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Table 2-1 Target specification of developed precision machine

Workpeice size (mm) ¢ 200 , Hight 100 (Maximum)
Wire speed (m/min) 2000 (Maximum)

Wire slicing tension (N) 5~35

Pulley distance (mm) 160~320
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N Z N— 2D ARSI TE D, BRI/ NV L, BEL SR E S
WZLTARE U Z NI AN—ZXFT L5 HFEZEALE. AECOERICE S —Z2FKEL,
AECDPOLIUAPRBEICHEHIND X )ICTHEMIZHAE PR BEREL T 3—
AEATH L O LT,

AN T ED OJERK 2 K 2-3 1ZR-T. B LM SEITT 244 PELRY
AXIE, MIHZE> CHIFRLHOT—V 2L, HEMIEIZRED A A
DRENEZWMOND. VA YOBREWMEIZF ¥ S AL AT a—XI2LD,
TAYREIEZREL, BEEIDOME LERY NAEETHD. kK 2 71 R
MITNTED LT =V T 4 »FTRELTWDS., 207 =V |3V —
JWRITIENCADE TCBE:T LN TED. £, EEENDRTHEM 2 » o~
— U120 mm~110 mm® b 73— AN TE, TOMPEAND T A Y v F TR
Wi A[BETHD. MIMITFHickEy ML, V=2 XV IZERT LT 7y M
KA L. 2, MTHOT 54 A sOBEBIEEEE 2 7-.

7= FOIRIZOWTIRT =7 EFMNBTUAVIZY 72D L9110 ANERE
L7z, MEEH COMIMORMORELZZ, V—7OHAL & HITMLAIZY
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Tension control unit Tension control unit

CCD camer

4 Nozzle

!

Special dancer pulley
Workpiece

Used wire bobbin Supply bobbin

Fig. 2-1 Schematic of developed machine
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100 i

Deflection of the bobbin um

50
Conventional Bobbin Development bobbin

Fig. 2-2 Deflection of each bobbin type

Diamond wire
Resin beam

Fig. 2-3 Close-up view of slicing area
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EHABE P OEREN Lo U A ¥ Y —HWHEO BT O 7o, IMITHD 4 7o~ —
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MITEEEICE L CTIEMARLEEZHAWT hLZ 1.5 N» m THANTEIEZ 10 [F# 0 K
LCTITV, = UAEEHNS 2 mmOfiiEE= XA v r— TCHE L. £72, i
FEREM: DR ITER R ¢ 0.08 mm AR 6-12um DX A YE L RU A V&AL C,
U A Y 1500 m/min A1 T8EJ) 12.74 N INJEGHEER] 20 seck L, VA YRS %
1000 mAEFT S HTEIET 2 2 & & 200 E#0R L 72 ETHEBRZITW T — U OFERS O
FlerzPE L., BT — U MEOREMEEZER 2-3 1R L, EBREOT—Vi#ED
PEFEIRBE 2 [X] 2-4 1Z7/RT.

BATTREICEL I v a=7%tI7I v 7 27—, 25 L 2#l7F—1 %
10 um LINO BT T EENAIRETH 720, =—T VR UL X 7=V, (iAttY
VAT —=UIINEHRN AL LT LEY, 70um 725 90 um TH - 7=, MHEFEIEFE
XM AME Y U2 o7 — U Bl b EREEICER, Yra=TRktE7I vy 7 AT —
V, =T—FTNVR T LEZ LT =T, 2T LAWY DIETH-T-. RO R
ZREL, 7= UNESIIRMTIREICIRRNHLAT VAT =Y 2, 7—
U OAMEEI L B BN A V2 T — ) BT S0 T — ) %
BFORICBRE L, BUHTREER X OB Ol 2 Eie L=, 07—V XX %
2-512, FEBRFERAR 2-3127-7T. BUHTHEE X 8 um Tt EEFEMEFEAMIL 70 um &
KELE., ZORBLET =Y E2MHT DI L CEBETTREO N TR\ LSS
T&5. X2-61CHBEICHELZGET—V ZRT.

