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q?BH2 bQK2 Q7 i?2 Bbbm2b �`2 Q7 �2bi?2iB+ M�im`2- +`�+Fb +�M �HbQ bB;MB}+�MiHv BM~m2M+2 i?2

T2`7Q`K�M+2 Q7 � /2pB+2 Q` #2+QK2 � b2`BQmb b�72iv Bbbm2X hQ K�F2 � ;H�bb KQ`2 /m`�#H2

b22Kb iQ #2 �M Q#pBQmb bi2T- #mi i?2`27Q`2- i?2 }`bi bi2T Bb iQ mM/2`bi�M/ i?2 mM/2`HvBM;

K2+?�MBbKb 2tTH�BMBM; r?v �M/ ?Qr +`�+Fb 7Q`KX h?2 #2M2}ib Q7 M�MQBM/2Mi�iBQM �b �

iQQH iQ �Mbr2` i?2b2 [m2biBQMb Bb irQ@7QH/X �i bK�HH b+�H2b ;H�bb2b /27Q`K TH�biB+�HHv

#27Q`2 i?2v 7`�+im`2X AM K�+`Qb+QTB+ 7�BHm`2 �M�HvbBb- bm+? �b +QKT`2bbBQM i2biBM;- i?2

K�i2`B�H b?�ii2`b [mB+FHv BMiQ KmHiBTH2 TB2+2b MQi �HHQrBM; 7Q` � KQ`2 /2i�BH2/ �M�HvbBb

Q7 i?2 +`�+FBM; 2p2MiX ai`2bb2b �`QmM/ �M BM/2Mi�iBQM BKT`2bbBQM /2+�v [mB+FHv- �HHQrBM;

i?2 +`�+Fb iQ �``2bi #27Q`2 +�i�bi`QT?B+ 7�BHm`2 (R)X h?2b2 +`�+Fb +�M i?2M #2 �M�Hvx2/

7Q` +`�+FBM; KQ`T?QHQ;B2b- �M/ i?2B` H2M;i?b +�M #2 K2�bm`2/ �HHQrBM; 7Q` 7`�+im`2

iQm;?M2bb +�H+mH�iBQMb Q7 i?2 K�i2`B�HX �//BiBQM�HHv- BKT`2bbBQMb T2`7Q`K2/ mbBM;

M�MQBM/2Mi�iBQM QMHv T`Q#2 bK�HH pQHmK2b- bQ Bi +�M #2 �bbmK2/ i?�i i?2 BM/2Mi�iBQM

Bib2H7 Bb `2bTQMbB#H2 7Q` i?2 +`�+F 7Q`K�iBQM �M/ MQi T`22tBbiBM; ~�rb �b Q`B;BM�HHv

�bbmK2/ #v G�rM �M/ 1p�Mb (k)X h?mb- M�MQBM/2Mi�iBQM �HHQrb iQ bBKmH�i2 i?2 b?�`T

+QMi�+i 2p2Mi BM � +QMi`QHH2/ K�MM2`X Ai �HbQ �HHQrb iQ BMp2biB;�i2 i?2 BM~m2M+2 Q7 i?2

b?�T2 Q7 i?2 b?�`T Q#D2+i mbBM; /Bz2`2Mi b?�T2b Q7 BM/2Mi2`b U6B;m`2 RXRVX

>BbiQ`B+�HHv- K�+`Qb+QTB+ ?�`/M2bb i2biBM; r�b /QM2 rBi? � oB+F2`b BM/2Mi2` U6B;@

m`2 RXR�V- #mi /m2 iQ Bib 7Qm`@bB/2/ Tv`�KB/�H ;2QK2i`v- Bi Bb T`QM2 iQ +?Bb2H@2/;2

R



U�V oB+F2`b, � 4 68� U#V "2`FQpB+?, � 4 65.3� U+V *m#2 *Q`M2`, � 4 35.3�

6B;m`2 RXR, a+?2K�iB+ BHHmbi`�iBQM Q7 /Bz2`2Mi BM/2Mi2` iBTb ivTB+�HHv mb2/ BM M�MQBM@
/2Mi�iBQMX U`2T`BMi2/ 7`QK (j)XV

/2p2HQTK2Mi- r?B+? ;Bp2b `Bb2 iQ H�`;2 ;2QK2i`B+�H /2pB�iBQMb 7`QK i?2 B/2�H b?�T2X

6Q` bK�HH@b+�H2 M�MQBM/2Mi�iBQM ?Qr2p2`- /m2 iQ Bib b2MbBiBp2 M�im`2- i?2 ;2QK2i`v

Q7 i?2 BM/2Mi2` Kmbi #2 r2HH@FMQrM- �M/ i?2 BM/2Mi2` iBT Kmbi #2 K�+?BM2/ rBi?

?B;?2bi T`2+BbBQMX qBi? �/p�M+2K2Mib BM M�MQBM/2Mi�iBQM- � i?`22@bB/2/ "2`FQpB+?

iBT U6B;m`2 RXR#V r�b +`2�i2/- i?�i ?�b � bBKBH�` /2Ti?@iQ@�`2� `�iBQ �b � oB+F2`b- #mi

/m2 iQ i?2 i?`22@bB/2/ Tv`�KB/�H b?�T2- Bi �HHQrb 7Q` � T`2+Bb2 iBT K�Mm7�+im`BM; i?�i

�pQB/b +?Bb2H@2/;2 /2p2HQTK2Mi Bbbm2b (9)X h?2 +m#2 +Q`M2` BM/2Mi2` U6B;m`2 RXR+V Bb

�MQi?2` +QKKQM b?�T2 mb2/ BM M�MQBM/2Mi�iBQM- r?B+? Bb �HbQ Q7 i?`22@bB/2/ ;2QK2i`vX

*QKT�`2/ iQ i?2 "2`FQpB+? BM/2Mi2`- Bi ?�b � bK�HH2` +2Mi2`@HBM2 iQ 7�+2 �M;H2 �X h?Bb

/Bz2`2M+2 BM � K�F2b i?2 +m#2 +Q`M2` BM/2Mi2` bB;MB}+�MiHv b?�`T2`- bQ i?�i /m`BM;

i?2 BM/2Mi�iBQM T`Q+2bb Bi /BbTH�+2b � H�`;2` pQHmK2- �HHQrBM; +2`i�BM /27Q`K�iBQM �M/

7`�+im`2 K2+?�MBbKb iQ Q++m` bQQM2`X

RXk aBHB+�i2 :H�bb2b

:H�bb2b �`2 � ;`QmT Q7 K�i2`B�Hb i?�i +�M #2 /2}M2/ �b �KQ`T?Qmb bQHB/b i?�i

QMHv TQbb2bb � b?Q`i `�M;2 �iQKB+ bi`m+im`2 (8)X aBHB+�i2 ;H�bb2b �`2 �M BKTQ`i�Mi

bm#+�i2;Q`v- �M/ i?2v +�M #2 /BpB/2/ BMiQ irQ +H�bb2b- MQ`K�H �M/ �MQK�HQmb ;H�bb2b

(eĜ3)X h?2 `2bT2+iBp2 K2+?�MB+�H #2?�pBQ` Q7 i?Qb2 irQ +�i2;Q`B2b Bb /2i2`KBM2/ #v

i?2 KQH2+mH�` bi`m+im`2 Q7 i?2 K�i2`B�H �b b22M BM 6B;m`2 RXkX >B;? Tm`Biv 7mb2/

k



bBHB+� U>S6aV- �b � `2T`2b2Mi�iBp2 Q7 �MQK�HQmb ;H�bb2b- +QMbBbib Q7 � i?`22 /BK2MbBQM�H

M2irQ`F Q7 �KQ`T?Qmb aBPkX Aib QT2M M2irQ`F bi`m+im`2 `2bmHib BM � bB;MB}+�Mi �KQmMi

Q7 7`22 pQHmK2- �M/ Bi i?2`27Q`2 /27Q`Kb T`BK�`BHv #v /2MbB}+�iBQMX aQ/�@HBK2 bBHB+�i2

;H�bb UaGa:V QM i?2 Qi?2` ?�M/- `2T`2b2MiBM; MQ`K�H ;H�bb2b- +QMi�BMb K2i�HHB+ BQMb-

2X;X- bQ/BmK UL�V �M/ +�H+BmK U*�V- r?B+? Q++mTv i?2 7`22 bT�+2 BM i?2 M2irQ`F �M/

/27Q`K�iBQM Q++m`b #v TH�biB+ ~Qr- `�i?2` i?�M /2MbB}+�iBQM (N)X �HbQ- L� Bb � M2irQ`F

KQ/B}2`- r?B+? #`2�Fb mT i?2 bi`QM; j. +QMM2+iBpBiv Q7 i?2 �KQ`T?Qmb M2irQ`F �M/

i?2`2#v �HHQrb 7Q` KQ`2 TH�biB+Biv #v b?2�`X q?BH2 TH�biB+ Q` b?2�` ~Qr Bb � T`Q+2bb i?�i

+QMb2`p2b pQHmK2- /2MbB}+�iBQM `2bmHib BM � pQHmK2 +?�M;2 (3- Ry)X

6B;m`2 RXk, .Bz2`2M+2b #2ir22M 7mb2/ bBHB+� �M/ bQ/�@HBK2 ;H�bb U`2T`BMi2/ rBi?
T2`KBbbBQM 7`QK (N)VX

RXj *`�+F JQ`T?QHQ;B2b

h?2 /Bz2`2M+2 BM /27Q`K�iBQM K2+?�MBbK Bb i?Qm;?i iQ `2bmHi BM /Bz2`2Mi +`�+FBM;

KQ`T?QHQ;B2b (RR)X h?2 KQbi +QKKQM KQ`T?QHQ;B2b BMi`Q/m+2/ #v M�MQBM/2Mi�iBQM �`2

b?QrM BM 6B;m`2 RXjX � K2i?Q/ iQ /BbiBM;mBb? i?2 +`�+FBM; KQ`T?QHQ;v Bb ;`QmTBM; i?2

+`�+Fb #v i?2B` HQ+�iBQM Q7 Q++m``2M+2X *QM2 U6B;m`2 RXj�V �M/ S�HK[pBbi U6B;m`2 RXj/V

+`�+Fb bi�`i �i i?2 bm`7�+2 +HQb2 iQ i?2 +QMi�+i T2`BT?2`v Q7 i?2 BM/2Mi�iBQM- r?2`2�b

K2/B�M U6B;m`2 RXj+V �M/ H�i2`�H U6B;m`2 RXj#V +`�+Fb BMBiB�i2 #2HQr i?2 BM/2Mi�iBQM �i

i?2 2H�biB+@TH�biB+ #QmM/�`vX �MQi?2` +`Bi2`BQM Bb i?2 /B`2+iBQM Q7 +`�+F T`QT�;�iBQMX

q?BH2 +QM2 �M/ H�i2`�H +`�+Fb T`QT�;�i2 T`2/QKBM�MiHv T�`�HH2H iQ i?2 bm`7�+2- K2/B�M

j



�M/ S�HK[pBbi +`�+Fb T`QT�;�i2 T2`T2M/B+mH�` iQ i?2 bm`7�+2 �M/ +`BiB+�HHv BM~m2M+2

i?2 +QKTQM2Mi bi`2M;i? (d- RkĜR9)X h?mb QM2 K�DQ` �bT2+i Q7 i?2 +m``2Mi rQ`F rBHH #2

iQ /2i2`KBM2 r?2M �M/ ?Qr i?2 `�/B�H +`�+Fb UK2/B�M �M/ S�HK[pBbiV 7Q`KX �MQi?2`

+`�+F KQ`T?QHQ;v Bb i?2 ?�H7@T2MMv +`�+F �b b?QrM BM 6B;m`2 RXj2X h?Bb KQ`T?QHQ;v

+QmH/ Q++m` BM irQ r�vbX Ai +QmH/ ?�p2 2Bi?2` bi�`i2/ BM i?2 bm#bm`7�+2 �b � K2/B�M

+`�+F �M/ ;`Qr iQr�`/b i?2 bm`7�+2 �b Bi T`QT�;�i2bX �Hi2`M�iBp2Hv- Bi +QmH/ ?�p2 bi�`i2/

QM i?2 bm`7�+2 �b � S�HK[pBbi +`�+F �M/ i?2M ;`Qr /QrMX AM Qi?2` rQ`/b- B7 i?2 HQ�/ Bb

?B;? 2MQm;?- Bi +�M MQi #2 /2i2`KBM2/ �MvKQ`2 B7 i?2 +`�+F Bb Q7 K2/B�M Q` S�HK[pBbi

+?�`�+i2`X

U�V *QM2 U#V G�i2`�H

U+V J2/B�M U/V S�HK[pBbi U2V >�H7@T2MMv

6B;m`2 RXj, JQbi +QKKQM +`�+F KQ`T?QHQ;B2b BMi`Q/m+2/ #v M�MQBM/2Mi�iBQM UKQ/B@
}2/ 7`QK (R9)VX

P`B;BM�HHv- i?2 K�BM 7Q+mb Q7 i?2 rQ`F r�b i?Qm;?i iQ #2 QM i?2 BMBiB�iBQM �M/

T`QT�;�iBQM Q7 i?2 `�/B�H +`�+F bvbi2KbX �M 2t�KTH2 Q7 `�/B�H +`�+Fb Bb b?QrM BM

a2+iBQM RXjX >Qr2p2`- BM `2+2Mi HBi2`�im`2 �MQi?2` +`�+F bvbi2K r�b /Bb+Qp2`2/- r?B+?

Bb QMHv `2TQ`i2/ p2`v bT�`b2Hv- #mi b22Kb iQ TH�v � bB;MB}+�Mi `QH2 BM i?2 BMBiB�iBQM

Q7 `�/B�H +`�+FbX h?2b2 �`2 +�HH2/ 2/;2 +`�+Fb (R8ĜRd)- r?B+? ;`Qr �HQM; i?2 +QMi�+i

T2`BT?2`v �M/ �`2 i?2`27Q`2 �HbQ bQK2iBK2b `272``2/ iQ �b #Q`/2`HBM2- TB+im`2 7`�K2-

Q` +B`+mH�` +Q?2bBp2 +`�+Fb (N- R3Ĝky)X 6B;m`2 RX9# b?Qrb �M 2t�KTH2 Q7 i?Bb +`�+F

KQ`T?QHQ;vX 6`QK � bm#@bm`7�+2 pB2r- i?2b2 +`�+Fb �`2 p2`v b?�HHQr �M/ +QMbB/2`2/

bm`7�+2 Q`B2Mi2/ (kR)X

9



U�V U#V

6B;m`2 RX9, *QKT�`BbQM #2ir22M U�V `�/B�H �M/ U#V 2/;2 +`�+Fb UKQ/B}2/ 7`QK (N)VX

RX9 *`�+F AMBiB�iBQM

q?2M �M/ ?Qr � +`�+F BMBiB�i2b �M/ r?B+? +`�+F KQ`T?QHQ;v Bb /QKBM�Mi- BX2X-

BMBiB�i2b }`bi- Bb /2i2`KBM2/ #v i?2 BM/2Mi2/ K�i2`B�H- i?2 BM/2Mi�iBQM HQ�/- �M/ i?2

BM/2Mi2` b?�T2X .Bz2`2Mi `2b2�`+? ;`QmTb ?�p2 7QmM/ i?�i � KBMBKmK HQ�/ Bb M22/2/

7Q` +`�+Fb iQ 7Q`K �`QmM/ �M BM/2Mi�iBQMX � KQ/2H iQ /2b+`B#2 +`�+F BMBiB�iBQM r�b

}`bi T`2b2Mi2/ #v G�rM 2i �HX (k- kk)X h?2v �bbmK2/ i?�i B7 ?�`/M2bb H Bb � K�i2`B�H

T`QT2`iv /2b+`B#BM; Bib `2bBbi�M+2 iQ /27Q`K�iBQM �M/ 7`�+im`2 iQm;?M2bb Kc /2b+`B#2b

Bib `2bBbi�M+2 iQ 7`�+im`2- i?2M i?2`2 ?�b iQ #2 � +QK#BM�iBQM Q7 i?2b2 irQ K�i2`B�H

T`QT2`iB2b iQ /2b+`B#2 i?2 #`BiiH2M2bb Q` i?2 QMb2i Q7 +`�+FBM; Q7 i?2 K�i2`B�H- r?B+? ?�b

i?2 7Q`K /2b+`B#2/ #v

Pc = ⌦ ·
✓
Kc

H

◆3

·Kc , URXRV

r?2`2 ⌦ Bb � K�i2`B�H BM/2T2M/2Mi /BK2MbBQMH2bb T�`�K2i2`X

�b b?QrM BM 6B;m`2 RX8�- mbBM; >BHHǶb 2tT�M/BM; +�pBiv bQHmiBQM iQ /2b+`B#2 i?2 bi`2bb@

}2H/ �`QmM/ i?2 BM/2Mi�iBQM �M/ #�b2/ QM i?2 �bbmKTiBQM i?�i i?2`2 �`2 T`22tBbiBM;

~�rb +QMp2MB2MiHv HQ+�i2/ �i i?2 2H�biB+fTH�biB+ #QmM/�`v- i?2M i?2 MQM@/BK2MbBQM�H

T�`�K2i2` ⌦ Bb �#Qmi 2 · 104X

�MQi?2` +`BiB+�H �bbmKTiBQM Bb i?�i i?2 T`22tBbiBM; ~�r ?�b iQ #2 #B; 2MQm;? iQ

BMBiB�i2 � +`�+FX :Bp2M i?�i i?2 BM/2Mi Bib2H7 ;`Qrb bHQr2` i?�M i?2 +`�+F- 2p2`v ~�r

bK�HH2` i?�M i?2 BM/2Mi rBHH #2 bm#bmK2/ rBi?BM i?2 BM/2Mi�iBQM BKT`2bbBQM `2bmHiBM;

BM � +`BiB+�H ~�r bBx2 Q7 �i H2�bi i?2 bBx2 Q7 i?2 BM/2Mi�iBQMX >�;�M (kj) +`BiB+Bx2/ i?Bb

8
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U�V G�rM �M/ 1p�Mb U�/�Ti2/ 7`QK (k)VX

elastic/plastic
boundary

�icro crac�

τs

φ
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U+V >�`/BM; UKQ/B}2/ 7`QK (k9)VX
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 Soda Lime Glass
 Indentation Size, a
 Crack Length, c (φ1 = 35.3°)
 Crack Length, c (φ2 = 65.3°)

U/V >�`/BM; UKQ/B}2/ 7`QK (k9)VX

6B;m`2 RX8, h?2Q`2iB+�H /2i2`KBM�iBQM Q7 i?2 BM/2Mi�iBQM +`�+FBM; i?`2b?QH/ 7Q` `�/B�H
+`�+Fb #�b2/ QM /Bz2`2Mi �bbmKTiBQMbX

�bbmKTiBQM #�b2/ QM i?2 7�+i i?�i BM bQK2 K�i2`B�Hb- i?Qb2 ~�rb Q7 +`BiB+�H bBx2 rQmH/

?�p2 iQ #2 bQ #B; i?�i i?2v rQmH/ #2 pBbB#H2 BM i?2 K�i2`B�HX aBM+2 i?�i Bb MQi i?2 +�b2-

i?2`2 ?�b iQ #2 � /Bz2`2Mi K2+?�MBbK `2bTQMbB#H2 7Q` i?2 QMb2i Q7 +`�+FBM; �`QmM/ i?2

BM/2Mi�iBQM BKT`2bbBQM- r?B+? +QK2b 7`QK i?2 BM/2Mi�iBQM T`Q+2bb Bib2H7 (kj)X >�;�M

�ii`B#mi2/ i?2 BMBiB�iBQM Q7 +`�+Fb iQ i?2 TBH2@mT Q7 /BbHQ+�iBQMb �i BMi2`b2+iBM; bHBT HBM2b-

�b /2TB+i2/ BM 6B;m`2 RX8#X h?2 BMi2`b2+iBQM ?BM/2`b 7m`i?2` /BbHQ+�iBQM KQp2K2Mi-

;BpBM; `Bb2 iQ HQ+�HHv ?B;? i2MbBH2 bi`2bb2b i?�i +�M QT2M mT � +`�+FX >�;�MǶb KQ/2H �HbQ

H2�/b iQ i?2 7Q`K Q7 1[m�iBQM URXRV #v mbBM; i?2 /BbHQ+�iBQM TBH2@mT KQ/2H /2p2HQT2/ #v

ai`Q? (k8) BM i?2 H�i2 RN8ybX >Qr2p2`- i?2 p�Hm2 7Q` ⌦ Bb �TT`QtBK�i2Hv 1 · 103- r?B+? Bb

�M Q`/2` Q7 K�;MBim/2 HQr2` i?�M T`2/B+i2/ #v G�rM 2i �HXX q?2M /Bb+mbbBM; �KQ`T?Qmb

K�i2`B�Hb- Bi b?QmH/ #2 MQi2/ i?�i i?2v /Q MQi ?�p2 /BbHQ+�iBQMbX >Qr2p2`- i?2 b�K2

+QM+2Ti rQmH/ �TTHv iQ b?2�` #�M/b Q` bHBT 7�mHibX

AM RNN8- >�`/BM; (k9) /2p2HQT2/ � KQ/2H #�b2/ QM i?2 �bbmKTiBQM i?�i i?2 BM/2M@

i�iBQM Bib2H7 Bb i?2 +`BiB+�H ~�r �M/ i?�i i?2 b?�`T +Q`M2`b Q7 i?2 BM/2Mi2` �+i �b i?2

e



T`2+m`bQ`X aBKBH�` iQ G�rM 2i �HX- >�`/BM; �bbmK2/ i?�i BM T`2b2M+2 Q7 � HQ�/ +`�+Fb

;`Qr 7�bi2` i?�M i?2 +Q``2bTQM/BM; BM/2Mi�iBQMX aQ- 7Q` +`�+F BMBiB�iBQM- i?2 +`BiB+�H

TQBMi Bb i?2 BMi2`b2+iBQM Q7 i?2 +`�+F H2M;i? c �M/ i?2 BM/2Mi�iBQM bBx2 a U6B;m`2 RX8+VX

lbBM; i?2 r2HH@2bi�#HBb?2/ 2[m�iBQMb 7Q` H (ke) �M/ Kc (kd) �M/ �bbmKBM; i?�i +`�+F

BMBiB�iBQM Q++m`b r?2M

c = ✓ · a , URXkV

r?2`2 ✓ �++QmMib 7Q` i?2 +Q`M2`b Q7 i?2 BM/2Mi MQi #2BM; T2`72+iHv b?�`TX AM >�`/BM;Ƕb

KQ/2H- Pc Bb � 7mM+iBQM Q7 i?2 K�i2`B�H T`QT2`iB2b ?�`/M2bb �M/ 7`�+im`2 iQm;?M2bb

QM+2 �;�BM 7QHHQrBM; 1[m�iBQM URXRV- #mi BMbi2�/ Q7 ⌦ bBKTHv #2BM; � /BK2MbBQMH2bb

T�`�K2i2`- Bi Bb MQr K�i2`B�H /2T2M/2Mi BM Bib2H7 (k9)- i?`Qm;?

⌦ =
✓
6
H

2

8↵4E2
. URXjV

>2`2- ↵ `2T`2b2Mib �M BKTQ`i�Mi T�`�K2i2` BM i?2 7`�+im`2 iQm;?M2bb 2[m�iBQM �M/ rBHH

#2 /Bb+mbb2/ BM /2i�BH BM a2+iBQM RX8XRX

6B;m`2 RXe� b?Qrb i?2 /2T2M/2M+v Q7 i?2 +`�+FBM; i?`2b?QH/ rBi? `2bT2+i iQ ?�`/M2bb

�M/ 7`�+im`2 iQm;?M2bb 7Q` /Bz2`2Mi bBHB+�i2 ;H�bb2bX

q?2M +QKT�`BM; i?2 K�i2`B�Hb iQ i?2 �7Q`2K2MiBQM2/ i?2Q`B2b- Bi Bb Q#pBQmb i?�i

1[m�iBQM URXRV /2b+`B#2b i?2 ;2M2`�H i`2M/ r2HHX >Qr2p2`- i?2 bHQT2 ⌦- /2i2`KBM2/ #v

i?2 KQ/2Hb Q7 G�rM 2i �HX �M/ >�;�M- bB;MB}+�MiHv mM/2`2biBK�i2b i?2 �+im�H K�i2`B�H

#2?�pBQ` #v b2p2`�H Q`/2`b Q7 K�;MBim/2 (3- Rj- k3Ĝjk)X >�`/BM;Ƕb KQ/2H- ?Qr2p2`-

/2b+`B#2b i?2 +`�+FBM; #2?�pBQ` 7Q` bBHB+�i2b �M/ bQ/BmK@�HmKBMQbBHB+�i2b r2HHX lbBM;

9:S� �M/ 72:S� �b ivTB+�H p�Hm2b 7Q` ?�`/M2bb �M/ KQ/mHmb 7Q` bBHB+�i2 ;H�bb2b- �b

r2HH �b ✓ = 1.48 �M/ ↵ = 0.016 7Q` � oB+F2`b BM/2Mi2`- i?2M ⌦ ⇡ 3 · 105- r?B+? Bb p2`v

+HQb2 iQ i?2 bHQT2 7Q` � }i i?`Qm;? i?2 /�i� 7Q` bBHB+�i2b �M/ bQ/BmK@�HmKBMQbBHB+�i2bX

h?2 2ti`2K2Hv ?B;? +`�+FBM; i?`2b?QH/ 7Q` i?2 S#P@wMP@"kPj +�M MQi #2 T`2/B+i2/

rBi? �Mv Q7 i?2 i?2Q`B2bX

d
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 Pb0-Zn0-B203
 Silicates
 Sodium-aluminosilicates
 After Lawn
 After Hagan

U�V J�i2`B�H /2T2M/2M+v UKQ/B}2/ 7`QK (jR)VX
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 Mound - FQ
 Jang - Si
 Jang - Ge
 Lee - FEA
 Gross - SLS
 Gross - ABS

U#V �M;mH�` /2T2M/2M+v UKQ/B}2/ 7`QK (kR)VX

6B;m`2 RXe, .2T2M/2M+B2b Q7 i?2 `�/B�H +`�+FBM; i?`2b?QH/ 7Q` /Bz2`2Mi ;H�bb2b BM
+QKT�`BbQM rBi? i?2 i?2Q`B2b �7i2` G�rM �M/ 1p�Mb (k)- >�;�M (kj)- �M/ >�`/BM; (k9)X

�MQi?2` BKTQ`i�Mi +`Bi2`BQM r?2M /2i2`KBMBM; i?2 +`�+FBM; i?`2b?QH/ Bb i?2 b?�T2

Q7 i?2 BM/2Mi2`- i?2 b?�`TM2bb BM T�`iB+mH�`- r?B+? +�M #2 /2b+`B#2/ mbBM; i?2 +2Mi2`@HBM2

iQ 7�+2 �M;H2 �X h?2 bK�HH2` � i?2 b?�`T2` i?2 BM/2Mi2` �M/ i?2 2�`HB2` i?2 K�i2`B�H

bi�`ib iQ b?Qr +`�+FbX >�;�MǶb �M/ >�`/BM;Ƕb KQ/2Hb �HHQr QM2 iQ +Q``2H�i2 i?2 +`�+FBM;

i?`2b?QH/ rBi? �c bT2+B}+�HHv- Pc Bb T`QTQ`iBQM�H iQ (i�M�)X h?2 TQr2` H�r 2tTQM2Mi 

+�M #2 /2i2`KBM2/ iQ #2 2/3 mbBM; >�;�MǶb KQ/2H #�b2/ QM i?2 ai`Q? +`�+F �TT`Q�+?

�M/ >BHHǶb 2tT�M/BM; +�pBiv bQHmiBQMX >�`/BM;Ƕb �TT`Q�+?- QM i?2 Qi?2` ?�M/- H2�/b iQ �

@p�Hm2 Q7 8/3X PM � HQ;@HQ; THQi Q7 i?2 +`�+FBM; i?`2b?QH/ �b � 7mM+iBQM Q7 i?2 �M;H2

U6B;m`2 RXe#V- i?2 bHQT2 Bb � K2�bm`2 Q7 X

aBKBH�` iQ i?2 K�i2`B�H /2T2M/2M+v U6B;m`2 RXe�V- 2tT2`BK2Mi�HHv Q#b2`p2/ /2T2M/2M@

+B2b Q7 i?2 +`�+FBM; i?`2b?QH/ QM i?2 BM/2Mi2` �M;H2 BM/B+�i2 i?�i i?2 +`�+FBM; i?`2b?QH/

/Q2b BM 7�+i b+�H2 rBi? i�M(�)X >Qr2p2` i?2 2/3 T`2/B+iBQM 7`QK >�;�M bB;MB}+�MiHv mM@

/2`2biBK�i2b i?2 bi`QM; �M;mH�` /2T2M/2M+vX >�`/BM;Ƕb 8/3 T`2/B+iBQM /2b+`B#2b bQK2 Q7

i?2 K�i2`B�Hb #2ii2`- 2X;X- bQ/�@HBK2 bBHB+�i2 UaGaV (jj) �M/ ;2`K�MBmK U:2V (j9)X 6BMBi2

1H2K2Mi �M�HvbBb U61�V Q7 � KQ/2H K�i2`B�H rBi? T�`�K2i2`b bBKBH�` iQ bBHB+QM UaBV +�M

#2 /2b+`B#2/ �b r2HH (R)X >Qr2p2`- 2tT2`BK2Mi�H Q#b2`p�iBQMb 7Q` bBHB+QM- �b r2HH �b 7mb2/

[m�`ix U6ZV �M/ �HmKBMQ@#Q`QbBHB+�i2 U�"aV +�M MQi #2 /2b+`B#2/ rBi? 2Bi?2` i?2Q`vX

3



6Q` 7mb2/ [m�`ix- JQmM/ �M/ S?�`` (kR) +QM+Hm/2/ i?�i i?2 TQr2` H�r 2tTQM2Mi  Bb

bB;MB}+�MiHv ?B;?2` �i �#Qmi NX h?Bb BM/B+�i2b i?�i i?2 7`�+im`2 K2+?�MB+b Q`B;BM Q7 i?2

+`�+FBM; i?`2b?QH/ `2K�BMb MQi r2HH mM/2`biQQ/- �M/ �//BiBQM�H rQ`F Bb M2+2bb�`v iQ

2tTH�BM i?2 bi`QM; �M;mH�` /2T2M/2M+v 7Q` bQK2 K�i2`B�HbX

q?BH2 i?2 K2/B�M@`�/B�H +`�+F bvbi2K Bb KQbi Q7i2M /Bb+mbb2/ BM HBi2`�im`2- i?2`2

Bb bQK2 KQ`2 `2+2Mi `2b2�`+? /Q+mK2MiBM; i?2 7Q`K�iBQM Q7 i?2 2/;2 +`�+Fb (N- R8ĜkR)X

>Qr2p2`- i?�i Bb T`BK�`BHv 2tT2`BK2Mi�H Q#b2`p�iBQMb 7Q` ;H�bb2b �M/ � HBKBi2/ �KQmMi

Q7 }MBi2 2H2K2Mi �M�HvbBb 7Q` Qi?2` #`BiiH2 K�i2`B�Hb- bm+? �b imM;bi2M +�`#B/2@+Q�iBM;bX

aBKBH�` iQ `�/B�H +`�+Fb- i?2`2 �`2 +2`i�BM T�`�K2i2`b i?�i ;Qp2`M i?2 QMb2i Q7 +`�+FBM;X

PM2 Q7 i?2K Bb � K�i2`B�H /2T2M/2M+vX q?2M +QKT�`BM; 6B;m`2 RX9� �M/ 6B;m`2 RX9#-

Bi b?QmH/ #2 MQi2/ i?�i `�/B�H +`�+Fb 7Q`K BM bQ/�@HBK2 ;H�bb- r?BH2 2/;2 +`�+Fb 7Q`K BM

7mb2/ bBHB+�- r?2M i?2 BM/2Mi�iBQM +QM/BiBQMb �`2 2t�+iHv i?2 b�K2- M�K2Hv �M BM/2Mi�iBQM

rBi? � "2`FQpB+? BM/2Mi2` iQ � T2�F HQ�/ Q7 500KLX

�//BiBQM�HHv- i?2`2 Bb �HbQ �M �M;mH�` /2T2M/2M+v QM i?2 +`�+FBM; i?`2b?QH/ Q7 2/;2

+`�+FbX uQb?B/� 2i �HX bm;;2bi2/ i?�i i?2 QMb2i Q7 +`�+FBM; +�M #2 +Q``2H�i2/ iQ i?2

2ti2Mi Q7 ?Qr Km+? i?2 2/;2b Q7 i?2 BM/2Mi2` #Qr BM (Re)X �b b?QrM BM 6B;m`2 RXd-

i?2 #Qr2/@BM T�`�K2i2` LC/LF Bb /2}M2/ �b i?2 `�iBQ #2ir22M i?2 H2M;i? Lc- r?B+? Bb

K2�bm`2/ 7`QK i?2 +2Mi2` Q7 i?2 BM/2Mi iQ i?2 +Q`M2` Q7 i?2 BM/2Mi �M/ i?2 H2M;i? LF -

r?B+? Bb K2�bm`2/ 7`QK i?2 +2Mi2` Q7 i?2 BM/2Mi iQ i?2 +2Mi2` Q7 i?2 2/;2 Q7 i?2 BM/2MiX

6B;m`2 RXd b?Qrb i?2 /2T2M/2M+v Q7 i?2 #Qr2/@BM T�`�K2i2` QM i?2 BM/2Mi2` �M;H2 7Q`

BM/2Mi�iBQMb rBi? � HQ�/ Q7 1L BM bQ/�@HBK2 ;H�bbX 6Q` T2`72+iHv bi`�B;?i 2/;2b- LC/LF

4 kXyy- #mi Bi BM+`2�b2b i?2 KQ`2 i?2 2/;2b #Qr BMX h?2 #HmMi2` i?2 BM/2Mi2`- BX2X- i?2

bK�HH2` i?2 BM/2Mi2` 7�+2 �M;H2 �- i?2 KQ`2 #Qr2/ BM Bb i?2 2/;2 Q7 i?2 BM/2Mi�iBQM-

BM+`2�bBM; bi`2bb2b �i i?2 KB/TQBMi Q7 i?2 2/;2X h?Qb2 HQ+�iBQMb 2tT2`B2M+BM; ?B;?

bi`2bb2b +�M b2`p2 �b BMBiB�iBQM TQBMib 7Q` 2/;2 +`�+Fb iQ 7Q`K (R8)X Ai b?QmH/ #2 MQi2/

i?�i uQb?B/� 2i �HX `2TQ`i2/ i?2 2ti2`BQ` BM/2Mi2` �M;H2 � BMbi2�/ Q7 i?2 BMi2`BQ` �M;H2

�- i?mb � 4 90�@�X

N



6B;m`2 RXd, "Qr2/@BM T�`�K2i2` ULC/LF V �b � 7mM+iBQM Q7 BM/2Mi2` �M;H2 U`2T`BMi2/
7`QK (Re)VX

qBi? BM+`2�bBM; b?�`TM2bb Q7 i?2 BM/2Mi2`- 2/;2 +`�+Fb 7Q`K BM �M 2�`HB2` bi�;2 Q7 i?2

HQ�/@mMHQ�/ +v+H2 U6B;m`2 RX3VX 6Q` �M BM/2Mi2` rBi? �M BM/2Mi2` 7�+2 �M;H2 � Q7 10�- MQ

2/;2 +`�+Fb �`2 BMBiB�i2/ /m`BM; i?2 2MiB`2 HQ�/BM; mMHQ�/BM; +v+H2 iQ � T2�F HQ�/ Q7 10LX

6Q` � 4 15� �M/ � 4 20�- 2/;2 +`�+Fb bi�`i iQ 7Q`K /m`BM; i?2 mMHQ�/BM; T`Q+2bb �i

5.8L �M/ 9.2L- `2bT2+iBp2HvX >Qr2p2`- 7Q` � "2`FQpB+? BM/2Mi2`- rBi? �M BM/2Mi2` 7�+2

�M;H2 Q7 25�- 2/;2 +`�+Fb 7Q`K /m`BM; HQ�/BM; �i 6.1LX PM+2 �M 2/;2 +`�+F ?�b bi�`i2/-

2Bi?2` /m`BM; HQ�/BM; Q` mMHQ�/BM;- Bi +QMiBMm2b iQ ;`Qr /m`BM; i?2 HQ�/BM;@mMHQ�/BM;

+v+H2 (Re)X AM i?2 b?�`T2bi +�b2 7Q` i?2 bim/v #v uQb?B/� 2i �HX- M�K2Hv i?2 "2`FQpB+?

BM/2Mi�iBQM- `�/B�H +`�+Fb +�M #2 Q#b2`p2/ BM �//BiBQM iQ 2/;2 +`�+Fb �7i2` 7mHH mMHQ�/X

uQb?B/� 2i �HX (R8) bi�i2b i?�i BM i?Qb2 b+2M�`BQb `�/B�H +`�+Fb K�v #2 i?2 2ti2MbBQM Q7

i?2 2/;2 +`�+FbX

RX8 *`�+F S`QT�;�iBQM

PM+2 i?2 +`�+F BMBiB�i2b- Bi T`QT�;�i2b rBi? BM+`2�bBM; HQ�/ P �M/ �``2bib �i /Bbi�M+2b

�r�v 7`QK i?2 BM/2Mi r?2`2 i?2 bi`2bb /`QTb #2HQr i?2 +`BiB+�H bi`2bb BMi2MbBivX h?Bb

�HHQrb 7Q` +`�+F K2�bm`2K2Mib �M/ +QMb2[m2MiHv 7`�+im`2 iQm;?M2bb Kc /2i2`KBM�iBQMX

L�MQBM/2Mi�iBQM Bb 2ti`2K2Hv p�Hm�#H2 r?2M Bi +QK2b iQ i2biBM; +QKTQM2Mib �i i?2 KB+`Q@

�M/ M�MQb+�H2- r?2`2 i`�/BiBQM�H 7`�+im`2 iQm;?M2bb K2�bm`2K2Mib- bm+? �b /Qm#H2

Ry



� 4 10� � 4 15� � 4 20� � 4 25�

U�V U#V U+V U/V

U2V U7V U;V U?V

6B;m`2 RX3, �M;mH�` /2T2M/2M+v Q7 i?2 2/;2 +`�+FBM; i?`2b?QH/ BM bQ/�@HBK2 ;H�bb
U`2T`BMi2/ 7`QK (Re)VX U�V �i 7mHH HQ�/ Q7 P 4 10L- U#V �M/ U+V /m`BM; mMHQ�/ �i
P 4 5.8L �M/ P 4 9.2L- U/V /m`BM; HQ�/ �i 6.1L- �M/ U2@7V �i 7mHH mMHQ�/X

+�MiBH2p2` #2�K U.*"V- bBM;H2 2/;2 MQi+?2/ #2�K Ua1L"V- Q` /Qm#H2 iQ`bBQM U.hV-

�`2 MQi 2�bBHv �+?B2p�#H2 bBM+2 p2`v bK�HH +QKTQM2Mib /Q MQi Qz2` 2MQm;? K�i2`B�H iQ

K�+?BM2 i?2 H�`;2 bi�M/�`/Bx2/ bT2+BK2Mb `2[mB`2/ (j8Ĝjd)X �//BiBQM�HHv- K�+?BMBM;

i?Qb2 bi�M/�`/Bx2/ b�KTH2b +�M #2 p2`v 2tT2MbBp2 �M/ iBK2 +QMbmKBM;X Pp2` i?2 H�bi

8y v2�`b- Km+? `2b2�`+? ?�b #22M T2`7Q`K2/ iQ }M/ � K2i?Q/ #�b2/ QM M�MQBM/2Mi�iBQM

iQ Qp2`+QK2 i?Bb /`�r#�+FX h?2 i?2Q`v KQbi Q7i2M +Bi2/ BM HBi2`�im`2 Bb #�b2/ QM i?2

K2�bm`2K2Mib Q7 K2/B�M@`�/B�H +`�+Fb �M/ r�b T`QTQb2/ #v G�rM 2i �HX (kd) BM i?2 2�`Hv

RN3ybX Ai Bb Q7i2M `272``2/ iQ �b i?2 G�rM@1p�Mb@J�`b?�HH UG1JV K2i?Q/ BM r?B+? i?2

7`�+im`2 iQm;?M2bb Bb +QKTmi2/ 7`QK K2�bm`2/ BM/2Mi�iBQM T�`�K2i2`b mbBM;

Kc = ↵M ·
✓
E

H

◆1/2

· P

c
3/2

, URX9V

r?2`2 ↵M `2T`2b2Mib � /BK2MbBQMH2bb T�`�K2i2`- r?B+? r�b Q`B;BM�HHv BMi`Q/m+2/ iQ

+Q``2H�i2 i?2 BM/2Mi�iBQM 7`�+im`2 iQm;?M2bb iQ 7`�+im`2 iQm;?M2bb /2i2`KBM2/ i?`Qm;?

