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A|X X]XNº ­Z ³X´­³N «­Ӄ M ´ƎT °|X«ÉӃ °|­´°|JºXƏ ­« º|X vJªªJM Ӄ ºÉ J«T vXÈ M Ӄ ºÉ ­Z vJªX ³XºJ³TXT
X°­ÈÉ zXӃN­Jº´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӄǓ

$J³M­« J«T zӃJ´´ ?5$ |ÉM³ T´  « J ´J«TÇ N| J³³J«zXªX«º Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ǔǒ

.«ÆX´◓zJ◓«z º|X X]XNº ­Z  «ºX³ZJNX J«zӃX J«T °ӃÉ º| N¦«X´´ ­« ª­TX .. TXӃJª «J◓­« MX|JÆ ­Ä³ ­Z NJ³ƈ
M­«ƄX°­ÈÉ ӃJª «JºXT N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӅǏ

>J«¦ «z º|X  «vÄX«NX ­Z ¦XÉ Ä«NX³ºJ «◓X´  « º|X NÄ³ «z ­Z º|X³ª­´Xº ӃJª «JºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǔǍ
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°­´ ºX´ Ç º| T ]X³X«º ³X «Z­³N «z ´º³JºXz X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǔӅ

5XN|J« NJӃ °³­°X³◓X´ ­Z X°­ÈÉƄNJ³M­« `MX³ N­ª°­´ ºX ZJM³ NJºXT MÉ `ӃJªX«º Ç «T «z Ä«TX³ ª­«­ƈ
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?ºÄTÉ ­« º|X ª­TX . Z³JNºÄ³X º­Äz|«X´´ ­Z N­ª°­´ ºX ӃJª «JºX´ MJ´XT ­« º|X N­³³XӃJ◓­« MXºÇXX«  (
´ z«JӃ J«T N³JN¦ Z³­«º ´|J°X Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǐӄ
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(ÈºX«TXT ZJ ӃÄ³X ª­TXӃ´ Z­³ zӃ­MJӃ J«T Ӄ­NJӃ J«JӃÉ´X´ ­Z N­ª°­´ ºX JX³­´º³ÄNºÄ³X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǒǏ

, z| ´º³J « ³JºX N|J³JNºX³ ÊJ◓­« ­Z ºÇ ӃӃ Ç­ÆX« NJ³M­«ƈ°­ӃÉJª TX ӃJª «JºX  « Ӄ­«z ºÄT «JӃ N­ª°³X´ƈ
´ ­« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎӄǍ
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N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǏǑǔ

$X³Jª N ´°J◓JӃ ´º³ÄNºÄ³X´ J´ J «XÇ ªXº|­T ­Z ³X «Z­³N «z ZX³³­Ä´ JӃӃ­É´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǏǒǓ

2­Ç ÆXӃ­N ºÉ  ª°JNº J«T ³X´ TÄJӃ ºX«´ ӃX J«T N­ª°³X´´ ÆX ´º³X«zº| J«JӃÉ´ ´ ­Z NJ³M­« `M³X ?5$ N­ªƈ
°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ǐӄǐ

.«vÄX«NX ­Z A(G Ӄ «XJ³ TX«´ ºÉ ­« ªXN|J« NJӃ °³­°X³◓X´ ­Z ǐ& Ç­ÆX«  ƈMXJª N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ ǏǓǎ

(]XNº ­Z `MX³ ª N³­´º³ÄNºÄ³X ­« ¦ «¦ «z  « Ä« T ³XN◓­«JӃ `MX³ ³X «Z­³NXT N­ª°­´ ºX´  ªJzXT  « ³XJӃ
◓ªX Ä«TX³ JÈ JӃ N­ª°³X´´ ­« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǏǓǔ

(]XNº ­Z |XJºƄ`³X ­« ´º³ÄNºÄ³JӃ TJªJzX º­ NJ³M­« `M³X´  « NJ³M­« `M³Xƈ³X «Z­³NXT N­ª°­´ ºX´ Ÿ Ÿ Ÿ ǏӅǓ

C´X ­Z NJ³M­« °J³◓NӃX´  « `MX³ƄX°­ÈÉ C& ӃJª «JºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǏǔǑ

EJӃ TJ◓­« ­Z N­ª°­´ ºX JX³­´º³ÄNºÄ³X´ º|³­Äz|  «ºXz³JºXT ªÄӃ◓ƈ´NJӃX ª­TXӃӃ «z J«T | z|ƈ`TXӃ ºÉ ´ÄMƈ
´º³ÄNºÄ³X ºX´◓«z ZJN Ӄ ºJºXT MÉ TX´ z« ­Z XÈ°X³ ªX«º´ J«T # H(?. 6 ӃXJ³« «z Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǐǍǏ

(J´Éƈ³X°J ³ «z ­Z | z| °X³Z­³ªJ«NX `M³X ³X «Z­³NXT N­ª°­´ ºX´ Ç º| ªÄӃ◓°ӃX |XJӃ «z NÉNӃX´ J«T  «ºXƈ
z³JºXT TJªJzX ´X«´ «z Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǐǍӄ

A|X X]XNº ­Z ´|­³º NJ³M­« `MX³´ ­« Æ ´N­XӃJ´◓N MX|JÆ ­³ ­Z C,5F;( Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǐǎǑ

&XÆXӃ­°ªX«º ­Z °­ӃÉ°³­°ÉӃX«X ªXӃºƈMӃ­Ç« `«X `MX³  «ºX³ӃXJÆXT ´ «zӃXƈ°­ӃÉ°³­°ÉӃX«X N­ª°­´ ºX´ Ÿ ǐǏǏ

AJ Ӄ­³XT ­Äºƈ­Zƈ­ÆX« NÄ³ «z ­Z | z| °X³Z­³ªJ«NX *>;? Ä◓Ӄ ´ «z J T­ÄMӃX °­´ ◓ÆX ºXª°X³JºÄ³X N­XiN X«º
X]XNº Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǐǐǍ

>Xª­ºX JN◓ÆJ◓­« ­Z Z³­«ºJӃ °­ӃÉªX³ ÊJ◓­« Z­³ ´Ä´ºJ «JMӃX ªJ«ÄZJNºÄ³ «z ­Z º|X³ª­´Xº´ J«T N­ª°­´ƈ
 ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǐǐǓ

?Ä´ºJ «JMӃXªÄӃ◓ZÄ«N◓­«JӃ N­ª°­´ ºX´ŷ Z³­ª X«X³zÉ XiN X«º ªJ«ÄZJNºÄ³ «z º­  «ºXz³JºXT ´X«´ «z J«T
TXƈ N «z NJ°JM Ӄ ◓X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǐǑǑ

.ª°³­ÆXT X«X³zÉ JM´­³°◓­« ­Z «­ÆXӃ |ÉM³ T N­«`zÄ³J◓­«´ Ä«TX³ ´ºJ◓N  «TX«ºJ◓­« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǐǑӅ

.«vÄX«NX ­Z M³JÊ X³ X]XNº ­« +*>; º| « N ³NÄӃJ³ NÉӃ «TX³ ƈ J« XÈ°X³ ªX«ºJӃ J«T «ÄªX³ NJӃ ´ºÄTÉ Ÿ Ÿ ǐǒǑ



5ÄӃ◓´NJӃX  «ºX³ZJNX MX|JÆ ­Ä³ J«T °X³Z­³ªJ«NX ­Z +*ƈ°N N­ª°­´ ºX Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǐӄǏ

AÇ­ƈT ªX«´ ­«JӃ ª­TX .. TXӃJª «J◓­« z³­Çº|  « N­ª°­´ ºX ӃJª «JºX´ Ç º|  «ƈ°ӃJ«X  ´­º³­°É Ÿ Ÿ Ÿ ǐǓǎ

(]XNº ­Z Ӄ z|ºÇX z|º `ӃӃX³´ ­« º|X °³­°X³◓X´ ­Z °­ӃÉªX³ N­«N³XºX Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǐǓǔ

6­« Ӄ «XJ³ XӃJ´◓N MX|JÆ ­Ä³ ­Z $*>; °Ӄ X´ŷ ªJºX³ JӃ ­³ zX­ªXº³ NJӃ ZXJºÄ³Xų Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǐӅǓ

(ÆJӃÄJ◓­« ­Z º|X ´|XJ³ MX|JÆ ­³ ­Z ;(A+ƄNZ J«T °NƄNZ N­Ä°­«´ ªJ«ÄZJNºÄ³XT Ä´ «z ӃJ³zXƈ´NJӃX JTT ◓ÆX
ªJ«ÄZJNºÄ³ «z °³­NX´´X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǐǔǐ

ǐ&ƈ°³ «º °Jº| zX«X³J◓­« ­Z NÄ³Æ Ӄ «XJ³ `MX³ƈ³X «Z­³NXT °­ӃÉªX³´ MJ´XT ­« M ­Ӄ­z NJӃ °JÀX³« Z­³ª «z ǑǍǎ

?É«N|³­º³­« ³JT J◓­« ǐ& N­ª°ÄºXT º­ª­z³J°|É ´ºÄTÉ ­«  «ƈ´ ºÄ ªXN|J« NJӃ TJªJzX °³­z³X´´ ­« ­Z
«J«­X«z «XX³XT zӃJ´´ `MX³ ³X «Z­³NXT N­ª°­´ ºX ӃJª «JºX´ Ç º|  «ºXz³JºXT ªÄӃ◓ZÄ«N◓­«JӃ ºÉ Ÿ Ÿ Ÿ ǑǍӅ

.6?.+A, ­«  «TÄN◓­« ÇXӃT «z ­Z ³XJN◓ÆX ;55 NJ³M­« `MX³ N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ǒǎǒ

2 ºÊÇ ³XƈMJ´XTªÄӃ◓ZÄ«N◓­«JӃ N­ª°­´ ºX´ Z­³ªJ«Jz «z º|X³ªJӃ J«TªXN|J« NJӃ Ӄ­JT´Ç º| « XӃXNº³ NJӃ
´É´ºXª´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǑǏǐ

?| x ZJNº­³ TX°X«TX«NX ­« °|É´ NJӃ Jz «z J«T ºXª°X³JºÄ³X Z­³ Æ ´N­XӃJ´◓N ³X´°­«´X ­Z °­ӃÉªX³´ Ÿ Ÿ Ǒǐǎ

$|J³JNºX³ ÊJ◓­« ­Z «­ÆXӃ ´Ä´ºJ «JMӃX N­ª°­´ ºXªJºX³ JӃ´ MJ´XT ­« (2.C5Ӓ ǎӅӅ ­ ³X´ « ³X «Z­³NXT Ç º|
J $­Ӄ­ªM J« «JºÄ³JӃ `MX³ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ǒǐǔ

$­ªM «XT &.$ƈ «Z³J³XT º|X³ª­z³J°|É Z­³ | z| ´º³J « ³JºX ºX´◓«z ­Z N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǑǑǓ

(]XNº ­Z zJ° TXZXNº´ ­«  «ƈ´ ºÄ  *;ƈªJ«ÄZJNºÄ³XT ´º³ÄNºÄ³X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ǒǒǒ

;­ӃÉ°³­°ÉӃX«XƄvJÈ ZJM³ N N­ª°­´ ºX ӃJª «JºX´ŷ X]XNº´ ­Z °ӃJ´ªJ J«T º|X³ªJӃ °³Xƈº³XJºªX«º´ ­Z ³X «ƈ
Z­³N «z `M³X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ǒӄǐ

.ª°³­Æ «z º|X TXӃJª «J◓­« M³ Tz «z MX|JÆ ­Ä³ ­Z Êƈ° «´ º|³­Äz| ªJºX³ JӃ ´XӃXN◓­« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǑǓǎ

?ºÄTÉ ­« º|X X]XNº ­Z ´º³J « ³JºX J«T ºXª°X³JºÄ³X ­« º|X ªXN|J« NJӃ MX|JÆ ­³ ­Z °­ӃÉ°³­°ÉӃX«XƈzӃJ´´
`MX³ N­ª°­Ä«T J«T º|X³ª­°ӃJ´◓N ­ӃX`« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǑǓǔ

? ªÄӃºJ«X­Ä´ ´° «« «z ­Z ³XNÉNӃXT º|X³ª­°ӃJ´◓N´ J«T zӃJ´´ `MX³´ Z­³ |ÉM³ T ÉJ³«´ Ä´XT  « ´Ä´ºJ «JMӃX
N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǑӅӄ

>X°³­NX´´JMӃX Æ º³ ªX³ N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ǒǔǐ

$|J³JNºX³ Ê «z º|X ºX«´ ӃX J«T N­ª°³X´´ ÆX MX|JÆ ­³ ­Z ;(A+ƄNZ J«T °NƄNZ ªJ«ÄZJNºÄ³XT Ä´ «z ӃJ³zX
´NJӃX JTT ◓ÆX °³­NX´´X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǒǍǎ

.«vÄX«NX ­Z ªXN|J« NJӃ °³­°X³◓X´ ­Z ªJº³ È ­« MX«T «z ´º³X«zº| ­Z Ä« ƈT ³XN◓­«JӃ Æ «ÉӃ X´ºX³ N­ª°­´ƈ
 ºX Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǒǍǔ

?º³J « ´X«´ «z ­Z N­ª°ӃXÈ ´|J°XT ǐ& Ç­ÆX« N­ª°­´ ºX´ Ä´ «z 5G(6( «J«­°J³◓NӃX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǒǎӄ

$­ª°J³ ´­« ­Z º|X `³X ³XJN◓­« ­Z J NJ³M­«ƈX°­ÈÉ N­ª°­´ ºX Jº ´ªJӃӃ ´NJӃX J«T ӃJ³zX ºX´º´ Ÿ Ÿ Ÿ Ÿ Ÿ ǒǏǏ

