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4XHQFKLQJ DQG SDUWLWLRQLQJ QW3 F R DHIWK MIRWGWW H 8 8 S\
VWUHQJWK PDUWHQVLWLF PLFUR VRDWXEMWXQ H P ZO MKH QMWHBL QGG X
PDNH VKHHW SURGXFWV 7KLV SUR FHVW H \8 IDROG/RF R/IVL QWRH S OVR )
WUDQVIRUPDWLRQ LQGXFHG SODVWDRNMNMWHRIL LH WARV MQRKEF Q/FKH MAF
ZHDU UHVLVWDQFH 7KH DSSOLF DH MW.AH CR K DK H HHI SH[B PRW\H @/ |
FRQVLGHULQJ WKURXJK WKLFENQHVV RAKM U R BW XSIDR] LXUH\G DIQGWON
JUDGLHQWYVY ZKLFK GHYHORS LQ @ K.IQF M ISIO®MHU DAKHH IR W F & URIG-HCAM
H[SHFWHG WR KDYH D SURIRXQG LQIOXHQFHOP@HALFURVWUXFW X!

$ QXPHULFDO PRGHO ZDV XVHG WR \LIPRODWW &6 B B/HHU G YUXLL
DQG KHDWLQJ &RROLQJ EHKDYLRUYV IZHNMHN MHPVL Q HERD F LFRPV M DU L
RI TXHQFKLQJ SURFHVVHV 3DUWLWLRWQHQHBMK/YIHUNVLGIULQY R
WUDQVIHU RI D TXHQFKHG SODWH DQ @ UGIHKE MWIGQR R@HD H)XGU G B Al
LPSRUWDQW SURFHVVLQJ SDUDPHWDHW VSIGRMWH 3WKQABF W& HAHWU H X 6 €
LQLWLDO TXHQFK WLPH WUDQVIHIXWQPFH IXREIHFMVUWYPGHQ DM )
PHWKRGRORJLHV ZHUH GHYHORSHG IR ERMISW R H STOOMH KSLUQRIF B
TXHQFKLQJ GHVLJQ PHWKRGRORJ\ ZDR & XWHIG RQ WKHHWR EWBLP D C
SURFHVVLQJ 7KH SDUWLWLRQLQJ GHVLJQDPHWKRBROWRIO HBBOR
DSSOLHG WR QRQ LVRWKHUPDO SDUWLWLRQLQJ

7KH GHVLJQ PHWKRGRORJLHV ZHUXJK[SHODMRPW OO VY PO
SODWH 4 3 SURFHVVLQJ DFFRUGLQDWWR GRPHWPPFBODWWLRIXDDW
ZW SFW & ZW SFW 6L DOOR\ 0 VHRBHB BXWHQJITXH®DFRRG L
IXUQDFH UHKHDWLQJ ZDV VLPXO BWRNWXM\LFQN X®IHO/D ZNHRUPH WYXUR F H \2
WKURXJK WKH WKLFNQHVV RI D VL FARQOD MRS D UDFE © B DMRH VIKGIG \F/'$-
ZHUH DFKLHYHG LQ VRPH FDVHVWUR® WP R Y WK UPHDWH S\DXAF HW Y RQO
DXVWHQLWH DQG VXEVWDQWLDO GIHFR PSRRYD AH. RI®! \RL GBHSQZDHV WDLYP
PLQXWHV 7KH ILQDO 5% IUDFWLRQHZ /R \LIQR IV MRLTEEHAQLAIROW Y AL Q) V
TXHQFK WHPSHUDWXUH WKDQ H[SB ROBDG H7 BUR ZBDWVILRDSR UWKB Q W
LQGXFHG E\ TXHQFKLQJ GR QRW OHIWGRMR ODUJH GLIIHUHQFHV L

BHOHFWHG 4 3 SODWH PLFURVW U XFAWHDHY WZHMLIY \D B QI ¥ VA ¢
VDQG UXEEHU ZKHHO WHVWLQJ 5HVXORRQ RO $VIHCH PLIQD BRQAE B
GHYHORSPHQW DFKLHYHG LQ WKLV RPPNUNLDQ UP3SRODWDA VS WRF
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&+$37(5 ,1752'8&7,21
&+$37(5 %$&.*5281"
)XQGDPHQWDOV RI 4 3 KHDW WUHDWPHQWYV
‘HDU 3URSHUWLHV RI 6WHHO &RQWDLQLQJ 5HWDLQHG $XVV
4 3 :HDU 6WXGLHV
30DWH DQG +RW 5ROOHG 4 3 6WHHOV
+RW 5ROOHG 6KHHW 4 3
IDERUDWRU\ 30DWH 4 3
7HPSHUDWXUH *UDGLHQWY LQ 30DWH 6WHHOV
&+$37(5 7+(50$/ 02'(/ )2508/$7,21 $1' 48(1&+ &$6( 678'<
6LPXODWLRQ 'RPDLQ DQG *RYHUQLQJ (TXDWLRQV
J)LQLWH 'LITHUHQFH 1XPHULFDO 6ROXWLRQ
7HPSHUDWXUH ([SUHVVLRQ IRU ,QWHULRU &HOOV
7HPSHUDWXUH ([SUHVVLRQ IRU 6XUIDFH +DOI &HOO
7HPSHUDWXUH ([SUHVVLRQ IRU &HQWHU +DOI &HOO
BROXWLRQ OHWKRG
ORGHO 9DOLGDWLRQ DQG OHVK 5HVROXWLRQ 6WXG\
$QDO\WLFDO 6ROXWLRQ
OHVK 6L]H BWXG\

ORGHO 9DOLGDWLRQ 8VLQJ 4XHQFK 6FHIQDK &R QMHDEWL Q
3URSHUWLHYV

+HDWLQJ ORGHO
+HDWLQJ ORGHO 6WXG\ &RPSDULVRQ RI 2'( V DQG 2'( 6]
ODWHULDO 3URSHUWLHY DQG +HDW 7UDQVIHU &RHIILFLHQV
BWHHO 3URSHUWLHYV
&RQYHFWLRQ &RHIILFLHQWYV

&+$37(5 48(l&+ &$6( 678'< 5(68/76 $1' ',6&866,21 $1
"(9(/230(17 2) $ '(6,*1 0(7+2'2/2*< )25 7+( 48(1&+
67(3 2) 4 3 3/$7( 352&(66,1*

6HOHFWHG 4XHQFKLQJ &DVH 6WXG\ 6LPXODWLRQV
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5HVXOWV RI 4XHQFK &DVH 6WXGLHV
$SSOLFDWLRQ Rl &RROLQJ 5DWHV 7R 4 3 3URFHVVLQJ 5HVS
,PSRUWDQFH RI &RROLQJ 5DWHV 'XULRJ WKH ,QLWLDO 4X
7KHUPDO *UDGLHQW (IIHFWV RQ 7KURMIRWKRBNQHVV OLF
&+$37(5 '(6,*1 0(7+2'2/2*< )25 )851$&( 3$57,7,21,1* 2) 3/$7(
)XUQDFH 5HKHDW 6WXG\
)XUQDFH 5HKHDW 3URILOHV

OHWKRGRORJ\ IRU '"HVLIJQLQJ SDUWRWDR@R®J-DUHDWPHQW \
7THPSHULQJ 3DUDPHWHU

(YDOXDWLRQ RI WKH 7THPSHULQJ 3DUDPHWHU
$SSOLFDWLRQ RI WKH 7HPSHULQJ 3DUDPHWHU WR 6KHHW
$SSOLFDWLRQ RI 7THPSHULQJ '"HVLJQ OHWXHRGRORJ\ WR )X U
6XPPDU\ Rl 3BDUWLWLRQLQJ OHWKRGRORJ\
&+$37(5 (;3(5,0(17%$/ '(6,*1 $1' 0(7+2'6
$OOR\ 6HOHFWLRQ DQG ([SHULPHQWDO ODWUL[ '"HYHORSPH
$OOR\ 6HOHFWLRQ
([SHULPHQWDO ODWUL[ '"HYHORSPHQW
AXHQFK 6WHS 'HVLJQ $SSOLHG WR $0O0OR\ 0
3DUWLWLRQLQJ 6WHS 'HVLJQ $SSOLHG WR $OOR\ 0
([SHULPHQWDO 3URJUDP
J)LUVW DQG 6HFRQG 5RXQG ([SHULPHQWDO 4 3 &RQGLWLR
(ISHULPHQWDO 4 7 &RQGLWLRQV
6DPSOH 3URFHVVLQJ +HDW 7UHDWPHQWYV
+HDW 7UHDWPHQW 8VLQJ 'LODWRPHWU\
*OHHEOH +HDW 7UHDWPHQW RI :HDU 6DPSOHYV
&KDUDFWHUL]DWLRQ DQG OHFKDQLFDO 7HVWLQJ OHWKRGYV
SHWDLQHG $XVWHQLWH OHDVXUHPHQWYV XVLQJ ; UD\ 'LIIU
+DUGQHVYV 7HVWLQJ
6FDQQLQJ (OHFWURQ OLFURVFRS\
'HDU 7HVWLQJ
&+$37(5 (;3(5,0(17%$/ 5(68/76 $1' ',6&866,21
+DUGQHVV DQG 5HWDLQHG $XVWHQLWH OHDVXUHPHQWYV
(YDOXDWLRQ RI 4 3 30DWH 3URFHVV DQG 'HVLJQ OHWKRGR
4 3 OLFURVWUXFWXUHYV
54 &aRQWHQW RI 4 3 OLFURVWUXFWXUHYV



(YDOXDWLRQ RI 4XHQFK 6WHS 'HVLJQ
(YDOXDWLRQ RI 3DUWLWLRQLQJ 6WHS 'HVLJQ
(I'THFW RI1 )XUQDFH $PELHQW 7HPSHVUIMWXUH RQ 3DUWLWLF

$VVHVVPHQW Rl 4 3 OLFURVWUXFWXUBWLURQ RQWHQBWIGY HQ C
‘HDU 3ODWH

6HOHFWLRQ RI 4 3 B3URFHVV &RQGLWLRQV IRU :HDU 7THVW
5HVXOWV RI ([SORUDWRU\ '65: THVWLQJ
)YXWXUH :RUN
&+%$37(5 6800%5< $1' &21&/86,216
'"HYHORSPHQW RI 4 3 30DWH 3URFHVYVQ QHWRQEHSW DQG 3U
([SHULPHQWDO 9DOLGDWLRQ RI '"HVLJQ OHWKRGRORJLHYV
SBURSHUWLHV RI 4 3 30DWH OLFURVWUXFWXUHYV
5()(5(1&(6 1« e€aaa i€ assaadee
$33(1',; $ 087/$% &2'(
$ 0$7/$% &2'( )25 48(1&+,1* 02'(/
$ 0$7/$% &2'( )25 5(+($7 02'(/
$33(1',; % 0 0,&52*5%$3+6 4 7 $1' 48%$57(5 32,17 4 3

$33(1',; & $//2<,1* ())(&76 21 3$57,7,21,1* 5§6%H2U6( &
(48,9$/(1&( $1' 7(03(5,1* 3$5%$0(7(5

$33(1',; " ',/$720(75< '$7$ (;$03/( &+$1*( *L+/ @6
7(03(5$785( 3/27
$33(1',; ( ' /$720(75< 352*5%$06
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6FKHPDWLF RI VWHS 4 3 VKHHW WEKN WRHEQ \8 UDRHIMVR/Q Q4
DQG 37 DUH TXHQFKLQJ DQG SDUWLVWLRQG@WWHPSHUDV
WKH PDUWHQVLWH VWDUW DQG |L\@UXKWX-LP-BH D B/WHDURAKY
DUH LOOXVWUDWHG > @

&DOFXODWHG SKDVH IUDFWLRRK \WN P53 HXI@RKLILR LRI R Q L
K\SRWKHWLFDO 4 3 SURFHVV ZLWLKR QWO B DSIFXW® DW/IHRAQ LR

& VWHHQ ZLWHK.OMQG FRUUHVSRQG WR WKH DPRXQW F
DQG DXVWHQLWH SUHVHQWSSUWGIUF WVHWRKLIQD VR BXVW
DPRXQW DW URRP WHPSHUDWXUH WHWEWHBDUERQ LQ
SDUWLWLRQLQJ LV LQGLFDWHG RQ WKH VHFRQGDU\ DJ[L

OHDVXUHG YROXPH IUDFWLRQV RV H $ QG LWH\DIO FPIDUWMHHID

IRU & + 6L + 0Q &U DOOR\ LQ DQG47

DXVWHPSHUHG PLFURVWUXFWXUHV KHOG DW & IRU

PHDVXUHPHQWV * RQ LQLWLDO PDWRQHE3VDWE R(
RQ IUHVK PDUWHQVLWH > @

7KH UHODWLRQVKLS EHWZHHQ KDQ®RPENY RQGWHHDW UH
PLFURVWUXFWXUHV XQGHU KLJK VWUHVV DEUDVLYH ZH|

1RQ LVRWKHUPDO SDUWLWLRQLQJ GXUI@RJ FRLO FRROLC

/REXV RI QRQ LVRWKHUPDO SDUWLWLRDQQJ UHVSRQVH\
WHPSHULQJ FRQGLWLRQV LQGLFIMWWHEHEUARRQ®WLWERWH
+ROORPRQ -DIIH WHPSHULQJ SDUDPBWWKHIROWIDQHVZW F
UHSUHVHQW FDUERQ GLIIXVLRQ LQ DRQWWHQLWROLZ&H W
DQG GRWWHG OLQHV UHSUHVH QWX WK H) LLXXIUML DURFRLO F
7KRPDV > @

6FKHPDWLF RI WKHUPRFRXSOH SRVLWLRQV LQ UHKHDW|

THPSHUDWXUH SURILOHYVY VKRZLQJ WEHWKHOPDW JWUKWH
SRVLWLRQV UHVXOWLQJ IURP SURFHV@LQJ ZLWK LQWHU

&RROLQJ FXUYH IRU PP KRW UROOHG $QBWH DW SRVL
D 6LPXODWHG E OHDVXUHG > @

)ODW SODWH JHRPHWUW\LAK A XHKWKH\FW GHDWQGW KH OHQJW
ZLGWK

D )ODW SODWH JHRPHWU\ VKRZLQJ V\PEPHOWGEF ERXQGI
GRPDLQ E &ORVH XS RI WKH GLVFUHQRBHS ®GRRDLQ VEk
UHODWLYH GLPHQVLRQYV

L (QWHULRU IFHOMR ZRHUM K QRGH LQGLFDWHG E\ FLUFOH
KHDW WUDQVIHU WR DQG IURP WKH FHOO LQGLFDWHG Z

6XUIDFH KDOL FHZDOWK<BRBH LQGLFDWHG E\ FLUFOH DQ!
WUDQVIHU WR WKH FHOO LQGLFRQWWO0 @WWIRQYWWWD RIK\
ERXQGDU\ FRQGLWLRQ LQGLFDWHG RQURKH GRPDLQ VX

&HQWHU KDOU FHOQMVEKKGHRIGH LOGLFDWHG DQG FRQGXFW!
I[URP WKH FHOO LQGLFDWHG ZLWKRQY\HW WD RIX & RXQUERDA |
FRQGLWLRQ DW WKH FHQWHUOLQU\LQGLFDWHG ZLWK W
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6FKHPDWLF RI KHDW WUDQVIHU FDVH > @
OHVK VL]H VWXG\ £+ DEVROXWH YDOXH RUVRKHQROBHWXP F

DQG QRGHV IRU VXUIDFH RU LOQWHUIDFH W

V SORWWLQJ LQWHUYDO VL]H \%
THPSHUDWXUH SURILOH DW WLPHYRU D ZDWHU TXHQF&G
RI D PP WKLFEN PP KDOI WKLFRQWWN QVWWRLTH/OHSQ D @ +

SURSHUWLHY DQG D TXHQFK PHGLX® WIHRPLSHW DW XUH
$QDO\WWLFDO VROXWLRQ XVLQJ UWHU® W ROKOLAR @ LXINFIOQ
QRGHV OLQHV DUH VKRZQ IRU D WLPHVWHS VL]H RI V

OHVK VL]H VWXG\ SFW HUURU YV QXPEHWRWIQRGHYV
V SORWWLQJ LQWHUYDO \%

6XUIDFH KDOL FHZDWK<BRBH LQGLFDWHG DQG FRQGXFW
WKH FHOO LQGLFDWHG ZLWK D VWQ ERMWSDUURZ DQG F
FRQGLWLRQ LQGLFDWHG ZLWK FXUYH®R Q WD BIMWE HWED G
ZLWK XQGXODWLQJ DUURZ

6LPXODWHG VXUIDFH DQG FHQWHN WH E&HWIRWXUHHU\P DROU
SODWH UHKHDWHG IRU VLQDIXUQDRFHZVWW DW z8
QRGHV DQG WLPHVWHSV GW EW 2PH V XM H\SK/ QF
GW vV DQG F 2'( ZLWK QRGHV DWQG WLPHVW
G 2'( V XVLQJ QRGHV DQG WLPHVWHSYVY GW \%

5DQJH Rl FRQYHFWLRQ FRHIILFLHQWY UHSRUMWHG IRU L
UROOHU TXHQFK GLUHFW TXHQFK FRROQDWHIR&XHQFK
DQG UXQ RXW WDEOH FRROLQJ 527 > @

7TKHUPDO KLVWRULHV IRU SODWH WHGHAN®RVVHW& DQ
XVLQJ WKUHH TXHQFKLQJ PHGLD VHYHWHOWDWHU TXHQTF
K : P Zz. VSUD\ ZzZDWHU FRRDQ®& DLU FRRO 7Z.

K : P z. 7LPH LV VKRZQ RQ ORJHVUPD®H IURP W
KLVWRULHV DW SODWH FHQWH UTXWDHM W& G LW R WHNGE B VW KS
E\ D GDVKHG OLQH DQG VXUIDFH E\ D EODFN OLQH

&DOFXODWHG WKHUPDO KLVWRU\ IRWRP D R& PP SOD
IRU V FHQWHU DQG VXUIDFH WHPSHUDWXUH KLVWRU

6LPXODWHG WKHUPDO KLVWRU\ IRUDWHW Q&HQPRHSODW

IURP z& VKRZLQJ FRROLQJ EHKDYLRU DW HDUO\ TXH
6LPXODWHG WKHUPDO KLVWRU\ IRBSBUBWHUHRPZDWHU T
z2& IRUy V zZ8& DQG 2RSWLPXP™ 47 a 2& LQGLFDYV

ZW SFW & VWHHO

(VWLPDWHG SKDVH IUDFWLRQV WK UR X BIK FAUKHH 2V KLHFW Q H
TXHQFKHG IURP 7& DV D IXQFWLRQRP FSR\NIIWHERQ WK

PP WR VXUIDFH PP DIWHU TXHQFIIQ®G OWIW IRU"
(VWLPDWHG ILQDO SKDVH IUDFWLRQV W IWHILORRRQIL @OV
LGHDOL]HG SDUWLWLRQLQJ W UTHO-VDREH QMH FDSVH D D WQ W L F
ULJKW 3KDVH IUDFWLRQV DUH VKRZQRIRU P& ZW SFW
ODUWHQVLWH LV LQGLFDWHG EWOH DRWRHEQ GWHLE\I5I LD
FRROLQJ E\ IUHVK 0
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(VWLPDWHG SKDVH IUDFWLRQV WKURXBRK FMUWH 20KLHW QH
TXHQFKHG IURP z& DIWHU V. VXIHIQBPKE WV RVQ Y DWW B L
FRROLQJ WR URRP WHPSHUDWXUHIXQVFWAR® R IXS@D \§ B U
WKLFNQHVYV I|IURP VXUIDFH WR FHQWHDUMMOQMIWHLDO T
LOQGLFDWHG ZLWK 0 DXVWHQLWH LRGRHBWHK® IZQWKLDK
FRROLQJ LQGLFDWHG ZLWK IUHVK 0 4XIDQUWHU SRLQW L

6LPXODWHG WKHUPDO KLVWRU\ IRUDMNHUHO & ADNHHO T
FRROHG IURP z2& IRU V. WUDQWHB WHHGLRYB U PL
RU z& IXUQDFH IRU PLQ

&ORVH XS RI VLPXODWHG WKHUPRFKHGWRRR ISRQUDWHHY H L
FRROHG IURP z2& IRU V DQG WUDRY IFHIWRIH G HRW H U
VKRZQ IRU WLPHV EHWZHHQ V RI TXHQFKLQJ WR vV R

S5 HWDLQHG DXVWHQLWH DV D IXQFWQRWHGVH BSEHLW O J
2QH VWHS SDUWLWLRQLQJ GDWD ZNMASNBDQ G JDH D K MHRAE
IRU DOO VWXGLHYV LQGLFDWHG XKIRXK YWHPSIHROQ DLQH (
WHPSHUDWXUHYV IRU HDFK WHPSWURQUI GD WLMHHDWHUKH Q ¥ S
YDULHG EHWZHHQ V DQG KUV

D 1RQ LVRWKHUPDO SDUWLWLRQLQJ SURFHRNQGLDJUD
WUDQVIHU WLPH DQG IXUQDFH UHKHBW DW IXD@®FH DF

7& &HQWHU VXUIDFH DQG TXDUVEH @ HPRLHIUL QUHP SHU
SDUDPHWHU YV WLPH SORW ,VRW KWH.GP DROU WAHHPPSSHHULLLQQIJ ¢
WHPSHUDWXUHY EHWZHHQ W R K& WBIBSHUL@UQHYV |
SDUDPHWHU FDOFXODWHG IRU QRQ LVRWKHUPDO SURFF

(VWLPDWHG LQLWLDO DQG ILQDO ISMDRGLIQDFWLRQV DV
IXQFWLRQ RI LQLWLDO TXHQFK WHPSHUDWXQBORU DOO
DXVWHQLWH DQG SKDVH IUDFWLRQV DUH DOVR VKRZQ

(VWLPDWHG ILQDO SKDVH IUDFQULRRIV D VDAX PLIQXD PR €
RI SRVLWLRQ WKURXJK WKH SODWH W®LWNQB VX HRFK F |
WLPH RI V ZKHQ WKH *RSWLPXP GTRWQWK HVHPSHW B U
WKLFNQHVYV SRVLWLRQ 7KH SKDVH | UBFWWARQAY DEO W K H
UHFRJQLJLQJ WKDW WKH *IUHVK 0L@DV DXVWHQLWH EHI

4 3 SURFHVV VLPXODWHG IRU PP SODWW IUHRPHUH ZDW

7& WR 7& 3*RSWLPXP TXHQFK WHPIHXDWHXUH W L
DQG UHKHDWHG LQ HLWKHU D 7& RQOGLFDSVHG @GDFH ¢
FLUFOHV IRU VDPSOH FRQGLWLR QW RX@HQRH & LPH7 DE O
PLQ WR PLQ LV LQGLFDWHG RQHGGLWLRQDO D[LV

4 3 SURFHVV VLPXODWHG IRU PP BRODWH VHYRPH ZDW
7& WR & WUDQVIHUUHG RYHKHUPDQXWKY DQG U}
RU 7& IXUQDFH 6WRS SRLQWYV DUFRIQEGEMWIROWG E\ FL
RXWOLQHG LQ 7DEOH )XUQDFH UHMLGHQFH WLPH LQ
LQGLFDWHG RQ DGGLWLRQDO D[LV EHORZ WKH ILIXUH

4 3 SURFHVV VLPXODWHG IRU PP SODWMURKPYHUH ZDW
7& WR & WUDQVIHUUHG RYHKHUPDQXWKVRDQG U}
7& IXUQDFH 6WRS SRLQWV DUH ARGEEWWRIGEVE\ FLUF(

RXWOLQHG LQ 7DEOH ) )XUQDFHPUBVLSHQFH WLPH L

LQGLFDWHG RQ DGGLWLRQDO D[LV EHORZ WKH ILIXUH
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D 6HIPHQWHG GLODWRPHWU\ SURJUDP 4 7 SURFHVYV
WHPSHUDWXUH WHPSHU DW z& IRUE V (TXLYDOHQ\
6HIJPHQWHG GLODWRPHWU\ SURJUDP 4RU \% SURFH
PLQXWH WUDQVIHU UHKHDW LQ LYR&HRWQWRH IRU P
73 SUHGLFWHG SURILOH LQGLRWWBIGDPIPMKS FRQW L (
VHIPHQWY LQGLFDWHG ZLWK FLUFOHYV

D 5 HFRUGHG WHPSHUDWXUHV RI GLODWRPHWHU WKHU
4 7 JUH\ OLQH SURJUDPPHG SURILOH LQGLFDW
(QODUJHPHQW VKRZLQJ GLVFUHSDQF\ EHQOW\ZHHQ SURJUL
RXWSXW GLODWRPHWHU WHPSHUDWXUH UHG OLQH &1

/IRFDWLRQ RI EODQNV PDFKLQHG IURREDIRI KDY ODCQC
GLPHQVLRQV PP [ PP [ PP %ODIRNWV DQG ZHUI
PDFKLQLQJ RI *OHHEOH VSHFLPHQV

*OHHEOH VSHFLPHQ JHRPHWU\ PRX[SOH ®PRFZWWRQNK I
LQGLFDWHG E\ SRLQWV $ FHQWHBFORFOPVWR® DQG %
PLG OLQH OLG OLQH LQGLFDWHG ZLWK GDVKHG OLQH

7HPSHUDWXUHV RI *OHHEOH WKHUPWQ GU RIKID IV X R UD FCH
RI DQ PP SODWH TXHQFKHG WR 8K FADWDHOG/ LU DH G |
IXUQDFH ZLWK VHW WHPSHUDWXUH RE VIDXRSWR DFKLHY!
UHSUHVHQWLQJ WKH VXUIDFH RI DQDQFPHESOBWHHRYKHQF
PLQ DQG UHKHDWHG LQ D IXUQDF M R LIMFK VHHY\H WHP SHU
73 6HW WHPSHUDWXUH LQGLFRWH ® HERKGEBVEWG
WKH FHQWHU RI WKH ZHDU VDPSOH SHRIDQMXB®H Q )LIXUH
UHFRUGHG PP IURP WKH FHQWHU Rl WRHUWGBPSOH Si
&RORU YHUVLRQ + VHH 3")

BHFRQGDU\ HOHFWURQ PLFURJUDSKXRDIVGIORKH FOl GWRE
RI DQ PP SODWH VHYHUH ZDWHU TXH @RIQXG HRU v
DQG KHOG LQ D 7& IXUQDFH IRURPLQ DQG V WR DF

6HFRQGDU\ HOHFWURQ PLFURJUDSKXRDVGIORKH TX BW\K A
SRLQW RI DQ PP SODWH VHYHUH ZDGWRYHIWKHQFKHG IF
PLQXWHV DQG KHOG LQ D 7& IXUQDFHRIRU PLQ DQG

SHWDLQHG DXVWHQLWH DV D IXQF®QRBWH GVAH B S\HULHQW
DQG SODWH GDWD 30DWH 4 3 SDUWDMLWLRYDQY GDQWDVIWY
VKHHW SDUWLWLRQLQJ GDWD LQGYPDWB® RWK KRRQL G
WHPSHULQJ WHPSHUDWXUHV IRU HDFRVWEPSHULQJ SDU

OHDVXUHG 5% IRU DOO 4 3 VDPSOH FRQGLWDRKQV TXHQF
V DQG SDUWLWLRQLQJ SDUDPHWHUYV \HOORZ
JUHHQ DV D IXQFWLRQ RI WHPSHWDMXUH QWHWKH HQC
WULDQJOH VXUIDFH VTXDUH PRQW% BXYBGWHWHRLQW |
YROXPH RI 58 LQGLFDWHG ZLWK FRQWDQXRXYV OLQH &F

OHDVXUHG 5% SKDVH IUDFWLRQ IRU QRXOWMLP NDMRIOH FR!
DQG V DQG SDUWLWLRQLRZ SDUDPBWHIVH
DQG JUHHQ DV D IXQFWLRQ RYHG @MW XP QWA H U D
WULDQJOH VXUIDFH VTXDUH RPQW% BXBIGWHWHREYW |
SKDVH IUDFWLRQ LQGLFDWHG ZLWK/ ARG@GWLQXRXV OLQH



)LIXUH

JLIXUH

JLIXUH

JLIXUH

)LIXUH

)LIXUH

)LIXUH

JLIXUH

SUHGLFWHG ILQDO SKDVH IUDFWLRQWRXJK OVNBWY D IXQFYV
SODWH WKLFNQHVY IURP FHOQWHWIIRRHWIUIDWVFH IRU DQ 1
OHDVXUHG 5% SKDVH IUDFWLRQ IRUKDWDOPHM RRQGOGLWLRC
DQG SDUWLWLRQLQJ SDUDPHWHUYV \ BHIOHDHRQ $
&RORU YHUVLRQ = VHH 3'")

(VWLPDWHG ILQDO SKDVH IUDFQMILRRQY DWAXPLQJ IXOO ¢
IXQFWLRQ RI SRVLWLRQ WKURXJK MKHVY X0 DDNFH WRU FONQQ F

LOQLWLDO TXHQFK WLPH RI V OHDVXUHG 5% SKDVH IU
FROQGLWLRQV ZLWK TXHQFK WLPHV RIN V DQG SDUWLYV
\HOORZ SXUSOH DQG JUHHQ &RORU YHU

(VWLPDWHG ILQDO SKDVH IUDFQMILRRQY DWAXPLQJ IXOO ¢
IXQFWLRQ RI SRVLWLRQ WKURXJKIRNKMX3ODWMWH IWK LIFQ Q
LQLWLDO TXHQFK WLPH RI V OHDVXUHG 5% SKDVH IU
FROQGLWLRQV ZLWK TXHQFK WLPHV RIN V DQG SDUWLYV
\HOORZ SXUSOH DQG JUHHQ &RORU YHU

OHDVXUHG 5% SKDVH IUDFWLRQ IRU DOO\MGBOWRXPSOH FR!

