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-5ß�Ò�Ñ/.AÔ:Ú�Ú�Ô3Ò10�Õ<Ó�Ô3Ò�Ü�Ú�Ñ1Õ�Ó�ÞäÕ<â ß32�Ø�Ñ(Ú>Ô3Ò�Þ%Ñ34�Û�Ï<Ô3Õ�ß�ØÙÔ3Õ�Ñ<Ý#Ñ Ø�054�Ú>ÞIà�Ü�Ö3Ñ34äÔ ØÙßEÓ<Ô�462�ß�Ò�Ï5Ñ1Ò�Ó�Ô×Õ�Ô3Ó

Ö3Ô×ØcÔ×Õ�ÚÐÛ5Ñ�Ü¨Ú>ÔÌÞ�Ü Ó<Ô87�Ô84äß�Û÷Ô3Óáæ:9oÏ�ÔÌÜ�Ö�Ñ34�Ô°ß32@Ú>Ï�Ô Ü;0�Û÷Ô3Ò�Þäß�Ò Ü=<9Ü�Ú�Ô3Ø ÞäÜ Ó�Ô3Õ�ß1Ú>Ô3Ó`ØcÑ�Ö×Ò�ß1à�Ü�Ö�Ñ>4äÔ�Ý5Ú�Ï�Ô
0�Õ�Ó<Ô3Ò;4�<9ÞäÕ�â ØcÞ�Ö3Ò�ß�Ü�Ö3ß�Û�ÞäÖ�Ü=<9Ü¨Ú>Ô3ØrØÙÞäÖ3Ò�ß1à�Ü�Ö�Ñ34�Ô

4,7
æ(9oÏ�Ô¾â�Ô3ß�ØÙÔ×Ú�Ò=<ÀÑ1ÚµÚ>Ï<Ô¾ØÙÞäÖ3Ò�ß1à�Ü�Ö�Ñ34�Ô/ÞäÜµß?.<Ú>Ñ�ÞäÕ�Ô×Ó

2�Ò�ß�Ø Ñ°Ú>Ï<Ò�Ô3ÔNà�Ó�Þ�ØcÔ×Õ�Ü�Þ�ß�Õ5Ñ34AÖ3ß�ØÙÛ50<Ú�Ô3Ò	à�Ú>ß�Øcß�â�Ò>Ñ�Û�Ï*<A@�BC9 D�Ñ1Ú ÑÌÒ�Ô3Ü�ß?4E0<Ú�Þäß�Õ ß>2
1µm

æGF�ÕIHo|�� è �(�
+ ÝáÑÙÖ�0<Ú Ú>Ï�Ò�ß?0�â�Ïjß32/Ü=0�Ö�ÏxÑÙÚ�Ï�Ò�Ô×ÔÌÓ�ÞäØÙÔ3Õ<Ü�Þäß�Õ5Ñ346BC9¾à�Ü�Ö�Ñ1ÕAJsÞ�Ú>ÏwÑ�ÕwÔ×Ó�â�Ô�4�Ô3Õ�â1Ú>Ï�ß32

1008µm
ÞäÜ

Ü�Ï<ß�JsÕáæ�9oÏ�ÔK0�Õ<ÏL<9Ó�Ò�Ñ1Ú>Ô×ÓwÛ5Ñ1Ò�ÚsÞäÜM.N4%Ñ�Ö�O Ñ1Õ�Ó Ú>Ï�Ô Ï*<9Ó�Ò>Ñ1Ú�Ô3ÓjÛ5Ñ�Ò�ÚsÞ�ÜoØcÞ�Ó�Ó54�ÔÐâ�Ò>ÑP<�Ö3ß?4�ß�Ò�Ô×Ó6æRQÐÕ�Ô
Ö�Ñ1ÕvÜ�Ô×ÔÌÚ>Ï�Ô°Ñ�Ö3Ö80�Ø�054äÑ1Ú>Þ�ß�Õwß32 ÛAß�Ò�Ô3Ü×Ý'JsÏ�ÞäÖ�ÏvÑ�Ò�Ô Ø�Ñ�Ò=O�Ô×Ó`ÞäÕS4�Þäâ�Ï�Ú â�Ò>ÑP<�æ:9oÏ�ÔT7�ß?4E0<ØcÔ�2�Ò>Ñ�Ö:Ú>Þäß�Õ
ß32µÚ>Ï�Ô Ï*<9Ó�Ò>Ñ(Ú>Ô3ÓjÛ5Ñ�Ò¨ÚsÞäÜsÑ�Û�Û<Ò�ßPUEÞäØcÑ1Ú>Ô84V<
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æ

