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(Flat Panel Display, FPD)2# H L-E FHEBE I L R LTS, K &
FUYRTVART IART 4 RAT VAR T IAEZERBIA VWb, &I
KEGRERIPOCELEZROVB I 2OO0H TELIAARTHDL. TR
DIt B O W FiEE, RI2T7A4T - TV A2FRETV BV E
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HWH S35 5.

HETZTHRORISAT kX, hoF—FRA—n D DE R -0
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BTMAZBITIN HEESMZABIENTED. LIL, 2O FH EITE B
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OB M EEISL, V—FE2R B LE-EEMBOTIRSEH
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WMEL— ¥R ICLoTRATM ML, MBKED I BIEHEEL
SHB. B ERANCI-TREBIL -V EERBRIZH-THEL, ERD
55 W &n%. Kondratenko® i, TOF ERZ R B LERISATELR R
FHBLE V=Y REUF—F Ty R TEESEHIET, L—
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EEL—PFRITATLELR. =% YBLO Hermanns? 2 kY, L—H 27
FATERNVBIETHN—T 47V OFENME S, R OUWm @ 8 E N
M ET22LRRESNTWVS. Fig. 1.1 12, FF7AEROL—HF X754
THROSWMEEES . NP0 LEARL—YHE T CHD. M ITH
BB~ A2a Ty RELTVWRNIEDRDRD.

THHLDR AND, L—YRITFTAT X FPD AATAER DO KriZ@EL
THEY, MAOMEICEASNTEE. LAL, I AH=XANE i K
HALPIZEN TR, MTREPZEELRVWRE DR BE R
ELTh, FEEORBIE SN BEEE TICIE 5T, 20D
RO, AL 'O DTk ERBICE KB EME BN ICE-T,
Fig. 1.2 THE XM R TIORL —FRIFATOM L AN =X L%H 65
L7z, L=V B ICEoTHIARmAMBIh, RE LN ~F
GEHb. TOERBICHIARBERVA—FVzybMLoTRBEND. X
BETAGEAS, ERABICEIEEBRBRIEFE T80, @I
Bl ANAEL, NEICIZEMHIS HBNELD. ZO5 RIS AICEY, &
RMICER L AN ERL, L—VRBIOUr—4%YxzvbDERE
BIZB-T-REMERENE. —F, ERANTICELDEMIS I H B

Fig. 1.1 Cutting surface along median crack after laser scribing
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Fig. 1.2 Schematic of principle of laser scribing
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L—HPRITGATIZ, L—FMBBLONMBAE#OGHAICEI-TAELS
IS N EFALTHFAEZOREM B ERORBIC—ERIODAHRE
T2 DD MIBADRDIIAZ0ISyIRNEELRWNED, 55T
NEEROBWRBEBRENE LS. LrL, MI&HEICE-TiE, M
THRAEZKLTEEFMOZIZy /RN THEBBICELSD. Z2TiE, 2
DEOIRIFGIEFA—VER S F AV EBRELZE LUK TIES
72D, ERA ERFA—VOALBRON I EHEZRBRTILEIDHD. FA
— P, M TBICBERECRBRAETLHLOLN N ZEZMALZETAHALDLD
WD M3 KB TIiIAi & %2 B ¥ Z A— (Spontaneous damage) , %
EEF B Y A—T (Stimulated damage) & FE 5.

RMEOFERFIZNborEBIZL-THEELSA—TUNREAET5HL,
DB EADOEERTZHL. MIMECRHEEZMZDILTHEZ A
—VUDBREETENEINEHEEINDDILIITEZS. L2, GEEE2FE DD
WITEHBORITEALETHY, M PCERIECHKREZITHOOIIR S
TR, ZZTERETIEH, FEFA—TVOREAI=ALERA LML,
MITBIZ—EDOH I BIMDoTHEEA—TVDOELRY, IVEEHOE
WML & HZ2HETIZEZENELT, V—FRIFGATERBLIV L
R I BB AR AT 21T o 72

FF, R ARV TFHABIOEEEREREL2REL L —HFRITAT
EBRZITV, FEIA—URELIMITEHBL2RELE. Z0Lx, R
FEELTE Yy —ZAABRZA WV, MTHICE Y I — AR B EZIT-oTHLEE
BHA-VOELRVWEEEBEELLEZ. ENT, XM ERICLDIIS
T—arOREREND, FEIA—VREADN=ALEEELE. Z
NODOEBRMERICE ST, BBMEMTICLSEEMT & E08KELR
Tz



2.2 EBRFGE
2.2.1 V—HFRIFGATER

I, FEAA-CRALZHERARDIEZDICEZI3ImmDOY —F T 14
HIAZHH LTV —FRITA T EREIT o7, Fig. 2.1 ITEREEOH
B2 TR T RBEFEZEZREBFRAT—JICEEL, RZITAE T HRAL— I
FomMTRBMBICHEBRNICYHAREZERLEZ. 4 LOo&a—F7
— o TlEZEINTZ CO,L—HFk%E 2 KOV XZE-oTHEHERIC
L, R EXEICBHLEZ. RS L—FPXOoRBIERBK EICVS
— Pz b BE L. L= F Py D F MICRAT—V %
R EECH AT ILT, LR BEUT A — Uy MR IR LT
HE v CEEIVL.

