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hiJ�0$STEjE=>65U74XZF�0ON�KPC�E-b6kIFK��5GF�l^
m76KPEIJ�7D<OK�58027/<=Q!�ZY$Ln1/0ZF5UW�L027o��<OKPEIJ�5_<OQGF��#ST5UEI7DSTEZpq[r=s�t(uDvTwxIy8yUzU{HxZw|z~}I�+�n���O�	�6xj�?r���w(xjy���v��*r=sIw�vxI����q[r�y|x`w|z|}j�/v�w(}^��r��|}jt��?r����+zms�t�}=v�w|t=�$sIw��Ot�r��>65UKP02JVFTp��",;��<=7/F(Ej7	96�A,4��W/<=7�X�9��",/.2W�W�Q*.2Ej7/F(EI7�9��,;�g,���<=W�J�5_>�F(EI7o��,��/ET��EIJ�F��f,/h�<O7$K�QUEj027	9/��,�.�,a�$<=]�5U7o<O7/>�.�,;�",$��EIJPK��5GF�l^��<=K�5U0H7/<OQi��<=]/02J�<=K�0HJ�YZ9	��0ZF3658QG>6E`9���EI74L+<OJP3nbH�2�2�
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��C�E�36587�EIK�5_SIF�0ON4J�E=S�J�Y4F(K�<=QUQ85GF�<=K�58027�C/<I\ZE�5U7�K�C�E�1/<HF(K*]aEjEI7�J�EI1�JPE=F(Ej76KPE=>�W/F5U7�X�KPC�E�STQG<HF�F(5_SI<OQ�����\$J�<=Ln5K�C4EI02JPY��$,��`02LnE-<OW4K�C�0HJ�F�C/<I\ZE�W/FE=>�KPC�E"KPC�EI02JPY+EILn1�58J�5GSj<OQUQ�YA��C�EjJ�E=<HFR0HK�C�EIJVF�C/<I\ZE�5U7/S�02J�1/0HJ�<OKPE=>1�JP021/EIJ�7$W/STQ8E=<OKP5U0H7n<=7/>�X2JP0=��K�C�N~W�7DSTK�58027/Fi5U7$K�0�KPC�E��[\6JV<OLn5�E��#W/<=K�58027	,�
�7M>6EI\ZEjQU02145U7�X-F(WDS�C^Ln0$># EIQ_FT9Z5UKiCD<2F�S�02LnLn0H7�QUY�]aEjEI7n<HF�FW�LnE=>"KPC/<OK�K�C4EIJ�E[5GF!587n<=7�587�5UKP5G<=Q�76W4L�]/EIJ�>6EI7/F5UKY"0=N	7$W/STQ8EI56��C45GS�C]/EIX2587AX2JP0O��KPC^<OKiKPC�E�5U7DF(K�<=76K*K�C4E�L+<=K�EIJP5G<OQZJPE=<2S�C�E=F	K�C4E�5GF02KPC�EIJ�L¡<OQZC�E=<=KiK�JPE=<OKPLnEI7$K�KPEILn1/EIJ�<=K�W�JPEZ,��C�E^EI¢$1a0H7�EI7$K�£g5U7�KPC�E^��\$J�<OLM5	E=�#WD<OK�58027¤5GF�KPC�EI7�0H]�K�<=5U7�E=>�]$Y�¥/KPK�5U74X�KP0+EI¢61/EIJP5ULnEj76KV<OQ	>4<OK�<$,�¤E?1�JPE=F(EI7$KAC�EIJPE�<=7)��\$J�<=Ln5�JPEI1�J�E�F(EI7$K�<=K�5U0H7¦0ON�JPE=STJ�Y4F(KV<OQ8QU5GFP<OKP5U027¦3$5U7�EjK�5GSjF���C�5_S�C§<I\Z025_>�F¨KPC�5GF1�JP0$STE=>6W�JPE�<O7D>¡KV<O3ZE=F�<2SIS�02W�7$K�0=N*K�C�E�7D<OK�W4J�E�0=N*K�C�E�7$W/STQ8E=<OKP5U0H7nF5UK�E�FT,���C�5_F�<OQ8QU0=�[F�<�LnE=<=7�5U7�X=N~W�Q5U7$K�EjJ�1�JPEIK�<=K�5U0H7n0ON�K�C4E���\$J�<OLM5aEj¢61/0274EI76Kj©6KPC�E�K�C4EI02JPY�5_F�K�C�EI7¡<2>�<=1�K�E=>+K�0ª<O7�5_F(02KPC�EIJPL+<OQ�36587�EIK�5_SIFW/F5U7�X^K�C�EA�$S�C�EI58Q�JPW�QUEZ,
