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SFNQRZOHGJIJHPHQW

, ZRXOG OLNH WR H[SUHVV P\ GHHSHVW JUDWLWXGH WR DC
LQGLUHFWO\ WR WKH VXFFHVVIXO FRPSOHWLRQ RI WKLV GRF

JLUVW DQG IRUHPRVW , ZLVK WR H[WHQG P\ VLQFHUH DQG
ZKRVH JXLGDQFH H[SHUWLVH DQG FRQWLQXRXV HQFRXUDJHI
HVSHFLDOO\ JWHDIW HADPOV WRW|NKLY LQYDOXDEOH DFDGHPLF Ot
GLVEXVVLRQV DQG XQZDYHULQJ VXSSRUW WKURXJKRXW P\ G
FULWLFDO WKLQNLQJ DQG FRPPLWPHQW WR KLJK UHVHDUFK °
TXDOLW\ RI WKLV ZRUN

, ZRXOG DOVR OLNH WR H[SUHVWRL K6 DB YFHG®WUYIKDRQ VWK
VXSSRUW FRQVWUXFWLYH IHHGEDFN DQG SUDFWLFDO JXLGD
+LV DYDLODELOLW\ SDWLHQFH DQG WKRXJKWIXO VXJIJHVWL
VFLHQWLILF DQG WHFKQLFDO FKDOOHQJHV HQFRXQWHUHG DC

, DP GHHSO\ WKD®N{®QRWRHHDOLPHQW RI 0DQDJHPHQW DQ
8QLYHUVLW\ RI 3DGRYD IRU KLV YDOXDEOH DVVLVWDQFH L
DQDO\VHV +LV H[SHUWLVH DQG ZLOOLQJQHVV WR VKDUH NQF
WKH H[SHULPHQWDO SDUW RI WKLV GLVVHUW DSWDL-RQ$ Y WIREGDE
'HSDUWPHQW RI &KHPLFDO DQG ODWHULDOV (QJLQHHULQJ )C
8QLYHUVLW\ RI ODGULG IRU KLV HVVHQWLDO VXSSRUW LQ
HOHFWURO\WLF R[LGDWLRQ 3(2 H[SHULPHQWV +LV VELHQWL
VXFFHVV Rl WKH UHODWHG LQYHVWLJIJDWLRQV

YXUWKHUPRUH , JUDWHIXD®i\P DFBRREDHBWH 30BIHDWPRW DQ
XUXVWOVLVWDQW 5HVHDUFK )HOORZ IURP WKH ,QVWLWXW
(QYLURQPHQWDO 7THFKQRORJ\ IRU WKHLU SURIHVVLRQDO VXS
JULQGLQJ SURFHVVHYV UHTXLUHG IRU WKH SURGXFWLRQ RI PL
SUDFWLFDO NQRZOHGJH DQG FRRSHUDWLRQ ZHUH LQGLVSHQ'

0\ VLQFHUH WKDQNV JR WR WKH +HDG RI WKH ,QVWLWXWF
(QJLQHHMWLQQRYV 3pWHURUGIRYLGLQJ DQ HQFRXUDJLQJ DFDC



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

LOQVWLWXWLRQDO VXSSRUW , DP BQWR OUBWSHO® 'WRWRUD GR
ODWHULDOV 6FLHQFHIRQGOGNKHFKOYRERWXUHG IUDPHZRUN DQG
RITHUHG WKURXJKRXW P\ VWXGLHV , ZRXOG OLNH WR WKDC(
VWLPXODWLQJ GLVFXVVLRQV DQG IULHQGO\ DWPRVSKHUH
SURGXFWLYH DQG HQMR\DEOH

, JUDWHIXOO\ DFRNRDOHGXHEOWRH) R ®ZWURQQJ PH WKH 6W
+XQJDULFXP VFKRODUVKLS 7KLV ILQDQFLDO VXSSRUW ZDV H\
VWXGLHV DQG IRFXV IXO0O\ RQ P\ UHVHDUFK

7R WKH RQH ZKR WDXJKW PH WR JLYH ZLWKRXW OLPLWYV DQG
SDWK DGRUQHG ZLWK KRABH DWKHEHGVYHRD WBDW RHPYRX WKH 1UX
WUXVW DQG YDOXHV \RX LQVWLOOHG LQ PH WKURXJKRXW Wk

7R WKH HYHU ZDWFKIXO VRXUFH RI FDUH DQG FRPSDVVLRQ
SUHVHQFH KDV EHHQ D FRQVP\DERWKRRU FK RVKLYVERUB VDM D
RI \RXU HQGXULQJ LQIOXHQFH JXLGDQFH DQG XQFRQGLWLR(

7TRP\ VLEOWXIW RWKHU SDUW RI P\ VRXO ZKRVH SUHVHQFH EU
JURP \RX , GUDZ VWUHQJWK PRWLYDWLRQ DQG WKH IRXQGD

(PHO 5D]]RXN
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'HFODUDWLRQ

'XULQJ WKH WKHVLVY SUHSDUDWLRQ , GLG QRW XVH DUWLILFI
DQG VWN\OLVWLF FRUUHFWLRQV

(PHO 5D]]RXN
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JLJK %LQDU\ $0 6L SK.D.VH..GLDJUD.P..

JLJXW 2SWLFDO PLFURJUDSKV RI D K\SRHXWHFWLF $Oo ZW 6L DO
DO O.R\..

)LJ® *UDSKLFDO LOOXVWUDWLRQ RI KLJK SUHVVXUH GLH FDVWLQ
FKDPEH.U.. et 121t e et 1121121221122 et 42t teeeee

)L I 6(0 UHVXOWV RI +3'& $06L 0Q0J D JXDIZDFHURP VKOG DFH
FHQW.H.U.. . . . , . . .

JLJ ,GHDO SRURXYV DQRGLF R[LGH VW UXEW.X.UH.LRU...SX.U.H. DOXPLQ
JLJI 6NHWFK VKRZLQJ WKH HPHUJHQFH RI PDMRU GHIHFWV GHQR\
OD\HU IRU $0..6L.D.O.QR.\.. et R

JLJW ('6 HOHPHQWDO PDS RI WKH DQRGL]HG O.D\H.U. LQ $006L FDVW
JLJ 2SWLFDO PLFURJUDSKV RI FURVV VHFWLRQ RI DQRGL]HG OD\}
FDVW F H[WUXGHG DQG G KLJK.SUHVV.XUH.GLH.EDV.W.V.XUIDFHV
JLJW 7\SLFDO DUUDQJHPHQW RI WKH HTXLSPHQW.XVHG.LRU..3(2 WH!
JLJ  3(2 FRDWLQJ IRUPDWLRQ RQ..Doeee...$.0.. VXEMMLUDW.H. .......

JLJW  6(0 LPDJH REWDLQHG DIWHU 3(2 SURFHVV RQ D3WLWDQLXF
HOHFWURO\WH VKRZV YROFDQR..VKDSHG.GLMEKDUJH. . EKDQQHOV
JLIJW $ GHVFULSWLRQ RI WKH HYHQWV WKDW..REEXU.GXULQJ.D VLQ
JLJB  9DULRXV W\SHV RI FXUUHQW PRGHV XVHG LQ 3(2 D GLUHF
$& F XQLSRODU SXOVHG FXUUHQMW....G...ELSRQODU.SXOVHG FXUUH
JLJW 6FKHPDWLF GLDJUDP Rl WKH GLVFKDUJH FKDUDFWHULVWLFV
JLJB 3UHSDULQJ WKH VDPSOH VXUIDEH..IRU..3(2.WUHDWPHQW

JLIH &RPSRQHQWYV RI WKH..3.(2..D.S.S DU DMX Moo eoemmeneeeene

JLJB  8QLGLUHFWLR QRIDO LW® L GHLIRU. W/IHQYW...............
JLJB 5HFLSURFDW L @IGAOAFGZ BD.LS.MQH V.W... .
JLJW (OHFWURFKHPLFDO &HOO 6HWXS IR.U. ( 6.. DQG .3.3. &RUURVLRQ
JLJW 9ROWDJH FXUUHQW GHQVLW\ SURILOH RI DV GLHFDVW VDPS
VWHDG\ VWDWH D YROWDJH RI  9.DQG..E. . .EXUUHQW.RLl... $zGP
JLJW 7\SLFDO 6(0 PLFURJUDSKV RI GLHFDVW $06L &X )H DOOR\
E PP JURXQG MXEN MU DMH N oo seeseereseeseeseesesee s eemmsmmsemen et seeseeseeseesesssseesens

JLJW ' VXUIDFH WRSRJUDSK\ RI DF DV GLHFDVW DQG E G JURX
LV VKRZQ D E EHIRUH DQG F G DIWHU DQRGL]LQJ..7ZKH.VFDOH LV
JLJBW OLFURVWUXFWXUH Rl WKH DQRGL]HG OD\HUV REWDLQHG ZLW
HI 66& DFH DUH DV GLHFDVW..D.QG...E.G..Il..JURXQG.V.XEVWUDWH
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JLIX O9DULDWLRQ RI WKH WKLFNQHVYV RI WKH DQRGL]JHG OD\HU LQ

JLIX $OQRGLF OD\HU WKLFNQHVY RI DV GLHFDVW DQG JURXQG $%$06

RI WKH VXUIDFH .EKD.UJH. GHQ.V.LM.\...

JLIX 9DULDWLRQ RI WKH ZHDU UDWH RQ WKH DV GLHFDVW DQG

SURFHVVHG ZLWK GLIITHUHQW DQRGL]JLQJ PRGHVM..DV..D.IXQEW.LRQ RI

JLJIK &RUUHODWLRQ EHWZHHQ WKH WKLFNQHVV RI WKH DQRGLF

URXJKQHVYVY 6D DQG ZHDU UDWH..RL.DQRGLJHG. . MDRPSOH\V..........

JLJIK &RUUHODWLRQ EHWZHHQ FDYLWLHY ZHDU UDWH DQG WKLF

VDPSQHV..

JLJIK )ULFWLRQ FRHIILFLHQW DV D IXQFWLRQ R GLVWDQFH IRU W

YROWDJH 9 E VWHDG\ VWDWH YROWDJH O.DOQG....E.VWHDG\ VW|

JLJIK 7KH ZHDU GHSWK SURILOHYV IRU D F DQRGL]JHG DV GLHFDVW

7KH DQRGL]LQJ SURFHVV LV XQGHU D E VWHDG\ VWDWH YROWDJH

JLJIK 9DULDWLRQ RI WKH D ZLGWK DQG E GHSWK RI WKH ZRUQ '

XQGHU 669..D.Q.G..66&. .

JLJIK 7\SLFDO VXUIDFH DSSHDUDQFH RI ZHDU WUDFNYV RQ D F DQI

JURXQG VXUIDFHYVY 7KH DQRGL]JLQJ SURFHVYV LV XQGHU D E VWHD(
$zGR.. . N

JLJIWK &XUUHQW GHQVLW\ WLPH UHVSRQVH D E DQG YROWDJH WLP

RQ DV GLHFDVW VXUIDFHV D E..DQG.JURXQG.MXILIDEHV...E.G..

JLJIWK 506 DQG LQVWDQWDQHRXY YROWDJH DQG FXUUHQW.GHQVLW

JLJIWK 6SHFLILF HQHUJ\ FRQVXPSWLRQ IRU KDUG DQRGL]LQJ DQG

WUHDW.RHQW.J\... . . -

J)LJBK  2[LGH OD\HU WKLFNQHVV YDULDWLRQV IRU.WKH. VWXGLHG VX

JLJIWK '"VXUIDFH WRSRJUDSK\ PDSV RI D DV GLHFDVW E JURXQG

+$& G +$* H 3(2 & V 1 3(2* Vo %..3(2S.&...K..3(2S.

J)LJBd  ; UD\ GLIITUDFWLRQ ;5" SDWWHUQV RI...D...3.(2.D.QG...E..3(2S FR

JLIJHK 6FDQQLQJ HOHFWURQ PLFURVFRS\ WRS YLHZ LPDJHV RI WKH

J K 3(2S :KHQ WKH LQLWLDO VXUIDFH LV D.E.H.J..DV..GLHEDVW D(

JLJ K 6(0 FURVV VHFWLRQ LPDJHV RI WKH VWXGLHG FRDWLQJV D |

LQLWLDO VXUIDFH LV D FH DV GLHFDVW DQG E G I JURXQG 1X

VKRZQ LQ.ZDEQH. . ” -

JLIJIK 7KH FURVYV VHFWLRQDO PLFURJUDSK ZLWK D WASLEDO 6(06('6

JLJKW (OHPHQWDO PDSSLQJ RI 3(2S *.ERDWLQJ.EURMM.MHEWLRQ

JL I 6FKHPDWLF RI WKH LOQFRUSRUDWLRQ RI VWURQWLXP DOXPL

SURFEHVV... . ..

JL I OLFURKDUGQHVV SURILOHYV DFURVMM\.. 3(2 DQG 3(28 FRDWLQJV
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)L I

9DULDWLRQ RI WKH ZHDU UDWH RQ WKH DV GLHFDVW DQG

SURFHVVHG ZLWK +$ 3(2..D.QGC.3.(2S. . ERDMW.LQIV.....covviiiiir e

)L I

6XUIDFH PRUSKRORJ\ RI WKH ZRUQ WUDFNV RI D E EDVH DO

"KHQ WKH LQLWLDO VXUIDFH LV D F H.J..DM.GLHEDMW.DQG E G | K

)L I
)L I
)L IWK
)L IWK
)L IWK
)L IWK

)L IWK
)L IWK

)L IWK

&URVV VHFWLRQ ZHDU VFDU SURILOHV..LRU.MWMUHDWHG.DQG XC
JULFWLRQ FRHIILFLHQW YV VOLGLQJ GLVWDQFH IRU 3(2 WUH
%RGH D E DQG 1\TXLVW F GLDJUDPV DW...K...... K....... K DQG
,PSHGDQFH DW +] IRU 3(2 DQG 3(2S FRDW.LQJV..LQ YDULRX
6FKHPDWLF GLDJUDP RI WKH HOHFWURFKHPLEDQO.HILXLYDOHC
SRWHQWLRG\QDPLF SRODUL]DWLRQ FXUYHV FDUULHG RXW L
SRWHQWLRG\QDPLF SRODUL]DWLRQ FXUYHV FDUULHG RXW L
&RUURVLRQ &XUUHQW '"HQVLW\ RI 3(2 DQG 3(2S &RDWLQJV $

6(0 FURVV VHFWLRQ LPDJHV RI WKH VWXGLHG FRDWLQJV DI

GHI1J 3(2S ZKHQ WKH LQLWLDO VXUIDFH LV...D..E.G..1..DM..GLHFDVW
JLJIW 6FKHPDWLF FURVV VHFWLRQ LOOXVWUDWHY WKH 3(2 FRDWL
ORFDOL]HG FRUURV.LRQ..EHQ.Q...

JLJJK (‘6 PDSV VKRZLQJ ORFDOL]HG FRUURVLRQ LQ MWKH.EURVYV VHF
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7DEOBKHPLFDO FRPSRVLWLRQ RI WKH..H[SHULPHQWD.QO.D.OOR\ ZW
7DEOHOHFWULFDO DQG FKHPLFDO FRQGLWLRQV.IRU.3.L2.WUHDWPHQ
7DEOHVFULSWLRQ RI WHVW VDPSOHV VXUILDEH.ERQGLWLRQ WUHD
7DEOH[SHULPHQWDO SDUDPHWHUV XVHG GXULQJ WKH DQRGL]JLQJ
VWHDG\ VW DWH..EXUUHQW... .

7DEO$IUHD IUDFWLRQ RI FDYLWLHV ZLWKLQ WK H DQRGLF OD\HU RI D
GLIIHUHQW DQRGL]LQJ.ERQGLWLRQ...

7DEOKWLFNHUV PLFURKDUGQHVV RI DOOR\ VXEVWUDWH DQG DQRGL
VXUIDFHV ZKLFK ZHUH SURFHVVHG ZLWK.GLIIHUHQW.D.QRGL]LQJ FF
7DEOHMYHUDJH R[LGH OD\HU WKLFNQHVV WUHDWPHQW WLPH DQC
DQRGL]LQJ.VD.P.SOHV... .
7DEOBXUIDFH URXJKQHNDQSCDHIRIUH\MVPHI—UVW@(GLHG M XULIDEHV...

7DEOH'6 DQDO\VLVY DW RI +$ 3(2 DQG 3(2S FRDWLQJV 6SHFWU
PLFURJUDSKV VKRZQ..LQ.)LIXUH..

7DEOHLWWLQJ UHVXOWV RI WKH HTXLYDOHQW HOHEW.ULEDO SDUDF
7DEOH3RWHQWLRG\QDPLF SRODUL]DWLRQ GDWD H[WUDSRODWHG IU
JLIXUHY  DiQGurrrieeiereeeeeeeeeesseo s oeemesssmons st ese e teee et s e esmmsmsmeme 12142102 e s e s eess s mmmemenme e



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

&KDSWHU L, OQWURGXFWLRC

6XUIDFH WUHDWPHQW RI $0+6L FDVWLQJ DOOR\V KDV EHEFR
FRPSRQHQWY FDQQRW EH GLUHFWO\ XWLOL]JHG LQ WKHLU DV
LV GHWHUPLQHG E\ FRPSRQHQW IXQFWLRQ RSHUDWLQJ HQY
WKHLU ZHOO NQRZQ ORZ GHQVLW\ DQG UHF\FODELOLW\ DGYLC
WR SURGXFH PHFKDQLFDO SDUWV VXFK DV SEME)R Q0O ®R\E PO+
HIWHQVLYHO\ XWLOL]JHG LQ KLJK SUHVVXUH GLH FDVWLQJ +
VLOLFRQ LQ LPSURYLQJ FDVWDELOLW\ &RQVHTXHQWO\ YDUL
DQG SODVPD HOHFWURO\WLF R[LGDWLRQ 3(2 KDYH EHHQ HI
FRUURVLRQ UHVLVWDQFH DQG ZHDU UHVLVWDQFH RI FDVW $

7UDGLWLRQDO DQRGL]LQJ KDUG DQRGL]LQJ DQG SODVPD t}
VLIQLILFDQW DWWHQWLRQ DPRQJ WKH DYDLODEOH VXUIDF
HOHFWURFKHPLFDO WHFKQLTXH LQ ZKLFK DQ DSSOLHG FXUU
R[LGH OD\HU RQ WKH DOXPLQXP VXUIDFH 7KLV R[LGH OD\HU
DOXPLQXP DQRGH DQG WKH HOHFWURO\WH OHDGLQJ WR WK
VXEVWUDWH &RQVHTXHQWO\ WKH JURZWK RI WKH DQRGL
PLFURVWUXFWXUDO FKDUDEWHULVWLFV RI WKH VXEVWUDWH
WKH SULPDU\ FRPSRQHQW WKDW XQGHUJRHV R[LGDWLRQ *HC
IRUP D VXUIDFH R[LGH OD\HU WKURXJK DQRGL]LQJ 7KH SURF
WKH SUHVHQFH Rl DOOR\LQJ HOHPHQWV ZLWK KLJKHU FRQ
1RWDEO\ FDVW DOXPLQXP DOOR\V W\SLFDOO\ SRVH JUHDWHU

>+ @

7KH PHFKDQLVP RI R[LGH IRUPDWLRQ LQ KDUG DQRGL]LQJ +$
FRQYHQWLRQDO DQRGL]JLQJ 7KH GLVWLQFWLRQ OLHV LQ WKI
KLJKHU FXUUHQW GHQVLWLHY HOHYDWHG DFLG FRQFHQWUD
FRQGLWLRQV IDFLOLWDWH WKH GHYHORSPHQW RI D WKLFNHL

3(2 RU PLFUR DUF R[LGDWLRQ 0%$2 LV DQ HIIHFWLYH ZHDL
> ®@KLFK LV GHULYHG IURP FRQYHQWLRQDO DQRGL]LQJ EXW
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WKH DSSOLHG YROWDJH H[FHHGV WKH FULWLFDO YDOXH RI V
FHUDPLF FRDWLQJV ZLWK H[FHOOHQW SURSHUWLHV VXFK C
SURSHUWLHY DQG H[FHOOHQW ERQ@ @LTKHVSWRFHIMW KK DMMKL I\
LPSURYHG VXUIDFH R[LGDWLRQ WUHDWPHQW RI 0J $0O DQG
DQRGL]LQJ SURFHVVHV DQG RU FRQYHUVLRQ WUHDWPHQWYV
HQYLURQPHQWDOO\ KDJDUGRXV VXEVWDQFHV LQ FURWLFDO V
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&KDSWHU ILWHUDWXUH UHYL

$APLQXP FDVW DOOR\V

$OXPLQXP $O0 DOOR\V DUH ZLGHO\ XVHG DFURVV GLYHUVI
GHQVLW\ FRPELQHG ZLWK IDYRUDEOH PHFKDQLFDO FRUU
SURSHUWLHYVY $OWKRXJK WKHLU DEVROXWH VWRHQJKW UW W RH
HIFHHGVY WKDW RI PRVW FRQYHQWLRQDO PHWDOV > @

7KH DXWRPRWLYH LQGXVWU\ LV WKH OHDGLQJ XVHU RI DOX
SDUWV LQ YHKLFOHV NHHSV JURZLQJ PDLQO\ UHSODFLQJ
H[SHQVLYH WKDQ IHUURXV DOWHUQDWLYHY DOXPLQXP FDV
SHUVLVWHQW LQGXVWU\ UHTXLUHPHQW IRU YHKLFOH OLJKW
GHPDQG KDV GULYHQ WKH VKLIW IURP IHUURXV WR DOXPLQX
ZLGHO\ XVHG LQ HQJLQH EORFNV F\OLQGHU KHDGV SLVWRQ\
KRXVLQJYV VWHHULQJ VIVWHPV VWUXFWXUDO EUDFNHWV ZK

7KH SURSHUWLHY RI DOXPLQXP DOOR\V FDQ EH FXVWRPL]HG
WKH DOOR\ V EHKDYLRU WKURXJK YDULRXV PHFKDQLVPV LPS
,Q FDVW DOXPLQXP DOOR\V WKH DOOR\LQJ HOHPHQWYV FDQ E
WKH SXUSRVH RI SUHVHQWLQJ WKH HOHPHQWY LQ WKH DOO
LPSXULWLHV > @

7KH EDVLF HOHPHQWY DUH UHVSRQVLEOH IRU HQKDQFLQJ |
SK\VLFDO EHKDYLRU RI WKH DOOR\ VR WKDW WKHVH HOHPH
WKUHH PDLQ FDWHJRULHYV 6LOLFRQ LV WKH PRVW VLIQLILFD
DQG WKH VWUHQJWK RI WKH DOOR\ > @ 7KH SUHVHQFH R |
WKURXJK SUHFLSLWDWLRQ KDUGHQLQJ DQG FRUURVLRQ U}
LQWHUPHWDOOLF IRUPDWLRQ WKDW PD\ FDXVH DOOR\ HPEU
WHQVLOH VWUHQJWK RI WKH FDVW $O0 DOOR\ FDQ EH DFKLHYF
ZKLOH JLQF LV FRPPRQO\ DSSOLHG LQ KLJK VWUHQJWK VHULF

6HFRQGDU\ HOHPHQWY DUH XVXDOO\ DGGHG LQ VPDOOHL
PLFURVWUXFWXUH VXFK DV WLWDQLXP DQG ERURQ > @ PI
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LV DGGHG WR WKH DOOR\ > @ DQG QHXWUDOL]H WKH HIITHFW!
DQG FKURPLXP QHXWUDOL]H )H ULFK LQWHUPHWDOOLF FRPSF
5DUH HDUWK HOHPHQWY VXFK DV ODQWKDQXP FHULXP DQG \
VWDELOLW\ KLJK WHPSHUDWXUH VWUHQJWK DQG FRUURVLR{

,PSXULWLHV DUH GLIILFXOW WR FRQWURO GXULQJ DOOR\ S|
LV XVHG ,URQ )H OHDG 3E DQWLPRQ\ 6E DQG WLQ 60Q
WKH\ RIWHQ GHJUDGH WKH SK\VLFDO PHFKDQLFDO DQG VH
YDULRXV DSSOLFDWLRQV > + @

$06L VI\VWHP

&DVW $0 6L DOOR\V DUH ZLGHO\ XVHG WR SURGXFH PHFKE
F\OLQGH® KHDIGKH GRPLQDQW $0 6L IRXQGU\ DOOR\V W\SLFDC
6L DORQJ ZLWK DGGLWLRQV RI HOHPHQWYV VXFK DV 0J 1L D
HXWHFWLF UHDFWLRQ DW DSSUR[LPDWHO\ ZW 6L DQG
DOXPLQXP DV GHSIWRFERBSRYLWLRQV FRQWDLQLQJ OHVV W
K\SRHXWHFWLF FKDUDFWHUL]HG E\ SULPDU\ . $0 SKDVH DQG
DERYH ZW 6L DQG WKH PLFURVWUXFWXUH RI WKHVH DO
HXW HFEWLE @ 7KH VHFRQGDU\ SKDVH ULFK LQ 0J )H 1L
DOOR\V DV K\SR RU K\SHUHXWHFWLF GHSHQGLQJ RQ WKH FKI

+3'& $O0 6L DOOR\V

7KH $O0 DOOR\V PDLQO\ XVHGLE® DREIBUH HUVWBLQSDOOR\V
UHVSHFWLYH VHFRQGDU\ DOOR\V DUH DFWXDOO\ DWWUDFWLY

+LJK SUHVVXUH GLH FDVWLQJ RIWHQ FDOOHG GLH FDVWLQ.
XQGHU KLJK SUHVVXUH 7KH PROG KDV SUHFLVH GLPHQVLRQV
DQG WKH RWKHU PRYDEOH > @ +3'& SURFHVV LV WKH PRVW
EHFDXVH LW RIIHUV IDVW SURGXFWLRQ DQG WKH SRVVLELOL
+3'& XVXDOO\ VKRZ H[FHOOHQW GLPHQVLRQDO DEFXUDF\

$GGLWLRQDOO\ WKH WHFKQLTXH DOORZV WKH FUHDWLRQ R
HOLPLQDWLQJ WKH QHHG IRU SRVW FDVWLQJ PDFKLQLQJ 6LQ
DQG KROHV FDQ EH LQFRUSRUDWHG GLUHFWO\ GXULQJ WKH F

S
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JLIXUHeLQDU\ $O0 6L SKDVH GLDJUDP > @

- ST PAL

JLIXURSWLFDO PLFURJUDSKY RI D K\SRHXWHFWLF $O+#WW 6L6D ®@OR\RY  [BC

+3'& KDV WZR PDLQ W\SHV KRW FKDPEHU DQG FROG FKDPEH
XVHG WR FDVW DOOR\V ZLWK UHODWLYHO\ ORZ PHOWLQJ SRL
7KH PROWHQ PHWDO LV VWRUHG LQ DQ LQWHJUDWHG IXUQD
JRRVHQHFN PHFKDQLVP XVLQJ D K\GUDXOLFDOO\ GULYHQ SO
HITLFLHQW SURGXFWRARHIYHU WKH GLUHFW FRQWDFW EHWZHH(
PROWHQ PHWDO UHVWULFWV WKH SURFHVV WR ORZ WHPSHUL
ZRXOG GDPDJH WKH FRPSRQHQWYV ,Q FRQWUDVW FROG FKDP
ZLWK KLJKHU PHOWLQJ SRLQWYV WKDW FDQQRW EH FDVW LQ
GDPDJH WKH SXPSLQJ VA\VWHP PRVWO\ DOXPLQLXP DOOR\ FD
VHSDUDWH IXUQDFH DQG ODGOHG LQWR WKH VKRW FKDPEHU
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SUHVVXUHV W\SLFDOO\ UDQJLQUXIB-RPKH HWRUD KDSWGIOLQJ V'
WKH SURGXFWLRQ UDWH FRPSDUHG WR KRW FKDPEHU V\VWH
PDQXIDFWXULQJ FRPSRQHQWY IURP DOOR\V WKDW FDQQRW ElI
RI WKHUPDO OLPLWV > @

, QIOXHQFH RI +3'& SURFHVV RQ OLFURVWUXFWXUH

7KH +3'& $0 6L DOOR\ FRQVLVWYV RI WKUHH VWDJHV > @

P /RZ VKRW VORZ VKRW ,Q WKLV VWDJH WKH SOXQJHU VC
VOHHYH WRZDUG WKH GLH FDYLW\ HQVXULQJ WKH JDWH ILOO
HIWHUQDOO\ VROLGLILFDWLRQ FU\VWDOV (6&V EHJLQ WR IR

R )DVW VKRW WKH SOXQJHU VSHHG UDSLGO\ LQFUHDVHYV Z
HQVXUHVY WKH FDYLW\ LV ILOOHG ZLWK PROWHQ DOOR\ EHIRU

a ,QWHQVLILFDWLRQ SUHVVXUH H[WUD SUHVVXUH LV DSSO
SURSHUWLHY DQG VXUIDFH ILQLVK

7KH PLFURVWUXFWXUH RI WKH +3'& DOOR\V LV DIIHFWHG E)
FRPSRVLWLRQ DQG JHRPHWULF FRPSOH[LW\ RI WKH FDVWLC(
+3'& $O0 DOOR\V FKDQJHV IURP WKH VXUIDFH LQWR WKH FHQW
+3'& FDVWLQJV LV FRQWUROOHG E\ WKH LQWHUSOD\ RI PHO
SUHVVXUH > @ -LDR HW DO > @ GHPRQVWUDWH WKH PLFUR"
DV LOOXVYWUDWWGCWMKH VXUIDFH UHJLRQ WKH VWUXFWXUH LV
JUDLQVY DFFRPSDQLHG E\ D IHZ VPDOO JOREXODU (6&V ORYL
WKH IUDFWLRQ DQG VL]H RI (6&V LQFUHDVH ,Q WKH FHQWL
GRPLQDQW IRUPLQJ DQ (6& ULFK ]JRQH
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Stationary Platen
Ejector Platen
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Hydraulic
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JLIXUHB (0 UHVXOWYV RI +3'& $06L 0Q0J D VXUIDAFHVXRJIBEEGOR @ HQRVEBBED

6 XUIDFH WUHDW$BQWWORRYB'&

7KHHODWLYHO\ ORZ KDUGQHVV DQG LQDGHTXDWH FRUURVLF
VLIJQLILFDQW OLPLWDWLR®L RMO WK B UGRGEIFEQWH TWX HRIWSM, Y D
VXUIDFH WHERGR®RBILOHV:D QR @L ] LADVHU> U @SOOWRRJIJHOHFW UR
R[LGDWLRY @I¥®G FDWKRGH SODVPD ¥ O®B WH FEGI\MQ FH RS R\HL
DGGUHVV WKHVH FRQFHUQV

$QRGL]LQJ
7KH DQRGL]DWLRQ RI SXUH DOXPLQXP LQ D T XHOR KN WLRRGDW L
DQG HLWKWHUBDLRQV > @ $W WKH LOQWHUIDFH EHWZHHQ I

R[LGDWLRQ RFF3%0VFDWIQRIQWD WLLPXOWDQHRXVO\ DW RWKH RJ[L(
2+ VSHFLHV IRUP WKURXJHURRHbUBPRKBCGS BRRIHVVLRQ RI W
SURFHVV UHVXOWLQJ LQ WKH IRUPDWLRQ RI D SRURXV R[LGF