Fig. 2.2 T, &, A o EBEAZRT. LB, VL—FRE
BN TRAIIAT FMICERTEHM%E x, A27A7 F A% y, RO
EshMm% z LEETD. 25BLUO 2 EEnET MBS (L—FRH
EB)ORERBLOER, 28, 20 3W & (Vr—2 =y MR & 58 350)
DER, AR THD. MBEOFR LOLEHHABOFLETD y HHIE
BEA G H S BERE d2B%, N TR &M E RO m AP L ETOR

CO, laser Laser beam '
i 5_@{— Mirror
Lenses

Water jet ’ Soda lime glass
Initial crack ‘

Median crack Scribing direction

Fig. 2.1 Experimental setup for laser scribing
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Initial

IE

-

crack

—— Glass edge

Fig. 2.2 Positional relation of heated and cooled areas

Table 2.1 Processing conditions of experiment

24,
21,

Length of minor axis of heated area
Length of major axis of heated area

Distance between centers of
cooled and heated areas

Repetition frequency

Average laser power

Scanning velocity

Length of minor axis of cooled area
Length of major axis of cooled area
Flow rate of coolant

1.3 mm
42.8 mm

25.0 mm

1 kHz

100- 180 W
40 — 460 mm/s
2.0 mm

3.0 mm

0.8 ml/min

B2 Y (B, MIT 4% Table 2.1 IR+, HAEAEMH, L—Fr—24
IR, OVRLEAEKZ2—ELL, xRV —VFHHPLEEERE v &

RELTERZTo. MI &, ABEZBEL, BRI RN,

BLROFA-—URRELLEENERELL.

2.2.2 IMMIIREEDIE F

Fig. 2.3 (a)iZ, RIZFAT7RICB R A LI AT (B RFA—V)D
HFBEMEEELYFT. Fig. 2.312BWVWT, M T HFRAITENSE T, M
ITMNBIRIEEEOHRTHD. BRERIA—VIE, RAIFTATR EOBE K
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—> Scribing direction

Spontaneous  Stimulated
damage damage

X

Loy

Vickers
indentation

(a) (b) (¢)

Fig. 2.3  Micrographs of scribed surface under three different
processing conditions. (a) is the case where spontaneous
damage was generated, (b) is the case where stimulated
damage was generated after the Vickers test, and (c¢) is the
case where no cracks were generated after the Vickers test.
The processing state shown in (¢) is defined to be suitable.

DEMWBAITAT HARXKH LTCEE FMICELEZ. FA-VDRELERE
E, BLIOFA—VEAESABOBEBEIXT— E TlERM1o72. Fig. 2.3 (b)iZ,
L—V RS EBICEBEN /NI N ENMZADERE LI AV (FE
FA—D)VDEBEBEEZRT. KPR TIX, AVTATHR L IZRPTH 72— E fif
BEAMTIHFELLCEyI—RARABEZH V-,

T, V79I BREDLEVELRIMLAAMELFAE TH72D, K
MIDY—FFTALHTAZE I — AR B %E1T o7, Fig. 2.4 (T, LA
H B 10s, LA A E 100g, 2006 D& B COBREZRT. LA
HIFE100gDH A IFITIBNELRN-T=DITR L, 200g D & 1TE
BOMSOEAPLHN200mDOREIOITINAEL. LA W E
100gPH AL, MLAZFFE Z120sIZF ELTCHZ I/ B RE LR -
. INEY, FEIA—TVOREEZHBTOIRAREHZ, LA ZERH
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Indentation time 10 s

Cracks

(a) Indentation load 100 g  (b) Indentation load 200 g

Fig. 2.4 Results of Vickers test for unprocessed soda-lime glass
with different indentation load
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Q1, Q2: Quarter-wave plate
P1, P2: Polarizer

Fig. 2.5 Experimental setup for photoelastic observation

Fig. 2.5ICEBRRE2RT. XN, 22X TR, OBEKRANZ
BEEAOKNBIB TIL, oLV, FAIICEE T2 1%, fLF 62

_ 2,
A

EF$haledmbhTnsd . 22T, i HEERLEFEITH, #
BlizckoTkR 3. ZOHR L IZLY, Fig. 2.5 ITBWT, F7AERL™Z T
HEIR D o, oy MIC—ETHNIE, B F PRLEZBEBRTHHED
G e

) Cylo1-0,) (3.13
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2.3.1 & IE HN T 4 {4 & B
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Fig. 2.6 Processing results under a variety of P and v
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UHREW., INED, FA—TVOREICISoTEEIS DB BRINTEEE
Abhb.

