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A study of processing mechanism in wheel cleaving and
development of photoelastic computed tomography

Kentaro IMAI

Abstract

Wheel cleaving is one of the dividing methods of glass substrates and is widely used in
industrial scenes like manufacturing of flat panel displays. This method consisted of two
processes, i.e., a crack formation by rotating scribing wheel (scribing process) and a crack
propagation by bending force (breaking process). Recently, the glass size and thickness become
larger and thinner, and therefore, more precise and high quality separation techniques of glass
sheet are strongly demanded because even invisibly small defects on fracture surfaces can
severely degrade the bending strength of glass sheets. At present, a scribing wheel with notches
on the ridge line named as ‘break-less wheel’ is widely used for the glass separation because
this wheel enables the rapid and deep crack formation without bending force. However, it is
well-known that the break-less wheel provides two kinds of fracture surface morphologies
depending on the applied loads; hackle-mark with irregular cracks and rib-mark with periodic
stripe patterns. In addition, break-less wheel also generates needless cracks on the surface
scribed by notched edge.

However, the crack generation mechanisms are not fully understood and therefore, the
processing conditions are determined empirically. In this study, we observed crack generation
behaviors by using highspeed imaging system. Finite element method (FEM) analysis and
photoelastic experiment were also carried out to visualize stress distribution in the glass
substrate. As a result of in-situ observation, median, radial and lateral cracks were observed
during scribing process (Section 3). According to FEM results, tensile stress regions
corresponding to these cracks were discovered. Relationships between tensile stress and crack
generation were confirmed even when wheel shape or applied load changed (Section 4).
Fractured surface morphology (hackle and rib marks) and its generation mechanism are
discussed in Section 5. We suggested mechanisms that median and radial cracks directly formed
fractured surfaces. Photoelastic experiment was carried out to visualize stress relaxation after
scribing at Section 6. As a result, it was revealed that stress relaxation occurred with median
crack extension. This result suggested that median crack extension toward depth direction spent
residual stress around indentations. The mechanism of processing of wheel cleaving using
break-less wheel was discussed through these sections.

In this study, photoelastic computed tomography (PECT) method was also considered as a
new experimental method for stress distribution analysis (Section 7). PECT method can
reconstruct 3D stress distribution from phase difference images taken by photoelastic
experiment from some direction, like a x-ray CT method. We proposed stress reconstruction
method using deep neural network. Simulation on the computer and verification experiment
using actual machine were carried out. As a result, PECT method was embodied, and potential
to 3D stress reconstruction was indicated. On the other hand, problems were also revealed by
this challenge.

Keywords: wheel cleaving, glass, crack, FEM, high-speed imaging, photoelastic method
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FIGURE 1.1 Schematic illustration of crack generation phenomena during scribing
process when using break-less wheels.
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FIGURE 2.1 Procedure of wheel cleaving. At first, wheel is indented to glass and scanned
on glass surface (scribing). Then, glass is divided by applying bending force (breaking).
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FIGURE 2.2 (a) Dimension of scribing wheel and (b) schematic illustration of wheel
holder. Scribing wheel has a hole and set in the slit of holder by axis.
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DIV HIIER Z VT W L bET 2BICEWHHLAZ. 7L —27 1L A5k
A = ZHWBEEEICE, BYIDE (Set-downmethod) & FEIENE FETR I 47
2175, WYY EoE K X CEIWH OB G %24 (b) ITRT. 7L—2L R
wA =T, SR OMIMNIC X b B oSt & & b IcEMIE RS T 5. %
DFER, FA =N BT TR LT Z LT, A =ADBIVELT T RTE VA
HYABHAP T NG, YIIABIIEHE IR A —Vic—EDIEN AR L7 $E
BI3, AUV EDXSIICH T RO Yy PEBICHL, —ADBHEEL R0, Ty
FRIC RIS FAELIC W E WS R b 5.

AR ICEBCTE, w4 —ABREECEETCEBRE X EIT> 2T, 7L

Loading
/ Impact & crack initiation

Scribing
@; :

ing Glass

p

Cracks

100 pm

(b)

FIGURE 2.3 (a) Scanning electron microscopic image of normal wheel. (b) Schematic
illustration of edge crash method and its fractured surface observed by optical microscope.
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— 7 L AR A = OMIMABIITIC RIS B 2 WL S 5. £ 2T, Penett> ) —X
2250, Mo (LIRS 2) BRAEZSEHOR 7 74 v 7R 4 -z fn
7o, Ty VEoME (Bff) 133 TI25°OF A4 —LvZH W7, EE»PELTsLe L
DI, MIMOTERS ZfL T 5. RACE T A — L DOROSEERT. s L Ok
DEE 25, 110-10°170-50 X 9 Icidih 3 5. 110-10, 135-10, 140-73F X U*170-513,

PR D 5 o i 2-4% (Radius) 134920 pmTF L £, #HDHEX (Tooth height) &
X % (Number of teeth) 23ZL L T 3. ZRICHE VDR X (Tooth length) %

Penett Loading Unloading

\l/ Indentation & crack initiation T

Scribing @

Crack extension

Loading point

(b)

FIGURE 2.4 (a) SEM image of break-less wheel. Shape of tooth is different between
APIO and Penett. (b) Schematic illustration of set-down method and its fractured surface

observed by optical microscope. Chippings or needless cracks is not observed because
indentation of wheel generate initial crack.

TABLE 2.1 Dimensions of scribing wheel (Penett SDX).
Number of teeth [-(] 110 135 140 170 360

Height (h) [wm] 10 10 7 5 3
Tooth length (I) [um] 23 13 13 12 9
Space (s) [nm] 36 35 28 8
Radius (1) [m] 20 5
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k& (Space) 2 L L T\ 3. 360-30D 5 4 — M IF i O 2S5 pm& /M & <
MO 7 ) =< 4 = VIGEWEIRE oo T b, 44fi TS 2APIOY Y —
ZE, EEUE200THE— L, BEADI5L 125°D R A — v B W7z, 2H 5 $360-3&
[R5 /N & U,

INHLDFRA =L, Bficn B ZrmBERRSYL, RABRHSLITIVI Ty L0
S HIMNCA LR BHROREICOWT, FErREes. 2070, T 2577 A
(HEK) H 7 ADEZIITIGE L THEWDT 208K TH 5.

