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Laser irradiation surface Scribed edge

Crack depth

Scribing direction

Separated plane

Fig. 2.1 Example of separated plane by laser scribing
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(] ] SS 7 Lens

Water jet

———-_  Heating area

I Glass
——

Scribing direction

Cooling area

Stage

Fig. 2.2 Schematic of experimental setup

30 20 10

Fig. 2.3 Beam profile of laser scribing (unit: mm)
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X

Cooling area Heating area
Y

o
=
N

Scribing line

Glass

Fig. 2.4  Definitions and variables of geometry used for heating area, cooling
area, and respective distance

Table 2.1 Typical condition for experiment and FEM analysis

Glass thickness 0.7 mm

Glass size 300 mm x 400 mm
v Scribing velocity 200 mm/s

P Laser power 58.7W

2Xx, Minor axis of heating area 2.1 mm

2y, Major axis of heating area 22.0 mm

d Cooling point distance 10 mm

2x, Minor axis of cooling area 2.0 mm

2y, Major axis of cooling area 3.0 mm

Qa, Heat transfer coefficient of collision point 10° W/m’K

MIMBHNO R 7 T4 7 Hmc®kEaREZ ETE ¥, Fig.24 1L —H%
E— LI DMBN L T — X — D = v M X DB E N &R E R
S

AEHZ X, HE 0.7 mm, ¥ A X300 mm X 400 mm D Y — X H T A K
W& MW7, Table21 IV —H R 7 T4 T&MERT. A7 T4 T HE
ELU—PHAIAREMBZT L TWVS. MEBURO K& S1%, 1/l BE L1/
FREZHAWTRLTED, GAO RE L, 7 AVREEIENY A, B
FO 7 ANET T AEREEOBEHE CREDLIER TR LEZ. E— LI,
MEGRME, BLXOWHASEREJT—E & L.

11



Table 2.2 Physical-properties of soda-lime glass

Density Y 2520 kg/m3
Specific heat ¥ 800 J/kgK
Thermal conductivity ¥ 1.03 W/mK
Expansion coefficient > 8.7x107° K
Young’s modulus 6 71.6 GPa
Poisson’s ratio ® 0.23
Softening temperature 6 720 — 730 °C
Average bending fracture strength 6 49 MPa

TOXI RV —VRRESKMETH T AEKRD 300 mm DI FEATIC L —F
A7 TA T Lie. T AEROFIE & i L Tl CIRBRES KA
ML%ﬁwk@,xﬁ?%ibt3wmm§@$%%2mmm@ﬁﬁ?
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WEDENTT ATy VHBMENMETL, MTHRENREYROT, 20K
IRBAB AT TATARAELHB L., 27 T4 7%, 77 AERET

WL, EFBEMEEZ MV TRESD ZHIE L.

2.3 BRI

EBRICEVRDIZAT T4 THRMEICEST, WHT v 77 5%,
A IREEFRVEIT X 2 I E & BMMEMAT 217 - 72

Fig. 24 D XD H 7 AEKRDO LV —FREEIZ x—yEBELZ LD, yElh
MaA7 T4 7 HmEL, z@iimMERESmE L., V=TT AD
W PEAE Y121, Table 2.2 OE Z W\ 7=,

Fig. 2.5 12 = JC FEM M@ O BEHR o H 2~ 3. Z 2 TIL 8 Hif 1 kE
FEHWEZ., FHEZEE L T0.7mm x 30 mm x 200 mm O 8% & fE 4T
Lz, EBRTOARAZ T4 7EIZ300mm ToH DA, 200 mm Tt 115040
CETAONRN 72O T, FRAMEZIERT 2720, ZZTIEAZ T
A7 HK%Z 200 mm & L7z, FAFFEEBEOPLICE o2, E— AT
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=

(b) Cross section model

Fig. 2.5 Three-dimensional model for FEM analysis

) (x#lh5M) OB ORK/MEE 58.6 um & L, WEFHH (z#hHH) X
43.75 um CTHEZE Lz, mENR @B T 5 & & O IE % 5 127
X570, Fig. 25 DX, A7 ITATEOHRNMNEE AT T AT
Jim (y#EhJrm) 1 125 um RIFE TR < o8 Lo, ME R 7452,
TREIL 6095 THH. K AT v 7, 0125mm 2 A7 J A THEY T
brL7-FERT, 37205, 0.125mm/v[s]E L7z, MEL, BIOWmEIO KX
XX, Table 2.1 Dz Z O F EFHW, WIT N b H T A4 & Lz, Fig. 2.5 (b)
DX, AHEITRAORVIREEE L@l s R L. PR
(y—zi) O OME I x#h, IOzl HmmicmER L.
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y =200 mm/s
d=10 mm

(a) Temperature distribution of laser scribing

A 10 mm

P
(b) Teperature distribution on y—z plane

;
=] |
1S
™~
_
1 mm
20 60 220 420 °C

(c¢) Temperature distribution on x—z plane in cooling area at y =0 when the center of
cooling area reaches y =0.375 mm (Section A-A)

Fig. 2.6 Example of temperature distributions by 3D FEM

HFROWEREFELTZEZ A 09793 %L o570 T, RIS
FEFHC X o THIE LT T AEBROKFF 185 %% EREL T, L—¥H
NEPELTHT AFER~DOANBEIL 0.798P[W]E L7z, HEROBEE
i, EHETH 0983 %&, FFARMICIFIEF-—HTr2ELGoNE. L—
MBS T2 H T A FERFE CHHAKDBERFICAR T 5 BLG 03 K5 CTHl
BEINDHZEE, KARKIZS~8um ICRINEEHER®IH DL ", W
HAKIZED CO, U —F OIS LTz, HREEOBIURER o X, 7+
— 2=y FOWHE (ZOHE 08ml/min) LV EHB LY. bk,
AKX 20 "CITHIBEI L TV b, EBRTIEX, V—¥Hh, 7 T4 T7HE,
BLOMASEMIAZELL T YV —F—Y oy FOREITZE/LIE R
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P=58.7W
y=200 mm/s
d=10 mm

(a) Stress distribution of laser scribing

0.7mm

A‘

- 10 mm
B i

(b) Stress distributionon y—z plane

112 -9 -8 6 -4 -3 48 MP
........ &

(c) Stress distribution on x—z plane in cooling area at y =0 when the center of cooling
area reaches y =0.375 mm (Section B-B)

Fig. 2.7 Example of stress distributions of o by 3D FEM

WO T, EREDOBURESR o 13 Table 2.1 OfE & AW 72

BAERZERT OB, BEORVIRIE TS IR 217, Z Of
ENDIRDIERBEEEZRDD Z BN i k<fTbhTnp Y =z
TH, ZOHBICHET TRADZRVIREE TR T L.

mlziE, V=Y P=58TW, A2 T A 7HEv=200mm/s, % H
MR d=10mm DR T A4 7&MEDEE, y=0 DHDORESEIG T o,
DERKERDZOE, GEFLNYy=037Smm DL X ThoTz., ZTDL X
DR E 3 A & I 153 A D ERT RS R A £ L Z 1L Fig. 2.6 & Fig. 2.7 IZ/~ 7.
Fig. 2.6 (a)& Fig. 2.7 (I LV —VHRHNE TH D x—yHEi & x=0D y—zf %,
Fig. 2.6 (b) & Fig. 2.7 (b)IT x=0IZ B % y-zifi %, Fig. 2.6 (¢)& Fig. 2.7
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Stress o,, MPa
-60 -40 -20 0 20 40 60 80