Fig. 2.7 (a), (D)DIIZ, BRBILPFE I AT, V¥ T —ar
DEWHEBTRELE. Z22C, V¥ 7 —avOEELF AR E OB K
AL, Fig. 2.8, BRI LTEE FF (x F\)DIFT—=
YDIATaTrANERT VT —ariEv— VR BEEOF R T
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Vickers indentation Vickers indentation

{

e "317"% =
F | 7 /
\

/

Median érack

Spontaneou’s damage / Median crack |

100 pm Median crac:k Stlmulated damage

(a) (b)

Fig. 2.7 Retardation distribution around a median crack for three
processing conditions. (a) is the case where spontaneous
damage was generated, (b) is the case where stimulated
damage was generated after the Vickers test, and (c¢) is the
case where no cracks were generated after the Vickers test.
The processing state shown in (¢) is defined to be suitable.
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Fig. 2.8 x-line profile of retardation in three processing conditions
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Fig. 2.9 Maximum retardation, Ry, in each condition shown in Fig. 2.6
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2.4 Z“RIT A RERMBEN
2.4.1 FRHT 7k

EBRCTHELEBENISH2HEE THILEEMELT, FRE
5% 1% (Finite Element Method, FEM) |Z X%\ 58 M fif AT 21T o72. ZZ T
X, WALPO LRI, RAVTATEICH LTCEBEZWE (x-2H) %
SHRELEZ IR TN ZIT 7.

EX13mm, 18 60mm DR EHIZX L, 60mmid D RLERITALT 5
BA%EMBEL, Fig. 2.10 2R T FEM T A2 AW, Z2TlE, Xt #H#E
ZEBLC 12 ETAEEALE. V—VREBLESHBRLEOT AZR
RELTE. B HEZLIVHEIKBERSEL, RADAERIZ—B 8umdD
EFBELE. BITICAWEY—F U720 E 2~'9% Table 2.2 i
N

L—H 2k BT,

Fig. 2.10 Mesh geometry of analysis model

Table 2.2 Physical properties of soda lime glass

Density 2520 kg/m’
Specific heat : 800 J/(kg K)
Thermal conductivity 1.03 W/(m K)
Thermal expansion coefficient | 8.7X 10°° K™'
Young’s modulus 71.6 GPa
Poisson’s ratio 0.23
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Fig. 2.11 Pulse waveforms for each average laser power in analysis
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Fig. 2.12 Variation of 7n.x at original point in three conditions
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Fig. 2.13 Rp,.x versus max[Zmax] at z = 0 in each condition
shown in Fig. 2.6
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condition shown in Fig. 2.6
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Table 3.1 Processing conditions in experiment

Laser beam shape a b
2&  Length of minor axis of heated area | 1.2 mm 2.1 mm
21, Length of major axis of heated area | 26.0 mm 22.0 mm
4 Distance between centers of 15.0 mm 8.0 —26.0 mm
cooled and heated areas .
P Laser power 50-90 W 304-80.5W
v Scanning velocity 40 — 440 mm/s | 40 — 400 mm/s
2&  Length of minor axis of cooled area | 2.0 mm 2.0 mm
27, Length of major axis of cooled area | 3.0 mm 3.0 mm
Flow rate of coolant 0.8 ml/min 0.8 ml/min
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Crack depth, D,

=> Scribing direction

Fig. 3.1 Microscope image of cutting surface at center of scribing line

%7 3. BV B IO F I ONL & B £% 1%, Fig. 2.2 IR LIZEY
Thd. _HEEOE—LER (E—LFK a, b LIES) DL, R ARV —
PHAH) PRBIVOEEEE vEZRELTCEREZIToL.E—LEKR b O
EAIZOWTIE, AEI AR IJIZ—ELLTHEAR PRIV vERET
ZEBL PBIVvE—FELLTHARIEERETOEREZIT-L. M
T#, BEZRBR-TERZOKL, YW EEB L L. Fig. 3.1 ICER
HRMAECONHMBONFEREERZ2 Y. NP0 LmAL—¥%
BHETHS SMBICBEERINIEARVBRAMBULEZERT. &
MIT &N T, BRHESD ZRELE. Fig. 3.212, E— A K a,
bDFNZENIZOWT, BHAHEd 2 10mm ELEH SO D ORIE
HERETRT. HEMITEEIZSONT 5 BOREIEZITW, EDOF B EZR
L7z. E— AR a, b DELLOH AL, VL—FH A BEL, EEEE D
BUVMNEE D BN/ ENoT. E—LHBK b ObET d 2R AICRELLS
B D BRIZHOWVWTIL, 3.4.2 T (Fig. 3.19) IZREFT B RLFE TR T.
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(b) Laser beam shape b

D

Fig. 3.2 Measured crack shape, D., under a variety of P and v for two
laser beam shapes

3.3 ZRTE—F1 & 2RI

3.3.1 f#Hr Hik

33.1.1 ARBERELERERIEOMAE DY

AFRTIE, V—FRIFGATHOBRIE N FTIcB T8 &gk os
NIERBECESHVTRARERMITAIT). ZRTHWITITBWTIT,
Fig. 3.3 KRB IR TIN, BERADEDOREICE SNTE A
KFE#FHERDD. ZZTiE, Fig. 3.3 )DL, BZEOLLAEHE RN IC
ﬁgﬁﬁﬁi&%mwidumﬁﬂmﬁwamﬁMk%ﬁ%ﬁ
BITBULERDHS. 20D, STAEORVEME K ICIEZLIEIE B
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.

