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ABSTRACT

A Study on the Form Accuracy Improvement of

Aspheric Optical Elements for Ultra-Precision Process

By Sang Suk Kim
Advisor : Prof. Jeong, Sang Hwa, Ph.D.
Department of Mechanical Engineering

Graduate School of Chosun University

Because a diamond turning process includes manidsfieof research, the
complete understanding of the diamond turning pmecés very difficult. The
experimental measurement of tool force is one o itmportant technology of
diamond turning process. There are numerous paeasnaif the process which
affect cutting forces. The effect of those paramsetand materials have been
studied to enhanced the surface roughness aftéingutt is the major purpose of
the measurement of the cutting force to understémel effects of the cutting
variables such as the cutting force, the machiitabdf the workpiece, the process
of chip formation, chatter and tool wear as well materials.

In general, the cutting force of diamond turning ebft metals, such as
aluminum and copper in an diamond turning machinéh whe depth of cut of

severalym, is smaller than that of conventional machining.

- IX -



Diamond turning machines have been used for theesgsing of surface like a
mirror with the control scheme of minimizing shageror. Diamond turning is
applied to produce highly precision optical compugerequired not only a high
machining accuracy but also a good surface roughnes

Thermal image system is a device which can viseatize difference of infrared
energy naturally emitted by the imaging object. rAinum and germanium have been
widely used as optical parts such as laser reflsctuirror of thermal image system.

The global application of aspheric surfaces wilpa&xd rapidly on the electronics,
optical components, communications, aerospace,ngefeand medical optics devices
etc. Especially, F-theta lens is one of the impur{zarts in LSU(Laser scanning unit)
because it affects dominantly on the optical pentmce of LSU. The mold core is
the most important device to produce plastic Fah&tns by injection molding

method. The results obtained in this thesis ardofsws ;

First, tool holder system is designed and fabritai® measure cutting forces in
diamond turning. This system design includes ar8pament piezo-electric transducer.
Initial experiments with tool holder system are @uplished to predicted dynamic
characteristics as well as a detailed study ofirmutparameters.

Tool holder system is modeled by considering themeht dividing, materials
properties, and boundary conditions using MSC/PANRAMode and frequency
analysis of structure are simulated by MSC/NASTRARr the purpose of
developing the effective design.

Many cutting experiments conducted for 6061-T65Umaéhum and copper. Test
involves investigation of velocity effects, the exffs of depth of cut, and feedrate
on tool force. Cutting forces generally are inceghss increasing the depth of cut

of the diamond turning process.



Second, thermal-imaged Al flat mirror and Ge asighégns are fabricated using
diamond turning technology. The particular jigs aesigned and fabricated to hold
axisymmetric Al flat mirror and Ge aspheric lensheTjigs for Al flat mirror and
Ge aspheric lens are machined using diamond turrtmgimprove machining
accuracy. Using those jigs, thermal-imaged Al flairror and Ge aspheric lens are
fabricated.

Form accuracy and irregularity of Al flat mirror tef machining are 0.835
fringe(at 632.8 nm) and 0.370 fringe(at 632.8 nm@spectively. Surface roughness
of Al flat mirror is 0.025m Ra. Moreover, form accuracy of Ge aspheric lens

after machining is 0.24m P-V and surface roughness is 0.0038 Ra.

Third, mold core for F-theta lens machined to piEluplastic F-theta lens.
Because F-theta lens is non-axisymmetric surfaoe, nhold core for F-theta lens is
machined by fly cutting method using non-axisymigetaspheric generator. To
improve the form accuracy, the mold core for Faheens is machined by
compensating the center error and the tool radiusr.e Plastic F-theta lens is
produced by injection molding method using the motie for F-theta lens.

Form accuracy of mold core after machining is 0.Lf9P-V(x-axis) and 0.184
un  P-V(y-axis), respectively. In the plastic F-thetend fabricated by injection
molding, form accuracy is 0.226@n P-V(x-axis) and 0.165m P-V(y-axis).

It shows that F-theta lens injected by the fabeidatold core is satisfied to apply

for the actual specification.
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Table 1-1 Application Fields of Aspherical Optical Componentsm

Components Material Method Use
Mold Injection, Camera,
Aspheric lens Glass, Plastic Turning, Grinding CD, DVD lens,

Lapping/Polishing Projection TV
Mold for Tungsten carbide(WC) | Grinding, Iniection mold
Aspheric lens Electroless Ni Lapping/Polishing !