,QLWLDOO\ DOXPLQ@XPHFIHQUHRUDW H® IURP WKH DOXPLQXP
DQRGH
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,Q WKH SUHVHQFH RI D VWURQJ HOHFWULF ILHOG DOXPLQ:
DQLRQV LQ WKH DTXHRXV2¥RODXG HOH FWHUFKODWH2 DQLRQV PR
GLUHFWLRQ $W WKH PHWDO R[LGH DQEDRYLEB \HOH B W ZQ WKH
IRUPLQJ DOXPLQXP RE@GH2 $8@ DW WKH PHWDO R[LGH LQWH L

6LPXOWDQHRXVO\ DW WKH R[LGH HOHFWURO\WH LQWHUID
GLVVROYH ZLWKLQ WKH HOHFWURO\WH UHVXOWLQJ LQ WKH |
JRYHUQV WKLV FKHPLFDEIR2GLVVROBONLRQ SURFHVYV

&RQVHTXHQWO\ D PHWLFXORXVO\ RUJDQL]JHG KH[DJRQDO F
DVVHPEO\ LV IRUPHG (DFK FHOO LQ WKLV VWUXFWXUH LV |
HIWHQGLQJ IURP WKH EDVH WR WKH DSH[ 7KH R[LGH VWUXFW
WKH EDUULHU OD\HU DW W KH. JEDNH KOH & LMK IR IS\ K R XKvH [DD)\RIQD
WKH LQWHUQDO SRUHV GHSHQGYV RQ YDULRXV DQRGL]LQJ SE
GHQVLW\ DQ® IDPPHR@L]LIQHd FDUHIXO VHOHFWLRQ RI DQRGL]L
LQIOXHQFHV WKH SHUIRUPDQFH RI DQ DQRGL]HG FRPSRQHQW
D VLIJQLILFDQW UROH LQ WKLV SHUIRUPDQFH $GGLWLRQDOO
KDYH D QRWDEOH LPSDFW > @

I
o
>

=
3
o
=

4

Oxide Layer

Aluminum Substrate

Barrier Layer

JLIXUHGHDO SRURXV DQRGLF R[LGH VWUXFWXUH IRU SXUH D

$QRGL]ILQJ SURFHVVHYV DUH FDWHJRUL]JHG E\ WKHLU SURSt
DSSOLFDWLRQV
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&KURPLF $FLG $QRGL]JLQJ 7\SH , $QRGL]JLQJ $OVR NOQR
DQRGL]LQJ LQ FKURPLF DFLG WKLV SURFHVV LQYROYHV HC
FKURPLF DFLG VROXWLRQ ,W IRUPV D SURWHFWLYH R[LGH
FRUURVLRQ SURWHFWLRQ LPSURYHG ZHDU UHVLVWDQFH DQ

6XOIXULF $FLG $QRGL]JLQJ 7\SH ,, $QRGL]LQJ $OVR FD:
SURFHVV LOQYROYHV WKH HOHFWURFKHPLFDO FRQYHUVLRQ R
R[LGH OD\HU SURYLGLQJ FRUURVLRQ UHVLVWDQFH HQKDQFF

+DUG $QRGLILQJ 7\SHLV, \QRGELQLGHUIRUPHG XVLQJ VXOI}
WKRXJK RWKHU HOHFWURO\WHV OLNH SKRVSKRULF DFLG R[D
W FUHDWHV D WKLFNHU KDUGHU DQG PRUH GXUDEOH SURW

,Q GHYH®P®ELDOOR\V WKH VXLWDELOLW\ RI WKH VXUIDFH I
7KH SULPDU\ IRFXV LV RQ FUHDWLQJ FDVW DOOR\V WKDW PHI
IDWLIJXH ZKLOH FRQVLGHULQJ IDFWRUV VXFK DV FDVWDELOLW
WR LPSURYH IOXLGLW\ PLQLPL]JH JDV HQWUDSPHQW GXULQ.
VPRRWKHU XSRQ VROLGLILFDWLRQ > @ 7KH PHFKDQLFDO SL
VR WKH DOOR\ IRUPXODWLRQ DQG SURFHVVLQJ PHWKRGYV DU
SURSHUWLHYV RI DOXPLQXP FDVWLQJV VXFK DV VWUHQJWK
UHVLVWDQFH DUH SULPDULO\ DFKLHYHG WKURXJK WZR PHWD
DQG SUHFLSLWDWLRQ KDUGHQLQJ 7KH HYROXWLRQ RI PLFU]
FRROLQJ UDWHV DQG WHPSHULQJ SURFHGXUHV SOD\V D FUX
PLFURVWUXFWXUH RI FDVWLQJV QRW RQO\ GHWHUPLQHV Wi
LPSDFWV WKH TXDOLW\ RI WKH UHVXOWLQJ DQRGLF R[LGH OL
RIWHQ KDYH PRUH FRPSOH[ VXUIDFHVY DQG OHVV IUHH DOXPL
UHVXOWY LQ D ZLGHU UDQJH RI VXUIDFH FKHPLFDO SRWHQW
SURFHVV 7KH UHVSRQVH WR DQRGL]DWLRQ LV LQIOXHQFHG
FDVWLQJ TXDOLW\ 7KHUHIRUH DFKLHYLQJ D FDVWLQJ ZLWK I
EHFRPHY FUXFLDO ZKHQ DLPLQJ IRU D VSHFLILF DQRGL]HG IL
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(INTHFW Rl WKH $O0OR\ 6HFRQG 3KDVH 3DUWLFOHYV

7KH DQRGL]DWLRQ SURFHVV RI DV FDVW SURGXFWV FDQ EH
LQ WKH VXEVWUDWH (XWHFWLF 6L DQ6LLYWHELP$IOVPHO IF FRF
&U 6L D&G SKODVHV SURYH GHWULPHQWDO WR WKH DQRGL]D
SKDVHV PLJKW GHFUHDVH WKH KDUGQHVV DQG WKLENQHVV
FRPSRQHQWY RI WKH DV FDVW PLFURVW U XFOW YHXWHF \WOF66 LD ®
SULPDU\ 6L DQG RWKHU KDUPIXO LQW H UFOHSD O PX.FWKKHDU/AHRU
WKHVH DOOR\V GLVSOD\ XQFRQWUROOHG DQG XQHYHQO\ GLV

7KH LQWHUGHQGULWLF UHJLRQV DQG JUDLQ ERXQGDULH\
GHSHQGLQJ RQ WKH DOOR\fV FKHPLFDO FRPSRVLWLRQ DQG
LQWURGXFWLRQ Rl DOOR\LQJ HOHPHQWYV LQWR VROLG VROX
DQRGL]LQJ EHKDYLRU RI $0 DOOR\V 1RQHWKHOHVV WKH FUH
ZLWKLQSWKHWUL[ RU DW JUDLQ ERXQGDULHV PD\ XQGHUPLQF
, QWHUPHWDOOLF SKDVHV ZLWK UHGR[ VWDQGDUG SRWHQWLI
H[KLELW VORZHU R[LGDWLRQ UDWHYV DQG UHPDLQ XQDQRGL]F
R[LGH OD\HU ,Q FRQWUDVW LQWHUPHWDOOLF FRPSRXQGV
SRWHQWLDOV UHODWLYH WR . $ WHQG WR GLVVROYH HQWLL
ZLWKLQ WKH R[LGH OD\HU > @

6LOLFRQ SDUWLFOHYV

'XULQJ WKH DQRGL]DWLRQ SURFHVV HXWHFWLF VLOLFRQ S
GHIHFWV ZLWKLQ WKH DQRGLF OD\HU VXFK DV WKH IROORZL

JRUPDWLRQ RI R[\JHQ JDV ILOOHG YRLGV :KHQ WKH DQRGL
R[LGDWLRQ RI 6L REFXUV WKU®RKFID XWKH V RQIPFORVL RY R IVHLPL FR
LV DQ LQVXODWRU HOHFW.QR\H W IDIF®I VESHRARWP BW OLRPH WH G LZK L
WUDQVIHU FDQ OHDG WR ORFDO DFFXPXODWLRQ RI R[\JHQ V¢
YRLGVY DGMDFHQW WR 6L SDUWKEGHYV > = @ DV VKRZQ LQ

JRUPDWLRQ RI XQ DQRGL]HG UHJLRQV 8Q DQRGL]HG UHJLF
FRPSOHWHO\ VXUURXQG WKH 6L SKDVH SRWHQWLDOO\ GXH V
$V D UHVXOW WKH HXWHFWLF VLOLFRQ SKDVH IXQFWLRQV D\

PO
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WKH R[LGH OD\HU DQG WKHUHE\ SUHVHUYLQJ LW LQ DQ XQ D¢
SULPDULO\ REVHUYHG XQGHU RU DPRQJ ODUJH LQWHUFRQQH

,QIOXHQFH RQ ILOP FUDFNLQJ DQG LQWULQVLF VWUHVV &6
H[SDQVLRQ Rl WKH R[LGL]LQJ PDWUL[ FDXVLQJ WKH GHYHOR
DQG FUDFNV IRUPLQJ ZLWKLQ WKH ILOP > @

Cathodic behavior
of Cu-O bond

Copper-Rich intermetallic particles Anodic behavior
of
Copper-Rich intermetallic particles

JLIXUBNHWFK VKRZLQJ WKH HPHUJHQFH RI PDMRUWP GOIJH¥F W DQIRGR W ID® \H
$06L DO @R\

$OXPLQXP LQ WKH HXWHFWLF SKDVH LV UHSRUWHG WR HJ[
FKDUDFWHULVWLEVG®\G MWKGFHUBWHRDIRXQG LQ XQPRGLILHG DO
QXFOHDWLRQ LV WKH SULPDU\ PHWKRG IRU JUDLQ UHILQHPH
VLWHVY DQG JURZ VORZO\ ZLWKLQ WKH PHODNQ G| FHBOW WY K DIYUD L
ODWWLFH VWUXFWXUHV WKDW DUH SHUIHFWO\ FRKHUHQW ZL)\
SDUWLFOHYV ZLWK SRRU ODWWLFH PDWFKLQJ KDYH PLQLPDO
WR DQ XQUHILQHG JUDLQ VWUXFWXUH > @ $GGLWLYHV LQ W
R[LGH OD\HU DV GHPRQVWUDWHG LQ D UHFHQW VWXG\ E\ 6KL

=KX HW DO > @ LQYHVWLJIJDWHG KRZ WKH PRUSKRORJ\ RI X
SDUWLFOHV LQIOXHQFHVY WKH DQRGL]LQJ EHKDYLRU RI $0O 6L
OHYHOV UDQJLQJ IURP WR ZW ©6LOLFRQ SDUWLFOHV L

PP
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WKH XQWUHDWHG DOOR\V FUHDWLQJ D FRQQHFWHG EUDQFI
EHWZHHQ WKH VLOLFRQ SDUWLFOHV GXULQJ WKH DQRGL]LQ.
EHWZHHQ WKH SDUWLFOHV D VLJQLILFDQW SRUWLRQ RI W
$GGLWLRQDOO\ VXEVWDQWLDO ORFDOL]J]HG LQWULQVLF VWUF
$@® OHDGLQJ WR WKH IRUPDWLRQ@R | FVU GARINSN\OEVPIEGF DY L W L H

=KX HW DO > @ VWXGLHG WKH UHVLVWDQFH RI FRUURVLR(
VLOLFRQ SDUWLFOHV 7KH\ VXEMHFWHG DQRGL]HG $06L 0J
WKHP LQ D ZW 1D&0O VROXWLRQ IRU K 7KH LQWHUDEWLRQC
IRUPHG D PLFUR JDOYDQLF FHOO FDXVLQJ WKH DQRGLF OD\|
$06L LQWHUIDFH $Q LQFUHDVH LQ WKH GHIHFW FRQWHQW ZLV
LQWHQVH JDOYDQLF FRUURVLRQ XQGHUQHDWK WKH R[LGH VX

Un-anodised Al

8

W Cavities

J)LIXUH'6 HOHPHQWDO PDS RI WKH DQRGL]®G OD\HU LQ $0+6L F
,URQ 5LFK QWHUPHWDOOLF 3DUWLFOHYV

,URQ LV IUHTXHQWO\ SUHVHQW LQ $0O0 6L DOOR\V GXH WR
SUHVHQFH RI )H LV EHQHILFLDO LQ SUHYHQWLQJ GLH VROGH!
+RZHYHU )H LV DQ XQGHVLUDEOH DOOR\LQJ HOHPHQW EHFD X
OLNH $0O0 )H6L SDUWLFOHV UHGXFLQJ GXFWLOLW\ DQG FRUUI
FRPSRVLWLRQ RI LURQ ULFK LQWHUPHWDOOLF FRPSRXQGV W
GXULQJ WKH DQRGL]LQJ SURFHVY > @ )XUWKHUPRUH WKH\ |
OD\HU FUHDWLQJ D ZDY\ ERXQGDU\ ZLWK WKH XQDQRGL]HG
$O0 )HOBL DQH$ISKXDVHYV LPSHGH WKH SURJUHVV RI WKH DQRGL

PQ



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

RILGDWLRQ HQHUJH>SI® WKEOHW®[LGL]HG DW WKH VDPH UDW
FRXOG QRW EH HQWUDSSHG LQ WKH R[LGH OD\HU > @ 'X
GLVVROXWLRQ RI LURQ ULFK LQWHUPHWDOOLFV FUHDWHYV Y
> @ ,URQ ULFK LQWHUPHWDOOLF FRPSRXQGV IRUP D JDO)Y
WKHUHE\ LQFUHDVLQJ DQG HIDFHUEDWLQJ SLWWLQJ FRUURVL

&RSSHUFK QWHUPHWDOOLF 3DUWLFOHYV

&RSSHU IRUPV DQ LQWHUPHWDOOLF SKDVH ZLWK DOXPLQXP
EORBE&XRU DOWHUQDWLROD HBXHFO@DH RIWKH SUHVHQFH R
VROLGLILEFDWLRQ RWKHU FRSSHU FR@WB L QL Q@ CRKSK/ BIWHF D Q
PD\ DSSHDU DV EORFN\ IRUPRD RROSEKSBIOW VFOMMW HIMIGL Q WK H
DUHDV 7KH DQRGL]JLQJ EHKDYLRU RI FRSSHU ULFK FRPSRX
FRPSRVLWLRQ > @ )UDWLOD $SDFKLWHL HW DO&X% SEDWWXG L
LQ DQ $06L &X DOOR\ 7KLV SKDVH ZDV REVHUYHG DV ODUJH
UDQJLQJ IURP WR P $V WKH DQRGLF IURQW DSSURDFKH
GLVWULEXWLRQ IDYRUHG WKH FRSSHU SKDVH EHFDXVH LWV
VXUURXQGLQJ DOXPLQXP PDWUL[ &RQVHTXHQWO\ WKLV OHG
R[LGH JURZWK ZLWKLQ WKH SDUWLFOH ZKLFK SHUVLVWHG
FRPSRXQG RFFXUUHG > @ $GGLWLRQDOO\ WKH &X 2 ERQC
UHVXOWLQJ LQ WKH JHQHUDWLRQ RI JDVHRXV R[\JHQ GXULQJ
PD\ RFFXU ZKHQ WKH JDV SUHVVXUH LV VXIILELHQWO\ KLJK
H[KLELWY DQRGLF EHKDYLRU UHODWLY&XWR WKE& $@ FRWQ WL
LQWHUPHWD O OL&EX)IK BIYKIVE OWNFD WX RGLF EHKDYLRU DFFHOH!
DGMDFHQW DOXPLQXP PDWUL[ $GGLWLRQDOO\ WKHVH FRPSI
OHDGLQJ WR WKH GLVVROXWLRQ Rl WKH QHLJKERULQJ DOXPL
DV SWUHQEKLQJ > @ 7KH YDULRXV EHKDYLRUV Rl FRSSHU
)LIXUH

PR
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,QIOXHQFH RI 3URFHVVLQJ 3ULRU WR WKH $QRGL]L

&DVWLQJ WHFKQLTXH

7KH IRUPDWLRQ RI WKH R[LGH OD\HU GHSHQGV RQ WKH F|
FRPSDUHG WKH DQQRGVHEODBROBRO/ SURGXFHG E\ SUHVVXUH GL
7KH\ IRXQG WKDW WKH DQRGL]JHG OD\HU LV WKLFNHU IRU VD
PDWHULDOV 5LGGHU HW DO > @ H[DPLQHG DQRGL]HG D
PDQXIDFWXULQJ PHWKRGV2H[WUXVLRQ SHUPDQHQW PROG FD
FDVWLQJ +3'& 7KH DOXPLQXP IRXQGU\ DOOR\V XVHG ZHUH $
FDVWLQJ $06L 0J IRU HIWUXVLRQ DQG $06L &X IRU KLJK S
WA\SLFDOLW\ IRU WKHLU UHVSHFWLYH SURGXFWLRQ SURFHVV|
WKH R[LGH OD\HU RQ WKH H[WUXGHG VDPSOH FRXOG EH DWW
WKH VSHFLILF IDEULFDWLRQ PHWKRG ,Q FRQWUDVW PDWt
H[KLELWHG R[LGH OD\HUV RI QRQ XQLIRUP WKLFNQHVV RQ Wk
ORZHVW DYHUDJH WKLFNQHVY DQG WKH KLJKHVW YDULDWLR
+3'&« SURFHVV 7KLV )LVAOOXVWUDWHG LQ

» .

Aluminium oxide Aluminium oxide

Aluminium alloy 50 pm Aluminium alloy 50 pm

c Resin_| [

¥

Aluminium oxide Aluminium oxide

Aluminium a"oy 50 Hm Aluminium a"oy 50 ym

JLIXURSWLFDO PLFURJUDSKYV RI FURVV VHFW IHRQVRR DGR EDMVE OB \N D (RG
HIWUXGHG DQG G KLJK SUHVVXUH GLH FDVW VXUIDFHYV

PS
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OHFKDQLFDO RSHUDWLRQ

7TKH LQGXVWU\ ZLGHO\ XVHV VXUIDFH PDFKLQLQJ RSHUDWL
UHTXLUHG GLPHQVLRQV 7KH LPSDFW RI PDFKLQLQJ RQ WKH
YDULRXV UHVHDUFK VWXGLHYVY LQYROYLQJ K\SRHXWHFWLF $0O
FDVWLQJ PHWKRGY GXH WR WKH DOOR\YV KHWHURJHQHRXYV F

2QH DGYDQWDJH RI WKH PLOOLQJ SURFHVYV ZDV LWV DELOL
IRUPV GXULQJ KLJK SUHVVXUH GLH FDVWLQJ +3'& DW UHODMW
DUH UHPRYHG IURP WKH GLH DW DURXQG f& D WKLFNHU V
RQH WKDW IRUPV QDWXUDOO\ DW URRP WHPSHUDWXUH > @
DGYHUVHO\ LPSDFWV WKH WKLFNQHVV RI WKH DQRGLF RJ[LC
WUHDWPHQWY DUH XVHG WR HOLPLQDWH VXUIDFH LPSXULWL
R[LGH OD\HU +RZHYHU DONDOLQH FOHDQHUV PLJKW DOVR
VXUIDFH H[SRVLQJ WKH XQGHUO\LQJ LQWHUPHWDOOLF FRPS]|

&DOLDUL HW DO > @ GHPRQVWUDWHG WKDW PLOOLQJ RSF
LPSURYHVY R[LGH JURZWK 7KH PDFKLQLQJ VWHS UHPRYHV VXI
ORZHU HXWHFWLF FRQWHQW DQG ODUJHU 6L SDUWLFOHV $Q
JHQHUDOO\ VKRZV WKLFNHU DQRGLF R[LGH OD\HUV > @

30DVPD HOHFWURO\WLF R[LGDWLRQ 3(2

3(2 HTXLSPHQW VHWXS

JLIXUMKRZV D W\SLFDO DUUDQJHPHQW RI WKH 3(2 HTXLSPHQ
HOHFWULFDO VRXUFH PDNH XS WKH DSSDUDWXV 7KH FDWKF
W\SLFDOO\ FRQVWUXFWHG RI VWDLQOHVY VWHHO $ FRROLQJ
WKH HOHFWURO\WH WHPSHUDWXUH DW WKH GHVLUHG OHYH
JURXQGHG FDVH DQG VHW RQ DQ LQVXODWLQJ EDVH )RU VDIFL
VHWXS )RU 3(2 D YDULHW\ RI SRZHU VRXUFHV LQFOXGLQJ
DOWHUQDWLQJ FXUUHQW $& VRXUFIHS GFHD\Q E K LH R SIDARWHIBY >\
DUH FRQQHFWHG WR WKH FXUUHQW VXSSO\ DQG LPPHUVHG |
DFWLYDWLQJ WKH HOHFWURO\WH PL[LQJ DQG FRROLQJ V\VWH
LV DSSOLHG WR WKH ZRUNSLHFH LQ DFFRUGDQFH ZLWK WKH

PT
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Electrolyser Thermocouple Mixer Power supply unit

& Y

\ AL =

|

T

Component

T
|

T
|

Insulating plate

Cooling system

-~

JLIXUH\SLFDO DUUDQJHPHQW RI WKH HTXLSPHQW XVHG IRU 3(2

3(2 FRDWLQJ IRUPDWLRQ PHFKDQLVP

7KH JHQHUDO PHFKDQLVPV WKDW RFFXU GXULQJ D 3(2 SURFH
WKH LQWHUIDFH EHWZHHQ WKH PHWDO DQG HOHFWURO\WH E
RI WKH GLHOHFWULF R[LGH OD\HU DQG F)IGEKHOHRZYVLW KRHL G
HYROXWLRQ RI WKH FRDWLQJ OD\HU

7KH PLFUR GLVFKDUJH FRDWLQJ IRUPDWLRQ SURFHVV FDQ EF
ZKHQ WKH EUHDNGRZQ YROWDJH LV UHDFKHG D ODUJH QXF
SURGXFHG EHFDXVH RI PLFUR UHJLRQDO LQVIWQGE L6AHOW HIDQ L R
WKH FKDQQHOV YLD HOHFWURSKRUHVLY ZKHQ VXEMHFWHG W
WKH DOOR\LQJ HOHPHQWYV LQ WKH VXEVWUDWH PHOW RU GLII
KLJK SUHVVXUH 6HFRQG WKH R[LGH SURGXFWV VROLGLI\ DV
LQFUHDVLQJ WKH FRDWLQJ WKLFENQHVYV L KW H HOORFP/DICR [ USHDR (
GHSRVLW RQ WKH FKDQQHO ZDOOV DV WKH GLVFKDUJH FKDQ
JDVHV SURGXFHG DUH IRUFHG WR HVFDSH IURP WKH GLVFKD!
KROHV ZLWK YROFDQR$WHKDSHR[LGDWLRQ SURFHVV FRQWLQ:
UHSHDWHG LQ WKH UHODWLYHO\ ZHDN UHJLRQV Rl WKH HQWL
FRDWLQJ WKDFNGHVFULEHY WKH HYHQWY WKDW WDNH SODEH

PU
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aJ hl Coating

oo

] Aluminum substrate

hy: sample thickness before PEO  a : outward growth thickness
h,: sample thickness after PEO b : part growing toward substrate
h : thickness of the PEO coating

JLIXUH3(2 FRDWLQJ IRUPDWLRQ RQ D $O0 VXEVWUDWH >

8QGHU WKH UDSLG FRROLQJ HIIHFW Rl WKH FROG SUR[LPLV
SURGXFWV QHDU WKH FRDWLQJ+VXEVWUDWH LQWHUIDFH VRC
VPDOO XQLIRUP QDQRJUDLQV 7KH QDQRJUDLQV LQ WKLV OC
PHWDOOXUJLFDO SURFHVV FDXVHG E\ UHSHDWHG GLVFKDUJH
FORVH WR WKH LQWHUIDFH H[KLELWV D QDQRVFDOH SRO\FU!
QDQRFU\WWDOOLQH LQQHU OD\HU —P WKLFN DQG D QDQR
WKH FRDWLQJ IRUPHG RQ WKH $0 DOOR\ 7KHUHIRUH LW LV E
OD\HU LV D XQLYHUVDO FKDUDFWHULVWLF Rl WKH 3(2 SURFI
QDQRFU\WWDOOLQH OD\HU LV FRQWLQXRXVO\ IRUPHG E\ FRC
WKLV LV DOVR UHJDUGHG DV WKH SULPDU\ LQWHUQDO JURZW

= 4 um

JLIXUH6(0 LPDJH REWDLQHG DIWHU 3(2 SURFHVV RQ 32 WHOMHFQLXRPOYWPR S O
VKRZY YROFDQR VKDSHG GLVFKDUJH FKDQQHOV > @

PV
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JLIXUHS GHVFULSWLRQ RI WKH HYHQWYV WKDW RRRXQUDGK BEHQU@QY RQJOMH GRWY
RI SODVPD FKDQQHO WKURXJK FRDWLQJH@H EBWILRQLR RIL & KE E® HHIQURYW
DQG KHDWLQJ RI DGMDFHQW UHJLRQ OL QFH PWHED V H CRD VB EVBAOTH] 1D WHL D QG X\H.
UHPRYDO RI OLTXHILHG R[LGH I@RP GLVFKDUJH FKDQQHO

SDUDPHWHUYV DIIHFWLQJ WKH 3(2 SURFHVYV

9DULRXV SDUDPHWHUV LQIOXHQFH WKH FRDWLQJYV TXDOL
SURFHVV 7KHVH SDUDPHWHUV DUH GLYLGHG LQWR LQWULQV
PDWHULDO DQG H[WULQVLF H J SURFHVV WLPH YROWDJH
WR WKH SDUDPHWHUV PHQWLRQHG DERYH RWKHU IDFWRUV L
DQG WKH GHYHORSPHQW RI VRIW SODVPD GEVFK@UJHYVY DW WHEK

(OHFWULFDO FRQGLWLRQV

$ FRQGLWLRQ WKDW VLIJQLILFDQWO\ DIIHFWV WKH 3(2 FRDW
7KH GLITHUHQW PRGHV RI HOHFWULF FXUUHQW FDXVH GLIIHU
FRDWLQJ JURZWK DQG PDI@LWXGH RI SRURVLW\

7KH SRZHU VRXUFH SOD\V D GHFLVLYH UROH LQ DFKLHYLQJ
LQGXVWULDO XVH 7KH GHYHORSPHQW RI HQHUJ\ VRXUFHV KL
VRXUFHV IRU HQHUJ\ VXSSO\ DUH XVIHGG EXBR @MVU' & KK3HV/3DGO V F
XVH RI FRQWLQXRXV FXUUHQW '& ZDV OLPLWHG EHIRUH

PW
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FRQILQHG WR SUHSDULQJ WKLQ OD\HUV RQ VLPSOH SDUWYV G?>
DQG DGMXVWLQJ WKH VXUIDFH GLVFKDUJH )ROORZLQJ WKDW
GHYHORSHG HQDEOLQJ UDSLG GHYHORSPHQW RI 3(2 WHFKC
GLVFKDUJH SHULRG YLD WKH ZRUN F\FOH H QDA KQU FFXKWHI HQ
GHQVLW\ LV QHHGHG DW WKH KLJKHU DSSOLHG YROWDJH XV
WKH IRUPDWLRQ RI WKH GRXEOH ODAKNUHRIRUFK VRIQW VD QQMD
FXUUHQW $& FDQ RYHUFRPH WKH SRODUL]DWLRQ RI WKH HOI
SHUERd

)RU DOXPLQXP DQRGL]LQJ LQ DONDOLQH VROXWLRQV PDQ\
DQG JDV HYROXWLRQ PD\ WDNHJISODBB FREW $Y JVKRZDHLEBH H ¢
XVLQJ D YDULHW\ RI FXUUHQW PRGHV 7KHUH DUH WKUHH GL
KDSSHQ GHSHQGLQJ RQ WKH FXUUHQW PRGH EHLQJ XVHG

7KH SHULRG ZKHQ WKHWH KK RREOORH QW BSKHEOR/MHDW UHDF\
DOXPLQXP VXEVWUDWH DQG UHOBBV$HOWR MW B OMXKPH. B DWW FAML RRY
F> @

$0O 2 2+: $02DT +

$0O 2+ 30 2+ JHO ««&aaea««

&KHPLFDO GLVVROXWLRQ FDQ FDXVH WKH DOXPLQD FRDWLQJ
s$Q@ 2+ +2 : $0 2+ JHO : $Q 2+2+ ««

$OXPLQXP K\GUR[LGH FDQ EH UHGLVVROYHG DQG DOXPLQXP
$O0 2+ 2+: $0 2+ Dk«

$0 2 5Q +9 ««

7KH DQRGLRROHWLRIE WXULQJL WKLV SWKWHLRG@RGH LV WKH V
HOHFWURFKHPLFDO R[\JHQ HYROXWLRQ DQG PHWDO R[LGDWL
KLJK HOHFWULF ILHOG GXULQJ WRR YSH RVARRHADW GR W XHHQ DIARIERD
FRPELQH ZLWK WKH VXEVWUDWH WR JHQHUDWH PHWDO RI[L

P X
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GLVVROXWLRQ RU WKH SURGXFWLRQ RI DQ DQRGLF R[LGH O
FRPSRVLWLRQ DQG FKHPLFDO DFWLYLW\ > @

+2 2 + H« «
$0 2 $02 ««

7TKH SHULRG RI FDWKRRGOLRDWWRQY BQHWOAWWUWFWHG WR W
VXEVWUDWH DWJIWKEYV BHLR@®REG DUH UHSHOOHG DQG PHWDO
+\GURJHQ HYROXWLRQ FDQ DOVR KDSSHQ LQ HOHFWURO\WHYV

$0 H: $0 ««

+ 2 H + 2+ ««

) (a) (b)
] o

] 2

F-| I — 3

g g

t t

2 S
2 g

H ;“_\_\_T """
= - it
O O on

JLIXUH9DULRXV W\A\SHV RI FXUUHQW PRGHV XVHG LQ 3(2 D GLU
E DOWHUQDWLQJ FXUUHQW $& F XQLSBOBQWXOVHG FXUUHQ\

=KDQJ HW@LYHVWLIDWHG WKH LQIOXHQFH RI FXUUHQW GHC
UDWH DQG JURZWK PHFKDQLVP 7KUHH FXUUHQW GHQVLW\ Z
$ GP $ GP $ GPLWK LQFUHDVLQJ FXUUHQW GHQVLW\ WKH [
WKH UDWH RI JURZWK LV QRW OLQHDU +LJK FXUUHQW GHQVL
PRUH GHIHFWYVY ODUJH SRUHV FDYLWLHV DQG FUDFNV DQ
LQWHUIDFH $00 3(2 FRDWLQJ OD\HUV KDYH DQ DSSUR[LPDW
PDQ\ KDOlI VSKHULFDO REMHFWY PHDVXULQJ —P DW WKH

QO



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

GHQVLW\ PDNHV LW HDVLHU WR FDXVH W\SH % 3LQ GHSWK" ™ GL
& 3VXE VXUIDFH" GLVFKDUJHV 6WURQJHU GLVFKDUJHV W\SH
FXUUHQW GHQVLW\ UHVXOWLQJ LQ D ODUJH DPRXQW RI PROW
LQWR WKH FRDWLQJ VXUIDFH DQG UDSLGO\ VROLGAUEHG DQC
VKRZV WKH WKUHH W\SHV RI SODVPD GLVFKDUJH WKDW RFF:
VXUIDFH

e —

\ Aluminum substrate !
\\/-"/\/ B @ . \""\_/\‘—v\/"\\)