(a) (b) (c)

Fig. 3.3 Calculation method for stress intensity factor based on
superposition principle. (a) represents the problem to be
solved. (b) represents uncracked problem for stress
distribution which is sovled by FEM. (¢) represents cracked
problem for stress intensity factor which is solved by BEM

R D% (Fig. 3.3 (b)) . HWVWT, BONLBAE WNLRAREFEITITLD
G HERD, 5 HIEKRBEEEZFHHE T2 (Fig. 3.3 (¢)). Fig. 3.3 (b)
DETFTNVITEREEEICELST, Fig. 3.3 O)DPETNVEIERBREL
JoTUHL. BREBERERI - RLEBEREZAVWT=R LB\ ZITOIZD
PHRVERHRTRAREREFEE RSET VL TES. BHTIC iFﬁB&OD
V7 =T EMEAL, ARERMITICIE ANSYS, & R E R il
BEASY % fl \iz.

3.3.1.2 AREFREICEDERIS N AEN
BEEZEEIRVETAEZRAVWERIS IMBITIZHONTE, & 2 ETHE
REABEBERECID_ARTEEMEMBAT L =R T &k L%, Fig.
34 CAWEETALEZTRT. EFT LY A X% 10mmx20 mmx700 pm & L 7Z.
IMTALEZI0mmi OF R (x=0) TR EL, x=0E0 2LVl »<EZFR
SEILE. B/ EZEEZ50umx50 umx25um D E F AR L. 8 2 B LRk,
EREZG B LEBARRBLVOA G ERZ z=0EICEFEXDHZETL—
FMBABLOT+—F Vv McIBBHEZERENET ME L.
242HEDE 2 B TR REZEIIE, z2224um DL B TIEALVAFERIC
A oOE&IT+ S/ EW. Fig. 3.2 RLEXIIC, S EIDOER TH
HINTFAHUDOESIZTOmE EThotz. 20k, BHRERZHRA T
B, RARARKIEEAZEZER TOILBERIRVWEE 2D, 22T, KELE
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Fig. 3.4 Mesh geometry for three-dimensional thermal stress
analysis by FEM

CTRBHRERBREIMIT THIHIz->T, TOELRDIES R TiL,
RQRAHIZBITDLIP()E—ELL, CW L—VFI2EHREAATREZREL
.

FT, MBI BLIOCGHEA B y FMIZEE v CEBTH ORE »
MOREHEZENREZRD, GONERESAEEICBIS BT 21T o7,
WEREFHLELT, x=0EDOx FRAENE, y=t5mm»Dz=700um £ D y
BIO®zFmMEAME O ELE.

3.3.1.3 BREBERIEIZEZE—F1 ARE RN
BHRERMWEZITOED, ARERMBITICHONEIE I omzbe
BERERECL>-TEAWERBEEZRDZ. V—FRIFAMTIZEN
WHIB X EOLBIEIR HICE-TRAENER TS )2, 2208
ﬁ%?ﬁ%*ﬁ’(i BERMPERTHAREMNE OH D 6mmx6mmx700 um D
HBICHEMTERER ELEZ. B KO ICTIT, —3mm$x$3mm,
Y.-2mm<y <Y +4mm®D & H 15§ & 2 ,BHB OB EN IS b TR
WiHEszEZy FACBHSE. Fig. 35 CEREZESLo— il xR
9. Fig. 3.5 Of TiZ, A, LW N5 2.8mm DI 4 D A E BT 18 1k
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CEEND. MTEBATHIAARNERLRZVWED, IS DK KEFEHE
RKODZVLERRW., T, MATEEKANICEARO - HBLIE THR<TY,
A RBEIIRELE/AR LR, 2072, TO XD IZHFHT 55 2[R
ETHE ITEEZHEFLTEITFHZEME T&2.
TOIYRETAERAVTCRDEE A KRBERICESVWTAKER
fEAT 21T 5. Fig 3.6 R TLO0I, BHRHOE KN IX, B | IZITEH

Fig. 3.5 Mesh geometry for three-dimensional crack propagation
analysis by BEM

(a) Mode (b) Mode II (¢) Mode III
(Opening) (In-plane shear) (Out-of-plane shear)

Fig. 3.6 Loading modes of a crack
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KWEIZEY, E—F IR E), E—F N@EANTALEF)T—F III,
(A ETABE)D=2Il5EHIN, ZThoDEREDLEELTHIZENR
TED Y T, ERIEBVT, LR BLIOUA— SV OB
FHAEFBHEMIIKHLTHKHRELEZ. TR, S A0 M ITE Xkt
LT MRERD, BHEICFELEABIE DI+ /DIN. 20720
EFE-—FIDEREROALEE ET5.