(iN X«º J«T ÆX³´J◓ӃX ǐ& Ç­ÆX« N­ª°­´ ºX ªJ«ÄZJNºÄ³ «zŷ «­ÆXӃ J°°³­JN|X´ ­« º|X ²ÄJӃ ºÉ ­Z N­ªƈ
°­´ ºX ZJM³ NJ◓­« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǒǐǏ

(ӃXNº³ NJӃ N­«TÄN◓Æ ºÉ J´ J«  «´º³ÄªX«º Z­³ TJªJzX T Jz«­´◓N ­Z «J«­ª­T `XT zӃJ´´ `MX³ ³X «Z­³NXT
°ӃJ´◓N Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǒǐǔ

8Äºƈ­Zƈ­ÆX« ªJ«ÄZJNºÄ³ «z Z­³ «JºÄ³JӃ `M³X N­ª°­´ ºX´ Ç º|  «ºXz³JºXT TXZ­³ªJ◓­« J«T TXz³JTJ◓­«
´X«´ «z Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǒǑǓ



$­«º³­ӃӃ «z XӃXNº³ NJӃ °X³N­ӃJ◓­«  « º|X³ª­°ӃJ´◓N N­ª°­´ ºX´ º|³­Äz|  «Z­³ªXT ´XӃXN◓­« ­Z `ӃӃX³´ Ÿ ǒǒǒ

5JN³­´NJӃX ªJz«X◓N JӃ z«ªX«º ­Z ªÄӃ◓°ӃX T ´N­«◓«Ä­Ä´ ZX³³­ªJz«X◓N `M³X´  « J °­ӃÉªX³ ªJº³ È ǒӄǐ

2J´X³ƈ «TÄNXT z³J°|X«X NJ³M­« `MX³ ³X «Z­³NXT N­ª°­´ ºX´ Z­³ ªÄӃ◓ZÄ«N◓­«JӃ ºÉ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǒӄǔ

.«vÄX«NX ­Z `M³XƄªJº³ È  «ºX³ZJNX ­« zJ´ °X³ªXJM Ӄ ºÉ °³­°X³◓X´ ­Z $*Ƅ;E&* N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǒǓǓ

A³ M­Ӄ­z NJӃ ´ºÄTÉ ­« Ç­­T J«T z³J°|X«X ³X «Z­³NXT | z| TX«´ ºÉ °­ӃÉXº|ÉӃX«X Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǒӅǒ

?º³ÄNºÄ³JӃ |XJӃº| ª­« º­³ «z Ǝ?,5Ə ­« `M³X ³X «Z­³NXT N­ª°­´ ºX ºƈ¤­ «º zX­ªXº³É ªJ«ÄZJNºÄ³XT MÉ J
«­ÆXӃ ǐ> ³X´ « Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǒǔǐ

A|X Ä´X ­Z ³XNÉNӃXT ªJºX³ JӃ´ º­ÇJ³T´ ´Ä´ºJ «JM Ӄ ºÉŷ M ­N­ª°­´ ºX´ ªJ«ÄZJNºÄ³XT  « ªXӃº N­ª°­Ä«Tƈ
 «z Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӄǍǍ

*ÄӃӃÉ M ­ƈMJ´XT X°­ÈÉƈJª «X ³X´ «´ Z³­ª N ³NÄӃJ³ XN­«­ªÉŷ N­«NX°◓­«ŵ ªÄӃ◓´NJӃX ´º³ÄNºÄ³JӃ J«T ªXƈ
N|J« NJӃ MX|JÆ ­Ä³ N|J³JNºX³ ÊJ◓­« º­ÇJ³T Ӄ­Ç NJ³M­«ƈZ­­º°³ «º N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӄǍӅ

5XN|J« ´ªƈMJ´XT J´´X´´ªX«º ­Z NXӃӃÄӃ­´XƈMJ´XT M ­N­ª°­´ ºX N­À­« T Z­³ ´Ä´ºJ «JMӃX N­«´º³ÄN◓­« ӄǎӄ

6­ÆXӃ NXӃӃÄӃ­´X MJ´XT N­ª°­´ ºX ªJºX³ JӃ Z­³ º|X³ª­°ӃJ´◓N °³­NX´´ «z Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӄǏǑ

A­ÇJ³T´ ª­³X XiN X«º J«T X«Æ ³­«ªX«ºJӃ Z³ X«TӃÉ vJÈƈMJ´XT XN­ƈN­ª°­´ ºX º|³­Äz| T ³XNº *Ǐ vÄ­³ ƈ
«J◓­« J´ J N­ª°J◓M Ӄ ÊJ◓­« º³XJºªX«º Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӄǐǏ

*ӃJÈ `M³X ´ Ê «z´ Z­³ `M³Xƈ³X «Z­³NXT º|X³ª­´Xº´ ƈ  «ÆX´◓zJ◓«z º|X  «vÄX«NX´ ­Z T ]X³X«º ´ Ê «z JzX«º´
­« `M³X ª­ ´ºÄ³X N­«ºX«º J«T N­ª°­´ ºX °³­°X³◓X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӄǑǍ

(ӃJM­³J◓­« ­Z |ÉM³ T M ­ƈN­ª°­´ ºX´ Ç º| º|X³ª­°ӃJ´◓N ªJº³ Èŷ ªJºX³ JӃ Z­³ªÄӃJ◓­« J«T ª­TXӃӃ «z
­Z º|X ²ÄJ´ ƈ´ºJ◓N MX|JÆ ­Ä³ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӄǑӅ

$­«ÆX³◓«z ³XNÉNӃXT zӃJ´´ `M³X J«T °­ӃÉ°³­°ÉӃX«X º­ ZXXT´º­N¦ Ǝ`ӃJªX«ºƏ Z­³ªJºX³ JӃ XÈº³Ä´ ­« JTT ◓ÆX
ªJ«ÄZJNºÄ³ «z Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӄǒӄ

AÄ³« «z ­ Ӄ °JӃª ÇJ´ºX  «º­ JӃӃƈNXӃӃÄӃ­´X `M³XM­J³T´ Ä◓Ӄ ´ «z ³X`«XT °ÄӃ° `M³X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӄӄǏ

?­x N­ª°­´ ºX´ Z³­ª M ­ƈMJ´XT ³X´­Ä³NX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӄӄӅ

 ӃӃ Ӄ z«­NXӃӃÄӃ­´X M ­N­ª°­´ ºX´ Z­³ Ç­­TÉ Ӄ ¦X ªJºX³ JӃ´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӄǓǒ

& ӃJº­ªXº³ N J«T Z³JNºÄ³X ªXN|J« ´ª  «ÆX´◓zJ◓­«´ ­« °­ӃÉ ƎӃJN◓N JN TƏ ;2 ƈNJӃN Äª NJ³M­«JºX M ­ƈ
N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӄӅǎ

(]XNº ­Z `M³ ӃӃJ◓­« ­Z vJÈ ªJº M «TX³ ­« º|X  ª°JNº ³X´°­«´X ­Z Ä« T ³XN◓­«JӃ vJÈƄX°­ÈÉ N­ª°­´ ºX´
J«T N­ª°J³ ´­« Ç º| J zӃJ´´ƄX°­ÈÉ N­ª°­´ ºX Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӄӅǔ

5­³°|­Ӄ­z NJӃ  ªJzX J«JӃÉ´ ´ŷ J NJ«T T ºXN|« ²ÄX º­ TXºX³ª «X TX«´ ºÉ J«T zX­ªXº³ N ´|J°X´ ­Z M ­ƈ
MJ´XT `MX³´ J«T °X³ªJ«X«º TJªJzX TÄX º­  «ºX³JN◓­« Ç º| ÇJºX³ ª­ӃXNÄӃX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӄǔǓ

$­´ºƈX]XN◓ÆX |Xª° ´ºJ°ӃX `M³X ÉJ³«´ Z­³ | z|ƈ°X³Z­³ªJ«NX N­ª°­´ ºX J°°Ӄ NJ◓­«´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǓǍǒ

.«vÄX«NX ­Z ÇXºƄT³É NÉNӃ «z ­« ªXN|J« NJӃ °³­°X³◓X´ ­Z |Xª°ƈ³X «Z­³NXT M ­N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ǔǎǐ

# ­TXz³JTJMӃX °­ӃÉªX³ `Ӄª´ º­ °³XÆX«º M ­`Ӄª Z­³ªJ◓­« Z­³ Z­­T °JN¦Jz «z J°°Ӄ NJ◓­« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǓǏǎ

2 ZX NÉNӃX J´´X´´ªX«º ­Z «JºÄ³JӃ `M³X ³X «Z­³NXT °­ӃÉªX³ N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǓǏǓ

&XÆXӃ­°ªX«º ­Z ²ÄJ´ ƈÄ« T ³XN◓­«JӃ Ç­ÆX« ZJM³ N´ Ç º| ǎǍǍӇ |Xª° ³­Æ «z´ Z­³ N­ª°­´ ºX ªJºX³ JӃ´
J°°Ӄ NJ◓­«´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ǔǐǒ



(]XNº ­Z T ]X³X«º «JºÄ³JӃ `M³X´ ­« ªXN|J« NJӃ J«T T ´ «ºXz³J◓­« °³­°X³◓X´ ­Z N­ª°­´ºJMӃX M ­MJ´XT
°ӃJ´◓N´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǓǑǐ

, z|ƈ´º³X«zº| ³ z T M­J³T´ ªJTX Z³­ª  «TÄ´º³ JӃӃÉ °³­TÄNXT MJNºX³ JӃ NXӃӃÄӃ­´X Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǓǒǍ

5J«ÄZJNºÄ³ «z J«T ªXN|J« NJӃ N|J³JNºX³ ´J◓­« ­Z Ä« T ³XN◓­«JӃ `²ÄX `M³X´ ³X «Z­³NXT °­ӃÉ°³­°ÉӃX«X
N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǓǒӅ

#X|JÆ ­Ä³ J«T ³X°J ³ ­Z vJÈƄ(2.C5 M ­N­ª°­´ ºX´ Ӄ­JTXT  « Ӄ­Ç ÆXӃ­N ºÉ  ª°JNº Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ǔӄӄ

8« º|X vXÈÄ³JӃ ´º³X«zº| J«T JNºÄJ◓­« ­Z Ç­­T M³J«N|X´ Ɖ ªXN|J« ´ª´ Ä´XZÄӃ  « N­ª°­´ ºX TX´ z«ų ǓǓǐ

5XN|J« NJӃ ª­TXӃӃ «z ­Z Æ ´N­XӃJ´◓N | X³J³N| NJӃ ´ÄºÄ³X ¤­ «º´ J«T º|X ³ ­°◓ª ÊJ◓­« J«T JÄÈX◓N ºÉ ǓǓǔ

# ­MJ´XT zӃJ´´ `MX³ ´ Ê «z´ Z­³ N­ª°­´ ºX´  « ªXT NJӃ J«T ºXN|« NJӃ J°°Ӄ NJ◓­«´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǓӅӅ

A|X X]XNº ­Z |Äª T ºÉ ­« º|XªXN|J« NJӃ °³­°X³◓X´ ­Z vJÈƈ°­ӃÉX´ºX³ M ­N­ª°­´ ºX´ Ç º| T ]X³X«º `M³X
J³N| ºXNºÄ³X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ǔǔǒ

*Ä«N◓­«JӃ ÊXT Ç­­T N­ª°­´ ºX´ Z­³ ªXN|J« NJӃ X«X³zÉ |J³ÆX´◓«z J«T Æ M³J◓­« ´X«´ «z Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӅǍǎ

&XÆXӃ­°ªX«º ­Z M ­ƈMJ´XT $*>; ӃJª «JºX´ Z­³ ´º³X«zº|X« «z N Æ Ӄ X«z «XX³ «z ´º³ÄNºÄ³X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӅǍǓ

# ­ƈMJ´XT ÆJNÄÄª  «ZÄ´XT zӃJ´´ `M³X ³X «Z­³NXTÄ«´JºÄ³JºXT°­ӃÉX´ºX³ N­ª°­´ ºX´ Z­³ | z|ƈ°X³Z­³ªJ«NX
´º³ÄNºÄ³JӃ J°°Ӄ NJ◓­«´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ӆǎǒ

,Éz³­º|X³ªJӃ JzX «z ­Z J +*>; N­ª°­´ ºX °³­TÄNXT MÉ ÆJNÄÄª  «ZÄ´ ­« Ç º| J «­ÆXӃ M ­ƈMJ´XT Ä«´Jºƈ
Ä³JºXT °­ӃÉX´ºX³ ³X´ « Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӅǏǐ

A­ÇJ³T´ JT|X´ ÆX´ƈZ³XX M ­ƈMJ´XT N­ª°­´ ºX´ Æ J CEƈJ´´ ´ºXT  «ºX³ZJN JӃ N³­´´ƈӃ «¦ «z Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ӆǐǎ

A­ÇJ³T´  «ºXz³JºXT |XJӃº| ª­« º­³ «z ­Z M ­ƈMJ´XT N­ª°­´ ºX ´º³ÄNºÄ³X´ŷ  «vÄX«NX ­Z JN­Ä´◓N Xª ´ƈ
´ ­« ´X«´­³ XªMXTªX«º ­« ªJºX³ JӃ  «ºXz³ ºÉ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӅǐӅ

A|X XªX³z «z X³J ­Z Æ ´ ­«J³É N­ª°­´ ºX´ MÉ °ӃJ«ºƈz³­Ç« ªJº³ È J«T ³X «Z­³N «z `M³X´ŷ º|X NXӃӃÄӃJ³
JT|X´ ­« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӅǑǓ

2Xª­«z³J´´ °ӃJ«º ӃXJZ J«T NÄӃª J´ °­ºX«◓JӃ ´­Ä³NX´ ­Z ³X «Z­³NXªX«º Z­³ M ­ƈN­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ӆǒǒ

 «­ÆXӃ ªXº|­T º­ ²ÄJ«◓ZÉ ´XӃZƈ|XJӃ «z NJ°JM Ӄ ◓X´ ­Z `M³X ³X «Z­³NXT °­ӃÉªX³´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ӆӄǐ

