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VWXG\�RI�WHFKQRORJLFDO�DQG�SK\VLFDO-FKHPLFDO�SURSHUWLHV�RI�JODVV�ZDV�FRQGXFWHG��,W�KDV�EHHQ�VKRZQ�WKDW�WKH�JODVV�RI�WKLV�V\VWHP�WHQGV�WR�WKH�
SKDVH� VHSDUDWLRQ�RI� VHJUHJDWLRQ� W\SH��7KH�DUHD�RI�JODVV� FRPSRVLWLRQ�ZLWK� UHIUDFWLYH� LQGH[�RI� �������–� �������KDV�EHHQ� HVWDEOLVKHG��7KH�
SHFXOLDULWLHV�RI�LQIOXHQFH�RI�WKH�PRGLILHUV�–�$O�2��DQG�R[LGHV�RI�WKH�52�JURXS�–�RQ�WKH�WHFKQRORJLFDO�DQG�RSWLFDO�SURSHUWLHV�RI�WKH�JODVV�RI�
H[DPLQHG� V\VWHP�KDYH� EHHQ� HVWDEOLVKHG�� /HDG-IUHH�RSWLFDO� JODVV�ZLWK� WKH� UHIUDFWLYH� LQGH[�RI� �������KDV�EHHQ� GHYHORSHG��ZKLFK� LV� GHQVH�
FURZQ�JODVV�� 
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LVKODE�FKLTLVKGDQ�LERUDW��6KLVKDODUQLQJ�WH[QRORJLN�YD�IL]LN-NLP\RYL\�[XVXVL\DWODUL�WDGTLT�TLOLQGL��8VKEX�WL]LP�VKLVKDODULQLQJ�OLNYDWVL\D�WXUL�
GDJL� ID]DODU�ERµOLQLVKLJD�PR\LOOLJL�NRµUVDWLE�RµWLOJDQ��1XU�VLQGLULVK� LQGHNVL��������-��������ERµOJDQ�VKLVKD�KRVLO�ERµOLVK�NRPSR]LWVL\DODUL�
GLDSD]RQL� DQLTODQGL�� 0RGLILNDWRUODU� -� $O�2�� YD� 52� JXUXKL� RNVLGODULQLQJ� RµUJDQLOD\RWJDQ� WL]LP� VKLVKDODULQLQJ� WH[QRORJLN� YD� RSWLN�
[XVXVL\DWODULJD� WD¶VLULQLQJ� Rµ]LJD� [RV� [XVXVL\DWODUL� DQLTODQGL�� 2JµLU� NURQODU� WXULJD�PDQVXE� ERµOJDQ�� ������� QXU� VLQGLULVK� LQGHNVLJD� HJD�
TRµUJµRVKLQVL]�RSWLN�VKLVKD�WDUNLEL�\DUDWLOGL� 
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,QWURGXFWLRQ� 
%D2� –� %�2��–� 6L2�� V\VWHP� VHUYHV� DV� WKH�

EDVLV� IRU� SURGXFWLRQ� RI� JODVV� DQG� JODVV-FHUDPLF�
PDWHULDOV�IRU�YDULRXV�SXUSRVHV��%DVHG�RQ�WKLV�V\V�
WHP�ZLWK� WKH� DGGLWLRQ� RI� DOXPLQXP�R[LGH�� UDGLR�
SURWHFWLYH�JODVV�KDV�EHHQ�SURGXFHG�WKDW�LV�XVHG�LQ�
PHGLFLQH� DQG� LQGXVWU\� IRU� UDGLDWLRQ� IDFLOLWLHV� >�@��
7KH�VWXG\�RI�ORZ-VLOLFD�SDUW�RI�%D2�–�%�2��–�6L2��

V\VWHP�ZLWK�D�%D2�FRQWHQW�RI����DQG����PRO����
DQG� %�2�� ��� –� ��� PRO��� KDV� DOORZHG� WR� REWDLQ�
ORZ�PHOWLQJ�JODVV�IRU�ZHOGLQJ�DQG�VHDOLQJ�FHUDP�
LFV�DQG�PHWDO�>�@��%DVHG�RQ�WKH�ERURVLOLFDWH�JODVV��
LQVXODWLRQ�FRDWLQJV�KDYH�EHHQ�REWDLQHG�IRU�LQVWUX�
PHQW�PDNLQJ�DV�ZHOO�DV�KHDW-UHVLVWDQW�FRDWLQJV�IRU�
SDUWV� GHVLJQHG� IRU� ZRUN� XQGHU� KLJK� WHPSHUDWXUH�
FRQGLWLRQV�>����@� 

2QH� RI� WKH� SURPLVLQJ� DUHDV� IRU� WKH� XVH� RI�
WKH�DONDOLQH-IUHH�ERURVLOLFDWH�JODVV�LV�WKH�FUHDWLRQ�RI�
PDWHULDOV� IRU�ZHOGLQJ� DQG� VHDOLQJ� VROLG� R[LGH� IXHO�
FHOOV�>�–�@� 