BAAEEOKEE RIZONT,

ou
Jy = L(Wnl—tjanl S (3.1)
WEoTITE O EFHELY,
K= |-L_J (3.2)

1-v,
ZES>TE—R 1 O AL RBE KERDE Y. 22T, 8, 138 # 8 &
FOHAEZFLELETOIAEOBSERT, nitBRHE IR THERAN

IV, w BBEAL, E BV 7S, v 3RTYUTHD. £, 0 ZIE 77,
EXVDTHETDLEE, W=0,6,/2, 1,=0,n,ThD. i, j ZOWTIERTH
WEx@E A T5.

L—=HRIFATIZEBNT, B EBE B OB RIS % O/ FiTik, b
—YMBCEL2EME N ERGELAL, BROARALEREEZS ILET5.
DEY, ERFZNIZBWC B BEABEEHBRE DHOR R (Fin i@
AR BB TH5LEZOND. AMETIE, LTOFETHEERL o
BHERERDE.

FT,RIENERNICHHMABHELBEL, Al r DI T T TOIE S
VERBBEKERDI., IEALKFERHOLEVE K, ZRXEL, KB K%
BMASEBICEWT, AEREBER —FEA CRAHEMBEON| A ZER
FRICH A ABE S, ZRICED, K >Ky CHHNE OB H B
EL HLLVAHERIEOLS. HLVWARBRICADETEFLE
HOTERDEL, RA—B OS5 H T TOKEHELEZ. ZhE2@0EE
X, BHRITIEHBS B ~A Do THRE T, RBICKBIETT5.
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BHEINBLOTRTOEBAEICBWTKBNK, Z TR0 R TR
PEEZ t O R ELT.

—EDREERE AL T, Ki=K,DHB &0 4L,,=0L720, KA KX

MEE AL B K ELRBED, HFHIR T LI

ALm:C(KI—Km) (3.3)
TERTZ. KBTI, RELEAHBARE ALy T SR 2 IZERIE T,
HOIENBICS LEBRERERDE. A ERI—EBOEAEERE
ALp AR 7L, A%+ 5 /NSKBRETHIL ERDSH. 22T 6l F
¥ C &5x10" m"/Pab Liz. ALpZE R B3)DIHIIHRETDHIE, BXO C
DEDOFR S ICHSNTIE, 3.3.2 HOH | B CHRITERICESHNTHR
5.

ZOIHT, /HoNTIE DI KB KL DI REFEHOLEVE K,
FHBLTRBRERMBITEZIT). MTFERITIKCEKETDLD, #EY)
REK,PDEEZRTETHLENDD. K TIE, BRESICEBRL, R
BREDHEBIZL-TCHEURK,CEZREL, BT FEBLIUOKER D
HYUMEEREF LR,

3.3.2 fRATHRE R
3.3.2.1 REDMOEA

Fig. 3.7 &, P=50W, v=140mm/sDHF A>T, AR EFE MBI
FoTHBLhZx=0ENOBRESHOEEZTT. BRESHAXOLEH
BIOER, R OMESE, GAEAKOM B EZE XM IR LE. 2720
LIZMTRRBAERBAREELLZAAB R LD y EETHS. L—
VRBFICLIoTERXELAMBIN, BXORBELLIZER NI ~
BN D EREEBORE L, MBAMOF LIVENR TR KMIZ
TH. ZOEBLEUVFA— Vv bMEoTH A Sh, ER K @I F T
BENABMICETTS. KBEHTITBWT, EF AV R E OHE 5%
(5mm<y<15mm)TiE, BERBIIEEFTHNICHEBLL. ZOXREE
DAOEAEEICBISE N EIT, BOohIE I a2 &S T
ERFEEERDE.
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Fig. 3.7 Variation of temperature distribution in plane of x = 0
obtained by FEM analysis

3.3.2.2 IS AMKBEOLENEDOR E

IZTIE, E—ABR a TOERICOVWTHEFTEZT o7, T RO
BlELT, MABFLRERERETAVOF LIZHS (Y, =10mm) B Z
IZ2WT, Kd,=o.76MPam”2&l,7‘:i§—,{a\®ﬁ%%é‘a‘ﬁEFJTZ;. Fig. 3.8 IZ,
FRERMBITTHONIEx=0MANDEHEIZ o, ODFERT. KR
ik, sIRISENDBEARNCRELENBAREIRESETCARBRER
5. Fig. 3.8 IZBWVWT, 0, IZy=106mmDAL & THK K THY, %13z
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Center of cooled area

50 0 50 100 150 200 MPa
Fig. 3.8 Stress distribution in x = 0 obtained by FEM analysis
under P =50 W, v =100 mm/s

28th step 48th step
Initial crack 10th step 20th step
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Variation of crack shape
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(b) Variation of stress intensity factor

Fig. 3.9 Variation of analysis results in crack propagation analysis
in the case where P =50 W, v =100 mm/s, Y. = 10 mm
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O/ EN10mmEL7z. £72, y=10mm TlE, B IH 80um DL & To,=0
&%, XIT, PIHMBRESEZINIVE WV SOpimEL .