2.3 EEREM

FERENC I, WESANDOH T AHERICH LN, ETAHYH TR (a—=
v 7Y v o8 (KR), Eagle XG) ZHMH\7-. #2.21CEagle XGOMBIRFE 2" d. 7T
NHYTT RGBT T RACIFEENTEF P T LRI T LW 2T
NAVEDEEERWATATH L, FHE L LTV —XGIKA 7 A EREFZIREH
BwnwZ EBZEF o, MAHICERTWE IR TWwE, —RNICERT 4 A 7L A
DRI ZEEMICHG SRS, ARIFFETIE90x90%0.7 mmDIK A 7 2 %, FKERIT X -
THTE DY A K] Y 3 T L 7.

2.4 REXE
KFGETH G 727 7 ZEINEE B X CBIERFICO LTl 2.

77 ZEIMTEE

AR CTITEIWREEZHACCRZ 74 7%175 . EWEEE TR 4 — VB X% ik
TERI T4 T~y N, 27—, $llHHAPCE 2 LR INSE. A7 T4 T~y FiC
IHRA —ANEZWLOT 2700, BERET 7 F 2L —R eI —FRE—ZPFEINLTL

TABLE 2.2 Mechanical and optical properties of Eagle XG.

Density [g/cmd] 2.38
Young’s modulus |GPa] 73.6
Shear modulus |GPa] 30.1
Poisson’s ratio [-] 0.23
Vickers hardness [-] 560
Coefficient of thermal expansion [/K] 31.7x1077

Birefingence constant [(nm/cm)/(kg/mm?)] 331
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5. FA—LDLOTIE, ¥—FKE—X TR T4 T~y V2 TFEIE, ERET
JF 2T —RICK)—EREBLZAMTE. AT YL R27 T4 7~y FoMhH#EE) I
Lo TRITATELTS.

AWMECTREZELXA YV P (R R OFIWEEE, MMS050A235 X OH Je iR
BEEZH V. SEEONBIEE#R2.50C, BEHEOHX %2 H2.61cRd. 2
T, A7 A TN L, BEREZERT S, A7 I7A VIR —1ZEET S

\ Wheel unit dr1v1n direction [

(b)
FIGURE 2.5 Photographs of scribing machines: (a) MM9050A2 and (b) Tool Edge
Inspection Machine.
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FHx A7 4 7KLY, XoEHme Lk, 72, SfE LA mEZiie L, f
FRIHENYEIOIE T A ZED 72, K2.6 (a) IT/R L 7ZMMS5050A21%, A7 74 7~y
FAYERTIANICEN  C & CHIM E 2SI L, ZETIRIC TS 5 L Th A — vk
HI7AHUAT 2., 2LTC, AT—=UYBR27 74 7)A (X)) ([cBE+ 3 c
TR FATHRITS. —77, K2.6 (b) IR L7 MNENREELE X, A7—
BFEIDT, 227 T4 T~y FaXlhhEE Xz EicEi 2 8T, 227 54 T RIT
I, FIEEA AT ERCBIEZIT GG, SEEA A T IHARRICITZERICEE 3
5. ZD=w, A7 —YEIT 2MM5050A20 54 (K2.6 (a)) ICIXREFHNZ 2T
—VEBIUOTIAFARBBE L . Thbb, X774 T/, w4 -1 EHE
i b xfield 22 &8 T& 5, NERFMREEZEZHV 254 (K2.6 (b)) 1K,
FA —ARHBENZEET 28T %2, I ARBOEAICHEH L CBIKT 22 & AT
2%, £72, MMS050A2TIEAT =YD N JJICAR—=ABFIToNTWE72D, T
b O (k) TIEMMS5050A2% Fv 5.

BR 2T L

27 74 ThoBREEEH LT 2720, KFH, A7, HAislUtL v X
PORLBR AT LAEREBEL . SR VBIRT I KEBIR Y R T a8, G
HIC X VIR T 2 EEBE S R T L2, TR ENOEHE Y 2T L oEAX %X
2.71C78 .

FA =L DMMDOKE X I IumBETH Y, X774 7k W BRIEK N

Pneumatic actuator

Stage (fixed)
(2) (b)

FIGURE 2.6 Schematic illustration of scribing machines. (a) shows scribing system of
MMO9050A2. Stage move toward X direction for scribing. (b) shows Tool Edge Inspection
Machine scribing head move toward X direction.
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2 DICE T ZERIIIER ICE . 20720, AR TIIRZ 74 TR OB K ZEE)
DEIEIARIEERE S A ((BR) 7 + F v v, FASTCAM MC2.1) % fiv>72. FASTCAM
MC2. 1 ZE BRI RR FE A3512X512 & 7 & v D54 T X RF IR 23 FRBE 23 B k2000 fps, 22
R REE 3512%96 & 27 & )L D541 12 IR IR 49 i RE |2 T K 155 5 fps Tl 2 17 9
TENRTE L, BROWEE LT 2B, KA A7 DFHRTH 2 mICIREZ M
3 2 HEE (BR) IS, SEEREERED A% L 7-.