F-theta lens

Electroless Ni,

Turning, Grinding

Laser printer

lens

Ceramic, Plastics Lapping/Polishing
Sphere, Aspheric,| Aluminum Alloy, Turnin Laser cutting
Parabola Mirror Copper, Electroless Ni & Machine
Grinding, )
Glasses lens Glass Lapping/Polishing Glasses
Infrared aspheric Ge, Si Turning, Grinding Scope
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Table 2-1 Common Diamond Turning Parameters' """

Parameter Description Units Variation

Spindle Number of revolutions of the

. . ) rpm 1000 rpm ~ 10000 rpm
speed spindle in one minute

Feedrate | Speed of travel of the tool mm/min | 1 mm/min~50 mm/min

Depth of | Depth of the tool cut in the Z

. ) m 1 um ~ 30 um
cut direction ~ ~ a
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. Tholo}2 = F - (Natural Crystal Diamond Bite)
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Fig. 2-3 General Type of Diamond Turning Bite
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Table 2-2 Parameters and Values for Typical Diamond Tool

Tool parameter Symbol Typical values
Radius r 0.025 mm ~ 1.5 mm
Rake angle a +5° ~ -25°
Clearance angle [§] 2.5° ~ 15°
Included angle (S} 100°
Plane view Side view
)
s
e | ]
B

Fig. 2-5 Diagram of a Diamond Turning Bite
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RAKE TABLE

FLANK FRONT CLEARANCE

—/— RADIUS

7-\.
e

SECONDARY CLEARANCE

Fig. 2-6 Terminology of General Diamond Turning Bite

Table 2-3 Table of Materials and Tool Rake Angles

Top rake| +2 1/2° 0° -2 1/2° =-5° -10° -15° -25°
Zinc Sulphide
Plastics
Zinc Selenide
Materials
with Aluminium/Copper Germanium
suggested
rake angle Electroless Nickel Silicon
. Gallium
Beryllium Copper/Brass )
Arsenide
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Fig. 2-7 Aspheric Curve Illustrating Origin and Axes
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Surface type
Sphere
Parabola
Prolate ellipse
Oblate ellipse(Not strictly a conic section)
Hyperbola

Table 2-4 Table of Conic Constant Values

Conic constant
-1 <K<O0
K>0
K< -1
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Fig. 2-11 Interferometer Set Up for Surface Form
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Fig. 2-12 Interferometer Set Up for Conic Sections
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Table 2-6 Specification of Diamond Turning Machine(Nanoform?200)

Diamond Turning Machine(Nanoform200)

Workpiece size ®200 mm
Travel : 180 mm
Feedrate : 0~150 mm/min

X and Z axis slide table
(hydrostatic oil bearing)

Scale resolution : 8.62 nm

X and Z-axis slide ) Vertical @ 0.2 m/100 mm
] ] Straightness
accuracy Lateral : 0.1 m/100 mm
Speed range : 10-5000 RPM

Load capacity : 57 Kg at spindle nose

Workholding spindle

Tool spindle rotation Radial direction : 0.3 /m

accuracy Thrust direction : 0.3 m
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Fig. 2-19 Ultra-precision Non-Axisymmetric Aspheric Generator

(ASP30, Nachi-Hujikoshi Co., Japan)

Y-Axis Ol hydrosiatic

slide & Boll Screw

e e Work Air Spindle

On Machine .
meAsHreent
Z-Axis Oil hydrosiaiic
slide & Boll Screw

.. .- \L‘ ;.-

Bite Holder

X-Axis Oil hydrosiatic
slide & Bell Screw

Fig. 2-20 3D Assemble Modeling of ASP30
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Table 2-7 Specification of Non-Axisymmetric Aspheric Generator(ASP30)

Ultra-precision Non-Axisymmetric Aspheric Generator(ASP30)

300 Wx50 H(Non-axisymmetrical workpiece)

Workpiece size
$200 mm(Axisymmetrical workpiece)

Travel : 400 mm

X-axis slide table

(all hydrostatic bearing) ~300 mm/min

Feedrate :

Scale resolution : 8.62 nm

Travel : 100 mm

Y -axis slide table

(all hydrostatic bearing) ~300 mn/min

Feedrate :

Scale resolution : 8.62 nm

X and Z-axis slide vertical @ 0.2 ﬂm/l()() mm

accuracy

Straightness

Lateral : 0.1 ¢m/100 mm

Tool spindle rotation Radial direction : 0.3 um

accuracy

Thrust direction @ 0.3 um

Table 2-8 Specification of Precision Stage

X axis Z axis Y axis
Max stroke(mm) 250 200 70
Resolution(¢m) 0.001 0.001 0.001
Feedrate(mn/min) 300 300 180
Slide stage Hydrostatic Hydrostatic Hydrostatic
Travel screw Hydrostatic Hydrostatic Hydrostatic
Motor AC servo AC servo AC servo
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Fig. 2-21 Ultra-High Accurate 3-D Profilometer
(UA3P, Panasonic Co., Japan)
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Table 2-9 Specification of 3-D Profilometer(UA3P)

