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Abstract

Diamond tool forming technology using ultrashort pulse laser

and growth strategy from subcontracting company to an R & D company

This doctoral thesis describes improvement of cutting technology by developing diamond
tools forming technology using an ultrashort pulse laser. This study also discusses the
strategies of growing from a subcontracting company into a research and development (R&D)

company by a small-scale company forming a start-up business.

First, the development of poly crystalline diamond (PCD) tool-forming technologies is
described.

The cutting process is an important technology in the manufacturing industry; in this
process, unnecessary parts of material are removed as chips using machining tools to form the
desired shape and size. The cutting performance is highly dependent on the cutting tool
performance, such as its shape. In recent times, advanced materials such as hard-to-cut and
composite materials have been developed to meet market requirements. Advanced tool
forming technologies such as diameter reduction, fine shape, and multiple cutting edges are
required to cut these materials. A PCD tool is one of the highly in-demand cutting tools used
for cutting several materials such as aluminum using automotive parts and acrylic resin using
information terminal parts. Diamond, which is the main material of PCD, is the hardest
material on earth and is known as the ultimate industrial material. However, forming
complicated tool edges of PCD using former technologies such as electric discharge
machining and whetstone grinding is challenging because of its hardness. Therefore, the
advancement of the PCD tool means the development of new tool forming technology.

A new tool forming technology using laser processing technology was developed herein.
Several laser processing conditions such as wavelength and time-domain pulse width were
optimized. The results clearly demonstrated that the ultrashort pulse laser processing with the
UV region wavelength was efficient for the fine structure formation of PCD. For example, the
sharpness of the PCD blade formed using laser and former technologies was 0.72 and 1.3 um,
respectively.

A new PCD tool for glass resin laminate of a 0.55 um thickness was developed using the
proposed tool forming technology. That with a fine chip breaker for soft resin was also

developed. Furthermore, control technology for surface roughness using fine-structured tools
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was developed via experimental and simulation methods.

Next, this thesis also describes strategies for small businesses to launch new businesses and
grow from a subcontracting company to an R&D company.

SME growth is important for Japan's economy. SMEs represent 99.7% of the number of
Japanese companies out of which small companies comprise 85%. The Fifth Science and
Technology Basic Plan states the following: the creation of innovations that connect
technology seeds to new businesses in a short period of time is more appropriate for small-
and medium-sized companies that are quick and easy-to-use rather than large companies that
require time to make decisions. The SME White Paper states as follows: SMEs need to get
their own demand. In the past, SMEs and small businesses that used contract processing as
their business have benefited from the demand that large companies have acquired from the
market.

However, with the advancement of globalization, the relationship of interdependence
between large enterprises and SMEs/micro-businesses have decreased, so that SMEs and
micro-businesses are left to face the market and acquire demand by themselves. The
advancement of SMEs contributes to the improvement of the international competitiveness
of the Japanese manufacturing industry.

However, the problem is that SMEs are not aware of ways to start new businesses. Knowing
what is important and what kind of direction is required are a must for SMEs to launch new
businesses. This tendency is even more pronounced in small companies with fewer
management resources than medium-sized companies.

I did business for six years. I examined what is important for small businesses to start new
businesses. Another purpose of this thesis is to provide ideas for small businesses to succeed
in new business.

The following three points are important for small businesses to start new businesses:
industry and academia collaborate with each other with an awareness of each other's
achievements; SMEs apply for subsidies in collaboration with downstream companies; and

the development theme matches the national policy.

In this thesis, a new tool forming technology by applying laser technology was developed
for the formation of cutting tools. New cutting tools for specific materials using the developed
forming technology and new cutting technology for surface roughness control were developed.
A small company launched a new business. We practiced from the growth from a
subcontractor company to an R&D company. By learning the process, we demonstrated the

direction for small-scale companies to grow into development-type companies. Our results
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would contribute to the growth of small-scale companies and promote the development of
new cutting technology. In addition, these will contribute to the development of Japanese

manufacturing industries and the improvement of its international competitiveness.
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oo AN B0 R ]

;3;}{{«%};} }'(7 SAATE)

- !

IROEERESTN S e )~ B UL
#@51Y KT h Y #)

4

b VA g )
THEMSUSTED Y - IITAIY (751 F)
EABEEC & S50 ZO—FHY (Fo—FI8)
BRENY (E=Ahya-5wahy3) J

o 1
(S AL A o= T HF

S 7HHFER

S JHE B G

ERERICL S0 AL B
BER—— T

2
#
1

o
n
-
jJ-

b

HENT
E.

BERINT

W LT

L—T

I (R ER)

Fig.2-1-1 Processing classification.

5/A http://www jmtba.orjp/machine/introduction
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UM L%, TEMS 2 I TEREEET 2 2 I X >ChRET ML TH Y, A
BMTHED—>2Th % [3]. FlziX, wMHZ0iIk<MTicsE T, Fig2-1-2 DX 5%
7L AT (Press), L —W¥MIT (Laser), vV +—%—Yx v MIIT (WaterJet) F23H %
25, YIHIID T3 E 3 2 AR LI ZfiCH 2 Lo, W F 74 IV b 5.

(a)Press (b)Laser (c)Water Jet

Fig.2-1-2 Processing technology.
5| FH(a) http://www.nomura—fc.cojp/setsubil.html
5| F(b) http://www.sevensix.co.jp/product/application/laser-processing/
5| F(c) http://www.amateras—tyo.biz/tech/tech02.html

PCD OMEITH 2 L4 vy Fig, HIRETH o dEETH Y, FeMio TEME
LLCHILNTWA, LaL, MLEA4YEY T, HERLAYEy Pk (A11) Hic
PATIC~ERL, flHIcEinG &, 2 KRE A A3 ICiEmz ohknwZ ehb,
THHEME L TCOREIIBESI NS, 2R LT, Fig2-1-3 D & 5 7 PCD i3, il £
AXYEY V@27 v XL L, HAICHE L EEZALTw 3k, ~ZhEhc
LARIPELCRCCEPRKEREETH S, $72, a2V M HOHEFIDB LA ¥E v NI
FRICHET 2 ik 20 () 352 2 Lh 5, @AM ST
RSB 5 [1].

Fig.2-1-3 PCD (Poly Crystalline Diamond).
5| A http://www.tomeidiamond.co.jp/diasyouketu/DIAs.html

TEoNFICHoNMEICH 2 TEMEEICIE, Ry @S () L (MEFENE)
DK T 2R kd b5, 2o DBfE% Fig.2-1-4 1IT/R T,
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ﬁ ﬂ -
g
%3 >
%% b (3i) En3

Fig.2—1-4 Material of cutting tool.

5| A https://www.monotaro.com/s/pages/readingseries/sessakukiso_0102/

PCD iz LEMEOHR TR DM, MEEEICENS 7z, ~fvVavTr,
=73y MEQIHREER, BIlE, 777 74 b, Tl I 1 2 2oyl T EIC%
Hahctws [4].