+QMp2MiBQM�H K2i?Q/b (j3)X h?2 p�Hm2b P - E- �M/ H BM 1[m�iBQM URX9V +�M #2 /2i2`KBM2/

7`QK i?2 M�MQBM/2Mi�iBQM i2bi Bib2H7- r?2`2 E �M/ H M22/ iQ #2 /2i2`KBM2/ rBi? �

"2`FQpB+? iBT- bBM+2 i?2 PHBp2`@S?�`` K2i?Q/ (ke) QMHv rQ`Fb r2HH rBi? i?�i ;2QK2i`v-

#mi #`2�Fb /QrM �b i?2 BM/2Mi2` iBT #2+QK2b b?�`T2`X h?2 +`�+F H2M;i? c ?�b iQ #2

RR



K2�bm`2/ TQbi KQ`i2K �M/ Bb K2�bm`2/ 7`QK i?2 +2Mi2` Q7 i?2 BM/2Mi iQ i?2 +Q`M2`

Q7 i?2 +`�+F �b b?QrM BM 6B;m`2 RXN� �M/ 6B;m`2 RXN#X aT2+B�H �ii2MiBQM ?�b iQ #2

;Bp2M iQ i?2 T`27�+iQ` ↵M �b Bi Bb MQi bBKTHv � /BK2MbBQMH2bb +Q``2+iBQM T�`�K2i2`X Aib

BKTQ`i�M+2 rBHH #2 /Bb+mbb2/ BM a2+iBQM RX8XRX

c
a�

U�V am`7�+2 pB2rX

c
a

U#V am#bm`7�+2 pB2r Q7
K2/B�M@`�/B�H +`�+FX

al

U+V am#bm`7�+2 pB2r Q7
S�HK[pBbi@`�/B�H +`�+FX

6B;m`2 RXN, am#bm`7�+2 /Bz2`2M+2b #2ir22M K2/B�M@`�/B�H U�/�Ti2/ 7`QK (kd)V �M/
S�HK[pBbi@`�/B�H U�/�Ti2/ 7`QK (jN)V +`�+FbX

�MQi?2` +`�+F bvbi2K i?�i ?�b #22M mb2/ iQ K2�bm`2 7`�+im`2 iQm;?M2bb Bb i?2 QM2

+QMbBbiBM; Q7 S�HK[pBbi@`�/B�H +`�+Fb (jN)X *QKT�`2/ iQ K2/B�M@`�/B�H +`�+Fb- S�HK[pBbi

+`�+Fb 7Q`K M2�` i?2 bm`7�+2 �i i?2 +Q`M2` Q7 i?2 BM/2Mi�iBQM Ub22 6B;m`2 RXN+VX q?BH2

#Qi? +`�+F bvbi2Kb HQQF bBKBH�` r?2M Q#b2`pBM; i?2 bm`7�+2 Q7 i?2 K�i2`B�H- i?2v �`2

bB;MB}+�MiHv /Bz2`2Mi BM i?2 bm#@bm`7�+2X q?2M i?2 HQ�/ Bb ?B;? 2MQm;?- i?2v K�v �HbQ

#2 bBKBH�` BM i?2 bm#@bm`7�+2- #mi i?2 Q`B;BM Q7 i?2 +`�+F Bb /Bz2`2Mi (9y- 9R)X AM i?2 +�b2

Q7 � S�HK[pBbi@`�/B�H +`�+F- LBB?�`� 2i �HX (9k) T`QTQb2/ � `2H�iBQM #�b2/ QM i?2 +`�+F

H2M;i? l- b22 1[m�iBQM URX8V- r?B+? Bb Q7 bBKBH�` 7Q`K iQ i?2 G1J@K2i?Q/

Kc = ↵P ·
✓
E

H

◆2/5

· P

a · l1/2 , URX8V

r?2`2 ↵P `2T`2b2Mib � /BK2MbBQMH2bb T�`�K2i2`X

h?2 �7Q`2K2MiBQM2/ K2i?Q/b /Bz2` BM ?Qr i?2 KQbi BKTQ`i�Mi +?�`�+i2`BbiB+ p�Hm2-

i?2 H2M;i? Q7 i?2 +`�+Fb- Bb K2�bm`2/X >Qr2p2`- i?2 LBB?�`� K2i?Q/ U1[m�iBQM URX8VV

Rk



Bb MQi #�b2/ QM i?2 +`�+F H2M;i? �HQM2- #mi �HbQ BM+Q`TQ`�i2b i?2 BM/2Mi�iBQM bBx2 aX

6m`i?2`KQ`2- Bi b?QmH/ #2 MQi2/ i?�i i?2 2tTQM2Mi BM E/H Q7 i?2 irQ i?2Q`B2b /Bz2`b

7`QK 1/2 BM G1JǶb �TT`Q�+? iQ 2/5 BM LBB�?�`�Ƕb �TT`Q�+?X h?Bb /Bz2`2M+2 +QK2b 7`QK

i?2 7�+i i?�i i?2v #Qi? }i 2tT2`BK2Mi�H `2bmHib /m`BM; i?2B` /2`Bp�iBQMb iQ bBKTHB7v i?2

2[m�iBQMbX AM 7�+i- /Bz2`2Mi `2b2�`+? ;`QmTb ?�p2 �/Dmbi2/ i?2 Q`B;BM�H G1J K2i?Q/ �M/

/2i2`KBM2/ 2tTQM2Mib Q7 0- 1/4- �M/ 2/3 BM �//BiBQM iQ i?2 �7Q`2K2MiBQM2/ p�Hm2b (9j)X

*QKT�`2/ iQ i?2 /Bz2`2M+2 BM }iiBM; T�`�K2i2`b i?�i /2i2`KBM2 i?2 2tTQM2Mi Q7 i?2

/Bz2`2Mi i?2Q`B2b- i?2 `�iBQ Q7 KQ/mHmb �M/ ?�`/M2bb Bb Q7 Km+? ;`2�i2` BKTQ`i�M+2 r?2M

+QKT�`BM; i?2 /Bz2`2Mi +`�+F KQ`T?QHQ;B2bX h?2 E/H@`�iBQ /2b+`B#2b ?Qr i?2 K�i2`B�H

�++QKKQ/�i2b /27Q`K�iBQMX "�b2/ QM 6BMBi2 1H2K2Mi �M�HvbBb U61�V- CQ?�MMb 2i �HX

(99) 7QmM/ i?�i B7 E/H Bb HQr- i?2 K�i2`B�H /27Q`Kb T`BK�`BHv 2H�biB+�HHv- �M/ Bb KQ`2

T`QM2 iQ +`�+F K2/B�M@`�/B�HHvX >Qr2p2`- B7 E/H Bb ?B;?- i?2 K�i2`B�H /27Q`K�iBQM

Bb T`BK�`BHv TH�biB+ �M/ i?2 7Q`K�iBQM Q7 S�HK[pBbi@`�/B�H +`�+Fb Bb KQ`2 HBF2Hv Ub22

6B;m`2 RXRyVX h?Bb /Bz2`2M+2 BM #2?�pBQ` +�M #2 �ii`B#mi2/ iQ i?2 2z2+iBp2 BM/2Mi�iBQM

bi`�BM "i- r?B+? Bb T`QTQ`iBQM�H iQ E/HX h?2 +?�M;2 BM "i +�mb2b `2/Bbi`B#miBQM Q7 i?2

bi`2bb �M/ bi`�BM }2H/b mM/2` i?2 Tv`�KB/�H BM/2Mi2`X A7 "i Bb bK�HH- K2/B�M +`�+Fb bi�`i

�i K2/BmK BM/2Mi�iBQM /2Ti?bX G�`;2 "i ?Qr2p2`- +�M MQi #2 2�bBHv �++QKKQ/�i2/ #v

#`BiiH2 K�i2`B�Hb- bQ +`�+Fb BMBiB�i2 �i bK�HH HQ�/b (R)X

6B;m`2 RXRy, AM~m2M+2 QM i?2 E/H@`�iBQ QM i?2 /2p2HQTK2Mi Q7 K2/B�M@`�/B�H �M/
S�HK[pBbi@`�/B�H +`�+Fb #�b2/ QM 6BMBi2 1H2K2Mi �M�HvbBb U`2T`BMi2/ rBi? T2`KBbbBQM
7`QK (99)VX

Rj



RX8XR S`27�+iQ` ↵

"�bBM; i?2B` �M�HvbBb QM i?2 G1J K2i?Q/ U1[m�iBQM URX9VV iQ /2i2`KBM2 i?2 7`�+im`2

iQm;?M2bb- �MbiBb 2i �HX (je) bm;;2bi2/ i?�i ↵M = 0.016 ± 0.004 rQmH/ #2 � ;QQ/

+�HB#`�iBQM +QMbi�Mi �b �M �p2`�;2 7Q` +QKKQM #`BiiH2 K�i2`B�Hb r?2M i?2 K�i2`B�H Bb

BM/2Mi2/ rBi? � oB+F2`b BM/2Mi2`X S?�`` 2i �HX (98) b?Qr2/ i?�i i?2 b�K2 +QMbi�Mi +�M

#2 �+?B2p2/ r?2M mbBM; i?2 i?`22@bB/2/ 2[mBp�H2Mi "2`FQpB+? BM/2Mi2` �M/ �p2`�;BM;

KmHiBTH2 K�i2`B�Hb U6B;m`2 RXRR�VX >Qr2p2`- 7Q` #Qi? oB+F2`b �M/ "2`FQpB+? BM/2Mi2`b-

?B;? HQ�/b U0.5Ĝ10LV �`2 `2[mB`2/ iQ BMi`Q/m+2 `�/B�H +`�+Fb (98)X 6m`i?2`KQ`2- BM

#`BiiH2 K�i2`B�Hb bm+? �b 6a �M/ aG:- `�/B�H +`�+Fb �`2 KQbi Q7i2M �++QKT�MB2/ #v

Qi?2` +`�+F bvbi2Kb- bm+? �b +QM2 �M/ 2/;2 +`�+FbX h?2`27Q`2- Bi Bb [m2biBQM�#H2 B7 i?2

`�/B�H +`�+Fb �HQM2 +�M #2 mb2/ iQ /2i2`KBM2 i?2 7`�+im`2 iQm;?M2bb (j3)X �b � `2bmHi-

Km+? `2b2�`+? ?�b #22M /QM2 iQ /2i2`KBM2 r?2i?2` � b?�`T2` i?`22@bB/2/ BM/2Mi2`-

bm+? �b � +m#2 +Q`M2` U� = 35.3�V +QmH/ #2 #2ii2` bmBi2/ 7Q` i?2b2 K2�bm`2K2MibX AM

7�+i- b?�`T2` BM/2Mi2`b H2�/ iQ K�i2`B�Hb +`�+FBM; �i HQr2` HQ�/b- #2+�mb2 i?2 �//BiBQM�H

pQHmK2 /BbTH�+2K2Mib BM+`2�b2 i?2 bi`2bb2b �`QmM/ i?2 BM/2Mi�iBQM (98)X �//BiBQM�HHv-

"`mMb 2i �HX (j3) b?Qr2/ i?�i +m#2 +Q`M2` BM/2Mib BM 7mb2/ bBHB+� QMHv 2t?B#Bi `�/B�H

+`�+Fb �M/ MQ Qi?2` +`�+F bvbi2Kb i?�i KB;?i ?�p2 iQ #2 +QMbB/2`2/ BM i?2 7`�+im`2

iQm;?M2bb �M�HvbBbX

�b b?QrM BM 6B;m`2 RXRR- i?2 T`27�+iQ` ↵M /2T2M/b QM i?2 BM/2Mi�iBQM �M;H2 �M/ Bb

?B;?2` 7Q` b?�`T2` BM/2Mi2`bX S?�`` 2i �HX (98) /2i2`KBM2/ ↵M 7Q` � +m#2 +Q`M2` BM/2Mi2`

iQ #2 0.0319 �b �M �p2`�;2 Qp2` /Bz2`2Mi K�i2`B�HbX

>Qr2p2`- bBM+2 i?2 +`�+Fb BMBiB�i2 �i p2`v HQr HQ�/b r?2M BM/2MiBM; rBi? � +m#2

+Q`M2`- Bi /Q2b MQi i�F2 Km+? iQ #`BM; b?�HHQr H�i2`�H +`�+Fb �M/ +?BTTBM; BMiQ i?2

TB+im`2X aK�HH BM/2Mi�iBQM HQ�/b vB2H/ p2`v bK�HH BM/2Mib- r?B+? +�M K�F2 Bi ?�`/ iQ

BK�;2 i?2K �++m`�i2Hv 7Q` K2�bm`2K2Mib Q7 i?2 BM/2Mi�iBQM bBx2 �M/ i?2 +`�+F H2M;i?X

Ai Bb bi`�B;?i 7Q`r�`/ i?�i }M/BM; �M QTiBK�H �M;H2 7Q`KBM; #B; 2MQm;? BM/2Mib �HHQrBM;

7Q` �++m`�i2 K2�bm`2K2Mib Q7 i?2 M2+2bb�`v [m�MiBiB2b r?BH2 biBHH QMHv BMi`Q/m+BM;

R9



U�V "2`FQpB+?, � 4 65.3� U#V *m#2 *Q`M2`, � 4 35.3�

6B;m`2 RXRR, 1tT2`BK2Mi�H /2i2`KBM�iBQM Q7 i?2 T`27�+iQ` ↵M U`2T`BMi2/ rBi? T2`KBb@
bBQM 7`QK (98)VX

`�/B�H +`�+Fb /m`BM; i?2 BM/2Mi�iBQM T`Q+2bb Bb Q7 ;`2�i BMi2`2biX "�b2/ QM 2tT2`BK2Mi�H

+QKT�`BbQM �M/ i?2Q`2iB+�H `2H�iBQMb #2ir22M � "2`FQpB+? �M/ � +m#2 +Q`M2` BM/2Mi2`

�HQM2- >�`/BM; (k9) bm;;2bi2/ i?�i ↵M Bb T`QTQ`iBQM�H iQ (+Qi�)2/3X C�M; �M/ S?�``

(j9) p2`B}2/ i?Bb �M;mH�` /2T2M/2M+v mbBM; i?`22@bB/2/ BM/2Mi2`b rBi? +2Mi2`@HBM2 iQ

7�+2 �M;H2b 7`QK 35.3Ĝ75� �M/ irQ K�i2`B�Hb- bBHB+QM UaBV �M/ ;2`K�MBmK U:2V Ub22

6B;m`2 RXRkVX

6B;m`2 RXRk, �M;mH�` /2T2M/2M+v Q7 i?2 T`27�+iQ` ↵M mbBM; bBHB+QM �M/ ;2`K�MBmK
�b K�i2`B�H 2t�KTH2b U`2T`BMi2/ rBi? T2`KBbbBQM 7`QK (j9)VX

R8



q?BH2 i?2 �M;mH�` /2T2M/2M+v bm;;2bi2/ #v >�`/BM; (k9) +�M #2 p2`B}2/- i?2 �+im�H

K�;MBim/2 Q7 ↵M 7Q` � "2`FQpB+? �M/ � +m#2 +Q`M2` BM/2Mi2` /Q MQi K�i+? i?2 p�Hm2b

Q`B;BM�HHv `2TQ`i2/ (k9- kd)X *�`27mHHv `2@/2`BpBM; i?2 Q`B;BM�H �M�HvbBb #v G�rM 2i �HX

(kd) mbBM; � i?`22@bB/2/ BM/2Mi2` BMbi2�/ Q7 � 7Qm`@bB/2/ BM/2Mi2`- C�M; �M/ S?�`` (j9)

b?Qr2/ i?�i i?2`2 KB;?i #2 � K�i2`B�H /2T2M/2M+v BM i?2 T`27�+iQ` Q7 i?2 iQm;?M2bb

`2H�iBQM U1[m�iBQM URX9VV ;Bp2M #v

↵M =
0.0352

1� ⌫
(+Qi�)2/3 , URXeV

r?2`2 ⌫ Bb i?2 SQBbbQMǶb `�iBQ Q7 i?2 K�i2`B�H (j9)X

Ai b?QmH/ #2 MQi2/ i?�i i?Bb �M�HvbBb r�b T2`7Q`K2/ mbBM; QMHv irQ /Bz2`2Mi K�i2`B�Hb

UaB �M/ :2V- bQ bBKBH�` �M�Hvb2b �`2 M22/2/ mbBM; �//BiBQM�H K�i2`B�Hb BM Q`/2` iQ 7mHHv

p2`B7v i?2 2tT`2bbBQM bm;;2bi2/ #v C�M; �M/ S?�`` (j9)X Cmbi 7Q` � +m#2 +Q`M2` BM/2Mi2`

�HQM2- ↵M +�M `�M;2 7`QK 0.022Ĝ0.054 �b b?QrM #v K�Mv /Bz2`2Mi `2b2�`+? ;`QmTb BM

2tT2`BK2Mi�H �M/ +QKTmi�iBQM�H rQ`Fb 7Q` � p�`B2iv Q7 K�i2`B�Hb (k9- j9- 98Ĝ8y)X

A``2bT2+iBp2 Q7 i?2 2tTQM2Mi 7Q` i?2 /Bz2`2Mi 2tT`2bbBQMb U1[m�iBQM URX9V �M/ 1[m�@

iBQM URX8VV- Bi b?QmH/ #2 MQi2/ i?�i B7 i?2 +`�+F Bb b?Q`i Uc I 2.5 · aV- i?2 7`�+im`2

iQm;?M2bb Bb MQi T`QTQ`iBQM�H iQ P/c2/3 �MvKQ`2 (9k- 8R- 8k)X AMbi2�/- 7Q` b?Q`i +`�+Fb-

LBB?�`� ?�b bm;;2bi2/ i?�i Kc Bb T`QTQ`iBQM�H iQ P/a · l1/2 (9k)X 6B;m`2 RXRj b?Qrb i?Bb

+?�M;2 BM #2?�pBQ` 7Q` /Bz2`2Mi K�i2`B�Hb BM/2Mi2/ rBi? � oB+F2`b BM/2Mi2`X h?2 p2`iB+�H

BMi2`+2Ti QM i?2 HQ;@HQ; THQi `2~2+ib i?2 T`27�+iQ` ↵ r?2M }iiBM; i?2 MQ`K�HBx2/ 7`�+im`2

iQm;?M2bb �b � 7mM+iBQM Q7 c/a 7Q` K�i2`B�Hb i?�i 2t?B#Bi K2/B�M@HBF2 +`�+FBM; �M/ l/a

7Q` K�i2`B�Hb b?QrBM; S�HK[pBbi@HBF2 +`�+FBM; rBi? � bBKTH2 TQr2`@H�r `2H�iBQMb?BTX 6Q`

K2/B�M@HBF2 +`�+FBM;- ↵M Bb /2i2`KBM2/ iQ #2 0.033- �M/ 7Q` S�HK[pBbi@HBF2 +`�+FBM;-

↵P Bb 0.009X

AM 6B;m`2 RXR9- Kc ?�b #22M +�H+mH�i2/ �b � 7mM+iBQM Q7 HQ�/ �M/ c/a@`�iBQ 7Q`

BM/2T2M/2Mi /�i� b2ib Q7 oB+F2`b BM/2Mi�iBQM Q7 imM;bi2M +�`#B/2 Uq*V �M/ bBHB+QM

Re



6B;m`2 RXRj, LQ`K�HBx2/ 7`�+im`2 iQm;?M2bb �b � 7mM+iBQM Q7 c/a �M/ l/a b?QrBM;
i?2 +?�M;2 BM #2?�pBQ` 7Q` K�i2`B�Hb rBi? K2/B�M@HBF2 �M/ S�HK[pBbi@HBF2 +`�+Fb-
`2bT2+iBp2Hv U`2T`BMi2/ rBi? T2`KBbbBQM 7`QK (9k)VX

MBi`B/2 UaBjL9VX q* �M/ aBjL9 �`2 `2T`2b2Mi�iBp2 Q7 i?2 b?Q`i +`�+F `�M;2 �M/ HQM;

+`�+F `�M;2 BM 6B;m`2 RXRj- `2bT2+iBp2HvX

25

20

15

10

5

0

K C
 / 

M
P

a 
· m

1/
2

10008006004002000

P / N

1.20 2.0 2.4 2.6 2.8 3.03.0 3.5
c/a / -

Median (Niihara)
Palmqvist (Niihara)
Median (LEM)

U�V q*@8XRW*Q UrBi? /�i� 7`QK (8j)VX

12

10

8

6

4

2

0

K C
 / 

M
P

a 
· m

1/
2

10008006004002000

P / N

1.5 2.0 2.5 3.0 3.5
c/a / -

Median (Niihara)
Palmqvist (Niihara)
Median (LEM)

U#V aBjL9 UrBi? /�i� 7`QK (89)VX

6B;m`2 RXR9, 6`�+im`2 iQm;?M2bb Kc K2�bm`2/ mbBM; i?2 /Bz2`2Mi KQ/2Hb (kd- 9k)X h?2
;`�v /Qii2/ HBM2 b?Qrb i?2 p�Hm2 Q7 Kc /2i2`KBM2/ rBi? +QMp2MiBQM�H K2i?Q/bX

h?2 /Bz2`2Mi 2tT`2bbBQMb /2p2HQT2/ #v LBB?�`� 2i �HX (9k) �M/ G�rM 2i �HX (kd) r2`2

mb2/ iQ +�H+mH�i2 Kc mbBM; i?2 T`27�+iQ`b /2i2`KBM2/ #v �p2`�;BM; Qp2` � p�`B2iv Q7

Rd



K�i2`B�HbX Ai Bb BKTQ`i�Mi iQ TQBMi Qmi i?�i 7Q` q*- i?2 7`�+im`2 iQm;?M2bb +�H+mH�i2/

�bbmKBM; � K2/B�M +`�+F bvbi2K /2+`2�b2b rBi? BM+`2�bBM; HQ�/- r?2`2�b Kc Bb +QMbi�Mi

r?2M #�bBM; i?2 +�H+mH�iBQMb QM i?2 �bbmKTiBQM Q7 � S�HK[pBbi@HBF2 +`�+FBM; #2?�pBQ`

U6B;m`2 RXR9�VX AM 6B;m`2 RXR9#- QM i?2 Qi?2` ?�M/- aBjL9 2t?B#Bib i?2 `2p2`b2 #2?�pBQ`X

J2/B�M +`�+FBM; �bbmKTiBQMb vB2H/ �M �TT`QtBK�i2Hv +QMbi�Mi Kc- r?2`2�b- 7Q` i?2

S�HK[pBbi 2[m�iBQM- Kc BM+`2�b2b rBi? BM+`2�bBM; HQ�/X Ai b?QmH/ �HbQ #2 MQi2/ i?�i

i?Bb #2?�pBQ` Bb i`m2 7Q` � `�M;2 Q7 c/a #2vQM/ 2.5X AM i?2 HBi2`�im`2- i?Bb p�Hm2 Bb

Q7i2M bm;;2bi2/ iQ #2 i?2 i`�MbBiBQM p�Hm2 #2ir22M K2/B�M@ �M/ S�HK[pBbi@HBF2 +`�+FBM;

#2?�pBQ` (8k)X

A``2bT2+iBp2 Q7 r?B+? +`�+FBM; #2?�pBQ` Bb Q#b2`p2/ BM � K�i2`B�H- 6B;m`2 RXR9 b?Qrb

i?�i bBKTHv mbBM; ↵ �b � /BK2MbBQMH2bb +�HB#`�iBQM +QMbi�Mi /Q2b MQi vB2H/ � `2HB�#H2

p�Hm2 7Q` i?2 7`�+im`2 iQm;?M2bb �b /2i2`KBM2/ i?`Qm;? Qi?2` +QMp2MiBQM�H i2+?MB[m2b

U;`�v /Qii2/ HBM2VX h?2`27Q`2- Bi Bb +`BiB+�H iQ +QMiBMm2 `2b2�`+? QM ↵ �M/ Bib BM~m2MiB�H

7�+iQ`b- bm+? �b i?2 K�i2`B�H /2T2M/2M+v bm;;2bi2/ #v C�M; �M/ S?�`` (j9)X

RXe amKK�`v �M/ S`QTQb2/ qQ`F

aBM+2 Bib +QKK2`+B�HBx�iBQM �i i?2 2M/ Q7 i?2 kyi? +2Mim`v- M�MQBM/2Mi�iBQM ?�b #22M

T`Qp2M iQ #2 � T`QKBbBM; iQQH iQ T`Q#2 i?2 K2+?�MB+�H #2?�pBQ` Q7 K�i2`B�HbX 6Q` #`BiiH2

K�i2`B�Hb- ;H�bb2b BM T�`iB+mH�`- Bi Bb KQbi +`BiB+�H iQ mM/2`bi�M/ i?2 +`�+FBM; #2?�pBQ`X

Jm+? `2b2�`+? ?�b #22M T2`7Q`K2/ mbBM; M�MQBM/2Mi�iBQM r?B+? BM/B+�i2b /Bz2`2Mi

+`�+F KQ`T?QHQ;B2b �`2 Q#b2`p2/X h?2 �+iBp�iBQM Q7 i?2b2 +`�+F KQ`T?QHQ;B2b /2T2M/b

QM i?2 BM/2Mi2/ K�i2`B�H �M/ i?2 BM/2Mi2` ;2QK2i`vX _�/B�H �M/ 2/;2 +`�+Fb �`2 i?2 irQ

KQbi BKTQ`i�Mi +`�+F bvbi2Kb BM i?2 T`2b2Mi rQ`FX Ai ?�b #22M b?QrM i?�i 7Q` i?2b2

+`�+Fb- i?2`2 �`2 /BbiBM+i i?`2b?QH/b- r?B+? /2T2M/ b2MbBiBp2Hv QM i?2 BM/2Mi2` �M;H2 �M/

i?2 BM/2Mi2/ K�i2`B�HX >Qr2p2`- +QMp2MiBQM�H i?2Q`B2b Q7 i?2 +`�+FBM; i?`2b?QH/ b22K

iQ 7�HH b?Q`i r?2M /2b+`B#BM; i?2 �+im�H K�i2`B�H #2?�pBQ` Q7 MQ`K�H �M/ �MQK�HQmb

;H�bb2bX h?2Q`2iB+�H `2H�iBQMb #2ir22M HQ�/- KQ/mHmb- �M/ ?�`/M2bb +�M #2 mb2/ iQ

2biBK�i2 i?2 7`�+im`2 iQm;?M2bb Kc Q7 /Bz2`2Mi K�i2`B�Hb- 2p2M 7Q` c/a I 2.5X
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q?BH2 T�bi `2b2�`+? ?�b K�/2 bB;MB}+�Mi T`Q;`2bb QM mM/2`bi�M/BM; i?2 +`�+FBM;

T?2MQK2M� BM bBHB+�i2 ;H�bb2b- i?2`2 �`2 b2p2`�H �bT2+ib i?�i `2K�BM mM+H2�`X hQ ;�BM

7m`i?2` mM/2`bi�M/BM; QM i?2 K2+?�MBbKb i?�i ;Qp2`M +`�+FBM;- i?2 T`2b2Mi `2b2�`+?

rQ`F Bb /2bB;M2/ iQ �Mbr2` i?2 7QHHQrBM; [m2biBQMb,

Ç q?B+? +`�+F KQ`T?QHQ;B2b �`2 �+iBp�i2/ BM 7mb2/ bBHB+� �M/ bQ/� HBK2 ;H�bb\ .Q

i?2v �z2+i 2�+? Qi?2`Ƕb BMBiB�iBQM\

Ç q?�i �`2 i?2 +`�+FBM; i?`2b?QH/b U`�/B�H �M/ 2/;2 +`�+FbV �M/ i?2 7`�+im`2

iQm;?M2bb Q7 bQ/� HBK2 ;H�bb �M/ 7mb2/ bBHB+�\

Ç *�M 2tBbiBM; i?2Q`B2b #2 mb2/ iQ /2i2`KBM2 +`�+FBM; i?`2b?QH/ �M/ 7`�+im`2

iQm;?M2bb\ >Qr +�M i?2v #2 BKT`Qp2/\

Ç q?�i �`2 7�+iQ`b i?�i BM~m2M+2 +`�+FBM; i?`2b?QH/- 7`�+im`2 iQm;?M2bb- �M/ +`�+F

KQ`T?QHQ;v\

RN



kX J�h1_A�Ga �L. J1h>P.a

hQ BMp2biB;�i2 i?2 +`�+FBM; #2?�pBQ`- bvbi2K�iB+ M�MQBM/2Mi�iBQM 2tT2`BK2Mib QM

bQ/�@HBK2 ;H�bb UaG:V �M/ 7mb2/ bBHB+� U6aV r2`2 T2`7Q`K2/ mbBM; � EG� BJB+`Q

L�MQBM/2Mi2` �M/ � wrB+F ?�`/M2bb i2bi2` rBi? � +mbiQKBx2/ BM/2Mi2` ?2�/X h?2

`2bmHiBM; BM/2Mib r2`2 i?2M +�`27mHHv BK�;2/ rBi? /Bz2`2Mi KB+`Qb+QTv i2+?MB[m2b- BM

T�`iB+mH�` �iQKB+ 7Q`+2 KB+`Qb+QTv U�6JV- b+�MMBM; 2H2+i`QM KB+`Qb+QTv Ua1JV- �M/

j. H�b2` b+�MMBM; +QM7Q+�H KB+`Qb+QT2 UGa*JVX h?2 BK�;2b r2`2 �M�Hvx2/ mbBM; �

+mbiQK T`Q;`�K /2p2HQT2/ BM q�p2J2i`B+b A;Q` S`Q iQ K2�bm`2 BM/2Mi�iBQM bBx2 a �M/

+`�+F H2M;i? cX h?`22 F2v �bT2+ib i?�i BM~m2M+2 BM/2Mi�iBQM +`�+FBM; r2`2 +QMbB/2`2/X

h?2b2 r2`2 � K�i2`B�H- HQ�/- �M/ �M;mH�` /2T2M/2M+v �b bT2+B}2/ #2HQr BM a2+iBQM kXR

�M/ a2+iBQM kXjX

kXR J�i2`B�Hb

hrQ /Bz2`2Mi ;H�bb bi`m+im`2b rBi? +?2KB+�H +QKTQbBiBQMb ;Bp2M BM h�#H2 kXR r2`2

i2bi2/X h?2b2 r2`2 bQ/�@HBK2 ;H�bb UaG:V KB+`Qb+QT2 bHB/2b UivT2 AA T2` �ahJ 9j3 Ĝ

Nk (88)V- `2T`2b2Mi�iBp2 Q7 � MQ`K�H ;H�bb- K�/2 #v *Q`MBM; AM+X- �M/ 7mb2/ bBHB+� U6aV

/BbFb U>S6a dN3yV- `2T`2b2MiBM; �MQK�HQmb ;H�bb2b- HBF2rBb2 K�/2 #v *Q`MBM; AM+X

"Qi? K�i2`B�Hb #2HQM; iQ i?2 ;`QmT Q7 bBHB+�i2 ;H�bb2b- #mi i?2v 7mM/�K2Mi�HHv /Bz2` BM

i?2B` T`BK�`v /27Q`K�iBQM K2+?�MBbKb- �b /Bb+mbb2/ BM a2+iBQM RXkX AM/2Mi�iBQM r�b

T2`7Q`K2/ QM i?2 �b `2+2Bp2/ b�KTH2bX

h�#H2 kXR, *?2KB+�H +QKTQbBiBQMb 7Q` bQ/�@HBK2 ;H�bb UaG:V �M/ 7mb2/ bBHB+� U6aVX

J�bb f riW
J�i2`B�H aBPk L�kP *�P J;P �HkPj EkP
aG: dk Re 8 9 k R
6a Ryy @ @ @ @ @

ky



kXk a�KTH2 S`2T�`�iBQM

h?2 ;H�bb b�KTH2b r2`2 KQmMi2/ QM �M �HmKBMmK a1J TBM bim# KQmMi mbBM;

*`vbi�H#QM/ȶ 8yNX hvTB+�HHv- i?2 b�KTH2 Bb /B`2+iHv KQmMi2/ QM � bi�M/�`/ �HmKBMmK

Tm+FX JQmMiBM; i?2 b�KTH2 /B`2+iHv QM i?2 a1J KQmMi b�p2b i?2 bi2T Q7 ?2�iBM; i?2

b�KTH2 iQ `2KQp2 Bi 7`QK i?2 bi�M/�`/ Tm+F �M/ i`�Mb72` Bi iQ i?2 a1J KQmMi 7Q`

BK�;BM;X h?Bb 2Mbm`2b i?�i i?2 +`�+F ;`Qri? Bb MQi BM~m2M+2/ #v ?2�i �M/ K�Mm�H

?�M/HBM; /m`BM; `2KQmMiBM;X aT2+B�H �HmKBMmK Tm+Fb �b b?QrM BM 6B;m`2 kXR i?�i }i BM

i?2 b�KTH2 i`�v Q7 i?2 M�MQBM/2Mi2` r2`2 K�+?BM2/X h?2v r2`2 /2bB;M2/ iQ ?�p2 � ?QH2

BM i?2 +2Mi2` iQ }i i?2 a1J KQmMi- r?B+? r�b b2+m`2/ #v �M Jj b2i b+`2r +QKBM; BM

7`QK i?2 bB/2X Ai r�b p2`B}2/ i?�i i?2 7`�K2 biBzM2bb r�b MQi bB;MB}+�MiHv BM~m2M+2/ #v

i?Bb b2i@mTX

U�V j. JQ/2HX

U#V hQT pB2r i2+?MB+�H /`�rBM;X

U+V aB/2 pB2r i2+?MB+�H /`�rBM;X

6B;m`2 kXR, *mbiQK �HmKBMmK Tm+F 7Q` BM/2Mi�iBQMX

kR



6B;m`2 kXk b?Qrb i?�i +QTT2` i�T2 r�b ;2M2`QmbHv �TTHB2/ QM i?2 ;Hm2/ b�KTH2-

H2�pBM; 2MQm;? `QQK 7Q` BM/2Mi�iBQMbX h?2 +QTT2` i�T2 ?2HT2/ rBi? +?�`;BM; Bbbm2b �M/

?2M+2 BK�;2 [m�HBiv BM i?2 bm#b2[m2Mi a1J BK�;BM;- �M/ Bi T`QpB/2/ �M 2�bv `272`2M+2

TQBMi 7Q` }M/BM; BM/2Mi�iBQMb /m`BM; BK�;BM; �i bK�HH b+�H2bX

6B;m`2 kXk, a�KTH2b T`2T�`2/ 7Q` BM/2Mi�iBQM �M/ bm#b2[m2Mi BK�;BM;X

kXj AM/2Mi�iBQM

.m`BM; i?2 BM/2Mi�iBQM T`Q+2bb- irQ /Bz2`2Mi �bT2+ib i?�i BM~m2M+2 i?2 +`�+FBM;

#2?�pBQ` r2`2 BMp2biB;�i2/- HQ�/ �M/ �M;mH�` /2T2M/2M+vX 6B`bi- Ry BM/2Mib 2�+? r2`2

T2`7Q`K2/ �i /Bz2`2Mi T2�F HQ�/b U1KL @ 20LV- �b b22M BM 6B;m`2 kXj�X PM+2 b2p2`2

+`�+FBM; r�b Q#b2`p2/- MQ �//BiBQM�H HQ�/ BM+`2�b2 r�b T2`7Q`K2/X �//BiBQM�HHv- i?2

+2Mi2`@HBM2 iQ 7�+2 �M;H2 U�V r�b p�`B2/ BM 7Qm` /Bb+`2i2 bi2Tb � 4 35.3�- 45.0�- 55.0�-

�M/ 65.3�X �++Q`/BM; iQ �ahJ *Rjkd Ɛ R8- i?2 BM/2Mib r2`2 bT�+2/ �i H2�bi }p2 iBK2b

i?2B` +`�+F H2M;i? �T�`i U6B;m`2 kXj#V iQ 2Mbm`2 i?2v /Q MQi BM~m2M+2 2�+? Qi?2`Ƕb

#2?�pBQ`X �Hi?Qm;? i?Bb bi�M/�`/ r�b /2p2HQT2/ 7Q` i?2 7Qm`@bB/2/ oB+F2`b BM/2Mi2` (8e)-

i?2 b�K2 +QMp2MiBQM r�b mb2/ 7Q` i?2 i?`22@bB/2/ Tv`�KB/�H BM/2Mi�iBQMb BM i?Bb rQ`FX

kk



U�V 1t2KTH�`v �``�v Q7 BM/2Mib b?QrBM; T2�F
HQ�/bX

U#V S2`KBii2/ KBMBKmK bT�+BM;X

6B;m`2 kXj, AM/2Mi�iBQM �++Q`/BM; iQ �ahJ *Rkjd @ R8 (8e)X

kXjXR L�MQBM/2Mi2`

AM/2Mi�iBQM BM i?2 bK�HH2` HQ�/BM; `�M;2 r�b T2`7Q`K2/ mbBM; � EG� BJB+`Q L�MQBM@

/2Mi2` 2[mBTT2/ rBi? � 1L HQ�/ +2HH U6B;m`2 kX9�VX S2�F HQ�/b Q7 1- 3- 10- 30- 100- 300-

500- �M/ 1000KL r2`2 i2bi2/ 7Q` �HH BM/2Mi2` �M;H2b r?2M2p2` TQbbB#H2 /2T2M/BM; QM

i?2 b2p2`Biv Q7 +`�+FBM;X h?2 45.0� BM/2Mi2` vB2H/2/ � /BbiBM+i +`�+FBM; i?`2b?QH/ Pc 7Q`

6a rBi?BM � HQ�/ `�M;2 Q7 30Ĝ100KLX h?2b2 HQ�/b `2bmHi2/ BM BM/2Mi�iBQMb #B; 2MQm;?

iQ BK�;2 BM ;`2�i /2i�BH BM i?2 a1J- #mi �i i?2 b�K2 iBK2 bK�HH 2MQm;? iQ T2`7Q`K

�miQK�i2/ b2`B�H b2+iBQMBM;- �b /Bb+mbb2/ H�i2` BM a2+iBQM kX9XRX 6Q` � KQ`2 �++m`�i2

/2i2`KBM�iBQM Q7 Pc �M/ i?mb #2BM; �#H2 iQ T2`7Q`K bm#bm`7�+2 �M�HvbBb `B;?i �i Pc-

�//BiBQM�H BM/2Mib r2`2 T2`7Q`K2/ �i T2�F HQ�/b Q7 P 4 65- 70- 75- 80- �M/ 85KLX

AM Q`/2` iQ �M�Hvx2 � K�i2`B�H /2T2M/2M+v Q7 i?2 bm#bm`7�+2 +`�+FBM; #2?�pBQ`- i?2

b�K2 �//BiBQM�H T2�F HQ�/b r2`2 i2bi2/ 7Q` aG:X AM �//BiBQM- T2�F HQ�/b Q7 5- 7- �M/

9KL r2`2 i2bi2/ 7Q` aG: iQ /2i2`KBM2 Pc 7Q` i?2 45.0� BM/2Mi2` KQ`2 �++m`�i2Hv- �b

r2HHX >Qr2p2`- bBM+2 Pc Bb `2H�iBp2Hv HQr �M/ i?2 BM/2Mib r2`2 i?2`27Q`2 `2H�iBp2Hv bK�HH-

�miQK�i2/ b2`B�H b2+iBQMBM; +QmH/ MQi #2 T2`7Q`K2/ �`QmM/ i?2 +`�+FBM; i?`2b?QH/ 7Q`

aG:X

h?2 HQ�/BM; T`Q}H2 7Q` i?2 BM/2Mi�iBQM rBi? i?2 BJB+`Q Bb b?QrM 7Q` � 100KL BM/2Mi