JLIXUH6FKHPDWLF GLDJUDP Rl WKH GLVFKDUJH FKDUDBFWWEUWD WWLFV GXU|

7KH XVH Rl WKH SXOVHG '& FXUUHQW PRGH HQDEOHV FRQV
IRUP DOORZLQJ IRU PRUH HIIHFWLYH XVH RI DYDLODEOH SF
FDXVHG E\ LQWHUYDO GLVFKDUJH > @ ,Q FRPSDULVRQ WR
KDV EHHQ VKRZQ WR SURGXFH GHQVHU 3(2 FRDWLQJV RQ DOX
DQG D PRUH XQLIRUP FRDWLQJ WKLFNQHVV > @ 'XH WF
FRDWLQJV WKH SXOVHG ELSRODU FXUUHQW PRGH KDV UHFHC

$OOR\ FRPSRVLWLRQ

$OOR\ FRPSRVLWLRQ LV WKH GHFLVLYH IDFWRU LQ IRUPLQJ
GLIILFXOW ZKHQ WKH DOOR\ FRQWDLQV KLJK OHYHOV RI 6L R
7KLV SUREOHP FRXOG EH RYHUFRPH E\ XVLQJ SODVPD HOHFV
WKH PDLQ HOHPHQWY WKDW FDXVH LUUHJXODU IHDWXUHYV |
LQYHVWLIDWHG GLIITHUHQW $0 6L DOOR\V WR XQGHUVWDQG V
SURFHVV > @

QP
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7KH SUHVHQFH RI VLOLFRQ HVSHFLDOO\ SULPDU\ VLOLFRQ
DQG WKH WKLENQHVV RI WKH 3(2 FRDWLQJ WKH 3(2 FRDWLC
FRQWHQW LQ WKH DOOR\ $OVR VHOHFWLQJ WKH SRZHU PR
FKDUDFWHULVWLFV DQG25F®Q¥MUIW V¥ RPISRXQGYV PDNLQJ WKH
PRUSKRORJ\ PRUH XQLIRUP 3XOVHG ELSRODU YROWDJH PRG
DQG 3(2 FRDWLQJ XQLIRUPLW\ 7KH VL]H RI HXWHFWLF 6L SDL
SURSHUWLHV Rl WKH FRDWLQJ OD\HU > @ LQYHVWLJDWHG
6L DOOR\V

7KH PHWKRG XVHG WR SURGXFH $0 6L DOOR\ DIIHFWV LWV
UROH LQ WKH 3(2 SURFHVV DQG WKH 3(2 FRDWLQJ 6L SKDV
HXWHFWLF $O0 6L DOOR\V W LPSURYHV WKH HIILFLHQF\ RI \
XQLIRUP FRDWLQJV ZLWK EHWWHU PHFKDQLFDO DQG DQWL]
PDQXIDFWXUHG $0 $O 6L 0J DOOR\ HIKLELWHG D PRUH XQLI
DQG LQWHUIDFH WKDQ WKH FDVW DOOR\ WKLV EHKDYLRXU
KRPRIJHQHRXV 6L GLVWULEXWLRQ +RZHYHU WKH 3(2 FRDWLQ
KLIJIKHU KDUGQHVY DQG HODVWLF PRGXOXV UHVXOWLQJ LQ V

(OHFWURO\WH FRPSRVLWLRQ DQG DGGLWLYHV

7KH VHOHFWLRQ RI WKH HOHFWURO\WH FRPSRVLWLRQ VLJQL
DQG WKH UHVXOWLQJ FRDWLQJ 7KH VSHFLILF FRPSRVLWLRQ\
VHQVLWLYH EXW LQ JHQHUDO 3(2 HOHFWURO\WHV DUH DOND
DQG AU ZLWK S+ YDOXHV UDQ@IL@ XS WR DERXW

7R PHHW WKH SUHUHTXLVLWH IRU GLHOHFWULF EUHDNGRZQ
VXFK DV VLOLFDWHYV DOXPLQDWHYV DQG SKRVSKDWHV DUF
HOHFWURO\WHV W KDV EHHQ IRXQG WKURXJK H[SHULPHQWYV
QRW VXLWDEOH IRU FRPPHUFLDO XVH GXH WR WKH ORZ JUF
FRQVXPSWLRQ OD\HU VR LW LV SUHIHUDEOH WR XVH FRPS
FRPPHUFLDO XVHV

$GGLQJ VXVSHQGHG SDUWLFOHV WR 3(2 HOHFWURO\WHV KD
R[LGH FRDWLQJV RQ OLJKWZHLJKW PHWDOV VXFK DV DOXPLC

QQ
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> @ $ ODUJH QXPEHU RI SDSHUV XVH 3(2 WR FUHDWH FRPS
DOOR\V > = @ HQKDQFLQJ WKHLU UHVLVWDQFH WR ZHDU D
FRDWLQJY EHFRPH PRUH FRPSDFW ZLWK SDUWLFOHV WHQGL!
6KRNRXKIDU DQG $OODKNDUDP > @ FRQILUPHG WKDW D
HOHFWURSKRUHWLF HIITHFWV DUH WKH PRVW FRPPRQ PHFKDOQI
FRDWLQJYV 2WKHU VWXGLHV KDYH VKRZQ WKDW SDUWLFOH
GLVWULEXWLRQ WKURXJKRXW WKH 3(2 FRDWLQJV ZKHUH VP
WKH HDUO\ VWDJHV ZKHUHDV ODUJHU>SD@WLFOHY UHPDLQ Q

2 +DUD HWE@XY¥HVWLIDWHG WKH LQFRUSRUDIWLRGQ-RIDWG/SH (

QP DQG 0J2 —P LQWR 3(2 FRDWLDKN BRVHD WY A QG IVKEW
ODUJH $OUWLFOHYV —P ZHUH QRW LQFRUSRUDWHG ZKLOH
RI FRDWLQX2 QDQ® SMUWLFOHYV KDG WKH EHVW LQFRUSRUDW
UHYHDOHG WKDW 0J2 SDUWLFOHV UHPDLQ VWDEOH LQ WKH $¢
FRDWLQJ FRQWDLQV DL®H X USKIOHHP RUDBIVEOFOHY UHDFW ZLWE
$O7L2 /IX HW DO > @ GHPRQVWUDWHG WKH HIITHFWV Rl SDUWL
WR IRUP QHZ SKDVHWYDQ@REBDHW®\LEOH V QP ZHUH UHDFWLYHO
0J2 DQG IRUPLQJ QHZ JODVV\ VLOLFDWH SKRYBDHKWWHOSIKDV H V-
ZHUH LQHUWO\ LQFRUSRUDWHG LQWR W& M H3M¥ LFIIHLED W KIHD (
LQFRUSR UDQDIQRISOUPWLFOHY LQWR WKH 3(2 FRDWLQJV RQ
YDU\LQJFRIQFHQWUDWLRQV DIIHFW WKH PRUSKRORJ\ DGKHVL
3(2 FRDWLQJV /RSH] ODUWLQH] HW DO $@ @ DLONHOMLI DWARH ¢
SURFHVVLQJ RI DGGLWLYHO\ PDQXIDFWXUHG $0 6L0J DOOR)
HQHUJ\ FRQVXPSWLRQ

$Q LPSRUWDQW IDFWRU ZKHQ XVLQJ 3(2 LV LWV VXEVWDQV
UHTXLUHPHQWY FRPSDUHG WR KDUG DQRGL]JLQJ ZKLFK FRQV

VHYHUDO VWXGLHV KDYH LQGLFDWHG > @ 8WLOL]LQJ D
HPSOR\LQJ DSSURSULDWH FXUUHQW DQG IUHTXHQF\ VHWWL
> @ /RSH] ODUWLQH] HW DO > @ TXDQWLILHG 3(2 HC

SDUWLFOH LQFRUSRUDWLRQ DORQH UHGXFHG WKH HQHUJ\ FF

QR
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ZLWK FRQYHQWLRQDO 3(2 ZKLOH FRPELQLQJ SDUWLFOH DGG
DFKLHYHG VDYLQJV RI XS WR a

7KH LQWURGXFWLRQ RI VWURQWLXP DOXPLQDWH SDUWLFOH
DGG ORQJ ODVWLQJ OXPLQHVFHQFH DORQJ ZLWK WKHLU DHVV
(Xdp DQG '"\fip FDQ EH LQWHJUDWHG LQWR 3(2 FRDWLQJV XVLC(
SRUH ILOOLQJ WHFKQLTXH FRPPHUFLDO 6U$Ow2y (Xd&p '\iip SR
OD\HU IRUPHG E\ 3(2 DV UHSRUWHG E\ $X]LQV HW DO > @ 6
6U (X DQG '\ SUHFXUVRUV DUH DGGHG GLUHFWO\ LQWR WKH
WR WKH IRUPDWLRQ RI 6U$Ow2y (X8p '\fip SKDVHV WKDW DUH
GHPRQVWUDWHG E\ %LWH HW DO > @ 1HYHUWKHOHVV WKX
WKH EHKDYLRU Rl XQGRSHG VWURQWLXP DOXPLQDWH SDUWL
QRU WKHLU LPSDFW RQ WKH FRDWLQJ VWUXFWXUH DQG SURS

.QRZOHGJH JDS

'"HVSLWH WKH SURJUHVYVY PDGH LQ DQRGL]LQJ DQG 30DVPD (
VHYHUDO FULWLFDO TXHVWLRQV UHPDLQ UHJDUGLQJ +3'& DO
PD\ EH DOWHUHG E\ PDFKLQLQJ DQG ILQLVKLQJ SURFHVVHV D
YDULDWLRQV DFURVV GLIITHUHQW FRPSRQHQW UHJLRQV DUL
VI\VWHPDWLF LQYHVWLIJDWLRQ RI WKHVH PLFURVWUXFWXUD
SDUDPHWHUV LV UHTXLUHG 6HFRQG DOWKRXJK WKH ZHDU U
KDV EHHQ VWXGLHG WKHUH LV VWLOO OLPLWHG XQGHUVWD:
+3'& DOOR\V DIITHFWV WKH ZHDU EHKDYLRU RI KDUG DQRGL]HC(

,Q WKH SUHVHQW ZRUN 3(2 ZDV FDUULHG RXW LQ VLOLFDW!
VWURQWLXP DOXPLQDWH SDUWLFOHV 8QGHU 3(2 FRQGLWLRQ
LQFRUSRUDWHG LQWR WKH 3(2 FRDWLQJ IRUPLQJ D QHZ SI
FRPSRVLWH FHUDPLF FRDWLQJ 3(2S 7KXV IDU QR VWXGL
EHKDYLRU Rl XQGRSHG VWURQWLXP DOXPLQDWH SDUWLFOHYV
WKHLU LPSDFW RQ WKH FRDWLQJ VWUXFWXUH DQG SURSHUW|

7KLY GLVVHUWDWLRQ DGGUHVVHV WKHVH NQRZOHGJH JI
$06L &X )H DOOR\ VXUIDFHV LQ ERWK DV GLHFDVW DQG JUR

QS
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RQ HYDOXDWLQJ FRDWLQJ JURZWK PLFURVWUXFWXUDO LQWE
WKH IROORZLQJ FDVHYV

L $QRGL]HG VDPSOHVY WUDGLWLRQDO DQRGL]LQJ + H[DP

ZHDU EHKDYLRU LQFOXGLQJ WKH FRQWULEXWLRQ RI
VXEVWUDWH

LL +DUG DQRGL]JHG OD\HUV * DVVHVVLQJ WKH SURSHUWL
SHUIRUPDQFH

LLL3(2 FRDWLQJV + FKDUDFWHUL]LQJ WKH FRDWLQJ SURSH

LY 3(2S FRPSRVLWH FRDWLQJV + DQDO\]LQJ WKH PHFKDQL
DQG WKHLU DVVRFLDWHG ZHDU EHKDYLRU

Y ([DPLQH WKH FRUURVLRQ EHKDYLRXU RI WKH 3(2 DQG 3

QT



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

&KDSWHU ODWHULDOV DQG OHYV

ODWHULDOV

7TKH LQYHVWLJDWLRQ ZDV FRQGXFWHG RQ D GLH FDVW $06L
RI WKH H[SHULPHQWDO DOOR\ PHDVXUHG E\ REWLFPROHHPLVV
VDPSOHV ZHUH SUHSDUHG IURP GLH FDVW SURGXFWV 7ZR
VXEVWUDWH SURSHUWLHY DV GLHFDVW DQG JURXQG VXUIDEF|
6L& DEUDVLYH SDSHU RI JULW VL]H WDUJHWLQJ D PP PD

7TDEOKKHPLFDO FRPSRVLWLRQ RI WKH H[SHULPHQWDO DOOF

6L )H &X 0Q 0J =Q &u 1L 7L $0

ED

6 XUIDFH WUHDWPHQW

6DPSOH SUHSDUDWLRQ

7KH VXUIDFH SUHSDUDWLRQ SURFHVV LQFOXGHYV WKH IROOF
PRGHUDWHO\ DONDOLQH GHJUHDVLQJ VROXWLRQ FRQWDLQLQ
I[IUHH RI VLOLFRQ FRPSRXQGY WKH FRQFHQWUDWLRQ RI GLVV
XOWUDVRQLF FOHDQLQJ GHYLFH IRU PLQ DW ¢ f& T7KH
ZDWHU 7KH VXEVHTXHQW SLFNOLQJ SURFHVV LQYROYHG LPI
FRQWDLQLQJVXOIdULF DFGGVVROYHG DOXPIKQEBPRDIPG SHURJ[L
IRU VHFRQGY GHJUHDVLQJ DQG SLFNOLQJ VROXWLRQ G
THFKQRORJ\ . IW )LQDOO\ WKH VDPSOHV ZHUH ULQVHG ZLWI

$ VKLHOGHG FRSSHU ZLUH GLDPHWHU RI PP ZDV XVHG )
WKH VDPSOHV $ FRPPHUFLDO UHVLQ /DFTXHU ODF'HUPLG
DUHD ZKLFK PHDVXUHG FPS IRYLKDWUIG HDYQHRIBAYL @K IDQ 6 Us
7KLENQHVV PHDVXUHPHQWY ZHUH FRQGXFWHG XVLQJ DQ H(
JLVKHU HTXLSSHG ZLWK DQ )7$ + SUREH ZLWK WKH DYHUDJ

QU



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

JLIXUH3UHSDULQJ WKH VDPSOH VXUIDFH IRU 3(2 WUHDWPF
7TUDGLWLRQDO DQRGL]LQJ

6DPSOHV ZHUH DQRGL]HG IRU PLQ LQ D VXOIXULF DFLG H
JDOYDQRVWDWLF FRQGLWLRQV )RU SRWHQWLRVWDWLF DQRG
XVLQJ D FRQWUROOHG PLQXWH UDPS WR UHDFK VWHDG\ V\
PD[LPXP FXUUHQW GHQVLW\ GXULQJ WKH 66& SKDVH ZDV $

$QRGLF OD\HUV ZHUH IRUPHG LQ DQ HOHFWX®ICN\WH VDRO&WL
J/ DOXPLQXP DQRGDOLF/DFLG 7KH FXUUHQW ZDV VXSSOLHG
43; 'XDO DWW 7KH HOHFWURO\WH ZDV FRQWLQXRXVO\
NHSW DW . f&

+DUG DQRGL]LQJ

+DUG DQRGL]LQJ OD\HUV +$ ZHUH GHYHORSHG XVLQJ D
PDLQWDLQLQJ D FRQVWDQW FXUWKDRWDGHQEGRWE BH Z PG THG J
DOXPLQXP F\OLQGULFDO SODWH UHSUHVHQWHG WKH FDWKR
FRPSULVHV D PL[WXUH RI VIDQ%UIDF BBIS®LFKHP &$6
DQG R[DOLF DFILB[DOLF DFLG GLK\GUDWH &22+ w +w2 &$6
WKH SURFHVV WKH PL[WXUH ZDV VXEMHFWHG WR FRQVWDQV
FRQWUROOHG DW f& XVLQJ D +XEHU PLQL FKLOOHU 30XV
0 7KH WUHDWPHQW GXUDWLRQ ZDV DGMXVWHG WR
DOORZLQJ IRU PHDQLQJIXO FRPSDULVRQV ZLWK 3(2 FRDWLQJ\

QV



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

VDPSOHV ZHUH ULQVHG ZLWK GHLRQL]J]HG ZDWHU DQG GULHG
WUHDWPHQW ZDV DSSOLHG WR WZR GLITHUHQW LQLWLDO VXU

30bVPD HOHFWURO\WLF R[LGDWLRQ

7KH 3(2 WUHDWPHQW ZDV SHUIRUPHG LQ $& PRGH DSSO\LQ
SHDN RI 9 DQG D QHIJDWLYH SHDN RI 9 GXW\ F\FOH
($& 6 (7 6\VWHPV (OHFWURQLF 7KH VLIQDOV IRU URRW
FXUUHQW ZHUB EWSHRYEIKRY8/Y WKH SDUDPHWHUYV DQG HOHFWI
WUHDWPHQW ZKLFK LQFOXGHG WZR W\SHV RI HOHFWURO\WH

&$6 DQG WKH RWKHU ZLWKRXW SDUWLFOHV 7KH WL
WHPSHUDWXUH ZDV FRQVLVWHQWO\ PDLQWDLQHG DW f& 'V
VA\VWHP . /1$8'$ DORQJ ZLWK D GRXEOH ZDOOHG FHOO WKI

HOHFWURGH ZDV D F\OLQGULFDO PHVK PDGH)RIXNWIKRAHVV \
WKH YDULRXV FRPSRQHQWYV RI WKH 3(2 DSSDUDWXV )ROORZ
ULQVHG ZLWK GHLRQL]HG ZDWHU DQG GULHG XVLQJ LVRSU
SURGXFHG ZLWKRXW SDUWLFOH DGGLWLRQ WKH 3(2 GXUDW
FRDWLQJ WKLFNQHVV IRU ZHDU UHVLVWDQFH FRPSDULVRQ
VXPPDUL]HV WKH GHWDLOV RI WKH VDPSOHV

8VLQJ WKH +25,%% /DVHU 6FDWWHULQJ 3DUWLFOH 6L]H 'L\
GHWHUPLQHG WKDW WKH VWURQWLXP DOXPLQDWH SDUWLFOL
PHDQ SDUWLFOH VL]H RI —P DQG D ' YDOXH RI —F
DSSUR[LPDWHO\ —P WR DURXQG —P DQG WKHLU VSHFLIL

9ROWDJH WLPH DQG FXUUHQW GHQVLW\ WLPH FXUYHV ZHU
FDOFXODWH WKH VSHFLILF DSSDUHQW HQHUJ\ FRQVXPSWLRQ

WBio
DL F'—"i—G>90 | P6a1757

'KHUH 9 LV WKH«U? WXRIOWPD/OAHXUUHQW GHQVLW\ W LV WKH
WKH R[LGH OD\HU WKLFNQHVYV

QwW
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7TDEOKHOHFWULFDO DQG FKHPLFDO FRQGLWLRQV IRU 3(2 WUt

(OHFWURO\WH FRPSRVLWLRQ

J /1D2 6L2 [+2 6L2G J RR$6
3(2 ZLWKRXW S

J/.2+ &%$6

J /1D2 6L2 [+2 - 6L2G J RR$6
3(2S ZLWK sSDU J/.2+ &%6

J/VWURQWLXP DOXPLQDWH SDUWLFOHV =

(OHFWULFDO SDUDPHWHUYV
&XUUHQW GHR®LW\ >P$ P$FP

JUHTXHQF\ >+]@

9ROWDJH 9 9 >9@

7LPH >V@ a V DIWHU WKH FXUUHQW

BORSHV >V@ LQLWLDO DQG ILQDO VORE

Double-Walled Glass Container

Cooling System
Power Supply

JLIXUH&RPSRQHQWYV RI WKH 3(2 DSSDUDWXYV

QX
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7TDEOHHVFULSWLRQ RI WHVW VDPSOHV VXUIDFH FRQGLWLRQ

6 XUIDFH FRQGLWL

6DPSOH 6XUIDFH WUHDW
VXUIDFH WUHDW
3(2 & $V&DVW 3(2
3(2 * *URXQG PP 3(2
3(2 WKH HOHFWU
3(2S & $V&DVW
VWURQWLXP DOXPL
3(2 WKH HOHFWwWU
3(28 *URXQG PP

VWURQWLXP DOXPL

6XUIDFH FKDUDFWHULVWLFV

6 XUIDFH URXJKQHVY DQG PLFURVWUXFWXUH

7KH WKUHH GLPHQVLRQDO VXUIDFH WRSRJUDSK\ RI WKH FF
SURILORPHWHU HTXLSSHG ZLWK D1 OHQV ,QILQLWH)RFXVG6/
ZHUH DQDO\]HG XWLOL]JLQJ WKH ,) OHDVXUH 6XLWH VRIWZD!
LOQFOX&EZRBRLBK UHSUHVHQWY WKH DYHUDJH KHLIKW GHYLDWLR
RI WKH VXUIDKHID@QKLG6DV WKH DYHUDJH RI WKH ILYH KLJKHVYV
GHSWKV 30DQH YLHZ DQG FURVV VHFWLRQDO PLFURJUDSKYV
HOHFWURQ PLFURVFRS\ ZLWK D -(2/ -60 LQVWUXPHQW H
GLVSHUVLYH ; UD\ PLFURDQDO\VLV KDUGZDUH ZLWK D UHVRO
* 3),% 6(0 7KHUPR )LVKHU :DOWKDP 0$ 86% +LIJK UHYV
PLFURVWUXFWXUHY ZHUH FDSWXUHG DQG SURFHVVHG XVLQJ
SKDVHV DQG IHDWXUHV 7KH SKDVH IUDFWLRQ ZDV GHWHUPIL
PHDVXULQJ WKHLU UHVSHFWLYH DUHDV

OLFURKDUGQHVYV

OLFURKDUGQHVY ZDV PHDVXUHG LQ WKH FURVYV VHFWLRQ RI
XVLQJ WKH $.$6+, 09. ( 9LFNHUV PLFUR KDUGQHVV WHVWHU
YDOXHY SUHVHQWHG DUH WKH DYHUDJHV RI ILYH PHDVXUHPH

RO



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

;, UD\ GLITUDFWLRQ

3KDVH FRPSRVLWLRQ ZDV H[DPLQHG E\ ; UD\ GLIIUDFWLE
GLIIUDFWRPHWHU &X .. VFDQQEQWHKID®RDH RI  f+ f VWHS
SHU VWHS 7KH GLIIUDFWLRQ SDWWHUQV ZHUH SURFHVVHG
VRIWZDUH DQG WKH 3') GDWDEDVH WR LGHQWLI\ FU\WWDOO
ZDV GHWHUPLQHG E\ SHDN LQWHJUDWLRQ WRROV ZLWKLQ WK

‘HDU WHVW

7ZR GU\ ZHDU WHVWV ZHUH FRQGXFWHG D XQLGLUHFWLRQLEL
DQG D UHFLSURFDWLQJ VOLGLQJ ZHDU WHVW IRU KDUG DQRG

B8QLGLUHFWLRQDO VOLGLQJ ZHDU WHVW

‘HDU WHVWYV ZHUH FDUULHBQR KXW XAR@IL.IXURWDRQ @IVEDRROP
GU\ FRQGLWLRQVKH FRXQWHU ERG\ ZDV D PP GLDPHWHU DC
JUDGH * KDUGQHVV RI +9 DQG URXJKQHVV 5D RI =
XVHG KIOLKLQJ GLVWDQFH RI PDQG D VOLGLQJ VSHHG RI
XVLQJ WKH IRUPXOD 9 /711 ZKHUH 9 LV WKH ZHDU YROXPH
DSSOLHG ORDG 7KH ZHDU YROXPH ZDV GHWHUPLQH®IE\ DYHL
WKH FLUFXODU ZHDU WUDFN ,W LQYROYHG FDSWXULQJ SURIL
ZRUQ DUHD

i Cabinet

friction coefficient -
Distance profile

JLIXUHS8QLGLUHFWLR@QEL VP IZGIDQI VB HY W

RP
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7KH WKUHH GLPHQVLRQDO VXUIDFH WRSRJUDSK\ RI WKH
UHFRQVWUXFWHG PHWLFXORXVO\ XVLQJ D /HLFD '0 0 PLFURVI
VRIWZDUH DQG WKH DYHUDJH VXUIDFH URXJKQHVYVY 6D ZDV DI

6(0 ZDV XVHG WR FKDUDFWHUL]H WKH ZRUQ VXUIDFHV RI WK
ZHDU PHFKDQLVPYV

SHFLSURFDWLQJ VOLGLQJ ZHDU WHVW

7KH WULERORJLFDO SURSHUWLHV RI $06L &X )H DOOR\ K
3(2S FRDWLQJV ZHUH HYDOXDWHG XQGHU GU\ FRQGLWLRQV
OLFURWHVW DW URRP WHPSHUDWXUH 3aLJXUD@BVaNV BHOD)
SHUIRUPHG LQ EDOO RQ IODW OLQHDU UHFLSURFDWLQJ PRGF
FRXQWHU ERG\ ZzDV D PP GLDPHWHU DOXPLQD VSKHUH ZLWK

+9 DQG D URXJKQHVV 5D RI P 7KH FKRLFH RI DOX
LOWHQGHG WR HQVXUH WKDW WKH ZHDU WHVW IRFXVHV RQ \
PDWHULDO 7KH VOLGLQJ VSHHG GXULQJ WHVWLQJ ZDV P\
OHQJIJWK RI PP 7KH P GLVWDQFH ZDV VHOHFWHG WR PDLQV\
DQG WKH FRDWLQJ FUHDWLQJ VHYHUH \HW FRQWUROOHG FR
ZHDU UHVIKWWBD@HMWLPHQWY ZHUH SHUIRUPHG XQGHU WKH QRL
ZHUH SHUIRUPHG IRU HDFK VSHFLPHQ 7KH WKUHH GLPHQVLF
UHJLRQV ZDV UHFRQVWUXFWHG XVLQJ DQ RSWLFDO SURI

,QILQLWH)RFXV6E/ %XUNHU $OLFRQD $00O SURILOHV ZHUH Il
FDOFXODWH WKH ZHDU WUDFN YROXPH 7KLV SURFHVVLQJ Z
VRIWZDUH 7KH FXPXODWLYH LQWHJUDO RI SURILOH KHLJKW
E\ WUDSH]J]RLGDO QXPHULFDO LQWHJUDWLRQ 7KH UHVXOWLQ
WUDFN OHQJWK WR REWDLQ WKH ZHDU WUDFN YROXPH PP
E\ WKH DSSOLHG ORDG WR GHWHUPLQH WKH WRWDO YROXP|
VXUIDFHV RI YDULRXV VDPSOHV XVLQJ WKH 6(0 PLFURVFRSH
7TKHUPR )LVKHU :DOWKDP 0% 86%

RQ
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— —

s Z N
i ! ' — ~

— e
B
Cabinet ;
™.

