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Abstract

Recently, in accordance with the technical development and miniaturization of information
equipments, the demand of optical elements with high precision and miniaturization has been
increasing. The optical elements including lenses are manufactured by the mold, so it is requested to
fabricate the mold with high precision, miniaturization and complex shape. In the machining of the
mold, the tool is pushed into the material, and the unnecessary part is removed by moving the tool, so
the shape of tool is transferred into the surface. To obtain the surface with high shape accuracy and
roughness, there is a proposition that of how to suppress the tool wear in the machining. There are a
large number of investigations to solve this proposition, from the view-point like tool materials, the
shape of tool, surface treatment, machining conditions and so on. However, in the machining of hard
material, to keep the high precision machining as long as possible, the serious issue is the shortage of
tool life.

This study focuses on the [Machining method] to suppress the tool wear and to increase the tool life
in the machining of hard material. This study aims to create a new machining method which has the
ability to suppress the tool wear, and to realize high precision machining at the same time. Then, by
investigating the mechanism of the proposed machining method and applying it to the machining of
complex shape, it is confirmed that a new machining method which has the ability to suppress tool
wear and to realize ultraprecision machining is constructed.

In Chapter 1, the machining technology of the hard material, especially the investigations of the tool
wear are summarized, and the background of this research work is introduced.

In Chapter 2, the mechanism of the brittle fracture in the machining of hard material and the effect of
the tool with negative rake angle is introduced. Then, a method which is called [cutting point swivel
machining] , by using the tool with special chamfer, which has the same negative rake angle along the
rake face and the circle cross section of tool shape, is proposed. By compensating the setting error, it is
confirmed that ultraprecision machining can be realized by using this cutting point swivel machining.
The effect of the tool wear suppression is verified by the cutting experiment of SiC. It is found that
good surface can be obtained by suppressing the tool wear at the same time.

In Chapter 3, it aims at investigating the mechanism of the cutting point swivel machining. It is found
that the cutting point swivel machining has the ability to change the actual cutting direction in the
machining. At this time, the moving distance of the cutting edge becomes longer than the conventional
machining to remove the same volume of workpiece. Thus, the actual cutting width can be reduced
and the cutting force can be reduced at the same time. In addition, by using the broad part of the
cutting edge, the tool wear can be reduced substantially. Then, the relationship between cutting force

and the speed ratio is investigated. It is found that the cutting force can be reduced by increasing the



speed ratio. After that, it is found that the tool wear can be suppressed by increasing the speed ratio.
However, when the speed ratio is increased furthermore, the tool wear becomes severe. As a result, it
is shown that there is an appropriate speed ratio which has the ability to suppress the tool wear to the
least.

In Chapter 4, to machine the complex shape, the cutting point swivel machining is applied to the
creation of curved microgrooves. It is confirmed that microgroove with arbitrary curvature can be
machined with good accuracy by using cutting point swivel machining. Then, to compare with ball
end milling, which is mostly used in the machining of curved surface, it is found that although the
efficiency of cutting point swivel machining is worse, the tool wear is less than that of ball end milling,
and high precision machining can be obtained for a longer time. At last, the cutting point swivel
machining is applied to the machining of curved surface. It is confirmed that both good shape
accuracy and surface roughness can be obtained by using cutting point swivel machining.

In Chapter 5, this study is summarized.

As above, a new machining method which is called cutting point swivel machining is proposed in
this study. The cutting point swivel machining is applied to curved microgrooving and the machining
of curved surface. As a result, it is confirmed that the machining of complex shape with tool wear
suppression can be realized. The use of this new machining technology can contribute significantly to
the machining technology with high precision and complex shape, which is requested in the machining

of mold.
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Chapter 1 Introduction

Chapter 1
INTRODUCTION

1.1Back ground of this study

The cutting operation is a machining method which removes the unnecessary parts of material to get
target shape by pushing the cutting tool into workpiece and moving the cutting tool. The feature of
cutting operation can be shown as follows:

1) High machining efficiency

2) Comparatively low cost in variety and small amount of manufacturing

3) High machining accuracy

4) Ability of various target shape

5) Ability of various materials

6) Low energy to remove unit volume of material

As shown as above, there are a lot of advantages of the cutting operation, so it is one of the most
basic and important machining method ", and it is used in large numbers of manufacturing of all kinds
of products.

By the advancement of optical region, it is requested to machine the hard material with high
dimension accuracy, high shape accuracy, good roughness, miniaturization and high efficiency. To
realize these exacting requirements, the cutting operation assumes a great role, and the requirement to
cutting operation becomes harder and harder.

The machine tools, machining methods, cutting tools and cutting fluid are investigated to satisfy
these hard requirements. As an important element of cutting operation, the cutting tool is pushed into
the workpiece, so it has a direct influence on the accuracy of machined shape and surface. Especially
in the cutting of hard material, there is the occurrence of severe tool wear on the cutting edge because
of the hardness of workpiece, and tool wear makes a huge impact to the machining quality. It is
necessary to suppress tool wear in the machining. There are several methods to suppress tool wear just
as improvement of tool material, surface treatment and coating of cutting tool, and development of
machining method and so on. In this study, to machine the complex shape with high precision,
miniaturization and high efficiency, a new machining method is proposed. The effect of this machining
method is verified and it is applied to the machining of complex shape. Then, the requirement of

cutting hard material with complex shape is explained to introduce the background of this research.
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1.2 Manufacture of optical elements

In recent years, the optical elements come into wider use in our life. For example, they are used in
camera, mobile phone, CD/DVD driver, and so on. The optical elements are used from long time ago
. The mirror used around 16" century B. C. was unearthed in Egypt, and the lens used around 7"
century B. C. was found in Iraq. Then, the glasses is diffused from 14" century, and the scope and
microscope are made from 16" century. As this, the mirror and lens are used from long time ago, and

they are used widely in our life.

Shape of optical elements

The spherical lens is used for long time. However, as shown in Fig. 1-1(a), it is found that the
spherical lens does not have the ability to focus the incident light to one point, because of the
difference of location where the light transmit and the wavelength of light !, This phenomenon is
called aberration. Although the aberration can be compensated by using several lenses, the equipment
becomes larger and heavier, and the transmittance of light becomes worse at the same time. As the
method to compensate aberration, the aspheric lens is proposed. As shown in Fig. 1-1(b), to focus the
incident light, the curvature radius is different according to location on lens. By using the aspheric
lenses, compensation of aberration can be realized by few lenses, and optical equipment can be
produced with miniaturization and lightweight .

However, because the wavelength of each colored light is different, by using this kind of refracting
lens, different colored lights focus to different points, and it causes the chromatic aberration. To solve
this problem, the diffractive optical element (DOE) is proposed. The proposal of DOE can trace back
to 1870s !, the Fresnel zone plate (FZP). At 1898, Wood confirmed that the efficiency can be
improved by using DOE with surface relief ). Then, it is proposed to compensate the color aberration
by combining refractive lens and diffractive lens in the 1960's ") After that, it is reported that DOE
are used to vary design of lenses *!”). For example, by using pickup lens with microgrooves which

are arranged in a concentric pattern on aspheric surface, CD and DVD with different thickness can be

‘ \ \g
/ £
\ \ A
\ T AT
(a) Spherical lens (b) Aspheric lens

Fig.1-1 Effcct of aspheric lens




Chapter 1 Introduction

regenerated by one lens, by changing the focal point distance of diffracted light 0%, There are a large
number of investigations about the structure of surface and optical property "'>"2l In addition, the
micro lens is requested to be used by the miniaturization of optical equipments.

Material of optical elements

Glass is used as the material of optical elements from long time ago. Plastic is researched to be used
as the material of optical elements as a substitute for glass from 19 century ¥ At about 1920, the
clear and colorless urea resin is developed. However, by the demerit of non-durable and crack, it is not
considered as the optical material. Then, methyl methacrylate (MMA) is developed at about 1930,
with good durable and mechanical intensity. However, MMA belongs to thermoplastic resin, so there
are problems that it is easy to be hurt and the heat resistance is not enough to all products. After that, a
lot of investigations which use plastic as the material of optical elements is made during World War 2.
As a result, thermo hardening resin CR-39 (diethylene glycol bisallyl carbonate) is developed with
good heat resistance and hardness.

To compare with the glass, the plastic lens has the merit of Dlow density, @impact-resistance, @
low molded temperature, @low cost, and so on. At the same time, the plastic has the demerit as
follows: " 113
Transparence: There are many kinds of plastic with the property of clear and colorless. So there is
scarcely any problem on the transparence. However, by the advancement of optical equipments, it is
requested to consider the transparence of invisible ray such as infrared ray and ultraviolet ray.
Homogeneity: By managing the production process, the pore and impurity can be discharged from
feedstock. However, because the forming process of plastic lens is injection mold, it is easy to occur
the heterogeneity by the different lots, or products with the same lot. Then, there is a problem that the
generation of strain by the character of water absorbability and surface oxidation.

Variation of temperature: The coefficient of thermal expansion of plastic is 10 times to that of glass,
so the variation of refraction which is caused by the change of temperature is 40-60 times to that of
glass. Then, the molding shrinkage occurs in the molding processing to cause the deterioration of the
shape accuracy.

Hardness: The hardness of plastic is not enough and the coefficient of elasticity is so small that plastic

is easy to be hurt and to be deformed after molding to cause the deterioration of surface accuracy.
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Table 1-1 Property of optical plastic and glass

Glass | PMMA PS CR-39 PC
Refraction index Ny 1.50~1.52|1.48~1.50|1.56~1.58 1.50 1.58
Dispersion Y4 — 57.0 30.9 578 31.0
Elastic modulus (10* kg/cm?2) 5090 | 25~35 | 2.8~42 2.1 22~25
Tensile strength (102 kg/cm?) 4.0~10.0| 5.6~7.0 | 3.5~63 | 3.5~42 | 59-6.6
Difference of Ny by temperature (x10-5/K) -12 -14 -15 -16 -1
Thermal conductivity (104 éal/chm) 23 4~6 2.4~33 — 4.6
Cocfficient of thermal expansion (10-5 /K)| 0.9~1 9 6~8 8~15 7.
Soften point (°C) 450~500 | 65~100 | 70~100 140 138~142
CoefTicient of water absorption (%) (24 h) - 0.3~0.4 |0.03~0.05 0.2 0.8
Oriented strain None Small | Medium — Medium
Density (g/cm?3) 25 1.18~1.19(1.04~1.07 1.32 1.2

Secular change: Plastic, especially thermoplastic resin, is easy to be deformed by the rise of
temperature. Then, there is always the strain in the material by the machining. The release of strain
causes the deformation of plastic. In addition, there is a problem that devitrification occurs by the
oxidation of light and heat, when optical elements are irradiated by the sun light.

As above, there are still several problems to use plastic instead of glass. The properties of glass,
PMMA, PS, CR-39 and PC are shown in Table 1-1. As shown in this table, it is known that glass has
the excellent temperature properties, humidity properties and optical properties. So glass is used as the
material of optical elements when the request of optical elements is high.

Manufacture of glass lens

Traditionally, glass lenses are manufactured by cold working (grinding and polishing process) after
material forming by melt glass ["®"'?), It costs a lot of time and the complex shape like aspheric surface
is difficult to be fabricated. To solve this problem, the molding technology is investigated from 1970,
and it is in practical used from 1982, by Eastman Kodak Company to manufacture glass lens of disk
camera " 1 After 1985, molding technology is used widely in the manufacture of glass lens.

In recent years, there are a lot of investigations for cutting and grinding glass lens directly. For
example, Kawada et al. reported that optical glass can be grinded in ductile mode when the depth of
grind is less than 0.1 um 1. As the cutting of glass, Matsumura et al. found that good machining

(23H26] ' and Warisawa et al. observed the

result can be obtained by using the end mill with small radius
transition between plastic deformation, ductile and brittle cutting for glass @ Then, Obigawa et al.
simulated the transition between ductile and brittle cutting of glass **) and cut glass with micro ball

end mill ™. lizuka et al. used the fly cutting to the machining of glass, to discuss the relationship

_4_
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between surface and the material of tool "\ As a result, good shape accuracy and surface can be
obtained by cutting and grinding glass lenses. However, the process costs a lot of time so it is not
available for mass production. The press forming by molds is used in the manufacture of glass lens.
The press molding is shown in Fig. 1-2 P!, Glass is set between upper mold and lower mold, and it is
heated to be softened. The gas is used to avoid the oxidization of glass. By this way, glass lenses can
be manufactured with the same shape as the mold.

The mold of plastic is usually made by Ni-P which is coated on aluminum alloy, cooper and steel.
Then, the coated Ni-P is machined to the shape of lens by an ultraprecision machining center (321 331
However, when the mold with Ni-P coating is heated to 700 K B4 the crystal architecture transforms
from amorphous to crystalline. There is the volume constriction of metallic skin to cause the
occurrence of crack . The molded temperature of glass is about 900 K, which is much higher than
the temperature that the crack occurs on Ni-P. So the hard material including cemented carbide and
ceramics are used as the material of molds. As the common denominator of these materials, they have
the properties of high hardness, high heat resistance and low coefficient of thermal expansion, which
are needed as the mold material.

Fabrication of the mold

Traditionally, hard materials for molds need to be fabricated by several processes. For example, after
the rough machining by a machining center, the molds need hardening process, electrical discharge
machining and polishing process. However, when micro molds are fabricated, it is difficult to produce

the electrode of electrical discharge machining, and there is the threat of the broken part of mold by

Cylinder (Quartz) Prss N2 gas Inflared lamp

\

X

Upper mold
Lower mold Glass

Fig. 1-2 Glass molding process
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using electrical discharge machining. Then, it is difficult to keep the shape accuracy and create
complex shape by polishing process. Recent years, by the development of ultraprecision machining
center, the resolution of translation axis is fine down from 10 nm to 1 nm. Good surface can be
obtained by the machining. At the same time, good shape accuracy can be obtained because of the
correct transfer of tool path. So ultraprecision cutting is used as the finish machining of mold to obtain
good shape accuracy and surface roughness.

There are a large number of investigations about the cutting of hard material, these investigations are
almost about (DCharacter of tool wear, @Cutting forces, @Material of cutting tool, @Shape of
cutting tool, &Cutting conditions, ®Machining method.

Character of tool wear

The classification of tool damage in the machining is shown in Fig. 1-3 P71 The tool wear can be
divided into mechanical wear and thermal wear. The tool wear in the machining of hard material
almost belongs to the mechanical wear because of the hardness of the workpiece. In the machining of
cemented carbide, which is a representative hard material, it is reported that chippings occur on the
cutting edge, and tool life depends on the tool wear on flank face ®.. The tool wear is involved to the
grain size of WC grains. When the grain size of WC is large, the probability of abrasion between tool
and grain becomes large, and tool wear becomes severe 3] Then, the energy dispersion spectroscopy
(EDS) is used to observe the flank face of tool. The tungsten constituent can be observed on the flank
face M. 1t can be considered that there are 2 reasons of the tool wear, one is the mechanical wear

which is caused by the friction between tool and workpiece, and the other one is adhesion wear by the

Early failure
» Tool failure Sudden failure
Terminal failure
r Ploughing wear
Mechanical wear { Attrition Wear
L Chipping

Tool damage 1 .

Tool )  Plastic deformation
~ Tool wear ..
Textural variation

Chemical reaction

\ Thermal wear < Electrochemical reaction
Adhesion
Diffusion

\ Heat crack

Fig. 1-3 Reason of tool damage
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desorption of incrustation. Then, there are investigations about the machining of silicon carbide (SiC)
(4111921 1t is known that chippings occur on the flank face with high feed rate because of the impact
between cutting tool and SiC grains, and scratch mark can be observed with low tool feed rate because
of the abrasive scratch of SiC grains.

Then, as the chemical wear of cutting tool, it is reported that there is the chemical aspects of tool

wear in the machining of electro less nickel by single point diamond *!.

Cutting force

Cutting forces are measured in the lathe turning of tungsten carbide. It is known that the thrust force
is about twice to three times as much as cutting force in the machining %), So it is requested to use the
machine tools with high stiffness at the direction of thrust force. Then, the cutting forces become large
when the content of WC becomes high, because the hardness of workpiece is increased.

Material of cutting tool

At 1976, by the diffusion of polycrystalline sintered compact, it is reported that there is the
possibility of cutting cemented carbide by Tanaka et al /' **] In the cutting process, the hardness of
tool is expected to be more than 4 times of that of workpiece. The hardness of these hard materials are
more than 1500 HV, so the material of tool is limited. Single crystal diamond (SCD), sintered diamond
(PCD) and cubic boron nitride (¢cBN) are majorly used as the material of tool. The single crystal
diamond has the maximum hardness in the material of tool, and because of its directional property, the
cutting edge can be made sharp. However, because of this directional property, in the machining of
hard material, the chippings occur on the cutting edge and the tool life becomes very short. Then,
although the cutting edge of PCD is worse than that of SCD, the tool life can be extended substantially
by its directionless property !, In the machining of cemented carbide, it is reported that tool wear can
be suppressed by using PCD tool with coarse grained diamond and low content of cobalt U7 1t is
considered as that the diamond grain is difficult to be dropped by using coarse grained diamond. There
are a large number of researches to investigate the mechanism of tool wear by using PCD tool WSH3T

In recent years, the binderless nano polycrystalline diamond tool is developed 1521 531 This tool is
made at 16 GPa and 2300 °C, sintered by high purity graphite directly, and the radius of grain is less
than 50 nm . The hardness of the tool is higher than that of SCD, and the problem of SCD that the
difference of hardness depends on the plane direction can be solved because of the use of
polycrystalline diamond. It is reported that the tool life of binderless nano polycrystalline diamond can
be extended to more than 3 times as that of coarse grained PCD tool ',

Then, it is reported that if the content of cobalt in the tungsten carbide is more than 20%, the tool
wear of ¢cBN tool is less than that of PCD tool **). So ¢BN tools are used at point of production with

the merit of low cost. The binderless cBN tool is developed and its availability for cutting cemented
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carbide is verified. At the same time, there are several investigations by using the tool with chemical
vapor deposited (CVD) diamond P 1*7),

Shape of cutting tool

Suzuki et al. developed a new micro milling tool made of PCD, and it is reported by using this new
tool, the mold of Fresnel lens with shape accuracy under 0.1 um, and roughness Ry under 20 nm can
be obtained P¥®Y. Fukui et al. focused on the tool of diamond grains ““"®1. By using the tool with
small radius, the complex shape can be machined on the cemented carbide. Kato et al. used the tool
with the shape of cone, which is made of sintered diamond, to the milling of cemented carbide. The
radius of tool is 0.035 - 0.04 mm, and the rotation speed of spindle is 20,000 to 70,000 rpm. As a result,
surface with flatness of 0.5 pm, roughness of 0.3 pm can be obtained *.