$W�GHYHORSPHQW�RI�HOHFWULFDO�LQVXODWLQJ�PD�
WHULDOV��OLPLWV�RI�JODVV�IRUPDWLRQ�DW�������&�LQ�%D2�
–� %�2��–� 6L2�� V\VWHP�ZLWK� WKH� FRQWHQW� RI� FRPSR�
QHQWV��PRO�����%D2����–�����%�2�����–�����6L2�����
–����KDYH�EHHQ�HVWDEOLVKHG��,W�KDV�VKRZQ�WKDW�LQ�WKH�
VWXGLHG� FRPSRVLWLRQ� DUHD� KRPRJHQHRXV� PHOW� SUR�
GXFWLRQ� LV� OLPLWHG�E\����PRO����%D2�FRQWHQW�� ,Q�
WURGXFWLRQ� WKH� �� DQG� ���PRO�� �� $O�2��ZLGHQV� WKH�
DUHD� RI� JODVV� IRUPDWLRQ� DQG� LQFUHDVHV� JODVV� UH�
VLVWDQFH�WR�FU\VWDOOL]DWLRQ�>�@� 

2SWLFDO�JODVV�RI�GHQVH�FURZQ�W\SH�EDVHG�RQ�
%D2�–� %�2��–� 6L2��V\VWHP� LV� LQ� GHPDQG� LQ� WKH� LQ�
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VWUXPHQW� PDNLQJ�� 7KH� UHIUDFWLYH� LQGH[� RI� WKH�
GHQVH� FURZQ� JODVV� LV� ����–����� DW� WKH� GLVSHUVLRQ�
IDFWRU�RI���–���>�–��@�� 

/HDGLQJ� PDQXIDFWXUHUV� KDYH� GHYHORSHG�
RSWLFDO�JODVV�ZLWK�YDULRXV�FRPELQDWLRQV�RI�WKH�RS�
WLFDO�FRQVWDQWV�–�UHIUDFWLYH�LQGH[��PHGLXP�DQG�SDU�
WLDO� GLVSHUVLRQV�� 7KH� UDQJH� RI� RSWLFDO� JODVV� LV� LQ�
FUHDVHG�GXH� WR�GHYHORSPHQW�RI� WKH�QHZ�FRPSRVL�
WLRQV� ZLWK� WKH� RSWLFDO� FRQVWDQWV� WKDW� H[SDQG� WKH�
NQRZQ� DUHDV� RI� FRPSRVLWLRQV� RQ� $EEH� GLDJUDP��
6XFK�PDWHULDOV� LQFOXGH� RSWLFDO� JODVV� W\SHV�ZLWK� D�
KLJK�UHIUDFWLYH�LQGH[�EHFDXVH�WKH�OHQVHV�IURP�VXFK�
JODVV� W\SHV� KDYH� OHVV� FXUYDWXUH�� ZKLFK� PDNHV� LW�
HDVLHU�WR�FRUUHFW�VSKHULFDO�DEHUUDWLRQV��7KHVH�JODVV�
W\SHV� LQFOXGH� GHQVH� DQG� H[WUD� GHQVH� FURZQ� JODVV�
>��–��@�� $� QXPEHU� RI� RSWLFDO� JODVV� JUDGHV� RI�
FURZQ�W\SH�FRQWDLQ�OHDG�R[LGH��7KH�UHSODFHPHQW�RI�
WR[LF� OHDG�R[LGH�ZLWKRXW� ORVLQJ� WKH�KLJKO\� UHIUDF�
WLYH� SURSHUWLHV� RI� WKH� JODVV� LV� RQH� RI� WKH� SULRULW\�
DUHDV�RI�UHVHDUFK�LQ�RSWLFDO�JODVV�PDNLQJ�>��–��@� 

7KH�DLP�RI�WKH�UHVHDUFK�LV�WR�GHYHORS�OHDG-
IUHH� RSWLFDO� JODVV� ZLWK� LQFUHDVHG� UHIUDFWLYH� LQGH[�
EDVHG� RQ� %D2� –� %�2��–� 6L2�� V\VWHP�� ,Q� RSWLFDO�
JODVV� GHYHORSPHQW� WKH� ILUVW� VWHS� LV� WR� HQVXUH� WKH�
HVWDEOLVKHG�YDOXHV�RI�WKH�RSWLFDO�SURSHUWLHV�WKDW�DUH�
GHWHUPLQHG� E\� WKH� FKHPLFDO� FRPSRVLWLRQ� RI� WKH�
JODVV�� 7KH� PDLQ� WHFKQRORJLFDO� SUREOHPV� WR� EH�
VROYHG�LQ�WKH�GHYHORSPHQW�RI� WKH�RSWLFDO�JODVV�DUH�
WKH�DFKLHYHPHQW�RI� WKH�VSHFLILHG�YDOXHV�RI�RSWLFDO�
FRQVWDQWV��DV�ZHOO�DV�D�KLJK�GHJUHH�RI�KRPRJHQHLW\�
RI�WKH�JODVV�DQG�RSWLFDO�FRQVWDQWV��+RPRJHQHLW\�RI�
WKH�RSWLFDO�JODVV��DEVRUSWLRQ��EXEEOH�FODVV�DQG�RWK�
HU�QRUPDOL]DEOH�SDUDPHWHUV�DUH�GHWHUPLQHG�E\� WKH�
SURGXFWLRQ� WHFKQRORJ\�� FKRLFH� RI� WKH� PDLQ� DQG�
DX[LOLDU\� UDZ� PDWHULDOV�� PHOWLQJ� DQG� DQQHDOLQJ�
PRGHV��,W�LV�WKHUHIRUH�QHFHVVDU\�WR�SD\�DWWHQWLRQ�WR�
WKH�PHQWLRQHG�WHFKQRORJLFDO�IDFWRUV�GXULQJ�RSWLFDO�
JODVV�GHYHORSPHQW�� 