Fig.2-1-5 D X 5 ICBM TH - X4/ ¥ FTH- X4 ¥E v FYEITEC A b A v x-
Jy—<-FIN-7F4 22V FILE)D 2018 {EDEFESHITRIEL 13.3%H D 13,086
B, 5 EMTIE 28%#MmML T3 [5].

(B
14,000

13,086
13,000

12,000 11199 11,283 11,55

11,000 10,208
10,000

9,000

8,000

20134F 20144 20154 20164 20174 20184F

Fig.2-1-5 Production value : Machine tools_diamond tools_diamond cutting tools (cutting
tools, cutters, reamers, drills, milling cutters, end mills, etc.)

51 REFEXREEEDERIFH EEREGTREIVESER



Fig.2-1-6 (3EHEH PCD = v F I rofilchd v, WA "—MEov) v k% T (Fig.
2-1-7) HiICHWLN S,

Fig.2-1-6 PCD end mill. Fig.2-1-7 Cutting plastic with PCD end mill.

5| https://www.inh.cojp/ uhs/product.html PVIREMIPOEEKY
2-1-2 BHY
PCD TE%ZAJE T 2HEREATClt, HBECTHRICGRERH 5. —fixkiyic PCD TEOH

%mﬁaﬁﬂ%m*MI*;OTm%énéngbma@iﬁﬁﬁEﬁm@mmnmn
TR 2 Ic X0 XA Y'Y PRTFOREMOBEIC X Y NEEZRIET 2720, Hifl
BYUYNNZEL L hEEL W [6]. 72, Fig.2-1-8(b)D X 5 & fEMT.(EDM) Tl a1
FEOEEEEAM L OMICE T B IC L ZBREICIV LI Yy PR TFOIBET 3.
ZDl®, YINHEHBOHMI 2 XA vEY PREUTICT S 2 LIZWECcH 3.

(a)GRINDING

Fig.2-1-8 Tool forming method.
5| F(a) https://www.makinoseiki.co jp/product/07_movie.html
5| F(b) https://www.walter-machines.com/jp/products/eroding/helitronic-power—diamond.html

AR, L= X3 THEIEEMM I TE Twa [7] 25, SiflZaNLAIRICOw
TIERE T TR, oL —F MR & ETTHis X OBRBREEIE L — P47
DEARICH Y, Z DM FEE 2o T3,

W cEMEZe PCD TEZFAFRE T 2 2 2 HI L L, BREALV AL —F 2B L 2877
THEEHORFE L, £ 0EZ 7 PCD THHIEEIN O 21T 5. B S v 2L —
10



P e, 10 2 OBE (L 2ig) Bssihara (102 BA—&—5»57 4+ (10
15) A —X—DL—FDC L EIFT. BEALAL—FEF (109 BArzxL—Fic
W, 7L = a v GERY MITICHET 570, B 2 BNSE 0 70 © L 23k
Bchs. PCD OFRMIBICH LT, filis L — PRk EEE L, THRBICHEL T
PRt WHERGET 21T, £z, PCD ¥ il a L — VIS EMAZER T3 2 itk
v, PCD TEHDNEKIEZAREL + 5 L — I LEM OB %2175 [8] [9].

FERIT ST » THRATHIFRHAE 21T - 72. PCD O J¢ (Forming) ICE )% L —F M TON

frifrge [10] [11] [12] [13] oFFIc L b, PCD TEOKIEICE L 72 L — FRiRE O %
HEEZITo7. ERBNAET —Z B3 HOERD H o720, EWRRFER%Z £ & Table2-
1-9 1T/Rg. Table2-1- 9 iCEHWT, ORM LI R, X FM TSN+, AT
SO TRICE VML RIFICR 2 R[REEH 2 b D & L 7=,

Table2-1-9  Suitability of laser oscillator (investigation).

uv GREEN IR CO2
(355nm) (532nm) (1064nm) (10.6 U m)
Micro second - - Forming X Forming X
Nano second Forming/A\ FormingO Forming X -
Pico second Forming/A\ FormingO FormingO -

LI EDHEITEFBTEORE LY, UToZ EHIHL 72, S RiER~A4 7 2f (Micro
second) DEGIZFECHFOLTARETH S, A RERF /B (Nanosecond) DA 13
£ GREEN (532nm) T 2#ET 3. A 2E2 ¢ 27 (Pico second) D & 13 E
IR(1064nm) LA F 2889 5. L2 L, PCD O#iflZxNeofIK (Edge) 1<BI3 2 JefTH%E
X, RoFohkdror,

2-1-3 L—YRRB[EMAERBROGELER

PCD icxf L THEL — ¥ 2 A L, FBiRe (L —F R L SV RR) otk zii#E L
7o, RHlTEIN oGS, BEmOMS, RESRICLVITo%, L —FIREEFE, %
NZNORYIREICRBE R M2 R L7z, B oM L, v—, BEEEE v, B
THIZELZ, MITEX L —FEME 2 T CHE L 72, BRERIERIE, WBSIR & T X
OB L. T, 10 FEORIRS IO L CEREITo 72, H vy aNidL —FHikde
—H E I I FEMS A R T

11



L—PRIRGD A RT7 7 45— =3 (DMG #FHH)

L —FRIRBRQ IR v afphr —9 (R TERNTEE Y 2 —)
L —#FHIREEG GREEN +/ L —% (EATE)

L —¥HIRE® IRF/7HL—% (L—%F7FF %, YKT)

L —¥HIR#G GREEN vafbL —+ (Frv )

L — FHIES6 GREEN vafL —% (EiAF P =2 R)
L—¥RIR%BOD IRvappr—% QEivtk =2 X)

L —¥RIEREG UVvEappLr—4 (aeLvl)

L —HHIRHO CO2 AL —H (L—HF vy 7 R)

L —¥HREGRO UVF I BLr—% (L—%v 7 x)

Table2-1-10  Suitability of laser oscillator (experiment).

uv GREEN IR CO2
(355nm) (532nm) (1064nm) (10.6 x m)
i — _ . Forming X
Micro second Edge %

Forming/A\ FormingO Forming X
Edge X Edge X Edge X

Nano second

Pico second | Forming/A | FormingO FormingO
EdgeO Edge x Edge X

Table2-1-10 i BT, OMILMA2REF, X IMLEMAA 5, AXRESEEO L
R XV IMTAISRAFIC R 2 A[REMER H 2 b D & L7z, ZDfER, B (Forming) 1213
+ 7% (Nano second) AT D 2 e IR(1064nm) LA F O EBHETH B Z & 23450
> 7=, 8ifl 2 o8Ik (Edge) 121X, ¥ 2 (Picosecond) A T D 2 e UV(355nm)
DTOWRERVETH L Lo,

AEDORER LY, L —FRIREFDO SNV AR W 2EE L 7.