Cutting conditions

The cutting condition is a very important part in the machining. The effects of cutting fluid are
lubrication and cooling. Fujiwara et al. has investigated the effect of cutting fluid in the machining of
cemented carbide, and it is found that tool wear on flank face and defluxion of diamond grain can be
suppressed by the lubrication effect when the depth of cut is large . Yui et al. investigated the
relationship among different kinds of cutting fluid, atmosphere and tool wear. As a result, the effect of
cutting oil is bigger than that of water solubility fluid, and Zinc Dialkydithiophosphate (ZnDTP) has
the most ability to suppress the abrasive wear and chipping. Then, wear of the tool which is used in the
atmosphere of air is less than that used in the atmosphere of N, and Ar, 7%,

In the machining of alumina and cordierite, by PCD tools, tool life with cutting fluid can be extended
to 10 times as that without cutting fluid. It is necessary to use cutting oil in the machining of hard

material Y,

Machining method

In the traditional investigations of machining hard material, lathe turning are almost used as the
machining method. By the advancement of the machine tools and development of new machining
method, there are lots of reports about the high precision machining of hard material. Shamoto et al.
applied the elliptical vibration cutting to the machining of cemented carbide, and found that ductile
mode machining can be realized with the frequency from 0.1 Hz to 20 kHz 7274 ‘Nath et al. use the
technology of ultrasonic elliptical vibration cutting (UEVC) to investigate the relationship among
roughness, tool wear, cutting force and nose radius of tool 7511761 Ag a result, it is found that when the
nose radius is 0.6 mm, good result can be obtained. Then, when the speed ratio is reduced, in UEVC,
the cutting force and tool wear on flank face can be reduced, and the roughness can be improved.
There are several researches about ball end milling of cemented carbide by using SCD, PCD and nano

polycrystalline diamond tools 283 71 78],
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As introduced above, the fabrication of mold is very important in the manufacturing optical elements.
However, there is still a big problem that how to suppress tool wear. The tool life is expected as long

as possible to keep the ultraprecision machining for long time.

1.3 Ultraprecision micro machining of complex shape

On the other hand, to fabricate the optical elements with complex shape, it is requested to machine
the complex shape on the mold material with high precision and miniaturization. There are several
machining methods that used in the machining of complex shape. Then, as the machining of complex
shape, the grinding and cutting are introduced as follows. Here, the cutting is divided into vibration
cutting, ball end milling and sharp operation.

Grinding

Grinding process is shown in Fig. 1-4 (a). The grinding wheel, which is made of the abrasive grains,
bonding material, is rotating to remove the workpiece. To compare with the cutting tool, the grinding
wheel is combined with a large number of abrasive grains, so there are a lot of cutting points in the
grinding process and the machining efficiency is better than cutting. In addition, the size of chips
becomes small so good roughness and shape accuracy can be obtained.

The grinding can be divided into cross grinding and parallel grinding. The cross grinding is that the
rotation direction of grinding wheel is perpendicular with the feed direction 71 Only one point is used
in the grinding so there is no influence on shape accuracy by the shape error of grinding wheel.
However, the wear of grinding wheel becomes severe, and the setting needs to be executed with high
accuracy. To compare with this, the parallel grinding is that the rotation direction of grinding wheel

[80]

parallels to the feed direction ™. The width of grinding wheel which is used in the machining

(a) Grinding (b) Ball end milling (c) Sharp operation

Fig. 1-4 Mechining method of comples shape
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becomes large so that the wear of grinding wheel can be reduced. In addition, the machined surface
shows good roughness. However, the shape error of grinding wheel exerts influence of shape accuracy,
and it usually needs a compensation grinding. Then, the arc envelope grinding method B ¥4 s
proposed in the grinding of curved surface. The grinding wheel with cross-section of circle is used in
the grinding, and it is fed by three dimensions to grind the aspheric surface. It is reported that shape
accuracy and roughness can be controlled under 0.1 pum by using this method.

However, grinding wheel need to be truing and dressing before grinding to make the wheel sharp.
There is a problem that the best shape accuracy of grinding wheel is over 2 um, and it needs
compensation grinding after the first grinding. In addition, when the radius of grinding wheel becomes
small, the grains in the grinding wheel become less, and there is a problem of the deterioration of
grinded surface, which is caused by the reduction of cutting teeth.

Vibration cutting
Vibration cutting is the cutting that the tool is subjected to a forced vibration with the frequency of 50

to 30k Hz, which is proposed in 1960s **1. The vibration cutting has the advantages as follows B4,
Reduction of the cutting forces

Reduction of the friction coefficient on the rake face of tool

Improvement of roughness

Reduction of affected layer

@ ® e 0

Increase of tool life

Especially, the elliptical vibration cutting is proposed at 1996 by Shamoto et al BSHE7 1t is named
because the vibration trace of tool is like ellipse. To compare the cutting speed, the vibration speed is
so large that the direction of friction force on the rake face is the same as the ejection direction of chip.
The chip can be ejected easily by this friction force. At this time, the shear area becomes small and the
cutting force can be reduced. In addition, the thickness of chip can be reduced because the cutting
depth of each vibration is small. As a result, the roughness of machined surface can be improved and
the cutting energy to remove the same volume of workpiece can be reduced.

In the machining of hard and brittle material, elliptical vibration cutting has the ability to reduce the
thickness of chip, so ductile cutting mode can be realized even the depth of cut is increased. Then, it is
reported that elliptical vibration cutting is applied to the curved surface machining, and has the ability
to realize high efficiency and high precision machining.

However, there is a problem that in the machining of tungsten carbide, tool wear of elliptical
vibration is more than that of conventional machining because the contact distance between the flank
face and workpiece becomes too long ”*!. In addition, to realize elliptical machining, it is necessary to

use the special equipment °” which estimates cost increase.

-10_
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Ball end milling

Ball end milling is shown in Fig. 1-4 (b). The tool is rotating while being fed, so it is easy to machine
arbitrary shape of surface by controlling the tool posture and tool path. The ball end milling is mostly
used in the cutting of curved surface. Especially in recent years, ball end mill with radius under 50 pm
and shape accuracy under 500 nm has been developed ! and micro machining can be realized by
using a ball end mill with small radius. In the ball end milling, the tool is usually rotated to more than
10,000 rpm by using a high speed spindle so that the feed rate of tool can be set higher to increase the
machining efficiency. The theoretical roughness of ball end milling can be shown in Eq. (1-1). Here, f
is pick feed and R is the radius of tool. The roughness can be controlled by the feed rate and pick feed.

R, = f%/(8R) (1-1

However, there are several problems of the ball end milling. For example, the stiffness of tool is
decreased when the radius of tool becomes small, and there is the occurrence of vibration when the
tool is rotating with high speed. In the ultraprecision micro machining, the vibration will cause the
deterioration of the roughness and the shape accuracy.

Sharp operation

Sharp operation is shown in Fig. 1-4 (c). The non-rotational tool is used in sharp operation. By
controlling tool posture and tool path, complex shape can be machined by sharp operation. Feed rate
cannot be set high because of the use of non-rotational tool. Therefore, it is pointed out that there is a
problem of the efficiency of machining. However, because the non-rotational tool is used in the
machining, there is no problem on the vibration of tool, tool shape can be transferred into the surface

correctly, and good shape accuracy and roughness, which cannot be obtained by ball end milling 2,

3 can be obtained in the sharp operation. By the high needs of the molds of optical elements, it
requests the finish machining with high precision, and the volume of workpiece which needs to be
removed is not so much. Therefore, sharp operation with low efficiency and high precision attracts

attentions as the method of finish machining.

1.4 Purpose of this study

It is known that the mold is so important in the manufacturing of glass lens that optical elements with
high precision cannot be fabricated without the ultraprecision mold. In the machining of mold, the tool
is pushed into the material to remove the unnecessary part of workpiece, and the tool shape is
transferred into the created surface. As a result, the tool life acts an important part on the accuracy of
optical elements.

In the machining of hard materials, there is a large problem that how to keep the tool life as long as

_11_
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possible. The character of tool wear in the machining of hard material has been investigated. As the
method to suppress tool wear, large numbers of investigations are focused on [Material of tool] ,

[Cutting conditions]] and [Shape and surface treatment of tooll . As a result, new materials
including nano polycrystalline diamond and various kinds of tool have been developed. By using these
tools, the tool life can be lengthened substantially. However, to realize the ultraprecision machining as
long as possible, the serious issue is the shortage of tool life.

This study focuses on the [Machining method,] to suppress tool wear and to increase tool life in the
machining of hard material. As introduced in Section 1.2, there are several investigations about the
machining method in the machining of hard material. However, some of them just discuss the
possibility of machining hard materials without the increase of tool life. By using the elliptical
vibration cutting, it is reported that ductile mode machining can be realized easily. However, the tool
wear becomes more severe, and there is a problem that the cost of the elliptical vibration cutting
machine. Under this back ground, this study aims to create a new machining method which has the
ability to suppress tool wear, and to realize ultraprecision micro fnachining at the same time. By using
5-axes machining center, a machining method called “cutting point swivel machining”, which use an
R-shape non-rotational tool, is proposed, and its effect is verified by the cutting experiment. Then, by
investigating the mechanism of cutting point swivel machining and applying it to the machining of
complex shape, it is confirmed that a new machining method which has the ability to suppress tool

wear and to realize ultraprecision machining is created.

1.5 Organization of the dissertation

This dissertation includes 5 chapters, as shown in Fig. 1-5. In Chapter 1, the needs which are the
machining of complex shape on the hard material and the problems in the machining hard material are
introduced. Then, the objective of this study, which is the creation of a machining method which has
the ability to suppress tool wear and to realize ultraprecision machining, is described.

In Chapter 2, the mechanism of the brittle fracture in the machining of hard material and the effect of
the tool with negative rake angle is summarized. Then, a method which is called [cutting point swivel
machining] , by using the tool with special chamfer, which has the same negative rake angle along the
rake face and the circle cross section, is proposed. By compensating the setting error, it is confirmed
that ultraprecision machining can be realized by using cutting point swivel machining. And its effect
of the tool wear suppression is verified by the cutting experiment of SiC. It is found that good surface

can be obtained by suppressing the tool wear.

_12_
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Next, in Chapter 3, it aims at investigating the mechanism of the cutting point swivel machining. It
is found that the cutting point swivel machining has the ability to change the actual cutting direction in
the machining. At this time, the moving distance of the cutting edge becomes longer than the
conventional machining to remove the same volume of workpiece. So the actual cutting width can be
reduced and the cutting forces can be reduced at the same time. In addition, by using the broad part of
cutting edge, the tool wear can be reduced substantially. Then, the relationship between cutting force
and the speed ratio is estimated and verified by the experiment. It is found that the cutting force can be
reduced by increasing the speed ratio. After that, it is found that the tool wear can be suppressed by
increasing the speed ratio. However, when the speed ratio is increased furthermore, the tool wear
becomes more severe. As a result, it is shown that there is an appropriate speed ratio which can

suppress the tool wear to the least.

Chapter 1
Introduction

e Back ground and Objective

Chapter 2
Proposal of Cutting Point Swivel Machining

¢ Proposal of new machining method
¢ Compensation of setting error

l
Y Y

Chapter 3 Chapter 4
Mechanism of Cutting Point Swivel Machining Application of Cutting Point Swivel Machining

¢ Effect of cutting point swivel machining ¢ Application to curved microgrooving
o Cutting force and speed ratio e Comparison with ball end milling
e Tool wear and speed ratio o Application to curved surface
Chapter 5
Summary

e Achieved result in this study
¢ Futurc prospects

Fig. 1-5  Flow chart of this study
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To machine the complex shape, the cutting point swivel machining is applied to the curved
microgrooving in Chapter 4. And it is confirmed that microgroove with arbitrary curvature can be
machined with good accuracy by using cutting point swivel machining. Then, to compare with ball
end milling, which is mostly used in the machining of curved surface, it is found that although the
efficiency of cutting point swivel machining is worse, the tool wear can be suppressed substantially,
and high precision machining can be obtained for a longer time. At last, the cutting point swivel
machining is applied to the machining of curved surface. It is confirmed that both good shape
accuracy and roughness can be obtained by using cutting point swivel machining.

Finally, Chapter 5 summarizes this research and descripts the future prospects.

_14_
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Chapter 2
PROPOSAL OF CUTTING POINT SWIVEL MACHINING

2.1 Introduction

There are mainly two problems in the machining of hard material, one is the occurrence of severe
tool wear, which is introduced in Chapter 1, and the other one is the occurrence of brittle fracture
which causes the deterioration of surface roughness and shape accuracy. As shown in Fig. 2-1, when
hard material is machined, the generation of chip is crack type ", so brittle fracture occurs and good
surface is difficult to be obtained. It is known that brittle fracture can be suppressed by reducing the
depth of cut "M% The maximum depth of cut without brittle fracture is called the critical depth of cut.
The critical depth of cut depends on the rake angle, and the rake angle with the maximum critical
depth of cut is called the best rake angle. To machine with high efficiency, it is expected to use the tool
with the best rake angle in the machining.

There are several investigations about the critical depth of cut and rake angle. For example, the
relationship between the critical depth of cut and rake angle in the machining of silicon and

1 PPH1921 and there is the cutting

germanium is investigated by using the single crystal diamond too
experiment of silicon and germanium by inclination plunger cutting. At the same time, there are
several investigations about the machining of glass. For example, there is the cutting experiment of

3]

BK7 and low-expansion glass !'"*], research about the effect of rake angle to the critical depth of cut in

[104]

the machining of F2 glass"™", and the critical depth of cut for glass by arc cutting machine tool 11931 In

these investigations, it is found that the tool with negative rake angle has the ability to increase the

critical depth of cut and to suppress brittle fracture in the machining of hard brittle fracture.

Tool /

Chip

N\

Workpiece

5

Fig. 2-1 Crack type chip
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In this chapter, the mechanism of brittle fracture in the machining of hard material and the effect of
using the tool with negative rake angle is introduced in Section 2.2. Then, in Section 2.3, a cutting
method which is expected to have the ability of tool wear suppression is proposed, called “Cutting
Point Swivel Machining”. However, there is a large setting error by using the cutting point swivel
machining, so a method to compensate this setting error is developed in Section 2.4. In Section 2.5, the

effect of cutting point swivel machining is verified by the cutting experiment of SiC.

2.2 Effect of tool with negative rake angle and cutting tool

2.2.1 Effect of tool with negative rake angle in the machining of hard material

Figure 2-2 shows the model of brittle mode cutting. When the depth of cut is large, the crack is
proceeded to break by the tensile stress which locations on the anteroinferior portion of cutting edge
[196.197] 'By this reason, the proceeding route of crack depends on the stress state, and when it is nearby
the surface, the inclination @ becomes gentle, and the inclination @ becomes steep when it is far from
the free surface. So when the depth of cut % is small, the crack is easy to inflect to the surface, and the
material can be removed by the crush and shear failure on the rake face of tool. The inclination of
crack 6 and crater depth d can becomes small by reducing the depth of cut 4, and the generation of

chips can be transitioned from the crack type to the shearing type. On the other hand, when the

inclination degree @ is too large, the growing of crack stops, and there is the occurrence of residual

crack !"%81,

: Tool feed
Chip \ ;
l“ \ ‘.3
< . ; -
= % Running crack path =
9 5 S Tool
oy : o
S X %
< ‘\ 2.
= e
a ©)

Machined surface

Workpiece

Fig. 2-2 Machining by fracture mode
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The transmission of crack is also acted upon by the dormant failure of material by the preprocessing.
When the depth of cut becomes large, the number of dormant failure in the stress field becomes large,
and the fracture behavior becomes instability at the same time. Then, when there are a large number of
dormant failures, the unstable transmission of crack which from these failures becomes more, the chip
is easy to be crushed and the length of chip becomes short. By reducing the depth of cut, the dormant
failure in the stress field can be lessened, and the irregular transmission of crack can be reduced.

Then, the ductile mode cutting can be obtained by the change of stress state in the cutting area when
the depth of cut is reduced, as shown in Fig. 2-3. And that is, when the depth of cut is large, the tensile
stress locations on the anteroinferior part of cutting edge holds a commanding position, and it is easy
to cause the crack anteroinferior the cutting edge. By reducing the depth of cut, the shear stress
anterosuperior the cutting edge becomes a commanding position, and there is the occurrence of shear
slip. In the simulation analysis of the generation of chips in the cutting of glass 81 it is found that
there is a transition of crack which occurs under cutting edge from tensile mode to shear mode, by
reducing the depth of cut. When the rake angle becomes negative, the hydrostatic pressure effect
becomes large by the pressure from the rake face of tool. At this time, the component of tensile stress
is lowered so that the crack can be reduced and the critical depth of cut can be increased.

On the other hand, when the rake angle becomes larger in negative direction, a part of workpiece can
become chip by moving to the upside along the rake face. However, most of the workpiece is moved
to the lower side of tool, and by the elastic and plastic deformation, it moves to the backward of the
cutting edge. If the ratio of workpiece which is moved to the lower side of cutting edge is regardless of

the depth of cut, and only depends on the rake angle, the absolute amount of workpiece becomes large

Tool feed

Flow type chip

Workpiece

Fig.2-3 Machining by ductile mode
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when the depth of cut is increased. At this time, as shown in Fig. 2-4, the workpiece which is located
under the cutting edge is subject to a great hydrostatic pressure. The deformation which is only subject

to hydrostatic pressure is elastic deformation !'"”