BM 6B;m`2 kX9# �M/ +�M #2 /2b+`B#2/ �b 7QHHQrb, }`bi- i?2 b�KTH2 r�b HQ�/2/ mbBM; �

kj



+QMbi�Mi Ṗ/P = 0.05 b�1 iQ i?2 /2bB`2/ T2�F HQ�/- ?2`2 100KLX h?2 T2�F HQ�/ r�b ?2H/

7Q` 10 bX "27Q`2 7mHHv mMHQ�/BM;- i?2 b�KTH2 r�b T�`iB�HHv mMHQ�/2/ iQ 10W Q7 i?2 T2�F

HQ�/ BM 0.9 b- �i r?B+? Bi r�b ?2H/ 7Q` 80 b iQ K2�bm`2 7Q` i?2`K�H /`B7iX

U�V .2i�BH2/ pB2r Q7 EG� BJB+`Q M�MQBM/2Mi2`X

120

100

80

60

40

20

0

 P
 / 

m
N

200150100500

 t / s

U#V hvTB+�H HQ�/BM; T�ii2`MX

6B;m`2 kX9, AM/2Mi�iBQM �i HQr HQ�/b U1KL  P  1LVX

lbBM; � "2`FQpB+? BM/2Mi2` U� 4 65.3�V- K�i2`B�H T`QT2`iB2b bm+? �b KQ/mHmb E �M/

?�`/M2bb H r2`2 /2i2`KBM2/ �++Q`/BM; iQ i?2 PHBp2`@S?�`` K2i?Q/ (ke)X E �M/ H �`2

M22/2/ 7Q` /Bz2`2Mi �M�Hvb2b i?`Qm;?Qmi i?2 /Bbb2`i�iBQMX

kXjXk >�`/M2bb h2bi2`

AM/2Mi�iBQMb r2`2 �HbQ T2`7Q`K2/ rBi? � wrB+F ?�`/M2bb i2bi2` iQ �+?B2p2 ?B;?2`

HQ�/b U6B;m`2 kX8�VX h?Bb ?�`/M2bb i2bi2` Bb � /2�/@r2B;?i bvbi2K �M/ +�T�#H2 iQ �TTHv

MBM2 /Bb+`2i2 HQ�/b Q7 10- 25- 50- 100- 200- 300- 500- 1000- �M/ 2000 ;7 U⇡ 100KL @ 20LV-

r?B+? r2`2 �HH i2bi2/ 7Q` i?2 55.0� �M/ i?2 65.3� BM/2Mi2` BM aG: �M/ 6aX >Qr2p2`-

i?Bb ?�`/M2bb i2bi2` Bb QMHv 2[mBTT2/ rBi? � 7Qm`@bB/2/ oB+F2`b iBTX *QMb2[m2MiHv- �

bT2+B�HBx2/ �/�Ti2` U6B;m`2 kX8#V r�b K�Mm7�+im`2/- r?B+? �HHQrb i?2 wrB+F i2bi2` iQ

#2 mb2/ rBi? i?2 b�K2 iBTb �b mb2/ BM i?2 BJB+`Q M�MQBM/2Mi2`X

aBM+2 i?2 wrB+F ?�`/M2bb i2bi2` Bb +�HB#`�i2/ 7Q` � bT2+B}+ BM/2Mi2`- Bi r�b /22K2/

M2+2bb�`v iQ p2`B7v i?�i i?2 +QK#BM�iBQM Q7 �/�Ti2` �M/ iBT BM i?2 wrB+F i2bi2` vB2H/b

k9



U�V .2i�BH2/ pB2r Q7 oB+F2`b ?�`/M2bb i2bi2`X U#V *mbiQK K�/2 �/�Ti2` 7Q` i2biBM; rBi? i`B@
�M;mH�` Tv`�KB/�H BM/2Mi2`bX

6B;m`2 kX8, AM/2Mi�iBQM �i ?B;?2` HQ�/b U100KL  P  20LVX

i?2 b�K2 `2bmHib �b r?2M QMHv i?2 iBT Bb mb2/ BM i?2 BJB+`QX AM /QBM; bQ- Bi r�b �bbmK2/

i?�i i?2 i2bi2/ K�i2`B�Hb �`2 bi`�BM `�i2 BMb2MbBiBp2- bBM+2 i?2 HQ�/BM; T`Q}H2b /Bz2`

#2ir22M i?2 irQ BMbi`mK2MibX 6Q` i?2 ?�`/M2bb i2bi2` i?2 HQ�/ Bb �TTHB2/ BM �++Q`/�M+2

rBi? �ahJ ai�M/�`/ 1j39 Ɛ Rd (8d)X 6Q` �++m`�i2 HQ�/ K2�bm`2K2Mib- i?2 �/�Ti2` r�b

/2bB;M2/ bQ i?�i i?2 +QK#BM2/ r2B;?i Q7 �/�Ti2` �M/ iBT K22ib wrB+FǶb `2[mB`2K2Mib

Q7 (1.50± 0.15) ;X 6B;m`2 kXe b?Qrb i?2 +QKT�`BbQM BM i2`Kb Q7 K2�bm`2K2Mib Q7 i?2

BM/2Mi�iBQM bBx2 a �M/ i?2 +`�+F H2M;i? cX � /2i�BH2/ /2b+`BTiBQM QM ?Qr a �M/ c r2`2

K2�bm`2/ Bb T`QpB/2/ H�i2` BM a2+iBQM kX8XRX

0.1
2

4

1
2

4

10
2

4

100

a 
/ µ

m

100 101 102 103 104

P / mN

1

2

a = 0.37 · p 0.49

a = 0.36 · p 0.50

ZHV
iMicro

U�V AM/2Mi�iBQM bBx2 a

1

2

4

6
8

10

2

4

6
8

100

c 
/ µ

m

101
2 4 6 8

102
2 4 6 8

103
2 4 6 8

104

P / mN

2

3

c = 0.30 · p 0.63

c = 0.21 · p 0.70

ZHV
iMico

U#V *`�+F H2M;i? c

6B;m`2 kXe, *QKT�`BbQM #2ir22M wrB+F oB+F2`b ?�`/M2bb i2bi2` �M/ EG� BJB+`Q
M�MQBM/2Mi2` 7Q` BM/2Mi�iBQM rBi? � 55.0� BM/2Mi2` BM aG:X

k8



h?2 wrB+F ?�`/M2bb i2bi2` �HbQ �HHQrb iQ BM/m+2 +`�+Fb rBi? � oB+F2`b BM/2Mi2`X

h?2 bvKK2i`v Q7 i?Bb ;2QK2i`v K�v �B/ iQ /BbiBM;mBb? r?2i?2` i?2 +`�+F bvbi2K BM

bQ/�@HBK2 ;H�bb �M/ 7mb2/ bBHB+� b?Qr K2/B�M@`�/B�H Q` S�HK[pBbi@`�/B�H +?�`�+i2`BbiB+bX

kX9 JB+`Qb+QTv

AK�;BM; r�b T2`7Q`K2/ �i H2�bi 12 ? �7i2` BM/2Mi�iBQM iQ �++QmMi 7Q` /2H�v2/ +`�+F

BMBiB�iBQM �M/ T`QT�;�iBQM (jj)X .2T2M/BM; QM i?2 bBx2 Q7 i?2 BM/2Mi�iBQM- BK�;BM;

i2+?MB[m2b Q7 /Bz2`2Mi `2bQHmiBQMb r2`2 �p�BH�#H2 7Q` +�Tim`BM; i?2 BM/2Mi�iBQMb �M/

i?2B` bm``QmM/BM; +`�+FbX �iQKB+ 7Q`+2 KB+`Qb+QTv U�6JV r�b T2`7Q`K2/ mbBM; 2Bi?2`

� "`mF2` .BK2MbBQM A+QM �6J Q` � J6S@j.ȶ P`B;BM �6J #v Pt7Q`/ AMbi`mK2Mib

U6B;m`2 kXd�VX 6Q` #2bi `2bmHib- 8Rkt8Rk b+�Mb r2`2 i�F2M BM i�TTBM; KQ/2 �i � b+�M

bT22/ Q7 0.5>xX S`BQ` iQ BK�;BM; i?2 BM/2Mi�iBQM- i?2 +QM/BiBQM Q7 i?2 iBT r�b p2`B}2/

mbBM; � bi�M/�`/ b�KTH2X a+�MMBM; 2H2+i`QM KB+`Qb+QTv Ua1JV r�b T2`7Q`K2/ QM 2Bi?2`

� h2b+�M Gv`�j 6A"@a1J Q` � h?2`KQ a+B2MiB}+ȶ >2HBQbȶ :9 *s .m�H"2�Kȶ 6A"

U6B;m`2 kXd#VX hQ �+?B2p2 i?2 ?B;?2bi BK�;2 [m�HBiv- � rQ`FBM; /Bbi�M+2 Q7 4KK- �M

�++2H2`�iBQM pQHi�;2 Q7 2 Fo- �M/ � #2�K +m``2Mi Q7 170 T� r�b +?Qb2M 7Q` i?2 a1J

BK�;BM;X G�biHv- 7Q` `2H�iBp2Hv H�`;2 BM/2Mib- � j. H�b2` b+�MMBM; +QM7Q+�H KB+`Qb+QT2

UGa*JV Q7 ivT2 oE@sRRyy K�Mm7�+im`2/ #v i?2 E2v2M+2 *Q`TQ`�iBQM r�b mb2/ Ub22

6B;m`2 kXd+VX .m2 iQ i?2 i`�MbT�`2Mi +?�`�+i2` Q7 i?2 i2bi2/ K�i2`B�Hb- i?2 Ga*J +QmH/

�HbQ #2 mb2/ iQ /`�r bQK2 }`bi Q`/2` +QM+HmbBQMb Q7 i?2 bm#bm`7�+2 +`�+FBM; #2?�pBQ`X

U�V �6J U#V .m�H"2�K 6A"fa1J U+V j. Ga*J

6B;m`2 kXd, .Bz2`2Mi BK�;BM; i2+?MB[m2b �p�BH�#H2 7Q` �M�HvbBbX

ke



AM Q/2` iQ #2 �#H2 iQ mb2 /�i� b2ib �+[mB`2/ 7`QK i?2 /Bz2`2Mi BK�;BM; i2+?MB[m2b

BM i?2 b�K2 �M�HvbBb- Bi r�b p2`B}2/ i?�i i?2v /Q vB2H/ B/2MiB+�H K2�bm`2K2Mib Q7 i?2

BM/2Mi�iBQM bBx2 a �M/ i?2 +`�+F H2M;i? c- �b b?QrM BM 6B;m`2 kX3X

0.1
2

4

1
2

4

10
2

4

100

a 
/ µ

m

100 101 102 103 104

P / mN

1

2 a = 0.37 · p 0.49

a = 0.29 · p 0.54

a = 0.61 · p 0.42

AFM
SEM
LSCM

U�V AM/2Mi�iBQM bBx2 a
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 c
 / 
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101
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2 4 6 8

104

 P / mN

2

3

c = 0.38 · p 0.60

c = 0.16 · p 0.72

AFM
SEM
LSCM

U#V *`�+F H2M;i? c

6B;m`2 kX3, *QKT�`BbQM Q7 K2�bm`2K2Mib 7`QK BK�;2b �+[mB`2/ 7`QK �iQKB+ 7Q`+2
KB+`Qb+QTv U�6JV- b+�MMBM; 2H2+i`QM KB+`Qb+QTv Ua1JV- �M/ H�b2` b+�MMBM; +QM7Q+�H
KB+`Qb+QT2 UGa*JV 7Q` BM/2Mi�iBQMb rBi? � 55.0� BM/2Mi2` BM aG:X

kX9XR 6A" hQKQ;`�T?v

.2i�BH2/ bm#bm`7�+2 �M�HvbBb Q7 #Qi?- i?`22@ �M/ 7Qm`@bB/2/ BM/2Mi�iBQMb- r�b T2`@

7Q`K2/ mbBM; � ;�HHBmK 7Q+mb2/ BQM #2�K +`Qbb@b2+iBQMBM; BM i?2 >2HBQbȶ :9 *s

.m�H"2�Kȶ KB+`Qb+QT2X AM Q`/2` iQ T2`7Q`K 7mHHv �miQK�i2/ b2`B�H b2+iBQMBM;- i?2

b�KTH2b r2`2 +Q�i2/ rBi? � 4 MK �mfS/ +Q�iBM; iQ KBiB;�i2 +?�`;BM; �M/ /`B7i Bb@

bm2bX 6B;m`2 kXN b?Qrb i?2 #2M2}ib Q7 i?2 +Q�iBM;- �b i?2 +?�`;BM; bi`2�Fb T`2b2Mi BM

6B;m`2 kXN� r2`2 T`2p2Mi2/- �b b?QrM BM 6B;m`2 kXN#X

6Q` i2M BM/2Mib- 2�+? �i i?`22 /Bz2`2Mi HQ�/b UP 4 30- 100- �M/ 300KLV- BM/2Mi�iBQM

bBx2 �M/ +`�+F H2M;i? r2`2 K2�bm`2/ �M/ +QKT�`2/ #2ir22M i?2 +Q�i2/ �M/ mM+Q�i2/

b�KTH2X 6B;m`2 kXRy b?Qrb i?�i MQ bB;MB}+�Mi /Bz2`2M+2 +QmH/ #2 Q#b2`p2/X q?BH2 i?2

+Q�iBM; #2M2}ib i?2 BK�;2 [m�HBiv 2MQ`KQmbHv- Bi /B/ MQi +HQb2 mT i?2 +`�+Fb- r?B+?

r�b BMBiB�HHv � TQBMi Q7 +QM+2`MX

kd



U�V lM+Q�i2/ U#V *Q�i2/ rBi? 4MK �mfS/X

6B;m`2 kXN, *Q�iBM; BM~m2M+2b QM BK�;2 [m�HBiv 2t2KTHB}2/ 7Q` � 45.0�@BM/2Mi BM 6aX

121086420

a, c / µm

30 mN

100 mN

300 mN

 4 nm Au/Pd
 uncoated

6B;m`2 kXRy, *QKT�`BbQM Q7 K2�bm`2K2Mib #27Q`2 UQ`�M;2V �M/ �7i2` U#Hm2V � 4 MK
�mfS/ +Q�iBM; 7Q` i?`22 /Bz2`2Mi BM/2Mi�iBQM HQ�/bX h?2 BM/2Mi�iBQM bBx2 a Bb /BbTH�v2/
#v i?2 /�`F2` `2;BQM- r?2`2�b i?2 +`�+F H2M;i? c Bb /BbTH�v2/ #v HB;?i2` `2;BQMbX h?2
2``Q` #�`b /2b+`B#2 QM2 bi�M/�`/ /2pB�iBQM 7Q` Ry BM/2MibX

�miQK�i2/ b2`B�H b2+iBQMBM; r�b T2`7Q`K2/ mbBM; i?2 h?2`KQ a+B2MiB}+ �miQ aHB+2

�M/ oB2r 9 U�a�o9V bQ7ir�`2X h?2 BMBiB�H b2i mT 7Q` i?2 �miQK�iBQM Bb /BbTH�v2/ BM

6B;m`2 kXRRX "27Q`2 T`2T�`BM; i?2 b�KTH2 7Q` i?2 b2`B�H b2+iBQMBM;- 2p2`v BM/2Mi r�b

�HB;M2/ bQ i?�i QM2 7�+2 r�b T�`�HH2H iQ i?2 +miiBM; /B`2+iBQM Ub22 6B;m`2 kXRR�VX AM �

k3



}`bi bi2T- � i`�p2HBM; }/m+B�H 7Q` i?2 2@#2�K �b b22M BM 6B;m`2 kXRR# Bb +`2�i2/X h?2

i`�p2HBM; }/m+B�H 7�+BHBi�i2b b2+iBQMBM; #B;;2` BM/2Mib- i?�i �`2 iQQ H�`;2 iQ mb2 � /B;Bi�H

#2�K b?B7iX h?2v +�M �HbQ #2 mb2/ BM i?2 bm#b2[m2Mi i?`22 /BK2MbBQM�H `2+QMbi`m+iBQM-

�b Bi ?2HTb iQ �HB;M i?2 BM/BpB/m�H bHB+2b BM i?2 �pBxQ bQ7ir�`2 #v h?2`KQ6Bb?2` a+B2MiB}+X

*`2�iBM; i?2 i`�p2HBM; }/m+B�H Bb /2b+`B#2/ 7Q` � 25 ƒK t 25 ƒK #B; �`2� Q7 BMi2`2bi �b

7QHHQrb, � 2 ƒK TH�iBMmK USiV H�v2` r�b /2TQbBi2/ Qp2` i?2 �`2� Q7 BMi2`2biX hrQ KB+`Q

i`2M+?2b U100 MK rB/2 �M/ 1 ƒK /22TV r2`2 +mi BMiQ i?�i TH�iBMmK H�v2`X h?2 i`2M+?2b

r2`2 i?2M }HH2/ rBi? � 300 MK +�`#QM H�v2`- �7i2` r?B+? i?2 2MiB`2 �`2� Q7 BMi2`2bi

r�b +Q�i2/ QM+2 KQ`2 rBi? � 2 ƒK TH�iBMmK H�v2`X h?2 b2[m2M+2 TH�iBMmK- +�`#QM-

TH�iBMmK r�b +?Qb2M 7Q` K�tBKmK +QMi`�bi #2ir22M i?2 b�KTH2 �M/ i?2 T`Qi2+iBp2 Si

H�v2`X h?2M i`2M+?2b �`QmM/ i?2 �`2� Q7 BMi2`2bi r2`2 KBHH2/X h?Qb2 i`2M+?2b �HHQr

7Q` irQ i?BM;b, i?2 7`QMi i`2M+? `2p2�Hb i?2 bm#bm`7�+2 Q7 i?2 bBi2 Q7 BMi2`2bi �M/ i?2

bB/2 i`2M+?2b �+i �b �`2�b 7Q` 2t+2bb K�i2`B�H `2@/2TQbBiBQM �b i?2 �`2� Q7 BMi2`2bi Bb

KBHH2/X h?2 /2Ti? Q7 i?2 i`2M+?2b r�b +?Qb2M #�b2/ QM i?2 +`�+F H2M;i? c �`QmM/ i?2

BM/2Mi�iBQMX lM/2` i?2 �bbmKTiBQM Q7 � T2`72+i ?�H7@+B`+mH�` ;2QK2i`v Q7 i?2 +`�+F- i?2

i`2M+?2b r2`2 +mi �i H2�bi �b /22T �b cX �b � }M�H bi2T- � bi�iB+ }/m+B�H K�`F2` 7Q` i?2

BQM #2�K r�b T`2T�`2/ Dmbi �#Qp2 i?2 �`2� Q7 BMi2`2bi- �b b?QrM BM 6B;m`2 kXRR�X

.m`BM; i?2 �miQK�i2/ b2`B�H b2+iBQMBM;- 20Ĝ50 MK i?B+F bHB+2b r2`2 KBHH2/- �M/ �7i2`

2�+? KBHHBM; T`Q+2bb i?2 M2r +miiBM; 7�+2 r�b BK�;2/X h?2 `�M;2 BM bHB+2 i?B+FM2bb

`2bmHib 7`QK i?2 bBx2 /Bz2`2M+2 Q7 i?2 BM/2Mib i?�i r2`2 �M�Hvx2/X 6Q` `mM iBK2 Tm`TQb2b-

Bi r�b +?Qb2M iQ �+[mB`2 �TT`QtBK�i2Hv 250 bHB+2b T2` BM/2Mic ?2M+2 i?2 bHB+2 i?B+FM2bb

r�b �/Dmbi2/ �++Q`/BM;HvX

lbBM; i?2 +`Qbb@b2+iBQM�H BK�;2b i?�i r2`2 i�F2M /m`BM; i?2 �miQK�i2/ b2`B�H

b2+iBQMBM;- i?2 +`�+F KQ`T?QHQ;v +QmH/ i?2M #2 `2+QMbi`m+i2/ BM �HH i?`22 bT�+B�H

/BK2MbBQMb mbBM; bi�i2@Q7@i?2@�`i pBbm�HBx�iBQM �M/ �M�HvbBb i2+?MB[m2b U�pBxQVX �7i2`

i?2 +`Qbb@b2+iBQM�H BK�;2b r2`2 �HB;M2/ mbBM; i?2 i`�p2HBM; }/m+B�H- i?2 b2;K2Mi�iBQM

iQQH Q7 i?2 bQ7ir�`2 �HHQr2/ iQ i`�+2 i?2 BM/2Mi�iBQM Bib2H7 �M/ i?2 BM/BpB/m�H +`�+Fb

kN



U�V 6A" BK�;2 Q7 i?2 T`2T�`2/ BM/2Mi�iBQMX U#V *`Qbb@b2+iBQM�H a1J pB2r b?QrBM; i?2 i`�p@
2HBM; }/m+B�HX

6B;m`2 kXRR, Pp2`pB2r Q7 i?2 BMBiB�H b2i mT iQ T2`7Q`K �miQK�i2/ b2`B�H b2+iBQMBM;X

�`QmM/ BiX h?2 �pBxQ bQ7ir�`2 �HbQ 2M�#H2/ pBbm�HBx�iBQM 7`QK i?2 bB/2 �b r2HH �b � iQT

/QrM pB2r �i /Bz2`2Mi /2Ti?b BMiQ i?2 K�i2`B�H #�b2/ QM BMi2`TQH�iBQM Q7 i?2 BMBiB�H

BK�;2b �+[mB`2/ /m`BM; i?2 b2`B�H b2+iBQMBM;X 6Q` BKT`Qp2/ BK�;2 [m�HBiv Q7 i?2 j.

pBbm�HBx�iBQM- i?2 BM/2Mi�iBQMb �M/ +`�+Fb r2`2 �HbQ i`�+2/ BM i?2b2 irQ �//BiBQM�H pB2rbX

kX8 .�i� �M�HvbBb

h?2 KB+`Q;`�T?b �+[mB`2/ #v i?2 /Bz2`2Mi BK�;BM; i2+?MB[m2b r2`2 2p�Hm�i2/ iQ

/2i2`KBM2 i?2 BM/2Mi�iBQM bBx2b a �M/ +`�+F H2M;i?b c �M/ lX h?2b2 r2`2 i?2M mb2/ iQ

/2i2`KBM2 `2H2p�Mi �bT2+ib Q7 i?2 7`�+im`2 T`Q+2bbX

kX8XR AM/2Mi�iBQM aBx2 �M/ *`�+F G2M;i? J2�bm`2K2Mib

�b /2TB+i2/ BM 6B;m`2 kXRk�- a Bb K2�bm`2/ 7`QK i?2 +2Mi2` iQ i?2 +Q`M2` Q7 i?2

?�`/M2bb BKT`2bbBQMX h?2 /Bz2`2M+2 BM i?2 +`�+F H2M;i?b Bb i?�i c Bb K2�bm`2/ 7`QK i?2

+2Mi2` Q7 i?2 ?�`/M2bb BKT`2bbBQM iQ i?2 iBT Q7 i?2 `�/B�H +`�+F- r?2`2�b l Bb K2�bm`2/

7`QK i?2 +Q`M2` Q7 i?2 BKT`2bbBQM iQ i?2 iBT Q7 i?2 `�/B�H +`�+FX

6Q` bi�iBbiB+�H `2H2p�M+2- � bB;MB}+�Mi MmK#2` Q7 BK�;2b M22/2/ iQ #2 i�F2M �M/

�M�Hvx2/X *QKK2`+B�HHv �p�BH�#H2 bQ7ir�`2 7Q` BK�;2 �M�HvbBb Bb MQi +�T�#H2 Q7 2{+B2MiHv

�M�HvxBM; �M/ biQ`BM; i?2 �+[mB`2/ `2bmHib BM � bBM;H2 }H2 7Q`K�iX �b � `2bmHi- T`Q72b@

bBQM�H �M�HvbBb bQ7ir�`2 q�p2J2i`B+b A;Q` S`Q 3 U6B;m`2 kXRk#V r�b mb2/ iQ /2p2HQT �

+mbiQKBx2/ T`Q;`�K iQ ?2HT 7�+BHBi�i2 i?2 �M�HvbBbX �M 2�bv iQ QT2`�i2 mb2` BMi2`7�+2

jy



i?�i T`QpB/2b +H2�` BMbi`m+iBQMb QM i?2 M2+2bb�`v bi2Tb 7Q` i?2 �M�HvbBb r�b BM+Hm/2/X

lbBM; A;Q`Ƕb T`QD2+i }H2b- K2�bm`2K2Mib �`2 2�bBHv biQ`2/ �M/ +QmH/ #2 `2QT2M2/ �HHQrBM;

�HH �M�HvbBb bi2Tb iQ #2 `2i`�+2/ Q` �/Dmbi2/ B7 M2+2bb�`vX

c

a

�

U�V .2}MBiBQM Q7 i?2 BM/2Mi�iBQM bBx2 a �M/
i?2 +`�+F H2M;i?b c �M/ lX

U#V *mbiQKBx2/ �M�HvbBb T`Q;`�K #mBHi BM q�p2@
J2i`B+b A;Q` S`Q 3X

6B;m`2 kXRk, J2�bm`2K2Mib Q7 i?2 BKTQ`i�Mi /BK2MbBQMb M22/2/ 7Q` �M�HvbBbX

h?2 A;Q` T`Q;`�K �HHQrb QM2 iQ HQ�/ KmHiBTH2 BK�;2b bBKmHi�M2QmbHvX 6Q` 2�+?

BK�;2- i?2 BM/2Mi�iBQM HQ�/ BM KL r�b 2Mi2`2/ BM i?2 mb2` BMi2`7�+2- �M/ i?2 b+�H2

7�+iQ` BM TBt2Hb T2` ƒK r�b /2i2`KBM2/ mbBM; i?2 BK�;2 b+�H2 #�`X h?2M- K�`F2`b 7Q`

i?2 +2Mi2` Q7 i?2 BM/2Mi U;`22M *V- +Q`M2`b Q7 i?2 BM/2Mi U#Hm2 . - im`[mQBb2 6 �M/ TBMF

>V- �M/ iBTb Q7 i?2 +`�+Fb U#Hm2 1- im`[mQBb2 : �M/ TBMF AV r2`2 +�`27mHHv TH�+2/ BM i?2

BK�;2 �b b?QrM BM 6B;m`2 kXRk#X AM/2Mi�iBQM bBx2 �M/ +`�+F H2M;i?b r2`2 +QKTmi2/ �b

i?2 H2M;i? #2ir22M i?2 BM/BpB/m�H K�`F2`b mbBM; Svi?�;Q`2�M i?2Q`2K �M/ i?2 b+�H2

7�+iQ`X h?2 b+�H2 7�+iQ` Bb M22/2/ #2+�mb2 i?2 /Bbi�M+2 #2ir22M i?2 K�`F2`b Bb #v /27�mHi

K2�bm`2/ BM TBt2HbX 6Q` 2�+? BM/2Mi�iBQM- �HH i?`22 BM/2Mi�iBQM bBx2b �M/ +`�+F H2M;i?b

r2`2 K2�bm`2/ �M/ �p2`�;2/X h?2 �p2`�;2b iQ;2i?2` rBi? i?2 biQ`2/ HQ�/b r2`2 i?2M

mb2/ 7Q` +QMiBMm2/ �M�HvbBb- HBF2rBb2 BM A;Q`X

jR



kX8Xk *`�+FBM; h?`2b?QH/ .2i2`KBM�iBQM

� +`�+FBM; i?`2b?QH/ Pc 7Q` 2�+? BM/2Mi2` ;2QK2i`v r�b BMBiB�HHv /2i2`KBM2/ QTiB+�HHv

#�b2/ QM i?2 �TT2�`�M+2 Q7 i?2 }`bi +`�+FbX Pc BM i?Bb rQ`F Bb /2}M2/ �b i?2 HQ�/

�i r?B+? �i H2�bi 50W Q7 i?2 BM/2Mi�iBQMb b?Qr �i KBMBKmK QM2 +`�+FX AM � H�i2`

bi�;2- Pc r�b �HbQ /2i2`KBM2/ mbBM; i?2Q`2iB+�H `2H�iBQMbX 6Q` Qi?2` �bT2+ib Q7 �M�HvbBb

U2X;X- /2i2`KBMBM; i?2 ↵@p�Hm2b- �b b22M BM 6B;m`2 jXRe �M/ 6B;m`2 jXjyV- ↵ Bb � }iiBM;

T�`�K2i2`X h?2 2``Q` Q7 i?2b2 ↵@p�Hm2b +�M #2 2�bBHv 2p�Hm�i2/ �b i?2 bQ7ir�`2 mb2/

7Q` /�i� �M�HvbBb Uq�p2J2i`B+b A;Q` S`Q 3V T`QpB/2b �M 2``Q` 7Q` i?2 }iiBM; T�`�K2i2`X

.2i2`KBMBM; i?2 2``Q` Q7 Pc- ?Qr2p2`- Bb MQi bi`�B;?i 7Q`r�`/X h?2`27Q`2- i?2 7QHHQrBM;

K2i?Q/ r�b mb2/ iQ 2bi�#HBb? i?2 2``Q`X 6B`bi- i?2 c/a /�i� r�b }ii2/ mbBM; � HBM2�` }i Q7

i?2 HQ;�`Bi?KB+ p�Hm2bX AM /QBM; bQ- i?2 95W +QM}/2M+2 #�M/b r2`2 +?Qb2M iQ 2bi�#HBb?

i?2 2``Q` Q7 i?2 }iX h?2 mTT2` �M/ HQr2` +QM}/2M+2 #�M/ r2`2 i?2M �TT`QtBK�i2/

rBi? � 8i? /2;`22 TQHvMQKB�H }iX JmHiBTH2 Q`/2` }ib r2`2 i2bi2/- #mi i?2 8i? Q`/2` }i

/2b+`B#2/ i?2 #2?�pBQ` Q7 i?2 +QM}/2M+2 #�M/b KQbi �++m`�i2HvX G�biHv- i?2 `QQib Q7 i?2

TQHvMQKB�H }ib r2`2 +�H+mH�i2/ iQ }M/ i?2 mTT2` �M/ HQr2` 2``Q` Q7 PcX h?2 BM/BpB/m�H

bi2Tb Q7 i?2 K2i?Q/ �`2 b?QrM BM 6B;m`2 kXRjX

5

4

3

2

1

c/
a 

/ -

10
-1

10
0

10
1

10
2

10
3

10
4

P / mN

c/a = 0.83 · p 
0.15

SLG, Φ = 55°
 95 % confidence band
 5th degree polynomial fit of confidence band

 

Pc = 3.41             mN+ 1.40
-  1.14

6B;m`2 kXRj, J2i?Q/ iQ /2i2`KBM2 i?2 2``Q` 7Q` i?2 +`�+FBM; i?`2b?QH/ Pc 2t2KTHB}2/
7Q` bQ/�@HBK2 ;H�bb /�i� mbBM; � 55.0� BM/2Mi2`X
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jX _1alGha �L. .Aa*laaAPL

jXR *`�+F JQ`T?QHQ;B2b

6B;m`2 jXR� b?Qrb �M b+�MMBM; 2H2+i`QM KB+`Qb+QTv Ua1JV BK�;2 Q7 � +m#2 +Q`M2`

BM/2Mi BM bQ/�@HBK2 ;H�bb UaG:V rBi? � T2�F HQ�/ Q7 100KLX _�/B�H +`�+Fb U`2/ �``Qrb

BM 6B;m`2 jXR�- #- �M/ /V �`2 Q#b2`p2/ �i 2�+? BM/2Mi�iBQM +Q`M2` ;`QrBM; `�/B�HHv

Qmir�`/- r?B+? Bb � T`BK�`v +?�`�+i2`BbiB+ Q7 i?2 `�/B�H +`�+F bvbi2KX

h?Bb +`�+F KQ`T?QHQ;v +�M #2 Q#b2`p2/ �i 2�+? T2�F HQ�/ bi�`iBM; �i 3KL- #27Q`2

i?2 K�i2`B�H bi�`ib +?BTTBM; �i �`QmM/ 300KL U6B;m`2 jXjVX q?2M #HmMi2` BM/2Mi2`b

�`2 mb2/- i?2 `�/B�H +`�+Fb BMBiB�i2 MQi 2t�+iHv 7`QK i?2 +Q`M2`b- #mi bHB;?iHv Qzb2i

�HQM; i?2 2/;2 Q7 i?2 BM/2Mi�iBQMX 6B;m`2 jXR# b?Qrb �M 2t�KTH2 Q7 i?Bb #2?�pBQ` 7Q`

BM/2Mi�iBQM rBi? � 45.0� BM/2Mi2` iQ � T2�F HQ�/ Q7 10KL BM aG:X AM bQK2 +�b2b- i?2`2

�`2 �//BiBQM�H +`�+Fb i?�i �HbQ bi�`i Qzb2i 7`QK i?2 BM/2Mi�iBQM +Q`M2`- Q` irQ +`�+Fb �i

2�+? bB/2 Q7 i?2 +Q`M2` rBi? MQ +`�+F 2K�M�iBM; 7`QK i?2 +Q`M2` 2t�+iHvX a?2�` 7�mHib-

r?B+? ?�p2 #22M /Bb+mbb2/ �b BMBiB�iBQM TQBMib 7Q` `�/B�H +`�+Fb (83)- �`2 � TQbbB#H2

2tTH�M�iBQM 7Q` i?Bb FBM/ Q7 #2?�pBQ`X AM i?2 +�b2 Q7 aG:- b?2�` 7�mHib Q` �Mv Qi?2`

Q#pBQmb 72�im`2 i?�i +QmH/ �+i �b �M BMBiB�iBQM TQBMi 7Q` i?Qb2 `�/B�H +`�+Fb ?�p2 MQi

#22M Q#b2`p2/ BM i?2 bm`7�+2 BK�;2 U2X;X- 6B;m`2 jXR#V �M/ KB;?i i?2`27Q`2 MQi 2tTH�BM

i?Bb �ivTB+�H #2?�pBQ`X >Qr2p2`- i?2 /Bb+mbb2/ b?2�` 7�mHib KB;?i #2 bm#@`2bQHmiBQM BM

bBx2 Q` �TT�`2Mi BM i?2 bm#bm`7�+2 �M/ +QmH/ biBHH �+i �b +`�+F bi�`i2`bX

AM 7mb2/ bBHB+� U6aV- i?2 H2bb2` /Q+mK2Mi2/ 2/;2 +`�+Fb Uv2HHQr �``Qrb BM 6B;m`2 jXR+

�M/ /V �`2 �HbQ Q#b2`p2/X 6Q` i?2 ;Bp2M b2i Q7 T�`�K2i2`b U� 4 45.0� �M/ P 4 65KL-

b22 6B;m`2 jXR+V- 2/;2 +`�+Fb �`2 �H`2�/v r2HH /2p2HQT2/- #mi i?2v bi�`i �i � HQr HQ�/ Q7

3Ĝ10KLX h?2v ivTB+�HHv #2;BM BM i?2 +2Mi2` Q7 i?2 +QMi�+i 2/;2 �M/ ;`Qr Qmir�`/b

iQr�`/b i?2 +Q`M2`- bBKBH�` iQ Q#b2`p�iBQMb BM HBi2`�im`2 (R8ĜRd- 8N)X q?2M i?2 HQ�/ P

Bb BM+`2�b2/ #v 10KL iQ 75KL- 6B;m`2 jXR/ b?Qrb i?�i `�/B�H +`�+Fb bi�`i iQ BMBiB�i2

jj



U�V aG:- � 4 35.3�- S 4 100KL U#V aG:- � 4 45.0�- S 4 10KL

U+V 6a- � 4 45.0�- S 4 65KL U/V 6a- � 4 45.0�- S 4 75KL

6B;m`2 jXR, a+�MMBM; 2H2+i`QM KB+`Qb+QTv BK�;2b `2p2�HBM; /Bz2`2M+2b BM +`�+F KQ`@
T?QHQ;v #2ir22M bQ/�@HBK2 ;H�bb U� �M/ #V �M/ 7mb2/ bBHB+� U+ �M/ /VX _2/ �M/ v2HHQr
�``Qrb BM/B+�i2 `�/B�H �M/ 2/;2 +`�+Fb- `2bT2+iBp2HvX

�M/ i?2v b22K iQ ;`Qr Qz Q7 i?2 2/;2 +`�+Fb- r?B+? K�F2b i?Bb bT�`b2Hv /Q+mK2Mi2/

+`�+F bvbi2K �M BKTQ`i�Mi KQ`T?QHQ;v BM mM/2`bi�M/BM; i?2 BMBiB�iBQM Q7 i?2 `�/B�H

+`�+F bvbi2KX

6B;m`2 jXk b?Qrb �MQi?2` 2t�KTH2 Q7 i?2 BMi2`�+iBQM #2ir22M i?2 2/;2 �M/ `�/B�H

+`�+Fb �b T`2pBQmbHv /2b+`B#2/X AM 6B;m`2 jXk� � P 4 85KL BM/2Mi�iBQM rBi? � � 4 45.0�

j9



U�V *QKTH2i2 BM/2Mi U#V .2i�BH2/ pB2r Q7 iQT +Q`M2`X

6B;m`2 jXk, a1J BK�;2b b?QrBM; i?2 BM~m2M+2 Q7 2/;2 +`�+Fb QM i?2 BMBiB�iBQM Q7
`�/B�H +`�+Fb 7Q` �M 85KL BM/2Mi BM 6a mbBM; � 45.0� BM/2Mi2`X

BM/2Mi2` BM 7mb2/ bBHB+� Bb b?QrM- �M/ BM 6B;m`2 jXk# � K�;MB}+�iBQM Q7 i?2 iQT +Q`M2` Q7

i?2 BM/2Mi�iBQM Bb /2TB+i2/ b?QrBM; +H2�`Hv i?�i i?2 `�/B�H +`�+F Bb 2K�M�iBM; 7`QK i?2

2/;2 +`�+F i?�i ?�b 7Q`K2/ T`BQ` iQ i?2 BMBiB�iBQM Q7 i?2 `�/B�H +`�+FX hQ p2`B7v i?Bb

Q#b2`p�iBQM- bm#bm`7�+2 �M�HvbBb Bb M2+2bb�`v �M/ Q7 K�DQ` BKTQ`i�M+2 iQ BKT`Qp2 i?2

mM/2`bi�M/BM; Q7 i?2 +`�+FBM; #2?�pBQ` /m`BM; M�MQBM/2Mi�iBQM- r?B+? rBHH #2 /Bb+mbb2/

BM b2+iBQM jX8X

6B;m`2 jXj @ jXe b?Qr �M Qp2`pB2r Q7 i?2 +`�+FBM; #2?�pBQ` Q7 aG: U6B;m`2 jXj

�M/ jX9V �M/ 6a U6B;m`2 jX8 �M/ jXeV 7Q` i?2 7Qm` /Bz2`2Mi �M;H2b �M/ p�`BQmb /Bb+`2i2

HQ�/b S 4 3KL @ 5LX h?2 HQr2bi HQ�/ /2TB+i2/ Bb �Hr�vb i?2 HQ�/ Dmbi #27Q`2 r?B+?

i?2 }`bi BKTQ`i�Mi +`�+F KQ`T?QHQ;v Q++m`bX LQ 7m`i?2` HQ�/ BM+`2�b2 r�b T2`7Q`K2/

r?2M b2p2`2 +?BTTBM; Q++m``2/ �`QmM/ i?2 BM/2Mi�iBQMX h?2 };m`2b +QMi�BM BKTQ`i�Mi

+`�+FBM; 72�im`2b 7Q` i?2 irQ K�i2`B�HbX >Qr2p2`- ?2`2 i?2v T`2b2Mi �M Qp2`pB2r Q7 i?2

+`�+FBM; b2[m2M+2b �M/ rBHH MQi #2 /Bb+mbb2/ BM /2i�BH- #mi rBHH #2 `272``2/ iQ 2Hb2r?2`2X

j8



30 mN3 mN 10 mN1 mN

35.3°

55.0°

	5.3°


5.0°

100 mN 300 mN

6B;m`2 jXj, AM~m2M+2b Q7 BM/2Mi2` �M;H2 �M/ BM/2Mi�iBQM HQ�/ QM i?2 +`�+FBM; #2?�pBQ`
Q7 bQ/�@HBK2 ;H�bb �i HQr HQ�/b U1Ĝ300KLVX

je



500 mN 1 N 2 N 3 N 5 N

35.3	

55.0	


5.3	

�5.0	

6B;m`2 jX9, AM~m2M+2b Q7 BM/2Mi2` �M;H2 �M/ BM/2Mi�iBQM HQ�/ QM i?2 +`�+FBM; #2?�pBQ`
Q7 bQ/�@HBK2 ;H�bb �i ?B;? HQ�/b U500KL @ 5LVX

jd



10 mN 30 mN3 mN

35.3°

55.0°

	5.3°


5.0°

100 mN 300 mN

6B;m`2 jX8, AM~m2M+2b Q7 BM/2Mi2` �M;H2 �M/ BM/2Mi�iBQM HQ�/ QM i?2 +`�+FBM; #2?�pBQ`
Q7 7mb2/ bBHB+� �i HQr HQ�/b U3Ĝ300KLVX

j3



500 mN 1 N 2 N 3 N 5 N

35.3	

55.0	


5.3	

�5.0	

6B;m`2 jXe, AM~m2M+2b Q7 BM/2Mi2` �M;H2 �M/ BM/2Mi�iBQM HQ�/ QM i?2 +`�+FBM; #2?�pBQ`
Q7 7mb2/ bBHB+� �i ?B;? HQ�/b U500KL @ 5LVX

jN



jXk AM/2Mi�iBQM aBx2 �M/ *`�+F G2M;i?