2-1-4 L—HYRERBEHRAETEEDO A EEER
vafhL — eI r3EEOMEEEFTFAE T 2 EBEIT -2, HE IR (1064nm) &

UV(355nm) I X 2N LHEMH X DEWCZMBEEL 72, Table2-1-11 1%, FEERICHER L 72 BEHE
Hchs.

12



Table2-1-11 Laser parameters.

IR uv
Wavelength 1064nm 355nm
Pulsewidth 10ps 15ps
Frequency 500kHz 200kHz
Scanning speed 1000mm/s 600mm/s

Fig.2-1-12 |3R MM & Ra ZHI5E (Veeco tHEDE TR IR & 5t : WykoNT9100) L
72 3D FRAERTH 5.

(@ IR Ra216nm (b) UV Ra 115nm

Fig.2-1-12 Surface Roughness.

Fig.2-1-12 Q&> b b2 X i, IRICHR UV FREHEIAAELTW3, £H
Ml & Ralx, IR 216nm, UV X 115nm &7 Y, IRICHE~RT UV © /528 100nm 13 & _E
L7z, 2k b, ERIZIR X0 b UV O »8H] & NI rRETH 5 LE Z 72,

FATHIEIAE, L — P RIREEEFAE TSR, HREEFREER X Y, PCD TREOKIEIC
FIR ¥ a®z, ifleNERIKICiE UV valbz@EE L 7.

2-1-5 BENILAL—FEEHL-TERBEORRE

RSV AL —F 2 E# L 72 PCD TR 2 5% L 72, Fig.2-1-13 I3 L = TEK
eI TH %, Fig2-1-14 1ZFAFR L 7= TERIEHED > A7 LK TH 5. HE LV A
L—HFERIREE, A 2F5FE FO L v XX o THTEDME ICYINA %2 KT
5. BENICIZCCD A A 7 03%iE S N TED, U NoMRELZHE EcliRcE 24y~
v VEHABSEE R AL T B, chic Xy, THREROEESLZHC LT, B
AR TEKEARETH 5. A% 2 IR, GREEN, UV D 3 lEDO v afhL —FEH %2
#HL, IR vapLr—#CcTEEREZKEL, UV vafpL —Foffa L zAlK+2C
STk, ITHERE KMt LT - BEoOH EZK > Tn3.

13



Laser
Oscillator

Fig.2-1-14 Tool forming machine with ultrashort pulse laser.

2-1-6 L—HHBEEFHETEICHSTE2REEDRE

PCD O TR DO RART M 2 HIE U, R X 2 RICREH: 2 #EE L 72, Table2-1-15 @
X S 5D PCD #ME (£ 4 ¥y FAE0.5pm, 2pm, 8um, 25pm) X3 % 200~
1200nm D EIFIC I 1T 2 KERBE (B 3BE T ELE A AT T R IR e EEEE © UV-

3150) %1T-7-.

Table2-1-15 PCD grade and particle size.

Grade

particle size

Company (um)
DA2200 ERET 0.5
CTB002 ILAVEFYY IR 2
H80(Non Lap ) P—=AA XA YEVF 8
HM80(Lap ) f—=AXA X4 XEVTF 8
CTB302 ILAVEYY IR 25

Z OFER % Fig.2-1-16 1Z/n$. PCD O K& (3 300~1200nm DRI IC BV TH% D
AL, WERIKEL W Z 28390 o 72, 2% ) EDWIERIC B3\ T b I RAEE

14



Bl WEFZ570, FRICKXZMTIEICECEENZ L BSho7. $72, PCDOX
AV EY FRARIC X 5 IR OECS I 2 & 23000 o e,

100 g ———————EEA Ay

¢ White plate
90 = CTB002 H
ACTB302
80 H80
xHM80
70 ©DA2200
X
60
o
2
- 50
=
o 40
(n'd
30
20
10 ;
I
0 I 1 1 1 1 1 1 1 1 1 J

200 300 400 500 600 700 800 900 1000 1100 1200

Wavelength nm
Fig.2-1-16 Relationship between wavelength and reflectance.
2-1-7 L—HREFHEEICE TSR ENERLREEIORIE

PCD THICHi =z N2 KIE$ 2 HINE LT, BIF L 7= TEEJEE A v, IHE 1064nm,
355nm DL —HFICE T 2 5 R IREStE D 5 bERESR L RmH X 28 H L 7-.

PCD e 9 2 it 7z L — VIS S 2 FrERR L R & 22 oK 2. RE)ICHER 3 IR

w5, Fig.2-1-17 @ X 5 i<t - # 2mm oHif %, EEY v 51 3pm I TE IR I
f L 7-. Fig.2-1-18 |3 PCD KHICHS L2 IMTIETH 5.

15



Fig.2-1-17 Beam pass. Fig.2—1-18 PCD removal.

WS £t 12 Table2-1-19 @ X 5 IC%E 1,064nm, <V Z0E 15ps 59, #K L JEHEEIL 0~
200kHz & L7z, “FHES LR LEIBEE Z T A—2 L LT, BHEYZ0 O L F
—EEERT IV REHIEL, 0~3.7]/cm? O#iPHCcR[Z& & Lz, AK v FEIT 33um
7Zo7z.

Table2-1-19 IR laser parameters.

Wavelength 1064nm
Pulsewidth <15ps
Frequency ~200kHz

Scanning speed 100~500mm/s
Scanning pitch 3um

A2 100~500mm/s DI, 7T v 2T BREGDE EAZALTF 472D
DIRENRE) ZF~72. BRESREIZIRHHEPE & v — M F ) v ox a8l L — BT
OLS3000) o THlE L7z x 2T UCBI L. fiS%E 27 7L L7 DA Fig.2-1-20 ©
» 5.

! T T ——
0.9 : ' : '

H
1IN —
000

- So00
3333

0.8
0.7
0.6
0.5

0.4

Process efficiency mm®/kJ

08 ol

i i i i i i
02 %5 1 15 2 25 3 35 4

Fluence J/cm?
Fig.2—1-20 Relationship between fluence and processing depth in IR picosecond laser.
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WTNOEFREICE TS, 7V ROBINTHECERESR S IS 25, 7 v
2 1.5]/cm? YA ECRBRENEIMET T 2HA1ICH 5 Z & 23090 o 7. EERIRFICIRSY L 72 8)
M, 77 AP REL7ZEBDONIFROEPBRINT D720, RESIEIME T+
ZHHDO DL LTI IR~YDRELEZDL, TIXHBRET L L, L—FBWINI NG
729, MLRICERET 2 ANLF BR8P T 5720, MAZA LT —BICHT 5 RERFE
DIRTICE R >T R LEEZLNS,

LLEXY, BREDEROBAD» ST 2L, 70T 1.5]/cm? (108 o 75 B 5k © B
% & fEam T 72

RIZ, ZNT VR 1L5]/cm? ICHF 2EEEE L KA X OBR 2T~ HIHEIC
Veeco tEHETHRIMIZIRM £ 51 : Wyko NT9100 % w7z, #5H % Fig.2-1-21 IR 7.