Ultra-High Accurate 3-D Profilometer(UA3P)

Measurable range

200 mnx200 mmx45 mm

Scale He-Ne Oscillation frequency stabilized laser
Ruby
- Tip curvature radius: 0.5 mm

Sensor : - Measuring pressure: 0.3 mN (30 mgf)

Atomic force probe

Diamond
- Tip curvature radius: 2 um
- Measuring pressure: 0.3 mN (30 mgf)

Max. measurable angle

60°

Probe measurement
accuracy

Ruby : 0.01 to 0.05 um

Diamond : 0.1 um

Measurement error

0.05 ¢m / 100 mm

Measuring speed

0.01 to 10 mm/sec
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Fig. 2-22 Surface Form Error Measuring System
(GPI-XP 6" Interferometer, Zygo Co., USA)
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Fig. 2-23 Surface Roughness Measuring System

(NewView5000, Zygo Co., USA)
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Fig. 2-25 Piezo—electric, Quartz Crystal to Measure Tool Forces
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(1) Sensor Calibration
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Fig. 2-26 Diagram of Apparatus for the Sensor Calibration
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(b) Z-Axis Voltage Calibration Chart

Fig. 2-27 7Z-axis Calibration Chart of Force Transducer
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(c)

Fig. 2-28 Possible Orientations for Transducer
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1. Tool Holder 4 @

2. Transducer
3.6 Tool Holder Base |

4. Centering Sleeve
5. Preloading Bolt
5
L

Fig. 2-29 Schematic Drawing of Assembled Tool Holder System
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Fig. 2-30 Tool Holder Modeling for Dynamic Analysis
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Table 2-10& 2= A 9

Table 2-10 Load/BCs for Mode and Frequency Analysis

=

Node ID : 1083

Finite element Element ID : 4224

Element topology : Tet 4

Displacement fixed

0.5 N Weigh fixed
Load/BCs Range 20~1000 Hz : 20Hz exciting interval at
node 120

Damping Ratio : 3 %

Elastic modulus : 200,000 N/mm”

Material propert
property Poisson ratio : 0.32

. Steel alloy
Density : 7.84e-6 kg/mn’

Normal modes analysis

Solution type . Number of desired roots : 5

Frequency response analysis
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Tine: 16:13:27
Date: 09/12/10
Eigenvectors
Translational
Default
Mode 1:Freq.=198.4
Max. Deformation =
2.825979E+000
BNode 120

Ist mode: 198 Hz
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Time: 16:15:36
Date: 09/12/10
Eigenvectors
Translational
Default
s, Mode 2:iFreq.=261,1Z
] T Max., Deformation =
3. 7439608E+000
BNode 120

2nd mode : 260 Hz

TiMe: 16:16:22
Date: 09/712/10
Eigenvectors
Translational
Default
il Mode 3:Freq.=304.6
Max. Deformation =
2.841979E+000
BNode 14

3rd mode : 304 Hz
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Tine: 16:17:32
Date: 09/12/10
Eigenvectors
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Max. Deformation =
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BNode 14

4th mode @ 372 Hz

Fig. 2-31 Mode Shapes of Tool Holder at Each Mode
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Fig. 2-32  Simulation Result of 1st Mode of Z-axis and Frequency Analysis
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Fig. 2-33 Frequency Spectrum for Tool Holder on DTM in the Z-direction
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Table 2-11 Basic Set of Cutting Conditions

Material 6061-T651 Aluminum, Copper
Spindle speed 1600 rpm
Cutting depth 2,5, 8, 10 um
Feedrate 15, 3, 6, 12 um/rev
NCD bite tool radius 05 mm, 1.0 mm, 1.5 mm
Radius of workpiece 20 mm
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Force{N)

Force(N)

Depth of cut test : constant feedrate : 6um/rev
(Tool Radius : 0.5mm)
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(a) Tool Radius = 0.5 mm, Aluminum
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(b) Tool Radius = 1.0 mm, Aluminum

_65_



0.40 - Depth of cut test : constant feedrate : 6um/rev

(Tool Radius : 1.5mm)
0.35 .
~
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(d) Tool Radius = 1.0 mm, Copper

Fig. 2-37 Experimental Data of Cutting Forces according to Depth of Cut
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Force(H)