0 //‘ T
01 r—— -~ - -
0.2 O-tmax
£ e N O H
= 0.3
W04 - N
0.5 P =587W
y =200 mm/s
0.6 d =10 mm

0.7

Fig. 2.8 Stress distribution of o along the z -axis of Fig. 2.7 (¢)

@ﬁh}O@xz@%TLTV%>Eg2M@(M®i9 , 2 B I
=LV BN TRARMEICEL, TOE%, HHINLAMITEK TS
L. WNEREL, 228832138, MALHHOEEELZZ FIC <k
, WHEHBR TR, FHEE TR HEAINTWS . 2RIV, Fig. 2.7 (a),
(b)D X 51z, FmrfF TIXMEBIR TIEMIS DA% AE L, BHEOZEHH
K o TRWMITIERE IS 102 B S8R IE T~ LT 5. MBIk O NE CTiX, z 7
WML CIREMETT 513 E, EMSREAD L, HicslRkisheEnro
TWa. WHE T ORNMIZEMG DREICH D, ik, REAZNS
NTHLHNERELERIERBICHLTEOTH S.

Fig. 2.6 () HonD LH1T, x—zHDIBRESHIX, BEHIEZTHAS
, NIHICHHOEEZZNZEZIT T RWVWERENERT 5. 6]
AT, Fig. 2.7 (0)D K 212, WNEICERAFT 2 MR EiE s % & 72
D, WHEINIZH T AERKRHEICKERBIRISOABREET S, 205k
IS XV BANETT L EHATE S,

Fig. 2.8 |2, Fig. 2.7 (c)® z#h E (RE M) Do DISIH5HZ T .
LT, MEBCTRET LDRED o, D KLIRIE % o, [MPa], Z®D&
EDOH T AEBRNE D o, O KEMIS T % o, [MPa] (#axtETERT),

Cmax

BXO, Mo 7 2 ERFHOKEGRZBELT _[°ClET 5.

max

16



0.1 mm

0.1 mm

Fig. 2.9 Mesh geometry for FEM

ZRICIRANT & DEEZAT O T2, ZIRJUENT 21T o 7. IR LR &
THOHEE, x-—zHEICARERET VAR T . £ D EFE 5 EI% Fig. 2.9
WZoRT. A EE L T0.7mm x 30 mm OEKE MR L L, B—
LgITm (xqhd7m) OoEORANMEAE 3.7 pm & L, RIEG W (z#h7
1) O FENOER/IMEZ 2.7 um IZ5EF L7, RETREIE 769, TR EIL 721
Thd. B A7 v 7%, 025mm/v[s]l& L7z, H 7 A0, NS
ff, B L O AN T = WOt & [RARIC L7z,

x—z [ O ZIRTCEUZEMRNT TIE, L—PF E—2F 0% y=-15mm O
B D ydhTm (RO RS FRT) (ICEAL, MBS L mAZRE%
R & bl BfbEEn. ki, o RBESZH W T,
0,=7,=7,=0 E L PHEISAHMBEE LT x—zl O “RITBUS T
MraiTolz. 2ok X, b —WFIRREHSG 2 x 8l 5 M ISR U, il 2 x i,
BIOz@ihmiczhZhiR L.
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24 EBRFERLER
241 V—HPR7 T4 THE
BHRESICHEBEZBZ2HRNEZWET L7720, L—FH ) P=587W,
A T AT HWEv=200mm/s DFEMFET, HEGEMIZ 10mm 7> 5 2 mm
FFRCTHMSE T, 2O EOBRAREI D, ZWE L. K% Fig. 2.10
5 N BN
FTEBRBERICESHT, BAMCTORTE KBRS o EWHHR
HEEd OBR Z2 ZWRICEIS RN HR O 2. fER A Fig. 2.11 (2.
d=14~16mm O & & o, (TR K ERY, d=16mm Ll L TIiE, dIZHH
LTo, 3BT 2mNHALND. dB¥ENT 5 &, BIHIC LY ®
AERTO N T AEREERENCT L, @ABOERERE & NEIRED
ENWNSL Do, HNEPTLHEZEZOND. d= 14 mm LLFT
O WIE T LTS DL, MBI M AR S E 2V, B LT IX R
mHINLTD, HITANT~OEEOANBENBDVPTHZ LIZXLDE
EZbND. WTRICLTY, Rilix K5IERE Do, NENT 5 & BR
RED LIRS 2DHEEZEZDE, MBS E MANER SR WVEFH Td MR

180 T

—
~
o

—_
D
o

—
=
o

Crack depth D, ym
g

—_
w
o

v=200‘mm/s

120
5 10 15 20 25 30
Cooling point distance d mm

Fig. 2.10 Crack depth D, versus cooling point distance d
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NS 21E o, DEMT 20T, BHESD GHMTHZ LIRS,
Fig. 2.10 ® D, & Fig. 2.11 Do, ZHET 5L, d=18 mm U LT, 47
BT 1o, BHENTDEWSEmIED,OBMmE BT 5. Lil,
d=18mm TD I KEERL, d=18mm L FTIX, d¥/hS< 251
ED I LTS, ZoZehs, BHEIROKRERKSIEL Do, D
HTRHEERI D EFm CERN LI D,

F T, WEARCTRER RGBS o, NIEAETDH L, NEEMEIS
NOMHEN R KR ERDES(LUE, o, JRS LWL WA SEREdD
R % T BUS T DR 7. £, NERKEMIG Do, W
HAHEREd OBAfR % Fig. 2.11 ICERT/ART. Fig. 2.11 1B WT, o &

X dIHpFI LTS 503t LT, o, iddBEINT 5 LHT 5
AR H DI LBnbrid. dBRHENT 2 L BILHEEH d/v RIS 25 O
T, WO ®mIEEA TN TIRS 20, EMSAREMI LD L
2D, WEEMISITRROES Fm~DEREZY T 2ERNNH 5
DT, dOEMTHE Ve, RSBERS > To,, B/NHNSL< 2D LT,

70—y 250
j | - P=58.7W
i | | - v=200mm/s |
S S — s e T —
g TS N, s
: Ve | :
T — o o o A —= 200 ©
L L °
S U .
R Sy (. 11750
R o i T S NS :
7)) IS, S D I S '

5 10 15 20 25 30
Cooling Point Distance d mm

Fig. 2.11 Maximum tensile stress o, _ , maximum compressive stress o, , and depth
max Cmax
of o versus cooling point distance d

Cmax
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BREESDPERS DL LITMAETHLEEXOND. Fig. 2.10 DRHEE
ED X, d=18mm UL FClEdickpliLTHmMLTEY, Z2Do,, B,
BLOo,, D EDOHBEOHEME —HLTVD., ZhbDIENnb, &
HRR S DT AT O FRE R K EIE T o, & W KIEMIG o,

BLOo, HESIKEL, ThOOBEBHRICLYREDOTEARLN

P=58.7W
v=200 mm/s
d = variable
—"’-'b— Glass Separated plane
A | % p p
—~
i i 1<\ Crack depth D,

—
|

Y -
a2
3
! T, Y
Q -
g v £
o) a3
2 z
!

