
HAL Id: hal-00513575
https://hal.science/hal-00513575

Submitted on 1 Sep 2010

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Fracture of complex metallic alloys: An atomistic study
of model systems

Frohmut Rösch, Hans-Rainer Trebin, Peter Gumbsch

To cite this version:
Frohmut Rösch, Hans-Rainer Trebin, Peter Gumbsch. Fracture of complex metallic alloys: An
atomistic study of model systems. Philosophical Magazine, 2006, 86 (06-08), pp.1015-1020.
�10.1080/14786430500256326�. �hal-00513575�

https://hal.science/hal-00513575
https://hal.archives-ouvertes.fr


For Peer Review
 O

nly
 

 
 

 
 

 
 

Fracture of complex metallic alloys: 

An atomistic study of model systems 
 
 

Journal: Philosophical Magazine & Philosophical Magazine Letters 

Manuscript ID: TPHM-05-May-0182.R2 

Journal Selection: Philosophical Magazine 

Date Submitted by the 
Author: 

24-Jun-2005 

Complete List of Authors: Rösch, Frohmut; Universität Stuttgart, Institut für Theoretische und 
Angewandte Physik 

Trebin, Hans-Rainer; Universität Stuttgart, Institut für Theoretische 
und Angewandte Physik 
Gumbsch, Peter; Fraunhofer, Institut für Werkstoffmechanik 

Keywords: quasicrystals, molecular dynamics, fracture 

Keywords (user supplied): complex metallic alloys 

  
 
 

 

http://mc.manuscriptcentral.com/pm-pml

Philosophical Magazine & Philosophical Magazine Letters



For Peer Review
 O

nly
���������
	������������������������������������� �������"!�#%$
&(' �%�
������#�)���*#�)	,+-!.���/�0�-+1�2�3#4!�#�
�2�0#

5�687:9�;3<
=?>A@7CBEDF9HG:I�JLK1G:I�BNM�>1GPOQI�RS6-TU6ERWV�OXI
Y[Z\�]�^_]�`]�a8b`4cedef4gFhic�gF]�^j\�kEf4g?`ZlnmoZ4pigFq�riZl4]�g�sUfutC\�^_v
w)xoZ^_yigFcE\�^_]zbr{]}|:]�`4]�]�p~r{cN]Fw

s�aQrW��g�ZPq�ri�jlcN^jZ4p��~�Pw
�W�~�i�{�n|:]�`4]�]�p~r{c�]Fw��ogFcN��riZPt

�URz=�RS6���<�;3V
B8DF9
Y�Z�\�]�^_]�`4]�aEb`4c}��`4yigFcE��bri\�\�^_pivig�^j]�yih~Z���ri`4]�g�^j�_g�Z�`�Zl�|:tC\�]�g���g�Z�w

x}Z^jyigFcN\�^_]zbr{]��?r{cE�j\�cN`fgiwC��ri^j\�gFcN\�]�cz�����:w
�{�C���C�1��r{cN�j\�cN`�f4giw4��gFcN��riZPt
�4cEri`Zf4hiaQgFc�Y[Z\�]�^_]�`4]�aEb`4c��/gFc�vC\�]�h{����g�kNf�riZ^_v
w
��bh~f�_gFcE\�]�c����i�{w
�{ C�F�~¡A�4c�g�^_¢)`4c�p4w��ogFcN��riZPt

£:<�I
R3¤C¤�¥�¤:¦C¦4§

¨?©�ªE«N¬F~®�«
¯�°z±³²E´�µu±³¶z·U¸i¹{ºu¶z»o¼½´N¾U¾�¼³»eµu±³¶�¿À¼³°zºu¾U°�ÁÂ´N·�¶S´[Ã�Ä~·�°zÄu¶zÅS¶�¿À¼³°zº�¶�·�²eÄ:²N·ÀÁj°z·�»�²E¸�Áj°z·U¿ÇÆ�°?²�È{¿À·�²N»�²

´E¶z¾À²E¾}°�Á�´�°z»�Ä~±³²�Èn»�²�¿[¶�±³±É¼½´,¶�±³±É°F¹i¾1ÊQË�¯�ÌU¾�Í�Î1ÏÐº�¶Ñ»�°i¸i²E±"ÒWµu¶S¾�¼½´�·�¹i¾Ç¿[¶�±2¿ÀÓ~²,¾�¿À·�µu´�¿�µ~·À²�¼½¾o¸~²�Ô
¿�²N·�»�¼Éº~²8¸ÑÕ{¹�´N±Éµu¾�¿À²E·�¾U°�Á"¶F¿�°z»-¾NÖCÆ×Ó~²E·À²8¶z¾�¿ÀÓ~²�»�°i¸i²N±2ËUØ�Ù?Ú)¶�Ûz²E¾UÄ~Óu¶S¾�²}¼³¾�¶1¾�¼³»�Ä~±³²oÄ:²N·�¼³°{¸~¼³´
¾�¿�¶S´[Ã{¼Éº~Å-°zÁ�¶�µ~º~¼É¿�´�²E±É±QÜ×Ý"Ó~²e¾À¼É»}µ~±½¶F¿À¼³°zºP¾×·À²EÛz²8¶�±4¿�Óu¶F¿%¿�Ó~²�Õu¶S¾�¼½´�Õ~µu¼É±½¸i¼³º~Å?µ~º~¼É¿�¾�°�Á�¿ÀÓu²e¾Ç¿�·ÀµP´�Ô
¿�µ~·�²E¾�¶z±³¾À°-Åz°FÛS²N·�º�¿�Ó~²N¼³·%Áj·[¶z´�¿Àµ~·�²�Õ:²NÓu¶�Û{¼³°zµ~·8Ü"Ì�¿À°z»-¾�¼Éº,¿�Ó~²}Ú)¶�Ûz²E¾%Ä~Óu¶z¾À²�Ä~±½¶�¹�¶-´N°z»�Äu¶z·�¶zÕ~±É²
·�°z±³²U¿À°}¿ÀÓ~²�´�±³µu¾�¿À²E·�¾�¼³º�¿�Ó~²�ÒSµP¶z¾À¼³´N·À¹i¾�¿�¶�±QÜ�Ì%±É¿ÀÓ~°Sµ~ÅzÓ1¿ÀÓ~²�±½¶F¿À¿À²N·×¶z·À²Uº~°�¿×·�¼ÉÅS¼³¸�µ~º~¼É¿�¾EÖ{¿ÀÓ~²E¹?Óu¶�Ûz²
¿�°-ÕP²�·�²NÅW¶�·[¸i²E¸1¶z¾"¾À¼ÉÅSº~¼ßÞ:´N¶�ºW¿×Ä~Ó{¹i¾�¼½´N¶z±4²NºW¿À¼É¿À¼³²E¾EÜ