KB Y AT L0d, HIFELPNC X VIREINAEFEEZSHFIC, EEtErHVTH
7 ANEOBREZ R T 2. HBAs X UOIL v X e LT, BEEHIC0.57~9.2(5D
AR S L ORE AT L VAV AT A (54 A4 20y 27 LR (),
Leica Z16 APO) Z 7z, EEMDUGONYIL v X LflAGbE S Z LT, mAMGEE
318415 1L > T3, AT —YDRBETADESRA T 5 2 &I X 2 2B 23
5729, HI7ARMORER CI0mmOEORT =Y 2 ERLCEHLAZ. 2274
TRATONEL, T RAGGHNICE WG CRAZIHBICERE T2 2 A TE S, LA L,
AT A4 TRBEERH T AHANED T T E S L, BAEPMD - 72 VEREAR T =0 &
EEFERICGEEL RITT. 22T, MHOFERMz OoBHEBRCEIMEL L
T, U2 o1 mmANElZ R 27 74 7 L7,

FEBE S 2T LL, BIAMEDIC X > bW EBRTFEE2SEIC L. BRI
513, EH2ONEASL, BENE AT - THICHKBELZA AT THEL WS,
72720, R B2 oL 2 TR THEET 2720, m4 -1 b7
A CTOBIE, Thbbd 4 —A2EE L THEBROBIE L o Tz, AWfEICE

Wheel

Glass-stage

Lens barrel

High-speed camera x | High-speed camer Y
(2) (b)

FIGURE 2.7 Schematic illustrations of camera positions for high-speed observations. (a)
lateral-side and (b) back-side observations.
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FREEBE R T LTI, FEEHICE > TH 7 2Em» O HEAS L, 7 RFE
HCKY L 728 E2 e T 5. CoBh, TEEOTHEIEE T ILELN AWz, T
HoBE NoE# 2 afift32 28T 5. WL v X X OHERIZ, HEEHNY
Ly X ((BE) Iv bF3=, MPlanApo) LU~ A47mra—-7a2=yv} (K) IV
FE, VMU) w7z, VMURERIRAO R — F 22 TE 0, Y T 72589
LYy A OWHAZRL, ZOREIC X 2B 0EEL § 5. M Plan Apold YA f5%K
BIED D DE Wz, AT —YDOHRFIIHF T ARICR->TEY, 2D LICH TR
KBz =2 F v /7 — FCREEL TEBREZIT- 7.

FEIRIT UL, WERE521 nmD FESEE (KR 74 7 v 7 v A7 4, LEDWHZ 4 7 4
v 7Ry 7 ATLBC1) ZH\Wi-. 7Znd, KETCTRNR 2 HMEEROBRICIE, B R
W& V4B RRPAAED X o727 4 M L& HPFICEY 51T, FRLE AL & &7z,

2.5 JErEMEERE

WHERIC IR EE D B4R I FH W 2 s PESEER L I, “FHcIRBBICE T 5 FIC 2= % &
JESTAIAHZE & L CHUS 3 2 FiETH 5. Stk EEREOBEKIX % K2.81C/8 3. A7
7 AD KD RETTHEME ZERT 5256, AL EEE CRGIREBIZZE L v,
—J7, SSTHERMENC s hid B & ARG IANCIE U CRITRBS LT 3 720, BEito
fRICIREEAZAL T 2 SFHIGIIREE IC B\ T, MRS D 2577 & ez i i3 (2.1)
DX RHHIBAGRAED 3 2 E BN T\ B2, & 2 TSIIHE, ClTeRitiR%,
tixHARE X, 0, 0, ZFICTTTH S,

6 =Ct(o; — ay) (2.1)

SR E I RHCEE O ERTH 0, H 7 ADMIKIC X Y IRE S 529,

T YEEHE Tl PR &2 HE N R ISER & 2, RGIREDZLZHIS T2 2 &%\,
MR I B I 1/4ER T2, ERT 2220DREESOEKTH 0, IRIEHLITHIC
KoF—ETH5. —77, MREHRETUEME Z @8I 5 L EEiTic X fiiEE»R 4
U, IREIK D OABIIBIARL L 2 5. SN OMHEDFE I, ffH> 7 b
ErPHVWLNE Z en— R TH L. (iHHY 7 FiEE, ViR EEE L 2 RICEET 5
ERRRET % MR X 2 7223 HEHI Z 1T\, 153 0 W @B DRI S D SR 534 % Al
Htrbe b LT, MHEEZEHRT 229, REFCHER L Zmem®EE A X 7 (1K)
7 # bR Y, FASTCAM MC2.1) T, HENSRZZEE L 7 I, 055135 %
TASE T L4202 BT 2 EMEET (BOETF) 2 L CHRIBERICAST 3 2 1
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e TR oTWBZ, ZOMNFIIREFEFOIMFELIC7 + b=y 75X > TH
LINTEY, {EROMEBSNT O X 5 RERERTZH L w29, & Toig o]
RETH D, A MOEMELT 2N LI NEEL, L, logB L Plzs2 b, AFHTRE
L iMH7ES B X O F g 2 RAUC X VR T 22 &8T5,

_ Iy + Iys + Igg + 135

in 2 (2-2)
N Voo — 10)? + (Iss — 135)?
6 = sin T (2.3)
mn
1 (Ioo — Io)
— Ztan-1
P =2 s — hiao) @9

MMHZEOE @Y 7+ ((BR) 7 # F v v, PhotronFlameWork) % fF] L 7-.

A = VEWEH T ZAOMEHBIEAZFH L2 TiETcH Y, A7 74 7HDH T R
WNERIC X BIBTIC AR 2 BT 0 Tl {, BRABRRZE - HFoBA»KET 5. %
TR IC B W THE L ERIL, F4 Ik 2D ECEHAEE N & LT3X
eAEICREES 5. T i, X (2.1 TRLAELI I, fHEERFEICHZICHHIST 2
B XS, FICHEZODDERT D DTz,

Light source _ polarizer 1 Load Glass (transparent material)
1 :
2 A + & (Phase difference)
o
z
Quarter-wavelength plate
——
t High speed polarization camera
I LI TR
Io 1IN s §
~ - //I!IL WA,
A =T
w135 /=190 3
: ; e/
Circular polarized  Elliptically polarized Imaging sensor Polarizer

light light

FIGURE 2.8 Schematic illustration of photoelastic method. Electromagnetic wave passed
through specimen with strain has propagation delay due to anisotropy of refractive index.
In this study, circularly polarized light is used as input. Polarization changes from circular
to elliptical polarization because of phase difference 8.
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2.6 BIRZEREHEN