Fig. 3.9(2, T DET I >BRE R EKDODEIL %R T. Fig. 3.9
QDENEFIOBAHE R T TEHELND K % Fig. 3.9 (b)IZ/R L. ¥ H#
BHAEROLETE, T RTOHRICBWVWTKVK, 2B 27-. BZEEZRK
R IVBICONTK P K, T iz, 10, 20, 28 X7y 7B Tlx, &%
EWMEFEOATKENK, 2B %,48 ATy 7B ICTRTOH AITBWT
KiW KyZ Tl o572, 48 A7y 7 B TiX, T X TOH K/ICBWTK MK, &
IEFE Lol LIEDo>2T, ZOFHEIZL->THIIE BN TRENY
ZETERITINEZRDLONDENZS.

TDIICLTHLNLBEH FOBHRBERIZK,OPEIZL-TEILTS.
ZIT, RITCTHONCBRESEZERBER D LKL GEY 2K, %
KD, LT, Fig. 3.9 ()DIHZ y ITE-oTELTEHH Lo ZBE
SO/ KME%ED, LEFETS. Fig. 3.10 12, =DM T & HEITHNT,
K o2 IR ELTEONEZDEZTT. ERICBIIAZFEEOH E
R D ZHFETHBETHRLE. EMITEFHFITONT, KB RKREWIEE
DREMET 5. 2oL, AHRESOBE|D,-D| B &/ L7425 K,

200
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3150 s~
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§100  ezogooot e
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Ky, MPa m'/2

Fig. 3.10 Crack depth obtained by three dimensional analysis
for a variety of Ky
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DEIEM LEBHFEICE-TERS. 22T, LTORFEIZEY, M LE
BBV TARGTBIOBENEYMILNSLRDK,OBEEZHR <. £,
Fig. 32(a)tlﬂo>r“wﬁﬁﬂz7bx6 PEBEOvORRDZLUL TOL2>OM L4
%5 4R L7z (P [W], v [mm/s]) = (50, 80), (50, 120), (50, 160), (70,
160), (70, 220), (70, 280), (90, 260), (90, 320), (90, 380). K&\ T, =
DILSOM L EMICENT, KX ITRELTD 2K ®, DO DI
XTAHFRE %

]D -D,

x100 (3.4)

C

THHELEZ. ZTNFRDOKIZOWT, L oOMLEMHE T THELNIZeD
T E ExRR D, Fig. 3.11 1, ZRE LKk TR 7. oD
EDHEEREZZF—NRN—T, FNODFEHHEEZ@TRLEZ. Ky
0.76 MPam"? D& X £=55% &0, /O /DN Thole. 2 LY, ER
LI 2D EEIZHOWTIE, K, =076 MPam A @Y &V 2 5.
FNT, P=60,80 WD H A ICDWVWT, K,=076MPam?L LT D %KD,
D, LB L. P=60,80 WD KM ix, K,PIREIWHERLEL>DOE M
EENROMTE&HETHD. Fig. N2 ICHKRZFRT. P D19 &4

25

R N

‘ e

0.64 0.68 0.72 0.76 0.80 0.84 0.88 0.92
Kth MPa m172

Mean value of errors
of crack depth £ %

Fig. 3.11 Mean value of nine errors of analysed crack depth
for measured one under a variety of Kip
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Fig. 3.12 Comparison of measured and calc/ulated crack depth
in the case of Ky, = 0.76 MPam'”?
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33O TH X, ERABZOBREREER T. HORITERE AT OH A,
BEOoRIBIERZOE A THD. ADEH A 0B KROLLE, Fig. 3.13
DEFIZRTIORKBELN, Sim A, B, C IZBWTKD Ky 2T [
Sl T ALPEREFECEOLLT, #RBR B O0AZEMEOAR T,
Him A B CCBVWTHBRMRESEARTIIERDNS. 20X, #
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Fig. 3.13 Difference of crack shape depending on crack
propagation distance at one step, 4L3p
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Fig. 3.14 Comparison of crack shapes obtained for three
different time steps where Y. =9, 10, 11 mm
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Pre-crack

" NCrack tip:

Fig. 3.15 FEM model for two-dimensional crack propagation
analysis
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Fig. 3.16 Calculated crack depth under a variety of K, and
measured crack depth for three processing conditions
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Fig. 3.17 Mean value of eighteen errors of analysed crack depth
for measured one under a variety of K
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Fig. 3.18 Comparison of calculated and measured crack depth in
the cases where d is constant and P, v are variable.
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Fig. 3.19 Comparison of calculated and measured crack depth in
cases where P, v are constant and d is variable.

TR LHFETIT o, T REMIT TIIRADHRBRONDD, E IR
TROBHERERAZICOVWTL, M THT CEZ3 R LT O
HTBRHEHATHS.