WNXZY8[�\�]C^8_�`6acbed�a�f�a�g WhXiY�[�\j]Rk�_'lP]=Y�mn]po�fj];d
d�a�fqa�g WNXiY�[�\�]Gr�_�`Lsut6g

v



� X�����a�]���� a�Xio�	�
5] f�]p\
�T\�XZY8Y�]p\��

F�Õ ß�Ò�Ó<Ô3Ò Ú>ßyÔ�4�ÞäØÙÞäÕ5Ñ1Ú�ÔwÕ�ß�ÞäÜ�Ô1Ý§ÑdØcÔ×Ó�Þ%Ñ�Õ_å54�Ú>Ô×ÒfÏ5Ñ�ÜfÚ>ß .AÔlÑ�Û�ÛN4äÞäÔ×Ó6æ 9oÏ�Ô3ÕáÝ 0�Õ�Ï*<9Ó�Ò>Ñ1Ú�Ô3Ó
Ö3Ô×ØcÔ×Õ�Ú�Ý�Ï*<EÓ<Ò>Ñ1Ú�Þäß�Õ�Û�Ò�ß9Ó50�Ö:Ú>Ü Ñ�Õ�Ó�ÛAß�Ò�ß�Ü�Þ�Ú < Ö3Ñ�ÕS.÷Ô Ó�ÞäÜ¨Ú>ÞäÕ<â?0�ÞäÜ�Ï�Ô3ÓáÝ5Ø�Ñ3O-Þ�Õ�â&0�Ü�Ô ß32µÚ>Ï�Ô Ú>Ï�Ô×ß�Ò=<
2�Ò�ß�Ø �êß	JGÔ3Ò�ÜwÑ�Õ�Ó Ö3ß	J¾ß�Ò;O�Ô×Ò�Ü

5,6
æ F�Õ Ho|�� è �­���6Ý�Ú>Ï�Ôxå�4�Ú>Ô3Ò�Ô3ÓnÓ5Ñ1Ú>ÑYÑ�Ò�ÔxÜ�Ï�ß	JsÕ6Ý JsÏ�Þ�Ö�Ï Ñ�Ò�Ô

ß?.<Ú>Ñ�ÞäÕ<Ô3Ó 2�Ò�ß�Ø\Ú>Ï�ÔjÒ>ÑPJ Ó5Ñ1Ú>Ñ<ÝoÜ�Ô×ÔAHo|�� è �­� + æ -5ß�ÒcÖ×ß�ØÙÛ50<Ú�Ñ(Ú>Þäß�Õ�Ü3Ý�Ò�Ô3Û�Ò�Ô3Ü�Ô3Õ�Ú�Ñ1Ú�ÞV7�ÔS7�ß?4V0�ØÙÔ
Ô�4�Ô3ØÙÔ3Õ�Ú>ÜT@�������ÜcDMJsÞ�Ú>ÏjÑ�ÕwÔ×Ó�â�Ô�4äÔ×Õ�â�Ú>Ï�ß32

64µm
@
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å5Õ�Þ�Ú>ÔNà�Ô�4�Ô3ØÙÔ3Õ�Ú>ÜcDoÑ�Ò�Ô�0�Ü�Ô×Ó6æn9oÏ�Ô������/Ü
Ñ�Ò�Ô�Ô3ØT.AÔ×Ó�Ó�Ô3ÓqÞ�ÕuÑwØcÑ1Ú�Ò�Þ�U`ß32 ÑP7�Ô3Ò�Ñ�â�Ô Ü¨Ú>Þ��áÕ�Ô×Ü�Ü×Ý@Ú>ß`ÑP7�ß�ÞäÓuÛ<Ò�ß?.54�Ô3ØÙÜ°Ñ(Ú°Ú>Ï<Ô .÷ß?0�Õ�Ó5Ñ1Ò=< @�Ü�Ô3Ô
Ho|�� è �­���!DNæ�� Ô×Ü;054�Ú>ÜÌß�ÕuÚ�Ï�Ô ØÙÞäÖ×Ò�ß1à�Ü�Ú>Ò=0�Ö×Ú;0�Ò>Ñ>4R4�Ô87�Ô�4�Ñ1Ò�Ô ß?.EÚ�Ñ�Þ�Õ�Ô3Ó 0<Ü�ÞäÕ<âwÚ>Ï�Ôcå5Õ�Þ�Ú�Ô:à�Ô�4äÔ×ØcÔ×Õ�Ú
ØÙÔ×Ú>Ï<ßEÓ6æ �oÖ×Ö3ß�Ò�Ó�ÞäÕ<â?4V<�Ý�Ô�Ñ�Ö�Ï!�����]Ö×ß�Õ�Ú�Ñ�Þ�Õ�Ü