à áâ�ã
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ê h~��ë)�_g�ìí��gF]�ri�j�î^jkAri�î�_hztC\,r{c�g�^jZP]�gFcN��gF]�ri�j�j^îkÑk�h~��ë�h~`Zl�\1q}^_]�fí�îr{c�pign`Z^_],k�g��j�j\,k�h~ZP]�ri^jZ^jZ4pïaQc�h~�
]�g�Z\o`4ë�]�hA]�f4h~`\�riZ�l\�hia%r{]�h~��\��oðoaQ]�g�Z�w)l^î\�]�^jZk�]e�jh:kFri�2r{c�cNriZ4pig���g�ZP]�\}hia%r{]�h~��\eñ3kF�j`\�]�gFcN\�ñ�kFriZ
¢�geyC^_gFq�g�lAri\�¢�`^î�jl^jZ4p-`Z�^_]�\F�"�Uhi]�f�w:]�fgokF�j`�\�]�gFc�l�^jri��gF]�gFc�riZlÑ]�fgo�jr{]�]�^îk�gok�h~Z\�]�riZu]�^j��ë)�_t��_g�Z4pi]�f
\�kFri�_g�\�q}f^jkNfò\�f4h~`��jl�¢�goc�gFóg�k�]�g�ln^jZòë�fPt:\N^jkFri��ë�c�hië�gFc�]�^_g�\F� ê�ô m}\�aQc�g�õ:`4g�Zu]��jt�k�h~��¢�^îZ4g-^jZu]�gFcNg�\�]�^jZ4p
ëc�hië�gFc�]�^jg�\��j^_vig�f^_p~fö��g��_]�^jZ4p/ë�h~^jZP]FwUf^jp~fö]�g���ë�gFcNr{]�`4c�g�\�]�c�g�Z4pi]�f�w�riZl÷�jhzqøl4g�Z�\�^_]�ti�úùehSqUgFyigFczw
ë�h~\�\�^_¢)�_ger{ëë��î^jkFr{]�^_h~Z\�r{c�gohiaX]�g�Zn�j^î��^_]�g�l�¢:tÑg�ìC]�c�g���g�¢cE^_]�]��_g�Z4g�\�\�r{]��_hzqûhic�ri�1¢�^_g�ZP]�]�g���ë
gFcEr{]�`4c�gi�
d2hÑg�Z�j^jp~fu]�g�Z�]�f4g?c�h~�_g�hia%kF�j`\�]�gFcN\}riZl�ë�gFcN^jh:l^îkF^_]�tÑ^îZ�aQcNrik�]�`4c�giw)qUg1ë
gFcNaXhicN�ø��h~�_g�kF`�jr{c}l4t:Z�ri��^jkF\
\�^j��`�jr{]�^jh~Z\,hia}]ÀqUhíg�ì:]�cNg���g�kFri\�g�\Ñhia ê�ô mo\Fü�moZ÷^jk�h~\Nrif4g�l4cNri��õ:`ri\�^îk�c�t:\�]�ri��riZl÷r ê ���LýÂrzyig�\
ë�fri\�gi�(mo\òqUg/r{c�g�^jZP]�gFc�g�\�]�g�lû^jZþ]�f4gïpig�Z4gFcNri�-õ:`ri�j^_]�r{]�^_yig�aXg�r{]�`c�g�\3hia?]�f4g/\�]�cN`�k�]�`4c�g�\Fw�q�g�`\�g
]�f4c�gFg�ÿ�l�^j��g�Z\�^jh~Zri����hCl4g��
\�tC\�]�g���\�k�h~Z\�^j\�]�^jZ4p�hia�r{¢�h~`4]���yigo��^î�j�j^_h~Z�r{]�h~�Ñ\�riZl3��h:lg���ë�hi]�g�ZP]�^jri�j\
� ý�g�Z�Zr{cNlCÿ��~h~Z4g�\��E�2def^j\�l4g��î^_¢�gFcNr{]�g×kNf4h~^jk�g�^jZ-]�f4g�ë�ri\�]�hiaQ]�g�Z�f4g��jë
g�l�]�h}c�gFyig�ri�PaQ`Z�lri��g�ZP]�ri�~ri\�ë�g�k�]�\
hia�aQcNrik�]�`4c�g � \�gFgAgi� p4�"m}¢cNrifri� � �{�i�~�����E��def4gÑõ:`ri\�^jk�c�tC\�]�ri�UkFriZL¢�g�yC^_gFq�g�líri\�r ê�ô m qe^_]�fíriZ
^jZ	�)Z^_]�g��_t��jr{c�pig�`Z^_]2k�g��j�Ðwi\�`kEf�]�fr{]×Z4h}ë�gFcN^_hCl^jkF^_]Àt�^î\ÂëcNg�\�g�Zu]�riZl,kF�j`\�]�gFcE\2r{c�g�]�f4g���ri^jZ1aXg�r{]�`c�gUhia
]�f4g�\�]�cN`�k�]�`4c�gi��ð�Z�]�f4g�hi]�f4gFc%friZ�l�wi]�f4g ê ����ýÂrzyig�\%ë�f�ri\�g�f�ri\%��
�r{]�h~��\%^jZ�]�f4g�kF`4¢)^jkU`�Z^_]"k�g��j�4riZl
Z4h,kF�j`\�]�gFcE\F�×d�f4g�\�]�cN`k�]�`4cNg}hia�]�fg�ý2r�yig�\�ë�f�ri\�g�\�^j\UlgF]�gFcN��^jZ4g�lA¢:t�ë�gFcN^_hCl^jkF^_]Àt�¢)`4]�ri�jc�g�ril4tÑõ:`^_]�g
k�h~��ë��jg�ì
w�\N`kNf ]�fr{]�k�h~��ë��î^jkFr{]�g�lHl4gFaXhicE��r{]�^_h~ZH��g�kNf�riZ^j\���\,��^jp~fu]�g���gFc�pig � \�gFgngi� p4� ê f�^j\�f4h~�j�
gF]eri�Ð� � �{�i�~�����E�
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d�f4g,]�f4cNgFg�ÿ�l^j��g�Z\N^_h~Zri����h:lg���õ:`ri\�^îk�c�t:\�]�ri��`�\�g�l/^jZïh~`4c?Z:`��gFcN^jkFri��g�ìCë�gFcN^j��g�ZP]�\�fri\�¢�gFg�Z�ëc�h{ÿ
ë�h~\�g�l�¢Pt�ù}g�Z�_gFt�riZl����j\�gFc � �� i¡i����ri\�r3\�]�cN`k�]�`c�g1��hCl4g��2aXhic-^jk�h~\Nrif4g�l4cNri� � mo�ÐwÉ��Z����� ô p� "!W�-YÀ]�^j\
¢�`^î�_]?`4ë aQc�h~� ]�f4gÑëcNh~�jr{]�gAriZlLhi¢��jr{]�gAcNf4h~�1¢
h~fg�l4cNrnhia�]�f4gA]�f4c�gFg�ÿ�l^î��g�Z\�^_h~Z�ri�×s2g�Zc�h~\�gò]�^j�j^jZ4p4�
mo\�q�g�l4hÑZ4hi]ol^j\�]�^îZ4p~`^j\�fA¢�gF]�q�gFg�Z�mo�ÂriZlï��Zn]�t:ë�g�r{]�h~��\Fw
q�g?]�gFcN�ø^j]�\el4g�k�hicNr{]�^jh~Z�^jk�h~\�rifg�l4cNri�
¢�^jZ�r{c�t���hCl4g�� � aQhic�l4gF]�ri^j�î\-\�gFg�gi� p4�$#�bh~\�kNf gF]�ri�Ð� � �{�i�~�����E�3Y�Z�]�fg�`4ë�k�h~��^jZ4p%�p~`4cNg�\�]�f4gÑmo�%riZl
��Zï]�t:ë�g�r{]�h~��\ � m�r{]�h~��\&�or{c�g�l^j\�ë��îr�tig�l�ri\�pic�gFt � h~Z��j^jZ4giü�cNg�l���¢)ri�j�j\Fw
qef4gFc�g�ri\ ô p3]�t:ë�g,r{]�h~�Ñ\
� � r{]�h~�Ñ\���r{cNg1\�f4hSqeZ�^îZ�¢��jrikNv � h~Z�j^jZgiü�¢��j`g'�E��d�f4g�\�fhic�]�g�\�]�l^j\�]�riZk�g�¢
gF]ÀqUgFg�Zï]ÀqUh3m�r{]�h~��\�^j\
l4g�Z4hi]�g�l)(+*Ñqef^jkEfLk�hic�c�g�\�ë
h~Z�l\?]�h�r{¢�h~`4]��:�ß�-,m���Y[Zf4gFc�g�ZP]1^jZL]�f4gA\�]�cN`k�]�`4c�gòr{c�g3�UgFcNp~��riZCÿÇ]�t:ë�g
kF�j`\�]�gFcN\Fw4qef^îkNfnri�j\�h�kFriZ�¢�g-y:^_gFq�g�l�ri\�¢)ri\�^jk�¢�`^î�jl^jZ4p�`Z^_]�\��
mo\-Z4hnc�g��j^îr{¢��_g/.[cNg�ri�j^j\�]�^jk10òg���g�k�]�^_yig�ë�hi]�g�ZP]�^jri�j\-r{c�g�rzyWri^j�îr{¢��_g�aXhic?]�fg�aQcNrik�]�`4cNg�hia ê�ô m}\�w�]�f4g