, so the plastic deformation occurs on the surface of
workpiece, and elastic deformation occurs in the deep layer of workpiece. Then, the elastic
deformation is released in bursts at the backward of cutting edge, there is the occurrence of remnant
stress between superficial site and deep layer. The remnant stress in the superficial site is compression
stress and that in the deep layer is tensile stress. As a result, there is the occurrence of vertical tensile
stress on the elastic-plastic boundary """, The lateral crack initiation occurs if this tensile stress is
larger than the limit. The lateral crack initiation is confirmed from the pressing of brittle material (1o

[111]

scratching of glass and grinding of single crystal Silicon "'l Then, in the cutting of cemented

carbide by R-shape tool, it is found that microgroove cannot be obtained when the rake angle of tool is

31 'So when the rake angle becomes large in

set to be over than 60 degree in negative direction
negative direction, the amount of workpiece which moves to the lower side of tool is increased to

cause the reduction of the critical depth of cut """,

Tool feed
Chip :

Workpiece
Tool /
/
7

> <
Flow of workpiece

“.. Elastic-plastic boundary

~
-~
T4
-4

Lateral crack initiation

Fig. 2-4 Machining by tool with large negative rake angle

_18_



Chapter 2 Proposal of cutting Point Swivel Machining

[ e e e e e RS

2.2.2 Cutting tool used in this study

It is reported that the tool with chamfer has the ability to suppress tool wear in the machining of steel.
The tool with chamfer is the tool that has negative rake angle and obtuse tip angle, as shown in Fig.
2-5. The tool tip angle is obtuse so that the stiffness is larger than the tool without chamfer, and the
chippings can be suppressed substantially. In addition, the rake angle of tool with chamfer is negative
so it is able to increase the critical depth of cut in the machining of hard material.

However, as shown in Fig. 2-5 (a), the conventional tool with chamfer is made by cutting a part of
tool tip, so there is a problem that the angle between the surface perpendicular to the cutting edge and
chamfer at point A is different from that at point B. Therefore, the rake angle along the cutting edge is
different. As a result, the form of chip is changed along the cutting edge, and there is the influence of
the machined surface. In addition, the shape of tool tip is like ellipse to cause the shape error in the
machining, especially in the machining with arc interpolation.

To solve these problems, the tool with special chamfer which is shown in Fig. 2-5 (b).is developed
41 The rake face of this tool which is the angle between chamfer and vertical plane is constant along
the cutting edge. By this, there is no change of rake angle and the radius of tool tip along the cutting
edge. In addition, the shape of tool is circle so that there is no deterioration of the shape accuracy even
in the machining by arc interpolation.

The non-rotational cutting tool (A. L. M. T. Corp.) with special chamfer used in this study is made of

Rake face

Chamfer

.................................

Flank face
(a) Conventional type (b) Special tvpe
Fig. 2-5 The tool with chamfer
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a single crystal diamond with the radius of 0.1 mm. The tool is shown in Fig. 2-6, (a) shows the whole
view and (b) shows the enlarged view of tool tip. There is special chamfer along the tool tip, and the
width of chamfer is about 2 to 4 um.

In the machining of hard material, the depth of cut is usually set to be tens to hundreds nanometers to
suppress brittle fracture. The machining by using the tool with special chamfer is shown in Fig. 2-7,
only chamfer is used in the machining and the rake angle is the same as the angle of chamfer. It is
found that the best rake angle is -25 to -40 deg in the machining of silicon and germanium, and the

best rake angle of machining cemented carbide is about -30 to -40 deg, so the angle of chamfer is set

to be -30 deg.

20 pm

10 mm

(a) Whole view (b) Enlarged view

Fig. 2-6 Diamond tool with special chamfer

/\/

Tool
Chip

Rake angle

Depth of cut

Workpiece

Fig. 2-7 Machining by tool with chamfer

-20_



Chapter 2 Proposal of cutting Point Swivel Machining

e =
2.3 Summary of cutting point swivel machining

2.3.1 Ultraprecision machining center

Summary of the machining center

The ultraprecision machining center used in the experiment is ROBOnano made by FUNUC 131 The
whole view is shown in Fig. 2-8. The specifications are shown in Table 2-1. This machining center is
composed of 3 translation axes, X, Y and Z, and 2 rotation axes, B and C. X and Z axes are set on the
base, Y and B axes are set on X axis, and C axis is set on Z axis. In the ultraprecision machining, the
fluctuation from exterior influences the result of machining such as roughness and shape accuracy. So,
part which can block this fluctuation is set in the machining center. Air-oil damper is set between base
and floor, and the base is made by cast iron with concrete.

Translation axis

The translation axes X and Z have the same structure. As shown in Fig. 2-9, these axes are moved by
a ball screw with the structure of aero-static and slide. The air screw to transmit the driving force is
sustained by aero-static on both radial and thrust direction, and the air screw is made as the integral
construction with servo motor. As shown in Fig. 2-9 (b), the nut surface of guide is grinded as a

concave face to form the aero-static.

Table 2-1 Specification of ROBOnano.

X axis 200 mm
Y axis 20 mm

Stroke :
Z axis 100 mm
B, C axes 360 deg
Command X. Y, Z axes 1 nm
resolution B. C axes 105 deg
X, Z axes 100 mm/min
Maximum Y axis 20 mm/min
command speed B, C axes 360 deg/min
Synthesis 720 min™

Fig. 2-8 Ultraprecision machining center
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Then, the structure of Y axis is constructed by translation axis and rotation axis, as shown in Fig.
2-10. The rotation is transformed to vertical move by aero-static screw.

Rotation axis

The rotation axes B and C are constructed with the same structure. As shown in Fig. 2-11, the

aero-static bearing is used in both radial and thrust direction. The transmission of driving force is

decelerated by the worm gear which is treated by lubrication film.

(a) Whole view (b) Enlarged view

Fig. 2-9 Air screw

=

Stator Rotor R.encorder Guide

Fig. 2-10 Structure of Y axis movement
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Spindle

The target shape in the ultraprecision micro machining is very small, so the tool with small radius is
used in the machining. However, there is a problem that the cutting edge of small-diameter tool is
nearby the rotational axis. Rotation radius of the tool is so small that the cutting speed becomes low.
To get the enough cutting speed the spindle needs to be rotated with high revolution. An air turbine
spindle is used in the experiment, as shown in Fig. 2-12. Aero-static is used as the bearing so there is
no friction when the spindle is rotating. Compressed air is used to rotate the spindle, and the rotation

speed is proportional to the pressure of compressed air.

| Rencorder Air bearing

Fig. 2-11 Structure of B axis movement

Fig. 2-12  Air turbin spindle
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Environment

In the ultraprecision machining, the environment is important because there is the influence of the
roughness and shape accuracy by the temperature changes and fluctuation. The base which is made by
cast iron with internal concrete and fluctuation blocking device with air and oil attenuation are used.
As a result, the fluctuation from exterior and machining center can be reduced to nano meter level.
Then, the temperature of air which is supplied into the machining center is controlled as 23+0.01°C

and the room temperature is managed with 23 =1°C.

2.3.2 Proposal of cutting point swivel machining

As shown in Fig. 2-13, in the conventional machining by R-shape tool, the posture of tool is not
changed during machining to obtain good surface. At this time, only a part of cutting edge is used in
the machining, and there is a problem that tool wear is centered at this part.

To solve this problem, the cutting point swivel machining is proposed in this study. As shown in Fig.
2-14, the tool is always swiveled in the plane perpendicular to the tool feed direction. By using cutting
point swivel machining, the cutting point is always changing along the cutting edge, and by using
abroad part of cutting edge, it is expected to suppress and to average the tool wear.

The setting of tool and workpiece is shown in Fig. 2-15, the tool is set on C table by a jig, and the
workpiece is set on the B table. The tool can be swiveled by rotating C axis, and it is fed by moving Z

axis.

Fig. 2-13 Conventional machining Fig. 2-14 Cutting point swivel machining
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The system of cutting point swivel machining consists of the following.
1. The rotatable range without tool interference is calculated by the parameter including the tip
angle of tool, radius of tool and cutting depth.
2. The distance of cutting is calculated, and it is divided into small segments by the rotatable
range and cutting shape.
3. The system determines the appropriate tool posture of each segment.
In the machining by the tool with conventional chamfer, because the shape of tool is like ellipse,
there is the occurrence of shape error when the tool is swiveled. However, because the shape of the

tool with special chamfer is like circle, there is no error when the tool is swiveled.

2.4 Setting error and compensation

2.4.1 Setting error

The NC data which controls the tool posture and tool path is made in the condition that the tool
center point is not changed by the rotation of C table, so it is necessary to set the tool center point the
same as the center of C table correctly '),

When the tool center point is not at the same position with center of C table, the setting is done by the
principle that the trajectory of tool center point is the circle around center of C table by rotating C

table. A microscope is used in the setting of tool center point and the center of C table. The microscope

C/;
=

(\"/ : Z

i
<—'—
X
Fig. 2-15 Setting of the tool and workpiece

_25_



Chapter 2 Proposal of cutting Point Swivel Machining
_—_——
is set to observe the tool from front. As shown in Fig. 2-16 (a), the tool is observed in the monitor, and
as shown in (b) to (d), the trajectory circle is written by rotating C table step by step. At last, as shown
in (e), the tool center point is moved to be the same as the center of trajectory circle. The position of
tool is adjusted by the micrometer head which is set on the jig to hold the tool. By repeating this work,
the tool center point can converge to the center of C table.

However, hand working is used to adjust the position of tool center point with the use of micrometer
head and microscope by this method, so it is difficult to realize the microscopic displacement, and it
costs a lot of time to adjust. In addition, it is difficult to understand the tool center point on the monitor.
As a result, it is impossible to set tool center point the same as the center of C table correctly.

As shown in Fig. 2-17, the position of the tool center point P is (Xj,Y), when C table is rotated to «
deg, there is the displacement (5, &) of tool center point P, and the displacement can be shown in Eq.

2-1).

6y = Xpcosa — Yysina — X, 51
{6y=Xosina+Y0cosa—Y0 e

(a) (b) (©)

(d) ()
Fig. 2-16 Setting of tool center point and the center of C table
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2.4.2 Compensation of setting error

A try cutting is conducted to calculate the position of tool center point (Xj, Yj) by the depth of
machined microgroove. As shown in Fig. 2-18, the difference D, in the depth of two microgrooves
with the same depth of cut can been shown in Eq. (2-2). One is machined without the rotation of C
table, and the other one is machined by rotating C table to «; degree. By the same method, there is
another microgrooving by rotating C table to a, degree so that two equations with two unknowns (X,
Yy) can be set up by taking difference in the depths of machined microgrooves, as shown in Eq. (2-3).

Then, the position of the tool center point can be known by solving these equations.

Dl - YO e XO sin a, — YO CosS a, (2-2)

Xo o Dy(1-cosay)—Dy(1-cosaq)

(1—cosa,)sina,—(1-cosa,)sinay 2.3
i3 Dy sina,—D, sina; ( )
s (1—-cosa;)sina,—(1-cosa;y)sina;

Y

X, Yo) ~ <
/

(Xotox,Y(+dy)

(a) Setting error (b) Error by rotation of C table
Fig. 2-17 Error in the setting of C table

3
s

|

P (Xo.Yo)

>
0 X

Fig. 2-18 Microgrooving for compensation setting crror

_27_



Chapter 2 Proposal of cutting Point Swivel Machining
]

In response to the position of the tool center point (Xy, ¥;), NC data, written under the condition that
the position of the tool center points is coaxial of the center of C table, should be compensated by

using the following relationship (2-4).

{ X->X—-(XycosC +YysinC) 2-4)

Y->Y—-(XosinC +YycosC +Yy)

2.4.3 Verification experiment

There is a verification experiment of the compensation of setting error. The workpiece is made by
aluminum alloy A5056, and the cutting conditions are shown in Table 2-2. The depth of cut is set to be
1 um and feed rate is 40 mm/min. Three microgrooves are machined with C table rotating to 0, 10 and
20 degree. The depth of machined microgrooves with each C table rotation is shown in Table 2-3. By
the rotation of C table and depth of machined microgroove, the coordinate of tool center point can be
calculated as (-5.348, 53.430) um. By this calculated position of tool center point, a verification
experiment is conducted. The cutting conditions are shown in Table 2-2.

The machined microgrooves are shown in Fig. 2-19. (a) show microgroove without compensation,
and (b) show microgroove with compensation. Then, (1) show the observation by a microscope
(Keyence VF-7500), and (2) show the measured result by surface roughness measuring instrument
(Kosaka Laboratory Ltd. SE 3500K). As shown in Fig. 2-19 (a), because there is the occurrence of
displacement in X direction, the machined microgroove is inclined with the tool feed direction. Then,

the depth of side is deeper than that of center, and the width of side is larger than that of center. The

Table 2-2 Cutting conditions

Workpiece A5056

Total depth ‘ Try.machinirfg 10 pm
Varification experiment 5 pm

Depth of cut 1 pm

Feed rate 40 mm/min

Cutting flmd Oil mist

Table 2-3 Rotation of C table and depth of microgrooves

Rotation of C table (degrec) 0 10 20
Depth of microgroove (Lm) 13.337 | 13.220 | 14.730
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) ()

40 pm ﬂ% 100

1 (03]
(b) With compensation

Fig. 2-19 Machined microgrooves

Fig. 2-20 Error induced by the rotation of C table
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displacement of tool when the position of tool center point is (-5.348, 53.430) um is shown in Fig.
2-20. At this time, the Y coordinate becomes small when C table is rotated, and the depth of machined
microgroove is deeper than that without C table rotation so that the depth of side is deeper that of
center. Then, the radius of tool tip is R, the relationship between the width of microgroove b and depth
d can be shown in Eq. (2-5). Because the depth of side is deeper, so the width becomes larger at the

same time.

b=2JQ2R-d)d 2-5)

To compare with this, the microgroove machined with compensation, which is shown in Fig. 2-19 (b),
is paralleled with tool feed direction and the depth is the same along the microgroove. It is confirmed
that the proposed method has the ability to compensate the setting error and to realize high precision

machining.

2.5 Verification experiment of cutting point swivel machining

2.5.1 Calculation of tool rotatable range

Then, a verification experiment is conducted to check the tool wear by using cutting point swivel
machining. Machining shape is a microgroove with the length of 14 mm, and depth of 3.2 um. the
cutting conditions are listed in Table 2-4, the depth of cut is set to be 80 nm, and the tool is moved for
40 times to machine a microgroove.

The workpiece used in the experiment is SiC (Nippon Steel Materials Co. Ltd. C101R). Its
physicality is shown in Table 2-5. As shown in this table, this material has the property of heat
resistance, hardness and low coefficient of thermal expansion, which are necessary as the property of

molds. So in recent years, the request of using SiC as the material of glass lens becomes higher and

higher.

Table 2-4 Cutting conditions

Workpiece SiC
Total depth 3.2 um
Depth of cut 80 nm
Range of rotation -25 t0 25 deg
Feed rate 3 mm/min
Cutting fluid Oil mist
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At first, the tool rotatable range without tool interference is calculated. As shown in Fig. 2-21, the tip

angle of tool is £, the radius of tool tip is R, the depth of microgroove is d, and tool rotatable range C
can be shown in Eq. (2-6).

IC| < B/2 = cos™((R — d)/d) (2-6)

In this study, the tip angle of tool is 90 degree, the radius of tool is 0.1 mm and the depth of

microgroove is 3.2 um. The rotatable range of C table can be calculated as 30.466 deg. in this

experiment, the rotation range of C table is set to be -25 to 25 deg. To consider the length of

microgroove and tool rotation range, the microgroove is divided into small segments with the length of

7 nm, and the tool rotation degree is 0.00005 deg per each segment.

2.5.2 Compensation of feed rate

It is necessary to compensate the feed rate by using cutting point swivel machining. In the

conventional machining, only two translation axes are used in the machining. However, by using the

Table 2-5  Physicality of SiC

Density 3.16 g/em?

Machanical Young's modulus 430 GPa
propertics Hardness HV 2100
Poisson’s ratio 0.16

CoefTicient of linear thermal expansion(c) 2.3x106/K*

pzi]g:;:ﬂs Thermal conductivity 128 W/m-K
Specific heat 0.63 J/g'K

RO EC

Fig. 2-21 Range without tool interference
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cutting point swivel machining, it is necessary to use two translation axes and one rotation axes. In
addition, simultaneous control of 4 axes is used when the setting error is compensated. To get the same
efficiency with the conventional machining, it is necessary to compensate the feed rate. In the
conventional machining, the tool is fed by moving Z direction, and the feed rate equals to the speed in
Z direction. To realize the same machining efficiency, the feed rate in Z direction is set to be the same.

Then, when the tool is moved from nth machining point to n+1th machining point, the variation of (X,
Y, Z, C) axes is (x, y, z, ¢), so the length between these two points / can be shown in Eq. (2-7). Then,
the command feed rate F can be calculated by the feed rate in Z direction as Eq. (2-8). Here, the unit

of each translation axis is mm, and that of each rotation axes is deg.

1= Jx2+y2+22+c2 el
F= F,x1/z (2-8)

2.5.3 Inclination of workpiece

In the machining of hard material, because of the hardness of workpiece, it is impossible to make the
plane as the pre-stage machining. So in the machining, the surface of workpiece is not horizontal but
inclined.

In the machining, tool path is made to feed the tool horizontal. Figure 2-22 shows the machining with
inclined workpiece. (a) shows the machining that the surface of workpiece becomes lower by feeding
the tool, and (b) shows the surface of workpiece becomes higher. As shown in these figures, if the
surface of workpiece becomes lower, the tool will separate from the workpiece and it is impossible to
realize the machining. On the other hand, if the surface of workpiece becomes higher, there is the
threat of that the depth of cut becomes several tens micrometer by the inclination of workpiece to
cause the broken of tool and workpiece. So it is expected to make clear the inclination of workpiece,

and feed the tool with the inclination which is the same as that of workpiece, as shown in Fig. 2-22 (¢)

(a) Workpiece becomes lower (b) Workpiece becomes higher (c) Desired machining

Fig. 2-22 Machining on the inclined workpicce
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Figure 2-23 shows the method to calculate the inclination of workpiece. As shown in this figure,
several points are selected in the tool feed direction, and the origin setting of Y axis is done at these
points to evaluate the coordinate in Y direction. Then, by the coordinate (z, y) of this point group, the

inclination of workpiece can be calculated by using least-square method.