Force{N)

0.06
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Feedrate test : constant, cutting depth : 5um

(Tool Radius : 1.0mm)
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Table 2-12 Results of Surface Roughness according to Cutting Conditions

Al6061-T6
Cutting condition Surface roughness(Ra)
Depth of cut : 2 um 6.430 nm
Depth of cut : 5 um 6.478 nm
Feedrate : 10 mm/min
Depth of cut : 8 um 6.053 nm
Depth of cut @ 10 um 6.258 nm

Free-oxygen copper

Depth of cut : 8 um 5.613 nm
Feedrate : 5 mm/min

Depth of cut : 10 um 5.458 nm

Depth of cut : 1 um 5.460 nm
Feedrate : 10 mm/min

Depth of cut @ 2 um 5413 nm

9] AaEEE Al 6061-T6512 A2zlo]7F 8~10 gm AkelollA o] %7} 10 mn/min

AT, FAaEE Aol 1~2 m AbelolA o] FEHE7E 10 m/minyt A 2fzle] 8~10

pm Apolell A o] FEHE7F 5 m/min @ B¢ T2 EHS dojd 5 stk
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Fig. 3-3 Procedure of Diamond Turning Machining
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Fig. 3-7 Jig for Diamond Turning of Al Flat Mirror
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Table 3-1 Cutting Conditions of Al Flat Mirror

Rough Cutting Semt—f-mtsh Finish Cutting
Cutting
Spindle speed 1500 rpm
Depth of cut 10 um 5 um 2 um
NCD bite Radius : 0.505 mm, Rake Angle : 0°
Feedrate 30 mm/min 10 mm/min 5 mm/min

Aspheric surface

R123.65
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Fig. 3-8 Schematic Drawing of Ge Aspheric Lens
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Table 3-2 Cutting Conditions of Ge Aspheric Lens

Rough Cutting Semz—f.mzsh Finish Cutting
Cutting
Tool Radius : 0.505 mm, Rake Angle : -25°
Spindle Speed 2000 rpm
Depth of Cut 20 pm 6 um 2 um
Feedrate 9 mm/min 9 mm/min 3 mm/min
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Fig. 3-11 Al Flat Mirror after Diamond Turning

Table 3-3 Measurement Data of Al Flat Mirror Form Accuracy

1 st 2 nd 3 rd Average
Power(fringe) 0.835 0.765 0.905 0.835
Irregularity (fringe) 0.382 0.326 0.401 0.370
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Table 3-4 Measurement Data of Al Flat Mirror Roughness R,

1 st 2 nd 3 rd Average
3.472 nm 3.558 nm 3.601 nm 3.544 nm
3.522 nm 3.423 nm 3.612 nm 3.519 nm
3.852 nm 3.753 nm 3.513 nm 3.706 nm

Total Average 3.590 nm

B ZYgo

50X Mirau

Fig.

3-13 Surface Roughness of Al Flat Mirror
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Table 3-5 Comparison Results with Precitech Inc., USA of Al Flat Mirror

Results Precitech Inc. USA
(Polygon, Flat type) (70 mm circular, Flat type)

Surface Form Accuracy P-V 0.119 um P-V 0.078 um

Surface Roughness Ra 3.590 nm Ra 2.34 nm
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Table 3-6 Comparison Results at the same size with Pxxxx UK. of Ge
Aspheric Lens

Results P UK.
(076 mn, circular type) (P76 mm, circular type)
Surface Form Accuracy P-V 0.24 m P-V 0.27 um
Surface Radius R 175.379 / R 175.383 R 175458 / R 175.383
(2 a¥xE A4
AZntg B7H @29 FTHXEE Zygo Co.o] NewView 5000 THEXEZ=H
7€ ol &3t Al HW WAMAG I Fdd wo=m SAedT. e &5 7 3
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_93_



Table 3-7 Measurement Data of Ge Lens Roughness R,

1 st 2 nd 3 rd Average
0.004 m 0.003 m 0.0037 m
0.003 m 0.004 ym 0.003 m 0.0033 um
0.005 m 0.004 m 0.0043 m

Total Average 0.0038 m

Oblique

hm
pm
pm
T

1

0,014

0.004

au

off

0.440 yn

Fig. 3-17 Surface Roughness of Ge Aspheric Surface
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(a) Fly Cutting Method

(b) Fly Cutting and Measuring

Fig. 4-3 Fly Cutting and Measuring Apparatus
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Create of NC Data
Finish Program