800 000 " Q -5Ü3æ
� # Ë÷�µ�×�­|ú� è �'|%$÷�f�'& è �E�­|�Ë÷�µ�)(�Ë÷�Ù�­���+*-,/.
0jÑ1Ú>Ô×Ò�Þ%Ñ>4�Û�Ò�ß�ÛAÔ×Ò�Ú�ÞäÔ3Ü 2�ß�Ò6Ú>Ï�Ô/Ô84%Ñ�Ü¨Ú>ÞäÖ@Û5Ñ�Ò�Ú�Ö3Ñ�Õ Ó�ÞäÒ�Ô3Ö:Úc4V<:.AÔ Ú>Ñ3O�Ô×Õ�2�Ò�ß�Ø Ú>Ï�Ô 4äÞ�Ú>Ô×Ò>Ñ1Ú;0�Ò�Ô

1,2,3
æ 9oÏ�Ô

Û÷ß�Ò�Ô×Ü�Ñ�Ò�Ô�Ó�Ô×Ü�Ö3Ò�ÞE.÷Ô3Ó/JsÞ�Ú>Ï Ñ 4äÞäÕ<Ô�Ñ�Ò	à�Ô�4äÑ�Ü�Ú�ÞäÖ�ØcÑ1Ú�Ô3Ò�ÞäÑ345ß32�Õ�Ô×â?4äÞ�â�ÞE.N4äÔ�Ü¨Ú>Þ1�AÕ�Ô×Ü�Ü¾Ú�ßÌÑP7�ß�Þ�Ó ÕL0�ØÙÔ3Ò�Þ�Ö�Ñ34
Û�Ò�ß?.54äÔ×ØcÜ×æ

Û�Ï5Ñ1Ü�Ô
E

[

N
mm2

]

ν[−]0�Õ�Ï*<9Ó�Ò�Ñ1Ú>Ô×ÓwÛ�Ï5Ñ1Ü�Ô
≈
v32547698:8 8 æ 2:8

Ï*<9Ó�Ò>Ñ1Ú�Ô3ÓjÛ�Ï5Ñ�Ü�Ô v�;)<98:8 8 æ 4hv
Û÷ß�Ò�Ô×Ü v 8 æ 8:8

=ha?>@�Z]n^8_�tA�iaB�
f�XC�ED�\�FBD>]=\ f�XZ]G�HDI��a?�j]��=g

-5ß�ÒðÚ�Ï�ÔwÏ*<9Ó�Ò>Ñ(Ú>Ô3Ó]Û�Ï5Ñ�Ü�Ô�Ý Ñ#79Þ�Ü�Ö3ß(à�Û54äÑ�Ü�Ú�ÞäÖfØcß9Ó�Ô84 ß>2KJMLAN
O9P Q
R6à�Ú <9ÛAÔ�Ö3ß�Ø�.�ÞäÕ<Ô3Ó JsÞ�Ú>Ï]Ñ�Õ
ÞäÜ�ß�Ú>Ò�ß�Û�Þ�Ö°Ó5Ñ�ØcÑ�â�Ô Øcß9Ó�Ô84@ÞäÜ Ö�Ï�ß�Ü�Ô3Õ6æ�9oÏ<ÔðÜ�Ú>Ò�Ô3Ü�Ü¨à�Ü¨Ú>Ò�Ñ�ÞäÕ`Ò�Ô�4%Ñ(Ú>Þäß�ÕS2�ß�Ò Ú�Ï�ÔðÓ5Ñ�ØcÑ�â�Ô ÞäÜÐâ�ÞV7�Ô×Õ#.L<
σ = (1−D)C : ε