2.5.4 Tool wear

The tool which is used in the conventional machining and observed by a microscope is shown in Fig.
2-24. (a) shows the tool before machining and (b) shows the tool which has machined 4 microgrooves.
The machining time is 15 hours and 36 minutes, and the cutting distance is 2,240 mm. As shown in
Fig 2-24 (b), severe tool wear occurs on the rake face of the tool. The tool wear only occurs in the
center of tool tip and there is scarcely any tool wear on the side of tool tip. It can be known that
chippings occur on the tool tip, and by the progress of these chippings, there is about 8 pm broken part
on the rake face of the tool. By using this broken tool, there is the threat of the deterioration of the
roughness and shape accuracy.

Then the tool which is used in the cutting point swivel machining is shown in Fig. 2-25. (a) shows

the tool before machining and (b) shows the tool after 8 microgrooves are machined. The machining
Y
Loz

) | | ) | |

Gy ey v

@Yy @v Yo Zog Vo)

Fig. 2-23 Method to calculate the inclination of workpiece

20um

(a) Before machining (b) After machining

Fig. 2-24 Tool used in conventional machining
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time is 31 hours and 12 minutes, and the cutting distance is 4,480 mm. As shown in Fig. 2-25 (b),
there is uniform tool wear on the part of chamfer, and the width of chamfer becomes a little narrow,
but there is no broken part on the cutting edge, and the shape of tool is still like circle. There is no
problem of the shape accuracy in the machining with this tool. To compare with the conventional

machining, the cutting distance is double. However, tool wear can be suppressed substantially.

2.5.5 Machined surface

Figure 2-26 shows the machined microgrooves by conventional machining. (a-1) and (b-1) show the
SEM photos of the 1* and 4 microgroove, (a-2) and (b-2) show the measured result by surface
roughness measuring instrument, respectively. The poreless processing of the workpiece is not
executed, so large numbers of pores can be observed on the surface of workpiece and microgroove.
Because the cutting mark can be observed on the surface of microgroove, it can be known that it is
ductile mode machining. Except the pore in the workpiece, a lot of micropit can be observed on the
surface of microgroove. The workpiece is sintered by SiC grains, there are a large number of SiC
grains and Si grains in the workpiece. If the cutting force is larger than the combining force between
these grains, there is the occurrence of grain drops on the machined surface, and it causes a lot of
nanometer level micropit on the surface. Then, the actual depth of microgroove is lower than that of
desired value. The reason is considered as the setting error of the Y axis origin. The tool and
workpiece is observed by a microscope from front. In the origin setting of soft material, the tool is
approximated to the workpiece until there is the occurrence of the chip. At this time, the tool is cut into
the workpiece about 300 nm to 400 nm. However, when the tool is cut into the material for 400 nm,
there is the threat of the tool broken and brittle fracture in the machining of hard material. So in the

origin setting of Y axis, the shadow of tool is observed, and the origin of Y axis is set to be the

20pum

(a) Before machining (b) After machining

Fig. 2-25 Tool used in cutting point swivel machining
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coordinate that the cutting edge of tool overlaps with that of the shadow. At this time, there is the
aperture between the workpiece and tool so that the depth of machined microgroove becomes shallow.

Then, the transition of the roughness is shown in Fig. 2-27. The roughness R, of the 1* microgroove
is 97 nm, and that of the 4™ microgroove is 207 nm. The 1¥ microgroove shows the good roughness.
To compare with this, the roughness of 4™ microgroove becomes worse. Then, as shown in Fig. 2-26,
the cross-section of the 1 microgroove is like circle, and in the machining of 4" microgroove, there is
the shape error on the cross-section of the microgroove. The reason is considered that chippings occur
on the cutting edge, and it is transferred in to the surface to cause the deterioration of both shape
accuracy and roughness.

To compare with this, Fig. 2-28 shows the machined microgroove by cutting point swivel machining.
(a-1) and (b-1) show the SEM photos of the 1* and 8" microgroove, (a-2) and (b-2) show the
measured result, respectively. The transition of the roughness in the tool feed direction is shown in Fig.
2-27. At first, the roughness of the 1* microgroove machined by conventional machining and cutting
point swivel machining is almost the same. The tool posture is changed in the machining by using

cutting point swivel machining. However, the cutting point swivel machining has the ability to realize

um 100

Hm 100
(b-1) (b-2)

Fig. 2-26 Microgrooves machined by conventional machining method
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the same roughness as conventional machining. Then, the roughness of 8" microgroove machined by
cutting point swivel machining is 127 nm, and it is known that good roughness can be obtained until
8™ microgroove. In addition, the cross-section of both 1% and 8" microgroove is like circle because of

the suppression of tool wear.

200 /
150
i W

—— Conventional method

50

- Cutting point swivel machining

Roughness Rz of microgrooves nm

1 2 3 4 5 6 7 8
Number of microgroove

Fig. 2-27 Relationship between roughness Rz and microgrooves

3.0
15
0.0
-1.5
-3.0

0 Hm 100

Hm 1
(b-1) (b-2)

Fig. 2-28 Microgrooves machined by cutting point swivel machining
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Figure 2-27 shows the transition of the machined microgroove by conventional machining and
cutting point swivel machining. It is known that the deterioration of roughness by conventional
machining is rapid. To compare with this, the deterioration of roughness by cutting point swivel
machining is gentle, and good roughness can be obtained until 8" microgroove. From the above, it is
confirmed that the cutting point swivel machining has the ability to suppress tool wear and to realize

high precision machining.

2.6 Summary

In this chapter, the machining of hard brittle material is introduced. In the Section 2.1 and 2.2, the
mechanism of brittle fracture and the effect of the tool with negative rake angle are summarized. Then,
the tool with special chamfer which has the same negative rake angle along the cutting edge and the
circle cross section on the rake face is introduced. By using these past investigations, the rake angle of
the cutting tool is decided to be -30 deg.

Then, From Section 2.3, a new machining method called cutting point swivel machining is proposed.

As the result of verification experiment, the conclusion can be summarized as follows.

1) By using the tool with special chamfer, the cutting point swivel machining, that the tool is
swiveled in the plane perpendicular to the tool feed direction, is proposed. To compare with other
machining method, the cutting point swivel machining can be realized easily by using the rotation
axis, and it is expected to suppress and average the tool wear.

2) In the cutting point swivel machining, there is a problem of the setting error between the tool
center point and the center of C axis. Then, a try cutting is proposed to calculate the coordinate of
tool center point. By using this calculated coordinate, the setting error can be compensated by
modifying the NC data, which controls the tool path and tool posture. By the result of the
verification experiment, it is confirmed that the proposed method has the ability to compensate
the setting error and to realize ultraprecision machining.

3) By the verification experiment of SiC, it is confirmed that to compare with the conventional
machining, the cutting point swivel machining can extend tool life to more than two times. In
addition, good roughness and shape accuracy can be obtained by using cutting point swivel
machining, because of the suppression of tool wear, and the machining with high precision can be

continued for long time.
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As summarized above, it is confirmed that the cutting point swivel machining, which is proposed in
this chapter, has the ability to suppress tool wear in the machining of hard material, and to realize

ultraprecision machining for a long time.

_38_



Chapter 3 Mechanism of cutting Point Swivel Machining

Chapter 3
MECHANISM OF CUTTING POINT SWIVEL MACHINING

3.1 Introduction

The mechanism of machining process is very important. For example, by understanding the
mechanism of cutting process, it can make predictions including the force and energy which is
necessary in the cutting, the deformation and vibration of machine tool, the accuracy of machined
surface and tool wear, and so on. So the mechanism of cutting process is investigated from 1930s.
From that, there are a large number of investigations to research the mechanism of two dimensions
cutting, three dimensions cutting, rotary machining, and elliptical vibration cutting and so on. In the
Chapter 2, a machining method, called cutting point swivel machining, which has the ability to
suppress tool wear is proposed. By compensating the various setting errors, it is confirmed that
ultraprecision machining can be realized by using cutting point swivel machining. As a new machining
method, it is necessary to investigate the mechanism of cutting point swivel machining.

In this chapter, the effect of cutting point swivel machining is investigated in Section 3.2. And then,
the relationship between the cutting force and the speed ratio, which is the ratio of the circumferential
velocity to the feed rate, is investigated in Section 3.4. At last, the relationship between the speed ratio

and tool wear is researched in Section 3.5.

3.2 Change of actual cutting direction

At first, the effect of cutting point swivel machining is investigated. The SEM photos of machined
microgrooves are shown in Fig. 3-1. Figure (a) shows the microgroove machined by conventional
machining. Figure (b) and (c) show the microgrooves machined by cutting point swivel machining.
The tool rotation speed of cutting point swivel machining is 16 and 286.5 deg/min, respectively.
Cutting conditions are shown in Table 3-1, the depth of cut is set to be 80 nm. The part between white
dashed lines is the surface of microgroove. It can be known that all microgrooves are machined in
ductile mode because the cutting mark can be observed on the surface of microgrooves.

In the microgroove machined by conventional machining, it is confirmed that cutting mark is
paralleled with the feed direction. To compare with this, by using the cutting point swivel machining,

when the tool rotation speed is 16 deg/min, the cutting marks are almost paralleled with the feed
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direction, which is the same as the conventional machining. However, when the tool rotation speed is
increased to 286.5 deg/min, the cutting mark is inclined with feed direction, and the angle between
cutting mark and feed direction is about 26 deg. The reason is considered as follows. As shown in Fig.
3-2, the tool is fed, while being rotated by using the cutting point swivel machining, so the workpiece
is subject to the force F. in the tool feed direction and the force F, in the tool rotation direction at the
same time. At this time, the actual cutting direction is inclined. When the tool rotation speed is 16
deg/min, the circumferential velocity is so slow to compare with the feed rate that the cutting mark is
almost paralleled with the feed direction.

Then, as shown in Eq. (3-1), the ratio », (Named as speed ratio) of the circumferential velocity V, to
the feed rate V. is calculated by the tool rotation speed and the radius of tool tip. In this experiment,
the radius of tool is 0.1 mm, and the feed rate V. is 1 mm/min. When tool rotation speed is set to be 16
and 286.5 deg/min, the speed ratio r, can be calculated as 0.028 and 0.5, respectively. By the
calculated speed ratio r,, as shown in Eq. (3-2), the angle between actual cutting direction and feed
direction ¥ can be calculated as 1.604 and 26.565 deg, respectively. The angle between feed direction
and actual cutting direction which is calculated is the same as the inclination of cutting mark. So it is
confirmed that the use of the cutting point swivel machining changes the actual cutting direction by

rotating the tool.
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(d) Tool rotation changes

Fig. 3-1 Machined microgrooves on SiC
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= Ve/V; = VtR/180V, (3-1)

Yy = arctanr,, (3-2)

At this time, as shown in Fig. 3-2, the friction force in the rake face is also subject to the rotation
force F, by the rotation of tool. In the conventional machining without tool rotation, the cutting
mechanism is two dimensions machining. The direction of friction force is the same as the ejection
direction of chip which is the same as Y direction. Then, in the use of cutting point swivel machining,
the direction, which the friction force is subject to, is inclined with Y direction by rotating cutting tool,
so the ejection direction of chip is changed and it is become three dimensions machining by using the
cutting point swivel machining, as the oblique cutting or sliding cutting.

Then, when the tool rotating direction is changed from plus to minus direction of C axis, there is the
threat of deterioration of the machined surface because of the back rush of the rotation axis. Figure 3-1
(d) shows the part where the tool rotating direction is changed. It is known that the tool rotating
direction changes by the direction change of cutting mark. As shown in this figure, the good

microgroove shape can be obtained even in case that the tool rotating direction is changed.
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Fig. 3-2 Effect of cutting point swivel machining
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3.3 Three dimensions cutting mechanism

The cutting mechanism is important to be investigated because the problem which can influence the
cutting accuracy such as the force and energy in the cutting, deformation and vibration can been
estimated by understanding the cutting mechanism. Then, Krystof and Merchant et al. proposed
several cutting models of two dimensions cutting by predicting the shear angle in the cutting with

maximum shearing stress theory and minimum energy theory ['7'"]

. However, the practical
machining such as turning, drilling and end-milling are almost the three dimensions cutting. So there
are several three dimensions cutting models since Stable proposed the cutting model.

At first, Stabler derived the force relation by using the velocity relation which is derived by Merchant
[120-211 "“Then, geometry formula which is called Stabler Formula is made by adding the partial
maximum shearing stress theory to the force relation. This model is built on the hypothesis that the
ejection direction of chip is the same as the inclination of tool in the oblique cutting, which is
proposed by Stabler. So this model is based on the heuristics. By using the Stabler Formula, Aemarego
et al. proposed the model with heuristics of chip ejection direction which is proposed by Russell et al.
1221 133] and Lin et al. proposed the model with prediction and measurement of shear angle in two
dimensions cutting '"**»1'*]_ Chisholm et al. used the Stabler Formula and the hypothesis that the chip
is ejected to the direction which has the minimum cutting energy ">, However, the ejection angle
which is calculated by this model is different from that which is measured in the cutting experiment,
because this model is the combination of two different physical laws. Then, Usui et al. proposed the
model which is calculated by the hypothesis that the chip is ejected to the direction which has the
minimum cutting energy, and combined to the both velocity and force relations and the concept of

effective rake angle, and it is the best known in Japan %%

. The effective rake angle is that the
projection of rake angle to the plane including the cutting velocity and ejection direction of chip. It is
considered that the cutting force is reduced because that the effective rake angle is larger than the

actual rake angle %],

However, Shamoto pointed out that there is a mistake on the concept of effective rake angle 128), 1129
The reason is that, by the concept of effective rake angle, the cutting energy is reduced by increasing
the inclination of cutting tool in the oblique cutting. However, there is the report that cutting energy is
rising with the increase of inclination ["*". And then, it is supposed that the friction angle is zero. At
this time, as shown in Fig. 3-2, the form of chip, the direction and volume of cutting force and cutting
energy is not changed when the sidewise motion of tool is changed. However, it is different from that

the effective rake angle becomes large when sidewise motion is increased. In this model, as shown in

Fig. 3-2, it is considered that the moving distance of cutting edge is longer than that without sidewise
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motion to remove the same volume of workpiece. So the actual cutting width becomes small, and the
cutting force in tool feed direction can be reduced. The energy is almost the same because the cutting
force is reduced while moving distance of cutting edge becomes longer. Actually, the cutting energy
becomes a little larger because of the existence of friction force. However, there is no numerical
calculation of cutting parameter in this model.

Kato et al. used the geometric relationship and balance of force to analyze the rotary shaving by
using die-type cutting tool "', As a result, the relationship among ejection angle of chip, inclination
of tool, shear angle and friction coefficient is obtained, as shown in Eq. (3-3). Here, « is the rake angle,
¢ is the shear angle, € is the ejection angle of the chip, and the relationship between the inclination
angle of tool y and the speed ratio , is shown in Eq. (3-2). As shown in Table 3-1, it is found that the
calculated ejection angle of chip is almost the same as the measured result (32 Then, it is confirmed
that cutting force can be reduced by rotating the tool, while the rotation force is increased at the same

time.

pcosasin® = (r, cos(¢p — a) — tan 8 sin ) X (cos(¢p — a) — usin(¢p —a)cosf) (3-3)

Table 3-1 Comparision of ejection angle

Experiment result (Zorev)
. . ) . Calculation result
Inclination angle | Shear angle |Friction coefficient| Ejection angle 9 deg
Yy deg ¢ deg 1) 0 deg
0 14.0 0.77 0 0.00
10 14.1 0.78 11 10.86
25 15.2 0.80 27 2747
40 16.6 0.88 42 44.36
49 18.2 0.95 52 54.39
60 21.7 1.06 63 65.53
70 28.1 1.25 74 72.82
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3.4 Relationship between cutting forces and speed ratio

As shown in Fig. 3-2, when the tool is fed while being rotated, the moving distance of cutting edge is
longer than conventional machining. So the actual cutting width becomes small, and the cutting force
in tool feed direction can be reduced to suppress tool wear. In addition, the tool wear can be averaged
by using broad part of cutting edge and the cutting fluid is easily to be supplied between the tool and
workpiece. By these reasons, tool wear can be reduced substantially in the use of cutting point swivel

machining. Then, the cutting forces by using cutting point swivel machining are investigated.

3.4.1 Estimation of cutting forces

The cutting forces by using cutting point swivel machining are estimated by using Eq. (3-3). The
ejection direction of chip is considered to be the same as that with the minimum cutting power. At this
time, as shown in Fig. 3-3, the cutting force in feed direction, F., can be shown in Eq. (3-4). Here, 4 is
shear area and 7, is the maximum shear stress. [ is the friction angle on the rake face, which can be

shown in Eq. (3-5). & can be shown in Eq. (3-6), tan¢ is the ratio of velocity in Z direction to that in Y

direction.
F, =Rcos(f —a) = % (3-4)
B = tan 1 (ucosh) (3-3)
F o tan~1 L3ROC0SE (3-6)

cos(p+p—-a)

Fig. 3-3 Balance of force in the cutting
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Then, because the cutting force in X direction, F,, equals to the component force of shear force in the
rotation direction, Eq. (3-7) can be derived.

Bk Atgsiné (3-7)

¥ sin¢
In the cutting process, the cutting power P can be shown in Eq. (3-8). Here, the circumferential
velocity of tool rotation is V., the feed rate is V..
P=FV,+EY, o)
Then, the Eq. (3-9) can be obtained by substituting Eq. (3-4) and (3-7) into Eq. (3-8). A is shown in
Eq. (3-5) by the friction coefficient 4 and ejection angle €. The cutting mode is set to be that cutting

power P which is shown in Eq. (3-9) becomes the minimum.