JLIXUHS5HFLSURFDWL @ QG\LO EGAHD US WeI VW
(OHFWURFKHPLFDO FRUURVLRQ H[SHULPHQWYV

,Q RUGHU WR HYDOXDWH DQG FRPSDUH WKH FRUURVLRQ Et
GLIITIHUHQW 3(2 FRDWLQJV HOHFWURFKHPLFDO LPSHGDQFH °
SRODUL]DWLRQ 3'3 WHVWYV ZHUH SHUIRUPHG XVLQJ
SRWHQWLRVWDW *DO]JDQRVWDW =5%$ *DPU\ ,QVWUXPHQWYV :D
SHU FRQGLWLRQ ZHUH XVHG )RU WKHVH FRUURVLRQ WHVWYV
HPSOR\HG ZKHUH WKH UHIHUHQFH HOHFWURGH XVHG ZDV D
ZDV D JUDSKLWH URG DQG WKH ZRUNLQJ HOHFWURGHYV ZHUH
ZRUN ZLWK DQ H[SRVHRP YVXINDAMKBRIUHWIRH HOHFWURFKHPLFL
HOHFWURFKHPLFDO FRUURVLRQ WHVWV &RUURVLRQ WHVWYV
WHVWYV ZHUH SHUIRUPHG DW DPELHQW WHPSHUDWXUH DQG D

(OHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\ (,6

(,6 WHVWYV ZHUH SHUIRUPHG DIWHU K DQG GD\V LQ
RQ WKH LPSHGDQFH 7KH UDQJH RI IUHTRBGF\ VZHHBILWKE ZD
SRLQWV GHFDGH DQG WKH DPSOLWXGH Rl WKH VLQXVRLGDO
RSHQ FLUFXLW SRWHQWLDO 2&3

RR
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SRWHQWLRG\QDPLF SRODUL]DWLRQ 3'3

3'3 WHVWYV ZHUH FDUULHG RXW DIWHU K DQG GD\V RQFt
UDQJH IURP 9 WR 9 2&3 YV $J $J&0 DW D VZHHS UDW
SHUIRUPHG WR REWDLQ WKH SRWHQWLDO DQG FRUURVLRQ F>

- -
Potentiostat
(Gamry Instruments)

Working Electrode
(WE)

¥

JLIXUH(OHFWURFKHPLFDO &HOO 6HWXS IRU (,6 DQG 3'3 &RUUR)

RS
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&KDSWHU 7UDGLWLRQDO DQRGL]LQJ 7
+3'& $O06L &X )H

6XUIDFH FKDUJH GHQVLW\

6XUIDFH FKDUJH GHQVLW\ ZzDV FDOFXODWHG E\ LQWHJUDWI

YROWDJH FXUUHQW WIWHKHQGORWLGLQJ E\ WKH VDPSOH V WRW|
/DEOH

50 T | T | T T | T | T 2 50 T | T T T T T 2
—16 i— 1.6
= =
< —12% —12%
= z z
= S-e . ° o
S IR 08 E
— 04 — 0.4
4 0° —@— \Voltage - . —@— \oltage -
-& - Current density - &= Current density
ST 1T [ =~ [ 1 * "7 O T——T—— T 1 1 71 1°
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)
JLIXUH9ROWDJH FXUUHQW GHQVLW\ SURILOH RI DV VGILPMH MWW DV B WHOKEY DV
D YROWDJH RI 9 DQG E FXUUHQW RI $ GP

7TDEOH[SHULPHQWDO SDUDPHWHUV XVHG GXULQJ WR 8 WIIRG L6 6 & J VSVUHREFE V
FXUUHQW

6XUIDFH 1RPLQDO FX 6XUIDFH F
FRQGLWLR' GHQMWbLW\ GP GHQVLW\ .
$VGLHFDVW

$QRGL]LQJ SL

669 9
*URXQG
$VGLHFDVW
669 9
*URXQG
$VGLHFDVW
66&
*URXQG

RT
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6 XEVWUDWH OLFURVWUXFWXUH

7KH DV GLHEDVW $06L &X )H DOOR\ H[KLELWHG D KHWHUF
SKDVH GLVWULEXWLRQ 7KH PDWUL[ FRQVLVWHG S LPDOULO\ F
0je6e&@L QHWZRUN %HFDXVH RI WKHLU OLPLWHG VROXEI
FRQFHQWUDWLRQV )H DQG &X ZHUH PDLQO\ SUHVHQW DV VH
WKURXJKRXW WKH PLFURVWUXFWXUH ZKLOH =Q DQG 0J RZLC
ZHUH GLVVROYHG LQ WKH . $O PDWUL[ 4XDQWLWDWLYH DQD:
“ $0 6L HXWHFWLF DQG )Ll“JXUHBLQWH UPSHOWDWIAIGFW L Q
UHJLRQ ZHUH ILQH DQG HTXLD[HG

$IWHU PP RI WKH VXUIDFH ZDV UHPRYHG VLJQLILFDQW PL
JLIXUE 7KH IUDFWLRQ RI . $O0 LQFUHDVHG WR ¢ ZKLOH
WR “ DQRG WKH LQWHUPHWDOOLFV URVH VOLJKWO\ WR
PRUH GXFWLOH PDWUL[ EHQHDWK WKH VXUIDFH ,Q DGGLWLR
ZLWK UHJLRQV WKDW VROLGLILHG XQGHU VORZHU FRROLQJ F
WR SURPRWH JUDLQ FRDUVHQLQJ

a3 - ) o 2

B Al-Si eutectic L Y
‘ v b/l I ” . Y 8
g Intermetallic SRS 3 '/ AR S N :
¢ \ ¢ . B Intermetallic

&
» .

compounds
y compounds

¥ » 2 L 3 ~—e
50 pm : ool . o 50 pm

JLIXUH7\SLFDO 6(0 PLFURJUDSKV Rl GLHFDVW $06L &BLHHFDNMWORY G/KH |
E PP JURXQG VXEVWUDWHYV

6 XUIDFH URXJKQHVYV

7KH JULQGLQJ SURFHVV ZKLFK UHPRYHG PP RI PDWHULDO
YDULDWLRQV LQ VXUIDFH WRSRJUDSK\ 7KH DV GLHFDVW VX
URXJKQHVV 6D Pp “7KLV PHDVXUHPHQW UHIOHFWHG WKH
YDULDWLRQV SUHVHQW )ROQXWKH, QLHFQWWDVXW I WKHH JURXQG

RU
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VKRZHG KLJKHU URXJKQHVV 6D " P 7KLV LQFUHDVH
WR DEUDVLYH DFWLRQ GXULQJ WKH JULQGLQJ SURFHVV SDU
SUHSDUDWLRQ 7KH JULQGLQJ SURFHVV SURGXFHG GLVWLQ
JULQGLQJ PDUNVXYLVLEOH LQ
$IWHU DQRGL]LQJ WKH DV GLHFDVW VXUIDFH VKRZHG D PR
P 7KH DQRGL]HG OD\HU VKRZHG D VWURQJ FRUUHODWL]I
D\ GLHFDVW DOOR\ DVJGHFPRQWWUDDDHRGE LIQQJ WKH JURXQG V
KLJKHU OHYHO Rl URXJKQHVYNMIX6DS ,Q“JHQHPDO LQFUHDVHG
VLIJQLILFDQWO\ DIIHFWV WKH ZHDU SHUIRUPDQFH RI WKH PLC
LQFUHDVH IULFWLRQ DQG OHDG WR PRUH GHEULV IRUPDWLRC

pm pm

JLIXUH ' VXUIDFH WRSRJUDSK\ RI D F DXWIGIFHAD VI HD @B U ID BH PRRISEKR R
DE EHIRUH DQG F G DIWHU DQRGL]JLQDQI&EHFV&EDOH LV GLIIHUF

RV
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OLFURVWUXFWXUH RI WKH DQRGLF OD\HU

7TKH VXEVWUDWH V LQLWLDO PLFURVWUXFWXUH VLIJQLILFDQ
DQG PRUSKE®RBEOOXVWUDWHYVY WKH GLIIHUHQW DQRGLF OD\HL
DQG YROWDJHV DOWKRXJK WKH PRUSKRORJ\ RI WKH DQRGL
YDULDWLRQV FRXOG EH DWWULEXWHG WR PLFURVWUXFWXUD
VXEVWUDWHYV

Mounting resin Mounting resin

Mounting resin . -
Mounting resin

Mounting resin

¥

JLIXUHOLFURVWUXFWXUH RI WKH DQRGL]HG ODBHWCREWD LPE& ZILWK 66
66& D FBNGDHHDVW DQG E G I JURXQG VXEVWUDWHYV

RW
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7KH DQRGLF OD\HUV VKRZHG VWDQGDUG IHDWXUHV ZKLFK
VLOLFRQ SDUWLFOHV DQRGL]HG $0 6L HXWHFWLF DQG FDY
DQRGL]HG JURXQG WEXDOIDBFW JUHDWHU WKDQ WKDW LQ WKH DC
J)LIXUB F GQ DGGLWLRQ FDYLWLHV DUH SULPDULO\ REVHUYH(
WKH QXPEHU RI YRLGV UHPDLQHG DOPRVW FRQVWDQW LQ WK
SHUFHQWDJH RI FDYLWLHV LQFUHDVHG VLJQDIEEBRRMRDIRQ W
WKH GLIIHUHQW DQRGL]LQJ FRQGLWLRQV LQYHVWLIJDWHG W
FDYLWLHV LQ WKH DQRGLF OD\HU

7KH FRQYHUWHG . $O0 JUDLQV DSSHDUHG DV XQLIRUP UHJLF
VLOLFRQ FRQFHQWUDWLRQ VKRZHG KHWHURJHQHRXV FKDUDF
FRQYHUWHG . $0 JRQHYV

)XUWKHUPRUH WKH JDOYDQRVWDWLF RU SRWHQWLRVWDWL
WKLFNQHVVHV ZKLFK DSSHDUHG WR EH SULPDULO\ FRUUHOD

7DEOBUHD IUDFWLRQ RI FDYLWLHV ZLWKLQ WKHIDPBIRG ISK RPANNY HRG 2 VWXL 6
DQRGL]LQJ FRQGLWLRQV

$QRGL]LQJ FR( &DYLW\
$QRGL]HG DV GLHF $QRGL]HG JURXQG
669 9 "
669 9
66&

/DEOWKRZV WKH PLFURKDUGQHVV RI WKH DQRGLF OD\HU
FRQGLWLRQV FRPSDUHG ZLWK WKDW DFKLHYHG XQGHU WKH
VXEVWUDWH 7KH DQRGLF OD\HU H[KLELWHG D KLJKHU KDUC
VXEVWUDWH )XUWKHUPRUH WKH DQRGLF OD\HU KDUGQHVYV C
FRQGLWLRQ SULRU WR DQRGL]LQJ ZLWK WKH DV GLHFDVW \
LQLWLDO VXUIDFH DQG WKH DQRGL]LQJ SDUDPHWHUYV DIIHFW
KDUGQHVV RI WKH DQRGLF OD\HU

R X
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7TDEOMWLFNHUV PLFURKDUGQHVYV RI WKH DOOR\ VXEVWUDWH DQ

$QRGLILQ $VGLHFEL *URXQ(
FRQGLWLF VXUIDFH VXUIDF}
,QLWLDO VX
669 9
$QRGLF OD\ 669 9
66&

$QRGLF OD\HU WKLFNQHVV

JLIXUWKRZV KRZ WKH WKLFNQHVV RI WKH DQRGLF OD\HU Z|
SURFHVV SDUDPHWHUY DQG WKH LQLWLDO VXUIDFH FKDUDFW|
GHQVLW\ VKRZHG WKH KLJKHVW R[LGH OD\HU WKLFENQHVVHV
DW D VWHDG\ VWDWH YROWDJH DQG WKH WKLQQHVW OD\HUV
JULQGLQJ UHPRYHG PDWHULDO UHVXOWLQJ LQ WKLFNHU DQF
P ZzDV DFKLHYHG LQ JURXQG VDPSOHYVY WUHDWHG ZLWK FXUU
GHYLDWLRQ YDOXHV LQ DQRGL]JHG JURXQG VXEVWUDWHY DOL
WKH VFDOORSHG PRUSKRORJ\ RI WKH DQRGLF OD\HUV

,Q FRQWUDVW WKH OLPLWHG WKLFNQHVV RI WKH R[LGH O
UHODWHG WR WKH SUHVHQFH RI VXUIDFH HXWHFWLF VHJUHJD
RI WKH DQRGLF OD\HU

JLIXUWKRZV WKH WKLFNQHVV RI WKH DQRGLF OD\HU DV D |
GHQVLW\ %RWK DV GLHFDVW DQG JURXQG VXUIDFHV GLVSOD
UHVSRQG PRUH VWURQJO\ OHDGLQJ WR D WKLFNHU DQRGLF ¢

SO



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

60 L L
[ ]ssv(20v)
[ ]ssv(35v)

50 M ssc i
t |
40 .
|
w 1
[}
g |
% 4
'_..::: 30-_ -
5 1
> 4
@
O 204 -
'D o
o 4
c

104 I -

0 . ;
As-diecast Ground

Surface condition

JLIXUH9DULDWLRQ RI WKH WKLFNQHVV Rl WKH DQRGILHG DWHRDVQ WK

60 T | T T ] T
—8— As-diecast 7]

50 — " © - Ground _
E _ _
__3; ’
0 40 — " —
W ’
o ’
c | , o
S ’
£ 30 / —
o
>.. = —
o
o | —
i 20
Q
c _ _
<

10 — —

O I | 1 | I | 1
20 40 60 80 100

Surface charge density (C-cm?)

JLIXUH$QRGLF OD\HU WKLFNQHVV RI DV GLHFDVW D @GIIQRNQ & G MR8 LW &K
VXUIDFH FKDUJH GHQVLW\

SP



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

‘HDU UDWH

7KH DQDO\VLV Rl WKH ZHDU UDWH SURYLGHG YDOXDEOH LQ
WKH DQRGLF OD\HU V PLFURVWUXFWXUH DQG WKH UHVXOWLC
VLIQLILFDQW WUHQGV LQIOXHQFHG E\ NH\ IDFWRUV LQFOXGL
VXUIDFH FRQGLWLRQ ,Q D FRPSUHKHQVLYH H[DPLQDWLRQ RI
FDVHY QRWDEOH GLIIHUHQFHV LQ SHUIRUPDQFH ZHUH LGHQ
IURP DV GLHFDVW VXUIDFHVY DQG WKRVH SURFHVVHG IURP JU
WKHVH WZR JURXSV VKRZHG LGLVWHQFGR S DMWHWIPSOHYV IUR
VXUIDFHVDVKRDPMG&YHO\ FRQVLVWHQW ZHDU UDWH KRZHYHU \
XQGHU VWHDG\ VWDWH YROWDJH VKRZHG D ORZHU ZHDU UD
FXUUHQW )RU DOO 669 DQG 66& WKH ZHDU B DW BHHVQIFURPD UM

GLHFDVW WR JURXQG
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'LVFXVVLRQ

7KH WHVWV SHUIRUPHG RQ DQRGL]JHG $06L &X )H DOOR\ V|
DIIHFWHG ZHDU EHKDYLRU 7KHVH LQFOXGHG WKH PLFURVWU:
WKH LQWHJULW\ DQG WKLFNQHVV RI WKH DQRGLF OD\HU 7R |
WKH DQRGL]HG $06L &X )H GLH FDVWLQJ DOOR\ WKG® UHODYV
DQG DUH GLVFXVVHG 8QGHUVWDQGLQJ WKH LQWHUDFWLRQ T
DOOR\YV SHUIRUPDQFH DQG HQKDQFLQJ LWV GXUDELOLW\ LQ

(ITHFW RI VXUIDFH URXJKQHVYV

' KHQVWXG\LQJ D VRPHZKDW VLPLODU V\VWHP 6FDPSRQH D!
VXUIDFH URXJKQHVV RI WKH DQRGL]HG VSHFLPHQV DIIHFWV )
LQ WKH SUHVHQW ZRUN 7R HVWDEOLVK IXUWKHU FRUUHODYV
SDUDPHWHUV WKH VXUIDFH URXJKQHVYV 6D DQG WKH ZHDU Ul
SUHSDUHG XQGHU GLIIHUHQW DQRGUPLQHD ¥ DQIXIQFMWREWY DRU H Q
OD\HU WKLFNQH YN X$WVHWKRZ QURXQG VXUIDFHV DIWHU DQRGL]
URXJKQHVV WKDQ WKH DV GLHFDVW VXUIDFHV 7KLV LQFUHLI
LQFUHDVH LQ ZHDU UDWH LQ DOO FDVHV 669 DQG &% H[KLE
ZHDU UDWH EXW WKH VORSH YDULHV ZLWK DQRGLF OD\HU W|
LV SHUIRUPHG XQGHU VWHDG\ VWDWH FXUUHQW FRQGLWLRQ\
66& KDYH VXUIDFH URXJKQHVV VLPLODU WR RU VOLJKWO\ OR.
DQRGLF OD\HU LQFUHDVHV E\ XS WR LQ DGGLWLRQ WR
VXJIJHVW WKDW ZKLOH VXUIDFH URXJKQHVV FRQWULEXWHV W
WKH HITHFWV RI VXUIDFH URXJKQHVV RQ ZHDU UDWH DUH DC
PLFURVWUXFWXUH

SR
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JLIXUH&RUUHODWLRQ EHWZHHQ WKH WKLFNQHVV IDIFW KH B Q RIGRLE KONN V
DQG ZHDU UDWH RI DQRGL]JHG VDPSOHYV

(ITHFW RI VXEVWUDWH DQG DQRGLF OD\HU PLFURVW

7KH VWXGLHG $06L &X )H GLHFDVWLQJ DOOR\ FRQVLVWH(
SKDVH $0 6L HXWHFWLF DQG LQWHUPHWDOOLF FRPSRXQGYV
DIIHFW WKH JURZWK Rl WKH DQRGLF OD\HU DV PHQWLRQHG |
VHJUHJDWLRQ ZLWKLQ WKH VXEVWUDWH FDQ FUHDWH DUHDV
7KLV VHJUHJDWLRQ W\SLFDOO\ DSSHDUV LQ D VXUIDFH UHJLF
SURQRXQFHG $0 6L HXWHFWLF FRQFHQWUDWLRQ > @ 7Kl
HOHFWURFKHPLFDO EHKDYLRU RI WKH VXUIDFH WKHUHE\ D
JURZLQJ DQRGLF R[LGH OD\HU > @ 8QDQRGL]HG $0O UHJLF
LQ DUHDV ZKHUH DOXPLQXP LV VXUURXQGHG E\ R[LGDWLF
SKHQRPHQRQ UHVXOWYV LQ D QRQXQLIRUP DQRGLF OD\HU ZLW

7KH H[LVWHQFH RI IW&P DQ&GNKHAMI2 JDV ILOOHG YRLGV FRQ!
WKDW DUH FKDUDFWHUL]HG E\ KLJK HOHFWULFDO UHVLVWDQ}
EDUULHU WR WKH FRQWLQXHG JURZWK RI WKH DQRGLF OD\H

SS
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ILOP WKLFNHQV ZLWKLQ WKH . $0 UHJLRQV 7KLV YDULDWLRQ
GHIHFWV LQ WKH DQRGLF OD\HU RI WKH JURXQG VXUIDEH

,Q FRQWUDVW WKH DQRGLF OD\HUV IRUPHG RQ WKH GLHFD)
7KH ILQH PLFURVWUXFWXUDO IHDWXUHV DQG WKH HYHQ GLV\
VXUIDFHV IDFLOLWDWH PRUH XQLIRUP R[LGH OD\HU JURZWK
LQWHJULW\ DQG SURWHFWLYH TXDOLWLHV RI WKH DQRGLF O
VWDWH YROWDJH DQG FXUUHQW PRGHV UHVXOW LQ LQFUHDV]
RI FDYZUWEEBMWRPSDUHG WR WKH DV GLHFDVW FRQGLWLRQ 7K
ZKLFK D WKLFNHU DQRGLF OD\HU FRUUHVSRQGV WR LQFUHD\
ZHDU UDWHVY $OXPLQXP R[LGH KDV YDULRXV JUDGHV DQG DC
SURSHUWLHY > @ 7KH KDUGQHVV Rl SXUH DOXPLQD UDQJHYV
+RZHYHU DOXPLQXP R[LGH SURGXFHG E\ DQRGL]LQJ RIWHQ
DOXPLQXP R[LGH %RQRQL HW DO > @ UHFRUGHG D KDUGQ
OD\HU IRUPHG RQ D &0U G UDRIRIEW HO PR\ $GGLWLRQDOO\ %R]
WKDW WKH KDUGQH YV VHRB WRGX RIHIGE K QaoOHH LK DAKG DQRGL]LQJ F
SXOVH FXUUHQW DQRGL]LQJ UHDFKHG XS WR +9 ODNKORXI
KDYH D KDUGQHVV RI “ +9 ZKLFK LV KLJKHU WKDQ WKE
UHVXOW WKH HXWHFWLF VLOLFRQ SDUWLFOHV HPEHGGHG LQ
HOHPHQWY VLJQLILFDQWO\ LQIOXHQFLQJ WKH ZHDU EHKDYL]
GHVLJQHG WR ZHDU GRZQ WKH DQRGLF R[LGH OD\HU DQG W
GLHFDVW VXUIDFHV VKRZHG KLJK PLFURKDUGQHVV UHDEKLC
VXEVWUDWH KDG ORZHU KDUGQHVV DW “ +9 2Q WKH FRQ
JURXQG VXUIDFHV ZHUH WKLFNHU WKHLU KDUGQHVV GHFUHE
LQGLFDWHG® RQ®EOKNLIXUHVKRZY WKDW VRPH DQRGLF OD\HU
VSHFELILFDOO\ LWV KDUGQHVV GLUHEWO\ DIIHFW WKH ZHDU U
UHODWLRQVKLS EHWZHHQ DQRGL]LQJ SDUDPHWHUY DQG ZHD!
SULPDULO\ JRYHUQHG E\ WKH DQRGLF OD\HU FKDUDFWHULVW
D KLJKHU ZHDU UDWH

ST
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JLIXUH&RUUHODWLRQ EHWZHHQ FDYLWLHVY ZHDU UDRGL]IBGG/ DVWKIOGNQHV

‘HDU EHKDYLRU RI WKH DQRGL]J]HG VDPSOH

'XULQJ WKH LQLWLDO VOLGLQJ VWDJHV WKH DQRGL]JHG VXL
EULWWOH IUDFWXUH OHDGLQJ WR HOHY)DWHGH FKIHF WX B (D FIR F
URXJKQHVV RI WKH DQRGL]HG OD\HUV VLJQLILFDQWO\ LQIOX
URXJKHU VXUIDFHVY WHQG WR FDXVH HDUOLHU ORFDOL]JHG RJ!
EDOO FRPSOHWHO\ UHPRYHV WKH R[LGH OD\HU WKH IULFWLI
GLHFDVW VXUIDFHVY PRUH VWDEOH LQ ERWK 669 DQG 66& 7KL
RI WKH VXEVWUDWH] XDNVHLIKOHO KWIVWWDW R GERAIILFLHQW RI WKH D
UHDFKHG KLJKHU YDOXHV WKDQ WKH DQRGL]J]HG DV GLHFDVW
YROXPH)ORNN{ ZKLFK OHG WR DQ LQFUHDVH LQ WKH FRQWDF
FRXQWHU ERG\ )DVXGHSWRPWHREVL @ KH ZHDU GHSWK SURILOH IR
JURXQG VDPSOHV 7KH GLITHUHQFHV LQ WKH ZLGWK DQG GHE
GLHFDVW DQG JURXQG VXUIDFHVY DUH VWDWLVWLFDOO\ VLJQI
W WHVW S JLDX¥ NVNKRZQ LQ

7KH VHYHULW\ RI ZHDU LQFUHDVHG GXH WR D WKUHH ERG\
HQWUDSPHQW RI GHEULY EHWZHHQ WKH FRXQWHU ERG\ DQG

SuU
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JLIXUHFRQILUP WKH H[LVWHQFH Rl SORXJKLQJ PDUNV DQG S
VXEVWUDWH DIWHU FRPSOHWH UHPRYDO Rl WKH DQRGLF OD
VXUIDEHXUE G ,Q FRQWUDVW WK HL DX UGILFGALDASWD DABIRSS BIHYL P D O
DFFXPXODWLRQ D UHVXOW RI WKH HIITHFWLYH GLVWULEXWLRC
LPSURYHV WKHLU ZHDU UHVLVWDQFH DQG VWDELOL]JHV WKH |

VKRZQ LQ )LIJXUH IRU DQRGL]J]HG DV GLHFDVW VDPSOHV DQR
PRGHYV

1 : L 1 L L i
—Anodized as-diecast surface 1 EI —Anodized as-diecast surface
g 0.8 IE| —Anodized ground surface E 0.8 _ ——Anodized ground surface
(3] =
5061 . % 0.6
[e] o ]
Q O ]
_5 0.47 N 5 0.43
5] . ] B
L 0.2 = 0.2 ]
0 : . . 0 . - .
0 100 . 200 300 400 0 100 . .200 300 400
Distance (m) 1 . ; - Distance (m)
s E| —Anodized as-diecast surface
‘E 0.8 ——Anodized ground surface
9
5 0.6
Q
O
.5 0.4
D]
i 0.2
0

0 100 300 400

.. 200
Distance (m)

JLIXUH)ULFWLRQ FRHIILFLHQW DV D IXQFWLRQ RI GWWWOQ VMW DRUH WIRID IV D R
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SV
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ERWK SRWHQWLRVWDWLF DQG 9 FBRQG LYDIARDWQ R VWDIN HF
VROXWLRQ FRQWDWQQIXULF DFUOXPLQXP DQRIDOLFIOHFLG

ILQGLQJY GHPRQVWUDWH WKDW WKH DSSOLHG HOHEFEWULFDC
LQIOXHQFLQJ WKH JURZWK DQG ILQDO WKLFNQHVV RI WKH D
KHWHURJHQHRXV PLFURVWUXFWXUH RI WKLV NLQG RI DOOR\ [
SURFHVV LQ WKH SURGXFHG DQRGLF OD\HU DQG LWWR SURSH!
DQRGL]LQJ SURFHVV 5HPRYDO RI XS WR PP H[SRVHV D VXE
PDUNHG E\ DQ LQFUHDVHG YROXPH IUDFWLRQ$RS LIVRK®W. HEOWP D
7KLV DOWHUDWLRQ IDFLOLWDWHY HQKDQFHG R[LGH JURZWK
WKLFNHU R[LGH OD\HUV IRUPHG RQ DQRGL]HG JURXQG VXUID
GHIHFWV WKDQ WKRVH RQ DQRGL]JHG DV GLHFDVW VXUIDFHYV
SHUIRUPDQFH 7KH JUHDWHU GHIHFW GHQVLW\ LQ WKH DQRG
YDOXHV LQ DQRGL]HG JURXQG VDPSOHV ZKLOH DQRGL]HG D
DQRGLF OD\HUV GLVSOD\ D PRUH XQLIRUP R[LGH VWUXFWXU
URXJKQHVV RQ ZHDU UHVLVWDQFH LV FRPSDUDWLYHO\ PLQRU
DQRGLF OD\HU VXFK DV WKLFNQHVV XQLIRUPLW\ GHIHFW GH
LQIOXHQWLDO LQ GHWHUPLQLQJ ZHDU EHKDYLRU RI WKH DQR
VKRZV WKDW PDWHULDO GHJUDGDWLRQ EHJLQV ZLWK EULWW
GHIHFW VLWHV ZLWKLQ WKH DQRGLF OD\HU DQG JUDGXDOO\
DV ZHDU GHEULV DFFXPXODWHVY DQG EHFRPHV LQYROYHG LQ

TO
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&KDSWHU (QKDQFLQJ ZHDU UHVLVWD
HOHFWURO\WLF R[LGDWLRQ

(OHFWULFDO UHVSRQVH

JLIXUHLOOXVWUDWHY WKH HOHFWULFDO UHVSRQVH RI WKFE
FRQGLWLRQV LQFOXGLQJ WKH LQLWLDO VXUIDFH VWDWH DV
7KH FXUUHQW GHQVLW\ WLPH JXHNGS RIDYE WK H O @ OWWDU B VWHLG H
LOOXVWUDWHGGZRH LQLWLDO VWDJH LQ WKH YROWDJH WLPH
FRDWLQJV LV VLPLODU WR PDQ\ SUHYLRXV VWXGLHV > '
XQWLO WKH FRUUHVSRQGLQJ EUHDNGRZQ YROWDJH a V ZK

$IWHU EUHDNGRZQ 3(2S FRDWLQJY WRRN ORQJHU WR UHDF
UHVLVWDQFH RU ORFDOL]HG FKDUJH WUDSSLQJ FDXVHG E\ W
VWDELOL]JHV ZKHQ WKH SURFHVV HQWHUV WKH VRIW VSDUNLC
VKRZQLIQUB E

'XULQJ WKH 3(2 SURFHVV WKUHH GLVWLQFW W\SHV RI PLFU

7\SH $ *VXUIDFH"  GLVFKDUJHV ZKLFK RFFXU DW REHQHDU W
% 3LQ GHSWK  GLVFKDUJHV WKH PRVW LQWHQVH RULJLQDWH
& 3VXE VXUIDFH GLVFKDUJHV ZKLFK WDNH SODFH GHHSHU \
FRDWLQJ > @ 7KH EDODQFH DPRQJ WKHVH GLVFKDUJH
TXDOLW\ LQIOXHQFHG E\ ERWK WKH HOHFWULFDO SDUDPHMW
> @ 7KH SDUWLFOHV LQ WKH HOHFWURO\WH DIIHFW WKH \
> @ :KHQ XVLQJ D VXVSHQVLRQ FRQWDLQLQJ VWURQWLX
FRDWLQJ UHDFKHV WKH FXUUHQW GURS SRLQW HDUOLHU WK
VWDWHV 7KH WUDQVLWLRQ WR WKH VRIW VSDUNLQJ UHJLPH
HYROYH LQWR VPDOOHU PRUH XQLIRUPO\ GLVWULEXWHG HY*H
LQ WKH HOHFWURO\WH 3(2S WKHLU LQWHUDFWLRQ ZLWK Wk
RI 7\SH % GLVFKDUJHV 3DUWLFOH HQWUDSPHQW DQG WKH
SURSHUWLHV KHOS VXVWDLQ HQHUJHWLF GLVFKDUJH FKDQQ
RQVHW RI WKH VRIW VSDUNLQJ UHJLPH FRPSDUHG ZLWK SDUV

TP



6 XID RIR Q WHRIQUMA/ R VA 3'&$06 KO O R\ (PHEDRXN
550 ‘ 550 : -
a —PEO-C b —PEO-G |
500 1 —PEOp-C | 500 4 —PEOp-G [
450 1 4501 F
400 400 o
350 1 . 350 r
T £ :
5 300 S 300 E
< ZE :
E 2501 = 2501 L
£ = ;
== 200 2007 .
150 1 150 F
100 ] 100 ] E
50 50 -
0 T T o1 i
0 500 _, 1000 1500 0 500 1000 1500
Time (s) ime (s)
400 ' 400
c —PEO-C d —PEO-G
—PEOp-C —PEOp-G
350 F 350 _
( T T
2001 (\'_/ ’_ ] ﬁ—/'/
S 250 - S 250
£ g
& 200 - S 200
8 8
=) o
> 150 L = 1501
100 1 L 100
50 F 50
e A S e 0 - -
0 500 1000 1500 0 500 _ 1000 1500
Time (s) Time (s)

JLIXUHRXUUHQW GHQVLW\ WLPH UHVSRQVH D E [RDPGVYROW S UR GWKAHG URQY
GLHFDVW VXUIDFHVY D F DQG JURXQG VXUIDFHV E G
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KDOI

LV FKDUDFWHUL]JHG E\ VKLIWLQJ WKIHIFXK UHDNVNK RBGEILCFV L

GLVFKDUJHV KDYH EHHQ UHSRUWHG WR SURGXFH ORFDO PLF
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IRU WKH 3(2 DQG 3(2S SURFHVVHV ZH FDQ FRQILUP WKH WU
REVHUYLQJ D UHGXFWLRQ LQ FXUUHQW GHQVLW\ +RZHYHU \
V IRU 3(2S LV KLIJIKHU WKDQ WKDW RI WKH 3(2 SURFHVV
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JLIXUH506 DQG LQVWDQWDQHRXYVY YROWDJH DQG FXUUHQW GHQVLYV
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7KH VSHFLILF HQHUJ\ FRQVXPSWLRQ GXULQJ WKH 3(2 SURF|
> @ VXEVWUDWH > @ DQG)HDHFRRAFDOHYDWRR HASHB VIt
FRQVXPSWLRQ IRU 3(2 FRDWLQJV DQG +$ OD\HUV FRQVLGHUL
JURXQG DQG HOHFWURO\WH FRPSRVLWLRQ 3(2 FRDWLQJV H
WKDQ 3(2S )RU WKH DV GLHFDVW VXUIDFH VSHFLILE HQHUJ\
WR a N:KFRUUHVSRQGLQJ WR HQHUJ\ VDYLQJV RI a )R L
HQHUJ\ FRQVXPSWLRQ GHFUHWRH:G IINRRFRUUNMSRQGLQJ WR
VDYLQJV RI a 7KH UHGXFWLRQ LQ VSHFLILF HQHUJ\ FRQV>
JURZWK HIILFLHQF\ ZKHQ XVLQJ VXVSHQVLRQ HOHFWURO\W
IRUPDWLRQ RI D WKLENHU FRDWLQJ DQG JUHDWHU SDUWLFO
ORZHVW VSHFLILF HQHUJ\ FRQVXPSWLRQ 7KH FKDQXH LQ VS|
DQG +$ * VDPSOHV LV QRW VWDWLVWLFDOO\ VLIQLILFDQW
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JLIXUHBSHFLILF HQHUJ\ FRQVXPSWLRQ IRU KDUG DQRXU|DGH DVUGH SWPMPD

2[LGH OD\HU WKLFNQHVV

+$ VKRZV WKH LQIOXHQFH RI WKH VXUIDFH FRQGLWLRQ (¢
UHODWLYHO\ FRQVLVWHQW WKLFNQHVYV UHJDWGOHVYV RI WKH

7KH VSHFLILF W\SH RI VXEVWUDWH VLIJQLILFDQWO\ LQIOXHQ
ZLWKLQ WKH VXEVWUDWH FDQ JHQHUDWH DUHDV ZKHUH WKH

TS
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> @ 7KLV VHJUHJDWLRQ XVXDOO\ DSSHDUV LQ D VXUIDFH U
D KLJK FRQFHQWUDWLRQ RI $0 6L HXWHFWLF > @ &KDQJHYV
WKH HOHFWURFKHPLFDO EHKDYLRU RI WKH VXUIDFH ZKLFK W
JURZLQJ DQRGLF R[LGH OD\HU > @ 1RQ DQRGL]JHG $0 UHJ
OD\HU ZKHUH R[LGDWLRQ UHVLVWDQW 6L SDUWLFOHV VXUUR
LQ D QRQ XQLIRUP DQRGLF OD\HU ZLWK YDULDEOH WKLENQH\
WHQGV WR RFFX).D R Q MWKKHEL NEDFQ® XWHH VB ROH 2HVV ' RADWD R GRH $
RI PDJQLWXGH KLJKHW WI@DQ KHKMWRRH6IZKHQ WKH 3(2 SURFH
IRU 6WR UHDFK WKH UHY L PWHDWRFEGILOAKBOJRVSMOVR\RBFXU @Q
$W WKLV SRLQW WIQHFRIDWHRE\W JRJWBR2WK G L PLQLWHIZK UBVWKHG L
DYHUDJH FRDWLQJ JURZWK —P PLQgi IRU 3(2 LV VLPLODU Ul
DWGLHFDVW RU JURXQG 7KH VDPH SDWWHUQ LV REVHUYHG IR
UDWH LV IXUWKHU HQKDQFHG LQ 3(2S +$ * VKRZV DERXW D
WKDQ +#D&OHHPSKDVL]LQJ WKH VLJQLILFDQW UROH RI HXWH
JURZWK 'XULQJ KDUG DQRGL]LQJ ZKHQ WKH DGYDQFLQJ RJ[L
LW IRUPV RQO\ D WKLQ 6L2w OD\HU RQ WKH HXWHFWLF 6L V>
VLIQLILFDQWO\ PRUH HQHUJ\ WKDQ R[LGL]LQJ WKH VXUURXQ
HXWHFWLF 6L DQG FRQWLQXHV WKURXJK WKH DGMDFHQW DO
RFFXUV E\ FRQVXPLQJ $0 D VXUIDFH ZLWK PRUH LQWHUFRQQ
PDWHULDO WKHUHE\ ERRVWLQJ WKH JURZWK UDWH