MNHERESREEY 7 (a2 2y —YV 7 b7 =7 (BF), Marc Mentat) % v C,
efiidic X 2 SRS 217 o /2. AT T3, B oK IIZEES, ¥
7RI & L 72, T T A 2 K2.91CR Y. KA — L DR IIBERE X4 v v
F (¥ v 7 %700 ~900 GPa) TH 272, #HT7 A (¥ v 7HK73.6GPa) <Xt L <+5
KW DAL, BIREEZEELLRVAIGE LTERLZ. H 7 ZAE 0
X1000xY500xZ700 pymDEFEL L, WHEHE—-RERICL W oE L. & (YAmS
) BIUOEZ (ZhHmE) EERREEFRETHE. Ay v a P4 XA E R
FCTEY, BN A XEIFAL =L OEMEETLS yme L7z, 72, BROEXEHIKEZ
{722 LN IS E R 52570, sIHRTOT — 22 RFFL-TE A v v 2 %
HOEHT2) Ay v VEEERH L. YV 7RKEBXORT Vv VIR 1 L FEED
EICED Tz, 77 ADWMWE CRAZR) IEEEAs L CBEREICX 20 L
EZ2oNTHEVY), BEICIIEEDOD DL IZHRR 2D, Tomei b DIEITHIETD 2 5%
I, TA = Lo LIARES CRFHZOTIBE S AEFER L L2 KT 2 LD
ICHIEAN T A — 2 R PRGE LTz, BRISII%3.5GPak L, MITHEE(LIE L 28 il sE 4 ¥
R LTER L. A7 AGMDET VIZVANFRET VL L, NFRIE CTIXERT R OZE
MR L7z, KA CIII_XCTOHBHEAZIRL. X274 7 (hA =D AH
DREE) 13F AT, MEH I (Z5m) OEAR L, BRATOALFE L 72, TR X
ERTIsE L, 05s I CRIEZAML, X 5120520 TERET3 2 X 5 ICHER S
EOE LTz, BEBMRECCW 0V ZEICBT 2 BiE A b € Th, MER~DFE/NX
Do TzT2, RN CIIEBOFE IR L 2. vy b —XEFZH o CRERDO T
AT 2 ATIZEIC B T b B o 2R L CH MRV E T Tn 329210,

Convexity Concavity 7z
y X Yg . Ygex
(a) ®)

FIGURE 2.9 FEM analysis model. (a) Overview and (b) enlarged view of contact region.
Glass elements set as 1/4 symmetry model by XZ and YZ plane. Wheel regarded as rigid
body. Rotation of wheel was fixed at condition where concavity exist just below the
rotating axis.
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ARSI CH 2. V) 7= — 7 OWFHIOMIMILS pmiRE & /N <, 156 27
HTHBLE VR B,

ZH LRz, V 7 ~— 27 BRI N2 5EITBHERH 7 ZARIE D80 ~90 %
DEIFTHETIOIKL, Ny Zr~v— 2 BRI N 24RO MENLT
BN E K72 2 03, )V 7~—2 3N EWHARIFCH L I NTWD,
72, FonEWEEEL, MLEFoFCh ARMEOHEX M ZIT L &H
Wt X T B39,

KRETIE, TNZNOEBHEEESIZR I N2 &M\, BEEKZEE) % B
T3, FDBRENEEET 270, K CTIEEMEEZE X 7420 W T 217\,
Bon-EkrmEHHEL 2.

EREBLLUAE

ARFEER T IEPenett 110-10D & 4 — L% FV 72, 90x90 mm®D 77 7 ZFEHT X L T, 80
mm®D & 7 7 A4 7T EMBICORIT 572, D%, FTHFEIMAEW L, S gy
HOWCEIMEWEZER L2, A7 74 7RI T Y 7= nEkIn:zRk
Xx ) ITv—sEEGE LCEHLE (K3.1).

) . VI~ — 2 BER LR
Y 7= — 2 BKES = (3.1)
BRI TATRX

EESEMF 2 RINTRT. RO DWIFE2IC LY, X7 T4 THRETEKL X 12 T

9%
o

Height [pm]

(=)

(=)

640 0 640
Observed length [um] Observed length [um]

(a) (b)

FIGURE 3.1 Typical cleaved surfaces obtained with applied loads of (a) 7 N and (b) 15 N.
Surface roughness curves between the two black arrows are also shown. At the lower load,
many irregular cracks appeared near the scribed surface (hackle-mark). Periodic stripe lines
were observed at the higher load (rib-mark).
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ORI KITTRE I/ NS W L PWmE I TS, REERTIX, BiloEEE D
ATEHAWEEBR LU R FA2 572027 74 7HEIZ15 mm/se L7z, BEfifaE
WFFABLL 72 FEEBRZ AT o 728 53D, IR 3Pk % 55125 ~20 N HiH C©1 N IC
XIE L 7=,

HERIER

BMEICE TS ) 7~— 2 EEE 232107 T, 12N ETIX100%, SNEAF T
120 % & 7> THY, BMETY) 7~—22, KEETH Yy 7 r~—2 BRI NS
Db B. 9~ 11 NOAMMETIE, vy ZA~—27DARBPEEE N5 EWH &
V7= DABPEEENLSEWH, LTy I r~—2000) T~v—27I10E BT
2 EIWH DSBS S N, WMEOMANICE - T 7~ — 27 BKEIG B3 2 23 7 6
N7z, ZOMEAIZITIIZEDE — KT 20D TH Y, EBEROFEHRMEL MR I -,
72, ZOELL, UBOEBTIZ, vy 2r~— 2K, U 7~ — 2 AR,
Ny IN—=) Te—IBBRICONWT, ZNENTN, 15N, INDFE CHEEEKR
Fh L 7=,

TABLE 3.1 Experimental condition in section 3.2.