P sin§ . cos(f-a)
ATV,  sin¢ (u sin¢ cos B +1) (3-9)

The calculation process is subjected as follows. The cutting condition is set to be (a, r,, 1). Then, the
shear angle ¢ is set and the ejection angle @ is calculated by Eq. (3-3). Then, cutting power is
calculated by Eq. (3-9). After that, the shear angle is changed until the minimum cutting power is
obtained, and the shear angle ¢ with the minimum cutting power is the solution of the cutting. In the
calculation, it is presupposed that there is no relationship between rotation speed and friction
coefficient s By the calculated shear angle ¢, the cutting force in X direction and Z direction, F, and

F. can be obtained. Then, cutting Force in Y direction, F), can be calculated by Eq. (3-10).

F, = F, tan(f — a) (3-10)
Then, the dimensionless cutting forces F., rotation forces F, and the thrust forces F, by Az, with

different speed ratio r, are shown in Fig. 3-4. The rake angle is -30 deg, the feed rate V- is 3.0 mm/min,

F/At,

Fig. 3-4 Estimated cutting force

_45‘



Chapter 3 Mechanism of cutting Point Swivel Machining

and the friction coefficient is 0.8.

As shown in this figure, it is known that the cutting force F; and thrust force F), can be reduced by
using cutting point swivel machining, and it can be reduced additionally by increasing the speed ratio.
To compare with cutting force and thrust force, the increase of rotation force F; is too small that can be
ignored. By the estimation of cutting forces, it can be known that the use of cutting point swivel
machining has the ability to reduce cutting forces and cutting forces can be reduced additionally by

increasing the speed ratio.

3.4.2 Experiment of cutting forces

Then, the actual cutting forces in the cutting point swivel machining are investigated to get the
relationship between the speed ratio and cutting force. To remove the influence of the tool wear,
Oxygen-free cooper is used as the workpiece. A microgroove with depth of 5 pm is machined
preliminarily. Then, cutting forces are measured in the cutting with depth of cut as 5 um over
machined microgroove. The cross-section of the removed workpiece is like a ring with radius of 0.1
mm and thickness of 5 um. At this time, the cross-section area of microgroove is 3.81 X 10* mm?, and
the length of microgroove is 1 mm. As shown in Fig. 3-2, the feed rate in Z direction is constant and
only tool rotation speed is changed. Cutting conditions are shown in Table 3-2. The feed rate in Z
direction is set to be 2 mm/min, the speed ratio #, is set to be 0 (Conventional machining), 0.003, 0.028
and 0.5. Both dry and wet cutting are performed with the same conditions. In the wet cutting, the oil is
put to form the oil film on the workpiece. The cutting dynamometer used in the experiment is Kistler
9117 with the minimum resolution of 0.01 N.

At first, the cutting forces in dry cutting are shown in Fig. 3-5. Figure 3-5 (a) shows the thrust force
F,, and Fig. 3-5 (b) shows the cutting force F,. As shown in these figures, it can be known that the

Table 3-2 Cutting conditions

Workpiece Oxygen-free copper
Depth of cut 5 pum
Iy 0, 0.003, 0.028 and 0.5
Feed rate 2 mm/min
Cutting fluid Non and oil
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(c) Rotation force Fy with the speed ratio of 0.5
Fig. 3-5 Measured cutting force in dry cutting
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cutting force can be reduced by rotating the tool, and it can be reduced additionally by increasing the
speed ratio from 0.003 to 0.5. When the speed ratio is 0.5, it can be observed that there is the
substantial change of cutting force for three times. It is because, when the speed ratio is 0.5, the tool
rotation speed becomes large, and tool rotation direction is changed for three times. At this time, the
cutting force becomes instability by the back rush of the machining center. Figure 3-5 (c) shows the
measured rotation forces F, in X direction. When the speed ratio is 0.003 and 0.028, the rotation force
is too small to be measured. And when the speed ratio is 0.5, the rotation force becomes the shape like
step, because of the change of rotation direction. The rotation speed F, can be calculated as 0.07 N, by
getting the difference of these steps.

Then, the average and range of cutting forces are shown in Fig. 3-6. Figure 3-6 (a) shows the thrust
force F, and (b) shows the cutting force F.. As shown in these figures, the cutting force in feed
direction F; of conventional machining is the maximum, 0.66 N, and when the speed ratio is 0.003, it
is reduced to 86%, 0.57 N. In addition, the cutting force F, with the speed ratio of 0.028 is 0.55 N, and
it is reduced to 71%, 0.47 N when the speed ratio is 0.5. Then, the thrust force F, shows the same trend.
The thrust force F, of conventional machining shows the largest value, 0.89 N, and it is reduced to
0.71 N when the speed ratio is 0.003, and to 0.61 N when the speed ratio is 0.028. The thrust force
with the speed ratio of 0.5 is 0.47, which is about 53 % of that of conventional machining. From above,
it is confirmed that the cutting force can be reduced by using cutting point swivel machining, and it

can be reduced additionally by increasing the speed ratio.

1.2 0.8
1.0} I
" 06 |
08
2 ’ I
_ 0.6 i i . 04 r
S 23
04}
02+
02}
0 x 1 1 1 0 1 1 1 1
0 0.003 0028 0.5 0 0.003 0028 03
Iy Iy
(@) Thrust force Fy (b) Cutting force F,

Fig. 3-6 Cutting forces in dry cutting
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Fig. 3-7 Measured cutting force in wet cutting
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Then, the cutting forces in wet machining are shown in Fig. 3-7. Figure 3-7 (a) shows the thrust force
F,, and Fig. 3-7 (b) shows the cutting force F.. As shown in these figures, the cutting forces in cutting
point swivel machining are reduced to compare with the conventional machining. Both cutting force
F. and thrust force F, of conventional machining are more unstable than that of cutting point swivel
machining. The reason is considered as that the cutting fluid cannot be supplied between tool and
workpiece effectively. So there are part with small cutting forces by the lubrication effect of cutting oil
and part without this effect, so the cutting forces become big and small in the machining, and there is
the occurrence of the instability of cutting force. To compare with the conventional machining, the
cutting force by using cutting point swivel machining is small and stable. Then, in the dry cutting,
three substantial changes can be observed when the speed ratio is 0.5. In the wet machining, the
change of thrust force F, becomes small, and there is scarcely any change of cutting force F.. It is
considered that the influence which is caused by the back rush of the machining center can be
suppressed by the lubrication effect of cutting oil. Figure 3-7 (c) shows the rotation force F,, F; is
reduced to 0.05 N when the speed ratio is 0.5. As a result, it is known that the cutting forces can be
reduced by using cutting point swivel machining both in dry cutting and in wet cutting.

Then, the average and range of cutting forces are shown in Fig. 3-8. In the conventional machining,
the cutting force F; and thrust force F), are the largest, both of them are 0.54 N. Then, the cutting forces
can be reduced by the rotation of the tool. When the speed ratio is 0.003, cutting forces are reduced to
0.45 N, 83% of that in conventional machining, and it can be reduce additionally to 0.41 N when the

speed ratio is 0.028 and 0.5, which is about 76% of the conventional machining.

1.2 0.8
1.0 +
0.6 |
08 -
Z Z
. 06 { L 04 r
e
wl 18
E 02+
02 r
O 1 1 1 1 0 i 1 4 I
0 0003 0028 05 0 0.003 0028 05
Ty Iy
(a) Thrust force Fy (b) Cutting force F,

Fig. 3-8 Cutting forces in wet cutting
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3.4.3 Discussion

The average of measured cutting forces in dry and wet cutting is summarized in Table 3-3. When the
speed ratio 7, is 0 to 0.028, thrust force ) in wet cutting reduces significantly, compared with that of
dry cutting. As shown in Fig. 3-9, the chip is subjected to the force in X direction by rotating the tool,
so it is rejected inclined to the Y direction. When the speed ratio 7, is increased, the component force
in Y direction of friction force which is subject on rake face becomes small, and the component force
in X direction becomes large. On the other hand, when the speed ratio r, is 0.5, F, in wet cutting is
almost the same as that of dry cutting. The reason is that the component force in Y direction of friction
force is small so that the reduction of cutting force by the lubrication effect of cutting fluid becomes

small.

Table 3-3 Cutting forces

T, 0 0.003 0.028 0.5
B L BB Rl B LR G E
Dry | 089 | 0.66 | 0.71 | 0.57 | 0.61 | 0.55 | 047 | 0.47 | 0.07
Wet | 0.54 | 054 | 045 | 043 | 041 | 041 | 042 | 042 | 0.05
Estimated cutting | Fy/ATs | F/AT, |[Fy/At, | F/At, | Fy/At, | F,/At, | Fy/AT, | Fo/At, | FyAt
force 911.2 [355.99|911.16355.98{910.32|355.65|722.10|282.12| 1.67

Measured cutting
force N

i ¢
tf - £ Direction of
chip ejection

; //
Y direction
component X direction

component

4

- Actual cutting
direction

4

Fig. 3-9 Friction force in the rake face
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Then, both measured and estimated cutting forces are listed in Table 3-3. In the estimated cutting
force, when the speed ratio is increased from 0 to 0.028, there is scarcely any change of cutting forces,
and the cutting forces are reduced substantially when the speed ratio is increased from 0.028 to 0.5. To
compare with this, in the measured cutting forces, the cutting force reduced substantially when the
speed ratio increases from 0 to 0.028. In the section 3.4.1, it is presupposed that the friction coefficient
is not changed and the shear area is the same when the speed ratio is increased. However, as shown in
Table 3-1, when the inclination angle y is increased, there is the increase of the friction coefficient. At
the same time, by the rotation of the tool, the actual cutting width is reduced to the cosy times. At this
time, the width of shear area becomes 1/cosy times and the shear area A also increases to 1/cosy times.
In addition, by using the tool with negative rake angle, the mechanism of cutting becomes more
complex, and it is too difficult to calculate the cutting force by specific numbers. However, the
estimated cutting forces show the same trend as the measured cutting forces, which is the reduction of

cutting forces by using cutting point swivel machining and by increasing the speed ratio 7,.

3.5 Relationship between tool wear and speed ratio

In the cutting force experiment in the Section 3.4, it is known that the both cutting force F, and thrust
force F), can be reduced by using cutting point swivel machining. At the same, there is the occurrence
of the rotation force F,. However, the rotation force is very small to compare with the cutting force
and thrust force. So it is expected to suppress tool wear in the cutting point swivel machining by the
reduction of cutting forces. In addition, by increasing the speed ratio, the lubrication effect of cutting

oil becomes large so that the tool wear can be suppressed.

3.5.1 Low speed ratio

Then, an experiment is conducted to investigate the relationship between tool wear and the speed
ratio. The speed ratio is set to be 0.003, 0.007, 0.014 and 0.028. Machining shape is the microgroove
with the depth of 4 um and length of 25 mm. the feed rate is set to be 3 mm/min, and the rotation
speed of tool at each speed ratio is 6, 12, 24 and 48 deg/min, respectively. Three microgrooves are
machined with each speed ratio, and the cutting distance is 2,250 mm, respectively. The workpiece is
SiC, and the cutting conditions are shown in Table 3-4 (Experiment A).

Figure 3-10 shows the rake face of the tool before and after machining with each speed ratio. (a) to
(h) show the tools used before and after machining, with the speed ratio r, of 0.003, 0.007, 0.014 and

0.028, respectively. As shown in these figures, when the speed ratio is 0.003 and 0.007, the tool wear

_52_



Chapter 3 Mechanism of cutting Point Swivel Machining
on cutting edge is about 0.5 pum, which is calculated from the width of chamfer before and after
machining. Then, as shown in Fig. 3-10 (¢) and (d), when the speed ratio is 0.014 and 0.028, the tool
wear on the cutting edge is less than 0.1 pm. Then, the flank face of tool after machining which is
observed by a metallurgical microscope (Olympus PME-3) is shown in Fig. 3-11. (a), (b), (c) and (d)
show the tool with speed ratio of 0.003, 0.007, 0.014 and 0.028, respectively. When the speed ratio is
0.003, the maximum tool wear on flank face, VB, is about 0.4 um. Then, when the speed ratio is
increased to 0.007, the VB, is reduced to 0.3 pum, and it is reduced additionally to 0.2 pm when the
speed ratio is increased to 0.014. Then, as shown in Fig. 3-11 (d), there is scarcely any tool wear on
the flank face when the speed ratio is 0.028. However, several chippings are observed on the cutting
edge.

It is considered as, because the poreless process of workpiece is not executed, so a lot of pores exist
in the workpiece. When the speed ratio is increased, the rotation speed is increased at the same time.
The impact to the tool becomes large, and it is easy to cause the occurrence of chippings on the cutting
edge. From these results, it can be confirmed that both tool wear on the cutting edge and the maximum
tool wear on flank face can be suppressed by increasing the speed ratio. The reason is considered as
the reduction of cutting forces.

Then, the measured roughness Rz in the tool feed direction is summarized in Table 3-5. As shown in
this table, good surface can be obtained with each speed ratio even the variation of tool posture

becomes steep.

Table 3-4 Cutting conditions

Experiment A Experiment B Experiment C
Workpiece SiC Tungsten Carbide
Total depth 4 um 5 um 5um
Depth of cut 80 nm 50 nm
Ty 0.003 t0 0.028 0.028 and 0.5 0.028 and 0.5
Feed rate 3 mm/min 1 mm/min 1 mm/min
Cutting fluid Oil mist Non and Oil mist Oil mist
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(b) After machining (ry: 0.003)

(c) Before machining (ry: 0.007) (d) After machining (ry: 0.007)

(e) Before machining (ry: 0.014)

(2) Before machining (ry: 0.028) (h) After machining (ry: 0.028)

Fig. 3-10 Rake face of tool used in the machining with cach speed ratio
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(a) speed ratio: 0.003 (b) speed ratio: 0.007

(c) speed ratio: 0.014 (d) speed ratio: 0.028

Fig. 3-11 Flank face of tool after machining

Table 3-5  Tool wear and roughness of machined microgrooves

5 Tool wear on cutting edge | VB |Roughness of grooves pm
um pm Ist 2nd 3rd
0.003 0.5 0.4 0.12 0.13 0.10
0.007 0.5 0.3 0.11 0.13 0.12
0.014 0.2 0.09 0.10 0.09
0.028 0.13 0.11 0.11

3.5.2 High speed ratio

Furthermore, an experiment is conducted with the speed ratio of 0.028 and 0.5. Because the
maximum synthesis command speed of the machining center in the experiment is 720 min”, the feed
rate is set to be 1 mm/min. At this time, the tool rotation speed is 16 and 286.5 deg/min, respectively.

Cutting conditions are shown in Table 3-4 (Experiment B). The machining shape is the microgroove
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with length of 12.5 mm, and depth of 5 pm. In the experiment with low speed ratio, there is scarcely
any tool wear on both cutting edge and flank face when the speed ratio is 0.028, so the cutting distance
is set longer. 15 microgrooves are machined with each speed ratio, and the cutting distance is 11,250
mm, respectively. Then, both dry cutting and wet cutting are executed in this experiment.

The rake face of the tool before and after machining is shown in Fig. 3-12. (a) to (d) show the tool
used in the wet cutting, and (e) to (h) show the tool used in dry cutting. Then, the flank face of tool is
shown in Fig. 3-13. As shown in these figures. Chippings are observed on the both cutting edge and
flank face of all tools. As the trend of the occurrence of chippings, it is found that the chippings on the
tool used in wet cutting is less than that on the tool used in dry cutting, and the chippings on the tool
with the speed ratio of 0.028 is less than that with the speed ratio of 0.5. In the experiment of cutting
force, it is known that cutting forces in wet cutting are less than that in dry cutting. So it is known that
the tool wear in wet cutting are less than that in dry cutting by the lubrication effect of cutting fluid.
Then, to compare the cutting force with the speed ratio of 0.028 to that with the speed ratio of 0.5,
when the speed ratio r, is 0.5, the cutting forces in dry cutting are reduced substantially, and they are
almost the same in wet cutting. However, the chippings on the cutting edge are increased when the
speed ratio is increased.

The roughness of microgrooves which are machined in wet machining in feed direction is shown in
Fig. 3-14. The dotted line shows the roughness machined by conventional machining. The surface of
microgroove machined by conventional machining becomes bad rapidly because of the severe tool
wear. To compare with this, good surface can be obtained until the 12" microgroove when the speed
ratio 7, is 0.028. However, surface of microgroove machined with the speed ratio of 0.5 becomes bad
from 7™ microgroove. The reason of the deterioration of surface is considered as the chippings on the
cutting edge. When the speed ratio is 0.5, the chippings on the cutting edge occur from the 7"
microgroove, and they become more in the machining. Then, the reason of the increase of chipping

when the speed ratio becomes large is considered at next section.
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(a) Before machining (ry: 0.028, wet) (b) After machining (ry: 0.028, wet)

(¢) Before machining (ry: 0.5, wet) (d) After machining (ry: 0.5, wet)

20 pm
(e) Before machining (ry: 0.028, dry) (f) After machining (ry: 0.028, dry)

20 pm 20 pm

(g) Before machining (ry: 0.5, dry) (h) After machining (ry: 0.5, dry)

Fig. 3-12 Tool used in the machining with high speed ratio
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(a) Tool used after wet cutting (ry: 0.028) (b) Tool used after wet cutting (ry: 0.5)

(c) Tool used after dry cutting (ry: 0.028) (d) Tool used after dry cutting (ry: 0.5)

Roughness of microgrooves Rz um

0.25

0.20

0.15

0.10

0.05

Fig. 3-13 Flank face of tool after machining

*
—8- r:0.028
¢~ r1y: 0.5
| | | | |

2 +4 6 8 10

Machining distance m

Fig. 3-14 Roughness of machined microgrooves
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3.5.3 Discussion

There are two reasons which are considered why the chippings increase. One is the pore in the
workpiece, and the other one is the increase of the contact distance between the flank face and
workpiece when the speed ratio is increased.

Fig. 3-15 shows the microgrooves machined in the wet cutting with the speed ratio of 0.028 and 0.5.
As shown in these figures, the poreless processing of the workpiece is not executed, so there are a
large number of pores in the workpiece. The cutting forces are changed by the presence or absence of
these pores. In addition, as shown in Fig.3-16, the workpiece used in the experiment is sintered SiC.
So there are SiC grains and Si grains in the material. In the cutting experiment, the cutting forces of Si
grains are different from that of SiC grains. So the cutting force in the cutting experiment is always
changing, and the tool is subject to the impact by the change of cutting forces. When the speed ratio is
increased, the impact to the tool becomes larger by the increase of tool rotation speed, and it is easy to
cause the chipping on the cutting edge.