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��C�EgKPC�EI0HJ�Y®N~02J�0=\ZEIJ�<=QUQ�KPJ�<O7DF�N~02JPL+<OKP5U0H7%36587�EIKP5GSIF��¯<2F+02J�58X2587/<OQ8QUY°>6EI\ZEjQU021/E=>®]$Y°@�02Q8Ln02XH02J�0=\± kj²2cZ³2´�9�.202C�7DF(027°<=7/>)�?EIC�Q ± kI²Hc2²#´¨<O7/>)��\$J�<=Ln5 ± kj²2c2²Z´�©�58K�FAL+<O587�N~E=<OKPW�J�E�5GFAK�C�E+KPJ�E=<=K�LnEI7$K0ON�58Ln1�5U74X2EILnEj7ZK�]/EIK��EIEj7?>$5µ��EIJ�Ej76K[1/<OJPK�5_STQUE=F�\$5G<^<O7�EI¢$K�EI7D>6E=>?F1/<2S�EAST0H7/STEI1�Kj,�
mK[��<2F[02W�J�<=5ULK�0¤<=1�1�Q8YgK�C�EMLnEIK�C40$>¶KP0�J�E=STJPY�FK�<=QUQU5_F�<=K�5U0H7	9!KV<O3$5U7�X�5876KP0�<HSIST02W476KªF(02LMEnF1aE�ST5µ¥�SM>6EIK�<=5UQ_F�0ON�K�C4E7$W/STQUE�<OK�58027MF(58K�E[5U7A02JV>6EIJ�K�0�02]�KV<O587nLn02JPE�1�C$Y�F5GSI<=QUQUYZ·ZLME=<O7�587�XON~W4QZ1/<OJV<OLnEIKPEIJ�F!N~JP02L¸K�C4E�<=7/<OQ8Y�F5GFT,��C�E�>$ETN~02JPLnE=>"Ln5_STJ�0`F(K�JPW/STKPW�J�E�5GFi5G>6Ej76KP5µ¥/E=>A<HF�¹�9ZK�C�E[J�E=S�J�Y4F(K�<=QUQ85GF(E�>"Ln5GSTJP0ZFK�J�WDSTK�W�JPE�<HF'º�©#KPC�EIJPE02]$\$5U02WDF(QUY-5GF!740"S�C/<=7�X2E[5U7^ST0HLn1/0ZF5UK�58027-02J�STJ�Y4F(KV<OQ/FK�JPW/STK�W4J�E���C�EI7^¹®�PK�JV<O7/FmN~02J�L¡F���K�0�º�9ZF(58Ln1�QUY<^S�C/<=7�X2E-5U7+K�C4E">$ETN~E=STK¯>6EI7/F5UKYZ,i��C4EA>6EIJP5U\H<OKP5U0H7¡N~0HQUQ80O�[F���EIQUQ�·ZE=FK�<=]�QU5_F(C�E=>^1�J�<HSTK�5_STEZp!7$W/STQ8E=<OKP5U0H7<O7D>¶XHJ�0=��K�C»<OJPE^<OQUQ80=��E=>+K�0+0$SISTW�J�K�C�JP02W�XHC�02W�K�KPC�E^F�<=Ln1�QUE`9a587�K�C�E�¥/J�FK�587/F(KV<O7/S�EA5UX27402J�587�Xn58L� 1�587�X2EILMEI76K*F0�K�CD<OKiKPC�E�SI<=QGSTW4QG<OKPE=>�\Z0HQUW�LME=F�<=J�E�EIJPJ�0274EI02W/F�9/¼|½G¾I½;¿4K�C�EIY-<=J�E�KPC�E�Ej¢6KPEI7/>6E=>�\Z02Q8W�LnE=F�,��FPF(W�Ln587�X^5GF(0HK�JP021�5_S�X2JP0=��K�C¤<OK�<�JV<OK�E^ÀÁ<O7/>�<MST027/FK�<=76K�7$W/STQ8E=<OKP5U0H7�JV<OKPE"1/EIJ�W�745UK[\Z02QUW4LnEÃÂÄ�9K�C4E�Ej¢6KPEI7/>6E=>n\Z0HQUW�LnE�N~J�<HSTK�58027+0ONÅº�5_F�X25U\ZEj7n]6Y