AM/2Mi�iBQM bBx2 a �M/ +`�+F H2M;i? c �`2 /BbTH�v2/ QM � /Qm#H2@HQ;�`Bi?KB+ b+�H2 �b

� 7mM+iBQM Q7 HQ�/ P BM 6B;m`2 jXdX

U�V aQ/�@HBK2 ;H�bb UaG:V U#V aQ/�@HBK2 ;H�bb UaG:V

U+V 6mb2/ bBHB+� U6aV

0.1

1

10

100

1000

c 
/ µ

m

100 101 102 103 104 105

P / mN

c = 0.33 · p 0.66 c = 0.26 · p 0.65

c = 0.24 · p 0.65 c = 0.27 · p 0.58

Φ = 35.3°
Φ = 45.0°
Φ = 55.0°
Φ = 65.3°

U/V 6mb2/ bBHB+� U6aV

6B;m`2 jXd, AM/2Mi�iBQM bBx2 a �M/ +`�+F H2M;i? c �b � 7mM+iBQM Q7 HQ�/ P 7Q` i?2
bim/B2/ K�i2`B�HbX

AM i?2 i2bi2/ HQ�/BM; `�M;2 U1KL@20LV- i?2 BM/2Mi�iBQM bBx2 a `�M;2b 7`QK �#Qmi

0.3Ĝ50 ƒK 7Q` aG: �M/ 6a BM 6B;m`2 jXd� �M/ +- `2bT2+iBp2HvX 6Q` #Qi? K�i2`B�Hb i2bi2/

i?2 bHQT2 Bb +HQb2 iQ i?2 2tT2+i2/ p�Hm2 Q7 1/2 7Q` i?2 BM/2Mi�iBQM bBx2X q?2M i?2

K�;MBim/2 Q7 i?2 irQ /Bz2`2Mi T�`�K2i2`b Bb +QMbB/2`2/- Bi +�M #2 +QM+Hm/2/ i?�i MQ
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pBbB#H2 �M;mH�` /2T2M/2M+v Bb �TT�`2Mi 7Q` i?2 BM/2Mi�iBQM bBx2- #mi i?2`2 Bb QM2 7Q` i?2

+`�+F H2M;i?X 6Q` #HmMi2` BM/2Mi2`b- BX2X #B;;2` �- � HQr2` +`�+F H2M;i? c Bb Q#b2`p2/

r?2M +QKT�`2/ �i i?2 b�K2 BM/2Mi�iBQM HQ�/ P U6B;m`2 jXd# �M/ 6B;m`2 jXd/VX 6`QK

i?2 ?�`/M2bb 2[m�iBQM- Bi 7QHHQrb i?�i BM/2Mi�iBQM bBx2 Bb T`QTQ`iBQM�H iQ P
1/2X h?2

T`27�+iQ` Q7 i?2 }ii2/ `2H�iBQMb Bb /2T2M/2Mi QM i?2 ?�`/M2bb i?`Qm;?

a =

✓
4

3
p
3 ·H

◆1/2

· P 1/2
. UjXRV

lbBM; i?2 ?�`/M2bb p�Hm2b 7`QK h�#H2 jXk- i?2 T`27�+iQ`b 7Q` bQ/�@HBK2 ;H�bb UaG:V

�M/ 7mb2/ bBHB+� U6aV �`2 0.33 �M/ 0.29- `2bT2+iBp2HvX h?Bb Bb BM ;QQ/ �;`22K2Mi rBi? i?2

}iiBM; T�`�K2i2`b BM 6B;m`2 jXd� �M/ +X AM 6B;m`2 jXd# �M/ /- i?2 +`�+F H2M;i? c BM+`2�b2b

rBi? /2+`2�bBM; � 7Q` #Qi? K�i2`B�Hb i2bi2/X aBM+2 i?2`2 Bb �M �M;mH�` /2T2M/2M+v 7Q`

i?2 +`�+F H2M;i?- � bBKBH�` �M�HvbBb iQ +QKT�`2 i?2 T`27�+iQ` iQ � i?2Q`2iB+�H p�Hm2 Bb

MQi 2�bBHv �+?B2p�#H2X >Qr2p2`- Bi Bb BKTQ`i�Mi iQ MQi2 i?�i i?2 2tT2+i2/ `2H�iBQMb?BT

#2ir22M c �M/ P +�M #2 p2`B}2/ rBi? � bHQT2 +HQb2 iQ 2/3 7Q` �4 35.3Ĝ55.0�X 6Q` #Qi?

K�i2`B�Hb- i?2 `2H�iBQM 7Q` i?2 "2`FQpB+? iBT /2pB�i2b 7`QK i?Bb i?2Q`2iB+�H p�Hm2X Ai Bb

bHB;?iHv #B;;2` 7Q` aG: UyXdRV �M/ bHB;?iHv bK�HH2` 7Q` 6a UyX83VX

6B;m`2 jX3� @ / b?Qrb � /B`2+i +QKT�`BbQM 7Q` i?2 +`�+F H2M;i? c 7Q` i?2 irQ i2bi2/

bBHB+�i2 ;H�bb2b- bQ/�@HBK2 ;H�bb UaG:V �M/ 7mb2/ bBHB+� U6aV- �i i?2 7Qm` BM/2Mi2` �M;H2b

i2bi2/X 6Q` �HH �M;H2b- i?2 +`�+F H2M;i? 7Q` aG: Bb ?B;?2` i?�M 7Q` 6aX h?2 HQr2` +`�+F

H2M;i? 7Q` 6a +QmH/ +QK2 7`QK i?2 7�+i i?�i 6a �b �M �MQK�HQmb K�i2`B�H /2MbB}2b

/m`BM; i?2 BM/2Mi�iBQM T`Q+2bbX h?2 /2MbB}+�iBQM `2/m+2b `2bB/m�H bi`2bb2b �`QmM/ i?2

BM/2Mi�iBQM- r?B+? Bb � K�DQ` /`BpBM; 7Q`+2 7Q` +`�+F T`QT�;�iBQM (ek)X h?2 b?Q`i2`

+`�+Fb `2bmHiBM; 7`QK i?2 /2MbB}+�iBQM +QmH/ �HbQ +�mb2 �M Qp2`2biBK�iBQM Q7 i?2 7`�+im`2

iQm;?M2bb (Re)X

6B;m`2 jX3 �HbQ BM+Hm/2b � +QKT�`BbQM #2ir22M i?2 +`�+F H2M;i? K2�bm`2/ BM i?Bb

rQ`F rBi? 2tT2`BK2Mi�H �M/ 61� `2bmHib 7`QK HBi2`�im`2 7Q` i?2 7Qm` /Bz2`2Mi �M;H2b
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U#V � 4 45.0�
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U+V � 4 55.0�
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U/V � 4 65.3�

6B;m`2 jX3, *`�+F H2M;i? c K2�bm`2K2Mib 7Q` /Bz2`2Mi BM/2Mi2`b BM +QKT�`BbQM rBi?
K2�bm`2K2Mib `2TQ`i2/ BM HBi2`�im`2 (j3- 8y- ey- eR)X

i2bi2/ (j3- 8y- ey- eR)X 6Q` i?2 +m#2 +Q`M2` BM/2Mi2` U� 4 35.3� BM 6B;m`2 jX3�V �M/ i?2

45.0� BM/2Mi2` BM 6B;m`2 jX3#- 2tT2`BK2Mi�H `2bmHib `2TQ`i2/ BM HBi2`�im`2 (j3- ey- eR) �`2

bBKBH�` iQ +`�+F H2M;i?b K2�bm`2/ ?2`2X �//BiBQM�HHv- 7Q` i?2 +m#2 +Q`M2` BM/2Mi2`- i?2

61� `2bmHib Q7 "`mMb 2i �HX (j3) �`2 BM HBM2 rBi? i?2 +m``2Mi rQ`F- �Hi?Qm;? +�H+mH�i2/ 7Q`

?B;?2` HQ�/bX hvTB+�HHv- i?2 pQM JBb2b +`Bi2`BQM Bb mb2/ iQ /2b+`B#2 MQ`K�H /27Q`K�iBQM

#v b?2�` ~Qr- BX2X bBKmH�i2 aG:- r?2`2�b i?2 .`m+F2`@S`�;2`@*�T KQ/2H Bb mb2/ iQ

BM+Hm/2 /27Q`K�iBQM #v /2MbB}+�iBQM- �b Bb i?2 +�b2 7Q` 6a (N)X 6Q` i?2 irQ Qi?2` �M;H2b-

61� `2bmHib �`2 �p�BH�#H2- M�K2Hv 55.0� BM 6B;m`2 jX3+ �M/ 65.3� BM 6B;m`2 jX3/- i?2`2

2tBbib �M Q#pBQmb Qzb2i iQ HQr2` p�Hm2b 7`QK 2tT2`BK2Mi�H iQ i?2 61� `2bmHibX h?2 Qzb2i
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b22Kb iQ vB2H/ � KQ`2 b2p2`2 �M;mH�` /2T2M/+v Q7 i?2 +`�+F H2M;i?- #mi Bi +QmH/ �HbQ

Dmbi #2 � 7�+iQ` Q7 i?2 KQ/2HBM; T�`�K2i2`b- bBM+2 7Q` i?2 +m#2 +Q`M2` � i`m2 i?`22@bB/2/

Tv`�KB/ r�b mb2/ 7Q` i?2 �M�HvbBb (j3)- #mi �M 2z2+iBp2 +QM2 r�b mb2/ 7Q` � 4 55.0� �M/

65.3� (8y)X h?2 2ti`� 2/;2b rQmH/ BMi`Q/m+2 BM+`2�b2/ bi`2bb2b BM i?2 2/;2 �`2� i?�i

rQmH/ T`QT�;�i2 +`�+Fb KQ`2 2�bBHvX AM �//BiBQM- uQb?B/� 2i �HX ?�p2 b?QrM i?�i +QMB+�H

BM/2Mi�iBQM T`Q/m+2b KQ`2 /2MbB}+�iBQM i?�M Tv`�KB/�H BM/2Mi�iBQM- r?B+? rQmH/ vB2H/

HQr2` bi`2bb2b �`QmM/ i?2 BM/2Mi�iBQM �M/ mHiBK�i2Hv b?Q`i2` +`�+Fb (ej)X

jXj *`�+FBM; h?`2b?QH/

�M�HvxBM; �HH i?2 BK�;2b �b 2t2KTHB}2/ BM 6B;m`2 jXj @ 6B;m`2 jXe 7Q` i?2 /Bz2`2Mi

�M;H2b- HQ�/b- �M/ K�i2`B�Hb- Bi +�M #2 +QM+Hm/2/ i?�i Bi i�F2b � bT2+B}+ +QM/BiBQM 7Q` �

+`�+F iQ bi�`i- BM T�`iB+mH�`- � +2`i�BM HQ�/ r?B+? Bb `272``2/ iQ �b i?2 +`�+FBM; i?`2b?QH/

PcX h?2 +`�+FBM; i?`2b?QH/b 7Q` `�/B�H �M/ 2/;2 +`�+Fb BM bQ/�@HBK2 ;H�bb �M/ 7mb2/

bBHB+� �`2 bmKK�`Bx2/ BM h�#H2 jXRX Pc BM i?Bb rQ`F Bb /2}M2/ �b i?2 HQ�/ �i r?B+? �

KBMBKmK

h�#H2 jXR, *`�+FBM; h?`2b?QH/b 7Q` 2/;2 �M/ `�/B�H +`�+Fb #�b2/ QM bm`7�+2 Q#b2`p�@
iBQMbX

� f � Pc,radial f KL Pc,edge f KL
aG: 6a aG: 6a

j8Xj R @ j j @ Ry 7 j @ Ry
98Xy j @ 8 e8 @ d8 7 I j
88Xy Ry @ jy 8yy @ Ryyy 7 I j
e8Xj jyyy @ 8yyy Ryyy @ kyyy Ryy @ k8y I j
7, LQ +`�+Fb Q#b2`p2/ BM i2bi2/ HQ�/ `�M;2 UP 4 1KL@20LV

Q7 ?�H7 i?2 BM/2Mib �M�Hvx2/ b?Qr �i H2�bi QM2 +`�+FX Ai b?QmH/ #2 MQi2/ i?�i Pc Bb ;Bp2M

�b � `�M;2 #2+�mb2 QMHv /Bb+`2i2 HQ�/b r2`2 i2bi2/X h?2 HQr2` 2M/ Q7 i?2 `�M;2 Bb i?2

HQr2bi i2bi2/ HQ�/ p�Hm2 i?�i /B/ MQi b?Qr �Mv +`�+Fb- r?2`2�b i?2 ?B;?2` 2M/ Q7 i?2
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`�M;2 `2T`2b2Mib i?2 HQr2bi i2bi2/ HQ�/ p�Hm2 7Q` r?B+? +`�+Fb r2`2 Q#b2`p2/X >2M+2-

bQK2r?2`2 BM i?Bb `�M;2 i?2 +`�+Fb BMBiB�i2/X

6Q` `�/B�H +`�+Fb UH27i bB/2 Q7 h�#H2 jXRV- Bi +�M #2 +QM+Hm/2/ i?�i 7Q` #Qi? aG: �M/

6a- i?2 HQ�/ M2+2bb�`v iQ BMBiB�i2 i?2 +`�+F BM+`2�b2b rBi? /2+`2�bBM; b?�`TM2bb Q7 i?2

BM/2Mi2`- BX2- bK�HH2` +2Mi2`@HBM2 iQ 7�+2 �M;H2b �X 6m`i?2`KQ`2- r?2M mbBM; i?2 b�K2

BM/2Mi2` ;2QK2i`v- 6a ;2M2`�HHv `2[mB`2b � ?B;?2` HQ�/ i?�M aG: 7Q` � bK�HH2` i?�M

55.0�X h?�i Bb 2tT2+i2/ �b 6a Bb �bbmK2/ iQ /2MbB7v �M/ i?2 /2MbB7�iBQM Bb i?Qm;?i iQ

`2/m+2 `2bB/m�H bi`2bb2b �`QmM/ i?2 BM/2Mi�iBQM (3- Re- jR- ekĜee)X 6Q` i?2 "2`FQpB+?

BM/2Mi2` U� 4 65.3�V- ?Qr2p2`- Pc Bb HQr2` 7Q` 6aX h?Bb Q#b2`p�iBQM Bb MQi � bBM;H2

Q++m``2M+2 BM i?Bb rQ`F- #mi ?�b �HbQ #22M /Q+mK2Mi2/ #v >�`/BM; (k9)X

PM i?2 `B;?i ?�M/ bB/2 Q7 h�#H2 jXR- i?2 Q#b2`p�iBQMb 7Q` 2/;2 +`�+Fb �`2 bmKK�`Bx2/X

q?BH2 � bB;MB}+�Mi �M;mH�` /2T2M/2M+v +�M MQi #2 /2i2`KBM2/- Bi b?QmH/ #2 MQi2/ i?�i

7Q` b?�`T2` BM/2Mi2` iBTb U�  65.3�V- 2/;2 +`�+Fb BMBiB�i2 2�`Hv QM BM 6a U6B;m`2 jX8V- #mi

i?2`2 �`2 MQ 2/;2 +`�+Fb BM aG:U6B;m`2 jXj �M/ 6B;m`2 jX9VX PMHv rBi? i?2 +QKT�`�iBp2Hv

#HmMi "2`FQpB+? iBT- +�M 2/;2 +`�+Fb #2 BMBiB�i2/ BM aG:X AM +�b2b r?2M 2/;2 +`�+Fb

BMBiB�i2 i?2v ivTB+�HHv BMBiB�i2 T`BQ` iQ BMBiB�iBQM Q7 i?2 `�/B�H +`�+F Ub22 6B;m`2 jXj @

6B;m`2 jXe 7Q` /2i�BHVX 6Q` 35.3�  �  55.0� BM aG:- i?2 i2bi2/ HQ�/ Bb MQi ?B;? 2MQm;?

iQ BMBiB�i2 2/;2 +`�+Fb- r?B+? Bb BM �++Q`/�M+2 rBi? Q#b2`p�iBQMb #v uQb?B/� 2i �HX h?2v

+QM+Hm/2/ i?�i � #HmMi2` iBT ?�b KQ`2 #Qr@BM �M/ ?B;?2` HQ+�HBx2/ bi`2bb2b vB2H/BM;

+`�+Fb i?�i BMBiB�i2 �i HQr2` HQ�/b (Re)X

hQ /2i2`KBM2 B7 i?2 bm`7�+2 Q#b2`p�iBQMb 7Q` i?2 +`�+FBM; i?`2b?QH/ Pc Q7 `�/B�H +`�+Fb

bmKK�`Bx2/ BM h�#H2 jXR +�M #2 /2b+`B#2/ mbBM; i?2Q`2iB+�H `2H�iBQMb- Pc Bb 2biBK�i2/

mbBM; >�`/BM;Ƕb �TT`Q�+? i?�i i?2 +`�+F BMBiB�iBQM Q++m`b r?2M i?2 /BK2MbBQMb Q7 i?2

+`�+F H2M;i? c �M/ BM/2Mi�iBQM bBx2 a �`2 B/2MiB+�H U6B;m`2 RX8+V (k9)X A7 c ⌧ a- i?2M

i?2 +`�+F Bb bm#bmK2/ BM i?2 ?�`/M2bb xQM2 (kk)X *QKT�`2/ iQ 6B;m`2 RX8+- r?2`2 i?2

BMi2`b2+iBQM TQBMi Bb 2p�Hm�i2/ iQ /2i2`KBM2 Pc- c/a Bb b?QrM �b � 7mM+iBQM Q7 HQ�/ P BM

6B;m`2 jXNX Pc +�M i?2M #2 2p�Hm�i2/ r?2M i?2 /�i� Bb 2ti`�TQH�i2/ iQ c/a = 1X
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5

4

3

2

1

c/
a 

/ -

10-1 100 101 102 103 104 105

P / mN

1

6

Φ = 35.3° Φ = 45.0°
Φ = 55.0° Φ = 65.3°

Pc =     0.18 mN
Pc =     1.19 mN
Pc =     3.41 mN
Pc = 122.60 mN

U�V aQ/�@HBK2 ;H�bb

5

4

3

2

1

c/
a 

/ -

10-1 100 101 102 103 104 105

P / mN

1

6

Φ = 35.3° Φ = 45.0°
Φ = 55.0° Φ = 65.3°

Pc =   0.32 mN
Pc =   1.52 mN
Pc =   4.81 mN
Pc = 76.12 mN

U#V 6mb2/ bBHB+�

6B;m`2 jXN, .2i2`KBM�iBQM Q7 i?2 +`�+FBM; i?`2b?QH/ #�b2/ QM >�`/BM;Ƕb h?2Q`v (k9)X

6`QK i?2Q`2iB+�H /2`Bp�iBQMb i?2 /BK2MbBQM c/a Bb 2tT2+i2/ iQ BM+`2�b2 rBi? P
1/6

(j9)- r?B+? Bb BM ;QQ/ �;`22K2Mi 7Q` #Qi? K�i2`B�Hb �M/ �M;H2b mT iQ � 4 55.0�X h?Bb

`2H�iBQMb?BT #`2�Fb /QrM 7Q` i?2 "2`FQpB+? BM/2Mi2` U� 4 65.3�VX >Qr2p2`- i?2 /2pB�iBQM

7`QK i?2 i?2Q`2iB+�H i`2M/ Bb /Bz2`2Mi 7Q` i?2 irQ i2bi2/ K�i2`B�HbX AM aG: U6B;m`2 jXN�V

i?2 bHQT2 Bb #B;;2` i?�M i?2 2tT2+i2/ p�Hm2- r?2`2�b BM 6a U6B;m`2 jXN#V Bi Bb bK�HH2`X
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Extrapolation to  ca = 1:
 SLG 
 FS

First appearance of cracks:
 SLG
 FS

6B;m`2 jXRy, *`�+FBM; i?`2b?QH/ Pc 7Q` `�/B�H +`�+Fb �b � 7mM+iBQM Q7 �M;H2 7Q` bQ/�@
HBK2 ;H�bb �M/ 7mb2/ bBHB+�X h?2 2``Q` #�`b 7Q` i?2 i?2Q`2iB+�H p�Hm2b �`2 #�b2/ Q7 i?2
95W +QM}/2M+2 BMi2`p�HX 6Q` i?2 Q#b2`p2/ p�Hm2b i?2 /�i� TQBMib �`2 i?2 �p2`�;2b
Q7 i?2 T`QpB/2/ HQ�/BM; `�M;2b BM h�#H2 jXR- rBi? i?2 2``Q` #2BM; i?2 KBMBKmK �M/
K�tBmK p�Hm2b Q7 i?2 `�M;2X
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aBKBH�` iQ i?2 +QM+HmbBQMb 7`QK h�#H2 jXR- 6B;m`2 jXN b?Qrb � bB;MB}+�Mi �M;mH�`

/2T2M/2M+v Q7 i?2 +`�+FBM; i?`2b?QH/X .Bz2`2Mi i?2Q`2iB+�H `2H�iBQMb T`2/B+i i?�i i?2

+`�+FBM; i?`2b?QH/ Bb T`QTQ`iBQM�H iQ (i�M�) (kj- k9- j9)X >2M+2 i?2 /Bz2`2Mi Pc

/2i2`KBM2/ #v 2ti`�TQH�iBM; i?2 /�i� 7Q` i?2 i2bi2/ �M;H2b Bb b?QrM �b � 7mM+iBQM Q7

(i�M�) BM 6B;m`2 jXRyX :Bp2M i?�i i?2 /�i� Bb `2T`2b2Mi2/ BM � /Qm#H2 HQ;�`Bi?KB+

K�MM2`- Bi +�M #2 +QM+Hm/2/ i?�i Pc / (tan�)- �M/  Bb `2T`2b2Mi2/ #v i?2 bHQT2 Q7 i?2

HQ;@HQ; THQiX h?2 i?2Q`v /2p2HQT2/ #v >�;�M (kj) T`2/B+ib � bHQT2 Q7 2/3- #mi MQM2 Q7

i?2 /�i� 7QHHQrb i?�i `2H�iBQMb?BTX 6Q` i?2 +`�+FBM; i?`2b?QH/ /2i2`KBM2/ BM 6B;m`2 jXN-

#Qi? aG: �M/ 6a 7QHHQr i?2 �M;mH�` /2T2M/2M+v /2p2HQT2/ #v >�`/BM; (k9)- �b i?2

bHQT2b Q7 i?2 HB;?i #Hm2 /B�KQM/b �M/ TBMF +B`+H2b �`2 +HQb2 iQ 8/3X �i H2�bi mT iQ

� 4 55.0�X q?2M i?2 K�i2`B�H Bb BM/2Mi2/ rBi? � "2`FQpB+? BM/2Mi2`- i?2 bHQT2 BM+`2�b2b

bB;MB}+�MiHv iQ � p�Hm2 +HQb2` iQ 9X h?Bb /`�biB+ +?�M;2 BM #2?�pBQ` +�M TQi2MiB�HHv

#2 2tTH�BM2/ �b 7QHHQrb, BM i?2 +�b2 Q7 aG:- QMHv `�/B�H +`�+Fb #mi MQ 2/;2 +`�+Fb �`2

/2i2+i2/ 7Q` �M;H2b mT iQ � 4 55.0� U6B;m`2 jXRR�VX 6Q` i?2 "2`FQpB+? ;2QK2i`v BM

6B;m`2 jXRR# ?Qr2p2`- 2/;2 +`�+Fb BMBiB�i2 T`BQ` iQ i?2 BMBiB�iBQM Q7 `�/B�H +`�+Fb Ub22

�HbQ 6B;m`2 jXj �M/ 6B;m`2 jXj �M/ 6B;m`2 jX9V- TQi2MiB�HHv �H`2�/v `2H2�bBM; bi`2bb2bX

h?2`27Q`2- �//BiBQM�H HQ�/ Bb M2+2bb�`v iQ BMBiB�i2 i?2 `�/B�H +`�+FX 6Q` 6a i?Qb2 2/;2

+`�+Fb �`2 T`2b2Mi 7Q` 2p2`v BM/2Mi2` ;2QK2i`v U2X;X- 6B;m`2 jX8 �M/ 6B;m`2 jXRR+V- #mi

BM i?2 +�b2 Q7 "2`FQpB+? BM/2Mi�iBQM- �M �//BiBQM�H +`�+F bvbi2K Bb BMBiB�i2/ T`BQ` iQ

i?2 BMBiB�iBQM Q7 i?2 `�/B�H +`�+Fb- M�K2Hv i?2 bQ@+�HH2/ +QM2 +`�+F U6B;m`2 jXRR/VX AM

bmKK�`v- i?2 BMi`Q/m+iBQM Q7 �M �//BiBQM�H +`�+F KQ`T?QHQ;v BM~m2M+2b i?2 BMBiB�iBQM

Q7 i?2 `�/B�H +`�+FbX

6Q` i?2 b?�`T2` �M;H2b- Pc Q7 6a Bb ?B;?2` i?�M 7Q` aG:- #mi 7Q` i?2 "2`FQpB+?

;2QK2i`v- Pc 7Q` aG: 2t+22/b i?2 QM2 7Q` 6aX

q?BH2 i?2Q`2iB+�H `2H�iBQMb +�M #2 mb2/ iQ /2b+`B#2 i?2 �M;mH�` /2T2M/2M+v 7Q` Pc BM

aG:- �MQi?2` BMi2`2biBM; p�Hm2 Bb i?2 �+im�H K�;MBim/2 Q7 i?2 i?`2b?QH/ HQ�/X C�M; �M/

S?�`` (j9) mb2/ �M �TT`Q�+? bBKBH�` iQ >�`/BM;Ƕb (k9) �M/ /2i2`KBM2/ Pc iQ #2 i?2 TQBMi

9e



U�V aG:- � 4 55.0�- S 4 250KL U#V aG:- � 4 65.3�- S 4 5L

U+V 6a- � 4 55.0�- S 4 1L U/V 6a- � 4 65.3�- S 4 2L

6B;m`2 jXRR, a1J BK�;2b 2ti`�+i2/ 7`QK 6B;m`2 jXj @ jXe `2p2�HBM; /Bz2`2M+2b BM
+`�+F KQ`T?QHQ;v #2ir22M bQ/�@HBK2 ;H�bb U� �M/ #V �M/ 7mb2/ bBHB+� U+ �M/ /VX

�i r?B+? i?2 +`�+F H2M;i? c �M/ BM/2Mi�iBQM bBx2 a ?�p2 i?2 b�K2 H2M;i? U6B;m`2 RX8+V-

BX2X- c/a 4 1X h?2 +`�+FBM; i?`2b?QH/ Pc /2i2`KBM2/ BM i?Bb r�v Bb `2T`2b2Mi2/ #v i?2

HB;?i #Hm2 /B�KQM/b BM 6B;m`2 jXRy 7Q` aG:X h?2 K�;MBim/2 T`2/B+i2/ #v i?2 i?2Q`v

Bb HQr2` i?�M Q#b2`p2/ QTiB+�HHv- bm;;2biBM; i?�i �bbmKBM; c/a 4 1 Bb MQi p�HB/- �M/ Bi

b?QmH/ `�i?2` #2 �#Qmi 1.4- 2p2M ?B;?2` 7Q` i?2 "2`FQpB+? BM/2Mi2` Ub22 6B;m`2 jXRkVX

9d



>�`/BM; (k9) HBF2rBb2 ?�b /2i2`KBM2/- i?�i c/a M22/b iQ #2 #B;;2` i?�M mMBiv iQ #2 �#H2

iQ /2b+`B#2 2tT2`BK2Mi�H p�Hm2b KQ`2 �++m`�i2HvX >2 �ii`B#mi2b i?Bb ?B;?2` p�Hm2 iQ

i?2 7�+i i?�i �KQM; Qi?2` i?BM;b i?2 BM/2Mi�iBQM +Q`M2`b �`2 MQi T2`72+iHv b?�`T (k9)X

>Qr2p2`- bBM+2 i?2 p�Hm2 Bb QMHv bHB;?iHv #B;;2` i?�M mMBiv- Bi Bb p�HB/ iQ �bbmK2 i?�i

i?2 BM/2Mi�iBQM Bib2H7 +�M BMBiB�i2 i?2 +`�+Fb �M/ MQ T`22tBbiBM; ~�rb �`2 M22/2/ (k9)X
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 First appearance of cracks
 Extrapolation to  ca = 1.0
 Extrapolation to  ca = 1.4
 Extrapolation to  ca = 1.5

6B;m`2 jXRk, *`�+FBM; i?`2b?QH/ Pc 7Q` `�/B�H +`�+Fb �b � 7mM+iBQM Q7 �M;H2 7Q` bQ/�@
HBK2 ;H�bb 7Q` /Bz2`2Mi c/a `�iBQbX h?2 2``Q` #�`b 7Q` i?2 i?2Q`2iB+�H p�Hm2b �`2 #�b2/ Q7
i?2 95W +QM}/2M+2 BMi2`p�HX 6Q` i?2 Q#b2`p2/ p�Hm2b i?2 /�i� TQBMib �`2 i?2 �p2`�;2b
Q7 i?2 T`QpB/2/ HQ�/BM; `�M;2b BM h�#H2 jXR- rBi? i?2 2``Q` #2BM; i?2 KBMBKmK �M/
K�tBmK p�Hm2b Q7 i?2 `�M;2X

.2i2`KBMBM; Pc #v QTiB+�HHv Q#b2`pBM; i?2 }`bi �TT2�`�M+2 Q7 +`�+Fb 7Q` 6a 2t?B#Bib

� bB;MB}+�MiHv bi`QM;2` /2T2M/2M+v rBi? �- �b i?2 bHQT2 Q7 i?2 p2`KBHBQM +B`+H2b BM

6B;m`2 jXRy Bb +HQb2` iQ 9X JQmM/ �M/ S?�`` (kR) ?�p2 �H`2�/v `2TQ`i2/ i?Bb ?B;? /2pB�iBQM

7`QK i?2Q`2iB+�H `2H�iBQMbX >Qr2p2`- i?2v /B/ MQi 2tTH�BM Bib Q`B;BMX aT2+mH�iBQMb QM

r?�i +QmH/ +�mb2 i?Bb /Bb+`2T�M+v �`2 i?`22@7QH/X 6B`bi- 6a #2?�p2b �MQK�HQmbHv �b Bi

/2MbB}2b /m`BM; BM/2Mi�iBQM (jR- ej- e9)X .2MbB}+�iBQM `2/m+2b i?2 +`�+F /`BpBM; `2bB/m�H

bi`2bb2b �`QmM/ i?2 BM/2Mi�iBQM- i?mb BM+`2�bBM; Pc (3- Re- jR- ek- e8- ee)X .2MbB}+�iBQM

�HbQ `2/m+2b i?2 MmK#2` Q7 b?2�` 7�mHib QM i?2 bm#bm`7�+2X A7 b?2�` 7�mHib +�M �+i �b

BMBiB�iBQM bBi2b 7Q` `�/B�H +`�+Fb- ;H�bb2b rBi? 72r2` b?2�` 7�mHib b?QmH/ b?Qr ?B;?2` +`�+F
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`2bBbi�M+2 (ed)X a2+QM/- �b b?QrM BM h�#H2 jXR- 2/;2 +`�+Fb 7Q`K BM 6a #27Q`2 `�/B�H

+`�+Fb BMBiB�i2X SQi2MiB�HHv- 2/;2 +`�+Fb ?�p2 �H`2�/v `2H2�b2/ i?2 bi`2bb2b i?�i �`2 #mBHi

mT- bQ i?2 bi`2bb2b M22/ iQ #mBH/ #�+F mT- `2[mB`BM; ?B;?2` HQ�/b mMiBH � +`BiB+�H i?`2b?QH/

Bb `2�+?2/ �;�BMX >Qr2p2`- QM2 +QmH/ �HbQ �`;m2 i?�i i?2 2/;2 +`�+Fb �`2 T`2@+m`bQ`b iQ

i?2 `�/B�H +`�+FbX A7 i?2v 7Q`K }`bi- i?2 `�/B�H +`�+FBM; i?`2b?QH/ rQmH/ #2 `2/m+2/X

>2M+2- r?2i?2` 2/;2 +`�+Fb BM+`2�b2 Q` /2+`2�b2 Pc `2K�BMb BM+QM+HmbBp2X h?B`/- Bi +QmH/

#2 TQbbB#H2 i?�i i?2 mM/2`HvBM; +`�+F KQ`T?QHQ;v BM 6a Bb MQi K2/B�M@HBF2- r?B+? +QmH/

`2bmHi BM � /Bz2`2Mi �M;mH�` /2T2M/2M+vX hQ p2`B7v i?2 +`�+FBM; KQ`T?QHQ;v- bm#bm`7�+2

�M�HvbBb Bb `2[mB`2/- �b rBHH #2 /Bb+mbb2/ BM a2+iBQM jX8X
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 SLG
 SLG - Gross 2012
 SLG - Jung 2004
 SLG - Harding 1995
 FS
 FS - Mound 2019
 FS - Harding 1995

6B;m`2 jXRj, *`�+FBM; i?`2b?QH/ Pc 7Q` `�/B�H +`�+Fb �b � 7mM+iBQM Q7 �M;H2 7Q` bQ/�@
HBK2 ;H�bb �M/ 7mb2/ bBHB+� BM +QKT�`BbQM rBi? p�Hm2b `2TQ`i2/ BM i?2 HBi2`�im`2 (kR-
k9- jj- e3)X 6Q` i?2 p�Hm2b Q#b2`p2/ BM i?Bb rQ`F i?2 /�i� TQBMib �`2 i?2 �p2`�;2b
Q7 i?2 T`QpB/2/ HQ�/BM; `�M;2b BM h�#H2 jXR- rBi? i?2 2``Q` #2BM; i?2 KBMBKmK �M/
K�tBmK p�Hm2b Q7 i?2 `�M;2X

6B;m`2 jXRj ?2HTb iQ Tmi i?2 Pc p�Hm2b 7`QK i?2 T`2b2Mi rQ`F BMiQ T2`bT2+iBp2 rBi?

p�Hm2b `2TQ`i2/ BM HBi2`�im`2 (kR- k9- jj- e3)X :`Qbb +QM/m+i2/ 2tT2`BK2Mib rBi? irQ

/Bz2`2Mi 7Qm`@bB/2/ Tv`�KB/�H BM/2Mi2`b- BX2X- � 4 60.0� �M/ 68.0� QM aG: (jj)X 6Q`

i?2 +QKT�`BbQM BM 6B;m`2 jXRj- i?Qb2 irQ �M;H2b r2`2 +QMp2`i2/ iQ i?2B` i?`22@bB/2/

2[mBp�H2Mi mbBM; i?2 �bbmKTiBQM i?�i i?2 i`B�M;mH�` Tv`�KB/b M22/ iQ vB2H/ bBKBH�`
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�`2�@iQ@/2Ti? `�iBQb �b i?2B` 7Qm`@bB/2/ +QmMi2`T�`ib (9)X >Bb `2bmHib /Q MQi �;`22 r2HH

rBi? i?2 T`2b2Mi rQ`FX PM2 `2�bQM +QmH/ #2 i?�i �Hi?Qm;? i?2 �M;H2 r�b +QMp2`i2/ BM

i2`Kb Q7 ;2QK2i`v- i?2 +`�+FBM; #2?�pBQ` Bb KQbi HBF2Hv /Bz2`2Mi #2ir22M i?`22@bB/2/

�M/ 7Qm`@bB/2/ BM/2Mi2`bX lbBM; >�`/BM;Ƕb KQ/B}+�iBQM Q7 i?2 Pm+?i2`HQMv �TT`Q�+? iQ

�++QmMi 7Q` i?2 /Bz2`2M+2 BM i?2 MmK#2` Q7 +Q`M2`b �M/ ?2M+2 MmK#2` Q7 +`�+Fb �`QmM/

i?2 BM/2Mi�iBQM- i?2 bi`2bb rBHH #2 /Bbi`B#mi2/ �KQM;bi i?2 MmK#2` Q7 +`�+Fb (k9- eN)X

h?mb- i?2 7`�+im`2 iQm;?M2bb Q7 � 7Qm`@bB/2/ BM/2Mi2` b?QmH/ �TT2�` ?B;?2` i?�M i?2

QM2 7Q` � i?`22@bB/2/ BM/2Mi2`X C�M; �M/ S?�`` /2p2HQT2/ � +Q``2H�iBQM #2ir22M i?2

+`�+FBM; i?`2b?QH/ �M/ Kc- r?2`2 Pc b+�H2b rBi? Kc (j9)X h?2`27Q`2 Pc b?QmH/ #2 HQr2`

7Q` � i?`22@bB/2/ BM/2Mi2`X �//BiBQM�HHv- oB+F2`b BM/2Mi�iBQM b?Qrb � H�`;2` �KQmMi

Q7 /2MbB}+�iBQM i?�M "2`FQpB+? BM/2Mi�iBQM- r?B+? b?QmH/ HBF2rBb2 `2bmHi BM � ?B;?2`

Pc (ej)X PM i?2 Qi?2` ?�M/- 7`QK i?Bb rQ`F Bi r�b /2i2`KBM2/ i?�i Pc �M/ Kc /Q MQi

M2+2bb�`BHv b+�H2 rBi? QM2 �MQi?2`- �b aG: 2t?B#Bib � ?B;?2` 7`�+im`2 iQm;?M2bb- #mi �

HQr2` Pc i?�M 6aX

.B`2+i i?`22@bB/2/ +QKT�`BbQM +�M #2 /QM2 rBi? rQ`F #v JQmM/ �M/ S?�`` (kR)-

>�`/BM; (k9)- �M/ CmM; 2i �HX (e3)X >�`/BM; QMHv T2`7Q`K2/ i2bib rBi? � +m#2 +Q`M2`

�M/ "2`FQpB+? iBT (k9)- �M/ CmM; 2i �HX QMHv i2bi2/ aG: rBi? � "2`FQpB+? BM/2Mi2`X 6Q`

aG:- >�`/BM; �M/ CmM; 2i �HXǶb `2bmHib �;`22 7�B`Hv r2HH rBi? p�Hm2b /2i2`KBM2/ BM i?2

T`2b2Mi rQ`FX >Qr2p2`- i?2 i`2M/ Qp2` i?2 2MiB`2 �M;mH�` `�M;2 ?�b MQi #22M T`2pBQmbHv

`2TQ`i2/X h?2 QMHv rQ`F i?�i +QMbB/2`2/ i?2 b�K2 �M;H2b Bb i?�i Q7 JQmM/ �M/ S?�``

7Q` 6a (kR)X 6Q` i?2 55.0�@BM/2Mi2` U⇡ i�M� = 1.4V- � bBKBH�` p�Hm2 r�b Q#b2`p2/- #mi

7Q` b?�`T2` �M;H2b JQmM/ �M/ S?�`` Q#b2`p2/ bK�HH2` p�Hm2b 7Q` 6aX >�`/BM; �HbQ

`2TQ`i2/ Pc p�Hm2b 7Q` 6aX >Qr2p2`- QM+2 �;�BM Dmbi 7Q` i?2 +m#2 +Q`M2` �M/ "2`FQpB+?

