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ABSTRACT

A Study on Ultra-Precision Grinding of Aspheric

Glass Lens Molding Core

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

Graduate School of Chosun University

Recently, with increasing lightness and miniaturization of high resolution
camera phones, the demand for aspheric glass lens has increased because
plastic and spherical lenses are unable to satisfy the required performance.
Since an aspheric glass lens is fabricated by high temperature and pressure
molding using a tungsten carbide molding core, precision grinding and coating
technology for the molding core surface is required.

Diamond Like Carbon(DLC) and Rhenium-Iridium(Re-Ir) coating are being
researched in various fields because of its high hardness, high elasticity, high
durability, and chemical stability and is used extensively in several industrial
fields. Especially, the DLC and Re-Ir coating of the molding core surface in
the molding core used in the fabrication of a glass lens is an important
technical field, which affects the improvement of the demolding performance
between the lens and molding core during the molding process and the molding

core lifetime.

_ix_



In this paper, the optimal grinding condition for tungsten carbide(WC) using
DOE(Design of Experiment) for the glass lens molding core is proposed. In
addition, feedrate control for influence of surface roughness(Ra) was developed.
With the use of the feedrate control method, the surface roughness(Ra) of the
molding core was improved by about 1.5 nm(@clear aperture; 3.0 mm).

For the 3 mega pixel and 2.5 magnifications optical zoom for camara phone
module, tungsten carbide molding cores were fabricated under this optimal
grinding condition using feedrate control method. The measurement results of
the molding core for DLC coating were as follows: PV of 0.155 m(apheric
surface), PV of 0.100 m(plane surface), and Ra of 3.4 nm(aspheric surface) and
1.9 nm(plane surface). The measurement results of the molding core for DLC
coating were as follows: PV of 0.153 gm(apheric surface), PV of 0.105 gm(plane
surface), and Ra of 3.5 nm(aspheric surface) and 2.0 nm(plane surface).

Molding cores were coated with the DLC and Re-Ir, respectively. Then form
accuracy(PV) and surface roughness(Ra) of the cores were measured and
evaluated. DLC and Re-Ir coating on the surface of the tungsten carbide
molding core can be used not only to improve the demolding performance
between the molding core and glass lens and to improve the molding core
lifetime, but also to influence the form accuracy and surface roughness of the
glass lens.

Because SiC is a material of high hardness and high brittleness, it can crack
or chip during grinding. It is, however, widely used in many fields because of
its superior mechanical properties. In particular, when aspheric glass lens
molding core is used, the SiC coating process, which must be carried out

before the DLC coating, can be eliminated and thus, manufacturing time and



cost can be reduced

In this paper, the optimal grinding condition for silicon carbide(SiC) was
developed under the grinding condition of tungsten carbide. A silicon carbide
molding core was fabricated under this optimal grinding condition using the
feedrate control method. The measurement results of the molding core were as

follows: PV of 0.260 um(apheric surface) and Ra of 5.3 nm(aspheric surface).
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Table 1.1 Application fields of aspheric optical components
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

Ceramic, Plastics Lapping/Polishing
Sphere, Aspheric,| Aluminum alloy, Turnin Laser cutting
Parabola Mirror Copper, Electroless Ni & machine
Grinding

Gl 1 Gl L Gl

asses lens ass Lapping,/Polishing asses
Infrared aspheric . . .

a asp Ge, Si Turning, Grinding | Scope

lens
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(a) Cutting model of milling cutter

(b) Modeling of grinding

Fig. 2.1 Grinding models of orthogonal diamond wheel
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Fig. 2.2 Cross grinding method

Fig. 2.3 Ground surface by cross grinding method
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Grinding pass

Torus diamond wheel B

I tkpiece

Fig. 2.4 Slanted tool axis grinding method

Fig. 25 Ground surface by the slanted tool axis grinding method
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Grinding pass