 
5HVHDUFK�PHWKRGV 
([SHULPHQWDO� JODVV� FRPSRVLWLRQV� LQFOXGH��

PRO�����6L2�����–�����%�2�����–�����%D2����–�����
7KH� H[SHULPHQWDO� SODQQLQJ� PHWKRG� ZDV� XVHG�
�6FKHIIp�VLPSOH[-ODWWLFH�SODQV��>��@� 

%DVHG�RQ�WKH�EDVLF�V\VWHP��JODVV�ZDV�V\Q�
WKHVL]HG�� LQWR� ZKLFK�0J2��&D2�� =Q2��$O�2�� R[�
LGHV�ZHUH� LQWURGXFHG� LQ� DPRXQW�RI� ���–���PRO���
DV�PRGLILHUV��DQG�6E�2��DV�EULJKWHQLQJ�DJHQW��'XU�
LQJ� WKH� VHOHFWLRQ�RI� WKH�PRGLILHG�FRPSRVLWLRQV�RI�
WKH� RSWLFDO� JODVV�� SUHOLPLQDU\� FDOFXODWLRQ� RI� WKH�
RSWLFDO� FRQVWDQWV� ZDV� SHUIRUPHG� ZLWK� WKH� XVH� RI�

WKH� PHWKRGV� GHYHORSHG� E\� $�$�� $SSHQ� DQG� /�,��
'HPNLQD�>�����@� 

7KH�UDZ�PDWHULDO�WR�EH�LQWURGXFHG�IRU�6L2��
ZDV�TXDUW]�JULW��EDULXP�R[LGH�ZDV�LQWURGXFHG�LQ�WKH�
IRUP�RI�EDULXP�FDUERQDWH�DQG�QLWUDWH��$O�2��DQG�$O
�2+����ZHUH� XVHG� DV� WKH� DOXPLQXP� FRQWDLQLQJ� UDZ�
PDWHULDO��8VH�RI�EDULXP�QLWUDWH�ZLWK�DQWLPRQ\�R[LGH�
HQVXUHV� JODVV� FODULILFDWLRQ� DQG�GLVFRORUDWLRQ��*ODVV�
ZDV� V\QWKHVL]HG� LQ� D� JDV� IXUQDFH� ZLWK� WXUEXOHQW�
IODPH�PRYHPHQW� DW� WKH�PD[LPXP� WHPSHUDWXUH� RI�
����–����� �&�IRU���KRXU� LQ�RUGHU� WR� VWDELOL]H� WKH�
PHOWLQJ� PRGH�� 7KH� IXUQDFH� WHPSHUDWXUH� ZDV� LQ�
FUHDVHG� DW� WKH� UDWH� RI� ���� �&�K�� WKH� JDV� HQYLURQ�
PHQW� LV� R[LGL]LQJ�ZLWK� DLU� H[FHVV� IDFWRU� RI� XS� WR�
������*ODVV�ZRUNLQJ�ZDV�SHUIRUPHG�E\�PROGLQJ�� 

7KH� FU\VWDO� VWUXFWXUH� ZDV� LQYHVWLJDWHG� E\�
;-UD\�GLIIUDFWLRQ�PHDVXUHPHQWV�XVLQJ�GLIIUDFWRP�
HWHU�'��$GYDQFH�ZLWK�&X.Į�UDGLDWLRQ�VRXUFH��7KH�
VRIWZDUH� ',))5$&3/86� IURP� %UXNHU� SDFNDJH�
ZDV�XVHG�WR�LGHQWLI\�FU\VWDOOLQH�SKDVHV�� 

7KH� FU\VWDOOL]DWLRQ� DELOLW\� RI� JODVVHV� ZDV�
GHWHUPLQHG�IURP�WKH�UHVXOWV�RI�JUDGLHQW�KHDW�WUHDW�
PHQW��*UDGLHQW�FU\VWDOOL]DWLRQ�ZDV�FDUULHG�RXW�LQ�D�
JUDGLHQW� IXUQDFH� 63������ QLQ� WKH� WHPSHUDWXUH�
UDQJH�RI����–�����ɨɋ� 

/RZ-WHPSHUDWXUH� YLVFRVLW\� RI� JODVV� ZDV�
GHWHUPLQHG� E\� GLODWRPHWU\� PHWKRG�� 7KH� UHVHDUFK�
ZDV�SHUIRUPHG�ZLWK�XVH�RI�TXDUW]�GLODWRPHWHU�1H�
W]VFK� ',/� ���� 3&�� 7KH� PHDVXUHPHQW� ZDV� SHU�
IRUPHG�ZLWKLQ�WKH�WHPSHUDWXUH�UDQJH�RI���–�����&�
DW� WKH� FRQVWDQW� KHDWLQJ� UDWH� RI� ���&�PLQ�� 'LODWR�
PHWULF� FKDUW� LQ� DSSOLFDWLRQ� SURJUDPPH� LV� XVHG� WR�
GHWHUPLQH�D�QXPEHU�RI�FKDUDFWHULVWLF�WHPSHUDWXUHV�
FRUUHVSRQGLQJ�WR�FHUWDLQ�ORZ-WHPSHUDWXUH�YLVFRVLW\�
YDOXHV�� DQG� OLQHDU� WHPSHUDWXUH� H[SDQVLRQ� FRHIIL�
FLHQW�SDUDPHWHUV� 