Table 2-2 Comparison of properties of pulley materials

Ceramics Stanless stee| Urethane Urethane
(ZrOy) (SUS303) (polyether) (VULKOLLAN)
Hardness 12.7 Hvl 2000 Hv 90 Hs 90 Hs
Strength (MPa) 1470 520 36 46
Fracture 5 350 — —
toughness
(MPa nt'’?)
Taper wear loss — — 45 9
(H-22) (mg)
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Table 2-3 Result of pulley materials

Ceramics Stanless stee| Urethane Urethane
(ZrOy) (SUS303) (polyether) (VULKOLLAN)
Mounting 7 7 90 70
accuracy gm)
Depth of groove 190 350 490 90
wear um)

Ceramics (ZrQ)

Stainless steel (SUS303)

Urethane (polyether) Urethane (VULKOLLAN)

Fig. 2-4 Results of wear of groove depth in each pulley

Table 2-4 Result of new pulley materials

Stainless steel + Urethane (VULKOLLAN)

Mounting accuracyym)

8

Depth of groove wearn)

70
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Stainless ste/

Urethane Urethan
Conventional pulley New pulley

Stainless steel + Urethane
(VULKOLLAN)

Fig. 2-5 Results of wear of groove depth in new pulley

Fig. 2-6 Picture of set new pulleys
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B 2-7 ISR AR, R e @ISR 74 YRR RS =
La— YT R, BB EART LAOT Y a v T — AR A DI
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LML, AYEL RUALATORIBRHBMICHESHLAH Y, WD NELRD
AL, T VIZEL 1L EETHMICEORELZEBNBET LI EEZDN, TV
Yar T —AOREEAEITE LERELIIEO T LICRD. UL Y EEET
BElcix, ZEZ2RINT 5T 3 a7 —A3EEEOEME DIk, fFBEIEICER
T, BAPBROCHRRAEL, BhE TR I ENHELWIEAEZA L
TWie., 22T, vm—FKEL%E 22ZL, ZOMICHMENETT DRk X oV —
EREL, TORFKRRL Y =24 ERTE L THREOL I ICHWS Z LTk
O, ZorgiRaml, VA YORDEMEZRNT 57 2 a7 —LORESAE
DEENZ VIR TDHE Moz, SHICENOEIFSEEEZBLT57-0IC7 8
TITERY T MIEoTRDOBREME —EIRDO L I ICELEIZIEL T, 10mseoD i
BMECTHBMICHIEEZIT) 74— RNy 7 T B 2R E L.

Load cell Load cell

Tension arm

Special dancer pulley

Encoder pulley —» o

T <— Diamond wire

Fig. 2-7 Picture of tension control unit
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weIT Lo L O ST e I Rl i
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B , ]
|
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Time s
(a) Road cell 1 set (conventional unit)
i il . i f il
|‘ il A“ '-"‘A‘ ““y i '.|'y"'.,'t‘, 'A‘v“',LA “‘ ,A“ N “'A“‘ “L" Il ‘ “‘,v" .“‘.“ Al ‘“y‘_“‘h‘v i v"l.-“, " i ‘
0 4 8 12 16 20 24 28
Time s

(b) Road cell 2 set (improved unit)

Fig. 2-8 Result of different tension control unit
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2—3—4 MIMEAEBARLEMIMT SA4+*A2 MLBMEBEMIE

INEV A XOM T OBEGIWOEHA =SB 2, 7—7 OEIZIECTHA R7—1
MR A CX A L 51T L. M2-9ICFDREEDHEX %73, X 2-10 10 =B
DIEEFE A2 RT. EE EHICRE L7 L — DI TE~TEE T IEIC 4 DORE
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— LIV =B OHERK O MME TEEHTE S, BAO 2507 L—ATV —
JMEFIANCHRK 80 mm=E T, Faiilicix K 110 mmE TEEITE 5. &7 —VI1x7
L—ADRWIZ L FT VBT R FELTH Y, REEOMENH 20, 7
— VUV ORE(IB IO - ORBIEEOM O EE M L. £z, MLHOT
— 7D Y il, Z#h, 0#hE—FEZEUIF, EHFDCCDHI AT EElinT —T V%
BT 22 TU—I DT ITA A FEMBIAT) 2 A2AREE LIz, IMLHOT
TA AL b~—2 FEBIEREICCRBSE, MIMELEOMIEEZIT) L OICHEEL
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PuIIIey Sliding workpiece table