Parallel wheel

Workpiece

Fig. 2.6 Parallel grinding method

Fig. 2.7 Ground surface by parallel grinding method
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Fig. 2.8 Characteristics of aspheric and spherical lens
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Fig. 2.9 Aspheric curve illustrating origin and axis
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Table 2.1 Table of conic constant values
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Work spindle iamond wheel

Turbine spindle

-

- / B-axis table

L X-axis

Z-axis

Fig. 2.12 3-D modeling of ASPO1

Table 2.2 Specification of ASP0O1

Design Hydrostatic oil bearings
Slideway Travel (X-axis) 200 mm
X & Z
axis) Travel (Z-axis) 200 mm
Resolution 1 nm
Design Air bearing
Work
. Speed range Max 1500 rpm
spindle
Load capacity 5 kg
Swi it
Wm.g capacity 150 mm
(diameter)
Wheel Speed range Max 50000 rpm
spindle
Tool range Max ¢20.0 mm
Motor AC servo motor
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Fig. 2.13 Precision slide stage of ASPO01

Table 2.3 Specification of precision slide state

X axis 7 axis
Max stroke (mm) 250 200
Resolution (¢m) 0.001 0.001
Feedrate (mm/min) 300 300
Slide stage Hydrostatic Hydrostatic
Travel Screw Hydrostatic Hydrostatic
Motor AC servo AC servo
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Photo 2.2 Aspheric polishing machine(KRP-2200F, Kuroda Co., Japan)

_30_



Table 2.4 Specification of aspheric polishing machine

Workpiece size

DxH ®200x200 mm

Table revolution speed 0.5~5 rpm

Polishing head speed 20~200 rpm

Cross feed Travel 200 mm

of table [Y-axis] Speed 01~3 m/min
T 1 2

Longitudinal feed rave 00 mm

of table[X-axis] Speed 01~3 m/min

Polishing head vertical distance 50 mm

Polishing load 0.5~5 kgf

Tilting table Angle : 0~90°
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Photo 2.3 Ultra high accurate 3-D profilometer(UA3P, Panasonic Co., Japan)



Table 2.5 Specification of UA3P

Measurable range

200 mmx>200 mmx45 mm

He-Ne Oscillation frequency

Scale stabilized laser
Ruby
- Tip curvature radius: 0.5 mm
S ) - Pressure: 0.3 mN (30 mgf)
ensor -

Atomic force probe

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

Max. measurable
angle

60°

Probe measurement
accuracy

Ruby : 0.01 to 0.05 pm

Diamond : 0.1 gm

Measurement error

0.05 gm / 100 mm

Measuring speed

0.01 to 10 mm/sec

_33_




X°
Z_l
M
Nd
B
r

A 33k

B Glass#

=l A=

s

AL

=
=

A 7] (NewViewb000, Zygo Co., USA)

N

el
»AO
o
B
2=

o)
Hjn
il
Mo

ey

vzel

N

s
fu

< sz weps 045 ~ 11.8 pm Aol 7F €T} Photo 24

Jo

—_—
o

Photo 2.4 3-D surface roughness measurement system

(NewView5000, Zygo Co., USA)

_34_



L2 s A R
e

Photo 2.5 High precision vision inspection system(STM6, Olympus Co., Japan)

_35_



3. tolotEE @

o = o 00 &=
el AgEe Agae ¥roln
2 =R AE GlassdZ HY & 243 F /HFSy] 93] thelolRE B A
g3kt

colohEE R HHe thololE 0] FiH, WA A7), AWA FF,
¢

121§ AxpEol trolotEE W Aol )

fl
N
of
=
i)
I
1
X
it
I
N
(d
frt
o

AbgEE Ao WA 278 dede AezA 1

u)
NG 1BEe] £F AL Bed 2 £t e 9427E Juad o
=

de [mm] = 68M ™ e (2.15)