^jZP]�gFcNrik�]�^_h~Z\1r{c�gA��h:l4g��î�_g�l�¢Pt/\�^î��ë��_g�ýÂg�ZZr{cNlCÿ��~h~Z4g�\-ë�ri^jc?ë�hi]�g�Zu]�^jri�î\ � \�gFgn|:g�k{�U�{w2#1bh~\�kEfLgF]�ri�Ð�
� �{�i�3
4�EwPriZ�l5#�bh~\�kNf,gF]"ri�Ð� � �{�i�~�����E��d�f4g�\�gUë�hi]�g�Zu]�^jri�î\ÂvigFgFë�]�f4g���hCl4g��:\�]�r{¢��_gUgFyig�Z�`Zl4gFc�\�]�c�h~Z4p�l4g�ÿ
aQhicN��r{]�^_h~Z\%hic�^jZP]�c�h:l�`k�]�^_h~Z�hia)ë�h~^jZP]×l4gFaQg�k�]�\�riZl�f�r�yig�¢�gFg�Z�`\�g�l�^jZ,h~`4c%pic�h~`ë�]�hipigF]�f4gFcUq}^_]�f,]�f4g
^jk�h~\�rifg�l4cNri�C¢�^jZ�r{c�t1��hCl4g��C]�h�\N^j�1`��jr{]�g�l^j\��_hCkFr{]�^_h~Z,��hi]�^_h~Z � |CkNfrir{a�gF]�ri�Ç� � �{�i�~�����%riZl�gFyig�ZÑ\�f4hCk�v
q�r�yig�\ � #�hi]�f � �{�i�~�����E�76×gFc�t�\�^j��^î�jr{c�ë�hi]�g�Zu]�^îri�j\efrzyig�\Nf4hzqeZ�]�hò\�]�r{¢�^j�j^98Fg-]�fg1^jk�h~\�rifg�l4cNri�Âr{]�h~�Ñ^jk
\�]�cN`�k�]�`4c�g � #�hi]�f�gF]eri�Ð� � �� i i�����E����tA]�f4g1kNf4h~^jk�g�hia2]�f4g�\�g���hCl4g���ë�hi]�g�Zu]�^jri�î\�riZl���hCl4g���\�]�cN`�k�]�`4c�g�\
q�geõP`�ri�j^_]�r{]�^_yig��_t1ëc�hi¢�g�]�f4g�^jZ4ó)`4g�Zk�g�hia�\�]�cN`k�]�`4cNri�4ri\�ë
g�k�]�\%hia)]�f4g}^jZuyig�\�]�^_p~r{]�g�l�k�h~��ë�h~`Zl�\"qe^_]�fCÿ
h~`4]�¢�g�^jZ4p3\�ë�g�kF^9��k1]�h�r3\�ë�g�kF^jri��v:^jZ�l�hia���r{]�gFcN^jri�Ð� ô hCl4g���ë�hi]�g�Zu]�^îri�j\-r{c�g,hiaX]�g�ZL`\�g�l�^jZïaXcErik�]�`4c�g
\�^j��`�jr{]�^jh~Z\-riZl/frzyigA�_g�l/]�h�`\�gFa `�×^jZ\�^jp~fu]-^jZP]�h�a `Zlri��g�ZP]�ri�×��g�kEfriZ^j\��Ñ\ � \�gFgÑgi� p4��me¢�cNrifri�
� �{�i�~�����E�Ld�fgA��^jZ�^j�1`���hia�]�f4g3ý�g�ZZ�r{cNlCÿ��ih~Zg�\�ë�hi]�g�ZP]�^jri��aQhic,]�f4g3^jZu]�gFcErik�]�^_h~Z\�¢�gF]�q�gFg�Z r{]�h~�Ñ\
hia�l^½��gFc�g�Zu]�vC^jZlï^j\-\�gF]-]�hn]Àqe^jk�g�]�f4g�y{ri�j`4g,hia�]�fr{]-aXhic?r{]�h~�Ñ\-hiaU]�fg�\�ri��g�]�t:ë�gi��ù}hzq�gFyigFc�w�]�f4g
k�h~ZkF�j`�\�^_h~Z\�l4cNrzqeZïaXcNh~� h~`4c?\�^j��`�jr{]�^_h~Z�\ec�g��Ñri^jZ�g�\�\�g�ZP]�^jri�j�_t�`ZrW��g�k�]�g�l/¢Ptï\�gF]�]�^jZ4p�ri�î�2¢)^jZl^jZp
g�Z4gFc�p~^jg�\�g�õP`�ri�Ðw4qef^jkEfnr{p~ri^jZ�^îZl^jkFr{]�g�\�]�fr{]eqUg�r{cNg���ri^jZ�jt�ëc�hi¢�^îZ4p�\�]�cN`k�]�`4cEri��g��
g�k�]�\F�
m aQ`�Zlri��g�ZP]�ri��¢�`^î�jl^jZ4p1`Z^_]�hia�]�f4g�\�^j��`�jr{]�g�lnõ:`ri\�^îk�c�t:\�]�ri�)ñÑ]�f4g?ëc�h~�îr{]�g-cNf4h~�1¢
h~fg�l4c�h~ZAñ