800

700 \

N

(/)]

(4]

E \
W E 600

3 < \
L(U

§°‘ 500

£ \
=]

(/2]

N

300 200 400 600 800 1000

Scanning speed mm/s

Fig.2-1-21 Relationship between scanning speed and surface roughness in IR picosecond Laser.

ETHE % 100~800mm/s £ TEIL X B /-FORMM X Ra 2758, EEEE
400mm/s OKf, KEME Ra /e o7z, EEEEL, Boi ABUC X 28ICLY
ITIHHEL 20, EFEEIR AL, SV RE SV ZRDELIEETHEA—N—F v T
KRN T2 L TRADBEL 2 b, ZDONT v ZAORN T ETEED 400mm/s TH % &
Erzbhb,

LEXY, PCDicxfd 2% IR vafpL —FoREBEHNZF I 7Ly 2 1.5 ]/cm?, EE
W 400mm/s TH 3.

fr

xic, UV vaphr —Fx2 w7z PCD icx 3 % i 7 L — RS fF 2 BRE A3 & R
M 2oko 2, IR EFRIEEIC, Fig.2-1-17 © X 5 i</t - # 2mm 0%, E&EY v 713
Sum 1T THE IR IC IS L 72, IBEFS&F1Z Table2-1-22 @ X 9 I 355nm, ~$/v i 15ps
55, #oR LRI 0~200kHz & L7z, “PEHT) LR Lz T X —2 L LT, 7
NV AEHIHIL, 0~0.6]/cm? DHiPHCA[Z & L7z, AK vy FEIT 15pm 72 5 7z,
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Table2-1-22 UV laser parameters

Wavelength 355nm

Pulsewidth <15ps

Frequency ~200kHz
Scanning speed 100~500mm/s
Scanning pitch 3pm

FEFEE A 100~500mm/s DEFD 7 VT v R L RENROBERZ T~ 72, ER% Fig.2-

1-23 1237
1.2

1
0.8
0.6
0.4
0.2

Process efficiency mm®/kJ

-0.2

0k

[——100mm/s |]
——200mm/s
[—H—300mm/s [}
——400mm/s
——500mm/s |]

i
2 0.3

i
0.4 0.

Fluence J/cm?
Fig.2-1-23 Relationship between fluence and processing depth in UV picosecond laser.

5 0.6

TNV R 0.2]/cm? LA ETiE, BREMEZ ER LW, 7z v Z 0.2]/cm? 2350

&HIIT L 7=

RICT7ZNT VR 0.2]/cm? ICB T 2 EREE & R X ORERZ I~ 72# R % Fig.2-1-24
g, EEHE 500mm/s 2 T, 700mm/s DEFICRIEM & Ra i/ & 7 o 7=,

550
Q
@ 500 A
: \
£ 450
3
o <
E _ 400 \
o
9 = 350 B
€ N
=) )\i\
7 300 ~gmy
250 F200 F400 F600 F8|00

Scanning speed mm/s

Fig.2-1-24 Relationship between scanning speed and surface roughness in UV.
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UV vappr—+FicL<d, IR vapL—#FLeELLIIC, 77 X<Ic Xk 2BREME
~DFE AL F—N—T v TR ZREME ~DFEERDH L L E LN D,

EXY, PCDIcd 2 UV v afhL —FomEBEEMIE 7L vy 20.2]/cm?, EE
W 700mm/s TH 3.

2-1-8 L—HRIAFHRED-ODEEREDAE

PCD TEICH 2 FIEZKIE$T 52 HW & LT, ¥ L 72 TR %2 v, & 1064nm,
355nm D L —HFIC B 1) B ol A BE S o 5 b AE g % HIE L 7-.

PCD TEIIMIZABIC LY £ 4 ¥ £V FEESHN S &, TEEMBRKEMLFTLCL
£9. 207, TENERICET2MIEZEEORRZHAL T L PHEETH L. £
T, MR LAETEREEICE W CGER L 72 L —FIREEEE Y, L —FRETRHiRO £ 4
YE YV FEEEA%# 7. Fig.2-1-25 3L —FRBER%D PCD Rl D 7 ~ v 43 G EHAKS
BThs, WEICEA—vav 7+ b= 28E-X TNV I~ X5 L OP-RAM-785-
1064 Z{HEMH L 7-.

I
=)
S

2
®
c
_3 A
[ 100 -
c 200
(o]
S
o]
o
0 r1 PR I S S S N S S T 1 0 L L PR I S S S N S S T 1
0 500 1000 1500 2000 0 500 1000 1500 2000
Raman Shift cm™
(a) Before laser processing (b) After laser processing

Fig.2-1-25 Raman spectroscopy results

FATHFFEIC X 0 1330em™ £ (KIH7R#E) ov— 213X 4 YE Y FHEOfESTH Y,
1550 cm ! fiE (Rh &) o —2 3 A YEY F 942 H—K v (DLCO)D LLIFH—F
v7 7y 7HkDEFTTH L [1] .7~ VIEBDOMEIILAYE Y PSR EDE L B
RICH D720, v¥— 27 OMEHRBEY KO L —FRERi#ZcOHEZE L TEATYEVF
BEDOREOEETEMN L 202 %2 EBINICTHETE 2.

Table2-1-26 13 IR 5 X N UV v afpbL —F OB EGEEZE 272 L & D T~ v oreaHilic
LVIRELZLAYEY FROGOEWE L o -8G5 %2 L0 -bDTH 3,
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Table2-1-26 Change of diamond content.

BiRLELRE Bf2IR LR E
BE IR uv RE IR uv
1@ | 190% | 21.1% 1= 15.8% | 24.4%
g 2@ | 153% | 15.2% g 2 | 17.2% | 21.8%
% 5E | 203% | 17.6% g 5 @] 12% | 354%
0@ | 224% | 14.9% 10@ | 17.5% | 26.8%

BEIIREVIZEXAYEY FEADPEEL Do/l b BR LTV, R LD, &g
B UL bR LEREIC X 284, IR X0 b UV OBADIES 28, XA vEY
FOEIEHDR L Ko TWE Z LRI LT,

LIEXY, g=viXitllz w2 2 8T, L—FHEHEFi%D PCOHADX A4 YEY FD
ZHHIAEZERMICEHicE 2 2 L &, (KR LEEEIC X 5 UV v 2L —% PCD L.
BB ICHET 2 Z L bho 7z,

2-1-9 EE

PCD T EHicHili 2k 2B+ 2 HE LT, 3HEEEZEFNEFNIT AN X X v F CTig
fEc&, BEFHIBRREZ L 722 L 2R e T2 BE VAL —F 2B L - TEKE
WEBFE L7, 7, ol L —FRHEEMFEZ KD 3 2 LT, PCD LEZHET 3 Hifix
BAFE L 7= [15].