(«JMӃ «z ³X°J ³JM Ӄ ºÉ J«T ³XÄ´X ­Z X°­ÈÉ N­ª°­´ ºX´ŷ X°­ÈÉ Æ º³ ªX³´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӅǓǎ

2­Ç ÆXӃ­N ºÉ  ª°JNº ³X´°­«´X J«T °­´º  ª°JNº J´´X´´ªX«º ­Z |XJӃJMӃX $*>;? ª­T `XT Ç º| T XӃ´ƈJӃTX³
³X´ « J°°Ӄ XT MÉ ªXӃº XӃXNº³­ƈÇ³ ◓«z °³­NX´´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӅǓǔ

(ÆJӃÄJ◓­« ­Z º|X ´XӃZƈ|XJӃ «z NJ°JM Ӄ ºÉ ­Z J °­ӃÉNJ°³­ӃJNº­«X ZÄ«N◓­«JӃ ÊXT  «ºX³°|J´X Z­³ °­ӃÉªX³
N­ª°­´ ºX J°°Ӄ NJ◓­«´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӅӅǓ

, z|ӃÉ N­«TÄN◓ÆX °­ӃÉ°³­°ÉӃX«X MJ´XT N­ª°­´ ºX´ Z­³ M °­ӃJ³ °ӃJºX´ Z­³ °­ӃÉªX³ XӃXNº³­ӃÉºX ªXªƈ
M³J«X ZÄXӃ NXӃӃ´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ӅǔǑ

$­«TÄN◓ÆX ´ªJ³º «J«­N­ª°­´ ºX ªJºX³ JӃ´ Z­³ ´º³ÄNºÄ³JӃ |XJӃº| ª­« º­³ «z J«T ª­◓­« TXºXN◓­« Ÿ ǔǍǎ

A|X X]XNº ­Z N­«TÄN◓ÆX «XºÇ­³¦ ­« °­´ ◓ÆX ºXª°X³JºÄ³X N­XiN X«º MX|JÆ ­Ä³ Z­³ ªÄӃ◓ZÄ«N◓­«JӃ
N­ª°­´ ºX´ŷ Z³­ª vXÈ MӃX ´X«´ «z º­ ´Ä´ºJ «JMӃX ªJ«ÄZJNºÄ³ «z Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǔǍǔ

+³J°| ºX `ӃӃXT º|X³ª­°ӃJ´◓N´ Z­³ º|X³ªJӃӃÉ N­«TÄN◓ÆX ° °X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǔǎǓ

>XNÉNӃ «z ­Z z³J°| ◓N M °­ӃJ³ °ӃJºX´ Z­³ ÆJ«JT Äª ³XT­È MJÀX³ X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǔǏǒ



&JªJzX ´X«´ «z MJ´XT ­« XӃXNº³ NJӃӃÉ N­«TÄN◓ÆX «J«­°J³◓NӃX´  « ´J«TÇ N|ƈ´º³ÄNºÄ³XT N­ª°­´ ºX´ ǔǐǐ

 «­ÆXӃ Ӄ z|º« «z ´º³ ¦X °³­ºXN◓­« ´É´ºXª N­ª°³ ´ «z J« JӃӃƈ°­ӃÉªX³ N N­«TÄN◓ÆX ³X´ « Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǔǐǔ

2­Ç ºXª°X³JºÄ³X z³­Çº| ­Z NJ³M­« «J«­ºÄMX´ ­« `MX³´ Ä´ «z N­°°X³ J´ NJºJӃÉ´º Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǔǑǒ

(]XNº ­Z «J«­J³N| ºXNºÄ³X ­« (5. ´| XӃT «z °³­°X³◓X´ ­Z «J«­N­ª°­´ ºX´ Jº | z| N­«ºX«º ­Z z³J°| ºX
«J«­°ӃJºXӃXº´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǔǒǐ

>J° T J«T ZJN ӃX °³X°J³J◓­« ­Z ªÄӃ◓ZÄ«N◓­«JӃ #C$1H; ;(> «J«­N­ª°­´ ºX `Ӄª´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǔӄǎ

.«ÆX´◓zJ◓­«­Z º|X º|X³ªJӃ J«TªXN|J« NJӃ °³­°X³◓X´ ­Z N­ª°­´ ºXªJºX³ JӃ´Ç º| Jª «XƈZÄ«N◓­«JӃ ÊXT
³XTÄNXT z³J°|X«X ­È TX  «NӃÄ´ ­«´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǔӄǓ

A|X J°°Ӄ NJ◓­« ­Z N­JºXT NJ³M­« «J«­ºÄMX´  « Ӄ z|ºÇX z|º ªXºJӃ ªJº³ È N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǔǓǒ

6J«­°J³◓NӃX ³X «Z­³NXT Ӄ z|ºÇX z|º ªXºJӃ N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǔӅǎ

?XӃZƈJ´´XªMӃÉ ­Z 6#> J«T 685(G Æ J XӃXNº³­´° «« «zŷ ³ÄMMX³É 6 68*.#(>? Z­³  ª°³­Æ «z $*>; TXƈ
ӃJª «J◓­« ³X´ ´ºJ«NX Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǔӅӄ

$|Xª NJӃ N­ª°J◓M Ӄ ÊX³´ J´ J« J°°³­JN| º­  ª°³­ÆX º|X ªXN|J« NJӃ °³­°X³◓X´ ­Z °­ӃÉƎ°³­°ÉӃX«XƏ ³Xƈ
 «Z­³NXT Ç º| z³J°|X«X «J«­°ӃJºXӃXº´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǔǔǑ

; XÊ­³X´ ´◓Æ ºÉ ­Z «J«­N­ª°­´ ºX´ŷ JNN­Ä«◓«z Z­³ $6A N­«ºJNº N­«`zÄ³J◓­« N|J«zX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǍǍǏ

.­« N °­ӃÉT ªXº|ÉӃ´ Ӄ­ÈJ«Xƈ´ Ӄ NJ «J«­N­ª°­´ ºX´ŷ Z³­ª ´É«º|X´ ´ J«T N|J³JNºX³ ÊJ◓­« º­ ´XӃZƈ|XJӃ «z
°³­°X³ºÉ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǍǎǍ

5XN|J« NJӃ MX|JÆ ­Ä³ ­Z ÄӃº³Jº| « NJ³M­« «J«­ªXªM³J«X´ Z­³ ÇJºX³ °Ä³ `NJ◓­« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǍǎӅ

.«ºX«´X °ÄӃ´XT Ӄ z|º ÇXӃT «z °³­NX´´ Ç º| ´ ªÄӃºJ«X­Ä´ ªXN|J« NJӃ ³­ӃӃƈ°³X´´ «z Z­³ | z|ӃÉ N­«TÄN◓ÆX
´ ӃÆX³ «J«­Ç ³XƄ°­ӃÉXº|ÉӃX«X ºX³X°|º|JӃJºX N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǍǏǒ

?Ä³ZJNX ZÄ«N◓­«JӃ ÊJ◓­« ­Z ²ÄJ³ºÊ `M³X´ MÉ T ³XNº z³­Çº| ­Z NJ³M­« «J«­´º³ÄNºÄ³X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǍǐǏ

$|J³JNºX³ ´J◓­« ­Z z³J°|X«XƈX«|J«NXT NJ³M­«ƈ`M³XƄ;((1 ªJ«ÄZJNºÄ³XT Ä´ «z ´°³JÉƈTX°­´ ◓­« J«T
ӃJ´X³ƈJ´´ ´ºXT JÄº­ªJºXT ºJ°X °ӃJNXªX«º Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǍǑǍ

, z| ´°XXT  ªJz «z ­Z º|X ÄӃº³J´­« N TXJzzӃ­ªX³J◓­« ­Z «J«­°J³◓NӃX´  « ÇJºX³ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǍǑӅ

(]XNº´ ­Z ª N³­ÇJÆXƈJ´´ ´ºXT N³­´´ƈӃ «¦ «z ­« º|X N³XX° ³X´ ´ºJ«NX J«T ªXJ´Ä³XªX«º JNNÄ³JNÉ ­Z º|X
N­JÈ JӃƈ´º³ÄNºÄ³XT `MX³ ´º³J « ´X«´­³ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǍǒӄ

5XN|J« N´ ­Z ³X «Z­³NXªX«º ­Z °­ӃÉªX³ƈMJ´XT «J«­N­ª°­´ ºX´ MÉ Ǐ& ªJºX³ JӃ´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǍӄǏ

(«|J«NXT ªXN|J« NJӃ °³­°X³◓X´ ­Z | X³J³N| NJӃ 5G(6(ƄNZ N­ª°­´ ºX´ Æ J Ӄ­Ç N­«ºX«º XӃXNº³­°|­³X◓N
TX°­´ ◓­« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǍӄǔ

>Xª­ºX `XӃT  «TÄNXT ³X´°­«´X ­Z °­ӃÉªX³ «J«­N­ª°­´ ºX´ XªMXTTXT Ç º| ´Ä³ZJNXƈZÄ«N◓­«JӃ ´XT T ƈ
XӃXNº³ N «J«­°J³◓NӃX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǍǓǔ

(]XNº´ ­Z |ÉM³ T ÊJ◓­« J«T °ӃÉ º| N¦«X´´ ­« NJ³M­«ƄNJ³M­« N­ª°­´ ºX ӃJª «JºX´ ´º³X«zº| J«T º­Äz|ƈ
«X´´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǍǔǎ

(]XNº ­Z ÇXJº|X³ «z ­« º|X Ӄ­«zƈºX³ª °X³Z­³ªJ«NX ­Z «JºÄ³JӃ `MX³ ³X «Z­³NXT ³XNÉNӃJMӃX °­ӃÉªX³ N­ªƈ
°­´ ºX´ Z­³ ´º³ÄNºÄ³JӃ J°°Ӄ NJ◓­«´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǍǔǓ

* M³X´ |ÉM³ T ÊJ◓­« Z­³ º|X³ª­°ӃJ´◓N ªJº³ È N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǎǍǑ

5XN|J« NJӃ N|J³JNºX³ ÊJ◓­« ­Z J º|³XXƈT ªX«´ ­«JӃ |ÉM³ T Ç­ÆX« N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǎǎǏ



&X´ z« J«T N|J³JNºX³ ÊJ◓­« ­Z º­Äz| J³N| ºXNºÄ³XT NX³Jª NƈMJ´XT N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǎǎǔ

#XJ³ «z ´º³X«zº| | z| °X³Z­³ªJ«NX `M³X ªXºJӃ º| «ƈ°ӃÉ ӃJª «JºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǎǏǓ

E ´­XӃJ´◓N J«T E.?$8;2 ?A.$ N³XX° ª­TXӃӃ «z ­Z ´|­³ºƈzӃJ´´ `M³X ³X «Z­³NXT °­ӃÉ°³­°ÉӃX«X N­ª°­´ƈ
 ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǎǐǍ

ǐ& °³ «ºXT ´|­³º NJ³M­« `M³X´ ³X «Z­³NXT °­ӃÉJª TXŷ ºX«´ ӃX J«T N­ª°³X´´ ÆX N|J³JNºX³ ´J◓­« J«TªÄӃƈ
◓´NJӃX ZJ ӃÄ³X J«JӃÉ´ ´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǎǐǓ

(´◓ªJ◓­« ­Z  «ºX³ZJN JӃ ´|XJ³ ´º³X«zº| ­Z Ӄ­«z zӃJ´´ `M³X N­ª°­´ ºX´ MÉ Èƈ³JÉ N­ª°ÄºXT º­ª­z³J°|É ǎǎǑǒ

5JºX³ JӃ N|J³JNºX³ ´J◓­« J«T ZJ◓zÄX TJºJ N­³³XӃJ◓­« ­Z ´|­³º `M³X N­ª°­´ ºX´ŷ X]XNº ­Z º| N¦«X´´ŵ
Ӄ­JT ³J◓­ J«T `M³X ­³ X«ºJ◓­« Jº XӃXÆJºXT ºXª°X³JºÄ³X Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǎǒǎ

2­NJӃ ´º³X´´ƈ´º³J « MX|JÆ ­Ä³  « ´|­³º zӃJ´´ `M³X ³X «Z­³NXT °­ӃÉªX³´ ƈ J N­ª°J³ ´­« ­Z T ]X³X«º ´ ªÄƈ
ӃJ◓­« J°°³­JN|X´ Ç º| XÈ°X³ ªX«ºJӃ ³X´ÄӃº´ MJ´XT ­« Èƈ³JÉ N­ª°ÄºXT º­ª­z³J°|É TJºJ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǎǒǔ

(]XNº ­Z `M³X ­³ X«ºJ◓­«ŵ ºXª°X³JºÄ³Xŵ ª­ ´ºÄ³X N­«ºX«º J«T ´º³J « ³JºX ­« º|X ºX«´ ӃX MX|JÆ ­Ä³ ­Z
´|­³º zӃJ´´ `M³Xƈ³X «Z­³NXT °­ӃÉJª TX ӄ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǎӄǓ

 ª­TX .. ºX´◓«z ªXº|­T Z­³ |ÉM³ T N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǎǓǒ

&X°Ӄ­ÉJMӃX N­ª°­´ ºX ªX´|X´ Ɖ ª­TXӃӃ «zŵ ªJ«ÄZJNºÄ³X J«T N|J³JNºX³ ´J◓­« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǎӅǐ

 ³X °´XÄT­ƈTÄN◓ӃX JӃӃƈNJ³M­« |ÉM³ T ӃJª «JºX´ «­ºN|  «´X«´ ◓ÆX  « ­°X« |­ӃX ºX«´ ­«ų Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǎǔǎ

>X°J³JM Ӄ ºÉ J´ J «XÇ ZÄ«N◓­« Z­³ | z|ƈ°X³Z­³ªJ«NX °´XÄT­ƈTÄN◓ӃX |ÉM³ T N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǎǔǓ

8« º|X ­°◓ªJӃ TX´ z« ­Z ´ªJ³º N­ª°­´ ºX ´X«´­³´ Z­³  ª°JNº TJªJzX TXºXN◓­« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǏǍǒ

.ª°JNº °³­°X³◓X´ ­Z vJÈƈNJ³M­« |ÉM³ T N­ª°­´ ºX´ Ä«TX³ Ӄ­ÇƈÆXӃ­N ºÉ  ª°JNº Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǏǎǐ

(«|J«NXªX«º ­Z º| «ƈ°ӃÉ N­ª°­´ ºX´ º³J«´ӃJª «J³ º­Äz|«X´´ º|³­Äz| `MX³ƈ|ÉM³ T ÊJ◓­«ŷ º­ÇJ³T´ J
T ´N³ ª «J◓­« Ç º| º|X °ӃÉ º| N¦«X´´ X]XNºų Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǏǏǍ

 ´´X´´ «z º|X  ª°JNº MX|JÆ ­³ ­Z | z|ӃÉ JӃ z«XT `MX³ |ÉM³ T N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǏǏӅ

&XÆXӃ­°ªX«º J«T N|J³JNºX³ ÊJ◓­« ­Z |ÉM³ T º| «ƈ°ӃÉ N­ª°­´ ºX ªJºX³ JӃ´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǏǐӄ

AX«´ ӃX ZJ◓zÄX °X³Z­³ªJ«NX ­Z NJ³M­«ƈNJ³M­« |ÉM³ T ²ÄJ´ ƈ ´­º³­° N ӃJª «JºX Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǏǑǑ

EJ³ JMӃX ´◓]«X´´ ӃJ♂NX ´º³ÄNºÄ³X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǏǒǎ

E ³ºÄJӃƈ°|É´ NJӃ X«z «XX³ «z ­Z J z³JTXT $*>;Ƅ◓ºJ« Äª J ³N³Jx ´Ä´°X«´ ­« ´º³Äº Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǏǒӅ

5J«ÄZJNºÄ³ «z J«T °³­°X³◓X´ ­Z |ÉM³ T N­ª°­´ ºX´ ­Z N­«◓«Ä­Ä´ ´ºXXӃ J«T zӃJ´´ `MX³´ ªJTX MÉ ºJ ƈ
Ӄ­³XT `MX³ °ӃJNXªX«º Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǏӄӄ

 «­ÆXӃ |ÉM³ T º|X³ª­´Xºƈº|X³ª­°ӃJ´◓N ³­M­ºƈMJ´XT°³­TÄN◓­« N­«NX°º Z­³ Ӄ z|ºÇX z|º ´º³ÄNºÄ³JӃ °J³º´ŷ
J ´°XN JӃ Æ XÇ ­« º|X |ÉM³ T  «ºX³ZJNX Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǏǓǑ

AX«´ ӃX °³­°X³◓X´ ­Z TXX° T³JÇ«  «ƈ´ ºÄ °­ӃÉªX³ ÊXT `MX³ƈªXºJӃƈӃJª «JºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǏӅǏ

5 N³­ƈ´NJӃXª­TXӃӃ «z ­Z N­ª°­´ ºX´ªJTX ­Z >$*Ƅ ; ӄ ´ºJ°ӃX `MX³ ÉJ³«´ Ç º| ´°XN JӃ Xª°|J´ ´ ­« `MX³
ӃX«zº| T ´º³ MÄ◓­« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǏǔǍ

5 N³­ƈNº MJ´XT J´´X´´ªX«º ­Z ǐ& M³J TXT  2Ǐ8ǐ ³X «Z­³NXªX«º Ä« Z­³ª ºÉ J«T °X³ªXJM Ӄ ºÉ ­Z JӃӃƈ­È TX
NX³Jª N ªJº³ È N­ª°­´ ºX´ °³­TÄN◓­« °³­NX´´X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǏǔӄ

5ÄӃ◓ƈ´NJӃX ª­TXӃ «z ­Z º|X º|X³ª­ƈÆ ´N­XӃJ´◓N MX|JÆ ­³ ­Z ǐ& Ç­ÆX« N­ª°­´ ºX´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǐǍǐ



 TÆJ«NXT «JºÄ³JӃ `M³X ºXÈ◓ӃX´ Z­³ N­ª°­´ ºX ³X «Z­³NXªX«º Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǐǎǎ

$|J³JNºX³ ÊJ◓­« ­Z  «ºX³Ӄ­N¦ ǐ& °X³ªXJM Ӄ ºÉ ºX«´­³ Z­³ Nƈ>A5 °³­NX´´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǐǎӅ

 Äº­ªJºXT zƈN­TX º­ *( ªX´| N­«ÆX³´ ­« ƈ ª­TXӃӃ «z °­ӃÉªX³ °X«Xº³J◓­«  «º­ J ºXÈ◓ӃX º­ zX«X³JºX J
°­ӃÉªX³ƈºXÈ◓ӃX N­ª°­´ ºX ªJTX MÉ JTT ◓ÆX ªJ«ÄZJNºÄ³ «z Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǐǏӄ

5 N³­ƈNºƈMJ´XT «ÄªX³ NJӃ ÆJӃ TJ◓­« ­Z º|X Ӄ­NJӃ °X³ªXJM Ӄ ºÉ ªJ° Z­³ º|X Mƈ° ӃӃJ³  «ZÄ´ ­« ´ ªÄӃJ◓­« ǎǐǐǐ

(]XNº ­Z ºXª°X³JºÄ³X ­« TJªJzX ­«´Xº  « º|³XXƈT ªX«´ ­«JӃ Ǝǐ&Ə Ç­ÆX« ­³zJ« N ªJº³ È N­ª°­´ ºX´ Z­³
JX³­ƈX«z «X´ J°°Ӄ NJ◓­«´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǐǑǎ

? ªÄӃJ◓­« ­Z Z³ N◓­«JӃ N­«ºJNº  «ºX³JN◓­«´ Ç º| « ¤JN²ÄJ³T |J³«X´´ ­Z ÇXJÆ «z Ӄ­­ª´ Z­³ ǐ&  «ºX³Ӄ­N¦
ZJM³ N´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǐǑǔ

2JNNJ´XƈX«ÊÉªX º³XJºªX«º ­Z vJÈ `M³X´ Z­³  ª°³­ÆXT  «ºX³ZJN JӃ ´º³X«zº|  « «JºÄ³JӃ `M³X N­ª°­´ ºX´ ǎǐǒǓ

&.$ƈMJ´XT ª­« º­³ «z ­« &(#86&.6+ N³JN¦ °³­°JzJ◓­«  « Ç³J°°XT N­ª°­´ ºX ¤­ «º´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǐӄǏ

CӃº³J´­x J«T |É°X³XӃJ´◓N XӃXNº³ NJӃӃÉ N­«TÄN◓ÆX «J«­N­ª°­´ ºX´ Z­³ ´º³J « ´X«´ «z J°°Ӄ NJ◓­«´ Ÿ Ÿ ǎǐӄǔ

5XN|J« NJӃŵ ³|X­Ӄ­z NJӃ J«T º|X³ªJӃ XÆJӃÄJ◓­« ­Z °­ӃÉƎӃJN◓N JN TƏ Ǝ;2 Ə Ƅ ª N³­ `M³ ӃӃJºXT NXӃӃÄӃ­´X
Ǝ5*$Ə °ӃJ´◓N ÊXT M ­N­ª°­´ ºX´ °³­TÄNXT Ç º| vJº T X XÈº³Ä´ ­« J«T NJӃX«TX³ «z Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǐǓǓ

8°◓ª ÊJ◓­« ­Z J« XÈ­´¦XӃXº­« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǐӅǑ

#J«J«J `M³X J´ ´Ä´ºJ «JMӃX J«T ³X«XÇJMӃX ³X´­Ä³NX Z­³ ³X «Z­³NXªX«º ­Z °­ӃÉӃJN◓N JN T Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǐǔǎ

,ÉM³ T ³J◓­ X]XNº ­« vXÈÄ³JӃ °³­°X³◓X´ Z­³ $*>;ƈ«JºÄ³JӃ `MX³ N­ª°­´ ºX |ÉM³ T ªJºX³ JӃ´ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǐǔӅ

.«ÆX´◓zJ◓­« ­Z X«X³zÉ JM´­³°◓­« NJ°JN ºÉ ­Z «­ÆXӃ ǐ&ƈ°³ «ºXT zӃJ´´ `M³X ³X «Z­³NXT º|X³ª­°ӃJ´◓N
M ­ƈ «´° ³XT ´º³ÄNºÄ³X´ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǑǍǑ

>J° T ZJ◓zÄX Ӄ ZX °³XT N◓­« ­Z $*>; ӃJª «JºX´ MÉ N­ªM « «z º|X TJºJ ­Z ´XӃZƈ|XJ◓«z Ç º| ´◓]«X´´
TXz³JTJ◓­« Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ Ÿ ǎǑǎǏ
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Abstract: The incremental hole drilling method is widely used to determine the residual stress 

profile in composite materials. However, the effect of the drilling steps on the local residual 

stresses and on the raw acquisition data of the relaxation strains is very little studied. In this 

paper, the thermal and mechanical contributions of the drilling on the acquisition data are 

explained. The residual stresses of unidirectional carbon/epoxy composite laminates, 

manufactured by filament winding under different curing  conditions, are presented and 

compared.  

Keywords: Fiber reinforced composites; finite element simulation; incremental hole drilling 

method; residual stresses.  

1. Introduction 

Fiber reinforced composite laminates are particularly subject to residual stresses due to their 

heterogeneity and the complex chemical, mechanical and thermal mechanisms that occur 

during their processing (1). Residual stresses are known to cause damage accumulation, shape 

instability and behavior disturbance in composite parts (2). Therefore, residual stresses are 

important data to consider when sizing composite parts and predicting their behavior.  

The Incremental Hole Drilling is one of the most widely used method for measuring residual 

stresses. This method is semi-destructive and consists of drilling incrementally a hole through 

the thickness of the material, measuring relaxation strains around the hole for each increment 

and converting these strains into residual stresses using a matrix of coefficients called calibration 

coefficients (3). These coefficients are calculated using finite element simulations. 

In this paper, the Incremental Hole Drilling Method (IHDM) is used to determine the residual 

stresses in unidirectional carbon/epoxy composite laminates. The thermal and mechanical 

effects of drilling on the raw acquisition data of the relaxation strains are also discussed. 

2. Material and methods 

2.1 Material 

The material studied in this work is unidirectional carbon/epoxy composite fabricated by 

filament winding under industrial conditions. The samples are composite plates composed of 12 

layers with a thickness of approximately 0.33 mm each, i.e. a total thickness of 4 mm 

approximately. T700SC-24000-50C carbon fibers are used with Araldite 1564 epoxy resin. Aradur 

3474 hardner is used as curing agent. The fiber content of the composites is 70% by mass and 

60% by volume. The material was mechanically characterized by tensile tests in a previous work. 
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The longitudinal Ex and transverse Ey Young's moduli are equal to 143 GPa and 7 GPa 

respectively. In this study, three different composite plates were considered with various curing 

cycles summarized in Table 1. 

Table 1: Curing cycles used to manufacture the composite plates. 

Plates Curing cycle Cooling  

Plate 1 
1 hour curing at 80°C then 4 hours at 120°C in an oven 

(recommended by the manufacturer) 
Cooling in the oven 

Plate 2 10 hours curing at 70°C in an oven Cooling in the oven 

Plate3 10 hours curing at 70°C in an oven Ambient air cooling 

 

The dimensions of the manufactured plates are 300x300 mm. To avoid any influence due to the 

thickness variation, the samples are cut in such a way as to minimize the thickness variation in 

the same sample. For this purpose, the thicknesses of the plates are determined using a GOM 

scanner working with the fringe projection principle. The scan head (ATOS core 5M) is equipped 

with two cameras of 5 million pixels each and a fringe projector (for more details, the reader can 

refer to reference (4). The measured thickness for plate 3 is shown in Figure 1a. The samples are 

extracted in areas where the gradient of the thickness is low (Figure 1b and 1c).  

 

 

 

 

Figure 1. (a) Thickness of plate 3 determined by 3D scanning (b) Cut of samples from plate 3 in 

the areas where the thickness gradient is low, (c) Sample identification method as a matrix. For 

example, sample 1-3 is the sample for which p=1 and q=3 

(a) 

(b) (c) 
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2.2 Methods 

The residual stresses are determined by the Incremental Hole Drilling Method (IHDM). The 

principle of this method is to drill incrementally a hole through the thickness of the material. 

The removal of material induces a local redistribution of the residual stresses. The corresponding 

strains (called relaxation strains) are measured using strain gage rosettes (Figure 2). These 

strains are converted in residual stresses using calibration coefficients, which are calculated by 

finite element simulations of the IHDM (5) (Figure 3) . The residual stresses of a given increment 

are equal to the inverse of the calibration coefficients matrix multiplied by the relaxation strains 

corresponding to this increment, Eq.(1). The relaxation strains of the increment are obtained by 

subtracting the strains due the previous increments and the total strains recorded by the gages.  

                 

Figure 2. Measurement of the relaxation strains by the Incremental Hole Drilling Method (IHDM) 

using a strain gage rosette. 

 

      

Figure 3. Calculation of the calibration coefficients by finite element simulations: example for 3 

increments. „ ὅ ‐ В ὅ „ ȟ  ρ Ὦ Ὥȟ  ρ Ὧȟ ὰ σ               (1) 

Where:  „  ŀǊŜ ǘƘŜ ǊŜǎƛŘǳŀƭ ǎǘǊŜǎǎŜǎ ƻŦ ǘƘŜ ŎǳǊǊŜƴǘ ƛƴŎǊŜƳŜƴǘ άƛέΦ ¢ƘŜ ǎǳōǎŎǊƛǇǘ άlȱȟ π < l < 3, refers to 

the stress components („ „ ȟ „ „ ȟ „ „ . ὅ  is the matrix of calibration coefficients related to increment έjέ ǿƘŜƴ ǘƘŜ ǘƻǘŀƭ ƴǳƳōŜǊ 
ƻŦ ƛƴŎǊŜƳŜƴǘǎ ƛǎ άƛέΦ 
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‐  is the strain given by gage άƪέ, 0 < l < 3 , ǿƘŜƴ ǘƘŜ ŘŜǇǘƘ ƻŦ ǘƘŜ ƘƻƭŜ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ άƛέ 

increments. В ὅ „  corresponds to the strains due to the previous increments. 