(a) Cross sections of separated planes

(ii)

20 60 100 140
® &0 6O OO ®

(b) Temperature distributions

3
3

(ii)

1 mm 48 MP
——————————
® 066 00 ®

(c) Stress distributions

-112 -9 -8 -6 -4 -3 0

Fig. 2.12 Cross sections of separated planes, temperature distributions, and stress distribu-
tions for various cooling point distanced ( (i) d =10 mm, (ii)) d= 18 mm, and

(i) d =24 mm)
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EHERIND.

CORHMDOZK M EERT DD, T AoWHim CRAEBIRE B
L72. Fig.2.12 (2, WHEIASHEEEd=10,18, 1 X O 24 mm T D 4y W7 W 17 5
HE, ThZFhomAEA GBI T 2EE DA &S o4 %2~ 7 . Fig.
212@%0%%%&,d=1824mm7ﬂi,z$wﬁm1: EIZAETTWSE DI
LT, d=10mm (2725 E BANPEFIZEH L TS, mEIERE D
W+ 5 &, Fig.2.12 (b)D X 512, BPLEUC L0 WENZHEAFT 5 miR S
ﬂﬁ<ﬁb,%@kﬁ%@mf##mé<&01mé@ﬁbﬂé zhn
[P VNI i RIERE IS 71 o, B &8 Fig. 2.12 (¢)D X 9B 72 » C

Cmax

qm@k%éﬁmé<&ofw5.

Fig. 2.12 (a) D &I & Fig. 2.10 OB X D, %, Fig. 2.11 O AT #E
BEOEEELTHD. Fig.2.10 I8\ T, d=18mm CTREE X D, 1L 158
um EIFIFEH AR E RV, Fig. 2.12 (a) (i) RT L o ic, BZITEBEICEL
TWb. ZmoE X, Fig. 211128 T o, HESI ﬁlwumkﬁofm
%H.d=18mm XV KZVd=24 mm TlE, Fig. 2.12 (a) (ii)IZ R T & 91T,
D 152 pym TRRELS 2o T 5. Fig. 2.111ZB W T, d=24mm O &
Do, WEIFHM200um T, d=18mm D & X LV IEL, o, &o, X
EHIZEVNEL D, 20D, DITd=18mm DL X LViEK ko
T, BALHENIEMHISC NG ETELRVOT, BREIEEICALD EE
b5,

dN18mm X VD32 L, Fig. 211 BT, o, HRIDKFIZES
B EE BT, o, HHEL, o bEERINT D, B L A HEA
HR21EEdN/NEsLndLo, TP T LN, T THHEHRE R
EAMEFFEN TS, 22 L REOLI RIS TIIHEANZ L > TRAET D
P THLN, NEHOEMISHPEREOGIRERNZMESEL LBV
L. dBWNEL bl o, DMV LITKE REEMERT 2EHADH
L7, DITERLS 0T WVneEEZLNS. LML, d=10 mm T,
RN T@&wﬁﬁ:k%&E%mﬁ%ﬁﬁﬁﬁét@ BT REIC

MR T &9, F1g212(a)(1)0)c]:9 , BRVEFEICEMT D, ZOBEE
mBHOEMIZLY, ﬁdwumk&<@5k%x%ﬂé.
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Depth of Ope

(a) d=10 mm (b) d=18 mm (¢) d=24 mm
Fig. 2.13 Schematic of crack formation imagined from thermal elasticity analysis
results for Fig. 2.12

Fig. 2.12 (a)lZ 7~ L 72 SEBRAE SR 1E, AR S D, 23 HIsk ¢ o 3R 1 iy K5
win o, LR KEMEE o, , BEPo, JRIITKFL, Z0b
DEEDRICIVREDE VI ETRORHOZYEEZ BT VD LW
5.

PLEDZ &%, Fig. 213 ([Zm AR OIS ke & AR o X TR
T. MoORHoOmE L, REMA5E, NBAERTHLZ a2 RmLT
50, REIORE S No, EIWKFETDHZ L, BROBIRERSIRZ
Nl THR_REDLZEEZRL TS,

242 V—HFRIFATHRBEHEOHE

L—H 27 54 TARESRNE, V—HHDICHTH A7 T4 7 ATHER
JEE L THERRICKYRD ., LEBRE R Z Fig. 2.14 (27 . X o &iE M
DXANIV—HF R 7 T4 T OREMEITVE L LTREA R L TR Y, (R
DXENIBA 72 ZA =N H T ABEREmITE T2 REEZR LTS,
—HPFHADREINT B0, A7 T4 7AEEHEE G &HIZ 2 MmN H
%. Fig. 2151%, A7 T4 7RI L THE L-BHESTHD. %
L— AT 5 BEESIE, TOWREIDIEVTNAZ T A4 THED
RN, WA EBHEMICIS L TWD.,
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Fig. 2.14 Domain of laser scribing conditions obtained by combinations of
scribing velocity and laser power
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Fig. 2.15 Crack depth versus laser power
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3D analysis
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Fig. 2.16 Maximum tensile stress o

range in 3D analysis
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Fig. 2.17 Maximum tensile stress o
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T,Table 2.21Z/R L7z Y — & H T Z2D#EALK 720~730 °C LV + 53KV,
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31 ¥ =

E2EICBWT, WE 0.7 mm DY —FH T AR EA L —F =%
7T A T FERIZHE SO THREREIC L DB 217, Fig. 3.1
CRTEOIRV—F R FTATHEEZRB L. L—FRHEICEOV T
AFERFBER BN S AU, K9 bWNEHA~EBN{mH 5 (Fig. 3.1(b). L —
PMBABERZICV A —F—T Yy NTEY, REXGHIND (Fig. 3.1

Water jet Laser

(a) Top view: Temperature distribution on glass surface
La{\

Compressive stress
(b) Section view (at A-A): Compressive stress induced by heat

Water jet

™

Tensile stress

Compressive stress

(c) Section view (at B-B): Tensile stress over compressive stress field

. Stress .
Compression<= === Tension

tmax

Depth

(d) Stress distribution along the central axis at B-B
Fig. 3.1 Schematic of laser scribe mechanism
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FHENTWDE. V=PRI T4 TEBIE N ERHNZMTETH DO T,
M RERBEOERBLEZTOT VW EHAENDL., VL—FRIIFATOEH

IbxB 27256, WELHBERGEEP LT TEELZRMEICT L2 DR
AIRTHD.
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MINSWHETTT T ANZEBNWT, RREMITEZITV, MEEREIOREL
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HEHECTEDLZEBHLNC/R-T-OT, FEDREZEL T, LV
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Table 3.1 Typical condition for experiment

% Scribing velocity 200 mm/s
P Laser power 58.7W
2 X, Minor axis of heating area 2.1 mm
2, Major axis of heating area 22.0 mm
d Cooling point distance 10 mm
2x, Minor axis of cooling area 2.0 mm
2y, Major axis of cooling area 3.0 mm
1S
30 mm ‘ g
ol x
et T
I
0.1 mm -
|
0.1tmm — 7
| |

Fig. 3.2 Mesh geometry for FEM analysis (Glass substrate with thickness of 0.4
millimeters)

32 EBRFGE

EBRIIF2FEEMRRIC L. L= X7 F 4 7 %1% Table 3.1 Dfa %
Anwl., 22947 8ELL—YFHINIIREFMEEZTLL TN 5S.

