “stress shielding” is a major problem, which is
caused by a great difference in the elastic modulus between a metal and living bone. A famous method to reduce
the elastic modulus is filling pores into metal and that kind of metal is called porous metal. The porous structure
can also provide strong retention ability between a bone and an implant because of the bone ingrowth inside the
pores. In other words, porous metallic implants eliminate both mental and physical burden of patients due to
complications and implant replacement surgery as well as prevent the stress shielding.

Many methods for making porous metals have been proposed so far, and metal additive manufacturing (MAM)
has been gathering attention in recent years. This method can realize a complex porous structure like a lattice
structure with high design flexibility. However, such structures require complecated procedures, and it is necessary
to consider the reproducible minimum dimension as a design restriction. Therefore, in order to disseminate the
porous implants manufactured by MAM, simple and size-independent method is necessary.

Thus, the author has proposed “rhizoid porous structure (RPS)” utilizing vacancy defects contained in the
objects produced by selective laser melting (SLM), which is one of representive MAM methods. The RPS has tens
to hundreds of micrometers of pores and the pores connect complicatedly like the root of a plant. Because porosity
of RPS can be controlled by the shaping conditions, it is expected to develop the highly functional implant with
multiple functions by deriving the optimum shaping conditions from functional or dynamical designs. The aim of
this thesis is to show feasibility of the highly functional implant. In this thesis, the porosity and orientation of pores
in RPS were manipulated by varying the shaping conditions. The pore shapes were evaluated by X-ray computer
tomography (CT) and image processing. Additionally, the mechanical properties, bond strength with resin and
biocompatibility were evaluated. The thesis consists of following six chapters.

Chapter 1 introduces the background and the objectives of this thesis.

In Chapter 2, the relationship between the top surface textures of SLMed samples and the porosities were
investigated to clarify the mechanism of the RPS creation. The surface of the samples became smoother under
conditions where the laser was irradiated at a lower scanning speed or twice in each layer. In addition, the surface
roughness and the porosity clearly showed a positive correlation and the smoothest sample reached the density of
99.7%. These results show that the geometric shape of the laser scanned surface has a dominant influence on the
formation of the pores inside the RPS material. Furthermore, a uniaxial laser scanning provided the orientation
along the sccaninng direction of the surface irregular shape and the pore shape. These results demonstrate that
manipulation of non-numerical shaping conditions enables highly free control of the pore forms.

In Chapter 3, in order to evaluate the mechanical properties of the RPS material, a tensile test was carried out
using specimens shaped under different conditions. The results validated that the tensile strength of the specimen

decreased with increasing the porosity. Compared to conventional porous materials at the same porosity, the RPS



spacimens showed a higher tensile strength. This fact suggests that the extremely fine acicular metallic structures,
unique on the SLMed products, contribute to improvement of the static strength. In addition, the elastic modulus
was a very low value as around 8 to 11 GPa close to a living bone, and a correlation with the porosity was not
observed. Futhermore, mechanical anisotropy appeared in the specimens in which the pores were oriented by the
method in Chapter 2. These results show that the RPS can combines mechanical functions such as low elastic
modulus and high strength and mechanical anisotropy to implants.

In Chapter 4, the characteristic surface structure of the RPS material was investigated whether it sufficiently
possesses both functions of "bonding with resin material" and "strong bone retention" required for dental implants.
The bonding strength test with a dental resin demonstrated that as-built RPS samples possessed a superior bonding
strength to the sample with metal beads that are a conventional retantion structure. The cell culture experiments
demonstrate the RPS samples with specific porosities possessed cell proliferation properties equal to or higher
than those of non-porous materials, and the shape of the cells on the surface was high aspect ratio. Furthermore,
the result confirmed that the cells entered the pores and formed networks with each other. These results suggest
that the RPS implants may achieve strong bonding with bones because their pores advance bone growth and
retention ability.

In Chapter 5, the internal structure of the highly functional implant using the RPS was proposed and the graded
porous structure was built by SLM. Design areas of the model were divided at regular intervals along the
laminating direction or radial direction, and different laser scanning speeds were assigned to each area. This
method realized to change the porosity of the sample gradually along each direction. In addition, the tensile test
results for the graded porous structure showed that all the specimens were broken in the highest polosity region,
however, their tensile strengths were higher than those of the specimens having a high porosity shaped in Chapter
3. This result indicates that the low porosity region in the graded porous structure can support the stress effectively.

Chapter 6 summarizes the results and conclutions of this thesis.



Study on the Fabrication of Micro-texture by Ultrasonic Vibration Micro-cutting
Ziqi Chen

Abstract

Solid surfaces with micro- or nanometer-scale textures possess many kinds of functional performances. Among
the functionalities, controlling of the surface wettability with tailored textures have especially caught extensive
attention in recent years. At the same time, the surface wettability controlling provides appearance of valuable
effects such as water repellency, self-cleaning property, ideal droplet-sliding action and frost prevention in various
fields of industry. To fabricate wettability functional surface effectively, characterization of wetting behaviors on
the textured surfaces and clarification and manipulation of wetting performances related to microtexture
geometries are need.