ÆPÇ�È ÂÄ+É!À[Ê�ËÌ�Í=c ± k=´



�°S�C/<=7�X2E[5U7AEj¢6KPEI7/>6E=>"\Z0HQUW�LME'N~J�<HSTK�58027MSI<O7^]/E�JPEIQG<=K�E=>"KP0A<�S�C/<O7�XHE�587�KPC�E�J�E�<OQ/\Z02Q8W�LnE'N~JV<2STKP5U0H7]$YnL�W4QUK�581�QUY$5U74X�K�C�E�N~0HJ�LnEIJ�]6YMK�C�E�1�JP02]/<=]�5UQ85UKY�0=Ni¥/7/>$5U7�XAW�7$K�JV<O7/FmN~02JPLnE=>+¹'p
Î Æ"È ± k�Ï Æ ´ Î Æ Ç ± bZ´

�[7�FW�]/F(KP5UKPW�K�587�XAE=�ZW/<OKP5U027DF ± kO´�5U7$K�0 ± b#´¯<O7/>+5U7$K�EIXHJ�<=K�5U74XA0O\ZEjJ�K�58LnEZ92��E�X2EIKjp
Æ-È k�Ï¤EI¢$1nÐ�Ï ÂÄ+É!À Ê Ë Ì Í=c=Ñ ± cZ´
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��C�E^>6EjJ�5U\H<=K�5U0H7?1�JPE=F(Ej76KPE=>+<O]/0=\ZE^<2F�FW�LnE=F�KPC/<OK�76W/S�QUE=<=K�5U0H7?0$SIS�W�J�F[<OK�JV<O7/>$02LÃKPC�J�0HW�X2C402W�K�K�C4EF�<=Ln1�Q8EZ,���C�E-J�02Q8E�0ON�X2JV<O5U7�]/02W�7/>4<OJ�58E=F�5_FT9/C�0=��EI\ZEIJj961/<=J�<=Ln02W�7$K[5U7?KPC�E"JPE=STJPY�FK�<OQ8QU5_F�<OKP5U0H7�14J�02]$ QUEjL�©ÅN~0HJ�Ej¢�<=Ln1�QUE`9i<¤STQG<HF�F(5_S�Ln0$>6EjQ�0ON�K�C�E�76W/S�QUE=<=K�5U0H7g0ON�<¶JPE=STJ�Y4F(KV<OQ8QU5GFE=>�XHJ�<O587¦5U7$\Z02QU\ZE�F�K�C4EN~02JPL+<OKP5U0H7�0=N�<�X2JV<O587n]/02W�7/>4<OJ�Y^]�W�Q8X2EZ,���C4E�>6E�N~02J�LME=>"X2JV<O5U7¡F(W�JN�<2STE�SI<O7MK�C�EIJPETN~02JPE�]/E[J�EIX`<OJV>6E=><2F"KPC�E^76W/S�QUE=<=K�5U0H7gF5UKPEZ,+
mK���02W�Q_>�]/EnLn0HJ�E^<O141�J�0H1�J�5_<OK�E+KP0�<I\Z025_>¶KPC�En<HF�FW�Ln1�KP5U027»0ON[J�<=7/>60HL7$W/STQUE�<OK�58027�<O7D>�5ULM1�QUEIL^EI7ZK�X2JV<O587�]/0HW�7/>�<=J�Y?7$W/STQ8E=<OKP5U0H7n5U7$K�0AKPC�E-��\6JV<OLn5�FPS�C�EjLnEZ9$<2F�¥/J�FK[ST027$ F(5_>6EIJPE=>n]6Y?��<=C�7 ± kI²HÓ#³2´V,
��W/S�QUE=<=K�5U0H7?0H7�<�XHJ�<O587�]/02W�7/>4<OJ�Yo<OQ_F(0n5876\Z0HQU\ZE=F�5ULn1�587�X2EjLnEI7ZK�E���E�STK�F[F(587/STE�K�C�EjJ�EASj<O7?]/EALn0HJ�EK�CD<O7°027�E�76W/S�QUE=<=K�5U0H7)F5UK�E�027°<=76Y§X25U\ZEj7ÔXHJ�<=5U7®N�<2S�EZ,Õ��<=C�7°ST027DF(5G>$EIJ�E=>¦1�C/<=76KP02L 7$W/STQ8E=<OKP5U0H7027�K�C�E-]/02W�7/>4<OJ�Y+1�Q_<O7�Eª<O7/>+K�C�Ej7?<=1�1�Q85UE=>nK�C4EAF�<=LnE�F02J�K[0ONÅK�C�EI0HJ�YnKP0n>$E=<OQ	��58K�C?KPC�E�J�E=FW�QUKP5U7�XEI¢$K�EI7D>6E=>"<=J�E=<$9Z<2F���\H<=J�Ln5`>65G>�N~0HJiEI¢$K�EI7/>$E=>�\Z02QUW4LnEZ,	��C�E�Ej¢6KPEI7/>6E=>�<=J�E=<�Sj<O7A]/E[ST027$\ZEIJPK�E=>�5U7$K�0<"J�E�<OQ�<OJPE=<�0=N*X2J�<=5U7+]/02W�7D>�<OJPY+ST027DF(W�LnE�>"]6Y^º�W/F(587�XA<�J�EIQ_<OKP5U027DF(C�581�0=N*K�C�E�N~0HJ�LÖ0ON*E=�ZW/<=K�5U0H7+b6,��C�EAEI¢$K�Ej7/>6E=>+\Z02QUW4LnE�SI<=7�]aE-02]�KV<O587�E=>?]$Y�5876KPEIX2JV<OKP5U7�XM<OQ8QiK�C�Eª<OJPE=<2F�KPC/<OK�<�1�QG<=7�E"1D<OJ�<=QUQ8EIQ!KP0K�C4E�]a0HW�7/>�<=J�YA5876KPEIJ�FE=STK�F�9�N~JP02L×<�>65GFK�<=7/STE�Ï�ØÙK�0"Ú�ØÙ7�02JPL+<OQ$K�0�K�C�E�]a0HW�7/>�<=J�YZ,���C�E�EI¢6KPEI7/>6E�>\Z02Q8W�LnE[5GF�K�C�Ej7?S�027$\ZEIJ�KPE=>¨5876KP0^<¨JPE=<OQ	\Z0HQUW�LME�W/F5U7�XAE��#W/<=K�58027�b$,

|N ÂÄ�Û¤5GF�K�C�E�XHJ�<=5U7+]/02W�7/>4<OJ�Y+7$W/STQ8E=<OKP5U027^J�<=K�E�1/EIJ�W47�5UK¯<OJ�E�<69�<=7/>?Ü�Û¤X2J�<=5U7+]/02W�7D>�<OJPY?<=J�E=<�1/EIJW�7�58K�\Z02Q8W�LnEZ9ZK�C4E�N~JV<2STKP5U0H7�JPE=STJPY�FK�<OQ8QU5_F(E=>�5_F�X258\ZEI7n]$Y ± ��<=C�7	9	kI²HÓ#³H´�p