*ODVV� UHIUDFWLYH� LQGH[�ZDV�PHDVXUHG�ZLWK�
XVH�RI�DQDORJ�$EEH�UHIUDFWRPHWHU�.5h66�2SWURQ�
LF�$5��� 

0LFURKDUGQHVV�RI� WKH�WHVW�JODVV�ZDV�GHWHU�
PLQHG�ZLWK� XVH� RI�PLFURKDUGQHVV� WHVWHU��������-
09'� 

 
5HVXOWV�DQG�'LVFXVVLRQ 
$FFRUGLQJ�WR�UHVXOWV�RI�%D2�–�%�2��–�6L2��

V\VWHP�JODVV�V\QWKHVLV�LW�KDV�EHHQ�HVWDEOLVKHG�WKDW�
PHOWV�ZLWK� VLOLFRQ�R[LGH� FRQWHQW� RI� ���PRO���DUH�
XQLIRUP�DQG�KDYH�ORZ�JODVV�YLVFRVLW\�DW�D�WHPSHUD�
WXUH�RI�������&��)LJXUH���SUHVHQWV�UHVXOWV�RI�HYDOX�
DWLRQ�RI� WKH�TXDOLW\�RI�JODVV�DFFRUGLQJ� WR� LWV�SRVL�
WLRQ�LQ�WKH�FRQFHQWUDWLRQ�WULDQJOH��'XULQJ�WKH�JODVV�

0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 

0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 
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0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 
0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 

ZRUNLQJ� RSDFLILHG�� RSDOHVFHQW� DQG� WUDQVSDUHQW�
JODVV� VDPSOHV�ZHUH� REWDLQHG�� 2SDFLILHG� HIIHFW� LV�
W\SLFDO�IRU�WHVW�JODVV�ZLWK�%D2���–���PRO���FRQ�
WHQW�DQG�LV�GXH�WR�WKH�SKDVH�VHSDUDWLRQ�RI�OLTXDWLRQ�
W\SH� FKDUDFWHULVWLF� RI� ERURVLOLFDWH�JODVV�� ,Q�52�–�
%�2��–�6L2��DQG�5�2�–�%�2��–�6L2��JODVV�IRUP�
LQJ� V\VWHPV� WKHUH� DUH� DUHDV� RI� PHWDVWDEOH� OLTXD�
WLRQ�� WKH� GLPHQVLRQV� RI� ZKLFK� LQFUHDVH� ZLWK� WKH�
LQFUHDVH�RI�WKH�IRUFH�RI�WKH�PRGLILHU�FDWLRQV�DUHD��
7KH�FDXVH�RI�OLTXDWLRQ�LV�LQFRPSDWLELOLW\�RI�>%2�@�
DQG�>6L2�@�VWUXFWXUDO�JURXSV�>��–��@� 

7KH� OLTXDWLRQ� QDWXUH� RI� RSDFLILFDWLRQ� LV�
FRQILUPHG� E\� WKH� ;-UD\� DPRUSKRXVQHVV� RI� WKH�
VDPSOHV��7KH�RSDOHVFHQFH�HIIHFW�LV�W\SLFDO�IRU�WKH�
VDPSOHV�ZLWK�ELQRGDO� W\SH�RI� OLTXDWLRQ�� DW�ZKLFK�
WKH�VL]H�RI�GURSV�LV�OHVV�WKDQ�����ȝP��7KH�FRPSR�
VLWLRQV� RI� RSDOHVFHQW� JODVV� DSSHDU� WR� EH� FORVH� WR�
WKH�ERXQGDU\�RI�WKH�OLTXDWLRQ�FXSROD�� 

+RPRJHQHRXV�VDPSOHV�RI�JODVV�ZLWK�KLJK�
OLJKW� WUDQVPLVVLRQ�DUH�REWDLQHG� LQ� WKH�DUHD�RI� WKH�
FRPSRVLWLRQV� LQFOXGLQJ�PRO�������6L2������–����
%�2��� ���–� ���%D2��%DVHG� RQ� WKH� UHVXOWV� RI� WKH�
VWXG\� RI� FU\VWDOOL]DWLRQ� DELOLW\� RI� WKHVH� W\SHV� RI�
JODVV�� LW� LV� HVWDEOLVKHG� WKDW� VXUIDFH�FU\VWDOOL]DWLRQ�
LQ�WKH�WHPSHUDWXUH�UDQJH�RI����–������&�LV�FKDU�
DFWHULVWLF� RI� JODVV�ZLWK� WKH� ���PRO���%�2�� �)LJ��
���� 

*ODVV�UHIUDFWLYH�LQGH[�LQ�WKLV�DUHD�RI�FRP�
SRVLWLRQV�LV�������–��������DQG�LW�LQFUHDVHV�QDWX�
UDOO\�ZLWK� WKH� LQFUHDVH� RI� WKH� EDULXP� R[LGH� FRQ�
WHQW��7KH�FRQWULEXWLRQ�RI�ERURQ�R[LGH�LQWR�WKH�UH�
IUDFWLYH�LQGH[�LQFUHDVHV�ZLWK�WKH�LQFUHDVH�RI�%D2�
%�2��PRODU� UDWLR��ZKLFK� LV�GXH� WR� WKH�FKDQJHV� LQ�

FRRUGLQDWLRQ�VWDWH�RI�%���LRQV�DQG�WKHLU�SRVLWLRQ�LQ�
WKH� JODVV� VWUXFWXUH�� ,Q� ERURVLOLFDWH� JODVV� VWUXFWXUH�
ZLWK�%D2� FRQWHQW���–���PRO���ZLWK� WKH� JUDGXDO�
VXEVWLWXWLRQ� RI� %�2�� ZLWK� 6L2��� WUDQVIRUPDWLRQV�
DPRQJ� ERUDWH� VWUXFWXUDO� XQLWV� SUHYDLO� >��@�� :LWK�
WKH�ERURQ�VXEVWLWXWLRQ�IRU�VLOLFRQ��ERURVLOLFDWH�ULQJ�
VWUXFWXUHV�DUH�REVHUYHG�WR�DSSHDU�>������@� 

7KH� PLFURKDUGQHVV� RI� WKH� WHVW� JODVV� LV�
����–�����03D��WKH�VLOLFRQ�R[LGH�EHLQJ�WKH�GHWHU�
PLQLQJ�IDFWRU�� 

:LWK� WKH� XVH� RI� GLODWRPHWU\� PHWKRG�� D�
QXPEHU� RI� FKDUDFWHULVWLF� WHPSHUDWXUHV� KDYH� EHHQ�
GHILQHG�WKDW�DOORZ�WR�DVVHVV� WKH�LQIOXHQFH�RI�JODVV�
FRPSRVLWLRQ�RQ� LWV� ORZ� WHPSHUDWXUH�YLVFRVLW\� DQG�
WR� GHWHUPLQH� WHPSHUDWXUH� LQWHUYDO� RI� FULWLFDO� DQ�
QHDOLQJ�VWDJH��)LJ������ 

7KH� GLODWRPHWULF� FXUYH� RI� WKH� JODVV� KDYH�
WKH�IROORZLQJ�FKDUDFWHULVWLF�WHPSHUDWXUHV��WKH�JODVV�
WUDQVLWLRQ� WHPSHUDWXUH� �YLVFRVLW\� LV� ������� 3DāV���
ORZHU� DQQHDOLQJ� WHPSHUDWXUH� �YLVFRVLW\� LV� �������
3DāV��� XSSHU� DQQHDOLQJ� WHPSHUDWXUH� �YLVFRVLW\� LV�
����� 3DāV��� JODVV� GHIRUPDWLRQ� �YLVFRVLW\� LV� �������

3DāV�� >���� ��@�� 7KH� WHVW� JODVV� LV� FKDUDFWHUL]HG� E\�
LQFUHDVHG� JODVV� WUDQVLWLRQ� WHPSHUDWXUHV� RI� ���–
��� �&�� ,QLWLDO� GHIRUPDWLRQ� WHPSHUDWXUH� RI� WKH�
JODVV�LV����–�����&��WKH�ORZHU�DQQHDOLQJ�WHPSHUD�
WXUH� LV� DERYH� ���� �&�� $V� VHHQ� LQ�)LJXUH� ���ZKHQ�
%�2��LV�UHSODFHG�E\�%D2��JODVV�WUDQVLWLRQ�WHPSHUD�
WXUH� GHFUHDVHV�� 7KLV� LQGLFDWHV� D� PRUH� SURQRXQFHG�
IOX[LQJ�HIIHFW�RI�EDULXP�R[LGH� LQ�FRPSDULVRQ�ZLWK�
WKDW�RI�ERURQ�R[LGH��&RQVLGHULQJ� WKDW� WKH�YLVFRVLW\�
RI�WKH�PHOWV��ZKLFK�LV�OHVV�WKDQ����3DāV��LV�UHDFKHG�
DW�WKH�WHPSHUDWXUHV�RI�����–������&��LW�FDQ�EH�FRQ 

 opacification;  opalescence;  transparent glass;  crystallization at heat treatment 
 

)LJXUH����&KHPLFDO�FRPSRVLWLRQV�RI�H[SHULPHQWDO�JODVVHV�LQ�WKH�V\VWHP�%D2–%�2�–6L2���PRO�����DQG�WKH�UHVXOWV�RI�KHDW�WUHDWPHQW� 
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FOXGHG�WKDW�WKH�WHVW�JODVV�KDV�D�KLJKHU�YLVFRVLW\�JUD�
GLHQW�LQ�WHPSHUDWXUH�LQWHUYDOV�RI�PROGLQJ�DQG�JODVV�
WUDQVLWLRQ�� 

,Q�RUGHU�WR�VWXG\�WKH�LQIOXHQFH�RI�WKH�PRGL�
ILHUV�RQ�WKH�RSWLFDO�JODVV�SURSHUWLHV��JODVV�EDVH�FRP�
SRVLWLRQ� �PRO���� ��%D2ā��%�2�ā��6L2�� ZDV� V\Q�
WKHVL]HG� ZKHUH� ERURQ� R[LGH� ZDV� VXEVWLWXWHG� ZLWK�
52� �0J2�� &D2�� =Q2�� JURXS� R[LGHV� DQG� $O�2���
'XULQJ� WKH� JODVV� V\QWKHVLV� LW� ZDV� HVWDEOLVKHG� WKDW�
WKH�FDOFLXP�R[LGH� LQWURGXFWLRQ� LQWR� WKH�JODVV�FRP�
SRVLWLRQ� LQ� DPRXQWV� H[FHHGLQJ� ��PRO��� LQFUHDVHV�
WKH� FRUURVLYH� SRZHU� RI� WKH�PHOW��ZKLFK� FDXVHV� WKH�
FUXFLEOHV�WR�FRUURGH�� 