L — PSSO RELIcid, 77 X< X AREMR~DHERL, ABMUc X 344 v E
VEFCBIEIEE~NDHELEET LINERDH Lol FAYEY FOEEIX
THHEMCKEZCFET 2720, v vitiEic X 2 ZEEAOERNRME X, 501
HEgsge THEGGEIC W CHEERKEHZHS Lt E 2 b5,
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2-2 PCD T EFF&RIFEAT

PRISE L 7oL S A L —FIc & 2 THMBHAE 10T, PCD (S x4 vy ¥) T
BT R 7 NS % RIS 2 Fiffi OB % 1T - 72. PCD T.HE.iCHF 2 i 72 H e 2 Al %
BAfficowClEgIckE <, iR, BHRY, EERRR, FRICOWTET.

2-2-1 =

PCD TEZ#A R HNEsRKD N T WD, T I=v L, % 0IESEE-CEE DU
ICEHE T3 PCD LEIZ, UHHKFIOMKE, VIb < FHettEom k-, o Uik, b)
HIT Az D 1A IS T 2 72 o, NEOHFAELERK I T 5, Ao L Fig.2-2-
1DXIICHEAADKE ZITTERINS.

Rake facel 3< ')

Sharpress( A5t ALd+)

Flank face (FL(F D)

Fig.2-2—-1 Sharpness of the tool edge.

2-2-2 HEY

BN LS AR R 25 o ek il < 13 PCD TENEoHFCICRAE 2 S 5. Gkt
XA YEY FPRELTICENEZHFET 2 2 L B3REECHSE. ZZTL—PFIT X5
MM TEART [14] BEFEHIN TV S, EKITIFE>THRW,

L — N Tl 2 8H L, PCD TEoNE#8if{bs 22 HNE T2, L—F
MIEDAY Yy P EAYXYEY FORZEAY PTEZZETHS. T2, BEMNL AR
CHETIMACEBEOHENATEL Y, aX MR AY v PbIfFCE 2. 5T,
OHHICIRTEARVE S R HBAIRO N ZAIRT 2 2 L bafEL 725 [15].

2-1 DL —HINTHEAT % <, PCD TEO§F 2Nz T L 2. 2 0 H BB o
EAEE AT 0 3 D TEASCAIR IR IC X W iR L 7.
THENERKICE T 2 REM X, FENHR OHER TR
TENEAIKICE T Z X4 ¥y FREDOHE
THHERIRICE T 3R E D
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2-2-3 TEAXBKIZHITHAREAES, AENADIHEREER

PCD TEHEoREM X & AL AICHT 2, ke v —FMT2HigckY, L
— PN L OB % R L 72

EML (EDM) fl: EiFe, EDM #ofAHHH] (GRINDING : SD2000 % 4 ¥=E~ F
EG) th B, EDM#%oL —FHEHIR & UV EF21To7-. L —FHEEEHE(GF—T v X
L —FEEMEE : VK-X1000) 1< CTHG#E L 7z 3D iR % L L 72 b 0 2% Fig.2-2-2 TH 3.
BFHII L=V RS Lz T Y, T WHICIERBH C©H 5. R HOMMES cREM
ARHWL 72, T L T WO H e E L T\ 5. iR 5 EDM SRHCA ] &
s, L—¥ILAR & UV)IZRAHE, NEOSFIMEICENS Z L5505

3 9@ GRhI)

I ChoId)

(b)GRINDING (c)IR Laser (d)UV Laser

Fig.2—2-2 Comparison of cutting edges

L — R (F — = v A8 L — RIS © VK-X1000) 12 1%, E{§FRRUAIMCRIH S %
Boep CPafE, ¥R cHL, 777 7R 2HEEDR D 5. % OREE R M TR
X DI EAT o 724558 % Fig.2-2-3 10”9, ZOfEHE, UV L =31 0.10pm, EAH
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Fig.2-2-3 Comparison of Roughness Ra.
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Fig.2-2-4 Comparison of Sharpness of the tool edge.
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Fig.2-2-5 Comparison of conventional technology and ultrashort pulse laser
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% Table2-2-7 IZ/R ¥,

Table2-2-7 Cutting parameters

Workpiece PMMA 2 mm
Tool diameter ¢ 6 mm
Spindle speed 10,000 rpm
Cutting speed 188 m/min
Feed rate 100 mm/min
Lubrication Dry

Fig.2-2-6 PCD endmill.

BN UIHIE 2 Fig.2-2-8 TH 5. UV ¥ athL —¥ ¢t L3 7= T B oYl /7 2585
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Fig.2—2-8 Cutting surface comparison by cutting tool finished using laser.
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B 3ETIEA T AMIEREEM 2 UHI$ 37200 PCD TEOBFRICBEL Ciiid 5. L—¥%
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-1 BR

7T Z e EM (1] 3R CElnawAr 72 LT, EHIATWS. 77 2 BE#E
JEM ORERL % Fig.3-1 12" 3. Lo L, HfedElcdH 37 7 2 LR R 5 2 8tlE Tl
MTHEMER R ERE 220, RO H T AT BN T.0 %2 h o Fii < i [FEK
MITARNEECHZ. 22T 1 AOTHICH I ZEMTHK SN EBIEENTC% 3 X %K
B9zl 7R LENEDERHCTHIR 2 TEZ, v — 3l T2 v <5
FLT-.

777 AJ& (Glass layer)
w5/ (Adhesive layer)
[ Bl (Resin layer)

Fig.3—1 Glass resin laminated material.
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THY, Fig3-2 DX IcEniitEEEszHa L C\n3.

- R
L

by

(a) Glass Plastic laminated material (b) Glass

Fig.3—-2 Results of a test in which 130 g of a rigid ball was dropped from a height of 2m
5| A https://www.neg.co.jp/rd/topics/product-lamion/ &Y —Ei#mE
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%7z, Table3-3 DX 5ic, MlES A7 A LKL C, INEMtECH Zo) T8, gEd
FIEMES D 5.

Table3—-3 Characteristics of glass resin laminate.
5| A https://www.neg.co.jp/rd/topics/product-lamion/ &) —EpfREE
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Fig.3—4 Cutting surface of glass with cutting tool.
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Fig.3—5 Cutting surface of resin with grinding tool.
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Fig.3-6 i3#klE THOBRTH Y, ETH T 28 0.1mm, EEE 0.35mmDHJE 0.55m
m®D A 7 AR IR L, Eff¢2mm © PCD =¥ F I A %FEHL 72,

PCD endmill

Glass layer 0.1 mm

Resin layer 0.35 m

Glass layer 0.1 mm

Fig.3—6 Target material and experimental PCD endmill.
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Fig.3—-7 PCD end mill.