47



3.5 f&

ARETIE, V—FRIFSATCHRDVEET, ERERLZER T R4
THEREINDG - EERIODBHRIZERALE. ZTOBHDEIZHEE T2
EEAMELT ARESOREERL, _RIBLIU=ZKR LBEHRERE
RATZIT ol TV, YMIHBRERELTE-NI ORI K
BEKERD, KPISHIBERBEOLEZVE K, ZB 25 HPER
SEET, SR AT 2TV, BONBHESZERFBERLLEEK

5o

LT, BTG EBLUOEROZEMEZRFTLE. RIZ, Z R AXE
BRMBETEZITV, LV EICAHE é%::k&bé LEBEI L. ZORE R,
LUTF off im0 8 biniz.

. BRFPRAGECTHARIEEENICER TL0T, ~EHEIO
BAPERIND. 20D, EERPRMAEOHMWEAL W H LA
WTBHERBEREMHIT TED.

2. VWO OMIEH»O@EY 2 NIEKFEHOLEWE K, 2K
DX, BN I B CORBEBREIZRAERMBHR I THE
ETED.

3. L—VH A, EEERE, A ABEHORRIEHOMIT &HF I
BUZ2BRHBEIOBTFERIT, EBRBEREIC—HKLE. LEMN-
T, KW FEORZS N REINT.

4. ERFPRAHEOBUERBIIEETHR THIND, RIVFATH
ML CEELRWEHEZGRBELE R TETICE>TLERE
SEHETED. ZRITMINTIIBRADIBEREIROND D, R T
RTCOBHERRARBIIWMNIE, EFECITA2_RETBHTOH
WH B THD.

RKETRLEIIE, ERPRMFETCERINLIEHOEZIIMNT
SHCEoTERD. 2, AIVFATHDOT VAV TR TCHLELRLHIT
S NIZBRFESTEETS. LER-T, KEFICLY, BFHESETTE
BLTHEEMT&H2KRVIADIENTES. EREZTAIEEM I &4
TTHRINIZBHRESEHAOIDIN, KETR =BT EZH VR

48



HEHDPLRVRITEROEREZRZRENIITOILTCAREIZHET
o7, AEMOR EEXDIENTED.

2 E Uk

1) K. Yamamoto, N. Hasaka, H. Morita, and E. Ohmura: Thermal
Stress Analysis on Laser Scribing of Glass, J. Laser Appl., 20, 4,
(2008), 193.

2) WwAR=ERE, Pk B, FEER, KHEZ: I7RAOV—-¥FRI7
ATEZRBTDZKR LIS NN, BABBFESRIXE CHR, 72,
724, (2006), 3927

3) A. Portela: Dual boundary element analysis of crack growth,
Computational Mechanics Publications, Southampton, (1993)

4) MLz MEBENDZAM, BREE, RR, (1976).

5) H.D. Hibbitt: Some Properties of Singular Isoparametric
Elements, Int. J. for Numerical Methods in Engineering, 11, 1,
(2005), 180.

6) R.S. Barsoum: Application of Quadratic Isoparametric Finite
Elements in Linear Fracture Mechanics, Int. J. Frac., 10, 4,
(1974), 603.

7y R X, F EF, RN nE: ZRIEEROL NI KL LR
roBEIfk, BABMESHXE, AR, 61, 587, (1995), 128.

49



B4 NI EE e R R v AT 0 008 78 B B R R AR AT

4.1 & &

BBV WA RKBEPLEVVELB 228 TAZ 2 B
SHLHILT, ERFTRETCOABHXNDEEELRERIAKZMEHKL, &
HEIFHETELHILER L. BEFR R TODLHED, Z R TEBT
WX TINB B IZH/ITENTEZBIEL R L. ERER LB LERE
R, BT HFELHBTIBEROZ S HENRENT.

AETHE, MIBABKMERBMHECOREFAXERIAZ ITHE
BL, REOBFTICL-TRAAER A= XA%’Fﬁn"JLLT_.jJDIEﬁ!Zé‘{ﬁU
ERBMAECIAADIEKRZEBRTIHALHY, ERPRETER
ZEANERBEGVEEIND. BHARERP R CHEFT WITER
THECZEDE, EREMF L ICBII2BAERREED. LEEN-T, 20
JORERBAHAETOBRERRLEDEABXNEROAN=ALEEMR T
BDIENEEThHd. £I2C, KX T ET, BRI PLER P R I2H
T, BHADPEDIOVICERLTC - ERSIDEHEBEIIEDINEZERLIC
FoTH AN RIZ, EREREE EA, B 3 BLRKIC, EREFRE

CEBBE WM R CESVWIERERR LI AR ERMRT &
1T

42 EBRFEBIVHER

V=P RIFGATERETOCHY, B LW ARHDOE X% Fig.
4.1 ZART. A, VHAREREZCYHAR K TERES
WrL, mWmz8l 2 L0 THd. MNP DO EmEmMB, RVTATER P
V=Y HERA TI2EHTHD. IHMARHROR TN Ilmm, K TO
ST 100pm & L7-.