7DEOBYHUDJH R[LGH OD\HU WKLFNQHVV WUHDWPH@W®WELPBROQIE FRDW
VDPSOHYV

$YHUDJH WK $YHUDJH FR
6DPSOH TUHDWPHQW
—P JURZWK UDWH

3(2 &

3(2 *

3(2S &

3(2S *

+$ &

+$ *

TT
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JLIXUH2[LGH OD\HU WKLFNQHVYV YDULDWLRQV IRU WKH VWXGLH(
6 XUIDFH URXJKQHVYV

7DEOMHYHDOV WKH URXJKQHVV YDULDWLRQ IRU WKH VWXC
VXUIDFHV DV GLHFDVW DQG JURXQG DQG DIWHU DSSO\LQJ
3(2S :H FDQ REVHUYH WKDW DIWHU +$ WKH DV FDVW VXUID
RI WKH DQRGL]HG JURXQG VXUIDFH UHPDLQV UHODWLYHO\ XQ
DQRGL]LQJ 7KH VXUIDFH URXJKQHVV IRU DV FDVW DQG JUF
LQFUHDBWID @RHV UHVXOWY IURP WKH PHOWLQJ DQG UDSLG VR
GLVFKDUJH FKDQQHOV 7KH UROH RI SDUWLFOHV LQ VXUIDFH
WKH VDPH VXUIDFH URXJKQHVV YDOXH DIWHU 3(2S GXH WR W|
3(2 FRDWLQJ 7KH DV GLHEDVW VD P SCH D63 (W IR VRIZGIIAW ¥ (¢
& 3(2 * 3(2S & DQG 3(2S & KDYWHDWXHVKLZMKHHBGWVBVLQFW JUR
JULQGLQJ RSHUDWLRQ DUH YUVKE®D H7RE WHKHI RIRR XY GU VR D ILDGF |
HYHQ DIWHU KDUG)DQRSG L AHMS HWH WKH DQRGLF OD\HU EHLQ

TU
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WKHVH UHVXOWYVY UHIOHFW WKH QDWXUH RI DQRGLF OD\HU JU
,Q FRQWUDVW DIWHU WKH 3(2 SURFHVV WKHXJUHKQGLQJ JURR

7TDEOBMXUIDFH URXJKQHyVINVQEEDERB HWHUVWKGLHG VXUIDFHYV
6DPSOH 60 —P 6 ]

—P

$VGLHFDVW

*URXQG

3(2 &

3(2 *

3(2S &

3(2S *

+$ &

+3$ *

Hight
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JLIXUH ' VXUIDFH WRSRJUDSK\ PDSV RI| UDDPBNVG IDHF® WK H B WWHRXBG VP
G +$* H 3(2 & Vol o3(2 * V J 8(2S & K 3(2S

:5' DQG 6(0 DQDO\VLV

'5' SDWWHUQV IRU 3(2 DG B(2F KFRDBHDRPNVY FRUUHVSRQGLQ.
LOQGLFDWLQJ WKDW WKH : UD\ EHDP UHDFKHG WKH VXEVWUDW
3(2 DQG 3(2S VDPSOHV ZKHUHDV 6L SHDNV ZHUH HYLGHQW R
6L LQ WKH 3(2S VDPSOHV PD\ EH DWWULEXWHG WR RYHUODS:
SHDNV FRUUHVSRIQGH FDWRUOL2LGHQWLILHG LQ WKHI 821 FRDYV

3(2 DQG 3(2S VDPSOHV DOVR VEEZH® GV IOH RIWIHKRHIQ/F I8 KDV
LQGLFDWHG E\ WKH FKDUDRUER VWLFNEXWVP ZHEG® ZHHHDEOL V|
IRUPDWLRQ@ RIHTXLUHV VSHFLILF FRQGLWLRQV P FU\WWDO
RSWLPDO WHPSHUDWXUH GLVWULEXMI\R QDDQR A KSFJUWR KHVEWH
UHODWLYHO\ IUHH IURP LPSXULWLHV DQG ,, VXIILFLHQW W
> @ +RZHYHU XQGHU 3(2 DW K$@K LUV HVNKH GRPLQDQW DOXPL
SKDVH > @

,Q WKH 3(2 FRDWLQJV DQ DGGLWLR®GLQ@ SKDWH GAFHRUKMHW BE
$O 6L 2 SKDVH LV EHVW GHVFULEHG DV D QRQ VWRLFKLRPH
VDPH RUWKRUKRPELF FU\VWDO IUDPHZRUN DV VWRLFKLRPHV

TW
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ZLWK DQ LQFUHDVHG $0 6L UDWLR a ,Q FRQWUDVW 3(2¢
LOQVWHDG ZH ILQG VWURQWLXP VLOLFDWH UDWKHU WKDQ VW

7R H[SODLQ WKLV REVHUYDWLRQ WKH WHUQDU\ R[LGH V\VW
,Q WKLV 3(2S WUHDWPHQW WKH HOHFWURO\WH XVHG LV D
DOXPLQDWH SDUWLFOHV LQ WKH PLFUR DUF SODVPD UHJIL
PLFURGLVFKDUJHV WKDW FDQ UDLVH WKH LQVWDQWBQHRXV S
DQG . UHVSHFWLYHO\ > @ ,Q WKLV FDVH 6U$0Ow2y ZLOO XQGC
WKH SURFHVVY LQ WKH VLOLFDWH HOHFWURO\WH 6U2 ZLOO U
UHDFWLRQV

6USO 6U2 20
6U2 ©6LBBL2
$IWHU FRPELQLQJ (TV DQG WKH RYHUDOO UHDFWLR
6USDO 6L2 668L2 $0O

, W VKRXOG EH QRWHEBEQVKVIOVE GH OV HOHYDWHG WHPSHUDWX!|
WHPSHUDWXUHYV ZKLFK LQGLFDWH PHOWLQJ RFFXUV DW DSS
WKH FLUFXPIHUHQWLDO DUHD RI WKH PLFURGLVFKDUJHYV FDQ
WKH IRUPDWILFREHRD WH LW LV WKH WKHUPRG\QDPLFDOO\ VWL
6L2DW KLJK 3(2 WHPSHUDWXUHYV

,W LV LPSRUWDQW WR UHDOL]H WKDW WKH FKHPLFDO UHDFV
UHJLRQ DUH YHU\ FRPSOH][ DQG GR QRW IROORZ WKH HTXLOLE
VIVWHP $Ow2x 6L2w 6U2 VWLOO RIIHUV YDOXDEOH LQVLJKWYV
FRQGLWLRQV 7R IXUWKHU YDOLGDWH WKH K\SRWKHVLV WKH
ZDV HYDOXDWHG XVLQJ *LEEV IUHH HQHUJ\ 0* YDOXHV DW
DOXPLQDWR 6GURRB®U2 DOQMXRBDY D QHIDWLYH«YDOXM-RI G*
LQGLFDWLQJ WKDW WKH UHDFWLRQ LV WKHUPRG\QDPLFDOO
+RZHYHU ZKHQ 6U2 LVSHIBRNAYW WR WKH VLOLFDWH EDVHG H
UHDFWLRQV RFFXU 7KHKBUPDWLRQ RIN6UBK2OH WKH IRUPD
6W6L2 WKH PDLQ SKDVH LGHQWLILHG E\ ;5" LQ WKH FXUUHQW

TX
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YDOXH Rfs0* N- $GGLWBERRDIROBDWIURQ DOWKRXJK QRW GH)
WKHUPRG\QDPLFDOO\ WKKHs PRVW NWDE®W LW PD\ UHTXLUH
FRQFHQWUDWLRQ RI 6U2 7KH ODWWHU GDWD FOHDUO\ LQGL
JHQHUDWHG GXULQJ 3(2 VWURQWLXP SUHIHUHQWLDOO\ UHDF

6U?2 0. 6U2 O 0O* ¢ N -
6U?2 6L2BUGBL2 O* rs N -
6U?2 6LBUGL2 0* & N -
6U?2 6LBUGL2 O* (& N -
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JLIXUH UD\ GLIITUDFWLRQ ;5' SDWWHUQV RI D 3(2 DQG E 3(2¢
JLIXUHSUHVHQWYV WKH EDFNVFDWWHUHG 6(0 LPDJHV RI WKH
GLIIHUHQFHYVY EHWZHHQ WKH DV GLHFDVW DQG JURXQG VWDV
WUHDWPHQWY 7KH DV GLHFDVW VXUIDFH H[KLELWNJIJXUKJHJIXO
D F*ULQGLQJ LQWURGXFHYVY GLVWLQFW JURRYHV RQ WKH VXU

Uuo
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VXUIDFH DV SUHYLRXVO\.GRKAXWVHERRYHYV UHPDLIQI ¥ILMLEOH
E G

7KH W\SLFDO VXUIDFH PRUSKRORJ\ DVVRFLDWHG ZLWK SOD\
3(2 FRDWLQJV DUH SURGXFHG LQ SDUWLFOH IUHH HOHFWUR!
QDWXUH RI WKH 3(2 SURFHVV ZKHUH HOHFWULFDO GLVFKDUJ
VROLGLILFDWLRQ RI WKH FUHDWHG R[LGH 7KH VXUIDFH PRUSZS
RI SDQFDNH OLNH VWUXFWXUH VXUURXQGHG.L EXDHVSHRKMIH OL|
IHDWXUHV WKDW ORRN OLNH SDQFDNHV DSSHDU IODWWHQHG
7KHVH DUH IRUPHG E\ PLFUR DUF GLVFKDUJHV WKDW HMHFW |
RQ WKH VXUIDFH 7KH ODUJH SRUHV LQ WKH PLGGOH RI WKFE
GLVFKDUJHV DQG WKHVH SRUHV PLJKW H[WHQG GHHSO\ LQW
GLVFKDUJHV KDYH EHHQ UHIHUUHG WR DV % W\SH GLVFKDUJI
LQFRUSRUDWHY HOHPHQWY IURP WKH HOHFWURO\WH H J 6L
GLVFKDUJHV WKDW SDUWLDOO\ PHOW DQG YDSRUL]JH WKH R]
SRURVLW\ > @ ,W LQGLFDWHV OHVV LQWHQVH WKHUPDO
SUHYLRXVO\ PHQWLRQHG IHDWXUHV Rl 3(2 FRDWLQJ YDU\ ZKH
DV VKRZQMUQQHKGXH WR LQFRUSRUDWLQJ WKH SDUWLFOHV LQ\

)JLIXUB MKRZV WKH FURVV VHFWLRQ PLFURJUDSKYVY RI WKH D
JURXQG VXUIDFHV 7KH DQRGLF OD\HUV H[KLELW W\SLFDO |
DQRGL]HG $0 6L HXWHFWLF DQG FDYLWLHV 1RWDEO\ WKH
JLIXURHLIXUHE LV ODUJHU WKDQ LQ WKH DQRXGHID] HR®D YDIWGEGHNFDUY |
SUHIHUHQWLDOO\ ORFDWHG ZLWKLQ WKH HXWHFWLF $0O 6L U
ERWK DQRGL]JHG DV GLHFDVW DQG JURXQG VXUIDFHV EXW W
LQ WKH DQRGL]JHG JURXQG VXUIDFHV )XUWKHUPRUH WKH FD
E\ DSSUR[LPDWHO\ ZKHQ WKH LQLWLDO VXUIDFH LV JURXC(
WKH XQLIRUP GLVWULEXWLRQ RI WKH HXWHFWLF SKDVH RQ W
R[LGH OD\HU JURZWK ZLWK ILQHU FDYLWLHV ZKLFK DUH FUX
RI WKH DQRGLF OD\HU

UpP
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7KH FURVV VHFWLRQ PLFURJUDSKY UHYHDO WKDW WKH 3(2
GLVWLQJXLVKDEOH OD\HUXUHSBRGBXWIDRIEDGEBQVIH WKLQ EDUUL
QHDU WKH FRDWLQJ VXEVWUDWH LQWHUIDFH GXH WR WKH L
XVXDOO\ WKLQ DPRUSKRXV DQG GLIILFXOW WR GLVWLQJXLV
IRUPHG RQ DV FDVW DQG JURXQG VXUIDFHV KDYH WKH VDPH |
3(2S * DQG 3(2 & 3(2* FRDWLQJVY LQGLFDWH WKDW XVLQJ
SURFHVV VLIQLILFDQWO\ DOWHUV WKH VXUIDFH PRUSKRORJ'
SDUWLFOHV LQWR WKH RXWHU SRURXV OD\HU UHVXOWYV LQ D
WR VWURQWLXP V HQKDQFHG LQWHJUDWLRQ ZLWKLQ WKH St
SRUHV DQG FDYLWLHV &RPSDUHG WR 3(2 FRDWLQJV PDGF
FRQILIJIXUDWLRQ LV EHQHILFLDO DV LW KHOSV WR PLQLPL]H \
FURVV VHFWLRQ 6(0 LPDJHV VKRZVY D GHFUHDVH LQ WKH FDYL
VXVSHQVLRQ HOHFWURO\WH )3(026) AFRIOWED ¥ Y W \DYHWKRIZQVDQH
a ZLWK DQ DV GLHFDVW LQLWLDO VXUIDFH DQG E\ a ZLW
SURFHVV SULRU WR 3(2 UHVXOWY LQ D VOLJKW UHGXFWLRQ L
QR VLIQLILFDQW HIIHFW LV REVHUYHG IRU WKH 3(2S FRDWLC
FRDWLQJV LQ WHUPV RI FDYLW\ SHUFHQWDJH LV QRW PXFK
VXFK DV JULQGLQJ RU VLPLODU WUHDWPHQWYV

7TDEOSHIUHVHQWYV ('6 UHVXOWY RI WKH +$%$ OD\HUV 3(2 DQG 3(2
WKH KDUG DQRGL]JHG OD\HU DUH R[\JHQ DOXPLQXP DQG VLC
VXOIXU LQFRUSRUDWH)G JYREF MKRZ M QN HKFRW U R D\MHO\VLY ORFDW
UHJLRQV IRU WKH +%$ & DQG +$ * VDPSOHV 7KH UHVXOWYV LC
FRQYHUWHG $0+6L HXWHFWLF UHJLRQV ZKLOH WKH FRQYHUMW

uQ
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Base alloy

atdons

500 pm

500 pm

JLIXUHBFDQQLQJ HOHFWURQ PLFURVFRS\ WRS YLHZ HPAD3K2 RI WKH D
DQG J K 3(2S :KHQ WKH LQLWLDO VXUIDFHJRXQG F HJ DV GLHF

UR
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PEO
Mounting resin ﬂ Mounting resin

Substrate T Substrate ’

Fraction of cavities in the coating area (%) =46+1.2 Fraction of cavities in the coating area (%) =4.3 £ 1.1

PEOp
Mounting resin Mounting resin

Substrate Substrate

Fraction of cavities in the coating area (%) = 3.7 £ 0.2 Fraction of cavities in the coating area (%) = 3.8 £ 0.2

JLIXUH (0 FURVV VHEWLRQ LPDJHV RI WKH VWXGLHG3FRD KKBQVW KIH B QSN
VXUIDFH LV D FH DV GLHFDVW DQG G@RGDWILRRXQRBI| ('8 PEEQIRIY) ¥ Q\G VKR &

Us
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7DEOHK'6 DQDO\WLV DW RI +$ 3(2 DQG 3(2S FRDWLQJVH GLHRMRU XD SXR/F D
VKRZQLUX UH

6DPSOH /IRFDWL 2 $0 6L )H 6 1D . 6U 2WKH

3(2 &

3(2 *

3(2S &

3(2s *

+$ &

+$ *

JRU WKH 3(2 FRDWLQJY WKH PDMRU HOHPHQWY DUH R[\JH(
VRGLXP 1D DQG SRWDVVLXP . DUH LQFRUSRUDWHG IURP V
IURP WKH VXEVWUDWH 7KH 3(2S FRDWLQJVY GLVSOD\ WKH VD
WKH DGGLWLRQ RI VWURQWLXP 6U LQ WKH SRURXV RXWHU O
SUHVHQFH RI 6U LQ WKHJRXWHXWBRKNRXFRIRHHWVKH ('6 PDS RI
FURVV VHFWLRQ UHYHDOV D QRQ XQLIRUP GLVWUHEXRHLRQ R
UHVXOWY DOVR VKRZ D GHFUHDVLQJ DOXPLQXP FRQFHQWUD
VXUIDFH ZKLOH 1D DQG . GLVSOD\ KHWHURJHQHRXV GLVWUlL
SRURXV RXWHU OD\HU

ut
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7KH UHDFWLYH LQFRUSRUDWLRQ RI PLFUR VWURQWLXP DOX
WR GULYLQJ WKH VPDOO VL]H SDUWLFOHV LQWR WKH GLVFKD
LQ WKH DUHD QHDU WKHK PHFBERGUKNEK NHIMWRQ VWURQWLXP G
FRDWLQJ LV LQKHUHQWO\ QRQ XQLIRUP DV LW GHSHQGV RQ
FKDQQHOV DYDLODELOLW\ LQ WKH UHJLRQ QHDU WKH VXUIDF
JHWSRWHQWLDO RI WKH SDUWLFOHV a % P9 LQGLEDWHYV
OLPLWHG HOHFWURVWDWLF VWDELOL]DWLRQ RI WKH VXVSHQ)\
GHWHUPLQH WKH DFWXDO GLVSHUVLRQ VWDWH GXULQJ SURF
SDUWLFOHV WRZDUGV WKH VSHFLPHQ DQG LQFRUSRUDWLRQ L
HQWHU 7\SH % FKDQQHOV GXULQJ WKH DQRGLF SXOVH P\
RXWHU OD\HU GXH WR WKHLU VL]H DQG VKRUW SXOVH GXUD
DOXPLQDWH SUHVHQFH LV KLJKHU LQ 7\SH $ DQG 7\SH & FKDQ
LQWHUIDFH 7KH ODWWHU GLVWULEXWLRQ SDWWH UG LV VXS
PDSSLQJXUH DQG 6(0 FURVV VHEWLRQDO LPDJH

JLIXUH/KH FURVV VHFWLRQDO PLFURJUDSK ZLWK D W\SLFDO 6(0x('6

uu
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JLIXUHOHPHQWDO PDSSLQJ RI 3(2S * FRDWLQJ FURVV VHFW

JLIXUHBFKHPDWLF RI WKH LQFRUSRUDWLRQ RI VWURQ@WL %P DRHWL QD W

OLFURKDUGQHVYV

OHDVXULQJ WKH PLFURKDUGQHVYV LQ WKH VXEVWUDWH FUR
FRDWLQJY DQG +$ LQGLFDWHYVY WKDW WKH PLFURKDUGQHVV R
,Q FRQWUDVW WKH JURXQG VXUIDKHWHGBLXIHWWAHQFHY DHOH LC
YDULDWLRQV LQ WKH PLFURVWUXFWXUH RI WKH $06L &X )H
VLOLFRQ HXWHFWLF UHJLRQ DQG WKH . $0O

uv
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7KH +$ DV FDVW VXUIDFH H[KLELWYV KLIJKHWKROL WRKKD & QUIR?
VXUIDFH “ ¥f8H KLJK VWDQGDUG GHYLDWLRQ UHVXOWYV
+$ OD\HUV

5RJRY HW DO > @ VWXGLHG KRZ 6L2w LQIOXHQFHV WKH PL

6L DOOR\ 7KH\ FRQGXFWHG WKH 3(2 SURFHVV XVLQJ +] D¢
WR 9 LQ D VLOLFDWH EDVHG HOHFWURO\WH 7KH ILQGLQJ"
GXULQJ 3(2 ZKLOH WKH $0 PBERUIDIQEBD®RQOORIRHRHHI PL[HC
DOXPLQRVLOLFDWH SKDVHV OLNH PXOOLWH DOVR GHYHORS
UHVXOWHG LQ ORZHU KDUGQHVV LQ WKS$IFRPQVDQRW KRR P S\DW ]
BORQRYD HW DO > @ SHUIRUPHG 3(2 WUHDWPHQW RQ D K\S
ZW 6L XVLQJ D VLOLEFDWH EDVHG HOHFWURO\WH DQG SXOVI
FRDWLQJY FRQWDLQHGS@PRYPKRIYPGEIPXOOLWH 1RWDEO\ W
DPRUSKRXKBNVH ZDV NH\ LQ UHGXFLQJ WKH FRDWLQJ V PLFEUF

JLIXUWKRZV WKH FURVV VHFWLRQDO PLEFURKDUGQHVV SURI
ZHUH WDNHQ DORQJ WKH FRDWLQJ VWDUWLQJ —P IURP \
FRQWLQXLQJ IXUWKHU LQWR WKH FRDWLQJ LQ —P VWHS)
VXEVWUDWH FRDWLQJ LQWHUIDFH WR WKH FRDWLQJ HOHFWU
IURP GHQVH WR SRURXV 7KLV LV WKH W\SLFDO EHKDYLRU
PLFURKDUGQHVV YDOXHV UHFRUGHG IRU WKH 3(2S FRDWLQJV
WKH SRVLWLY H L2ISHHWHQGAH6UQ WKH FRDWLQJ HVSHFLDOO\
LQGLFDWHG E\ WKH ('6 DQDO\VLV ZKHUH WKH 6U HOHPHQW
LQFUHDVHV IRU WZR UHDVRQV DQ&TIKH VIBHFWHR G X MIZHS QD
SURGXFHV FUBNIVDO/KLRE BUWKRUKRPELF VWUXFWXUH DV PF
FRQVXPHVY DPRUWKRXW QGHPDWLYHO\ LPSDFWV 3(BLRLEOAKDUG
FDYLWLHV LQ WKH SRURXV OD\HU HQKDQFLQJ FRDWLQJ GHQ
$PRQJ DOO WKH FRDWLQJV 3(2S * H[KLELWV WKH KLJKHVW K
LQLWLDO PLFURVWUXFWXUH Rl WKH JURXQG VXUIDFH ZKLFK
IURP WKH LPSURYHG LQFRUSRUDWLRQ DQG GLVWULEXWLRQ
HQKDQFLQJ LWV ORDG EHDULQJ FDSDFLW\

uw



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

JLIXUHOLFURKDUGQHVY SURILOHY DFURVYV 3(2 DQG 3(2S FRD\

‘HDU WHVW

JLIXUWKRZV WKH FDOFXODWHG ZHDU UDWHV RI WKH WHVWF
EHQHILWY RI VXUIDFH WUHDWPHQW LQ LPSURYLQJ WKH WULEHF
UHVLVWDQFH RI WUHDWHG VDPSOHYVY LQFUHDVHG VLJQLILFDQ
VXUIDFHV RI WKH EDVH DOOR\ ,Q WKH DV GLHFDVW VWDWH
DQRGL]LQJ DIWHU 3(2 DQG DIWHU 3(2S 'XH WR KLJK YL
GLHFDVW EDVH DOOR\ WKHVH UHVXOWY DUH QRW FRQVLGHUF
WUHQGYVY ZHUH REVHUYHG IRU JURXQG VXUIDFHV ZKHUH UHGX
DQG DIWHU 3(2S ZKLFK LV VWDWLVWLFDOO\ VLIJQLILFDQW |
IRU 3(2 DQG 3(2S 7KHVH ILQGLQJY LQGLFDWH WKDW WKH PR
RFFXUV ZKHQ WKH LQLWLDO VXUIDFH LV LQ D JURXQG VWDW
FHUDPLF FRDWLQJ FRPSRVLWH ZLWK VWURQWLXP VLOLFDW
HQKDQFHYVY SURSHUWLHY VXFK DV PLFURKDUGQHVY ZKLOH UH(¢

KHQ FRPSDULQJ WKH DV GLHFDVW VXUIDFH ZLWK WKH JURX
+$ 3(2 DQG 3(2S WUHDWPHQWYVY 7KH JURXQG VDPSOH DQG
LQFUHDVHG E\ a DQG UHVSHFWLYHO\ ,Q FRQWUDVW Z
UDWHV GHFUHDVLQJ ENVSHFWIOGHO\ DOWKRXJK WKHUH LV C
EHWZHHQ WKH FKDQJHV LQ WKH ZHDU UDWHYV RI 3(2S & DQG 3

UuX



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

"XH WR WKH LQKRPRIJHQHRXVY PLFURVWUXFWXUH RI WKH FD\
GLHFDVW RU JURXQG VWDWH WKH ZHDU UDWH GDWD VKRZHG
WHVWLQJ +RZHYHU 3(2 DQG 3(2S UHGXFHG WKLV YDULDWL
FRQWDLQLQJ VWURQWLXP VLOLFDWH GHPRQVWUDWHY D PRUH
OLQNHG WR WKH ZHDU PHFKDQLVP

JLIXUHODULDWLRQ RI WKH ZHDU UDWH RQ WKH DV GWHBBHW B QB8 FHMXHIG :
+$ 3(2 DQG 3(2S FRDWLQJV

JLIXUWKRZV WKH VXUIDFH PRUSKRORJ\ RI WKH ZRUQ WUDF
REVHUYHG IRU WKH FDVWLQJ DOOR\ LQ GLIITHUHQW LQLWLDO
DOOR\ XQGHUJRHYVY VHYHUH ZHDU PHFKDQLVPV GRPLQDWHG E\
yLixuw ¥KRzZzv WKH FKDUDFWHULVWLF IHDWXUHV RI VHYHUH ZF
ZKHUH GHHS JURRYHV DUH HYLGHQW GXH WR WKH XVH RI D K
IXUWKHU SURPRWHV WKH GHYHORSPHQW RI WKUHH ERG\ DEU
DQG DSSOLHG ORDG DGKHVLYH ZHDU DOVR RFFXUV OHDGLQ
RI WKH EDVH DOOR\ LQ ERWK DV GLHFDVW DQG JURXQG VWD
WKLV WUDQVIHU DQG DGKHVLYH LQWHUDFWLRQ FDQ EH REVH

VO



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

7KH LQLWLDO PLFURVWUXFWXUH RI WKH FDVW DOOR\ VWUR
JLIXUH7KH JURXQG VXUIDFH HI[KLELWY D KLJKHU ZHDU GHSW
ZKLFK LV DWWULEXWHG WR LWV ORZHU KDUGQHVY ODWHULD
YLVLEOH DORQJ WKH VUGHKHVEREMNXG ZHWK M UBPNXWRHI DFN SURI

7KH FRPELQDWLRQ RI WKUHH ERG\ DEUDVLYH DQG DGKHVI
FRHIILFLHQW ) DM(NKRZQVLQ OO\ WKH IULFWLRQ FRHIILFLHQW
LQFUHDVHV 7KLV LQFUHDVH LQ WKH IULFWLRQ FRHIILFLHQW
RQ WKH FRQWDFWHG VXUIDFHV RI ERWK WKH EDVH DOOR\ DQ
DV ZHOO DV WKH ODUJHU FRQWDFW DUHD EHWZHHQ WKH DO)
ZHDU YROXPH ORVYV

,Q WKH FDVH RI KDUGIDQRBIHHBENMIDPPS WKW ZRUQ VXUIDFH RI
ZKHUH WKH ZHDU LV FRQWUROOHG E\ DEUDVLYH FRPELQHG ZL
VOLGLQJ WKH R[LGH OD\HU IUDJPHQWYV DUH FRPSUHVVHG
UHPRYHG DV ZHDU GHEULYV IURP WKH ZHDU WUDFN 7KLV EHK
DQG PLFURFUDFNV RI WKH DQRGLF OD\HU ZKLFK SURPRWH Wi
PRUH VHYHUH IRU +$ * VDPSOHVY GXH WR VHYHUDO UHDVRQV
FUDFNV LQ WKH +% * OD\HU ZKHUH WKH FDYLWLHV DUH PRUH
& DV GHWDLOHG EHIRUH ,, TKH KLIKHUXKBMKRZNVDY RURD Gt
DQG GHHSHU ZHDU SURILOH IRU +% * FRPSDUHG WR +%$ & 7KH
FRQWHQW WKDQ WKH JURXQG VXUIDFH OHDGLQJ WR HPEHGCG
LQFUHDVHV WKH KDUGQHVV RI WKH R[LGH OD\HU UHVXOWLQ.
+$* DV LOOXVWUDWHG LQ

7KH KDUG DQRGL]LQJ SURFHVV LPSURYHV WKH LQLWLDO VX!
UDWH DV LOOXVWURDAMYGE WLWQWKH +$ * VDPSOHV H[KLELW VLPL!
DV GLHFDVW VXUIDFHVY GHVSLWH WKH ODWWHU KDYLQJ ORZHU
GLITHUHQFHY DQG WKH ZHDU PHFKDQLVP ZKHUH KLJK FDYLW|
+$* VKRZV D FRQVLVWHQW ZHDU GHSWK ZKLOH WKH ZHDU W
IHDWXULQJ GHHS ZLGH JURRYHV DQG XQHYHQ VFDUV

VP



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

6 XUIDFH PRUSKRORJ\ RI WKH ZRUQ WUDFNV RI 3(2 & DQG 3(
RI D WULER@DHMHU7KH FRPSRVLWLRQ RI WKH WULEROD\HU YDL
PDWHULDO 7KH FRQFHSW RI IRUPLQJ D WULEROD\HU FDQ UHC
WKH DSSOLHG ORDG DQG VOLGLQJ SURPRWH UH R[LGDWLRQ
LQWR WKH WULEROD\HU > @ $V SUHYLRXVO\ QRWHG DQ
ERG\ WR HQVXUH FRQVLVWHQF\ LQ DVVHVVLQJ WKH ZHDU EHK

7KH DYHUDJH WKLFNQHVV RI 3(2 & FRDWLQJ LV “ —P DQC
—P)LIJXUH (‘6 DQDO\WVLV Rl WKH WULEROD\HU IRUPHG RQ WK
UHGXFWLRQ LQ 6L DQG 1D HOHPHQWY SUHGRPLQDQWO\ FRQ
FRDWLQJ 7KH ZHDU UDWH RI 3(2 & FRDWLQUJI LWVHZILMMKO BB WKR
6, & e 2 UIDANDOU+BURINLIOMH +RZHYHU WKH IRUPDWLRQ RI WKH V
WR ORZHULQJ WKH IULFWLRQ FRHIILFLHQW RI 3(2 & GHVSLW
VKRZQLUQUH

3(2 * FRDWLQJ VKRZV VLPLODU WULEROD\HU IRUPDWLRQ EX\
LPSURYHPHQW LV DWWULEXWHG WR LWV K LJKHWUHKDHMX@OHWWNM D
LQ D VKDOORZHUW JZHDU&&RPIYWEKXHQWO\ 3(2 * HI[KLELWV D OR.:
UHGXFHG IULFWLRQ FRHIILFLHQWHURBQDWNMH3WR: 3@ &* DO
RXWSHUIRUPV +$ * GXH WR LWV KLIJKHU KDUGQHVYVY DQG IHZH