 

The experimental parameters of the IHDM performed in this study are given in Table 2. 

Table 2: Experimental parameters and conditions of the results presented in Figure 4. 

Increment depth Rotation speed Feed speed  Ambient temperature  Ambient humidity 

0.165 mm 5000 rpm 0.01 mm/s     22 ± 2°C  46 ± 2% 

 

3. Results and discussions 

3.1 Thermal and mechanical contributions of drilling on raw acquisition data 

Figure 4 presents the raw acquisition data obtained for sample 1-3 of plate 3. These data 

correspond to the strains measured by the gages of the rosette during the incremental hole 

drilling process. Gage 1 is oriented in the fiber direction (0 degrees), gage 2 at -135 degrees with 

respect to the fibers and gage 3 in the direction perpendicular to the fibers (90 degrees). 

 

 

Figure 4. (a) Raw acquisition data obtained for sample 1-3 of plate 3 (See Table 2 for the 

experimental parameters), (b) Detail of the drilling and relaxation steps for one increment. 

Each increment cycle is composed of a drilling step and a relaxation step (Figure 4b). The 

withdrawal of the milling cutter (end of the drilling step) is followed by an abrupt change of 

slope of curves. During the drilling, mechanical and thermal strains occur at the same time. Note 

that the mechanical strains are composed of the strains induced by the milling cutter and the 

ones induced by the residual stresses. Strains are competing for the gage 2 (oriented at -135 

degrees with respect to the fibers) and the gage 3 (oriented in the direction perpendicular to 

the fibers) and additive for the gage 1 (oriented in the fibers direction). In fact, the heat causes 
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negative strains in the fibers direction because of the negative longitudinal thermal expansion 

coefficients of the fibers. In the resin direction, the induced thermal strains are positive. In the 

other hand, material removal causes negative strains for all gages. These different strains 

occurring at the same time explain the particular shapes of the curves during the drilling as well 

as the jumps recorded for gage 2 and 3 at the onset of the relaxation step.  

3.2 Residual stresses in the composite plates 

The relaxation strains considered in the calculation of residual stresses are measured at the end 

of the relaxation time. This allows strains to stabilize after a local redistribution of residual 

stresses. In this part, one increment per ply is considered for the IHDM. In fact, small increment 

depths are interesting in areas where residual stress gradient is high. Close to the interfaces of 

cross-ply laminates for example. Since the material studied here is a unidirectional composite, 

it is not necessary to refine the depth.  

The residual stresses calculated for plate 1, 2 and 3 are presented in Figure 5. Means and 

dispersions are determined from 3 tests. Here, the calculation of the residual stresses is limited 

to a hole depth of 0.8 mm because the results become unstable above this depth. This is caused 

by the fact that the predominant calibration coefficients in the calculation of residual stresses 

(those of the diagonal) are lower and lower with depth. From a certain depth (0.99 mm here, 

which corresponds to the third increment), the inverse of these calibration coefficients becomes 

large enough to generate instability in the calculation. The onset of the instability depends on 

the material properties and the chosen increment depth. As shown by Zuccarello (6), small 

increment depths lead to larger instabilities in the residual stress calculation. 

In Figure 5, oƴŜ Ŏŀƴ ƻōǎŜǊǾŜ ǘƘŀǘ ǘƘŜ ǊŜǎƛŘǳŀƭ ǎǘǊŜǎǎŜǎ ˋx (in the fibers direction, Figure 5a) and 

ˋy (in the transverse direction, Figure 5b) are lower for plate 1 (manufactured according to the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǊŜŎƻƳƳŜƴŘŜŘ ŎȅŎƭŜύΦ The residual stresses of plate 3 are slightly higher than 

ǘƘƻǎŜ ƻŦ ǇƭŀǘŜ нΦ !ǎ ŜȄǇŜŎǘŜŘ ŦƻǊ ǳƴƛŘƛǊŜŎǘƛƻƴŀƭ ŎƻƳǇƻǎƛǘŜ ƭŀƳƛƴŀǘŜǎΣ ǘƘŜ ǊŜǎƛŘǳŀƭ ǎǘǊŜǎǎŜǎ ˋxy 

are very low for the 3 plates. 

 

 

 

 

Figure 5. Residual stresses calculated for plate 1, 2 and 3: (a) ˋx , (b) ˋxy and (c) ˋy 

 

   

(a) (b) (c) 
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The results obtained for plate 1 may seem difficult to analyze since it has undergone the highest 

temperatures. However, this plate has been annealed (the second cure) at temperature higher 

than its first glass transition temperature, which can allow the residual stresses to relax while 

maintaining a high degree of cure. The difference between the results of plate 2 and 3 can be 

explained by the fact that plate 3 is cooled in ambient air. This rapid cooling generates higher 

residual stresses.  

4. Conclusion 

In this work, the residual stresses of unidirectional carbon/epoxy composite laminates 

fabricated by filament winding were estimated using the Incremental Hole Drilling 

Method. Investigations were carried out on the thermal and mechanical contributions 

of the drilling on the raw acquisition data of the relaxation strains. The drilling induces 

positive thermal strains for gage 2 and 3. However, thermal strains are negative for gage 

1 because of the negative thermal expansion coefficient of carbon fibers in the 

longitudinal direction. In the other hand, the mechanical strains due to material removal 

is negative for all gages. The combination of these thermal and mechanical strains that 

occur at the same time allowed to understand the shapes of the raw acquisition data. 

The residual stresses were determined for three composite plates manufactured in 

different curing conditions. The results showed a low level of residual stresses for plate 

1 which underwent two dwell temperatures during curing cycle. The residual stresses 

are believed to relax during the second cure (annealing). Higher residual stresses were 

obtained for plate 3. This can be explained by the rapid cooling of plate 3, which 

generates higher residual stresses. 
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Abstract: In this study we take inspiration from biological materials to design a modified 

microstructure for laminated multidirectional (MD) carbon fiber reinforced polymers (CFRP), with 

the objective of mitigating their compressive failure behavior.  We introduce soft inclusions in 

the form of thin longitudinal strips of foam in 0° load bearing layers, aiming at arresting kinkband 

propagation. We conceived a bespoke stacking sequence and developed a tailored procedure for 

manufacturing the microstructure. We then performed in-situ tests on small scale notched 

specimens from a baseline laminate and a modified one. Results are presented and discussed.  

Keywords: Bioinspiration; Compression; Damage diffusion; Microstructural design 

1. Introduction 

Longitudinal compressive failure is a major concern for CFRP. In most high-performance 

unidirectional (UD) composites, failure occurs by fiber kinking. In regions of fiber misalignment, 

the matrix undergoes shear, leading to further fiber rotation. With increasing load, either this 

mechanism becomes unstable, or shear fracture of the matrix/interface occurs, leading to 

unstable collapse and to kinkband formation [1]. In MD laminates, the failure process is more 

complex and may involve delamination and some progressive damage in the off-axis plies [2]. 

However, almost inevitably, sudden compressive fracture of load bearing (0°) layers is the final 

event leading to catastrophic failure, with negligible detectable warning. These complexities 

lead to a lack of strategies to mitigate the failure process and improve performance.  

In this work, we take inspiration from nature to design a novel microstructure for MD CFRP 

laminates. Several biological materials present alternating stiff and soft zones. The associated 

periodic stiffness variations are an effective strategy to enhance fracture resistance: a strong 

decrease in crack driving force occurs when the crack propagates from stiff to soft regions, 

eventually leading to crack arrest [3]. To replicate such a condition in a MD laminate undergoing 

compression, we modified its microstructure by replacing continuous 0° composite layers with 

alternating of stiff (0° composite) and soft (polymethacrylimide -PMI- foam) longitudinal strips, 

Figure 1, with the objective of creating regions where kinkbands may be arrested, favoring 0° 

composite strips to fail individually and independently, due to the soft strips isolating them. 

 

Figure 1. Simplified representation of the devised concept. 
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2. Material and methods 

2.1 Materials 

Since the soft inclusions are not load-bearing, a material with low specific weight is preferable 

for the soft inclusions. This, along with processing ease and compatibility, led to PMI foams being 

identified as optimal materials. PMI foam sheets, 0.07 mm thick, were provided by 

YoneshimaFelt Co. Ltd. Specifically, Rohacell® 200SL foam was used for this study (Table 1). The 

sheet thickness was chosen by considering commercial availability and compatibility in the 

design process. 

Table 1: Rohacell® 200SL properties from [3]. 

Density [g/cm3] Tensile Modulus [MPa] Compressive modulus [MPa]  Shear modulus [MPa] 

0.205 371 370 123 

 Tensile strength [MPa] Compressive strength [MPa]  Shear strength [MPa] 

 10.4 9.6 4.8 

 

A 15gsm MR70/TP402 prepreg, commercially available from North Thin Ply Technologies (NTPT), 

was selected for this study. MR70 is a high-performance intermediate modulus carbon fiber; 

TP402 is a 135 °C curing epoxy used for automotive and aerospace applications. Properties for 

this material are not readily available from open literature, so, for the purpose of this study, they 

were estimated using micromechanics or assumed, as reported in Table 2 (with the standard 

notation used in [1]). 

Table 2: MR70/TP402 properties. 

Density [g/cm3] E1 [GPa] (compressive) E2 [GPa] G12 [GPa] ˄12 

1.55 153. 9.5 3.16 0.26 

Xt [MPa] Xc [MPa] Yt [MPa]  Yc [MPa] SL [MPa] 

3880. 1800. 39. 160. 60. 

 

2.2 Configuration design 

To test the concept, we developed a bespoke stacking sequence to be used as a baseline, which 

we called Baseline-No-Foam (BNF), and a modified version for the new microstructure, named 

Foam Laminate (FL). The two laminate stacking sequences are as follows: 

¶ BNF: [±45/(±75/90/±75/±319/0)S2]S 

¶ FL: [±45/(±75/90/±75/±319/02F)S2]S. Here the subscript F indicates the presence of the 

foam strips in the 0° layers 

The BNF laminate was designed to have elastic properties similar to those of a commonly used 

industrial reference laminate (i.e. [(±45/0/±45/90/0)n]S) and to contain a reduced number of 0° 

ӅƄǎӄǍǏ ƟǏǍǏǏ +J³ÄӃӃ  Xº JӃŸ T­ ŷǎǍŸǒǍǓǒƄX°vƈǏǔӅǓǔǔƋǔǓӅƈǏƈǔǓǍǎӄǎǑƈǍƈǍ °ÄMӃ ´|XT Ä«TX³ $$ #Hƈ6$ ǑŸǍ Ӄ NX«´X A­$

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability ς Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

layers. Also, the high number of ±31 layers was tailored to provide a strong support to the 

laminate at failure of the 0° layers. The FL sequence is obtained from the BNF one by doubling 

the number of 0° layers. In this case, however, 0° layers are intended as containing foam strips. 

Specifically, considerations of effectiveness and manufacturability led to the choice of having 

alternated 1 mm wide 0° composite and foam strips. Therefore, the BNF and FL laminates 

contain the same volume of composite material (and in the same orientations), the FL one being 

slightly thicker due to the presence of the foam. 

2.3 Manufacturing 

Prepreg sheets of the desired orientations were cut with a Blackman and White Genesis 2300 

cutting machine. The BNF laminate was laid up manually according to standard practices. To 

prepare materials for the FL laminate, an Oxford Lasers Diode Pumped Solid State (DPSS) micro-

machining system was used as follows: 

¶ 0° prepreg layers, after being laid up in groups of four, [04], were cut to have 1 mm wide 

rectangular slots in the fiber direction 

¶ Foam sheets were cut, in their central region, to be divided into 1 mm wide strips 

¶ PET sheets (125 µm thick) were cut to create templates for positioning of both the 0° 

prepreg layers and the foam strips 

Lay-up of the foam laminate followed standard practices until each of the [04] blocks, expected 

to contain foam strips, was reached; at this point a tailored procedure, exploiting the PET 

templates and involving multiple steps, was used to create the layer containing the foam strips. 

More in detail, the strips of 0° prepreg were laid first; afterwards, the foam strips were placed 

in the slots in between the prepreg. Figure 2 shows three stages of the process. 

 

Figure 2. Three phases of the foam laminate lay-up procedure: (a) right before laying up a [0]4 

block containing the foam strips, (b) after laying up 0° prepreg strips, (c) after having laid up 

both prepreg and foam strips. 

For this study, two small scale notched specimens for compression loading, Figure 3, were 

obtained from each of the two plates. The top and bottom faces of the specimens were ground 

parallel to ensure optimal loading during compression, while the notch was obtained by means 

of a disk saw; notch tip radius was found to be, by means of optical microscopy, consistently 

around 40-50 µm, figure 3 (c).  

5ǳŜ ǘƻ ŀƴ ƛƴŎƛŘŜƴǘ ŘǳǊƛƴƎ ƳŀƴǳŦŀŎǘǳǊƛƴƎΣ ǘƘŜ ǎǇŜŎƛƳŜƴǎΩ ǎǳǊŦŀŎŜ ƘŀŘ ǘƻ ōŜ ǎƭƛƎƘǘƭȅ ƎǊƻǳƴŘΣ 
which partially reduced their thickness (about 0.2 mm per specimen) and thus slightly modified 

their layup (by eliminating outer layers); this may have introduced some variability in the test 
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performed, but is not expected to have affected the qualitative observations presented here. 

Table 3 shows the ligament section dimensions and notch tip radii for the four specimens tested. 