o171 A dy= ThololE = Qlzle] AV|E ME WA WEE el o 2 Sof,

o]t} Fig. 2152 t}o]o}

>,\l

WAL ME 6090 AvkdAel AE2 F 0.22 mmA =<l

lo
Ho
N
IR
o
i
Au
=
rlr
S
filo
i)
st
[
i)
&
1
[rtl
:E
it

P ¥S deEde= As JAFeda do 97N A3 QA AFAE F
A= FAHY HAasE FA e Ao=zA, duslom yetH, Ad 77t
E dstal Zol 7S E vt B JsEe AT Fol EEE tholol
=, CBN(cubic boron nitride)d #}¢] H] &S YElH, FF5%E 100 et A2, o
A= 1 em’ % 4.4 carats?] B &2 S0]9)

tholoz= date= o= FTF AFA e st AFHALG, o]y ZAIA

Feloh axemel AY % gojok dhvl, ANFEYY HeH G FS

= o2t ;q

w7

o
r2

_36_



it
2L
o
~
o
<
[
2o
=
+
I
o

N
il
iy
N
2
i)
o
>
i)
o
x2,
2
=)
o
£
X
frt
>
ofo
i
s
i

i)

Y
s

=
|m

Au)

=)

o
y

Fig. 2.14 Structure of diamond wheel
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Abrasive Grit Grit size Grade Concentration Bond

Manufacturer's
Aluminum Diamond(D) Diamond Vitrified Low B-Rasin record
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Fig. 2.15 Diagram of diamond wheel
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Table 2.6 Characteristics of bond

Resin Vitrified Metal

Density 1.15 2.5 8.8

Hardness (Hv kgf/mm®) 12 780 82

Tensile strength (kgf/mm?) 5 6 38
Young's Modules (kgf/mm?®) 430 72 10.8
Coefficient of Thermal Expansion (10°/C) 45 8 18.2
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Fig. 2.16 Characteristics of bond type
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5. Silicon Carbide(SiC)
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Table 2.8 Characteristics of Silicon Carbide(SiC)

Physical properties

Units Values
Appearance Dense
Color Black
Bulk density g/ or 3.1
Flexural strength kg / mr 53
Hardness HV 2800.0
Young's Modulus ( x10* )kg/mn 4.2
Coefficient of thermal expansion ( x10%/C 4
Thermal Conductivity w/m - 'K 125
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Fig. 2.19 Comparison SiC with other materials
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Table 3.1 Factors and levels used in experiments

Low level(-)

High level(+)

Turbine spindle (rpm) 30,000 40,000
Work spindle (rpm) 200 300
Feedrate (mm/min) 0.25 15
Depth of cut (ym) 0.1 1.0

Diamond wheel

Resin bond type, #1500/42000

Table 3.2 Experimental point used in experiments

) Factor
Experimental
point Depth of Foedrate Tur~bine Wprk
cut spindle spindle

1 J— — i i
2 - — — +
3 — — + —
4 — — + +
5 — + — —
6 — + — —+
7 — + —+ —
8 — + + -
9 —+ — — —
10 + — — +
11 + — + —
12 + — —+ +
13 + + — —
14 + + — +
15 + + —+ —
16 + + + -
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@9l MINITABS o]&3le] #2353t}

Fig. 31& Table 325 7|+ o= 2A4Y AA7ts AP Z234E Yetdd. Fig. 31
oAl & ¢ kol 2ATFF AT AATEEA A4l 0.1 m, o]FEEE 025

mm/min, F% 3 A4 % 300 rpm, B R3] A% % 50,000 rpm oA 7FF e e #
o]