I T

=

Used wire bobbin
Return pulley,

oy — oo+

> =
pulley

Supply bobbin
Fig. 2-9 Structure of workpiece width adjustment system at top view

Fig. 2-10 Picture of workpiece width adjustment part
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Workpiece tabte—— 100mm

(a) Position of CCD camera (b) Monitor of CCD camera

Fig. 2-11 Picture of CCD camera monitoring unit

2—4  LNHTHE O B ET

WM T 2325 ECUAYDOTbARrBICEREEX DM TIMER LT D )%
R D7D, HT oRMaEE2E 2, WHEO 7 — VBV A Y2zb
FHRETOHMT OB ZR/E L. K 2-1212 2 0REEH %2777 . ¢ 20 mm
DAT LV ARMD A Z A ZATEL, WHMO T —VBOFRIZEREL, 1A
D TEZ 3 53 15 TYPE9256CE X 7 — ) & il i), TE G MmO NZRE L. I§
Fmo 7 — EEHEEE 160 mm 210 mm 260 mmé L, U A v & AU L 7200
EErPuelifEEED, V2252 FmE+LELTLImmI &2 15 mmET
U— I MEEF LT CHERE L. 728, U4 YILHRE ¢ 0.08 mm AURIEE 6-12
um 2R L, MTEX 1176 N&E L. X 2-13Ic hofEERZ RS, V—27 D
P EFEEINIIITHAEI L TWER, EHMO7— ) BEBEOZEIZE L Tix 7 —
U MBEBER KR E WA NKREL BRSNS R O, 5k, 7 L — A0
EEODHILTHRETIVNERD LN, mbhrELE OB TIIHEENG N L
AR T E 1.

Fo, HEEMNTEHOMEIEREOEVNC LA —F— FOBAIESHEOE N ZED
FAEIREN S &2 KD B LT O F A0 58 L 72k,

f=—n |— (2-1)

ZIT, RO MEMEREE, TIXRORT), p THREE AR T, ShEERE 160 mm
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210 mm 260 mm O [E A IEE1 %1%, 1407 Hz 1072 Hz 866 HzX: B &SN 5. i
MREBEDN LN D & EAREE SIS 220, SEANINT 5 & X o EAEES N
ERBZENGIND.

—77, LOLREBE A, TEDOR S ¢ LENTH LT

o T -

DD SLODO T, BEAREE & SR AEHEE R A T 67 2 L M E T, K&
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T2 TV BB OEEDBEAEIRSRITI T A Y OEBEHOBISIEES KLV ELI RS
T HMERDD. (EREK k EHE m LT 5 LR oS EA IR N f,
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1 k
fo = S (2-3)

EARENEL f 1 TIXRER kE LT 20, BEEmMEZ FIF5Z TR RD. EED
FRENIR BV ECHE PRSI0 D41 & 0 JREE R o R 1 o B A IREV S —FRIIC A > 2554
T b IR OREN & #1125 72 DI EGEA O REE R BHIBAIRYED & 2§58k 2 v T
BhH 225 Z LK 0N 4R A2 md L7-.

AT, BA%E L7 Uik 2 6 L TN T % B9~ 2 72 D IS HRE ¢ 0.10 mm f%
A wzwmc;éw T/Mmﬂmmi%%mbt.mlxﬁiﬁzamﬁﬁ.
T — R b R L7 B3 AR D AW O DB 2 2 i 5 T
HTHDH. XEHHFMHIZ1.06 mmIE Dy FT20T7 1 LUIMEERL, DIkY—
7D EFHOERZ L6 RCEM, FIE, AE L THELZ 207 4 COAE
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& HR/IMEDZEIT 0.014 mmTH-T-. 7— U ORFTITEESY A ¥ OEFEE L EE
T2 L +0.01 mmLL FOREEUMIN THREBR CTEX 52 L 2R &z,

20



Force N

Diamond wire

20mm

5.0

4.0

3.0

2.0

1.0

Fig. 2-12 Picture of measurement of wire bend in force

e 260mm
0 210mm
o 160mm

2 4 6 8 10 12 14
Z axis position mm

Fig. 2-13 Relationship of Z axis position and force
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Table 2-5 Experimental condition