BRIE 0.7 mm, ¥4 X300 mm X 400 mm DY — & H T & (JH# 1
AS) 1L T, WEDOEEELM58546, REHIIE, HE 04, 0.55, B
L1l mm, ¥ X300 mm x 400 mm O Y — & H T ZHM & AT, #
GIRIR B DB A PR D5, AEHTIE, RE 0.7 mm, YA X 360 mm X
460 mm O TNV )V — " H T A (a—=2 78 1737) EHRIE 0.6
mm, V4 X 150 mm X 150 mm OAFEH T A (JEME -8 AQ) = HHW
7.
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Table 3.2 Physical-properties of glass substrates

Soda- Alumino Fused

i Ref. .. Ref. | .. Ref.

lime silicate silica
Density kg/m’ 2520 1) | 2540 5) | 2200 6)
Specific heat J/kgK 800 1) | 707.5 5) | 730 6)
Thermal conductivity W/mK 1.03 1) | 0.9085 5) | 1.3 7)
Expansion coefficient K ' 8.7x10°°  2) |4.2x10°°  5) |0.6x10°° 6)
Young’s modulus GPa 71.6 3) [70.9 5) | 73.4 6)
Poisson’s ratio 0.23 3) 10.23 5) [0.17 6)
Softening temperature  °C 720-730  3) | 975 5) | 1600 6)
Critical stress intensity MPam'® | 0.76 5 1091 5 1079 4
factors (N, 300 K)
Fracture surface energy = 1.9 4 |47 4 |14 4
(N> 300 K)
Reflectance % 18.5 12.7 12.83 8)

3.3 BULS SIERAT

B2EIZBWT, ZRIEBICNMT T L —F A7 F 4 T ReEt%E
WETEXHZLEDRHLNIR-TE-DT, 22Tk, A EAHEEEL T,
X EHM R RN 21T - 7. Fig. 3.212, HE 0.4 mm © FEM fEHT 12
AWEEZNEZ L LTRT. BT 2A0WMEE, MBS, BXOmA
FUEE 2 BMEFERICLEE., A VU — NI A, BXRAETZ
2N BT DMEATITIX, Table 3.2 DY A H\W-. W00, VY —27
TADOYMEEHFEL L TWD.

3 WITRADV—FRIFTATITBITIREDRE

3.41 EBER

WIE 0.4, 0.55, BEXO 1.l mm OB T AERIZBITDHL—HF AT T4 T7H
BEEMtE, V—YHAOICKHT A7 T4 7AREEE L LTRDZ. b0
FEBHEREZNTNOFRIFICHIT HBEES D & Fig. 3.3 12777 . KE 0.7
mm (%, %2 EOERSEREELE L L. Fig. 3.3 (d) OOHIE 0.4 mm (2B
T, =P 80.5W TiE, ERILEOKEEEFE 500 mm/s TH R 7
A4 7 HRETH - T-.
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(i) Scribable velocity versus laser power
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(i1) Crack depth versus laser power
(a) Plots of scribe conditions for glass substrate with thickness of 1.1 millimeters
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(i1) Crack depth versus laser power
(b) Plots of scribe conditions for glass substrate with thickness of 0.7 millimeters
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(c) Plots of scribe conditions for glass substrate with thickness of 0.55 millimeters
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(i1) Crack depth versus laser power

(d) Plots of scribe conditions for glass substrate with thickness of 0.4 millimeters

Fig. 3.3 Domain of laser scribable conditions and crack depth for glass substrate with

thickness 0.4, 0.55, 0.7, and 1.1 millimeters.
represent conditions that crack progress was arrested and “x

(1) “x” marks at higher velocity
” marks at lower

velocity represent conditions that glass surface was damaged by laser heating.
(ii) Deeper crack depth corresponds to the lower velocity condition.
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Fig. 3.3 (a)~(d) (W WT, HHEMOXENZL—HF R 7 T4 7 0@z
FIAMEIE LIRREZ R L TR Y, KM O XHNTE 2 4 2= IR H T A
FEWRFEIZFE > TREEEZ R L TV D, Fig. 3.3 (a)~(@d) ()BT & L —W
MR T 28RS DX, ZTOWIBENTN AT T A 7B O

, WD EE NI RS LT D .wﬁh®w5:$mf% L=
MEINT HI228, A7 74 7AREENEGRICRL2ERARZH 5. £z,
7 A= WECTZA 7 FA4 75404 (REMO XHD) 1%, REICXHT,

IEFRUCEMELERSTND.

BE 1.1 mm OBLEITHE I L2 FF (Fllo XED 1%, L—F (X
HAMTAY T A 7 A REHREFIH AN A OZx LT, mE A ik 22 -
T, A7 T7A 7#HEv=350mm/s L ETIIAZ T4 T ARA Lo TS, —
¥, WE 0.4 mm TiX, IKHOMITRAY T4 7T EREN L, L—H
M1 P=304W TIL, TRTORZ TATHEIZEWT AT T T ARA[ L7
STW5., ZRICH LT, @S AMDO R 7 54 7 AEEREHPIZIAL, 22
TATHEv=500mm/s THARAZ TA T LigoTND. DFV, HWE
KR2IFE, 27 F7ATHEDFEHEMTAZ T4 7 LITL L, RED#H L 72

, A CTAZ T4 T LI K RDHEBBH 5.

FIT, BB T A—TUNEURD T2 HOD AT T4 75 OBEES

D, %, WEICH U CHPE L7245 % Fig. 3.4 ([OR7. AZETNEIEL T

250 Experimental result
e 30.4 W, 80 mm/s
3 200 39.5W, 120 mm/s
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ey
B150 -/ T ——— -
)
°
fé 100
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Thickness 4 mm

Fig. 3.4 Relation between crack depth and scribe condition for glass substrate
with thickness 0.4, 0.55, 0.7, and 1.1 millimeters
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(b) Glass substrate with thickness of 0.7 millimeters
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(c) Glass substrate with thickness of 0.55 millimeters
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Analysis results of maximum tensile stress o~ and maximum surface tempera-
ture 7 for each glass substrate with thlckness 0. 4,0.55, 0.7, and 1.1 millimeters.
“x” marks at higher velocity correspond the arrested conditions of laser scribe crack
progress and “x” marks at lower velocity correspond the thermal damage residual
conditions where glass surface was damaged by laser heating. (a) to (d) corre-

spond to Figs. 3.3 (a) to (d) (i).
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Fig. 3.6 Maximum tensile stress o, = and maximum surface temperature T,

for each glass substrate with thickness from 0.4 to 1.1 millimeters

J£ 0.7 mm OHFA L FEEEIZ, 0.4, 0.55, BXU 1.1 mm OWREICBWTY,
AU T A T HRERGEIR DR E R KGIRIS T o, D T RAE & 2 if e s 2 2
BT, O LERENFET D EVRD.