 

Figure 3. Small scale specimens manufactured: (a) nominal dimensions and loading scheme, (b) 

actual specimen microscopy with dimensions, (c) detail of the notch tip. 

Table 3: Ligament dimensions and notch tip radii of the four specimens tested. 

Specimen ID Ligament length [mm] Ligament thickness [mm]  Notch tip radius [µm] 

BNF1 4.8 2.7 41 

BNF2 4.8 2.7 51 

FL1 4.9 2.9 43 

FL2 4.8 2.9 48 

 

2.4 Test method 

The specimens were manually polished and gold coated. They were tested in compression, 

under displacement control, inside a Hitachi S-3700N SEM by means of a 5 kN in-situ loading 

stage from Deben UK. The displacement rate was set at 0.1 mm/min and data relative to jaws 

displacement and load were acquired at 10 Hz. The test was stopped at 400 N intervals to take 

SEM images of the specimen at different magnifications. The test was run either until complete 

failure of the specimen or up to a load of about 4.5 kN, in which case it was stopped to prevent 

damage to the load cell. 

3. Results and discussion 

The load-displacement curves for the specimens tested are reported in Figure 4. In these curves, 

small load drops correspond to relaxation occurring during the time the tests are stopped to 

take images. Both specimens containing foam strips, FL1 and FL2, did not fail by the end of the 

test. On the other hand, out of the two baseline specimens, BNF1 failed completely at a final 

load of about 3.83 kN, while specimen BNF2 did not fail by the end of the test. 
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Figure 4. Load displacement curves for the four specimens tested. 

Figure 5 shows SEM pictures of all specimens immediately before testing (Figure 5 (a)) and 

immediately after end of the tests (Figure 5 (b)). For all specimens, surface plies tended to 

delaminate from the rest of the specimen, and damage in the form of ply splits and fiber fracture 

is evident on them. By the end of the tests, for specimens BNF1 and BNF2, this damage extends 

from the notch tip all the way to the opposite ǎǇŜŎƛƳŜƴΩǎ ǎƛŘŜΣ ŀƴŘ the superficial plies are 

completely delaminated in this region. In FL1 and FL2 specimens, the damage observed on 

surface plies is less extended: for FL1, it extends to about 2 mm away from the notch tip; for 

specimen FL2 a little amount of damage is observed extending from the notch tip toward the 

bottom side of the specimen.  

 

Figure 5. SEM pictures of ǘƘŜ ǎǇŜŎƛƳŜƴǎΩ ƭƛƎŀƳŜƴǘ (a) before testing and (b) right after the test. 

Figure 6 shows X-ray images of the specimens after testing. One feature common to all the 

specimens is the presence of clear fracture lines emanating from the notch tip, at an angle of 

±31°. The clarity with which these features are observed suggests that they might be somewhat 

continuous through the specimen thickness, for several layers. Considering the stacking 

sequence of the laminate (having ±31° ply blocks), it is hypothesized that these may have formed 
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by initial splitting of the layer with fiber orientation parallel to the direction of the fracture line 

and subsequent translaminar fracture of the layers with the opposite orientation. It is worth 

mentioning that X-ray images of FL1 and FL2 specimens show the striped pattern caused by the 

presence of the foam strips; these latter appearing darker in the images. From this it can be 

observed that, for both FL specimens, the tip of the notch is located in the middle of a dark 

region, that is in a region with foam strips.  

Specimen BNF1, the only one that failed completely, shows a vast amount of damage going all 

ǘƘŜ ǿŀȅ ŦǊƻƳ ǘƘŜ ƴƻǘŎƘ ǘƛǇ ǘƻ ǘƘŜ ƻǇǇƻǎƛǘŜ ǎǇŜŎƛƳŜƴΩǎ ǎƛŘŜΦ 5ŀƳŀƎŜ ǇǊƻōŀōƭȅ Ŏƻƴǎƛǎǘǎ Ƴƻǎǘƭȅ 
of kinkbands in 0° layers and translaminar fractures in ±31° layers. Additional splits at ±31° are 

also visible, as well as a wide delamination, as already seen from SEM observations. In specimen 

BNF2, a narrow damage band extends from the notch across almost the entire ligament length, 

accompanied by several splits, especially in the lower part of the specimen. Comparing this with 

BNF1, and considering that by the end of the test specimen BNF2 was still carrying a significant 

load, may suggest that the damage observed is limited to a few plies through the thickness, 

while most of the ±31° layers may still be intact and able to carry load. Delamination is also 

visible in the image, in an area enclosing all other damage observed. Specimen FL1 shows a 

similarly narrow band of damage extending for about 2.5 mm from the notch tip. An initial wider 

and brighter band cross a region without foam (lighter colored in the image); possibly this 

includes kinkbands in 0° layers and additional damage in other layers. As this band reaches the 

next region with foam strips (darker in the image), it divides into a 31° split, which then deviates 

into a -75° split, and an almost horizontal narrower band. These two narrow bands then reach 

the beginning of the next region without foam, where they arrest. Interestingly, specimen FL2 

shows no damage at all, except for the already mentioned fracture lines originating from the 

notch tip. It is likely that these fracture lines and the foam strips present at the notch tip have 

acted as strong blunting factors, preventing significant stress concentration and damage 

initiation and propagation from the notch altogether. 

Additional fractographic activities will help to fully understand the fracture behavior of the 

specimens. 

 

Figure 6. X-ray scans of the four tested specimens. 

4. Conclusions 

The study presented is concerned with the preliminary design, manufacturing and testing of a 

bioinspired microstructure for MD CFRP laminates aiming at mitigating compressive failure. 
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After designing a suitable configuration, a tailored procedure for manufacturing of the desired 

microstructure was developed. The procedure features adoption of laser cutting for the 

preparation of the composite prepreg and of the foam sheets used for creating the soft 

inclusions. Additionally, PET sheets are adopted to create templates for precise positioning of 

the two former components, with alignment being ensured by means of a system of alignment 

pins. The developed procedure allows precise manufacturing of the microstructure. In-situ tests 

were performed on four small scale notched specimens, two baseline ones and two containing 

soft inclusions. After the tests, X-ray imaging of the specimens was performed to gain a deeper 

understanding of the ǎǇŜŎƛƳŜƴǎΩ ōŜƘŀǾƛƻǊΦ hǳǘ ƻŦ the four specimens tested, only one baseline 

specimen failed completely; ƻǘƘŜǊ ǘŜǎǘǎ ƘŀŘ ǘƻ ōŜ ǎǘƻǇǇŜŘ ǘƻ ŀǾƻƛŘ ŘŀƳŀƎŜ ǘƻ ǘƘŜ ǊƛƎΩǎ ƭƻŀŘ ŎŜƭƭΦ 
Our results suggest that splitting and translaminar fracture in off-axis plies from the notch tip 

occurred and acted as a strong crack blunting mechanism, reducing the stress concentration and 

the propensity to fracture initiation and propagation from the notch. While the results shown 

have to be expanded on further experimental activities, it was observed that specimens 

containing the soft inclusions had a reduced amount of damage when compared to baseline.  

Further activities are underway to gain a deeper understating of the results obtained and 

produce further results to assess the effectiveness of the microstructure designed. 
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Abstract: For a circular economy, the ability of a precise identification of products and materials 

in all life cycle phases is an enabler. Markers can be used effectively for material identification 

and they can also be physically integrated into the semi-finished polymer. This paper focuses on 

the integration of fluorescent particles into fiber-reinforced composites (FRC) via VARI 

infiltration. Initial experimental studies show possibilities for the application of markers in FRC. 

Thereby, interaction between marker particles, FRC and manufacturing process variations are 

analyzed. Additionally, the influence of textile permeability on the particle distribution of markers 

within the composite is addressed. When processing these polymer mixtures within a VARI 

process, the reinforcement textiles and processing aids lead to the filtration of marker particles, 

which is why process execution must be adapted to achieve a more efficient marking process.  

Keywords: Tracer-Based-Sorting; fluorescent particles; continuous fiber reinforced polymers; 

thermoset polymers; VARI; marker technology 

1. Introduction  

For a functional and efficient circular economy, the ability to precisely identify products and 

materials in all life cycle phases is necessary. This is especially relevant for the End-of-Life phase 

where often no closed chain of information to identify products and materials for efficient reuse 

or recycling is available. For various product categories surface placed identification 

technologies are existing such as QR-codes or embossed labels. In addition to these 

technologies, material integrated solutions are emerging. One of these technologies is the 

integration of fluorescent particles into the material itself. These particles enable robust 

material and structure identification possibilities in all product life cycle phases for the 

realization of circular economies (cf. Figure 1). 

  

Figure 1: Fluorescent markers for material and structure identification in life-cycle phases 
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The market for glass fiber reinforced plastics (GFRP) and carbon fiber reinforced plastics (CFRP) 

is expected to grow significantly in the next years partly due to the rise in renewable energy 

activities [1]. While currently there is no widespread established universal recycling method for 

most of these materials, there is progress in research and development for different recycling 

technologies in this field [2]. Some of the problems faced are unknown material combinations 

and other contaminants in the composites. FRCs with continuous fiber reinforcement are 

expected to bring new challenges to the use of fluorescent particles compared to unfilled 

plastics, like optical absorption changes, refraction or inhomogeneous particle distribution due 

to filtration processes. Thus, the interaction between the markers, manufacturing parameters 

and reinforcement architecture has to be investigated.  

As of now there are various research activities for the use of tracer-based-sorting in unfilled and 

short fiber reinforced thermoplastics for food packaging and window frames, where they show 

a high potential for enabling circular economy models [3]. Currently there is no research 

available for the integration of fluorescent particles into fiber reinforced plastics (FRP) with 

continuous fibers such as CFRP or GFRP. 

2. Fluorescent marker technologies for individual product identification 

The fluorescent marker particles used in this paper are crystals with a grain size of more than 1 

µm. They glow in a characteristic color when excited with near infrared light. Consequently, the 

fluorescent particles are invisible in ambient light. In addition, the fluorescent particles are 

thermally and chemically stable and exhibit low solubility behavior. They show good 

biocompatibility with unobjectionable toxicological test results and are compliant with EU 

substance law requirements. Due to these properties, fluorescent particles can easily be 

integrated as an additive in polymeric materials and can be processed in existing production 

processes. Currently, two distinct technologies that use fluorescent particles are tracer-based-

sorting and particle fingerprints.  

Tracer Bases Sorting (TBS) opens the possibility of sorting according to arbitrarily definable 

criteria. It is independent of material properties, robust against deformation and contamination 

and can be used flexibly. Currently TBS relies on three markers with different spectral properties. 

To enable identification of more than three different categories, the three markers are mixed in 

predefined ratios. For example, a 20 % gradation of ratios can generate 21 marker codes. The 

particles (tracers) can be inserted into the material or applied to the product e.g., by printing or 

using labels. By mixing the tracers into the material, every part of the material get its own 

traceable information.  

Currently, neat polymers are well detectable by e.g. near infrared sorters and thus subsequently 

sorted. As this differentiation is usually not sufficient, TBS can be used as an additional decision 

criterion or as a standalone solution. For example, TBS can be used to separate composites from 

non-composites. These have the same main polymer on the surface and would thus fall into the 

same category of NIR sorting. One of the main advantages of material integrated traces for TBS 

is the robustness against wear and destruction, which enables identification of already crushed 

material, which is especially beneficial in the recycling industry. 

Particle Fingerprints is a technology to apply a unique marking into a product, that is forgery-

proof and that can be used to link the product to a database entry e.g., a digital product pass. 

The technology is based on identification of the geometric distribution of fluorescent particles 
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(markers), which have been added to the raw material (e.g. plastic, ceramic, metal or coatings) 

in advance and thus are arranged in a completely random manner within the production 

process. Due to the aspect of randomness, the resulting "fingerprint" cannot be copied or 

reproduced. In contrast, barcodes, RFID tags or digital watermarks are produced by 

deterministic processes. There is a kind of recipe according to which the codes are produced, 

which makes it possible to forge and replicate them. The PFP, on the other hand, is unique. 

Consequently, its use for product identification and authentication is particularly suitable for 

security and health-related objects and for products that are heavily affected by counterfeiting.   

The PFP is particularly suitable for mapping digital product passports because of its high level of 

protection against forgery and manipulation due to the role of randomization. This also means 

that an almost infinite number of different fingerprints can be generated.  

The main difference between PFP and TBS is that PFP considers the spatial distribution of the 

markers, while TBS detects the spectral properties of the markers, which is shown in Figure 2. 

For the best results of these technologies, PFP uses larger particles with a diameter between 30 

µm and 50 µm compared to TBS with particle diameters from 5 µm to 10 µm.  

 
Figure 2: Identification of different TBS markers by spectral analysis (left) and a PFP by spatial 

distribution analysis (right) 

3. Experiments on feasibility of marker integration into continuous fiber 

reinforced thermosets via vacuum assisted resin infusion  

Figure 3 shows the Vacuum Resin Infusion (VARI) process setup to investigate the processability 

of marker filled resin systems. The main advantages of using the VARI process are, that it enables 

fast and cost-efficient manufacturing of test specimens due to simple tooling, whilst still 

providing conclusions on preform related filtration effects for other infusion and injection 

processes as well as being a relevant manufacturing process for high performance structures.  

The preform consists of a layup of 10 layers of unidirectional glass or carbon fiber textiles, which 

are placed with the same orientation upon a solid glass ground plate.  
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Figure 3: VARI process setup for marker infiltration 

A peel ply is placed on top of the preform to ensure a damage free demolding of the FRP after 

curing. Due to low permeability of the unidirectional textiles, a flow media is used on top of the 

peel ply, to allow a homogenous resin infusion over the whole textile surface. The layup is 

covered by a vacuum bag, which is sealed against the glass plate. Vacuum is applied via an outlet 

tube that connects to a resin trap and vacuum pump. The resin is infiltrated via vacuum through 

the inlet tube on the other side that connects to a container filled with epoxy resin. The 

fluorescent particles will be mixed into the resin prior to the infusion.  