- Create of NC program data

Fig. 4-4 NC Program Process of Axisymmetric Aspheric Surface
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Table 4-1 Cutting Conditions of F-Theta Lens Core

Material STAVAX(Electroless Ni-Coated 100 gm)
NCD bite R 495 mm , D 52.5288 mm
Cutting condition Tooslpzle)iindle Depth of cut Pitch
Rough 10 gm 0.2 mm
Semi-finish 6000 rpm 5 um 0.2 mn
Finish 5 pm 0.03 mm
2 tedn A n#

B AFo A= Table 4-10] YEFE wle} 2ol 100 mo 2 F A& UA =FH
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Fig. 4-8 Surface Form Accuracy of F-Theta Lens

- 108 -




Fig. 4-9v= 2dF oA Az Alas ozl FA38A F-theta A= A}

3 o] 2 AFEA Y F-theta A= $AFS YEbA lolth

Fig. 4-9 F-Theta Lens and Mold Core

- 109 -



M

2

A5 A

T AAY

bl 3

171 #13

[¢)

skaith Egk Al 6061-T651% FAbAE S o

o

A}
-1

I A

B
ko)

&

el

7=

oL
o

@ tololE s B}

F-theta

beach.

o

&

ook =g Al 6061-T651, F4kAw

tol F-theta =& A= 4

°©

Z}
-

[

Al =
tholob = B Al
kol Al

=

=3

L

R

°

ER

3

&
1 ol A

TololE= EHY7hE AL 7t

=S
T

p=h

)

=
AAE A

ol

bol A

S

7} 198 Hz%

- MSC/PATRAN, MSC/NASTRANS o] &

AT},

o] o
=t

—

Ho

0|
B

w-

oV

[e)

=

o] ZA e,
5 o]

R

.

&l A

5]

wh )
Foith
o

[

7}

=

[s)

o

- 110 -

Bo= wfE o] 24 yE



7F 5 m/min & 7% =

o] 1~2 ym Ato]el Al o]

]

ST

Z

Ak
=

A4 3 Al 6061-T651 A2zl o] 7k 8~10 ym Aol ol A
o] 8~10 gm Akolol A o]

42

s}

3

=

pul

399

]

o]4<4 %7} 10 mn/min ©
Ql

10mm/min

N

%

¢+
!

TH
offy

A
ol

M
el

rvgel

X

o
it
il
Mo

A A =8 7t

Al A} 2]

S EACEE B

B AFAAME

S

g A

NJ
=

Bl

)

4% Ge vl

175.379 mm=A
ATA A e vl & oo

= 9]

R

L

R

2 7

74 Ra 0.025 Xtk o]sk kel 0.0038 mo = A
_(H

FQl 3590 = W=

o

AA P-Vik2 024 molil R
AT}

=
Ll

Holx 74 Ra 25 mm & 9]

) 7 2 =

X
ok

&+
ol
el
ojn

y=s

Woll 4 Ae] 2o 7}

JJo

el

B’

T

.
o

o
AT
ofp
it

- 111 -



f

A7)

o 7t¥
£

=

[¢]

-
2 |

3¢ LBP9} t] A

o

4] §-3£9] F-theta

i

o
=L

A& F-theta A

g 7hEE olE

e

53 s}

dol A FAt
o)A F A4 A (LSU) )

L

o

o

M-

mﬂo_.o

—
o

ol
Mo

bl ok,

AL
1o®

ymﬂo

g

7tE

2} 2~ €l F-theta

3T
=

ol

°

Q

°]8

=

=

0]

e

[

2]

K3

=47

Al

= 0.184 um

el

2 0.165 /9]

2 A 7243 F-theta

HoZ

L
T

—~
o

NI

el
_

AA Tt

- 112 -

Aoz 7lg e

foig
=

=

=3

7] o

=
L



o0
=0

5
~_o—l

Ny

2 Ao

ol

A A2 7}

=9

Z2}o]

o} A &= F Aol e} 7}

=
=

7F &9y

Jo

ild

o))
e

o
Np
A

=

—_—
o

!
H

o

N e A= RS Y

al

A=

FA s A A AA

S

FAA YRS 1 A

SR

ki3

} FTS)ol oj

S

T X (Fast Tool Servo, ©°]

wE5TTAEFETS)S 7]

e,

Q
o

B

it

A T

Hl &

=
=

il
1Ho

)l

A FEFTARe T

SRR

AmEA

o
o

=7

o] & ol

Hl A

7Rtk

&
vl

17 714

&l

_CH

= ]717]

ba gleh.