Fig. 3.6 |2, JE 0.4,0.55, BXL O 1.1 mm & 0.7 mm D% HEK O 3 i i K
FliEIS S o, O TIRME & R & BZRE T, O LREZ E LD TRT.
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Fig. 3.7 Temperature distributions on x—z plane and deformation at the time
when o, is generated for each glass substrate with thickness of 0.4,
0.55, 0.7, and 1.1 millimeters

Tl E, EHIIFERMIZMICER LTS, LA, FEANZYNICE
LTS,

WIZ, Fig.3.812, Fig. 3.7 \Zxfhnd DIt 1534 &2~ 7. Fig. 3.1 (d) & [FI £k
(2, WEIME O£ E THIEIS N4 T, Fig. 3.7 O HIRE T o & iE 58 5 A3
JERE I W L 7e o T D,

Fig. 3.9 12, Fig. 34 1ZxtG Lic DM D o, %, WEICHE L T
HLTRT. WTFhofxETho, T EICHERY, o PR EZRD
WEIZ A7 A4 THENGHERIZRDIZTEHENFIZY7 ML, KEICRD
FEREWHIZY 7 T A5BmAH L. P=71.0W, v=320 mm/s DI
BWT, o, BDWKERLIKEIL 0.4 mm IZESL DT, o 1%, WE
1.1 mm THIED X7 F A T AR FIRME (X, Lower limit of o, )
FV/NWNEL 72D, 20D, WE1.1mm TlXAZ 74 TRk - T

tmax

37



-36 -24 12 0 12 24 36 48 60 72 78 MPa 5 um

e 00O e e 00 5 um

(i) Glass substrate with thickness of 1.1 millimeters

(i1) Glass substrate with thickness of 0.7 millimeters

/
;
l

(ii1) Glass substrate with thickness of 0.55 millimeters

’
,
|

(iv) Glass substrate with thickness of 0.4 millimeters

(ayP=71.0 W (b)P=52.8W (c)P=304W
yv= 320 mm/s v=160 mm/s v= 80 mm/s

Fig. 3.8 Stress distributions of o, on x—z plane and deformation at the time
when o, is generated for each glass substrate with thickness of 0.4,
0.55, 0.7, and 1.1 millimeters
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Fig. 3.9 Maximum tensile stress o, of each laser scribe conditions for each
glass substrate with thickness of 0.4, 0.55, 0.7, and 1.1 millimeters
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Fig. 3.10 Stress distributions of o, along the z-axis at the time of o, gener-
ated for each glass substrate with thickness of 0.4, 0.55, 0.7, and 1.1

millimeters
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Fig. 3.11 The domain of laser scribable conditions and crack depth of aluminosilicate
glass and soda-lime glass. (i) “X” marks at higher velocities represent con-
ditions in which crack progress was arrested and “x” marks at lower veloci-
ties represent conditions in which the glass surface was damaged by laser
heating. (ii) Deeper crack depth corresponds to lower velocity conditions.
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Fig. 3.12 Analysis results of maximum tensile stress o, and maximum surface

temperature 7, of soda-lime glass, aluminosilicate glass, and fused
silica. The “x” marks at higher velocity correspond to the conditions in
which laser scribe crack progress was arrested and “x” marks at lower
velocity correspond to the conditions with which there was residual
thermal damage. (a) and (b) correspond to Figs. 3.11 (b) (i) and 3.11 (a)

(1), respectively.
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Fig. 3.13 Temperature distributions and stress distributions of o, for soda-lime
glass, aluminosilicate glass, and fused silica (P= 58.7 W, v= 150
mm/s)
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Fig. 3.14 Analysis results of maximum tensile stress o and maximum surface
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temperature 7 of fused silica with lower scribe velocity and higher power

compared with Fig. 3.12 (¢)
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Laser irradiation surface
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Scribing direction

(a) Laser irradiation surface
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7

Separated plane
Alumina ceramic (b) Separated plane

Fig. 3.15  An example of a face of alumina ceramic (Al,O3) scribed by laser
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1st scribed line 1st scribed line
\ 2nd scribing 2nd scrlblng
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]
(a) Stop of the 2nd scribing (b) Progress of the 2nd scribing
at the 1st scribed line across the 1st scribed line

Fig. 4.1 Schematic of laser cross scribe
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Cooling area Heating area

2y,

1st scribed line

2nd scribing line

Glass

Fig. 4.2 Definitions and variables of geometry used for heating area, cooling area,
and each distance

Table 4.1 2nd scribing conditions for experiment and FEM analysis
Glass thickness 0.7 mm
Glass size 200 mm x 200 mm
v, 2nd scribe velocity 160~280 mm/s
P, Laser power 58.7 W
2 x, Minor axis of heating area 2.1 mm
2y, Major axis of heating area 22.0 mm
d, Cooling point distance 10 mm
2x,  Minor axis of cooling area 2.0 mm
2y, Major axis of cooling area 3.0 mm
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2nd scribing (b) 1st scribed line
P,=587W R:ij

: N
v, = variable <\ =240 mm/s
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(g) v,=240 mm/s (h) v,=260 mm/s (i) v,=280mm/s (j) Magnification of (f)
Fig. 4.3 Photographs at the intersection in laser scribe; (a) Separated plane of the 2nd scribing,
(b) Laser irradiation surface, (c)-(i) Separated planes of the 1st scribing (2nd scribe
velocities v, =160 to 280 mm/s), and (j) Magnification of (f)
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$3400 15.0kV x30.0k BSE3D

(a) Glass surface where laser (b) Glass surface where laser
scribed line can be seen scribed line becomes
invisible gradually.

Fig. 4.4 Photographs of laser scribed line near the initial crack at the start
edge observed through scanning electronic microscopy

V=PRI T4 T TR SN BEITBEICHEMLTVDLOT, 1IRAY F
A TMERTT, 2IRAT T4 T O 21T > THEMREEIT/ NI VWESE
ZAoND. TIRAZ T4 THROGELDNFHNREELEZLNDN, K
e T, LD, 1IRAZ T4 THNRRWNET VERH W, 2O
WrEeETVEETIVA LIRS

Fig. 4.5 ICAMRERET NV EZ/RT. FFREEZZE L T0.7 mm x 30 mm x
200 mm O FEIE & T L7-. Fig. 4.5 )D X 912, BT AHERD L —F A
HIZx—yEEE L, yEGMZ2RAZ 747 HEE L, zfihhmERE
FHme Lz, A7 IF7ATEOHREZy=0LL, 1 IRATZ T4 THLERIT
oo e—agdm (xthhm) onEOR/IMEEZ 58.6 um & L, WIE T (2
fh7E) 1% 43.75 um THEICHEI L., A7 T4 TREOHRRANTEZ AT T
A7 Hm (y®izm) 12 125 pm R THEIL 7. BEEEIE 9342, 2EFHEK
1% 9266 ThH 5. FE A7 v~ 7%, 0.125mm /v, [s]& L7z. £ 7=, Fig. 4.5 (b)
DL, ARERET NVOMFRIE (y—zHE) ZxBH ISR L, XPF
DB Ol A xfil, BEXO @G micmER Lz, 7 20WMEHE,
INBAGEAE, 36 KO AT 2 | L RERIC L.