In the investigations, four combinations of fluorescent particles and preforms are examined, 

which are shown in Table 1Table 1. Thereby, GF-TBS means glass fiber textiles using TBS-

technology, CF-TBS means carbon fiber textiles and TBS technology. In case of GF-PFP glass fiber 

textiles were used in combination with PFP marking technology. 

Table 1: Overview of test specimens 

ID number Fiber Type Textile weight Textile ply thickness Marker type 

GF-TBS Glass fiber 250g/m² 0.2 mm TBS 

GF-PFP Glass fiber 250g/m² 0.2 mm PFP 

CF-TBS Carbon fiber 200g/m² 0.2 mm TBS 

 

For all test specimens the same resin (Epoxy L) and curing agent (W300) is used. A total 

combined weight of 300 g is mixed according to the manufacturer recommended ratio. For all 

marker types a particle concentration of 300 ppm is chosen, which results in a mass of 0.06 g of 

marker particles. The particles were mixed homogeneously into the resin before infusion.  After 

infusion, the resin is cured under room temperature. 

For evaluating the marker concentration and distribution in the final FRP, the specimens were 

analyzed using a hyperspectral camera. Therefore, an infrared laser is used for the excitation of 

the fluorescent particles within the FRP samples. The used setup is shown in Figure 4. Purely 

optically, the marker particles are not visible in the manufactured test specimen. 

ǎǓƄǎӄǍǏ ƟǏǍǏǏ ,­]X «´ Xº JӃŸ T­ ŷǎǍŸǒǍǓǒƄX°vƈǏǔӅǓǔǔƋǔǓӅƈǏƈǔǓǍǎӄǎǑƈǍƈǍ °ÄMӃ ´|XT Ä«TX³ $$ #Hƈ6$ ǑŸǍ Ӄ NX«´X A­$

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability ς Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

 

Figure 4: Test setup for the determination of the marker concentration (left) and visual 

impression of FRP specimen (right)  

For all further results, the specimens were excited by laser light showing a wavelength of 

980 nm. Additionally, for all specimens the light intensity of the fluorescent particles is measured 

for the wavelength of 550 nm. To enable the comparison between different specimens all 

intensities are normalized to the highest measured intensity of the first test specimen. 

4. Interpretation of the results   

First, the feasibility of mixing the particles into the resin have been analyzed. Therefore, the 

particles are mixed into the resin using a conventional stirrer. By using an infrared laser pointer 

with a wavelength of 980 nm, the distribution within the resin can be easily visualized. For both 

marker types no agglomerations could be identified. Furthermore, since the particle 

concentration is low, there is no measurable impact to the resin properties, such as viscosity. 

Thus, the infusion process itself will not be influenced not by the integration of marker particles 

with these concentrations. This is also shown by the finished FRP specimens, that show no visible 

quality differences to their counterparts without integrated marker particles. 

Afterwards the resulting concentration and distribution of marker particles within the FRPs is 

analyzed. Figure 5 shows the normalized light intensity at a wavelength of 550 nm for the 

fluorescent markers with the hyperspectral camera tests for GF-TBS on the tool and non-tool 

side. Tool side referring to the side oriented towards the glass plate during infiltration. 
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Figure 5: GF-TBS ς normalized light intensity at 550 nm wavelength on the tool side (left) and 

non-tool side (right) 

The test setup is not able to measure exact length measurements, which is why the visual results 

are morphed and not in proper scale. The test specimen orientation can be seen in Figure 6 for 

comparison. This orientation is true for all further hyperspectral camera results. The TBS marker 

particles can clearly be identified from both specimen sides. Further analysis shows, that the 

particles are only situated on the non-tool side of the specimen. This means due to low 

permeability of the textiles all particles are filtered through it ŀƴŘ ŘƻƴΩǘ ƛƴŦƛƭǘǊŀǘŜ ǘƘǊƻǳƎƘ ǘƻ ǘƘŜ 
tool side. Due to the transparent properties of the glass fibers and thermoset matrix, the 

particles can still easily be identified on the tool side. 

Figure 6 shows normalized intensity results of the fluorescent markers with the hyperspectral 

camera tests for GF-PFP. 

 
Figure 6: GF-PFP - normalized light intensity at 550 nm wavelength on the tool side (left) and 

non-tool side (right)  

For PFP the particles can also clearly be identified through both sides, however the intensity is 

lower compared to TBS. This can be a result due to less PFP particle mass in the specimen as 

well as the larger size of the PFP particles compared to TBS, which can result in a lower 

luminescence intensity as a certain mass of bigger particles has lower intensity as the same mass 

of smaller particles due to volume effects. 

Looking at the peel ply and flow media through a PFP detection camera setup, it is apparent, 

that these aids filter the larger PFP particles, which can be seen in Figure 7. 
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Figure 7: Distribution of the marker particles: PFP particles (green) filtered in the peel ply (left) 

and the flow media (right) 

Thus, the lower intensity for the PFP specimens is caused by the filtration and thus a lower 

particle concentration in the FRP. 

Furthermore, the influence of the substitution of glass fiber with carbon fiber textiles is 

analyzed. Figure 8 shows the hyperspectral camera results for the CF-TBS specimens. 

 
Figure 8: CF-TBS- normalized light intensity at 550 nm wavelength on the tool side (left) and 

non-tool side (right) 

Looking at the tool side, the filtration effect of the textile layup is clearly shown. Particles only 

overflow on the sides but an infiltration through the textiles is not detectable. Since the carbon 

fibers are not transparent, identification through the textile layup is not easily possible. The 

normalized intensity of TBS particles on the top side is significantly lower for CF-TBS compared 

to GF-TBS. This is due to higher light absorption of carbon fibers which is results in their black 

color.  

5. Conclusions  

Within this paper methods and experimental investigations for the traceability of FRP during the 

whole life cycle considering circular economy are presented. The investigations show that the 

integration of fluorescent markers into FRPs during manufacturing via VARI process is possible. 

The markers can be homogenously mixed into the resin and show no significant impact on 

process parameters for the resin, thus having no direct influence on the infusion process. For 

both TBS and PFP the textile layups of unidirectional plies show a significant filtration effect 

resulting in insufficient particle concentrations on the tool side of the FRP specimens. For 

transparent or translucent fiber/matrix combinations this is a minor problem since the particles 

can still be identified via both sides of the FRP plates. For non-transparent fiber/ matrix 
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combinations, such as CFRP, the markers can only be identified from the non-tool side of the 

specimen.  

Due to larger particle size, the use of PFP within the VARI process is prone to filtration effects by 

process aids, such as peel plies and flow media. Therefore, the standard VARI process setup is 

not ideal for the use of PFP technology. Possible solutions for the integration of PFP technology 

could be PFP labels, which then will be integrated on top of the preform during infusion. 

The integration of TBS particles into transparent FRPs using the VARI process seems promising, 

but further research with regard to optimizing process parameters must be conducted. The 

integration of TBS particles into FRPs with high optical absorption, like carbon fiber reinforced 

composites results in poor detectability of the particles. A possible solution could be the 

integration of top layers with low absorption on top of the carbon fiber plies, which could 

improve the detectability.  
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Abstract: Oil and gas operators are attempting to switch from steel to fully non-metallic 

pipelines, which are less prone to corrosion and potentially more durable. Thanks to recent 

development in thermoplastic composite pipes (TCPs), products are now available that satisfy 

the pressure requirements for this application, however TCPs still use steel connectors. The 

purpose of the project described in this paper is to investigate the possibility of designing a 

dedicated electrofusion (EF) coupler for glass fibre reinforced polyethylene TCPs. The design 

process involved first building a finite element model of two TCPs joined with a standard EF 

coupler, for which the precise properties of the pipe and how it behaves when joined have to be 

researched. Such joints were then manufactured and two mechanical tests were performed on 

them in order to verify said model, giving unexpected results. This paper explains why the 

failures occurred in the way they did and suggests improvements to the testing procedure and 

setups, allowing for collecting the data required for the design process. 

Keywords: electrofusion welding; thermoplastic composite pipes; reinforced thermoplastic 

pipes; composite pipelines 

1. Introduction 

Polyethylene (PE) pipes are a very common solution in gas, water or sewage distribution 

systems installed nowadays because they are cheap to produce, easy to install, flexible, 

corrosion resistant and reliable. They are, however, limited in their pressure and temperature 

capacities compared to steel pipes, although their maximum operating pressure can be 

increased by reinforcing them with different materials, like glass, carbon or aramid fibre, or 

even metal. Figure 1 shows the structure of a thermoplastic composite pipe (TCP). The inner 

layer (liner) contains the fluid, the reinforcement layer provides the strength and the outer 

cover (jacket)protects the reinforcement layer from the environment. These layers are welded 

together to produce a solid walled pipe. 

 
Fig. 1 A cross-section through a thermoplastic composite pipe 
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Currently, TCPs are joined together using steel connectors, which are relatively complex, 

heavy, expensive and prone to corrosion.  

This project aims to determine whether it is possible to successfully electrofusion (EF) weld 

glass fibre reinforced PE TCPs and to develop a dedicated non-metallic electrofusion coupler 

for this purpose. 

Electrofusion welding is a technology widely used for connecting PE pipes. The advantages 

include maintenance-free service life of 50 years or more, easy installation, corrosion 

resistance and an axial load resistance better than mechanical joints. 

The principle of EF welding is that the ends of two PE pipes are scraped, cleaned and slid into 

an injection moulded coupler, which has resistance wire coils wound into bore (Fig. 2). Current 

is applied to the coils, which heat up, melting the surrounding plastic of the coupler and pipe 

within the fusion zone (FZ). When the plastic cools down and solidifies, a weld is formed. The 

function of the cold zones visible in the figure is to contain the molten material in the FZ in 

order to generate the melt pressure required to produce a good quality weld. Apart from melt 

pressure, the other two important factors influencing the EF welding process are temperature 

and heating time. 

To manipulate these three factors, EF fitting manufacturers can change the heating time, the 

layout of wiring and cold zones, the clearance between the pipe and coupler, and the material 

grade for the fitting. 

 
Fig. 2A cross section through an electrofusion joint 

Electrofusion joints can function for half a century or more, but they also can fail prematurely 

if they are not made correctly. In Fig. 3 four typical failure modes are shown. They all 

correspond to different loading modes. Failure modes 1 and 2 can happen when the weld is 

not made correctly, for example if the weld interface is contaminated or the weld is 

underheated or overheated. Modes 3 and 4 happen in correctly made joints which are 

subjected to excessive stresses or temperatures. Failure mode 3 happens when the internal 

pressure is too high; a crack forms at the notch formed at the inner cold zone and propagates 

through the fitting wall, and mode 4 when the axial load on the pipe is too high. 
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Fig. 3 Typical failure modes of an electrofusion joint. It is most convenient to show features of 

an EF weld on an axisymmetric cross-section. 

2. Simulations and testing 

To design a new coupler for joining glass fibre reinforced PE TCPs it is necessary to know how 

an EF joint using an existing coupler will respond to pressure and axial loads. In order to gain 

this knowledge, two whole pipe tests were chosen: a hydrostatic pressure test (similar to 

Annex D of BS EN 12201-3[1]) and whole joint tensile test (similar to Annex B of BS EN 12814-

3[2]). Both tests were performed at 65ϲC, which is the maximum operating temperature of the 

TCP used. The two tests were finite element (FE) modelled and performed physically with the 

intention to use the experimental data to verify the model. The samples for the tests were 

made by welding 60cm lengths of glass fibre reinforced PE TCPs with a standard (unreinforced) 

EF coupler (Fig. 4). The samples were strain gauged in order to gather data on the material 

behaviour in the elastic region. 33ς35 gauges were used per sample, displaced on both pipes 

and on the coupler in a way that they could capture both global bending of the sample and 

local strains due to the applied stress. 

 
Fig. 4 One of three test samples ς an electrofusion joint between two lengths of glass fibre 

reinforced polyethylene TCP 

The welding was successful even though the TCPs had noticeable ovality, resulting in an initial 

maximum gap between the pipe and coupler of 2mm. 

The same joints were recreated in Abaqus for FE analysis. Simulations were performed to 

predict the stresses in the pipe and joint for the two aforementioned tests (see Fig.5). The 

results suggested that the stress was highest in the cold zone notches in both cases (as 

suggested in the literature for conventional EF joints in PE pipe [3]). Simulations comparing  

joints in standard PE pipes with TCPs suggested that the presence of reinforcement in pipes 

reduces the stresses inside the joint significantly. Considering the yield limit of PE to be 
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23 MPa[4], then in the same testing conditions the joints in standard PE pipes would fail, and 

those in TCPs would not. 

 
Fig. 5 Results of simulations of the two mechanical tests performed on EF joints in standard PE 

pipes and TCPs 

Abaqus predicted that highest strains and failure should start within the joint at the cold zones 

notches. However, when the whole joint tensile test was performed, the strains in the coupler 

were only half those in the pipe in the proximity of the joint and the sample failed at a load of 

40-48kN with mode 4 from Fig. 3, through the outer jacket of the pipe ς see Fig. 6. The reason 

for this was found to be that the EF weld was stronger than the weld between the 

reinforcement layer and the outer jacket, because, rather than having a fully welded structure, 

the TCP samples actually had cracks and/or weak interfaces between the three layers. As a 

result the load was mainly acting on the outside PE layer, so it was sheared off the TCP without 

substantially affecting the other two layers. 

 

Fig. 6 Photograph of the failed whole joint tensile test sample and a suggestion of the failure 

mechanism 

a 

b 

c 
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In the hydrostatic pressure test, initially at low pressure highest strains were recorded on the 

coupler, as expected from the simulations, but finally the sample failed in the pipe (see Fig. 7) 

at a pressure of 14 bar. 

 

Fig. 7 Photograph of the failed hydrostatic pressure test sample. A debonded strain gauge is 

visible on top. 

The most probable explanation for the failure is that the pressurized water entered between 

the reinforcement layer and outer jacket, travelled up the pipe, past the end of the coupler 

and then burst the outer jacket, as shown in Fig. 8. 