A4

=
=

ol o] ¥

d

A3} 3 ¥ A (flexture hinge)”}

wol AHg5 3 gtk thojelx

Mo
%

4

o)
it

A= ]
s

13714 A o)

k=
pul

A =

- 113 -



uH
=Ll

ol

)

SERE

Sl

o
ol
Tk

B
o

X

B

—~
o

w

4
o

o

o
)
o
o
o}
M
il
vze]
0|
e

|

<
=

of
ma

o
i
o

o
A

s
<

T

—_

;O\_

ot

R

2 AbgE

5ol

Aol AW v& =A 7T

R

et
o
|

5 o]

Els

2 2EZA7 A

Ho
i‘lo
a&r
Mo

2 g st}

8 ARA

gl

il

Aqr

o thelopEr HYAT

71&E

L
fu

o8t FEH5FTAR

ﬂo

o
il

T EFTS)] 7H

Mo
4r
Mo

ol A A 7

otz
A

S H
T .

Fig. 5-1

- 114 -



Bul Jleddols  10]enidy | 7d 18p|oH 001

1jog pauoddng
aben) ‘de)

Fig. 5-1 Fast Tool Servo

abeb "de
A ] (2le|d 1ejndiid)

aInxa|

OAN3S 7001 LSV4d

- 115 -



-

A3 EF

. T. Moriwaki, and E. shamoto, "Ultra precision Diamond Turning of stainless
steel by applying Ultrasonic vibration”, annals of the CIRP, Vol. 40 pp.559-562,
1991.

. T. Moriwaki, "Effect of Cutting Heat on Machining Accuracy in Ultraprecision
Diamond Turning”, Annals of the CIRP, Vo0l.39, No. 1, pp.81-84, 1990.

. D. A. Grigg, P. E. Russel, and T. A. Dow, "Observations of Machined Surface
using the Scanning Tunneling Microscope”, Journal of ASPE

. T. Moriwaki, and K.Iwata, "In-process Analysis of Machine Tool Structure
Dynamics and Prediction of Machining Chatter” Jour. of Eng. for Industry,
pp.301-305, 1976.

. R.J.P. Schrama, ]J. Franse.,, "The precision cutting process as a non-linear
closed loop system” PE, Vol 10, pp.199-207, 1988.

M. Masuda et al, "A Study on Diamond Turning of Al-Mg
Alloy—Generation Mechanism of surface Machined with Worn Tool”, Annals
of the CIRP, vol. 38, No. 1, pp. 111, 1989.

. Shyunji Itoh, "study on measurement of axisymetrical form generated by
ultra precision machining comparison of three methods to measure aspherical
form”, JSPE Vol 61 No.3, 1995.

. Mckeown. PA. "The role of precision engineering in manufacturing of the

future”, Annals of the CIRP, Vol. 36, No. 2, pp. 496-501, 1987.

- 116 -



9. W. B. Lee, J. G. Li and C. F. Cheung, "Development of virtual training

10.

11.

12.

13.

14.

15.

16.

17

workshop in ultra-precision machining”, Int. J. Engng Ed. Vol. 18, No. 5, pp.
584-596, 2002.

T. A. Dow, Joe Drescher, "Measurement of Tool Force in diamond
Turning”, Society of Manfg. Engineers, 1987.

Iwata, Moriwaki, Pkuda, "A Study of Cutting Temperature in Ultra-High
precision Diamond Cutting of Copper”, SME North American Manufacturing
Research Conference Proceeding, 1987.

T. Moriwaki and K. Okuda.,”Machinability of Copper in Ultra-Precision
Micro Diamond Cutting”, 1bid.10, pp. 115, 1989.

T. Nakasuji et al,”Diamond Turning of Brittle Material for Optical
Components”, Annals of the CIRP, vol. 39, No. 1, pp. 89, 1990.

Furukawa, Moriwaki.,"Effect of Material Properties on Ultra-precision
Cutting processes” CIRP vol 37, pp.113, 1988.

Lucca, D.A., and Seo, Y.W., "Effect of Tool Edge Geometry on Energy
Dissipation in Ultra-precision Machining”, Annals of the CIRP, Vol. 42, pp.
83-86, 1993.

Yuan, Zhou., M. and Dong, S., "Effect of Diamond Tool Sharpness on
Minimum  Cutting  Thickness and Cutting Surface Integrity in
Ultra—Precision Machining”, Journal of Materials processing Technology,
Vol. 62, pp. 327-330, 1996.

M. Zhou and B. K. A. Ngoi, "Factors affecting form accuracy in diamond
turning of optical components”, Journal of Materials Processing Technology,

Volume 138, Issues 1-3, 586-589, 2003.