Æ-È k�Ï¤EI¢$1+ÝGÏ ±mÞ Û ´�ß�àá=â Û ±mã Û ´mä ±|å ´
��C�EIJPE

ã Û È ± ÂÄ�ÛiÀ�æT´2àá Ë ±mç ´
â Û ±�ã Ûi´ È ã Û-è�éê×ë k�ÏgEI¢$1-ì ± Ï�É!Í�c#´iÐ ã Û Ñ Ê Ð�k�Ï¦c2í æ Ú¦b2í Ê Ñ�î4ï�ð�>�í ± ÓZ´
Þ Û È ÂÄ�Ûñ ± Ü Ûò ´ Ê À ± ³H´
í Èôó Í2À[Ë ± ñ ´

��C�EIJPE ó 5_F�<?ST0Z0HJ�>6587/<OKPEn7�02JPL+<OQ�KP0�KPC�En]/02W47/>�<OJPY�14QG<O74EZ,+��C�EIJPEn<=J�E^K(��0?Q85ULn58K�5�7�XMF(02Q8W�K�58027/F�9



¥/JVF(K�Q8YA��C�EI7 ã Û 5_Fi\ZEIJ�YªF(L+<=QUQ*¼|½G¾I½HK�C�E[E=<=J�QUY^FK�<=X2E=F�0ON*J�E�STJ�Y4F(KV<OQUQ85GFP<OK�58027A��C�Ej7�7$W/STQ8E=<OKP5U027MSI<=7�]/EST0H7/F(5_>6EIJ�E�>¡KP0A0$SISTW�J[<=K�JV<O7/>$02L�9$X25U\$5U74X"E=�ZW/<OKP5U0H7?c$,���C4E�0HK�C�EjJ�QU5ULM5UK�5�7�X-F02QUW4K�5U0H7+0$SISTW�JVF���C�EI7ã Û 5GF�QG<=J�X2EªF(0nKPC/<OK�<OQ8Q*F(58K�E=F[<OJPEAF�<=K�W�JV<OKPE=>�<O7/>+76WDSTQUE=<=K�58027�F(KP021/F�E�<OJ�Q8Y+5U7+K�C�E-K�JV<O7/FmN~02J�L¡<OK�58027	95U7+��C�5_S�C�SI<HF(EZp
Æ-È k�Ï¤EI¢$1 ± Ï�b#Ü Û À[Ë�´ ± ²Z´

�¤EA7�02KPEAK�C/<=K���C4EI7�K�C�Eª��\$J�<OLM5	E=�#WD<OK�58027�5_F�<O1�14QU5UE�>�EILn145UJ�5_SI<OQ8QUYH96]$Y�¥/KPK�587�XnJ�E�STJ�Y4F(KV<OQUQ85GFP<OK�58027>�<=K�<�KP0^<O7?E��#W/<=K�58027+0ON�KPC�E�N~02JPL
Æ-È k�Ï¤EI¢$1 ± Ï�õ[Ë(öZ´ ± kI�Z´

5UK�5GF!N~J�E��#W�Ej76KPQUY"KPC�E�SI<2FE�K�C�E�£ È k2,��[7nKPC�E[02K�C4EIJ�C/<=7/>�9$K�C�E���<OC�7�<=1�1�J�0`<2S�C+<2S�K�W/<=QUQUYA14J�E=>65_STK�F£ È kAX258\ZEI7¤F(58K�E^F�<=K�W�JV<OKP5U027÷<O7/>�CD<2F�KPC�EM<2>�>658K�58027/<=Q�<H>6\H<O7$K�<=X2EnKPC/<OK�7$W/STQUE�<OK�58027¤<=7/>�X2JP0=��K�C<OJPE�587/STQ8W/>6E=>?EI¢$1�Q85GST58K�QUY`,�
m7�K�C�EA14J�E=FEI76K���02JP3�9	��C�5_S�C¤>$E=<OQ_F���58K�C¤<=7g<=W/F(KPEI7�5UKP5GSAFK�<O587�QUE�F�F�FK�EIEIQ± cH�2bZ´�9�58K"5GF�EI¢$1aEjJ�5ULMEI76KV<OQ8QµYªø�W/F(KP5µ¥/E�>�K�0o<2F�FW�LnE+F5UKPE+F�<=K�W�JV<OK�58027ù<OKA<=7¦E=<OJPQUY»F(K�<=X2E+0ON�J�E�STJ�Y4F� K�<=QUQ85GF�<=K�58027	,�!58X�,�k�FC�0=�[F�K�C/<=K�K�C�E�7$W�L^]/EIJ�0ON�J�E=STJPY�FK�<=QUQU5_F(E=>AX2JV<O587/F�1/EIJ�W�7�58K�<OJPE=<69/<HF�02]/FEIJ�\ZE�>027�Ln5GS�J�02XHJ�<=1�C/FT9�5_F�5U7/FEI7/F5UK�58\ZE�KP0�KPC�E�N~J�<HSTK�58027+J�E=S�J�Y4F(K�<=QUQ85GF(E�>�9�<HFR��02W�Q_>¡]/E�EI¢$1/E=STK�E�>MN~JP02LúF5UKPEF�<=K�W�JV<OKP5U027�,
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Fraction Recrystallized (ζ)