7] WHEEL MESH(#) ~ #1500.MTW === Q

| o 2 | o | o | 6 (5] 8 © c1o A
|Std0rder RunOrder| CenterPt| Blocks |Work S[I|I!|||S-Tli!hilh Sillnlile‘Femlmte'Elemh of Cut Surface R-ﬂmnl'
1 1 1 1 1 20 0000 025 04 1621
2| 2 3 1 1 300 30 025 01 1632
3| 3 2 1 1 200 50000 025 01 16.34
rdl s 12 1 1 300 50000 025 01 16.16
5 | 5 El 1 1 2m 000 150 01 16.68
6 | 6 16 1 1 300 0000 150 01 16.91
7 | 7 i 1 1 200 s0000 140 01 16.72
3 | 8 9| 1 1 300 50000 140 01 1663
9 | 9 10 1 1 200 0000 025 10 17.02
10 10 7 1 1 300 3000 025 10 17.12
1" " 13 1 1 200 50000 025 10 17.32
12 12 1 1 1 o0 50000 025 10 1721
13 13 5 1 1 200 o000 150 10 17.43
14 14 15 1 1 300 30000 150 10 17.82
15 15 8 1 1 200 50000 140 10 1782
16 16 14 1 1 00 50000 180 10 17.56

17 7

gl 3

Fig. 3.1 Surface roughness according to grinding condition
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[ Enects Parsto for Surface ==X
Pareto Chart of the Standardized Effects
(response is Surface, Alpha = .10)
gt ] At Work spindle
i B : Turbine spindle
C : Feedrate
D : Depth of cut

Fig. 3.2 Pareto chart of the standardized effects
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Fractional Factorial Fit: Surface Ra(n versus Work Spindle, Turbin Spind, ...

Estimated Effects and Coefficients for Surface (coded units)

Term

Constant

Work Spi

Turbin 5

Feedrate

Depth of

Work Spi*Turbin 3
Work Spi*Depth of
Turbin 5$*Feedrate
Turbin 5*Depth of

Analysis of Variance

Jource

Main Effects

2-Way Interactions
Residual Error
Total

Fig. 3.3 ANOVA table for surface roughness

Effect

-0.0012
0.0062
0.5087
0.8913

-0.1588
0.0313

-0.0838
0.1238

Coef
16.9669
-0.0006

0.0031
0.2544
0.4456
-0.0794
0.0156
-0.0419
0.0619

5E Coet
0.02021
0.02021
0.02021
0.02021
0.02021
0.02021
0.02021
0.0z2021
0.02021

for Surface (coded units)

DF
4
4
7

15

Seq 35
4,.21277
0.19403
0.04574
4.45254

- 51

Adj 53
4.21277
0.19403
0.04574

Ti

839.55
-0.03
0.15
12.59
22.05
-3.93
0.77
-2.07
3.06

Adj M3
1.05319
0.04551
0.00653

i0.000 i
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Fig. 3.6 Table 325 7|+ o® 4™ AA7ty 4@ Z234E Yetdd. Fig. 36
oA & o kol AT AT AATEEA AAFZ] 0.1 m, °o]FEE 025

A& % 200 rpm, RIS A &% 30,000 rpm ol A 7HF & kel &

[ Wheel Mesh(#) — #2000.MTW === u w:
| ¢ @ [) a | 6 cr B ) L octo A
|Std0rder RunOrder CenterPt, Blocks | Work Spillﬂlu-TIIlhiil Sail\ltle-Feedmle Depth of Cut Surface Ra(nm) [E
1] 1 15 1 1] 200 00 035 o1 (%)
2 2 3 1 1 30 000 025 01 753
3 3 3 1 1 200 s000 025 01 782
4 4 5 1 1 30 5000 025 01 7.91
5 | 5 7 1 1 2m 300 150 01 538
5 | 5 4 1 1 30 000 150 G| 825
7 7 5 1 1 20 5000 150 01 a12
] 8 15 1 1 W 5000 150 01 8.43
9 C} 8 1 1 20 w00 025 10 92
0 10 11 1 1 300 30000 025 10 931
1o 14 1 1 2m 5000 025 10 918
12 | 12 10 1 1 300 50000 025 10 924
13 | 13 13 1 1 20 30000 150 10 947
14 | 14 2 1 1 300 3000 150 10 962
15 | 15 12 1 1 200 5000 150 10 374
16 | 16 1 1 1 300 5000 150 10 985
17 | v
A [

Fig. 3.6 Surface roughness according to grinding condition
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Fig. 3.7 Pareto chart of the standardized effects
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AbzZlol o} o] & & EoS o £ ddon Fig. 3.89 YEFH uvle} o] P valueE
=
T

Fractional Factorial Fit: Surface Ra(n versus Turbin Spind, Feedrate, ...