BM/2Mi2`bX 6Q` #Qi? BM/2Mi2`b- >�`/BM; `2TQ`i2/ Pc p�Hm2b i?�i �`2 �#Qmi �M Q`/2` Q7

K�;MBim/2 HQr2` i?�M i?2 QM2b /2i2`KBM2/ BM i?2 T`2b2Mi rQ`FX � TQi2MiB�H `2�bQM

7Q` i?2 /Bz2`2M+2 +QmH/ #2 i?2 +QM/BiBQM Q7 iBT- BX2X- `QmM/BM; Q7 i?2 iBT �M/ i?2 2/;2b-

r?B+? Bb mMFMQrM 7Q` 2tT2`BK2Mib +QM/m+i2/ 2Hb2r?2`2 BM HBi2`�im`2X �MQi?2` `2�bQM
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+QmH/ #2 i?�i BK�;BM; i2+?MB[m2b ?�p2 BKT`Qp2/ BM i?2 H�bi 30 v2�`b- TQi2MiB�HHv K�FBM;

i?2 K2�bm`2K2Mib BM i?2 +m``2Mi rQ`F KQ`2 �++m`�i2X

lbBM; i?2 S�HK[pBbi i?2Q`v �M/ 7QHHQrBM; bBKBH�` B/2�b iQ >�`/BM; �M/ C�M; �M/

S?�`` (k9- j9)- i?2 +`�+F H2M;i? l b?QmH/ #2 HBM2�`Hv T`QTQ`iBQM�H iQ i?2 HQ�/ P i?`Qm;?

l =

 
↵p ·

�
E

H

�2/5

Kc

!2

· 3
p
3 ·H
4

· P . UjXkV

h?Bb Bb BM 7�+i i?2 +�b2 7Q` #Qi? K�i2`B�Hb �M�Hvx2/ �b b?QrM BM 6B;m`2 jXR9X >Qr2p2`-

iQ /2i2`KBM2 i?2 +`�+FBM; i?`2b?QH/ Pc BM i?Bb r�v- QM2 rQmH/ ?�p2 iQ /2i2`KBM2 i?2

HQ�/ �i r?B+? l 4 yX aBM+2 i?2 `2H�iBQMb?BT ;Bp2M BM 1[m�iBQM UjXkV /Q2b MQi ?�p2

� +QMbi�Mi i2`K- i?2 HQ�/ rQmH/ �Hr�vb #2 x2`Q mbBM; i?2 �7Q`2K2MiBQM2/ +`Bi2`BQMX

h?2`27Q`2- i?Bb �TT`Q�+? +�M MQi #2 mb2/ iQ /2i2`KBM2 � +`�+FBM; i?`2b?QH/ PcX

0.1

1

10

100

 l 
/ µ

m

100 101 102 103 104 105

 P / mN

1

1

l = -0.89 · p 0.82

 = -1.31 · p 0.93 = -1.24 · p 0.81 = -2.05 · p 0.95

Φ = 35°
Φ = 45°
Φ = 55°
Φ = 65°

Φ = 35.3°
Φ = 45.0°
Φ = 55.0°
Φ = 65.3°

U�V aQ/�@HBK2 ;H�bb

0.1

1

10

100

 l 
/ µ

m

100 101 102 103 104 105

 P / mN

1

1

l = -1.04 · p 0.83 = -1.21 · p 0.79

 = -1.22 · p 0.76

 = -1.75 · p 0.77

Φ = 35°
Φ = 45°
Φ = 55°
Φ = 65°

Φ = 35.3°
Φ = 45.0°
Φ = 55.0°
Φ = 65.3°

U#V 6mb2/ bBHB+�

6B;m`2 jXR9, *`�+F H2M;i? l �b � 7mM+iBQM Q7 HQ�/ P 7Q` i?2 bim/B2/ K�i2`B�HbX

1/;2 +`�+Fb �b � `�i?2` M2r +QM+2Ti /Q MQi ?�p2 �M mM/2`HvBM; i?2Q`v v2i iQ #2

+QKT�`2/ iQ- �M/ i?2`2 �HbQ /Q2b MQi 2tBbi � bB;MB}+�Mi �M;mH�` /2T2M/2M+v 7Q` i?2

i2bi2/ K�i2`B�Hb 7Q` i?2 +�b2b BM r?B+? 2/;2 +`�+Fb �`2 T`2b2Mi Ub22 6B;m`2 jXj @ jXe

�M/ h�#H2 jXRVT`2X JQ`2 BKTQ`i�Mi Bb i?2 7�+i- i?�i i?2 2/;2 +`�+Fb b22K iQ TH�v �

bB;MB}+�Mi `QH2 BM i?2 BMBiB�iBQM Q7 `�/B�H +`�+FbX
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jX9 6`�+im`2 hQm;?M2bb

AM �//BiBQM iQ �M�HvxBM; i?2 +`�+F BMBiB�iBQM HQ�/b 7Q` bQ/�@HBK2 ;H�bb �M/ 7mb2/ bBHB+�-

i?2 +`�+F T`QT�;�iBQM +?�`�+i2`BbiB+b ?�p2 �HbQ #22M BMp2biB;�i2/X AM i2`Kb Q7 7`�+im`2

iQm;?M2bb K2�bm`2K2Mib- ivTB+�HHv irQ /Bz2`2Mi +`�+F KQ`T?QHQ;B2b �`2 +QMbB/2`2/ 7Q`

i?2 �M�HvbBbX h?2 /Bz2`2Mi T?vBb+�H K2+?�MBbKb #2?BM/ i?2 +`�+F bvbi2Kb `2bmHi BM

/Bz2`2Mi 2[m�iBQMb iQ mb2X "Qi? �TT`Q�+?2b rBHH #2 +QMbB/2`2/X

jX9XR J2/B�M@_�/B�H *`�+Fb

�bbmKBM; i?2 `�/B�H +`�+Fb �`QmM/ i?2 BM/2Mi �`2 K2/B�M@HBF2- i?2 `2H�iBQM /2p2HQT2/

#v C�M; �M/ S?�`` (j9) iQ K2�bm`2 i?2 7`�+im`2 iQm;?M2bb Bb

Kc = ↵M ·
✓
E

H

◆1/2

· P

c
3/2

, UjXjV

r?2`2

↵M =
0.0352

(1� ⌫)
· (cot�)2/3 UjX9V

h?2 K2+?�MB+�H T`QT2`iB2b M22/2/ iQ +QKTmi2 Kc �`2 bmKK�`Bx2/ BM h�#H2 jXkX o�Hm2b

7Q` SQBbbQMǶb `�iBQ ⌫ �`2 i�F2M 7`QK HBi2`�im`2- r?2`2�b KQ/mHmb E �M/ ?�`/M2bb H

�`2 /2i2`KBM2/ 7`QK M�MQBM/2Mi�iBQM 2tT2`BK2Mib rBi? � "2`FQpB+? BM/2Mi2` mbBM; i?2

PHBp2`@S?�`` K2i?Q/ (ke)X

h�#H2 jXk, J2+?�MB+�H T`QT2`iB2b 7Q` bQ/�@HBK2 ;H�bb UaG:V �M/ 7mb2/ bBHB+� U6aVX

J�i2`B�H ⌫ f @ 1 f :S� > f :S�
aG: yXkj d9XRe eXNd
6a yXR33 dyXyk NXkk

hQ /2i2`KBM2 i?2 T`27�+iQ` ↵M 2tT2`BK2Mi�HHv- 1[m�iBQM UjXjV +�M #2 `2�``�M;2/

iQ �+?B2p2 � HBM2�` /2T2M/2M+v #2ir22M i?2 MQ`K�HBx2/ +`�+F H2M;i? �M/ i?2 HQ�/ P
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U6B;m`2 jXR8V- rBi? ↵M #2BM; i?2 T`QTQ`iBQM�HBiv +QMbi�MiX .m2 iQ ?�pBM; iQ /BbTH�v

� HQ�/BM; `�M;2 Q7 KmHiBTH2 Q`/2`b Q7 K�;MBim/2- � HQ;�`Bi?KB+ b+�HBM; r�b +?Qb2MX

qBi? i?2 +?�M;2 iQ � HQ;�`Bi?KB+ b+�H2 ↵M +�M #2 /2i2`KBM2/ 7`QK i?2 v@BMi2`+2Ti BM

6B;m`2 jXR8X 6Q` � 4 35.3Ĝ55.0� i?2 HBM2�` /2T2M/2M+v bm;;2bi2/ #v i?2 i?2Q`v /2b+`B#2b

i?2 /�i� r2HHX AM +�b2 Q7 "2`FQpB+? BM/2Mi�iBQMb U� 4 65.3�V- � HBM2�` }i /Q2b MQi [mBi2

`2T`2b2Mi i?2 /�i�X h?2 bHQT2 BM +�b2 Q7 aG: rQmH/ M22/ iQ #2 bHB;?iHv #B;;2` i?�M mMBiv-

�M/ BM i?2 +�b2 Q7 6a bHB;?iHv bK�HH2` i?�M mMBivX h?Bb /2pB�iBQM +QK2b 7`QK i?2 7�+i

i?�i � T2`72+i `2H�iBQM #2ir22M i?2 +`�+F H2M;i? c �M/ i?2 HQ�/ P Uc / P
2/3V Bb �bbmK2/

iQ +�H+mH�i2 i?2 MQ`K�HBx2/ +`�+F H2M;i?X �b b22M BM 6B;m`2 jXd# �M/ 6B;m`2 jXd/ i?Bb

�bbmKTiBQM Bb MQi p�HB/ 7Q` i?2 /�i� +QM/m+i2/ mbBM; � "2`FQpB+? BM/2Mi2`X AM Q`/2` iQ

#2 �#H2 iQ mb2 i?2Q`2iB+�H `2H�iBQMb 7Q` +QKT�`BbQM- i?2 i`m2 HBM2�` }i rBHH #2 K�BMi�BM2/

�M/ ↵M p�Hm2b rBHH #2 `2TQ`i2/ �b bm+? Ub22 BMb2ib BM 6B;m`2 jXR8� �M/ 6B;m`2 jXR8#VX

0.001

0.01

0.1

1

10

100

1000

K C
 (H

/E
)1/

2  c
3/

2  / 
G

P
a

100 101 102 103 104 105

 P / mN

1

1

αex = 0.0612
αex = 0.0476
αex = 0.0347
αex = 0.0266

Φ = 35.3°
Φ = 45.0°
Φ = 55.0°
Φ = 65.3°

U�V aG:

0.001

0.01

0.1

1

10

100

1000

K C
 (H

/E
)1/

2  c
3/

2  / 
G

P
a

100 101 102 103 104 105

 P / mN

1

1

αex = 0.0491
αex = 0.0299
αex = 0.0232
αex = 0.0097

Φ = 35.3°
Φ = 45.0°
Φ = 55.0°
Φ = 65.3°

U#V 6a

6B;m`2 jXR8, LQ`K�HBx2/ +`�+F H2M;i? 7QHHQrBM; i?2 K2/B�M i?2Q`v �b 7mM+iBQM Q7 HQ�/
iQ /2i2`KBM2 2tT2`BK2Mi�H p�Hm2b 7Q` ↵M X Kc r�b �bbmK2/ iQ #2 0.84JS� ·K1/2 �M/
0.69JS� ·K1/2 7Q` aG: �M/ 6a- `2bT2+iBp2Hv (Rj- k9- k3- jR- dyĜdk)X

h?2 ↵M @p�Hm2b /2i2`KBM2/ BM 6B;m`2 jXR8 �`2 bmKK�`Bx2/ BM h�#H2 jXjX 6Q` #Qi?

K�i2`B�Hb- aG: QM i?2 H27i �M/ 6a QM i?2 `B;?i Q7 i?2 i�#H2- QM2 +�M Q#b2`p2 i?�i

↵M /2+`2�b2b rBi? BM+`2�bBM; +2Mi2`@HBM2 iQ 7�+2 �M;H2 �X h?�i #2?�pBQ` Bb `2�bQM�#H2-
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bBM+2 ↵M Bb M22/2/ �b � +�HB#`�iBQM +QMbi�Mi BM i?2 7`�+im`2 iQm;?M2bb 2[m�iBQM U1[m�@

iBQM UjXjVVX 6`QK Q#b2`p�iBQMb BM 6B;m`2 jXd# �M/ 6B;m`2 jXd/ 7QHHQrb i?�i � #HmMi2`

BM/2Mi2` `2bmHib BM � b?Q`i2` +`�+F r?2M +QKT�`2/ �i i?2 b�K2 HQ�/X � bK�HH2` +`�+F

H2M;i? c `2bmHib BM � ?B;?2` p�Hm2 7Q` P/c2/3 �M/ i?2`27Q`2 � HQr2` ↵M Bb M22/2/ iQ `2bmHi

BM i?2 b�K2 7`�+im`2 iQm;?M2bb 7Q` QM2 K�i2`B�HX

h�#H2 jXj, amKK�`v Q7 ↵@p�Hm2b 7Q` K2/B�M +`�+F +QM};m`�iBQMX h?2Q`2iB+�H p�Hm2b
�`2 +QKTmi2/ mbBM; 1[m�iBQM UjX9VX

� f � aG: U⌫ 4 yXkjV 6a U⌫ 4 yXR33V
↵ex ↵th W /Bz ↵ex ↵th W /Bz

j8Xj yXyeRk yXy83y 8X9 yXy9NR yXy88y RRXj
98Xy yXy9de yXy98d 9XR yXykNN yXy9jj jeXe
88Xy yXyj9d yXyjey jXd yXykjk yXyj9k j3Xj
e8Xj yXykee yXykd8 jXj yXyyNd yXykeR NRXe

*QKT�`BM; i?2 p�Hm2b 7Q` i?2 irQ K�i2`B�Hb b?Qrb i?�i �i 2�+? �M;H2 ↵M Bb HQr2`

7Q` 6a i?�M 7Q` aG:X �;�BM- +�`27mHHv HQQFBM; �i 1[m�iBQM UjXjV ;Bp2b �M 2tTH�M�iBQM

7Q` i?�i /Bz2`2M+2X aBKBH�` iQ i?2 �M;mH�` /2T2M/2M+v /2b+`B#2/ T`2pBQmbHv- 6a 2t?B#Bib

� b?Q`i2` +`�+FX AM �//BiBQM- 6a ?�b � HQr2` Kc i?�M aG: (Rj- k9- k3- jR- dyĜdk)X

�Hi?Qm;? 6a 2t?B#Bib � bHB;?iHv bK�HH2` H/E p�Hm2 i?�M aG: i?2 bB;MB}+�MiHv HQr2`

7`�+im`2 iQm;?M2bb �M/ +`�+F H2M;i? +QmH/ 2tTH�BM i?�i ↵M Bb bK�HH2` 7Q` 6a i?�M 7Q`

aG:X 6Q` +QKT�`BbQM- >�`/BM; (k9) /2i2`KBM2/ 0.0371- 0.0183 �M/ 0.0421- 0.0076 7Q`

+m#2@+Q`M2` �M/ "2`FQpB+? BM/2Mi�iBQMb BM aG: �M/ 6a- `2bT2+iBp2HvX h?�i K2�Mb- i?�i

7Q` i?2 "2`FQpB+? BM/2Mi2` i?2 b�K2 i`2M/ Bb Q#b2`p2/ UaG: = 6aV- #mi 7Q` +m#2 +Q`M2`

�M QTTQbBi2 i`2M/ Bb `2TQ`i2/X

6BM�HHv- h�#H2 jXj �HbQ BM+Hm/2b ↵M @p�Hm2b +QKTmi2/ mbBM; 1[m�iBQM UjX9VX GBF2 i?2

↵M @p�Hm2b /2i2`KBM2/ 2tT2`BK2Mi�HHv- i?2b2 p�Hm2b /2+`2�b2 rBi? BM+`2�bBM; �M;H2 �M/

i?2v �`2 H�`;2` 7Q` aG: i?�M 7Q` 6aX >Qr2p2`- � /B`2+i +QKT�`BbQM Q7 i?2 K�;MBim/2

vB2H/b � bB;MB}+�Mi ?B;?2` /2pB�iBQM #2ir22M 2tT2`BK2Mi �M/ i?2Q`v 7Q` 6a U11Ĝ92WV
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i?�M 7Q` aG: U3Ĝ6WVX AM �//BiBQM i?2 W /Bz2`2M+2 /2+`2�b2b bHB;?iHv rBi? �M;H2 7Q`

aG: �M/ BM+`2�b2b bB;MB}+�MiHv rBi? �M;H2 7Q` 6aX h?Bb KB;?i #2 � ;QQ/ BM/B+�iBQM-

i?�i i?2 K2/B�M +`�+F i?2Q`v +�M #2 mb2/ iQ /2b+`B#2 i?2 +`�+FBM; #2?�pBQ` Q7 aG:-

#mi MQi bQ Km+? i?2 QM2 Q7 6aX
aBKBH�` iQ i?2 +`�+FBM; i?`2b?QH/ BM a2+iBQM jXj- i?2 T`27�+iQ` 7Q` i?2 K2/B�M

+`�+F i?2Q`v ↵M Bb /2T2M/2Mi QM i?2 +2Mi2`@HBM2 iQ 7�+2 �M;H2 �X h?2Q`v T`2/B+ib �

T`QTQ`iBQM�HBiv Q7 ↵M rBi? +Qi� Ub22 1[m�iBQM UjX9VVX >2M+2 ↵M Bb THQii2/ �b � 7mM+iBQM

Q7 +Qi� BM 6B;m`2 jXRe iQ /2i2`KBM2 B7 i?2 �M;mH�` /2T2M/2M+v +�M #2 /2b+`B#2/ #v

i?2Q`2iB+�H �TT`Q�+?2bX

8

0.01

2

3

4

5
6
7
8

0.1

 α
M

 / 
-

4 5 6 7 8 9
1

 cot(Φ) / -

2

3

From linear regression (normalized crack length):
 SLG    FS

From theory:
 SLG    FS  

6B;m`2 jXRe, *QKT�`BbQM Q7 ↵@p�Hm2b 7Q` K2/B�M +`�+F +QM};m`�iBQMX h?2Q`2iB+�H
p�Hm2b �`2 +QKTmi2/ mbBM; 1[m�iBQM URXeVX

aG: U#Hm2 /B�KQM/bV Bb r2HH /2b+`B#2/ #v i?2 i?2Q`v- #Qi? `2;�`/BM; i?2 �M;mH�`

/2T2M/2M+v �b r2HH �b i?2 K�;MBim/2 Q7 ↵M X h?2 /Bz2`2M+2 #2ir22M 2tT2`BK2Mi U/�`F

#Hm2 /B�KQM/bV �M/ i?2Q`v UHB;?i #Hm2 /B�KQM/bV 7Q` aG: Bb `2H�iBp2Hv HQr �M/ QM

�p2`�;2 �i �`QmM/ 5WX AM 6a U`2/ +B`+H2bV i?2 2``Q` BM+`2�b2b bB;MB}+�MiHv rBi? BM+`2�bBM;

�M;H2- `2bmHiBM; BM � bB;MB}+�MiHv ?B;?2` bHQT2 i?�M i?2 T`2/B+i2/ 2/3X h?Bb KB;?i #2 �M

BM/B+�iBQM i?�i aG: #2?�p2b K2/B�M@HBF2 �M/ 6a /Q2b MQiX

6B;m`2 jXRd +QKT�`2b i?2 iQm;?M2bb K2�bm`2/ 7Q` 2�+? �M;H2 �i r?B+? +`�+Fb +QmH/
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#2 BMi`Q/m+2/ BM i?2 K�i2`B�HX h?2 ;`�v `�M;2 `2T`2b2Mib i?2 `�M;2 Q7 Kc /2i2`KBM2/

rBi? +QMp2MiBQM�H K2i?Q/b 7Q` i?2 irQ K�i2`B�Hb (Rj- k9- k3- jR- dyĜdk)X

Literature range

2.5

2.0

1.5

1.0

0.5

0.0

K C
 / 

M
P

a 
· m

1/
2

4.03.53.02.52.01.51.0

c/a / -

Φ = 35.3° Φ = 45.0°
Φ = 55.0° Φ = 65.3°

U�V aQ/�@HBK2 ;H�bb

Literature range

2.5

2.0

1.5

1.0

0.5

0.0

K C
 / 

M
P

a 
· m

1/
2

4.03.53.02.52.01.51.0

c/a / -

Φ = 35.3°
Φ = 45.0°
Φ = 55.0°
Φ = 65.3°

U#V 6mb2/ bBHB+�

6B;m`2 jXRd, 6`�+im`2 iQm;?M2bb Kc +�H+mH�i2/ mbBM; 1[m�iBQM UjXjVX h?2 ;`�v �`2�
`2T`2b2Mib i?2 `�M;2 Q7 HBi2`�im`2 p�Hm2b 7Q` Kc K2�bm`2/ rBi? i`�/BiBQM�H i2+?MB[m2bX

q?2M +QKT�`BM; i?2 `2bmHib /2i2`KBM2/ ?2`2 rBi? p�Hm2b 7QmM/ BM HBi2`�im`2- Bi

b?QmH/ #2 MQi2/ i?�i 1[m�iBQM UjXjV +�M ;2M2`�HHv #2 mb2/ iQ +�H+mH�i2 i?2 7`�+im`2

iQm;?M2bb Q7 aG:- 2p2M �i c/a I 2.5X q?2M i?2 `2H�iBQM Bb mb2/ 7Q` 6a- ?Qr2p2`- i?2

+�H+mH�i2/ 7`�+im`2 iQm;?M2bb Bb MQi +QMbi�Mi Qp2` i?2 c/a@`�M;2 #mi `�i?2` BM+`2�b2b

�b c/a /2+`2�b2bX aBM+2 i?Bb #2?�pBQ` Bb bBKBH�` iQ i?2 #2?�pBQ` 7Q` imM;bi2M +�`#B/2 BM

6B;m`2 RXR9� r?2M � K2/B�M@`�/B�H +`�+F �bbmKTiBQM Bb mb2/- Bi +QmH/ #2 bm;;2bi2/ i?�i

i?2 K�i2`B�H b?Qrb S�HK[pBbi@HBF2 #2?�pBQ` BM i?Qb2 b+2M�`BQbX PM+2 �;�BM- bm#bm`7�+2

�M�HvbBb Bb Q7 bB;MB}+�Mi BKTQ`i�M+2 ?2`2 iQ +QM}`K Q` /2Mv i?Bb bmbTB+BQMX �Hi?Qm;?

i?2 7`�+im`2 iQm;?M2bb Bb MQi +QMbi�Mi Qp2` i?2 c/a@`�M;2 7Q` 6a- i?2 i?2Q`2iB+�H p�Hm2

7Q` ↵M �++QmMib �TT`QT`B�i2Hv 7Q` i?2 �M;mH�` /2T2M/2M+v �M/ Kc Bb bBKBH�` B``2bT2+iBp2

Q7 �M;H2- rBi? i?2 2t+2TiBQM Q7 i?2 "2`FQpB+? /�i� `2/ /B�KQM/bX AM i?�i +�b2 i?2

7`�+im`2 iQm;?M2bb Bb Qp2`2biBK�i2/ #v i?2Q`2iB+�H `2H�iBQMbX

AM `2+2Mi v2�`b C�M; �M/ S?�``Ƕb �TT`Q�+? iQ /2i2`KBM2 i?2 p�Hm2 7Q` ↵M ?�b #22M
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+`BiB+Bx2/ #v >vmM 2i �HX (dj)X h?2v +H�BK i?�i i?2 HQ;�`Bi?KB+ �TT`Q�+? Bb MQi p�HB/-

bBM+2 � c/a /2T2M/2M+v Bb MQi +QMbB/2`2/ T`QT2`Hv BM i?2 �M�HvbBb #v C�M; �M/ S?�``X

>2M+2- iQ �+?B2p2 �++m`�i2 ↵M @p�Hm2b- i?2v �`;m2 Bi Bb M2+2bb�`v iQ mb2 /�i� BM i?2 HBM2�`

THQi (dj)X h?Bb �+im�HHv Bb i?2 b�K2 �TT`Q�+? i?�i �MbiBb 2i �HX mb2/ BM i?2 2�`Hv RN3yb

iQ /2i2`KBM2 �M ↵@p�Hm2 7Q` i?2 7Qm`@bB/2/ oB+F2`b BM/2Mi2` 7Q` � p�`B2iv Q7 K�i2`B�Hb

(je)X "�b2/ QM >vmM 2i �HXǶb +`BiB+BbK- i?2 HBM2�` �TT`Q�+? Bb +QMbB/2`2/ BM 6B;m`2 jXR3

�M/ +QKT�`2/ iQ i?2 HQ;�`Bi?KB+ �TT`Q�+? BM h�#H2 jX9X

12

10

8

6

4

2

0

P
/c

3/
2
/k
P
a
·m

1/
2

4.03.53.02.52.01.51.0

c/a / �

Φ � 35.3� Φ � 45.0�
Φ � 55.0� Φ � 65.3�

U�V aQ/�@HBK2 ;H�bb

35

30

25

20

15

10

5

0

P
/c

3/
2
/k
P
a
·m

1/
2

4.03.53.02.52.01.51.0

c/a / -

Φ = 35.3�
Φ = 45.0�
Φ = 55.0�
Φ = �5.3�

U#V 6mb2/ bBHB+�

6B;m`2 jXR3, AM/2Mi�iBQM 7`�+im`2 T�`�K2i2` P/c3/2 pb c/a 7Q` i?2 K2/B�M +`�+F
KQ`T?QHQ;vX �``Qrb �`2 ;mB/2b 7Q` i?2 2v2 +HQb2Hv 7QHHQrBM; i`m2 }ib i?`Qm;? i?2
/�i�X

6B;m`2 jXR3 b?Qrb i?2 BM/2Mi�iBQM HQ�/ MQ`K�HBx2/ #v i?2 +`�+F H2M;i? 7Q` #Qi?

K�i2`B�Hb- aG: BM 6B;m`2 jXR3� �M/ 6a BM 6B;m`2 jXR3#- 7Q` i?2 /Bz2`2Mi BM/2Mi2` �M;H2bX

6Q` #Qi? K�i2`B�Hb- P/c3/2 BM+`2�b2b rBi? BM+`2�bBM; +2Mi2`@HBM2 iQ 7�+2 �M;H2 �X h?2 6a

/�i� Bb bHB;?iHv ?B;?2` i?�M 7Q` aG: 7Q` 35.3�  �  55.0�X 6Q` i?2 "2`FQpB+? BM/2Mi2`-

i?2 6a /�i� HB2b r2HH �#Qp2 i?2 aG: /�i� #v � 7�+iQ` Q7 �#Qmi 2 ?B;?2` �i �TT`QtBK�i2Hv

23 FS�K1/2X �M;mH�` �M/ K�i2`B�H /Bz2`2M+2b �`2 2tT2+i2/- �b i?2 +`�+F H2M;i?b /2T2M/

QM i?Qb2 T�`�K2i2`b Ub22 6B;m`2 jXdVX

�b � }`bi �TT`QtBK�iBQM- P/c3/2 Bb �bbmK2/ iQ #2 BMp�`B�Mi rBi? `2bT2+i iQ c/aX

8d



h?Bb �bbmKTiBQM Bb KQ`2 p�HB/ 7Q` aG: i?�M 7Q` 6a- bBM+2 �b b?QrM #v i?2 �``Qrb BM

6B;m`2 jXR3#- P/c3/2 /2+`2�b2b rBi? BM+`2�bBM; c/aX A7 �bbmKBM; � T2`72+i BMp�`B�M+2- i?2

K2�M i?`Qm;? i?2 /�i� 7Q` 2�+? �M;H2 +�M #2 +QKTmi2/X h?2b2 �p2`�;2 p�Hm2b +�M #2

mb2/ BM 1[m�iBQM UjXjV iQ +�H+mH�i2 i?2 ↵M @p�Hm2bX h?2v �`2 bmKK�`Bx2/ BM h�#H2 jX9-

r?B+? b?Qrb i?�i i?2 irQ �TT`QT�+?2b vB2H/ bBKBH�` `2bmHibX

h�#H2 jX9, *QKT�`BbQM Q7 2tT2`BK2Mi�HHv /2i2`KBM2/ ↵@p�Hm2b 7Q` i?2 K2/B�M +`�+F
+QM};m`�iBQM mbBM; � HQ;@HQ; �TT`Q�+? �++Q`/BM; iQ (j9) �M/ � HBM2�` �TT`Q�+?
�++Q`/BM; iQ (dj)X

� f � aG: 6a
↵ex,log�log ↵ex,lin W /Bz ↵ex,log�log ↵ex,lin W /Bz

j8Xj yXyeRk yXyede NXN yXy9NR yXy993 NXk
98Xy yXy9de yXy9dk yX3 yXykNN yXykN9 RXd
88Xy yXyj9d yXyj89 kXy yXykjk yXykj8 RXj
e8Xj yXykee yXyk99 3Xe yXyyNd yXyRyN RXk

jX9Xk S�HK[pBbi *`�+Fb

LBB?�`� (d9) ?�b T2`7Q`K2/ � +Q``2bTQM/BM; �M�HvbBb iQ i?2 G1J i?2Q`v (kd) #�b2/

QM 7`�+im`2 K2+?�MB+b T`BM+BTH2b 7Q` S�HK[pBbi +`�+FbX >Qr2p2`- i?2 /2`Bp�iBQM �bbmK2b

7Qm`@bB/2/ BM/2Mi2`b- bQ Bi rQmH/ #2 M2+2bb�`v iQ 2bi�#HBb? `2H�iBQMb 7Q` i?`22@bB/2/

BM/2Mi2`bX h?2 /2`Bp�iBQM 7Q` i?`22@bB/2/ BM/2Mi2`b iQ /2i2`KBM2 � `2bT2+iBp2 T`27�+iQ`

7Q` i?2 S�HK[pBbi +`�+F i?2Q`v ↵P rBHH #2 /Bb+mbb2/ BM /2i�BH #2HQrX

S�HK[pBbi *`�+F .2`Bp�iBQM

hQ /2i2`KBM2 i?2 7`�+im`2 iQm;?M2bb Q7 � K�i2`B�H mbBM; � 7Qm`@bB/2/ oB+F2`b iBT-

LBB?�`� (9k- d9) bm;;2bi2/ � `2H�iBQM #�b2/ QM i?2 S�HK[pBbi +`�+F +QM};m`�iBQM,

Kc = ↵P

✓
E

H

◆2/5

· P

a
p
l
, UjX8V
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r?2`2 ↵P Bb � +�HB#`�iBQM +QMbi�Mi 7Q` i?2 S�HK[pBbi +`�+F i?2Q`v- E �M/ H �`2 i?2

K�i2`B�HǶb KQ/mHmb �M/ ?�`/M2bb- `2bT2+iBp2Hv- r?BH2 P - a- �M/ l /2b+`B#2 i?2 HQ�/-

BM/2Mi�iBQM bBx2- �M/ +`�+F H2M;i?- `2bT2+iBp2HvX 6Q` BM/2Mi�iBQM rBi? � oB+F2`b BM/2Mi2`-

2tT2`BK2Mi�H �M/ i?2Q`2iB+�H �M�HvbBb H2�/ iQ �M ↵P @p�Hm2 Q7 yXyyN (9k- d9)X h?2 7QHHQrBM;

/2`Bp�iBQM b?QmH/ �HHQr QM2 iQ /2i2`KBM2 � bBKBH�` `2H�iBQMb?BT 7Q` i`B�;QM�H Tv`�KB/�H

BM/2Mi2`b mbBM; bBKBH�` 7`�+im`2 K2+?�MB+b T`BM+BTH2bX

aBKBH�` iQ LBB?�`� (d9)- Bi rBHH #2 +QMbB/2`2/ i?�i i?2 S�HK[pBbi +`�+F bvbi2K +�M #2

`2T`2b2Mi2/ #v � b2KB@2HHBTiB+�H bm`7�+2 ;2QK2i`v �b b?QrM BM 6B;m`2 jXRNX h?2 bi`2bb

BMi2MbBiv 7�+iQ` K 7Q` i?Bb bvbi2K Bb

K = k0

p
2⇡� ·

✓
m

2

l

◆1/2

, UjXeV

r?2`2 l �M/ m �`2 /2}M2/ BM 6B;m`2 jXRN- k0 Bb i?2 7`22@bm`7�+2 +Q``2+iBQM 7�+iQ` ivTB+�HHv

�TT`QtBK�i2/ rBi? k0 4 1.12 (d8)- �M/ � Bb i?2 bi`2bb �`QmM/ i?2 BM/2Mi�iBQMX >Qr2p2`-

r?2M +�`27mHHv /2`BpBM; i?2 2[m�iBQM 7Q` i?2 bi`2bb BMi2MbBiv 7�+iQ` 7`QK "`Q2F (d8)- i?2

7�+iQ`
p
2 BM i?Bb rQ`F Bb BM i?2 MmK2`�iQ`- r?2`2�b BM LBB?�`�Ƕb rQ`F Bi r�b BM i?2

/2MQKBM�iQ`X

m

l

6B;m`2 jXRN, a2KB@2HHBTiB+�H `2T`2b2Mi�iBQM Q7 i?2 S�HK[pBbi +`�+F UKQ/B}2/ 7`QK
(d9)VX

hQ /2b+`B#2 i?2 bi`2bb �`QmM/ i?2 BM/2Mi�iBQM- LBB?�`� miBHBx2b � `2H�iBQM 7Q` i?2

K�tBKmK `2bB/m�H bi`2bb /2p2HQT2/ #v S2``Qii (de)- i?�i Bb � K�DQ` +QMi`B#miQ` Q7 +`�+F

8N



T`QT�;�iBQM �M/ ?�b i?2 7Q`K

�r ⇡
Hp
3⌧c

ln

✓
E⌧c i�M�eff,ex

H

◆
, UjXdV

r?2`2 ⌧c `2T`2b2Mib i?2 h�#Q` +QMbi`�BMi 7�+iQ` �M/ �eff,ex i?2 2t+Hm/2/ 2z2+iBp2 +QM2

�M;H2 Ub22 6B;m`2 jXky�V 7Q` i?2 Tv`�KB/�H BM/2Mi2` ;2QK2i`v /2TB+i2/ BM 6B;m`2 jXky#

(de)X JQ/mHmb �M/ ?�`/M2bb �`2 /2b+`B#2/ #v E �M/ H- `2bT2+iBp2HvX

ɸeff,ex

U�V 1z2+iBp2 *QM2 AM/2Mi2`

ɸce

ɸ

U#V h`B;QM�H Sv`�KB/�H AM/2Mi2`

6B;m`2 jXky, .2}MBiBQM Q7 i?2 p�`BQmb �M;H2b mb2/ BM i?2 /2`Bp�iBQMX GBF2 Bi ?�b #22M
/QM2 #v LBB?�`� (d9)- i?2 2ti2`M�H �M;H2 U�eff,exV r�b mb2/ 7Q` i?2 2z2+iBp2 +QM2 �M/
i?2 BMi2`M�H �M;H2 U�ceV r�b mb2/ 7Q` i?2 Tv`�KB/X �i i?2 2M/ Q7 i?2 �M�HvbBb BM i?Bb
rQ`F- �HH �M;H2b rBHH #2 +QMp2`i2/ iQ i?2 +QKKQMHv mb2/ +2Mi2`@HBM2 iQ 7�+2 �M;H2 �X

LBB?�`� (d9) bi�i2b i?�i 6B;m`2 jXkR �HHQrb iQ �TT`QtBK�i2

ln

✓
E⌧c i�M�eff,ex

H

◆
⇡ 0.63

✓
E⌧c i�M�eff,ex

H

◆2/5

. UjX3V

>Qr2p2`- +�`27mH BMp2biB;�iBQM Q7 6B;m`2 jXkR b?Qrb i?�i 1[m�iBQM UjX3V Bb ~�r2/ �M/

`�i?2` M22/b iQ #2 �TT`QtBK�i2/ mbBM; � T`27�+iQ` Q7 0.9 U6B;m`2 jXkkVX 6m`i?2`KQ`2- Bi

M22/b iQ #2 +QMbB/2`2/- i?�i 7Q` i?2 K�i2`B�Hb BMp2biB;�i2/ BM i?Bb rQ`F- M�K2Hv 7mb2/

bBHB+� �M/ bQ/�@HBK2 ;H�bb- ⌧c b?QmH/ #2 QM i?2 Q`/2` Q7 1.3Ĝ1.6 BMbi2�/ Q7 3 (ddĜdN)X

E22TBM; i?�i BM KBM/ �M/ 7QHHQrBM; i?2 B/2� BM 6B;m`2 jXkR 7Q` �M �M;mH�` /2T2M/2M+v

ey



ln(E !c tan("eff,ex) / H)

ln
(ln

(E
! c

tan
("

eff
,ex

)/
H)

)

6B;m`2 jXkR, _2H�iBQMb?BT mb2/ iQ bBKTHB7v i?2 HQ;�`Bi?KB+ i2`K BM 1[m�iBQM UjXdV
�++Q`/BM; iQ LBB?�`� U`2T`BMi2/ rBi? T2`KBbbBQM 7`QK (d9)VX

6B;m`2 jXkk, .B;BiBx2/ p2`bBQM Q7 6B;m`2 jXkRX

U6B;m`2 jXkjV- `�i?2` i?�M � K�i2`B�H /2T2M/2M+v- 1[m�iBQM UjX3V rQmH/ M22/ iQ #2

`2r`Bii2M iQ

ln

✓
E⌧c i�M�eff,ex

H(1� ⌫2)

◆
⇡ 0.7

✓
E⌧c i�M�eff,ex

H(1� ⌫2)

◆1/2

, UjXNV

r?2`2 ⌧c Bb �bbmK2/ iQ #2 1.6X �Hi?Qm;? QMHv bHB;?iHv +QMi`B#miBM; iQ i?2 `2H�iBQM-

i?2 /2T2M/2M+v i?`Qm;? SQBbbQMǶb `�iBQ ⌫ Bb BM+Hm/2/ 7Q` +QKTH2i2M2bb- r?BH2 Bi r�b

M2;H2+i2/ #v LBB?�`� (d9)X

eR



U�V ⌧c 4 1.6 U#V ⌧c 4 3

6B;m`2 jXkj, AM~m2M+2 Q7 ⌧c �M/ ⌫ r?2M bBKTHB7vBM; i?2 HQ;�`Bi?KB+ i2`K BM 1[m�@
iBQM UjXdVX

6BMBi2 1H2K2Mi �M�HvbBb U61�V ?�b b?QrM i?�i Bi Bb MQi p�HB/ iQ mb2 Dmbi QM2

h�#Q` +QMbi`�BMi 7�+iQ` ⌧c r?2M +QMbB/2`BM; i?2 �M;mH�` /2T2M/2M+v r?BH2 bBKTHB7vBM;

1[m�iBQM UjXdV (3y- 3R)X lbBM; 61� 7Q` +QMB+�H BM/2Mi2`b- a?BK 2i �HX /2i2`KBM2/ ⌧c

7Q` i?2 /Bz2`2Mi �M;H2b mb2/ BM i?Bb rQ`F- M�K2Hv � 4 35.3�- 45.0�- 55.0�- �M/ 65.3� 7Q`

bBM;H2@+`vbi�HHBM2 bBHB+QM +�`#B/2 (3R)X 6Q` +2`�KB+ K�i2`B�Hb UHQr Ef�yV- ⌧c +�M �HbQ

/2T2M/ bB;MB}+�MiHv QM Ef�y (3y- 3k)X "�b2/ QM a?BK 2i �HXǶb �M�HvbBb- bBHB+QM +�`#B/2

ivTB+�HHv ?�b � Ef�y Q7 30X GBF2rBb2 mbBM; 61�- "QHb?�FQp �M/ S?�`` +�H+mH�i2/

Ef�y 4 28.1 7Q` aG: (3k)X aBM+2 i?2 p�Hm2b 7Q` aG: �M/ bBHB+QM +�`#B/2 �`2 p2`v bBKBH�`-

Bi rBHH #2 �bbmK2/ ?2`2 i?�i i?2 h�#Q` +QMbi`�BMi 7�+iQ`b /2i2`KBM2/ #v a?BK 2i �HX +�M