  982K       980K       982K          1001K  996K       Annealing 
                                                                                Temperature

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
0

0.025

0.05

0.075

0.1

0.125

0.15

0.175

0.2

Grains per unit 
area(Ga)

Max Ga

Min Ga

!58X�,/k2p���C�E�\2<=J�5_<OK�58027n0=Ni7$W�L^]/EIJi0ON�X2JV<O587/F'1/EIJ�W�7�5UK¯<OJPE=<"��5UKPC�N~J�<HSTK�58027nJPE=STJ�Y4F(KV<OQ8QU5GFE=>�N~02JF�<=Ln1�Q8E=F�<=7�7�E=<=QUE=>+<OK[>$5µ��EIJ�Ej76K�KPEILn1/EIJ�<=K�W�JPE=F'587�<Ac2�2bMF(K�<=5U7�Q8E=F�F�FK�EIEjQm,

c$,Ò����
������������������¡�������! -�$�!���	��
V�#�'��
����
c6,8k¨�#S�C�Ej5UQ�JPW�QUE`, ��<O7$Y�587/>6W/FK�JP5G<OQ�<=7�7�E=<=QU5U74X?1�JP0$STE=F�FE=F"<=J�E+<=7�5GF02KPC�EIJ�L¡<OQm©�F(KV<O5U74QUE=FPF"F(KPEIEIQ�F(KPJ�5815U7»1/<OJPK�5GS�W�QG<=J�5_F"<=7�7�E=<=QUE=>¤ST027$K�5876W402W/FQUY�J�<=K�C�EjJ"K�CD<O7g587g]/<OKVS�C4E=FT,+�	0¤>6E=<=Q'��58K�C¦<=7�5GF02KPC�EIJ�L¡<OQ<O747�E=<OQ85U7�X49'��E�<2F�FW�LnE+<g�$S�C�EI58Q'JPW�QUE+587g��C�5GS�C¦K�C�E¡<O7�7�E�<OQU587�X»STY�S�QUE^5GF"K�JPE=<OKPE=>¦<2FA<¤F(EIJP5UE=F�0ON5GF02KPC�EIJ�L¡<OQ[F(KPEI1/F�9RE�<2S�CÔ0=N-L+<OXH7�5UKPW/>6E Î Ë�,û�ZW41�1/0ZF(E�KPC�E�¥DJ�F(K¡F(K�Ej1®5U7§K�C�5_F�S�02J�JPE=F(1/0H7/>�FnK�0»<K�EjLn1/EIJ�<=K�W�JPEnü é ��C45GS�C�587¦<O7g5876KPEIJ�\H<=Q Î Ë é X258\ZE=F�N~J�<2S�K�5U0H7 Æ é 0ON[JPE=STJPY�FK�<OQ8QU5_F�<OKP5U0H7	,n
m7gKPC�E�74EI¢6KF(KPEI1Mü æ 9ZKPJ�<O7DF�N~02JPL+<OKP5U0H7�]/EIXH5U7/F!N~J�0HL¸ýIEIJP0�W�7$K�5UQ45UK�<HS�C�58EI\ZE=F*<�\2<=QUW�E Æ é <O7D>¨58Ki5GFiK�C4EI7^<OQ8QU0=��E=>"KP0