Estimated Effects and Coefficients for Surface (coded units)

Tern Effect Coef SE Coef Ti Pi
Constant §.70563 0.03531 246.53: 0.000:
Turbin § 0.16125 0.08062 0.03531 2.281 0.043
Feedrate 0.55375 0.27687 0.03531 7.84 0.000
Depth of 1.49625 0.74813 0.03531 21.19: 0.000
Turbin S*Feedrate®*Depth of 0.20875 0.10438 0.03531 2.96: 0.013¢
Analysis of Variance for Surface (coded units)
Source DF Seq 55 Adj $5 Adj M3 Fi pi
Main Effects 3 10,2856 10,2856 3.42854 171.84: O.EIEIIJ§
3-Way Interactions 1 0.1743 0.1743 0.17431 3.?4§ 0,013
Residual Exrror 11 0.2195 0.2195 0.01995
Lack of Fit 3 0.0877 0.0877 0.02924 1.78 0.229
Pure Error 8 0.1317 0.1317 0.01647
Total 15 10.6794

Fig. 3.8 ANOVA table for surface roughness
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Table 3.3 Optimal grinding conditions for Tungsten Carbide(WC)

Material

Tungsten Carbide(WC, Co 0.5%)

diamond wheel

#1,500 #2,000

Turbine spindle (rpm) 30,000 30,000
Work spindle (rpm) 300 300
Feedrate (mm/min) 0.25 0.25
Depth of cut (um) 0.1 0.1

Main effect factor for
surface roughness

Depth of cut
Feedrate

Depth of cut
Feedrate
Turbin spindle

Interaction effect

factor

Feedrate and depth of cut
Turbine speed and feedrate

Spindle speed and feedrate

Turbine speed, feedrate

and depth of cut
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Fig. 3.11 Geometric modeling of parallel grinding
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Fig. 3.12 Influence of x—direction feedrate on the surface
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Table 3.5 Measurement results of surface roughness

Surface roughness(nm)
Measurement
position(mm) Conventional method Feedrate control method
(0.5 mm/min) (0.5~0.1 mm/min)
0.5(0.4~0.6) 5.3 4.2
1.0(0.9~1.1) 51 3.7
1.5(1.4~1.6) 7.7 3.6
2.0(1.9~2.1) 8.9 4.2
2.3(2.2~2.4) 20.9 5.1
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(a) Conventional method

e~

(b) Feedrate control method

Photo 3.1 WC plane molding core
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5.3 nmI@Q5 mm]) i 777 5.1 nmi@1.0 mm)

(a) Surface roughness by conventional method
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(b) Surface roughness by feedrate control method

Fig. 3.13 Surface roughness of molding core by grinding method
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. 3.17 Input of aspheric form parameter

Rough grinding

‘ PV:50 m

X axis center error
Compensation grinding

‘ PV:1.0~2.0 /m

Radius fit error
Compensation grinding

NO

YES

Test molding
(Measurement of PV]

Fig. 3.18 Folw chart of grinding process
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Table 3.6 Grinding conditions of molding core