^jZ�rn\��j^jp~fu]��_t�l4gFaXhicE��g�lïq�rztïaQhicN��\�]�fg,kF`¢�^jk ê ���òýÂrzyig�\?ë�fri\�g,m7:F� ¢Pt�ë�gFcN^_hCl^jk�r{cNcNriZ4pig���g�ZP]F�
��`4]�^jZ�]�f�^j\}\�]�cN`k�]�`4c�g,Z4h3kF�j`\�]�gFcE\ehia%]�fg,õ:`ri\�^îk�c�t:\�]�ri�2r{c�g�ëc�g�\�g�Zu]F�-��g�kFri`\�g�hia%]�fg,kF�jh~\�g�\�]�cN`k8ÿ
]�`4cNri�Âc�g��jr{]�^_h~Z�\�f^_ë�hia×]�fg ê ���AýÂrzyig�\}ë)fri\�g�]�hA]�f4g,õP`ri\N^jk�c�tC\�]�ri�Â��hCl4g��Ðw�qUg,`\�g?]�fg�\�ri��g1��hCl4g��
ë�hi]�g�Zu]�^îri�j\F�
ð�`c�\Nri��ë��_g�\�frzyigÑl^j��g�Z�\�^_h~Z\ehia�r{ëë�c�h�ì4^j��r{]�g��_t;
u�{�3( *=< ���{�3( *=< �W�3( * riZl/k�h~ZP]�ri^jZ/r{¢�h~`4]