COIORUBMAREEVRLEE, V—YRISATEREIT-T, &
HWBEDIHICER L TEKNIC—EFERSORBRARERDINER .
HERBIOCERFIEITIE 2E TR REZEYVTHS. Table 4.1 12/ T
ZHEFT.E—LBRIIEIZOL—LFB R aRALTHS. NI %,

50



Glass edge ©> Scribing direction

Fig. 4.1 Microscope image of initial crack

Table 4.1 Experimental conditions

Laser beam shape pattern a

24, Length of minor axis of heated area | 1.2 mm
2n, Length of major axis of heated area | 26.0 mm

: Distance between centers of
4 cooled and heated areas 150 o
P Laser power 50-90 W
v Scanning velocity 40 — 440 mm/s

2& Length of minor axis of cooled area | 2.0 mm
271, Length of major axis of cooled area | 3.0 mm
Flow rate of coolant 0.8 ml/min
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LA ELE.
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BMPAEBROER~FZELTWVD. ZO/BENS, EREZBICFH R LY
HABHNPEBAHR~LEARLTMNE AFTTERL, LB AICBWTE
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Glass edge Part-through crack

&> Scribing direction : A

Fig. 4.2 Microscope image of cutting surface at start of processing
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Fig. 4.3 Example of mesh geometry of BEM model for a through
crack
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4.3.2 MEMNTHE R
4.3.2.1 BJL IR RE R
Fig. 4.4 &, AREZFBIT CHOLNIZx=0MADEE/S N o DK

Y, =-20 mm
Y.=-15mm
Y. =-10mm
Y. =-2mm
Y. =0

Y =4 mm

Fig. 4.4 Variation of stress distribution around start of scribing
under the condition where P =90 W, v = 380 mm/s
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Y, =-20 mm

Y.=-19 mm
Y, =-18 mm
Y. =-17 mm
Y. =-16 mm
0 1 2 3 4 5
y mm

300 0 20 40 60 80 100 MPa

Fig. 4.5 Variation of analytical results of crack shape during heating
under the condition where P =90 W, v = 380 mm/s
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Y.=1mm
Y.=2mm
Y, =3 mm
Y. =4 mm

300 0 40 80 120 160 200 240 MPa

(b) The case where initial crack front crosses glass surface at 45
degrees and crack precedes at top surface

Fig. 4.6 Variation of analytical results of crack shape during cooling
under the condition where P = 90 W, v = 380 mm/s
(Continued)
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Y.=1mm

Y.=2mm

Y, =3 mm

Y. =4 mm

:

-300 0 40 80 120 160 200 240 MPa

(¢) The case where initial crack front crosses glass surface at 45
degrees and crack preedes at bottom surface

Fig. 4.6 Variation of analytical results of crack shape during cooling
under the condition where P = 90 W, v = 380 mm/s
(Continued)
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Fig. 5.1 Positional relation of heated and cooled areas and
initial crack

63



Table 5.1 Experimental conditions

Laser beam shape a

28, 'Length of minor axis of heated area | 1.2 mm
271, Length of major axis of heated area | 26.0 mm

Distance between centers of
d cooled and heated areas 15.0 mm
P Laser power 60 W
v Scanning velocity 100 mm/s

2£  Length of minor axis of cooled area | 2.0 mm
2n. Length of major axis of cooled area | 3.0 mm

Flow rate of coolant 0.5 ml/min
x... x-shift length of center of cooled 0, £200, £300,
shift area for center of heated area +400, £600 pm
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B2 BETHRRLZII, VL—YRIFATH, MBABRCTCEETRE RN
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BLE#1To. Fig. 5.2 12, VL—HPRIFGATEDx—yBADOIEF —ar
GAEx FAOIATaTdyANERT. —FlELT, @ H THE xgiy B
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— Experimental — Gaussian fitted curve

Fig. 5.2 Retardation distribution (upper) and x-line profile (lower)
around heated area after laser scribing in the case of xghip =
600 pm
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Fig. 5.3 Example of measured cutting surface profile in the case of
Xshift = 300 pm
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Fig. 5.4 (a) Variation of the crack location with the crack
propagation seen from the retardation distribution and (b)
variation of x.;,cx from the initial crack tip to the vicinity
of the processing end in the case of xshirr = 300 pm
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Crack front Side view
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Fig. 5.8 Schematic of variation of K¢ (upper) and the crack
shape (lower) with the analysis progression
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Fig. 5.9 Example of mesh geometry for BEM analysis
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5.10 K¢ at Step 1 under a variety depth of the initial crack in
the case of xshift = 300 um
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5.11 K¢ (upper) and crack shapes (lower) at Step 1 and 2 in
the case of ajy; = 30 pm and xspiry = 600 pm
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5.12 Analysis results of the crack shape in the case of xgpift = 600 pm
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5.13 Ki(Ax), Ki1(Ax), and 8(Ay) at Step k in the case of xgpirt = 600 pm
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