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6XPPDU\�7KH�SDSHU�SUHVHQWV� WKH� UHVXOWV�RI�H[SHULPHQWDO� UHVHDUFK�DQG�PRGHOOLQJ�RI�SRURXV�FHUDPLFV�XQGHU�XQLD[LDO�FRPSUHVVLRQ��
$OXPLQD�VSHFLPHQV�ZLWK�WKH�SRURVLW\�XS�WR�����ZHUH�ORDGHG�D[LDOO\��WKHQ�XQORDGHG�DQG�ORDGHG�DJDLQ�ZLWK�D�FHUWDLQ�LQFUHDVH�RI�WKH�
ORDG��7KH� ORDGLQJ�XQORDGLQJ� SURFHVV�ZDV� VWRSSHG� DW� WKH� IDLOXUH� RI� WKH� VDPSOH��7KH� WHVWLQJ� DOORZHG� WR� HVWLPDWH� DSSUR[LPDWHO\� WKH�
LQIOXHQFH�RI�SRURVLW\�RQ� WKH� LQLWLDO�HODVWLF�FRQVWDQWV�DQG�IXUWKHU�RQ�FKDQJH�RI�HODVWLF�SURSHUWLHV�RI�FHUDPLF�PDWHULDO�GXH� WR�GDPDJH�
GHYHORSPHQW��$�VFDODU�GDPDJH�SDUDPHWHU�HYROXWLRQ�ZDV�DOVR�DQDO\VHG��
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1RZDGD\V�FHUDPLF�PDWHULDOV�DUH�FRPPRQO\�XVHG�LQ�PDQ\�EUDQFKHV�RI�LQGXVWU\��DV�OLQLQJ�LQ�IXUQDFHV�IRU�VWHHO�DQG�FHPHQW�
IDEULFDWLRQ��LQ�VSDFHFUDIW��DLUFUDIW��QXFOHDU�HQJLQHHULQJ��DXWRPRELOH�LQGXVWU\�DQG�RWKHUV��2QH�RI�WKH�PRVW�LPSRUWDQW�JURXS�
RI� � WKHVH�PDWHULDOV�LV�SRURXV�FHUDPLFV��7KH\�DUH�RIWHQ�FRQVLGHUHG�WR�EH�SRO\SKDVH�PDWHULDOV�ZLWK�D�JDV�LQ�SRUHV�DV�WKH�
VHFRQG�SKDVH��7KH\�DUH�DSSOLHG�IRU�ILOWHUV��WKHUPDO�LQVXODWLRQ��VRXQG�DEVRUEHUV�DQG�IXUQDFH�OLQLQJ�>�@��
8S�WR�QRZ�LQ�UHVHDUFK�FRQGXFWHG�LQ�WKH�ZRUOG��FHUDPLFV�ZDV�WUHDWHG�DV�D�OLQHDU�HODVWLF�EULWWOH�PDWHULDO��7KLV�DSSURDFK�LV�
WRR� PXFK� VLPSOLILHG�� EHFDXVH� UHDO� PDWHULDOV� VKRZ� SK\VLFDO� QRQ�OLQHDULW\�� L�H�� WKHLU� PHFKDQLFDO� FKDUDFWHULVWLFV� HYROYH�
GXULQJ�GHIRUPDWLRQ�>�@��
&HUDPLF�PDWHULDOV�KDYH�JRRG�PHFKDQLFDO�DQG�WKHUPDO�VWUHQJWK��+RZHYHU��IRU�WKH�FDXVH�RI�WKHLU�EULWWOHQHVV�LW�VHHPV�WR�EH�
MXVWLILHG� WR� VHDUFK� WKH� QHZ� ZD\V� RI� GHVFULELQJ� WKH� HYROXWLRQ� RI� FHUDPLFV¶� SURSHUWLHV�� 2QH� RI� WKH� EDVLF� FHUDPLF�
SRO\FU\VWDOOLQH�PDWHULDOV�LV�SRURXV�DOXPLQD��,W�LV�IDEULFDWHG�E\�VLQWHULQJ�RI�$O�2��SRZGHUV�DW������±�������&��7KH�ILQDO�
SURGXFW� LV� WKHQ�EXLOW�XS�IURP�JUDLQV�RI� WKH�PHDQ�GLDPHWHU����±����PLFURQV��7KH�VROLG�PDWUL[��ZLWK�]HUR�SRURVLW\��KDV�
KLJK� HODVWLFLW\� PRGXOXV� �DERXW� ���� *3D� >�@��� ,Q� SRO\FU\VWDOOLQH� PDWHULDOV�� HVSHFLDOO\� WKRVH� IUHH� VLQWHUHG� VRPH�
PLFURFDYLWLHV� RFFXU��7KHLU�PHDQ�GLDPHWHU� LV� RI� DQ�RUGHU� RI� ��±���PLFURQV��7KH�JOREDO� SRURVLW\�PD\� UHDFK������DQG�
PRUH��ZKDW�\LHOGV�FRQVLGHUDEOH�ORVV�RI�PHFKDQLFDO�VWUHQJWK�>�@��
�
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$V� LW� LV� NQRZQ� WKH� SUHVHQFH� RI� SRUHV� LQ� FHUDPLFV� FRPHV� IURP� IDEULFDWLRQ�SURFHVV� �VLQWHULQJ�� DQG� LQIOXHQFHV� WKH� WRWDO�
VDPSOH�UHVSRQVH�WR�WKH�DSSOLHG�ORDG��$V�DQ�H[DPSOH�OHW�XV�FRQVLGHU�WKH�HIIHFW�RI�FDYLWLHV�RQ�WKH�<RXQJ�PRGXOXV��5LFH�>�@�
JLYHV�D�VLPSOH�UHODWLRQ�IRU�F\OLQGULFDO�SRUHV��
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ZKHUH�� (0�� (0�� DUH� <RXQJ� PRGXOL� RI� WKH� SRUH�ZHDNHQHG� DQG� IXOO\� GHQVH� FHUDPLF� PDWUL[�� UHVSHFWLYHO\�� S� LV� WKH�
YROXPHWULF�SRURVLW\�SDUDPHWHU��
6LPLODU�UHODWLRQV�DUH�JLYHQ�E\�RWKHUV��IRU�H[DPSOH�>�@��
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ZKHUH�Q�LV�PDWHULDO�SDUDPHWHU��
,Q�WKH�SDSHU�ZH�FRPSDUHG�WKHVH�WKHRULHV�ZLWK�H[SHULPHQWDO�RXWFRPHV��,Q�FDVH�RI�HTXDWLRQ�����ZH�DVVXPHG�WKDW�Q ��IRU�
EHVW�FRPSDWLELOLW\�ZLWK�WKH�UHDO�DOXPLQD�EHKDYLRXU��
7KH�QH[W�TXHVWLRQ�LV�WKH�LQIOXHQFH�RI�WKH�LQWHUQDO�VWUXFWXUH�GHJUDGDWLRQ�RI�FHUDPLF�PDWHULDOV�RQ�LW¶V�VWUHQJWK��:H�XVH�DIWHU�
/HPDLWUH�>�@�WKH�IROORZLQJ�VFDODU�GDPDJH�SDUDPHWHU��
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ZKHUH��(X�VWDQGV�IRU�DQ�DFWXDO�HODVWLF�PRGXOXV�RI�GDPDJHG�PDWHULDO�FRUUHVSRQGLQJ�WR�XQORDGLQJ�SDWK��
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0DWHULDO�GHVFULSWLRQ�
)RU� H[SHULPHQWV� VDPSOHV� RI� SRURXV� DOXPLQD� ZHUH� XVHG�� 7KH\� ZHUH� IDEULFDWHG� E\� VLQWHULQJ� LQ� ,QVWLWXWH� RI� (OHFWURQLF�
0DWHULDOV�7HFKQRORJ\��:DUVDZ��3RURVLW\�RI�WKH�PDWHULDO�ZDV�XS�WR�������S �������ZKLOH�WKH�VLQWHULQJ�WHPSHUDWXUH�ZDV�
�����±�������&�DQG� WKH� WLPH�����KRXU��7KH�VDPSOHV�ZHUH�RI�F\OLQGULFDO� VKDSH�����PP�KLJK�DQG����PP�LQ�GLDPHWHU��
<RXQJ�PRGXOXV�RI�IXOO\�GHQVH�PDWHULDO�ZDV�HVWLPDWHG�WR�EH�����*3D��
�
7HVWLQJ�PHWKRGV�DQG�HTXLSPHQW�
7KHUH�ZHUH� IRXU� VWUDLQ�JDJHV� �³9LVKD\´�($�������/=����� DQG�($�������/=������ VWLFNHG�RQ� HDFK� VSHFLPHQ� IRU� WKH�
SXUSRVH� RI� PHDVXULQJ� D[LDO� DQG� FLUFXPIHUHQWLDO� VWUDLQV�� (DFK� JDJH� ZRUNHG� LQ� WKH� :KHDWVWRQH� TXDUWHU�EULGJH�� 'DWD�
DFTXLVLWLRQ�ZDV�FRQGXFWHG�ZLWK�WKH�³(6$0�7UDYHOOHU´�V\VWHP�FRQVLVWLQJ�RI���FKDQQHO�EULGJH�FRXSOHG�ZLWK�WKH�3&�DQG�
VXSHUYLVHG�E\�WKH�DGHTXDWH�VRIWZDUH��6DPSOHV�ZHUH�ORDGHG�E\�WKH�XQLYHUVDO�WHVWLQJ�PDFKLQH�³=ZLFN�=���´��7KH�ORDGLQJ�
SURFHVV�ZDV� WKH� IROORZLQJ�� ORDGLQJ�WR�D�IRUFH�3���XQORDGLQJ��UHORDGLQJ�WR�D�IRUFH�3� 3�� 3��XQORDGLQJ��UHORDGLQJ�WR�D�
IRUFH� 3� 3�� 3� DQG� VR� RQ�� XQWLO� ILQDO� IDLOXUH� RI� WKH� VSHFLPHQ�� 7KH� YDOXH� RI� WKH� IRUFH� LQFUHPHQW� 3� GHSHQGHG� RQ�
VDPSOH¶V�SRURVLW\��IURP���N1�IRU�S �����WR����N1�IRU�S �������6WUDLQLQJ�YHORFLW\�ZDV�NHSW�DW�WKH�OHYHO�RI�����PP�PLQ��
VR�WKDW�WKH�ORDGLQJ�±XQORDGLQJ�SURFHVV�ZDV�TXDVL�VWDWLF��7KH�UHVXOWV�RI�H[SHULPHQWV�DUH�SUHVHQWHG�EHORZ��
�
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7KH�UHVXOWV�LQGLFDWH�VXEVWDQWLDO�LQIOXHQFH�RI�SRURVLW\�RQ�WKH�PHFKDQLFDO�SURSHUWLHV�RI�DOXPLQD��)LJ������,W�LV�YLVLEOH��WKDW�
H[SHULPHQWDO�GDWD�ILW�ZHOO�ZLWK�WKHRUHWLFDO�EDFNJURXQG��7KH�HYROXWLRQ�RI�GDPDJH�VWDWH�VHHPV�WR�EH�VLPLODU�IRU�VDPSOHV�
ZLWK�YDULRXV�LQLWLDO�SRURVLW\��)LJ�������
�

�����)LJ�����([SHULPHQWDO�YDOXHV�RI�HODVWLF�PRGXOXV�YV��WKHRU\�������������)LJ�����'DPDJH�HYROXWLRQ�RI�VDPSOHV�ZLWK�YDULRXV�SRURVLW\�
DV�D�IXQFWLRQ�RI�D[LDO�VWUDLQ�����������������������������������������
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([SHULPHQWV� VKRZ� JRRG� DJUHHPHQW� RI� WKH� FHUDPLF� PDWHULDO� EHKDYLRXU� XQGHU� FRPSUHVVLRQ� ZLWK� WKH� WKHRU\�� 'DPDJH�
HYROXWLRQ� GXULQJ� ORDGLQJ�XQORDGLQJ� SURFHVV� LV� FRQQHFWHG� ZLWK� PDWHULDO� VWUXFWXUH� GHJUDGDWLRQ�� )XUWKHU� UHVHDUFK� LV�
HVVHQWLDO�� 7KH� SURVSHFWLYH� ZRUNV� ZLOO� JLYH� GHWDLOHG� DQDO\VLV� RI� GHIRUPDWLRQ� SURFHVV� LQFOXGLQJ� PDWHULDO� DQLVRWURS\�
�VHFRQG�RUGHU�GDPDJH�WHQVRU���
�
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>�@� .DFKDQRY�0���2Q�WKH�(IIHFWLYH�0RGXOL�RI�6ROLGV�ZLWK�&DYLWLHV�DQG�&UDFNV��,QW��-��)UDFWXUH����5���5����������
>�@� .UDMFLQRYLF�'���'DPDJH�0HFKDQLFV��(OVHYLHU��$PVWHUGDP�������
>�@� /HPDLWUH�-����������$�&RXUVH�RQ�'DPDJH�0HFKDQLFV��6SULQJHU��%HUOLQ�������
>�@� 0XQ]�'���)HWW�7����������&HUDPLFV��0HFKDQLFDO�3URSHUWLHV��)DLOXUH�%HKDYLRXU��0DWHULDOV�6HOHFWLRQ��6SULQJHU��%HUOLQ�������
>�@� 5LFH�5�:����������3RURVLW\�RI�&HUDPLFV��0DUFHO�'HNNHU��1HZ�<RUN�������
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