- 117 -



18.

19.

20.

21.

22.

21.

22.

23.

W. B. Lee, C. F. Cheung, W. M. Chiu and T. P. Leung, "An investigation
of residual form error compensation in the ultra-precision machining of
aspheric surfaces”, Journal of Materials Processing Technology, Volume 99,
Issues 1-3, 129-134, 2000.

D. Visser.,, T. G .Grjsbers.,, R. A. M. Jorna., "Molds and Measurements for
Replicated Aspheric Lenses for Optical Recoding”, Apphed Optics, Vol. 24,
pp. 1848-1852, 1985.

Sugano. T. Takeuchi K., "Diamond Turning of an Aluminium Alloy for
Mirror”, Annals of the CIRP, Vol. 36, No. 1, pp. 17-20, 1987.

T. Sugano., K. Takeuchi and Y.Yoshda, "Diamond Turning of Oxygen—-Free
Copper for Mirror”, JSME International Journal Series C, Vol. 36, No.4,
pp.549-555, 1993.

T. Sugano., Y. Thara., Y. Nakatsu., A. Shinohara., "Diamond Turning of an
Aluminum Alloy for Mirror”, Annals of the CIRP, Vol. 36, No. 1, pp. 17-20,
1987.

C. L. Chao, K. J. Ma, D. S. Liu, C. Y. Bai and T. L. Shy, "Ductile
behaviour in single-point diamond-turning of single-crystal silicon”, Journal
of Materials Processing Technology, Volume 127, Issue 2, 187-190, 2002.

T. Moriwaki and K. Okuda., "Machinability of Copper in Ultra-Precision
Micro Diamond Cutting”, Annals of the CIRP, Vol. 38, No. 1, 1989.

C. F. Cheung, W. B. Lee, "A multi-spectrum analysis of surface roughness
formation in ultra-precision machining”, Precision Engineering 24, pp. 77-87,

2000.

- 118 -



24.

20.

26.

217.

28.

29.

30.

31.

Chun Hong Park, Eung Sook Lee, Husang Lee, "A review on research in
ultra precision engineering at KIMM", International Journal of Machine Tools
& Manufacture 39, ppl1793-1805, 1999.

C. F. Cheung, K. C. Chan, W. B. Lee, M. V. Ramesh and S. To, "A
theoretical and experimental investigation of surface generation in diamond
turning of an A16061/SiCp metal matrix composite”, International Journal of
Mechanical Sciences 43, pp. 2047-2068, 2001.

D. Krulewich Born and W. A. Goodman, "An empirical survey on the
influence of machining parameters on tool wear in diamond turning of large
single—-crystal silicon optics”, Precision Engineering, Volume 25, Issue 4,
247-257, 2001.

T. Moriwaki.,, K. Okuda., "Machinability of Copper in Ultra—precision Micro
Diamond Cutting”, Annals of the CIRP, Vol. 38, No. 1, pp. 115-118, 1989.
Nakayama. K., and Tamura. K., Eng. ], Trans. Ind.,, "Size Effect in
Metal-Cutting Force,” ASME, pp. 119-126, 1968.

syn. CK., Talor. JS., Donaldson. RR., Shimada. S., "Ductile-Brittle
Transition of Cutting Behaviour in Diamond Turning of Single Crystal Si”,
Preprint, Japan Society of Precision Engineering, pp.73, 1988.

Nakasuji. T., Kodera. S., Hara. S., Matsunaga. H., "Diamond Turning of
Brittle Materials for Optical Components”, Annals of the CIRP, Vol. 39,
No.1, pp.89-92, 1990.

Yuan. ZJ., Lee. WB., Yao. YX. Zhou. M., "Effect of Crystallographic
Orientation on Cutting Forces and Surface Quality in Diamond Cutting of

Single Crystal”, Annals of the CIRP, Vol. 43, No.1, pp.39-42, 1994.

- 119 -



32.

33.

34.

35.

36.

37.

38.

T. Nishiguchi., Y. Maeda., M. Masuda., M. Sawa., "Mechanism of Micro
Chip Formation in Diamond Turning of Al-Mg Alloy”, Annals of the CIRP,
Vol. 37, No. 1, pp. 117-120, 1988.

K. E. Puttick., "Single-Point Diamond Machining of Glasses”, Proc. R, sOC.
lond., pp. 19-30, 1989.

E. Brinksmeirer., O. Riemer., "Tools and Setting for Improved Surface
Finish in Diamond Turning”, proc. of Int. Precision Engineering, pp.
125-133, 1993.