�HbQ #2 mb2/ 7Q` aG:X AM � }`bi �TT`QtBK�iBQM- Bi rBHH #2 �bbmK2/ i?�i i?2 b�K2 p�Hm2b

+�M �HbQ #2 mb2/ 7Q` 6aX

a?BK 2i �HX (3R) �HbQ BM+Hm/2 7`B+iBQM BM~m2M+2b BM i?2B` �M�HvbBbX >Qr2p2`- BM i?2

`2K�BM/2` Q7 i?2 �M�HvbBb 7`B+iBQM Bb MQi +QMbB/2`2/- �HbQ #2+�mb2 ?�`/M2bb Bb +QMbi�Mi
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aBM+2 i?2 S�HK[pBbi +`�+F r�b Q#b2`p2/ iQ #2 �TT`QtBK�i2Hv �b /22T �b i?2 BM/2Mi�@

iBQM dind Bib2H7 (3e)- i?2 +`�+F /2Ti? m +�M #2 /B`2+iHv `2H�i2/ iQ i?2 BM/2Mi�iBQM bBx2 a

i?`Qm;?

m ⇡ k1a

i�M�ce

, UjXRRV

r?2`2 k1 Bb � ;2QK2i`v +QMbi�Mi �M/ �ce Bb i?2 +2Mi2`@HBM2 iQ 2/;2 �M;H2 Q7 i?2 Tv`�@

KB/�H BM/2Mi2` U6B;m`2 jXky#VX 1tT2`BK2Mi�H Q#b2`p�iBQMb Q7 oB+F2`b U6B;m`2 jXkdV

�M/ "2`FQpB+? U6B;m`2 jXk3V BM/2Mi�iBQM BM 6a bmTTQ`i i?2 2tT2`BK2Mi�H Q#b2`p�@

iBQMb #v P;BHpv 2i �HX (3e)X h?2 �p2`�;2 p�Hm2 7Q` i?2 /2Ti? Q7 i?2 i?`22 S�HK[pBbi

+`�+Fb �`QmM/ � "2`FQpB+? BM/2Mi�iBQM Bb mavg 4 3.39 ƒK 4 1.63·dind �M/ i?2 �p2`�;2

p�Hm2 7Q` i?2 /2Ti? Q7 i?2 7Qm` /Bz2`2Mi S�HK[pBbi +`�+Fb �`QmM/ � oB+F2`b BM/2Mi

Bb mavg 4 2.72 ƒK 4 1.67·dind- r?B+? K�F2b k1 4 1 � `2�bQM�#H2 �bbmKTiBQM KQpBM;

7Q`r�`/X

A7 1[m�iBQM UjXdV U1[m�iBQM UjXRyV 7Q` �TT`QtBK�iBQM Q7 HM@i2`KV �M/ 1[m�iBQM UjXRRV

�`2 mb2/ 7Q` � �M/ m- i?2 bi`2bb BMi2MbBiv 7�+iQ` #2+QK2b

K =
0.9k0k1

p
2⇡

⌧
3/5
c (1� ⌫2)2/5

·
i�M�1/2

eff,ex

i�M�ce

·
✓
E

H

◆2/5

· aHp
l

UjXRkV

lbBM; i?2 ?�`/M2bb 2[m�iBQM 7Q` i?2 i?`22@bB/2/ Tv`�KB/�H ;2QK2i`v U1[m�iBQM UjXRVV

�M/ +QMp2`iBM; i?2 ;Bp2M �M;H2b iQ i?2 +QKKQMHv mb2/ +2Mi2`@HBM2 iQ 7�+2 �M;H2 � �b

/2}M2/ BM 6B;m`2 jXky# vB2H/b

K =
0.453k0k1

⌧
3/5
c (1� ⌫2)2/5

+Qi�7/5 ·
✓
E

H

◆2/5

· P

a
p
l

UjXRjV

lbBM; Pm+?i2`HQMv (eN) iQ �++QmMi 7Q` i?2 7�+i i?�i n `�/B�H +`�+Fb QT2M mT �`QmM/

i?2 BM/2Mi�iBQM KQ/B}2b i?2 bi`2bb BMi2MbBiv 7�+iQ` iQ

e8



U#V
U+V

U/V

U2V

U�V am`7�+2 pB2rX

m 4 3.44 ƒK

U#V *`Qbb@b2+iBQM Q7 iQT@H27i +`�+FX

m 4 1.75 ƒK

U+V *`Qbb@b2+iBQM Q7 iQT@`B;?i +`�+FX

dind 4 1.63 ƒK

U/V *`Qbb@b2+iBQM Q7 BM/2Mi �i �T2tX

m 4 3.00 ƒK m 4 2.87 ƒK

U2V *`Qbb@b2+iBQM Q7 #QiiQK +`�+FbX

6B;m`2 jXkd, J2�bm`BM; BM/2Mi �M/ S�HK[pBbi +`�+F /2Ti?b 7Q` � 1L oB+F2`b BM/2Mi
BM 7mb2/ bBHB+�X h?2 /2TB+i2/ +`Qbb@b2+iBQMb �`2 �i K�tBKmK /2Ti? 7Q` i?2 `2bT2+iBp2
/BK2MbBQMbX

ee



U#V

U+V

U/V U2V

U�V am`7�+2 pB2rX

m 4 2.64 ƒK

U#V *`Qbb@b2+iBQM Q7 iQT +`�+FX

dind 4 2.08 ƒK

U+V *`Qbb@b2+iBQM Q7 BM/2Mi �i �T2tX

m 4 4.31 ƒK

U/V *`Qbb@b2+iBQM Q7 #QiiQK@H27i +`�+FbX

m 4 3.22 ƒK

U2V *`Qbb@b2+iBQM Q7 #QiiQK@`B;?i +`�+FX

6B;m`2 jXk3, J2�bm`BM; BM/2Mi �M/ S�HK[pBbi +`�+F /2Ti?b 7Q` � 2L "2`FQpB+? BM/2Mi
BM 7mb2/ bBHB+�X h?2 /2TB+i2/ +`Qbb@b2+iBQMb �`2 �i K�tBKmK /2Ti? 7Q` i?2 `2bT2+iBp2
/BK2MbBQMbX

ed



K =
1

n

s
n

2

1 + n

2⇡ bBM 2⇡
n

· 0.453k0k1

⌧
3/5
c (1� ⌫2)2/5

+Qi�7/5 ·
✓
E

H

◆2/5

· P

a
p
l

UjXR9V

LQi2 i?2 �//BiBQM�H 1/n 7�+iQ` iQ /BpB/2 i?2 TQBMi 2tT�MbBQM T`2bbm`2 BMiQ n 7Q`+2b

�+iBM; `�/B�HHv #2ir22M 2�+? +`�+F �b BMi`Q/m+2/ #v >�`/BM; (k9)X qBi? 2�+? �//BiBQM�H

+`�+F i?2 bi`2bb BMi2MbBiv M22/b iQ /2+`2�b2- �M/ i?�i QMHv Q++m`b B7 i?2 2ti`� i2`K Bb

BM+Hm/2/X �`QmM/ � i?`22b@bB/2/ BM/2Mi�iBQM n 4 3- bQ

K =
0.156k0k1

⌧
3/5
c (1� ⌫2)2/5

+Qi�7/5 ·
✓
E

H

◆2/5

· P

a
p
l

UjXR8V

�bbmKBM; k0 4 1.12 �M/ k1 4 1 vB2H/b

K =
0.175

⌧
3/5
c (1� ⌫2)2/5

+Qi�7/5 ·
✓
E

H

◆2/5

· P

a
p
l

UjXReV

6BM�HHv- +QKT�`BM; 1[m�iBQM UjXReV iQ 1[m�iBQM UjX8V vB2H/b

↵P =
0.175

⌧
3/5
c (1� ⌫2)2/5

+Qi�7/5 UjXRdV

1[m�iBQM UjXRdV BM/B+�i2b i?�i i?2`2 2tBbib �M �M;mH�` /2T2M/2M+v i?`Qm;? i?2 +2Mi2`@

HBM2 iQ 7�+2 �M;H2 � �b r2HH �b � K�i2`B�H /2T2M/2M+v i?`Qm;? i?2 SQBbbQMǶb `�iBQ ⌫X �M

�//BiBQM�H ;2QK2i`v �M/ K�i2`B�H /2T2M/2M+v +QK2b BM i?`Qm;? i?2 h�#Q` +QMbi`�BMi

7�+iQ` ⌧cX

S�HK[pBbi *`�+F �M�HvbBb

q?2M `2�``�M;BM; i?2 ;2M2`�H 2[m�iBQM 7Q` i?2 S�HK[pBbi +`�+F +QM};m`�iBQM U1[m�@

iBQM UjX8VV- i?2Q`v bm;;2bib � HBM2�` BM+`2�b2 Q7 i?2 MQ`K�HBx2/ +`�+F H2M;i? rBi?

BM+`2�bBM; BM/2Mi�iBQM HQ�/X h?Bb Bb BM/B+�i2/ #v � bHQT2 Q7 QM2 BM 6B;m`2 jXkNX

h?2 /�i� r�b }ii2/ rBi? � HBM2�` `2;`2bbBQM �M/ Bi b?Qrb i?�i i?2 HBM2�` /2T2M/2M+v

rQ`Fb r2HH 7Q` � 4 35.3Ĝ55.0�- #mi i?2 bHQT2 /2pB�i2b bHB;?iHv 7`QK mMBiv 7Q` i?2

"2`FQpB+? BM/2Mi2` U� 4 65.3�VX aBKBH�` iQ i?2 K2/B�M +`�+F �TT`Q�+?- i?Bb /Bb+`2T�M+v

e3



0.001

0.01

0.1

1

10

100

1000

K C
 (H

/E
)2/

5  a
 l1/

2  / 
G

P
a

100 101 102 103 104 105

 P / mN

1

1

αex = 0.0210
αex = 0.0188
αex = 0.0123
αex = 0.0091

Φ = 35.3°
Φ = 45.0°
Φ = 55.0°
Φ = 65.3°

U�V aQ/�@HBK2 ;H�bb

0.001

0.01

0.1

1

10

100

1000

K C
 (H

/E
)2/

5  a
 l1/

2  / 
G

P
a

100 101 102 103 104 105

 P / mN

1

1

αex = 0.0159
αex = 0.0115
αex = 0.0084
αex = 0.0044

Φ = 35.3°
Φ = 45.0°
Φ = 55.0°
Φ = 65.3°

U#V 6mb2/ bBHB+�

6B;m`2 jXkN, LQ`K�HBx2/ +`�+F H2M;i? 7QHHQrBM; i?2 S�HK[pBbi h?2Q`v �b 7mM+iBQM Q7
HQ�/ iQ /2i2`KBM2 2tT2`BK2Mi�H p�Hm2b 7Q` ↵P X

+�M #2 2tTH�BM2/ #v i?2 7�+i i?�i BM +�H+mH�iBM; i?2 MQ`K�HBx2/ +`�+F H2M;i? � T2`72+i

`2H�iBQM #2ir22M +`�+F H2M;i? �M/ HQ�/ Bb mb2/X >Qr2p2`- 6B;m`2 jXR9 b?Qrb i?�i i?Bb

`2H�iBQMb?BT Bb MQi [mBi2 7mH}HH2/ 7Q` i?2 "2`FQpB+? BM/2Mi2`X �;�BM- i?2 HBM2�` }i rBHH #2

mb2/ MQM2i?2H2bb iQ /2i2`KBM2 i?2 p�Hm2b Q7 i?2 ↵P �M/ i?2v �`2 bmKK�`Bx2/ BM h�#H2 jX8X

aBKBH�` iQ i?2 ↵M @p�Hm2b BM h�#H2 jXj- i?2 ↵P @p�Hm2b rBi? BM+`2�bBM; +2Mi2`@HBM2 iQ 7�+2

�M;H2 � �M/ i?2 p�Hm2b 7Q` aG: �`2 ?B;?2` i?�M i?2 QM2b 7Q` 6aX

h�#H2 jX8, amKK�`v Q7 ↵@p�Hm2b 7Q` S�HK[pBbi +`�+F +QM};m`�iBQMX h?2Q`2iB+�H p�Hm2b
�`2 +QKTmi2/ mbBM; 1[m�iBQM UjXRdVX

� f� aG: U⌫ 4 yXkjV 6a U⌫ 4 yXR33V
↵ex ↵th W /Bz ↵ex ↵th W /Bz

j8Xj yXykRy yXR33y Rey yXyR8N yXkR83 Rdj
98 yXyR33 yXRRRe R9k yXyRR8 yXRk93 Ree
88 yXyRkj yXyed8 Rj3 yXyy39 yXyd88 Rey
e8Xj yXyyNR yXyjNR Rk9 yXyy99 yXy9jd Rej

AM +QKT�`BbQM iQ i?2 ↵M p�Hm2b /2i2`KBM2/ BM a2+iBQM jX9XR- ?Qr2p2`- � bB;MB}+�Mi

/Bz2`2M+2 Q7 KQ`2 i?�M 100W #2ir22M i?2 2tT2`BK2Mi�HHv /2i2`KBM2/ �M/ +QKTmi2/

eN
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�b � 7mM+iBQM Q7 c/a BM 6B;m`2 jXjRX aBM+2 Bi ?�b �H`2�/v #22M /Bb+mbb2/ i?�i ↵P Bb

Qp2`2biBK�i2/- Kc Bb Qp2`2biBK�i2/- �b r2HHX >Qr2p2`- Bi r�b TQbbB#H2 iQ �++QmMi 7Q` i?2

dy
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From linear regression (normalized crack length):
 SLG    FS

From theory:
 SLG    FS

 

6B;m`2 jXjy, *QKT�`BbQM Q7 ↵@p�Hm2b 7Q` S�HK[pBbi +`�+F +QM};m`�iBQMX h?2Q`2iB+�H
p�Hm2b �`2 +QKTmi2/ mbBM; 1[m�iBQM UjXRdVX

Literature range

12

10

8

6

4

2

0

K C
 / 

M
P

a 
· m

1/
2

4.03.53.02.52.01.51.0

c/a / -

Φ = 35.3° Φ = 45.0°
Φ = 55.0° Φ = 65.3°

U�V aQ/�@HBK2 ;H�bb

Literature range

12

10

8

6

4

2

0

K C
 / 

M
P

a 
· m

1/
2

4.03.53.02.52.01.51.0

c/a / -

Φ = 35.3°
Φ = 45.0°
Φ = 55.0°
Φ = 65.3°

U#V 6mb2/ bBHB+�

6B;m`2 jXjR, 6`�+im`2 hQm;?M2bb mbBM; i?2Q`2iB+�H p�Hm2b 7Q` ↵P �++Q`/BM; iQ 1[m�@
iBQM UjXRdVX

�M;mH�` /2T2M/2M+v BM 6a- bQ i?�i Kc +�M #2 +�H+mH�i2/ iQ � bBKBH�` p�Hm2 B``2bT2+iBp2

Q7 i?2 �M;H2 mb2/ 7Q` BM/2Mi�iBQMX 6m`i?2`KQ`2- Bi b?QmH/ #2 MQi2/ i?�i MQr i?2 7`�+im`2

iQm;?M2bb Bb +QMbi�Mi Qp2` i?2 i2bi2/ c/a@ `�M;2 7Q` 6aX Kc 7Q` aG: BM+`2�b2b bHB;?iHv

rBi? BM+`2�bBM; c/aX h?Bb +QmH/ BM/B+�i2 QM+2 �;�BM i?�i aG: b?Qrb K2/B�M +`�+F

72�im`2b- r?2`2�b 6a +�M #2 /2b+`B#2/ mbBM; i?2 S�HK[pBbi �TT`Q�+?X

q?2M mbBM; i?2 2tT2`BK2Mi�H p�Hm2b 7Q` ↵P �b /2i2`KBM2/ BM 6B;m`2 jXkN- i?2 7`�+im`2

iQm;?M2bb 7Q` i?2 irQ K�i2`B�Hb Bb b?QrM BM 6B;m`2 jXjkX AM i?Bb +�b2 i?2 +�H+mH�i2/

dR



Kc mbBM; M�MQBM/2Mi�iBQM �;`22b 7�B`Hv r2HH rBi? p�Hm2b `2TQ`i2/ BM HBi2`�im`2 �M/ Bi Bb

BM/2T2M/2Mi Q7 c/a �M/ � 7Q` 6aX aBM+2 6B;m`2 jXjk Bb i2+?MB+�HHv � +B`+mH�` �M�HvbBb

iQ i?2 QM2 T2`7Q`K2/ mbBM; }iiBM; BM 6B;m`2 jXkN- Bi Bb 2tT2+i2/ i?�i Kc �;`22b rBi?

HBi2`�im`2 p�Hm2bX >Qr2p2`- B7 i?2 �bbmKTiBQM Q7 � S�HK[pBbi +`�+F KQ`T?QHQ;v +�M

#2 K�/2- i?2 ↵P @p�Hm2b i?�i r2`2 /2i2`KBM2/ /m`BM; i?2 }iiBM; BM 6B;m`2 jXkN b?QmH/

vB2H/ Kc@p�Hm2b i?�i �`2 +QMbi�Mi Qp2` i?2 i2bi2/ c/a `�M;2X h?Bb Bb i`m2 7Q` 6a BM

6B;m`2 jXjk#X 6Q` aG: BM 6B;m`2 jXjk� ?Qr2p2`- �Hi?Qm;? i?2 K�DQ`Biv Q7 i?2 /�i�

TQBMib �`2 +HQb2 iQ i?2 HBi2`�im`2 `�M;2- i?2`2 Bb �M Qp2`�HH BM+`2�bBM; i`2M/ Q7 Kc rBi?

BM+`2�bBM; c/a- r?B+? Bb bHB;?iHv KQ`2 T`QKBM2Mi i?�M BM 6B;m`2 jXjR�X h?Bb #2?�pBQ`

Bb bBKBH�` i?�M i?2 QM2 7Q` �MQi?2` K�i2`B�H i?�i b?QmH/ +`�+F K2/B�M@HBF2 UaBjL9 BM

6B;m`2 RXR9# r?2M �M�Hvx2/ mbBM; i?2 S�HK[pBbi �TT`Q�+?X >2M+2 aG: Bb �bbmK2/ iQ

+`�+F K2/B�M@HBF2 �M/ 6a S�HK[pBbi@HBF2X

Literature range

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

K C
 / 

M
P

a 
· m

1/
2

4.03.53.02.52.01.51.0

c/a / -

Φ = 35.3° Φ = 45.0°
Φ = 55.0° Φ = 65.3°

U�V aQ/�@HBK2 ;H�bb

Literature range

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

K C
 / 

M
P

a 
· m

1/
2

4.03.53.02.52.01.51.0

c/a / -

Φ = 35.3° Φ = 45.0°
Φ = 55.0° Φ = 65.3°

U#V 6mb2/ bBHB+�

6B;m`2 jXjk, 6`�+im`2 hQm;?M2bb mbBM; 2tT2`BK2Mi�H p�Hm2b 7Q` ↵P X

.m2 iQ i?2 +`BiB+BbK Q7 i?2 C�M; �M/ S?�`` �M�HvbBb iQ /2i2`KBM2 �M ↵ p�Hm2 �b

2tT`2bb2/ #v (dj) �M/ �b /Bb+mbb2/ �#Qp2- � HBM2�` �M�HvbBb iQ /2i2`KBM2 i?2 ↵P p�Hm2 r�b

T2`7Q`K2/ 7Q` +QKTH2i2M2bbX 6Q` i?2 S�HK[pBbi KQ`T?QHQ;v- i?2 BM/2Mi�iBQM 7`�+im`2

T�`�K2i2` iQ +QMbB/2` �b � 7mM+iBQM Q7 c/a #2+QK2b P/a · l1/2- �b b?QrM BM 6B;m`2 jXjjX

dk



aBKBH�` iQ i?2 K2/B�M +`�+F �M�HvbBb- i?Bb T�`�K2i2` BM+`2�b2b rBi? BM+`2�bBM; � �M/

Bb bHB;?iHv ?B;?2` 7Q` 6a i?�M 7Q` aG: 7Q` � 4 35.3Ĝ55.0� �M/ bB;MB}+�MiHv ?B;?2` 7Q`

� 4 65.3�X >Qr2p2`- � MQi�#H2 /Bz2`2M+2 Bb i?�i i?2 BM/2Mi�iBQM 7`�+im`2 T�`�K2i2`

MQr BM+`2�b2b rBi? BM+`2�bBM; c/a 7Q` aG: BM 6B;m`2 jXjj�- #mi `2K�BMb `�i?2` ~�i 7Q`

6a BM 6B;m`2 jXjj#- T`QpB/BM; �MQi?2` BM/B+�iBQM 7Q` +?�M;2 BM +`�+F KQ`T?QHQ;v 7`QK

K2/B�M iQ S�HK[pBbi 7Q` 6a +QKT�`2/ iQ aG:X

40

30

20

10

0

P
/a
·l1
/2
/k
P
a
·m

1/
2

4.03.53.02.52.01.51.0

c/a / -

Φ � 35.3� Φ � 45.0�
Φ � 55.0� Φ � �5.3�

U�V aQ/�@HBK2 ;H�bb

80

60

40

20

0

P
/a
·l1
/2
/k
P
a
·m

1/
2

4.03.53.02.52.01.51.0

�/a / �

Φ � 35.3�
Φ � 45.0�
Φ � 55.0�
Φ � 65.3�

U#V 6mb2/ bBHB+�

6B;m`2 jXjj, AM/2Mi�iBQM 7`�+im`2 T�`�K2i2` P/a · l1/2 pb c/a 7Q` i?2 S�HK[pBbi +`�+F
KQ`T?QHQ;vX �``Qrb �`2 ;mB/2b 7Q` i?2 2v2 +HQb2Hv 7QHHQrBM; i`m2 }ib i?`Qm;? i?2
/�i�X

A7 �bbmKBM;- MQM2i?2H2bb- i?�i i?2 BM/2Mi�iBQM 7`�+im`2 T�`�K2i2` Bb +QMbi�Mi Qp2`

i?2 i2bi2/ c/a `�M;2- /2i2`KBMBM; i?2 �p2`�;2b Q7 P/a · l1/2 7Q` 2�+? BM/2Mi2` �M;H2 BM

6B;m`2 jXjj- �M/ miBHBxBM; 1[m�iBQM UjX8V- vB2H/b ↵P p�Hm2b 7Q` i?2 HBM2�` �TT`Q�+? i?�i

�`2 bmKK�`Bx2/ BM h�#H2 jXeX

*QKT�`BM; i?2 HQ;�`Bi?KB+ �TT`Q�+? rBi? i?2 HBM2�` �TT`Q�+? b?Qrb �;�BM i?�i

i?2 p�Hm2b �`2 7�B`Hv bBKBH�`c ?Qr2p2` i?2 W /Bz2`2M+2 #2ir22M i?2 �TT`Q�+?2b Bb QM

�p2`�;2 � 7�+iQ` 3 ?B;?2` 7Q` i?2 S�HK[pBbi �TT`Q�+? i?�M 7Q` i?2 K2/B�M �TT`Q�+? BM

a2+iBQM jX9XRX >2M+2- i?2 S�HK[pBbi �TT`Q�+? Bb b22KBM;Hv KQ`2 b2MbBiBp2 iQ i?2 +?�M;2

Q7 i?2 BM/2Mi�iBQM 7`�+im`2 T�`�K2i2` rBi? +?�M;BM; c/aX

dj



h�#H2 jXe, *QKT�`BbQM Q7 2tT2`BK2Mi�HHv /2i2`KBM2/ ↵@p�Hm2b 7Q` i?2 S�HK[pBbi
+`�+F +QM};m`�iBQM mbBM; � HQ;@HQ; �TT`Q�+? �++Q`/BM; iQ (j9) �M/ � HBM2�` �TT`Q�+?
�++Q`/BM; iQ (dj)X

� f � aG: 6a
↵ex,log�log ↵ex,lin W /Bz ↵ex,log�log ↵ex,lin W /Bz

j8Xj yXykRy yXykd9 keX9 yXyR8N yXyR3k RjX8
98 yXyR33 yXykyN RyXe yXyRR8 yXyRk3 RyX8
88 yXyRkj yXyR9N RNXR yXyy39 yXyy3N 8X3
e8Xj yXyyNR yXyyNk RXR yXyy99 yXyy8y RkX3

jX8 am#bm`7�+2 �M�HvbBb

�7i2` bm`7�+2 �M�HvbBb Q7 i?2 BM/BpB/m�H BM/2Mib- bm#bm`7�+2 �M�HvbBb r�b �HbQ T2`@

7Q`K2/ 7Q` bQK2 b2H2+i2/ BM/2Mib iQ `2p2�H bm#bm`7�+2 72�im`2b Q7 i?2 +`�+F KQ`T?QHQ;B2b

�M/ i?2B` BM~m2M+BM; T�`�K2i2`b mbBM; 6A" b2`B�H b2+iBQMBM; �M/ bm#b2[m2Mi j. `2+QM@

bi`m+iBQMX h?2 `2+QMbi`m+i2/ BM/2Mib 7Q` bQ/�@HBK2 ;H�bb �`2 QM2 100KL BM/2Mi mbBM; �

+m#2 +Q`M2` BM/2Mi2` U6B;m`2 jXj9V �M/ irQ BM/2Mib rBi? � 45.0� BM/2Mi2` UP 4 75KL

BM 6B;m`2 jXj8 �M/ 100KL BM 6B;m`2 jXjeVX

AM 6B;m`2 jXj9- i?2 j. `2+QMbi`m+iBQM Q7 � 100KL +m#2 +Q`M2` U� 4 35.3�V BM/2Mi

BM aG: Bb b?QrMX h?2 bm`7�+2 BK�;2 Q7 i?2 BM/2Mi Bb BMb2i BM i?2 iQT `B;?i +Q`M2`

7Q` M�pB;�iBQMX aBKBH�` iQ i?2 bm`7�+2 Q#b2`p�iBQM- i?`22 `�/B�H +`�+Fb UTBMF- Q`�M;2-

�M/ v2HHQrV 2K�M�i2 `�/B�HHv 7`QK i?2 i?`22 +Q`M2`b Q7 i?2 #Hm2 i`BH�i2`�H BM/2Mi�iBQMX

>Qr2p2`- BM i?2 bm#bm`7�+2 Bi +�M #2 Q#b2`p2/ i?�i i?Qb2 +`�+Fb i2`KBM�i2 �i r?�i

Bb �bbmK2/ iQ #2 i?2 2H�biB+@TH�biB+ #QmM/�`v- r?B+? rBHH #2 /Bb+mbb2/ BM /2i�BH BM

a2+iBQM jX8XRX AMbB/2 i?2 TH�biB+ xQM2 i?2 ?B;? +QKT`2bbBp2 bi`2bb2b �`2 �bbmK2/ iQ 2Bi?2`

?BM/2` +`�+F ;`Qri? Q` +HQb2 2tBbiBM; +`�+Fb �b i?2 xQM2 BM+`2�b2b BM bBx2 (kN- 3dĜ3N)X AM

�//BiBQM- i?2`2 Bb �MQi?2` +`�+F bvbi2K i?�i +�M QMHv #2 Q#b2`p2/ BM i?2 bm#bm`7�+2 �i

i?Bb HQ�/ Q7 100KL �M/ MQi QM i?2 bm`7�+2X h?2b2 �`2 i?2 b?�HHQr@H�i2`�H +`�+Fb b?QrM

BM ;`22M �M/ HB;?i #Hm2X

d9



6B;m`2 jXj9, am#bm`7�+2 +`�+FBM; Q#b2`p�iBQMb 7Q` � 100KL BM/2Mi�iBQM BM aG: mbBM;
� 35.3� BM/2Mi2`X

6B;m`2 jXj8, am#bm`7�+2 +`�+FBM; Q#b2`p�iBQMb 7Q` � 75KL BM/2Mi�iBQM BM aG: mbBM;
� 45.0� BM/2Mi2`X

d8



6Q` BM/2Mi�iBQM BM aG: mbBM; � 45.0� BM/2Mi2` �M/ � HQ�/ Q7 75KL �b b?QrM BM

6B;m`2 jXj8- bBKBH�` Q#b2`p�iBQMb +�M #2 K�/2X h?2 i?`22 `�/B�H +`�+Fb ;`Qr Qmir�`/

�M/ i2`KBM�i2 �i i?2 2H�biB+@TH�biB+ #QmM/�`v- #mi MQ b?�HHQr@H�i2`�H +`�+Fb �`2 Q#b2`p2/

�i i?2b2 BM/2Mi�iBQM T�`�K2i2`bX

6B;m`2 jXje, am#bm`7�+2 +`�+FBM; Q#b2`p�iBQMb 7Q` � 100KL BM/2Mi�iBQM BM aG: mbBM;
� 45.0� BM/2Mi2`X

*QKT�`BM; 6B;m`2 jXj8 �M/ 6B;m`2 jXje b?Qrb i?�i i?2 b?�HHQr@H�i2`�H +`�+F bvbi2K

�HbQ b?Qrb � +`�+FBM; i?`2b?QH/X h?2 b?�HHQr@H�i2`�H +`�+Fb U;`22M- HB;?i #Hm2- �M/ ;`�vV

+�M #2 Q#b2`p2/ �i 100KL U6B;m`2 jXjeV- #mi MQi �i 75KL U6B;m`2 jXj8VX >2M+2 i?2v

7Q`K �i � ?B;?2` HQ�/ U75Ĝ100KLV i?�M i?2 `�/B�H +`�+Fb U3Ĝ5KLVX h?Bb Q`/2` ?�b

�HbQ #22M `2TQ`i2/ #v *m�/`�/Q 2i �HX (eR)X h?2b2 H�i2`�H +`�+Fb �`2 �bbmK2/ iQ ;`Qr

iQr�`/b i?2 bm`7�+2 �i ?B;? 2MQm;? HQ�/b �M/ +`2�i2 Ǵ2H2T?�Mi 2�`Ǵ HQQFBM; +`�+Fb �i

i?2 bm`7�+2 r?2M pB2r2/ BM TH�M pB2r U6B;m`2 jXjd# �M/ 6B;m`2 jXjd+VX aBKBH�` #2?�pBQ`

+�M �HbQ #2 Q#b2`p2/ 7Q` i?2 +m#2 +Q`M2` BM/2Mi2` BM 6B;m`2 jXj �M/ 6B;m`2 jX8 �M/ i?2

55.0� BM/2Mi2` BM 6B;m`2 jX9X

de



U�V S 4 100KL U#V S 4 300KL U+V S 4 500KL

6B;m`2 jXjd, a1J KB+`Q;`�T?b Q7 BM/2Mi�iBQMb �i /Bz2`2Mi HQ�/b rBi? � 45.0� BM/2Mi2`
BM aG: �b 2ti`�+i2/ 7`QK 6B;m`2 jXj �M/ 6B;m`2 jX9X

6Q` 7mb2/ bBHB+�- }p2 BM/2Mib r2`2 `2+QMbi`m+i2/, irQ 2�+? rBi? � +m#2 +Q`M2` BM@

/2Mi2` UP 4 30KL BM 6B;m`2 jXj3 �M/ 100KL BM 6B;m`2 jXjNV �M/ � 45.0� BM/2Mi2`

UP 4 75KL BM 6B;m`2 jX9j �M/ 100KL BM 6B;m`2 jX99V- �b r2HH �b QM2 2L BM/2Mi mbBM;

� "2`FQpB+? BM/2Mi2` U6B;m`2 jX98VX 6Q` +m#2 +Q`M2` BM/2Mi�iBQM BM 6a- i?2 ;2M2`�H

+`�+F Q#b2`p�iBQM �`2 BM �;`22K2Mi rBi? Q#b2`p�iBQMb 7Q` aG:X h?2 /Bz2`2M+2 Bb i?�i

6a b?Qrb 2/;2 +`�+Fb BM �//BiBQM iQ i?2 `�/B�H +`�+Fb U;`22M +`�+F BM 6B;m`2 jXj3 �M/

6B;m`2 jXjNVX h?2 bm`7�+2 BK�;2b b?Qr 2/;2 +`�+Fb QM 2�+? 2/;2 Q7 i?2 BM/2Mi�iBQM-

#mi QMHv i?2 +`�+F �HQM; i?2 H27i 2/;2 Q7 i?2 BM/2Mi�iBQM +QmH/ #2 `2+QMbi`m+i2/ BM

i?`22 /BK2MbBQMbX h?2 Qi?2` irQ KB;?i ?�p2 #22M iQQ b?�HHQr iQ b22 BM i?2 +`Qbb

b2+iBQM BK�;2bX >Qr2p2`- r?2M +QKT�`BM; /Bz2`2Mi HQ�/b 7Q` i?Bb ;2QK2i`v- i?2M Bi

+�M #2 Q#b2`p2/ i?�i i?2 2/;2 +`�+F bi�`ib BM i?2 +2Mi2` Q7 i?2 2/;2 U6B;m`2 jXj3V �M/

;`Qrb �HQM; i?2 2/;2 iQr�`/b i?2 +Q`M2`b U6B;m`2 jXjNVX 6m`i?2`KQ`2- i?2 2/;2 +`�+Fb

+�M #2 /2b+`B#2/ �b bm`7�+2 72�im`2b- bBM+2 i?2v /Q MQi ;`Qr /22T BMiQ i?2 K�i2`B�H

U6B;m`2 jX9yVX .2T2M/BM; QM i?2 ;2QK2i`v Q7 i?2 BM/2Mi2`- BX2X i?2 +2Mi2`@HBM2 iQ 7�+2

�M;H2 �- i?2 b?�T2 Q7 i?2 2/;2 +`�+F Bb /Bz2`2MiX 6Q` � 4 45.0� i?2 2/;2 +`�+Fb �`2

2ti`2K2Hv b?�HHQr �M/ bi`�B;?i �b b?QrM 6B;m`2 jX9y�- r?2`2�b 7Q` � 4 65.3� i?2v �`2

�HKQbi �b /22T �b i?2 BM/2Mi�iBQM Bib2H7 �M/ b?Qr KmHiBTH2 rB;;H2b �b b22M BM 6B;m`2 jX9y#X

dd



6B;m`2 jXj3, am#bm`7�+2 +`�+FBM; Q#b2`p�iBQMb 7Q` � 30KL BM/2Mi�iBQM BM 6a mbBM; �
35.3� BM/2Mi2`X

6B;m`2 jXjN, am#bm`7�+2 +`�+FBM; Q#b2`p�iBQMb 7Q` � 100KL BM/2Mi�iBQM BM 6a mbBM;
� 35.3� BM/2Mi2`X

AM+`2�bBM; i?2 HQ�/ �HbQ `2bmHib BM ;`Qri? Q7 i?2 `�/B�H +`�+Fb- #mi i?2v �TT2�` iQ

;`Qr /QrM BMiQ i?2 K�i2`B�H �M/ i?2M im`M i?2 +Q`M2` mM/2`M2�i? i?2 BM/2MiX h?Bb

KB;?i #2 �M BM/B+�iBQM i?�i i?2 +`�+Fb bi�`i2/ QM i?2 bm`7�+2- r?B+? Bb � +?�`�+i2`BbiB+ Q7

S�HK[pBbi +`�+FbX �MQi?2` �bT2+i i?�i b?QmH/ #2 MQi2/ BM 6B;m`2 jXjN Bb- i?�i i?2 7`QMi

TBMF +`�+F Bb /2TB+i2/ BM irQ /Bz2`2Mi b?�/2b Q7 TBMFX AM i?2 BM/BpB/m�H +`Qbb b2+iBQM�H
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bHB+2b i?2`2 r�b � /Bb+QMiBMm�iBQM Q7 i?2 +`�+F �b 2t2KTHB}2/ BM 6B;m`2 jX9R- i?�i b?Qrb

� #`2�F #2ir22M i?2 HB;?i TBMF S�HK[pBbi +`�+F �M/ i?2 K�;2Mi� K2/B�M +`�+FX Ai Bb

�bbmK2/ i?�i 7Q` i?Bb K�i2`B�H S�HK[pBbi@HBF2 +`�+Fb 2tBbiX Ai KB;?i #2- i?�i BM i?Bb +�b2

U�435.3� �M/ P4100KLV #Qi? i?2 S�HK[pBbi �M/ K2/B�M +`�+F bvbi2Kb �`2 BMBiB�i2/X

PM2 +QmMi2`�`;mK2Mi Bb i?2 7�+i i?�i i?2 T`2pBQmbHv /2b+`B#2/ /Bb+QMiBMm�iBQM +QmH/

MQi #2 Q#b2`p2/ 7Q` i?2 bK�HH2` 30KL BM/2Mi BM 6B;m`2 jXj3X >Qr2p2`- bBM+2 i?Bb Bb �

`2H�iBp2Hv bK�HH BM/2Mi- BK�;2 [m�HBiv Bbbm2b +QmH/ #2 � `2�bQM 7Q` MQi #2BM; �#H2 iQ

/2i2+i i?2 /Bb+QMiBMm�iBQMX a+?BzK�MM HBF2rBb2 b?Qr2/ 6A" iQKQ;`�T?v 7Q` � 32KL

+m#2@+Q`M2` BM/2Mi BM 6aX h?2v +QM+Hm/2/ i?�i i?2 +`�+Fb �`QmM/ i?2 BM/2Mi�iBQM �`2

MQi T2`72+iHv b2KB@+B`+mH�` #mi `�i?2` Q7 2HHBTiB+�H +?�`�+i2`- BM/B+�iBM; i?�i i?2 +`�+F

KQ`T?QHQ;v KB;?i #2 `�i?2` S�HK[pBbi@HBF2 (Ny)X AM �//BiBQM iQ i?2 /Bb+QMiBMm�iBQM

#2ir22M i?2 S�HK[pBbi �M/ i?2 K2/B�M +`�+F- Bi +�M �HbQ #2 Q#b2`p2/ i?�i i?2 `�/B�H

+`�+Fb �`2 `�i?2` +m`pv BM i?2 bm#bm`7�+2X h?Qb2 +`�+Fb �`2 BM/B+�i2/ #v K�;2Mi� �M/

v2HHQr �``Qrb BM 6B;m`2 jX9R- �Hi?Qm;? i?2 +`�+F BM/B+�i2/ #v i?2 v2HHQr Bb `�i?2` 7�BMi-

bBM+2 Bi Bb i?2 #�+F 2M/ Q7 i?2 +`�+F i?�i BMBiB�i2/ �i i?2 #QiiQK `B;?i +Q`M2` BM i?2

BMb2i bm`7�+2 BK�;2 BM 6B;m`2 jXjNX � /B`2+i +QKT�`BbQM Q7 i?2 b?�T2 Q7 i?2 `�/B�H +`�+F

BM i?2 bm#bm`7�+2 +�M #2 b22M BM 6B;m`2 jX9k- r?2`2 i?2 `�/B�H +`�+F BM aG: U+2Mi2`

+`�+F BM 6B;m`2 jX9k�V Bb �HKQbi T2`T2M/B+mH�` iQ i?2 b�KTH2 bm`7�+2 �M/ i?2 irQ `�/B�H

+`�+Fb BM 6a U6B;m`2 jX9k#V +m`p2 Qmir�`/ �r�v 7`QK i?2 BM/2Mi�iBQMX

6B;m`2 jX9k� �HbQ b?Qrb bQK2 TBH2@mT Dmbi QmibB/2 i?2 ?�`/M2bb BKT`2bbBQM BM aG:-

r?2`2�b BM 6a U6B;m`2 jX9k#V i?2 b�KTH2 bm`7�+2 �`QmM/ i?2 BM/2Mi�iBQM `2K�BMb ~�iX

h?Bb /Bz2`2M+2 BM �TT2�`�M+2 KB;?i #2 QM2 BM/B+�iBQM 7Q` i?2 /Bz2`2Mi /27Q`K�iBQM

K2+?�MBbKbX aG: ivTB+�HHv /27Q`Kb i?`Qm;? b?2�` T`Q+2bb2b- r?2`2�b 6a ivTB+�HHv

/27Q`Kb #v /2MbB}+�iBQM (3ĜRy)X �HbQ- TBH2@mT Bb /2T2M/2Mi QM i?2 K�i2`B�H T`QT2`iB2b-

BM T�`iB+m�H�` E/HX SBH2@mT ivTB+�HHv Q++m`b r?2M E/H Bb ?B;?X aBM+2 E/H Bb ?B;?2`