WE 0.35 mm OFED F T ZIRE 0.1 mm O 47 A TEREL 72 0.55 mm O 7 A& iEE
JEM DY) Y Hh % 5B % 1T - 7=,

77 AEYIEIT 21013 —HNY72 0 DD % 0.5pm LN ICT 2068 H 0 [6], ez
# 60,000 rpm, 7 — 7 V3% D 100 mm/min (E#E 377 m/min, —YI A H 720 Dk D
0.1pm/H) & L7z. Table3-8 @ X 5 Z=UJHIZMAIC L U] 0k ZikBR 2 17 - 7=,

Table3—8 Cutting parameters.

Workpiece Glass Plastic laminated material
0.55 mm
Tool diameter ¢ 2 mm

Tool pitch for glass 16 pitch

Spindle speed 60,000 rpm
Cutting speed 377 m/min
Feed rate 100 mm/min
Lubrication Emulsion

ZOE, YIHI#IX, Fig3-90 ks icLRELREOHEICHIBIEOUIY CFEHE L, 1
TN IIBIIERE DA & 7 7 AFOENABIE I N WS, KK, ETH I ZAEOYHIICE
W, BATHEY 72 0 D3k 2 E L T3 720 IR e 2 L AT LS, N
DOfEREHL v U0 K Fodeti B+ 2. 2 2T, SIERUEIAY AN N L Ti3y)
D FHEE o EE, A7 RUIHIRAYIA N T A 7 2O EHEREA U i/
etz

YIHI# 13 Fig.3-9(@)D X 5 ic TR { 25 % L, Fig.3-9(b)o X 5 i Eoi#icd
T K FAEREL, ESYEICIIBEE ORI & A 7 A FoENDEL K FAEL /2.
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(a) After cutting

Fig.3—9 Early in tool development.
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Fig.3-10 PCD end mill.
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(a) After cutting (b)Cutting flute

Fig.3—11 Improved chip discharge.
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Fig.3—12 Cut simulation
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Fig.3—13 Experimental results of milling.
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UIEIRYI AN o MU 11 SR & ot % 572,
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Edges for cutting of glass

o\

Hollow for chip Edge for cutting of

evacuation plastic

Fig.3-14 Multi—edges PCD end mill.

Table3-15 OYJHIZAFIC CTYI W K I T %17 - 7=.

Table3-15 Cutting parameters.

Workpiece Glass Plastic laminated material
0.55 mm
Tool diameter ¢ 2 mm

Tool pitch for glass | 11 pitch

Spindle speed 60,000 rpm
Cutting speed 377 m/min
Feed rate 100 mm/min
Lubrication Emulsion

Z DR, Fig.3-16 © X 5 bt EA W % 1S72. 7 7 RJEIT DTl ¥ ZUBTEREIE © i KMl
25 10pm LUFC, Mg ot L < I3ERt, w802 wRE At BTG o .
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Fig.3-16 Surface finish.
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iz iEM L, Fy 77 v = e En s Wil ai e THICH T Lick b, U)h <3Pk
HamEL, AFeTwiREBEoUIMZEL Lz, &5, HIY, Ak BE FHRico
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R H—FA— PEOREBIBEOTRELEH L > Cwb, Figd-lok>hh—Frsr—v
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INTw3 [1]. 2A~—t 75 VEOEFERFGRKD H AN—MITH 7 A/ TH %
25, B CIEBIEDO Y X 7 » Ol T & o T 2. Biflio T C b IMEEE & EH
HICENZRY) I—R A= b RELfEDN TS,

Fig.4—1 Car navigation panel.

5| FH https://cobby jp/carnavi-recommended.html

L2 L, SEBIRIRETR T, UK FoFEE v wie, UIh <23 & Nk
ORICHE VAL & & T T OE T2 TEHFMOE N2 E 72> T 3 [2], ST4F
FREICEHE R a—T 4 Y 7 %BEL72T 7 VAR e ORG-S 2, EREEEM & g
MOEEF IZHHE & v 2 & D EENIM & S 2 5. 2 ofRHcH LT, L —# T % HvwT PCD
THRICFy 77T —hMLEfTceicky, Uy <SP 28EE L, EBE o UIHITE
vl [ =

FEHEFEMIZEAT D 12017 £ A —F €/ DA/ A< +wF & /ITS dHE#i5 Ml i
EXhig, 2016 o H —F e HEHIGHEIL AT 10.3%8 0 2296 /7 1000 5 TH 5 [3].
HBHEBGE Ao RIcEbETHEL T3, HEHOEAOm LA v 7+ T4 v A Y
FYRTLARRETHEDBKEL 2o TEY, H—F B ZOREMNRGFETDH 5. 5,
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5| FH https://www.yanoict.com/summary/show/id/497

4-2 BHH

Fig.4—-2 Car Navigation / PND / DA Global Market Trend and Forecast.

HEBIEO U CIlHiR e LE~OREVNFKEL, ML OET2AMEL 2o T
2. BilEoUlEIE, BEMREIc K& < 8 a2 [5] [6] [7] [8]. 727V AT PCD L.
AR fEbONTHE A, R A—FRA—FTiE, b T, PCD VAW 21T
ffivs7z0 TEAEOHACICIZRAR D 2 -0 CTH 5. HiFlTidrwvAgkic X 2 8HI T
UIHRREE A B L, Figd-3 O X5 ABiE0E T, WEORESMELE ToTwd, ZD7
%, PCD LHIZKY #1—F 4 — FZFEOWHBIE~ D@ W TH - 7.

Fig.4—3 Cutting situation clogged with chips.

UHITHE & LCTixd —fiRVicfibn 2 BETEHS & 25 25, SiMAHLIIES AR TE
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2HDD, PCD tH~2ETEHEMMPI0D 1T EEL, BETLEICIIEZ 2w,
PLEo XS, iEsEomImsiim B2 zoic, Yo < FHEHED Ewv PCD TE
DEHBEKDLNTH S,

4-3 Kk
B oEmUGEE L U < FPEREMEm E2HE LT, BIRL 28R L AL —F3ET

Fig.4-4 ® X 57 PCD LEDOF L WHICHUNDH (Fv 7 7L —H) 2&KTF, 205h%%
Mk L 7= [9] [10].

¥ Chip breaker

(b) With chip breaker.

(a) Without chip breaker

Fig.4—4 PCD endmill for soft resin cut.
4-4 R

HEBIIEDVIRIIC B W TF v 77 L — A BT CIEE N RIS D 5 & 2R L 7.
AME 3mm @ PCD TERICHW LCF v 77 L —h%fEL 72 TE (Fig.4-4(b)) %\, UIH]
AR EIT D 2 & CHIREMERT 2 EREIT o 72, HHIMIIRE 3 mm OEIERY A —F %
— F, YIHIZEE X Tabled-5 @ X 5 i< Fifilnlix£L 8,000 rpm, 7 — 73% Y 3#E 1,200 mm/min

(43 75 m/min, 1Y H Y720 D% Y 150pm/H) TH %, Fig.d-6 ZVIHIHE DT ©
H5.

