
7+(�'(9(/230(17�2)�9(5<�+,*+�675(1*7+�&233(5�$//2<6�:,7+

5(6,67$1&(�72�+<'52*(1�(0%5,77/(0(17�$1'�675(66�&25526,21

&5$&.,1*

&OLYH�'�6�7XFN
/DQJOH\�$OOR\V��0HLJKV�/WG�

6WRNH�RQ�7UHQW��8.

6800$5<

6HYHUDO� W\SHV� RI� YHU\� KLJK� VWUHQJWK� FRSSHU� QLFNHO� DOOR\V� DUH� WHVWHG� ZLWK� UHVSHFW� WR� HQYLURQPHQW� VHQVLWLYH
PHFKDQLFDO� SURSHUWLHV� ZKLFK� LQFOXGH� K\GURJHQ� HPEULWWOHPHQW� DQG� H[SRVXUH� WR� VXOILGH� DQG� DPPRQLXP
FRPSRXQGV���,W�LV�IRXQG�WKDW�&X�1L�$O�0Q�1E�DOOR\V�ZLWK�QLFNHO�FRQWHQW�XS�WR���ZW��DUH�UHVLVWDQW�WR�K\GURJHQ
HPEULWWOHPHQW�� VXOILGH� VWUHVV� FRUURVLRQ� DQG� VWUHVV� FRUURVLRQ� LQ� DPPRQLXP� HQYLURQPHQWV�� ZKHUHDV� &X�1L�6Q
PDWHULDOV� GHPRQVWUDWH� VXVFHSWLELOLW\� WR� VWUHVV� FRUURVLRQ�� � $� VWXG\� RI� IDFWRUV� FRQWUROOLQJ� VWUHVV� FRUURVLRQ
VXVFHSWLELOLW\�RI�&X�1L�$O� DQG�&X�1L�$O�0Q�1E�DOOR\V� VKRZV� WKH�SULQFLSDO� LQIOXHQFHV� WR�EH� WKH� GHJUHH� RI� DJH
KDUGHQLQJ��WKH�JUDLQ�VL]H�DQG� WKH� LURQ�FRQWHQW�� �7KXV� LW� LV� IRXQG�QHFHVVDU\� WR�FRQWURO� WKH�SURGXFWLRQ�SURFHVV�RI
YHU\�KLJK�VWUHQJWK�&X�1L�$O�0Q�1E�DOOR\V�VXFK�WKDW�KLJK�PHFKDQLFDO�VWUHQJWKV�DUH�DFKLHYHG�ZLWK�WKH�PDWHULDO¶V
SRVVHVVLQJ� D� ILQH� JUDLQ� VL]H� DQG� EHLQJ� LQ� DQ� XQGHU�DJHG� FRQGLWLRQ�� �7KH� XVH� RI� WKH�1$&(�70���������� VORZ
VWUDLQ� UDWH� WHQVLOH� WHVW� LV� DGYRFDWHG� DV� D� SURGXFWLRQ� WHVW�PHWKRG� IRU� YHU\� KLJK� VWUHQJWK� FRSSHU� DOOR\V� WR� YHULI\
UHVLVWDQFH�WR�VWUHVV�FRUURVLRQ�FUDFNLQJ�VXVFHSWLELOLW\�

.H\ZRUGV�� &RSSHU�QLFNHO�� VWUHVV� FRUURVLRQ�� K\GURJHQ� HPEULWWOHPHQW�� DPPRQLD�� DPLQHV�� DPPRQLDFDO�� KLJK
VWUHQJWK��VORZ�VWUDLQ�UDWH�WHVW��SUHFLSLWDWLRQ�KDUGHQLQJ�

,1752'8&7,21

&RSSHU�QLFNHO�DOOR\V�KDYH�KDG�D�ORQJ�KLVWRU\�RI�XVH�LQ�PDULQH�HQYLURQPHQWV�GXH�WR�WKHLU�KLJK�FRUURVLRQ
UHVLVWDQFH�DQG�JRRG�DQWL�IRXOLQJ�SURSHUWLHV�����$V�D�PHDQV�RI�LPSURYLQJ�WKH�PHFKDQLFDO�VWUHQJWK�RI�WKHVH�W\SH�RI
DOOR\V��WZR�SULQFLSDO�DOOR\LQJ�PHWKRGV�KDYH�EHHQ�UHSRUWHG�LQ�WKH�OLWHUDWXUH��RQH�RI�ZKLFK�LQYROYHV�WKH�DGGLWLRQ�RI
DOXPLQLXP� �� DQG� WKH� RWKHU�� WKH� DGGLWLRQ� RI� WLQ�� �� � $OXPLQLXP� DGGLWLRQ� LQFUHDVHV� VWUHQJWK� E\� D� FRQYHQWLRQDO
SUHFLSLWDWLRQ� KDUGHQLQJ� PHFKDQLVP�� ZKHUHDV� &X�1L�6Q� DOOR\V� GLVSOD\� VSLQRGDO� VWUHQJWKHQLQJ� WKURXJK� WKH
GHYHORSPHQW� RI� VXEPLFURVFRSLF� FKHPLFDO� FRPSRVLWLRQ� IOXFWXDWLRQV�� �� � � ,Q� WKH� FDVH� RI� &X�1L�$O�� WKH� SULQFLSDO
KDUGHQLQJ�SUHFLSLWDWH�KDV�EHHQ� IRXQG� WR�EH�1L�$O� �γ¶��� ��ZKLFK� LV� WKH� VDPH� W\SH�RI�SUHFLSLWDWH� DV� LV� FRPPRQO\
IRXQG�LQ�QLFNHO�VXSHUDOOR\V���%RWK�DOOR\�W\SHV�DUH�DEOH�WR�DFKLHYH�KLJK�VWUHQJWKV��PDWFKLQJ�WKDW�RI�FDUERQ�VWHHO�



DOWKRXJK�WKH�&X�1L�$O�W\SH�DOOR\V�DUH�JHQHUDOO\�DEOH�WR�SURGXFH�KLJKHU�GXFWLOLW\�DQG�KDYH�WKHUHIRUH�EHHQ�IRXQG�WR
EH� PRUH� XVHIXO� IRU� HQJLQHHULQJ� SXUSRVHV�� � $GGLWLRQDO� HOHPHQWV� KDYH� EHHQ� LQWURGXFHG� WR� WKH� EDVLF� &X�1L�$O
WHUQDU\�DOOR\�LQ�RUGHU�WR�SURGXFH�DOOR\V�ZKLFK�DUH�DEOH�WR�EH�PDQXIDFWXUHG�WR�DFKLHYH�SURSHUWLHV�ZKLFK�RSWLPL]H
VWUHQJWK� DQG�GXFWLOLW\�� ,W� KDV�EHHQ� IRXQG� �� WKDW� WKH�1L�$O�SUHFLSLWDWLRQ�RFFXUV�PXFK�PRUH� HIIHFWLYHO\� DIWHU� KRW�
ZRUNLQJ� GXH� WR� WKH� GHQVLW\� RI� QXFOHDWLRQ� VLWHV� DYDLODEOH�� � $OVR�� WKH� DGGLWLRQ� RI� LURQ� LQFUHDVHV� WKH� KDUGHQLQJ
HIIHFWLYHQHVV� RI� 1L�$O� DQG� QLRELXP� DGGLWLRQV� FDXVH� DQ� LQFUHDVHG� YROXPH� RI� 1L�$O� WR� SUHFLSLWDWH� RXW��

��� �

'HYHORSPHQW�ZRUN� WR�RSWLPLVH� WKH� FKHPLFDO� FRPSRVLWLRQ�� WKHUPR�PHFKDQLFDO�SURFHVVLQJ� DQG� FRROLQJ� DIWHU� KRW
ZRUNLQJ�KDV�SURGXFHG�WKH�KLJK�VWUHQJWK�&X�1L�0Q�$O�1E�DOOR\��0$5,1(/����������7KLV�PDWHULDO�LV�DEOH�WR�RIIHU
D������SURRI�VWUHVV�RI�RYHU�����1�PP��WRJHWKHU�ZLWK�D�GXFWLOLW\�RYHU�����IRU�VHFWLRQ�WKLFNQHVVHV�XS�WR�����PP
DV�ZHOO�DV�UHVLVWDQFH�WR�K\GURJHQ�HPEULWWOHPHQW�DQG�VWUHVV�FRUURVLRQ�FUDFNLQJ���7KH�DOOR\�KDV�EHHQ�ZLGHO\�XVHG�IRU
RIIVKRUH�HQJLQHHULQJ�LQ�DSSOLFDWLRQV�ZKLFK�KDYH�LQFOXGHG�KLJK�VWUHQJWK�IDVWHQHUV��KLJK� LQWHJULW\�FRQQHFWRUV�DQG
WKH�ZLGH�YDULHW\�RI�DFWXDWRU�GHYLFHV�

5DLVLQJ� WKH� VWUHQJWK� RI� FRSSHU�QLFNHO� DOOR\V� FRXOG� KDYH� WKH� DGYHUVH� HIIHFW� RI� LQFUHDVLQJ� WKH� SRVVLELOLW\� RI
HQYLURQPHQW�VHQVLWLYH�PHFKDQLFDO� EHKDYLRU�� DQG� WKLV� SDSHU� JLYHV� GHWDLOV� RI� K\GURJHQ� HPEULWWOHPHQW� DQG� VWUHVV
FRUURVLRQ�WHVWV�ZKLFK�KDYH�EHHQ�FDUULHG�RXW�RQ�WKH�YHU\�KLJK�VWUHQJWK�FRSSHU�QLFNHOV�&X�1L�6Q��&X�1L�$O�DQG�&X�
1L�$O�0Q�1E�� � )RU� WKH� &X�1L�$O��0Q�1E�� DOOR\V�� DQ� LQYHVWLJDWLRQ� LQWR� WKH� IDFWRUV� ZKLFK� FDQ� LQIOXHQFH� WKHLU
EHKDYLRXU�LQ�GHELOLWDWLQJ�HQYLURQPHQWV�LV�UHSRUWHG��OLQNLQJ�WKLV�ZLWK�SUHYLRXV�ZRUN�ZKLFK�KDV�EHHQ�FDUULHG�RXW�RQ
WKH�PHWDOOXUJ\���DQG�VWUHVV�FRUURVLRQ�EHKDYLRU������RI�WKHVH�PDWHULDOV����)LQDOO\��WKH�ZD\V�LQ�ZKLFK�WKLV�LQIRUPDWLRQ
KDV�EHHQ�XVHG�WR�GHYHORS�LPSURYHG�SURGXFWV�LV�SUHVHQWHG�

(;3(5,0(17$/�352&('85(

0DWHULDOV�7HVWHG

7KH�PDWHULDOV�WHVWHG�ZHUH�SURGXFHG�DV�EDU�SURGXFWV�LQ�WKH�GLDPHWHU�UDQJH������PP���7KH�W\SHV�RI�DOOR\V
XVHG�ZHUH�&X�1L�6Q��816�&��������&X�1L�$O��:�1U���������DQG�&X�1L�$O�0Q�1E��816�&������W\SH��� �7KH
FRPSRVLWLRQV�DQG�PHFKDQLFDO�SURSHUWLHV�RI�WKHVH�DUH�JLYHQ�LQ�7DEOH���DQG�7DEOH���

+\GURJHQ�(PEULWWOHPHQW�7HVWLQJ

7HVWLQJ�WR�GHWHUPLQH�WKH�K\GURJHQ�HPEULWWOHPHQW�UHVLVWDQFH�RI�WKH�KLJK�VWUHQJWK�&X�1L�$O�0Q�1E�DOOR\V�ZDV
FDUULHG�RXW�E\�VORZ�VWUDLQ�UDWH�VWUHVV�WHVWLQJ�XQGHU�FRQGLWLRQV�RI�K\GURJHQ�FKDUJLQJ�� �%HIRUH� WHVWLQJ�� WKH� WHQVLOH
WHVW�SLHFH�ZDV�LPPHUVHG�LQ�V\QWKHWLF�VHDZDWHU��66:��DW���°&�IRU�D�SHULRG�RI���K�ZLWK�SRODUL]DWLRQ�WR
±����P9�YV�6&(�� �7KH�66:�ZDV�DHUDWHG�E\�FRQWLQXRXVO\�EXEEOLQJ�DLU� WKURXJK� WKH�PHGLXP�� �7KH�DOOR\V�XVHG
ZHUH���0$5�����0$5������0$5����DQG�0$5�����UHSUHVHQWLQJ�D�QLFNHO�UDQJH�RI������WR���������'XULQJ�WKH
WHVW��WKH�VSHFLPHQV�ZHUH�SRODULVHG�DW�±�����P9�YV�6&(�DQG�WKH�VWUDLQ�UDWH�XVHG�ZDV��[�����V����'XFWLOLW\�UDWLRV
ZHUH� HVWDEOLVKHG� EHWZHHQ� HDFK� VSHFLPHQ� VWUHVVHG� WR� IDLOXUH� XQGHU� K\GURJHQ� FKDUJLQJ� FRQGLWLRQV� DQG� DQRWKHU
VSHFLPHQ�WHVWHG�LQ�DLU���$OVR��DIWHU�HDFK�WHVW��WKH�IUDFWXUHG�VSHFLPHQ�ZDV�REVHUYHG�XQGHU�D���[�PDJQLILFDWLRQ�WR
GHWHUPLQH�WKH�PRGH�RI�IDLOXUH�

&RPSDUDWLYH�VWUHVV�FRUURVLRQ�UHVLVWDQFH�RI�GLIIHUHQW�KLJK�VWUHQJWK�FRSSHU�QLFNHOV

6WDQGDUG�VWUHVV�FRUURVLRQ�WHVW�PHWKRGV�ZHUH�HPSOR\HG�WR�FRPSDUH�WKH�GLIIHUHQW�DOOR\V�� �7KHVH�ZHUH� WKH
1$&(�70�������VXOILGH�VWUHVV�FRUURVLRQ�WHVW�DQG�1$&(�70����������VORZ�VWUDLQ�UDWH�WHVW���7KH�70�������WHVWV
ZHUH�FDUULHG�RXW�DW�DPELHQW�WHPSHUDWXUH�ZLWK�WKH�VSHFLPHQV�VWDWLFDOO\�ORDGHG�DW�WKHLU������3URRI�6WUHVV�IRU����
KRXUV�� � 7KH� HQYLURQPHQW� XVHG�ZDV� RI� ���� FP�� YROXPH� FRQVLVWLQJ� RI� ��� J�O� VRGLXP� FKORULGH�ZLWK� �� J�O� DFHWLF
WKURXJK�ZKLFK�SDVVHG�D�IHZ�EXEEOHV�SHU�PLQXWH�RI�K\GURJHQ�VXOILGH���� ,QLWLDO�GHDHUDWLRQ�ZDV�DFKLHYHG�E\�XVLQJ
R[\JHQ�IUHH�QLWURJHQ�DW�����FP��SHU�PLQXWH�IRU���KRXU�SOXV�D�IXUWKHU����PLQXWHV�LQ�WKH�WHVW�FHOO��IROORZHG�E\�+�6

������������������������������������������������
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VDWXUDWLRQ�DW�����FP��PLQ�IRU����PLQXWHV���$OOR\�VDPSOHV�XVHG�ZHUH�07$�����&X�1L�6Q��DQG�WKH�&X�1L�$O�0Q�
1E�DOOR\V�0$5�����0$5������0$5����DQG�0$5����

6ORZ�VWUDLQ�UDWH�WHVWLQJ�ZDV�FDUULHG�RXW�DW�D�VWUDLQ�UDWH�RI������V�����7HQVLOH�VSHFLPHQV�KDG�D�JDXJH�OHQJWK�RI
�����PP�DQG�D�JDXJH�GLDPHWHU�RI������PP���������PP��ZLWK�D�JDXJH�VXUIDFH�ILQLVK�RI���µP��7KH�HQYLURQPHQW
XVHG� LQ� WKLV�VHULHV�RI� WHVWV�ZDV�����DPPRQLXP�FKORULGH�DW���°&�� �0DWHULDOV�XVHG�ZHUH�07$�����&X�1L�6Q�� �
+0$�����&X�1L�$O��DQG�0$5���� �&X�1L�$O�0Q�1E��� �5DWLRV�RI�GXFWLOLW\�DQG� IUDFWXUH� IDFH� UHGXFWLRQ� LQ�DUHD
ZHUH�GHWHUPLQHG�XVLQJ�YDOXHV�REWDLQHG�IURP�WHVWV�FDUULHG�RXW�LQ�WKH�HQYLURQPHQW�FRPSDUHG�WR�WKH�YDOXHV�REWDLQHG
IURP�D� VLPLODU� WHVW� LQ� DLU�� �$IWHU� HDFK� VORZ� VWUDLQ� UDWH� WHVW�� WKH� IUDFWXUH� VXUIDFH� DQG� VXUURXQGLQJ� QHFNHG� JDXJH
OHQJWK�ZDV� H[DPLQHG� RQ� D� [��� RSWLFDO�PLFURVFRSH� LQ� RUGHU� WR� GHWHUPLQH� WKH� YLVXDO� GHJUHH� RI� GXFWLOLW\� RI� WKH
IUDFWXUH�

,QYHVWLJDWLRQ�RI�WKH�IDFWRUV�FRQWUROOLQJ�VWUHVV�FRUURVLRQ�VXVFHSWLELOLW\�RI�&X�1L�$O�DQG�&X�1L�$O�0Q�1E�DOOR\V�

'HJUHH� RI� $JLQJ� �� +HDW� WUHDWPHQW� LQ� WKH� UDQJH� ���°&����°&�� � $Q� LQYHVWLJDWLRQ� ZDV� FDUULHG� RXW� WR
GHWHUPLQH� WKH� HIIHFW� RI� DJLQJ� RI� &X�1L�$O�0Q�1E� DOOR\V� LQ� WKH� WHPSHUDWXUH� UDQJH� ���°&����°&� RQ� VWUHVV
FRUURVLRQ�VXVFHSWLELOLW\������,Q�RUGHU�WR�GHWHUPLQH�ZKHWKHU�WKHUH�LV�D�UHODWLRQVKLS�EHWZHHQ�WKH�GHJUHH�RI�DJHLQJ�DQG
VWUHVV�FRUURVLRQ�VXVFHSWLELOLW\�RI�&X�1L�$O�0Q�1E��VDPSOHV�RI�DV�UROOHG�0$5����ZHUH�WDNHQ�DQG�KHDW�WUHDWHG�IRU
����K����K�DQG����K���6ORZ�VWUDLQ�UDWH�WHQVLOH�WHVWV�ZHUH�WKHQ�FDUULHG�RXW�LQ�����VRGLXP�FKORULGH�DW���°&�XVLQJ�D
VWUDLQ�UDWH�RI������[������V���

*UDLQ� *URZWK� DQG� 6ROXWLRQL]LQJ�� +HDW� WUHDWPHQW� DERYH� ���°&�� � $Q� LQYHVWLJDWLRQ� ZDV� XQGHUWDNHQ� WR
HVWDEOLVK�ZKHWKHU�VWUHVV�FRUURVLRQ�VXVFHSWLELOLW\�RI�&X�1L�$O�0Q�1E�DOOR\V�FRXOG�EH�LQGXFHG�E\�KHDW�WUHDWPHQW�DW
WHPSHUDWXUHV� DERYH� ���°&��ZKLFK�ZRXOG� SURGXFH� JUDLQ� JURZWK� DQG�ZRXOG� FDXVH�1L�$O� SUHFLSLWDWHV� WR� JR� LQWR
VROXWLRQ��DOORZLQJ�WKH�SUHFLSLWDWH�WR�UHIRUP�GXULQJ�DLU�FRROLQJ����$�VDPSOH�RI�DV�UROOHG�0$5����ZDV�KHDW�WUHDWHG
DW�����°&�IRU���K�IROORZHG�E\�FRROLQJ�LQ�DLU�WR����°&�DQG�KROGLQJ�DW����°&�IRU���K�EHIRUH�D�ILQDO�DLU�FRRO���7KH
ODWWHU�ZDV�GHVLJQHG�WR�SURGXFH�D�ODUJH�JUDLQHG��SHDN�DJHG�PLFURVWUXFWXUH�ZKLFK�FRXOG�EH�DGHTXDWHO\�FRPSDUHG�LQ
WHUPV�RI�VWUHQJWK�WR�DV�UROOHG�0$5������%RWK�WKH�RULJLQDO�PDWHULDO�DQG�WKH�KHDW�WUHDWHG�YHUVLRQ�ZHUH�VORZ�VWUDLQ
UDWH�WHVWHG�DW�D�VWUDLQ�UDWH�RI������V���LQ�VDWXUDWHG�DPPRQLXP�FKORULGH�DW���°&�

$V�ZHOO�DV�GHWHUPLQLQJ�WKH�W\SH�RI�IUDFWXUH�E\�XVLQJ�RSWLFDO�PLFURVFRS\��WKH�IUDFWXUHV�ZHUH�DOVR�SUHSDUHG
DV� VHFWLRQHG�PLFURJUDSKV�SROLVKHG� WR� ��µP� ILQLVK� IRU� EDFN�VFDWWHUHG� HOHFWURQ� LPDJLQJ� �%6,�� DQG�;�UD\� HQHUJ\
GLVSHUVLYH� �('6�� DQDO\VLV� WR� GHWHUPLQH� ZKHWKHU� WKHUH� ZDV� D� UHODWLRQVKLS� EHWZHHQ� WKH� PLFURVWUXFWXUH� DQG� WKH
IUDFWXUH�SDWK���,W�ZDV�IRXQG�XVHIXO�WR�HWFK�WKH�JUDLQ�ERXQGDULHV�VOLJKWO\�EHIRUH�6(0�REVHUYDWLRQ�E\�WKH�DSSOLFDWLRQ
RI�HWKDQROLF�IHUULF�FKORULGH�

(IIHFW�RI�,URQ�&RQWHQW�� �$�VHULHV�RI�&X�1L�$O�DQG�&X�1L�$O�0Q�1E�DOOR\V�ZHUH�SURGXFHG�LQ�ZKLFK� WKH
PDMRU� DLP� ZDV� WR� SURGXFH� GLIIHUHQFHV� LQ� LURQ� FRQFHQWUDWLRQ�� � 7KHVH� ZHUH� WKH� DOOR\V� +0$����� 0$5����
0$5�����0$5�����0$5�����0$5����DQG�0$5����WR�ZKLFK�ZDV�DGGHG�WKH�&X�1L�$O�DOOR\�+0$������7KH
UDQJH�RI�LURQ�FRQWHQWV�DFKLHYHG�ZDV�EHWZHHQ������DQG������DV�VKRZQ�LQ�7DEOH����+0$�����DQG�7DEOH������6ORZ
VWUDLQ�UDWH�WHVWLQJ�RI�WKH�WZR�&X�1L�$O�DOOR\V�ZDV�FDUULHG�RXW�LQ�����DPPRQLXP�FKORULGH�DW���°&�DQG�WKH�&X�1L�
$O�0Q�1E�DOOR\V�ZHUH�WHVWHG�LQ�VDWXUDWHG�������DPPRQLXP�FKORULGH�DW�DPELHQW�WHPSHUDWXUH�

,Q�RUGHU� WR�HVWDEOLVK�IUDFWRJUDSK\�DQG� WR�GHWHUPLQH�ZKHWKHU� WKHUH�ZDV�DQ\�YLVLEOH�UHODWLRQVKLS�EHWZHHQ
VWUHVV�FRUURVLRQ�VXVFHSWLELOLW\�DQG�PLFURVWUXFWXUH��VRPH�IUDFWXUHG�VSHFLPHQV�ZHUH�YLHZHG�LQ�D�6FDQQLQJ�(OHFWURQ
0LFURVFRSH� �6(0��� �6RPH� IUDFWXUHV�ZHUH� DOVR� SUHSDUHG� DV� VHFWLRQHG�PLFURJUDSKV� SROLVKHG� WR� ��µP� ILQLVK� IRU
EDFN�VFDWWHUHG�HOHFWURQ� LPDJLQJ� �%6,�� DQG�;�UD\� HQHUJ\� GLVSHUVLYH� �('6�� DQDO\VLV� WR� GHWHUPLQH�ZKHWKHU� WKHUH
ZDV�D�UHODWLRQVKLS�EHWZHHQ�WKH�PLFURVWUXFWXUH�DQG�WKH�IUDFWXUH�SDWK�
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+\GURJHQ�(PEULWWOHPHQW�7HVWLQJ

5HVXOWV�RI�VORZ�VWUDLQ�UDWH�WHVWV�FDUULHG�RXW�RQ�D�VHULHV�RI�&X�1L�$O�0Q�1E�DOOR\V�ZLWK�QLFNHO�FRQWHQW�UDQJLQJ
EHWZHHQ�����DQG�����DUH� VKRZQ� LQ�7DEOH� ��� � ,W� FDQ� EH� VHHQ� WKDW� WKHUH� LV� HLWKHU� QR� ORVV� RI� GXFWLOLW\� EHWZHHQ
VDPSOHV�WHVWHG�XQGHU�K\GURJHQ�FKDUJLQJ�FRQGLWLRQV�DQG�WKRVH�WHVWHG�LQ�DLU�RU�WKH�ORVV�GXFWLOLW\�LV�QHJOLJLEOH���7KH
PHFKDQLFDO�WHVW�ILJXUHV��FRXSOHG�ZLWK�WKH�UHSRUWHG�GXFWLOH� IUDFWXUH�FKDUDFWHULVWLFV� WKURXJKRXW��GHPRQVWUDWHV� WKDW
K\GURJHQ�HPEULWWOHPHQW�KDV�QRW�RFFXUUHG�
&RPSDUDWLYH�VWUHVV�FRUURVLRQ�UHVLVWDQFH�RI�GLIIHUHQW�KLJK�VWUHQJWK�FRSSHU�QLFNHOV

1$&(�70�������6WDWLF�/RDGHG�7HVWV�����5HVXOWV�RI�WKH�1$&(�70�������WHVWV�DUH�JLYHQ�LQ�7DEOH�����,W
FDQ�EH�VHHQ�WKDW�WKH�WZR�&X�1L�$O�0Q�1E�DOOR\V�VXVWDLQHG�WKH������ORDGLQJ�IRU�WKH�UHTXLUHG�����KRXUV��ZKHUHDV
WKH� &X�1L�6Q� DOOR\� IDLOHG� DIWHU� ���� KRXUV�� � 7KH� IUDFWXUH� GLVSOD\HG� E\� WKH� &X�1L�6Q� DOOR\� ZDV� RI� D� EULWWOH
LQWHUJUDQXODU�QDWXUH�

1$&(�70���������6ORZ�6WUDLQ�5DWH�7HQVLOH�7HVWV����5HVXOWV�RI�VORZ�VWUDLQ�UDWH�WHVWV�FDUULHG�RXW�RQ�WKH
WKUHH�W\SHV�RI�DOOR\V��&X�1L�6Q��&X�1L�$O�DQG�&X�1L�$O�0Q�1E�LQ�����DPPRQLXP�FKORULGH�DW���°&�DUH�JLYHQ�LQ
7DEOH���� �6FDQQLQJ�HOHFWURQ�PLFURJUDSKV�RI� WKH� IUDFWXUH� VXUIDFHV�RI� WKH�&X�1L�6Q�DQG�&X�1L�$O�0Q�1E�DOOR\V
UHVSHFWLYHO\�DUH�VKRZQ�LQ�)LJXUH���DQG�)LJXUH���DIWHU�UHPRYLQJ�H[WUDQHRXV�FRUURVLRQ�SURGXFW�ZLWK�GHDHUDWHG����
K\GURFKORULF�DFLG��DV�SHU�$670�*��������7KH�EULWWOH�LQWHUJUDQXODU�QDWXUH�RI�WKH�IUDFWXUH�VXUIDFH�RI�WKH�&X�1L�6Q
DOOR\�LV�HYLGHQW��DQG�WKH�UHGXFWLRQ�RI�DUHD�UDWLR�GHPRQVWUDWHG�E\�WKDW�DOOR\�LV�ORZ���7KH�&X�1L�$O�DOOR\�GLVSOD\HG
VHFRQGDU\�FUDFNLQJ�DORQJ�WKH�JDXJH�OHQJWK���7KH�&X�1L�$O�0Q�1E��)LJXUH����H[KLELWHG�GXFWLOH�IUDFWRJUDSK\��DQ
DEVHQFH�RI�VHFRQGDU\�FUDFNLQJ�DQG�D�UHGXFWLRQ�RI�DUHD�UDWLR�FORVH�WR������

,QYHVWLJDWLRQ�RI�WKH�IDFWRUV�FRQWUROOLQJ�VWUHVV�FRUURVLRQ�VXVFHSWLELOLW\�RI�&X�1L�$O�DQG�&X�1L�$O�0Q�1E�DOOR\V

� 'HJUHH� RI�$JHLQJ��+HDW� WUHDWPHQW� LQ� WKH� UDQJH� ���°&����°&�� � 7KH� UHVXOWV� RI� WKH� LQYHVWLJDWLRQ� RI� WKH
HIIHFW� RI� DJLQJ� &X�1L�$O�0Q�1E� DOOR\� �0$5����� RQ� VWUHVV� FRUURVLRQ� VXVFHSWLELOLW\� ��� DUH� VKRZQ� LQ� 7DEOH� ��
7KH\�VKRZ�WKDW�WKH�UHGXFWLRQ�RI�DUHD�UDWLR�REWDLQHG�E\�WHVWLQJ�LQ�WKH�GHELOLWDWLQJ�HQYLURQPHQW�FRPSDUHG�ZLWK�WKDW
IRXQG�E\� WHVWLQJ� LQ�DLU�GHFUHDVHG�DV� WKH�DJLQJ�KHDW� WUHDWPHQW� WLPH� LQFUHDVHG�� �$OVR�� WKH� VORZ�VWUDLQ� UDWH� WHQVLOH
VDPSOH�ZKLFK�KDG�EHHQ�KHDW�WUHDWHG�IRU����K�DW����°&�VKRZHG�VHFRQGDU\�FUDFNLQJ�DORQJ�WKH�JDXJH�OHQJWK�

*UDLQ�*URZWK�DQG�6ROXWLRQLVLQJ��+HDW�WUHDWPHQW�DERYH����°&���5HVXOWV�VKRZLQJ�PHFKDQLFDO�SURSHUWLHV�
JUDLQ�VL]H�DQG�VORZ�VWUDLQ�UDWH�UHGXFWLRQ�LQ�DUHD�UDWLRV�IRU�DV�UROOHG�0$5����DQG� WKH�VDPH�DOOR\�ZKLFK�KDG�DQ
DSSOLHG�KHDW�WUHDWPHQW�DUH�JLYHQ�LQ�7DEOH�����,W�FDQ�EH�VHHQ�WKDW�WKH�JUDLQ�VL]H�RI�WKH�KHDW�WUHDWHG�DOOR\�LV�RYHU�WKUHH
WLPHV�ODUJHU�WKDQ�WKH�DV�UROOHG�PDWHULDO�

6FDQQLQJ�(OHFWURQ�PLFURJUDSKV�RI�SROLVKHG�DQG�DOFRKROLF�IHUULF�FKORULGH�HWFKHG�VHFWLRQV�RI�WKH�WZR�DOOR\V
DUH�VKRZQ�LQ�)LJXUH�����7KH�PLFURJUDSKV�VKRZ�WKH�JUDLQ�ERXQGDULHV�DQG�WKH�GLVWULEXWLRQ�RI�WKH�PLFURQ�VFDOH�1L�
1E�)H�6L��ε�SKDVH����,W�ZDV�IRXQG�WKDW�WKH�ε�SKDVH�LV�YHU\�PXFK�PRUH�DVVRFLDWHG�ZLWK�WKH�JUDLQ�ERXQGDULHV�LQ�WKH
FDVH�RI�WKH�KHDW�WUHDWHG�DOOR\��VHH�)LJXUH��E����$�KLJKHU�PDJQLILFDWLRQ�PLFURJUDSK�GHPRQVWUDWLQJ�WKLV�LV�VKRZQ�LQ
)LJXUH���

(IIHFW� RI� ,URQ� &RQWHQW� � 5HVXOWV� RI� VORZ� UDWH� WHVWV� RI� WKH� WZR� &X�1L�$O� DOOR\V� ZLWK� GLIIHUHQW� LURQ
FRQFHQWUDWLRQV� �+0$����DQG�+0$�����DUH�JLYHQ� LQ�7DEOH��� DQG�D� UHODWLRQVKLS�EHWZHHQ� LURQ� FRQWHQW� DQG� WKH
VWUHVV�FRUURVLRQ�VXVFHSWLELOLW\�LV�LQGLFDWHG���6FDQQLQJ�HOHFWURQ�PLFURVFRS\��6(0��ZDV�FDUULHG�RXW�RQ�D�SROLVKHG
PLFURJUDSK�RI�VHFRQGDU\�FUDFNV�LQ�+0$�����ZLWK�RQH�H[DPSOH�EHLQJ�VKRZQ�LQ�)LJXUH����('6�PLFURDQDO\VLV�ZDV
XQGHUWDNHQ�DW�WKH�SRLQWV�RQ�)LJXUH���PDUNHG�������������ZLWK�SRLQWV���DQG���EHLQJ�RQ�WKH�JUDLQ�ERXQGDU\�FUDFN�
7KH�VSHFWUD�IURP�SRLQWV���DQG���VKRZHG�GLVWLQFW�SHDNV�LQGLFDWLQJ�WKH�SUHVHQFH�RI�LURQ��ZKHUHDV�WKRVH�RI�SRLQWV��



DQG���ZHUH� OHVV� VSHFLILF� LQ� WKLV� UHVSHFW� ��7DEOH��� VKRZV� WKH� LURQ� FRQWHQW� DV� DSSUR[LPDWHO\� FDOFXODWHG� IURP� WKH
VSHFWUD�DQG�WKHUH�LV�D�VWURQJ�VXJJHVWLRQ�WKDW�LURQ�LV�SDUWLFXODUO\�DVVRFLDWHG�ZLWK�WKH�JUDLQ�ERXQGDU\�FUDFN�

$�UHODWLRQVKLS�EHWZHHQ�DOOR\�LURQ�FRQWHQW�DQG�HQYLURQPHQWDO�VHQVLWLYLW\�LV�DOVR�FRQYLQFLQJO\�GLVSOD\HG�LQ
)LJXUH����ZKLFK�SORWV�WKH�VWUHVV�FRUURVLRQ�VXVFHSWLELOLW\��DV�PHDVXUHG�E\�WLPH�WR�IDLOXUH�UDWLR��RI�WKH�VHULHV�RI�&X�
1L�$O�0Q�1E�DOOR\V�ZLWK�GLIIHUHQW�LURQ�FRQFHQWUDWLRQV���7KLV�FOHDUO\�VKRZV�D�WHQGHQF\�WRZDUGV�VWUHVV�FRUURVLRQ
VXVFHSWLELOLW\�DV�WKH�LURQ�FRQWHQW�ULVHV�DERYH����

',6&866,21
+\GURJHQ�(PEULWWOHPHQW�7HVWLQJ

$Q�LQWHUHVWLQJ�IHDWXUH�RI�WKH�UHVXOWV��ZKLFK�VKRZ�WKDW�&X�1L�$O�0Q�1E�DOOR\V�ZLWK�QLFNHO�FRQWHQWV�XS�WR�����DUH
UHVLVWDQW�WR�K\GURJHQ�HPEULWWOHPHQW��LV�WKDW�LW�LV�ZLGHO\�UHSRUWHG�WKDW�WKH�1L�&X�$O�DOOR\�.������816�1�������
HPEULWWOHV� RQ� H[SRVXUH� WR� K\GURJHQ� ������� � $V� ERWK� WKHVH� DOOR\V� SUHFLSLWDWLRQ� KDUGHQ� WKURXJK� WKH� IRUPDWLRQ� RI
1L�$O�� LW�ZRXOG�VHHP� WKDW�� DV� WKH�QLFNHO�FRQWHQW�RI� WKLV� W\SH�RI�PDWHULDO� ULVHV� IURP����� WR������ VHQVLWLYLW\� WR
K\GURJHQ�HPEULWWOHPHQW�FRPHV�LQWR�HIIHFW���:RUN�RQ�PHDVXULQJ�WKH�K\GURJHQ�VROXELOLWLHV�RI�WKH�DOOR\V�KDV�EHHQ
FDUULHG�RXW���DQG�WKLV�LQGLFDWHV�WKDW�K\GURJHQ�LV�DSSR[LPDWHO\�WZLFH�DV�VROXEOH�LQ�1L�&X�$O���0Q�1E��DV�LW�LV� LQ
&X�1L�$O���+RZHYHU��WKLV�ZRUN�DOVR�UHSRUWHG�WKDW�WKH�GLIIXVLRQ�UDWHV�RI�K\GURJHQ�LQ�WKH�WZR�PDWHULDOV�ZDV�YHU\
VLPLODU�DW�DPELHQW�WHPSHUDWXUH�

$Q� H[SODQDWLRQ� IRU� WKH�PDUNHGO\� GLIIHUHQW� EHKDYLRU� RI� WKH� WZR� VHHPLQJO\� VLPLODU�PDWHULDOV� KDV� EHHQ� JLYHQ� E\
3RXQG�����ZKR�FDUULHG�RXW�D�PDWKHPDWLFDO�DQDO\VLV�RI�WKH�ODWWLFH�GLIIXVLRQ�DQG�WUDSSLQJ�RI�K\GURJHQ�LQ�ERWK�&X�1L�
$O�0Q�1E� DQG� 1L�&X�$O� DOOR\� �1�������� � 7KLV� DQDO\VLV� LQYROYHG� D� PRGHO� ZKLFK� ZDV� XVHG� WR� FDOFXODWH� WKH
K\GURJHQ� LQJUHVV� NLQHWLFV� GLVSOD\HG� E\� WKH� WZR� DOOR\V� XQGHU� K\GURJHQ� FKDUJLQJ� FRQGLWLRQV�� � (OHFWURFKHPLFDO
H[SHULPHQWDO�ZRUN�ZDV�FDUULHG�RXW�WR�PHDVXUH�K\GURJHQ�HQWU\�DQG�H[LW�IOX[�FKDUDFWHULVWLFV�RI�WKH�WZR�PDWHULDOV�
7KH� UHVXOW�ZDV� WKDW�� ZLWK� WKH� VXSSRVLWLRQ� WKDW� WKH� UDWH� RI� K\GURJHQ� LQJUHVV� LV� FRQWUROOHG� E\� GLIIXVLRQ� DQG� WKH
VROXWLRQ�PHWDO� LQWHUIDFH�FDXVHV�D�UHVWULFWLRQ�RQ�K\GURJHQ�HQWU\�� LW�ZDV�FDOFXODWHG� WKDW� WKH� LUUHYHUVLEOH�K\GURJHQ
WUDSSLQJ� DELOLW\� RI� &X�1L�$O�0Q�1E� LV� DSSUR[LPDWHO\� ��� WLPHV� ORZHU� WKDQ� WKDW� RI� 1L�&X�$O�� � 7KXV� K\GURJHQ
ZRXOG� EH�PXFK�PRUH� OLNHO\� WR� EH� SUHVHQW� ZLWKLQ� 1L�&X�$O� LQ� D� IRUP�ZKLFK� ZRXOG� IDFLOLWDWH� WKH� LQLWLDWLRQ� RI
FUDFNV�

3UHYLRXV�ZRUN�RQ�K\GURJHQ�HPEULWWOHPHQW�UHVLVWDQFH�RI�&X�1L�$O�0Q�1E�KDV�EHHQ�UHVWULFWHG�WR�DOOR\V�FRQWDLQLQJ
OHVV� WKDQ� ���� QLFNHO�� WKXV� WKH� SUHVHQW� ZRUN� GHPRQVWUDWHV� WKDW� WKH� K\GURJHQ� HPEULWWOHPHQW� VXVFHSWLELOLW\
�LUUHYHUVLEOH�WUDSSLQJ�DELOLW\��RI�WKLV�W\SH�RI�PDWHULDO�FRQWLQXHV�WR�EH�ORZ�HYHQ�ZKHQ�WKH�QLFNHO�FRQWHQW�ULVHV�WR
����

&RPSDUDWLYH�VWUHVV�FRUURVLRQ�UHVLVWDQFH�RI�GLIIHUHQW�KLJK�VWUHQJWK�FRSSHU�QLFNHOV

7KH�EULWWOH�LQWHUJUDQXODU��,*��QDWXUH�RI�WKH�VWUHVV�FRUURVLRQ�EHKDYLRU�RI�&X�1L�6Q�GLVSOD\HG� LQ�ERWK�VXOILGH�DQG
DPPRQLD�HQYLURQPHQWV�LV�YHU\�UHPLQLVFHQW�RI�WKH�LQWHUJUDQXODU�FUDFNLQJ�REVHUYHG�LQ�&X�=Q�DOOR\V�LQ�DPPRQLD�
������

�7KH�FXUUHQW�ZRUN�IDLOHG�WR�ILQG�HYLGHQFH�XQGHU�KLJK�PDJQLILFDWLRQ�RI�WKH�SUHVHQFH�RI�DQ�LQWHUJUDQXODU�ILOP�RU
REVHUYDEOH�FUDFN�DUUHVW�PDUNLQJV�RQ�WKH�IUDFWXUH�VXUIDFH�RI�DOOR\�07$�����DIWHU�IDLOXUH��DQG�VLPLODU�REVHUYDWLRQV
ZHUH�PDGH�E\�3LFNHULQJ�DQG�%\UQH���ZKHQ�WKH\�VWXGLHG�,*�VWUHVV�FRUURVLRQ�LQ�&X�=Q���7KH�PRGHO�WKH\�SURSRVHG
ZDV� WKDW�D�GH�]LQFLILHG� OD\HU�DGMDFHQW� WR� WKH�JUDLQ�ERXQGDU\�DFWHG� LQ�D� VLPLODU�ZD\� WR� WKH�SUHVHQFH�RI� D�EULWWOH
SDVVLYH�ILOP�LQ�WKH�ILOP�UXSWXUH�PHWKRG�RI�FUDFN�SURSRJDWLRQ������7KXV��WKH�SUHVHQW�ZRUN�VXJJHVWV�WKDW�,*�FUDFNLQJ
RI�&X�1L�6Q�RFFXUV�LQ�DQ�DQDORJRXV�PDQQHU�WR�WKDW�RI�&X�=Q��ZLWK�VHJUHJDWLRQ��RU�GHQXGDWLRQ��RI�WLQ�LQ�WKH�JUDLQ
ERXQGDU\� UHJLRQ� JLYLQJ� ULVH� WR� VHOHFWLYH� HOHFWURFKHPLFDO� GLVVROXWLRQ� DORQJ� WKH� JUDLQ� ERXQGDU\� DV� D� PHDQV� RI
SURSDJDWLQJ�WKH�FUDFNV����$V�VKRZQ�E\�WKH�6(0�REVHUYDWLRQV�RI�WKH�JDXJH�OHQJWK�RI�D�IDLOHG�VSHFLPHQ��VHH�)LJXUH
����WKH�JUDLQ�ERXQGDULHV�RI�&X�1L�6Q�VHHP�SDUWLFXODUO\�SURQH�WR�FRUURVLYH�DWWDFN�



,W�KDV�EHHQ�IRXQG���WKDW��LI�KLJK�VWUHQJWK�FRSSHU�DOOR\V�DUH�SURQH�WR�VWUHVV�FRUURVLRQ�LQ�WKH�SUHVHQFH�RI�DPPRQLXP
FRPSRXQGV��WKHQ�WKH\�DOVR�GLVSOD\�D�GHFUHDVH�LQ�PHFKDQLFDO�SURSHUWLHV�LQ�RUJDQLF�DPLQHV���7KHVH�FRPSRXQGV�DUH
RIWHQ�SUHVHQW�DV�FXULQJ�DJHQWV�LQ�SDLQWV�DQG�DGKHVLYHV�RU�FRXOG�EH�SUHVHQW�LQ�PDFKLQLQJ�IOXLGV��JUHDVHV�RU�FOHDQLQJ
DJHQWV�� �7KXV�� IXUWKHU� LQYHVWLJDWLRQV� QHHG� WR� WDNH� SODFH� LQ� RUGHU� WR� GHWHUPLQH�ZKHWKHU�&X�1L�6Q� GHPRQVWUDWHV
HQYLURQPHQWDO�VHQVLWLYLW\�XQGHU�FRQGLWLRQV�RI�H[SRVXUH�WR�WKHVH�VXEVWDQFHV�

,Q�FRQWUDVW� WR�&X�1L�6Q�� WKH�&X�1L�$O�0Q�1E�DOOR\V� WHVWHG�GLVSOD\HG� UHVLVWDQFH� WR� VWUHVV�FRUURVLRQ�FUDFNLQJ� LQ
ERWK� VXOILGH� DQG� DPPRQLD� HQYLURQPHQWV�� �$OOR\�0$5����ZDV�PDQXIDFWXUHG� WR� EH�ZLWKLQ� D� VSHFLILF� FKHPLFDO
FRPSRVLWLRQ�UDQJH��DV�JLYHQ�LQ�7DEOH������$OVR��LWV�PDQXIDFWXUH�ZDV�FRQWUROOHG�LQ�WHUPV�RI�PD[LPL]LQJ�DOXPLQLXP
LQ� VROXWLRQ� EHIRUH� KRW� ZRUNLQJ�� HQVXULQJ� WKDW� QR� KRW� ZRUNLQJ� WRRN� SODFH� EHORZ� D� WHPSHUDWXUH� RI� ���°&� DQG
HQVXULQJ� WKDW� VXIILFLHQW� SUHFLSLWDWLRQ� RI� 1L�$O� RFFXUUHG� GXULQJ� WKH� FRROLQJ� RSHUDWLRQ� DIWHU� KRW�ZRUNLQJ�� � %\
FRQWUROOLQJ� WKHVH� RSHUDWLRQV�� � WKH�PDWHULDO� ZDV� DEOH� WR� DFKLHYH� LWV� UHTXLUHG� KLJK�PHFKDQLFDO� SURSHUWLHV� ZKLOVW
UHPDLQLQJ� LQ� DQ� XQGHU�DJHG� FRQGLWLRQ�� � $� KLJK� OHYHO� RI� DOXPLQLXP� LQ� VROXWLRQ� ZDV� SURGXFHG� E\� KHDWLQJ� WKH
PDWHULDO� VORZO\� WR� WKH� IRUJLQJ� WHPSHUDWXUH� DQG� LQYRNLQJ� D� GZHOO� SHULRG� DW� D� WHPSHUDWXUH� RI� ���°&�� ZKHUH
PD[LPXP�GLVVROXWLRQ�RI�DOXPLQLXP�WDNHV�SODFH����7KH�UHDVRQ�ZK\�KRW�ZRUNLQJ�LV�QRW�VDQFWLRQHG�EHORZ����°&�LV
WR� SUHYHQW� SUHPDWXUH� SUHFLSLWDWLRQ� RI� 1L�$O�� ZKLFK� ZRXOG� UHGXFH� WKH� LQWHQVLW\� RI� WKH� ILQDO� KDUGHQLQJ� SURFHVV
ZKLFK�WDNHV�SODFH�GXULQJ�WKH�DLU�FRRO�

,QYHVWLJDWLRQ�RI�WKH�IDFWRUV�FRQWUROOLQJ�VWUHVV�FRUURVLRQ�VXVFHSWLELOLW\�RI�&X�1L�$O�DQG�&X�1L�$O�0Q�1E�DOOR\V

'HJUHH� RI� $JLQJ�� +HDW� WUHDWPHQW� LQ� WKH� UDQJH� ���°&����°&�� � ,W� LV� DSSDUHQW� IURP� WKH� UHVXOWV� RI� WKLV
LQYHVWLJDWLRQ�LV�WKDW�ERWK�GXFWLOLW\�DQG�VWUHVV�FRUURVLRQ�VXVFHSWLELOLW\�RI�&X�1L�$O�0Q�1E�DUH� LQIOXHQFHG�E\� WKH
GHJUHH� RI� SUHFLSLWDWLRQ� KDUGHQLQJ�� ,Q� WKH� DV�UHFHLYHG� FRQGLWLRQ�� WKH� DOOR\� ZDV� HYLGHQWO\� LQ� D� SHDN�DJHG� VWDWH�
6XEVHTXHQW� KHDW� WUHDWPHQW� SURGXFHV� DGGLWLRQDO� SUHFLSLWDWLRQ�� DQG� WKLV� FRXOG� HLWKHU� RFFXU� RQ� H[LVWLQJ� 1L�$O
SDUWLFOHV�RU�WDNH�SODFH�DW�QHZ�QXFOHDWLRQ�VLWHV���$V�WKH�UDWH�FRQWUROOLQJ�SURFHVV�IRU�SUHFLSLWDWH�JURZWK�LV�GLIIXVLRQ�
SUHFLSLWDWHV�ZLOO� WHQG� WR� IRUP�PRVW� UHDGLO\� DW� JUDLQ�ERXQGDULHV��ZKLFK�ZRXOG� H[SODLQ� WKH�RQVHW�RI� DQ�REVHUYHG
HPEULWWOHPHQW�RI�WKH�JUDLQ�ERXQGDULHV�ZKLFK�WDNHV�SODFH�DIWHU�D����KRXU�KHDW�WUHDWPHQW�DW����°&�

7KH�PDLQ�FRQFOXVLRQ�RI�WKLV�H[HUFLVH�LV�WKDW��ZKHQ�&X�1L�$O�0Q�1E�DOOR\V�DUH�PDQXIDFWXUHG�E\�D�KRW�ZRUNLQJ
SURFHVV�� LW�ZRXOG�EH�EHQHILFLDO�� LQ� WHUPV�RI�DFKLHYLQJ�UHVLVWDQFH� WR�VWUHVV�FRUURVLRQ�� WR� �SURGXFH� LW� LQ�DQ�XQGHU�
DJHG�FRQGLWLRQ�

*UDLQ�*URZWK�DQG�6ROXWLRQLVLQJ��+HDW�WUHDWPHQW�DERYH����°&���,W�LV�HYLGHQW�IURP�WKH�UHVXOWV�SURGXFHG�LQ
WKLV�ZRUN� WKDW� WKH� DSSOLFDWLRQ� RI� KHDW� WUHDWPHQWV�ZKLFK� DFW� WR� LQFUHDVH� WKH� JUDLQ� VL]H� DQG�ZKLFK� VXEVHTXHQWO\
VWUHQJWKHQ�WKH�PDWHULDO�WKURXJK�SUHFLSLWDWLRQ�KDUGHQLQJ�KDYH�D�GHWULPHQWDO�HIIHFW�RQ�VWUHVV�FRUURVLRQ�UHVLVWDQFH�

7KH�6(0�ZRUN�VWURQJO\�VXJJHVWHG�WKDW�LQFUHDVLQJ�WKH�JUDLQ�VL]H�FDXVHG�D�JUHDWHU�GHJUHH�RI�DVVRFLDWLRQ�EHWZHHQ
WKH�JUDLQ�ERXQGDULHV�DQG�WKH�PLFURQ�VFDOH�ε�SKDVH��1L�1E�6L�)H�&U��SUHFLSLWDWHV��7KLV�ZRXOG�KDYH� WKH�HIIHFW�RI
UHGXFLQJ�WKH� LQWHJULW\�RI� WKH�JUDLQ�ERXQGDU\�DQG�FRXOG� LQIOXHQFH� WKH�JUDLQ�ERXQGDU\�HOHFWURFKHPLVWU\�VXFK� WKDW
FUDFN�JURZWK�LQGXFHG�E\�VHOHFWLYH�SKDVH�DWWDFN�ZRXOG�EH�LQFUHDVHG�� �7KH�ε�SKDVH�SUHFLSLWDWHV�DUH�QHFHVVDU\�IRU
SURGXFLQJ�JUDLQ�UHILQHPHQW��DV�LV�GHPRQVWUDWHG�E\�WKH�ODUJH�JUDLQ�VL]H�GLVSOD\HG�E\�&X�1L�$O�DOOR\V�����+RZHYHU�
LW�ZRXOG�EH�WR�VRPH�DGYDQWDJH�WR�OLPLW�WKHLU�YROXPH�IUDFWLRQ�DQG�SURGXFH�D�JUDLQ�VL]H�ZKLFK�LV�VPDOO�HQRXJK�WR
DYRLG�DQ�DVVRFLDWLRQ�EHWZHHQ�WKHVH�SDUWLFOHV�DQG�WKH�JUDLQ�ERXQGDULHV�

5HJDUGLQJ�LQGXFWLRQ�RI�VWUHVV�FRUURVLRQ�VHQVLWLYLW\�E\�KHDW�WUHDWPHQWV�RYHU����°&��D�PLFURVWUXFWXUDO�LQYHVWLJDWLRQ
KDV�EHHQ�FDUULHG�RXW�RQ�D�KRW�KHDGHG�EROW�LQ�&X�1L�$O�0Q�1E�ZKLFK�IDLOHG�DIWHU�EHLQJ�H[SRVHG�WR�DQ�DPPRQLXP
±�EDVHG�FOHDQLQJ�VROXWLRQ�EHIRUH�EHLQJ�WHQVLRQHG�IRU�DSSOLFDWLRQ���%ULWWOH�LQWHUJUDQXODU�IDLOXUH�ZDV�REVHUYHG��DQG
WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\�FDUULHG�RXW�LQ�D�UHJLRQ�QHDU�WKH�IDLOXUH�IRXQG�WKH�RFFXUUHQFH�RI�D�GXSOH[�W\SH
VWUXFWXUH�RI�1L�$O�DJLQJ�SUHFLSLWDWHV�VLPLODU�WR�WKDW�VKRZQ�LQ�)LJXUH�����7KH�ODUJH�SUHFLSLWDWHV�ZHUH�IRXQG�WR�EH
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	The materials tested were produced as bar products in the diameter range 25-35mm.  The types of alloys used were Cu-Ni-Sn (UNS C72900), Cu-Ni-Al (W Nr 2.1504) and Cu-Ni-Al-Mn-Nb (UNS C72420-type).  The compositions and mechanical properties of these are given in Table 1 and Table 2.
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	Degree of Aging - Heat treatment in the range 400(C-600(C.  An investigation was carried out to determine the effect of aging of Cu-Ni-Al-Mn-Nb alloys in the temperature range 400(C-500(C on stress corrosion susceptibility. 10  In order to determine whether there is a relationship between the degree of ageing and stress corrosion susceptibility of Cu-Ni-Al-Mn-Nb, samples of as-rolled MAR208 were taken and heat treated for 2.5 h, 5 h and 10 h.  Slow strain rate tensile tests were then carried out in 10% sodium chloride at 80(C using a strain rate of 1.25 x 10-6 s-1.

	Hydrogen Embrittlement Testing
	Comparative stress corrosion resistance of different high strength copper-nickels
	NACE TM-01-77 Static Loaded Tests.    Results of the NACE TM-01-77 tests are given in Table 4.  It can be seen that the two Cu-Ni-Al-Mn-Nb alloys sustained the 0.2% loading for the required 720 hours, whereas the Cu-Ni-Sn alloy failed after 180 hours.  The fracture displayed by the Cu-Ni-Sn alloy was of a brittle intergranular nature.
	NACE TM-0198-98 Slow Strain Rate Tensile Tests.   Results of slow strain rate tests carried out on the three types of alloys, Cu-Ni-Sn, Cu-Ni-Al and Cu-Ni-Al-Mn-Nb in 10% ammonium chloride at 82(C are given in Table 5.  Scanning electron micrographs of the fracture surfaces of the Cu-Ni-Sn and Cu-Ni-Al-Mn-Nb alloys respectively are shown in Figure 1 and Figure 2 after removing extraneous corrosion product with deaerated 50% hydrochloric acid (as per ASTM G1-81).  The brittle intergranular nature of the fracture surface of the Cu-Ni-Sn alloy is evident, and the reduction of area ratio demonstrated by that alloy is low.  The Cu-Ni-Al alloy displayed secondary cracking along the gauge length.  The Cu-Ni-Al-Mn-Nb (Figure 2) exhibited ductile fractography, an absence of secondary cracking and a reduction of area ratio close to 1.00.
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