2B, 4.4.2 HIZBWT, Fig. 4.5 (b) OME T EICHEMELEEZE L 1
WA TA T HOBEERE uZ 0L LT, 2IRAZ T4 7 DN H1T-
7. ZOMWETFTNLVEETILB LIESR.

54



Laser irradiation surface

2nd scribing direction

(a) Mesh geometry
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(b) Cross section model

Fig. 4.5 Three-dimensional model for FEM analysis

KB R D& 5

4.4

)

EBEPAELC S

4.4.1

ESEeRAY I

-
—

JE IR D A ki
Fig. 43 ()~@D L 2R 1 KRAZ FA THEHD

4.4.1.1

) DIEEENRN %

=2
iz R 7.

FkR (6%

&7

1 IRA D

ﬁj\

D

)

Rk (y ik

HASDTI2D, 2IRAT 747

"

IBWT, REOL

x—z Al

7

S

7 A 7 & R

Wris e, BLOr 3% T

H, Thbb, 2R 7 T4 7T (y#hs

fENTHE B % Fig. 4.6 |

Jitx

HHE L.

z 1@ D EEE

[) DA ol

X —

HHTW,

ZNEN

—
—

—
—

55



00 ————
50 -
0
g -50 |
=
-100
(]
& -150
o
N 200 - P,=587W
v, =200 mm/s
-250 d, =10 mm
-300
5 10 15

y mm
Fig. 4.6 Stress distributions along the y—axis (2nd scribe velocity v,= 200 mm/s)
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(a) Stress distribution of & in the 2nd laser scribing
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(b) Stress distribution of o, onthe y—z plane
Fig. 4.7 Example of stress distributions of o, by 3D-FEM analysis
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Fig. 4.8 Stress distributions of o W along the y —axis (2nd scribe velocities v, =160, 200, 240, and
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Fig. 4.9 Stress distributions of o, along the z-axis at the position of Oy SCNCT-
ated in the heating area (2nd scribe velocities v,= 160, 200, 240, and 280
mm/s)
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Fig. 4.10 Stress of o, onthe x—z plane in the position of . generated in the heating
area (P, =58.7W, v,=220 mm/s, d,= 10 mm)
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Table 5.1 Conditions for experiment and FEM analysis.

Glass thickness 0.7 mm

Glass size 300 mm x 400 mm
v Scribing velocity 200 mm/s

P Laser power 58.7 W

2x, Minor axis of heating area 2.1 mm

2y, Major axis of heating area 22.0 mm

d Cooling point distance 10 mm

2x, Minor axis of cooling area 2.0 mm

2y, Major axis of cooling area 3.0 mm

o, Heat transfer coefficient of collision point 10° W/m*K
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Fig. 5.3 Crack shapes generated by laser scribing with various mask widths
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Fig. 5.4 Relationship between the maximum crack depth D, under the masked
area and mask width W_ for each thickness of the glass panel of 0.55,
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Fig. 5.5 Crack penetrated to the back side (#0.55 mm, W_=0.97 mm)
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Fig. 5.6 Three-dimensional model for FEM analysis
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Fig. 5.7 Temperature distributions on y—z plane by FEM analysis
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(b) W, =0.25 mm

(¢) W, =0.5mm

(d) w_=0.75 mm

(e¢) W,=1mm
20 &0 100 180 220 420 °C
® & O ® @ @

Fig. 5.8 Temperature distributions of masked area on y—z plane
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Center of cooling area

,/’/ W=0mm
05 F--—- @ € ~F-—————— P=58.7W
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<>/‘/ d=10mm
-1 | |
-0.5 0 0.5 1 1.5
yctr mm

Fig. 5.9 Relationship between y, of maximum tensile stress o, generating

point and center of cooling area y,,
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L DR E %m®%%%ﬁbt%®1%6 5 oh, UV A U
B CTHRLTE. yu=Vut 0375 THDHNG, WEF Ly, Ty, D
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Z& &R LTS, Fig. 5.10 (a) DBl O R FAE K 2 HAFE L3 <
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~ (A28 L=, Fig. 5.10 (b) % & EHE 23 i ~ Wz ir ST %
L&, Lo T, iRy, <00REZRLTWDS. 2oL &L, Fig.
510 (@b 5d X oIs, Kk KIIEIE o, (TESWDOEE TV o
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m
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Fig. 5.10 (a) Relationship between maximum tensile stress o, = and its

generated position y, ~ when mask width is 0.25 mm and (b)-(d)

Schematics of change of o, at y, while cooling area passes

ax

over mask
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—Leading edge of mask

Y tmax mm

Fig. 5.11 Relationship between maximum tensile stress o, and y,_ of

max

maximum surface tensile stress generating point in cooling area

Fig. 5.11 |2, Fig. 5.10 (@)D W,_=025mm O & X 5D, E~WIEW %
SEIJFIZELALLLETD, REKRKIIERIE o, L EDORAEME y, O
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ol i it 3T 5 C B O HEAT 23MF 1k U 7 FEBRAE B (Fig. 5.3 (d) & @ MR I
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I/

Al > X 512, Fig. 511128 W T, EBRTRANET LZW =0.25~0.75
mm OE~WIETIE, RERKGIEIE o, 3, b\ﬁ“h@m/\b\rhmf‘?b
AU (ytmaxz J2) TIRIEWMKE o7, Z OMHTHEFIL, EASVIE

FIF PR TRAUN —FEL o7 Fig. 5.3 ()~C)DHEI L —FH L TW5.
7272, Fig. 511 Do, OWKIEDL, W, O L T LTS,
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05 -~ Y nax =0 e | 05 -——-- i‘ 77777 : 77777777777 : 77777
06 F---- AN A A Maskwidth | g [____ R R S SR Mask width
’ | W, =0.25 mm ' | | W, =0.25 mm
0.7 . 0.7 . . .