W. B. Lee, C. F. Cheung, "A dynamic surface topography model for the
prediction of nano-surface generation in ultra—precision machining”,
International Journal of Mechanical Sciences 43, pp. 961-991, 2001.

C. F. Cheung, K. C. Chan, W. B. Lee, M. V. Ramesh and S. To, "A
investigation of surface Roughness Formation in Ultra-Precision Machining of
Al6061/sicp metal Matrix Composites”, Key Engineering Materials Vol.
177-180, pp. 375-380, 2000.

C. F. Cheung, W. B. Lee, "A theoretical and experimental investigation of
surface roughness formation in ultra-precision diamond turning”, International
Journal of Machines Tools & Manufacture 40, pp. 979-1002, 2000.

W. B. Lee, C. F. Cheung, W. M. Chiu, T. P. Leung, "An investigation of
residual form error compensation in the ultra—precision machining of aspheric

surfaces”, Journal of Materials Processing Technology 99, pp. 129-134, 2000.

- 120 -



39.

40.

41.

42.

43.

44.

45.

46.

Jeong-Du Kim, Soo-Ryong Nam, "Development of a micro-depth control
system for an ultra-precision lathe wusing a piezo-electric actuator”,
International Journal of Machines Tools & Manufacture 37, Vol. 37, No. 4,
pp. 495-509, 1997.

Ichiro OGURA, Yuichi OKAZAKI, "Ductile-regime machining of optical
glasses by means of single point diamond turning”, Japan Precision
Engineering, Vol. 65, No. 9, pp. 1431-1435, 2000.

Morihiko SAEKI, Heiji YASUIL, Sumihisa KONDO, Masaki KAWADA, Akira
HOSOKAWA, "Experimental Investigation of Surface Roughness in
Ultra—Precision cutting of Plastics”, Japan Precision Engineering, Vol. 67, No.
2, pp. 311-315, 2001.

Masayuki TAKABASHI, Shuji UEDA, Toshiji KUROBE, "Ultra high speed
grinding with a single point diamond”, Int. J. Japan Soc. Prec. Eng., Vol. 27.
No. 2, pp. 140-141, 1993.

Tomohiko Kawai, Kiyoshi Sawada, Yoshimi Takeuchi, "Ultra—Precision Micro
Structuring by means of Mechanical Machining”, IEEE, pp. 22-25, 2001.
Yoshito Aoki, Yoshihiro Kawase, Shigeo Fukada, Jiro Otsuka, "Ultra-Precision
positioning using lead screw drive”, JSPE, pp. 81-86, 1990.

, “Al 6061-T6519] Ag Z7le] ue 24w 2w 23

Jm

oA,

AFT, MG B 24Y A2 547, F71AFSHI, Vol 2,

pp.o7, 2003.

- 121 -



tool holder

Els

42 9

=
=

§y 7bEe A2

L
< —

A, “tholo}

1, pp.68-71, 2001.

A4

3, “tjololE EY 7}Fo m A

N

7D
)
7
_10

al 7}
A

o
A

ol

Tor

Tool Holder A7, 3}

ki3

_CH

68-71, 2000.

N

o

=
A

Tor
R

o
Tor
Mo

=
=

Tool Holder

A4

HF, “TholopE = Bl w4

[e]
S

’

o

Tool Holder %7

Els

2 9

g

E %
h

=
=)

, pp. ©507-512, 2001.

=]
=7

3]

o

o

e

3 F

3}
o

= A7

?l,

4 54A7",

ol gk m A A}

2

ol A 2] A

1, pp. 38-42, 2001.

ugel

Mo
Mo

—

NI
AR
HJ

o
A

ol
;ﬁl
o

o
Ho

m] A

A o]

3], 2001.

1

;Oﬁ
Mo
oLl

fugel

]

957-960, &=

3] =3 pp. 1125-1128, 2001.

2~
=

Tor

Tor
Mo
e

o
T
_10

=
e

A

, Vol. 19, No. 1, pp. 18-24, 2002.

- 122 -



	제1장 서론
	제1절. 연구배경
	제2절. 연구내용

	제2장 다이아몬드 터닝가공에서의 가공조건
	1절. 이론적 배경
	2절. 실험장비 및 방법
	3절. 다이아몬드 터닝 미세절삭력 측정

	제3장 열영상광학계용 광학미러 가공
	제1절. 열영상 광학계
	제2절. 열영상광학계용 광학미러 가공

	제4장 레이저주사광학계용 F-theta 렌즈 금형코어 가공
	제1절. 레이저 주사광학계
	제2절. F-theta 렌즈 금형코어 제작

	제5장 결론
	참고문헌