Then, the other reason is the increase of the contact distance between the flank face of the tool and
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(a)ry: 0.028 (b)ry: 0.5
Fig. 3-15 Machined microgrooves

Tool feed

Fig. 3-16 Cutting of SiC
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workpiece. As shown in Fig. 3-17, the tool is fed while being rotated by the use of cutting point swivel
machining, so the actual cutting direction is inclined. At this time, the moving direction of cutting
points becomes inclined to the feed direction, and the contact distance between the flank face of the
tool is longer than that of the conventional machining to cause the ability of the increase of tool wear.
On the other hand, as shown in Fig. 3-17, the cutting edge moves to the outside of the workpiece in
this experiment, so the contact distance between the flank face of the tool and workpiece becomes

shorter than the machining distance.

Y

e

X
Rotation
Feed direction S :
Direction which
cutting point moves to
~ Outof the microgroove

Workpiece

Fig. 3-17 Increase in the contact distance between flank face and workpiece
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Fig. 3-18 Contact distance between the flank face of tool and workpiece
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When the speed ratio r, is increased, the contact distance is increased at the same time. The contact
distance of each part of cutting edge, which is divided by 0.1 deg, is shown in Fig. 3-18. As shown in
this figure, the contact distance between flank face and workpiece on the part which is between -10
deg to 10 deg is the same by the effect of cutting point swivel machining. Then, to compare with the
cutting distance of 11,250 mm, the maximum contact distance when the speed ratio is 0.028 is 5,812
mm, and it is increased to 6,495 mm, which is about 1.12 times of that with speed ratio of 0.028, when
the speed ratio is 0.5. This is a reason that the chippings on the cutting edge are increased by raising
the speed ratio.

In the experiment of Section 3.5.1, to compare with the cutting distance of 2,250 mm, when the speed
ratio is increased from 0.003 to 0.028, the distance between the flank face of tool and workpiece is
1,647 and 1,648 mm, respectively. Although the speed ratio is increased, the contact distances are

almost the same, and there is almost scarcely any influence to the tool wear.

3.5.4 Experiment on cemented carbide

Then, an experiment is conducted on the cemented carbide with the speed ratio of 0.028 and 0.5.
Cutting conditions are shown in Table 3-4 (Experiment C). The depth of cut is set to be 50 nm, and
feed rate is set to be 1 mm/min. Machining shape is the microgroove with length of 12.5 mm and
depth of 5 um. 20 microgrooves are machined with each rotation speed, and cutting distance is 20,000
mm. Then, only wet cutting is executed in this experiment.

The workpiece used in the machining is binderless tungsten carbide (FUJI DIE Co. Ltd. JOS). Its
physicality is shown in Table 3-6. This material has the property of heat resistance, hardness and low
coefficient of linear thermal expansion in high temperature. The SEM photo of this material is shown

in Fig. 3-19. As shown in this figure, there is no binder like Cobalt and other metallic phase in the

Table 3-6 Physicality of Tungsten Carbide JO5

Density 14.65 g/cm?

Machanical Young’'s modulus 650 GPa

properties Hardness HV 2000

Poisson’s ratio 0.20

Thermal conductivity 63 W/mK

Thermal RT-400°C 4.6x10%/K

properties Coeflicient of ljnear RT-600°C 4.8x1057K
thermal expansion()

RT-800 °C 5.1x10°%/K
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workpiece. In addition, there is no pore in the workpiece, and it is used widely as the mold of glass
lens.

The rake face of the tool before and after machining is shown in Fig. 3-20, (a) shows the tool used in
the machining with the speed ratio of 0.028, and (b) shows the tool used in the machining with the
speed ratio of 0.5. Then, Figure 3-21 shows the flank face of the tool used after machining. As shown
in these figures, when the speed ratio is 0.5, several microchippings can be observed on the cutting
edge. Both the size and the number of chippings is less than that on the tool used in the machining of

SiC. Then, when the speed ratio is 0.028, only one that looks like microchipping can be observed on

Fig. 3-19 SEM photo of Tungsten Carbide

20 um 20 um
(a) Before machining (ry: 0.028) (b) After machining (ry: 0.028)

20 um 20 pm

(c) Before machining (ry: 0.5) (d) After machining (ry: 0.5)

Fig. 3-20 Tool used in the machining of Tungsten Carbide
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the cutting edge, and there is almost no tool wear on the cutting edge. The relationship between the
speed ratio and tool wear shows the same trend as that in the machining of SiC. When the speed ratio
is increased, both the number and size of chippings increase at the same time. Then, the tool wear
becomes less and smaller than that of the tool used in the machining experiment of SiC. As shown in
Table 2-5 and Table 3-6, the hardness of tungsten carbide JO5 and SiC is 2000 and 2100 HV,
respectively. Although the cutting distance of tungsten carbide is much longer than that of SiC, and the
difference of hardness is very small, the tool wear in the cutting of tungsten carbide is much smaller
than that of SiC. The reason is considered as the impact which is subject to the tool in the machining.
As already described earlier, the cutting forces in the cutting of SiC are always changing in the
machining, and the tool is subject to the impact by the change of cutting forces. To compare with this,
there is no pore in the tungsten carbide, so the impact to the tool is much smaller than that in the

machining of SiC, and the chippings on the cutting edge is reduced substantially.

3.6 Summary

This chapter aims at investigating the mechanism of the cutting point swivel machining, and making
clear the relationship among the speed ratio, cutting forces and tool wear. As the result of the
experiment of cutting forces with different speed ratio and that of tool wear on the SiC and tungsten
carbide, by using cutting point swivel machining which is proposed in Chapter 2, the conclusion can

be summarized as follows:

1) The cutting marks can be observed on the surface of machined microgrooves. From these cutting

marks, it is known that the actual cutting direction can be changed by using cutting point swivel

(a) Tool with speed ratio of 0.028 (b) Tool with speed ratio of 0.5

Fig. 3-21 Flank face of tool after machining
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2)

3)

4)

5)

6)

7

machining. The actual cutting direction is calculated and it is the same as the direction of cutting
marks. In addition, it is confirmed that good shape can be obtained even the rotation direction is
changed.

The tool is fed while being rotated in cutting point swivel machining. At this time, the moving
distance of cutting edge is longer than that without rotating, to remove the same volume of
workpiece. So the actual cutting width becomes small, and the cutting force in tool feed direction
can be reduced to suppress tool wear. In addition, the tool wear can be averaged by using broad
part of cutting edge, and the cutting fluid can be supplied between the tool and workpiece easier.
By these reasons, tool wear can be suppressed substantially.

The cutting forces are estimated by using the equation which is proposed by Kato et al. and
minimum energy theory. As a result, it is found that both the cutting force F, and thrust force F,
can be reduced by rotating the tool and they can be reduced furthermore by increasing the speed
ratio. To compare with these forces, the rotation force is so small that can be ignored.

In the experiment of cutting forces, it is found that the cutting forces in dry cutting can be reduced
by using cutting point swivel machining, and it can be reduced furthermore by increasing the
speed ratio from 0.028 to 0.5. Then, in the wet cutting, the cutting force can be reduced by using
cutting point swivel machining. However, the reduction of cutting forces by increasing the speed
ratio is very small. The reason is considered as that the component force in Y direction of friction
force is so small that the lubrication effect of cutting fluid becomes small.

To compare with the estimated and measured cutting forces, the reduction of cutting force by
increasing the speed ratio is different. However, they show the same trend that the cutting force
can be reduced by the increase of speed ratio.

When the speed ratio is increased from 0.003 to 0.028, it is found that the tool wear can be
suppressed by increasing the speed ratio. The reason is considered as the reduction of cutting
force.

When the speed ratio is increased from 0.028 to 0.5, it is confirmed that both the size and the
number of chippings on the cutting edge is increased with no relation to the presence and absence
of the cutting fluid. By this reason, there is the deterioration of the roughness of machined
microgroove. Two reasons are considered as this phenomenon: one is the pore and Si grains in the
workpiece which cause the micro impact to the tool, and the other one is the increase of contact
distance between the flank face of tool and workpiece, which is caused by the rotation of the tool.
However, the contact distance between the flank face of tool and workpiece is shorter than that of

conventional machining because the cutting edge moves to outside of the workpiece.
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8)

9)

In the cutting experiment of binderless tungsten carbide, the relationship of tool wear shows the
same trend with that of SiC. However, the hardness of these materials are almost the same, and
the cutting distance of binderless tungsten carbide is much longer than that of SiC, the tool wear
on the cutting edge becomes small substantially. It can presume that there is the large influence to
the tool wear by the pore in the workpiece.

By the experiment of the relationship between the speed ratio and tool wear, it is confirmed that

there is an appropriate speed ratio which has the ability to suppress the tool wear to minimum.

As summarized above, the effect of cutting point swivel machining is investigated, and the

relationship among the speed ratio, cutting forces and tool wear are made clear. However, there are

still several problems which need to be solved.

a)

b)

d)

In the machining of hard brittle material, the critical depth of cut is very important. To realize
high efficiency machining, the critical depth of cut is expected to be enlarged. It is known that the
use of cutting point swivel machining has the ability to reduce the actual cutting width, and the
depth of chip can become thinner than conventional machining. So it is interesting to investigate
the relationship between the critical depth of cut and the speed ratio.

In this chapter, because of the limit of the machining center, the maximum speed ratio is set to be
0.5. So the cutting force may become smaller when the speed ratio becomes larger. In the
investigation of the rotary machining, it is reported that the cutting force can convergence when
the speed ratio is larger than 4. So it is necessary to enlarge the speed ratio, and to research the
relationship between the speed ratio and cutting forces.

Although the trend of estimated cutting forces are the same as that of measured cutting force.
There is a large difference between them. So it is necessary to get another method which can
calculate the cutting forces correctly.

From the experiment of the speed ratio and tool wear, it is known that tool wear can be reduced
by increasing the speed ratio. However, when the speed ratio is more than a certain value, the tool
wear becomes severe because of the increase of contact distance. To realize the tool wear to the

minimum, it is necessary to research the best speed ratio.
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Chapter 4
APPLICATION OF CUTTING POINT SWIVEL MACHINING

4.1 Introduction

As introduced in the Chapter 1, ball end milling is mostly used in the machining of complex shape.
There are several advantages of the ball end milling:
® It is easy to machine complex shape by controlling tool path and tool posture.
® Cutting forces are smaller than that of sharp machining.
® The tool can be fed with high feed rate by revolving at high speed, so the cutting efficiency is

higher than that of sharp machining.
® In the machining of metal materials, it is reported that tool wear can be suppressed by the effect
of intermittent cutting.

By this ball end milling, complex shape can be machined easily and efficiently. However, to compare
with the sharp machining, there is a problem that there is the error of shape accuracy because of the
use of rotational tool. In the micromachining, the radius of tool is small, so it is necessary to rotate the
tool over 10,000 rpm. At this time, the vibration of tool occurs. The vibration of the tool is about
several micrometers. However, it is too large to compare with the radius of the tool so there is the
occurrence of the shape error. And because of the vibration, the machining becomes unsteadiness to
cause the deterioration of machined surface. In addition, there is a point, which is called dead point,
that the rotation speed on this point is zero. The surface becomes worse in the machining with dead
point. To avoid the machining with dead point, the inclined axis cutting process is proposed (1331 And
to realize high precision machining, the compensation machining is proposed after the first machining
1341 1351 However, it is difficult to get the actual shape of the tool, and there is still shape error in the
machining. To realize high precision machining, the sharp cutting is used in the machining of curved
surface. It is reported that both the shape accuracy and roughness which cannot be obtained in the ball
end milling can be obtained by sharping machining. However, there is a large problem that the
machining time of sharp machining is much longer than that of the ball end milling.

The cutting point swivel machining, which use the sharp machining is proposed in the Chapter 2, and
the mechanism of the cutting point swivel machining is investigated in Chapter 3. Then, in this chapter,
the cutting point swivel machining is applied to the machining of complex shape. In Section 4.2, the
cutting point swivel machining is applied to the machining of curved microgroove. And then, in

Section 4.3, the ball end milling is used to the machining of hard material. The tool wear and the shape

_67_



Chapter 4 Application of cutting Point Swivel Machining

accuracy are investigated in this section. In Section 4.4, the cutting point swivel machining is applied

to the machining of the curved surface.

4.2 Curved microgrooving

4.2.1 Application to curved microgrooving

The cutting point swivel machining is applied to the curved microgrooving. At first, as shown in Fig.
4-1, the curved microgroove is divided into small segments, and the coordinate values of each
machining point are calculated.

Then, the coordinate value of B axis, which is the rotating degree of the workpiece set on the ZX
plane, is calculated. The linear interpolation is used in the machining of the curved microgroove to

approximate the curve. As shown in Fig. 2-15, the tool is fed by moving Z axis. So it is necessary to

(Xo. Zo)
(X2, Z,)

(X1,Zy)

(Xn, Zn)

(Xg-1, Zg-1)
(Xy. Zx)

Fig. 4-1 Division of the microgroove

AZ Vector from point n AZ

/— to point n+1 o

Rotation of B axis

/e e

B -
ol / * % ol | X
Target shape
(a) Before B axis rotation (b) After B axis rotation

Fig. 4-2 Rotation of B axis rotation
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rotate B axis to angle 6, which is between the vector from point n to point n+1 and negative direction
of Z axis, to make sure that the vector is in the opposite direction with Z axis, as shown in Fig. 4-2.
Here, the coordinate of point n is (X, Z,), and that of point n+1 is (X,.,, Z,.,), so the degree & between

the vector and the negative direction of Z axis can be shown in Eq. (4-1).

0= tan_l)_(M 4-1)
Zn41—Zn N

Then, as shown in Fig. 4-3, if B axis is rotated to a degree, there is a displacement of machining
point, and the coordinate of machining point changes into (X, ", Z,"). To compensate this displacement,

it is necessary to make the coordinate transformation, as shown in Eq. (4-2).

X, = -
{n X,cosa—2Z,cosa (42)

Z, = Zycosa+ X,cosa

At last, the coordinate value of C axis, that is, the posture of the tool is calculated. The range of C

axis rotation is C, deg, the distance between the machining point and the microgroove starting point is

AZ Baxis
(Xn’ Zn)
\ | -
0 | x X
Target shape
(a) Before B axis rotation (b) After B axis rotation
Fig. 4-3 Displacement of machining point
Tool posture
deg A )
C, -
|
Length from starting point
I Oneoycle N/ ...\ mm
" -

Fig. 4-4 Relationship between tool posture and distance from starting point
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L mm, the relationship between tool posture and the distance L can be shown in Fig. 4-4. And the
moving length / of tool in one cycle can be shown in Eq. (4-3). Here, 7, is the speed ratio, and R is the
radius of tool tip. Tool posture changes 4C, degrees in one cycle. As a result, the posture of the tool C
can be calculated by Eq. (4-4).

1 = mRC, /45, (4-3)

451,L
TTRCy

SR o O ) (%M X 4C, (4-4)

4.2.2 Setting between tool center point and the center of B axis

As shown in Fig. 4-3, there is a displacement when B axis is rotated. So it is important to get the
coordinates of X and Z axis. Usually, the origins of these axes are set the same as the center of B axis.
The try cutting is conducted to set the origins of X and Z axis. As shown in Fig. 4-5(a), microgrooves
in X and Z direction are machined on the workpiece with an arbitrary coordinate (X,, Z,). Then, the B
table is rotated to 180 deg, and the same microgrooves are machined on the workpiece, as shown in
Fig. 4-5(b). Next, the distances between these microgrooves in X direction, Ax, and that in Z direction,

Az, are measured by a microscope. At last, because Z axis controls the moving of the tool, and X axis

180 deg

i

Y
i I z
(a) (b)
1 ! 5
-
Az

/7

(c) (d)

Fig. 4-5  Setting of the origins of X and Z axes
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controls the moving of workpiece. To consider the relative motion between tool and workpiece, the
origin of X and Z axis, (X,, Z,), is set as shown in Eq. (4-5). By the repetition of this setting, the

origins of X and Z axis can be set the same as the center of B axis.

{XO =X, +Ax/2 e

ZO =Za_AZ/2

As shown in Fig. 4-6, Az can be measured by the edge of microgroove machined by rake face.
However, because the tool used in the machining is an R-shape tool, so it is difficult to get the center
of the machined microgrooves in X direction. At this time, the width of the machined microgrooves,
w, and w, and the distance between two edges of the microgroove d,, are measured by the microscope.

Then, the distance in X direction Ax can be shown in Eq. (4-6).

Ax = dg —wy/2 + wy/2 (4-6)

4.2.3 Verification experiment

There is a verification experiment of the curved microgrooving by using cutting point swivel
machining. The target shape is a curved microgroove of 5 mm in length and 4 pm in depth, which is
combined by two arcs with the radius of 3 mm. The depth of cut is set to be 50 nm, and the
microgroove is machined by 80 times. The workpiece is binderless tungsten carbide, and the cutting
conditions are shown in Table 4-1 (Experiment A). To consider the length of microgroove, and using
all part of cutting edge in the machining, the speed ratio is set to be 0.018, the machining distance is
400 mm, and the machining time is 6.5 hours.

The rake face of tool before and after machining is shown in Fig. 4-7. Figure 4-7(a) shows the tool
before machining and (b) shows the tool after machining. As shown in these figures, there is no

damage like chippings on the rake face of the tool after machining. The width of chamfer before and

Machined by
rake face

Fig. 4-6 Calculation the center of microgroove
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after machining is about 3.6 pum, so there is scarcely any tool wear on the cutting edge.

The machined microgroove is shown in Fig. 4-8. Figure 4-8(a) shows the whole view, and (b) shows
the enlarged parts of 0, 1.25, 2.5, 3.75 and 5 mm far from the starting point of the microgroove,
respectively. Then, Fig. 4-8 (c) shows the cross-section of each part of microgroove, respectively. As
shown in these figures, because of the inclination of workpiece, the machined microgroove becomes
shallow in the machining, and there is about 800 nm difference in depth between the start and end
point of the microgroove. Then, several black points can be observed on the surface of microgroove.
There is no broken part on the edge of microgroove, so it is confirmed that there is no brittle fracture
in the machining. These black points can be presumed as the grain drops in the machining. It can be
known that the microgroove with good shape can be obtained by using cutting point swivel machining.