Workpiece material Carbon
Work size (mm) W100xL50xt1
Wire speed (m/min) 1500

Wire tension (N) 14.7

Work feed rate (mm/min) 18

Slicing depth (mm) 1.5

Width of

workpiece £

Left Middle Right

(a) Picture of measurement position

1.07
£
E 106 | : —
O
é Il 1
S 105 | |
5 I 1
<
3 , |
S 104

1.03

Left Middle Right
(b) Result of width of workpiece

Fig. 2-14 Slicing result of width of workpiece in each position
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__// Meandering

Slicing direction
D —
Thin blade /

Workpiece
N Slicing depth

Base material

(a) Outer blade slicing process

Slicing direction

Base material ;
Main roller

Main roller

(b) Wire slicing process

Fig. 3-1 Schematic of thicker workpiece slicing at different process
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Uil 5 Z Loy, BEUIMEEL BICEY TR0 THD. U—r k0 HET
B TRICBWTHEIM OBERMIZIENABR O -0, LV EEL—EICT 5
SNV NLT-OREEIC—EL Lz, BASKEIEZZA YEY U A Y OMEMR
JED 50~65 Wiy & SN TEBY, ZOHBIXTVA VYRR UND Z & THRMERE L
TORNTHEWMNEL DD THD. ZD8, HEREEDOMKTRE D 55 %Dk )
FRELE. BOMEETO 1OIBY Y O U A YO &1L 4000me L. 14 F
TY R U A YIRS S 65 E A O A T — i — F NI LT S, YIR% IS
HBEHPOMIANER L, RLUVAPE2HBAHL TiTo 7.

Fig. 3-2 Experiment setup of close-up view of the dicing wire saw

Table 3-1 Experimental conditions

\Workpiece material P type single-crystal Si
\Workpiece size (mm) W125xH10x L13

Wire speed (m/min) 750,1000,1250,1500,1750
\Wire tension (N) 11.76

\Work feed rate (mm/min)12

Slicing depth (mm) 16.2 (slicing depth of resin beam 6.R2)
\Wire length (m) 4000
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Fig. 3-4 Kerf width of sliced silicon at (a) wire entrance side and (b) wire end side
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Fig. 3-7 Relationship between the cutting force and timdiatslice
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Fig. 3-9 Schematic of the relationship (a) between wire tension and deflection,
(b) close-up view broken line part in workpiece
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Fig. 3-10 SEM micrographs of diamond grains on the wire at a length of 1600m
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Fig. 3-12 Schematic of diamond wire slicing process
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Fig. 3-17 Schematic illustration of brittle regime material rem&¥al
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Fig. 3-18 Schematic illustration of ductile regime material remé¥al
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Fig. 4-1 Picture of close-up view in slicing

Table 4-1 Experimental conditions

Slicing parameters Values

Wire speed (m/min) 1750
(for wires with diamond sizes of 5-40n and 8-16
pm)

750, 1000, 1250, 1500, 1750
(for wires with diamond size of 6-1n)

Tension (N) 11.76
Workpiece feed rate (mm/min) 12
Slicing depth (mm) 16.2

Wire length (m) 4000
Coolant Tap water
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Fig. 4-3 Method for measuring the depth of micro dent and saw mark
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Fig. 4-4 Schematic model of laser scattefffig

46



Wire feed direction

FIB-machined ar

///’

4

Direction of observation

Fig. 4-5 Position of observation for cross section after slicing
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Fig. 4-7 Laser microscope images of silicon surface
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Fig. 4-11 Raman spectra of silicon surface at various positions

55



Crystalline Si

v
750m/min
Polycrystalline Si n/—

1000m/min

1250m/min

Amorphous Si

1500m/min

Intensity a.u.

1750m/min

200 300 400 500 600 700 800
Raman shift cr

Fig. 4-12 Raman spectra of silicon surface at flat smooth surface of wire
entrance side for diamond size 641r& at each wire speed
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Fig. 4-14 Raman intensity ratio of silicon surface at each position
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Fig. 4-16 (a) TEM image for diamond size of 5-jfh, (b) enlarged view of the region
outlined by the square in (a)

Fig. 4-17 (a) TEM image of near inter-phase boundary region, and FFT image (b)
amorphous Si layer, (c) near the Grain boundary, (d) Crystallized Si layer
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Fig. 4-18 (a) TEM image for diamond size of 6-1, (b) enlarged view of the region
outlined by the square in (a)