Scribing wheel Penett 110-10
Applied load [N] 5~20N, (Step: I N)
Scribing speed [mm/s] 15
Scribing distance [mm)] 80 X 9 lines

100 r

Rib mark ratio [%]
3

Applied load [N]

FIGURE 3.2 Effect of the applied load on the rib-mark ratio, which is the rib-mark length
divided by the total scribing length.
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3.3 BREKFFHOHR

BIIUHED) & R X 3 SN O BIRICH H L, FIETIC 350 TR & 41723
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ZAELD S EIZ10X30 mmTH 5. KRG R RI2IORT. X7 74 7THE T EEHE
ARXTTBELLT VLI 15mm/ise Lz, LA THEIZRTHADOEY 7, 9, I5N& L
To. RV TATHEZEBICT L — 27 BT\, BB CHIMH 2 8122 L 7.

RERER

3321 fAi@Emhro0BRER

B33 iRz ic X 0 Al L 2z BRI ZEE) (K3.3 (a~c)) &, JEFBAMEIIC
L 2B OBIZEG (K3.3 (d~1) 25n3. EEEN A 7L 8EIL, 14—
DEE IR0 DR Zt =0s& L 7=,

X33 (a) IXINOW LTI METRA Y 74 7% T BIEERTH L. K4 -1
LOFRE (t =0s) 1%, /NS AMBEoBEZE (FEEZH, Circularcrack) 23747 4 —Lh
HOTHICEINTWSE, 2254 7ducit, MIBBRZIZFA — DB T TEH W
ICREAE L (6 =0.0705s), IRAICEHRITHICHEST 2. T74abb, BRI —1rD
EEBICHET S, INTRZ 74 7%(T- 72EIWiHE X33 (d) iRTXoic, ~v
IN=—2 % B L7 WMLNIRESS NOEAEZK33 (b) Ind. MEERLY
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TABLE 3.2 Experimental condition in section 3.3.

Scribing wheel Penett 110-10
7 N, (Hackle mark condition)
Applied load [N] 9 N, (Hackle and rib mark condition)
15 N, (Rib mark condition)
Scribing speed [mm/s] 15
Scribing distance [mm] 80
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t=0s Circular crack { =05 Half-Npenny crack  t=0.0740s
. T
Connection Half-penny crack
t=0.0705 s t =0.0200 s t=0.0765 s
t=0.0710s t =0.0400 s t=0.0790 s
L i i 100 pm
t=0.0715s t =0.0600 s 140 um t=0.0815s —_—
(a) (b) ©
e T3 —tT
- g 140 pm
Hackle mark Rib mark Hackle mark Rib mark
| 200 pm
(d) (e) ()

FIGURE 3.3 Images of crack propagation behavior in the glass substrate captured in the
high-speed lateral observation ((a)—(c)), and the fracture surface under each scribing
condition ((d)—(f)). The applied load was 7 N in (a) and (d), 15 N in (b) and (e), and 9 N in

(c) and (f).
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FIGURE 3.4 Images of the crack propagation behavior in the glass substrate captured in
the high-speed back-side observation. The applied load was (a) 7 N, (b) 15 N, and (¢) 9 N.
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/ {} f Radial crack

Median crack Indentation /

Cross section Cross section

Surface _caaae - Glass Surface

Glass

Cone cragk ______
Cross section Cross section
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FIGURE 3.5 Schematic illustrations of crack in Vickers indentation. (a) Median crack
occur under ridge line of indentation. (b) Radial crack appears at corner of indentation near
surface. (c) Lateral crack is located under plastic core zone. (d) Cone crack is generated
from surface around indentation.
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FIGURE 3.6 Surface morphology of the scribed glass. (a) before breaking as observed by
a confocal microscope and (b) after breaking as observed by an optical microscope.

26



FATHRIC XY, R 74 THRHICIEAN 7 AR E K VICHET 27700 T v 7
DI D ME TN T VB, LERoT, w4 —NEWIICIIAT AT v 2Ty 7,
TTATNI Ty I B8IXNTTINI Ty IBBREINE ZEBHLPICRo72. &
NODBANEEKT 2 A HN=ZRLICONT, ILICHELVWHAELNETDH .

=
KRETIE, BEEN AT EHCEBEICLY, S —AEWiD R 27 74 7B

IN2EREAFUL L7z, LN IHELZ LS ¢ TEREZITV, LT oMREE-

(1) &4 —NEWDORT F A 7Hicix, WO FTICRET 2HBOEERAR (X7
4TV Ty ) b, BIROME»GBEHRICHEET 2|EBHR (774 T 17
T 7)) BEEINZ., TNETNAT AT VI IT79I7BX0TTATANI T
R BT 5.

Q) Ny I A~—2EERCIE, A4 — A T A TCHBEDO AT 4 T v 2 T v 7 (1
R BRI, A —VBE#ERICKEST 5. w4 — V7T ClERERZ D
R CBHRPIEKT 5.

(3) UV 7=—2BKERICIX, T4 —VETOMEBRERIILKL, AwickEda L CiEm
77y BB ING. KRiT Ty 7IERERIE, FA—AOERITERL TER
77w 7 HBHITICERST 5.

4) A7 A4 TO@RPTERZ 7y 7 BBKT 2L, ZOHE»HIZY 7~— 272
KEND, Thbb, EZ 7y I7BBKT 20890201 7~ — 7 BEOENR
Th 5.