Then, the microgroove which is measured by surface roughness measuring instrument is shown in
Fig. 4-9. The dashed line shows the target shape. Although there is the occurrence of the waviness in
the measuring, it can be known that the microgroove is machined the same as the target shape. From
the above, it is confirmed that the microgroove with good shape accuracy can be machined by using

cutting point swivel machining.

(a) Before machining (b) After machining

Fig. 4-7 Rake face of tool before and after machining

Table 4-1 Cutting conditions

Experiment A Experiment B
Workpiece Binderless tungsten carbide JO5
Interpolation 0.5 pm 3.125 pm
Iy 0.0175 0.028
Rotation speed of tool 30 deg/min 48 deg/min
Range of C axis rotation -25to 25 deg -12.5t0 12.5 deg
Total depth 4 um 5 pm
Depth of cut 50 nm
Feed rate 3 mm/min

Cutting fluid Oil mist
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(1) 0 mm (2)1.25 mm (3)2.5 mm (4)3.75 mm
(b) Enlarged view

g e - ] R
M T fe B e T
{7/ v, \V 5

(1) 0 mm (2) 1.25 mm (3)2.5mm (4)3.75 mm (5) 5mm

(¢) Cross-section of microgroove

Fig. 4-8 Machined curved microgroove

g500
> Target shape
0
0 1000 2000 3000 4000
Zpm

Fig. 4-9 Measured result
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4.2.4 Microgrooving with arbitrary curvature

When the radius of the curved microgroove becomes small, both the volume and the direction of the
velocities between the inside and outside part of microgroove become different. As shown in Fig. 4-10,
the velocity of the outside part is different from that of the inside part. So the machining of outside is
like down cutting, and that of the inside is like up cutting. In addition, the values of velocities are
different so there is the threat of the occurrence of variation in the machined surface. Then, an
experiment is conducted to investigate the influence which is caused by the curvature of microgrooves.
The curvature of the microgroove is set to be 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, 10.0, 12.0 and
15.0 mm, and 12 microgrooves are machined in this experiment. The length of each microgroove is

3.125 mm, and the depth is 5 pm. The cutting conditions are shown in Table 4-1 (Experiment B). The

Tool rotation

Velocity of inside

/ ‘ / ' Velocity of outside

Rotation of B axis I

Fig. 4-10 Machining of curved microgroove

Table 4-2 Ralationship between the curvature and velocity

Curvature of microgroove Velocity of inside part | Velocity of outside part
0.5 mm 2.814 mm/min 3.189 mm/min
1.0 mm 2.907 mm/min 3.095 mm/min
1.5 mm 2.939 mm/min 3.064 mm/min
2.0 mm 2.954 mm/min 3.048 mm/min
3.0 mm 2.970 mm/min 3.032 mm/min
4.0 mm 2.978 mm/min 3.025 mm/min
5.0 mm 2.982 mm/min 3.020 mm/min
6.0 mm 2.986 mm/min 3.017 mm/min
8.0 mm 2.989 mm/min 3.013 mm/min
10.0 mm 2.992 mm/min 3.011 mm/min
12.0 mm 2.993 mm/min 3.009 mm/min
15.0 mm 2.995 mm/min 3.007 mm/min
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total machining time is 54.5 hours and total machining distance is 3,750 mm. The velocities of the
inside and outside part of microgroove with each curvature of microgroove are summarized in Table
4-2. When the feed rate is set to be 3.0 mm/min, the velocity of the inside and outside part with the
curvature of 0.5 mm is 2.8 and 3.2 mm/min, respectively. To compare with this, when the curvature of
microgroove is 15 mm, the velocities of both the inside and outside parts are almost 3.0 mm/min.

Then, to omit the influence of the tool wear, two patterns of machining are conducted. Pattern 1 is
machined from the microgrooves with small radius to that with large radius, and pattern 2 is inverted
to the pattern 1. The tool is rotated 2 times in one microgrooving. At the anterior half of microgrooves,

C table is rotated to plus direction while B axis being rotated to minus direction, and at the posterior

20 pm

20 um

(a-1) Before machining (Pattern 1) (a-2) After machining (Pattern 1)

20 pm

(b-1) Before machining (Pattern 2) (b-2) After machining (Pattern 2)

Fig. 4-11 Tool used in the machining

(a) Pattern 1 (b) Pattern 2

Fig. 4-12 Flank face of the tool after machining
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half, both B axis and C table are rotated to minus direction.

Figure 4-11 shows the tool used in the machining. (a) shows the tool before and after machining used
in the machining of pattern 1, and (b) shows the tool used in the pattern 2. From the width of chamfer,
it is conformed that the tool wear on the cutting edge is almost zero. Then, the flank face of the tool is
shown in Fig. 4-12. There is scarcely any tool wear on the flank face.

Because there is almost no tool wear on both cutting edge and flank face, it can presume that the
microgrooves machined by two patterns show the same accuracy. Then, the SEM photos of machined
microgrooves in pattern 1 are shown in Fig. 4-13. (a) shows the microgroove with curvature of 0.5 mm,
and (b) shows the microgroove with curvature of 15 mm. Then, (1) shows the anterior half of the
microgroove, and (2) shows the posterior half of the microgroove. As shown in these figures, grain
drops can be observed on the surface of microgroove, but the edge of microgroove shows good shape
accuracy. Although the volume and direction of the velocity of the microgrooving with the curvature
of 0.5 is different, both the inside and outside parts show sharp edge, and good shape accuracy can be
obtained on both sides. As shown in these figures, the microgroove with arbitrary curvature can be

obtained by using cutting point swivel machining.

(b-1) R15 mm-Anterior half (b-2) R15 mm-Posterior half
Fig. 4-13 Machined microgrooves
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4.3 Machining of hard material with ball end mill

4.3.1 Ball end milling of hard material

The machining of hard brittle material is introduced in Chapter 2. It is necessary to machine the hard
material under the critical depth of cut. In the machining with ball end mill, the actual depth of cut is
changed along the cutting edge. The machining with ball end mill is shown in Fig. 4-14, the radius of
cutting tool is R, the feed per revolution is £, the depth of cut is d, and the critical depth of cut is d.. As
shown in this figure, the maximum depth of cut is 4,, which can be shown in Eq. (4-7). So when 4, is
shorter than the critical depth of cut, the ductile mode machining can be realized by using ball end

mill.

hg=R- J WRZ—R-d)?2—f))*+ R —d)? (4-7)

However, as shown in Fig. 4-14, because the arc part between point T and R can be removed in the
machining, so if there is brittle fracture on this part, it can be removed in the machining, and good
surface can be obtained if there is no brittle fracture on the part of TQ. At this time, the actual depth of
cut becomes 4. By this way, with the same tool rotation speed, the feed rate of tool can be set faster,
and the efficiency of cutting can be raised. The actual depth of cut / can be calculated as follows. At
first, point O is considered as the origin of the relative coordinate system. At this time, the inclination
of line OT is 6, which is shown in Eq. (4-8). Then, the equation of circle 1 can be shown in Eq. (4-9),
and that of circle 2 can be shown in Eq. (4-10). Nest, the coordinate of point P (Yp, Zp) and point T
(Yr, Z7) can be calculated by using these equations. At last, the length of segment PT can be calculated
by the coordinate of point P and T.

Tool center point

0]

Feed direction

_’..

Fig. 4-14 Ball end milling
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8 = sin"! f/2R (4-8)
x+ )% +y? = R? (4-9)
x% +y% = R? (4-10)

Then, an experiment is conducted to investigate the tool wear in the machining of hard material by
ball end mill. The cutting conditions are shown in Table 4-3, two experiments are conducted. One is
the experiment with high cutting speed and low feed rate, and the other one is the experiment with low
cutting speed and high feed rate. The cutting speed v, can be shown in Eq. (4-11). Here, R is the radius
of tool, and v, is the rotation speed of tool

v, = 2Rnv,. /1000 (4-11)

When the cutting speed is high, it is known that the cutting force can be reduced so that the tool wear
can be reduced at the same time. However, the heat in the cutting becomes large and there is the threat
of the increase in cutting temperature which causes the severe tool wear. As shown in Eq. (4-11), the
cutting speed depends on the rotation speed and the radius of tool, and it can be adjusted by the
rotation speed of tool. In the experiment with high cutting speed and low feed rate, the rotation speed
is set to be 30,000 rpm and the feed rate is set to be 2.0 mm/min. At this time, the cutting speed is
18.85mm/min, the feed per revolution is 67 nm, and the actual cutting depth 4 is 0.42 nm. To compare
with this, in the experiment with low cutting speed and high feed rate, the rotation speed of tool is set
to be 20,000 rpm, and the feed rate is set to be 40 mm/min. The cutting speed is 12.57 mm/min, the
feed per revolution is 2 um, and the actual cutting depth / is 39.46 nm. The machining shape is

microgroove with length of 12.5 mm, and depth of 5 um, which is the same as the experiment in

Table 4-3 Cutting conditions

Ball end milling Cutting point
Low feed rate High feed rate swivel machining
Workpiece SiC
Rotation speed 30,000 rpm 20,000 rpm
Cutting speed 18.850 mm/min | 12.566 mm/min
Depth of cut 500 nm 80 nm
Total depth 5 pm
Iy 0.028
Feed rate in Z direction 2 mm/min 40 mm/min 1 mm/min
Cutting fluid Oil mist
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cutting point swivel machining.

The rake face of cutting tool after machining is shown in Fig. 4-15. (a) shows the tool used in the
experiment with low feed rate and (b) shows the tool used in the experiment with high feed rate. As
shown in these figures, severe tool wear can be observed on the cutting edge. When the feed rate is 2.0
mm/min, there is about 9 um tool wear on the cutting edge, and it is reduced by increasing the feed
rate. When the rotation speed is increased, and the feed rate is reduced, the removed volume of
workpiece per revolution becomes small, and the cutting force can be reduced. So it is expected to
suppress tool wear. However, the tool wear becomes worse conversely in the cutting experiment. Then,
Fig. 4-16 shows the flank face of the tool used in the machining with high feed rate. There is about 5
um wear on the flank face. To compare with these ball end mills, the tool used in the cutting point
swivel machining is shown in Fig. 4-17, the speed ratio r, is 0.028, and the machining shape is the
same. Several microchippings can be observed on the cutting edge of the non-rotational tool. However,
there is scarcely any tool wear on the cutting edge. It is confirmed that there is no chipping on the

cutting edge by using the ball end mill. However, the tool wear on the cutting edge becomes much

(a) Low feed rate (b) High feed rate
Fig. 4-15 Rake face of tool after machining

Fig. 4-16 Flank face of tool with high feed rate
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larger than that of non-rotational tool.

Then, the surfaces of machined microgrooves are shown in Fig. 4-18. Figure 4-18 (a) shows
microgrooves machined with low feed rate, (b) shows microgrooves machined with high feed rate and
(c) shows microgrooves machined by cutting point swivel machining, respectively. As shown in these
figures, the cutting mark can be observed on the microgroove, so it can be known that the
microgrooves are machined in ductile mode. The microgrooves machined by ball end mill with low
feed rate shows the best surface. It is considered as, in the machining of SiC, by the drop of Si grains
and SiC grains, there is the occurrence of grain drops on the surface. In the machining with low feed
rate, the feed per revolution is small, and the cutting force is less than the combining forces between
the grains. So the occurrence of grain drops on the surface becomes less. However, as shown in these
figures, there is large deterioration on the shape accuracy of the microgroove. In the first microgroove,
there is the shape error on the cross section of the microgroove, and it becomes worse and worse.
There is even no microgroove at the end of machining. To compare with this, the microgroove
machined with high feed rate shows better shape accuracy. The first microgroove shows circle cross
section, and there is the shape error on the 15™ microgroove. However, the depths of machined
microgrooves are the same. Then, the microgroove machined by cutting point swivel machining shows
the best shape accuracy. Although there is the setting error to cause the depth of microgroove deeper
than target shape, the shape of both 1* and 15™ microgroove shows good shape accuracy. The reason is
considered as severe tool wear occurs in the machining and it is transferred into the surface to cause
the deterioration of the shape accuracy. As a result, although the microgroove machined by ball end

milling with low feed rate shows good surface, there is large error in the shape accuracy.

(a) Rake face (b) Flank face

Fig. 4-17 Tool after machining by cutting point swivel machining
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2.0
- 0.0

- -2.0

(3) SEM photo of 15th microgroove (4) Measured result of 15th microgroove

(a) Microgrooves machined by end milling with low feed rate

2.0
- 0.0
"

2.0
4.0

& 6.0

(3) SEM photo of 15th microgroove (4) Measured result of 15th microgroove

(b) Microgrooves machined by ball end mill with high feed rate

Fig. 4-18 Machined microgrooves
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(4) Measured result of 15th microgroove

(c) Microgrooves machined by cutting point swivel machining

Fig. 4-18 Machined microgrooves

4.3.2 Discussion

Then, the reason that the tool wear becomes worse is considered. In the machining by ball end mill,
the cutting force in the machining is smaller than that of the machining by non-rotational tool. In
addition, the tool wear can be suppressed by the effect of intermittent cutting. However, in the
machining experiment, the tool wear becomes worse in the machining with ball end mill. There is
scarcely any chipping on the cutting edge but the tool wear is more severe. The reason can be
considered as, the cutting force in ball end milling is smaller than the depth of cut in sharp machining,
because the feed rate per revolution is much smaller than that of sharp machining, so the number of
pores which are removed by the tool becomes less, and the impact which is subject to the tool
becomes less at the same time. So the chippings on the cutting edge can be suppressed effectively.

However, as introduced in Chapter 1, the tool wear in the machining of hard material is almost the
flank wear, which is caused by the friction between the flank face and workpiece. As shown in Fig.
4-19, in the ball end milling, because the tool is feed while being rotated, the contact distance between

the flank face of tool and workpiece becomes much longer. Feed per revolution is £, the depth of
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]
microgroove is D, the depth of cut is d, the number of microgroove is n, and the length of microgroove
is /, so the maximum contact distance between tool and workpiece can be shown in Eq. (4-12). To
compare with the contact distance of cutting point swivel machining, 5,812 mm, the distance in the
ball end milling with high feed rate is 10,316 mm which is 1.8 times to that of the sharp machining,
and that with low feed rate is 271,923 mm which is about 47 times to the sharp machining. This is the
main reason that the tool wear become more severe.

=1 (RZ_fZ
R

= R—d) 2nnRDl
R 360df

L = (cos + cos (4-12)

Then, the machining time of one microgroove is 3 minutes (ball end milling with high feed rate), 60
minutes (ball end milling with low feed rate) and 15 hours (cutting point swivel machining)
respectively. To compare with the cutting point swivel machining, the machining times of ball end
milling can be reduced substantially. However, the tool wear becomes severe and the shape accuracy

becomes worse at the same time.

4.4 Curved surface machining

4.4.1 Application to curved surface machining

In the experiment of Section 4.3, it is confirmed that to compare with ball end milling, the cutting
point swivel machining has the ability to suppress tool wear, and to keep the high precision machining
for longer time. Then, the cutting point swivel machining is applied to the machining of curved surface.
The setting of tool and workpiece is shown in Fig. 2-15, the tool is fed in Z direction, and X direction

is the pick feed direction. The algorithm is shown in Fig. 4-20. There are two parts of calculation. One

Feed direction Tool

Workpiece

Fig. 4-19 Calculation of the contact distance between the flank face and workpiece
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e ——— |
is the pick feed in X direction, and the other is the tool posture. The machining is presumed as the
finish machining of the hard material, so the depth of cut is always set smaller than the critical depth
of cut.

At first, the pick feed in X direction is calculated. When n+1th path is machined in X direction, the
cross-section in XY plane of ith cutting point in Z direction is shown in Fig. 4-21. The dashed line
shows the part which need to be removed in n+1th path machining. Here, the pick feed in X direction
is pf;, the cutting depth of nth path is 4,, and that of n+1th path is A,.,, and the angle between segment
PQ and X axis is 6, the critical depth of cut is cd, and the radius of tool is R. At first, the length of
segment OQ is set to be the same as the critical depth of cut. Here, the length of segment OQ / is
shown in Eq. (4-13). By this equation, the pick feed in X direction pf; can be calculated as Eq. (4-14).

I= pfi~yRZ= (R — hp)? + JRZ= (R — hpy)? (4-13)

pfi=cd +R2— (R —h,)? — \[RZ— (R — hp41)? (4-14)
Then, the angle @ is calculated as shown in Eq. (4-15) and Eq. (4-16). By the calculated & and other

parameter, the length of segment OT L, can be calculated by Eq. (4-17) and Eq. (4-18).

c2-4bd—-c
2bJR2—(R-hy)2+2bpfi+2ab+2(hn—hn41)(c—Vc2—4bd)

6 = tan~! (4-15)

Here,
a = (pfi’ + hps1” — hn® + 2h,R — 2R 1 R)/(20f7)

b=1+4(hy, — hns1)?/f (4-16)
¢ =2(R - h, + a(hy, — hps1)/Pfi)
d=(R—h,) +a? — R?

Calculate pf; of Z direction

I |

Calculate all OT of Z direction pfi=pfi- dx

OTpax < Critical depth of cut ?

Yes

Calculate the minimum 6

v

Range of tool rotation: -C-0 ~ C;

Fig.4-20 Algorithm for applying to surface machining
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__etan 0+g—/(etan6+g)2—(1+ tan 0)(e?+g2—R?)
cos B(1+tan? @)

Ly = (4-17)

Here,

{e = JRE=TR =l ) - vf; (4-18)
g = R — hz

Then, the length L, is compared to the critical depth of cut. If the length Z; is larger than the critical
depth of cut, the pick feed pf; is reduced until the length L, is smaller than the critical depth of cut. At
last, the length L, of all cutting points in Z direction is calculated, and the pick feed pf; is reduced to
make sure that the length L, of all cutting points are smaller than the critical depth of cut.

Then, the posture of the tool is calculated. As shown in Fig. 4-21, when the n+1th path is machined,
because the left part of workpiece has been removed in the nth path machining, there is no tool
interference which is the machining with the part that is not like circle of the tool in the left side. To
use the broad part of the tool, the tool rotation angle is set to be (-Cr-@~ Cr). Here, Cr is the original

tool rotatable angle. And the tool posture can be calculated in Eq. (4-19).