Ý?JsÏ�Ô3Ò�ÔoÚ>Ï�ÔsÜ�Ö3Ñ34%Ñ1Ò(71Ñ�Ò�ÞäÑ3.54äÔ
D
Ó�Ô3Ü�Ö3Ò�ÞV.AÔ×Ü/Ú>Ï�ÔsÞäÜ�ß�Ú>Ò�ß�Û�Þ�Ö¾Ó5Ñ�ØcÑ�â�ÔsÑ1Õ�Ó

C
Ò�Ô�2�Ô3Ò�Ü

Ú>ß Ú>Ï�ÔoØcÑ1Ú>Ô×Ò�ÞäÑ34�Ú>Ô3Õ<Ü�ß�Ò ß>25Ú>Ï�Ôn0<Õ�Ó5Ñ�ØcÑ�â�Ô×ÓðØ�Ñ1Ú�Ô3Ò�Þ%Ñ34�æS��ÕðÔ87�ß?4E0EÚ>Þäß�Õ�4%ÑPJyÑ�Õ�Ó�ÑÐÓ�Ñ�Ø�Ñ1â�Ô¾Ü=0�Ò=2�Ñ�Ö×Ô
Ñ�Ò�Ô«Þ�Õ�Ú>Ò�ß9Ó50�Ö×Ô3Ó6æu9oÏ�Ô«Ó5Ñ�ØcÑ�â�Ô/Ü;0<Ò=2�Ñ�Ö×Ô

S(ε

UT

)
Ó�ÞäÜ¨Ú>ÞäÕ<â?0�ÞäÜ�Ï�Ô3Ü×Ý	JsÏ�Ô×Ú�Ï�Ô3ÒêÓ5Ñ�ØcÑ�â�Ô/Ó�Ô�7�Ô�4�ß�Û�Üêß�Ò�Õ�ß�Ú�æ

F�Ú Ó�Ô3Û÷Ô3Õ<Ó�Ü ß�ÕfÚ�Ï�Ô ÔWVL0�Þ�7�Ñ>4äÔ3Õ�ÚsÜ¨Ú>Ò>Ñ1ÞäÕ
ε

%T

Ḋ = ∆λ
∂S(ε


%T
)

∂ε

%T Ý

S(ε

%T

) = 1 − exp

[

−

(

ε

%T
− a

α

)β]

− D 6 0
æ @ v D

-5ß�ÒµÚ>Ï�Ô�7EÞ�Ü�Ö×ß1à�Û54äÑ�Ü�Ú�ÞäÖ«Øcß9Ó�Ô84�Ý�Ñ ÛAÔ×Õ5Ñ34�Ú <�2�ß�Ò�Ø�054%Ñ(Ú>Þäß�Õ
P
ÞäÜ@Þ�Õ�Ú>Ò�ß9Ó50�Ö×Ô3Ó6Ý*.�Ñ�Ü�Ô×Óðß�ÕÌÚ>Ï�Ô¾Ü�Ô3Ö×ß�Õ�Ó

4%ÑPJ ß32GÚ�Ï�Ô3Ò�Øcß9ÓN<9Õ5Ñ�ØÙÞäÖ×Ü3æ 9oÏ�ÔÙÜ�Ö3Ñ34%Ñ�Ò 71Ñ�Ò�Þ%Ñ3.54�Ô
η
Ó�Ô×Ü�Ö×Ò�ÞE.÷Ô3Ü Ú>Ï<Ô 79Þ�Ü�Ö3ß�Ü�Þ�Ú <WÑ1Õ�Ó

φ(f)
Ó�Ô3Õ�ß1Ú>Ô3Ü

Ú>ßWÚ>Ï�ÔXJYLAQZR\[W]^P@à�2
0�Õ�Ö×Ú�Þäß�Õáæ F�ÕYß�Ò�Ó�Ô×ÒÙÚ�ß[Ó�Ô×Ü�Ö×Ò�ÞE.÷Ô�Ó�Þ1�AÔ3Ò�Ô3Õ�Ú .÷Ô3Ï�Ñ	79Þ�ß�ÒcÞ�ÕYÖ×ß�ØÙÛ�Ò�Ô×Ü�Ü�Þ�ß�ÕYÑ�Õ�Ó
Ú>Ô×Õ�Ü�Þ�ß�Õ6Ý�Ú�Ï�Ô`_�N^aZbScELAN�deJYNSRSf LAN <9Þ�Ô�4äÓ Ü=0�Ò=2�Ñ1Ö3ÔÀÞäÜoÖ�Ï�ß�Ü�Ô3Õ6æ