7KH PRVW HQKDQFHG SHUIRUPDQFH LV REVHUYHG LQ 3(2S
VLOLFDWH WR IRUP D FRPSRVLWH FHUDPLF FRDWLQJ 7KH WU
WKH VXUIDFH URXJKQHVV DQG LQFUHDVLQJ WKH FRD&WLQJ JU
DQG 3(25.3XUHKVKRZV D PRUH XQLIRUP DQG VWD EIOHK WULER

3(2S FRDWLQJV H[KLELW WKH ORZHVW ZHDU UDWHV 7KH Z}
IRU 3(2S & ZKLOH WKH DOXPLQD FRXQWHU EDOO UHPDLQV Z
('6 OLQH DQDAWHRARQILUPHG WKH SUHVHQFH RI VWURQWLXP Z
WR a —P IURP WKH VXUIDFH ZKLOH ('6)DQD.OAVIXW WK HUK H
GHPRQVWUDWHY WKH SUHVHQFH RI VWURQWLXP ZLWKLQ WUL
WKH ZHDU GHSWK UHPDLQV OLPLWHG WR WKH RXWHU SRURX
OD\HUIXUK 7KH IULFWLRQ FRHIILFLHQW RI 3(2S & L¥ VOLJKV
)LIXUH

VQ



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

JLIXUHXUIDFH PRUSKRORJ\ RI WKH ZRUQ WUDHFNV3IRI DQE> EDW H3DP2XBO R\
KHQ WKH LQLWLDO VXUIDFH LV DFHJ DV GLHFDVW DQG

VR



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

JLIXUHRURVYV VHFWLRQ ZHDU VFDU SURILOHV IRU WUHDWHG DC

JLIXUHULFWLRQ FRHIILFLHQW YV VOLGLQJ GLVWDQPBRSBHV3(2 WUHD'

6 XPPDU\

7KLV VWXG\ VIVWHPDWLFDOO\ LQYHVWLIJDWHY WKH HIIHFW
D VLOLFDWH EDVHG HOHFWURO\WH GXULQJ WKH 3(2 SURFHVYV
DWWHQWLRQ LV JLYHQ W R6 M2ISH R QHWL IVXGl KREZ DMK HR\QLR I BXH Q F
HIILEFLHQF\ HQHUJ\ FRQVXPSWLRQ DQG ZHDU UHVLVWDQFH )
ZHUH DOVR SURGXFHG XQGHU FRQWUROOHG FRQGLWLRQV
PLFURVWUXFWXUH DV GLHFDVW DQG JURXQG LV FRQVLGHL
LOQWHUDFWV ZLWK +$ 3(2 DQG 3(2S SURFHVVLQJ LQ GHWHUP

VS



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

ILQGLQJY GHPRQVWUDWH WKDW VWURQWLXP DOXPLQDWH SD
FRDWLQJ IRUPLQJ D QHZ SKDVH RI VWURQWLXP VLOLFDWH
3(2S 7KH R[LGH OD\HU JURZWK VKRZV D VWURQJ GHSHQGH(
+$ ZKHUHDV 3(2 DQG 3(2S FRDWLQJV DUH XQDIIHEWHG E\ ZK
JURXQG 7KH KLJKHU FRDWLQJ JURZWK UDWH IRU 3(2S a
WKLENHU 3(2S FRDWLQJV ZKLFK KHOS UHGXFH WKH VSHFLILF
E\ DSSUR[LPDWHO\ IRU DV GLHFDVW VXEVWUDWHY DQG O
DQDO\VLV FRQILUPV WKDW FRQYHQWLRM@O B2 OFR® WO QUIVF R [
PXOOLWH SKDVHV ZKLOH 3(2S FRDWLQJYV DGGLWLRQDOO\ F
VWURQWLXP VLOLEDWH DULVHV IURP 2W IS UWWKLH OO GEHERB
GLVFKDUJHV IROORZHG E\ WKH UHDFWLRQ RI WKH UHVXOWLQ
7KH IRUPDWBLRG KO VEHN UHGXFHV WKR @WRQ®KRXWKALR WKH FR
WR D PRUH FU\WWDOOLQH VWUXFWXUH WKDW HQKDQFHV PLF
3(2S FRDWLQJV RQ JURXQG VXEVWUDWHYV ZKLFK H[KLELW WHF
WHVWHG FRQGLWLRQV 6FDQQLQJ HOHFWURQ PLFURVFRS\ VK
JURXQG VXUIDFHV FRQWDLQV D KLJKHU GHQVLW\ Rl FDYLWLF
VXUIDFHV &RXSOHG ZLWK WKH ORZHU PLFURKDUGQHVV RI +§
LQIHULRU ZHDU UHVLVWDQFH FRPSDUHG WR +$

7TKH VXFFHVVIXO LQFRUSRUDWLRQ RI VWURQWLXP LQWR WK
FRQILUPHG E\ (‘6 7KLV LQFRUSRUDWLRQ UHGXFHV WKH FDY
SRURVLW\ LQ WKH RXWHU OD\HU RI WKH 3(2 FRDWLQJ

‘HDU WHVWLQJ FRQVLVWHQWO\ UHYHDOV WKDW 3(2S FRDW
EHKDYLRU LQFOXGLQJ WKH ORZHVW ZHDU UDWHY FRPSDUHG
ZKHWKHU WKH LQLWLDO VXUIDFH zZzDV DV GLHFDVW RU JUR>
VWDWLVWLFDOO\ VLIQLILFDQW LQ DOO FDVHV &RPSDULQJ 3(:
ZKHQ VWURQWLXP VLOLFDWH LV SUHVHQW LQ WKH SRURXYV
DWWULEXWHG WR WKH GHYHORSPHQW RI D VWDEOH DQG SU
WKHVH UHVXOWY VXJIJHVW WKDW SDUWLFOH DVVLVWHG SODYV
HQKDQFLQJ HQHUJ\ HIILFLHQF\ FRDWLQJ PLFURVWUXFWXUH?:
WULERORJLFDO SHUIRUPDQFH

VT



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

&KDSWHU &RUURVLRQ SHUIRUPDQFH

(OHFWURFKHPLFDO WHVWLQJ RI 3(2 FRDWLQJV

*HQHUDOO\ 30DVPD HOHFWURO\WLF R[LGDWLRQ 3(2 VXUIL
FRUURVLRQ UHVLVWDQFH RI PHWDOOLF VXEVWUDWHYV +RZHY|
PLFURVWUXFWXUDO IHDWXUHV RI WKH 3(2 FRDWLQJV 7KH 3(2
LQFOXGLQJ PLFURSRUHYVY PLFURFUDENV DQG GLVFKDUJH LQ
LQWHJULWN > @ 7KHVH GHIHFWV VHUYH DV SUHIHUHQWLDO
WKURXJK WKH FRDWLQJ WR WKH XQGHUO\LQJ VXEVWUDWH
SHUIRUPDQFH RI WKH FRDWLQJ V\VWHP

2SHQ FLUFXLW SRWHQWLDO 2&3 PHDVXUHPHQWY DUH ZLC
SDUDPHWHU WR DVVHVV WKH FRUURVLRQ WHQGHQF\ RI P
HQYLURQPHQWY 2&3 UHSUHVHQWY WKH HTXLOLEULXP SRWH
FRDWHG VSHFLPHQ UHODWLYH WR D UHIHUHQFH HOHFWURG
SRODUL]DWLRQ LV LPSRVHG RQ WKH HOHFWURFKHPLEFDO V\
SURYLGH YDOXDEOH TXDOLWDWLYH LQIRUPDWLRQ WKH\ DU}
FRUURVLRQ PHFKDQLVPV DQG FRUURVLRQ NLQHWLFV > @

'"HVSLWH WKLV OLPLWDWLRQ 2&3 HYDOXDWLRQ UHPDLQV F
VXVFHSWLELOLW\ RI 3(2 FRDWHG VDPSOHV ZLWK PRUH QHJD\
WHQGHQF\ WRZDUG FRUURVLRQ 2483 PHDVXUHPHQWY HVWDE
HOHFWURFKHPLFDO DQDO\VWVHV SDUWLFXODUO\ SRWHQWLRG\
LPSHGDQFH VSHFWURVFRS\ (,6 ZKLFK DUH DPRQJ WKH PR
LQYHVWLIDWLQJ WKH FRUURVLRQ EHKDYLRU RI 3(2 FRDWLQJ
IRFXVHV RQ WKH UHVXOWY REWDLQHG IURP 3'3 DQG (,6 PHDV)
PLFURVWUXFWXUDO REVHUYDWLRQV RI WKH VDPSOHYV IROOR:
FRUURVLRQ WHVWLQJ

VAV,



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

(OHFWURFKHPLFDO LPSHGDQFH UHVSRQVH

,Q WKLV PHWKRG D ORZ DPSOLWXGH SHUWXUEDWLRQ SRWH
3(2 FRDWHG HOHFWURGH RYHU D EURDG IUHTXHQF\ UDQJH D¢
7KH UHVXOWYV FDQ EH UHSUHVHQWHG XVLQJ HLWKHU 1\TXLV
YDULDWLRQ RI LPSHGDQFH PDJQLWXGH DQG SKDVH DQJOH ZL
IURP ERWK UHSUHVHQWDWLRQV FDQ EH DQDO\VHG E\ ILWWLQ.
HQDEOLQJ WKH GWWBHBHQDBWMORQ FKIDUDFWHULVWLEFV Rl WKI
FDSDFLWDQFH DQG WKH UHVLVWLYH FRQWULEXWLRQV RI WK
UHVXOWY LQFOXGH %RGH DQG I1\TXLVW SORWV DORQJ ZLWK I
EHKDYLRXU RI WKH GLIIHUHQW 3(2 VDPSOHV DW GLIIHUHQW L

(,6 H[SHULPHQWV ZHUH SHUIRUPHG RQ 3(2 DQG 3(2S VDFP
FRQGLWLRQV DV GLHPDVWODEEWURWEES WKH UHVXOWYV REWI
SORW LPSHGDQFH DQG SKDVH DQJOH DV D IXQFWLRR RKHSS (
%RGH LPSHGDQREHBS@RWDQ UHFRUG WKH LPSH&RBKH DRY L G H
D JRRG LQGLFDWLRQ RI KRZ 3(2 FRDWHG VDPSOHVI UHNSRQG L
UHYHDOV W KCHE UMD/ YV E\ LQFUHDVLQJ WKH LPPHUVLRQ WLF
WKH 3(2 VDPSOHV KDYH D DJIMOHUN L YKH AKHWBDO HVKH 3(2S VDP
= DIWHU LPPHUVLRQ GD\V 3(26QWKDV WKBIMHKNMKBW WK
IRU 3(2 FROWKXQUWHYHDOV WKH FEROD@PHMIYQREY WLPH 3(2 FRDW
ORZHU WKLFNQHVV FRPSDUHG WR 3(2S FRDWLQJV 8VLQJ V.
WKLENQHVY E\ *RIHRYHU WKHRORZF2S ERDWLQJV FDQ EH DW\
FDYLWLHV WKDW H[LVW LQ WKH LQQHU OD\HU HYHQ WKRXJK
UHGXFHG DV D UHVXOW RI XVLQJ VXVSHQVLRQ HOHFWURO\W}
FDYLWLHV LQ WKH RXWHU SRURXV OD\HU )6 WX O KDHV FFDQY VW H
DUH SUHVHQW QHDU WKH VXEVWUDWH FRDWLQJ LQWHUIDFH L
LV DQ DSSUR[LPDWHO\ GHFUHDVH LQ LPSHGDQFH IRU 3(2¢
GHFUHDVH IRU 3(2S * WRH BKISQYH® QG 3(2S & DIWHU GD\V LF
TXLWH VWDWLVWLFDOO\ VLJQGHFDHDA/ H)RDE V8 HA F RO WX WJIVHEB D
UHODWLYHO\ VWDEOH DIWHU GD\V RI LPPHUVLRQ

VV



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

7KH UHVXOWYV RI WKH (,6 7TOXDIQHAMLWWD \MLW W HIEQ B @ L\DLIV W K H
VRIWZPUBDWD ZHUH LQWHUSUHWHG XVLQJ DQ HTXLYDOHQW F
5 LQ VHULHV ZLWK WKUHH SDUDOOHO UHVLVWDQFH+FRQVWD
HOHFWURFKHPLFDO UHVSRQV HKWAWRZ(W KB QXKW B D USFRSHFHX @ DO B \WH
DQG PHWDO HOHFWRAKEH)W HXLQMAN B IIDFWH WK H H XX HGD® R Q WWF WM
LPSHGDQFH GDWD REWDLQHG TWRPRWWH UN SR WRHGV VCBIH\FHLLP B @ V
KLJK IJUHTXHQFLHV GXH WR LWV UHODWLYHO\ VPDOO WLPH FF
D GRPLQDQW PLG IUHTXHQF\ SKDVH SHDN DVVRFLDWHG ZLWHK
QDWXUH 7KH ORZ IUHTXHQF\ UHh}&BEHMIHPHIVHUBRIGUHV S\RQH
IRUPDWLRQ RI WKH HOHFWULFDO GRXEOH OD\HU DQG FKDUJH
DQG EHFRPHV LQFUHDVLQJO\ LQIOXHQWLDO ZLWK LPPHUVLRQ

YRU ERWK V\VWHPV 3(2 DQG 3(2S WKH RXWHU OD\HU H[KLEL
LQQHU OBE\HW UHIOHFWLQJ LWV KLJKHU SRURVLW\ DQG ZHDNH
LQQHU OD\HU H[KLELWV VXEVWDQWLDOO\ KLJKHU LPSHGDQF|
OD\HU Rl WKH FRDWLQJ $ FRPSDULVRQ EHWZHHQ WKH WZR FF
FRDWLQJV GLVSOD\V D KLJKHU LPSHGDQFH WKDQ WKDW RI Wk
EH DWWULEXWHG WR PLFURVWUXFWXUDO FKDUDFWHULVWLF\
JLIXUH7KLY SKHQRPHQRQ OHDGV WR PRUH LQWHQVH GLVFKD
VSDUNLQJ UHJLPH

7KH 3(2 FRDWLQJV H[KLELWrWAKRQI MO B@SKERRMWUL GBIV L
HOHFWURQ WUDQVIHU SURFHVVHV DVVRFLDWHG ZLWK FRUUR
WKH KLEMHIUXEY REVHUYHG IRU WKH 3(2 FRDWLQJV VXJJHVWYV
DJDLQVW FRUURVLRQ FRPSDUHG ZLWK WKH 3(2S FRDWLQJV

VW
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V X
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WO



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

JLIXUH%RGH D E DQG I1I\TXLVW F GLDJUDPV DWD&IO K K DQ

JLIXUH,PSHGDQFH DW +] IRU 3(2 DQG 3(2S FRDWLQJV LQ YDULR?

WP
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7TDEOH)LWWLQJ UHVXOWYV RI WKH HTXLYDOHQW HOHFWULFDO SDUDF

PPHUV 5rxw & 3 Rxw S5L0 &3 (Lo S5rw &3 Go
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PPHUV Srxw & 3 Rxw S5Lq &3 (o S5rw &3 @Go
.RX\ .LQ .GO
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JLIXUH6FKHPDWLF GLDJUDP RI WKH HOHFWURFKHPLFDO HTXLYDOH
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SRODUL]DWLRQ EHKDYLRU

7KH SRWHQWLRG\QDPLF SRODUL]DWLRQ UHVXOWVY REWDLQ]
VXPPDUL]HBGOLZKLFK VKRZV WKH FR kU RYR A R UIRMARAEIOFHW (5
DQG FRUURVLRQ FUWRIQDWDPHBQWMVDRHYHUW KRXU DQG GD\V
1D&0 VROXWIURSQVSOD\V WKH SRODUL]DWLRQ FXUYHV IRU WKt
DOOR\ DIWHU KRXU RI LPPHUVLRQ $00 FRDWLQJV KDG FRU!
LQGLFDWLQJ VLPLODU WKHUPRG\QDPLF WHQGHQFLHV WRZDU
GLIIHUHG 7KH 3(2S & VDPSOHV VKRZHG D VLJQLTDEMGWO\ OR.
%RWK 3(2S & DQG 3(2S * FRDWL@W HG KK EsL RRHEGSAVHIGX AIARS 3.( 2
FRDWLQJVY ,QFRUSRUDWLQJ VWURQWLXP VLOLEDWH SDUWLFC

K EDUULHU SURSHUWLHY GXULQJ WKH ILUVW KRXU RI LPPHI

JLIXUGHPRQVWUDWHY WKH SRODUL]DWLRQ FXUYHV DIWHU
UHVXOWY DOO FRDWLERLUWY RH [KREHWHG MWLKIHIWO@QXHY LQGLFIL
DFWLYDWLRQ ZLWK WLPH H[SRVXUH 7KH 3(2S FRDWLQJV VI
FRUURVLRQ FXUNHQWDORQVLINWK GHFUHDVLQJ SRODUL]DWLF

K 5S LQFUHDVHG E\ a IRU 3(2 & DQG a IRU 3(2 * OLNEFH
FRUURVLRQ SURGXFWV ,Q FRQWUDVW WKH 3(2S FRDWLQJV
GHFUHDVHG E\ a IRU 3(2S & DQG a IRU 3(2S * EMWHBAHHQ

LV FORVHO\ OLQNHG WR WKH PLFURVWUXFWXUDO FKDUDFWHL
PHDVXUHPHQWY )URP 7DIHO DQDO\VLVY WKH 302 PRDWLQJV F
ZLWK 3(2 & VKRZLQJ WKH ORZHVW FRUURVLRQ FXUUHQW GH
LPPHUVLRQ PDNLQJ LW WKH EHVW ORQJ WHUP FRUURVLRQ U|

WS



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

7DEOH3RWHQWLRG\QDPLF SRODUL]DWLRQ GDWD H[WVBRZQDMWHG IURP WK
DQ)G JXUH

,PPHUVLRQ 6DPSC (FrRU® YV $J $J& Eruu—$ FP 5s N FP

3(2 &

3(2 *

3(2S &

3(2S *

3(2 &

3(2 *
GD\V

3(2S &

3(2S *

JLIXUH3RWHQWLRG\QDPLF SRODUL]DWLRQ FXUYHV FDUUKHG RXW LQ D

WT



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

JLIXUH3RWHQWLRG\QDPLF SRODUL]DWLRQ FXUYHV FDUUIGHG RXW LQ L

JLIXUH&RUURVLRQ &XUUHQW 'HQVLW\ RI 3(2 DQG 3G2B| & RDRWIXQH $1WF

JLIXUHLOOXVWUDWHY FURVV VHFWLRQV RI WKH FRDWHG \
SHUIRUPHG DIWHU GD\V RI LPPHUVLRQ LQ 1D&O ,Q D 1L
WKURXJK GHIHFWYVY RU FKDQQHOV WKDW UHPDLQ RSHQ DQG

wu



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

LQWHUIDFLDO FRUURVLRQ LV LQLWLDWHG VXEVHTXHQWO\ I
FRDWLQJ ('6 UHYHDOV D KLJKHU FRQFHQWUDWLRQ RI &0 LQ
JLIXUHIRU WKH 3(2 DQG 3(2S FRDWHG VDPSOHV :KHQ WK
FRDWLQJ VXEVWUDWH LQWHUIDFH WKH FRUURVLRQ FDQ SUR
WKH VXEVWUDWH LQ WKRVH UHJLRQV

6LOLFRQ SOD\V D FULWLFDO UROH LQ KRZ FDVW $0+x6L DOC(
PRUH E\ WKH VKDSH DQG FRQWLQXLW\ RI WKH 6L SKDVH W
HQYLURQPHQWY PLFURFUDFNV DQG SRUHV LQ WKH 3(2 FRD
UHDFKLQJ WKH LQWHUIDFH EHWZHHQ WKH FRDWLQJ DQG WHK
FRQWDLQV VLOLFRQ SDUWLFOHV RU D FRQWLQXRXV VLOLFR
JDOYDQLF FHOO IRUPV 7KLV KDSSHQV EHFDXVH . $O0 KDV D P
VLOLFRQ ,Q WKLV VHWXS WKH . $O DFWV DV WKH DQRGH DQG
DQG UHPDLQVKSURWRFMVANMGOHDGY WR WKH IRUPD®WQR® RI FRU
$0 28O0 $02+BQGC $OR@VHTXHQWO\ ORFDOL]HG FRUURVLRQ W
DURXQG 6L>SDUWARQFOHYV

J)LIXUBLOOXVWUDWHY WKH ('6 OLQH DQDO\VLYVY WKH KLJKHU
DQG ZKHUH WKH FRUURVLRQ LV FOHDUO\ YLVLEOH $W WKH
KDV ORZHU VLOLFRQ FRQWHQW WKDQ WKH UHJLRQ DIWHU SRI
FHOOV IRUPHG LQ WKH XQGHUO\LQJ VXEVWUDWH FRQWDLQ D
7KH FURVV VHFWLRQDO VFKHPD Rl WKH 3(2 FRDWLQJV GXUL
)LIXUH

JLIXURWWKRZV WKH ('6 PDS IRU WKH FURVV VHFWLRQ RI WKH
GLVWULEXWLRQV UHYHDO D ORFDOL]HG HQULFKPHQW RI &0 Z
SUHIHUHQWLDO SDWKzZD\ 7KLV ORFDOL]HG FRUURVLRQ FHOO
SURSDJDWHYV LQWR WKH VXEVWUDWH S3IUHGRPLQDQWO\ ZLWK

WV



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

JLIXUH6(0 FURVV VHFWLRQ LPDJHV RI WKH VWXGLH& RPRD®& QGVHDIWHU 3°
3(2S ZKHQ WKH LQLWLDO VXUIDFH LV D E G| DV GLHFDVW D

WWwW



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

JLIXUH6BFKHPDWLF FURVV VHFWLRQ LOOXVWUDWHY WKIRI3D2 CFRRAD/OLLQH G5 X |
FRUURVLRQ FHOO

JLIXUH'6 PDSV VKRZLQJ ORFDOL]JHG FRUURVLRQ LQ WKH FURVV VFH

W X



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

6 XPPDU\

7KLV VWXG\ WKRURXJKO\ HIDPLQHG WKH FRUURVLRQ UHVLVW
GLH FDVW $06L &X )H DOOR\ 7KH PDLQ UHVXOWYVY FDQ EH V)

f3(2S FRDWLQJV KDYH EHWWHU FRUURVLRQ SHUIRUPDQFH L
DQG KDYH ORZHU FRUURVLRQ FXUUHQW GHQVLW\ WKDQ 3(
f(,6 UHVXOWV LQGLFDWHG WKDW WKKR B MAKLH B/(2S FAHR R WW @ 3\
KLIJKHU YDOXH WKDQ WKH FRUUHVSRQGLQJ 3(2 FRDWLQJV
UHVXOWY LQGLFDWH SUKRDQY WIKH BXWWHQFHRY GBRHY QRW (
fS3UHVHQFH Rl VXVSHQGHG VWURQWLXP DOXPLQDWH SDUWL
WKH SURFHVV RI IRUPLQJ WKH FRDGWEQIHQKDQHAHWKAHDR
SHUIRUPDQFH DQG RXWHU OD\HU LQWHJULW\ GHIHFWV DQ
ZLWQHVVHG IURP WKH FURVV VHFWLRQHNQGBWDRQBHVXOWYV
f$IWHU K LPPHUVIRRQ3(WSEHRDWLQJV VKDUSO\ GHFUHDVHYV
1D&0 VROXWLRQ LQWR WKH FUDFNV DQG FKRQQWOW K D@
FRQWUDVW 3(2 FRDWLQJV PDLQYWOKE DIWHI@QD WL Y HIO \ /WD
f QFUHDVLQJ WKH FRUURVLRQ FXUUHQW GHQVLW\ RI 3(2S U
LQWHJULW\ LQ SURWHFWLQJ WKH VXEVWUDWH DOVR UDL"
3(2 SURFHVV WR FRPELQH D JRRG RXWHU DQG LQQHU OD\H

X O



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

&ODLPV

&ODLP 7TKH LQLWLDO VXUIDFH PLFURVWUXFWXUH RI WKH +
JURZWK RI WKH DQRGLF OD\HU DQG LWV WULERORJLFDO SHUI

D 7KH JURXQG VXUIDFH ZLWK D KLJKHU . $0 SKDVH FRQMW
OD\HU WKIZKMQHMVXQG VXUIDFH VHUYLQJ DV WKH LQLWLDO V>
LQFUHDVHV WKH WKLENQHVV Rl WKH DQRGLF OD\HU LQ ERWK
GLIIHUHQFHV LQ SDUDPHWHUV DQG DQRGLF OD\HU JURZWK |
FKDQJHV IURP WKH DV GLHFDVW WR WKH JURXQG VWDWH VKF
VKRZQ LQ&LJIJXWKH DQRGLF OD\HU IRUPHG WKURXJK WUDGLW
WKLENHU WKDQ WKDW RQ WKH DQRGL]JHG DV GLHFDVW VXUID
OD\HU LV URXJKO\ WLPHV WKLFNHU WKDQ WKDW RQ WKH
PDLQO\ UHVXOWV IURP WKH KLJKHU VLOLFRQ FRQWHQW DW W
JURZWK $GGLWLRQDOO\ WKH KDUG DQRGL]HG JURXQG VXUID
WKLENQHVV FRPSDUHG WR WKH KDUG DQRGL]JHG DV FEDVW VX
LPSUHVVLYH LQFUHDVH 7KHVH UHVXOWYV KLJKOLJKW WKI
HQKDQFLQJ DQRGLF OD\HU WKLFNQHVYV

JLIXUH &DULDWLRQ RI WKH WKLFNQHVYV RI WKH DQRGL]HG «

XP



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

E ,QFUHDVLQJ WKH DQRGLF OD\HU WKLFNQHVV IZKHQYHU\
ZHDU UHVLVWDQFH RI WKH DQRGLF R[LGH OD\HU LV JUHDWC
LQWHJULW\ ,Q WKLV VWXG\ WKH DQRGL]JHG JURXQG VXUIDFH)
KDG D KLJKHU GHQVLW\ RI FDYLWLHY 7KHVH FDYLWLHV DUH
DQRGL]LQJ DV JULQGLQJ H[SRVHV D PLFURVWUXFWXUH ZLWE
WR WKH DV GLHFDVW PLFURVWUXFWXUH &RQYHUVHO\ WKH D
VWUXFWXUH ZKLFK KHOSV WKH R[LGH PHWDO LQWHUIDFH GX
SDUWLFOHYVY PRUH HITHFWLYHO\ 7KLV HQJXOIPHQW SURFHVYV I
OHDGLQJ WR WKH IRUPDWLRQ RI FDYLWLHV SULPDULO\ QHDU

$GGLWLRQDOO\ WKH XQLIRUP GLVWULEXWLRQ RI ILQH VLOL
ZHDU SHUIRUPDQFH 7KLV PLFURVWUXFWXUDO IHDWXUH LPSLI
UDWH DV REVHUYHG IRU ERWK KDUG DQG FRQYHQWLRQDO LC
VXUIDFHYV

&ODLFKH LQLWLDO VXUIDFH PLFURVWUXFWXUH RI WKH +3'é
VLIQLILFDQWO\ DIIHFW WKH JURZWK RI WKH 3(2 FRDWLQJ KI
SHUIRUPDQFH

D7KH LQLWLDO JURXQG VXUIDFH ZLWK D KLJKHU . $0 SKD\
JURZWK DV WKH DV FDWKLW XYWREH WKH DYHUDJH 3(2 FRDW
GHYHORSHG XQGHU KLJK IUHTXM®ER [+2 +4 LOLDQEBO 1DU O
.2+ HOHFWURO\WH KDV WKH VDPH FRIDIDIWBIOHVR/ZRIKWEKH L-OF
PLFURVWUXFWXUH S(2 WUHDWPHQW UHGXFHG WKH QHJDWLY
HQDEOLQJ D VLPLODU 3(2 FRDWLQJ WKLFNQHVV RQ ERWK DV
WKH HQHUJ\ VXSSOLHG E\ WKH 3(2 SURFHVV ZDV VXIILFLHQW

E 7KH LQLWLDO PLFURVWUXFWXUH IHDWXULQJ D KLJKF
IRUPDWLRQ RI D EHWWHU ZHDUQUARQWUDYW 3(R AWRKOHWLRQRGL
SUHVHQFH RI D KLIJKHU DPRXQW RI 6L HXWHFWLF SDUWLFOH)\
ZHDU UDWH LQ WKH 3(2 FRDWLQJYV 7KLV EHKDYLRXU HDQ EH L
PLFURVWUXFWXUH 6SHFLILFDOO\ WKH JURXQG VXUIDFH FRQ
$O SURPRWHG WKH IRUPDWLRQ RI D FRDWLQJ ZLWK LQFUH

XQ



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

DVVRFLDWHG ZLWK D KLJKHU $O0Ow2x FRQWHQW LQ WKH FRD
ZHDU UHVLVWDQFH &V WKRHQ@QFRDODWWLRYJ IRUPHG RQ WKH JU
* H[KLELWHG D ORZHU ZHDU UDWH FRPSDUHG ZLWK WKH FRDYV
& )XUWKHUPRUH VWDWLVWLFDO DQDO\VLV FRQILUPV WKDW
3(2 & DQG 3(2 * FRDWLQJV LV VWDWLVWLFDOO\ VLIQLILFDQW

JLIXUH &HDU UDWH YDULDWLRQ RI 3(2 FRDWLQJ RQ DWXCEWWDDW HD\Q G J |

&ODLP 6WURQWLXP DOXPLQDWH SDUWLFOHYVY VXVSHQGHG
UHDFWLYHO\ LQFRUSRUDWHG LQWR WKH 3(2 FRDWLQJ

D 6LOLFDWH EDVHG HOHFWURO\WH 63 2BKRWH \L @AKMHIRG ARD
BUSD SKDBHROXQGHUZHQW WKHUPDO GHFRPSRVLWLRQ XQGHU
GXH WR WKH SURFHVV LQ WKH VLOLFDWH HOHFWURO\WH W
IRUPDWLREL2RKDB/U KLIKHU WKHUPRG\QDPLF VWDELOLW\ WKD
DOXPLQDWER G6URPSGU2 DQG'$EDWWHUQV FRQILUPWBG2WRH SUH
WKH 3(2 FRDWLQJ

E 7TKHWIBAISKDVH FRQWULEXWHG WR HQKDQFLQJ WKH WULEF
FRDWIZ®H UHDFWLYH LQFRUSODUWLIFFDOHWIGEUEQJ WKH 3(2 S
VXEVHTXHQW IRBEDWILWRL®RI WWKH RXWHU SRURXV OD\HU VL.
WULERORJLFDO SHUIRUPDQFH RI WKH 3(2S FRDWLQJ FRPSDU
UHDFWLYH LQFRUSRUDWLRQ DOVR LQFUHDVHG WKH PLFURKD

XR



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

6L2w WKHUHE\ UHGXFLQJ LWV QHIJDWLYH LPSDEW RWKARDWL
FRQYHQWLRQDO 3(2 FRDWLQJ KDG D JUHDWHU ZHDU VFDU GHS¢
XQGHU WKH WHVWHG ZHDU FRQGLWLRQV WKH FRXQWHU ERG!
IRU 3(2S FRDWLQJV WKH ZHDU WUDFN VWD\HG ZLWKLQ WKH R
HIKLELWHG WKH ORZHVW ZHDU UDWHY DQG WKH PRVW VWDEC
ZDV FRQVLVWHQWO\ REVHUYHG IRU ERWK LQLWLDO VXUIDFH
D UHGXFHG ZHDU UDWH WKDQ WKH FRUUHVSRQGLQJ 3(2 FRDW
VKRZQ LQ )LIJXUH E LV YHU\ VWDWLVWLFDOO\ VLIQLILFDQW