�yig/��^j�î�j^_h~Z÷r{]�h~��\�� s�gFcN^_hCl^jk�¢
h~`�Zlr{c�t÷k�h~Zl�^_]�^_h~Z\òr{c�g/r{ëë��j^jg�lþ^jZþ]�f4g/l^_cNg�k�]�^_h~Z ë)r{cNri�j�_g��}]�h
]�f4g�k�cNrikNvíaQc�h~ZP]F� d2h \�^j��`�jr{]�gn��hCl4g3Y�aQcNrik�]�`4cNgiw�q�g>�cN\�]�l4gF]�gFcN�Ñ^jZ4gòë
h~\N\�^_¢��_gòkF�_g�r�y{r{pig�ë)�jriZ4g�\F�
mokFk�hicNl^jZ4pL]�hH�ocN^@?�]�f � �� i�C�+�Ak�cNrik�vöëcNhië�r{p~r{]�^_h~Z÷¢�g�k�h~��g�\Aë�h~\�\�^_¢)�_giw%qef4g�Z÷]�f4g�g��jri\�]�^jkng�Z4gFc�pit
^j\,\�`	?AkF^_g�Zu]1]�h/pig�Z4gFcNr{]�gn]ÀqUh Z4gFq aQcNrik�]�`4c�gn\�`4cNaQrik�g�\F� defP`\�w%kF`4]�\,r{],fg�^_p~fu]�\,q}^_]�fí�jhzq \�`4c�a rik�g
g�Z4gFc�p~^jg�\ò\Nf4h~`�jl ¢
gï]�f4g���h~\�]n�j^_vig��jtHkF�jg�r�y{r{pig ë��jriZ4g�\�� Y[Z ]�fg�õ:`ri\�^îk�c�t:\�]�ri�}\�`�kNfû\�`4c�a rik�g�\3r{c�g
\�ë�g�kF^9��kÑ]�q�hiaXh~�îl riZ�lA�yigFaQh~�jlíë��jriZ4g�\ � \�gFg>#1bh~\NkNf gF]�ri�Ð� � �{�i�~�����E�Ldef4gFc�g3r{]�h~��^jkFri�j�_t \Nfr{c�ëH\�gFg�l
k�cNrikNv:\}r{c�g�^jZ\�gFc�]�g�l��%d�f4g-\�ri��ë��_g�\�r{c�g?`�Z^jrWì4^jri�j�_t�\�]�cEri^jZ4g�lnë�gFc�ë�g�Zl^îkF`�jr{c�]�hÑ]�f4g?k�cNrik�vnë)�jriZ4g-`4ë
]�h3]�f4gÑ�ocN^9?Ñ]�fï�jh~rilïriZ�l�]�fg�Z�c�g��jrWìCg�l�]�hnhi¢�]�ri^jZï]�f4g�l^j\�ë��îrik�g���g�Zu]7�g��jl�hia�]�fg,\�]�r{¢��_g,k�cNrik�v�r{]
8FgFc�hA]�g���ë�gFcNr{]�`4c�gi�}|C`¢�\�g�õ:`4g�Zu]��jtiwr�]�g���ë�gFcNr{]�`4cNg�hia×r{¢�h~`4]1�F�CBED?hia×]�fg1��g��_]�^îZ4p�]�g���ë�gFcNr{]�`4c�g�^j\
r{ëë��î^_g�l��2def4ge\�ri��ë)�_g�^j\%a `4c�]�fgFc��_h~ril4g�l�¢:t��j^jZg�r{c%\�kFri�j^jZ4p�hia
]�fg}k�hic�c�g�\�ë
h~Z�l^jZ4p-l^_ë)�jrik�g���g�ZP]F�g��jl
aQhico]�f�^j\e]�g���ë
gFcEr{]�`4c�gi�?d�f4g1c�g�\�ë�h~Z\�g�hia%]�f4g�\�tC\�]�g�� ]�f4g�Z�^j\o��h~Z^_]�hicNg�l�¢:t���h~�jg�kF`�jr{c�l4t:Z�ri��^jkF\
]�g�kNf�Z^jõ:`4g�\F�*d�f4gïcNril^îr{]�^_h~Zúg���^_]�]�g�lú¢Ptþ]�f4gïëc�hië�r{p~r{]�^jZpHk�cErik�vû^j\Al�ri��ë�g�lúrzq�rztþh~`]�\�^jl4g�riZ
g��j�j^jë]�^jkFri��\�]�ril^j`�� ]�h�ëc�gFyig�ZP]�c�gFóg�k�]�^jh~Z\ � \�gFgG#�bh~\�kNf�gF]eri�Ð� � �{�i�~���eriZl���`���¢�\NkNfngF]eri�Ç� � �� i ~�H���E�
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Y[Z,]�f4g���hCl4g��CõP`ri\N^jk�c�tC\�]�ri�CqUg�^îZuyig�\�]�^jp~r{]�g�l�f4hzqþkF�j`\�]�gFcN\×riZ�l,]�f4g�ë��jriZ4g�\�]�cN`�k�]�`4c�g�^jZ4ó)`4g�Zk�g�k�cNrik�v
ëc�hië)r{p~r{]�^_h~Z���m ë�r{ë�gFc?h~Zí]�f^j\?lgF]�ri^j�_g�lL\�]�`l4t/fri\1c�g�k�g�Zu]��jt/¢
gFg�ZLë�`4¢��î^j\�f4g�l � \�gFgN#1bh~\�kEfígF]�ri�Ð�
� �{�i�~�����Ew�qef4gFc�g�¢cN^_]�]��jg�aQcNrik�]�`4c�g,qe^_]�fh~`4]oriZPt�k�cErik�vï]�^_ë�ë��jri\�]�^jkF^j]�t�q�ri\�c�gFë�hic�]�g�l��?d�fg1aQh~�j�_hSqe^jZ4p
c�g�\�`��_]�\�aXcNh~��]�fr{]?ë�r{ë�gFc?^jZ�l^jkFr{]�g�]�fr{]?]�fg�kF�j`\�]�gFcN\�l4gF]�gFcN��^jZg�]�fg�¢cN^_]�]��jg,kF�jg�r�y{r{pigÑaQcNrik�]�`4c�g�hia
]�f4ge��h:l4g��4õ:`ri\�^îk�c�t:\�]�ri�Ðü2�"^_cN\�]FwukF^_cNkF`�1yig�ZP]�^_h~Z�hic�^îZu]�gFcN\�g�k�]�^_h~Z�hia�kF�j`\�]�gFcE\%\��_hSqe\%l4hSqeZ�]�f4gek�cErik�vC\F�
|:g�k�h~Zl�w�]�fgAaQcNrik�]�`4c�g3\�`4cNaQrik�g�\�\�f4hSq kEfr{cNrik�]�gFcN^î\�]�^jkòf4g�^_p~fP]1y{r{cN^jr{]�^_h~Z�\�p~^_yC^jZ4p�cN^j\�gA]�hïriZ hzyigFcEri�j�
c�h~`4p~f�Z4g�\�\%h~ZÑ]�f4g}kF�î`\�]�gFcU\NkFri�_g � \�gFg��"^_p4�)�{wC�_gFaQ]��E�%ýÂ^jZg�\%ri�_h~Z4p1qef^jkEf�]�f4gekF�î`\�]�gFcN\Ur{c�go�jh:kFr{]�g�lòr{c�g
ri�j\�hòyC^j\�^_¢��jg�^jZ�]�f4g�fg�^_p~fu]�ëcNhH���_g�\F��d�f^_cEl�w]�f4g�k�cNrikNv�^jZP]�gFcN\�g�k�]�\-�_g�\N\okF�î`\�]�gFcN\}]�friZ�ròë��jriZr{c�kF`4]
qe^_]�fn�jhzq \�`c�aQrik�g�g�Z4gFcNpit3lhPg�\ � \�gFg1��^jp4�)���E��moZ4hi]�f4gFc�hi¢�\�gFc�yWr{]�^jh~Znhia2]�fg?\�^j��`�jr{]�^_h~Z\�^j\�]�f�r{]�]�f4g
ë��jriZgo\�]�cE`k�]�`4c�g�ri�j\�h�^jZ4ó)`4g�Zk�g�\UaXcNrik�]�`c�gi� ê cNrikNv:\��jh:kFr{]�g�l3ë�gFc�ë�g�Zl^îkF`�jr{c%]�h,]�q�hiaQh~�jlnriZl%�yigFaQh~�jl
rWìCg�\�ó�`k�]�`r{]�g�r{¢�h~`4]�r/k�h~Z�\�]�riZu]Af4g�^_p~fP]F� d�f:`\Fw�]�f4gnc�h~`4p~fZg�\�\,hiae]�f4g�k�cErik�vö\�`4c�a rik�g�\�kFriZö¢�g
ri\�\�^jp~Z4g�ln]�h�]�f4g1kF�j`\�]�gFcN\�w4qef4gFc�g�ri\�k�h~Z�\�]�riZu]or�yigFcNr{pig,f4g�^_p~fP]�\�hia"]�f4g?aQcNrik�]�`4cNg?\�`4c�a rik�g�\�c�gFó�g�k�]�]�f4g
ë��jriZg�\�]�cN`k�]�`4c�g-hia"]�f4g?õ:`ri\�^îk�c�t:\�]�ri�Ð�

O}hzq�q�g�k�h~��ë�r{c�g�\�^j��`�jr{]�^jh~Z�c�g�\�`��_]�\ehia�]�f4g�õP`ri\N^jk�c�tC\�]�ri�Â]�h3]�f4h~\�g�hia�]�f4g ê ���Ñý2r�yig�\-ë)fri\�gi�
�4hic-]�f^î\}\�]�cE`k�]�`4c�g�qUg�ri�j\�hAhi¢�\�gFc�yig,¢cN^_]�]��_g1aQri^î�j`4c�gi����`4]}]�fg�aQcNrik�]�`4cNg�\�`c�aQrik�g�\�r{]-�_hSq(�jh~ril\eñ�^ja
r{]eri�j�)ñòh~Z�_t3r{c�g-c�h~`4p~fnh~Z�riZ�r{]�h~��^jk�\�kFri�_gi��d�f�^j\�¢
g�k�h~��g�\er{ëë�r{cNg�Zu]�aQc�h~� �"^_p~\F�2�?riZl��:�
Y[ZA�"^_p4�C�-h~Z�jt�r{]�h~��\�Z4g�r{c�r � �i�i�+��aXcNrik�]�`c�g}\�`c�aQrik�g�r{c�gol^j\�ë��îr�tig�l��"d�f4go\�gFg�lAk�cErik�vA\Nf4hzqeZÑh~Z