" o BNt o s AOTE B »
=G \0'5 (nR(Cr+9/4) " (nR(CT+9/4))>) X (4, +6) 4 GRS

4.4.2 Plane machining

An experiment is conducted to investigate the surface which is machined by cutting point swivel
machining. The target shape is a plane with length of 0.8 mm, width of 0.6 mm, and depth of 16 pm.
The cutting conditions are shown in Table 4-4 (Experiment A). The speed ratio is set to be 0.05, and

the depth of cut is set to be 50 nm. The calculated pick feed in X direction is 50 nm. To compare with

Z &

7
/ : e < A £
'y 2 P T J hn+1
Path n Path n+1 Y o A

Worksisce Path n 5 Pl Path n+1

Fig.4-21 Calculation of pick feed
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the time which costs in the machining of one path, the number of path is too large. So the long side is
set to be feed direction and the short side is set to be pick feed direction, to reduce the machining time.
The machining time is 78.8 hours, and the machining distance is 9,856 mm.

Machined result is shown in Fig. 4-22. Figure 4-22 (a) shows the measured result, (b) shows the SEM

photo of the machined plane and (c) shows the cross-section in the feed direction and pick feed

Table 4-4 Cutting conditions

Experiment C I Experiment D Experiment E
Workpiece Binderless Tungsten carbide JO5
Interpolation 3um | 25um | 0.05pm
Speed ratio r, 0.05
Depth of cut 50 nm
Feed rate 5 mm/min | 3 mm/min
Cutting fluid Oil mist

(a) Whole view (b) SEM photo

- o m F m — .o —— — - -

(c-1) Cross setion of feed direction

- e e P e =Y O —_—== = s - i e e -

(c-2) Cross setion of pick feed direction

Fig.4-22 Machined plane
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direction, respectively. From the measured result, 5 cross-sections are selected in both feed direction
and pick feed direction to calculate the roughness of the surface. Roughness Ra and Rz in feed
direction and pick feed direction are summarized in Table 4-5. In the feed direction, the roughness Ra
of all cross-sections are 10 nm, and roughness Rz is from 0.05 to 0.07 um. The average of the
roughness Rz in this direction is 0.060 um. Then, the roughness Rz in the pick feed direction is from
0.07 to 0.08 wm, and the average is 0.074 pum. As a result, good surface roughness can be obtained in

both feed direction and pick feed direction.

4.4.3 Curved surface machining

Then, a curved surface is machined by using cutting point swivel machining. The target shape is
shown in Fig. 4-23, which is combined with concave surface and convex surface in Z direction. The
cross-section in X direction is a curve, and the elevation difference from two sides is 10 pm. the
cutting conditions are shown in Table 4-4 (Experiment B). The machining time is 69.5 hours. Then,

there is a curved microgrooving on the machined curved surface. This curved microgroove is

Table 4-5 Measured roughness

Measured roughness pm Average upm
Fecd Ry | 0.01]0.01]0.01]0.01]0.01 0.010
dircction | R, | 0.05 | 0.06 | 0.06 | 0.06 | 0.07 0.060
Pick feed | Ra | 0.01[0.01]0.01[0.01|0.01 0.010
direction | R, | 0.07 | 0.08 | 0.07 | 0.08 | 0.07 0.074
B
g =
o
05 Ny
0.6 mm
-q |

Fig. 4-23 Target shape
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combined by two arcs with the radius of 0.4 mm, and the length of the microgroove is 0.4 mm. the
cutting condition of curved microgrooving are shown in Table 4-4 (Experiment C). The machining
time of microgrooving is 2.3 hours. The machining distance of curved surface is 6,312 mm, and that of
the curved microgroove is 40 mm.

The measured result is shown in Fig. 4-24. Figure 4-24 (a) shows the whole view, and (b) shows the
cross-section of pick feed direction with two different X coordinate. From these result, it is confirmed

that the curved surface and curved microgroove are machined the same as target shape.

O i = i b
B e e SR P
i) Sy T
30 [ =
0 100 200 300 400 500 600 700
Z pm

(b) Cross-section of pick feed direction

Fig. 4-24 Measured result
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The SEM photos of machined surface are shown in Fig. 4-25. (a) shows the concave part, (b) shows
the convex part and (c) shows the microgroove. As shown in (a) and (b), it is confirmed that good

surface is obtained in the machining. However, there is a large number of the grain drops in the

5 um

(a) Concave curved surface (b) Convex curved surface

(c) Curved microgroove

Fig.4-25 SEM photo of machined curved surface and microgroove

Tool center point Pick feed direction

—»

/ ‘ Part where grain |

1 Pathntl |

Workpiece -

Fig. 4-26 Remove of the part with grain drop
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microgrooving. The depth of cut in the curved surface machining and microgrooving is set to be the
same. However, there are a lot of grain drops on the surface of microgroove. The reason is considered
as, in the machining of curved surface, the maximum depth of cut is set to be 50 nm, so there are
several parts with grain drops. However, as shown in Fig. 4-26, these parts are removed by the next
path of machining. The actual depth of cut, /4, is smaller than the setting value. In the machining of
these parts, the cutting force is smaller than the combining forces of tungsten carbide grains, so there
is no grain drop on the machined surface. However, in the machining of microgroove, the cutting force
is larger than the combining forces of tungsten carbide grains, so the grain drops in the machining.

The same tool is used in the plane machining, curved surface machining and microgrooving. The
rake face before and after machining is shown in Fig. 4-27. Total machining distance is 16,208 mm. As
shown in this figure, the width of chamfer before and after machining are both 3.6 pum, there is
scarcely any tool wear on the cutting edge. Then, the flank face before and after machining is shown in
Fig. 4-28. There is no tool wear or chipping on the flank face. From these results, it can be confirmed
that the curved surface which is the same as target shape and with good surface roughness can be

machined with tool wear suppression by using cutting point swivel machining.

(a) Before machining (b) After machining
Fig. 4-27 Rake face of tool used in the machining

(a) Before machining (b) After machining
Fig. 4-28 Flank face of tool used in the machining
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4.5 Summary

This chapter aims at applying the cutting point swivel machining to the curved microgrooving and

the machining of the curved surface. As the result of the experiment on binderless tungsten carbide,

the conclusion can be summarized as follows.

1)

2)

3)

4

3)

The cutting point swivel machining is applied to the machining of the curved microgroove. By
the verification experiment of the S shape microgroove, it is confirmed that the curved
microgroove can be machined with good shape accuracy.

It is known that in the machining of the curved microgroove, the direction and volume of the
relative velocity between the tool and workpiece on the inside and outside of microgroove are
different. In the experiment of the microgrooving with arbitrary curvature, it is confirmed that by
using the cutting point swivel machining, microgroove with arbitrary curvature can be machined
with good accuracy.

The ball end mill is mostly used in the machining of curved surface. However, in the machining
of hard material, the contact distance between the flank face and workpiece becomes too long
because of the rotation of the tool. By this reason, the tool wear is more severe than that of the
cutting point swivel machining. In the machining with low feed rate, the grain drop on the surface
can be reduced. However, the tool is worn and the deterioration of the shape accuracy becomes
rapidly.

In the machining of hard material by ball milling, the machining time is so short that good
machining efficiency can be obtained. However, the tool is worn rapidly, and the worn tool shape
is transferred into the surface to cause the deterioration of shape accuracy. To compare with this,
although the efficiency of cutting point swivel machining is bad, the tool wear is much less than
that of ball end milling and good shape accuracy can be obtained for longer time.

The cutting point swivel machining is applied to the machining of curved surface. in the
machining of the plane, it is confirmed that good roughness can be obtained in both feed direction
and pick feed direction. Then, in the verification experiment, a free-form surface is machined the

same as the target shape with no tool wear on both rake face and flank face of cutting edge.

As summarized above, the cutting point swivel machining is applied to the curved microgrooving

and machining of curved surface with tool wear suppression. However, there are still several problems

need to be solved.
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a)

b)

In the machining of curved surface by the cutting point swivel machining, it is presumed as the
finish machining of hard material, so the depth of cut is set smaller than the critical depth of cut.
As shown in Fig. 4-26, if the actual depth of cut /4 is set the same as critical depth of cut, the
machining efficiency can be increased.

In the experiment of Section 4.3, it is known that the machining efficiency of ball milling is good,
and the machined surface of cutting point swivel machining is well. So it is need a composition
machining method, that the rough machining is ball end milling and finish machining is cutting

point swivel machining. By this way, both machining efficiency and accuracy can be obtained.
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Chapter 5
SUMMARY

5.1 Achieved results in this study

The cutting operation, which has lots of advantages and is the most fundamental machining method,
acts an important part in the manufacturing. Then, as an important element, the cutting tool, which is
pushed into the workpiece, has a potent influence on the accuracy of machined shape and surface.
Among them, the tool life is always focused because it is combined with the productivity and
manufacturing cost directly. In recent years in particular, it is requested to cutting the hard material
with high precision and miniaturization because of the improvement of optical equipments. In the
machining of hard material, the most important proposition is how to make the tool life as long as
possible, to keep the high precision machining for long time.

There are large numbers of investigations to increase the tool life. Almost of them are focused on the
material of tool, tool shape, surface treatment, cutting conditions and so on. By the combination of
these elements, the tool wear in the machining can be suppressed. However, the number of
investigations about the machining method is so small, and some of the machining method needs
special machine like the vibration machine tool. Under this background, this study focused on the
machining method to suppress tool wear and to increase tool life in the machining of hard material.
This study aims to create a new machining method which has the ability to suppress tool wear and to
realize high precision machining at the same time. By using 5-axes machining center, a machining
method called cutting point swivel machining is proposed, and its effect is verified by the cutting
experiment. By applying the cutting point swivel machining to complex shape, it is expected to create
a new machining method in the machining of hard material.

Then, the results of this study are summarized as follows.

In Chapter 2, the mechanism of brittle fracture and the effect of the tool with negative rake angle in
the machining of hard material are summarized. By using these past investigations, the rake angle,
which is an important part in the machining of hard material, is decided. Then, from Section 2.3, the
cutting point swivel machining is proposed. By the verification experiment, the result can be
summarized as follows.

1) By using the tool with special chamfer, the cutting point swivel machining, that the tool is

swiveled in the plane perpendicular to the tool feed direction, is proposed. To compare with other
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machining method, the cutting point swivel machining can be realized easily by using the rotation
axis, and it is expected to suppress and average the tool wear.

In the cutting point swivel machining, there is a problem of the setting error between the tool
center point and the center of C axis. Then, a try cutting is proposed to calculate the coordinate of
tool center point. By using this calculated coordinate, the setting error can be compensated by
modifying the NC data, which controls the tool path and tool posture. By the result of the
verification experiment, it is confirmed that the proposed method has the ability to compensate
the setting error and to realize ultraprecision machining.

By the verification experiment of SiC, it is confirmed that to compare with the conventional
machining, the cutting point swivel machining can extend tool life to more than two times. In
addition, good roughness and shape accuracy can be obtained by using cutting point swivel
machining, because of the suppression of tool wear, and the machining with high precision can be

continued for long time.

In Chapter 3, it aims at investigating the mechanism of the cutting point swivel machining, and

making clear the relationship among the speed ratio, cutting forces and tool wear. As the result of the

experiment of cutting forces with different speed ratio and the experiment of tool wear on SiC and

tungsten carbide, by using cutting point swivel machining which is proposed in Chapter 2, the results

can be summarized as follows.

1)

The cutting marks can be observed on the surface of machined microgrooves. From these cutting
marks, it is known that the actual cutting direction can be changed by using cutting point swivel
machining. The actual cutting direction is calculated and it is the same as the direction of cutting
marks. In addition, it is confirmed that good shape can be obtained even the rotation direction is
changed.

The tool is fed while being rotated in cutting point swivel machining. At this time, the moving
distance of cutting edge is longer than that without rotating, to remove the same volume of
workpiece. So the actual cutting width becomes small, and the cutting force in tool feed direction
can be reduced to suppress tool wear. In addition, the tool wear can be averaged by using broad
part of cutting edge, and the cutting fluid can be supplied between the tool and workpiece easier.
By these reasons, tool wear can be suppressed substantially.

The cutting forces are estimated by using the equation which is proposed by Kato et al. and
minimum energy theory. As a result, it is found that both the cutting force F and thrust force F),
can be reduced by rotating the tool and they can be reduced furthermore by increasing the speed

ratio. To compare with these forces, the rotation force is so small that can be ignored.
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4)

3)

6)

7

8)

9)

In the experiment of cutting forces, it is found that the cutting forces in dry cutting can be reduced
by using cutting point swivel machining, and it can be reduced furthermore by increasing the
speed ratio from 0.028 to 0.5. Then, in the wet cutting, the cutting force can be reduced by using
cutting point swivel machining. However, the reduction of cutting forces by increasing the speed
ratio is very small. The reason is considered as that the component force in Y direction of friction
force is so small that the lubrication effect of cutting fluid becomes small.

To compare with the estimated and measured cutting forces, the reduction of cutting force by
increasing the speed ratio is different. However, they show the same trend that the cutting force
can be reduced by the increase of speed ratio.

When the speed ratio is increased from 0.003 to 0.028, it is found that the tool wear can be
suppressed by increasing the speed ratio. The reason is considered as the reduction of cutting
force.

When the speed ratio is increased from 0.028 to 0.5, it is confirmed that both the size and the
number of chippings on the cutting edge is increased with no relation to the presence and absence
of the cutting fluid. By this reason, there is the deterioration of the roughness of machined
microgroove. Two reasons are considered as this phenomenon: one is the pore and Si grains in the
workpiece which cause the micro impact to the tool, and the other one is the increase of contact
distance between the flank face of tool and workpiece, which is caused by the rotation of the tool.
However, the contact distance between the flank face of tool and workpiece is shorter than that of
conventional machining because the cutting edge moves to outside of the workpiece.

In the cutting experiment of binderless tungsten carbide, the relationship of tool wear shows the
same trend with that of SiC. However, the hardness of these materials are almost the same, and
the cutting distance of binderless tungsten carbide is much longer than that of SiC, the tool wear
on the cutting edge becomes small substantially. It can presume that there is the large influence to
the tool wear by the pore in the workpiece.

By the experiment of the relationship between the speed ratio and tool wear, it is confirmed that

there is an appropriate speed ratio which has the ability to suppress the tool wear to minimum.

In Chapter 4, it aims at applying the cutting point swivel machining to the curved microgrooving

and the machining of the curved surface. As the result of the experiment on binderless Tungsten

Carbide, the conclusion can be summarized as follows.

Y

The cutting point swivel machining is applied to the machining of the curved microgroove. By
the verification experiment of the S shape microgroove, it is confirmed that the curved

microgroove can be machined with good shape accuracy.
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2)

3)

4)

3)

It is known that in the machining of the curved microgroove, the direction and volume of the
relative velocity between the tool and workpiece on the inside and outside of microgroove are
different. In the experiment of the microgrooving with arbitrary curvature, it is confirmed that by
using the cutting point swivel machining, microgroove with arbitrary curvature can be machined
with good accuracy.

The ball end mill is mostly used in the machining of curved surface. However, in the machining
of hard material, the contact distance between the flank face and workpiece becomes too long
because of the rotation of the tool. By this reason, the tool wear is more severe than that of the
cutting point swivel machining. In the machining with low feed rate, the grain drop on the surface
can be reduced. Howeyver, the tool is worn and the deterioration of the shape accuracy becomes
rapidly.

In the machining of hard material by ball milling, the machining time is so short that good
machining efficiency can be obtained. However, the tool is worn rapidly, and the worn tool shape
is transferred into the surface to cause the deterioration of shape accuracy. To compare with this,
although the efficiency of cutting point swivel machining is bad, the tool wear is much less than
that of ball end milling and good shape accuracy can be obtained for longer time.

The cutting point swivel machining is applied to the machining of curved surface. in the
machining of the plane, it is confirmed that good roughness can be obtained in both feed direction
and pick feed direction. Then, in the verification experiment, a free-form surface is machined the

same as the target shape with no tool wear on both rake face and flank face of cutting edge.

As summarized as above, a new machining method which is called cutting point swivel machining is

proposed in this study. Then, the cutting point swivel machining is applied to the curved

microgrooving and the machining of curved surface, it is confirmed that the machining of complex

shape with tool wear suppression can be realized. By using this technology, the machining with high

precision and complex shape, which is requested in the machining of mold, can be realized. As a result,

the machining method shows the originality and practical utility in industry.
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5.2 Future prospects

Even though this research makes some original contributions to suppress tool wear and to realize
high precision machining in the machining of hard material, there are still several problems need to be

solved.

1. Three dimensions cutting theory by using tool with negative rake angle

In Chapter 3, the cutting force is estimated by using the balance of force and the minimum energy
theory. However, the estimated cutting force only shows the same trend to the measured cutting force,
and there is big difference between the values of these forces. The reason is considered that the cutting
theory by using tool with negative rake angle is different from that with plus rake angle. In the
machining, the tool with negative rake angle is used common because the stiffness of tool with
negative rake angle is larger. So it is necessary to make clear the mechanism of the machining by using

the tool with negative rake angle.

2. Verification of cutting point swivel machining by universal machining center.

In this study, the cutting point swivel machining is used only on ROBOnano, an ultraprecision
machining center. There is problem that the feed rate of ROBOnano is too slow, so the effect of cutting
point swivel machining cannot be verified completely. There is another problem that the accuracy of
ROBOnano is so high that some problems cannot be found in the experiment. So it is necessary to
verify the cutting point swivel machining on a universal machining center. New result can be obtained
by increasing the speed ratio much higher, and there may be some new problems by using a universal

machining center.

3. Construction of the composition machining method

In Chapter 4, it is found that the efficiency of ball end milling is well. However, the tool wear
becomes severe and the shape accuracy becomes bad. To compare with this, the cutting point swivel
machining has the ability to keep high precise machining for a long time, with bad efficiency. So it is
considered to propose a new machining process that the rough machining is conducted by ball end
milling, and only finish machining is done by cutting point swivel machining. By this way, the
efficiency and the accuracy can be obtained at the same time. Although there are several problems like
the positioning of cutting tool, and the measurement of shape before finish machining. It is very

important for fabricating the mold of optical elements.
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