JLIXUH &8(2 DQG 3(2S FRDWLQJY SURSHUWLHY D WHKRBNLIHVN DQG ZH

F OLQLPDO ,QIOXHQFH RI 6XEVWUDWH RQ7&{2 R IWILLFPRDORG
3(2S FRDWLQJV H[KLELW H[FHOOHQW ZHDU UHVLVWDQFH UHJI
FDVW RU JURXQG 7KH GLIITHUHQFH LQ ZHDU UDWH EHWZHH
VWDWLVWLFDOO\ VLIQLILFDQW XQOLANH 3(2 & DQG 3(2 * FRDW

XS



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

&ODLP &RUURVLRQ UHVLVWDQFH RI 3(2 FRDWHG VDPSOH)
JRYHUQHG SULPDULO\ E\ WKH LQWHJULW\ RI WKH 3(2 FRDWLQ

D 7KH RXWHU SRURXV OD\HU GRHV QRW FRQWWROREZKH O
IUHTXHQF\ YROWDJHV WKH SRODUL]DWLRQ SDWKZD\ RFEFXUV
OD\HU ('/ FDSDFLWDQFH DQG FRDWLQJ FDSDFLAWBIQMHHR UEH K[
WKH LPSHGDQFH PDJQLWXGHFDW ERZF RWVIDGHUAHGDQ LQGLFC
UHVLVWDQFH WR LRQLF WUDQVSRUW WKURXJK WKH FRDWL
HTXLYDOHQWwFLDG&HDWH 3L Q VHULHY VR ZH FDQ HVWLPDWH W]
DQG RXWHU OD\HUV WR FRUURVLRQ UHVLVWDQFH 7KH KLJK
LQFUHDVH WKH LPSHGDQFH DW ORZ&IUHTKHQFAKSY 8RR I AC
LQFRUSRUDWHG LQWR WKH RXWHU OD\HU DQG SRURVLW\ LV
FRDWLQJ UHVLVWDQFH LV REVHUYHG DIWHU GD\V RI LPPHUV

JLIXUH &PSHGDQFH PDJQLWXGB @WRXWHU © Dkl RUHY L2V VQO® BK2 $
FRDWLQJV DW GLIIHUHQW LPPHUVLRQ WLPHV LQ 1D&

E 7KH LQQHU OD\HU LV WKH FULWLFDO EDUULMKH QDQ\GKUW K
Ob\HU VHUYHV DV WKH FULWLFDO EDUULHU FRQWUROOLQJ
oLPLWLQJ HOHFWURO\WH SHQHWUDWLRQ ,WV SURWHFWLYH

XT



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

GHSHQGV VWURQJO\ RQ LWV PLRURVYWGXKFDWHDOW KQW HWKLHN
UHVLVWDQFH LV LQLWLDOO\ KLJKHU IRU SDUWLFOH PRGLILHC
GXH WR WKH RXWHU OD\HU FRQWULEXWLRQ LQ OLPLWLQJ HC
LPPHUVLRQ HOHFWURO\WH LQJUHVV UHDFKHV WKH LQQHU O
FRDWLQJYV ZKHUHDYV 3(2 FRDWLQJV H[KLELW D UHODWLYHO\ V

JLIXUH &P SHGDQFH PDJQLWXGB@WLQQHY ©D\gURWHI/(2VIMD® B2 5
FRDWLQJV DW GLIIHUHQW LPPHUVLRQ WLPHV LQ 1D&

&ODLP 268POWLFOHY DVVLVWHG 3(2 FRDWLQJV 3(2S RQ +
KDYH EHWWHU VKRUW WHUP K FRUURVLRQ UHVLVWDQFH WK

D ([LVWHGRRLRY WIKH RXWHU SRURXV OD\HU HQKDQFHV SR
FRDWG&®I2SDUWLDOO\ VHDOV SRUHV DQG GLVFKDUJH FKDQQ
SHQHWUDWLRQ LQWR WKH LQQHU OD\HU DQG LQFUHDVLQJ SR
DV ZKHQ WKH LQLWLDO VXUIDFH LV DV GLHFDVW DQG y,

E SRODUL]DWLRQ UHVLVWDQFH 5S RI WKH 3(2S FRDWLQJV
LQ 1D&FUHDVLQJ LPPHUVLRQ WLPH DOORZV FKORULGH L
PLFURFUDFNY DQG UHDFK WKH LQQHU OD\HU DQG GHIHFWYV QF

XU



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

FRUURVLRQ EHQHDWK WKH FRDWLQJ EUHDNGRZQ RI WKH LQ
SRODUL]DWLRQ UHVLVWDWRHV IRUWIIHIE QFRIDWY. QIRQVLGHUHG
VLIQLILFDQW ,Q FRQWUDVW 3(2 FRDWLQJV H[KLELW HQKD
FRUURVLRQ SURGXFWV VHDO WKH SRUHV DQG FUDEFNV ZKL
FRDWMXIMW GLIIHUHQFH LV FRQVLGHUHG WR EH YHU\ VWDWL
VWDWLVWLFDOO\ VLIJQLILFDQW IRU 3(2S & )LJXUH

J)LIX8&H 3RODUL]DWLRQ UHVLVWDQFH 5S Rl 3(2 DQG SKABH&RDWLQJV

XV



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

6FLHQWLILF SXEOLFDWLRQV

SXEOLFDWLRQV UHODWHG WR WKH VXEMHFW RI WKH GLVVHUV

5D]JRXN (PHO ,W]LDU +LGDOJR *RQJ]iOH] 'iQLHO .RQF] +R
$UUDEDO DQG 7DPiV ,VWYiQ 7|U|N ,Q VLWX IRUPDWLRQ RI 6L
$06L &X )H DOOR\ IRU HQKDQFHG ZHDUBXHYVDNMW DQBHIRQEV |
7HFKQRORJ\ ,QGHSHQGHORXBRQWDWIDRON 4

5D]]JRXN (PHO 'iQLHO .RQF] +RUYiWK DQG 7DPiV , T7|U|N
$QRGL]LQJ 3URFHVV Rl $OXPLQLXP+6L@UFRWDEDPRW $OOR\V2$
,QGHSHQGHQWXUQMWERQN 4

5D]]JRXN (PHO 'iQLHO .RQF] +RUYiWK DQG 7DPiV , T7|U|N
$QRGL]LQJ +LJK 6LOLFRQ $OXPLQLXP $OOR\ $06L &X )H XQ
3RZHU ORGGHVWD QR ,QGHSHQ®XQWDF\§¥D QN RQ

(PHO 5D]]JRXN 7DPiV .XUXVWD EGiP 5iF] 'iQLHO .RQF] +RU
)DEULFDWLRQ Rl 6WURQWLXP $OXPLQDWH 6XVSHQVLRQ DQG ,
$06L $OABRWRUDQGXV] $OPDQDFK

5D]]RXN (PHLOHO .RRBY MRV , 7|QJ®XHQFH RI 6XUIDFH 3UHSD
‘HDU 3HUIRUPDQFH DQG OLFURVWUXFWXUO 3URS\HVURWLHHYGRIVE C
$OPDQDFK

5D]]JRXN (PQHLOHO .RRBY ADRIV , 7$QRGLILQJ &KDO GHQILARQ Q +
$OXPLQXP$®BOREX QHFURVWUXFWXUDO ,PSDFW DQG 7KLFNQH
6XUIDFH &RQGLWLRQV MNOGWIRZHMWLR®@BY 6WXGHQW 'D\ RI 0
*HUPDQ\

5D]]JRXN (PQHLOHO .RRBY MRV , 7$QRGLF ILOP FKDQJHV GXULQ
FRPPHUFLDO SXWNWAXPIQEXP] $OPIQDFK S

(PHO 5DJJRKiV , 7|U|N $ UHYLHZ RI SODVPD HOHFWURO\WLF |
DQG DIIHFWLQJ IDFWRUV 'BEWRUDQGXSY] $OPDQDFK

XW



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

JXUWKHU 3XEOLFDWLRQV

1DJ\ OyQLND )HNHWH 'iQLHO .RQF] +RUYiIWK ,VWYiQ .HUQ
&RSUHFLSLWDWLRQ DQG 3URSHUWLHV Rl &RQYHUVLRQ 1DQR
3KRVSKDWLQJ ZLWK ORO\EGDWH DQG OPXQOVOXMRI1DWWHW
(QJLQHHULQJ DQG 3HUIRUPOWQFHO 5DQN 4

&RQIHUHQFH SUHVHQWDWLRQV

WSULQJ :LQG &RQIHUHQFH
2UDO SUHVHQWDWLRQ WOEGEDSHVW +XQJDU\

7KH 5ROH RI OLFURVWUXFWXUH LQ $QRGL]LQJ %HKDYLRU
$06L &X )H

WKQWHUQDWLRQDO 6WXGHQW 'D\ Rl OHWDOOXUJ\
2UDO SUHVHQWDWLRQ )UHLEHUJ *HUPDQ\ $SULO

$QRGL]LQJ &KDOCHQLFR Q G OXBIOPBXP &0 ORFURVWUXFWXUD O
DQG 7KLFNQHVYV 9DULDWLRQ XQGHU 'LITHUHQW B6XUIDFH &RQG

ODWHULDOV 6FLHQFH 'D\ ;;,,, IRU 3K' 6WXGHQWYV

2UDO SUHBPQWRYLBMWHP 1RYHPEHU

&KDOOHQJHV $VVRFLDWHG ZLWK $QRGL]LQJ &DVWLQJ $0 6L $
(67$/ &RQJIJUHVV

2UDO SUHVWXDBDDBW VY RQ 6HSWHPEHU

$QRGL]LQJ DQG SODVPD HOHFWURO\WLF R[LGDWLRQ RI FDVW|
+XQJDULDQ 6FLHQFH 'D\ FRQIHUHQFH

2UDO SUHVHQWDWLRQ QRYNREBRU+XQJDU\

$ UHYLHZ Rl SODVPD HOHFWURO\WLF R[LGDWLRQ FRDWLQJ FK

XX



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

SHIHUHQFHYV

>@ : /HH DQG 6 - 3DUN 323RURXV $QRGLF $OXPLQXP 2[L
6\QWKHVLV Rl )XQFWLRQRBPLBEQRVIHIFREXUHV ~ +
KWWSV GRL RUJ FU ]

>@ - 0 5XQJH 7KH OHWDOOXUJ\&KIDSSRE GQ JHYI ,SONKHPUL Q X ¥

SXEOLVKL@IWWSYV GRL RUJ

>@ % =KX DQG & =DQHOOD 3,QIOXHQFH RI )H 5LFK ,QWtF
$QRGLVLQJ 3URSHOWBEKWREIDYME SOIORYW DQG &RDWLQJV 7HFK

KWWSV GRL RUJ M VXUIFRDW

> @ ( 5D]]JRXN ' .RQF] +RUYiWK DQG 7 , 7|U|N 2&ULWLF
3URFHVV RI $OXPLQLXP+6LOLFRQ &D&W\WWDRW2$ SHYLHZ °
KWWSV GRL RUJ FU\VW

>@ 1 %DUDWL ( , OHOHWLV ) *ROHVWDQL )DUG $ <HUF

6DQL 2289OU2AZDQRVWUXFWXUHG &RDWLQJV 8VLQJ '& 30DVPD (O
7TULERORJLFDO 3URSHUWHBBSBORH® O6 X6XIEVAMU BMLHH\Q F H
KWWSV GRL RUJ M DSVXVF

>@ $/ <HURNKLQ ; 1LH $ /H\ODQG $ ODWWKHZV DQG |
IRU 6XUIDFH (QAXQHHWL@PRG &RDWLQJVQRHFKQRORJ\
KWWSV GRL RUJ 6

> @ ; /X 0 ORKHGDQR & %ODZHUW ( ODW\I\NLQD 5 $UL
=KHOXGNHYLFK 330DVPD (OHFWURO\WLF 2[LGDWLRQ &RDWL
6 XUIDFH DQG &RDWLQJV THFKQRORJ\ *

KWWSV GRL RUJ M VXUIFRDW

>@ 0 5L]ZDQ 5 $OLDV 8 = =DLGL 5 ODKPRRGLDQ DQG

RI 9DOYH OHWDOV 8VLQJ 30DVPD (OHFWURO\WLF 2[LGDWLRQ
-RXUQDO RI %LRPHGLFDO ODWHULDOWR 5HVHDUFK 3DUW
KWWSV GRL RUJ MEP D

>@ % / -LDQJ DQG < 0 :DQJ 3*30DVPD (OHFWURO\WLF 2[L
7LWDQLXP $OORVUVDFHQ(QJLQHHULQJ RI +/LJKW\WO \GOQR\W
KWWSV GRL RUJ

> @ 9 ) +HQRTH\F 2[LGDWLRQ RI $OXPLQLXP DQG ,WV $0O0Of
(QJLQHHULQJ 3UBPWWHUGBBLHYVHYLHU

> @ - 5 %YRYBFRIGRQ )HUURXV )RXQG UM BIGTV2 HRQ G E BoRN
%XWWHUZRUWK +HLQHPDQQ

> @ - * .DXIPDQ DQEOXPLQXRPR$OOR\ &DVWLQJV 3URSHUW
$SSOLFBWLRQWHUQDWLRWYBO® GRL RUJ DVP WE DDFSSEL

> @ 7 %RJGDQRII 6 6HLIHGGLQH DQG $ . 'DKOH 37KH (Il
DQG OHFKDQLFDO 3UR S HUDWOLHW DFOl CBXOULIALLD §BDRO. L'D Q D

POO



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

> @ $60 +DQGERRN 39ROXPH &DVWLQJ "~ ODWHULDOV 3D

+

> @ 3ROPHDU ' 6W-RKQ +JLYKW IOD®EVO 0MMDBQOOXUJ\ RI W
WK HG $PVWHUGDP

> @ ' 6WDQLU = =RYNR %URGDUDF DQG / /L * QIOXHQFI

$O0OR\ RQ OLFURVWUXFWXUH 'HYHORSPHQW DWBOMIBVLOH 6V
KWWSV GRL RUJ PHW

> @ 0 7 'L *LRYDQQL HW DO 2 QIOXHQFH RI &X $GGLWLR
$ JRXQGU\ $ODWHULDOV 7RGD\ &RPPXQLFDWLRQV
KWWSV GRL RUJ M PWFRPP

> @ - %DVNDUDQ 3 5DJKXYDUDQ DQG 6 $VKZLQ 3([SHUL
OLFURVWUXFWXUH ORGLILHUV DQG +HDW 7UDMDMWWPLHION ,TRG X
3URFHHGLQJV + KWWSV GRL RUJ M PDWSU

> @ < ;X = =KDQJ = *DR < %DL 3 =KDR DQG : ODR 3(II

DQG &X RQ WKH OLFURVWUXFWXUH &DVWDELOLW\ DQG OHFK
$OOR\V ZLWK =U ODQEHUBBOV &KDUDFWHUL]DWLRQ

KWWSV GRL RUJ M PDWFKDU
> @ = )DQ HW DO 3*UDLQ 5HIL QO ®\WFMKDR D VO WA WLKDHD § C
+ KWWSV GRL RUJ M DFWDPDW

> @ g]WeUN * +DS00 $+DR+0OX ( (U]JL3(IlHFWE\L RD b WOUGRG W
$GGLWLRQ RQ WKH OLFURVWUXFWXUH DQG &R UARRWILARIDO 9%RH K L

$OOR\V DQG &RPSRXQGMWH KWWSV GRL RUJ M MDOOFRP

> @ / .XPDU - & -DQJ + <X DQG . 6 6KLQ 3(IIHFWV RI &
BURSHUWLHY DQG 7KHUPDO &RQGXFWLYLWHN\WD®HO+DELGE 0D WLHL
, QWHUQDWQRQDO KWWSV GRL RUJ v

> @ - < +ZDQJ + : 'RW\ DQG 0 - .DXIPDQ 37KH (IIHFW
OLFURVWUXFWXUH DQG 0HF&D& RDV V8 URGHDWRKNNOR | 6FLH Q F |
(QJLQHHULQDRS + KWWSV GRL RUJ M PVHD

> @ : :DQJ HW DO S3(IIHFW RI 7UDFH &U $0OOR\LQJ RQ &H
BROLGLILHGLS GBS $OOR\V )DEULFDWHGOPWAZU QDHR/OEF &IDY A
(QJLQHHULQJ $ KWWSV GRL RUJ M PVHD

> @ + < .LP 6 : +DQ DQG + 0 /HH 37KH ,QIOXHQFH R
B3URSHUWLHY RI $ + ODWHWIODORA /HRRVHU YV +
KWWSV GRL RUJ M PDWOHW

> @ $0 &DUGLQDOH ' ODFFLz * /XFLDQR ( &DQHSD L
&RUURVLRQ %HKDYLRU RI $V &DVW $0+6L-BRO®DD ZRIWHO 6 RUH
&RPSRXQGYV + KWWSV GRL RUJ M MDOOFRP

POP



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

> @ 0 (OPDGDJOL 7 3HUU\ DQG $ 7 $OSDV 3$ 3DUDPHWU
OLFURVWUXFWXUH DQG :HDU 5HWMNMWDQEOER RE $0£6L $CGOR\V
KWWSV GRL RUJ M ZHDU

> @ ) :DQJ = =KDQJ < 0D DQG < -LQ 3(IIHFW RI )H DQG

DQG :HDU 3URSHUWLHV RI 6SUD\OMSRVLIVGI'G SEDREWBIUSOOR\ ~
+ KWWSV GRL RUJ M PDWOHW

> @ ) & S5REOHV +HUQDQGH] - 0 +HUUHUD 5DPtUH] DQG

ODMRU DQG ,PSXULSBGLOSIPOHOWWKD® 6SULQJHU ,QWHUQDWL
KWWSV GRL RUJ B

> @ ' 6 6 $KDPPHG $ $ .KDQ $ $ 5D]LQ DQG O 6 .DLV
DQG 2YHU $JHLQJ RQ WKH :HDU 3URSHUWLHV ROBWHRSH® \$O0
7RGD\ 3URFHHGLQJV+ KWWSV GRL RUJ M PDWSU

> @ + 5 .RWDGLD DQG $ 'DV 20RGLILFDWLRQ RI 6ROLGLI
+\SHU (XWHFWLF $0+6L $OOR\V XQGHU +LJIRXQAHD RLEO 8@ WL
&RPSRXQGYV KWWSV GRL RUJ M MDOOFRP

> @ 9 6 =RORWRUHYVNL* 1 $&DBWORYJ BOQGEPLYIPHED RN
2[IRUG (OVHYLHU 6FLHQFH

> @ - 6 6KLQ % + .LP DQG 6 O /HH S3(IIHFWV Rl 3K
OLFURVWUXFWXUDO (YROXWLRQ DQG $QRGL]LQIODRERWBUDPBPWWU
6FLHQFH )RUXP + KWWSV GRL RUJ Z72Z VELHQWLILF ¢

> @ $ $GYHNDU ' < $UXQNXPDU DQG ' 0 6 B6ULQDWK 3
&DVWLQJ 3URFHVV IRU ,GHQWLI\LQW HDWQED WMLRLPRO L-RX U Bl 6 R
5HVHDUBR

> @ - &DPSEHOO &RMSOHWH &DYWLQJI +D Q®ERRNHU
KWWSV GRL RUJ %

> @ + =KHQJ < -LDQJ ) /LX DQG + =KDR 3*6\QHUJLVWL
&U\WWDOV DQG )H 5LFK ,QWHUPHWDOOLF R-@ XWKID)YU R FWXW H W4
5HVHDUFK DQG 7THFKQRORJ\KWWSV GRL RUJ M MPUW

> @ ; < -LDR HW DO 3&KDUDFWHUL]DWLRQ RI ([WHUQDO((
'LH &DVW $06L 0QO0J $OOR\ DQG 7KHLU (IIHFW RQ-BRURWIONLH
R ODWHULDOV URFHVVLQJ THFKQRORJ\
KWWSV GRL RUJ M MPDWSURWHF

> @ ; < -LDR HW DO 3&KDUDFWHUL]DWLRQ RI +LJK 3UHVYV
%DVHG RQ OLFURVWUXFWXUDO 'LVWUREXWDROQRDQUBWHDEDWXW H
THFKQRORQ@R KWWSV GRL RUJ M MPVW

> @ - )X HW DO S3:0LFURVWUXFWXUH (XWHFWLF 6L 'LVWU
6L+x0J +LJK 3UHVVXUH 'LH &DVWLQJV ZL-WXURQO (RR ABG Q XODRWW
SURFHVVHYV + KWWSV GRL RUJ M MPDSUR

POQ



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

> @ 0 =KDQJ . /LX - +DQ ) 4LDQ - :DQJ DQG 6 *XDQ
=U DQG 9 RQ WKH (YROXWLRQ RI 0L F &ROIWIDNW S0DANAR® G DIINR S
7RGD\ &RPPXQLFDWLRQVKWWSYV GRL RUJ M PWFRPP

> @ ' %ORQGKHLP DQG $ ORQURH 30DFUR 3RURVLW)\ )RUP
&DVWLQIQWHUQDWLRQDO -RXUQDO RIJR OHWDOFDVWL@J
KWWSV GRL RUJ Vv [

> @ 4 +X ; - =KDQJ DQG 6 6 :X S0LFURVWUXFWXUH OH
JLOOLQJ %HKDYLRU RI +LJK 3OHGIRUP B Q &K WICH 0&DNINO PXUILFD
(QJOLVK /HWQNRH UV KWWSV GRL RUJ Vv

> @ = : &KHQ 36NLQ 6ROLGLILFDWLRQ GXULQJ +LJK 3UHV
$OORDWHULDOV 6FLHQFH DQGODPQHQHBOVY BFLHQFH DQG (QJLC
QR KWWSV GRL RUJ 6

> @ ( - 9HQDWEQWHJIULW)\ 'LH &RKWQLQD BYUR BRDWH V

> @ / 3H]]JDWR 0 'DEDOj 6 *URVV DQG . %UXQHOOL 3(II
RI $06L 0J $OOR\ B3URGXFHG E\ 6HOHFWLYH /DVHU OHOWLQJ
(OHFWURO\WLF 2[LCGOWURBAH&BOQWLORVWLQIV 7HFKQRORJ\
KWWSV GRL RUJ M VXUIFRDW

> @ $ % 5RJRY + /\X $ ODWWKHZV DQG $ <HURNKLQ 3%
RI $GGLWLYHO\ ODQXIDFWXUHG6R QD RHD\DW G BRD WELMA R\ VH F K

KWWSV GRL RUJ M VXUIFRDW
> @ % =KX DQG & =DQHOOD 3*+DUGQHVV DQG &RUURVLRQ
E\ 5KHRFDVWADWHULDOV '"HVLJQ
KWWSV GRL RUJ M PDWGHYV
> @+ + /LHQ - OD]XPGHU - :DOULFRFWUREWXNH (YROXWL
'HQVLW\ Rl 1DQRWZLQQHG 8OWUDILQH 6L LQ +\SHUHXWHFWLF
ODWHULDOV &KDUDFWHUL]DXWLRE®Y GRL RUJ M PDWFKDU

> @ + ORUD 6DQFKH] HW DO 33+DUG $QRGL]LQJ DQG 30T
$GGLWLYHO\ 0DQXIDFWXWHBF$HOROIG SORDRV L QJV 7THFKQRORJ\
KWWSV GRL RUJ M VXUIFRDW

> @ 3 :DQJ 4 0D 4 <XZHQ DQG - /L B37KH 'LIITHUHQFHV L
3(2 DQG &3('" &RPSRVLWHG &HUDPLF &RIRWU@DW RRJ $0OREV

&RPSRXQGYV +tKWWSV GRL RUJ M MDOOFRP
> @ - : 'LJJOH 7 & 'RZQLH DQG & : *RXOGLQJ 3$QRGLI
&KHPLFDO S5HYQIRHZV KWWSV GRL RUJ FU D
> @ * ( 7KRPSVRQ @2®*3RURXV $QRGLF $OXPLQD )DEUL
$SSOLFDWKUIRQBROLG )IQRPV + KWWSV GRL RUJ 6

POR



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

> @ - 3 2 6XROLRM® 37KH ORUSKRORJ\ DQG OHFKDQLVP RI
$QRGLF )LOPV RQ3E¥BFKPHGILQQIY Rl WKH 5R\DO 6RFLOIRV\ Rl /RQC
+ KWWSV GRL RUJ UVSD

> @ - $VHQVLR /RIDQR % 6XiUH] 3HxD DQG * 9DQGHU 9RI
WKH OHFKDQLFDO 3URSHUWLHYV DQG 6XUIDFH $SSHDUDQFH |
ODWHULD®V KWWSV GRL RUJ PD

> @ - 5XQJH DQG / &KHVWHUILHOG 3&RQQHFWLQJ 7KH
BXFFHVVIXOO\ $QRGL]LQJ $OXPLOG®RPLE L&PVWMHYQDMRLRQD O

> @ - &KHQ HW DO 37KH OLFURVWUXFWXUH DQG 3URSHU
OLFURDOOR\LQJ DQG < BFLBIQR KB DOQWLFOHKWQRORJI\ RI ®8YDQFF
+ KWWSV GRL RUJ

> @0 +XDQJ + ' =KDR DQG = 0 &KHQ 30LFURVWUXFWXU|
:KHHOV )DEULFDWHG E\ /RZ 3UHVVXUH 'LHR 2D VQ QR DIDMKH VR
(QJLQHHULQJ DQG 3®RIRUPDQFH KWWSV GRL RUJ Vv

> @ - .RQLHF]Q\ / $ 'REU]D VNL . /DELV] DQG - 'XV]F
OHWKRG DQG $QRGL]JLQJ 3DUDPHWHUV RQ 6WUXFWXUH DQG
-RXUQDO Rl ODWHULDOV 3URFH¥VLQJ 7HFKQRORJ\
KWWSV GRL RUJ M MPDWSURWHF

> @VDQJDD®ODQRIORX 6 'ZRRRKDRQWDNLY < 0 :DQJ + +
6 .LD 3(IIHFW RI $OOR\ 7\SHV RQ WKH $®RG LDF®.J DBQU®R RHRDWE
7THEKQROR®DR KWWSV GRL RUJ M VXUIFRDW

> @ 5 SUUDEDO % OLQJR $ 3DUGR 0 ORKHGDQR ( ODW
&RUURVLRQ RI 5KHRFDVW $ $OXPLQLXP 8BORRYQRQ ZMLHQP
+ KWWSV GRL RUJ M FRUVFL

> @ % OLQJR 5 $UUDEDO $ 3DUGR ( ODW\NLQD DQG 3 ¢
DQG 7KHLU (IIHFW RQ WKH &RUURVLRQ ORUSKBDW HURD OBK H

&KDUDFWHUL]DWLRQ+t KWWSV GRL RUJ M PDWFKDU

> @ / ( )UDWLOD $SDFKLWHL - 'XV]JF]\N DQG / .DWJHU
$06L &X $QRGLF 2[LGH /D\HUV )RUPHG L@XYWBE{H DWW G RZR DHPL
7THFKQROR®DR KWWSV GRL RUJ 6

> @ ) =KDQJ & gUQHN - 2 1LOVVRQ DQG - 3DQ 3*$QRGL
+ ,QIOXHQFH Rl ,QWHUPHWDOOLF 3D&RULFROHM R QB BQHRGHERF 2[L

KWWSV GRL RUJ M FRUVFL

> @ / ( )UDWLOD $SDFKLWHL ) ' 7LFKHODDU * ( 7KRI
'XV]F]\N DQG / .DWJHUPDQ 3$ 7UDQVPLVVLRQ (OHFWURQ OLF
/ID\HUV RQ $06L &XOHFWOURFKLPLFDQRFWD +
KWWSV GRL RUJ M HOHFWDFWD

POS



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

> @ % =KX 6 6HLIHGGLQH 3 2 ¢ 3HUVVRQ $ ( : -DUIR
6WXG\ RI )RUPDWLRQ DQG *URZWK Rl WKH $QRGLVHG 6XUIDF
'LIITHUHQW $QDO\WLF D@D WHUAK@DM XHV "HVLJIQ +
KWWSV GRL RUJ M PDWGHYV

> @ ( 5D]]JRXN ' .RQF] +RUYiIWK DQG 7 , 7|UIN 30LFURYV
+LJK 6LOLFRQ $OXPLQLXP $OOR\ $06L &X )H XQGHU 9DULR.
ORGH&U\VWD @R KWWSV GRL RUJ FU\VW

> @ / ( )UDWLOD $SDFKLWHL - 'XV]F]\N DQG / .DWJH
ORUSKRORJ\ Rl $06L &X $QRGLF 2[LGH /D\HUV )RERUIDEIQ) +w !
DQG &RDWLQJV 7HFK@RORJ\ KWWSV GRL RUJ 6

> @ & :O0H\HUV . + +LQWRQ DQG - 6 &KRX 37RZDUGV WK
LQ $OXPLQXP $IDOMRHVLDOV 6FLHQFH )RUXP =

KWWSV GRL RUJ ZZZ VELHQWLILF QHW 06)
> @ $ . 'DKOH . 1RJLWD 6 ' OF'RQDOG & 'LQQLV DQG
DQG OLFURVWUXFWXUH 'HYHO R ®/MHQ W 0L 6§FQ HELF SIOM@EV (Q JL Q
+ KWWSV GRL RUJ M PVHD

> @/ ;X + -LD 0 =KD=KRX ' *DRID3 DQG ' STKQJ (IIHFW RI
% DQG 6E RQ WKH &RUURVLRQ %iHHKID¥QRRBRKRUQ@DDUR D WH\W HIO
5HVHDUFK DQG 7THFKQRORHBWWSV GRL RUJ M MPUW

> @ ) 5LGGDU 6 +RJPDUN DQG ¢ . 5XGROSKL 3&RPSD
6 XUIDFHV IURP )RXU )DERIXRBMDICR Q| 0DVWKHRWGEWDL OV 3URRBIRVVLQJ
+ KWWSV GRL RUJ M MPDWSURWHF

> @ / &KDXNH . OXWRPER DQG * *RYHQGHU 3& RUURVLRC(
$OXPLQLXP $OOR\ BURGXFHG E\ WKH 5KHR $GXYKO QB HGVOOMAH UH
SHVHDUFK +tKWWSV GRL RUJ ZZ2Z NEFELHQWLILF QHW

> @ 6 OHQDUJXHV - $ 3LFDV ( ODUWLQ 0 7 %DLOH 0
JLQLVK (IITHFW RQ WKH $QRGL]JLQJ %HKDYLRXU RI $0+6L &RI
&DVWLQJ 3,QRFHYYDWLRQDO -RXUQDO RIRODBWHULDO )RUPLQ
KWWSV GRL RUJ Vv

> @ / &HVFKLQL , %RURPHL $ ORUUL 6 6HLIHGGLQH DQ
DQG OLFURVWUXFWXUDO )HDWXUHV RQ WKH 7HQVLOH DQG )D
ODWHULDOV 'HVLJIQ *x KWWSV GRL RUJ M PDWGHYV

> @ 0 -DUL\DERRQ 3 0jOOHU 5 ( 'XQLQ(%RUNRZVNL DQC
RI 7UDSSHG ,QWHUPHWDOOLF 3DUWLFOHV LQ $QWG LS R2[UBWVLR
OHWKRGV DQG OWHULDOV K®WSV GRL RUJ