7Q` aG: i?2M 7Q` 6a- �Hi?Qm;? QMHv bHB;?iHv Uh�#H2 jXkV- Bi Bb MQi bm`T`BbBM; i?�i aG:

b?Qrb TBH2@mT �M/ 6a /Q2b MQiX aG: Bb /2Mb2Hv T�+F2/ rBi? M2irQ`F KQ/B}2`b +QMi2Mi-
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U�V � 4 45.0�- P 4 75KL

U#V � 4 65.3�- P 4 1L

6B;m`2 jX9y, 1/;2 +`�+F KQ`T?QHQ;v U?B;?HB;?i2/ #v v2HHQr �``QrbV 7Q` /Bz2`2Mi
BM/2Mi2` ;2QK2i`B2b BM 6aX

r?2`2�b 6a ?�b ?B;? 7`22 pQHmK2X lM/2` ?B;? BM/2Mi�iBQM +QKT`2bbBp2 bi`2bb- aG: Bb

2�bv iQ /27Q`K- H2�/BM; iQ � H�`;2` TBH2@mT ?2B;?i i?�M 6a (e9- NRĜN9)X

6B;m`2 jX9R, *`Qbb b2+iBQM�H pB2r �HQM; i?2 TBMF `�/B�H +`�+F BM 6B;m`2 jXjNX
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U�V aQ/�@HBK2 ;H�bb U#V 6mb2/ bBHB+�

6B;m`2 jX9k, .Bz2`2M+2 BM b?�T2 Q7 i?2 `�/B�H +`�+F 7Q` � 100KL BM/2Mi mbBM; � +m#2
+Q`M2` BM/2Mi2`X SH�biB+ xQM2b U`2/ /�b?2/ HBM2bV �M/ i?2B` bBx2b �`2 �HbQ /2TB+i2/X

q?2M BM/2MiBM; rBi? � bHB;?iHv #HmMi2` 45.0� BM/2Mi2` �i � HQ�/ Q7 75KL U6B;@

m`2 jX9jV- i?2 `�/B�H +`�+Fb /Q MQi bi�`i �i i?2 +Q`M2`b Q7 i?2 BM/2Mi�iBQM- #mi bHB;?iHv

Qzb2i �HQM; i?2 2/;2 Q7 i?2 BM/2Mi�iBQMX Ai +�M �HbQ #2 Q#b2`p2/ i?�i i?2 `�/B�H +`�+Fb

�`2 +QMM2+i2/ iQ i?2 2/;2 +`�+Fb mM/2`M2�i? i?2 bm`7�+2X h?2 ;`22M 2/;2 +`�+F +QMM2+ib

iQ i?2 TBMF �M/ v2HHQr `�/B�H +`�+F- �M/ i?2 HB;?i #Hm2 2/;2 +`�+F +QMM2+ib iQ i?2 Q`�M;2

`�/B�H +`�+FX h?2 7`QMi T�`i Q7 i?2 TBMF `�/B�H +`�+F �;�BM Bb Q7 b2KB@2HHBTiB+�H b?�T2-

r?B+? Bb � +?�`�+i2`BbiB+ Q7 i?2 S�HK[pBbi +`�+F KQ`T?QHQ;vX AM+`2�bBM; i?2 HQ�/ #v

25KL iQ 100KL U6B;m`2 jX99V `2bmHib BM i?2 TBMF S�HK[pBbi `�/B�H ;`QrBM; /QrM BMiQ

i?2 bm`7�+2 �M/ }HHBM; BMiQ i?2 K2/B�M +`�+FX h?2 v2HHQr `�/B�H +`�+F ;`Qrb /QrM bQK2

�KQmMi �b r2HH �M/ i?2M im`Mb i?2 +Q`M2` mM/2`M2�i? i?2 BM/2MiX h?2 +`�+F i?2M ;`Qrb

�HKQbi T�`�HH2H iQ i?2 b�KTH2 bm`7�+2X h?�i T�`i Q7 i?2 +`�+F +QmH/ TQi2MiB�HHv �HbQ #2

� /22T H�i2`�H +`�+F i?�i BMBiB�i2/ 7`QK i?2 `�/B�H +`�+FX

h?2 /Bb+QMiBMm�iBQM �b /2b+`B#2/ #27Q`2 �M/ b?QrM BM 6B;m`2 jX9R +�M �HbQ #2

Q#b2`p2/ /m`BM; BM/2Mi�iBQM rBi? � "2`FQpB+? BM/2Mi2` U6B;m`2 jX98VX �i � HQ�/ Q7 2L

`�/B�H +`�+Fb �`2 BMBiB�i2/- #mi MQi mMiBH i?2 �//BiBQM�H +QM2 +`�+F ?�b �H`2�/v BMBiB�i2/
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6B;m`2 jX9j, am#bm`7�+2 +`�+FBM; Q#b2`p�iBQMb 7Q` � 75KL BM/2Mi�iBQM BM 6a mbBM; �
45.0� BM/2Mi2`X

6B;m`2 jX99, am#bm`7�+2 +`�+FBM; Q#b2`p�iBQMb 7Q` � 100KL BM/2Mi�iBQM BM 6a mbBM;
� 45.0� BM/2Mi2`X

�i � HQr2` HQ�/ Q7 1L Ub22 6B;m`2 jXeVX h?Bb +QM2 +`�+F �HHQrb mb iQ /BbiBM;mBb? i?2

S�HK[pBbi@ 7`QK i?2 K2/B�M@`�/B�H +`�+F- �b Bi �+ib �b �M �``2bi TQBMi 7Q` #Qi?X h?Bb

/Bb+QMiBMm�iBQM Q7 `�/B�H +`�+Fb BM 6B;m`2 jX98 r�b �HbQ Q#b2`p2/ #v GB 2i �HX (8N) 7Q` i?2

7Qm`@bB/2/ oB+F2`b BM/2Mi2`X h?2v �ii`B#mi2 i?Bb /Bb+QMiBMm�iBQM iQ i?2 7�+i i?�i +QM2

+`�+Fb 7Q`K }`bi �M/ i?2M �+i �b �``2bi TQBMib 7Q` `�/B�H +`�+Fb i?�i 7Q`K BM � H�i2`
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6B;m`2 jX98, am#bm`7�+2 +`�+FBM; Q#b2`p�iBQMb 7Q` � 2L BM/2Mi�iBQM BM 6a mbBM; �
65.3� BM/2Mi2`X

bi�;2 Q7 i?2 HQ�/BM;@mMHQ�/BM; +v+H2X aBKBH�` Q#b2`p�iBQMb �`2 `2TQ`i2/ 2Hb2r?2`2 BM

HBi2`�im`2 (e- Rj- N8- Ne)X Ab?BF�r� �M/ a?BMF�B (Rj) +H2�`Hv bi�i2 i?�i S�HK[pBbi@`�/B�H

�M/ K2/B�M@`�/B�H +`�+Fb BM 7mb2/ bBHB+� ;`Qr BM/2T2M/2MiHv �M/ �`2 b2T�`�i2/ #v i?2

+QM2 +`�+F- �b b22M BM i?Bb rQ`F 7Q` "2`FQpB+? �M/ oB+F2`b BM/2Mi�iBQMbX 6B;m`2 jX98 �HbQ

b?Qrb i?�i- Dmbi �i i?2 +`�+FBM; i?`2b?QH/ 7Q` "2`FQpB+? BM/2Mi�iBQM BM 6a- �M �#mM/�M+2

Q7 +`�+Fb �`2 BMBiB�i2/ �`QmM/ i?2 BM/2Mi�iBQM- KQbi Q7 r?B+? ?�p2 HBF2Hv bi�`i2/ T`BQ`

iQ i?2 bm`7�+2 `�/B�H +`�+FbX h?Bb K�F2b Bi [m2biBQM�#H2 B7 i?2 +QKT�`�iBp2Hv #HmMi

"2`FQpB+? BM/2Mi2` Bb �TT`QT`B�i2 iQ mb2 r?2M i`vBM; iQ K2�bm`2 i?2 7`�+im`2 iQm;?M2bbX

h?Bb Q#b2`p�iBQM Bb BM �;`22K2Mi rBi? 2tT2`BK2Mib T2`7Q`K2/ #v "`mMb 2i �HX (j3)X h?2v

b?Qr i?�i KmHiBTH2 +`�+F bvbi2Kb �`2 �+iBp�i2/ /m`BM; "2`FQpB+? BM/2Mi�iBQM Q7 6aX

jX8XR SH�biB+ wQM2 aBx2b

q?2M /2`BpBM; 2[m�iBQMb M2+2bb�`v 7Q` i?2 +`�+FBM; i?`2b?QH/ �M/ i?2 7`�+im`2

iQm;?M2bb- �M BKTQ`i�Mi T�`�K2i2` Bb i?2 b?�T2 �M/ bBx2 Q7 i?2 TH�biB+ xQM2X 6B;m`2 jX9k

b?Qrb � +QKT�`BbQM Q7 i?2 TH�biB+ xQM2b 7Q` bQ/�@HBK2 ;H�bb U6B;m`2 jX9k�V �M/ 7mb2/

bBHB+� U6B;m`2 jX9k#VX AM #Qi? +�b2b i?2 /2TB+i2/ a1J BK�;2 Bb i?2 +`Qbb@b2+iBQM�H
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pB2r `B;?i mM/2`M2�i? i?2 �T2t Q7 i?2 BM/2Mi�iBQM K�/2 #v � +m#2 +Q`M2` BM/2Mi2` �i

P 4 100KLX h?2 TH�biB+ xQM2 Bb �bbmK2/ iQ #2 ?2KBbT?2`B+�H �M/ iQ #2 K�tBK�H `B;?i

mM/2`M2�i? i?2 BM/2Mi�iBQMX LQ +`�+Fb �`2 pBbB#H2 BMbB/2 i?2 2H�biB+@TH�biB+ #QmM/�`v-

�M/ i?2`27Q`2 Bi Bb �bbmK2/ i?�i i?2 +`�+Fb �`2 BMBiB�i2/ �i i?2 #QmM/�`v- r?B+? �;`22b

r2HH rBi? }M/BM;b BM HBi2`�im`2 (kR- eR- Nd)X �Hi2`M�iBp2Hv- Bi +QmH/ #2 i?�i +`�+Fb r?B+?

?�p2 BMBiB�i2/ T`2pBQmbHv �`2 +HQb2/ mT #v i?2 ;`QrBM; TH�biB+ xQM2- r?B+? +QMi�BMb ?B;?

+QKT`2bbBp2 bi`2bb2bX h?2 HQ+�iBQM �M/ bBx2 Q7 i?2 TH�biB+ xQM2 �i i?2 2M/ Q7 BM/2Mi�iBQM

HQ�/BM; Bb 2biBK�i2/ #�b2/ QM r?2`2 i?2 +`�+Fb i2`KBM�i2 BMbB/2 i?2 K�i2`B�HX h?2

/B�K2i2` Q7 5.31 ƒK 7Q` i?2 TH�biB+ xQM2 Q7 aG: BM 6B;m`2 jX9k Bb #B;;2` i?�M 7Q` 6a-

r?B+? Bb 4.38 ƒK BM /B�K2i2`X GB 2i �HX b?Qr2/ i?�i /2MbB}+�iBQM /Q2b �z2+i i?2 bBx2 �M/

b?�T2 Q7 i?2 TH�biB+ xQM2X >Qr2p2`- BM i?2B` rQ`F i?2 xQM2 Bb H�`;2` r?2M /2MbB}+�iBQM

Bb +QMbB/2`2/ BM i?2 61� (N3)X

6Q` � KQ`2 �++m`�i2 K2�bm`2K2Mi Q7 i?2 TH�biB+ xQM2 7Q` i?2 aG: BM/2Mi�iBQM BM

6B;m`2 jX9e�- i?2 bB/2 pB2r BM +`Qbb@b2+iBQM U6B;m`2 jX9e+V r�b +QMbB/2`2/ BM �//BiBQM

iQ i?2 `�r BK�;2 Q7 i?2 #QiiQK pB2r U6B;m`2 jX9e#VX >2`2 i?2 TH�biB+ xQM2 QM+2 �;�BM

r�b /2/m+2/ 7`QK i?2 i2`KBM�iBQM Q7 i?2 +`�+FbX h?2 K2�bm`2/ /B�K2i2` Bb 5.24 ƒK

�M/ i?2`27Q`2 p2`v +HQb2 iQ i?2 p�Hm2 K2�bm`2/ 7`QK i?2 #QiiQK +`Qbb b2+iBQM�H pB2r

BM 6B;m`2 jX9e#X h?2b2 `2bmHib +QM}`K i?�i i?2 �bbmKTiBQM Q7 � M2�`Hv ?2KBbT?2`B+�H

TH�biB+ xQM2 Bb p�HB/X

lbBM; i?2 K2�bm`2K2Mi 7`QK 6B;m`2 jX9e �M/ Qp2`H�vBM; Bi QM i?2 bm`7�+2 pB2r Q7

i?2 BM/2Mi�iBQM U6B;m`2 jX9d�V b?Qrb i?�i i?2 TH�biB+ xQM2 Bb bHB;?iHv bK�HH2` i?�M i?2

?�`/M2bb BKT`2bbBQMX h?Bb- Q7 +Qm`b2- Bb #�b2/ QM i?2 �bbmKTiBQM Q7 � T2`72+i ?�H7 bT?2`2

7Q` i?2 TH�biB+ xQM2X lM/2` i?2 �bbmKTiBQM Q7 +`�+Fb ;`QrBM; 7`QK i?2 2H�biB+@TH�biB+

#QmM/�`v- i?Bb Q#b2`p�iBQM Bb bmTTQ`i2/ #v i?2 H�i2`�H bm#bm`7�+2 pB2r Q7 i?2 BM/2Mi�iBQM

�M/ i?2 +`�+Fb �`QmM/ Bi U6B;m`2 jX9d#VX Ai Bb Q#b2`p2/ i?�i i?2 TH�biB+ xQM2 #2M2�i? i?2

bm`7�+2 /Q2b MQi 2ti2Mi �HH i?2 r�v iQ i?2 BM/2Mi�iBQM +Q`M2`X q?BH2 i?2 +`�+Fb QM i?2

bm`7�+2 /Q 2ti2Mi iQ i?2 BM/2Mi�iBQM +Q`M2`b U6B;m`2 jX9d�V- i?2`2 Bb � bK�HH `2;BQM Q7
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U#V

U+V

U�V am`7�+2 pB2rX

U#V *`Qbb@b2+iBQM 7`QK #QiiQKX U+V *`Qbb@b2+iBQM 7`QK `B;?iX

6B;m`2 jX9e, J2�bm`BM; i?2 TH�biB+ xQM2 7Q` � 100KL +m#2@+Q`M2` BM/2Mi BM aG:X

i?2 v2HHQr �M/ Q`�M;2 +`�+Fb i?�i iQm+?2b i?2 2/;2 Q7 i?2 BM/2Mi�iBQM BM i?2 bm#bm`7�+2

�M/ i?2M ;`Qrb �HQM; i?2 2H�biB+@TH�biB+ #QmM/�`vX h?2 ?Q`BxQMi�H /Bbi�M+2 #2ir22M

i?2 TQBMib r?2`2 i?2 7`QMi H27i Uv2HHQrV �M/ 7`QMi `B;?i UQ`�M;2V `�/B�H +`�+F K22i i?2

BM/2Mi�iBQM 2/;2 Bb 4.74 ƒK BM 6B;m`2 jX9d� �M/ 5.55 ƒK BM 6B;m`2 jX9d#X *m�/`�/Q 2i �HX

�HbQ Q#b2`p2/ i?�i i?2 TH�biB+ xQM2 /Q2b MQi 7mHHv 2ti2Mi iQ i?2 BM/2Mi�iBQM +Q`M2`b (eR)X

�M �M;mH�` �M/ HQ�/ /2T2M/2M+2 Q7 i?2 TH�biB+ xQM2 bBx2 Bb b?QrM BM i?2 bm#bm`7�+2

BM 6B;m`2 jX93 �M/ BM i?2 bm`7�+2 BM 6B;m`2 jX9NX 6Q` 2�+? +�b2- i?2 TH�biB+ xQM2 +�M

�bbmK2/ iQ #2 ?2KBbT?2`B+�H BM b?�T2 �b i?2 `2/ /Qii2/ b2KB@+B`+H2b +QMi�+i i?2 +`�+Fb
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U�V am`7�+2 pB2r BM+Hm/BM; TH�biB+ xQM2X U#V am#bm`7�+2 H�i2`�H pB2rX

6B;m`2 jX9d, SH�biB+ xQM2 bBx2 7Q` � 100KL BM/2Mi BM aG: mbBM; � +m#2 +Q`M2` BM/2Mi2`X
h?2 TH�biB+ xQM2 /2TB+i2/ Bb i?2 xQM2 K2�bm`2/ BM 6B;m`2 jX9e �M/ i?2 +2Mi2` Q7 i?2
+B`+H2 Bb +?Qb2M iQ #2 i?2 +2Mi2` Q7 i?2 BM/2Mi�iBQMX

�HKQbi T2`72+iHvX *QKT�`BM; /Bz2`2Mi BM/2Mi2` �M;H2b U� 4 35.3� �M/ 45.0� BM 6B;@

m`2 jX93� �M/ 6B;m`2 jX93#- `2bT2+iBp2HvV �i i?2 b�K2 BM/2Mi�iBQM HQ�/ Q7 100KL b?Qrb

i?�i i?2 TH�biB+ xQM2 Bb #B;;2` 7Q` i?2 b?�`T2` BM/2Mi2`X h?2 TH�biB+ xQM2 �HbQ BM+`2�b2b

rBi? BM+`2�bBM; HQ�/- �b b?QrM BM 6B;m`2 jX93# @ /X Pp2`H�vBM; i?2 K2�bm`2/ TH�biB+

xQM2 bBx2b BM i?2 bm`7�+2 KB+`Q;`�T?b U6B;m`2 jX9NV b?Qrb i?�i 7Q` �HH BMp2biB;�i2/

BM/2Mi�iBQM T�`�K2i2`b- i?2 TH�biB+ xQM2 Bb bK�HH2` i?�M i?2 BM/2Mi�iBQM /BK2MbBQM aX

q?2M +QKT�`BM; 6B;m`2 jX9N� �M/ 6B;m`2 jX9N# 7Q` /Bz2`2Mi +2Mi2`@HBM2 iQ 7�+2 �M;H2b �i

i?2 b�K2 HQ�/- i?2 `2H�iBp2 TH�biB+ xQM2 bBx2 rplastic zone/a Bb bK�HH2` 7Q` i?2 #HmMi2` �M;H2X

�HbQ- i?2 `2H�iBp2 TH�biB+ xQM2 bBx2 BM+`2�b2b rBi? BM+`2�bBM; HQ�/ U6B;m`2 jX9N# @ /VX

�M �M�HvbBb 2[mBp�H2Mi iQ i?2 QM2 BM 6B;m`2 jX9e 7Q` aG: r�b �HbQ T2`7Q`K2/ 7Q` �M

BM/2Mi BM 6a rBi? i?2 b�K2 BM/2Mi�iBQM T�`�K2i2`b- BX2X- P 4 100KL �M/ � 4 35.3�X

aBKBH�` iQ i?2 `2bmHib `2TQ`i2/ 7Q` aG:- i?2 TH�biB+ xQM2 bBx2 K2�bm`2/ 7`QK i?2 +`Qbb@

b2+iBQM�H pB2r Q7 i?2 `�r BK�;2 Q7 i?2 #QiiQK pB2r U6B;m`2 jX8y#V vB2H/b � p�Hm2 +HQb2

iQ i?2 K2�bm`2K2Mi Q7 i?2 +`Qbb@b2+iBQM�H bB/2 pB2r U6B;m`2 jX8y+VX h?2 /B�K2i2` Q7 i?2

TH�biB+ xQM2 bBx2 BM 6B;m`2 jX8y# �M/ 6B;m`2 jX8y+ Bb 4.38 ƒK �M/ 4.57 ƒK- `2bT2+iBp2HvX

3e



U�V � 4 35.3�- P 4 100KL U#V � 4 45�- P 4 100KL

U+V � 4 45�- P 4 75KL U/V � 4 45�- P 4 80KL

6B;m`2 jX93, am#bm`7�+2 pB2r BM+Hm/BM; TH�biB+ xQM2b 7Q` /Bz2`2Mi BM/2Mib BM aG:X

h?2 TH�biB+ xQM2 /B�K2i2` dplastic zone �M/ `2H�iBp2 TH�biB+ xQM2 bBx2 rplastic zone/a

r2`2 �HbQ /2i2`KBM2/ 7Q` MBM2 /Bz2`2Mi BM/2Mib BM 6a BM 6B;m`2 jX8R �M/ 6B;m`2 jX8k-

`2bT2+iBp2HvX aBKBH�` iQ i?2 Q#b2`p�iBQMb BM aG:- � bK�HH2` HQ�/ �M/ � #HmMi2` +2Mi2`@

HBM2 iQ 7�+2 �M;H2 � r?2M +QKT�`2/ �i i?2 b�K2 HQ�/ vB2H/ � bK�HH2` TH�biB+ xQM2

/B�K2i2`X h?2 TH�biB+ xQM2 /B�K2i2` 7Q` � +m#2 +Q`M2` BM/2Mi2` BM 6B;m`2 jX8R# Bb

#B;;2` i?�M dplastic zone 7Q` � 45.0�@BM/2Mi2` BM 6B;m`2 jX8R+X 6Q` i?`22 /Bz2`2Mi BM/2Mi2`

3d



;2QK2i`B2b- irQ i?`22@bB/2/ iBTb rBi? � 4 35.3� U6B;m`2 jX8R� �M/ #V �M/ � 4 45.0�

U6B;m`2 jX8R+ @ 7V �M/ � 7Qm`@bB/2/ oB+F2`b iBT rBi? � 4 68.0� U6B;m`2 jX8R? �M/ BV- i?2

TH�biB+ xQM2 /B�K2i2` BM+`2�b2b rBi? BM+`2�bBM; HQ�/X >Qr2p2`- i?2 `2H�iBp2 TH�biB+ xQM2

bBx2 /2+`2�b2b rBi? BM+`2�bBM; HQ�/ QMHv 7Q` i?2 +m#2 +Q`M2` BM/2Mi2` U6B;m`2 jX8k� �M/

#V- r?2`2�b rplastic zone/a BM+`2�b2b rBi? HQ�/ 7Q` #Qi? i?2 � 4 45.0� U6B;m`2 jX8k+ @ 7V

�M/ � 4 68.0� U6B;m`2 jX8k? �M/ BVX

U�V � 4 35.3�- P 4 100KL U#V � 4 45�- P 4 100KL

U+V � 4 45�- P 4 75KL U/V � 4 45�- P 4 80KL

6B;m`2 jX9N, am`7�+2 pB2r BM+Hm/BM; TH�biB+ xQM2b 7Q` /Bz2`2Mi BM/2Mib BM aG:X

33



h?2 K�i2`B�H- HQ�/- �M/ �M;mH�` /2T2M/2M+B2b Q7 i?2 TH�biB+ xQM2 /B�K2i2` dplastic zone

�M/ i?2 `2H�iBp2 TH�biB+ xQM2 bBx2 rplastic zone/a �`2 bmKK�`Bx2/ BM 6B;m`2 jX8j� �M/

6B;m`2 jX8j#- `2bT2+iBp2HvX

U#V

U+V

U�V am`7�+2 pB2rX

U#V *`Qbb@b2+iBQM 7`QK #QiiQKX U+V *`Qbb@b2+iBQM 7`QK `B;?iX

6B;m`2 jX8y, J2�bm`BM; i?2 TH�biB+ xQM2 7Q` � 100KL +m#2@+Q`M2` BM/2Mi BM 6aX

3N



U�V � 4 35.3�- P 4 30KL U#V � 4 35.3�- P 4 100KL U+V � 4 45�- P 4 100KL

U/V � 4 45�- P 4 70KL U2V � 4 45�- P 4 75KL U7V � 4 45�- P 4 85KL

U;V � 4 65.3�- P 4 2L U?V oB+F2`b- P 4 500KL UBV oB+F2`b- P 4 1L

6B;m`2 jX8R, am#m`7�+2 pB2r BM+Hm/BM; TH�biB+ xQM2b 7Q` /Bz2`2Mi BM/2Mib BM 6aX

Ny



U�V � 4 35.3�- P 4 30KL U#V � 4 35.3�- P 4 100KL U+V � 4 45�- P 4 100KL

U/V � 4 45�- P 4 70KL U2V � 4 45�- P 4 75KL U7V � 4 45�- P 4 85KL

U;V � 4 65.3�- P 4 2L U?V oB+F2`b- P 4 500KL UBV oB+F2`b- P 4 1L

6B;m`2 jX8k, am`7�+2 pB2r BM+Hm/BM; TH�biB+ xQM2b 7Q` /Bz2`2Mi BM/2Mib BM 7mb2/ bBHB+�X

NR
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Soda-lime Glass:
Φ = 35.3°  Φ = 45°

Fused Silica:
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Soda-lime Glass:
Φ = 35.3°  Φ = 45°

Fused Silica:
Φ = 35.3° Φ = 45°
Φ = 65.3° Φ = 68°

U#V _2H�iBp2 TH�biB+ xQM2 bBx2

6B;m`2 jX8j, �M;mH�`- K�i2`B�H- �M/ HQ�/ /2T2M/2M+v Q7 i?2 TH�biB+ xQM2X

q?2M +QKT�`BM; i?2 irQ K�i2`B�Hb �i P 4 100KL- 7Q` #Qi? �M;H2b U� 4 35.3� �M/

� 4 45.0�V aG: b?Qrb � ?B;?2` TH�biB+ xQM2 /B�K2i2` i?�M 6aX h?2 `2H�iBp2 TH�biB+

xQM2 bBx2 Q7 aG: Bb ?B;?2` i?�M 6a 7Q` i?2 45.0�@ BM/2Mi2`- #mi HQr2` 7Q` i?2 +m#2 +Q`M2`

BM/2Mi2`X h?2 Qp2`�HH i`2M/ �+`Qbb �HH 7Qm` �M;H2b �M/ i?2 irQ K�i2`B�Hb Bb BM+`2�bBM;

rBi? HQ�/ 7Q` i?2 TH�biB+ xQM2 /B�K2i2` U6B;m`2 jX8j�V �M/ /2+`2�bBM; rBi? HQ�/ 7Q`

i?2 `2H�iBp2 TH�biB+ xQM2 bBx2 U6B;m`2 jX8j#VX *m�/`�/Q 2i �HX Q#b2`p2/ i?�i r?2M aG:

Bb BM/2Mi2/ mbBM; � +m#2 +Q`M2` BM/2Mi2`- i?2 `2H�iBp2 TH�biB+ xQM2 /2+`2�b2b �b HQ�/

BM+`2�b2b �M/ +`�+Fb T`QT�;�i2- r?B+? Bb BM �;`22K2Mi rBi? `2bmHib BM i?Bb rQ`F (eR)X

liBHBxBM; >BHHǶb 2tT�M/BM; +�pBiv bQHmiBQM- C�M; �M/ S?�`` `2TQ`i2/ � `2H�iBQM 7Q` i?2

`2H�iBp2 TH�biB+ xQM2 bBx2- r?B+? b?Qrb � /2T2M/2M+v QM � �M/ E/H (j9)X �b � BM+`2�b2b-

i?2B` KQ/2H `2bmHib BM � `2H�iBp2 TH�biB+ xQM2 bBx2 /2+`2�b2- �M/ ?B;?2` E/H `2bmHib BM

?B;?2` `2H�iBp2 TH�biB+ xQM2 bBx2b (j9)X h?2b2 /2T2M/2M+B2b �`2 BM �;`22K2Mi rBi? i?2

K2�bm`2K2Mib BM 6B;m`2 jX8j#X �HbQ- mbBM; i?2 `2H�iBQM `2TQ`i2/ #v C�M; �M/ S?�`` (j9)

iQ +QKTmi2 i?2 K�;MBim/2 Q7 i?2 `2H�iBp2 TH�biB+ xQM2 bBx2 vB2H/b p�Hm2b +HQb2 iQ mMBiv

7Q` i?2 b?�`T +m#2 +Q`M2` BM/2Mi2` �M/ HQr2` p�Hm2b �i �`QmM/ 0.6 7Q` i?2 "2`FQpB+?

BM/2Mi2`- r?B+? Bb 7�B`Hv +QMbBbi2Mi rBi? i?2 K2�bm`2K2Mib ?2`2X

Nk



9X alJJ�_u �L. *PL*GlaAPLa

h?2 Q#D2+iBp2 Q7 i?Bb rQ`F r�b iQ 7m`i?2` i?2 mM/2`bi�M/BM; Q7 i?2 +`�+FBM; #2?�pBQ`

Q7 bBHB+�i2 ;H�bb2bX >2M+2- M�MQBM/2Mi�iBQM �M/ bm#b2[m2Mi ?B;? `2bQHmiBQM BK�;BM;

r�b T2`7Q`K2/ QM irQ bBHB+�i2 ;H�bb2b- bQ/�@HBK2 ;H�bb UaG:V �M/ 7mb2/ bBHB+� U6aV

�b `2T`2b2Mi�iBp2 7Q` MQ`K�H �M/ �MQK�HQmb ;H�bb2b- `2bT2+iBp2HvX AM �//BiBQM iQ i?2

K�i2`B�H /2T2M/2M+v- �M �M;mH�` /2T2M/2M+v �b r2HH �b � HQ�/BM; /2T2M/2M+v r2`2

BMp2biB;�i2/X 6Q` 2�+? K�i2`B�H- 7Qm` i`B;QM�H BM/2Mi2`b rBi? /Bz2`2Mi +2Mi2`@HBM2 iQ 7�+2

�M;H2b � �M/ �#Qmi ky /Bb+`2i2 BM/2Mi�iBQM HQ�/b P r2`2 i2bi2/X AKTQ`i�Mi +`�+FBM;

T�`�K2i2`b �`2 bmKK�`Bx2/ BM h�#H2 9XRX AM �HH +�b2b- i?2 2tT2`BK2Mi�HHv /2i2`KBM2/

p�Hm2b �`2 `2TQ`i2/ ?2`2- bBM+2 MQi �HH Q7 i?2K +QmH/ #2 p�HB/�i2/ mbBM; 7`�+im`2 K2+?�MB+b

i?2Q`B2bX

h�#H2 9XR, Pp2`pB2r Q7 BKTQ`i�Mi 7`�+im`2 T�`�K2i2`b /2i2`KBM2/ BM i?Bb rQ`FX

� f � j8Xj 98Xy 88Xy e8Xj

aG:
Pc,radial f KL 1Ĝ3 3Ĝ5 10Ĝ30 3000Ĝ5000
Pc,edge f KL 7 7 7 100Ĝ250
↵M f @  yXyeRk yXy9de yXyj9d yXykee
↵P f @  yXykRy yXyR33 yXyRkj yXyyNR

6a
Pc,radial f KL 3Ĝ10 65Ĝ75 500Ĝ1000 1000Ĝ2000
Pc,edge f KL 3Ĝ10 I j I j I j
↵M f @  yXy9NR yXykNN yXykjk yXyyNd
↵P f @  yXyR8N yXyRR8 yXyy39 yXyy99

 o�Hm2b �`2 `2TQ`i2/ �++Q`/BM; iQ i?2 HQ;@HQ; �TT`Q�+? (j9)X
7, LQ +`�+Fb �`2 Q#b2`p2/ BM i2bi2/ HQ�/ `�M;2 UP 4 1KL@20LVX

AM +QM+HmbBQM- i?2 7QHHQrBM; F2v }M/BM;b +�M #2 `2TQ`i2/X

Ç h?2`2 �`2 /BbiBM+i i?`2b?QH/b 7Q` `�/B�H �M/ 2/;2 +`�+Fb BM aG: �M/ 6a- r?B+?

/2T2M/ b2MbBiBp2Hv QM i?2 BM/2Mi2` �M;H2 �M/ i?2 BM/2Mi2/ K�i2`B�HX _�/B�H

+`�+Fb ivTB+�HHv Q++m` �i HQr2` BM/2Mi2` HQ�/b 7Q` b?�`T2` BM/2Mi2` �M;H2b �M/ �i

Nj



HQr2` HQ�/b BM aG: i?�M BM 6aX h?2 QMHv 2t+2TiBQM Bb i?2 "2`FQpB+? BM/2Mi2`-

7Q` r?B+? i?2 +`�+FBM; i?`2b?QH/ Pc Bb HQr2` 7Q` 6a i?�M 7Q` aG:X LQ /BbiBM+i

�M;mH�` /2T2M/2M+v +QmH/ #2 /2i2`KBM2/ 7Q` i?2 2/;2 +`�+FbX >Qr2p2`- 2/;2

+`�+Fb Q++m` 2�`HB2` BM 6a i?�M BM aG:X AM aG:- QMHv i?2 +QKT�`�iBp2Hv #HmMi

"2`FQpB+? +�M BMi`Q/m+2 2/;2 +`�+Fb �`QmM/ i?2 BM/2Mi�iBQM BKT`2bbBQM- #mi 7Q`

b+2M�`BQb BM r?B+? 2/;2 +`�+Fb /Q Q++m`- i?2v BMBiB�i2 T`BQ` iQ i?2 `�/B�H +`�+FbX

�//BiBQM�HHv- b?�HHQr H�i2`�H +`�+Fb ?�p2 #22M Q#b2`p2/ BM aG:- r?B+? BMBiB�i2 BM �

H�i2` bi�;2 i?�M i?2 `�/B�H +`�+FbX GBF2rBb2 BM 6a �M �//BiBQM�H +`�+F KQ`T?QHQ;v

Bb BMi`Q/m+2/ r?2M i?2 "2`FQpB+? BM/2Mi2` Bb mb2/- i?2 +QM2 +`�+F- r?B+? BMBiB�i2b

�7i2` i?2 2/;2 +`�+F- #mi T`BQ` iQ i?2 `�/B�H +`�+FX

Ç h?2 >�`/BM; KQ/2H (k9) �/2[m�i2Hv /2b+`B#2b i?2 �M;mH�` /2T2M/2M+v Q7 i?2 `�/B�H

+`�+FBM; i?`2b?QH/ 7Q` bQ/� HBK2 ;H�bb �b Pc,radial 7QHHQrb (i�M�)8/3- #mi MQi 7Q`

7mb2/ bBHB+�- r?2`2 i?2 2tTQM2Mi Bb bB;MB}+�MiHv ?B;?2` �i +HQb2 iQ �#Qmi 9X >Qr2p2`-

7Q` aG: i?2 KQ/2H +�M QMHv #2 mb2/ 7Q` +2Mi2`@HBM2 iQ 7�+2 �M;H2b #2ir22M 35.3�

�M/ 55.0�- �M/ #`2�Fb /QrM 7Q` i?2 "2`FQpB+? iBTX q?BH2 i?2 �M;mH�` /2T2M/2M+v

7Q` aG: Bb /2b+`B#2/ #v i?2 KQ/2H- i?2 K�;MBim/2 Q7 Pc,radial Bb mM/2`2biBK�i2/

r?2M Bi Bb �bbmK2/ i?�i +`�+Fb bi�`i �i c/a 4 1X lbBM; c/a +HQb2` iQ 1.4 b22Kb

KQ`2 �TT`QT`B�i2 iQ /2i2`KBM2 i?2 K�;MBim/2 Q7 Pc,radialX

Ç Ai Bb +`BiB+�H iQ FMQr i?2 +`�+F KQ`T?QHQ;v iQ K2�bm`2 i?2 7`�+im`2 iQm;?M2bb Kc

�/2[m�i2HvX aG: b22Kb iQ +`�+F K2/B�M@HBF2- r?2`2�b 6a b22Kb iQ ?�p2 S�HK[pBbi@

HBF2 +`�+FBM; +?�`�+i2`BbiB+bX liBHBxBM; i?2Q`2iB+�H `2H�iBQMb 7Q` i?2 +Q``2+i +`�+F

KQ`T?QHQ;v- i?2 `2H�iBQMb +�M #2 mb2/ iQ 2biBK�i2 i?2 7`�+im`2 iQm;?M2bb- 2p2M

7Q` c

a
< 2.5X _2H�iBQMb 7Q` i?2 K2/B�M +`�+F bvbi2K /2p2HQT2/ #v C�M; �M/ S?�``

(j9) 2biBK�i2 Kc 7Q` aG: [mBi2 �++m`�i2HvX _2H�iBQMb #�b2/ QM LBB?�`�Ƕb rQ`F

/2p2HQT2/ BM i?Bb rQ`F Qp2`2biBK�i2 Kc bB;MB}+�MiHv- #mi T`2b2Mi � ;QQ/ bi�`iBM;

TQBMi iQ KBiB;�i2 i?2 bi`QM; /2pB�iBQM rBi? c/a 7Q` 6a (d9)X

N9



Ç 6`QK bm#bm`7�+2 BMp2biB;�iBQM Bi Bb +QM+Hm/2/ i?�i 2/;2 +`�+Fb /Q MQi 2ti2M/ p2`v

7�` BMiQ i?2 K�i2`B�H- #mi K�v BM~m2M+2 i?2 BMBiB�iBQM Q7 `�/B�H +`�+FbX 6m`i?2`KQ`2-

`�/B�H +`�+Fb �`2 QMHv pBbB#H2 BM i?2 bm#bm`7�+2- r?2M i?2v +�M �HbQ #2 Q#b2`p2/ QM

i?2 bm`7�+2X h?Bb Bb �M BKTQ`i�Mi Q#b2`p�iBQM- #2+�mb2 i?Bb �HHQrb QM2 iQ +QM/m+i

i?2 bBKTH2` bm`7�+2 BMp2biB;�iBQMX G�biHv- `�/B�H +`�+Fb �TT2�` iQ i2`KBM�i2 �i

r?�i +�M #2 �bbmK2/ iQ #2 i?2 2H�biB+@TH�biB+ #QmM/�`v- r?B+? Bb �i KQbi �b #B;

�b i?2 BM/2Mi�iBQMX >Qr2p2`- �b HQ�/ BM+`2�b2b i?2 bBx2 Q7 TH�biB+ xQM2 `2H�iBp2 iQ

i?2 ?�`/M2bb BKT`2bbBQM /2+`2�b2bX

N8
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(R) CX >X G22- uX 6X :�Q- EX 1X CQ?�MMb- �M/ :X JX S?�``X ǳ*Q?2bBp2 BMi2`7�+2

bBKmH�iBQMb Q7 BM/2Mi�iBQM +`�+FBM; �b � 7`�+im`2 iQm;?M2bb K2�bm`2K2Mi K2i?Q/

7Q` #`BiiH2 K�i2`B�HbǴX �+i� J�i2`B�HB� eyXR8 UkyRkV- TTX 8993Ĝ89edX

(k) "X _X G�rM �M/ �X :X 1p�MbX ǳ� KQ/2H 7Q` +`�+F BMBiB�iBQM BM 2H�biB+fTH�biB+

BM/2Mi�iBQM }2H/bǴX CQm`M�H Q7 J�i2`B�Hb a+B2M+2 RkXRR URNddV- TTX kRN8ĜkRNNX

(j) JB+`Q ai�` h2+?MQHQ;B2bX L�LP AL.1Lh1_aX JB+`Q ai�` h2+?MQHQ;B2b- kyyNX

(9) CX CX E�M;- �X �X "2+F2`- �M/ qX amMX ǳ.2i2`KBMBM; 2H�biB+ĜTH�biB+ T`QT2`iB2b

7`QK BM/2Mi�iBQM /�i� Q#i�BM2/ 7`QK }MBi2 2H2K2Mi bBKmH�iBQMb �M/ 2tT2`BK2Mi�H

`2bmHibǴX AMi2`M�iBQM�H CQm`M�H Q7 J2+?�MB+�H a+B2M+2b ekXR UkyRkV- TTX j9Ĝ9eX

(8) CX 1X a?2H#vX AMi`Q/m+iBQM iQ :H�bb a+B2M+2 �M/ h2+?MQHQ;vX kM/ 2/X h?2 _Qv�H

aQ+B2iv Q7 *?2KBbi`v- kyyeX

(e) �X �`Q`�- .X "X J�`b?�HH- "X _X G�rM- �M/ JX oX ar�BMX ǳAM/2Mi�iBQM /27Q`K�@

iBQMf7`�+im`2 Q7 MQ`K�H �M/ �MQK�HQmb ;H�bb2bǴX CQm`M�H Q7 LQM@*`vbi�HHBM2 aQHB/b

jRXj URNdNV- TTX 9R8Ĝ9k3X

(d) aX uQb?B/�X ǳAM/2Mi�iBQM /27Q`K�iBQM �M/ +`�+FBM; BM QtB/2 ;H�bb ĜiQr�`/ mM@

/2`bi�M/BM; Q7 +`�+F Mm+H2�iBQMǴX CQm`M�H Q7 LQM@*`vbi�HHBM2 aQHB/b, s R UkyRNV-

TX RyyyyNX

(3) uX E�iQ- >X u�K�x�FB- aX uQb?B/�- �M/ CX J�ibmQF�X ǳ1z2+i Q7 /2MbB}+�iBQM QM

+`�+F BMBiB�iBQM mM/2` oB+F2`b BM/2Mi�iBQM i2biǴX CQm`M�H Q7 LQM@*`vbi�HHBM2 aQHB/b

j8eXj8@je UkyRyV- TTX Rde3ĜRddjX

(N) qX q�M;- wX GB- SX u�Q- CX GB- 6X *?2M- �M/ uX GBmX ǳaBMF@BMfTBH2@mT 7Q`K�iBQM

�M/ +`�+F Mm+H2�iBQM K2+?�MBbKb Q7 ?B;? Tm`Biv 7mb2/ bBHB+� �M/ bQ/�@HBK2 bBHB+�

Ne



;H�bb /m`BM; M�MQBM/2Mi�iBQM 2tT2`BK2MibǴX *2`�KB+b AMi2`M�iBQM�H 9eXR8 UkykyV-

TTX k9eN3Ĝk9dyNX

(Ry) aX uQb?B/�- CX@*X a�M;H2#ƾm7- �M/ hX _Qmt2HX ǳAM/2Mi�iBQM@BM/m+2/ /2MbB}+�iBQM

Q7 bQ/�@HBK2 bBHB+�i2 ;H�bbǴX AMi2`M�iBQM�H CQm`M�H Q7 J�i2`B�Hb _2b2�`+? N3X8

UkyydV- TTX jeyĜje9X

(RR) EX �b�B- aX uQb?B/�- �X u�K�/�- CX J�ibmQF�- �X 1``�T�`i- �M/ *X _X Em`FDB�MX

ǳJB+`Q@S?QiQ2H�biB+ 1p�Hm�iBQM Q7 AM/2Mi�iBQM@AM/m+2/ ai`2bb BM :H�bbǴX J�i2`B�Hb

h`�Mb�+iBQMb eyX3 UkyRNV- TTX R9kjĜR9kdX

(Rk) aX uQb?B/�- aX Ar�i�- hX am;�r�`�- uX JBm`�- CX J�ibmQF�- �X 1``�T�`i- �M/

*X _X Em`FDB�MX ǳ1H�biB+ �M/ `2bB/m�H bi`2bb2b �`QmM/ #�HH BM/2Mi�iBQMb QM ;H�bb2b

mbBM; � KB+`Q@T?QiQ2H�biB+ i2+?MB[m2ǴX CQm`M�H Q7 LQM@*`vbi�HHBM2 aQHB/b j83Xk9

UkyRkV- TTX j9e8Ĝj9dkX

(Rj) >X Ab?BF�r� �M/ LX a?BMF�BX ǳ*`BiB+�H GQ�/ 7Q` J2/B�M *`�+F AMBiB�iBQM BM oB+F2`b

AM/2Mi�iBQM Q7 :H�bb2bǴX CQm`M�H Q7 i?2 �K2`B+�M *2`�KB+ aQ+B2iv e8X3 URN3kV-

TTX *@Rk9Ĝ*@RkdX

(R9) _X 6X *QQFX ǳ6`�+im`2 b2[m2M+2b /m`BM; 2H�biB+ĜTH�biB+ BM/2Mi�iBQM Q7 #`BiiH2

K�i2`B�HbǴX CQm`M�H Q7 J�i2`B�Hb _2b2�`+? j9XRy UkyRNV- TTX RejjĜRe99X

(R8) aX uQb?B/�- JX E�iQ- �X uQFQi�- aX a�b�FB- �X u�K�/�- CX J�ibmQF�- LX aQ;�-

�M/ *X _X Em`FDB�MX ǳ.B`2+i Q#b2`p�iBQM Q7 BM/2Mi�iBQM /27Q`K�iBQM �M/ +`�+FBM;

Q7 bBHB+�i2 ;H�bb2bǴX CQm`M�H Q7 J�i2`B�Hb _2b2�`+? jyXR8 UkyR8V- TTX kkNRĜkkNNX

(Re) aX uQb?B/�- EX q�/�- hX 6mDBKm`�- �X u�K�/�- JX E�iQ- CX J�ibmQF�- �M/ LX

aQ;�X ǳ1p�Hm�iBQM Q7 aBMFBM;@AM �M/ *`�+FBM; "2?�pBQ` Q7 aQ/�@GBK2 :H�bb mM/2`

o�`vBM; �M;H2 Q7 h`B;QM�H Sv`�KB/ AM/2Mi2`ǴX 6`QMiB2`b BM J�i2`B�Hb j UkyReV-

TTX 9R8ĜNX

Nd



(Rd) �X SX "m�M;- _X GBm- sX CX qm- �M/ JX sX u�QX ǳ*`�+FBM; �M�HvbBb Q7 >oP6

+Q�iBM;b mM/2` oB+F2`b BM/2Mi�iBQMǴX CQm`M�H Q7 *Q�iBM;b h2+?MQHQ;v �M/ _2b2�`+?