Material Tungsten Carbide (WC, Co 0.5%)
Diamond 42000, Diameter 1.5 mm
wheel
Cutting Turbine Spindle Depth of Feedrate
condition speed(rpm) speed(rpm) cut(ym) (mm/min)
Rough 30,000 300 1 0.8
Semi-finish 30,000 300 0.5 0.5
Finish 30,000 300 0.1 0.25
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- 72 -



oo HEAow A3E uTH 4R 3olo YPAE A AAD
74 293025 mmeolA F4AE PV 0.128 o] YJEFY oW o= Glass#= A8
4 oo A A WEHd gholth Fig. 321¢ HF AA7EH W TW Glass

Az e mole FAHEE Y,

Asperical Form Analysis NA-OMM NACHI
[AnalysisResult]
(Form Error]
Center Line: R-Fit P-: n.128 (pem)
0.250 . v . : . Center Posk
! CenterPosErr: 0.000000 (nn) :=in
Cum) ! Fitling R: -2.83025 (mn) 0
A ! Desien R -2.93411 (nn)
h (AnalysisCondition]
| CenterPosErr #nal: OFF
sH-2E8 ; R-Fit Anal: ON
-1.5083 snn) 1.5073 Tilt Analysis: gy

Vert icalScale

Horizontal Reversal Averaging: OFF
{Omlu @ Fixed (@Nﬂrmn\ Q Left Q Right [ Savothing Form Err

Fig. 3.21 Final grinding result of molding core
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Fig. 3.22 Form accuracy and surface roghness of aspheric molding core
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Fig. 3.24 Form accuracy and surface roughness of plane molding core
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Photo 3.3 Molding core for aspheric glass lens

Table 3.7 Measurement results of molding core

Form accuracy : PV(um) Surface roughness : Ra(nm)
Aspheric Plane Aspheric Plane
molding core 0.155 0.100 34 1.9
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Fig. 3.26 Form accuracy and surface roughness of DLC coated

molding core
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Table 3.8 Comparison results of bare molding core and DLC coated molding core

Form accuracy : PV(um) Surface roughness : Ra(nm)
Aspheric Plane Aspheric Plane

Non coating

. 0.155 0.100 3.4 1.9
molding core
DLC coated

. 0.137 0.082 2.2 15
molding core
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Fig. 3.28 Form accuracy and surface roughness of aspheric molding
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Fig. 3.29 Form accuracy and surface roughness of plane molding core
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Re-Ir ¥ AF FAA¥ 498 o v+ FFAE=PV)= 0153 mel A

0.149 um, ¥ Z%=(Ra)E 35 nmolA 3.0 nm=z FAHS HATh =3 A4S
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of W PAA=PV)E 0.105 molA 0.097 m, FHEE=Ra)= 2.0 nmelA 1.8

ANt Table 39+ AHE HZojo Re-Ir W HAF

A

44

Table 3.9 Comparison results of bare molding core and Re-Ir coated molding core

Form accuracy : PV(um) Surface roughness : Ra(nm)
Aspheric Plane Aspheric Plane
N ti
on coatne 0.153 0.105 35 2.0
molding core
Re-1 ted
e coae 0.149 0.097 3.0 18
molding core
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(a) Diamond wheel #2000

(b) Diamond wheel #5000

(c) Diamond wheel #3000

Photo 4.1 Surface of SiC molding core
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Table 4.1 Optimal grinding conditions of Silicon Carbide(SiC)

Material Silicon Carbide(SiC)
Diamond wheel #8,000, D 2.0 mm
Turbine speed (rpm) 35,000
Spindle speed (rpm) 350
Feedrate (mm/min) 0.1
Depth of cut (um) 0.1
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Table 4.2 Grinding conditions of Silicon Carbide(SiC) core

Material Silicon Carbide(SiC)
Diamond #8000, D 2.0 mm

wheel

Cutting Tu'r bine Work spindle Depth of Feedrate

.. spindle .
condition speed(rpm) cut(um) (mm/min)
speed(rpm)
Rough 0.5 0.5
Semi—finish 35,000 350 0.3 0.3

Finish 0.1 0.1
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(b) Surface of SiC molding core

Photo 4.2 Silicon Carbide molding core
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