P = σ : ε̇

">�
+ 1

η
φ(f)

Ý
φ(f) =

{

0 ; f ≤ 0
1

m+1
fm+1 ; f > 0

Ý
f = αf

Ú>Ò
σ+ ‖

Ó�Ô�7
σ ‖ −

√

2

3
kf

æ

@ 4 D

4
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� ��Ë é Ë��÷�9�µ|����E�­|�Ë÷�
9oÏ<ÔÙÔ?�áÔ×Ö×Ú�ÞV7�ÔÙØcÑ1Ú>Ô×Ò�Þ%Ñ>4µÚ�Ô3Õ�Ü�ß�Ò

C

�� ØcÑ�Û�ÜÐÚ�Ï�Ô�ÑP7�Ô×Ò>Ñ�â�ÔÙß32«Ü�Ú�Ò>Ñ�Þ�Õxß�Õ`Ú>Ï�ÔÙÑP7�Ô×Ò>Ñ�â�Ô�ß32GÜ�Ú�Ò�Ô×Ü�Ü

〈σ〉 := C

��

: 〈ε〉
æ�� Ô3Ò�Ô1Ý

〈•〉
Ó�Ô3Õ�ß1Ú>Ô3Ü Ú>Ï�ÔK7�ß34E0�ØÙÔÀÑ	7�Ô3Ò�Ñ�â�ÔKJsÞ�Ú>Ï<ÞäÕ Ú>Ï�Ô �����oæ�� Þ�Ú�Ï�Ú�Ï�ÔÀå�Õ�Þ�Ú�Ô:à

Ô�4�Ô3ØÙÔ3Õ�ÚêÜ�ß?4V0<Ú>Þ�ß�Õ6Ý­Ú>Ï�ÔGÜ�Ú>Ò�Ô3Ü�Ü/Ñ�Õ�ÓÌÜ¨Ú>Ò�Ñ�ÞäÕ Ö�Ñ�Õ .AÔGÔ871Ñ34E0�Ñ1Ú>Ô×Ó6æ	�h0N.�Ü�ÔBV�0<Ô3Õ�Úc4�<�Ý�Ú>Ï<Ô¾ÔB�AÔ3Ö:Ú>Þ�7�Ô¾Ô84%Ñ�Ü¨Ú>Þ�Ö
ØcÑ1Ú>Ô×Ò�Þ%Ñ>4�Ú>Ô×Õ�Ü�ß�Ò

C


� ÞäÜ�Ö�Ñ34�Ö�054äÑ1Ú>Ô×ÓÀÚ�Ï�Ò�ß30�â�Ï°Ï<ß�Øcß�â�Ô3Õ�Þ�ã�Ñ1Ú�Þäß�ÕáæS� 4�Ô�Ñ�Ü¨Ú�à�ÜGVL05Ñ�Ò�Ô¾Ñ�Û<Û�Ò�ß�Ñ1Ö�Ï°ÞäÜ60�Ü�Ô3Ó

Ú>ß�Ó�Ô:Ú>Ô×Ò�ØÙÞäÕ�ÔÐÚ�Ï�Ô ÔB�AÔ3Ö×Ú�ÞV7�Ô ØcÑ1Ú>Ô×Ò�ÞäÑ34áÛ�Ò�ß�Û÷Ô3Ò�Ú�ÞäÔ×Ü
λ

�� Ñ1Õ�Ó

µ


�

(

2
Ú>Ò
〈ε〉
Ú>Ò
〈σ〉

4〈σ〉 : 〈ε〉

)

=

[

6
Ú�Ò

2〈ε〉 4
Ú>Ò

2〈ε〉
4
Ú�Ò

2〈ε〉 8〈ε〉 : 〈ε〉

]

·

(

λ

��

µ


�

) æ @ 2 D

9oÏ<Ô�ÞäÕ�Ú�Ô3Ò�Þ�ß�Ò§â�Ô×ß�ØcÔ:Ú>Òp<`ß32¾Ú�Ï�ÔcÑ3.Aß	7�Ô3ØÙÔ3Õ�Ú>Þ�ß�Õ�Ô3Ó �S���iÞäÜ Ü�Ú>Ñ1Ú>Þ�Ü�Ú�ÞäÖ�Ñ>4E4V<jÓ�Þ�Ü�Ú>Ò�ÞE.50EÚ>Ô3Óáæ/-5ß�ÒÀÑ
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