 

Fig. 8 Proposed failure mechanism for the hydrostatic pressure test: a) hydrostatic pressure 

separating the outer jacket from the reinforcement; b) water penetrating the crack and 

creating a bulge, and piercing it. 

3. Discussion 

The mechanical tests described above were meant to validate the FE model of an EF joint 

between two TCPs using a conventional unreinforced EF coupler, to allow the model to then 

a 

b 

water 
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be adapted to design a bespoke EF coupler specifically for joining TCPs. However, the 

assumption in the FE model that the TCPs provided were fully bonded was incorrect. In fact, 

the pipes more resembled semi-bonded reinforced thermoplastic pipes (RTPs), where the 

reinforcement layer is not bonded to the outside or inside thermoplastic layers. These findings 

suggest that it is not possible to electrofusion weld RTPs using a standard EF coupler and give 

some hints for the design process: 

¶ fluid ingress in between the reinforcement and cover has to be prevented to avoid 

premature failure of the cover near the EF connector; this could either be done by butt 

fusion welding the pipes before they are EF welded or by introducing a sleeve inside 

the coupler that would allow a weld to be created with the liner as well as the outer 

jacket, as shown in Fig. 9; 

 

Fig. 9 Proposed concept of an EF coupler to weld both the outer and inner plastic layers. 

¶ the weld interface between the coupler and outer jacket is likely stronger than the one 

between the outer jacket and reinforcement layer; therefore, the fusion zone must be 

extended in length to the point that this interface can transfer enough load to the 

composite layer, and avoid premature failure through shearing of the jacket-

reinforcement interface; however, it might be difficult to slide such a long coupler on 

the TCP if the latter is significantly oval. 

4. Conclusions 

The purpose of the mechanical tests on EF joints in TCPs was to verify the FE model of these 

joints under identical conditions. However, due to the unexpected failure modes produced, it 

was not possible to verify the current model using these tests. However, the two tests can still 

be modelled, using a low weld strength between the three TCP layers. This will require 

information about the normal and shear strength of these interlaminar interfaces, which can 

be obtained from lap shear and tensile tests. This work is planned to be done in the near 

future. It should then be possible to design an EF coupler that will successfully weld the pipes 

provided for the project and then give test results that would allow for verifying the relevant 

FEA model. 
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Abstract:  

In order to simulate a recycling process applied to a carbon/epoxy composite, thermal oxydation was 

performed on discontinuous virgin carbon fibres to remove sizing and binder from their surface. 

Differences between thermally treated and virgin fibres were evaluated by mechanical and chemical 

characterization both at the fibre scale and at the composite scale. It appeared that the thermal 

treatment had no major influence on the mechanical properties and wettability of fibres. Nonetheless, 

the composite based on thermally treated fibres suffered a significant loss in tensile strength 

compared to untreated fibres, while the interlaminar shear strength was not significantly impacted.  

Keywords: recycling; carbon fibre composite; discontinuous long fibre; mechanical 

characterization 

1. Introduction  

Technical composites materials and especially those made of carbon fibres and thermosetting matrix 

are of great interest today to produce high performance, stiff, lightweight and corrosion very resistant 

structures in aeronautics, aerospace and general transport sector [1] [2]. 

For several decades many studies have been carried out on the recycling of these composite materials 

in view of the large amount of composite structures reaching their end of life. 70% of all composite 

materials produced every year are made of thermosetting matrix, which means that they cannot be 

recycled by melting or moulded. According to Jiang [3], it can be expected that 15 000 aircrafts will 

need to be retired in the next 20 years and this represents at least 200 000 tons of composite materials. 

For this reason, different valorisation techniques were developed, such as mechanical and chemical 

recycling and thermal valorisation [4][5][6]. Carbon fibres are very high-quality fibres. The aim of 

recycling these fibres is to try to keep their physical and mechanical properties intact for re-use in high 

performance structures. In particular, the conservation of the fibre length is a priority in order to 

produce new composite materials reinforced with long recycled fibres, offering the best mechanical 

performance. Among the three valuation techniques mentioned above, only the chemical and thermal 

recycling can keep the fibre length intact since the mechanical shredding leads to important length 

reduction [7]. Even though recycling techniques exist to remove thermosetting resin from carbon 

fibres, it is still extremely difficult to obtain recycled fibres longer than 20 mm. 

For this reason, in this work, composite laminates made of long discontinuous carbon fibres of a 

specific length distribution is investigated. A thermal treatment was chosen to simulate the recycling 

of fibres. In order to fully characterize the behaviour of the composite, tests at the fibre scale, such as 

single fibre tensile tests, wettability measurements and atomic force microscopy characterizations 
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(AFM), were first carried out. Then, composites made of virgin of thermally treated long discontinuous 

carbon fibres and epoxy matrix were characterized by tensile tests and interlaminar shear strength 

tests (ILSS). Tests were performed on a continuous non-woven UD fabric used as reference and on 

both untreated and treated discontinuous non-woven UD fabrics. 

2. Materials and Methods  

 

2.1. Materials under investigation  

The material under investigation is an unidirectional carbon fibre reinforced epoxy matrix composite. 

The Infugreen SR810 epoxy resin and hardener SD 8824 used at a ratio of respectively 100/32 were 

provided by Sicomin. As reinforcements, two different non-woven fabrics were used. First, a non-

woven unidirectional carbon fibre reinforcement T700 Infusion (UD T700 I) provided by Sicomin was 

used as the reference. The second fabric (UDS) is a non-woven discontinuous STS 40 carbon fibre 

reinforcement made by Schappe Techniques which fibres length follow a distribution between 20 and 

170 mm with an average length of 45mm. The UD T700 I has an areal weight of around 300 g/m² while 

the areal weight of the UDS is 160 g/m².  

 

In order to simulate the recycling process of carbon fibres, the UDS was thermally treated in an 

Enitherm DP46 oxygen hoven. The temperature is increased from 30°C to 350 at a rate of 5°C/min, and 

then hold for 15 min. Finally, the temperature is increased from 350°C to 450°C at 5°C/min. This 

thermal process was adapted from the ISO 6964 standard. The fibres are hold for 30 min at 450°C in 

order to remove any organic sizing that can be found on the fibre surface. After thermal treatment, 

samples are cooled in the hoven at a slow speed. The treated non-woven fibres are reused for 

composite manufacturing by infusion process instantly after being taken out from the hoven. 

 

Unidirectional laminates of 4 and 10 plies using the UD T700 I with sizes of 150x600 mm² and 

150x150mm² respectively were produced by resin infusion at room temperature. The same process 

was repeated for UDS with 8 and 20 plies of 150x600 mm² and 150x150 mm² respectively. The number 

of layers was doubled for UDS in order to obtain a similar areal weight for both composites. After a 

curing time of 24 hours, the infused plates were demoulded and conditioned at 23°C. The composites 

plates were then cut with a water diamond saw for mechanical testing at the standard sample 

dimensions according to the ISO 527-4 (250x25mm2) for the larger plates and the NF EN 2563 

(40x10mm2) for the smaller ones. The porosity of each plate was determined thanks to a density 

characterization using a Micrometrics gas pycnometer (AccuPyc 1330 Model).  

  

2.2. Characterization methods 

  

2.2.1. Single fibre tensile strength test (STS) 

STS tests were performed to provide detailed information on the mechanical properties before and 

after a treatment of fibres. First, the diameter of each carbon fibre was determined using a Diastron 

FDAS 770 machine that allows to determine the diameter of the fibre on all its length. Then the fibre 

was placed into a Diastron LEX 820 apparatus to carry out the tensile test according to the standard 

ISO 11566:1996. The minimum number of tested samples was set to 20. The ¸ƻǳƴƎΩǎ Modulus was 

corrected using a compliance calculated on 12 and 30-mm fibre gauge length.  All samples were 

analysed according to a Weibull model for both gauge lengths of 12 and 30 mm. All fibre ends were 

glued on plastic tabs with a Dymax Ultra-light weld 3193 UV glue. 
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During their manufacturing and/or the simulated recycling process performed in this study, defects 

may appear on the surface or in the core of fibres. Considering a constant diameter for all fibres, the 

Weibull approach treats these two types of defects indifferently. These flaws may lead to a dispersion 

of break strength of carbon fibres. For this reason, it was decided to analyse these data using the 

WeibullΩǎ probabilistic model. In a volume V, the flaw population is modelled by the parameter ˂ 

corresponding to a density of flaw activation under a certain load ˋ as follows: ‗  (1) 

for which ά ƛǎ ǘƘŜ ²ŜƛōǳƭƭΩǎ ƳƻŘǳƭǳǎΦ 

The failure probability of the fibre can be written as followed:  ὖ ρ ÅØÐ   (2) 

To determine the WeibullΩǎ modulus of the fibres, a large number of fibres (superior to 20 according 

to the literature) must be tested. A non-linear optimisation procedure based on the Generalized 

Reduced Gradient (GRG) algorithm was used to adjust the material parameters.  

2.2.2. Wettability measurements 

 A single carbon fibre was attached to one plastic tab using the same UV glue used in single fibre tensile 

test. A high precision force tensiometer, the K100SF from Krüss, was used with different liquids: water, 

diiodomethane and the Infugreen SR 8100 epoxy resin. During the procedure, the carbon fibre is 

dipped into the liquid at a speed of 1mm/min, reaching a defined immersion depth. This allows to 

determine an advancing capillary force. Then the fibre remains at this position for 60 s in order to 

obtain a static force.  Finally, the fibre is withdrawn up to the initial position at a speed of 1mm/min 

and a receding force is measured. The static force will be used in this work to determine the static 

contact angles and then the surface energies as made in previous works of Garat et al [8]. The contact 

angle between the fibre and the liquid is calculated using the WilhelmyΩǎ law as follows:   — ÁÒÃÃÏÓ  (4) 

where F is the measured force, , ʴL is the surface tension of the liquid and p is the fibre perimeter. Once 

the contact angle q is calculated for each liquid, the Owens-WendtΩǎ [9] formula which is a 2nd degree 

linear equation can be used to determine the fibre surface energy.  

  ‎ ‎  (5) 

where ʴL
p ƛǎ ǘƘŜ ǇƻƭŀǊ ŎƻƳǇƻƴŜƴǘ ŀƴŘ ʴL

d is the dispersive component of liquid surface tension and the ‎  ὥὲὨ ‎  are the dispersive and the polar component of fibre surface energy respectively. 

In order to obtain the surface energy of the fibres, a fit of the equation for four different liquid was 

done according to previous work by Pucci et al [10]. 

2.2.3. Topographical Analysis 

The nanoroughness of fibres was characterized with an Oxford Asylum Research MFP-3D Infinity AFM 

using a tapping mode. In order to observe the fibre surface, each end of the fibre was stuck to a glass 

sheet using a silver glue. Each sample was scanned on 5 x 5 µm2 area at a scan speed 3.8 µm/s. All 
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measurements were performed with an AC160TS-R3 silica tip. Thanks to the IGOR Pro 6.37 Software 

the roughness of the topography can be characterized by the means of two values. The first one is Ra 

which represents the average roughness of the surface as the second one, Rq, is the quadratic value 

roughness of the whole surface sample.  

2.2.4. Mechanical Tensile Test  

Axial tensile test specimen of 250 x 25 x 1.5 mm3 were produced from the composite plates using a 

water-cooled diamond saw. Aluminium tabs of 50 x 25 x 2 mm3 were bonded on each composite end 

using one-component cyanoacrylate Loctite Super Glue 3. All tests were performed with an MTS 

Criterion C45.105 tensile machine equipped with a 100 kN load cell at a crosshead speed of 1mm/min 

according to ISO 527-4 standard requirements.  An additional high-resolution camera is placed in front 

of the sample, and images of its speckled surface are recorded at frequency of 1 Hz. A digital image 

correlation technique allows measuring the in-plane plane strain tensor and thus the PoissonΩǎ 

coefficient. 

2.2.5. Short beam shear test (SBS)  

The SBS test is a well-known and used method to study the interlaminar shear strength (ILSS) of 

laminates. For this test, specimens were cut from the 8 plies plate of UD T700 I and 20 plies plate of 

UDS in order to have a span of around 20 mm. A Z010/TH Zwick-Roell testing machine equipped with 

3 points bending device and a 10 kN load cell was used to apply a load at 1mm/min. The apparent ILSS 

ˍΣ ŜȄǇǊŜǎǎŜŘ ƛƴ atŀ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŜǉǳŀǘƛƻƴΥ  †   (6) 

Where Pm is the maximum load observed during the test (N), b and h are the measured width and 

thickness (mm) respectively.   

3. Results and Discussion 

 

3.1. STS tests 

Single fibre tensile test results are shown in Table 1 as average value for at least 20 tests. All the tests 

were carried out in the pure elastic domain of the fibre. Differences between the treated and 

untreated fibres are not very significant. There was no change on the diameter of the fibres but a loss 

of 5% of the tensile strength was observed for thermally treated fibres. ConsiderƛƴƎ ǘƘŜ ¸ƻǳƴƎΩǎ 
modulus, the corrected one is a bit higher than the provider value (around 290 GPa against 250GPa for 

12k STS40 EP) but this could be explained by a difference in the fibre holding.  In the ISO Standard 

11566:1996 the fibre is stuck onto by a paper frame whereas in this work each fibre is glued onto 

plastic tabs.  

Table 1: STS results for UD T700 I, UDS Untreated and TT fibres 

Sample Name d [µm] ˋmax [MPa] Ecorr [GPa] m 

UD T700 I 

UDS Untreated 

6.61 ± 0.33 

6.51 ± 0.35 

4150 ± 920 

4000 ± 1200 

278 ± 20 

286 ± 18 

5.3 

3.3 

UDS TT 6.45± 0.37 3800 ± 870 292 ±17 4.4 

 

The TT seems to have little impact on the mechanical behaviour of fibres except on the standard 

deviation of the maximum strength which is a bit lower for treated fibres. A WeibullΩǎ analysis also 
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