SXUSOH DQG JUHHQ DQG 4 7 RRRILWLRQV
73 (UURU EDUV IRU 4 7 VDPSOHV UHBQHVKBWLMBEPRSIOH \
HDFK GDWD SRLQW FRUUHVSRQGV WRLWHK H 6FDWER BDAR Q
VKRZQ RQ OHIW &RORU YHUVLRQ VHH 3')

+DUGQHVV PHDVXUHPHQWY IRU DOO 4 3 VDPSOHV DQG L
IRU WHPSHULQJ SDUDPHWHUV \HOQREHQ DV SXUS
D IXQFWLRQ RI WHPSHULQJ SDUDPHWHIZLVSN GCRONRAKGHG
OLQH &RORU YHUVLRQ = VHH 3"

D OHDVXUHG 5% SKDVH IUDFWLRQ IR USDW® RHWWIRS O H
SXUSOH DQG JUHHQ DV D IXQFWARQHRI IXUC
7KH VL]H RlI HDFK GDWD SRLQW FRRIUHNERDGNGVR WKH
DXVWHQLWH 6FDOH EDU VKRZQ OH# I3V DP SOHDN XUMKE KD
WHPSHULQJ SDUDPHWHUV SXUSOH DU®FH JUHHI
DPELHQW WHPSHUDWXUH &RORU YHUVLRQ * VHH 3')

5HWDLQHG DXVWHQLWH YV KDUGQBVMHHQ FQAOHMOHV\HC
DQG 4 7 EODFN FLUFOHV FRQGLWLRQWH&DWHRIQVFRQW
LQGLFDWHG E\ WKH VL]H RI HD® KO RLW FOHW IPHVIL]HX VHD Ob
FRUUHVSRQGLQJ WR FRQGLWLRQV VWGOHAMMWMKHBURRZXHD U
&RORU YHUVLRQ VHH 3")

HDU VDPSOHYV IRU FRQGLWLRQ 4 3 HVWLXUIDFH D
VKRZLQJ ZHDU WUDFN DQG ORFDWLRQV RI KDUGQHVV W

JLIXUH %6HFRQGDU\ HOHFWURQ PLFURJUDSKV RRQWYOMR\ 0 43

WKURXJK | LQGLFDWHG IRU HDFK PLFRFRIOMHDERU(WFKHC
LOGLFDWHG RQ ERWWRP ULJKW LPDJH

JLIXUH %6HFRQGDU\ HOHFWURQ PLFURJUDSKV RI DOOR\ 0 47

LOQGLFDWHG IRU HDFK PLFURJUDSK D3 73 E 73
(WFKHG ZLWK SFW QLWDO G6FDCPHDEDU LQGLFDWHG RC



JLIXUH &0HDVXUHG UHWDLQHG DXVWHQLWHAHMVHD IRQFIVDX® ERH UV

JLIXUH

RI VKHHW VWXGLHV > D S@®LQKH VL]H RI HI
FRUUHVSRQGV WR WKH FDUERQ HTXH MWD OFHIDAMH AL8V K VF
GDWD VKRZQ LQ RUDQJH &RORU YHUVLRQ *# VHH 3")

([DPSOH FXUYH VKRZLQJ FKDQJH LQGQLIOQWWREP MWUV XV WI

VLPXODWLRQ RI 043 KHDW WUHDWRHQW &1 PP SOD
KROG IRU PLOQXWHY FRRO WR & I XUQOHMHWUDQVIH!
LQ & IXUQDFH IRU PLQ V WR DAL ISYRITDODH 30I

VKRZQ LQ RUDQJH SODWH TXDUWHUQSED Y WHICQEBEXMFN [
OLQHV &RORU YHUVLRQ * VHH 3")

[L



7DEOH

7DEOH

7DEOH
7TDEOH
7DEOH
7DEOH
7DEOH
7DEOH
7DEOH
7DEOH
7DEOH
7DEOH
7DEOH
7DEOH
7DEOH
7DEOH

7DEOH

7TDEOH
7TDEOH
7DEOH
7DEOH
7DEOH
7DEOH
7DEOH

7DEOH

7TDEOH

1,67 2) 7$%/(6

&KHPLFDO &RPSRVLWLRQ RIGODBWHWORABONVQ7THVWHG E
ZW SFW > @

HDU 7THVWV $VVRFLDWHG ZOWK WRYWWRHNWRI :ROIL
5HVLVWDQW ODWHULDO 5HSRUWHG IRU )RXU :HDU 7HVW

&RPSRVLWLRQ Rl 6WHHO XVHG LQ +5 4 3 6LPXODWL
&RPSRVLWLRQ Rl 6WHHOLRQWG>L@7DQYV +5 4 3 6LF
&RPSRVLWLRQ R| BWHM@ H[DPLQHG E\ +RQJ
&RPSRVLWLRQV RI 7KUHHQIOM WB@WHHOV H[DPLQH
7HQVLOH DQG &KDUS\ ,PSDGEW4331JBSEHWWVHY B /DE
&RPSRVLWLRQ RHVBWIOBO 6WXGLHG E\ =KRX
3DUDPHWHUV XVHG LQ 7® [WRERRN 9D@LGDWLRQ RI
6XUIDFH DQG ,QWHUIDFH 7HP SHI\DWRDE \5 DWX &YW V
3DUDPHWHUV XVHG KM WKHQIFP BDOEDO V6 RRX ¥ URE
3DUDPHWHUV XVHG LQ QXKBR&GRHDY HUIJHQFH 6WXG\ |
&RPSDULVRQ RI 30DWH &HBWHUVDWHKBPOWDFH 7HP
ODWHULDO 3URSHUWLHVY XVHG LQ WKH 1XPHULFDO
3DUDPHWHUV LQ WKH 4XHQFKLQJ 6LPXODWLRQV

$YHUDJH &RROLQJ 5DWHV IURMFHIAIRWERFK 2& DW
4AXHQFK 3URFHVY DQG 3O0ODWH 7KLFNQHVYV

7UDQVIHU DQG IXUQDFH DGINQ@HWRHWMPBHWLPUQ V
SDUDPHWHUV WKURXJK IRU IXUBRFH DPELHQW
DQG 7&

&KHPLFDO &RPSRVLWLRQ RI 0 %DU 6WHHO ZW .
&ULWLFDO 7THPSHUDWXUHY DQG &ULWLFDO &RROL
([SHULPHQWDO ODWUL[ IRU ,QLWLDO 6LPXODWLRQ
&HQWHU DQG 6XUIDFH 7THPSHUDWXUHYV DW ,QLWLD
4 7 TUHDWPHQWYV

'65: THVW 3DUDPHWHUYV

9LFNHUV +DUGQHVYV 5HW BRQHSERNWHHD LRH DB G
DQG 4 7 DQG $V TXHQFKHG 6DPSOHV 3URFHVVHG XVLQJ

7THPSHUDWXUHYV DW WKH (QG R$  MUKKCHNAOUHQ FK 6 WHS
$FKLHYHG DW WKH &HQWHU 6XUIDFHDDMHG 4XDUWHU 3RL

6HOHFWHG :HDU &R QG LWDMRWQLVF VD QHED ¥ KWURIFEL DWRHPG
'LODWRPHWU\ 6SHFLPHQV

[L



7DEOH 5HVXOWYV RI '65: 7THVWLQJ DRHEQ WD MXW A G -DIUEG Q H
47 &RQGLWLRQV

7TDEOH & &DUERQ (TXLYDOHQFH DQG &RUUHVSRQGLQJ 5DQJ
7TDEOH ( 'LODWRPHWU\ 3URJUDPV IRU 4XDUWHU 3RLQW &RC

[LY
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, ZRXOG OLNH WR WKDQN P\ DGYRQRIUQ'® G5 HEWRRIQS IDRNGH FR
UHYLHZ RI UHSRUWV SDSHUV DQGWRIWKBDQW CPW IFRRQIVG Y IZ\RRD GU DI«
SURYLGLQJ KLV H[SHUWLVH WR GLRIQFRI BVKGE W % 8 RRIHW W KHK P Q IS
FRPPLWWHH PHPEHUV 'U 'H ORRU DQG RIX&DR UM HH ,GR B D UW U FD\OWD
UHYLHZ RI DOO SXEOLFDWLRQV

7KDQN \RX WR $. 6WHHO IRU WKH XVH RVYWWHNW HOHDIE® HR B |
PDFKLQLQJ DQG PHWDOORJUDSK\ 7KDQXSHXYWWRLKE@DDEID RMR LN
WKH 6(0 DQG ;5' DQG IRU WDNLQJ VHDPRWDO 6(0 LPDJHV DQG ;5"

7LPNHQ6WHHO LV DFNQRZOHGJHG IRU SURYLGLQJ PDWHULD®

7KDQN \RX WR ODWW =DSSXOOD DQGXBPHOLPOMDPRGROLIMVV L
'U 3BRUWHU IRU WKH OHQG RI D K®WHW UPRLV DAY MVHY Y @ RIR NZ IDVQIG
ZRXOG OLNH WR WKDQN (WKDQ % X@KIQ U WK GO,H R B OH. KBIURIF H\RVL
\RX WR %ODNH :KLWOH\ DQG ODWW )DXOWRB QN )FRX KHO SWKLDVX %P
7KDQN \RX WR &ROH <RXQJEORRG IRU D/NQUD UREGH D @& HH/O/ MV/FWDAD
7KDQNV WR 6FRWW 3DZHOND |IRURRU GHUL Q Il \DWDOEQ IGQ W XWEDEHAL QK HEH
7KDQNV WR %ODNH :KLWOH\ %ULS®XM®AD\D QR & DU B L 900 DOHDW MR &
DQG GLVFXVVLRQV 7KDQNV WR 'HE /DVLFK IRU VXSSRUW DQG J}

[Y



&+$37(5 ,1752'8&7,21

7KH WKLUG JHQHUDWLRQ RI DGY D QPHEORM RAWKHHGIIV K VW RVHHOA
FKDUDFWHUL]HG E\ PL[HG PLFUR YV WWHKEMXH H5/$ F R QAV DLXFIKQ B LUFH\R B
SURYLGH H[FHOOHQW FRPELQDRMRRIQOL W\ D\Y GHQR WKK QAW [ZKILW K [
WKH DXWRPRWLYH LQGXVWU\ > @ 4XHQGF KELGHMEB @ DKDPN.\EHRQLQJ
FRPPHUFLDOL]HG DV D KHDW W U WD WRHRWR GR{F |® RZK DO® RH QK DW L\
PLFURVWUXFWXUHV DQG SURSHUWLHYV SE&RPL \PH AR ¥ WX V8 % O H F DKV
7KLV SURMHFW LQYHVWLJIDW HV AWK 8 LIBFRAVHAM\E MOR.\§ D B W BI S\B\D KLIHID)  \WRA
DSSOLFDWLRQ RI DEUDVLRQ UHVLVWDQW ZHDU SODWH

BUHYLRXV ZRUN KDV VXJIJHVWHG WKBWUWSR H\DL QUFOD\EH W MH
WRXJKQHVV DQG ZHDU UHVLVWDQFHQFH @VR7KXUIH VW DADKIHD @\ 3VRO
SRWHQWLDO WR RXW SHUIRUP D FROQVYWQQWRSDDWRD ) \@H QN Y W@ R TH
4 3 DEUDVLRQ UHVLVWDQW SODWH BPDD G URY DOH D G RWIAH HPIL QRIGHIQ \F
SURFHVVLQJ FRQVWUXFWLRQ DQG DJULFXOWXUDO LQGXVWULHV >

+RW UROOHG VKHHW FRLO 4 3 KDV EAKIQUN[SORU @G EXW XD\
4 3 KDV QRW UHFHLYHG DV PXFK DWW NQWR RQ Y AKM ISKXONBR WHK R | SUK
TXHQFK DQG SDUWLWLRQHG PLFURPPMJIKIERMNKURVY ZE 5D DW SO \WBIW O
DGGUHVVHV D QXPEHU Rl QHZ FRQV IFKDWDWWRQVVRAR¥W DR DE¥UR F
PLFURVWUXFWXUH JUDGLHQWYV LQ SO DG EUHYHRRVOAKLE K KDWW HPRO
HITHFWV RI WHPSHUDWXUH JUD G QH QRIQV PLLG WRVHV §G B W K UGIX D QG J SSIRI
FRQVLGHUHG DQG SURFHVVLQJ VWUPHHN DB \DYHUG HYHORSHG DQC

7KLV SURMHFW LV GLYLGHG LQWR IRXBFXDRBVFREKHHISW VW DG
GHYHORSPHQW IRU WKHUPDO SURFHVSURBRVHG GOVWE FHDIGRQR
%XLOGLQJ D WKHUPDO PRGHOOLQH\WRR W KSIKBNYHO REPISQWM (R WZIDF
SKDVH &KDSWHUV DQG ZKLKRKK\DZRUNQ RIS RUKNDGWD Q B VIRXWV
RQ H[SHULPHQWDO YHULILFDWLRQ RIWARKH ¥ HRXRIB/RICRRY LRH VS QMW 8 >
SKDVH &KDSWHU DQG UHVXOWVKRISWHIFKDQTZRDYD WHKINVW.LMQUV S/KA
FDSWXUH WKH LPSRUWDQW ILQGLQJVERU HOFKHYKDWH DKV G WAKFHUF
UHIOHFWLQJ ERWK WKH FRQFHSWXD O ULPGIQOVWINT &KDSWHUYV SRQG
ZRUN



&+$37(5 %$&.*5281"

7KH IXQGDPHQWDOV RI TXHQFK L QiQ WYGD S BIUGMLWE XR/Q HEJI LKH B W)
FKDSWHU $GDSWDWLRQV RI WKH K HDWWD WIURIQ® \R P N & WH\WR WD QG GHK[\B W U
VWXGLHG SURFHVVLQJ YDULDWLRQV LOAGRQGLAE J4AKRW W R B O HGJ Al XH-
7KH DSSOLFDWLRQ RI WKH +ROORPRQ SDRHAHWMPS 5 U VQD CSVIRU B P Y XA
3URSHUWLHV RI 4 3 VWHHOV ZKLFK POMLRWW DDFWULN HLHRAH GQ G X MW
SODFHG RQ WKH HQKDQFHG ZHDU WRYV IODERQPWRUY B 3/ WOIBIWHY \5\M)
LQ OLWHUDWXUH DUH GLVFXVVHG D& &VWSHRW VR B OIH3LDGHK \HWIA R OHSU

)XQGDPHQWDOV RI 4 3 KHDW WUHDWPHQWYV

4XHQFKLQJ DQG SDUWLWLRQLQJ LVED QSHWSBHQ@®HW RL{U RGROEM H
DXVWHQLWH FRQWDLQLQJ PLFURYVW6XF WEH MWK LMXGE K HIQH WER WU 8 Q) 1$¢
FODVV RI IRUPDEOH KLJK VWUHQJMKHX RHRM RWW H® FWXDH\D FWR 8 WIC
DXVWHQLWH 5% > @ 6XFK PLFURRMELQDWURON SRURMIGHQIWKOGKE
IRUPDELOLW\

7KH 4 3 SURFHVV VKRZQ LQ WKH SURFHKDVLW®W Z R/ NN PDVWHFVL @ C
TXHQFKLQJ VWHS IROORZLQJ DXVWHRQLWGHW.URE GRWRSDMWAID O IS
TXHQFKLQJ WHPSHUDWXUH ZKHUH IR WGAHMG UBIQ@GP D LBV b @AL ML IRRY LD FY
DOORZ D VXEVWDQWLDO SRUWLRQ RI WWRH \¥ B EDRQY W& QALKVHH P 2 K MOHH
ORVV Rl FDUERQ WR FHPHQWLWR@® U WA DIKVH WQ R QHBDAHEL € B USHRHF I
5$ ZKLFK LQ WXUQ LPSDUWYV LQFUHD W KGHGIX B\ DOR MAURY G/ @ R W XL
SDUWLWLRQLQJ SURFHVV PD\ WDN R 68 DRMHBW RUK B ERYHQWIK WV A RIS 6
WZR VWHS > @ )LQDO FRROLQJ W F WRRHPVW HDRXEG B D WX HWXFRP 9
RI 3IlUHVK  PDUWHQVLWH IURP D SRV WL B8 URS IMKM LI ORDH Q 1 WHK W KL
WDUJHWYV DUH REWDLQHG WKURXJK FDWU HI BO0E RGIW D RO LRH § UW FIN VA
WHPSHUDWXUH 47 SDUWLWLRQRQLUQW HWPISAH D3WX UHY BP SR QW [5DW s
VKRXOG EH FDUHIXOO\ FRQWUROOHGQ>SUR® H 80 FRLOQNUWRDUG R UK Q W
TXHQFK DQG WKH SDUWLWLRQ VWHSV



y + fresh martensite

carbon-enriched y +
martensite

>
£

carbon-enriched y +
martensite + fresh
martensite

Temperature
-

=
m

JLIXUH B6FKHPDWLF RI VWHS 4 3 VKHHW WEKN WREQ \8 UJDFHIVR/Q Q47 .
DUH TXHQFKLQJ DQG SDUWLWLR QLDQ G\IBURHS WK BIWPOUHNVH QW
VWDUW DQG ILQLVK WHPSHUDW XU HW H(E SHFW HG ORXLVAY B Y W k

S5HDFKLQJ WKH GHVLUHG 47 LV FGXWLRDONK R P B QHFKQLQLIWAHNIHRS
EDODQFLQJ WKH VXEVHTXHQW SDUWEWLWRIQAIMAI W R PRD/ LLPQ GHWNKPHE 13 §
47 FDQ EH VHOHFWHG DFFRUGLQJ WKID I RBEWHLRERORI\ ZKHFR SWHB;
GHILQHG DV WKH WHPSHUDW XU s DUOWZ KM IFKQE$) JIHANXDD KWBRY IPORPX® O
WHPSHUDWXUH WKXV PLQLPL]LQJWRHVEBUWPDROXKEQQUWHKRQRU®D O/ LFK
SRSWLPXP" 47 FDQ EH HVWLPDWHG RUVYLYHR DS OFDBEKURIGIVY R.I GA
(TXDWLRQ p LYKHRIGIXPH RI PDUWHQVLWH .DOXHH RRQVWLINQW AL Wk
WKH PDUWHQVLWH VWDUW WHPSHRWUBW® U W RZ KIPBK B IDRD 6 HI XHQY WL IPRDQ!
(TXDWLRQ SURSRVHG E\ $QGUHZ\L@J @L RWWRPHWWHG GLUHFWO'

& L s FARAAPE
[ L wu{Fvtu% Furav/JF syadyOE Fstadas%N Fyaw/K

JRU D JLYHQ TXHQFK WHPSHUDW XGHWIR WXOONH SSDODFIHW MRKGH. 6 D L
WKH 5% FDQ EH HVWLPDWHG XRIL QKW KIQ\WHFEBYVIBNOHG 7DOHVOVH QLW
(TXDWLRQ WDNLQJ LQWR DFFRBPQMWHW KH UYEWHRVH Q@ F DT K R @ IF
XVHG WR HVWLPDWH WKH IUDFWPRQWHQXVWH XISRB WIQDW WRRQNQ
WHPSHUDWXUH 8VLQJ WKLV PHWKRBROW HQ WHR\HH | DOFWUL R QVRR (S DRI
HIUHVKY PDUWHQVLWH FDQ D ORV B/H XIFAWX. BB WAHKGH 2@ SMKLHP XIPQ YR ® X P
DXVWHQLWH LQ WKH ILQDO PLFURWMWWSRENGYUWRF DQ ERISKAWLR XPD W K i6
WHPSHUDWXUH

7KH 47 VHOHFWLRQ PHWKRGROR O\ WX K VH3G C0LOV-RVDAW X Q HY:H U VL

@ LQ WKH GHVLJQ RI WKH TXHQKH \WWROFHSWVBLDYE LRSWQPRPW B W
GHYHORSHG XVLQJ WKHUPRG\QDPLFH BDX®W W LLRELLFED WK R X ONK R WF



SRLQW UHIHUUHG WR DV FRQVW B D@Q KRG (FDVERBHNTW KO ME WIKHP G & B
VXEVWLWXWLRQDO DWRPV LV WHVYWQW AW HG HWLK/HLP P B W IHWMH L VGIGDK
DQG FDUERQ VHJUHJDWLRQ WR BUVRRABWLR @W VX POWHWH/GIGL W K UD
FRPSRVLWLRQDO DQG PLFURVWUXF@®RKZLDQ ORP RQ WRIKILWX'S VUG XWX
UHKHDWLQJ VWHS 7R SUHYHQW \8K B V3& HEQ S4 & VWIHRHD R | DVXGIRE H@.
HOHPHQWY VXFK DV VLOLFRQ DOR PP PREGVBERYEKGRY X4/ @D YOHU B
W\SLFDOO\ DGGHG DW D FRQFHQWWIWQRYHRFRERX\QW LDWA SFWW H K
DURXQG ZW SFW EXW OHYHOV XS WRIGSBHWEKLDYWEBBG BXM® MXR
> @ 7KH FKHPLFDO FRPSRVLWLRQQVRD M)SLFDO 4SFWK B WERQHHQ

7KH *RSWLPXP 47 FDOFXODW LR Q@ K VFIKODRR/ZWU I WIH G VY L) D YWUHH
DIWHU SDUWLWLRQLQJ DQG FRRWK®JAW FE URRP WR 5D WILWX BRI LY
VWHHO ZUWHR SHUODWXUH RI 7& )RU WKLV ¥&HAIKQFW KRUBEWSRRB
534 FRQWHQW Rl YRO SFW DIWHU ILQDO FRROLQJ

100 —r———————————————

80 > Mqr ~~
60 ™ N

40f %Ciny PR

20 ¥final A
N
3 —A \
0 N 1 1 1 " 1 " \
100 150 200 250 300 350 400
Quench Temperature, °C

J)LIXUH &DOFXODWHG SKDVH IUDFWLRQV B} WD MWXUK LRQDRK\BQ MKL
4 3 SURFHVV ZLWK IXO0 SDUWLWDR®IGQUR B D V k& IW\V AW ORZ

7& 40DQG FRUUHVSRQG WR WKH DPRXQW RI ROHUNHQV LW
TXHQFKLQJMWRIKBMBGLFWY WKH ILQDO DXVWHQLWH SKDVH DF

SFW FDUERQ LQ WKH UHWDLQHGSLPDWHG REHW & HS B H ARGV

Phase Fraction, vol. pct.
7
7
1
w
10d "M ‘@ualsny Jo Judu0H uogied

'KLOH WKH GHVLJQ PHWKRGRORJ\ HR& WKH UK H§ FXRVILIESH OV X
PHWKRGRORJ\ IRU WKH GHVLJQ Rl WKH WINUKADLYWL R BHQ JP\D\VE HSW R GP\R
SDUWLWLRQLQJ NLQHWLFV > @ [S[GRIWH B HQQHD OWHS WW XGLH V@
WZR VWHS > @ SURFHVVHV HHQIHJS$I® RU G BESLYWFOMYH E37 K
EHWZHHQ DQG 7& IRU WLPHV @WWRMNBK PD/QD ¥ & F FKWW X 0O@W DH

V ORQJ DW WHPSHUDWXUHV Rl W&HDWHMRHDRQYE OD¥& DERYIH Z P
([SHULPHQWDO 4 3 VWXGLHV KDYH SRORNGUOFFME XD D UW K W \DFPIRK Q@ VPV |



DQG GLVWULEXWLRQ RI SKDVHV RXKD®JH ZL@ K, Q O/DRN VG VINDGS BHR F
HVWLPDWHG 5% KDV UDUHO\ EHHQ RWVRPLHQ FRSP SSHWM HVD b FEQX HUWR R WHKE
FDUELGH SUHFLSLWDWLRQ > R@VHQ W DAY V WKKGLLRIX/I KWIK P BEL FX F
WR SDUWLWLRQLQJ WLPH IRU DRQY HB® % DWW LWL RQLUMHGW R B SHIRID B/7
WLPHV DUH OLPLWHG GXH WR WK RQYBUWWRMLRRH G R WIHPM N QIWU K I
OLPLWHG E\ DXVWHQLWH GHFRP8R$DWMWRQ kR @L GJIDSBIUO® W\ B H ¥ WL
RSWLPL]JH WKH ILQDO PLFURVW U XFWIX.UPHH Q,\§ DIDGOG LIWFLKR.®! Y W & H UPCDH WH
QRW DOZD\V FRUUHVSRQGHG WR WIXW SDHW®WLFWR G RS WIURDOPW R QR
$ VWXG\ E\HW\BIOH® DOVR IRXQG WKDW 5% GRHV @RWKY.RQUD V\VV
UDQJH RI  7& +RZHYHU WKH YROXPH @D OUFVHKQFKUQYH QD VWH RE QF
ZLWK 47 DV VKRZQ LQ )LIJXUH HWDXRZV WIKRPHBRXVIKHIG YROXPI
IUHVK PDUWHQVLWH EDLQLWH LWH. WQDB 05 $RIR $ DKWL R @ HEGR QRDLWA
DXVWHPSHUHG FRIW LEWAHRGE D+XXHQFK GLODWRPHWHU WR KHDW WU/
ZW SFW & VWHHO FRQWDLQLQJU 9RWXBRWUDPWLRGY BQGUHVE
ZHUH PHDVXUHG IURP GLODWLRQ FXW ZHY? ® @F VOH UKW HRG & L WIKO( % &'
HWFKHG LQWHUUXSWHG TXHQFK VSHEVPWEW QFAUHH PR B % PAH. WK | UQIF K
ZLWK GHFUHDVLQJ SDUWLWLRQLQHW L47HD Q@G D ORIX HKJ WIRFOSCPHHW ZRIW
PDUWHQVLWH DOVR FRQWDLQHB & DQOQLMAS OHYLRILWHK TR XYHYRAV RY%E D
LV QRW DFFRXQWHG IRU LQ WKH 47 VHOHFWLRQ PHWKRGRORJ\

Volume 17
phase . r
fraction 0,8
mFresh
Mart.
0,6 @mBain.
0.4 | @ Init. Mart.
‘ ORet.
0,2 Aust.

QP280 QP320 QP360 QAT

J)LIXUH OHDVXUHG YROXPH IUDFWLRQVLRL®SH DQIGWIIUDHY P PDW WEI\DL
& 6L + 0Q &U DOOR\ LQ 4 3 DA4YG DXVWHPSH&HG
PLFURVWUXFWXUHV KHOG DW 7& IRHQWV V' 8Q FRHY WDIL\Y
PDUWHQVLWH RQ EDLQLWH DQG WHQRQVEH BQ@ RQ



7KH SDUWLWLRQLQJ SURFHVV LV FRIP SGHDDQESDQRWWKRQLFED 8
+RZHYHU WKH VLPSOLILHG 3SRSWLPXP" HORRAWKRG RO DI L V¥ SKRHONDX
SURFHVVLQJ SDUDPHWHU IRU H[SHULPHQWDO 4 3 VWXGLHV

‘HDU 3URSHUWLHV Rl 6WHHO &RQWDLQLQJ 5HWDLQHG $XVWHQ

4 3 PLFURVWUXFWXUHV KDYH VKRZWQ SSURBLVHKHQ@ABD US B B SRl
PLFURVWUXFWXUHV FRQWDLQLQJ 5%G LQFWKGY QYHEVBLRWQHHOV LV G

7KH ZHDU UHVLVWDQFH RI D PDWHULDOLID\O DS BR B 80 WL H\WQ IDA)LG
ZLWK ZHDU FRQGLWLRQ HQYLURQPHQW RQ\E PWHRIQ DV S UMKGIL B WR'
ZHDU UHVLVWDQFH LV KDUGQHVYV > @LOBWHKRXIKH BBFKDROWREP \RP
GHSHQGHQW XSRQ WKH PDWHULDO KD H® @H WK LKQDD GHD W X/XIUDIPHF W
VXVFHSWLEOH WR ZHDU E\ IUDJPHQ\WD®H R/ | \R H UD PDXYDHOU R B &/VPBI B K
VXVFHSWLEOH WR VFUDWFKLQJ W HW>B® FYXW G HOPA Z L, Y KO R/DUXEQ HR V/
XQGHUZHQW DQ LQGHQWDWLRQ PSFHWQEQMVWEREOQQGR\ DREQBVU)
WHVWLQJ ZKLOH VWHHOV ZLWK KDUG@HVHWAKDRMY P W0 DCQ @K URZIH;
SDUWLFOHV XQGHU WKH VDPH WHRW ER QOMRLEROYH @& H WM PKIRIL \
PLFURVWUXFWXUH HVSHFLDOO\ LQGQRIWWHOHPYDMVOH PLE O R\AW@ X 5 W XOL
KDV DQ LPSDFW RQ WKH ZHDU PHFK DQL@ ALQHMH D &MDXEQ LEN 3FHBHFUR'
VKRZHG HQKDQFHG ZHDU UHVLVWBQRPM ¥RPISOLW & DURS @ RNV \VOHUY BB
WKH HITHFWV Rl VWHHO KDUGQHWWDQG HP L F WRRZDX EQ XIUIK RIQ ZHD

3.0

Bainitic steels
(austempered)

\

Austenitic
alloys

|

Quenched and
tempered steels

2.0+

Relative wear resistance (pure iron = 1.0)

Increasing carbon content

Cold work

Pearlitic steels
1.0

100 200 300 400 500 600 700 800 900 1000
Hardness, HV

)LIXUH 7KH UHODWLRQVKLS EHWZHHQ KDUGQGAXKNEB®G
PLFURVWUXFWXUHV XQGHU KLJK VWUHVYVY DEUDVLYH ZHDU




$W D JLYHQ KDUGQHVV DXVWHQLWHEUDY GRED UE VWHMDUHVUW B R (
SHDUOLWH RU PDUWHQVLWH GXH WRVWEKH@U KKIKHLHKDYDRD KD VK
)LIXUH RYHU D UDQJH RI KDUGQHVWKXKS WIR7 V¥oH HIG HPQ F K} DVQ/GU K
H[KLELW JRRG DEUDVLYH ZHDU SHUIRUPDQ®PH)GXH WR K L>J K@K DARG |
VWXGLHV KDYH VKRZQ WKDW PLFUR®WR XAW® XZHDW ARDM B WPLQFHS5 F K
5$ KDYH EHHQ REVHUYHG LQ EORFNCGREWLQH WHR@ Q@ RISDEVR\H G |
ERWK PRWWOHG FDVW LURQ > @ DQEGDUG WRRIDF WWIHHID ¥ L REQ D/QHGV
SFW &U ZW SFW 0Q FRQWDLQLQJ VWHHO > @
ORUH UHFHQWO\ 4 3 PLFURVWUXFWXVWXG@KHEKLDRIWIDDQ ER Q)
@ 7KHVH VWXGLHV GHPRQVWUDWH @ HOLUI HDMWQRH M UQS DIDIMH 8 7R M\
PLFURVWUXFWXUHV DOWKRXJK DGGLWHRQB O RRVUMNXIEW X HDYLH HREO\
WR WKH GLIITHUHQFHV LQ ZHDU 1 HYXML\R RN OHVAD WGRRH 158 SSRQUGWHID D
FDQ EH GUDZQ IURP WKH WZR VW XW@RHVK UKH\SURBPQVEWN VLPSOLILH(
X ,QFUHDVHG UHWDLQHG DXVWHQLWWLFR@WABW LPSURYHV
x 7KLV LPSURYHG ZHDU UHVLVWDQF K DLYGEHW R QVK & FAHLI
x 7KLV ORFDOL]HG KDUGQHVV LQWUBRVHRIUWP BWLRDUR O D %W
PDUWHQVLWH > @

4 3 :HDU 6WXGLHYV

'ROIUDP > @ SHUIRUPHG WKUHH W\SHVYRIQZWERH &HVMW\D RWY L\RH
$EUDVLYH $UPRU +DGILHOG 66 DRGHE6EHDW %V @H D TAKHHG VWA IS
YDULHW\ Rl PLFURVWUXFWXUHV FRQWWDH QWQK DGLG IHHMMHV G H WH BV (
+5& LVRWKHUPDO EDLQLWLF KROGV ,%H®@FXD QY DAV VRH G WIH B H
LQ WKH VWHHO DQG VHFRQG KIQKH\VAD QW IVKRIXEUWP\R B |SIDXOWWHH QLI
LQ WKH 3$EUDVLYH VWHHO XQGHUWAWK B RIZ3VERQ ER @ LFRE® WOH.QI\W O V KGH
Rl WKH WHVWHG VWHHOV DUH JLYHQ LQ 7DEOH

'ROIUDP > @ SHUIRUPHG WKH IRO @R QX EE K U HAK HAHHD UWDWEH LW
LPSHOOHU WXPEOHU LPSDFW DEUDYQGRERDHED DEWBVWR @ HIGLLXP LLAPSSD
PHDVXUHG ZHDU YROXPH ORVVHV ZHUBRMWRDODR]$6 WRVWIKH @ HZD W
KDUGQHVV RI +5& WHVWHG XVLQJ WKH VDPH WHVW SDUDPHWHUYV