When talking about how to change the surface wettability, there are two feasible way to achieve the goal: change
the surface chemical property and modify the surface geometry, while texturing approaches have some unique
features. To investigate the wetting problem on a textured surface, developed wetting phenomena have observed
and studied. Because of the complex geometry of the microtexture, the phenomena cannot analyze by the
foundational theories of the wetting features on the textured surface: the Wenzel equation and the Cassie-Baxter
equation, thus previous researches proposed two different kinds of methods, the thermodynamic analyses and the
finite element methods (FEMs) to analyze the problem. These methods allow calculating developed wetting
properties including texture geometries, so that the texturing processes are desirable to contain ability of
controlling texture morphology.

It is currently possible to make the tailored textures by chemical approaches, such as lithography, etching and
chemical vapor deposition. However, these chemical methods have shortcomings: restriction of material, costly
and relatively longer processing time. Ultrasonic vibration assisted machining was developed in the previous
studies, to become a texturing process covering the shortcomings of the conventional methods. This is a
mechanical removal process using cutting tools with ultrasonic vibration. The texture geometry features are simply
determined by tools shapes and processing parameters

In this study, the microtexture on the metal surfaces that are able to be fabricated by ultrasonic vibration assisted
machining like rotary ultrasonic texturing (RUT) and ultrasonic vibration assisted micro-cutting were applied the
thermodynamic analysis and CFD-FEMs to evaluation on the developed wetting phenomena with the effect of
geometry in terms of variables: the textures size and vibration conditions. Subsequently, the calculated textured
surfaces with different microtextures were fabricated on the Ni-P surface with two different ultrasonic assisted
texturing, and the contact angles of the textured surfaces were measured to find out the change of surface
wettability. The objective of this thesis is a further and deeper development of ultrasonic assisted machining.

This thesis is composed of five chapters.

Chapter 1 is the introduction of this thesis. The background of this research is described. The shape of the
microtexture is important in the wettability control, indicating that the fabrication of the functional surface is
expected by ultrasonic texturing technique, and finally, the research objectives is introduced.

Chapter 2 applies the thermodynamic contact angle analysis to the shape of the microstructure created by
the ultrasonic texturing and analyze the characteristics of the wetting function of the textured surface. In
addition, different kinds of CFD FEMs, such as the volume of fluid (VOF) method, level-set method (LSM)
and phase filed method (FPM) were applied to analyze the problem. The balance contact angle was obtained
from the energy calculation, and the dynamic contact angle was obtained from the three different simulations.



According to the results, the VOF and PFM simulations and the energy calculations show the same trend: the
textured surface with a smaller pitch possesses a larger contact angle, and show a certain hydrophobicity;
however, LSM shows the opposite result. The textured surface with pyramid alloy whose pitch is below 40
um shows more hydrophobicity than 60 um and 80 pum, and as the pitch becomes larger, the contact angle
also increases at a greater rate than larger pitch. When the value of pitch reaches 60um, the contact angle
shows little difference.

In Chapter 3, diverse microstructures on metal surfaces were fabricated by using the RUT. Furthermore,
these microtextures on the surface were observed by a white light interferometer, and the contact angle of the
textured surface was measured. From the observation results, the RUT technique can be used to fabricate
micro/nanometer scaled surface textures by using one-point diamond tools, and this process has an influence
on the change of surface wettability because it can be confirmed that the textured surfaces exhibit a larger
contact angle than the flat surface.

In chapter 4, ultraprecision machine tool (MIC-300) was used to create pyramid and frustum microtexture
surfaces with different processing parameters and the wettability change of the textured surfaces was also
measured. According to the observation results obtained by the SEM and laser microscope, different pyramid
and frustum microtexture could be fabricated by using ultraprecision micro-cutting process, and their
geometric parameters can be strictly controlled. In addition, the submicrotextures on the pyramid’s wall area
could be generated by ultrasonic vibration during the machining processing. Comparing to the flat surface,
the textured surfaces with pyramid or frustum microtextures show obvious hydrophobicity. Besides,
comparing the RUT process in Chapter 3, ultraprecision micro-cutting processing may create relatively
stronger hydrophobic surface. It could also be confirmed that within a certain range, much smaller
microtextures on the textures surfaces can lead to larger contact angle and better hydrophobicity.

Chapter 5 presented the general conclusions of this thesis.
This study clarified the relationship between microtexture size and surface wettability change, and created

functional surfaces by applying ultrasonic vibration assisted machining. These results help to elucidate the wetting
mechanism, and is expected that realization of advanced wettability control in many engineering fields
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