Table4-5 Cutting parameters.

Workpiece Polycarbonate 3 mm

Tool diameter ¢ 3 mm

Spindle speed 8,000 rpm y [x
Cutting speed 75 m/min

Feed rate 1,200 mm/min

Lubrication Dry

Fig.4-6 Cutting condition.
40
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— 8% B/ N E IR 9119AAD) # i vw/z, THEETHAM%Z Y (Fy) olE& L, i
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F v 77— X BYIHI AR R AR T E 5. 72, ZEERFOYIHII LB DA
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(a) Without chip breaker (b) With chip breaker
Fig.4—7 Comparison of the cutting force.
Fig.4-8 RYIHI 1D X, YB3 % RL72dDTHY, b ob&micxs 2L X &Y

DYHIE N TH 5. FKICE T 2MBFDOZEB IV Y  FOMAARICERT 2D EEZ
b, Fv 77— TRIEIEEHDDV 7 CLEL ZYIHIRIEIC R > T 5.

150 I”‘!””E“”E””E-I” 150 LN B B E i e N m n a m i mw mn
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>~ ot. - ofummi.; 3
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(a) Without chip breaker (b) With chip breaker

Fig.4—8 Distribution of cutting force.

Figd-9 i35y 77 L — 7 0oFRICET UM 2L 72b0CTH Y, X Fm GETIm
WCHEEZRGM) TIE9 %, YA GEfTAM) Tk 20 %L w3,
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Fig.4-9 The reductional effect of cutting force.

Fig.4-10 ZUIHIL 7201 0 A ¥R | LUK L 2 d D ThH B, Fv 7 7L —Aic kb, ¥b
KEBA =N LR R-oTHED, =T 22 X WV EWEIPBEL 20, Y10 < FHE
HERm ELTWwaEEZLND.

(a) Without chip breaker (b) With chip breaker

Fig.4-10 Comparison of chip.

Fig.4-11 (ZYIHI) % A B80T L LB L 7285 5R CH 5. TkHz H7- D ICFEE L TW 7 iRE)
DE—7BEALTEY, REBZ(EET 20R1H2 EZLNS.
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(a) Without chip breaker (b) With chip breaker

Fig.4-11 FFT analysis result.
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RIC, "M AE—=Fh X CYEIFOY Y < FERBGBIEZ EFRRT 2 2 & 2ilir.
AL TEHREETE (Fy 77— o3 { wit & (Fig.4-12(a)) EBIFT
H (Fv 77V —nh %L 7= PCD 89 < wit L T H(Fig.4-12(b)) Z 7=, YIS
Table4-13 12/

(a) WC end mill without chip breaker (b) PCD end mill with chip breaker

Fig.4-12 Cutting test tool.

Table4-13 Cutting parameters.

Workpiece Polycarbonate 3 mm
Tool diameter ¢ 3 mm

Spindle speed 12,000 rpm

Cutting speed 113 m/min

Feed rate 1,000 mm/min
Lubrication Dry

Fig4-14 34 A —FH X T (7% b v vEEHEEH X 5 : FASTCAM-SA4) i< CHIH]
FOMTRBEL, Bifitsy 7Fv—Lb0ThS,

(a) WC end mill without chip breaker (b) PCD end mill with chip breaker

Fig.4—-14 The effect of the chip breaker by observation of a high—speed camera.
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L, el L7z, Fv 77 v —hBRoR#E{LIZ, UVHEBRICE T2 [ A= A X TICX
2010 K FHH B A0 BIEZ L UJHIT OWIE 2 0FH L1T o 7. 1B IROBIER &, EER
AR OHIIC XY, RN T EORRICE o= E 2005, UHEROKE, Fv
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HIZtE xR E L=F v 7 7L —hBROEGI BB ELEZ LS.

SEOF v 7TV —=ABREIF ) h—FKA = E2RRLLEZbDTHY, Sk, TLI=
v L, 7 L OIS E~DREMSIAT I NS,

4-6 F£&H
B4 ECIIIVERBIIE 2 VN3 3 7290 PCD TEOBIRICBIL TR L 7-. L —FHdm T

FifiziEHda LT, Fy 7 7L —h MENn 3 il 7#E% PCD TEICH$+ 2 &)
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S, L—YIMILICEY A 77 F v %5 L7 PCD TEOER L, HFLAZTE
O EHEHIC N 2 REMER Y T2 —vavic kv, B30 T X %2 I3 2 57
FfiicBAL Camd 5. UM ciiiliiE (X725 %) #9325 PCD v F Ikl
T, THoOREROMWE #EE L 7-tE B2 0 T & o e 7 A 22K L, ZoZ4k
T, iz, MEsEOMERNIC X o, EES Y INTHMH S 2AHE T 2 2 L ZHL 2T
5, AFT77F ¥y F I obliRZER L ZUEIIC XY, RV INTEH e 7 7 4
ADONTHHIEZTREE 375, AFEIIHE 2% (PCD TEHAEKIE T % 72® 0 L — 3 i1 THAl
DOFAF) OREICL Y, MTHEHME ZHIET 2 720 0MHlR R+ 72 F v KIS TTRE L 72 -
7=, W5, BW, ik KR, RAEIHLI<y Sk dkE, ERICOVWTRHT.
5-1 =

AR, Y10 < FALEE LR DI EEE 1 % 71 B X2 5 7200, R MY R ROE L 72 A
FI U F Rty F IR Z B 2 oREMBNCIE, VIR ICEIRN 2R 2/ 5
277 AVIIVEIADDLE, INRYUINLTEMOST ST TR, TEDXY
AN 3 2 UTHIRTT A KR S 2 5 2 & T, ZE LML vREL 7o > T 5. Hali T,
T E ORI O FZE L Rl T o = — Xy, UInAic<4 70X — s vd— X T
MEATREZRIE L2y FIABMWEZ TS, L2 Lasb, 2o TECHHEIL 244k
220 ML X CBIL T, ZNEMBHT L2617,

FTLVECRTHICEEINE R+ 7 7 F 2 LRI, GFE, EHB X7 74 2T
B2 UHIEREOSEEZ HIW E LTS T3, Figs-1 RYIHIMNTIc B % 2 Xoey)
Hlle 7 (2D Cutting Mode) TH 3. T Wil 30 K F% F L WA HEITH Y, AT
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Fig.5—1 2D Cutting Model.
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L TLEmOBORMMICE TS F 74K n Y —FlEicky, 7—MEoffEx2HLT L
bA[EECH 5 [3][4] [5]. X i3 TEHEMOMH LIC b 3R H 5(6] [7]. —J7, R IMH
i Nz A N7 7 F vid, BT M THORICUIERANRET 2 & & THENE %2
#EF2[8]l. bR b7 27 F ¥ LEDOWHETIE, HOFAX, W, H, BILU, &
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ok, METEE R EETEo THEE FIcBffFInT&E /. Lo T, BN
%7 EORMEREX, TEREFRT 2ICONTHET 3720, BEERHER T2 2 L 83T
5.