+HQVOH\ > @ H[DPLQHG ZHDU WHVW VS3$HFH FRH QVKIH R BV HRH®I W PR
DERYH 7KH FRQGLWLRQV ZHUH \RH G F/RH)GV B Q WWGDRY® I K B UUE YK DLY
WHVWLQJ ZDV DOVR SHUIRUPHG RQ GWK H VD®I$ O H\S DRY WKW i & XIP R
WHVWV SHUIRUPHG WKH PRVW ZHBRQUGHWLLRAQD QW CPLDAWHHUEL DFOU DHIDGF |



DVVRFLDWHG KDUGQHVV DQG 5% FRQWRI @®W 7§ H\VRO XIHY XORWYV ZHKH C
UHODWLRQVKLSY EHWZHHQ 5% KDUGSQHNV W G SAHLO WP HEIW DDWWDHNMHC

7DEOH *+ &KHPLFDO &RPSRVLWLRQDRI DQ® HWUIQD/ADWHV HQWMG &\

g 0( 6 1 & 0F 7
$5
$EUD
$UP
+DGI
6 WD
6%
s 1 ¢ 1 & o
$5
$EUD
$UP
+DGI
6 W D
6%
7DEOH 'HDU 7HVWYV $VVRFLDW HIQ BLWKOWRE MA -RIDN BHVRO |UD P
5HSRUWHG IRU JRXU :HDU 7THVW OHWKRGV > @
9RO _
'HDU 7HVW 'HDU 7\SH 6WD QG D USFW Z%ﬁRHMMQWHQFH
59

70 *

6
'U\ 6DQG SEUDVLYH @ PRU
5XEEHU:KWWQ.LPSDF®§RFHG% i > @
%RQG$Euq&i%ﬁY“”* +DGILHOG VWHHO s @ “
,PSHOOHU$EUDVLYgl
7XPEOHU 670 * )
PHGLXP > @
PsDFw RS ERE 4 3
$EUD
*
6FUDWFEK sEOHAPLY H 14 ‘ > @

"ROIUPDW P@®@ IRXQG WKDW WKH QRUPDOL]JHG YXREEXRHZERWD 19/
'65: WHVWLQJ GHFUHDVHG ZLWKWDRGWHODAULG@Q HK\DW GE MMV $RU FIRSE
RU +5& WKH '65: ZHDU GDWD VXJJHVWHG 6$ PHYBNONQ J7EHD LEH |



ZDV REVHUYHG IRU DOO WKUHH ZHDHIOWRH V W ¥5 R WWDK A RI®V W) W OKD V
WHVWV GHFUHDVHG ZLWK LQFUHDR/IHG 6%& R3W S HWMK KD® G HVNVQ
VDQG UXEEHU ZKHHO ERQG DEUDVL@D> 0 ZHDOHS DV DLW B HONDXGN RH |
SURSHUWLHV RI VKRZHG WKDW D QE B YWWHLP S/HKIDHDGDV AV T X/FANUXKUFRV
FRPSDUDEOH KDUGQHVYV OHYHOV HYAGW IOGI.D VR UMIGHS $ | UIDFGV MRKGHY $IIIF
VXJIJHVWHG WKDW WKH 5% WUDQ VIR UP HRZ MRH B D WK H QW UW B GG R U G®IJ
19/ ZLWK LQFUHDVHG 5% DW ORZHUUK BIGGIM K\ JKHHYH O U GRW\QR W R
1RU ZDV WKH WUHQG REVHUYHG L\Q VIHIMY MAKLUYH. KV W\N R VB'$ 2ADK/DIVD ER Q
WKH WKUHH WHVW W\SHV 7KH '65KMKWWW WH Q V5 & IGLIWSE\O DMK B WK
GDWD VKRZHG WKH OHDVW VHQVLBE Y IQVW WHY Bl XWWX®RLLNVYH WK W E R
HQKDQFHPHQW RIIHUHG E\ 5% KDV EHHM Q@ WVOWLKERXWHKGMK R RS WN. ROC
DQG VWDELOLW\ RI 5$ IRU D JLYHQHIPLAIEV \$ @ RBMA KID WG @ R W UE 4
PLFURVWUXFWXUH PD\ DOVR EH DOOR\ DQG KDUGQHVV GHSHQGHQ\

$QRWKHU UHFHQW 4 3 ZHDU VWXGH R [ DGLLQHHFAN WIKKHH @ A I GU Bl @ G\
'4 3 VWHHOV & DQG $0 0Q 6LHBQWRLUPBGEGIOWMIURW XPE®EM HPE I
ZHDU WHVWLQJ > @ 7KLV VWXG\ UHSRW\SHG I REKPMQE$ GUBWIRW LP
SHUIRUPDQFH GHSHQGHG RQ KDUGQHVV IXOGIESHERMW MIE RVIK\D KWHOFD
DVVHVVPHQWY RI ZHDU UHVLVWD @ RHUHMX O\MV \D (GH 51I9Q 8 QWK ®\Q\G
SDUDPHWHUYV

'"HYHORSPHQW RI 4 3 PLFURVW U X F VOXWHHH V® WKRL KINIBD Y \VIHFGW\R
LQFOXGLQJ PLQLQJ DQG PLQHUDWLKRQRFHWHIRO S@DWHK K DSITELEE
WKLFNQHVVHYV DUH LQVXIILFLHQW | RX GUKHA KDY$HS PR O D WGE IR QN G VKK
DSSO\LQJ 4 3 LQ VWHHO SODWH > Q GLOHEWWGRFRW KBMW S URE HE\H
SURGXFWLRQ RI KRW UROOHG 4 3 L\QIHWAFE W REQ V § XSDWHGL E ® OMDKIH | RFE
WKH DGGLWLRQDO FKDOOHQJHV Rl WKLFNHU SODWH 4 3

30DWH DQG +RW 5ROOHG 4 3 6WHHOV

7KH FODVVLF 4 3 SURFHVV KLVWRN\FID\S QRMD DW LZ/OR| DGMRSRAPHH
VWULS PLOO DV LW LV IRU FRPRQURXX@DE VRO WW K@ ROV HREB/B FPULW
LQYROYHV UXQ RXW WDEOH FRROLQJ IRQ & MKHIMLIQYW @R ¥V X R WK
SDUWLWLRQLQJ > @ LQ PRVW SURFHVVLQJ OLQHYV

7KRPBW ®ORSRVHG FRLO FRROLQJ DV D PHR@UHWRDDEFRPSOLV
GHYHORSHG D QRQ LVRWKHUPDO W KR SGHILWHHSRIUBP B W IHW L\R R LMW
FRLO FRROLQJ 7KRPDVYV ZRUN > @ SLR®ISHRFESVR\Y JU DWGL § 3 BAL



VWXGLHY DOVR IRFXVHG RQ DOOR\L@JI3DNG S@® RFUHREG XE 1 QUWLI® Y\DHIH
VWUHQIJWK VWHHOV YLD KRW URQOIQQHHGH GURBRW KMHRP M KMXQ FNROHEV V|
7KXV 7KRPDVY ZRUN LV DOVR UHOHYDQW WR SODWH 4 3

+RW 5ROOHG 6KHHW 4 3
7TKRPPW PO@ VWXGLHG D VLQJOH VWHHO FRPERNQWIVR@KHGHU
FRPSRVLWLRQ LV JLYHQ LQ 7DEOH

7TDEOH *+ &RPSRVLWLRQ RI 6WHHO XVHG LQ +5 4 3 6LP.
ZW & 0« 6 1 & OF 7 11 9 $ 1 ¢ < &

7R GHYHORS D 4 3 SURFHVV VXLWDEOHHARQVL BRWHGWUR RPERC
UXQ RXW WDEOH 527 FRROLQJ DQ&FRIXWWGEXLIRIIL DR LAD ¥ RAARMMAL E
WKH GDVKHG ER[ LQ )LJXUH > @ 7KH SDVWRWLRGQR\YK HWUPHDDW P K
WKLV KRW VWULS PLOO 4 3 SURFHNDWIXW HL ZHQ FEK\ DVKWHR FIRD. ON Q@ WK H
SDUWLWLRQLQJ D Q@& MR DIDHELIUHIVRI@WVO\, WEKHBOH D W XUV 3TQ GLFDW H C
LQ JLIJXUH 7R VHOHFW D &7 ZKLMK WRRQGQIURX U GGJHA RHLOWRR RIOS
FRQVLGHUHG WZR GLIIXVLRQDO SURFHV®HVYH GO UXWIGM IUR/QMLRORGD W G P!
UHODWLRQVKLSY LQ WHPSHULQJIREHVNHMWHRGHIGOW R/ 1S 6 LD/SISW RPE
GHYHORSHG 7KRPDV DSSOLHG ERWK PHWERG\Q WWK MW IS FSIHMWL &/IL R
YLIXUH WR DQDO\]H WKH QRQ LVRMIHRRDOQIHKIDK R R/UUIRDYRHOGY M !

7KH ILUVW DSSURDFK HPSOR\HG WRRCHPSILHLW B @ 9N GIHYH SRS B
73 IRU LVRWKHUPDO DQG QRQ LVRWKUH RD® HQHP\S HTK.DQN LIRRQY/G L WIL
UHVSHFWLYHO\

73 7 ORMF
73 TORW F 7*7

(TXDWLRQ LV REWDLQHG E\ LQVWWH P DLW X I KL V@R U\ Rt
(TXDWLRQ LV WKH 73 DW WRH. ¥ HNJHB®H QD VRX DHWIP HHOWHG W LV
LV D SDUDPHWHU ZKLFK YDULHWIHDR WKHWHQLBAHUXWWULRGQG @ DQG L\

(:16:; €
L < TE
@ Z:si kst

“"Ltst Fvz:S L% ?2=Nz;



Hot-rolling

TEMPERATURE

Mf == === -
Coil Cooling

TIME
YLIXUH 1RQ LVRWKHUPDO SDUWIXWLRGLE\A 7&ERPIDYJI>FR@ O

7KLV HPSLULFDO WHPSHULQJ SDH DPHMSHWU B WK YIHG H XD YXOQOLHQF
TXDQWLI\ WKH uGHJUHH RI WHPSHUEQJW KBIQIGD BGQ H\WOW R 1EW KV WE R
PLFURVWUXFWXUH > @ 7KH PRUHDIXIQGW FHDQMEBRQ GESBXRDRR BLWAW:
LVRWKHUPDO DQG QRQ LVRWKHUPPFRQBRWL F®R @DYJDLAY R LW[DWH® S
DSSURDFKHV ZHUH FRPSDUHG E\ 7KRPDBWRQLGEKHXWKH 37 TKMGI BIX RH
LVRWKHUPDO SDUWLWLRQLQJ SWRRIQVQ J VD @ EBIWH WK H P®MIRG HRRJI L
37 DQG 3W 7KH VROLG OLQHV UHSWHYHSWUWRHWRO ORP BQ -DIWH W
GDVKHG OLQHV UHSUHVHQW FD UERQ BWIXXWVRIQQIGQ DWW MG @ OQWW K H |
OLQHV UHSUHVHQW WKH LQLW L DIOWHRR MK ARRORFHVWHRS HURWKUH D
JHQHUDWH D GHJUHH RI SDUWLWLRQL3W DXOLYHMO W WWRR W K H LDP\D:
JLYHQ E\ HDFK PHWKRG DUH UHO DWH ZH ®\KVW R P @ DIUQ G IDIUHURIQWHHY R
SURQRXQFHG DW KLJKHU WHPSHUDWXUH

*OHHEOH PHWKRGV ZHUH GHYHO R SKHREWWURR QIORQAI D WKIHFIRD O CRRVF
GLG QRW LQFOXGH GHIRUPDWLRQ DOWKWRRUK VXKE \GHIRKME@ W WIRRUN VE
UROOHG 4 3 SURFHVV > @

6DPSOHV WKDW ZHUH LQWHUFULWQRB MW WWHPISB O B & OWHEY TEHH
DQG f& H[KLELWHG PLFURVWUXFIWYRXWVDO YMWD\EX H B V4 F3R P PRDR W W LS
6LJQLILFDQW IUDFWLRQV RI 5% Y RW LSFIVR QL\QD EURP] PG LEW IF Q VEWR
> @ 7KH PLFURVWUXFWXUH RI WKH ,& 7& & QLG WRIlLTF F RW O FIBOIQ\RP
VDPSOH FRQWDLQHG LQWHUFULVWLERG D®@WEHDQ IQW W L F KIH REMMM Y PIE
EHKDYLRU ZDV VLPLODU WR 4 3 WRKGGE HIR 6/ G DM@ HHDF S X B ¥ QR XAVOU



03D <6 WRWDO HORQJDWLRQQVIBREWDWDRG HYGE B FHIQE 5 ® D WWIDF
FRQFOXGHG WKDW WKH WHPSHULQJ SV DMPHYHW BISSURD MKR RRX\U B
HVWLPDWH WKH pGHJUHH Rl SDUWLWLRQLQJTY

7KRPDVY WKHVLV > @ KLJKOLJKWHG VRPHOHPSRUMLIG VWV & b DI B
PLOO FRQFHSW WKH YDULDELOLWR RVIHMPLSFHIURDWWXUXF W X U HDSVULARSHU M/
WKH ZLGWK DQG WKURXJK WKH WKLFNQRNYDRJILW E HOWK\H HAM UH SR
VFRSH RI KLV WKHVLVY DQG WKHGREXW K B VHG HFMF WIHBRD &L )XQQ GMHUR/
WUDQVIRUPDWLRQV WDNLQJ SODFHQWVWEKHUZR X G® FRH DV L7EH D P B X
PRUH GHWDLO ZLWK UHVSHFW WRRQSODWH SURFHVVLQJ LQ D ODWHL

500

450

400

350

300

250

Isothermal Partitioning Temperature (Celsius)

w\
| 7 s Characteristic Diffusion Distance |_
200 » %0 c'C\\ 7 (Carbon in Austenite) q
=700 %L, e Hollomon-Jaffe B
N B S S T ST
10° 10' 107 10° 10*
Isothermal Partitioning Time (seconds)
JLIXUH IRFXV RI QRQ LVRWKHUPDO S\DRUWMRWLRIQU B D QJ MAHFRSGI\L

FRQGLWLRQV LQGLFDWHG E\ FRRQ\ LVQKMW HRID[GIRP B R O DG 1D
WHPSHULQJ SDUDPHWHU IRU D ZWV FQ WERIUER@ HQ | IXD
LQ DXVWHQLWH 7KH WHPSHUDW XKWG \OLQ B Y FDFSEHIG REDQWIK A
FRLO FRROLQJ WHPSHUDWXUH )LIJXUH IURP 7KRPDV > @

6RPDHM. RROG D KRW UROOHG 4 3 SDWHQW >H ®U RBAHAPWLEL QJ I
URXWHV 'LUHFW 4XHQFK DQG 3DUWLWRAQHGJ 1RORRB AHGHEP 8 PHHK)
SDUWLWLRQLQJ 705 '43 IRU D UDQJH RNSRVVHEO R KHOB®RRV HD\Q/G UR
GHILQHG E\ WKH IROORZLQJ VWHSYV D 7#€H D W LR X R W HSR EGIMEZIH ¥\
DERYH RU EHORZ WKH UHFU\VW D GQIQD R QRW KGIL /IHW SHHMSHUDHW K U W
WR WKLFNQHVYV EHWZHHQ PP DQVLQJPPHUDRO@RRIWGRQDYHGDW L P H
VHFRQG KRW UROOLQJ VWHS DZFHRIRUL@E YR DY WR DRW A PFEHWDHA
DQG YRO SFW 5% DQG D SD UMK PQLOURWKHIS BHOL QRIGGD D WH W H |



DQG 7& IRU WLPHV EHWZHHQRRDQBD[LPX? FRROOLQORDWH RI
IRU WLPHVY EHWZHHQ DQG V  IROIDWOLADZMICR BV I RQ B & W XHRDRKH. @ J
ZHUH DOVR VXJBHNW®O@ ZKRDIQFRUSRUDWHG XOWUDMVDWKMHBRROLQ
PHFKDQLFDOO\ FRQWUROOHG UR O @LYHV W KUDHWM HSU RHAHAKY X I QIR B WH
FRQGLWLRQV IRU D VLQJOH DOOR\ 7DKEOBOOR\ FRPSRVLWLRQ LV V

7DEOH + &RPSRVLWLRQ RI 6WHHORQNHG L@ 7DQYV +5 4 :
ZW & 0( 6 1 & OF 7 11 9 $ 1 ¢ < &

7KH VWHHO ZDV ODERUDWRU\ KR W PURMDIOHEG SWR BHM\QHDGE DAFK IRFN
RI WKUHH SURFHVVLQJ URXWHV 7 KH WWIV WD ¥ WRFXN Y ERUQIRWW HU R &
DIWHU HLWKHU LQWHUFULWLFD® RW L\ DRQ LDXN WM B § W IDR/ KLRW OUXRACHC
SURFHVV LQFOXGHG HLWKHU LQWEGOEQ I WIRFD®DRRH A X MQDXTYWH Q LI
LQWHUPHGLDWH WHROHUD WROBREH® ZAHQ@DPLF SDUWLWLRQLQJ L
FRROLQJ ODPLQDU FRROLQJ DQG DLIG FREOL QXV WK @ MWKLFU &R R R|
E\ DQ XOWUD IDVW TXHQFK WR DQ LOQIVM}H®& PH®IOGVH W& PSRODWXHE
LVRWKHUPDO SDUWLWLRQLQJ DW. PHR/L EKAMZ MHP S QW X PH Q X WY |
SURFHVVHV GLIIHU LQ WKH FRRO DQWUDGG |E B WZK MH MSHHU P BXW H
SDUWLWLRQLQJ WUHDWPHQWYV

7KH WKLUG SURFHVV ZDV WKH PRVW WKX¥SRQVH O7 KB WHHFURPQ/GRS
\LHOGHG LQFUHDVHG VWDELOLW\ RR$H LRUL RVX F RRS/MDHB G U RV MADHD |
KRW UROO FRQGLWLRQ IRU VPDOO YIRIGXRK J DKM XROGWL RD \WMHHU WIEVQ N
7HQVLOH VWUHQJWKYV IRU DOO FRQBWLR&W ¥MUWHH @ BWK HRH QV K H VIHC
PLFURDOOR\HG ODERUDWRU\ KRW DR® QH B DDAHU GA KBl @ W KIRKRHIWFK HE
KRW UROOHG DQG FRLO FRROHG VWHHO

/JDERUDWRU\ 30DWH 4 3

+RQHW DIQUVW LQYHVWLJIJDWHG WKH |HDVNEBDIDOKAVRHBESYOAL@ J -
FRPSDULVRQ ZDV PDGH EHWZHHQ W K HURISFHUWRWIVHWYX FAMXHOQJ D R G KADH.
WRXJKQHVV Rl 4 3 DQG WUDGLWLR Q\DHOHIO. KRR P SR WIUWIDRGH G B OB VKH J
EXW ORZHU LQ FDUERQ WKDQ 7KRPDWLRQY RMWXBEQBGL R FWR /OQR
QLRELXP ZHUH PDGH IRU DXVWHQLW HOJU U WY @ J MKH FOHR@WE B € G XL E
WR HQKDQFH WKH KDUGHQDELOLW WRKD® KHKRR/RIOW Q D R | Z\HHIFHWHL [FOQ\
4 3 UHVHDUFK 7KH FRPSRVLWLRQ LV JLYHQ LQ 7DEOH



7TDEOH *+ &RPSRVLWLRQ RI BWHMH@® H[DPLQHG E\ +RQJ

& 0( 6 1 & OF 7 1l 9 $ 1 ¢ < &

7KH VWHHO ZDV ILUVW UHKHDWB GLWRV KL G& WHRVB FURIOX. QH R
UHGXFHG WKH SODWH WKLFNQHVV IURPWHYRZRMRI WKPR DKH KRRO!
WKH 4 3 KHDW WUHDWPHQW 7KH DNYWG QURR]LQZI&VWRSHU R DQHS 2
LQWHUFULWLFDO WHPSHUDWXUH ZDAD9BXOB® HERFRS WL XWPR 47 R&
XVHG DQG SDUWLWLRQLQJ ZDV FRQGXREWHWGRLQ I &VIHRRIS WL B MK WD @.

V WR Vv
7KH 5% IUDFWLRQ IRU 4 3 FRQGLWLR QW AHFWHDWHG DVRPKH \8 [
V )RU 43 D 5% DPRXQW XS WR YRIOXSFWRZLW KW F®RNE RDDNRIF
ZKHQ DSSO\LQJ IXO0 DXVWHQLWBEHL QP RXKQH FDIDF X ¥ R W HG W I7[IL\W X PD
FDUERQ FRQWHQW RI ZW SFW <O.BQG VW IHD DRIV XEHWL PHIH W
VWUHQJWKY EHWZHHQ 03D DQG ¥3D @HWHRENMHDWHKGHR W WK
WRWDO HORQJDWLRQV DURXQG SFW IRU WKH KLJKHU VWUHQJWK
6RPDHM. BBUIRUPHG ODERUDWRU\ SO DWHHBRY OZLQN KHF RIPS RF/H. @,
JLYHQ LQ 7DEOH &RPSRVLWLRQV H @ 8 CGGHURFH & WL R JR & MDD DHW H O
DURXQG 03D > @ $ GLUHFW TXHQFKIHYHD@S HD WOHMERGLYJ S
VLPXODWLRQV ZHUH SHUIRUPHG VZR HRE W DL@QGP D W\R B QAW 1B | FRHUN T
DFKLHYH WKH GEVPSBE WMBPERUWWXUH GXULQJ UROOLQJ DQG TXH:
WKHUPRFRXSOHV LQVWDOOHG LQVRROEN\G WPLLEGEOHIGE VW D/EE FH®\OH

6DPSOHY KDG GLPHQVLRQWRI @ | [ PP
7DEOH + &RPSRVLWLRQV RI 7TKUHIDGDDWB@EWHHOV H[DPL
ZW & O0OC 6 1 & OF 7 11 9 $ 1 ¢ ¢ & 9
+L.6
/IR. &
+L. $

7KH VDPSOHV PHDVXULQJ PP LQ WKLPRQHWO ZHRY KKBRWHG
WZR VWDJH KRW UROOLQJ SURFHVV ZDRISHYDRVANGUBWBRBEHQJZWKH
WR PP ZLWK DERXW VWUDLQ SDVWV7EKBIVWHP $R®BU b WXIJHHR | AWM KIH
DOORZHG WR FRRO WR f& WKH® URWBHG DN\RVEEWRLPERKW RI V\
DQG D ILQLVK UROOLQJ WHPSHUDWX®H ,PBAGEBPWHAKHN @ IWHW WRIG V



VWDJH WKH VDPSOHV ZHUH ZDWHU7TXWRARHGH O® SDUAWR W LR FHG
WHPSHUDWXUH IRU PLQXWHYV
OHWDOORJUDSKLF DQG ; UD\ GLIIUDFWHL\RKMQ EH' RV WX GEIHYWZ H HQH
PDUWHQVLWH ODWKY 7\SLFDO B\X;\bW BIQU M/ H G RVKW HODAQ\ HD V \R R D VKR,
+LJK 6L VWHHO DQG WR SFW)LRMH W R W HIKWS/O GU\G HHROW $OOUN HP X
SDUWLWLRQLQJ WHPSHUDWXUH +DUWDQWUYR Q@D W.IRESBUDW KQ MHAL
H[DPLQHG DQG VWD\HG LQ D QDUURZ WD W HEHOAHW QY RO 6 R+PID @R |
LQYHVWLIDWLRQ RI WKH WKUHH VW HHOAMBIBID HKRZEL W G DEEHOMW H U
WKH +LJK $O0 VWHHO <LHOG VW UH QVWXM RBUMHQEREP S R P DEXOR \EW MH(
KLJKHU 5% IUDFWLRQV ZHUH PHDVXUHG LQ WKH +LJK 6L VWHHO
6RPDHM ®IOG QRW FRPSDUH '43 VWHHOV DQ®@ 3DWWRHH®N W5 W
ORZ FDUERQ '4 VWHHO ZKLFK KDG DHX0 @ PIKHW 4 ] WIMNLHOR/L FAKR V¥V
XQGHUZHQW FRLOLQJ VLPXODWLRQRB[KA(EL@ HBEXWH DW HUQBQILUR DR
DQG ORZHU LPSDFW WUDQVLWLRQ KV HIBSH b DS XY HQK VG WIKH DD 8
WHQVLOH VWUHQJWK 876 OH Y HOM WIIE HTK RADPBIONV U P B W B WWHEQ B/ L ®
VWUHQJWK 876 OHYHOV ZHUH ¥DPHMHIONRXE HMHBE W FHIQLVAYOHHG VES\H
DOWKRXJKVEMDERNHWHG KLIKHU \LHOG VWUHQJWKH TKHWKPLRKH WV Rk
VWXGLHV > @ 1RWH WKDW <6 D@REQS8DEVILE F DAEFO HU D F W § bl HYFHRF
D WHQVLOH WHVWLQJ VWDQGQUB&UVREHG>R® KRW UROOHG PD

7DEOH + 7THQVLOH DQG &KDUSWRBDBROIMHG HAU B BOW WRHYDXEF

6WHHO)LQLVK URIGABL/Q J <6 876 8 ( ,PSDFW WUDQVLWLR
7HPSHI Z 03I 03I WHPSFE Z.

+L.6

+L. $

IR. & 57

6RPDHM/ \DMDXGLHG WKH HITHFWV RI ERURQ LQ 765 VABGVIWOIBHOV >
'43 PLFUR DOOR\HG ERURQ VWHHOV VHKRAH GJUKHI K WH KOV XIQGHEL O/ Lk
SURFHVV DEVHQW RI EDLQLWH DW WKW Kd. PNK VIONDEHE VUFHFEWL.OM LRXH R
UROOLQJ 7KH ERURQ VWHHOV H[BEQBELW IR 22H B RIIPB\DHW PH.@ H B Y\WHRX



ERURQ IUHH VWHHOV 1R VLJQ LHMAD@WL B Q| FRX-OEF B H. Q VDW U WEDQW WE
ERURQ GRPI@WULEXWHG PLFURVWUXFWXUDOLQDUWW WDRQ W WRRIXQ
WKLFNQHVV RI DQ PP WKLFN OD BRWRORID JURWD OBICQ §¥ CCDGH WK HalL
DXVWHQLWH JUDLQV QHDUHU WRKLH W K VWDUFXHF WDPSIDHD DQVH @ KAHK WA X1 W IUDUF IH
PLFURVWUXFWXUH DW WKH SODWH FH QIVFRW R B /NG IDUDHWVHH \EWW RG\L O .
PLFURVWUXFWXUHV WKURXJK WK HRXIQLGF WEIDWW FR HIP L F DRIP RRAHS-RW [\
WKURXJK WKH WKLFNQHVYV PLJKW LIDOWLR Q¥ DGVWRD © 11 B QR VW UPRRQWKH
SURQRXQFHG HIIHFW RQ WKH ORFDO DPRXQW DQG VWDELOLW\ RI 5

7HPSHUDWXUH *UDGLHQWY LQ 30DWH 6WHHOV

7KLFN SODWH VWHHOV H[SHULH@QFGXUWLRYDVWRB OLIQRSWMK D@/ XK H k
6RPH HIIHFWV Rl WKHUPDO JUDG L HQNND G X D WGHD/SEDIB@® I £SHPRIGHX F W L |
LQYHVWLIJDWHG WKH SKHQRPHQRQ @X HWRUEH WIXS$L GOV KB @R WK GE
GXH WR FRQGXFWLRQ IURP WKH FRUH WKH FERPS Q/HK[HJI SO BWHIQWKLG |
VWXGLHG E\ ERWK *OHHEOH VL P XIDECRWIDRVOR H [SHRIQ. 6 HQWR | B S BEHOPF
+DPUHYV H[SHULPHQWDO ZRUN ZDV NRHFKXHIGF R QVRSSULRE KLFH] Y00 W K
JUDLQV WKURXJK WKH SODWH WKQFWNHQIH QW P BEIQMWK DVS MFKID & R B FIX VKR
PLFURVWUXFWXUDO UHVXOWVX0UUUH QWWS GR MHFW O WK IHOWM KX B QRD O FS |
FROOHFWHG LV UHOHYDQW WR SODWH FRROLQJ

7KHUPDO SURILOHV ZHUH PHDV X UHG LZQ OO BARUHDUIPRERYBOBOW & |
VODE FHQWHUOLQH DQG é SRV LWILKHU RIXW KIHF MO B BD @& Li F ND)\H VK R 2 &

------- K--—-=-=< 43
------- W= mmmmm = = 12
------- K-------< 73
)LIXUH 6FKHPDWLF RI WKHUPRBFRXBWH SR@WLWLRQV L

7KH WDUJHWHG WKHUPDO SURFHW/ OIRBO DMNWYKH ZDRNPDWHKHRPEN RZYH |
DQG VRDNLQJ DW 2& URXJK UROOZ& D WL QW H LEP § B Y. DW/IHR RRIR\OZ_Y
UHKHDWLQJ WR 2& DQG KROGLQJ XQ WKW RXKIK WHKRBENQEBEWWXWDK G0
ILQLVK UROOLQJ DQG FRROLQPHWUDWBRWH RIWKEHE FDWRSURRFOW HP I
WKHUPRFRXSOHYV LV SUHVHQWHG LRWKBXUSO DW R K HUKPRDZ0H G UWR.IR I0GHD
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JLIXUH THPSHUDWXUH SURILOGW WRHRAODWHWKH V&KHAWIRBO JDNMD

UHVXOWLQJ I[URP SURFHVVLQJ ZLWK LQWHUPHGLDWH FRR

Y)LIXUH VKRZV WKDW GXULQJ WKKH W I RSHIUH/GX. DM H QF RVKGIL DX
GHFUHDVHG DW D UDWH RI * RERXS®OBY BMDWKWHHE EQGWKBBEFLWL
WHPSHUDWXUH DW WKH PLG WKL FMNQM VIF& HFHKHDAM GQD VR BF ¥ D WHIGR
LQWHUPHGLDWH FRROLQJ E\ FR®EXF W LKRRO BJ RR RAHK R | K R WAWZ-DUY SUGHDN
SODWH WHPSHUDWXUH WR EHFR RK IKS BAKR ALNP@RWH/O \' XUIT XQ O VEXUE W F X
VRPH DGLDEDWLF KHDWLQJ ZDV REVEBYHDVDHI\G W KOH JKODON H7W H PASHHR
H[DPLQHG LQ +DPUHYV WKHVLV DU HLRRQIHUWHRS® UDXW R B K QW KDQ/G
HPSOR\HG LQ 4 3 SODWH

7HPSHUDWXUH SURILOLQJ ZDHWDDRHR \8H B SRIWMMGK B H =KIRKXLD W L R
DQG PP WKLFN SODWHV GXULQJ MK WHPSHUHGHQ\® T XS QR KH/VBIW
VWXGLHG IRU D VLQJOH VWHHO FRPSRVLWLRQ JLYHQ LQ 7DEOH

7TDEOH *+ &RPSRVLWLRQ RHOWEHOED 6WXGLHG E\ =KRX
ZW & 0C 6 1 & OF 7 11 9 $ 1 ¢ < &

7KH 4 3 7 SURFHVV ZDV ISWRS® Q@ &\GEKRMJV IURP 4 3 LQ WKDV
SDUWLWLRQLQJ VWHS LV DOVRVIFR Q¥ I3GH VWG MOR/ EHJ B WHIPBHW HG D
OR RU 9 VR DV WR IRUP ILQH VW OREDLH) F BWRIFGINVW G4X B L7Q ¥ WWHKHHO & DIJW!
ORZHU WHPSHUDWXUH DXVWHQLWL]D®GERD UBRHR § R UGWL W RRAYL B V.