Fig. 4-19 (a) TEM image of the tip of the median crack , (b) enlarged view of the
region outlined by the square in (a)
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Fig. 4-20 (a) TEM image for diamond size of 8-if, (b) enlarged view of the region
outlined by the square in (a), (c) close-up view of amorphous Si layer, (d) enlarged
view of the region outlined by the square in (c)
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Table 4-2 Result of the depth at subsurface damage layers

Iltem Diamond size gm)
5-10 6-12 8-16
Amorphous Silicon layery(m) 0.10~0.20 0.10~0.20 0.10~0.20
Dislocated layer (m) 0.40~0.80 0.50~0.90 0.60~1.10
Maximum micro crack lengthufm) 0.85 1.02 1.29
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]

(a) Diamond size 5-10n (b) Diamond size 6-1in

(c) Diamond size 8-16n

Fig. 4-22 SEM images of chip at each diamond size
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(c) 5-10um

Fig. 4-25 Mapping result of elements for each diamare &ontinuation)
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Fig. 4-26 Scheme of the phase transformations that occur during hardness indentations
and post treatment in silicéi}

Table 4-3 Designation of high pressure phases st&ted

Designation Structure Pressure region (GPa)
I Cubic (diamond) 0—~11

a Body-centered tetragongi-6n) ~11—15

m Body-centered cubic ~10—0

\Y Primitive hexagonal ~14—40

VI Hexagonal close-packed ~40
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Fig. 4-28 Schematic model of the crdtk
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Fig. 4-29 Schematic model for subsurface damage mechanism in silicon
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Table 5-1 Experimental condition for fixed abrasive diamond wire

Wire Core wire diametef ¢ 60, ¢ 80
specification| [um]

Grain size im] 5-10, 6-12
Wire speed [m/min] 1750

Wire tension [N]

7.84 (Core wire diameter i 60 um)
11.76 (Core wire diameter § 80 um)

Feed rate [mm/min]

2.40, 16.36

Slicing time [sec]

75 (Feed rate : 2.40 mm/min)
11 (Feed rate : 16.36 mm/min)

Cutting depth [mm]

3

Table 5-2 Experimental condition for diamond blade

Blade Diameter [mm] ¢ 109.20
specification | Thickness im ] 65
Grain size SD120Q SD1500
Concentration 120
Initial dressing| Dress type WA
Grain size #2000
Dressing length [mm] 70

Dressing number [timeg] 10

Cutting speed [m/min] 1750
Feed rate [mm/min] 60
Cutting depth [mm] 1
Cutting speed [m/min] 1750
Feed rate [mm/min] 26.4Q 180

Cutting time [sec]

75 (Feed rate : 26.40 mm/min
11 (Feed rate : 180 mm/min)

Cutting depth [mm] 0.4
Cutting length [mm] 33
Cutting direction Down cut

80




_-[1010] axis Tod running direction Si plane
-1 \\ [1010] axis

/ A/Workpiece
\ Y.

Primary orientation flat plane (10} Primary orientation flat plane (10}

(a) 4H-SiC wafer (b) Workpiece used in experiment

Fig. 5-2 Schematic of workpiece shape and crystal orientation
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Fig. 5-3 Definition of slicing width and chipping width
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Fig. 5-4 Slicing width of sliced SiC by diamond wire at
different core wire diameter (grain size 6-12 pm)
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Fig. 5-5 Slicing width of sliced SiC by diamond blade at
different feed rate (grain size SD1200)
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Fig. 5-7 Change of chipping width with grain size and number of sliced lines by
a diamond wire (core wire diamet®60 um, feed rate 2.40 mm/min)
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Fig. 5-8 Change of chipping width with grain size and number of sliced lines by a diamond
blade (feed rate 26.40 mm/min)
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(a) Wire slicing
Fig. 5-9 SEM micrographs of workpiece cross section at 5 line slices
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Fig. 5-9 SEM micrographs of workpiece cross section at 5 line slices(continuation)
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Fig. 5-10 Result of surface roughness with various diamond wire
conditions at 5 line slices
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Fig. 5-11 Result of surface roughness with various diamond blade
conditions at 5 line slices
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Fig. 5-12 Schematic model of cutting height of abrasive grain cutting €tfde
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Micro dent