(i) In front of mask center (y,  <W,/2) (ii) After mask center (W, /2<y )
(a) Mask width W_=0.25 mm
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Y tma .
,,,,,,,,,,,,,,, N L L _ _ Trailing edge of mask _ _ [°
n 0.4 Leadlng edge c(\)f mask n 0.4 3 s = 0.75 MM
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(i) In front of mask center(y, <W, /2) (i) After mask center(W_ /2<y, )
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Fig. 5.12 Time variation of stress distributions of o, on x—z plane including
maximum surface tensile stress generating point y, ~ in cooling area
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23, Fig. 5.4 OFEBRAERTIE, @L:kakszcmaxait%jJanmé. )
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ﬁ«u\q:,b% 5 &, WEBEMIS T IZEEIN L, i i 2 5 1% 5
0.5mm DALEIZET D L, T7bb, ’\U‘fhEaW—OZSmmfﬂiytmax—O75

mm, W,=0.75 mm TlLy, =125mm O EIZET D &, 1T Tohs ik
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BN —F/IEL 72572 Fig. 5.3 (a)~(c)DFEBRFER L —FH L TW5,
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(a) Mask width w_= 0, 0.25, 0.5, and 0.75 mm

Stress o,, MPa
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(b) Mask width w,_=1,1.5,2, and 3 mm

Fig. 5.13 Stress distributions of o, in model A on x—z plane along center axis
of mask width in cooling area
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RS T OBHRNET THEILT 2BLICEALTE, 7V A TIEMHT
SRR

ZFOD, WE 13125 um OBHNHHET VB T, [HERIZ, #~nF
DEET x—z DI 1554 o, T2, fEFR % Fig. 5.14 [ZR T, AR
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(a) Mask width W_=0,0.25, 0.5, and 0.75 mm
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(b) Mask width W_=1, 1.5, 2, and 3 mm

Fig. 5.14 Stress distributions of o, in model B on x -z plane along center axis of
mask width in cooling area
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Stress o,, MPa
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Fig. 5.15 Stress distributions of o_ on x-z plane with various crack depth D,
for mask width W_= 0.75 mm in Model B

FOERE DN OBIEIGHICIE L Z ERNFRAL WS vz b, £z,
Fig. 5.13 (b)& Fig. 5.14 (b) IR T XL DI, W, =1mm O & Z|IW_=0.75 mm
DEELYVNEOBIRIGNBESRESRSTNDLHEDD, HEAWIEW, 2
Il mm XV RELn&, W, OHEME & HGIZHEHOFERSINHEIZ/NE L
RAGMMNR R ENDS. ZOWNEOSIRIE T O, W,=0.97 mm THH
DHEFTHMFEIE LT Fig. 5.4 OFEBFER L FJEL TV,
543 B FHFROBHEEL

EFET VA TIEWTHOESWIETHEEM (z=0.7mm) B5]HEENTH
7= (Fig. 5.13) D2 LT, T/ B TII/NSWARRN S LT X TEMIL S
85 & 7o o7 (Fig. 5.14). BAEMITHFICAE L D5EIS N OKIEM & LTHE
HNCEMEIS IR BAE LT EEZ NS, BEAWIE W, =0.75mm OE T /L
BIZBWT, AREID ZEL LTV o HAEDE~WFLOE 0o,
RO IZAER%E Fig. 54512737 ET VB OBREES D, BHEL R HI2oN0,
EEMOEMIS NGB REL 0D EEOBRRZIZENTHBEEI DR R
HDIZLTEDWEBEDEMIC NG NR REL D LR T 5. £z, Fig. 5.15
O L O FEAFE IS 7185 O K& &0, Fig. 5.13 (a) THEEA~WIEW,_ =025 mm O &
TBRHEOERMEL LI B2 ONTNEEMEIS T (K 8 MPa) LI1XIEF U
RESTHLZEDDG, EAVROBEABHOERZ LD L HERICRD LB
Zbivd.

81



5.5 &%
ARETIE, L— ﬁ27747@%ﬂﬁémmﬁﬁ%é:&#5,v—%
AT AT T HAHRFERIELIZLEZHME L. £7, & 2
BECTRELELV—VR7 T4 THEND, BERABRE T OEMIS NS %
KT 2 L MEBANELS 2D LHU LT, L—VRRFEZRHITHICHE
wﬁéﬁ&%#ﬁbt.:@ﬁ%?v—%%%iﬁ%ﬁm,%%@@%
HESZBE L. W, BE~WEBECTARRNESERT 53R % MR
I 57280, ARERIEICLD “RBIUS DT E2iTo7. 2D
g, LT XD kfwmae G,
a)v PHRFO ML E~NTHZ LT, E~VWEHROREEAAZ
WL TDHZEMTE, E~VHFLTRENERNERD., 2720, &
HEFRS TEDLESWIRBIZIE ERAH 0, BRIV S 1T LIRMEE Tl
B 5.
Q) WENEMT 2 &, RHEBES EE~VIEO EREIZHAD T 5. K
F#%m%é,%ﬂ%%ﬁifﬁ SHEDLHZENTES.
Q) BANELL 2585213, BHROEREHET 5 NEH OEMIS /1
NIk, b LIEBIEIENBICE L EEICAL D,
(4) WSV Z D SV TFE ORISR TS5, 2775
A7 HMOBHOEITHIELT S,
(5) KREORR, H2HZTRRELEL—V R I(4 THEOET LD
ZUENEMT ST,
6) V—HFHEFDOE SNV IMEEIEMBA LK KT Z & T, L—
PRI T4 T DORAEWGEINTIERLS TEDARMEN D D720, 45 W
FEOMESCEBLZ /NS TLHZENTELLEEZLND.

)

2 E D &N

1) A. A. Griffith: The Phenomena of Rupture and Flow in Solids, Phil. Trans.
Roy. Soc., A221 (1920), 163.

2) V.D. Fréchette, (&5 H FiR): MatEpr B m Mgt ~ = 7 /b, 37 5007 BH 38
X —,(1997), 7.

82



3) uARFEF], PR OB, BRHEFER, KM ¥ 79ADL—HFRT7 T4
TNCBIT D ZRITENL RN, B RS SR SCE, C W, 72, 724
(2006), 3927.

&3



EexZ L—VERBHIZIXALVL—VFRISATRAEME
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X, TOEREBNL V—FRE L, 77 AEREDHET D FESFESN
Twa Do, L—YEREIC X 0 IR T T A iRk & S
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WA BANTFET D, RO OBAN L —FMAIN T, IDICHE
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HoT, BOLV—VRETLIZLICLY, VL—VRI T4 TRAUZES

Laser scribed line Laser scribed line

Water jet Laser \ L'aser
Scribed crack Crack

(a) (b)

Fig. 6.1 (a) Schematics of laser scribing and (b) laser irradiation along the laser
scribed line

84



FINCHRE SETH T AR E DT 2 HESREEZEIRLTHD Y. L—
PRI FATHRICERTL—VRKNTL20T, Lk, ZohExL—F
BRRG LR, V=R T4 71X, FEEMINTROT, X274 7
B2 BN BA LIS Y., TRz, VL—VFEQBEICE DM
MR RANPKET DN VO T, BB ARA7 74 7K ELEL T,
HI7AZy VHMEOR ERHHFETEL. £, V-V EQARKF T I X
ERPSEECESLRVEATYH, L—YFR7I4 TRANMEL, HEW
BHATRTE D, ZNICEY, 7L —HORECHEZ 2 /NS TX
HDT, TORFIZHAETLHIRITLEORMBAETCIZS <25, LirL7
NE, L—YEABKICIYVL—V 27 T4 TRUNES THICHmET
DEREMAT LIS T2, MIEHESCIM T A D =X LB LN T
WORBRTH S.

T, KRETHEH, V"—VEHEARFICIYL—F R T4 TRANE
SHMICHMETHIEEEZHBNICHONZIT S22 2 HME L. £77,
V=V HRQBRIZEID L - A7 T4 TRADES FRICHET 5 &4
EL—PREERICIVERDE. RIC, ERERICESHEAFRERE
2K D R TEVIMERET 24T > C, LV EABEFICEIDIL—F R T
A 7 RHEDOMEKE - AABMET D52 ME L.