WHPSHUDWXUH, &HPEERMKD IRU FRPSOH[ FDUELG H4 B URE LFD.WEL\G HR
SUHFLSLWDWLRQ DW ORZHU WHPRRB DMWHREH UDWGX @ B W HKIH T IHRQUFRM\G
7 VWHHOV JHQHUDOO\ FRQWDLQV DH RXDPWX PDRUW BE) OIRW B VEHW KE IBWY
FDUELGHV > @ 3UHOLPLQDU\ WHVWRDQ JSVRSHHWGY MWHWH R RPHBI+HG HWB URH:
EH VXSHULRU WR GXDO SKDVH 75,3KHHQHI VW PHOUWHQ®LWLF DQG
7KH WHPSHUDWXUH YDULDWLRQV LQ PPGDRQBUHO®W WKHRNKO
SDUWLWLRQHG WHPSHUHG 4 3 7 SURG HM VM ¥ RZMRHUFDDG X\ W B G U?
06& ODUF &RPSXWHU VLPXODWLRQ'® KBHWH \ED U B &R QPD WHPS HUHDG
QRQ OLQHDU ILQLWH HOHPHQW PRWWKGE \JLP XDOMHELWHBBBUG W
SHUIRUPHG H[SHULPHQWDOO\ 7HPSH U DDVKH H HICHVPHB IV WK H GK 8 WUUL |
WKH 4 3 7 SURFHVVHV XVLQJ . W\SH W KMHKUFERBRINSOBIY GD W WWZLRF IS QM )
$YHUDJH FRROLQJ UDWHV DW WKAHVUKENXQFXPID\WRG RLREP WAKK_HF
GDWD 'XULQJ ZDWHU FRROLQJ FRROUWQDMDWEE ZHBHY DAE W KDHN F\R
H[SHULPHQWDOO\ GHWHUPLQHG EQ LW DRDHV FARROHL @ X IWIDAL H ') WW\W R \L
Rl SURHXWHFWRLG IHUULWH LQ WKH DDHORY RRPOWHHG/ W D @G MR
PDUWHQVLWH PLQRULW\ RI EDLQHEHWRPRGPHH %HDRH® HR QDVWKRP R LR
PLFURVWUXFWXUH ZDV SUHGLFWHG W KADR/XBR QVKBIP H ® RH V8 KIIUALNP W QW
PLFURVWUXFWXUH FRQVLVWHG RI OBMEHRNVUWHE®QVLWH WKURXJK W|
7KH VLPXODWHG WKHUPDO SURILO HVUXEMGKIUHVW & URX LKQ MRAR J
WKLFN VDPSOH ([SHULPHQWD O LRV X D WV DRRAZ L IR HBL WKR V WSUWXFOAL J
/IDWK PDUWHQVLWH IRUPHG DW WKH WK SIFWHDRLG VK ¥ WX XIFVEXU H KR
PDUWHQVLWH DQG EDLQLWH ZDV REVHERRGLIQI WBW H\R UBIR F K\HK 6 LY
LQQHU UHJLRQ RI WKH VDPSOH UHY XIDWW & H. 6 RAULHF WRA/PAB B XUFDWXXULEHO L
OvIRU D ORQJHU SHULRG RI WLPH WK D@ KX H Q/ YK FHR W ZAIRQ X V A K
DFFRPSOLVK WHPSHULQJ LQFOXGLQJ SOIWQVL WQ RAK I B BXW L QL K@ E
WHPSHULQJ VWHS WKH XQWUDQWRK® HA @K \1\E 8 FLDAWH LZONWV FDHIER @
WR SUHFLSLWDWH LQ ERWK PDUWBQWW.RAS BQIGQHE D>L Q@ WHOGMIROQIK S/
KDV EHHQ TXHVWLRQHG > @ 7KH SDW WH WIRRUPLHE DY ® WHPSSHHULDOA
IRU ZKLFK WKH NLQHWLFV DUH H[SHFRWAIGGWRKDNY WORH W K@U PO VIK
H[SHFWHG WR LQIOXHQFH PLFURYW WXFRHQ B GQR\WUBIQG OQ LGL IGH U |
UHJLPHV
$ VLPXODWHG WHPSHUDWXUH SURIRD® LRU)MWKKMH PPDWKLKFH S
H[SHULPHQWDOO\ PHDVXUHG WHPSHUDBENXUKHSVYIRRXOB W W G/ ISRIRQL OGP



WKDW WKH SODWH ZRXOG UHDFK D XRLIRMNWHONPSHMUDWRQH VR RQ &
REVHUYHG DV WKH 0 WKLFNQHVYV SRHGLIFRMHGLG QRW FRRO DV TXL

1000

1000

900 Q-P-T 3 for 20 mm thick plate Ac3 i pre-cooling

T & o SOFN T (air cooling)
800 - \\! (air cooling) 800 \i ¢ —— 1/8 thickness(subsurface)
100 iy A - - - - 1/2 thickness (inner)

B i subsurface 700

\’:‘\water quenching
I

600 | === INNer

N
! | \/— water quenching
K

500 | N

Temperature, °C
Temperature, °C

100 | ‘7 air cooling 100 - | l«=—————— aircooling
0 0 ' SIOI 1(;0 1;0 2(I)0 2;0 3(1)0 35( B 0 ‘5I0' nl)o 15130 Q(I)o 2é0 3(1)0 350
Time, s Time, s
D E
JLIXUH &RROLQJ FXUYH IRU W PRKRMWRU R CDOH3G éSW R WHHN Q WVSR

6LPXODWHG E OHDVXUHG > @

7KHVH VWXGLHV KLIJKOLJKW FKDSAHQHW V 7IKH 4. Q I OXRDHFWVR D Y I
WKURXJK WKLEFNQHVYV WKHUPDO S URIQOMH VR\H WKW L& B GWQ\RVFW X B LKHDG/
RI SURGXFLQJ 4 3 PLFURVWUXFWRRE VW QDW & WAN DSI0D WHR FE F YV HDHAF
UHTXLUH D GLIIHUHQW DSSURDF K @& KSU@® FKHDWV E B Bl Q7 KV W G5 WARILY F/GW M \
RSSRUWXQLW)\ IRU D WKHUPDO PRGHOOWRREH[SBIR HB R\BKHG HD QHF W §'S
WKLFNQHVV TXHQFK DQG UHKHDW RHGWD R [B5WHHPISE LPDLW X B W WSUW)RA |
GHYHORSPHQW LQ WKLFN SODWH 4 3
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7KLV FKDSWHU SUHVHQWYV WKH BR®W BIHONH B R 3\HKG& WK WWIWPO30 WR
HYROXWLRQ GXULQJ 4 3 SURFHVVLQJ WRRWODX\AHW®HH GH®R ORVAR QHW
SODWH WKLFNQHVY 9DOLGDWLWQIRQ WHKH PRGXW LRQWK DRVEKW K HK R D
FRQYHFWLRQ FRHIILFLHQWY VHOHFW3SHRAWRVVHE UWLHMH Q &VIRQ & XN WH(

6LPXODWLRQ 'RPDLQ DQG *RYHUQLQJ (TXDWLRQV

$ RQH GLPHQVLRQDO FRPSXWDWLR @M PAREHIH @ D W GUHH HIY R OF
GXULQJ WKH FRROLQJ DQG UHKHWRGHQJVRIPEQO W W IV i B 0 DKW K [
IODW SODWH DV LW LV FRROPISHDQ ®/ XbiDW HGU ER RRDGOLAXIORDQWL QY X R
IXWXUH LQGXVWULDO 4 3 SURFH S\DIDQVH 724 AV Z HEHAGEIQWEK \R K BAFKNHD HOYIV\A
LV VKRZQ LQ )LIXUH

A

v

[ =+

JLIXUH J)ODW SODWH JHRPHWURXZHKHOHWKWERKDQBWAHKIHG YHQJWK

7UDQVLHQW KHDW FRQGXFWLRQ WIGURWXJRXL IVHRDIVG WO D @Y V3. Gl DX
HTXDWLRQ 7KH VROXWLRQ WR WRYVGSDUWKEOY GULIBIWHRW RD QW HP X
WLPH DQG SRVLWLRQ LQ WKH SO DIMI H, QDWE R IDEFMQARH R QGXWWUR
HQWKDOS\ Rl SKDVH WUDQVIRUPDWLREREWEFDQWQBKXQYE®BO \§ KR SIH\
JHQHUDO JRYHUQLQJ HTXDWLRQ LV

LI Fc‘fe c‘fEEc‘fe

R SRS

ZKHUHV WHPSWWDWXAH ®UH GLVWDQFHV LQ WKH WKLENQHVYV

GLUHFWLRQV UHVSYHFWHUYPDO® GRQIGXVLYLW\ GHILQHG DV
(
€9,

ZKHGHYV FRQGXFWLYL&LV. GHRWMAMPYR WY PHFLILF KHDW LQ - NJ

LL




$FFRUGLQJ WR (TXDWLRQ FRQ G XEMHAW HRIQH DW GAUUW Y € Q1 EU W R
WHPSHUDWXUH JUDGLHQW LQ WKRMWVELWHP®HE QWXHBIWG W UHDQHQHF b
GLIIHUHQFH LQ WHPSHUDWXUH ZLBE\OF RQGKH WRR® RDI$U G KHSIHE LWIL-
)RU D W\SLFDO IODW SODWHKGILWHK L\FREXHY R QO)Q JKRIMHSDUKG WR SOD)
DQG ZLGWKWKH SODWH ZHUH VXEMHFWHGPW R OX @K REINPQWX/WYI RF HV K R
ZRXOG FDXVH D WHPSHUDWXUH JUB®BHQYWXQUW KDW LALW HEQWM. R®! D)
GXH WR HGJH FRROLQJ VLQFH WKEU®PWR GUDBEWQRYVLDRUWHKHPOBQ.
DORQJ WKH OHQJWK DQG WKURXJK WKB ZLIGAWWK WK W KAV B 8 5 MAHWF IV &
DUH H[SHFWHG WR GHYHORS WKURKBKI QXKW S/XD WHQIHW V X EXVUHE KMHHUE
VXUIDFH FRROLQJ FRQGLWLRQV D QG VH G DWW HA RHOFGAK\E I U RIQL WKRIRHKG K
DFFXUDWHO\ PRGHOHG DV D RQH GLPHQRQRQPS GURHE®HWPR TKKH JIARY
(TXDWLRQ DQG FDQ EH VRO VPHI® IEFRDMDIOD QDO\WLFDOO\ DQG QX

o
o (e

7R VLPXODWH FRROLQJ RI WKH SODMMK [RBRBG VW RQWHFR\QLYR-CF ¥
FRHIILRLEQWH DSSOLHG DW WKH SODWH VXUFRRIDLDKH ZHILIFRWOW R L
QHJOLJLEOH DW ORZHU WHPSHUDW XEGHVQ>WE®H KHHDHWDW VY X D M GH W FE FE
6LPXODWLRQ RI SODWH UHKHDWLRQ® GLOAMRQL QLV UDLG/IFXW VRG E R X
$VVXPLQJ LGHQWLFDO ERXQGDU\ FRWWRW L\RQM DA W K b HOMDHAH DWR
WKH SODWH FHQWHU DV LQGLFDWHHGGL@RRDKQH YV D RQHKIH. FKRV HF
KDOI WKH SODWBWEKQENBBWWG LQ )LIXUH D LYQLRQVXDDWHG |
LPSRVHG DW WKH SODWH FHQWHU

7KH GRPDLQ ZDV GLVFUHWL]HG G\QRGEOL YRG IMKREZW LQWIRIKHE
DQG GHYHORSLQJ WHPSHUDWXUH H[SEHYVYRQ D NRLP SO EK Q& GH SYL
WKH PHVK DQG VKRZV RQO\ FBOQV D SODWHI F/HIWEHH KD IGTHHEE (
UHSUHVHQWLQJ DOO WWIR R0 R W HF HQWHW IDRUG FHOW B FH ZHUH JLYHQ
QRGH UHSUHVHQWHG E\ D EODFN FLDWOMKHQERIRGID U\ ZKH BB VWXR
FRQGLWLRQV ZHUH DSSOLHG
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J)LIXUH D )ODW SODWH JHRPHWU\ VKRZLQJ V\PEPHOWHIG S |
&ORVH XS RI WKH GLVFUHWL]HG GRORDA QY WEBWILQH VKB HRQ

JLQLWH 'LITHUHQFH 1XPHULFDO 6ROXWLRQ
7KH QXPHULFDO VROXWLRQ WR (TXDWL®IQVH & DIVHG&HYOHGIRDS U
6WDUWLQJ IURP )RXULHUYV HTXDWLRWLRDXPWWREB SDUW LD®IOY B HU LD
WHPSHUDWXUH ZLWK UHVSHFW WBWLPH DW HDFK QRGH FDQ EH ZU
CE ¢€ E€7°F €
¢l ¢l ¢l
7HPSHUDWXUH H[SUHVVLRQV \RSHWDR K PAHIOD PHWGHRBWBEDRQB G
FHOO DSSO\LQJ WKH ERXQG D U\HFRXQVG LRVUL R QW KZ D\R E LGIDIW KERRIS KU D
DSSURSULDWH IRU VXUIDFH FHOOV D QIGHHQRMDGN IQRIQ) R QUW K H TG HKYH

HTXDWLRQV LOQFOXGHY D WHPSHUDW@OGHVWPIKIP ZLWK LQGLFHV IRU

peUas 4,
adxeUcUaa :¢;

7KH FHOO ZTDQMKWKH DPELHQW WHPSHUDWXUHGRKLVRWRRHQJ P
FRQVWDQW FRQYHFWLRPRVFRWKHLFOQOB QYW VXQEGDFH WHPSHUDWXUH

7HPSHUDWXUH ([SUHVVLRQ IRU ,QWHULRU &HOOV

+HDW WUDQVIHU EHWZRERQ QDWBXNURO\FWRORXJK FRQGXFWLRQ
7KH WHPSHUDW X U H HRO MABRH PIOOBI)Q EP FDOFXODWHG DFFRUGLQJ W
HTXDWLRQ LV GHYHORSHG EHORZ WK UR X JKHDWKHQBIGGLWDRQREHH
VWRUHG LQ WKH FHOO LV HTXD O RVRWRK B Q&L IlIHRIAH @/FKHH EEHH\VD DH HDQY FER



(TXDWLRQ GXEVWJQLWZ(BM\LKQWWH{I-DMQ-I-U:PU DSSUR[LPDWWRRQLYHQ I
<

FDQ EH UHZULWWHQ DV (TXDWLR(@@ XDWiHIUUD QUR QRO MM R R U DNV KLHQ!
WKH LQWHULRW QREBIVOLVRQVLPHDQ EH GHYHORSHG (TREWLRQ JL
WKH WHPSHUDWXUH DWWEKH LQWHULRU QRGH DW WLPH

Ti=2...i=n—1

J)LIXUH , QWHUL RUMRH @QOZFWHUBIRGH LQGLFDWHG E\ FLUFOH DC
WUDQVIHU WR DQG IURP WKH FHOO LQGLFDWHG ZLWK DUU
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7HPSHUDWXUH ([SUHVVLRQ IRU 6XUIDFH +DOI &HOO
7KH VXUIDFH KDOI FHOO Q KDV FRWVRMDWQWQFRQXHAWLR QKER
WHPSHUDWXUH DW WKH W XD QFEHQMRIGH B &/DWIHRGH BDWHRBUGLQJ WR (T
GHYHORSHG EHORZ $Q HQHUJ\ EDOD® F K KHIRX QG GALK\H. R ® D D AP KD
HTXDO WR WKH VXP RI FRQGXFWLR G RQR REOWIURP DWK W B B MERKHQEVD UF



(TXDWLRQ ([SBRBUR AWHIOHG YV (TXDWLRQV D PG WHDW XD B D\ J
WKH VXUIDFHVQRERAXDWMR®H FDQ EH REWDLQHG RTXCRULR®H J
VXUIDFH QRGH WHPSHUDWXUH DW

)LIXUH 6XUIDFH KDQIIPMIO QREHUKMGLFDWHG E\ FLBWROH DQG |
WR WKH FHOO LQGLFDWHG ZLWK DFWABQLERWQIBDURZFRQG
LQGLFDWHG RQ WKH GRPDLQ VXUIDFH ZLWK FXUYHG DUUR
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7HPSHUDWXUH ([SUHVVLRQ IRU &HQWHU +DOI &HOO

7KH KDOIl FHOO D VK IMXIHF SIODWH ROQWHG DW WKH SODQH RI V\F
7KXV KHDW WUDQVIHU WR WKH KQGIIBRP QVKY W & VMR X HQ WRIHOE \RIC
EDODQFH DU R XKDE WRHEROHRQMWHXDWLRQ ZKHUH DGGRWLRQDO H(
FRQGXFWLRQ WR WKH KDOI FHO® |U RIPVWHK S UMM Bl BHXQW. G H /& H( XS
"7 5HDUUDQJLQJ WR VROYH IR @ RGHP SMU DIWHOIGHY [ WX VW HRQX U | D F(H X

SURYLGHV DQ &[5 WHKAH MRHP SRHWDWXUH RIWMWKH FHQWHU QRGH D\
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YLIXUH &HQWHULKD QILPHKOQRBHHUBGLFDWHG DQG FIRQGXFWLY
FHOO LQGLFDWHG ZLWK D VWUDRQKER PQG B Z\DRR® GQWX A D!
FHQWHUOLQH LQGLFDWHG ZLWK WKLFNHU FHOO ERXQGDU

6ROXWLRQ OHWKRG

7KH VA\VWHP RI HTXDWLRQV GHYHORSHG D BRIWHF ULTEXDWWR @ V
GLVFUHWL]DWLRQ RI WKH SDUWL DO XDWIHIHWQWLDO (DRBWLRQWKH 6
WHPSHUDWXUH DW HYHU\ QRGH IVRWPI VA FOGD BWHH FFIH@QPRAKHOUWD WY IR GWIKW
7KH HTXDWLRQV ZHUH UHDUUD QUIH® HDQWL VOV WHEDRILRQE L QDYH @& E\

WKURXJK 7KH WUDQVIRUPHG (TXDWLRPXYDW D QHKRIXR/XOAKX V L Q Z NUK
LQ ODWODE RUGLQDU\ GLITHUHQWLDO VROYHU 2'(
—gELﬁ:EGFEE;
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2'( XVHV D 5XQJH . XWWD IRXUWK R UG MWU RRG\E UR [ WPHWRDRIE W R
7KH 5XQJH . XWWD PHWKRG LV D QXPHUREFPXOIDHWIHUNK DWYRQ PHOW/KR

7R HYDOXDWH?WKZI-I-IIYDPON(H-I-IGRIDYHU@X-E]BLR-I BEYIHGYWR/ HWWWLPDWH V

GLIIHUHQFHDEM WA RBEDW WLAFKHNVYDGXH RIJLYHQ E\ (TXDWLRQ 7K
FDOFXODWHG E\ FRP $pd FQPOWXKGIDYWHIXBY¥AFRUGLQJ WR (TXDWLRQV
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2'( WDNHV DV LQSXW WKH H[SUHVVLLFY@(}VJRUH\@HEP\S(I—TLX\XXX/XBQ\)O

WKURXJIK D YHFWRU RIFDYHW L Q OWLRIQG B'W D RVGIVW H@ SHKILDW
DQ LQWHUYDO RYHU ZKLFK WR VROYH KHWKU REXIKD W L FPQ 1R IF RYGHHEF |
IXQFWLRQ DQG 2'( FDOOV RQ WKLDMWXQHWLRQ VDR MXDW X DMKH WKL
W DFFRUGLQJ WR HUURU HVWLPBWH VQJ KWK HUWHRWX DW M \RV VPRV H
RUGHU 5XQJH .XWWD IRUPXODV (T HIOW L FO@ W O DIEJE® G H | DX-DAB HFR\VQLF

WKH PD[LPXP YDOXHARN KRNV KHKWD & .4V DOXDWHG E\ (TXDWLRQ ZL
YDOX&d-RIYDOXDWHG E\ (TXDWLRQ WR HWWKGU G HKLAKXG YSHOW E N
ILUVW

7TKH RXWSXW RI 2'( LV D PDWUL[ RIWHP&HKWDWXU H\Q | RAUL PIB FRK
LOQWHUYDO FDQ EH VSHFLILHG IRU |IL@G&D®I DK HD @ON\HRP & HU\DSAHEW HL HBG
WKH WUXH WLPHVWHS XVHG BEAQVKWRVWR & M HHU UR V MCRHFFAUHDQ® B i ¥ DU
UHTXHVWHG SORWWLQJ LOQWHU YR @ HWRW KW LYRDQ V&/DNM L D@ & WXKGH F\I
SORWWLQJ LQWHUYDOV DUH VXHRLZDNGQRMO RR Q & X\FIWHHE WIH\S W KHH V
FKDQJH ZLWK VSHFLILHG SORWWLQJ LQWHUYDO



ORGHO 9DOLGDWLRQ DQG OHVK 5HVROXWLRQ 6WXG\
7TKH QXPHULFDO PRGHO XVLQJ FRQYMNWDL@WD W B & HDU DD Q VAN DSH D ¢

EXLOW LQ OLFURVRIW ([FHO S 7KH D@ DMNXMW PHY/& FREFHQWDE\ D WRH
ZDV XVHG LQ WKH PHVK VWXG\ DOQRS 2D V XHHMHXK MY RAKKO-D WD 8 QG\DRNLCRX

$QDO\WLFDO 6ROXWLRQ

(IDFW DQDO\WLFDO VROXWLRQV WR §RRUEH RPWOX@MA RROU (PTX
VLPSOLILHG JHRPHWULHY DQG ERGREBYORH FRBG L WHIR QW @HUD D WR DI
WUDQVLHQW WHPSHUDWXUH GLgWWHBEXMLRY IDWQ GQI RUK W KRIUPHR P B G

YLIXUH FDQ EH DSSUR[LPDWHGIBL MWWKMREBOWREQQJ LQILQLWH
1
Li o/7¢ce: ki, 'Wo

@S

%LV D FRHIILFLHQW JLYHQ E\

€xeavob g
€F 6

Vel
b: E o<ty
DQG WKH HRJIBQNDMOKHHWBRVLWLYH URRWYV RI WKH WUDQVFHQGH
be =11 L §
7KH %LRW R XPHHGLPHQVLRQOHVV UDWLR RI W RQSYUHHFYWHG® BN R
(TXDWLRQ KLYKAFRIHGXIFWERQWH WNKIW KRR G & X ADLG L W\
[ *

&\L_(

9, L

OHVK 6L]H 6WXG\

J)LQHU PHVK GLPHQVLRQV DQG VPDORMIDWLP HRZWMBWY W.H QWG MV
VL]H DQG WLPH VWHS EHFRPH WRR WY POO DWKWI) &OH IW R/ H¥PINVLF
DQG URXQG RIl LQ DGGLWLRQ WR@W I$HP HWKU\DL FR R SWXVED & D R QFIRA) G R
KHDW WUDQVIHU FDVH VHOHFWH G QG RID %W U UMY M UVH [ \@E R W K+ il

LQ 7TDEOH DQG VFKHPDWLF VKRZQ LQ )LJXUH
—_— Ta):250C 2
— h =200 W/m4-K Plastic
X i ¢ T;j=200°C
LT k =0.250 W/;ﬁ-K2
L=0002m o =1.20x10-/ m4/s
P Wood

J)LIXUH 6FKHPDWLF RI KHDW WUDQVIHU FDVH >



7KH WH[WERRN VROXWLRQ XVHG D VLQJ@HWKHRIPHRQ WIKGIXWH U L
ZKLFK ZDV LQWHUSRODWHG |URRH D\AMPWE R R & HAR DQ WMKRHD VBRU[AV
UHDFK 7?& DW WKH VXUIDFH ZLWK FRUWHFRSRQDWQUHFRRG SCGRVW)
VDPH HLJHQYDOXH WKLV UHVXOMHZPVRUMSOLBQW 8 GVX¥DQJVIR O K@/l
(IDFW HLJHQYDOXHV FDOFXODWHG QQ RD\WADD LR WIDYJ HATED W\LR
XVHG WR ILQG D WHUP DQDO\WLF DY MB OK@FLHR @ WK G IWHR/L Z LW/HKV WK
PRGHO VKRZHG WKDW WKH VHULHV XV X RO GKFR QY H QLG UW/HSLLGION
DQDO\WLFDO VROXWLRQ GLG QRWAVHPVZ)REK WRH @ AVKDMHIE QW RE
QXPHULFDO PRGHO WKH QXPEHU RI QRGHYOFOWWLIIJHGWMH R P D OWRC

FRQVWDQW V 3DUDPHWHUV RI WKH VMANOGQAWDW D UHYHQYHQ ZQE
7DEOH +3DUDPHWHUV XVHG LQ FBH[WWERBN®DBDOW@GDWLRQ
3DUD 9D(
7KLFN+
,QLWLDO VEéj40 7
SPELHQW W lé 4
7KHUPDO FR( ‘DW .HO
7KHUPDO GLIIXVLYLW\ . Fsi” P
&RQYHFWLRQI ‘DW .HO
7RWDO 1XPE ;
6LPXODW

3O0RWWLQJ W

7DEOH +6XUIDFH DQG ,QWHUIDFH UHBSWR BWROMW LBEWON5H V X

1RGHYV 6XUIDFH QWHUID FH %D[LOP{V\TL(FUDUOREJRZOUXV\\;VL
THPSHUDWXUH 7H& SHUDW XUH (%E S|

$QDO\WLFDO WHUPV

6SHFLILFDOO\ WKHVH UHVXOWYV FRP@GWHH IWKH WHBBHUDNW W H
WR WKH WHUP DQDO\WWLFDO VRBXWLRQIKMVH@WHRBNW U HJHQHPHDX
FRROLQJ 7KH PD[LPXP HUURU LV UHYRRWHGW. @ GO BFOHV K VD VHS H WH
HUURU DSSOLHV WR WKH LQWHUIDRHBVWBWYSW K B VQXUWPH ULKBWOHPRIGWHXX



VXIILFLHQW DFFXUDF\ SFW P DWLIKRHX P HDJAQN\RWL ZD &/ K/ RIGIXWHRY BDAMR

VL]H RI P QRGHV )JLJIXUH V K R ¥ HHI LEQY¥RHHWDLVAD O QD W & HD |
VROXWLRQV DERYH QRGHV )RU LQYWGKWFHURBFUWRVLQ JLQKBHDPX
HUURU IURP SFW WR SFW D Gi&l|HAUKH FIHQ V@V BVEHLRCBLHADIWX G K HF

DFFXPXODWHG URXQGLQJ HUURUV ZKHHDWHKGE QXPEHU RI FRPSXWDYV
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J)LIXUH OHVK VL]H VWXG\ + DEVROXN®RH YSIFOXH RIQWKH PD[LP>
DQG QRGHV IRU VXUIDFH RU LQWMHUIDFH WHP:
SORWWLQJ LQWHUYDO VL]H \%

ORGHO 9DOLGDWLRQ 8VLQJ 4XHQFK 6POHWHIJZRWAXHRFKWOD R/ |
3URSHUWLHYV

7KH QXPHULFDO PRGHO ZDV YDOLGB® HEG LODW L@V BL PRV B Q/D Q[
D WHUP VHULHV (TWKPOWRR®H D VLP®OH WUDQVLHQW SUREOHP RI
SODWH 3DUDPHWHUV XVHG LQ WX H D/EDGDH. G D WALHRWX @ WIVQPIUWR HD ¥ B Q)
FRPSDULQJ WKH QXPHULFDOO\ DQG MQLPG\WULFWRON R DWDY QHIGRS® T
VKRZQ LQ )LIXUH 7KH QXPHULMLT PR PRG PO X EWHKG QN KH [BEDVO \F
HUURU DW DQ\ RI WKH QRGHV ZKLFK YHULILHV WKH QXPHULFDO

$ PHVK VL]H VWXG\ ZDV DOVR FRQGK FNWKHG UHAMQIWWVKR V W K H PFH
VWXG\ LQGLFDWH WKDW WKH PRYMQDFFRBROBWM VIROXMRERD LY RBEWD
PD[LPXP HUURU LQ WHPSHUDWXUH FRUPHVERODHGIHGHPR QWK\H SR B VBH
HUURU LQ WHPSHUDWXUH DW WK BODWHKR2QUIDFD DIYAWLRY RI @



LQ )LIXUH 7KH SHUFHQW HUUFPRO XIROKWHRGHRW W R RVGHV DADD/O \
HUURU LQFUHDVHG DERYH QRGHV DV EQHWKH PHVK VWXG\ RQ WK

7TDEOH +3DUDPHWHUV XVHG LQ WHKMHF KXPHULLGDW LARRD SWR RO

3DUD 9D 5HIHL
7KLFN +
ORGHOHG V+
7RWD
,QLWLDO Veégay 7
4XHCPHGIWHPSH § 7
7KHUPDO FR( . Pz,
7KHUPDO Gl . F >
6SHFLILE KHDW - NJ  Z. > @
"HQV ¢ NJ >
4XQFK FRQYHFWLI : 7.
1XPEHU R
OHVK FF G
IXPEHU RI YDU
30RWWLQJ
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D TXHQFK PHGLXP WHPSHUDWXUH O\W& ADER YR ERW DR Q JXS
WHUPV VROLG FLUFOHV DQG QX®HQHWDDUHR BKRIR QRX
WLPHVWHS VL]H RI V
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J)LIXUH OHVK VL]H VWXG\ SFW HUURU PQQ@XPEBW RNLPRIGHV
V SORWWLQJ LQWHUYDO \Y%

+HDWLQJ ORGHO
7R VLPXODWH KHDWLQJ RI WKH IODWWIGMO\WR B LLGYU D DXVQPERG IR
ZDV DGGHG WR WKH ERXQGDU\ FRO@OXIGWLBRQGD\W WK SOR W M/ KB U KIF
DFFRUGLQJ WR 6WHIDQ %ROW]PDQQYV UHODWLRQ
PLIIE FEgpaaE Y i€ ° F €peasy
ZKHUH T LV WKH UDWH RI HQHUJ\ WU DY VVHKRILHVSAMYRMUMNK H 1S Q DRVFHNV V]
FRHIILELMQWKH 6WHIDQ % BAW]P P B LHRW WRGQHH WEKWXFXUUHQW SOD
VXUIDFH WHPSHUDWXUH > @ 9LHU HIIPWR B RWEWVIKH DXVRPHE IR
SFW RI WKH UDGLDWLRQ HPLWWHG HSRWH & KN WKH BEBDWB WNULR
WHPSHUDWXUH RI WE&HZLXMK FRQYKWOQMHPRQYHFWLRQ DEBGQDGLDW
EH FDOFXODWHG DFFRUGLQJ WR (THK®RZ R)QJX UHZK L PKKRZ \G MXKHHOR)S
FHQOZLWK UDGLDWLRQ DQG FRQYHFWR®AQVBW W KHRPRW R 6 [DB\M D RIGG
3HUIRUPLQJ DQ HQHUJ\ EDODQFH DURRGGE ™KW KRQ | FHOIQ G THBWQ
"7 WHUP LQ (TXDWLRQ \LHOGV HPSBIWDRXUH | RURWYRMMWIEU MDKH ]
JLYHV (TXDWLRQ



YLIXUH 6XUIDFH KD QI IPMIO QREHUM)GLFDWHG DQG FRQGXFWLY
LQGLFDWHG ZLWK D VWUDLJKW DUURR QQ®GVERQVMDELWW DAR
ZLWK FXUYHG DUURZ DQG UDGLDWLR®ERXMIBDUQFRQYGRW
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G o e e F U Eé%é_ oy FEQE =B FE&C
(TXDWLRQV DQG ZHUH VRIDAVAGDEL B X DOWD Q B RKR/@Y H

2'( VLV DQ RUGLQDU\ GLIIHUHQW MDXD WRXOWHM O RAHFR/QG Bl @ % DWHK IRU
DSSUR[LPDWH RUGLQDU\ GLIIHUBQWKLIM NPXOIVOLWQPHR QW W S R QWRWA
XVLQJ QRQ VWLII VROYHUV ODWODEYV GHIDXOW WROHUDQFH ZDV .