> @ / ( )UDWLOD $SDFKLWHL + 7HUU\Q 3 6NHOGRQ *
.DWJHUPDQ 3 QIOXHQFH RI 6XEVWUDWH OLFURVWUXFWXUH F
(OHFWURFKLPLER $FWD KWWSV GRL RUJ M HOHFWD

POT



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

> @ $ . OXNKRSDGK\D\ DQG $ . 6KDUPD 3,QIOXHQFH RI )
RI (OHFWURO\WH RQ WKH +DUG $QRGL]LQJ % HEDOWIRHU DRI G $
&RDWLQJV 7THFIQRROR J\ KWWSV  GRL RUJ 6

> @ . B6KLPL]X * 0 %URZQ . .RED\DVKL 3 6NHOGRQ * (
3 8OWUDPLFURWRP\2$ 5RXWH WRZDUGV WKH (QKDQFHG 8QGHU
%HKDYLRXU RI $OXPLQLXR DQRVLWY 6EERQ¥H +
KWWSV GRL RUJ 6 :

> @ ) =KDQJ - 2 1LOVVRQ DQG - 3DQ 3,Q 6LWX DQG 2
$QRGL]DWLRQ RI $0 , Q1O XHQFH RN U,QNMH RP HW B O(@HF 3D B
6RFLHW\QR & K\@WSV GRL RUJ MHV

> @ + X HW DO 3(IIHFW Rl ,URQ &RQWDLQLQJ ,QWHUPH\
&RUURVLRQ 5HVLVWDQFH RI $RORILDIDGRS $7 KH (O@BGIRWURFKHPLF
QR & HENVWSV GRL RUJ MHV

> @ $ 0 $ ORKDPHG DQG ) + 6DPXHO 3$ 5HWEEX RQ WKH -
&DVWLQJ $OOR\V ~ ,Q FHOWUZLKDWPHQ@NV &RQYHQWLRQDO D
JQ7HFK KWWSV GRL RUJ

> @ = /L $ 0 6DPXHO ) + B6DPXHO & 5DYLQGUDQ DQG
(OHPHQWYV RQ WKH 6HJUHJDWLRQ DQGE&XVR GOWRKY CRD & R$ O v
PDWHULDOV @RLHQFH KWWSV GRL RUJ $

> @ * 6FDPSRQH DQG * 7LPHOOL 3$QRGL]JLQJ $0+6L )RX(
$GYDQFHG (QJLQHHULQJ OD@RIULDOV

KWWSV GRL RUJ DGHP

> @ $ 0 6DPXHO DQG ) + 6DPXHO 20RGLILFDWLRQ RI ,UR
BWURQWLXP LQ $0OMBUGDWRRQDO -RXUQDO RQRDVW OHWD®V &
KWWSV GRL RUJ

> @ % *DVWyQ *DUFtD ( *DUFtD /HFLQD 0 'tD] )XHQWH'
36 XOSKXULF $FLG $QRGLVLQJ RI (1 $& 7UD&DDW\/\$L(P)(P\L(BIL)V\PK$‘I(
QR EWWSYV GRL RUJ ;

> @ OHQJ DQG * 6(I))UBQYNMIO&X &RQWHQW RQ &RUURVLRQ ¥
$OXPLQXP $ORORAYDO RI 7KH (OHFWURFKQPLFDO 6RF®WHW)\
KWWSV GRL RUJ

> @ 0 6DHQ] 'H OLHUD 0 &XULRQL 3 6NHOGRQ DQG * (
2[LGDWLRQ RI 6HFRQG(3KDVH &RQVWLWXHQWV GXULQJ $QR
$OOR\VWBXUIDFH DQG ,QWHUIDFH QRBRQDO\VLV +

KWWSV GRL RUJ VLD

> @ 1 %LUELOLV 0 . &DYDQDXJK DQG 5 * %XFKKHLW
/IRFDOL]HG &RUURVLRQ $VVRFLDWHG ZLWK $0 &X )H 3DUWLF
&RUURVLRQ 6BRHQFH KWWSV GRL RUJ M FRUVFL

POU



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

> @ . /DELV] / $ 'REU]JD VNL DQG - .RQLHF]Q\ 3$QRGL]D
3URGXFHG E\ 'LIIHUHQW &BRIWIHYI RIHWRKRGW\ (QJLQAHHULQJ

> @ ' &DOLDUL * 7LPHOOL % =DEDOD DQG $ ,JDUWXI
,QYHVWLJIJDWLRQV RI 'LHFDVW DQG6XDUBF$HQBRGG] B HDBQEX FK
+ KWWSV GRL RUJ M VXUIFRDW

> @ / &KDXNH + 0|OOHU 8 $ &XUOH DQGI#HE*RXHQGHU
$OOR\V 3URGXFHG EDWHHBL®OV 6FLHQFH )RUXP %

KWWSV GRL RUJ ZZZ VFLHQWLILF QHW 06)
> @ - 6 6KLQ % + .LP DQG 6 0 /HH 3$ BWXG\ RQ ¢

&KDUDFWHULVWLE RI $0GBWHUD\DWVQ 6 FEBIQRHW JRUXP

KWWSV GRL RUJ ZZZ VFLHQWLILF QHW 06)

> @, 1 9 ODQGLFK DQG % 5RDG 36XUIDFH BUHSDUDWLRQ

+

> @ /| &KDXNH + O0|OOHU DQG * *RYHQGHU 3$QRGLVLQJ
'LIIHUHQW BHULHV 3URGXFHG E\ 5KHR GLGK6ESWDHWVI B H QR K0!
+ KWWSV GRL RUJ ZZZ VELHQWLILF QHW 663

> @ < *DR $ <HURNKLQ DQG $ ODWWKHZV 3'& 30DVF
%LRGHJUDGDEOH FS 0J ,Q 96WUID BR DWWV ERQ VB WXIB/L HWFKQRC
+ KWWSV GRL RUJ M VXUIFRDW

> @ 5 + 8 .KDQ $ <HURNKLQ ; /L + 'RQJ DQG $ ODWW}
RI '& 30DVPD (OHFWURO\WLF 2[LGDWLRQ 7UHDWHG $OXPL
DQG (OHFWURO\WHX8RDFH QWEDARRWLQIJYRTHFKQRORJ+
KWWSV GRL RUJ M VXUIFRDW

> @ < *X & &KHQ 6 %DQGRSDGK\D\ & 1LQJ < =KDQJ DQ
DQG ORGHO RI 3XOVHG '& OLFURDUF 2[LGDWLRQ 7UHDWHG $-
$SSOLHG 6XUIDFH 6 FLH Q@R +
KWWSV GRL RUJ M DSVXVF

> @ < *XDQ < ;LD DQG * /L 3*URZWK OHFKDQLVP DQG &
&RDWLQJV RQ $OXPLQXP 3URGXFHG E\ GXWRFRQWQR 0% BR W3

7HFKQROR®DR KWWSV GRL RUJ M VXUIFRDW

> @ 6 :DQJ < LD / /LX DQG 1 6L 33UHSDUDWLRQ DQG
2EWDLQHG RQ $= ' 0J $OOR\ XQGHU 8QLSRODU DQG %LSRODL
&HUDPLFV ,QWHWRDWLRQD®WWSYV GRL RUJ M FHUDPLQ

> @ : *XR . 'X < :DQJ < B6KDR DQG ) :DQJ 3$ 1HZ 1DQI
IRU 30DVPD (OHFWURO\WLF 2[LGDWLRQ )LOP &RDWHG RQ $=
6XUIDFH DQG &RDWLQJYV 7HBRQRORJ\ +
KWWSV GRL RUJ M VXUIFRDW

> @ $ /XJRYVNR\ DQG 0 =LQLJUDG 330DVPD (OHFWURO
ODWHULDOV 6FLHQFH * $GYDQ@FHG 7RSLFYV

POV



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

> @ 6 :DQJ : /LX ; <LQ DQG 1 'X 3 QIOXHQFH RI (OH
OLFURVWUXFWXUH DQG *URZWK OHFKDQLVP RI 30DVPD (OHF
$OXPLQXP $BXRBIDOFH DQG &RDWLQJV 7HFKQRORJ\
KWWSV GRL RUJ M VXUIFRDW

> @ : 1LH ( , OHOHWLV - & -LDQJ $ /H\ODQG $ / <HUF
‘HDU &RUURVLRQ 3URSHUWLHV DQG 7(0 $QDO\VLV RI $0w2x
(OHFWURG®XVLDPFH DQG &RDWLQJV TDHRFKQRORJ)\

KWWSV GRL RUJ 6

> @ . 5 B6KLQ < * R DQG ' + 6KLQ 3(IIHFW RI (OHFWL
3XUH 7LWDQLXP &RDWHG E\ 30DVPDUQHF\WURODRLY RQG R\ PI
6 +6 KWWSV GRL RUJ M MDOOFRP

> @ $ 1RPLQp 6 & 7URXJKWRQ $ 9 1RPLQpP * +HQULRC
9LGHR (YLGHQFH IRU /RFDOLVHG 'LVFKDUJH &DVFBBUHNM BKXULQ
DQG &RDWLQJV 7THFKQRORMKXWWSY GRL RUJ M VXUIFRDYV

> @ O .DVHHP 6 )DWLPDK 1 1DVKUDK DQG < * R 3
ORGLILFDWLRQ RI OHWDOV &RDWHG E\ 30DVPD (OHFWURO\W
SHUIRUPDQFWHRIUHVV LQ ODWHULDOV 6FLHQFH
KWWSYV GRL RUJ M SPDWVFL

> @ 9 'HERQDMIFH ORGLILFDWLRQ RI $OXPLQXP $OOR\V E\ 3
7KH 8QLYHUVLW\ Rl :HVWHUQ 2QWDULR &DQDGD

> @ / :DQJ DQG ; 1LH 36LOLFRQ (IIHFWV RQ )RUPDWLF
$OXPLQXP $ODKR\Y ~ 6ROLG )LOPQER + +
KWWSV GRL RUJ M WVI
> @ 0 0 6 $0 %RVWD . - OD DQG + + &KLHQ 37KH (IIHI
6XUIDFH 3URSHUWLHVY DQG /RZ THPSHUDWXUH ,QIUDUHG (PLV
$OOR\, QIUDUHG  3K\VLFV 7HFKQRORJ\ #
KWWSV GRL RUJ M LQIUDUHG

> @ * 6XQGDUDUDMDQ DQG / 5DPD .ULVKQD 320HFKDQLVP)\
$OXPLQD &RDWLQJV WKURXJK W KoH 0 B2 F&IRD @G @R DRVAKIQIR ORI K
QR + KWWSY GRL RUJ 6

> @ 6 ORRQ DQG < -HRQJ 3*HQHUDWLRQ OHFKDQLVP RI
(OHFWURO\WLF 2[LGDWLRQ RIERU URVEROH KRRV QREXWLRQY ~
KWWSV GRL RUJ M FRUVFL

> @ ( 9 3DUIHQRY $ <HURNKLQ 5 5 1HY\DQWVHYD 0 ¢
ODWWKHZV 37RZDUGV 6PDUW (OHFWURO\WLF 30DVPD 7HFKQF
$SSURDFKHV WR 3URBKYWD PR GHD® LERIDWLQJV 7HFK®RORJ\
KWWSV GRL RUJ M VXUIFRDW

> @ * /L < :DQJ / 4LDR 5 =KDR 6 =KDQJ 5 =KDQJ &
S3UHSDUDWLRQ DQG )RUPDWLRQ OHFKDQLVP RI &RSSHU ,QFR

POW



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

'"HYHORSHG RQ 7L $O&XUIDFGIORQMG &RDWLQJIJV 7HFKQGRORJ\
KWWSV GRL RUJ M VXUIFRDW

> @ < =KDQJ < :X ' &KHQ 5 :DQJ ' /L & *XR * -LDQJ
SOLFUR 6WUXFWXUHV DQG *URZWK OHFKDQLVPV RI 30DVPD
$OXPLQLXP DW 'LITHUHQWX&XDBH @W GHORVDWLEYV 7THFK®RORJ\

KWWSYV GRL RUJ M VXUIFRDW

> @ 5 2 +XVVHLQ ' 2 1RUWKZRRG DQG ; 1LH 32&RDWL
30DVPD (OHFWURO\WLFRAU@DWLRIQIBEFRKRV6/FLHQFH THFKQF
6XUIDFHV DQ®&XQROPV KWWSV GRL RUJ

> @ 5 + 8 .KDQ $ / <HURNKLQ 7 3LONLQJWRQ $ /H\OI
BWUHVVHV LQ 30DVPD (OHFWURO\WLF 2[LGDWLRQ &RDWLQJV
&XUUHBGMWUIDFH DQG &RDWLQJV THFKQRORJ\ +
KWWSV GRL RUJ M VXUIFRDW

> @ 5 2 +XVVHLQ 3 =KDQJ ; 1LH < ;LD DQG ' 2 1RUW
ORGH DQG 'LVFKDUJH 7\SH RQ WKH &RUURVLRQ 5HVLVWDQFH
&RDWHG ODJQHVLXPXYODRH $-QG &RDWLQIYR/HFKQRORJY
KWWSV GRL RUJ M VXUIFRDW

> @ $ / <HURNKLQ $ 6KDWURY 9 6DPVRQRY 3 6KDVKNR
ODWWKHZV 322[LGH &HUDPLF &RDWLQJV RQ $OXPLQLXP $OOR\\
(OHFWURO\WLF 2[BXDWLRHD) BO®R RIRDW'L QJIJQYR/THEKQRORIJ\ #

KWWSV GRL RUJ M VXUIFRDW
> @ ) ;X < ;LD DQG * /L 37KH OHFKDQLVP RI 3(2 3URFHV\
3ULPDU\ 6L®SEBRQHG 6XUIDFH 6FARIQFH +
KWWSV GRL RUJ M DSVXVF

> @ . /L : /L * =KDQJ : =KX ) =KHQJ ' =KDQJ DQG 0
5HILQHPHQW RQ WKH 30DVPD (OHFWURO\WR¥UXJ DGDRV LRIV R [
&RPSRXQGYV + KWWSV _GRL RUJ M MDOOFRP

> @ 6 B6WRMDGLQRYLU 5 9DVLG O 3HWNRYLU = 1HGLU
3/ XPLQHVFHQFH 3URSHUWLHV RI 2[LGH )LOPV )RUPHG E\ $
7XQJVWRSKRVSKROHFWRRFRKLPLFD Q&FWD +
KWWSV GRL RUJ M HOHFWDFWD

> @ 6 )DWLPDK 0 3 .DPLO - + .ZRQ 0 .DVHHP DQG <

6L2w DQG =U2w 1DQRSDUWLFOHV LQWR WKH 2[LGH /D\HU RQ
2[LGDWLRQ &RDWLQJ 6WUXFWXWRIXDQDBO&RUYAURRY BOQ G S&HRI/
+ KWWSV GRL RUJ M MDOOFRP

> @ 0 ORKHGDQR & %ODZHUW DQG 0 / =KHOXGNHYLFK
2[LGDWLRQ 3(2 &RDWLQJV ZLWK ,QFRUSRUDWHG &H2w 3DL
ODWHULDOV 'HVLJQ = KWWSV GRL RUJ M PDWGHYV

POX



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

> @ 0 $OLRINKDJUDHL $ 6DERXU 5RXKDJKGDP DQG 7 6K
RlI 6Lx1ly 7L2w 1DQRFRPSRVLWH &RDWLQJV )DEUGKDVDHE BQZEOIL
&RDWLQJV THFKQRORI\t&WWSV GRL RUJ M VXUIFRDW

> @ * <HVKPDQRYD & %ODZHUW O 6HUGHFKQRYD 0 6W
.DVQHU\N 7 6KXOKD ' 6PDJXORY DQG 0 / =KHOXGNHYLFK
RQ 30DVPD (OHFWURO\WLF 2[LGDWLRQ &RDWLQJRRUGDWIRRQ
$OOR\V DQG &RPSRXQGV KWWSV GRL RUJ M MDOOFRP

> @ 8 ODOD\RJOX . & 7HNLQ 8 ODOD\RJOX DQG 6 6KU

OHFKDQLFDO DQG 7ULERORJLFDO 3URSHUWLHV RI 30DVPD ((

&RDWLQJV RQ $0XPMWQXPLBPOURAFLHQFH DQGORQJLQHHULQJ
+ KWWSV GRL RUJ M PVHD

> @ ( ODW\NLQD 5 $UUDEDO 3 BNHOGRQ DQG * ( 7KRI
1IDQRSDUWLFOHV LQWR &RDWLQJV )RUPHG RQ $OXPLQLXP E
-RXUQDO RI $SSOLHG (OHPWURFKHPLVWU\

KWWSV GRL RUJ Vv

> @ ( /ySH] ODUWtQH] 0 ORKHGDQR ( ODW\NLQD DQG ¢
PDQXIDFWXUHG $0 6L0J $@ORBRD UMWIHFOMHW RRQ. HQHUJ\ FRQVXP
EHKDY-RRRWQDO RI ODWHULDOV B5HVHDUFK DQG 7HFKQRO
KWWSV GRL RUJ M MPUW

> @ 0 1DGLPL & 'HKJKDQLDQ DQG $ (WHPDGPRJKDGDP
,QFRUSRUDWLQJ LQWR &HUDPLF &RDWLQJV *HQHUDWHG E\
$GKHVLRQ &RUURVLRQ OMWHHDLDOOVHYRBWDHFEPIPXQLFDWLRQV
KWWSV GRL RUJ M PWFRPP

> @ - +X bQG 0 + +VLHK 33UHSDUDWLRQ RI &HUDPLF &RI
,QFRUSRUDWLRQ RI =U2w 3DUW ISKKQHD FHQDMLE WRARMDUNFL QNG DMHAK
+ KWWSV GRL RUJ M VXUIFRDW

> @ 0 B6KRNRXKIDU DQG 6 5 $OODKNDUDP 3)RUPDWI

&KDUDFWHUL]DWLRQ RI &HUDPLF &RPSRVLWH &RDWLQJV RQ

2[LGDWLRQ LQ (OHFWURO\WHYV 6&RQMDBDILQQE) SR SOV ZAG K
+ KWWSV GRL RUJ M VXUIFRDW

> @< /LX ' 6 7VDL - 0 :DQJ - 7 - 7VDL DQG & & &KR
RQ WKH &RDWLQJ OLFURVWUXEFWXUH WKURXJK *UHHQ &KUI
2[LGDWISR® " $SSOLHG ODWHULDOV QR ,QWHUIDFHV #
KWWSV GRL RUJ DFVDPL E

> @ 0 2Y+DUD 6 & 7URXJKWRQ 5 )UDQFLV DQG 7 : &O\
6XVSHQGHG LQ WKH (OHFWURO\WH LQWR 30DVPD (OHFWURO\V
6 XUIDFH DQG &RDWLQJV THFKQRORJ\

KWWSV GRL RUJ M VXUIFRDW

PPO



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

> @ ; IX & %ODZHUW 0 / =KHOXGNHYLFK DQG . 8
(OHFWURO\WLF 2[LGDWLRQ 7UHBWBHRW. ROWHK BBQYRHFOH $G G|
KWWSV GRL RUJ M FRUVFL

> @ 0 ORKHGDQR ( /RSH] % OLQJR 6 ORRQ ( ODW\NL
&RQVXPSWLRQ :HDU DQG &RUURVLRQ RI 3(2 &RDWLQJV RQ 3|
&XUUHQW DQG-RYHMTDPDHQR! 0ODWHULDOV 5HVHDUFK D®G 7HFKQI
KWWSV GRL RUJ M MPUW

> @ . $X]JLQV $ =RORWDUMRYV , %LWH . /DIJDQRYVND
S3URGXFWLRQ RI 3KRVSKRUHVFHQW &RDWLQJV RQ / $OXPLC
3RZGHU DQG 30DVPD (OHFWRRPWMAFVQR[LGDWLRQ °

KWWSV GRL RUJ FRDWLQJV

> @ , %LWH * _ULHNH $ =RORWDUMRYV . /DJDQRYVND
*ULJRUMHYD ' OLOOHUV DQG / 6NXMD 31RYHO OHWKRG RI
&RDWLQJ 3UHSDUDWLR@DWEBUBDAPLQXPHVLJIQ -
KWWSV GRL RUJ M PDWGHYV

> @ * 6FDPSRQH DQG * 7LPHOOL 3(IIHFW RI 6XUIDFH 5RX.
$QRGLVL Bk RX SOMMWHULDOV 6FLHQFH D®G 7THFK QRO R\
KWWSV GRL RUJ

> @ ' &DboLDUL * 7LPHOOL 7 6DODWD * &DYDJQLQL 6 |
RI OLFURVWUXFWXUH DQG 6XUIDFH )LQLVKLQk &Q $VOHR\WVD'U G
[LIKW OHWDOV

> @ 86 XUIDFH 'HIHFWV Rl $QRGL]JHG +3'& $0 $OOR)
KWWSV 7277Z UHVHDUEK XOQLSGDIFFHMVMHGO$SULO

> @ . 'DYLV 20DWHULDO %HYARKRRBOXRILEPWRWDO 6WXGL
8QLRQ -RXUQDO

> @ 2[L&@ $ SHIUDFWRU\ &HUDPLF 2[LGH $FFHVVHG
KWWSV 7Z7Z7Z DJRP FRP SURSHUWLHY DVS["$UWLFOH,'

> @ 0 %RQRQL 0 &RQWH 5 *LRYDQDUGL DQG $ %R]]D
$OXPLQXP /LWKLXP &RSSHU $OOR\ ,QIOXHQFH RI (OHFWULF &
7HPSHUDWGXYWHIDFH DQG &RDWLQJV 7HFKQRORJA

KWWSV GRL RUJ M VXUIFRDW
> @ $ %R]]D 5 *LRYDQDUGL 7 ODQIUHGLQL DQG 3 ODWYV
$QRGL]LQJ 3URFHVV RI 7 6% 0 XPALHD DXQRG $EORIRV L QJV 7THFKQRC
+ KWWSV GRL RUJ M VXUIFRDW
> @ 00 ODNKORX| D@&OVWEBESB RKDUDFWHULVWLFV RI $0)
$OORW QDO 5HSRUW 1R '2( ., ‘RUFHVWHU 3RO\WHTF
KWWSV GRL RUJ
> @ 9 'HKQDYL % / /XDQ : < /LX ' : 6KRHVPLWK DQG 6

30DVPD (OHFWURO\WLF 2[LGDWLRQ 7UHDWPHQW 6WDJHV DQG

PPP



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

8QLSRODU 3XOVHG6XKRIDORGHODQG &RDWLQJV 7HFKQRORJ\
KWWSV GRL RUJ M VXUIFRDW

> @ 6 7VDL DQG & & &KRX 3, QIOXHQFHV RI *URZWK 6SHFL
9ROWDJH %HKDYLRU RI 30DVPD (OHERDWOQWYRF 2[LGDWLRQ §
KWWSV GRL RUJ FRDWLQJV

> @ ( ODW\NLQD 5 $UUDEDO O ORKHGDQR % OLQJR -
OHULQR 35HFHQW $GYDQFHV LQ (QHUJ\ (IILFLHQW 3(2 3UF
7UDQVDFWLRQV RI 1RQIHUURXV OHWQRYV 6RFLHW\ RI &KL
KWWSV GRL RUJ 6

> @ 6 3 6DK ( 7VXML < $RNL DQG + +DED]DNL 2&DWK
J)LOPV RQ $OXPLQLXP LQ $ONDOLQH 6LOLFDWH (OHFWURO\WH
+DOI &\FOH LQ $& 30DVPD (OMRWUR®QLWRQF 6 FLLHGORHLRQ ~

KWWSV GRL RUJ M FRUVFL

> @ $ 1RPLQp - ODUWLQ * +HQULRQ DQG 7 %HOPRQ
'LVFKDUJHV RQ 2[LGH *URZWK GXULQJ 30 DB\KRID D(IOHH P\@ G R&R D/
7HFKQRORJ\ + KWWSV _GRL RUJ M VXUIFRDW

> @ /L * =KDQJ $ <L : =KX = /LDR . &KHQ : /L DQG
6LOLFRQ &RQWHQW RQ WKH 30DVPD (OHFWURO\WLF 2[LGDW
ORGH&U\VWD @R KWWSV GRL RUJ FU\VW

> @ 7 : &O\QH DQG 6 & 7URXJKWRQ 3$ 5HYLHZ RI 5
&KDUDFWHULVWLFV GXULQJ 30DVPD (OHFQWIROOW WA R [1LI5D® \WD
SHYLHZWR KWWSV GRL RUJ

> @ ( %RXVVHU $ 5RJRY 3 6KDVKNRY $ *KROLQLD 1 /I
$ ODWWKHZV DQG $ <HURNKLQ 33KDVH 7UDQVLWLRQV LQ
$QRGLVLQJ RI $0 $BEWOR\VODWHULDOLD

KWWSV GRL RUJ M DFWDPDW

> @ ODWHULDOV 'DWD RQ $0O0 6L 2 E\ ODWHULDOV 3URMH
KWWSV GRL RUJ

> @ 8 ODUN &KDUDFWHUL]DWLRQ RI ,EHUH DQG 2ERUR F
UHIUDFWRU\ DSSHUFPMWLRRYDO -RXUQDO RI 1DYRUDO DQG $¢

> @ . 7DQJ / . -DNREVVRQ DQG . +LOGDO 3:7KHUPRG\QI
6L OHWDOV DQG 6LOLFDWH 0H O WR/X ILRLUD 6L RSl UWEO-D RR B W R 8 X DWsL
RI OLQLQJ DQG OHWROOXWWWSY GRL RUJ Y

> @6& &KHPLVBMXUWNRNXPSX

> @ ( ODW\NLQD 5 $UUDEDO 3 6NHOGRQ DQG * ( 7KRP
3URFHVVHV RI &RDWLQJV )RUPHG E\ $& 30DVPD (OHFWUF
(OHFWURFKLPLFD $FWDQR +
KWWSV GRL RUJ M HOHFWDFWD

PPQ



6 XID RIR Q WHRIQUDA ) R'Q 3 '&$06 KO O R\ (PHED R XN

> @ - ODUWLQ $ 1RPLQp ) %URFKDUG - / %ULDQORQ

DQG * +HQULRQ 3'HOD\ LQ OLFUR 'LVFKDUJHV $SSHDUDQFH

OHFKDQLVP Rl &KDUJH $FFXPXODWLRQ D$8 S/&IHH @ BX WIDK € \ BFH
+ KWWSV _GRL RUJ M DSVXVF

> @ - -RYRYLU 6 6WRMDGLQRYLGO 1 O aLarRYLuU DQG 1
30DVPD GXULQJ (OHFWURO\WLF 2[LGDWLRQ RIRXDQQBVIERAP
4XDQWLWDWLYH 6SHFWURVFRS\ DQGR5DGLDWLYH 7HDQVIH
KWWSYV GRL RUJ M MTVUW

> @ $ , 60RQRYD 2 3 7HUOHHYD 9 , %HOHYDQWVHY
OLFURSODVPD &RDWLQJV RQ +LJK 6LOLFRQ $O0 BRIRQWKPFHNARR\ R
OHWDOV DQG 3K\VLFDO &KHPLVWUQR RI 6XUIDFHV+
KWWSV GRL RUJ 6 :

> @ 0 ORKHGDQR ( ODW\NLQD 5 $UUDEDO % OLQJR DOQ
$@6L $OOR\V &RUURVLRQ 3URSHUW LSS MLHZS , QX O KIHRH H FRH €
+ KWWSV _GRL RUJ M DSVXVF

> @ - 0 :KHHOHU - $ &XUUDQ DQG 6 6KUHVWKD 3
OHFKDQLFDO %HKDYLRU RI +DUG $QRGL]HG DQG 30DVPD (OH
$OXPLQXP $OOR6XUIDFH DQG &RDWLQJV 7HFKQR®RJ\

KWWSYV GRL RUJ M VXUIFRDW

> @ 3% 6ULQLYDVDQ & %ODZHUW DQG : 'LHW]JHO 3'U\

(OHFWURO\WLF 2[LGDWLRQ &RDWHEDBE &RVWIHODIQHVLXPx$O!
KWWSYV GRL RUJ M ZHDU

> @ 0 $ODQDJL $ /H\ODQG $ / <HURNKLQ DQG $ ODWW

&KURPDWH &RQYHUVLRQ 7UHDWPHQW ZLWK D 30DVPD (OHFW

&RUURVLRQ 3URSHUWLHV RI ,RQ 9D6RXIWD FHIS B § GWEHR®D H/Q QI \& R E
QR KWWSV GRL RUJ M VXUIFRDW

> @+ )DQ . /LDQJ 5 %DL & :DQJ - 3((X<DQUFHBQ&RUUBY!
5HVLVWDQFH RI 3(2 &RDWLQJ RQ $= % 0J $OOR\V ZLWK 'HOD\
6XUIDFH DQG &RDWLQJIV 7HFKQRORJ\

KWWSV GRL RUJ M VXUIFRDW

> @ 0 (VPDLO\ - ( 6YHQVVRQ 6 )DMDUGR 1 %LUELOLYV
6 7KRPDV DQG / * -RKDQVVRQ 3)XQGDPHQWDOV DQG $GYDC
3URJUHVV LQ ODWHULDOV $KWVHQEHW GRL RUJ M SPDWVF

> @ < <*UHNWeUN % OHQ\XUW & dHOWLN % .s0+NHO\DV
$06L0J ODWUL[ &RPSRVLWHV 3RZGHU OHWDOOXUJ\ )DEUL
&KDUDFWHULJD/BIOR®I G 6XUIDFH 6FLHQFH

KWWSV GRL RUJ M DSVXVF

> @ 3 )HUQIQGH] /ySH] 6 $ $OYHV $ /ySH] 2UWHJD -
%D\yQ 3+LJK 3HUIRUPDQFH 7ULERORJLFDO &RDWLQJV RQ D 61

PPR
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I+

30DVPD (OHFWUROSMIUD RPUEEDWMWRHUQBWLRQDO

KWWSV GRL RUJ M FHUDPLQW

> @ ) =KDQJ = /LX & 3DQ < 'HQJ ' + ;LD DQG % 7ULI
&RQWLQXLW\ RQ WKH /REFDOL]HG &RUURVLRQ RI $06L 0J $OOR
&RUURVLRQ 6FLHQFH KWWSV GRL RUJ M FRUVFL

> @ & /LX 4 :DQJ ; &DR / &KD 5 <H DQG & Rl 5DPDF

30bVvPD (OHFWURO\WLF 2[LGDWLRQ 7UHDWPHQW RQ &RUUR'
6HOHFWLYH /DVHU OHOWGBGBW$HQAID AV &KDBDFWHUL]DWLRQ

KWWSV GRL RUJ M PDWFKDU

> @ < 5DR 4 :DQJ ' 2ND DQG & 6 5DPDFKDQGUDQ 322C
6SUD\HG $OXPLQXP $OOR\ DQG ,WV (IIHFWV RQ OHFKDQLF
3HUIRUPDQFHV 6XHHDFHIRI DQG &RDWLQJV 7HFKQRORJ)\
KWWSV GRL RUJ M VXUIFRDW

> @ < 6KL + 7DQ [/ ;LH 0 :DQJ DQG % =KRX (ITHEW
PHFKDQLFDO DQG FRUURVLRQ EHKDYLRU RI DGGLWLYHO\ PI
VHOHFWLYH ODVHU PHOWLQJ $QWL &RUURVLRQ OHW
KWWSV GRL RUJ $&00

PPS



