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$%675$&7�
&RQIRUPDO� FRDWLQJ� LV� FRPPRQO\� XVHG� IRU� KDUVK�
HQYLURQPHQWV� WR� SURWHFW� HOHFWURQLFV� IURP� PRLVWXUH� DQG�
FKHPLFDO� FRQWDPLQDQWV�� %XW� WKH� VWUHVVHV� LPSDUWHG� E\� WKH�
FRQIRUPDO� FRDWLQJ� FDQ� FDXVH� GHJUDGDWLRQ� WR� WKH� SDFNDJH¶V�
WKHUPDO� F\FOH� SHUIRUPDQFH�� ,Q� WKLV� VWXG\�� �[�PP�� ZDIHU�
OHYHO� FKLS� VFDOH� SDFNDJHV� �:/&63�� ZHUH� WKHUPDO� F\FOHG�
IURP�����&� WR������&�ZLWK�DQG�ZLWKRXW�FRQIRUPDO�FRDWLQJ�
DSSOLHG�� 7KH� FRUUHODWLRQ� EHWZHHQ� FUDFN� SURSDJDWLRQ� DQG�
ORFDOL]HG� UHFU\VWDOOL]DWLRQ� ZHUH� FRPSDUHG� LQ� D� VHULHV� RI�
FURVV�VHFWLRQ�DQDO\VHV�XVLQJ�SRODUL]HG�LPDJLQJ��0DSSLQJ�WKH�
ORFDOL]HG� UHFU\VWDOOL]DWLRQ� ZDV� IRXQG� WR� EH� D� XVHIXO�
DQDO\WLFDO� PHWKRG� IRU� FKDUDFWHUL]LQJ� WKH� VWUHVV�LQGXFHG�
GHJUDGDWLRQ�PHFKDQLVP�RI�WKH�VROGHU�LQWHUFRQQHFWV�� �3DUWLDO�
DQG� IXOO� FRYHUDJH� RI� FRQIRUPDO� FRDWLQJ� VKRZ� GLIIHUHQW�
WKHUPDO� F\FOLQJ� SHUIRUPDQFH�� $� UHZRUNDEOH� HGJHERQG�
DGKHVLYH�ZDV�LQYHVWLJDWHG��WR�GHWHUPLQH�LI�LW�FDQ�PLWLJDWH�WKH�
QHJDWLYH� HIIHFW� RI� FRQIRUPDO� FRDWLQJV� RQ� WKHUPDO� F\FOH�
SHUIRUPDQFH��
�
.H\� ZRUGV�� (GJHERQG�� &RQIRUPDO� FRDWLQJ�� :/&63��
WKHUPDO�F\FOLQJ��UHFU\VWDOOL]DWLRQ����
�
,1752'8&7,21�
(OHFWURQLF�SURGXFWV�DQG�GHYLFHV�DUH�XVHG�LQ�D�ZLGH�UDQJH�RI�
HQYLURQPHQWV�IRU�YDULRXV�DSSOLFDWLRQV�DQG�FDQ�EH�VXEMHFWHG�
WR�D�GLYHUVH�DUUD\�RI�H[WUHPH�FRQGLWLRQV�>���@�7KH�DPRXQW�RI�
GDWD� FRQFHUQLQJ� WKH� FRUURVLRQ� SURSHUWLHV� RI� HOHFWURQLF�
SURGXFWV�DUH�FRQWLQXRXVO\�JURZLQJ�EXW�VWLOO�OLPLWHG��,W�LV�ZHOO�
HVWDEOLVKHG�WKDW�WLQ�EDVHG�LQWHUFRQQHFWLRQV�OLNH�VROGHU�MRLQWV�
DUH� OHVV� SUREOHPDWLF� EHFDXVH� RI� WKHLU� UHODWLYHO\� VWURQJ�

FRUURVLRQ�UHVLVWDQFH�>���@�,W�KDV�EHHQ�UHSRUWHG�WKDW�WKH�PDLQ�
FRPSRQHQW� RI� VROGHU� DOOR\V�� WLQ� �6Q��� UHVLVWV� FRUURVLRQ�
EHFDXVH� RI� WKH� SDVVLYLW\� RI� WKH� ILOP� WKDW� IRUPV� RQ� LWV�
VXUIDFH�>�@� 7KH� UHVXOWV� RI� YDULRXV� VWXGLHV� VKRZ� WKDW� 6Q±
���$J±���&X� �ZW��� �6$&����� VROGHU� H[KLELWV� EHWWHU�
FRUURVLRQ�UHVLVWDQFH�WKDQ�RWKHU�6Q�EDVHG�DOOR\�FRPSRVLWLRQV�
GXH� WR� LWV� KLJK� FRQWHQW� RI� QREOH� RU� LQHUW� HOHPHQWV� �$J� DQG�
&X�� DQG� LWV� WKHRUL]HG� VWDEOH� VWUXFWXUH�>���@� ,Q� HDUOLHU�
SXEOLFDWLRQ�� ZKHUH� WKH� FRUURVLRQ� UHVLVWDQFH� RI� 6Q3E� DQG�
VHYHUDO�3E�IUHH�VROGHUV�ZHUH�LQYHVWLJDWHG�LQ�����ZW���1D&O�
VROXWLRQ�� WKURXJK� SRWHQWLRG\QDPLF� SRODULVDWLRQ�
PHDVXUHPHQWV��LW�ZDV�VKRZQ�WKDW��LQ�1D&O�VROXWLRQ��3E�IUHH�
VROGHUV� ZHUH�PRUH� UHVLVWDQW� WR� FRUURVLRQ� WKDQ� 6Q3E� VROGHU�
GXH� WR� WKHLU� ORZHU� SDVVLYDWLRQ� FXUUHQW� GHQVLW\�� ORZHU�
FRUURVLRQ�FXUUHQW�GHQVLW\�DIWHU�EUHDNGRZQ�RI�WKH�SDVVLYDWLRQ�
ILOP� DQG� PRUH� VWDEOH� VXUIDFH� SDVVLYDWLRQ� ILOP�>�@� ,W� ZDV�
UHSRUWHG� WKDW� 6Q3E� VROGHU� MRLQWV� KDYH� WKLQ� 6Q2� ILOPV� OHVV�
WKDQ���QP�WKLFN�DQG��IXUWKHUPRUH��WKDW�3E�LV�R[LGL]HG�RQO\�LI�
WKHUH� LV� QR� 6Q� DW� WKH� VXUIDFH�>���@� 7KH� VDPH� R[LGH� OD\HU�
VWUXFWXUH�DSSOLHV�WR�6$&����VROGHU�MRLQWV�ZKHUH�WKH�DPRXQW�
RI�6Q�LV�PXFK�JUHDWHU�WKDQ�WKDW�RI�6Q3E��L�H���!��������(YHQ�
WKRXJK�6Q�LV�SURWHFWHG�E\�D�VWDEOH�SDVVLYDWLRQ�OD\HU�RI�6Q2�
DQG�H[KLELWV�UHODWLYHO\�JRRG�UHVLVWDQFH�WR�FRUURVLRQ��LW�LV�VWLOO��
�
�
�
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�
)LJXUH����&URVV�VHFWLRQ�6(0�PLFURVWUXFWXUH�DIWHU�WKHUPDO�F\FOLQJ���
�D�� 6Q3E� VROGHU� MRLQW� DV� DVVHPEOHG� DQG� WKHUPDO� F\FOHG� �E�� 6Q3E�
VROGHU� MRLQW� DIWHU� VDOW� VSUD\� WUHDWPHQW� DQG� WKHQ� WKHUPDO� F\FOLQJ��
&RUURVLRQ� DUHD� LQGLFDWHG� DV� D� ER[�� �F�� 6$&���� VROGHU� MRLQW� DV�
DVVHPEOHG� DQG� WKHUPDO� F\FOHG� �G�� 6$&���� VROGHU� MRLQW� DIWHU� VDOW�
VSUD\�WUHDWPHQW�DQG�WKHQ�WKHUPDO�F\FOLQJ��>��@�
�
�

�
)LJXUH����(QODUJHG�6(0�LPDJHV�DQG�2,0�PDSV�IRU����1D&O�
SUHFRQGLWLRQHG�MRLQWV�VKRZ�KRZ�WKH�FRUURVLRQ�DWWDFN�LV�FRUUHODWHG�
ZLWK�WKH�6Q�ODWWLFH�EDVDO�SODQHV��>��@�
�
�
SRVVLEOH� IRU� ORFDOL]HG� FRUURVLRQ� WR� RFFXU�� +RZHYHU�� WKH�
H[LVWHQFH�RI�&X�6Q��DQG�$J�6Q�LQWHUPHWDOOLF�SUHFLSLWDWHV� LQ�
WKH� VROGHU� SURYLGHG� XQLTXH� VHWWLQJV� WR� WKH� VROGHU� MRLQW�
FRUURVLRQ� PHFKDQLVP�� 7KHVH� LQWHUPHWDOOLF� SUHFLSLWDWHV�� LQ�
DGGLWLRQ� WR� IXQFWLRQLQJ� DV� QREOH� PDWHULDOV�� PD\� DOVR� UHDFW�
ZLWK�WKH�EDVH�PDWHULDO�6Q�WR�IRUP�JDOYDQLF�FRXSOHV��,Q�WKHLU�
UHFHQW� VWXG\�� -XQJ� HW� DO�� VKRZHG� WKDW� WKH� GLVVROXWLRQ�RI�6Q�
IURP� WKH� 6Q$J� DOOR\� ZDV� DFWXDOO\� DFFHOHUDWHG� E\� WKH�
SUHVHQFH�RI�$J�>�@�(YHQ�WKRXJK�WKH�1D&O�FRQGLWLRQ�GLG�QRW�
DIIHFW� WKH� ZKROH� 6Q� EDVHG� VROGHU� MRLQW�� RQO\� D� ORFDOL]HG�
UHDFWLRQ�FDQ�GHJUDGH�WKH�MRLQW�VWDELOLW\��)LJXUH���VKRZV�6Q3E�

DQG� 6$&���� VROGHU� MRLQWV� IURP� SDFNDJHV� H[SHULHQFHG� ���
1D&O� WUHDWPHQW� DQG� WKHUPDO� F\FOLQJ��)LJXUH���D�� LV� D�6Q3E�
VROGHU� MRLQWV� DIWHU� WKHUPDO� F\FOLQJ� WR� IDLOXUH� ZLWKRXW� 1D&O�
SUH�WUHDWPHQW�� D� FUDFN�ZHUH� LQLWLDWHG� DQG�SURSDJDWHG� DW� WKH�
LQWHUIDFH� EHWZHHQ� WKH� SDFNDJH� VLGH� LQWHUIDFH�� 7KH� VROGHU�
MRLQWV� DIWHU� 1D&O� WUHDWPHQW� DQG� WKHUPDO� F\FOLQJ� VKRZ� D�
ORFDOL]HG� UHDFWLRQ� DUHD� DW� WKH� ORZHU� OHIW� VLGH� VXUIDFH�
�LQGLFDWHG� LQ� D� ER[��� EXW� OLWWOH� HIIHFW� WR� WKHUPDO� F\FOLQJ�
LQGXFHG� FUDFN� SURSDJDWLRQ� DQG� LQLWLDWLRQ� ZDV� REVHUYHG��
&RPSDUHG� WR� WKH� 6Q3E� MRLQW� LQ� )LJXUH� ��E��� WKH�1D&O� SUH�
WUHDWPHQW� WKHUPDO� F\FOHG� 6$&���� MRLQWV� VKRZ� ORFDOL]HG�
FRUURVLRQ� QHDU� WKH� SDFNDJH� VLGH� LQWHUIDFH� DQG� FUDFN�
SURSDJDWLRQ� IURP� WKH� FRUURVLRQ�GHYHORSHG� DUHD� �)LJXUH�
��G����7KH�FUDFN�SURSDJDWLRQ�RFFXUUHG�WKURXJK�WKH�FRUURVLRQ�
DUHD�� WKH� VDPH� DV� WKH� QR�1D&O� SUH�WUHDWHG� DQG� WKHUPDO�
F\FOHG�VROGHU� MRLQW� LQ�)LJXUH���F���%XW� LW� LV�HDV\� WR� LGHQWLI\�
WKDW� WKH� FRUURVLRQ� DUHD� DFFHOHUDWHG� WKH� FUDFN� LQLWLDWLRQ� DQG�
WKXV��UHVXOWHG�LQ�D�ORZHU�FKDUDFWHULVWLF�OLIH�F\FOH�QXPEHU�IRU�
6$&���� 1D&O� SUH�WUHDWHG� VROGHU� MRLQWV�� 7KH� FRUURVLRQ�
UHDFWLRQ� SURGXFW� LV� D� FRPSOH[� R[LGH� FKORULGH� K\GUR[LGH� RI�
WLQ�� 6Q�2�2+��&O��� ZKLFK� LV� DOVR� UHSRUWHG� LQ� RWKHU�
UHIHUHQFHV�>����@� ,W� LV� D� EULWWOH� PDWHULDO�� ZKLFK� SURYLGH� DQ�
HDUOLHU�WKDQ�H[SHFWHG�FUDFN�LQLWLDWLRQ��7KH�RYHUDOO�LPSDFW�RI�
D� ��� 1D&O� VDOW� VSUD\� WUHDWPHQW� GLG� QRW� DORQH� SURGXFH� D�
VHULRXV� DQG� LPPLQHQW� FKDOOHQJH� WR� WKH� UHOLDELOLW\� RI� WKH�
ZKROH�MRLQW��+RZHYHU��JLYHQ�WKH�IDFW�WKDW�WKH�FRUURGHG�DUHDV�
ZHUH�QHDU�WKH�LQWHUIDFH�EHWZHHQ�WKH�SDFNDJH�VXUIDFH�DQG�WKH�
EXON�VROGHU��VXFK�ORFDOL]HG�FRUURVLRQ�SRVH�D�SRWHQWLDO�ULVN�WR�
WKH� ORQJ�WHUP� UHOLDELOLW\� RI� WKH� VROGHU� MRLQW� EHFDXVH� LW� FDQ�
DFFHOHUDWH� WKH� LQLWLDWLRQ� RI� D� FUDFN�� 7KH� FRUURVLRQ� SDWK� LV�
DOVR� LGHQWLILHG� WKDW� LW� IROORZV� FHUWDLQ� JUDLQ� RULHQWDWLRQV���
)LJXUH� �� VKRZV� WKH� FRUUHODWLRQ�EHWZHHQ� WKH� FRUURVLRQ�SDWK�
DQG� WKH�F�D[LV�GLUHFWLRQ�RI� WKH�6Q� ODWWLFH� DIWHU� VROGHU� MRLQWV�
XQGHU� ��� 1D&O� WHVW�� ,W� UHYHDOHG� WKDW� WKH� &RUURVLRQ� SDWK�
IROORZHG� DQG� DOLJQHG� ZLWK� WKH� 6Q� ODWWLFH� EDVDO� SODQH�� >��@��
*LYHQ� WKH� H[DPSOHV� DERYH�� HYHQ� LI� WKH� RYHUDOO� VROGHU� MRLQW�
GLG�QRW�H[SHULHQFH�VHYHUH�FRUURVLRQ�� LW� VKRZV� WKDW� WKH� MRLQW�
FDQ�VXIIHU�DFFHOHUDWHG�WKHUPDO�IDWLJXH�FUDFN�LQLWLDWLRQ�GXH�WR�
WKH� EULWWOH� QDWXUH� RI� WKH� R[LGH� SKDVH� DW� WKH� VWUHVV�
FRQFHQWUDWLRQ�SRLQW��ZKLFK�� LQ� WKLV� FDVH�� LV�DW� WKH�FRUQHU�RI�
WKH�VROGHU�MRLQW��7KXV��SUHYHQWLQJ�VXFK�ORFDOL]HG�FRUURVLRQ�LQ�
3E�IUHH� VROGHU� MRLQWV� LV� FULWLFDO� WR� DVVXUH� WKHLU� ORQJ�WHUP�
UHOLDELOLW\� LQ� PDULQH� HQYLURQPHQWV� RU� LQ� VLPLODUO\� KDUVK�
FRUURVLYH� DWPRVSKHUHV�� ,Q� WKLV� VWXG\�� SDUWLDO� DQG� IXOO� FRYHU�
RI� FRQIRUPDO� FRDWLQJ� PDWHULDO� ZHUH� DSSOLHG� WR� �[�PP�
:/&63� FRPSRQHQWV� WR� HIIHFWLYHO\� PLWLJDWH� DQ\� ORFDOL]HG�
FRUURVLRQ�GXH�WR�1D&O�UHDFWLRQ��WR�REVHUYH�DQG�FRQILUP�DQ\�
SRWHQWLDO�WKHUPDO�F\FOLQJ�SHUIRUPDQFH�DQG�ILQGLQJ�WKH��
�
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�
)LJXUH����7HVW�FRPSRQHQW�DQG�VFKHPDWLF�FRQILJXUDWLRQ��
�
�

�
)LJXUH� ��� 7HVW� FRQGLWLRQ� DQG� VDPSOH� FRQILJXUDWLRQ�� �D�� :/&63�
�[�PP�ZLWKRXW� FRDWLQJ� �E�� 3DUWLDOO\� FRYHUHG� FRQIRUPDO� FRDWLQJ��
�F�� IXOO\�FRYHUHG�FRQIRUPDO�FRDWLQJ�� �G��(GJHERQG�DQG�FRQIRUPDO�
FRDWLQJ�FRPELQHG�FRQILJXUDWLRQ��
�
�
GHJUDGDWLRQ� PHFKDQLVP� GXH� WR� WKH� IXOO� FRYHUDJH� RI� WKH�
FRQIRUPDO�FRDWLQJ��$GGLWLRQDOO\�D�FRPELQDWLRQ�RI�HGJHERQG�
DQG�FRQIRUPDO�FRDWLQJ�ZDV�WHVWHG�WR�VHH�D�SRVVLEOH�VROXWLRQ�
WR�HQKDQFH� WKH� WKHUPDO�F\FOLQJ�SHUIRUPDQFH��7KH�H[WHQW�RI�
GHJUDGDWLRQ�� LWV� PLFURVWUXFWXUDO� HYROXWLRQ� DQG� SRVVLEOH�
PHFKDQLVPV�DUH�GLVFXVVHG��

(;3(5,0(17$/�352&('85(�
�[�PP� ZLWK� ���PP� SLWFK�� ���PP� VROGHU� EDOO� GLDPHWHU�
:/&63�FRPSRQHQWV�ZHUH�XVHG� LQ� WKLV� VWXG\��$� VFKHPDWLF�
GLDJUDP� RI� WKH�:/&63� VDPSOH� FRQILJXUDWLRQ� LV� VKRZQ� LQ�
)LJXUH� ��� 6ROGHU� EDOOV� DWWDFKHG� WR� WKH� SDFNDJHV� ZHUH� DOO�
FRPSRVHG� RI� 6Q����$J����&X� �ZW��� �6$&������ 7KH� SDUWV�
ZHUH� ERDUG�DVVHPEOHG� RQ� ��PLO� KLJK� JODVV� WUDQVLWLRQ�
WHPSHUDWXUH� �7J��� )5��SULQWHG� FLUFXLW� ERDUGV� ZLWK� 263�
VXUIDFH�ILQLVKHV�ZLWK�D�WKHUPDO�SURILOH�RI�SHDN�WHPSHUDWXUHV�
RI����� �&����� VHFRQGV� DERYH� WKH� OLTXLGXV� WHPSHUDWXUH��$OO�
FRPSRQHQWV�ZHUH� DVVHPEOHG�ZLWK�6$&����QR�FOHDQ� VROGHU�
SDVWH�� )RU� FRQIRUPDO� FRDWLQJ�� 89� FXUDEOH� FRPPHUFLDO�
SURGXFW� ZDV� XVHG�� 7KH� FRDWLQJ� ZDV� DSSOLHG� ZLWK� VSUD\�
FRDWLQJ� SURFHVV�� ZKLFK� FRYHUHG� WKH� ZKROH� 3&%� EXW�
UHPDLQHG�RSHQ�DW�WKH�JDS�EHWZHHQ�WKH�:/&63�DQG�WKH�3&%��
$V� VFKHPDWLFDOO\� VKRZQ� LQ�)LJXUH� ��E��� WKLV� DOORZHG� VRPH�
1D&O� VROXWLRQ� SHQHWUDWHG� GXULQJ� VDOW� VSUD\� WHVWLQJ�� 7R�
SUHYHQW�DQ\�RSHQ�JDS��WKH�VHFRQG�FRQILJXUDWLRQ��D�FRQIRUPDO�
FRDWLQJ� GDP� ZDV� EXLOG� DURXQG� HDFK� FRPSRQHQW� DQG� ILOOHG�
ZLWK� WKH� FRDWLQJ� PDWHULDO� WR� KDYH� D� IXOO\� FRYHUHG�
FRQILJXUDWLRQ���)LJXUH���F���7KH�WKLUG�FRQILJXUDWLRQ�ZLWK�WKH�
FRPELQDWLRQ� RI� HGJHERQG� DQG� FRQIRUPDO� FRDWLQJ� LV� DOVR�
SUHVHQWHG� LQ� )LJXUH� ��G��� )LUVW� D� FRPPHUFLDOO\� DYDLODEOH�
UHZRUNDEOH�HGJHERQG�DGKHVLYH�ZDV�VHOHFWHG��ZKLFK�KDV�D�7J�

RI�����R&�DQG�D�&7(�RI���SSP�R&��7R�SUHYHQW�YRLGLQJ�GXH�
WR�PRLVWXUH� UHOHDVLQJ� IURP�3&%�PDWHULDO�GXULQJ� WKH�FXULQJ�
F\FOH�� WHVW�ERDUGV�DUH�SUH�EDNHG� IRU���KRXUV� DW�����&��7KH�
HGJHERQG� DGKHVLYHV� ZHUH� GLVSHQVHG� DW� URRP� WHPSHUDWXUH�
XVLQJ�D�SQHXPDWLF��KDQG�KHOG�GLVSHQVHU��7KH�ERDUG�ZDV�WKHQ�
FXUHG� DW� ����&� IRU� ��� PLQXWHV�� � 7KH� HGJHERQG� DGKHVLYH�
FRYHUHG�WKUHH�IXOO�HGJHV�DQG�RQH�VLGH�HGJH�SDUWLDOO\�RSHQHG�
DV�VKRZQ�LQ�)LJXUH���G���$IWHU�DVVHPEO\��DOO�WKH�WHVW�ERDUGV�
ZHUH� WUHDWHG� LQ� D� VDOW� VSUD\� HQYLURQPHQW� ZLWK� ��� VRGLXP�
FKORULGH� �1D&O�� DTXD� VROXWLRQ� �RU� IRJ�� DW� ��� �&� IRU� ����
KRXUV�LQ�DQ�HQFORVHG�FKDPEHU��$IWHU�WKH�VDOW�VSUD\�WHVW��VDOW�
GHSRVLWV�ZHUH�UHPRYHG�E\�D�JHQWOH�ULQVH�RI�GHLRQL]HG�ZDWHU�
DW�URRP�WHPSHUDWXUH�DQG�GULHG�LQ�D�GU\�FKDPEHU��)RU�WKHUPDO�
F\FOLQJ��VDPSOHV�ZHUH�F\FOHG�IURP�����WR�����q&�DW�D�UDPS�
UDWH�RI����q&�SHU�PLQXWH�ZLWK����PLQXWHV�RI�GZHOO� WLPH��$�
FRQWLQXRXV�UHVLVWLYLW\�PHDVXUHPHQW�XVLQJ�D�GDWD�ORJJHU�ZDV�
DSSOLHG�IRU�HDFK�FKDQQHO�ZLWK�LQ�VLWX�PRQLWRULQJ�GXULQJ�WKH�
WHVW�� 7KH� IDLOXUH� FULWHULRQ� LQ� WKLV� VWXG\� ZDV� EDVHG� RQ� WKH�
-(6'���$���'�VWDQGDUG� >��@�� D����� LQFUHDVH�RI� WKH�SHDN�
UHVLVWLYLW\� IRU� FRQWLQXRXV� ILYH� F\FOHV� UHODWLYH� WR� WKH� LQLWLDO�
YDOXH��7KH� WKHUPDO� F\FOLQJ� UHVXOWV� IRU� HDFK� FRQGLWLRQ�ZHUH�
SORWWHG� DV� :HLEXOO� GLVWULEXWLRQ� SORWV�� &URVV�VHFWLRQDO�
DQDO\VLV� XVLQJ� RSWLFDO� PLFURVFRSH� ZLWK� EULJKW� OLJKW� DQG�
SRODUL]HG�OLJKW�ZHUH�DSSOLHG�WR�REVHUYH�WKH�HYROXWLRQ�RI�WKH�
PLFURVWUXFWXUHV�DQG�WKH�ORFDWLRQV�RI�WKH�VROGHU�MRLQW�FUDFNV���
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�
)LJXUH����7KHUPDO�F\FOLQJ�WHVW�UHVXOW�:HLEXOO�SORW�
�
�

�
)LJXUH� ���2SWLFDO� PLFURVFRS\� SRODUL]HG� LPDJHV� RI� FRUQHU� VROGHU�
MRLQW� �D�� QRQ�FRDWHG�� QRQ�1D&O� WUHDWHG� :/&63� DIWHU� WKHUPDO�
F\FOLQJ� �E�� 3DUWLDOO\� FRDWHG� VDPSOH� DIWHU� 1D&O� WUHDWPHQW� DQG�
WKHUPDO� F\FOLQJ� �%R[� LQGLFDWHG� WKH� FRUURVLRQ� UHJLRQ��� �F�� )XOO\�
FRDWHG� VDPSOH� DIWHU� 1D&O� DQG� WKHUPDO� F\FOLQJ�� �G�� KLJKHU�
PDJQLILFDWLRQ�UHJLRQ�IURP�)LJXUH���F�����
�
5(68/76�$1'�',6&866,21��
)LJXUH� �� SUHVHQWV� WKH�:HLEXOO� SORWV� RI� WKH� WKHUPDO� F\FOLQJ�
UHVXOWV�SHU� VDPSOH�FRQILJXUDWLRQ��7KH�VDPSOH�FRQILJXUDWLRQ�
ZLWKRXW� FRQIRUPDO� FRDWLQJ� DQG� HGJHERQG� PDWHULDO� DSSOLHG�
DQG� QRW� WUHDWHG� ZLWK� ��� 1D&O� VKRZV� D� FKDUDFWHULVWLF� OLIH�
F\FOH�QXPEHU�RI�����F\FOHV�ZLWK�D�ILUVW�IDLOXUH�DW�����F\FOHV��
&KDUDFWHULVWLF� OLIH� F\FOH� QXPEHU� LV� WKH� F\FOH� QXPEHU� DW�
������ IDLOXUH� UDWH��&RPSDUHG� WR� WKLV� EDVHOLQH� GDWD� VHW�� WKH�
��� 1D&O� WUHDWHG� VDPSOHV� VKRZ� D� FKDUDFWHULVWLF� OLIH� F\FOH�
QXPEHU� DV� ���� F\FOHV�� D� VPDOO� GHJUDGDWLRQ� RI� ����� %XW�
FRPSDULQJ�WKH�ILUVW�IDLOXUH�F\FOH�EHWZHHQ�WKRVH�WZR�VDPSOH�
FRQILJXUDWLRQ��WKH�F\FOH�QXPEHU�IRU�WKH�1D&O�WUHDWHG�VDPSOH�
FRPSRQHQW� LV� ���� F\FOHV� FRPSDUHG� WR� WKH� QR�1D&O� WUHDWHG�
VDPSOHV��ZKLFK� LV� D� VLJQLILFDQW�����GHJUDGDWLRQ�� ,W� FDQ�EH�

VWDWHG� WKDW� WKH�1D&O� WUHDWPHQW� GLG� QRW�PRGLI\� WKH� WKHUPDO�
F\FOLQJ� GHJUDGDWLRQ� PHFKDQLVP� EXW� FDXVH� PRUH� HDUO\�
IDLOXUHV�� ZKLFK� LV� DOVR� DQ� LQGLUHFW� HYLGHQFH� WKDW� ORFDOL]HG�
FRUURVLRQ� DUHDV� FDXVH� HDUOLHU� FUDFN� LQLWLDWLRQ��ZKLFK� OHG� WR�
VKRUWHU�OLIH�F\FOH�QXPEHUV��)RU�WKH�SDUWLDOO\�FRDWHG�VDPSOHV��
WKH� FKDUDFWHULVWLF� OLIH� F\FOH� QXPEHU� LV� VLPLODU� WR� WKH�1D&O�
WUHDWHG� VDPSOHV�� DW� ���� F\FOHV�� $OVR� WKH� ILUVW� IDLOXUH� F\FOH�
QXPEHU� LV� VLPLODU� EXW� VOLJKWO\� KLJKHU� ZLWK� ���� F\FOHV��
FRPSDUHG�WR�WKH�1D&O�WUHDWHG�VDPSOHV�ZLWKRXW�FRDWLQJ��7KLV�
LQGLFDWHV� WKDW� WKH�FRDWLQJ� OD\HU�SURYLGHG� OLWWOH�SURWHFWLRQ� WR�
WKH� %*$� MRLQWV�� ZKLFK� LV� UHODWLYHO\� REYLRXV� VLQFH� WKH� JDS�
EHWZHHQ� WKH�:/&63�FRPSRQHQWV� DQG� WKH�3&%� LV�RSHQ�� VR�
WKH� 1D&O� VROXWLRQ� FDQ� SHQHWUDWH� DQG� FDXVH� GDPDJH� WR� WKH�
%*$V��8QOLNH�WKH�SDUWLDOO\�FRDWHG�VDPSOHV��WKH�IXOO\�FRDWHG�
VDPSOHV� GLG� QRW� VKRZ� DQ\� HYLGHQFH� RI� 1D&O� VROXWLRQ�
SHQHWUDWLRQ� DQG� FRUURVLRQ� UHDFWLRQ�� %XW� WKH� FKDUDFWHULVWLF�
OLIHF\FOH�QXPEHU�LV�����F\FOHV��ZKLFK�LV�HYHQ�ORZHU�WKDQ�WKH�
1D&O�WUHDWHG�:/&63�ZLWKRXW�DQ\�SURWHFWLRQ�FRDWLQJ��6LQFH�
LW� GLG� QRW� VKRZ� DQ\� FRUURVLRQ� UHDFWLRQ� DW� WKH� %*$� VROGHU�
MRLQWV��WKH�GHJUDGDWLRQ�VHHPV�WR�EH�FDXVHG�E\�WKH�FRQIRUPDO�
FRDWLQJ� LWVHOI�� 7KH� GLUHFW� URRW� FDXVH� LV� VWLOO� XQGHU�
LQYHVWLJDWLRQ��EXW�FRPSUHVVLRQ�VWUHVV�LV�RQH�RI�WKH�SRWHQWLDO�
UHDVRQV�IRU�D�VKRUWHQHG�OLIH�F\FOH�QXPEHU��7KH�FURVV�VHFWLRQ�
DQG�RSWLFDO�LPDJHV�DUH�VKRZQ�LQ�)LJXUH�����7KH�QRQ�FRDWHG�
:/&63��DIWHU�WKHUPDO�F\FOLQJ��H[KLELWV�FUDFN�SURSDJDWLRQ�DW�
WKH� SDFNDJH� LQWHUIDFH� ZLWK� D� YLVXDOO\� LGHQWLILDEOH� FUDFN�
RSHQLQJ�� �)LJXUH� ��D��� 7KH� 1D&O�WUHDWHG�� SDUWLDOO\� FRDWHG�
:/&63� H[KLELWV� FUDFN� SURSDJDWLRQ� ZLWK� D� FUDFN� SDWK�
LGHQWLILDEOH� ZLWK� RSWLFDO� LPDJHV� LQ� )LJXUH� ��E��� ,W� LV� DOVR�
LPSRUWDQW� WR� LQGLFDWH� WKDW� WKH� FUDFN� ZDV� LQLWLDWHG� DW� WKH�
SDFNDJH�VLGH�LQWHUIDFH�FRUQHU�ZKHUH�D�FRUURVLRQ�E\�SURGXFW�
LV� REVHUYHG��7KH� LQLWLDWLRQ�SRLQW� LV� LQGLFDWHG�ZLWK� D�ER[� LQ�
)LJXUH� ��E��� )RU� WKH� IXOO\� FRDWHG� VDPSOH�� DIWHU� WKHUPDO�
F\FOLQJ��)LJXUH���F���WKH�FUDFN�SURSDJDWLRQ�LV�REVHUYHG�LQ�D�
YHU\�WLJKW�DQG�FORVHG�SHQHWUDWLRQ�SDWK��ZKLFK�VXJJHVWV�WKDW�D�
FRPSUHVVLRQ� VWUHVV�ZDV� DSSOLHG� GXULQJ� WKH� WKHUPDO� F\FOLQJ�
SURFHVV��)LJXUH���G��LV�D�KLJKHU�PDJQLILFDWLRQ�RSWLFDO�LPDJH��
ZKLFK� UHYHDOV� WKH�FORVHG�FUDFN�SURSDJDWLRQ�SDWK��%DVHG�RQ�
WKH�REVHUYDWLRQ�DERYH�� WKH�1D&O�VROXWLRQ� LQGXFHG� ORFDOL]HG�
FRUURVLRQ� FDQQRW� EH� IXOO\�PLWLJDWHG�ZLWK� SDUWLDO� FRQIRUPDO�
FRDWLQJ��EXW�FRPSOHWH�FRUURVLRQ�PLWLJDWLRQ�FDQ�EH�DFKLHYHG�
ZLWK� IXOO\� FRYHUHG� FRDWLQJV�� %XW�� ZLWK� WKH� IXOO\� FRDWHG�
FRQILJXUDWLRQ�� WKH� FRPSUHVVLRQ� VWUHVV� FDXVHG� E\� WKH� WKLFN�
FRDWLQJ� OD\HU�FDQ�GHJUDGH� WKH� WKHUPDO�F\FOLQJ�SHUIRUPDQFH�
DQG�FDXVH�IXUWKHU�GHJUDGDWLRQ��7R�ILQG�D�SRVVLEOH�VROXWLRQ�WR�
WKH� FRUURVLRQ� DQG� PHFKDQLFDO� VWUHVV� GULYHQ� GHJUDGDWLRQ�� D�
FRPELQDWLRQ� RI� HGJHERQG� DQG� FRQIRUPDO� FRDWLQJ� ZDV�
FRQVLGHUHG� DQG� WHVWHG�� $V� VKRZQ� LQ� )LJXUH� ��G��� D�
UHZRUNDEOH� HGJHERQG� PDWHULDO� ZDV� DSSOLHG� EHIRUH�
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FRQIRUPDO� FRDWLQJ�� 7KH� FRDWLQJ� FRYHUHG� WKH� HGJHERQG��
ZKLFK� FORVHG� WKH� JDS� EHWZHHQ� WKH�:/&63� DQG� WKH� 3&%��
7KH�WKHUPDO�F\FOLQJ�WHVW�LV�VWLOO�RQ�JRLQJ�ZLWK�����F\FOHV�QR�
IDLOXUH��7KH�ILQDO�UHVXOW�QHHGV�WR�EH�WKRURXJKO\�DQDO\]HG��EXW�
VR� IDU� WKH� FRPELQDWLRQ� RI� HGJHERQGLQJ� DQG� FRQIRUPDO�
FRDWLQJ� HQKDQFH� WKH� WKHUPDO� F\FOLQJ� SHUIRUPDQFH� E\�
SURYLGLQJ� ERWK� FRUURVLRQ� UHVLVWDQFH� DQG� HQKDQFHG� WKHUPR�
PHFKDQLFDO� VWDELOLW\� WR� WKH�FRPSRQHQW��)LJXUH��� LV� WKH�GDWD�
GLVWULEXWLRQ� SORW� SHU� VDPSOH� FRQILJXUDWLRQ�� $V� H[SODLQHG�
DERYH� 7KH� ��� 1D&O� HQYLURQPHQW� FDQ� FDXVH� ORFDOL]HG�
FRUURVLRQ�UHJLRQV�DW�VWUHVV�FRQFHQWUDWLRQ�DUHD�LQ�HDFK�VROGHU�
MRLQWV�� ZKLFK� FDXVH� HDUO\� IDLOXUH� F\FOH� QXPEHU� WR� EH� YHU\�
ORZ�� 7KH� FKDUDFWHULVWLF� OLIH� F\FOH� QXPEHU� GLG� QRW� FKDQJH�
PXFK� EXW� WKH� ILUVW� IDLOXUH� LQGLFDWHV� D� ���� GHJUDGDWLRQ� LQ�
WKHUPDO� F\FOLQJ� SHUIRUPDQFH�� 7KH� SDUWLDOO\� FRDWHG�
FRQILJXUDWLRQ�FDQ�SURWHFW�DOO�WKH�H[SRVHG�PHWDO�DUHDV�RQ�WKH�
3&%��%XW�WKH�H[SRVHG�JDS�EHWZHHQ�WKH�:/&63�FRPSRQHQWV�
DQG�WKH�3&%�FDQ�DOORZ�WKH���1D&O�VROXWLRQ�WR�EH�SHQHWUDWH�
DQG� FDXVH� WKH� ORFDOL]HG� FRUURVLRQ�� 7KH� GDWD� GLVWULEXWLRQ�
FRPSDULVRQ� EHWZHHQ� WKH� 1D&O� WUHDWHG� QRQ�FRDWHG� VDPSOHV�
YHUVXV� WKH� SDUWLDOO\� FRDWHG� VDPSOHV� VKRZ� VLPLODULW\� GXH� WR�
WKH�VLPLODU�GHJUDGDWLRQ�FDXVH�DQG�PHFKDQLVP��&RPSDUHG�WR�
WKH�SDUWLDOO\�FRDWHG�VDPSOHV�� WKH�IXOO\�FRDWHG�VDPSOHV�ZHUH�
ZHOO�SURWHFWHG�IURP�WKH�FRUURVLRQ�HQYLURQPHQW��EXW�VKRZ�D�
GHJUDGDWLRQ� FDXVHG� E\� WKH� PHFKDQLFDO� FRPSUHVVLRQ� VWUHVV�
GXH�WR�WKH�WKLFN�FRQIRUPDO�FRDWLQJ�OD\HU��$�FRPELQDWLRQ�RI�
HGJHERQG� DGKHVLYH� DQG� FRQIRUPDO� FRDWLQJ� WR� SUHYHQW� WKH�
FRUURVLRQ� DQG�DOVR� VWDELOL]H� WKH� MRLQW� VWUXFWXUH� LV� VXJJHVWHG�
DQG� VR� IDU�� VKRZV� DQ� LPSURYHG� SHUIRUPDQFH�� ZKLFK� QHHG�
FRQILUPDWLRQ�DIWHU�FRPSOHWLQJ�WKH�WHVW�DQG�DQDO\VLV���
�
&21&/86,21�
&RQIRUPDO� FRDWLQJ� LV� FRPPRQO\� XVHG� IRU� KDUVK�
HQYLURQPHQWV�� WR� SURWHFW� HOHFWURQLFV� IURP� PRLVWXUH� DQG�
FKHPLFDO�FRQWDPLQDQWV��7KH�%*$�FRPSRQHQWV�DUH�GLIILFXOW�
WR�EH�FRYHUHG�IXOO\�ZLWK�WKH�FRQIRUPDO�FRDWLQJ�PDWHULDO�DQG�
DUH� RIWHQ� H[SRVHG� WR� WKH� JLYHQ� HQYLURQPHQW� GXH� WR� WKH�
VWUXFWXUH� FRQILJXUDWLRQ� ZLWK� DQ� RSHQ� JDS� EHWZHHQ� WKH�
FRPSRQHQW� DQG� WKH� 3&%�� ,Q� WKLV� VWXG\�� SDUWLDOO\� FRYHUHG�
FRPSRQHQWV� ZLWK� DQ� RSHQ� JDS� ZKLFK� DOORZV� WKH� 1D&O�
VROXWLRQ�WR�EH�SHQHWUDWHG��YHUVXV�D�IXOO\�FRYHUHG�FRPSRQHQW�
VDPSOH� FRQILJXUDWLRQ� ZHUH� WHVWHG� XQGHU� WKHUPDO� F\FOLQJ�
IURP� ����&� WR� �����&�� 7KH� FRUUHODWLRQ� EHWZHHQ� FUDFN�
SURSDJDWLRQ� DQG� ORFDOL]HG� UHFU\VWDOOL]DWLRQ� ZHUH� FRPSDUHG�
LQ�D�VHULHV�RI�FURVV�VHFWLRQ�DQDO\VHV�XVLQJ�SRODUL]HG�LPDJLQJ��
3DUWLDO� DQG� IXOO� FRYHUDJH� RI� FRQIRUPDO� FRDWLQJ� VKRZ�
GLIIHUHQW� WKHUPDO�F\FOLQJ�SHUIRUPDQFH��7KH�SDUWLDOO\�FRDWHG��
FRPSRQHQWV�� DIWHU� WKHUPDO� F\FOLQJ�� VKRZ� VLPLODU� IDLOXUH�
GLVWULEXWLRQ� DV� WKH� QRQ�FRQIRUPDO� FRDWHG� 1D&O�WUHDWHG�

VDPSOHV�� 7KH� IXOO\� FRDWHG� VDPSOHV� VKRZ� QR� HYLGHQFH� RI�
FRUURVLRQ� EXW� VKRZ� GHJUDGHG� WKHUPDO� F\FOLQJ� SHUIRUPDQFH�
GXH�WR�WKH�FRDWLQJ�LQGXFHG�FRPSUHVVLRQ�VWUHVV��$�UHZRUNDEOH�
HGJHERQG�DGKHVLYH�ZDV� LQYHVWLJDWHG�� WR�GHWHUPLQH� LI� LW� FDQ�
PLWLJDWH� WKH� QHJDWLYH� HIIHFW� RI� FRQIRUPDO� FRDWLQJV� RQ�
WKHUPDO� F\FOH�SHUIRUPDQFH�DQG� WKH� WHVW� UHVXOWV� VR� IDU� VKRZ�
HQKDQFHPHQW� SHUIRUPDQFH� LQ� WKHUPDO� F\FOLQJ� ZLWKRXW�
ORFDOL]HG�FRUURVLRQ�GDPDJH���

)LJXUH� ��� 7KHUPDO� F\FOLQJ� WHVW� GDWD� GLVWULEXWLRQ� IRU� HDFK� WHVW�
FRQGLWLRQ�DQG�SUH�FRQGLWLRQLQJ�VDPSOHV�
�
$&.12:/('*(0(176�
7KLV� ZRUN� LV� D� UHVHDUFK� SURMHFW� VXSSRUWHG� E\� =\PHW� DQG�
&LVFR�&RPSRQHQW�4XDOLW\�DQG�7HFKQRORJ\�JURXS���
�
5()(5(1&(6�
��� )�6RQJ� DQG� 5�/HH�� 3URFHHGLQJ� RI� WKH� ��WK� (OHFWURQLF�

&RPSRQHQWV� DQG� 7HFKQRORJ\� &RQIHUHQFH�� 6DQ� 'LHJR��
&DOLIRUQLD��0D\��������

��� 0�� $EWHZ�� *�� 6HOYDGXUD\��Mater. Sci. Eng. R� ���� ���
�������

��� $�-�+DOH� DQG� +�6�)RVWHK�� J.Soc.Chem.Ind�� ��� �����
�������

��� $�-HUPVWDG�DQG�$�*DXOH��J.Inst. Met.������������������
��� %�<�:X�� <�&�&KDQ�� DQG� 0�2�$ODP�� J.Mater.Res.�

�����������������
��� -�<�-XQJ��6�%�/HH��+�<�/HH��<�&�-RR��DQG�<�%�3DUN��J. 

Electron. Mater.��������������������
��� '�/L�� 3�&RQZD\�� DQG� &�/LX�� Corrosion Sci.� ���� ����

�������
��� 5�3�)UDQNHQWKDO� DQG� '�-�6LFRQROIL�� Corrosion Sci.�
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��� 7�)DUUHOO��0HW�6FL����������������
���� '�4�<X��:�-LOOHN�� DQG� (�6FKPLWW��Mater.Electron.� ����
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���� 7DH�.\X� /HH�� %R� /LX�� %LWH� =KRX�� 7KRPDV� %LHOHU� DQG�
.XR�&KXDQ�/LX��J. Electron. Mater.��������������������
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