3RVLWLRQDO�KHDW�WUHDWPHQW�RI�FKDUJH�RI�PRGL�
ILHG� FRPSRVLWLRQV� ZDV� SHUIRUPHG� DW� WKH� WHPSHUD�
WXUHV�RI� ����� ����� DQG� ����� �&� LQ�RUGHU� WR� DVVHVV�
WKH� LQIOXHQFH� RI� WKH� PRGLILHUV� RQ� WKH� JODVV� IRU�
PDWLRQ�SURFHVVHV��$W�WKH�KHDW�WUHDWPHQW�WHPSHUDWXUH�
RI� ���� �&�� JUDLQV� RI� WKH� FKDUJH� VLQWHU� LQ� WKH� VDP�
SOHV��$FWLYH�PHOWLQJ�RI�PLQHUDO�SKDVHV�DQG�GLVVROX�
WLRQ�RI�UHIUDFWRU\�FRPSRQHQWV�OHDGV�WR�IRUPDWLRQ�RI�
ERWWRP�OD\HU�RI�WKH�PHOW�DW�WKH�KHDW�WUHDWPHQW�WHP�
SHUDWXUH�RI�������&��)RU�WKH�EDVLF�FRPSRVLWLRQ�VDP�
SOH�� WKH� JODVV�SKDVH�TXDQWLW\� LV� ����� DW�52�JURXS�
PRGLILHUV�LQWURGXFWLRQ�LQ�DPRXQW�RI����PRO����YRO�
XPH�FRQWHQW�RI� WKH�YLWUHRXV�SKDVH�LQFUHDVHV�WR���–
�����:KHQ�FRPSRVLWLRQ�LV�PRGLILHG�ZLWK�DOXPLQD-
FRQWDLQLQJ�FRPSRQHQWV��DFWLYLW\�RI�JODVV� IRUPDWLRQ�
SURFHVVHV� GHSHQGV� VLJQLILFDQWO\� RQ� WKH� W\SH� RI� WKH�
UDZ� PDWHULDO�� ,Q� SDUWLFXODU�� XVH� RI� DOXPLQXP� K\�
GUR[LGH� DFFHOHUDWHV� JODVV� IRUPLQJ�SURFHVV� FRQWUDU\�
WR�DOXPLQXP�R[LGH��ZLWK�ZKLFK�WKH�VDPSOH�LV�D�YLW�
UHRXV�IRDP�PDVV�DW�������&�� 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

7KH� LQFUHDVH� LQ�KHDW� WUHDWPHQW� WHPSHUDWXUH�
XS�WR�������&�FDXVHV�IRUPDWLRQ�RI�WKH�PHOW��RQ�WKH�
VXUIDFH�RI�ZKLFK�WKHUH�LV�EDWFK�IRDP�WKDW�FRPSULVHV�
FU\VWDO��JODVV�DQG�JDV�SKDVHV��7KH�PLQLPXP�YROXPH�
RI� WKH�EDWFK� IRDP�LV� W\SLFDO� IRU� WKH�VDPSOHV�PRGL�
ILHG�ZLWK�&D2�DQG�=Q2� 

&U\VWDOOL]DWLRQ�FDSDFLW\�RI�WKH�JODVV�LV�SUH�
GLFWDEO\� GHWHUPLQHG� E\� WKH� FRQWHQW� RI� PRGLILHUV��
$W�52�JURXS�R[LGHV�FRQWHQW�RI����PRO���RU�PRUH�
WKH�KHDW� WUHDWPHQW� LQ� WKH�JUDGLHQW� HOHFWULF� IXUQDFH�
OHDGV� WR� VXUIDFH� FU\VWDOOL]DWLRQ�� 7KH� JODVV� ZLWK�
&D2� DQG� =Q2� DV� PRGLILHUV� KDV� VXIILFLHQWO\� KLJK�
UHVLVWDQFH�WR�FU\VWDOOL]DWLRQ��WKH�VLJQV�RI�ZKLFK�DUH�
QRW� GHWHFWHG� GXULQJ� WKH� JUDGLHQW� KHDW� WUHDWPHQW��
5HVLVWDQFH� WR�FU\VWDOOL]DWLRQ�GXULQJ�JODVV�ZRUNLQJ�
DOORZV� WKH� XVH� RI� YDULRXV� PROGLQJ� PHWKRGV� DQG�
PRGHV��LQFOXGLQJ�SURORQJHG�FRROLQJ�� 

%DVHG�RQ�WKH�GLODWRPHWULF� WHVW�RI� WKH�JODVV�
FRQWDLQLQJ� ��� PRO��� RI� PRGLILHUV�� FKDUDFWHULVWLF�
WHPSHUDWXUHV�DQG� OLQHDU�H[SDQVLRQ� WKHUPDO�FRHIIL�
FLHQW� LQGLFDWRUV� KDYH� EHHQ� GHWHUPLQHG� �7DEOH� ����
0RGLILFDWLRQ� RI� WKH� JODVV� ZLWK� PDJQHVLXP� DQG�
FDOFLXP� R[LGHV� OHDGV� WR� DQ� LQFUHDVH� LQ� YLVFRVLW\�
SDUDPHWHUV�� ZKLFK� LV� PDQLIHVWHG� LQ� LQFUHDVH� LQ�
JODVV� WUDQVLWLRQ� WHPSHUDWXUH�DQG�RWKHU�FKDUDFWHULV�
WLF� WHPSHUDWXUHV�� ,QWURGXFWLRQ� RI� =Q2� DQG� $O�2��
GRHV�QRW�KDYH�D�SURQRXQFHG�LQIOXHQFH�RQ�WKH�ORZ-
WHPSHUDWXUH� YLVFRVLW\� RI� WKH� WHVW� JODVV�� 7KH� LQIOX�
HQFH�RI�PRGLILHUV�RQ�OLQHDU�H[SDQVLRQ�WKHUPDO�FR�
HIILFLHQW�LQGLFDWRUV�FRPSOLHV�ZLWK�WKHLU�SDUWLDO�FRQ�
WULEXWLRQ�WR�WKLV�YDOXH�� 