(5) T4 =g T, ERONME» L 7T A TNANT 7y 7BEKT S, 774 T
77w 737 ARMD DFRALEICHEL, MLBEOKRMOR T 2FHFRET 5.
TL—=FJVAKFA =V EHWERAIZF4TICENT, BIRINZEBHROBEMNED

BN % K3.71C R,

w

27



Hackle mark condition

Circular crack

Radial crack—__ = Median crack

Connection

Rib mark condition

Half-penny crack y

/

(b)
FIGURE 3.7 Schematic illustration of crack generation behavior during scribing process
when (a) hackle mark and (b) rib mark are appeared on fractured surfaces..
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FIGURE 4.1 Experimental procedure of wheel load/unload experiment ${
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FIGURE 4.2 Crack observation results from lateral side (Penett 110-10, applied load 15
N). (a): During loading process (0.5 s), (b): after loading process (1.0 s), (c): after holding
process (12.0 s) and (d): after unloading process (13.0 s).
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FIGURE 4.3 Schematic illustrations of crack generation behavior. (a) generating position
of circular cracks. (b) C-E: circular crack occurred under central indentation extends. (c) C-
C: Center circular cracks connect each other. (d) O-E: Outer circular crack extends to half
penny crack. (e) O-1: Large half penny crack generate instantaneously from outer circular
crack. (f) N: No circular cracks occurs and half penny crack occurs at unloading process.
The colors of cracks vary from pale to dark blue along with time course in (b) ~(d). 1st, 2nd
and 3rd means loading, load holding and unloading process, respectively.
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TABLE 4.1 Crack generation behavior of median crack below the indentation.

110-10 135-10 140-7 170-5 360-3
SN C-E/C-C C-C O-E O-E N
1SN C-E/C-C O-E O-1 O-E/O-1 N
25N C-E/C-C O-1 O-1 O-I/N N

X% C-E: Center-Extend, C-C: Center-Connect, O-E: Outer-Extend, O-I: Outer-Instant,
N: No circular crack.
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FIGURE 4.4 Time chart of crack generation for each wheel shape. (a) 110-10, (b) 135-10,
(c) 140-7, (d) 170-5 and (e) 360-3. t =0 ~ 1.0 s is loading process, t = 1.0 ~ 13.0 s is load
holding process and t = 13.0 ~ is unloading process.
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FIGURE 4.5 Overhead view of stress distribution when using 110-10 at an applied load of
15 N. (a) and (b): Maximum principal stress g; at t; = 0.5 s (maximum load) and t,= 1.0 s
(unloaded). (c¢) and (d): Normal stress in Y direction oy att, =0.5sand t, = 1.0 s.
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FIGURE 4.6 Transition of Y axis tensile stress distribution on XZ symmetry plane when
using 110-10 at applied load of 15N. (a) ~ (c): loading process, (d) and (e): unloading
process. Allow mark indicates crack generation point in experiments.
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FIGURE 4.7 Transition of Y axis tensile stress distribution on XZ symmetry plane when
using 170-5 at applied load of 15N. (a) ~ (c¢): loading process, (d) and (e): unloading
process. Allow mark indicates crack generation point in experiments.
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FIGURE 4.8 Comparison of stress distribution on XZ symmetry plane at an applied load
of 15 N among various wheel configuration (t, = 0.5 s, after loading). (a) 110-10, (b) 135-
10, (c) 140-7, (d) 170-5 and (e) 360-3. Arrow marks indicate generation points of circular
cracks. Z; is indentation depth after loading.
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FIGURE 4.9 Comparison of Y axis tensile stress distribution on XZ symmetry plane
among an applied load of 5, 15 and 25N at 0.5 s of analysis time (end of loading) when
using wheel 135-10 (a ~ ¢) and 170-5 (d ~ f). Arrow marks indicate crack generation point
in experiments.
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FIGURE 4.10 Relationships between contact condition of concavity and stress
distribution. When concavities do not contact (a), tensile stress reach to glass surface and
then circular cracks occur. On the other hand, when concavities contact enough, the region
near surface becomes compressive stress and then circular cracks generation is suppressed.
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FIGURE 4.11 Microscopic images of scribed surfaces using various wheels and applied
loads. Radial cracks occurred at corner of indentations. Radial cracks connect indentations.
At higher load, wing cracks and diagonal cracks appear beside indentations.
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FIGURE 4.12 Radial crack generation behavior observed by high-speed camera from
back side of glass (110-10, 7 N). Allow mark indicate same indentation. Radial cracks
occur behind wheel contact region. Cracks glow with time and connect each other (c).
Sometimes, polygonal region surrounded by radial cracks are chipped (f).
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FIGURE 4.13 Radial crack generation behavior at (a, ¢, €) 7 N and (b, d, f) 15 N. Wheels
are (a, b) 110-10, (c, d) 140-7 and (e, f) 170-5.
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FIGURE 4.14 Radial crack generation behavior observed by high-speed camera from
back side of glass (140-7, 15 N). Allow mark indicate same indentation. Crack generate
under wheel (a) and glow to outside (c ~ f).
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Indentation Small load condition
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Expression to surface
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FIGURE 4.15 Schematic illustration of surface crack generation behavior. (a) Radial
crack occurs at corners of indentations. Radial cracks connect each other, and the region
surrounded by radial cracks and indentations is taken away (Chipping). (b) Median crack
reach to surface when rib mark generated. Chipping sometimes occur at the region
surrounded by radial cracks, indentations and median crack. (¢) Wing crack is nucleate
under central area of indentation. The nucleus grow toward outside and appear on surface
as wing crack. (d) Diagonal cracks are perpendicular to surface and occur from corner of
indentation, as same as radial cracks. Their angles against scribe direction are almost
constant. When indentation depth increase like a result of 360-3 (Figure 1), diagonal cracks
appear at irregular positions.
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FIGURE 4.16 Distribution of maximum principal stress after loading (a, b), during
unloading (c, d) and after unloading (e, f). Tensile stress regions locate under indentations
(U) and at the corner of indentations (C) (a, b). Tensile stress region U move toward surface
with unloading (c, e). Tensile stress region C enlarge with unloading (d, e). Finally, tensile
stress distribute on the surface around indentations by combination of U and C (f).
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FIGURE 4.17 Comparison of stress distribution on surface after unloading when applied
load and wheel shape varied. (a, b) 110-10, (c, d) 140-7, (e, f) 170-5 and (g) 360-3. Left
column (a, c, e and f) shows 15 N, and right column (b, d and f) shows 25 N.
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FIGURE 4.18 Schematic illustrations of indentation shape. The angle between ridge line
and surface vary depending on wheel shape (a) and applied load (b).
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FIGURE 4.19 Stress distributions at t; = 0.6 s. Wheel: Penett 140-7, applied load: 15 N.