ST0H76KP5U7$W�E�N~0HJ�<¨N~W4J�K�C4EIJ�K�58LnE�1aEjJ�5U0$> Î Ë æ K�0nXH5U\ZE-<�K�0HK�<=QþN~JV<2STKP5U027 Æ æ ,[��C�5_F�F(KPEI1$��5GF(E-SI<=QGSTW4QG<OKP5U0H75GF[ST0H76KP5U7$W�E=>�W�7$K�58Q�JPE=STJ�Y4F(KV<OQ8QU5GFP<OKP5U027M5GF�ST0HLn1�QUEjK�E=>�,
�02J�KPC�E"�$S�C�EI58QaJPW�QUE�K�0A]/E�<O141�QU5_SI<O]�Q8EZ96KPC�E�JPE=<2STKP5U0H7nL�WDF(K�]/E�5_F(0H36587�EIK�5_S2,*
m7n02KPC�EIJ���0HJ�>�F�9/<OQ8Q�K�C4E1/<=J�<OLMEIK�EIJVF�FC�02W4QG>?C/<I\ZE"KPC�EAFP<OLnE-K�EILM1aEjJ�<OKPW�J�E->6Ej1aEj7/>6EI7/S�EZ,[��C�5GF�FC�02W4QG>?]/E^<O1�14J�0=¢658L+<OKPEIQUYK�JPW�EA5U7�J�E=S�J�Y4F(K�<=QUQ85GF�<=K�58027�F5U7/S�E"]/02KPC�7$W/STQ8E=<OKP5U027o<O7/>?XHJ�0=��K�C¤E=FPF(EI7$K�5_<OQUQ8Y+<OJPE^ST027$K�JP02Q8QUE=>n]$Y?K�C4ELn0HK�5U0H7+0ON�K�C�E�X2JV<O587?]/02W�7D>�<OJPYZ,�
mK[FC�02W�Q_>�]/E�1�J�E�ST5GFEIQUY^K�JPW�E�027/STE-F5UK�E�F�<OKPW�J�<=K�58027�0$SISTW4J�FT,
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�������!���������������f�����f�[�¯�#&��Z���
�$<=Ln1�QUE�F�0ON��$, ñ LnL°XZ<=W�X2E[cH�2b�FK�<=5U7�Q8E=F�F*F(KPEIEIQ$F(W41�1�QU58E=>�]$Y���\ZE�F(K�<��`C�E��MEIQG>"�/K�>�,i��EIJPE�S�W�K	5U7$K�0-kSTLfFP�#WD<OJ�E�FT92��EIQG>6E�>�0H76KP0�<�KY61/E�@ÔKPC�EIJPLn0$ST02W41�QUE�<O7D>�5U7DF(EIJPK�E=>�5U7$K�0[<[S�C/<OL^]/EIJaN~W�JP7/<2S�E'KPC�J�0HW�X2C<�S�C45ULn7�EjY�5U7AKPC�E�J�0Z0=N	0ON�K�C�E�N~W4J�7/<HSTE�K�0-<I\Z025_>��/W/STKPW/<OKP5U027DF!5U7A]�W4QU3�N~W4J�7/<HSTE�K�EILM1aEjJ�<OKPW�J�E�FT,*��C�EK�EjLn1/EIJ�<=K�W�JPE"��<HF�LnE=<2FW�J�E�>�<O7/>�J�E=S�02J�>$E=>?K�C�JP02W�XHC�02W4K�KPC�E^C�E=<OK�K�J�E�<OK�LMEI76Kj9DN~0HJ�E=<HS�C¤FP<OLn1�Q8EZ,�$<=Ln1�QUE�FR��EIJ�E-Ln02W�7$K�E�>�9a1/0HQU5GFC�E=>�<=7/>¶EjQUE=STKPJ�0= m1/02Q85GFC�E=>�9/K�C�Ej7�02]/FEIJ�\ZE=>+027¤K�C�E-1�QG<=7�EA1/<=J�<OQ8QUEIQK�0AKPC�E�J�0HQUQU587�XA>$5UJ�E�STK�58027^W/F(587�X^S�CD<O7�7�EjQUQU587�XAS�027$K�J�<HF(K�0=N*]/<2S�3�FPSI<OKPK�EIJPE=>�EIQ8E=STKPJ�027DF'027�<���<=L?�$SI<=7�$b�FPSI<O7�745U7�X�EIQ8E=STKPJ�027¤Ln5_STJ�0`F�ST0H1aE`,?��C�E�<HSISTEIQ8EIJ�<=K�5U74X�\Z0HQUKV<OX2EMW/F(E=>g�¯<2F�k ç 36¬ <OK^<���02JP36587�X>65_F(K�<=7/STE�0=N�<=1�1�JP0O¢$5UL¡<OK�EjQUYA²�LnL�9=K�C�E�F�<OLM1�QUE[��<HF'3ZEI1�K�7�0HJ�L+<=Q�KP0"K�C4E�EIQUE�STK�JP027^]aE�<OL <O7/>nK�C4E]/<HS�34F�SI<=K�KPEIJi>$EIK�E=S�K�02J	�¯<2F!LM02W�7$K�E=>�>65UJPE=STK�Q8Y�<=]/0O\ZE�K�C�E¯F�<=Ln1�QUE`,	��7"Ej¢�<=Ln1�QUE�Ln5GSTJP02XHJ�<O14C�5_F�X258\ZE5U7o!5UX4,�bÃ�$<OLn14QUE=F���EIJPE"<=7/<OQ8Y�FE=>nW/F(587�XM<¡�ZEjE=F�SI<=7+5UL+<=X2E�<=7/<OQ8Y�FEIJRN~JP02L ��C45GS�C�JPE=STJPY�FK�<OQ8QU5_F(E=>

!58X�,�b6p¦�?5GS�J�02XHJ�<=1�C°F(C�0=��587�X§<÷1D<OJ�KP5G<=QUQUY§J�E=S�J�Y4F(K�<=QUQ85GF(E�>ÔFP<OLn14QUE?0=N^cH�2b¦F(KV<O5U74QUE=FPFnF(KPEIEIQ<O747�E=<OQ8E=>�N~02J[ÓH�2�nF�<=K�² ñ b^@
X2JV<O587)F(58ýIE=F-<O7/>�N~J�<HSTK�58027/F"JPE=STJPY�FK�<OQ8QU5_F(E=>���EIJPEnLnE=<HF(W�JPE=>�,¤��C�EnJPE=F(W4QUK�FA<=J�E+QU5_F(KPE=>¶587§�!<=]�QUE¤k2,��C�E=FEA>�<=K�<A��EIJPE�W/FE=>�KP0AK�J�<=5U7�<ALn0$>6EIQ�]/<2FE=>�0H7�<O745GF(0HK�C�EjJ�L+<=Q!��<OC47?3$5U7�EIKP5GSIF�,