(TXDWLRQ FRQWDLQV D FRQYHRWL\R DPW H WM RSHDUD W R UHH
UDGLDWLRQ WHUP ZKLFK FKDQJHW AR DDGS L\GRID YAHWWK WXPK D8&/V2
UHTXLUH VPDOO WLPH VWHSV UHTX ERPGD ORQIQFRP S RO DMUR QIO W
2'( LV LQFOXGHG LQ WKH QH[W VHFWLRQ

+HDWLQJ ORGHO 6WXG\ &RPSDULVRQ RI 2'( V DQG 2'( 6ROYH
$ FRQYHUJHQFH VWXG\ ZDV FRQGXFWW\G \ARBP QB DUGI WRDR/ 1§D W2
VWLII VROYHU 2'( V $ PP SODWHXZHWK D XIB. FDUIP UMKPSMUDG | R U



2& IXUQDFH ORGHOLQJ SDUDPHWHUV DRRHJLYHE® QW RDEOHP $
VHOHFWHG WR UHSUHVHQW IXUQDIFHVUHKWD RILQJ 2D \@ D@0 ILH ERQ V

7TDEOH +3DUDPHWHUYV XVHG LQ WKHRG&GRQYHUJHQFH 6WX
3DUD 9D ( SHIHL
7TKLFENQI F

ORGHOHG W

,QLWLDO Veéyap 4
)XUQDFH VHWEé 7
7KHUPDO FR( . P L. >
7KHUPDO Gl . P >
6SHFLIL%E KHDW - NJ oz, > @
"HQV ¢ NJ P > @
&RQYHFWLRQI . Pz >
1XPEHU R
6LPXODW
1XPEHU RI " 9DULDEOH
30RWWL(VL] 9DULDEOH

30DWH FHQWHU DQG VXUIDFH WKHUPDO X&WWXRUDLHY DQE MKW
WHPSHUDWXUHY DW WLPH V DUH FRPSDUHG LQ 7DEOH

7TDEOH +&RPSDULVRQ RI SODWH &HQIWHU DOGUWKKHDKH 7HI

6ROYHU 7LPHVWHSV GW V G[ PP THPSHUDWXUL
FHQWHU VXUIDFH

N o NN

YERY,

6RPH LQVWDELOLW\ LQ WKH WKHUPBDXEWWREVHWM REW.ML PH & L
WKURXJK F 7KLV LQVWDELOLW\ LWIQRW RKEN RUYY VGVIR® XWKIHRZY (X WL
WLPHVWHSY FRQYHUJHYV WR D ILQDO D/XIUQDPHFW @ WHRUIUW WRIHUBDIW X
7KH 2'( VROXWLRQ XVLQJ WLPHVWHEDWXIUSURD FKE ¥ RRZ2HYIBDE HW
FHOWHU UHDFKHV D PXFK KLJKHU WBIRSWUDPWWUPHWWHG@Y W&H:RWHKk
WHPSHUDWXUH FRQYHUJHV WR D S UWRISH IV R/FGRXOW WR@ @ D BXEH VREEN H QY
J)LIXUH F 7KLV LQVWDELOLW)\ LQUWKB 2'Q¢ WKROKRR MR ZPR QR
UDGLDWLRQ ZDV LIJQRUHG 2'( SRR DYPVGWYXH HARWIHP W Bl EROIHWAKRHO W Wi
GHULYDWLYH DW HDFK WLPH VWHS'LYQHOMBHAWEREG BHBVWYPBRX\WH WL PWK



QRWHG WKDW ODWODE VROYHU 2'PRGHDV DG R BWSHELER Y Q GMIGHDK AN W E

D VPDOO QXPEHU RI WLPHVWHSYV
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JLIXUH 6LPXODWHG VXUIDFH DQBPFWRQMWHNJ WHPRSEHUYRWKHUNDI

UHKHDWHG IRU V LQ D IXUQDFH (HWIDMWK QKRG BV DA®
WLPHVWHSV GW E 2'( ZLWKHSVQRGHY DQ\G DQWL]
2'( ZLWK QRGHV DQG WLPHVWHSYQGW QRGHW G
DQG WLPHVWHSV GW Y%

ODWHULDO 3URSHUWLHY DQG +HDW 7UDQVIHU &RHIILFLHQWYV
7KH QXPHULFDO FRROLQJ PRGHO WDQEVSORWQYERW L WWRHHH RD ¥

GLIIXVLYLW\

FRQYHFWLRQ DQG FIRWIG X\FRPLRHU B RXIUHF D 19 GWAR RLALLQN



WHPSHUDWXUH DV ZHOO DV SODWHWLW K [PFRNGHO/ W D RISVPBIF & LWLL R QD
LQWHULRU WHPSHUDWXUH DQG S@DWH S®QVMGYWW \D 7¢0HP ERRORIQBLC
VWXG\ WKH FRROLQJ EHKDYLRU XQ G HWL @ HIUH QMQSO DXHQ WKILEN @ A M
KHDWLQJ PRGHO ZDV DSSOLHG WR VLWXGDWHVIXO W B FIHU b HSKUHHDWHLGDA
IROORZLQJ FKDSWHU B6HOHFWLRGFWLRQWRUHLDGEG LSHIREWH DWHHYLD 6%
VHFWLRQ

BWHHO 3URSHUWLHYV
ODWHULDO SURSHUWLHV LPSRUWD QWHIRWEE&06W WDRGANIHU LQF
HPLVVLYLW\ 0 RI VWHHO DU H VBHKPYHUBMSHIHG FRW S R K HWL RIQUPQ O
JLYHQ LQ 7DEOH LV WKH ULDPWK.HRDRVM B R G GXHF@ALLYW W \( WXD WS IRFOL |
DOO VWHHO SURSHUWLHV ZHUH DOVEG®AHG FRQV D\ WQOIWQ KHDWH RIIL 8
WUDQVIRUPDWLRQ ZDV QHJOHF VWM BEX R/ R GHDG QU VRV RIRT P R UERV W
FRXOG EH LQFRUSRUDWHG ODWHU

7DEOH +ODWHULDO 3URSHUWLHV XVHG LQ WKH 1XPt
3DUD 9D ( 5HIHL
7KHUPDO FR( . F .. >
7KHUPDO Gl . P >
6SHFLIL%E KHDW - NJ oz, > @
"HQ V¢ NJ >
(PLVVL >

&RQYHFWLRQ &RHIILFLHQWYV

7KH VHOHFWLRQ RI FRQYHFWLR QQ B RWH RLFH b QW XUWH FIULDAGLLA-DENV
UHSUHVHQWDWLYH RI GHVLUHG FR®D PG E SI DFHY ¥R Q GTKH. BV IUHE
SURFHVVHV ZKLFK ZRXOG SRWHQWLFEONA EISXIVYWE WRIRBAPHUFVRR
UDQJH RI FRQYHFWLRQ FRHIILFLHQW IR DREXFEHY RS QMW X § W X HD)
SURFHVV TXHQFK RI D SODWH KHO GSEHIW ARQMQZ\D DS LD WHRO GRHUUST
TXHQFKLQJ LQ WKH SLQFK RI WKH URIOOM) MIVQHHIDRF B Y HALDMIH @& HE
DQG UXQ RXW WDEOH FRROLQJ 527 > MSSOLB&&DDWB W XRWRRROQQ |
'LUHFW TXHQFKLQJ LV DSSOLH®W HA $HHWD WK@GIL /R CEWR WHR \8 Kl R GX F H
EDLQLWLF PLFURVWUXFWXUH RQ TXHRERDQHG WaR $FAMDAIQUD WHGL €
DIWHU WKHUPR PHFKDQLFDO UROOLZHH® @R VB 2A7RORRMLIQD ALY DRSISM |



VWULS PLOOV WR UHDFK D GHYVLUMEBKRRLIE BRRR\O L Q F KHGAHSGH U Q VY XX
DLU FRRO KDV D FRQYHFWLRQ @RHIILFLHQW RI  : P

7R VWXG\ D ZLGH UDQJH RI SURFHVVLQW¥RRQGLWLRQDQBRQYHI

P. ZHUH VHOHFWHG &RQYHFWLRQ MERINHIOF HRWRH BHDIHU VAHRCRH

P. DFFHOHUDWHG TXHQBRIQVHYHUHPZDWHU TXHQFKLQJ
&RQYHFWLRQ FRHIILFLHQWYV ZHUH D WK XPHGEL K R QWH\PS®IW DDAGU A R QAH
,Q UHDOLW\ TXHQFKLQJ LV D FRPSOH [0 KV UDRH MW S UIRKFHHPAK F
DILWDWLRQ IOXLG SURSHUWLHYV DQ G7KRURNSQ HH HWL R QUPHD 1§ B RISE
WR YDU\ GXULQJ TXHQFKLQJ VXFK WV PRERUGL QI QBRFW & M HFDASLRYH B
TXHQFKLQJ > @
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)LIXUH 5DQJH RI FRQYHFWLRQ FRG® ITXHMRKW @ USSR ENWMG VR W

TXHQFK GLUHFW TXHQFK '4 SODWHQ TXMH® RKQDRKWOWD B
FRROLQJ 527 > @
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7KLV FKDSWHU SUHVHQWY WKH UHVFROMW V\RX & HOWH FMKHHE RADKCH UL
FRROLQJ UDWHV DUH H[DPLQHG FRQWEWUVYEOMAWHRD &R BHSURBHY
UDQJH Rl UHDOLVWLF FRPPHUFLDO FBQIGVL.\SURGR VAIGHW R D GG \LIQJ @/
RI FRROLQJ SURFHVV SDUDPHWHUV IRU SODWH 4 3 SURFHVVLQJ

BHOHFWHG 4XHQFKLQJ &DVH 6WXG\ 6LPXODWLRQV

7R LQYHVWLJIJDWH WKH ILUVW VWHMSXBHWRID@ & SHERFB Y \J U\D GH |
XQGHU YDULRXV TXHQFKLQJ VFHQDULRMZHWDH H [DOWXGHBW R KB KX BHK:
WKLFNQHVVHV DQG PP ZHU H HHDH®W TRHMFWHGI I BURFKVNH V
DQ LQLWLDO WHPSHRUDW XABH DERYWKSHH FRROLQJ SURFHVVHV RI D
DQG VHYHUH ZDWHU TXHQFK ZH WH) FH ARV HSR W/ IR QUAHLDUCH ¥ R © MH D FALOBOH
VFHQDULRY > @ $SSUR[LPDWH FRQYHFW IFlR®R GROJIBEIRFYWYV DISSHF
IURP WKH OLWHUDWXUH > @ 7KKKGBOXRFKRRHBH® F DQ YHFRRMRL
UDGLDWLRQ VR WKH LQWHUQDO WKHRUERHDUD WXJGIL ¥ QR WD VEIRARR@\. QR WL
FRQYHFWLRQ FRROLQJ FRXOG E@ NRDBO&RRWKDQ RHKGIL D HVIKXPINWI B )
DW 7& 3URFHVV SDUDPHWHUV DQG POOMHWLRQVSD RIS WK\R Z B VL BVH
VLPXODWLRQV ZKLFK HPSOR\ FRQVWDIQR) W RH UR B DHRWRS HIHBLUHHW I
DSSUR[LPDWLRQ WR UHDO TXHQFKLQJ SURFHVVHV

7TDEOH SDUDPHWHUYV LQ WKH 4XHQFKLQJ 6LPXOD
3DUD 9DC \ 5HIHL
3ODWH WKL DQG
'RPDLQ \ DQG
,QLWLDO VeEgapu 7
&RROLQJ PHGLXIE Z&
I1XPEHU R
&HOOG PP PP

V IRU WLPHV XS WR \%

7LPH VWHS VL]HV V IRU WLPEH

&RQYHFWLRCKDLU P >
&RQYHFWLRCKZDWHU VS P >
&RQYHFWLRCH VHYHUH ZD P >

%LRW QXPEHU %

%LRW UV PP %

%LRW QXPEHUV%




5HVXOWV RI 4XHQFK &DVH 6WXGLHV

5HVXOWYV IRU WKH QLQH FRROLQJ DAFNXQB W IRPH DIUHR SAVH VG QMIBK
WKHUPDO KLVWRULHV DW WKUWH SR WLKRLZRQ MR W KMUKRHX J K BV R 19 GV K LIER
FHQWHU VXUIDFH DQG TXDUWHU SRLQWP JRXWWHR FMQMRQY DX HIDR
SRLQW DQG HLJKWK SRLQW 7KHUPDO \KLIVGVHR UR b \T OHIGIF K K\R Z ®HR/ QE E
DQG V 1RWH WKDW XQGHU D WVHHILWH ZDSVI6U T @B QFKH SAOHDPSH B E
VXEVWDQWLDRQREHORZ WKWKLQ V LQ PDQ\ LQVWDQFHV

1RWH WKDW WKH WHPSHUDWXUH BFKDHUIWHHBL W R D M WS K IF W MHRU B
DQG WKH WHPSHUDWXUH FKDQJE WIRNVXVUW K8 HFRR QLR W UBKV HVRWHK H
ERWK WKHUPDO JUDGLHQWY DQG MRRR&LWK H BWBIW H BMK\LENG K \S\R V L
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Temperature, °C
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Time, s
JLIXUH 7TKHUPDO KLVWRULHW QRU S 6P W K HOKLKAND HVR/M V Z&
WKUHH TXHQFKLQJ PHGLD VHYHUH BRDWHU TXHQFK FRQY
K : P Z. VSUD\ ZDWHU FRRDQ& DLU FRRPO Z.
K : P Z. 7LPH LV VKRZQ RQ ORKHVFPD®HKILMWPR UWRYV

SODWH FHQWHU DUH LQGLFDW@BVAL WRVD WUR®Q EL@HG DXE t
VXUIDFH E\ D EODFN OLQH

7KH FRROLQJ UDWH Z72& V DW D HQY BQDWIIRFH \D QX K FV\OLRFIHR R LW
KLVWRU\ VKRZQ LQ )LJXUH & RRSDKH QB D/OKKLWWRSHH B W QU)H MK UR



ULJKW WKH HIIHFW RI WKLFNQH YV VDRWH W KB QPDH HWDIPE QHIGEW & FORE® |
KLVWRULHV I[URP WRS WR ERWWRP XWRHKHVIH¥FMURW T XRIQ FKK I IVKHGE
DQG FRROLQJ UDWHV LQ D SODWH FDQ EH H[DPLQHG

7KH FRROLQJ UDWHV DW WKH S®D@H TVWHQ PK IV HQFUHD VB @G Wk
SODWH WKLFNQHVV 8QGHU DLUDPRR O/LXQJ DKH B W \H WOWRZF WWLIRQDDWL Y
FDVHV DQG WKH SODWH FRROV DWKLFQGIBWYVXGLIR BRRIDLWQHE MK WROE
DQG HYHQ PP SODWHV LV XQLIRWRO KYRWPUDMHG FEH W R H R @ WHOQD S
KLVWRULHV LQ )LIXUH JLIXUH IRWIDRIVFRRB HGK B OB VG \K DWW 8 B
Y, PLQ RI DLU FRROLQJ VRKH PP&SWIXWH LRPVS\ALDWHDIEV M XV \
DIQG WKH PP SODWH KDV UHDFKHG WK#& FRROLQJ PHGLXP WHPSHU
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J)LIXUH &DOFXODWHG WKHUPDO KLVYWRBOH3IURPDQGZz& PRUS!
FHQWHU DQG VXUIDFH WHPSHUDWXUH KLVWRULHYV VKRZQ

,QFUHDVLQJ TXHQFK VHYHULW\ JOHQ W 0D WRINUIHD DO\ V8 IO W K UV
H[SHFWHG EXW TXHQFK VHYHULW\ GRW \DQ RPW FIXI | HE W KK I DFVHH R/ IH W
SODWH WKH FHQWHU FRROLQJ UDWHLMWXFUGBPWHINVEQD @ RHUGHU VR Y
7& V WR  7& V WR 7& V EHWZHHQ RRODQGJ UBRE H @ \WRQKHI BN Q/V
WKLFNHU SODWHYV YDULHV PXFK IOLHQIVSEHRW BN M B W PN GVLK HH EHQWHT
WKH FRQYHFWLRQ DSSOLHG DW WKH \DXGLBBW V&ERDYHOT R B GBXO L QUWE
VSUD\ FRROLQJ DQG VHYHUH ZDWHU TXHQFKLQJ RI WKH WKLFN SOI
&RROLQJ UDWHV DOVR FKDQJH ZHVK WK R H5 CSDAW H DWW | D R H DRKG
FRRO PXFK PRUH UDSLGO\ WKDQ WKH SO)RWHIFHQWHURZ VDW KHK RR & (
EHKDYLRU DW HDUO\ WLPHV IRU DQPK SFO-DGAID WKKLHF R B 8 WHHIV RX QAGKHHU
TXHQFKHG PP SODWH UHPDLQV DW & KRIUL Q LWV [ZIX@ OMH W K H USDO\DXWHH
DOPRVW 7& ZLWKLQ V $W ODM B ROLRHVU KW EHN YE HF WHOH/ M X0
ZDWHU TXHQFK FDVH DUH H[FHHG/HG®G ELIKH FHQWHU FRROLQJ UD\



7KH UDSLG VXUIDFH FRROLQJ DW WIDQPN WQ PMINPIS\H GDWXH@ E\H'
SODWH VXUIDFH DQG WKH FRROLQJ PHGULRIPO . RQW K FWH RRHD Q @/ ¥ B K
VR D ODUJHU GLIIHUHQFH LQ W BPISHD\D WXWH ZFE\G DRED Y$WWH CRQIH U DT
FRQGXFWLYH KHDW WUDQVIHU | R PHSG/VWHA KFHH DRGHUH PARL S © DKWHD W X\
VXUIDFH WR TXHQFK PHGLD VR PPN L QWKHIRDRIK FARKLGW QBIWW HYWD U, Q0
WHPSHUDWXUH WHPSHUDWXUH RRPESQHQM QB G RFR RO IS@D WHVWHKD E
VHYHULW\ )RU D JLYHQ SODWH W KIQRINQBIW M \D (D3 & XFHROFFKHT B 1 I WLAN
JUDGLHQWY YDU\ ZLWK WLPH ,Q JHDRFN®@HV\KREZHF 8HU DRWUX DH UYBDQ
ZLWK LQFUHDVLQJ TXHQFK VHYHBDRWLVIKHYW EHKR YAHRUY DQG6HDY Y
SULQFLSOHV EXW ZHUH QHHGHG WR GHVLJQ 4 3 WKHUPDO WUHDWP

10002
00|+
800 % ")

400

Temperature, °C

200

Pl Pl

J)LIXUH 6LPXODWHG WKHUPDO KLWWRJUWHO\RIDWHUDTGHQFKPH SO
z& VKRZLQJ FRROLQJ EHKDYLRU DW HDUO\ TXHQFK WLI

$SSOLFDWLRQ RI &RROLQJ 5DWHV 7R 4 3 3URFHVVLQJ 5HVSRQ)\

,Q WKH FRQWH[W RI WKH 4 3 SUREBYWLW® H ¥R & PK QQ JUDIWH\W &
FRROLQJ IURP DXV WHKRS\HJ DAR XEHO FDAUS LPSRUWDQW QBHOFDXVH Wi
SKDVH WUDQVIRUPDWLRQV GXULQJ TXHQ PHOLON HRK LIKH ZIRX® 6 W IHRGQ
6XIILFLHQWO\ KLJK KDUGHQDELO LW\DIWWBH® . P\WRUWRDRDIWUR QXD Q B PL
WKH FRROLQJ UDWH GXULQJ TXHQFKLQYHWHTWKRIKODBDORRY IRV UV
PD[LPXP WKLFNQHVV IRU D JLYHQ DIOORG ®IQ/EL RRADD & B Y & H/GILY EUGHL \
DGGLWLRQV DUH UHTXLUHG IRU DUDMHDH SIS HOKNE V NDQW WY L7GKIHWA
LPSRUWDQW EHFDXVH WKH ORZHVWVWH PrXHIQIFW XUMH S HIDEF B H-EO D WR\
PDUWHQVLWH SKDVH IUDFWLRQ ZKIDRKH LWODDWW URQ V. QT® XHHILFHHWD W Kl
PLFURVWUXFWXUHV WKH TXHQFK WWBIS)PXVW PHKKN ARRRO ILE S RJWDWDH
WKURXJK WKH WKLFNQHVV VKRXOG GIH XX LIR BDHQWU\D R \DRR P® W Q R/G
DV IHUULWH DQG FHPHQWLWH HQWSHTSHUIDWX BH BEWLRY WH\ $R¥RW G



WKLFNQHVV DIWHU TXHQFKLQJ VKR XO®B/LRWHP VDRFRQW/RIR 6 R @ W LDRPARXX
VWDELOL]DWLRQ GXULQJ SDUWLWLRQLQJ

7KH FULWHULD IRU FRROLQJ UDWH BLIGIGVEV RI[MPLIQBRD O UV DG
PLFURVWUXFWXUHV ZLOO EH H[DPLGHG WKIWVRIXR QWKW FAMB & WVDF &8 RK
PLFURVWUXFWXUDO FKDOOHQJH D®WBUKIIY HQQW KHEFHRI@MWSHU W YR R X \BO
WKH XQGHUVWDQGLQJ Rl WKH PLFURV\WU KB WX 0DOE H YRFYKHOLRRSH G XO
WR DQ H[DPSOH VWHHO ZLWK WHR®HSMPW KDHERQ Df@G JIRQY WKLV VW
TXHQFK WHPSHUDWXUH 3RSWLPXP  4™HWKRGF X0 R SRV B RGO
DQG GHWDLOHG LQ &KDSWHU LV DERXWGV W& D KD FRFSX\PL B FERAQMWH
DERXW YRO SFW LI IXO0 RU LGH® ®ISW K W IFW UE®IQQS DRIAK XW VR QK H

,PSRUWDQFH RI &RROLQJ 5DWHV 'KWSLRIWAWKH ,QLWLDO 4XHQFK

,GHDOO\ WKH FRROLQJ UDWH DW H WHUWLF 8§ R W VW LIR@G WK X DKJ IV
GXULQJ WKH TXHQFKLQJ SURFHVV VKRXBBUSHUXDLSVHE G XWUXLIQLUFT KD G
WHPSHUDWXUH JUDGLHQW DW W KD GIQ\GERI RLIQH PIXH G F K/ B/ \B N SWARR K [
JUDGLHQWY LQ PDUWHQVLWH DQG D XWUKHFQULIWHD OV KU R & 1K QWKW WK W
TXHQFK VWHS DUH H[SHFWHG W RQWHVIX® W K IR IQFUR P WRIXAEWWX WXOROW.
XQLIRUP PLFURVWUXFWXUH HYHU\ZK HUMHG WHKQW X JKK\R K B GV K H FINLGH \P'
FULWLFDO VWHSV LQ WKH SURFHVV

&ULWLFDO FRROLQJ UDWHV DUH M8HRQILFURK X\FRAH W K Y A R QDHO/Y
DQG DUH RIWHQ EDVHG RQ PLV\RMH \RKMW SH DU 0 LGN D VPG EDKIQLKVR
UHSRUWLQJ D FRROLQJ UDWH LQ WKH \WH RSHWDZWRUN ODQHB U URSS |
RI WKH FRROLQJ UDWH ZHUH PDGHFRUZANIS® Q G LDJUGW . PH/ DNRG UMIDI
WHPSHUDWXUH RI 7& ZHUH FD O FXI® D W HRSU DHDGF 0 (RH W/ . H VRILQQMH ISD
UHVXOWYV ZRXOG EH KHOSIXO L QKDHGHIFMDIEQD D\WO RV DIQW IG WXL LLIFG

$QDO\][LQJ WKH FRROLQJ EHKDYLRUV SQRAHXVHQJ EHWW IHY S|
WKLFNQHVVHV PD\ EH PRUH VXLWWERRR KPR SRMKHYVVHR U)R Y H [®LA
PD\ EH LPSUDFWLFDO IRU WKLFNQHYVEMWERXIDQ PE&OV FIRRKD HQ W K
DOORZ PDUWHQVLWH IRUPDWLRQ R UUKITMLQNHICD bGHQD ZO W B0 T R HQ
VHYHUH ZDWHU TXHQFKLQJ DFKLH YH NI RUHW WL FR\R OLQ@G HVWL P A VQ\Q
ERWK LQWURGXFH WKHUPDO JUDGLHQWYV



7TDEOH $YHUDJH &RROLQJ 5DWHWUUR@G 6X&I WRH | R P& (D RAK &KW
DQG B3ODWH 7KLFNQHVYV

30DWH 7KLENQHVV &§2§,8WOIH§E6|\DN 7LPH IRU 30DWH

z¢ HU 0 z& PL
6HYHUH :DW

PP :DWHU 6SUI
$LU ¢

6HYHUH :DW

PP :DWHU 6SUI
$LU ¢

6HYHUH :DW

PP :DWHU 6SUI
$LU ¢

7KHUPDO JUDGLHQWY QDWXUDQ ®QLE AMKHB N YW K) R X HHJ B R S\oH
ZDWHU TXHQFKLQJ SURGXFHV YHU\ VI&HHZUW R WU RDOL QU KU R ® KV W
WHPSHUDWXUH LQ WKLFN SODWH UDKQH BROIPMIG WXRJ FEDRUHWRHED VK. DWHH Z B
FHQWHU UMBPKMKDVW D 4 3 PLFURVWUXFW XUHWKURXRW \EKHR B\WDERQ@ |
&RQWURO RI WKH SKDVH IUDFWLRQNW FDQWWRE RD® KH UPDHK TTXHDEHK ¢
LQ LQIOXHQFLQJ WKH ILQDO SKDVH IUDFWLRQV

'DWHU VSUD\ FRROLQJ VKRZV SURPLVH DRUDD FR ®W WKQ B MG HTVX
ZKHUH WKH FRROLQJ WLPHV DUH UHDW RRQDHCPR 0 BGWN I5ISUPD & RROK
VORZ FRROLQJ UDWHV EHWZHHQ DWBIQGXW F&R RROUL QWKBDWPRR §Q WK
SODWHY DUH PRUH DWWUDFWLY H D RdL PKAB\ HKUDUNGH QDE® 1 MOMARW U H

7KHUPDO *UDGLHQW (IIHFWV RQ 7KURXDODUKDMNRIQVV OLFURVW

7KH HIIHFW RI WKHUPDO JUD G L HLGEW W RRIQWK W HPSW KW H X H@ PR/L
HVWLPDWHG IURP WKH WKHUPDO PR®B 0 BXMXUWN XV IWQR @ KH @R LR/
DOOR\ $V DQ H[DPSOH D ZWy SFHWP SDUEBEW ® WHVRIH O Z& VER \D §HIO HF
DQDO\VLYV 7KH PDUWHQVLWH WUDQVIRWRDMRIRY DWYBRRPFWHPBBB
WKH .RLVWLQHQ ODUEXUJHU HTXDWLRQ

7KH WKHUPDO KLVWRULHV LQ WKH H@PKBEQD WHUGIXWH QH FAMN & U
H[DPSOH ZKLFK UHTXLUHV H[DPLQDW IVR\CR B L AWK B WLWYXW FHD WHW W
DQG VXUIDFH SRVLWLRQV DUHyMHPSHIUHONXQ HLDRGHW KH ZRISVILP X P
WHPSHUDWXUH 7& DUH VKRZQ DWKRULJRQWPBE A WDALROW IS WKWV
UHODWLRQ WR WKH PDUWHQVLW HQWKD@V | RKIP D/\M ORIG VEH & DDA B R\ G X
IXOO\ KDUGHQDEOH DW PP XQGHW DHUHYWHH SIDIMHLL WHHRDE & BR
IRUP GXULQJ FRROLQJ



(I[IDPLQLQJ WKH WKHUPDO KLVW RXGL Al X H R BKHP & LX®DIVDH WKHKL F R
WUDQVIRUPDWLRQ EHKDYLRU IRUWXKLD FK\ SRW RKWV BRKHPOAO R\ WK
VHFRQGY ZKLOH WKH SODWHQMH®WH VYV GR.IRY OIRMD \U WDKEHK ®ODWH V X
SRSWLPXP" TXHQFK WHPSHUDW X U H HDQWHIDU G KKV WALRHH \B RADKVEHQ GV K W/
UDSLGO\ GXULQJ WKH ILUVW  V Rl VEEYWHSAW BWHWUHFOHQFKLQJ RI

$SSO\LQJ WKH .RLVWLQHQ ODUEXUJHU DO @ XHIQXMKWY. W& D WRW KD
VHOHFWHG LQLWLDO TXHQFK WLPHIQVWWKH BRIV B X&MWHQUIVEX WALIRMD ¥ |
$VVXPLQJ LGHDO SDUWLWLRQLQJ FRQREILWARQVL VEKHLH | R ®BVRL QWKR
DQG DJDLQ DSSO\LQJ WKH .RLVW LIOMIQR QIVUFEIX 8 D H W IHW X R @/H. & @ DW MH:
XQWUDQVIRUPHG DXVWHQLWH D GHF WLHHK FREWR B QPRQWHH @Q\Q G FDKH I
WKH ILQDO PLFURVWUXFWXUH GWDY $P8RWUWDRQL YR RRRVGH WILKRDQWY
DXVWHQLWH DQG PRUH IUHVK PDHW HIQ QD\®HP WKWDRY /WK G WAYWUHHGL Q- R\
SDUWLWLRQLQJ FDQQRW EH SUHMELFRWH & X DIV FS.IHQWLON DRIG KU VENHRKD
PRGHO WKH PLFURVWUXFWXUH U H\FSIRYWH XF /XK G LIEW L R § RRIVWDQHV |
PLFURVWUXFWXUH HYROXWLRQ GXULQHGLEBURGW\DULK P RG IS DIVW K|
SDUWLWLRQLQJ 7KH SUHGLFWQRXWD SWH WH [ SRHIIUW R H'Q WIXGI® L W HAXD )
RI WHPSHUDWXUH KLVWRU\ YD WRIMW LIRQ K HROXB MXIOHL Q. QKA SEHDWLH Q URD
KLIKOLJKWLQJ WKH LPSRUW D QW FSDMRIFE VSKIMVIHS G U\DW H WEHUNL R Bl
TXHQFKLQJ IROORZHG E\ DQ LGHDO SRUWDRWH RQIOXNV W UB W 8 H@W)

Temperature, ©C

= OPT QT

1 2 3 4 5 6 7 8910 20

Time, s
JLIXUH 6LPXODWHG WKHUPD O XHQ/PMKRG | RRRPVHOBIWHAQURBPWHU

VvV vO z& DQG 2RSWLPXP™ 47 a z& MQ&LWWMHIG IRU D



S3KDVH GLVWULEXWLRQ DIWBKDMHL WILDW UTDEKAWHKR Q DIWHU LG

-
=2} o o
=] o o

Final Austenite Fraction, vol. pct.
n B
o [=]

100

80

60

40

20

Final Austenite Fraction, vol. pct.