(a) ox, (b) gy, (¢) gz, (d) Txy, (€) Tyz and (f) Tzx.

20 um

FIGURE 4.20 Microscopic image of surface scribed by normal wheel at applied load of
20 N. Continuous scribed line was formed, and diagonal cracks occurred on both sides of
scribed line.
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FIGURE 4.21 Schematic illustration of the observation of the crack propagation behavior
by using high-speed polarized camera. (a) shows experimental set up of load/unload
observation from X axis direction. High-speed polarized camera catch transparent light
emitted from light source. (b) shows experimental set up of crack observation during
scribing from Y and Z axis directions. Wheel and cameras are fixed at same position and
stage moves to X direction. Reflected light is observed in Z axis observation. Glass surface
is coated by thin Au layer in order to enhance reflected light.
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FIGURE 4.22 Schematic illustration of static observation of median and
lateral cracks from vertical surface of scribing direction. (a): Scribe to create ZT x
observation plane (1% scribing), (b): scribe to create observation cracks (2™ Y
scribing), (c): break along the 1% scribing line and then (d): observation using
confocal laser microscope.
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FIGURE 4.23 Results of photo-elastic experiment when using 125-APIO at 25 N. (a) and
(b) show results during unloading. (c¢) and (d) show results after unloading. (a) and (c) are
brightness images. (b) and (d) are phase difference images. Median crack occurs during
unloading (a). Phase difference concentrate near surface and around median crack at that
time (b). After unloading, lateral crack is appeared (c). Phase difference exist only near
surface and absent under lateral crack (d).
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FIGURE 4.24 Change of normal stress of Z direction (o7) for 125-APIO at 15 N. (a) t, =
0.5s,(b)t, =09 s and (c) t, = 1.0 s. At (e) t, = 1.0 s, tensile stress of gz occur beside
indentation.
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FIGURE 4.25 Distributions of normal stress of Z direction after unloading using 125-
APIO at 15 N. Right side images shows high tensile stress regions above threshold value of
5.0 X 108 Pa. Tensile stress regions exist around indentations.
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FIGURE 4.26 Simultaneous observation of crack propagation using APIO-115 from Y and
Z axis direction. An applied load was 17 N. (a): t = 1.7 s, (b): t = 1.9 s. Median crack
propagation was suppressed when lateral crack occurred (b).
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FIGURE 4.27 Relationships between measured position and crack length using 115-APIO
at an applied load of 17N. Solid and dashed lines indicate crack length just under wheel (0.0
s) and behind wheel (0.2 s), respectively. Lateral crack occurs after wheel passing. At the
point, median crack propagation was suppressed.
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FIGURE 4.28 Lateral crack observation from back side using 115-APIO at an applied load
of (a) 10 N, (b) 15 N and (c) 17 N. The moment that wheel appears at left edge of image is
setast =0.0s.
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FIGURE 4.29 Lateral crack observation from back side using 115-APIO at an applied load
of (a) 15 N and (b) 17 N. A single elliptical lateral crack occurs on the scribing trajectory at
15 N (a). On the other hand, at 17 N (b), lateral crack extend intermittently from existing
one. The moment of lateral crack generation is set as t = 0.0 s.
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FIGURE 4.30 Relationships between median and lateral cracks using 115-APIO. No
lateral crack occurred at an applied load of 10 N. Median cracks become shallower in all
samples of 17 N and one of 15 N. At 15 N, except one sample, median cracks grew to
almost same depth as thickness of glass substrates (700 pm).
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FIGURE 4.31 Schematic illustration of effect of lateral crack generation against median
crack extension in the case of (a) separate and (b) intermittent lateral crack generation
behavior represented by 15 N and 17 N, respectively. Time goes from pale to deep color.
Although lateral crack has effect suppressing median crack extension, median crack extend
deeper in (a) condition because its effect is limited.
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FIGURE 5.1 Schematic illustration of simultaneous observation system from lateral and
vertical direction. Foreground % of stage in the illustration is cut down. In lateral
observation, cracks are visualized by transparent light. In vertical observation, high-speed
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FIGURE 5.3 Procedures of image processing for high-speed observation. Crack
generation/extension behavior was clarified by subtraction of two images. (a) shows a
method of difference between continuous 2 frames. As a result, instantaneous change like
crack generation is visualized. According to difference from initial frame (b), crack
extension appears as a integral change from initial frame.
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FIGURE 5.4 Fractured surface morphology of hackle mark observed by laser confocal
microscope. (a) shows surface image of hackle mark. (b), (c) and (d) are surface profiles on
the line (b), (¢) and (d) in (a), respectively. Hackle mark has semicircular marks and steps
between them (a, b). Semicircular marks tilt individually (c, d) and make one plane with

extension toward depth direction.
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FIGURE 5.5 Fractured surface morphology of rib mark observed by laser confocal

microscope. (a) shows image shot by general view and its surface profile. (b) shows
differential interference contrast (DIC) view which can visualize smaller surface structure.
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FIGURE 5.6 Crack generation behavior at applied load of 7 N when using wheel 110-10.
(a), (b) and (c): lateral view. (a’), (b’) and (c’): back side view. (d) and (e): differential
image between continuous two frames.
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FIGURE 5.7 Crack generation behavior after scribing at applied load of 7 N when using
wheel 110-10. Difference image from 0 frame (t = 0 s) when center of scribing wheel reach
to left edge of observing site.
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FIGURE 5.8 Simultaneous two ways high-speed camera observation during scribing at rib