]�f4go]�hiënëc�hië�r{p~r{]�g�l3^jZ�P �4Q �3Q �SR�l^_cNg�k�]�^_h~Z��×d�f4go��r{]�gFcN^jri�
ë�gFc�aQg�k�]��_t�kF�_g�r�yig�l � ��^jp4�C�:w4¢�hi]�]�h~�T�EwCqef^îkNf
c�g�\�`��_]�g�ln^jZn\���h:hi]�fnaQcNrik�]�`4c�g1\�`4c�a rik�g�\F�
Y[Zû��^jp4����\�g�k�]�^jh~Z\3hia�pigFh~��gF]�cE^jkFri�j�_t \NkFriZZ4g�lúaXcErik�]�`4c�g/\�`4c�a rik�g�\3hia?]�f4g/^jk�h~\Nrif4g�l4cNri����hCl4g��

õ:`ri\�^jk�c�tC\�]�ri� � �_gFaX]���riZl÷hia-]�fg ê ���L��h:lg��eýÂrzyig�\òë�fri\�g � �Ñ^jll�_giw�cN^_p~fP]��,r{c�g�k�h~��ë�r{cNg�l�� d�f4g
kF�_g�rzyWr{pig1ë��jriZ4g�\�r{cNg?�_h:kFr{]�g�l�ë�gFc�ë�g�Zl^jkF`�îr{c�]�hÑr�]ÀqUhiaQh~�jl � �jgFaX]���riZ�l�rUP �4�F��R�rWì4^j\ � ��^îll�_giwCcN^_p~fP]��E�
d�f4g�k�cNrik�v�ëc�hië�r{p~r{]�g�l,ri�_h~Z4por�]ÀqUhiaQh~�jl � �_gFaQ]���riZl�r5P½�F�4�&RrWì4^j\ � �Ñ^jll�_giwScN^_p~fP]��E��def4g�k�h~�_h~`4c"k�hCl^jZ4p
^jZ3]�f4g?�jgFaX]�^j�Ñr{pig?^j\�ril�V�`\�]�g�ln]�h�]�f4g1kF�j`\�]�gFc�l^îri��gF]�gFc � h~Z�j^îZ4giü"aXc�h~� ¢��j`4go]�h�c�g�l��E�×�ûf4g�Z�k�h~�jh~`4c
k�hCl4g�l��î^_vig?]�f4g�õP`ri\N^jk�c�tC\�]�ri�Ðw�]�fg�aQcNrik�]�`4c�g,\�`4c�a rik�g�\�hia�]�f4g ê ���AýÂrzyig�\oë�fri\�g��jrik�v�riZPt�c�h~`4p~f�Z4g�\�\
� ��^jl�l�_giwh~Z�î^jZ4giü�h~Z�_tnpic�gFg�ZL�E�om}aX]�gFc-ril�V�`\�]�^îZ4pÑ]�f4g,k�h~�_h~`4c�k�hCl^jZ4p4w
r{]�h~��^jk�c�hzq}\e¢�g�k�h~��g�y:^î\�^_¢��_g
� cN^_p~fP]��E�U|:h4wCaQcNrik�]�`4c�g�\�`4c�a rik�g�\�hiaÂ]�f4g�õ:`ri\�^jk�c�tC\�]�ri�
r{c�g�c�h~`4p~fAh~Zò]�f4g-kF�j`\�]�gFc�\�kFri�_giwCqef4gFcNg�ri\U]�fh~\�g
hia"]�f4g?ýÂrzyig�\eë)fri\�g-h~Z�_tòr{c�g?c�h~`p~fnh~Z�riZ�r{]�h~�Ñ^jk-\�kFri�_gi�
d�f:`\FwCr{]�h~��\�^îZA]�fg�ý2r�yig�\�ë)fri\�goë��jr�tòr,k�h~��ë�r{cNr{¢��jg}c�h~�jgo]�h�]�fg�kF�î`\�]�gFcN\�^jZA]�f4g-õP`�ri\�^jk�c�tC\�]�ri�

ñA]�f4gFtnl4gF]�gFcE��^jZ4g�]�f4g?hSyigFcNri�j�Âc�h~`4p~fZ4g�\N\�hia�]�fg-aXcNrik�]�`c�g�\�`4cNaQrik�g�\F�Ud�f4g?r{]�h~��^j\�]�^jk�y:^jgFq hia×kF�_g�r�yPÿ
r{pig3h~Zír � �4�i�+��ë��jriZ4gò^jZL�"^_p4�$
�cNgFyig�ri�j\,riZí^jZP]�gFc�g�\�]�^îZ4p�g���g�k�]SWzü�Y�a�]�f4gA\�gFg�lHk�cNrikNvL]�f4gFcNgÑq�h~`�jl
¢�gAk�h~ZP]�^jZ:`4g�l�w"]�f4g3lri\�f4g�l �j^jZ4g�\?qUh~`�îl ]�gFcN��^îZr{]�gA]�fgò`4ë�ë
gFc1riZlí�jhzq�gFc,f�ri�_yig�\�hiae]�f4gò\Nri��ë��_gi�
ù}hzq�gFyigFc�w%ri\�kFriZL¢
gA\�gFg�ZL^jZ�]�fgÑ]�^j��g�\�g�õP`4g�Z�k�gÑhia��"^_p4�X
4w�]�f^j\?^j\�Z4hi]?]�f4gòkFri\�giü�def4g�l4tCZri��^jk
k�cNrikNvL^jZ\�]�g�ril ]�r{vig�\�r;8�^_p{ÿY8�r{p��j^_vig�c�h~`4]�gi�>�UZu]�^_cNgÑr{]�h~��^jkÑc�hzqe\1ri�_]�gFcNZr{]�g��jt���hzyig3`4ëPq�r{cNl\1riZl
l4hSqeZuq�r{cNl\���d�f^j\o�_g�ril\o]�hncNr{]�fgFc?\�t:�Ñ��gF]�cN^jk�`4ëë�gFc�riZl��_hzq�gFc?aQcNrik�]�`4c�g�\�`4cNaQrik�g�\Fw�]�f4g�k�cNg�r{]�^_h~Z
hia�q}f^jkNf�ri�j\�hòcNg�õP`^jc�g�\�rnk�h~��ë�r{cNr{¢��jg,ri��h~`Zu]�hia�g�Z4gFc�piti�,d�f^j\}cNr{]�f4gFc?\�t:����gF]�cN^jkFri�"k�c�g�r{]�^_h~Z/hia
aQcNrik�]�`4c�ge\N`4c�a rik�g�\�^j\"a r�yih~`4cNg�l�wPgFyig�ZA]�f4h~`4p~fÑr-ë��jriZr{cUkF`4]%q�h~`�jl��_g�ril�]�h1\�`4cNaQrik�g�\×q}^_]�f��_hSqUgFcU]�hi]�ri�
g�Z4gFc�piti�%defP`\�wi]�f4g�rik�]�`ri�4aQcNrik�]�`4c�g�ë)r{]�f�kFriZZ4hi]%¢�g�ëc�g�l�^jk�]�g�l,¢Pt�r?\�^j��ë��_g�g�Z4gFc�pit,k�cN^_]�gFcN^_h~Z��×|C`�kNf
r,¢�g�fr�yC^_h~`4c�ri�j\�h�q�ri\�hi¢�\�gFc�yig�l�^jZ3���=O}^îm}� � \�gFg-gi� p4�
�-`��¢)\�kNf � �{�i�4�+���eriZl3^j\�r�k�h~Z\�g�õ:`4g�Zk�g-hia
�jr{]�]�^jk�go]�cNr{ëë)^jZ4p � d�fh~��\�h~Z�gF]�ri�Ð� � �� ~�:�+���Ewqef^îkNf,ñ�\�^j��^î�jr{c%]�h�]�f4gos�g�^_gFcE�j\%¢�r{cNcN^_gFc�aQhic�l^j\��_hCkFr{]�^_h~Z
��hi]�^_h~Z�ñ�ri�j�_hzq}\ehSyigFcN�_h~ril\�aQhicok�cErik�vC\�]�fr{]olhòZ4hi]oc�g�\�`��_]}^jZ�k�cNrik�v�ëc�hië�r{p~r{]�^jh~Z��}d�fg�^jZ�k�c�g�ri\�g�l
�_h~ril3aQhicer�k�cNrikNvA]�h�ë�c�hië�r{p~r{]�g-qe^j�î��]�f4gFcNgFaXhic�g?Zhi]�Z4g�k�g�\�\�r{cN^î�_tA�_g�ril3]�h�aQcNrik�]�`4cNg?\�`4c�a rik�g�\�hia��jhzq�g�\�]
g�Z4gFc�piti�%def4gel^j\Nk�c�gF]�g�Zr{]�`4c�gehia��Ñr{]�]�gFc�^j\%c�g�\�ë�h~Z\�^_¢)�_gUaQhic�]�fg�\�gehi¢�\�gFc�yWr{]�^jh~Z\F�×d�f4g�aQcNrik�]�`4c�geë�r{]�f
ZY[;\^]`_a]cbcd"egfHhji�d�k+]`l�m'eX]`\Xl&f�\^h�eYkSh�npoql�eXrYi�hFl�eY]ch�strud"rY]`l&sv\^i'l"wXs7]csvxy]cz+{4|~}9_a]�n'n'b`h&�teY]`z&i1r���{
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