100

80

60

40

20

Final Austenite Fraction, vol. pct.

100

80

60

40

20

Final Austenite Fraction, vol. pct.

o
T

RQLQJ WUHDWPHQW DQG ILQDO

T + 100

T ' T Y T 5 Ay
2 A
5 g sof ¥final
I y:
;] y
/ - B so0f / -
: y /
/ Fresh /
¥ — 2 a0} £ S
".‘ § “’4‘
i B /
fm 2 2 v
1 . 1 i ] A c 0 - ) - 1 - ] AN
2 4 6 8 0 2 4 6 8
T T T T 4 100 = T
| s | /
E g 8o ¥final '
c k J
k]
ol T 60} al
£t Mresh
res
¥ - 2 a0 .
g
w
M 32 20 M
| E L
1 1 1 1 i 0 1 1 1 1
2 4 6 8 0 2 4 6 8
T T T T 4 100 —— T T
- ‘_?- - - Yfin _a/l,,. —
- S 8o T
c |
]
- o 60 E
y E [ M h
Fres
Y o _..E a0k -
y ;
%
y H 2 20 ; e
y z | /
1 /u 1 1 1 uE_ 0 1 1 1 1
0 2 4 6 8 0 2 4 6 8
r 2 R — ——— 45 100 —— r S A ———
ST e p ¥final—
- S 8ol -
c L
28
=) © 60f =)
M & M
w
- 2 a0l -
c
%
- 2 20f -
g
1 - 1 : 1 : ! T 0 - 1 - 1 : ] : 1
0 2 4 6 8 0 2 4 6 8

)LIXUH

7TKURXJK WKLFNQHVY SRVLWLRQ PP 7TKURXJK WKLFNQHVYV SRVLWLRQ PP

(VWLPDWHG SKDVH |UDFWQ R QFPWKQRW BIKVW K HUMKZB W E
IURP 7& DV D IXQFWLRQ Rl SRVLWLRQ WK WRXJRRPMKLFN
PP DIWHU TXHQFKLQJ OHIW IRU WHRHM. ®DO SKD\DH) G
IUDFWLRQV DIWHU FRROLQJ WR URRFAGVSPSWUDWRQHQJRO
WUHDWPHQW DV D IXQFWLRQ RI L®&DW HDIQ DKW QR G VWIHPHS ¥
IRU D ZW SFW & \ROOR\?ZLWR WDQHDVLWH LV LQGLFDWHG
5 DQG PDUWHQVLWH IRUPHG GXULQJ ILQDO FRROLQJ E\ I



JLIXUH VKRZV WKH SKDVH |U DEQMRQAR B YK DWIKID FYKLLAEQ GRH \B\R

FHQWHU SRVLWLRQ WR SODWH W{QD FRIU S FEVLU WHLLRHQ WP L PBIWV H U
V J)UDFWLRQV RI PDUWHQVLWHBEUHQGKRZ Y WDD/QN | RAQFFIGE B @ VRV @IV

FROXPQ RI )LIJXUH ILQDO SKDVH QGVMRREXWLW® QW B RVPHW HFDSLHWI
VKRZQ RQ WKH ULJKW LQFOXGLQJ WKIHVMWDFWLRQV RI 5% DQG IUHV

JLIXUH VKRZV WKH SKDVH GLVWU LIEWW IDRWW W TWHP B WHEB) UR
VPDOO UHJLRQ DW WKH SODWH VXUIPWHPRDW MQ\DLQWH R @ R HG HW\R KIHE
WKH SODWH LV IXOO0\ DXVWHRH WDN \& WDHLY | RW PW I6HWSRO D VB W X B DI \
SODWH FHQWHU KDBVWHRW UWDWKHGSODWH VWRI DD WDW KMHX VW UHD |
PLFURVWUXFWXUDO JUDGLHQW UBREJHNVQWRB WR Q USHDWY P D UWVKIDY L
VXUIDFH $IWHU V HYHU\ ORFF\RDRVD LQRPDERYW H U WRR \BX WM DPFHU \

7KH ILQDO SKDVH GLVWULEXWLRQV H VDAOL\PR WHIG\ F® QWKIG KU DK
TXHQFK WLPH )RU DQ LQLWLDO TXHQWKWLIRRGH. @J WW Al R M@ FIQ WD @ RLX
ILQDO SODWH PLFURVWUXFWXUH[ERSWQQMIHG VEK H USHVIXWAHD ¥ WHIQ V I\
DXVWHQLWH LV UHWDLQHG )RU WKLXEWRODRYJRVUPHEG BRVIWQRITWHKI
GHVLUHG FRQGLWLRQV IRU HITHFWLYR W 8 5Q\RRWPDIVOLIR G KXW LR O
ZHUH QRW UHDOL]JHG $IWHU DQ RQMKIHD S0 D W H XHQW¥FKL X ® S\SRJ R[ LIPII
VXUIDFH FRQWDLQV JUHDWHU WKW DRWLRA®DQSFMQ &$1 LK) V&I T X HEGIKL (
PLFURVWUXFWXUH JUDGLHQW LV GRWL\@BMW N&UED BB UWLHV KR RDBHEGWRHR
FHQWHU DQG WKH JUHDWHVW DXV WIHIXMWAKH SIR IDEFW LSRR DWL R QO RSH IV\W
WLPH WKH HQWLUH SODWH FRQVRWPY ®DO SOD RV WR @ ®RH G $ COUGHQR
PDUWHQVLWH LV IRUPHG RQ ILQW® FRRE DG K LDQ/J W K HE WOIR B FUKCHVORLE
HYHU\ ORFDWLRQ WKURXJK WKH WKLFNQHVV

7KLV LOOXVWUDWLRQ RI SKDVHH® P\DW ULEXGULHRIWY/D WK B IWL RVG\H
WKH TXHQFKLQJ VWHS LQ FRQWUR O CEH) ¥ WIXEL D R RKG® @ XRIIL Q3 VSDHIQU
PD[LPXP 53 FRQWHQW LV DFKLHYHG BPWHRMDIWLR DR UAKHWER Q&Y WX
SRSWLPXP 47 ZKLFK FDQ EH FRQWWRGRHG QLW LWIOHT KXERKWLPR S
LPSRUWDQW SURFHVVLQJ SDUDPHWHU WR VHOHFW DQG FRQWURO

)RU H[DPSOH WR RSWLPL]H WKH 5BXFHRGWH@DWZ B WOV KEHTX\Y B 9/9
WKH TXDUWHU SRLQW UHDFKHV WKH *RREWIQRX\PL DAY T )XQH QKK VQRD WK |
SRLQW UHDFKHV WKH 3RSWLPXP " 47K R X\DKIDV\H UD SR M UW L R Q OF R ® W!
56 DV LOOXVWUDWHG LQ )LIXUH

7KH HIIHFWV RI WKHUPDO JUDBUWRWDWUWYXR @ X QH VKDY E® 6 Q LT
DVVXPLQJ LGHDO SDUWLWLRQLQJ DQGHWKE VDQLOLG WL RURVQLXFW X



PLFURVWUXFWXUHV FDQ EH DFKLHYAIG \EL FIR QW URO DD Q JEW KH D® EW
WKH PHWKRGRORJ\ SUHVHQWHG KHUH 7KBFRISQWL P WR S4ZQ XAKHHG W F
OLWHUDWXUH FDQ RQO\ EH DSSOZKIGUN RV H LPYLHFQ R\RW D WH\R B ULHD AR
RSWLPL]HG 7KH LPSRUWDQW SURFHWVWHS SDUREE MU VAR LLGD MOKKHH @ §
PLFURVWUXFWXUH DUH SODWH W KIDFHQMHK W LIPRIR G K®J L QU RVALHD\OV TIX®
WDLORUHG WR D VHOHFWHG DOOWR WEWERQHV W OH) 6 LFRIRYMOUIXES WR
ORFDWLRQ

100 v T T T 100 T T T
‘éau- Y -‘§_ an- Fresh M -
R FreshM 3 M
s 60 - & 60 =
8 40|-Plate center Plate surface | § ,,| Plate center Plate surface _
g 20 - g 20 —
0 L L . 1 " 0 i 1 s 1 L
0 3 6 9 0 3 6 9
Position through-thickness, mm Position through-thickness, mm
JLIXUH (VWLPDWHG SKDVH IURAVDOLR Q W W ISIODXN K WHNHH W K LN
IURP 2& DIWHU V TXHQFK WMWR@D W HEHIUL FRE GKON M

WHPSHUDWXUH DVVXPLQJ IXOO SDKLWNWHR®LQUR P W 0UIDG
FHQWHU IRU LQLWLDO TXHQFK WELEHWRA 0 D VODHQARVQHV L ¢
ZLWK 5 DQG PDUWHQVLWH IRUPHGWKX ULIQVKI 0Q B ® DARRIDW G
LQGLFDWHG ZLWK GDVKHG OLQH
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7KH TXHQFKLQJ VWHS PRGHOHG LQ &IKDSWKHU D P RX QW SHRIUDXO/QW
FDQ EH VWDELOL]HG GXULQJ SDUWHWUVRDE QDL WK IR ID\ WK DX \DW R R QY
ILQDO TXHQFKLQJ DOVR GHSHQGV RQ WWH $ | SHOPMKLR XIJIKH § B IRV LWKLER
DUH QRW ZHOO XQGHUVWRRG DQG GHWHLIK [P\H W R RHG/R\CCREIO LV K ABHY
SDUWLWLRQLQJ WUHDWPHQWYV FRPPRW O\ H-RSHOUBMXWKIR BN SLLVGR WH K
SODWH WR SHUIRUP VKRUW LVRWKHURDEXKWOGYOPBD RWW § bl REGRAAW
QRW KDYH WKH FDSDFLW\ IRU D VKRWVRQVLIPINVH H KOV FRLIQS UR B K
PD\ QRW SURYLGH XQLIRUP KHDWLQJ WK WRJFK Q/HW. ¥ NDGHV V Q G K BW
SDUDPHWHUV $ FRPPRQ SODWH UH® HDRVD B K LVHW HSS ZKWE K ER®DGJ E
PDUWHQVLWH GXULQJ IXUQDFH U HKRHSIMW IDQWUX I MV H7 WK LTVK 1H QI FHHEMQLY W® H
UHKHDW RSHUDWLRQ DV D SDUWEWDRWH@J YXWHBU LY DH] D P VQ A % OLDOW\
SURILOHV DUH SUHVHQWHG LPSRWURD QD) G WRKEH W\H QN DR WVSDIRH H:
ZKLFK GHILQH WKH SDUWLWLRQLQRMWNSGBHIYH QR SOV LRIUHG H % LRIDWF
VWHS GXULQJ IXUQDFH UHKHDW

)XUQDFH 5HKHDW 6WXG\

7R VWXG\ WKH WKURXJK WKLFNQHV\WH VK HFWRHIEO SPOURN L O/H FDQLE ¥
GXULQJ UHKHDWLQJ D EDWFK IXUQMD® K PHUKHDW BPBRGHOQP XD WH DG W
GHYHORSHG LQ &KDSWHU DQG RQKHWRBQJBVROMVDH MDUW H/K R X® QXF
HPSOR\HG DV WKH VWDUWLQJ FRQGLWLRQ IRU UHKHDWLQJ

)XUQDFH 5HKHDW 3URILOHYV
)XUQDFH DPELHQW WHPSHUDWXUHWWHG IRU DQ®&U Q DZRHZBIKVAL
XS WR PLOQXWHV WR VWXG\ WKH HKHDFW RU BIUR HNV \$I1QQ D WADXPLHDGE O\
RI' ILYH PLQXWHY EHWZHHQ WKH TXBPK XPMWDRAQL W KR ROWQD AHNVI
SODWH WKLFNQHVY DQG TXHQFK PHAUD XHWK RRR®MRYMH QR SJ MXK\HH TX
PP SODWH VHYHUH ZDWHU TXHQFKWMIGDIRUXHQNWVK S\RPW WRRD QL XK M
VHFRQG PD\ QRW EH SRVVLEOH IRU D@L WQ ®RVZWUYHDARMH WHKUWHHFRMW I
GHYHORSPHQW SRUWLRQ RI WKLV ZRUZRD\D @\VHGE WLHKDHO WKHQFBEONE B
ORFDWLRQV LQ WKH SODWH WKLFNQHVRO®RZILMI MKXBLTUXHRRR DWAE
LQ )LIXUH J)LIXUH VKRZV WKHWHRHSRQDONAER 8 \DAVD D H X @ VD IURAC
WKH VXUIDFH WHPSHUDWXUH KDV DOUHDG\ FRROHG WR EHORZ z



Time, s
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0 1 | |
1 5 10 65

Time, min 1 L1
0 10 30 60

200

Furnace reheat time

JLIXUH 6LPXODWHG WKHUPDO KLVWRU\ IRUDMHMN HRUH O & 2DWHHD TR
IURP 7& IRU V WUDQVIHUUHG RYHWU PLQRWHV P C
IXUQDFH IRU  PLQ

'"HVLJQ RI D SDUWLWLRQLQJ VWHS QPERXIGH QJ W\R Q\RAVH RVEKYHLURIX
YJLIXUH VKRZV WKH IXUQDFH WNRMWIXWMU®D® WIS LWKKIL $IOOWHR QH K
GHSHQGHQW RQ WKH IXUQDFH DPELHQMWGWHIRISHBRD® 3 UR | L7GKHHV QLXCPOH,
LPSRUWDQW SURFHVVLQJ SDUDPHWHIRFHRKYFK BRQWIBHROWMLRH SIXUY
WHPSHUDWXUH DQG IXUQDFH UH WLIGMIQF®IL W L FSHD UHPOHFFRLL\R @ HRTI XW W
FRQVLGHUDWLRQ RI WLPH DQG W HWP SHRUBWXD EOH.N K AW \S DDUOWN KVRUORIX
PHWKRGRORJ\ IRU 4 3 VWHHOV ,Q &BYD FRBVL G HLUGHD DO S\KHWS WH R
PLFURVWUXFWXUH 35HDO’ SDUWLWLHR\Q DQH UWHRWS R/ VIH ¥ LLHYX WIOH HXVD (
DFFXUDWHO\ SUHGLFW ILQDO PLFURN\EHNBDWXRE Q7 WRSREERQU U HMX(
ZLWK SDUWLWLRQLQJ UHDFWL R QNO¥ R@GE HHIG RIEARWKHHIGP WA EURP) L\@
SURFHVVHV > @ 7KH IRUPDWLR QLRIHEMHOQEHWH VQRSW H Q LHF\8 B 6 LY
IUDFWLRQV IROORZLQJ VKHHW 4 3 KHDW WUHDWPHQWYV > @

30DWH 4 3 KHDW WUHDWPHQWYV S UH V3-DQUW DV IGR QULLGRIQ POV @/HEH J
GXULQJ D QRQ LVRWKHUPDO WUDQVIHWDPQORKDWDRE WHHKHRXWK MK
D XQLTXH WKHUPDO KLVWRU\ DQG WKZY IDQX)QUXKH SD UWK M ISRO@MDH
TXDUWHU SRLQW FRQWLQXH FR R OKIQRIKDA DVX\UH VXM R IF KPLLGQIL P X FF RVAHSACS
DFKLHYHG WR YDU\ QRW RQO\ ZLMRK VRIVFMAIRRXY EIXW KMOY @ DAL M KV W
FRROLQJ DIWHU WKH LQLWLDO TRBQRX PLIQRH XX WHBBKHG WXL DD
WKLFNQHVV FRXOG FDXVH DGGLWIEEKQRO® IP\D B RMVHWH WVRGI BDR U L\



DW GLIIHUHQW WLPHV DW GLIIHWNQWK® REDWHIRMYF WYX ULRIXO R FADKOH WAk
PLQLPD WKH WLPH WDNHQ WR UHD EK BIPWKRRL\Q L BPXR OYQ Q JFRPS E R\
FRPSOH[ DQG QRQ KRPRJHQRXV SDUWLWLR QLW HHY SROWH WIQUERHL
4 3 WUHDWPHQW ([SHULPHQWDO ZRUHNFMW RJHHZEGTWR W& BHBPD O KX
ORFDWLRQ WKURXJK WKLFNQHVV

600 134 s 7
o)
S 450 o
Q
L g
=
e
S 300 -
3 o
c N
Q
F 150 / -
0 Il Il 2 . 1 2 2 Il 2
6 7 8 9 10 20 30 40 50 60
Time, s
JLIXUH &ORVH XS RI VLPXODWHG WKHUP IJFKHEWRRR ISRUDWHHY ARRIC
IURP & IRU V DQG WUDQVIHUWBUWHRG LRHYUV KRIZQX MR KW\

EHWZHHQ V RI TXHQFKLQJ WR V RI WUDQVIHU

,Q RUGHU WR GHVLJQ DQ HIIHFWLWYIHP 8§ QUADIOWZRWDON. QD S D B AH. WKL
ZDV QHHGHG WR XQGHUVWDQG WKHQHI I8 BOVWW WL PRW LIRR R K WK PIDiOG
SDUWLWLRQLQJ ZDV GHW HBOJES HEHBADLKORPD Y Q &KDSWHU  ,Q WKH Q
PHWKRGRORJ\ LV UHYLHZHG DQG DSSOLHG WR SODWH SDUWLWLRQ

OHWKRGRORJ\ IRU '"HVLJQLQJ 3DUWLWLRQQQD ITH HDW B H QIAMQYJ ED
3DUDPHWHU

7KRPDV HPSOR\HG WKH HPSLULFDOPS HUHYHORS W P HRHLR FIRQ
TXDQWLI\ WKH uGHJUHH RI SDUWWW LHRIXLYIDOBIQEG HRKRIWHK IF D PDO HD\
SDUWLWLRQLQJ FRQGLWLRQV 7KH BTKRR O DD AHH K H GDWR WHID HREY
VKHHW FRQFHSW ZDV DSSOLHG KHUW LVRR) MXKIHS Q@ RV MKRRVE R HLUGP PLOJ S
WUDQVIHU WLPHV DQG IXUQDFH UHVL\GHQFH WLPHY DQG DPELHQW



(YDOXDWLRQ Rl WKH 7HPSHULQJ 3DUDPHWHU

(PEHGGHG EXW QRW H[SOLFLW L @ VWWKX¢P AWM PR® URLI QA KS-DUUPLDRIHOW
FDUERQ GLIIXVLRQ ,W LV LPSRUWD @WPRWR \QCRIN H @ MXPEHQ RWBWV?
DSSUR[LPDWH WHPSHULQJ DQG WK HKH E\Y 8 B UMDL WKLLRYIDLFH) U H KRS WL
RI PLOQXWHV DQG LV PXFK ORQJHU WK DG SSDLUHGL VRILR RQ G X WAUHIDVDP W
SURFHVVLQJ (TXLYDOHQFLHV EHW ZDIPI® R ZKWHHPS S DIHWK X BHHORKQRIU
SDUWLWLRQLQJ WUHDWPHQWY PXVW EH PDSSWLHG &KWWK/ KEXW LRQW
WHPSHULQJ Rl PDUWHQVLWH IRU WKH\SBUWHWH R QLPH AKHDIAW PRQ '3
WHPSHULQJ Rl PDUWHQVLWH D XADWUHERIQVBIWRPRRBERXMM W R WRIWR W
GLVORFDWLRQV DQG JUDLQ ERXQGDWIHHSUMHFLRE UW QW R,@ LIPFRGWO D\
SDUWLWLRQLQJ GXH WR WKH VLOLFRQ@WRSFWHOW R® 4 $R/YWHKHE®V GWX
SDUWLWLRQLQJ VRPH IUDFW LR RRX\KHFD X ¥W & @LLWIK . VRDW D RIPOV. )
PDUWHQVLWH LQWR DXVWHQLWH VR®YXWHHBWRPDWILR®DUDLQ ERXC

$SSOLFDWLRQ RI WKH 7HPSHULQJ 3DUDPHWHU WR 6KHHW 4 3 6
7KH HIITHFWLYHQHVYV RI D SDUW LWH & (ELBQWJHG URHD WW M DV LFDLQVE K
DXVWHQLWH UHWHQWLRQ DW URR D WIHPG HBDMILKUI) 7R CHY® G X D B/MHWN
FROOHFWHG IURP D QXPEHU RI 4 3 VWX&HHSXYSRVH RI WKLV H[@Q@P L
ZDV WR LGHQWLI\ VXFFHVVIXO TBWLRQJWWR RV KIH W[BKV WHI@RW D5 SO E
ZRUN 9ROXPH IUDFWLRQ RI 5% LV GORW®YWHGIRBHRU GIIRQJ BARRV KD O

> @ DQG VWHS > @ 4L 8 RAWKHHLCP DIMOJ\WS DAMULWVR QW DR
WUHDWPHQWY LQ WKHVH VWXGLHWYRWUQHIEHD ¥ 0B UW R MH PR XRLWYHRSI IR
TUHDWPHQWY YDULHG EHWZHHQ D@G KU¥& DROW WR R HR/ IHEWNZ B H D

ODVWHG DERYH PLQ WKH PRVWVXRQBH\DWXWHRPSHDWWNQWY RHUH
z&

BUHYLRXV 4 3 HISHULPHQWDO ZRUN VKRKXQD®@ YHLEGXDOY 7S RKN
PRVW DPRXQW RI DXVWHQLWH L\RUHWIDADM GRSWEZAXPU4 0 EDKB AMXIOHD
PHWKRGRORJ\ KLIKOLJKWYV D SURFH®¥DPWE® RH) IIRKLWKXUWKHHE LL B HWO
VKRXOG HPSOR\ SDUWLWLRQLQJ WWHDWPBIQ&YV HTXLYDOHQW WR 7:



1-hr Tempering Temperature, °C
100 200 300 400 500

I I I I I I I
Kahkenen .3C 1.5Mn @ ®
Kahkenen 0.4C 1.5Mn
Kahkonen .3C 5Mn =] =)
Kahkenen .3C 3Mn Mo A
Kahkonen .3C 3Mn MoAl
Kahkonen .2C Cu a oo 3 8@0
Kahkonen .2C CuNi
Clarke .19C
Shutts 9260 1-step E
Shutts 9260
Gerdemann 9260 E
Yan and Li .2C 1-step
Tan .21C 1-step &?

=]
a

30

27

24

21

18

15

Matlock

Matlock 1-step
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Hensley 9260 B pn @
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Tempering Parameter (x10'3)

YJLIXUH SHWDLQHG DXVWHQLWH DV DRIXGRWDRIG VRH GV 4 BSE D WQ
SDUWLWLRQLQJ GDWD ZLWK VROLG JUHY VRRERO® VW XEDH
LQGLFDWHG ZLWK YHUWLFDO OLQRSHIUOLWROHYD WREB D KR X
WHPSHULQJ SDUDPHWHU LQGLFDW HGI WSZHHL WV FOQL@® J KA

[=2]
[+-]

$SSOLFDWLRQ RI 7THPSHULQJ 'HVLJQ OHWRRB RMAHM WR )XUQDF
7R GHVLJQ SDUWLWLRQLQJ WUHDWPHQNGY HTXLIRO HYWWKR] U P

YDOXHV SORWWHG LQ )LIJXUH HWEIZRQHQRD®IFW K XYW HIEK DADR/Q D WV/E
DW WKH HQG RI WKH TXHQFK VWHSPI®& XL UWKRIR D DV GWM XRI@QIDFH S DH
J)LIXUH D )LJXUH D DQG PSHKRIVWHH KXWDW RB\UDISFEL Q WV R

UHVSHFWLYHO\ $IWHU WKH SO DIWEHR WKHPP SHRU I WENMMADIQDAWL D B DWW KH G PH
UHLQWURGXFHG VR WKDW WKH FDORXRDRXIE TBKIHY WHK/LMHNDWM VIVO®X U
IXUQDFH UHKHDWLQJ DIWHU WKIBD OLUIAMVZ HY HR IDDYVHRQFBKOQ € X O DAMRM/GK HIF
HDFK RI WKH LVRWKHUPDO KROGHWHP £H UR W XVUKHV W IQFRGH. E QB HIED R ¢
7DEOH SURYLGHV WKH H[DFW WLPHV UHWRLUHG DRW | YWK® DI Gl DINPHE
WHPSHUDWXUHY EHWZHHQ DQG &
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Tempering Parameter (x1 03)
Y]

6 1l 1l r 1l L1
1 10 100 1000

Time, min 5 35 65

J)LIXUH D 1RQ LVRWKHUPD@®MBDYXHWILHKRHE. QIPPURBGBEWWH GLPUC
WLPH DQG IXUQDFH UHKHDW DW IXUQDMBH 6P E LHQ V& MWHPIS
VXUIDFH DQG TXDUWHU SRLQW W HBSHWIPW WUHHV YR'YW U PRI S
,ZVRWKHUPDO WHPSHULQJ SDUDPHWBDWKQ 8 VFBNMMNMAHHQU WA

z& 'DUNHU OLQHV FRUUHVSRQG WORNW & H RNWH® B B ULLMERIWXK
SURFHVVHYV



7DEOH + 7UDQVIHU DQG IXUQDWHXWUMDDGIDOF MW RV MPHPS HALLQD ¥ HBFE

WKURXJK IRU IXUQDFH DPELHQW W#PSHUDWXUHV EHYV
SDQYDOHQM/QRQLVRWKHUPDOSDUWLWLRQ
73 7UDQVIHU WLPH
7LPH LQ IXUQDFH DW DPELHQW WHPSHU
7& 7& 7& 7&
I KUV
I KUV
I KUV
I KUV
I KUV I KU
I KUV I KU

$ IXUQDFH DPELHQW WHPSHUDWXUH RIVLGHQBHTXLRHWY Y HKWVC
DERYH IRU 73 DQG DERYH ZKAWKRLY FRQVEBBWODGVKQEXXWDREF
WHPSHUDWXUH RI 7& PD\ QRW EH LFGH D PEIRLQ SO WS §I I DWYIXW HR/C
7& SURYLGH UHDVRQDEOH IXUQDFH WHQLGRQ FoH WDIQPIHHV R E A3V ZBHH
DQG IRU D 7& IXUQDFH DQG X$ WIRIXUQDIRH DP E L H& WX U (
WHPSHUDWXUH RI 7& PD\ EH PRUBDRHOWDF WILWHK TRUDERYWLWLR
VKRUWHU UHVLGHQFH WLPHYV

6XPPDU\ RI 3DUWLWLRQLQJ OHWKRGRORJ\

7KH +ROORPRQ -DIIH 73 PHWKRGR O R W LSWRYL\GLHOH Q WP HID QX U\VQ B
WLPHYV DQG VHW WHPSHUDWXUH EDWH& QRL@ 3VWX B FBDVWPKNQW NV BW KHK
JUDGLHQWY GXULQJ SODWH SDUWIFWRRQGEU D S W\W DWW OR QILKHI PRV
KRPRJHQRXV WKURXJK WKH WKLFNQHWR #RZHARBY L @/HKHHE DY SIDWUN
EHJLQ DW VXEVWDQWLDOO\ GLIIHUHQWLWNPKVSDW WH. | IIHRWH QY FCSFOFH
IRUPDWLRQ DIWHU WKH TXHQFK VW HS W L3F RRPGIHWAHH QPDALRO VR EH

7KHUPDO SURILOHV ZKLFK GHYHORS DUW LIR QVQBP QG RS RWWSW K |
7KHUHIRUH WKH SURFHVVLQJ QXD @RKOG VEKHRR PQ J® Ul WHKGH L Q R\PK S B ID M
GHWDLOV Rl WKHUPDO SURFHVVISHFDIWR CHVWR S SH IRVQ M GP BVGRHE IHQ D\
ZRUN ZDUUDQW H[SHULPHQWDO FRQILUPDWLRQ LQ IXWXUH VWXGLF
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7KIPKDSWHU SUHVHQWY WKH GHWDDOVSRIRFBWW GIHVQ MH ORHF W |
H[SHULPHQWDO YHULILFDWLRQ RIHMGKHQG&KDIY PHWKRQ@BORJIHMVIQ
EDVHG RQ WKH LQWHQGHG LQG XV VQUFIOXAE BS SLa. MOKM LR R HOUPHD © GHIR
ODWHULDO SURFHVVLQJ XVLQJ ®IOODW BRNWDW O U QR *OK-IHEIDFHV HDWL 7D
PHWKRGV XVHG WKURXJKRXW WKH VWXG\ DUH DOVR SUHVHQWHG L

$OOR\ 6HOHFWLRQ DQG ([SHULPHQWDO ODWUL[ '"HYHORSPHQW

7KH LPSRUWDQW SODWH SDUD P HWHQIVWHRWEKH. F/MQ@HHEW HZGK HD W R S
SURFHVVLQJ SDUDPHWHUV DUH TXHQAKIRHGDF HLRDLWW DW LTRGL@AK
DQG IXUQDFH DPELHQW WHPSHUDW X WH HD\DHG SCHMLRSHAVD I U VWLL\P 16 H G\HX
VHFWLRQ

$OOR\ 6HOHFWLRQ

7ZR LPSRUWDQW FRQVLGHUDWLRQV \V\@XEQE R\ R/ HO 3 S\@DRVH | R
LGHQWLILHG 7KH ILUVW FRQVLG QWD WQ F5@® DRADHU SHRBPIEVY QLI K LIF K
FRQFHUQ LQ SURFHVVLQJ RI WKLQ VKFAR® FR® WHDMF RKA FKJ LW HURLG
FULWLFDO DOOR\LQJ HOHPHQW VRUGG B G/ WRHOY DO ORAV G\LR IGRHRID L
FHPHQWLWH > @ $YRLGLQJ FHWFH@WAL B ¥ WRIHFODAV IDR/QWLKVH L IFRSURPL
FDUELGHV FRQVXPHV FDUERQ DQG SURBKWHYJDWKMW D@ RW 8 VG RF FOPXS
DW URRP WHPSHUDWXUH 0DQJDQORAHHDQYR VWD FOD QNYRLOP\DWH R O
> @

$OOR\ 0 ZDV VHOHFWHG IRU H[SHRQWBQQ\D O GiGRWER QW LRRQV L
EHFDXVH RI LWV DYDLODELOLW\Q @ 838 pRH 7 KMHHRIWDHU VY I & GA\VHIBY L
7LPNHQ DQG FRPPHUFLDOO\ SURGMBMGE EJ HMHKX B LG DB | ¥ H QLODALHG
SRXULQJ LQWR PP LQ VTXDUH GQURWYV 7HH VW HIKO ZRX QR WR
EDUV DQG VXSSOLHG LQ WKH DV KRWDWR Q/QH®WRBOGWWEZRD ERWERY