mark condition (Wheel: Penett SDX 125-110, Load: 7 N, Scribing speed: 5 mm/s). (a), (b)
and (c): Lateral observation. (a’), (b”) and (c”): Back side observation.
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110-10, 140-7, 170-5 and 360-3.
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FIGURE 5.12 Crack generation behavior at applied load of 7N when using 170-5. (a), (b)
and (c): lateral view. (a’), (b’) and (c’): back side view. (d) and (e): differential image
between continuous two frames.
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FIGURE S5.13 High-speed camera observation during scribing at rib mark condition
(Wheel: Penett 170-5, Load: 15N, Scribing speed: Smm/s).
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FIGURE 6.3 Phase difference images of 5 and 20 N at 0.5 s (just after scribing) and 5.0 s.
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FIGURE 6.4 Results of wheel indentation/unloading analysis (same as Section 4). Stress
distributions of t, = 1.0 s (after unloading).
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FIGURE 6.5 Procedure of wheel cleaving. At first, indent wheel to glass and scanning on
glass surface (scribing). Then, divide glass by applying bending force (breaking).
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FIGURE 6.6 Extract a part of phase difference image and array like high-speed camera
image.
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FIGURE 6.7 Time chart of phase difference relaxation. Fractured surfaces of glass
substrates scribed at 5 and 10 N exhibit hackle mark. Maximum phase difference of them
remain higher (around 60 %) for 5 s. On the other hand, results of 15 and 20 N that exhibits
rib mark dramatically decrease in short time about 1 ~ 3 s.
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FIGURE 6.8 Time chart of crack extension depth. Extension behavior is different between
hackle mark condition (10 N) and rib mark condition (15, 20 N).
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FIGURE 6.9 Phase difference image of normal wheel at 15 N and 0.5 s. Value of phase
difference is smaller than result scribed by Penett (Figure 6.3).
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FIGURE 7.2 Estimation of stress distribution by photo-elastic CT method using deep
neural network. Stress distribution is outputted via deep neural network using phase
difference images as input data.
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FIGURE 7.3 Framework of DNN reconstruction program. Stress distribution is calculated
by FEM analysis. Phase difference images which are generally taken by experiment are
prepared by optical calculation from stress distribution for input data of deep neural
network. Stress distribution is also used as answer data for recursive learning.
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FIGURE 7.4 Schematic illustration of layers of neural network. (a) convolution, (b)
Pooling and (c) Fully connected layer.
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FIGURE 7.5 Flowchart of neural network. 3 convolution layers, 2 pooling layers, 2 Fully-
connected layers and a dropout layer are concatenated. Cosine similarity is used as a loss
function.
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FIGURE 7.6 Results of stress reconstruction by neural network using FEM stress
distributions and phase difference images calculated from them. Validation test carried out
for 8 patterns of stress distribution. Almost all components of reconstructed stress
correspond to FEM stress (Answer data).
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iz L, ZohTH 7 AR ENEEE ¢ 2 2 L CHRIEFELRET LI L.
H 7 ZAeAkEHE 320 mmD L RO R T EHE A 7 A (SCHOTT#:, TEMPAX) % Hw
7. VIHEEZ RTINS, EITRIZ1IARE CH 5. RO M4 2 E L 7250k
ZEHA L. ®EirEofitke L, 2 vikd Y v a (Nal) KEKRZHVZ, I
fELF + Vv 2kiERIZ, 2 ULF b)Y A0BEICX Y, BITRERATLSE CH L
TR TES, VAF PV LOREEZMINIERLED, H T RAEBEKE
WIS, D IKERNTH 7 ABEHICR 2 X 51, KIBERORE 2L 7=, %
DFER, AWFFETHG7ZI 7LF b Y 7 LKA DERE 13641 %TH 7=, HT7 AR
Acrylic case: 100X 100X 100 mm

Glass cube: °
20x20x20 mm |
Thrust bearing: ¢52 mm Aqueous solution of Nal: 64.1 wt%

FIGURE 7.7 Schematic illustration of experimental equipment of photoelastic CT
method. Refraction index of aqueous solution of Nal is adjusted as same as that of glass
cube. Glass cube put on thrust bearing to rotate arbitrary angle.

TABLE 7.1 Mechanical and optical properties of TEMPAX.

Density [g/cm’] 2.23
Young’s modulus |GPa] 64
Poisson’s ratio [-1 0.2
Refractive index (546.1 nm) [-1 1.47311
Birefingence constant [(nm/cm)/(kg/mm?)] 392
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FIGURE 7.8 Photo image of experimental equipment. Stress field is generated by

crumping upper edge of glass with bolt and nut (a). Glass become transparent in Nal
aqueous solution (b).
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FIGURE 7.9 FEM analysis model (a) and observation site from 8 direction (b). Bolt and
nut are expressed as circular surface. Forced displacement of 1 pm set to the surfaces.
Observation site in experiment is located at center of sample in X direction and 4 mm depth
from upper surface.
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FIGURE 7.10 Validation test of learned neural network model using FEM data indicated
in Figure 7.9. Many components of reconstructed stress correspond to FEM results.
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FIGURE 7.11 Phase difference images taken by experiment. Images vary depending on
observing direction.

FIGURE 7.12 Results of reconstructed stress distribution by photoelastic CT method
using neural network.
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FIGURE A.3 Schematic illustration of parameters of new wheels: (a) Hexagonal Penett
and (b) Hexagonal APIO.
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FIGURE A.4 Indentation shape when using (a) ordinary Penett and (b) Hexagonal Penett.

0 2.0x10°[Pa]

FIGURE A.5 Distribution of maximum principal stress (g;) on indented surface by (a)
ordinary Penett and (b) Hexagonal Penett.

124



[ 1 -
r—Symmetry plane b I e

o = -
= @
Z
vy X
(2) (b)
T [ T T T T T T 77 T T ]
—1.0>l109 (|) 1.0><|109 [Pa]

FIGURE A.6 Distribution of normal stress of Y axis (gy) on cleaving surface by (a)
ordinary Penett and (b) Hexagonal Penett.
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FIGURE A.7 FEM results of Hexagonal APIO. Z displacement (a, ¢), maximum principal
stress on indented surface (b) and normal stress of Y axis on cleaving surface (d).
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