6.2 ERFEBIVHEE
6.2.1 ZERFIE
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Cooling area Heating area
2y,

Scribing line
Glass

Fig. 6.2 Positional relationship between heating area and cooling area for laser
scribing

Table 6.1 Laser scribing condition for experiment

Glass thickness 2.8 mm

Glass size 300 mm x 150 mm
2 Scribing velocity 18 mm/s

P Laser power 14.7 W

2x, Minor axis of heating area 2.1 mm

2y, Major axis of heating area 22.0 mm

d Cooling point distance 12 mm

2x, Minor axis of cooling area 2.0 mm

2y, Major axis of cooling area 3.0 mm

6.2 |2, VL—VEAMRFFELZRT. E—2FBRIE, V—VRTTA4F
CBT A — AR EREICLE. L—VFERBHO L —FH AP L&
HWEv,#E2 T, LV—YRI I TRHAUNESFMIZHET D 5M04%
KL, V=PRI FATRADME L 2ol EE AR L LT,
V=P EARKNEZ, BT RAERE KL, HFBEMEEH VT,
Wi Tl — YV EABRMICIVMEL-BRAFESZHE L.
6.2.2 EBRFER
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Heating area of laser irradiation
along laser scribed line

\ 2y -
=
__14

Analysis plane

i,
[

Laser scribed line

Glass

Fig. 6.3 Definitions and variables of geometry used for heating area of laser irra-

diation along the laser scribed line and analysis model

Table 6.2 Experimental condition of laser irradiation along the laser scribed line

v,  Scanning velocity Variable mm/s
P, Laser power Variable W
2x, Minor axis of heating area 2.1 mm
2y, Major axis of heating area 22.0 mm

Laser scribing direction

\
NS - \
(a) (b)

(a) Crack depth at center of
substrate

(b) Deep crack depth at end edge
of substrate

Fig. 6.4 Photographs of separated plane by laser scribing (£ =91.5W, v,=300 mm/s)
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(a) With deep crack at start edge of laser overlapping irradiation
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(b) With crack of constant depth at start edge of laser overlapping irradiation

Fig. 6.5 Domain of laser overlapping irradiation conditions obtained by com-
binations of scanning velocity and laser power. “x” marks on
high-velocity side represent conditions that scribed crack was not
able to propagate and “X” marks on low-velocity side represent con-
ditions that glass surface was damaged by laser heating.
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Crack of laser irradiation l
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Laser irradiation direction

Laser scribed line

Separeted plane
(a) Crack depth D, of laser scribing and
crack depth D, by laser overlapping
irradiation ( P, = 915 W, v, = 300
mm/s)

(b) Belt-shaped mark of the laser (c) Heat damage generated at scribed
scribed crack surface generated edge by laser overlapping irradiation
by laser overlapping irradiation (P,=91.5W, v,=200 mm/s)
(P,=91.5W, v,=300 mm/s)
Fig. 6.6  Photographs of separated plane of laser overlapping irradiation
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Fig. 6.7 Relationship between crack depth D, by laser overlapping irradiation
and Laser power P, ; Deep crack depth side corresponds to the low veloc-
ity condition in Fig. 6.5 (b).
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Fig. 6.9 Time variations of temperature of glass surface and crack tip (2, =71.0 W,
v,= 200 mm/s)
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Fig. 6.10 Temperature distributions upon 7,
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generation (P, = 71.0 W, v,= 200
mm/s); (a) Temperature distribution along the z-—axis and (b) Temperature
distribution on x—z plane
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Fig. 6.11 Time variations of stress o of glass surface and crack tip corresponding
to Fig. 6.9 (P, =71.0 W, v,= 200 mm/s)
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Fig. 6.12 Stress distributions of o, upon o, generation (P,= 71.0 W, v,= 200
mm/s); (i) Stress distribution of o along the z-—axis and (ii) Stress dis-

tribution of o, on x—z plane
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Fig. 6.14 Schematic of propagation of laser scribed crack by laser overlapping

irradiation

L EDHTRERNG, VL—VEHEARNICIDZ L —FR7 74 T7RADM
EHRE % Fig. 6.14 O X Z AW CTHAT S, L —HVFEQARHICLD, ¥
TARMDOEBIZKERIEMS DN EL, TOREEZ T TH T AKEK
WNEBIZBIIRIS BT AT . FERANEICFE A L 72 51 9R IS 71 2% 8 2R Je i 12
EHT 52 LIk T, BEFMIIL—VRI T4 TRUNMET 5.
642 V—FRITATRRMBENREFHEOHTE

Fig. 6.15 (2, V—VEHERQBHICI Y L= R 7 T4 T RN E ATHE
bHoloL—HHIT) & AR f@%%x#(ﬁgéﬂm)®%kfﬂ%@%ﬁ
AT o Tk R &R T, Fig. 6.15 (a)lT, # mBEIRE T, L EBIEEy,
@%%%%#.it,ﬁgmswt,%h%h@v~%mﬁ_xﬁé%%
%ﬁ@%k%%mﬁa@ CAEBHE v, DFFNTFHERZMHCTRL, TOM L

, LR T4 TREDBME LT ERFAT ORI R ZTL S TRLTW

AR D X HIAY, Fig. 6.5 (b)) T= » VICE /e X A — U4 T CAREY)
ECHIBT L7 S Hcxk s L TR Y, mEMlo XA, Fig. 6.5(b)TL—H# 27
TATRANME Lo & cxic L Tns,

Fig. 6.15 (QIZHB W T, L—HFHNB—ED L&, EFEFHENKHICRD

T NEEEINT 2. AL v,= 100 mm/s DL ETIE, T, O EREIEK

surf max

540 °C T, V“fﬁﬁk%ﬁﬁ”i@fﬁf&&*i&@ok.:@ﬁi
B2 EOL—YFRI T A TREESFMICE T 53Kk & B 2R E O ERIED
F1500°CITIZIFZE LW, LEN-T, 20 EREULTFTIE, LV—VERQR

96



© 700
. P,=395W
2600 (5~ - e e
& X X O x ~
E [ ] (] O O
& 500 77><7><><777X7"677D7D§<7Q<>76 ******* o *QQOy*
g x X A X
2400 - x0T
E X
(0]
S 300 [~/
Qo P;=30.4W Crack Depth D, = 0.481 mm
£ 200 [----mmmm oo mm oo D s SEE TR
E 100 oo A528W @587W O71.0W |
& ©805W A915W 0101W
= 0 I |

0 100 200 300 400 500

Scanning velocity v, mm/s
(a) Relation between maximum temperature 7, —in heating area surface and

scanning velocity v,

©

a 80
= A528W @587W O71.0W
©805W ~A915W 0101W

£ 60
o
[}
[}
£ 40
(2]
2 iy
3 i
IS 20 i
e X
2 x P, = 30.4W Crack Depth D, = 0.481 mm
% 0 | | |
= 0 100 200 300 400 500

Scanning velocity v, mm/s
(b) Relation between maximum tensile stress o, of crack tip-end and the scan-

ning velocity v,
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