0 PDWHULDO LV VKRZQ LQ 7DEOH

7DEOH + &KHPLFDO &RPSRVLWLRQ RI 0 %DU 6WHH

& 0( 6 1 & OF 7 1| 9 $ ¢ < & 6




([SHULPHQWDO ODWUL[ '"HYHORSPHQW

7KHUPDO SURFHVV GHVLJQ ZDV FRQGKHAW G DHFERBEBGQR W RV K-
DQG WKH SDUWLWLRQ VWHSV GH® FIUQ WG WU QDSTHHYH FEDW R & DRSQV R 8 W
SHUIRUPDQFH IRU WKH LQWHQGHG D$ S®LLAD M L RQH R H DEERVDK/ IKFDQ G @
FRQWHQW DUH LPSRUWDQW > @ 7KHSRDW®QNNV VRW KZHADXUI K HWKLY WL

> @ DQG 5$ FRQWHQW WKRXJK WKWFAQMY & HY IR ONRQHI[IS BF W@ G$
UDQJH RI LQWHUHVW IRU WKH L QW H QG @HXGG ZHKL 1D'BIS@.L DD KDLIRGQZD/X
+% W R +9 WKURXJK WKH SOHWW.H QVWDFNG MV V) ZID W K H VG BVL

UDQJH WKH PUFHRRONPH- WRACBH/ WDELOLW\ RI 5% ZLWKVR@GRWPL]HG
NQRZQ D SULRUL DGGLWLRQDO VWXGPHWBRXOGREH Q& HGHFGRVRVG
3ZRUNLQJ" PLFURVWUXFWXUDO JRECPRDPMW WK BB R MQUWA FIHVX WWRH Q HW
TXDUWHU WKLFENQHVV ZKLFK SURY¥$ GHW RXH ONDKIH FB\OVID WVHR Wi/ B © FYNRX
WKH PHWKRGRORJ\ GHYHORSHG LQ &KDSWHU

4XHQFK 6WHS '"HVLJQ $SSOLHG WR $00R\ 0
JRU GHVLJQ RI WKH TXHQFK VWHS WWKBIPIHAV/$HRWW D@ MQW K HUHRD &
TXHQFK GHVLIJQ PHWKRGRORJ\ DUH SIO®PIWH WX OTXMQHFKVW I XH QFKHP
WLPH UHIHUV WR WKH FRROLQJ VWDRIHWSKH RO OV DMWDRO V¥R AWWIDMMH
WKLFNQHVY DQG D TXHQFK PHGLXRVERQH VW R HDFOMHRG | RU R[S D IPARH
TXHQFK FDVH VWXGLHYV SUHYLRXMV®\ SDMVHOWHWH GKED VXIKBQR®& WHKH
0 7KH FULWLFDO FRROLQJ UDWHNRQJ VORZ WWKH YW IKRROIBWRIIG. O EW
> @ LQ WKH UDQJH RI WR z& 7 K\HH V DBDQRGAGRRVE HOG OFW X W H FRDD3D F |
DFFRUGLQJ WR $QGUHZV HTXDWLR® DOQGHRHDY XDHGHE\ GLODWRPHYV

7DEOH *+ &ULWLFDO 7THPSHUDWXWHY 0QG &ULWLFDO &RROL

(VWLPDWHG &ULWLFDO &RROLQJ 5
o0V z2& o0V 2& %V z2& 2& WR $YRLG ,QWHUPHGLD\V
7TUDQVIRUPDWLRQ 3URGXFWYV z

$QGUHZV ([SHULPHQWP@GUHZV %DLQLWHHUULWH3HDUOLWH

%DVHG RQ WKH FULWLFDO FRROLYKUPXMKVKDQGBROHOH DWO L
VHYHUH ZDWHU TXHQFK LW LV KDUGHQPE GO RWID\ZWR W KGFHHSWWK URHI
I[URP WKH H[SHULPHQWDO VWXG\ $ QPPOFHODWGH DREROWEKEW K M O/H\Y Kl



DQG WKH ZzDWHU VSUD\ FRRO $Q PP WEBWH YRX B & EEW HLD U % H QDK
WKH H[SHULPHQWDO LQYHVWLIJDWHBQ RHQAFXISG DWRHP W& BWHH ¥ B Y HC
ILW WKH WUDQVIRUPDWLRQ EHKDWKHRWPRIO J0OGLEH QW YV RVEKIDRY DEKD\R
4 3 FRQFHSWYV XQLTXH WR WKLFNHU SODWH VWHHOV

6HOHFWLRQ RI WKH LQLWLDO @ X\HH & NWLRIK) PIHW RBGR EDIMHSU |
&KDSWHU 7KH PHWKRG ZDV DS®OIHHG$ZER/GEWH QWL WW W R TWXRD B V|
SRSWLPXP" TXHQFK WHPSHUDWXUH RWLQQW Z\DKH FID Q BXOODRNDH/GI EU B VW
IXOO SDUWLWLRQLQJ RI FDUERQV BPHI XHYMALPRW RG LSKDWIHD OJ DK WQ R
VKRZQ LQ )LIJXUH 7KH 3RSWLPXP™ TXHARFKWEBPSIGUBWMNGHVRI UHG
PD[LPXP DPRXQW RI 5% RI YRO SFW RQEHU LGHDO SDUWLWLRQLC
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JLIXUH (VWLPDWHG LQLWLDOXPRQ®J I LQDAM SSXKIbW HWM UG WQ. R (DWW

LQLWLDO TXHQFK WHPSHUDWXUH IRQ D® ORYVWHQ BW HHRIG
IUDFWLRQV DUH DOVR VKRZQ

7KH *RSWLPXP" TXHQFK WHPSHUDWKNMHRN O RRDIW RQK R TX® U
LV FDOFXODWHG WR EH UHIZAKMIBUDTWHOQFK AKRIHVWHFBWHG ILQDC
WKURXJK WKH WKLFNQHVV RI DQ  PBXKBOIH WHDBWHRQR ZO UK B MIKILF
IXOO SDUWLWLRQLQJ DIWHU DQ L@L\Q U D/OKHXSIKQIFKHWEIPHWVRIL E X WL R (;
TXDUWHU SRLQW FRQWDLQV YRO PRMBH® QRD UWHRQ@VE MM S\D K M M
FRQWDLQV OHVV WKDQ YRO SFWR$ DR® BRW FUbiQWH B DRLRQIDMLLQN
53 DQG WKH UHPDLQGHU SDUWLWLRQHG PDUWHQVLWH
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YLIXUH (VWLPDWHG ILQDO SKDWHWUBRBWQRQRI D\VEP LI IXIXOW
SRVLWLRQ WKURXJK WKH SODWH W BIQF NQHW VDO R IF & DKV 1
V ZKHQ WKH *RSWLPXP  TXH Q P KWHPXSIHUM MUX WH L NQH
SRVLWLRQ 7KH SKDVH IUDFWLRQ W BDW WEKMH TXHREXQWH BS
WKH *IUHVK 0° ZDV DXVWHQLWH EHIRUH ILQDO FRROLQJ

7ZR DGGLWLRQDO LQLWLDO TXHQWKHVVHMIQW LZW UHL WQ VO G'1B G LW
HIWHQW RI TXHQFKLQJ EDVHG RQ VHGHEMOIRZ WHKRHS HRUDMDPXHPY T XHK
WHPSHUDWXUH DQG f& ZKLFKWERHVHRJISRQYGDWER LQLWLDO TX

3DUWLWLRQLQJ 6WHS 'HVLJQ $SSOLHG WR $OOR\ 0
7KH LPSRUWDQW WKHUPDO SURFHVVLQQ $WHISPHWH UNUDKL\FIK @
IURP WKH TXHQFK XQLW WR WKH IXUQDBHU KWK HQUF@IDW H PIHP E5L M QQW
WLPH ZDV XVHG IRU WKH H[SHULP D®®IDHQWWX B P S HRIIDQWMHW PXUEQ O
VHOHFWHG E\ FDOFXODWLQJ W K HKW HFSHWIL\Y I RRPLUDIP SIDWHKI R73D @ O F
WUDQVIHUUHG WR D IXUQDFH RYHU DPFKQMWHIVDRIG KHOG LQRWKH |
WKH TXDUWHU SRLQW 7ZR IXUQDFH FRE HN & VWV WH P/SHOUHPMXHUGH V3Z H L
7& 7KHVH WKUHH 73V DQG WZR IXUQDHH UHW M DR Q LSQUUIRW UGHD \I f
WKHVH ILYH SDUWLWLRQLQJ WUMHBWPWEWNVWBY BISEI0 TG QPR MQKIHS

([SHULPHQWDO 3URJUDP

(ISHULPHQWDO YDOLGDWLRQ RI WKHURHWKREG R ERIQRYHG RSWRR
ILIWHHQ 4 3 FRQGLWLRQV PDGH XS RUWKWHRQDQHQFKRFBIR MWV H K
FRQGLWLRQV DUH GHILQHG E\ WKH IROORYAIQ P ISGUD PW WHHN LRQW L
WLPHV D VLQJOH IXUQDFH W UD GI\PISIHUWN WRH HW Z ® QXU IQ ¥ FHI XOWPED A B
$Q LQLWLDO DXVWHQLWL]DWLRQ /QG DWPBQ® TXHPEIKQ WRORRP Wt



LQFOXGHG LQ HDFK SURFHVV $Q DXVWMHMGRW V]LEWHRQHK H B B/HW B WX
WR UROOLQJ > @ DOWKRXJK WHRSPDDBRK PRV HE MWZIHADD RIDQC
WHPSHUDWXUHV IRU SODWH > @

JLUVW URXQG H[SHULPHQWYV ZH URIP ERF)OMIGRR QR G 1S WRIFHP\L D LSO
ZKLFK DFKLHYH WKH KLJKHVW IUDBW LZRI® @ ID534 KD GVQXHHY WX DLUMKH D &

WR +9 B6HFRQG URXQG H[SHULPHQWV VQFREDBW GRIG/GLYERQ
FKDUDFWHUL]DWLRQ RI DWW UDG W QYW KSH RIFLWWW B R ® G GWLVR QWK HGWHQ
WKLFNQHVV UHFRJQL]JLQJ WKDW W KHVHKQWN.QH VAL EV RV R X PADRQWH | §
SODWHV 4 7 WUHDWPHQWYV ZLWK 73 SHUIRUPBQ@G RU FRFASIH DR/

JLUVW DQG 6HFRQG 5RXQG ([SHULPHQWDO 4 3 &RQGLWLRQV

7KH VHOHFWHG SURFHVV SDUD® HWSHWL 8 H R WBEH 4D SWHRQBQ VRIL R
H[SHULPHQWDO PDWUL[ IRU LQGWLD ODELCPHK OD W DR & VH LYHWX PRDWLD I
LGHQWLILHG WKURXJK WKH IROORZLQJ VKROPEKBQW®W QRAWPEBWUR QY XU |
&HOVLXYV RU IRU VDPSOHV ZLWK PBEOHV RIWNK 73 EODQ@NLURK -
QRW IXUQDFH UHKHDWHG

7TDEOH *([SHULPHQWDO ODWUL[ IRU ,QLWLDO 6LPX

)XUQDFH )XUQDFH N
,QLWLDO73 WUDQVIHDPELHQWKUQDFH UHVL 6#%63%973’
TXHQFK WLPH WLPH WHPSHUDWMXWAH PLQ VI-)%UQDFH 2HPS
PLQ VHF %
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7KH SURFHVV GLDJUDPV FRUUHVSRQG LIUHMRK RIKY IF@R QIGIXWIHR Q
YJLIXUH 7LPH JHUR UHIHUV WR WKH E& JUQ WIK®L RV KX®l @FK MQKIHI $
WHPSHUDWXUH 7KH WLPHV DW ZKLFHKWWKBLSBQWIOVIRBQ B J S U DM
LQ HDFK SURFHVV GLDJUDP 7KH PIQ® O XNX\WMQ® K] DARLERRRW UMHDRASRHH
IXUQDFH UHKHDWLQJ DUH SDUW RI WEMWARB SURFHYVY GXD DDPVQRM
JLIXUH YLIXUH WR )LIXUH FH \DKQRZ ™XHOH W HQWSHRIL QWX SBURIL O H
EHJLQQLQJ RI WKH TXHQFK VWHS WR FRGQIBOXVLRQ Rl WKH IXUQDFF

7KH WHPSHUDWXUHY DW WKH FHQW HLR ADXWU R BHDIVQ I DFFIKGRS RALK
TXHQFK WLPHV DQG V DVH WKRZBQ WQWHOEOWH D UH 7EKRIW S U
EXW DUH LPSRUWDQW WR WUDFN OF\D @ ISKH\RB H M VIHVORIF DXQUN MOR \8 K H

Time, s
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Temperature, °C
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0 10 30 60
rurnace time, min
JLIXUH 4 3 SURFHVYVY VLPXODWHBURWXHQFKI® DMH VHYHIWHREZD
WR 2& B3RSWLPXP" TXHQFK WHPSHWOMWXW B Q GNVU B QKN DRWH.
HLWKHU D 7& RU 2& IXUQDFH GORY $RUQMWY PAHH L QU
FRQGLWLRQV RXWOLQHG LQ 7DEOH WRXURD®HLYHM)GIHREL
RQ DGGLWLRQDO D[LV EHORZ WKH ILJXUH
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Time, min 0 10 30 60
JLIXUH 4 3 SURFHVYVY VLPXODWHBURWXHQFKI® DMH VH YHIWHREZD

WR z& WUDQVIHUUHG RYHU PLQXWHYNV D Q@& WHKGDMH G
6WRS SRLQWYV DUH LQGLFDWHG EK\WQLUFOE \L QRUDEDPISOH )&
UHVLGHQFH WLPH LQ PLQ WR PRV IEVH 0R & LW R M HLG) )RWH
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Furnace reheat time
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Time, min 0 10 30 60

JLIXUH 4 3 SURFHVYV VLPXODWHEBURWXKXHQFEKIK® DMH VI NYIRURRHP ZD

7& WUDQVIHUUHG RYHU PLQXW&RW QG AZHKHIDDFE LEYV
SRLQWY DUH LQGLFDWHG E\ FLUFGQHYDIR@HV D P SO)K F@RFSH. V
UHVLGHQFH WLPH LQ PLQ WR MIQV IEHO®G LVF B MW HLG) RWH



7TDEOH +&HQWHU DQG 6XUIDFH 7THHABWHUDWXUHY DW ,QL

RL 4XDL SRL 6XUI
’QLV\\’/VLLPDHO Twlgfggsl%UDW)WJHHPWUDWXNUHHPBWUDWXUH DW
v LQLWLDO TXHQMKLDO TXHQMKLDO TXHQFK

W L PPH W L PPH W L PPH

([SHULPHQWDO 4 7 &RQGLWLRQV
4 7 WUHDWPHQWY ZLWK WHPSHULDRRQLTXL WG @AM MRV W K AVH
+ROORPRQ -DIIH 73 YDOXHV ZHUH D® VIR BSIHVLIR RP HFR DSOEJ ZYRQ EHW
4 7 IRU PLEFURVWUXFW KX U5 $ DRR B/HROMH URDLHB/QHVY DQG ZHDU SHUIR
FRQGLWLRQV ZHUH LGHQWLILHG E\D/QGHW B 8 D W PIH@QWYRMIOHVG R QF UL’

7DEOH + 47 TUHDWPHQWYV

73 [ 4 7 TUHDWPHQW
)XOO\ TXHQFK WR URRP WHPSHUDWXUHR ,VRWAKHUPDO KR
)XOO\ TXHQFK WR URRP WHPSHUDWXUH ,VR® KHUPDO KR
)XOO\ TXHQFK WR URRP WHPSHUDWXUH ,VR®WKHUPDO KR

6DPSOH 3URFHVVLQJ +HDW 7UHDWPHQWYV
OLFURVWUXFWXUH GHYHORSPHQW RBNWI[I3WV RVHGQJIEGC VO BPWRDP WV
+HDW WUHDWPHQW RI ZHDU VDPSOHV ZDV SHUIRUPHG XVLQJ D *OH

+HDW 7UHDWPHQW 8VLQJ 'LODWRPHWU\

7R VLPXODWH WKH H[SHULPHQWDO FRQTILB\OMHRQV GHILREG LQ -
)LIXUH WR )LIXUH VDPSOHWHAHBBEGYRBBVWING X¥ LOXHQKK LTQ.
'LODWRPHWHU ',/ / &\OLQGULFDO GQO®DWHERRWHH VLRSS O K Y FAAHLUHY

PP EDURI 0 VWHHO DFFRUGLQJ R WIFE@GWDO> VP SDARKFRUU |
RQH SURFHVV VLPXODWLRQ DW RQHUSSRLQWR @ KEHRKWHK W KWHX WIKLFAHN

7R DFKLHYH WKH GHVLUHG WKHUPDOBEHRIH®&H I VBLXQIL @ ¥ LTXH O R
GLODWRPHWHU ZKLFK LV SURJUDP RH® UG OR LFOHY \ZHIJPH § WP HQRAH
DSSUR[LPDWH WKH FXUYDWXUH RI WKH QWRHIHEB GERF R GHOR © BW
GHVLUHG KHDWLQJ DQG FRROLQE UDPMIR PHWK\LYUR JBPH RV 'HIWWD L QR
$SSHQGL[ ( 7KH VHIJPHQWHG SURILOHV3RI WZR VDB SOWHIR ZQ7LQ DQ



JLIXUH D DQG E UHVSHFWLYO\LVZKB GHFDMNHKGOZIQMID $ RIAHIW M
ILUVW VHIJPHQW IRU VDPSOH 4 WR LV P&ODWHDWE&KWDDWIUBBLFDWH C

V ZKHUH WKH WHPSHUDWXUH LV 7& D\QG D®& L@ YIKIKWH WK D W Hl
QH[W VHIJPHQW D PLQ DXVWHQLEL]DRULLRQV DWWV ¥&D QG LQG/LF RV
TXHQFKLQJ WKH WKLUWHHQ OLQMO) VHIRHIQWYV D Q ®ISFONRIFLCP B MWK
SURILOHV IRU FRROLQJ IURP 7& WR D W&l CB\DWPISIOHHDA H G\ B VWLKPHP
WHPSHUDWXUH 7& DW  7& V $IWHADNRIOGIQFKHIIDW V ¥&KW VYR
4 3 OLQHDU KHDWLQJ ZDV XVH @& SGXUHIW LK HVIRX V W B § LDV ] |
DQG KROGLQJ IRU PLQXWHV 'XQHDUTXHIPAHKQWY WEE L\ B WUHEG HENQS
)LIXUH E DSSUR[LPDWH WKH SUHG& FWRHG SBRIXOHQJFRRIO LIQJI
TXHQFKLQJ VWHS FRROLQJ WR URRP WH® YH B W YSWH G Y FQUHG! BU RD
RI WKHUPDO PRGHOLQJ DUH RYHUW®WRWH 6 URMEG LAWK GHSURIDOB QW LEQ
FRQWLQXRXV OLQH WKH SURJUDPPHVK CFLQHDBWHIPHQWY DUH LQG
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L E
JLIXUH D 6HIPHQWHG GLODWRPHWNHQBRMWRRRRP WISRRIFL
WHPSHU DW z7& IRU V (TXLYDOHQWOWR/ RBHWU\ E ¢
SURJUDP 4 3 SURFHVV £ TXHQFK IRWLQ V PLQXYV

2& IXUQDFH IRU PLQ V HTXLYDOHQWGULRFDWHG 3
ZLWK FRQWLQXRXY OLQH DQG SURJUMBRPHG VHIPHQWYV L(

7KH UHFRUGHG SURILOHV IRU HDFK VID®E SR IG& IOYHUDMGW KR R~H @/
TXHQFKLQJ VWHS ZKHUH WKH FRROLQJ URWHKN RMKD Q28 W DREYUXSE WON
7KLV LV VKRZQ LQ )LJIJXUH 7KH WL PEJIWGH RIHANBDRNHWWIHHU GKDRADIW WK B K
VDPSOH 4 7 DUH VKRZQ LQ )LJXUH OH DV RXH USRI DRP HFR |
DQG VKRZV JRRG FRUUHVSRQGHQFH DO VDRRWX PKOWKK W HKHRIUURIG NP
SURILOH DW HYHU\ LQVWDQFH 7KLV LBV VKRZ Q HPFRRUUHG HG HMDDURB\OLHD W
YDULHV E\ DV PXFK DV Zz& IURP W KWK 8 UHRQ G ORA PWM IEHWTHRHSHRKD WX K &



FULWLFDO WUDQVLWLRQ SRLQW WRY®DVDADLD® WH U ?\& KH \QIRAVE GIfSK
PLFURVWUXFWXUHV $00 VDPSOHVUGHGH VEHRFHY D W & UWHRZB § V2LWWHK 1
RI “ 7& Rl SURJUDPPHG WHPSHUDW X UIHODW LVRKQH GHDAWED RZIDW KIHO V)RH !
HDFK VDPSOH H[DPSOHV DUH VKRZQ LQ $SSHQGLJ '

1200 ) ) ) ) 1 I

1000 5 min hold

800 -

quench

600} / heat10°cis

400 - furnace reheat
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JLIXUH D 5HFRUGHG WHPSHPDW X3JHM LIRKOHGILRKOD WRPHFHOMHY WK

JUH\ OLQH SURJUDPPHG SURILOHPHIGBN MKREGQE\ SRLQW
GLVFUHSDQF\ EHWZHHQ SURJUDP P HR® HADHMK MG B3 IQWD I B
UHG OLQH &RORU YHUVLRQ + VHH 3"

*OHHEOH +HDW 7UHDWPHQW RI :HDU 6DPSOHYV

6DPSOH FRQGLWLRQV ZHUH VHOHRWW GQIR B DSUHGY R Q GV K M EUEHH\WUX
GLODWRPHWHU VWXGLHV 7KHWAKWDP.SOMNHZH & H VEHDLW KVGI® WHGR D
XVLQJ D *OHHEOH S

'65: FRXSRQV KDYH GLPHQVLRQV RI L& [WKLFNQHPP EHWRP HZ
DQG PP 7KH ZHDU WUDFN RQ "sHUVIIPREOMWDIVRILFD® Q\ ER PF
QHDU WKH PLG OHQJWK Rl WKH VDPYQHHS XQLDRUIPQPILFURVW WPPFW ]
VHFWLRQ DIWHU *OHHEOH KHDW W WHHD WKHQWKRUPBPDUIBREERQW 7
VSHFLPHQV PHDVXULQJ LQ PP 6QJQHQIPDKQ EWHW KHUHPDW WWMH® W
GHYHORS DFURVV WKH ZLGWK P PP FR IRWW W R X*JXHW E €@ HV\K$ I K IQRHHV/QY
GXULQJ KHDWLQJ RU FRROLQJ EXW WNAES VD@ I D/OKW KHHPIWOK J U D G
VSHFLPHQ GXULQJ ERWK KHDWLQJ DQG FRROLQJ

$ OHQJWK RI LQ PP LV WKH HADHHRMZMH BQ O\RKZHD BMIZHR G UV W\
VWDQGDUG QRQ WRUVLRQDO PRGHQ %ODRPNV PRBVXUL@P LZHPUHL
ILUVW PDFKLQHG RXW RI WKH 6 DERXW WKRH PDG RIDGIOXVWDRI WKH E
YLIXUH 7KHVH EODQNV ZHUH WKHRIZLUHLQO FXPPWBQUGWKQBRQK
EODVWHG WR UHPRYH VFDOH EHIRUH *OHHEOH SURFHVVLQJ
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YLIXUH /IRFDWLRQ RI EODQNV PDEXN\QBGHHRBAGED W RUR X0 K% X
GLPHQVLRQV PP [ PP PP %ODI®RNVPDEF®GQLDHUM F

*OHHEOH VSHFLPHQV

TKHUPRFRXSOHYV ZHUH ZHOGHG WR WKRH WXHHE®SHFVYBHEQL AHGY C
SRVLWLRQ LQ PP ITURP WKH FHAIQAVWZ RDW K\HURPRF R R S)Q BIXQRIF L
LQGLFDWHG E\ SRLQWYV $ DQG % 7KGDNIKGHOG QMK LV LQGLFDWHG

i B
g f—.
i 1127 mm
< 152.4 mm >
JLIXUH *OHHEOH VSHFLPHQ JHRPHWWWKHRPPRFRXS®MH ORFDWI

E\ SRLQWV $ FHQWHU ORFDWLRQ DRQA® WLQHLQRE OLQMP
LQGLFDWHG ZLWK GDVKHG OLQH

6SHFLPHQV ZHUH PRXQWHG LQ & WRIGHWHWW YWHRHO 2UWSVD PO
RI  OEI 1 GXULQJ WHVWLQJ WRRDY®H G WISHFQ PTHK®! @ K Ik NKGILDJEIV  F
$. BWHHO ZHUH XVHG WR DFKLHY HW KN HMTKK KHIDG W Z 8 UG BR/Q K. K
EHORZ WKH VSHFLPHQ DW D GLVW®D QER R WIKSISVRKHFRPWE OAX ULRQF H
ZDV XVHG DV WKH TXHQFK 10 XL GVDIQHO G LFRORMQOQMDRW S USMLY X U HN
WKH KHDW WUHDWPHQWY +HDWLQJ ZD VSSHUWRWLAHBY XXMHEHUSHIRIXRB K
WKH GHVLUHG WKHUPDO SURILOH D Q& QNRWKLH ORI HWKKRIUWRB VDB
WKLFNQHVV JUHDWO\ LPSDFWHG WXGIHMXHHQPVDIO FEUHIDGRLZH Q AP/ IVAKRIQ.



EHWZHHQ WKH FHQWHU DQG KQQ  7RP )RUZDW KH UFH FOHMY WK LF N G
WKH WHPSHUDWXUH DW WKH FHQDWUZ LSRRKIQW $ &R )LWKHHSURJUDP |
7KH WHPSHUDWXUH LQ IURP WKH\VFIEGWHEHHSQRLIBWD® G Q )A8] RU HV |
SURJUDPPHG SURILOH DQG YDULHG EHWZHH @ K\AHIWHPIDWD P\M Q MIVWIPGHGE) \
VWHHSHVW JUDGLHQW EHWZHHQ SRRIQWD X VG Q@ L% LR B WX R QHBQGX X
DQG 7& $W WKH HQG RI WKH TXHQW& EWW3HMWEH MXG UPD&O DWQIEG
WHPSHUDWXUH QHYHU ZHQW EHORZ QWM ¥HWHWHPRDSHIHDWWK G B U 7 IOH |
DQG IXUQDFH UHKHDWLQJ SDUWLRNMVRIQL@ J 2&W HISN WHHPS SHHIDDWX XUBIH
VLPXODWLQJ WKH VXUIDFH Rl WKH  PPWKODRRV W KRD® QB QLUR W MV
XVLQJ WKH *OHHEOH &RROLQJ UDWH VDIUGH WK H KAV DIFW W K R SSHOUD/
UHKHDWY DIWHU TXHQFKLQJ DV WKH SODWH RMHHPVSH U DU X B UX\LK
JUDGXDOO\ GXULQJ WKHUPDO HTXLOQEIUDMWRHHE @ W[OHPSPMHORS WRZ
LQ )LIXUH
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JLIXUH 7HPSHUDWXUHV RI *O H H EG®H UMKSHIUHR/IHG W U Q UL W K H RUX U
PP SODWH TXHQFKHG WR 7& WU DBQVQHD UXIGORFHUZ L W
VHW WHPSHUDWXUH RI 7& WR DFKLHQMWEZO®J WKH D/X® | EF
RI DQ PP SODWH TXHQFKHG WR ARH KHIDDVGHVA HQU Bl G XRJX
ZLWK VHW WHPSHUDWXUH RI 7& WRXDFHKLOIGHFDIVHG Z L6/
GDVKHG OLQH WHPSHUDWXUH UHFBOBHSRRWWVEH GHQWH
JLIXUH LQ EOXH WHPSHUDWXGEHQWREWIHGKH VPPSOR
% LQ )LIXUH LQ UHG &RORU YHUVLRQ * VHH 3"

J)LIXUH VKRZV WKH UHFRUGHG WHPSH WD/EXWHDSWRKIRQ2E LRI
J)LIXUH IRU ZHDU VDPSOHV UHBUHRMH QWD YH WKHN H/XH IDDFAWMHRI T X H
4 3 DQG E 4 3 7KH SURILOHV RI 4LPXP WKHWKRA@ D
JUDGLHQW RI 2& GXULQJ DXVWHQLWEKDOWWRSQ DQ@G& D& W& KKK LHQJIGW



SDUWLWLRQLQJ VWHS 7KH SURILOHV RI 248 GXULQJ DKFZAV B QIUW IG]IDH
DW WKH HQG RI WKH TXHQFK VWHS DQG 7z& GXULQJ WKH SDUWLW

&KDUDFWHUL]DWLRQ DQG OHFKDQLFDO 7THVWLQJ OHWKRGV

SHWDLQHG $XVWHQLWH OHDVXUHPHQWY 8VLQJ ; UD\ 'LIIUDFWL
SHWDLQHG DXVWHQLWH YROXPH IUDFMOL R @ P\HEVIXUBPW QR Z5H
:'5' ZDV SHUIRUPHG DW WKH $. 6 WHH O 5 HXWIDQF R KUR® L, X © RINDIGW DRVQ
%UXNHU ' 'LVFRYHU GLIIUDFWRPHW HIHWHEVSEH G7KIHWKR D O'L PLIDWHR\U
DQG RSHUDWLQJ FRQGLWLRQV ZHUH N® GRGH ER $/ HFDNPISFOQIL © U F\BK
F\AOLQGULFDO GLODWRPHWU\ VBIRSWHKN VW HURR FPRIGS O H QU MIKG \E H(\D E
PP LQ OHQJWK 6HFWLRQLQJ ZDVQ@RRBO{VRIQH OOF O VH W\WHRGHG ¥ |
SUHSDUHG IRU ;5° WKH VHFRQG KD OHVRD GI®R KU\DISKS MH) @ DR/D X \GIQE! Y F
IDFH WKH FXW IDFH RI HDFK ;5' VR@ SOH ZDPVUWKLGQHTEOLPHD ¥R W%
K\GURJHQ SHUR[LGH DQG SDUWV K\EKRH®XRUMKDFNQHRY URG®RW
LQ DV SHU $670 VWDQGDUG ( > @ X QDNFHGWKQ @QHG R [EFDFONH W
GLIIUDFWLRQ SODWH DQG VFDQQHG RSHAL]M RIUDQAHW AG D VBRHOP
V 7KH VDPSOH URWDWHG DW DQUSHHNG RYL %6 P LORW KU RKIKH W LI B W
SHDNV A~ -~ A~ >~ A~ ° DQG WKUHH DXVWHQLIHUSHDNVOYJHG WR
GHWHUPLQH WKH DPRXQW RI 5% $QDO\WHM QB Y MW IRQB BB/ XV LD JS!
PDWFKLQJ DOJRULWKP 5LHWYHOG DQWDSKMUV DY SSHWRRQRAG WRLRE
WH[WXUH HIITHFWV DQG UHILQHPHRM %R& & DWW & W KHS)REDPKIDWHIN ZE
SHUPLWWHG 7KH GDWDEDVH XVH&QIQOWKH IVGIONVW V LZ DN MK HR,@ W
'LIIUDFWLRQ )LOH + OLQHUDOV 'DWDKRV¥HK LV D RRPSYHKHQVLAH
IRU SKDVH LGHQWLILFDWLRQ FRPELPWQR @ FWK BURWROJIDQGFYRIG
&DUERQ FRQWHQWY ZHUH GHWHUPLQHG DFFRUGLQJ WR (TXDWLRQ