8X9 Ukyy3V- TTX 8RjĜ8j9X

(R3) 6X GQ7�D �M/ .X LûK2i?X ǳJmHiBTH2 +Q?2bBp2 +`�+FBM; /m`BM; M�MQBM/2Mi�iBQM BM

� ?�`/ q@* +Q�iBM;fbi22H bm#bi`�i2 bvbi2K #v 61JǴX CQm`M�H Q7 i?2 1m`QT2�M

*2`�KB+ aQ+B2iv jdXR9 UkyRdV- TTX 9jdNĜ9j33X

(RN) SX u�Q- qX q�M;- *X wX >m�M;- CX q�M;- >X hX w?m- �M/ hX Em`Bv�;�r�X ǳAM@

/2Mi�iBQM *`�+F AMBiB�iBQM �M/ .m+iBH2 iQ "`BiiH2 h`�MbBiBQM "2?�pBQ` Q7 6mb2/

aBHB+�ǴX �/p�M+2/ J�i2`B�Hb _2b2�`+? dNd UkyRjV- TTX eedĜedkX

(ky) CX *?2MX ǳAM/2Mi�iBQM@#�b2/ K2i?Q/b iQ �bb2bb 7`�+im`2 iQm;?M2bb 7Q` i?BM +Q�i@

BM;bǴX CQm`M�H Q7 S?vbB+b ., �TTHB2/ S?vbB+b 98Xky UkyRkV- TTX kyjyyRĜR8X

(kR) "X �X JQmM/ �M/ :X JX S?�``X ǳL�MQBM/2Mi�iBQM Q7 6mb2/ Zm�`ix �i GQ�/b L2�`

i?2 *`�+FBM; h?`2b?QH/ǴX 1tTX J2+?X RyXe UkyRNV- TTX Ry9NĜR9X

(kk) "X _X G�rM �M/ .X "X J�`b?�HHX ǳ>�`/M2bb- hQm;?M2bb- �M/ "`BiiH2M2bb, �M

AM/2Mi�iBQM �M�HvbBbǴX CQm`M�H Q7 i?2 �K2`B+�M *2`�KB+ aQ+B2iv ekXd@3 URNdNV-

TTX j9dĜj8yX

(kj) CX hX >�;�MX ǳJB+`QK2+?�MB+b Q7 +`�+F Mm+H2�iBQM /m`BM; BM/2Mi�iBQMbǴX CQm`M�H

Q7 J�i2`B�Hb a+B2M+2 R9XRk URNdNV- TTX kNd8ĜkN3yX

(k9) .X aX >�`/BM;X ǳ*`�+FBM; BM "`BiiH2 J�i2`B�Hb .m`BM; GQr@GQ�/ AM/2Mi�iBQM �M/

Bib _2H�iBQM iQ 6`�+im`2 hQm;?M2bbǴX _B+2 lMBp2`bBiv- >QmbiQM- hs URNN8VX

(k8) �X LX ai`Q?X ǳ� h?2Q`v Q7 i?2 6`�+im`2 Q7 J2i�HbǴX �/p�M+2b BM S?vbB+b eXk9

URN8dV- TTX 9R3Ĝ9e8X

(ke) qX *X PHBp2` �M/ :X JX S?�``X ǳ�M BKT`Qp2/ i2+?MB[m2 7Q` /2i2`KBMBM; ?�`/M2bb

�M/ 2H�biB+ KQ/mHmb mbBM; HQ�/ �M/ /BbTH�+2K2Mi b2MbBM; BM/2Mi�iBQM 2tT2`BK2MibǴX

CQm`M�H Q7 J�i2`B�Hb _2b2�`+? dXe URNNkV- TTX R8e9ĜR83jX
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(kd) "X _X G�rM- �X :X 1p�Mb- �M/ .X "X J�`b?�HHX ǳ1H�biB+fSH�biB+ AM/2Mi�iBQM

.�K�;2 BM *2`�KB+b, h?2 J2/B�Mf_�/B�H *`�+F avbi2KǴX CQm`M�H Q7 �K2`B+�M

*2`�KB+ aQ+B2iv ejXN@Ry URN3yV- TTX 8d9Ĝ83RX

(k3) SX a2HH�TT�M- hX _Qmt2H- 6X *2H�`B2- 1X "2+F2`- SX >QmBxQi- �M/ _X *QM`�/iX

ǳ*QKTQbBiBQM /2T2M/2M+2 Q7 BM/2Mi�iBQM /27Q`K�iBQM �M/ BM/2Mi�iBQM +`�+FBM; BM

;H�bbǴX �+i� J�i2`B�HB� eRXRe UkyRjV- TTX 8N9NĜ8Ne8X

(kN) aX aX *?B�M;- .X "X J�`b?�HH- �M/ �X :X 1p�MbX ǳh?2 `2bTQMb2 Q7 bQHB/b iQ

2H�biB+fTH�biB+ BM/2Mi�iBQMX AAX 6`�+im`2 BMBiB�iBQMǴX CQm`M�H Q7 �TTHB2/ S?vbB+b

8jXR URN3kV- TTX jRkĜjRdX

(jy) CX SX :mBM- hX _Qmt2H- CX@*X a�M;H2#ƾm7- AX J2Hb+Qďi- �M/ CX Gm+�bX ǳ>�`/M2bb-

hQm;?M2bb- �M/ a+`�i+?�#BHBiv Q7 :2`K�MBmKĜa2H2MBmK *?�H+Q;2MB/2 :H�bb2bǴX

CQm`M�H Q7 i?2 �K2`B+�M *2`�KB+ aQ+B2iv 38Xe UkyykV- TTX R898ĜR88kX

(jR) hX _Qmt2H �M/ aX uQb?B/�X ǳh?2 7`�+im`2 iQm;?M2bb Q7 BMQ`;�MB+ ;H�bb2bǴX CQm`M�H

Q7 i?2 �K2`B+�M *2`�KB+ aQ+B2iv RyyXRy UkyRdV- TTX 9jd9Ĝ9jNeX

(jk) :X a+�MM2HH- .X G�BHH2- 6X *2H�`B2- GX >m�M;- �M/ hX _Qmt2HX ǳAMi2`�+iBQM #2ir22M

.27Q`K�iBQM �M/ *`�+F AMBiB�iBQM mM/2` oB+F2`b AM/2Mi�iBQM BM L�kPĜhBPkĜaBPk

:H�bb2bǴX 6`QMiB2`b BM J�i2`B�Hb 9 UkyRdV- TTX Rd8ĜRyX

(jj) hX JX :`QbbX ǳ.27Q`K�iBQM �M/ +`�+FBM; #2?�pBQ` Q7 ;H�bb2b BM/2Mi2/ rBi? /B�@

KQM/ iBTb Q7 p�`BQmb b?�`TM2bbǴX CQm`M�H Q7 LQM@*`vbi�HHBM2 aQHB/b j83Xk9 UkyRkV-

TTX j998Ĝj98kX

(j9) CX@BX C�M; �M/ :X JX S?�``X ǳAM~m2M+2 Q7 BM/2Mi2` �M;H2 QM +`�+FBM; BM aB �M/ :2

/m`BM; M�MQBM/2Mi�iBQMǴX �+i� J�i2`B�HB� 8eXRe Ukyy3V- TTX 9983Ĝ99eNX

(j8) .X "X J�`b?�HH- _X 6X *QQF- LX SX S�/im`2- JX GX Pv2M- �X S�D�`2b- CX 1X "`�/#v-

AX 1X _2BK�MBb- _X h�M/QM- hX 6X S�;2- :X JX S?�``- �M/ "X _X G�rMX ǳh?2

*QKT2HHBM; *�b2 7Q` AM/2Mi�iBQM �b � 6mM+iBQM�H 1tTHQ`�iQ`v �M/ *?�`�+i2`Bx�iBQM

hQQHǴX CQm`M�H Q7 i?2 �K2`B+�M *2`�KB+ aQ+B2iv N3XN UkyR8V- TTX kedRĜke3yX

NN



(je) :X _X �MbiBb- SX *?�MiBFmH- "X _X G�rM- �M/ .X "X J�`b?�HHX ǳ� *`BiB+�H 1p�Hm�iBQM

Q7 AM/2Mi�iBQM h2+?MB[m2b 7Q` J2�bm`BM; 6`�+im`2 hQm;?M2bb, A- .B`2+i *`�+F

J2�bm`2K2MibǴX CQm`M�H Q7 �K2`B+�M *2`�KB+ aQ+B2iv e9XN URN3RV- TTX 8jjĜ8j3X

(jd) CX :QM;- uX *?2M- �M/ *X GBX ǳai�iBbiB+�H �M�HvbBb Q7 7`�+im`2 iQm;?M2bb Q7 bQ/�@

HBK2 ;H�bb /2i2`KBM2/ #v BM/2Mi�iBQMǴX CQm`M�H Q7 LQM@*`vbi�HHBM2 aQHB/b kdNXk@j

UkyyRV- TTX kRNĜkkjX

(j3) aX "`mMb- GX S2i?Q- *X JBMM2`i- CX JB+?H2`- �M/ EX .m`biX ǳ6`�+im`2 iQm;?M2bb

/2i2`KBM�iBQM Q7 7mb2/ bBHB+� #v +m#2 +Q`M2` BM/2Mi�iBQM +`�+FBM; �M/ TBHH�`

bTHBiiBM;ǴX CJ�.1 R3e UkykyV- TX Ry3jRRX

(jN) aX S�HK[pBbiX ǳ_Bbb#BH/mM;b�`#2Bi #2B oB+F2`b@1BM/`Ƀ+F2M �Hb J�Ľ 7Ƀ` /B2 w ?B;F2Bi

pQM >�`iK2i�HH2MǴX �`+?Bp 7Ƀ` /�b 1Bb2M?Ƀii2Mr2b2M N URNekV- TTX ekNĜej9X

(9y) _X 6X *QQF �M/ :X JX S?�``X ǳ.B`2+i P#b2`p�iBQM �M/ �M�HvbBb Q7 AM/2Mi�iBQM

*`�+FBM; BM :H�bb2b �M/ *2`�KB+bǴX CQm`M�H Q7 i?2 �K2`B+�M *2`�KB+ aQ+B2iv

djX9 URNNyV- TTX d3dĜ3RdX

(9R) JX E�M;- qX GB- �X 6X hX G2QM;- JX :m�M- EX 62xx��- CX hX >�``Bb- EX hX _�K2b?-

�M/ hX *X >m7M�;2HX ǳ*`�+F Mm+H2�iBQM �M/ ;`Qri? /m`BM; /vM�KB+ BM/2Mi�iBQM Q7

+?2KB+�HHv@bi`2M;i?2M2/ ;H�bbǴX 1ti`2K2 J2+?�MB+b G2ii2`b j3 UkykyV- TX Ryyd89X

(9k) EX LBB?�`�- _X JQ`2M�- �M/ .X SX >X >�bb2HK�MX ǳ1p�Hm�iBQM Q7 KIc Q7 #`BiiH2

bQHB/b #v i?2 BM/2Mi�iBQM K2i?Q/ rBi? HQr +`�+F@iQ@BM/2Mi `�iBQbǴX CQm`M�H Q7

J�i2`B�Hb a+B2M+2 G2ii2`b RXR URN3kV- TTX RjĜReX

(9j) JX a�F�B �M/ _X *X "`�/iX ǳ6`�+im`2 iQm;?M2bb i2biBM; Q7 #`BiiH2 K�i2`B�HbǴX

AMi2`M�iBQM�H J�i2`B�Hb _2pB2rb j3 URNNjV- TTX 8jĜd3X

(99) EX 1X CQ?�MMb- CX >X G22- uX 6X :�Q- �M/ :X JX S?�``X ǳ�M 2p�Hm�iBQM Q7 i?2

�/p�Mi�;2b �M/ HBKBi�iBQMb BM bBKmH�iBM; BM/2Mi�iBQM +`�+FBM; rBi? +Q?2bBp2 xQM2

}MBi2 2H2K2MibǴX JQ/2HHBM; �M/ aBKmH�iBQM BM J�i2`B�Hb a+B2M+2 �M/ 1M;BM22`BM;

kkXR UkyR9V- TTX yR8yRRĜkkX

Ryy



(98) :X JX S?�``- .X aX >�`/BM;- �M/ qX *X PHBp2`X ǳJ2�bm`2K2Mi Q7 6`�+im`2

hQm;?M2bb BM h?BM 6BHKb �M/ aK�HH oQHmK2b lbBM; L�MQBM/2Mi�iBQM J2i?Q/bǴX

J2+?�MB+�H S`QT2`iB2b �M/ .27Q`K�iBQM "2?�pBQ` Q7 J�i2`B�Hb >�pBM; lHi`�@6BM2

JB+`Qbi`m+im`2bX .Q`/`2+?i, aT`BM;2` L2i?2`H�M/b- RNNj- TTX 99NĜ9eRX

(9e) .X CX JQ``Bb �M/ _X 6X *QQFX ǳAM aBim *m#2@*Q`M2` AM/2Mi�iBQM Q7 aQ/�@GBK2

:H�bb �M/ 6mb2/ aBHB+�ǴX CQm`M�H Q7 i?2 �K2`B+�M *2`�KB+ aQ+B2iv 3d Ukyy9V-

TTX R9N9ĜR8yRX

(9d) .X CX JQ``Bb- �X JX oQ/MB+F- �M/ _X 6X *QQFX ǳ_�/B�H 6`�+im`2 .m`BM; AM/2Mi�iBQM

#v �+mi2 S`Q#2b, AA- 1tT2`BK2Mi�H P#b2`p�iBQMb Q7 *m#2@+Q`M2` �M/ oB+F2`b

AM/2Mi�iBQMǴX AMi2`M�iBQM�H CQm`M�H Q7 6`�+im`2 Rje Ukyy8V- TTX ke8Ĝk39X

(93) hX qX a+?�`7- >X .2M;- �M/ CX �X "�`M�`/X ǳJ2+?�MB+�H �M/ 7`�+im`2 iQm;?M2bb

bim/B2b Q7 �KQ`T?Qmb aB*ĜL ?�`/ +Q�iBM;b mbBM; M�MQBM/2Mi�iBQMǴX CQm`M�H Q7

o�+mmK a+B2M+2 � h2+?MQHQ;v �, o�+mmK- am`7�+2b- �M/ 6BHKb R8Xj URNN3V-

TX NejX

(9N) hX a+?QHx- :X �X a+?M2B/2`- CX JmƢQx@a�H/�Ƣ�- �M/ JX oX ar�BMX ǳ6`�+im`2

iQm;?M2bb 7`QK bm#KB+`QM /2`Bp2/ BM/2Mi�iBQM +`�+FbǴX �TTHB2/ S?vbB+b G2ii2`b

39XRe Ukyy9V- TTX jy88Ĝjy8dX

(8y) aX "`mMb- EX 1X CQ?�MMb- >X lX _X _2?K�M- :X JX S?�``- �M/ EX .m`biX ǳ*QMbiB@

imiBp2 KQ/2HBM; Q7 BM/2Mi�iBQM +`�+FBM; BM 7mb2/ bBHB+�ǴX CQm`M�H Q7 i?2 �K2`B+�M

*2`�KB+ aQ+B2iv RyyX8 UkyRdV- TTX RNk3ĜRN9yX

(8R) _X .X .mFBMQ �M/ JX oX ar�BMX ǳ*QKT�`�iBp2 J2�bm`2K2Mi Q7 AM/2Mi�iBQM 6`�+@

im`2 hQm;?M2bb rBi? "2`FQpB+? �M/ oB+F2`b AM/2Mi2`bǴX CQm`M�H Q7 i?2 �K2`B+�M

*2`�KB+ aQ+B2iv d8XRk URNNkV- TTX jkNNĜjjy9X

(8k) JX hX G�m;B2`X ǳL2r 7Q`KmH� 7Q` BM/2Mi�iBQM iQm;?M2bb BM +2`�KB+bǴX CQm`M�H Q7

J�i2`B�Hb a+B2M+2 G2ii2`b e URN3dV- TTX j88Ĝj8eX
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(8j) .X EX a?2iiv- AX :X q`B;?i- SX LX JBM+2`- �M/ �X >X *H�m2`X ǳAM/2Mi�iBQM 7`�+im`2

Q7 q*@*Q +2`K2ibǴX CQm`M�H Q7 J�i2`B�Hb a+B2M+2 kyX8 URN38V- TTX R3djĜR33kX

(89) hX Gm#2X ǳAM/2Mi�iBQM +`�+F T`Q}H2b BM bBHB+QM MBi`B/2ǴX CQm`M�H Q7 1m`QT2�M

*2`�KB+ aQ+B2iv kR UkyyRV- TTX kRRĜkR3X

(88) 19j3 aT2+B}+�iBQM 7Q` :H�bb2b BM G�#Q`�iQ`v �TT�`�imbX �ahJ AMi2`M�iBQM�HX

q2bi *QMb?Q?Q+F2M- S�- kyRRX

(8e) *Rjkd ai�M/�`/ h2bi J2i?Q/ 7Q` oB+F2`b AM/2Mi�iBQM >�`/M2bb Q7 �/p�M+2/

*2`�KB+bX �ahJ AMi2`M�iBQM�HX q2bi *QMb?Q?Q+F2M- S�- kyRNX

(8d) 1j39 JB+`QBM/2Mi�iBQM >�`/M2bb Q7 J�i2`B�HbX �ahJ AMi2`M�iBQM�HX q2bi *QM@

b?Q?Q+F2M- S�- kykRX

(83) aX G�i?�#�B- CX _ƺ/2H- hX .�##b- �M/ "X _X G�rMX ǳ6`�+im`2 K2+?�MB+b KQ/2H

7Q` bm#i?`2b?QH/ BM/2Mi�iBQM ~�rbǴX CQm`M�H Q7 J�i2`B�Hb a+B2M+2 keX3 URNNRV-

TTX kR8dĜkRe3X

(8N) *X GB- CX .BM;- GX w?�M;- *X qm- GX amM- ZX GBM- uX GBm- �M/ wX CB�M;X ǳ.2MbB}+�@

iBQM 2z2+ib QM i?2 7`�+im`2 BM 7mb2/ bBHB+� mM/2` oB+F2`b BM/2Mi�iBQMǴX *2`�KB+b

AMi2`M�iBQM�H 93Xd UkykkV- TTX NjjyĜNj9RX

(ey) "X �X JQmM/X ǳ*`�+FBM; BM 6mb2/ Zm�`ix .m`BM; L�MQBM/2Mi�iBQMǴX S?. i?2bBbX

kyRdX

(eR) LX *m�/`�/Q- CX a2m#�- .X *�b2HH�b- JX �M;H�/�- �M/ 1X CBKûM2x@SB[mûX ǳ:2QK2i`v

Q7 M�MQBM/2Mi�iBQM +m#2@+Q`M2` +`�+Fb Q#b2`p2/ #v 6A" iQKQ;`�T?v, AKTHB+�iBQM

7Q` 7`�+im`2 `2bBbi�M+2 2biBK�iBQMǴX CQm`M�H Q7 i?2 1m`QT2�M *2`�KB+ aQ+B2iv j8XRy

UkyR8V- TTX kN9NĜkN88X

(ek) >X a�r�b�iQ- aX uQb?B/�- hX am;�r�`�- uX JBm`�- �M/ CX J�ibmQF�X ǳ_2H�t�iBQM

#2?�pBQ`b Q7 oB+F2`b BM/2Mi�iBQMb BM bQ/�@HBK2 ;H�bbǴX CQm`M�H Q7 i?2 *2`�KB+

aQ+B2iv Q7 C�T�M RReXRj8e Ukyy3V- TTX 3e9Ĝ3e3X

Ryk



(ej) aX uQb?B/�- >X a�r�b�iQ- hX am;�r�`�- uX JBm`�- �M/ CX J�ibmQF�X ǳ1z2+ib

Q7 BM/2Mi2` ;2QK2i`v QM BM/2Mi�iBQM@BM/m+2/ /2MbB}+�iBQM Q7 bQ/�@HBK2 ;H�bbǴX

CQm`M�H Q7 J�i2`B�Hb _2b2�`+? k8XRR UkyRyV- TTX kkyjĜkkRRX

(e9) aX uQb?B/�- CX@*X a�M;H2#ƾm7- �M/ hX _Qmt2HX ǳZm�MiBi�iBp2 2p�Hm�iBQM Q7 BM/2Mi�iBQM@

BM/m+2/ /2MbB}+�iBQM BM ;H�bbǴX CQm`M�H Q7 J�i2`B�Hb _2b2�`+? kyXRk Ukyy8V-

TTX j9y9Ĝj9RkX

(e8) uX E�iQ- >X u�K�x�FB- aX Ai�Fm`�- aX uQb?B/�- �M/ CX J�ibmQF�X ǳGQ�/ /2T2M/2M+2

Q7 /2MbB}+�iBQM BM ;H�bb /m`BM; oB+F2`b BM/2Mi�iBQM i2biǴX CQm`M�H Q7 i?2 *2`�KB+

aQ+B2iv Q7 C�T�M RRNXRj3e UkyRRV- TTX RRyĜRR8X

(ee) uX E�iQ- >X u�K�x�FB- uX Em#Q- aX uQb?B/�- CX J�ibmQF�- �M/ hX �E�AX ǳ1z2+i

Q7 "2P3 +QMi2Mi QM +`�+F BMBiB�iBQM mM/2` oB+F2`b BM/2Mi�iBQM i2biǴX CQm`M�H Q7

*2`�KB+ aQ+B2iv Q7 C�T�M RR3XN UkyRyV- TTX dNkĜdN3X

(ed) uX E�iQ- >X u�K�x�FB- aX uQb?B/�- CX J�ibmQF�- �M/ JX E�Mx�FBX ǳJ2�bm`2K2Mib

Q7 /2MbBiv /Bbi`B#miBQM �`QmM/ oB+F2`b BM/2Mi�iBQM QM +QKK2`+B�H �HmKBMQ#Q`QbBH@

B+�i2 �M/ bQ/�@HBK2 bBHB+�i2 ;H�bb2b #v mbBM; KB+`Q _�K�M bT2+i`Qb+QTvǴX CQm`M�H

Q7 LQM@*`vbi�HHBM2 aQHB/b j83Xk9 UkyRkV- TTX j9djĜj93yX

(e3) uX@:X CmM;- �X S�D�`2b- _X "�M2`D22- �M/ "X _X G�rMX ǳai`2M;i? Q7 bBHB+QM-

b�TT?B`2 �M/ ;H�bb BM i?2 bm#i?`2b?QH/ ~�r `2;BQMǴX �+i� J�i2`B�HB� 8kXRk Ukyy9V-

TTX j98NĜj9eeX

(eN) 6X Pm+?i2`HQMvX ǳai`2bb BMi2MbBiv 7�+iQ`b 7Q` i?2 2tT�MbBQM HQ�/2/ bi�` +`�+FǴX

1M;BM22`BM; 6`�+im`2 J2+?�MB+b 3Xk URNdeV- TTX 99dĜ993X

(dy) CX SX Gm+�b- LX _X JQQ/v- aX GX _Q#BMbQM- CX >�M`Q+F- �M/ _X ZX >r�M;X ǳ.2@

i2`KBMBM; 7`�+im`2 iQm;?M2bb Q7 pBi`2Qmb bBHB+� ;H�bbǴX a+`BTi� J2i�HHm`;B+� 2i

J�i2`B�HB� jkX8 URNN8V- TTX d9jĜd93X
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(dR) CX CX J2+?QHbFv- _X qX _B+2- �M/ aX qX 6`2BK�MX ǳS`2/B+iBQM Q7 6`�+im`2 1M2`;v

�M/ 6H�r aBx2 BM :H�bb2b 7`QK J2�bm`2K2Mib Q7 JB``Q` aBx2ǴX CQm`M�H Q7 i?2

�K2`B+�M *2`�KB+ aQ+B2iv 8dXRy URNd9V- TTX 99yĜ99jX

(dk) aX JX qB2/2`?Q`M- >X CQ?MbQM- �X JX .BM2bb- �M/ �X >X >2m2`X ǳ6`�+im`2 Q7 :H�bb

BM o�+mmKǴX d8i? �MMm�H J22iBM;- h?2 �K2`B+�M *2`�KB+ aQ+B2ivX *BM+BMM�iB-

RNd9- TTX jjeĜj9RX

(dj) >X *X >vmM- 6X _B+F?2v- CX >X G22- JX EBK- �M/ >X G22X ǳ1p�Hm�iBQM Q7 BM/2Mi�iBQM

7`�+im`2 iQm;?M2bb 7Q` #`BiiH2 K�i2`B�Hb #�b2/ QM i?2 +Q?2bBp2 xQM2 }MBi2 2H2K2Mi

K2i?Q/ǴX 1M;BM22`BM; 6`�+im`2 J2+?�MB+b Rj9X* UkyR8V- TTX jy9ĜjReX

(d9) EX LBB?�`�X ǳ� 7`�+im`2 K2+?�MB+b �M�HvbBb Q7 BM/2Mi�iBQM@BM/m+2/ S�HK[pBbi

+`�+F BM +2`�KB+bǴX CQm`M�H Q7 J�i2`B�Hb a+B2M+2 G2ii2`b k URN3jV- TTX kkRĜkkjX

(d8) .X "`Q2FX 1H2K2Mi�`v 2M;BM22`BM; 7`�+im`2 K2+?�MB+bX RN3kX

(de) *X JX S2``QiiX ǳ1H�biB+@TH�biB+ BM/2Mi�iBQM, >�`/M2bb �M/ 7`�+im`2ǴX q2�` 98Xj

URNddV- TTX kNjĜjyNX

(dd) JX oX ar�BM �M/ CX hX >�;�MX ǳAM/2Mi�iBQM TH�biB+Biv �M/ i?2 2MbmBM; 7`�+im`2 Q7

;H�bbǴX CQm`M�H Q7 S?vbB+b ., �TTHB2/ S?vbB+b NXR URNdeV- TTX kkyRĜkkR9X

(d3) CX hX >�;�M �M/ aX o�M /2` wr��;X ǳSH�biB+ T`Q+2bb2b BM � `�M;2 Q7 bQ/�@HBK2@bBHB+�

;H�bb2bǴX CQm`M�H Q7 LQM@*`vbi�HHBM2 aQHB/b e9XR@k URN39V- TTX k9NĜke3X

(dN) .X JX J�`b?X ǳSH�biB+ 6HQr BM :H�bbǴX S`Q+22/BM;b Q7 i?2 _Qv�H aQ+B2iv Q7 GQM/QMX

a2`B2b �- J�i?2K�iB+�H �M/ S?vbB+�H a+B2M+2b kdNXRjd3 URNe9V- TTX 9kyĜ9j8X

(3y) uX@hX *?2M; �M/ *X@JX *?2M;X ǳa+�HBM; `2H�iBQMb?BTb BM +QMB+�H BM/2Mi�iBQM Q7

2H�biB+@T2`72+iHv TH�biB+ bQHB/bǴX AMi2`M�iBQM�H CQm`M�H Q7 aQHB/b �M/ ai`m+im`2b

jeX3 URNNNV- TTX RkjRĜRk9jX
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(3R) aX a?BK- CX C�M;- �M/ :X JX S?�``X ǳ1ti`�+iBQM Q7 ~Qr T`QT2`iB2b Q7 bBM;H2@+`vbi�H

bBHB+QM +�`#B/2 #v M�MQBM/2Mi�iBQM �M/ }MBi2@2H2K2Mi bBKmH�iBQMǴX �+i� J�i2`B�HB�

8e Ukyy3V- TTX j3k9Ĝj3jkX

(3k) �X "QHb?�FQp �M/ :X JX S?�``X ǳAM~m2M+2b Q7 TBH2mT QM i?2 K2�bm`2K2Mi Q7

K2+?�MB+�H T`QT2`iB2b #v HQ�/ �M/ /2Ti? b2MbBM; BM/2Mi�iBQM i2+?MB[m2bǴX CQm`M�H

Q7 J�i2`B�Hb _2b2�`+? RjX9 URNN3V- TTX Ry9NĜRy83X

(3j) aX a?BK- qX *X PHBp2`- �M/ :X JX S?�``X ǳ� +`BiB+�H 2t�KBM�iBQM Q7 i?2 "2`FQpB+?

pbX +QMB+�H BM/2Mi�iBQM #�b2/ QM j. }MBi2 2H2K2Mi +�H+mH�iBQM ǴX J�i2`B�H _2b2�`+?

aQ+B2iv avKTQbBmK S`Q+22/BM;b 39R Ukyy8V- _NX8XRĜ_NX8XeX

(39) 1X :X >2`#2`i- qX *X PHBp2`- �M/ :X JX S?�``X ǳPM i?2 K2�bm`2K2Mi Q7 vB2H/

bi`2M;i? #v bT?2`B+�H BM/2Mi�iBQMǴX S?BHQbQT?B+�H J�;�xBM2 3e UkyyeV- TTX 88kRĜ

88jNX

(38) EX _X :�/2H`�#- 6X �X "QMBHH�- �M/ JX *?B2b�X ǳ.2MbB}+�iBQM KQ/2HBM; Q7 7mb2/

bBHB+� mM/2` M�MQBM/2Mi�iBQMǴX CQm`M�H Q7 LQM@*`vbi�HHBM2 aQHB/b j83Xk UkyRkV-

TTX jNkĜjN3X

(3e) AX JX P;BHpv- *X JX S2``Qii- �M/ CX qX amBi2`X ǳPM i?2 BM/2Mi�iBQM 7`�+im`2 Q7

+2K2Mi2/ +�`#B/2 T�`i Rěam`p2v Q7 QT2`�iBp2 7`�+im`2 KQ/2bǴX q2�` 9j URNddV-

TTX kjNĜk8kX

(3d) EX GX CQ?MbQMX *QMi�+i J2+?�MB+bX *�K#`B/;2 lMBp2`bBiv S`2bb- RN38X

(33) aX aX *?B�M;- .X "X J�`b?�HH- �M/ �X :X 1p�MbX ǳh?2 `2bTQMb2 Q7 bQHB/b iQ

2H�biB+fTH�biB+ BM/2Mi�iBQMX AX ai`2bb2b �M/ `2bB/m�H bi`2bb2bǴX CQm`M�H Q7 �TTHB2/

S?vbB+b 8jXR URN3kV- TTX kN3ĜjRRX

(3N) :X 62M;- aX Zm- uX >m�M;- �M/ qX .X LBtX ǳ�M �M�HviB+�H 2tT`2bbBQM 7Q` i?2

bi`2bb }2H/ �`QmM/ �M 2H�biQTH�biB+ BM/2Mi�iBQMf+QMi�+iǴX �+i� J�i2`B�HB� 88XN

UkyydV- TTX kNkNĜkNj3X
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(Ny) EX AX a+?BzK�MMX ǳ.2i2`KBM�iBQM Q7 7`�+im`2 iQm;?M2bb Q7 #mHF K�i2`B�Hb �M/ i?BM

}HKb #v M�MQBM/2Mi�iBQM, +QKT�`BbQM Q7 /Bz2`2Mi KQ/2HbǴX S?BHQbQT?B+�H J�;�xBM2

NRXd@N UkyRRV- TTX RRejĜRRd3X

(NR) GX .BM;- uX sm- _X u�M;- uX u�M;- _X Gm- >X GBm- >X >2- ZX w?2M;- �M/ CX *X

J�m`QX ǳG�i2`�H@Tmb?BM; BM/m+2/ bm`7�+2 HB7i@mT /m`BM; M�MQBM/2Mi�iBQM Q7 bBHB+�i2

;H�bbǴX CQm`M�H Q7 i?2 �K2`B+�M *2`�KB+ aQ+B2iv Ry8X9 UkykkV- TTX kek8ĜkejjX

(Nk) EX C�Mm+?i� �M/ JX JX aK2/bFD�2`X ǳAM/2Mi�iBQM /27Q`K�iBQM BM QtB/2 ;H�bb2b,

Zm�MiB}+�iBQM- bi`m+im`�H +?�M;2b- �M/ `2H�iBQM iQ +`�+FBM;ǴX CQm`M�H Q7 LQM@

*`vbi�HHBM2 aQHB/b, s R UkyRNV- TX RyyyydX

(Nj) hX _Qmt2H- >X CB- oX E2`vpBM- hX >�KKQm/�- �M/ aX uQb?B/�X ǳSQBbbQMǶb _�iBQ

�M/ i?2 :H�bb L2irQ`F hQTQHQ;v @ _2H2p�M+2 iQ >B;? S`2bbm`2 .2MbB}+�iBQM �M/

AM/2Mi�iBQM "2?�pBQ`ǴX �/p�M+2/ J�i2`B�Hb _2b2�`+? jN@9y Ukyy3V- TTX RjdĜR9eX

(N9) hX _Qmt2H- CX AX C�M;- lX _�K�Km`iv- �M/ kykRX ǳAM/2Mi�iBQM Q7 ;H�bb2bǴX S`Q;`2bb

BM J�i2`B�Hb a+B2M+2 RkR UkykRV- TX Ryy3j9X

(N8) hX >�`�MQ?- >X Ab?BF�r�- LX a?BMF�B- �M/ JX JBxm?�b?BX ǳ*`�+F 2pQHmiBQM BM

oB+F2`b BM/2Mi�iBQM 7Q` bQ/�@HBK2@bBHB+� ;H�bbǴX CQm`M�H Q7 J�i2`B�Hb a+B2M+2 RdX8

URN3kV- TTX R9NjĜR8yyX

(Ne) JX .X JB+?2H- 6X *X a2`#2M�- �M/ *X JX G2TB2MbFBX ǳ1z2+i Q7 i2KT2`�im`2 QM

?�`/M2bb �M/ BM/2Mi�iBQM +`�+FBM; Q7 7mb2/ bBHB+�ǴX CQm`M�H Q7 LQM@*`vbi�HHBM2

aQHB/b j8kXj UkyyeV- TTX j88yĜj888X

(Nd) LX *m�/`�/Q- .X *�b2HH�b- JX �M;H�/�- �M/ 1X CBKûM2x@SB[mûX ǳ1p�Hm�iBQM Q7

7`�+im`2 iQm;?M2bb Q7 bK�HH pQHmK2b #v K2�Mb Q7 +m#2@+Q`M2` M�MQBM/2Mi�iBQMǴX

a+`BTi� J�i2`B�HB� eeXN UkyRkV- TTX edyĜedjX

(N3) *X GB- GX w?�M;- GX amM- *X qm- .X .m�M- ZX GBM- CX .BM;- �M/ wX CB�M;X ǳ� }MBi2

2H2K2Mi bim/v QM i?2 2z2+ib Q7 /2MbB}+�iBQM QM 7mb2/ bBHB+� mM/2` BM/2Mi�iBQMǴX

*2`�KB+b AMi2`M�iBQM�H 9eXRd UkykyV- TTX ke3eRĜke3dyX

Rye
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