)LJXUH��� VKRZV� WKH�GHSHQGHQFH�RI� WKH� UH�
IUDFWLYH� LQGH[� �Q�� DQG� GLVSHUVLRQ� �Q�� RI� WKH� WHVW�

0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 

0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 

&RQWHQW�6L2���PRO���������–����������–����������–��� 

)LJXUH����'LODWRPHWULF�FXUYHV�RI�WKH�JODVVHV� 
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0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 
0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 

JODVV� RQ� WKH� W\SH� DQG� FRQWHQW� RI� WKH� PRGLILHUV��
,QWURGXFWLRQ� RI� &D2� DQG� =Q2� PRGLILHUV� LQ�
DPRXQW� RI� �� PRO��� FDXVHV� DQ� LQFUHDVH� LQ� WKH�
UHIUDFWLYH�LQGH[�IURP��������WR��������� 

0J2�DQG�$O�2��LQFUHDVHV�UHIUDFWLYH�LQGH[�
WR�D�PXFK� OHVVHU�H[WHQW��QHYHUWKHOHVV�� WKHVH�FRP�
SRQHQWV� LQFUHDVH� GLVSHUVLRQ� FRHIILFLHQW�� 'XH� WR�
WKH� DPELJXRXV� LQIOXHQFH� RI� 0J2� DQG� $O�2��RQ�
WKH� RSWLFDO� SURSHUWLHV�� WKHVH� FRPSRQHQWV� FDQ� EH�
XVHG� LQ� GHQVH� FURZQ� JODVV� LQ� WKH� IRUP� RI�PLQRU�
DGGLWLYHV� LQ�RUGHU� WR� DGMXVW� WKH�SK\VLFR-FKHPLFDO�
DQG�WHFKQRORJLFDO�SURSHUWLHV�� 

%DVHG�RQ� WKH� UHVXOWV�RI� WKH�VWXG\�RI�RSWL�
FDO� DQG� WHFKQRORJLFDO�SURSHUWLHV�RI�%D2�–�%�2��–�
6L2�� JODVV� V\VWHP�ZLWK�0J2�� &D2�� =Q2��$O�2��
DGGLWLYHV�� OHDG-IUHH� RSWLFDO� JODVV� KDV� EHHQ� GHYHO�
RSHG�ZLWK�WKH�IROORZLQJ�RSWLFDO�SURSHUWLHV��UHIUDF�
WLYH�LQGH[�LV���������GLVSHUVLRQ�FRHIILFLHQW�–�������
7HFKQRORJLFDO� FKDUDFWHULVWLFV� DUH�� JODVV� PHOWLQJ�
WHPSHUDWXUH� LV����������ɋ�� WHPSHUDWXUH� UDQJH�RI�

FULWLFDO�DQQHDOLQJ�LV����–����&�� 
 
&RQFOXVLRQ� 
%D2�–�%�2��–�6L2��V\VWHP�LV�WKH�EDVLV�IRU�

SURGXFWLRQ� RI� WKH� JODVV\� PDWHULDOV� IRU� YDULRXV�
WHFKQLFDO� SXUSRVHV� ZLWK� ZLGH� UDQJH� RI� SHUIRU�
PDQFH� UHTXLUHPHQWV�� )RU� GHYHORSPHQW� RI�PDWHUL�
DOV�LQ�GHPDQG�LQ�WKH�LQVWUXPHQW-PDNLQJ��V\VWHPDW�
LF�VWXGLHV�KDYH�EHHQ�FRQGXFWHG�RQ�JODVV�RI�WKH�JLY�
HQ�V\VWHP�DFFRUGLQJ�WR�LQGLFDWRUV�RI�WHFKQRORJLFDO�
DQG� RSWLFDO� SURSHUWLHV��*ODVV�ZLWK����–� ���6L2�� ��
���–����%�2������–����%D2�PRO���FRPSRVLWLRQ�KDV�
EHHQ� V\QWKHVL]HG�� DQG� SHFXOLDULWLHV� RI� JODVV� IRU�
PDWLRQ� SURSHUWLHV� DW� WKH� WHPSHUDWXUH� RI� ����� �&�
KDYH� EHHQ� HVWDEOLVKHG�� $W� WKH� PRODU� UDWLR� %D2�
%�2�������SKDVH�VHSDUDWLRQ�RI�OLTXDWLRQ�W\SH�RFFXUV�
GXULQJ� PHOW� FRROLQJ� SURFHVV�� &U\VWDOOL]DWLRQ� FD�
SDFLW\� RI� KRPRJHQHRXV� JODVV� VDPSOHV� LQFUHDVHV�
ZLWK� WKH� LQFUHDVH�RI�%D2�FRQWHQW��DQG�VWDELOLW\�RI�
WKH� JODVV� VWDWH� LV� HQVXUHG� ZKHQ� FRQWHQW� RI� WKLV�

7DEOH��� 
&KDUDFWHULVWLF�WHPSHUDWXUHV�DQG�OLQHDU�H[SDQVLRQ�WKHUPDO�FRHIILFLHQW�RI�PRGLILHG�JODVVHV 

0RGLILHU 
7HPSHUDWXUH���&� 

FRUUHVSRQGLQJ�WR�YLVFRVLW\��OJK 
&RHIILFLHQW�RI�OLQHDU�
WKHUPDO�H[SDQVLRQ��

Dî�����Ʉ–� ���� ���� �� ���� 

%DVLF�FRPSRVLWLRQ ����� ����� ����� ����� ���� 

0J2 ����� ����� ����� ����� ���� 

&D2 ����� ����� ����� ����� ���� 

=Q2 ����� ����� ����� ����� ���� 

$O�2� ����� ����� ����� ����� ���� 

&RQWHQW��PRO��� 

Q 

� 

� 

� 

� 

&RQWHQW��PRO��� 

Q 

� 

� 

� 
� 

0RGLILHUV����–�&D2����–�=Q2����–�0J2����–�$O�2� 

)LJXUH����7KH�LQIOXHQFH�RI�PRGLILHUV�RQ�WKH�RSWLFDO�SURSHUWLHV�RI�JODVVHV� 
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FRPSRQHQW� LV� OHVV� WKDQ� ��� PRO���� $FFRUGLQJ� WR�
WKH� GLODWRPHWU\� GDWD�� UHSODFHPHQW� RI� %�2��ZLWK�
%D2�UHVXOWV� LQ�D�GHFUHDVH�LQ� ORZ�WHPSHUDWXUH�YLV�
FRVLW\�� 7KH� UHIUDFWLYH� LQGH[� RI� WKH� KRPRJHQHRXV�
JODVV�LV�������–��������LWV�PLFURKDUGQHVV�–�����–
����� 03D�� 7KH� EDVLF� FRPSRVLWLRQ� RI�
��%D2î��%�2�î��6L2���PRO�����KDV�EHHQ�VHOHFW�
HG� DFFRUGLQJ� WR� WKH� VHW� RI� LWV� WHFKQRORJLFDO� DQG�
RSWLFDO� SURSHUWLHV�� $� VWXG\� RI� LQIOXHQFH� RI� 52�
�0J2��&D2��=Q2�� JURXS� R[LGHV� DQG�$O�2�� LQWUR�
GXFHG� LQ� WKH� DPRXQW� RI� ���–��� PRO���� RQ� WKH�
SURSHUWLHV�RI�JODVV�EDVH�FRPSRVLWLRQ�KDV�EHHQ�FRQ�
GXFWHG��,QWURGXFWLRQ�RI�PRGLILHUV�DFFHOHUDWHV�JODVV�
IRUPDWLRQ� SURFHVVHV� DQG� LQFUHDVHV� VWDELOLW\� RI�
JODVV� VWDWH�� ,QWURGXFWLRQ�RI�0J2�DQG�&D2�R[LGHV�
FDXVHV� DQ� LQFUHDVH� LQ� ORZ� WHPSHUDWXUH� YLVFRVLW\��
0RGLILFDWLRQ�RI�&D2�DQG�=Q2�R[LGHV� OHDGV� WR�DQ�

LQFUHDVHG� JODVV� UHIUDFWLRQ�� $W� RSWLPL]DWLRQ� RI� WKH�
W\SH�DQG�WKH�QXPEHU�RI�PRGLILHUV��OHDG-IUHH�RSWLFDO�
JODVV�ZLWK�LQFUHDVHG�UHIUDFWLYH�LQGH[�RI��������DQG�
D� GLVSHUVLRQ� FRHIILFLHQW� RI� ����� KDV� EHHQ� GHYHO�
RSHG�� 5HGXFHG� FU\VWDOOL]DWLRQ� FDSDFLW\� RI� WKLV�
JODVV� LV� DQ� LPSRUWDQW� WHFKQRORJLFDO� IDFWRU� GHWHU�
PLQLQJ� WKH� PROGLQJ� PRGHV� IRU� WKH� RSWLFDO� SUH�
IRUPV� 
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7KLV�UHVHDUFK�ZDV�VXSSRUWHG�E\�WKH�SURMHFW�

©'HYHORSPHQW� RI� RSWLFDO� JODVVHV� RI� WKH� IOLQW� DQG�
FURZQ� JURXS� IRU� WKH� SURGXFWLRQ� RI� DSRFKURPDWVª�
IXQGHG� E\� WKH� 6WDWH� 6FLHQWLILF� 5HVHDUFK� 3URJUDP�
©0DWHULDOV�6FLHQFH��1HZ�0DWHULDOV�DQG�7HFKQROR�
JLHVª�� VXESURJUDP� ©0XOWLIXQFWLRQDO� DQG� &RPSR�
VLWH�0DWHULDOVª�WDVN�QR��������� 

� 

0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 

0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 


	OPTICAL GLASS WITH INCREASED REFRACTIVE INDEX BASED BaO – B2O3 – SiO2 SYSTEM
	Recommended Citation

	OPTICAL GLASS WITH INCREASED REFRACTIVE INDEX BASED BaO – B2O3 – SiO2 SYSTEM
	Cover Page Footnote

	OPTICAL GLASS WITH INCREASED REFRACTIVE INDEX BASED BaO â•fi B2O3 â•fi SiO2 SYSTEM