(c) Diamond blade slicing (SD1500) (d) Diamond blade slicing (SD1200)

Fig. 5-13 Laser microscope images of SiC surface sliced at 5 line slices by a
diamond wire and a diamond blade
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Fig. 5-14 Protrusion of abrasive grain on the diamond wire sliced at 5 line slices
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Fig. 5-15 Protrusion of abrasive grain on the diamond blade sliced at 5 line slices
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(b)

Fig. 5-16 SEM micrographs of diamond grains on the used wire
(@) ¢ 60um 5-10 pm 2.40 mm/min
(b) ¢ 60 um 6-12 pm 2.40 mm/min
(c) #80um 6-12 pm 2.40 mm/min
(d) $80um 6-12 pm 16.36 mm/min
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Fig. 5-17 Ratio for state of active diamond grains at various feed rate and wire
specification

(a) Outer part of a blade (right image is close-up of A)

P~ & B o ST, TR L

(b) Side part of a blade (right image is close-up of A)

Fig. £-18 SEM micrographs of diamond grains on the used k&
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Fig. 5-19 Relationship between the cutting force and slicing time (75sed)red dlice

Diamond wire

Workpiece Start positio
ANV of slicing __{__

_____ «

----------------------- “*Half position of slicing

Resin beam End position of slicing

(a) Half position of slicing

Diamond wire

_ Start positi
Workpiece -
of slicing ¢
[ * ¥ |
_ b e P
__________________________________ _}_I-Jalf position of slicing
Resin beam End position of slicing

(b) Position beyond the half in slicing

Fig. 5-20 Schematic models of wire bending at each workpiece position
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Fig. 5-21 Relationship between the cutting force and slicing time (75sedjred 4lice
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Fig. 5-22 Changes of the normal force and line number in the different feed rate
(core diameter¢ 80 um , grain size 6-14m)
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Fig. 5-23 Changes of the normal force and line number in the different grain size
of a diamond wire (core wire diametey 60 um, slicing time 75sec)
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(a) Feed rate 26.40 mm/min (slicing time 75 sec)

Fig. 5-24 Changes of the normal force and line number at different work feed rate of a
diamond blade
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Fig. 5-24 Changes of the normal force and line number at different work feed rate of a
diamond blade (continuation)
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Fig. 5-25 Raman spectra of 4H-SiC surface sliced diamond wire at each grain size
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Fig. 5-26 Raman spectra of 4H-SiC surface sliced blade at each grain size
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Table 5-3 Calculated force at one abrasive grain on the used diamond wire

. . Force at one abrasive
Core wire . Slicing .
. Grain size . Feed rate grain
diameter time .
(] [um] [sec] [mm/min] [MN]
H 1% sliced| 5" sliced
60 5-10 75 2.40 47.9 37.2
6-12 75 2.40 41.9 31.4
75 2.40 44 .4 35.1
80 6-12
11 16.36 63.3 36.6

X 5-25Z27 A ¥R X 100 mmTO U A ¥ O5EE L OROREFREZRT. LR IIEE
DU A Y ETH AN S ATZREO R 60um O OEITH 1.5 mmTH D, HHR
££80um DHOVEITH 1.3 mmTHh 5. HFREE 80um D OEN /NS W T, ARRLH]
B A3 RS 60 um & Ebils L TR IS ERVIREE T H 0, K (4-3)D & B 0 Bk 11 &
720 OUNAREENEYTDH. DA YR TARICEY ZbA THORRLTVIRRET
IXRRRL R 2N A AN 0, BRRL L HH 720 OUAALRSI MK E L 720, GINRFOIRKLIZ
XI5 NREEINT 5. R UMTEMOU A YUk el LG4, SR 60 um ©
BEITEIMERARKIE N Z L 25720, BRFEFEAES 20, Bk 1 lH7=0 ob)
IAAES TP U, BRI 2 iEEdb 5B x 0605,
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Fig. 5-25 Relationship between stroke and tensile load of the different core wire
diameter
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Fig. 5-26 Schematic of diamond wire slicing with a bending wire
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A(5-5)& A (-4 AL T,
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2
Fz= Cp(MJztana (5_7)
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(a) Large diamond size and thick core wire
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Fig. 5-27 Schematic of diamond wire slicing modes at different depth
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