WERDOYIEIIMTIcE T 32 727 F v v F I, Figh-2@D X%y 74 v
v F 2 A (Roughing) E MEEN 2 7 = — 7 £ 7213 = v 7 ff= ¥ F I v (Nick) (Fig.5-2(b))
2, K& YU VALTOUFICA S ERHI N T X 7,

(a) Roughing (b) Nick (c)Router

Fig.5—2 Structured end mill.
5| https://www.osg.co.jp/products/endmill/
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FHt EF ey FILoERTy ot EFE 0 LA S, Figh-3137v 7
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4 v 7Ty P INC Ko CLEFEHBERD M L2 0 INTHICiE S bk CHh 5.

Fig.5—3 Cutting surface by roughing end mill.
5| A http://nachi—tool.jp/blog/index.php?e=110
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R LTS, UIHI A7 2 =22 LT b E Nz [15]. 2 b ORFFE I3 Ll i i
RUIHIM TS A Y TonTE 2, Lo L, EBEOUHEIN T CiX, HHEIM OUIENIC R <
T8RO TE %, Ll o TOEEMIC Cfib i 2 s o X 2 R
A CTETMET 2 RERD 5.

5-2 BHJ

AEOHWIE, A I 27 F v N TEZHCCTAERETHZER T2 Licky, KL
L EFicomair s cend 1 EMobIEinLT oLz 4 ki 2 720 ol Tk & 263 2
HffixiE I35 ThH 5.

EREAIC X VB E N2 P Z7 7 F v v F I X 20 Lk & 13 100pm FREE A
[BARTH 5. PCD LEH~DRX 77 F ¥yBIBICE VT, HEREATTH 2 MEM Lol a
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CHIHT 2 2 EBRETH D, Z2D20ICIEPCD TEOR P77 F v ki ¥y F 50um
AT 2008035 5. $72, VIHIKHIC B 2B o BT IC X 2 N LS~ DR E %
WoToic, ARALAIZ Iim U TE A2 2 BB ETH S, ¥y F 50um LUF, Nk
B lpym LLFD R 727 F v i, ko PCD TEREREMCIIMIECE Rniz0, 22T
B2 EoOL—PINTIC X 3 TEREHMOBEHAAMHEE 5, F 2 BICCRE{LL 2 UV
vafL - oK E W2, 2 OFE, Fig.5-4 © X 9 o v v F 50pm, AFEiA lpm
DA+ T2 F %t PCD LEDEIFICHEIN L 7-.

Fig.5-4 Structured PCD end mill(Diameter ¢ 6mm) formed by laser processing.
5-3-2 £ EIFMITmIAI7MILETIL

KEFEEBVMIH 7 e 774 vk a3 —vavl, HEDR 727 F vk, VI
HIZtE, & X OCREREERIC 3 2 R S 2 HEET 220 0T e T 28R T 5. Z L
T, [l O ER A EIC B T 2 B L K Y HE L I oW CREM S~y TERERT
%, UIHIEER I REM X Z2HE L 20 b RIPIRET V2 WRAET 5. THOBEREICK 2R b
50 F v IR EACDE LR T 27201, w4 7 v 27 —AiE&ER 5 L% m A
AveEy FLEZEELE KA S IREM I~y 73R8 T2 X 51, UK 2 —4%
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Fig.5-5 D X 9 iclifliie=v 72 HT 232V FILDYnHAERRE L, ZoBKkE=y
7Ovy FEAETERT 5.
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C Diamete

y,
Fig.5-5 Edge parameters of end mill.
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Fig.5-6 D Xy lc~vv = v 7k v 2 ECiRE %2 L < THoO[nigh % k) < &, A
Yo7 v 75y Mick T 24 Lk & Zfi#r 3 5.
e

Cutter axis inclination
m e/

Fig.5-6 Cutting operation with inclinated spindle.

5-3-3 RSV F v ITERIZKDITIARAMIIZE T HEIEREHIER D&

FEMEEEIICB T 327 27 F ¥ N TLED 7 54 2T B 5 KiuEKE#E% Fig.5-7
IR

Workpiece

End mill

Surface finished in a rotation

Fig.5-7 Milling with a vertical spindle.

FEE MR X 5 7 74 ZAMLTIE, VDK== 7B ECICER LT, [HHRERRIC
HWIGLT=y 7 DRIk a v —3 3.,

Fug.5-8 (IERHEHEEICHE T2 A 7 7 F v TLED 7 J 4 ZMTIC 51T 5 FKH O
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Fig.5-8 Milling with an inclined spindle.
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(a) Surface model with segmented area. (b) Tool motion model.

Fig.5—9 Analytical model.
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Fig.5—10 Surface profiles.
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Fig.5-11 Cutting test. Fig.5-12 Structured tool.
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Table5—13 Cutting parameters.

Workpiece Polycarbonate

Spindle speed 10,000 rpm, 18,000 rpm

Cutting speed 188 m/min, 339 m/min

Feed rate 500, 750, 1000, 1250,1500, 1750, 2000 mm/min
Cutting manner Up cut

Lubrication Dry

5-4-3 + EITETOT7/ILDLLEER

Yialb—va v EUHEERIC X 2 B CHOM X &2 i L 72, Fig.5-14 13UTHI%
Rk 2 LAV ITHZHEL72bDTH 3.

54



(a) 10,000 rpm (b) 10,000 rpm
1,250 mm/min 2,000 mm/min

(c) 18,000 rpm (d) 18,000 rpm
1,500 mm/min 1,750 mm/min

Fig.5—14 Surface finishes.
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B X U2,000 mm/min BT AL ETHERTH B,
UIHIZEIC X o T 23 D THNIC K & 7w 23 ERRH K % . Fig.5-15 1% 0.5 mm PUJ5 oAl |k
FH7e 77400y 12—y avThs, YHIZMZ Table5-13 LA TH 3.
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(a) 10,000 rpm (b) 10,000 rpm
1,250 mm/min 2,000 mm/min

Surface_18000rpm1750mm min_ 2 txt

(c) 18,000 rpm (d) 18,000 rpm
1,500 mm/min 1,750 mm/min

Fig.5—15 Simulations of Surface finishes.
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Fig.5—16 Surface profiles.
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Fig.5—17 Maximum surface roughnesses for cutting parameters.
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Fig.5-19 Adhesions on the surfaces.
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