m7/STQ8W/>6E=>¦5U7°!58X�,Ác�5GFn<¦ST0HLn1/<=J�5GF027§0ON-Ln0$>6EIQ[02W4K�1�W�K�<=7/> Ej¢61/EIJP5ULnEI7$K�<=Q�>�<=K�<$, �ZKV<O7/>4<OJ�>SI<=QGSTW�Q_<OKP5U027DFRN~02J�X2JP0=��K�C»<O7/>�76WDSTQUE=<=K�58027?JV<OKPE=F���EIJPE"W/FE=>�9	]/<2FE=>?W�1/027÷<OK�0HL+Fiø�W�LM1�5U7�XM<2S�J�0ZFPF<�]/02W47/>�<OJPY�<=7/>�XHJ�<O587�]/02W�7/>4<OJ�Y�]�W�Q8X25U74X�JPE=F(1/E=STKP5U\ZEIQ8YZ,i�[QUQ*SI<=QGSTW�Q_<OKP5U027DF�<OJ�Eª<O7�5_F(0HK�C�EIJPL+<OQ�N~0HJF�<=Ln1�Q8E=F�0ON�K�C�5_S�3$7�E=FPF��$, ñ LML EI7$K�EjJ�5U74X^<�N~W�J�7/<HSTE-<OK�² ñ b�@A,

ç ,«����������&��$
������

mK�5_FªN~0HW�7/>®KPC/<OK^W/F(587�X¦<=7)��\H<OJPLn5�KY$1/E?E=�ZW/<OKP5U0H7®]�W�K^��5UKPCû��<=C�7��;F^X2J�<=5U7§]a0HW�7/>�<=J�Y§76W/S�QUET <OKP5U0H7	9'XH5U\ZE=F�1�C$Y4F(5GSj<OQUQ8Y�LnE=<=7�5U7�X=N~W�Q�K�58LnEAEI¢$1a0H7�EI7$K�F�,���C�E+\H<OQUW4En0ON[KPC�E+��\$J�<=Ln5�EI¢61/0H7�EI7$K"5GF1�JPE=>65GS�K�E=>nK�0^]/E�W�7�5UKYn0H7/STE-F(58K�E-F�<=K�W�JV<OKP5U027�0$SjSTW�J�F�,���C45GF�5GF�ST0H7/F(5_F(K�Ej76K���58K�C?EjLn1�5UJP5GSI<=Q/>�<=K�<�587



�*<O]�Q8Enk p��!<=]�QUE�0ONÅEI¢61/EIJP5ULnEj76KV<OQ�JPE=F(W�Q8K�F'N~JP02Lú<AKY61/E-c2�Hb�FK�<O587�QUE�F�F�F(KPEIEIQ
�W�JP7/<2S�E"�	EILn1/EIJV<OKPW�J�E ��747�E=<OQ85U7�XAKP5ULnE �J�<2S�K�5U0H7+J�E=STJPY�FK�<=QUQU5_F(E=> �[J�<=5U7�F(58ýIEü��	�ª@ Ë
�ªF Æ ����L² ñ � ÓHÓ2� �$,;Ó2b�Á�6,8k ñ �6,�² ñ Ök2,�c2b² ñ b kjb2�2� �$,µ³=��Á�6,�b å k2,�� ñ Á�6,8kIÓ² ñ b ÓH�2� �$, çOå Á�6,�b å k2, å k�Á�6,�c2Ó²2²2Ó Ó$k ç �$, ñ ç Á�6,8k å k2,�c6k�Á�6,��2Ókj�2�$k ÓHÓ2� �$, ñ ç Á�6,8k å k2,�b6k�Á�6,8kI�kj�#³�c c2� �$,UkIb�Á�6,8kIb k2,�²2b�Á�6, ñ bkj� ñ c åZç �$, ñ å Á�6,8k å k2, å k�Á�6,�Ó2b

K�C4E�1�W4]�QU5_F(C�E=>?Q85UKPEIJ�<=K�W�JPEZ,"��C4EALn0$>6EIQi�¯<2F�K�C4EI7¤<2>�<=1�K�E�>oN~0HJ�JPE=STJPY�FK�<OQ8QU58ý=<OKP5U027o>6W�JP5U7�X�ST0H76KP5U76 W�0HW/F"C�E=<=K�5U74X�WDF(5U74X?K�C4E?�$S�C�EI5UQ*J�W4QUEZ9*<O7D>÷�¯<2F�02]/FEIJ�\ZE=>�K�0+XH5U\ZEI7¤J�E=<HF(0H7/<O]�Q8E+<OXHJ�EIEjLnEI7$K���5UKPCEI¢$1/EIJ�58LnEI7$K�<OQ�>�<=K�<^<�N~KPEIJ�¥/K�KP5U7�XAKP0�5_F(0HK�C�EIJPL+<OQ�>�<OKV<6,
����@������%�������������'���

�¤E���0HW�QG>"Q85U3ZEiKP0�K�CD<O7�3-.202C47^��02]/F027^<=7/>A��7/>6JPEI�¦B�<HS�3$C�02WDF(E�0=N���\ZE=FK�<��ZC�E��MEIQ_>ª�/KV>�,þN~0HJiK�C4E1�JP0O\$5GF5U0H7�0=N[F(KPEIEIQ�9�<=7/>gB�EI\$5GF[��W�KVS�C�587/F(0H7¤<O7/>g�/EI7/<+��Y�>$EA0ON[
m7/FK�58K�W�KPEIK�N��02J-�?EIKV<OQ8QµN~02JVF(3$7�5U74X�9�ZKP0$S�3$C�02Q8L N~0HJ�C�EIQ81n��5UKPCnEI¢$1aEjJ�5ULMEI76KV<OQ$K�E=S�C�7�5_�#W4EZ,	��E�<=J�E�XHJ�<=K�ETN~W�Q	KP0AhiJ�0=N~E=F�F02J���QG<=7��)587/>6Q8EN~02J�KPC�E"1�JP0=\65_F(5U0H7�0ON�QG<=]/02J�<=K�0HJ�Y?N�<2S�5UQU58K�58E=F�<=K�KPC�EA&[7�5U\ZEIJVF(58K(Y^0ON[��<=L�]�JP5G>6XHEZ,��¤E"��02W�Q_>?QU583ZE�KP0K�CD<O7�3M��J���<I\65_>A��W�Q85UEIWA0=N	K�C4E���\ZE�F(K�<��ZC�E��MEIQG>A&�@ùN~0HW�7/>�<=K�5U0H7�N~02J�JPE=F(E=<=J�S�C^<O7/>M>6EI\ZEIQ8021�LnEj76KN~02J[L+<=76Y^W/F(E�N~W�Q*>65GFPSTW/FPF(5U0H7/F
����i���[�'�����¯�

��\$J�<=Ln5m9$�g, ± kj²2cH²#´�,�.�,���C�EILo,ihiC6Y4FT,�³ 9�k2kj�2c�·Dk2kj�Zb6,��<OC47	9�.�, �f, ± kj² ç ÓZ´�,���STKV<A�?EIKI, å åHå ²�· åZç ñ ,@�02Q8Ln02XH02J�0=\�9/�",;�-, ± kI²Hc#³2´V9�
mýI\�,���3H<2>�,���<OW�3�,�&����#�¯ P�ZEIJ ��<=K�EIL+<=KI,�k ± cZ´ 9�c ç2ç ·#c ç ².202C47/F(0H7	9��f,;�-,�<O7D>?�?EIC�Q���,��, ± kI²Hc2²#´��þJV<O7/F�,��?EIKV<OQUQ�,'�Z0$SH,��",�
�,;�g,;��,/kIc ç 9 å kjÓ�· å`ç ñ
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a)                                                                            b)

c)                                                                            d)!58X�,=c6p��i¢�<=Ln1�QUE�0HW�K�1�W4K�F!XHEI7�EIJV<OK�E�>"W/F(587�X�K�C4E�0=\ZEIJ�<=QUQZKPJ�<O7DF�N~02JPL+<OKP5U0H7A36587�EIK�5_SIF�Ln0$>6EjQm9TN~02J<A�6, ñ LML X`<OW�XHEAF�<=Ln1�Q8E�5U7�<O7o<O7�5_F(0HK�C�EIJPL+<OQ�<O7�74E=<OQ*��5UKPC?<"N~W�JP7/<2STE�KPEILn1/EIJ�<=K�W�JPE�0ONÅ² ñ b@Ap����[¬�<OJP5G<=K�5U0H7+5U7+K�C�E�N~JV<2STKP5U027+JPE=STJ�Y4F(KV<OQ8QU5GFE=>A��5UK�C+KP5ULnEZ,����[¬�<=J�5_<OK�58027+0ON�J�E�STJ�Y4F(KV<OQUQ85GFE=>X2JV<O587®F5UýIEM��5UK�C»K�5ULMEZ,������ ��\6JV<OLn5�1�Q802K��!0ON�QU7 ± QU7 ± k�� ± k�  Æ ´P´�´ª<OXZ<=5U7/FKAQU7 ± K�58LnE2´[K�C�E¡F(QU0H1/E0ON���C�5_S�C�Y658EIQG>4FRKPC�EA\H<OQUW4EA0ON�KPC�E^��\$J�<=Ln5	EI¢$1a0H7�EI7$K�£!©�7�02KPE�KPC/<OK�KPC�E^F(Q8021/E^5U7?KPC�5GF�SI<2FES�C/<O7�XHE=FRN~JP02L <O7¤5U7�58K�5_<OQ	\H<OQ8W�EA0ON å KP0+<�¥/7/<OQ�\2<=QUW�E-0ON�k"]/ETN~0HJ�EAK�C4EA02]/FEIJ�\H<O]4QUEA027DF(EIK�0=NJ�E�STJ�Y4F(KV<OQUQ85GFP<OK�58027	, ���-��C�EA\H<OJP5G<OKP5U0H7�0ON�K�C�EA7$W�L^]/EIJ�0ON�J�E�STJ�Y4F(KV<OQUQ85GFE=>nX2J�<=5U7/F���58K�C?KP5ULnE� QUEj\ZEIQUQ85µ74X�0=�¤5U7/>$5GSI<=K�5U74X^F(5UKPE-F�<OKPW�J�<=K�58027?CD<2F�0$SISTW�JPJ�E=>�,