=; LtwvETrrvol

ZKHGBHV DXVWHQLWH ODWWLEM EDUPREVVWRQWE W RGDXVWHQLWH

+DUGQHVV 7THVWLQJ
9LFNHUV PLFURKDUGQHVV WHVWLQHQR LOLIOW WHR FHY WHYDPG G H

SRVLWLRQV RI WKH PP SODWH ZDV BXWRPORHG KIDWIGC QH&2W B VW

KDUGQHVV WHVWHU LV HTXLSSHG ZLAKK FOK KALH B VIKH\HR/OW Wi R3Q). B.DR 6 |



HDFK LQGHQW $ J ORDG ZDV XVHG DBQGC WQR HQWNHVWMHBIVPDSMHUD
ZHUH SUHSDUHG IRU PLFURKDUGQHVRSBHYRZHWH XQRHWRKMHG —P ILQ

6FDQQLQJ (OHFWURQ OLFURVFRS\
$ -(2/ ) )LHOG HPLVVLRQ VFDQQLQJIHDB¥WVRG MR b RIVFIRCH
4 3 DQG 4 7 PLFURVWUXFWXUHV REWDLQWGS | 4RO | GRIOHMFRKP W MFUN LKRH
GLODWRPHWHU VDPSOH ZDV PRXQWKW RS WILIFNDHDOR WAH RQERSU BEBR
VWDQGDUG PHWDOORJUDSKLF SURFHGPUG VD BR® SO HYLAHKUB QSR 8 UAF
SFW QLWDO VROXWLRQ $OOGPXWUQY \E R WKMWXK H\OZHM RSWOXDW i
ZHOO DV WKH 6(0 6(0 LPDJLQJ ZDV SWHDRBR HG 0 WQWRK BW b RO B! C
YROWDJH ZDV N9

"HDU 7THVWLQJ

‘HDU WHVWLQJ ZDV SHUIRUPHG XVLQJ WUQYDR\G SHE BETOZKHH
SURFHGXUH % WHVWLQJ FRQGLWLRHNV Y H@® WHKH. \U 1B EIU\DW D QIF HZ IRD & K
ORZ LPSDFW DEUDVLYH VFUDWFKLQJH DHRVAW GHNX.QW W Bl V W/ UGS RAKW
UHSRUWHG YROXPH ORVV FRUUHVB@PI ¥ WaR [Z® FWH D N WS OMEW D D IORRC
UDQNHG UHODWLYH WR WKHLU SHUIRUPQ®W®Y FHHX Q/GHLUWIMKEOH/P BEKD E
UHVXOWYV LQFOXGH VDQG PRUSKRORJ\ VD®G WERZUXEWH U \ZIXGIG X )
OLQHDO DEUDVLRQ GLVWDQFHWZKKHWR\@ B O G5 DEW D Q ERI QWKIDWW IV FIHL
VOLGHV DJDLQVW WKH PDWH UL DRL WKXPDHWH QFMHDDIX® FVWRVRQORU H KR
YDULDEOHV ZHUH FRQWUROOHG GXQLRY WOHBOMHL QJ 7HVW FRQGLWL

7TDEOH +'65: 7THVW 3DUDPHWHUYV

3DUD 9D (
5XEEHU :KHHO "KHHO WKLFNQHVV RXEEHBP 'XURPHW}!
6DQG *UDGH $)6
6DQG K) SFW *
6DQG )OOl “)
"KHHO “
7HVW 5X Pl
JRUFH RQ NJ
6DPSOH GL [
6DPSOH VXUIDFH ILQLVK 6DQGHG WR ILQLVK RI

7KH OLQHDO DEUDVLRQ GLVWDQFH HRU WWHVWWH QW \WR BIG LRW L R €
DW USP LV P 7KH UXEEHU ZK#HDOJ 2DNVWH\QIUIDFHG EHIRUH



7KH PRLVWXUH FRQWHQW RI WKH WDPE @B \D PR B WURIGVD\QZH E
DIWHU GU\LQJ 'U\LQJ ZDV GRQH L@ DQPRYHPXPWRI RQ& KRXY KB70
VSHFLILHV WKDW $670 JUDGH WHWW HIBBHBRLVEWU IS R QW @Q\
VSHFLILFDWLRQ ZDV PHW WKURXJKRXWWHI ZDWGENWHQ P LYHGUDV H H
YROXPH Rl VDQG WKDW IORZHG GXUEZQY BRQVLWWHQBHWKR® X6 R R B\
ZLWKLQ WKH UDQJH VSHFLILHG E\ $670 *

BWDQGDUG $670 * SURYLGHV GLP HRD VL ROV WD DXW DL KB O S

PP DQG EHWZHHQ DQG P PVWZOLVF 19 L BD WHGHEW KOANGBW KHDV
FDSDELOLWLHYV DQG WKH FKRVHQHADP B/&ID QV WIKAHN Q/RNYIVF R DV SRFF ZPA
JLYHQ E\ WKH VWDQGDUG 6DPSOHV ZHQUB ERRNMG GLVQKWKH VSHFL

[ PP PP UHFWDQJXODU VWHHRUEWRN VQGLSILHHFHHQWIR IDEF FARKKLQ

9ROXPH ORVV ZDV GHWHUPLQHG E\ ZHRUHKLIDQ CH D FW HAH BV VWHLV/Q
GHWHUPLQH D PDVV ORVV DFFXUDRGYWMBEWH®WRKHRORFM ORVV DD
FRQVWDQW GHQNLWR7KIUHH[VSHFLPHQV Rl HDFK FRQGLWRRQ ZHUH
WKUHH UHVXOWYV ZDV UHSRUWHG ZLWK VWDQGDUG GHYLDWLRQ
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7KLV FKDSWHU UHSRUWY WKH ILQGLQRV NI 2KKAKHI[ R OIXFBHQ \§ H
DVVHVVPHQW PLFURVWUXFWXUDQJFBE®QG D65 HAHL D WLROW K@U G B WX ¢
KDUGQHVV DQG 5% UHVXOWV DUH G DWDPHMIBULMNQ UG SDWWR 6 XWR (S U
WLPH ZKLFK IL[HV WKH WHPSHUDQX WH PI3®I® D YWXQBIF VKRS 8 WL QR HS
4 3 GHVLIJQ PHWKRGRORJLHYV DUH HPYBORBDWH BFZLXWKH U BY R AH WVWR
UHVXOWHG LQ PLFURVWUXFWXYU HR\E WIKPLYL BH VP LVE K R \GW IV X B @/ ¥ UWH WRIL
DUH KLJKOLJKWHG SUHOLPLQ IUWZEKHDRR QMWW B UFU® MWWFXX/FAM G L

+DUGQHVV DQG 5HWDLQHG $XVWHQLWH OHDVXUHPHQWYV

&RPSOHWH UHVXOWV LQFOXGLQJ 5% FRJIDWH QWD UBMUHER/QDRRIQW
LQ 7DEOH 6RPH FRQGLWLRQV ZHBB G\ SVIRRISHIGH B VI LWWKKH KTDXDGJQNHHY

+9 WDUJHW UDQJH IRU LQGXVWU LI0D V$IS OR BDAKILK® RR Q& DD Q HX

5$ DERYH YRO SFW DW WKH TXDABWHU SRQG R QDIOFR ORBQ & LW QRZLW
ZHUH DOVR H[DPLQHG DW WKH FH@WHUNVKQGW\XROMF#H DREOPEQRY\ZI
DQG HYDOXDWHG 5% LV UHSRUWHG I DWK AXBIOHFWKBIH RQGVZR ¥BPS
DQG DV WKH UHVXOW RI D VLQJOH VDP B®H XRI) MKHG 4V D FRQIG. VI HR)!
GXSOLFDWHG WR FRQILUP DQ XQH[S HRW WG QHW X W W RDIUERIH BQH G
+DUGQHVV LV UHSRUWHG DV DQ DYHUDJH RI  PHDVXUHPHQWV

6RPH JHQHUDO WUHQGYV FDQ EH REVHLEIG LQ WKH[SHNWE & VW
KDUGQHVV RI 4 7 PLFURVWUXFWXUHV @ FF R IHDUWRMWZILVFKY K Q AV HTRQW
IUDFWLRQV RI 58 FRPSDUHG WR WKH 4 7WRKLDPW RWKMHU X BWSOIHVH ZSKULREF
VXFFHVVIXO 4 3 VDPSOHV ZLWK 73 PSCRHRQWDLRHG OHVWRIGBWKDQ
FDUERQ FRQWHQW RI 5% ZDV ORZHVWEH@WZHHYDP SOV ZLWW BFW L
KLIKHVW IRU 73 EHWZHHQ DQG QFEWNEPWV ZKHHK H RQIGIN R
LQGLFDWHY WKDW HIITHFWLYH ISDPH® IGWUR QU IKIURDEW HJ H R B DEMWL Q §
TXHQFKHG PLFURVWUXFWXUHV FRQWDERUEIRRQ) GRQWRQWPRIV5E | L5} 4
PLFURVWUXFWXUHV LQFUHDVHV ZYWEWVEHPS FRIQQ U P K GV ZX QVH[ SHKRW
7KH YROXPH RI 53 LQ WKH DV TXHQFK MG RLHFSRWW G FADXOWXH ¥ M FAR Q
7KH UHVXOWV VKRZQ LQ 7DEOH D UGHL D EXD\OAM B G QX P RUKHH (G HD\VQ B LW |
IROORZLQJ VHFWLRQV 1RWH W KIDWML PO7 T XHQ F EENHHPFS SHHUBDHIA D Iy
LQLWLDO TXHQFK WLPH



7DEOH +9LFNHUV +DUGQHVYV 5H W\BDLERR $KVOMAIKQW H IR & 3 D\Q/G
$V TXHQFKHG 6DPSOHV 3URFHVVHG XVLQJ 'LODWRPH!

79 9LFN 6WDQ SHWD &
6DPSOH &RQGLWLFh1 IBRVLWLRDUGQHVNYLDWLRBRXRVWHQLXWH

J) 9+ YRO SFSFW
FHQWHU
4 3 TXDUWHU
VXUIDFH
FHQWHU
4 3 TXDUWHU
VXUIDFH
4 3 TXDUWHU
FHQWHU
4 3 TXDUWHU
VXUIDFH
FHQWHU
4 3 TXDUWHU
VXUIDFH
FHQWHU
4 3 TXDUWHU
VXUIDFH
FHQWHU
4 3 TXDUWHU
VXUIDFH
FHQWHU
4 3 TXDUWHU
VXUIDFH
FHQWHU
4 3 TXDUWHU
VXUIDFH
4 3 TXDUWHU
4 3 TXDUWHU
4 3 TXDUWHU
4 3 TXDUWHU
4 3 TXDUWHU
4 3 TXDUWHU
4 7 TXDUWHU “
4 7 TXDUWHU “
4 7 TXDUWHU “
$V TXHQFKHG QD “




(YDOXDWLRQ RI 4 3 30DWH 3URFHVVY DQG 'HVLJQ OHWKRGROR.

4 3 OLFURVWUXFWXUHYV
$Q LPSRUWDQW SURMHFW REMHFWLYHWZDRQ &&DSVWHR ®XF H YAHY \P
WKURXJK WKH WKLFNQHVYV O0LFUR M WIUDQF &/KHHWDR PHWIVP Z HU W K/HH W
DW WKH TXDUWHU SRLQW DQG WR DMKRHYH KXDUGRR VYV Z%W KK B XU
SODWH WKLFNQHVYV
$00 4 3 KHDW WUHDWPHQWYV UHV RO VWDMGOHD ¥ WF UR Y RO XSPWX §$
PRVW FRQGLWLRQV FRQWDLQ EHWZHH® |H 2y RRQSHAW DRGV FRR W/ BEQ
YRO SFW 7KUHH FRQGLWLRQV UHWDXR NGO MERYBY YRROSBWWD QC
FRUUHVSRQGLQJ WR SURFHVV FRQGLWLRQ@RV3NUXFW XUFHXRRHEW B 5Q|
GLODWRPHWHU VLPXODWLRQ RI 4 3 SORPWHI DUNLVKEEBEQ LY KRIXNUWK
PLFURVWUXFWXUH REWDLQHG E\ G LRJIDMR P HAPHIODIWE @D W KRSU R F
4 3 7KH PLFURVWUXFWXUH REWRDQ @QH & EM G XODW R RHNRLD W
PP SODWH ZLWK SURFHVV FRQGLWLRQ 4 3 LV VKRZQ LQ )L

JUHVK PDUWHQVI

7HPSHUHG
PDUWHQVLWH

J)LIXUH 6HFRQGDU\ HOHFWURQ PLFRJRIRIDERXRDIDMWOHO WKH FOHW
PP SODWH VHYHUH ZDWHU TXHQFKHXWHYV DQE8 KWHOIBQM
2& IXUQDFH IRU PLQ DQG V WR DFKLHYH D 73 RI



JUHVK PDUWHQV

7HPSHUHG
PDUWHQVLWH

J)LIXUH 6HFRQGDU\ HOHFWURQ PLFJRRIVERXRDMNODRKH ToXBU
DQ PP SODWH VHYHUH ZDWHU TXHQFKMH®&XRUHYV D § GWKUHE
D z& IXUQDFH IRU PLQ DQG V WR DFKLHYH D 73 RI

7KH PLFURVWUXFWXUHV VKRZQ LQWLRXOBWK PQG WIHQXWHNH FE
FRQWDLQV WKLEN ILOPV RI 5% )UHWKHDREY BDYWGEW QRWKE P IDFJUNRN/Q\
ODUJHU PDUWHQVLWH SODWHV PWHRRBQ MDY DQQIPORQ IFOHWED GHD S WH
RI WKH ODUJH SODWHV PD\ EH UHD BWHBFWRK WHK B S D @H @ W DD/XX\UWM R &
DXVWHQLWH JUDLQ VL]H ZKLFK FRXO @ HWHRER/GI® X FH\E HIBWX U R Q@ JP 2.DC
SULRU DXVWHQLWH JUDLQ VL]HVHRF PDWVH 3RRL FUKRY RUGAWXRUHV VR
GLDPHWHU RU URXJKO\ $670 *UDL@BKXFHVXWRY KD® V4 F/L PDRUKVL
JUDLQ VL]HV )LQHU DXVWHQLWHQUUIIORYHLIUB XV WRXQQ &/ LE]H QIF WIHHPSHH
PLFURDOOR\LQJ $ FRPSOHWH RAMWD REH @ IL BLFIRVOGI] FV X$OHO/ 4.3
FRQGLWLRQV SURGXFHG PLFURVWUXFWXUHV ZLWK VLPLODU IHDW X

7KH 5$ LV GLIILFXOW WR LGHQWLI\ XUHNPEKRZRXVD ) ILIX WHK H PR
YJLIXUH DOWKRXJK ;5' PHDVXUHPHQWDMM®RIQWWE LQ DQRUH YRD
YJLIXUH UHVSHFWLYHO\ $V UHWWHQMLIRHQV RR | DXK M B BL SAHR EW \DV SIJ
RI 58 DW WKH TXDUWHU SRLQW ZDY VWWJIBYV &KDBBEMHFW LW K H. @ RADKK
EH XVHG WR HYDOXDWH WKH VXFFHVV RHMWKHRQ F RARSTDIHVHGBWY 7
PHDVXUHPHQWY RI 58 WR SUHYLRXV 4 3 PKHFR WMUXGIVWHX/U 1Y VUHHVO/P
VHFRQG GHVLJQ FULWHULRQ WDUQHIVKDWIGQWWHFWDRQH LV GLVFX



53 &RQWHQW RI 4 3 OLFURVWUXFWXUHYV
7KH YROXPH RI DXVWHQLWH UHWRQYHE FRRP SDOHEOW R K5 B V8 DF F
4 3 VKHHW VWXGLHV LQ )LIXUH SERIW W HE 6 VS D O WGIF 4V 8 R3D W/ IDWH
SDUDPHWHU
7KH DPRXQWYV RI 5 PHDVXUHG LQ 4 3 CBQWWAWWHG RKS DHW
&HUWDLQ 4 3 SODWH SURFHVVHV H[RKYELWXES HDWPWR X QWAK iHi i WDSD W W/ L
YRO SFW GHVSLWH WKH GLIIHUH Q F®NQLQWSIHDMPMLRQY. Q B FRGHGL
DUH W\SLFDOO\ XQGHU PLQ HTXDDYHG | HE VBLODHN$IDE YWLIDLIR DX DK
WLPHV D PLQ WUDQVIHU DQG IXUQDFKHUPRWOW XREBHVVRKE SO DM
WHUPV Rl DXVWHQLWH UHWHQWLRQ FRUUGN SBQGDFRVZBRQV WR &G.
FDUERQ W R ZW SFW KLJKHUHOW DXW WRR XIWWSEWV B PBHVAB 3¢
ZLWK 73 ZHUH DOVR YHU\ \WXH B WH 0@ G D UHWRPGDUDERW WR
W VKRXOG EH QRWHG WKDW 0 KDM® WRIKRWW BKHR® AR NGIQRWN\
W\SLFDOO\ FRQWDLQ FDUERQ FRQWH KB\ DUHDVOKEU S RAWH RN DDQVE
7KH WKHRUHWLFDO PD[LPXP 58 RI 0 LVSFWRRUSFW DRR® SDYRIG S\H
.DKNRQHQYIV & * 0Q VWHHO > W KaH ONK KWKV B L QHIHBU WFKOHU KR QK YA V W
DXVWHQLWH DERYH YRO SFW DOWWRXIKFWYXYVXGRIDW QR W LUIRHI.U
DOOR\ VWXGLHG E\ &ODUNH DQG $RDXMR BEFW 5% BDQIGF WH\G CAOYHB
YRO SFW ZKLFK SHUKDSV UH®UMALRQW® JP R USIFVH IRH FPVD LLYRHX PS IV K
%DVHG RQ SRWHQWLDO WR VWD E L OMHH4D3X V WOHW® U W B W WHCGI WP R AW HV X
SFW RI WKH WKHRUHWLFDO PD[LPXP YXWIXKEMXRRURI WKHFRQWRH
YRO SFW 5% ZKLFK LV PRUH WKW QWLRRRH ¥ K MHVH DW P ROQWN | W H@ ¢
H[SORUDWLRQ RI DOOR\LQJ HIIHF NV SRHF \8 DURV I 3/ L RRQ QLI GIHHM SR QR/IH
HTXLYDOHQFH DUH LQFOXGHG LQ $SSHQGL][ &
6RPH OHVV UXRMDO/OXO YROXPHV RI 58 SODWH 4 3 WUHDWPH(
RI ZHUH LPSOHPHQWHG IRU WX®W\D URVUL W3 R QL @IUWWH P L O DI\WH
VLQJOH VWHS VKHHW SDUWLWLRQVQNZIRW WaHS V KIHGI®V G D WDVZZ W®O
RI PD\ QRW SURYLGH RSWLPD®\8HB WRVULWKRQWQDFKR G @ HW LLRIQ M L1\
VWHS SURFHVV 2QH VWHS SDUWLWERR QLSDUM)L WK R §WQR DR RIRON V8 UR
RU
2YHUDOO WKH SODWH 4 3 WUHCHVIPG! QW W Z HQLHQ D EDRXAW 1D @ LM HH
WUHDWPHQWY GHVSLWH WKH DB\ HWLRREIXF WV R F K M VWRZARQ & WRIDX_F
FRPSDUDEOH DW HTXLYDOHQW 73 DZAXG RXR QQIGLRN WHIYP\D R DSAD U WR W K
DUH FRPSDUDEOH ZLWK UHVSHFW WR 3% OHYHOV XVLQJ WKH +ROO



1-hr Tempering Temperature,
Equivalent to Tempering Parameter°C
100 200 300 400 500

T 1 T 17 T T 7

Kahkonen .3C 1.5Mn
Kahkonen 0.4C 1.5Mn
Kahkonen .3C 5Mn
Kahkonen .3C 3Mn Mo
Kahkonen .3C 3Mn MoAl
Kahkonen .2C Cu
Kahkonen 2C CulNi
Clarke .19C

Hensley 9260

Shutts 8260 1-step
Shutts 8260
Gerdemann 9260

Yan and Li .2C 1-step
Tan .21C 1-step
Matlock

27

24

21

18

16

12
Matlock 1-step

Araujo .2C
Araujo 2C V
Araujo .2C +Nb
Araujo 26-V
Plate Q&P 300M

Retained Austenite, vol pct
+HIENe 44 veOOmO+ c c@®bOe
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Tempering / Partitioning Parameter (x103)

YJLIXUH SHWDLQHG DXVWHQLWH DV DRIXGRWDRIG VRH GV & SV B
SODWH GDWD 30DWH 4 3 SDUWLWYWRQUYJ BOHWDWISS VKDIN
SDUWLWLRQLQJ GDWD LQGLFDWHG RQW KRRWMHBEENLQP
WHPSHUDWXUHV IRU HDFK WHP SMMGQJ SDUDPHWHU DUH D

(YDOXDWLRQ RI 4XHQFK 6WHS 'HVLJQ

7KH SODWH 4 3 SURFHVV VLPXODWKRQM ZHW BIELIOR ZIQQ W B FERHX QX
DXVWHQLWH FRPSDUDEOH ZLWK VKH HWHFWSYREHVVHY HERFKYDIOW E
SODWH SURFHVV FRQGLWLRQV WKKHIUPSFRUR DRV B3 RB M VAR HSDL
WKH TXHQFK VWHS LPSRUWDQW SURFWV V TXHOFKHMHGBILD ZRX® G GELHA
WLPH

$ VLQJOH DOOR\ WKLFNQHVV D QR GXRIQ® K LRH.G\LLID DHTUXH @ A B HAF
LQIOXHQFHY WKH LQLWLDO TXHQFK VW Y DHIUBW X UKL W KSDROIKHW K
EDVHG RQ SUHGLFWLRQV RI ILQDO P&HRURNKH BFW X P SIWLR & KR SIMGHHE
ZKHUH DOO WKH FDUERQ GLIIXVHRPW R VILXWLVRQQLLWY K QD QREUW K H. DXXWHV
WKH SUHGLFWHG FRQWLQXRXV OLQ K DDQSKPNEVIXDF® LRQFLRL 6K M
SODWH WKLFNQHVV IRU DOO 4 3 FRQBEL WLIRFQWL R QDI MWD & VAKHK @ B
WKLFNQHVV ORFDWLRQ LV SORWWHG DQ LDVIDOXF WX R QFKI WLHPRHS HB D W
DQG SURFHVV :KLOH LQLWLDO T X HQREKWMW RPBHHED BIXMW H_ '8 LORRAM \DV G
DQ LPSRUWDQW WHPSHUDWXUH NWRDWO RBNLEY @ V8 URFHIN O H V DRFPR XW|
SURFHVVLQJ
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Temperature at the Initial Quench Time, °C

OHDVXUHG 5% IRU DOO 4 3SWIDFPHS\WORIFRQGLWIDRQ®GY T B
SDUWLWLRQLQJ SDUDPHWHUYV \HOIWRIHQ DV BAXKQBW
RI WHPSHUDWXUH DW WKH HQG RI WKKH MXAH PKT X B/UHFS MW C
TXDUWHU SRLQW FLUFOH ORFDWLRQW K3RRI@GW E Q¥ XIKEXY RMLX
&RORU YHUVLRQ VHH 3")

)LIXUH

&RPSDULQJ WKH SUHGLFWHG DQG PHDVXUMXKIS$P DRAPXPH IUDFYV
WKHRUHWLFDO YROXPH RI DXVWHQLMH 4 3YRWRS AWV FIR\Q G RW/L B BW!
RI 5$ ZDV REWDLQHG E\ WKH  FRQGLFRWLIRRQY RT KOH J WHIDW WWWZ P D V
UHWDLQHG DW WKH TXDUWHU SRLG®W\RV PBIPYGHHIG3IUDFWLR Q@K O

YRO SFW UHWDLQHG DW WKH FHQWHU RU@ BQ L Q LAKIHD G DWXB GRK Q/
L DQ LQLWLDO TXHQFK WLPH ZKHUH BXVWB® RV 5 U A WH\QWLHPH Q W
RQO\ VOLJKWO\ RYHU D UDQJH LQ LX% W QDR QXWHIDRAKNVW MAKSH 8 D MGKLURH
IUDFWLRQ YDULHV VLJQLILFDQW G\DBRF®R BL W I RADR DWK W KNHH PG HW DDV
VHQVLWLYLW\ Rl WKH 5% IUDFWLRQ VKR QUWKH VWHHFSS & B B W QURHV D W O IR
SUHGLFWHG WUHQG IRU WKHVH UHVXOWV

2YHU D 7& UDQJH LQ LQLW LD G T5$H IQUMKE W IHPG DN WSUHG LW WHE
WR YRO SFW )RU H[DPSOH LI WPBIERQH WRHIHO 0T X HIQLFKK VEB R SHUD W
GHWHUPLQHG WR EH 7& XVLQJ GE& QR WR PRMWW K HQRRQRD B W\N R M LTAXHH
SDUWLWLRQLQJ RI FDUERQ IURP DPNDHJ WOIRMH VDI GV RR QR XIV. W B Q LTWKHH @ KH
PLFURVWUXFWXUH VKRXOG QRW FRQWWD LQ KUDHHE R'Q RHSIOUH\F iH & KD X @\
WHPSHUDW XWAHRQWIERYHVXEVWDQWLDO DPRXQWE RQ B$ FARWHKQ WL WKHD
WKH DV TXHQFKHG FRQGLWLRQ



7KH WKHUPDO KLVWRULHV IRU WXWYS&GDWHE&EK DB SSUREF HV WZHAD W
WKH SODWH FHQWHU DQG VXUIDFHDGW B VW DNFKH HHYQHG DR IP MOKLHP X ) W
$IWHU WKH LQLWLDO TXHQFK WKH SDDWHK M H A § MHWERIRIO HIBP Bl Q/GF
UHKHDWHG ,Q WKH SURFHVV GHWLDY WAPHES WK HE 5 KDNHG IDWFWKR Q
ZDV FRPSOHWH 7KH WHPSHUDWXUWWW WRW & MW WV HDQWW KHVOQLMYEBICD

DQG V FDQ EH FRPSDUHG WR WXHGPLQLMEOWHPSHUDWXUHYV

7TDEOH +7HPSHUDWXUHYV DW WKOH QQBXRI MHKRH H X B QY KK 16 V8 HIK L HDYQ
&HQWHU 6XUIDFH DQG 4XDUWHU 3RLQWYV RI DQ PP

TX’S(SY:VLI%%PSHUDWXUH DW LQLWLDO TXHQFK WIFKHLH¥X& G 2z2&LQLP>
FHQWHU TXDUWHU VXUIDFH FHQWHU TX

\%

\%

\'

$ VHFRQG SORW RI 5$ DV D IXQFWDRQ RQ WIHXSHUDW XK H WAMHF &
LQ )LIXUH UHSUHVHQWY WKH P MQHPX D W MPSH U Q WX UBIODTFXH & F K «
FRQGLWLRQV RU ZLWKLQ D IHZ VHFRIQUGE R3 TWKBHUMCHW 5 R O QX K@ VK
WKH SODWH UHDFKHG HTXLOLE ULXWP WKH. \L. QVFPLSDHOU [ WHEKQ FHK LW HAPKSHH U
VXUIDFH DQG EHORZ WKH LQLWLD@GTRXDFEW HUHES B HQ W VWORFHD I WR DR/
SRLQW ORFDWLRQV ZLWK LQLW{ DRRTX WRFRLW HPSRF WHP)S B KD \U K B M }
EHORZ WVRKH 00 7KUHH VDPSOHV ZHUH LG HWWLOLFGHIQF BLWXWPIS H U W
DERYW7KH ILQDO 58 FRQWHQWY DQG FDUERQHNQADW KB HQ W HWH BAKDLU
H[SHFWHG EDVHG RQ D SUHGLFRHG UR L WD @ KPIDAHN IFIDFIWAL IR QI DSW\H
EDVHG RQ PLQLPXP WHPSHUDWXUH K&HHO/SH HY SO BIHQV W R SI05-5V P i$ BV W K |
WHPSHUDWXUH 7& WKH FHQWHU @LFGV A & DWRY HRIUSR L \R GD B F VWP
ZKLFK ZRXOG DOORZ IRU SDUWLWLRDXQW HRQ LA EDR)G | H RFO P D Q WWHKQH
DXVWHQLWH PHDVXUHG LQ WKH WKUHH VDPSOHYV

7KH SUHGLFWHG PDUWHQVLWH |UDFWLRQOKINYWHD RE @ LR UPXPO
TXHQFK WLPHV LQ )LIXUH WKURXJKIXUKUH DOVYRIXKRZ W WH BRIX
IUDFWLRQV RI DXVWHQLWH DQG IUKWKSRDVW HQNEW HRWY K URX M KW KL
WHPSHUDWXUH DUH DFFHVVLEOH WHRRUBQLVOH BHKIRW HVIKI) B FRR @
PHDVXUHG 5% IUDFWLRQV DUH LQFOXGHG IRU FRPSDULVRQ
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JLIXUH VKRZV WKH SUHGLFWB® IRQO G R BDW HRYV WH URXBW |
DVVXPLQJ LGHDO SDUWLWLRQLQJ EHILQL\P X R HAUHHP B 8 O DONRFDHV LIRQ W
TXHQFK WLPH RU ZLWKLQ D IHZ VHFRGQGGV RGWHE §0Q UWILND RYHQF I
PRUH DXVWHQLWH LV UHWDLQHG D WHWKRF B WU FOF 15 WHKOLFE WHKE \& & DU
PD[LPXP YROXPH RI DXVWHQLWH LV D®SWH MOPDI\WA®\ D@6 EHOWRZ PDF

YRO SFW LV SUHGLFWHG WR IRUP BWHGKIFVFHG WIHUD DS TH D BWIH
SODWH FHQWHU WR PP EHORZ SPWWHMXWUXDFAHFH. Y VO SV M GLK DG G
SFW 5% 5$ PHDVXUHG DW WKH VX SFRVZDKH A WZWXQOH GDIQ® FWYR Q
SLGHDO” IUDFWLRQV DW WKH SODQWH EW QIVA U XCHIGF K XDULPMHRI SRY QX
VXUSULVLQJ UHVXOW

)LIXUH VKRZV WKH SUHGLFWHGLRKPXR WIDFESH RMW XEH B BKR
VKRUWO\ DIWHU D V TXHQFK 7K 8MHE GRLF W HGL FLQPD O FKDH/UHD W
)LIXUH DUH FRQVLGHUDEO\ GLIIHUWWHNG FFORSDAJ RG WE LW K BIO U
WHPSHUDWXUH )LJXUH 1R 1 WRHNRU P RN H QWDIOWHX H\) BKIHGIL B W HIB
WKURXJK WKH SODWH WKLFNQHVV ED&HBKR QHIL\D LRX RVW H P % R O DS/FX
PDUWHQVLWH ZDV SUHGLFWHGHRQRKRQP BEW W IGHRKO DWLAV RQOI LSKDW
WKH LQLWLDO TXHQFK WLPH )XUW KHW BRUB WW.KHQRW UBRBEWLR Q] D@/
FHQWHU DQG TXDUWHU SRLQW FRRQFKHLQRZLW KR P B S WWMX P Q 4 KILIW\
PD[LPXP RI YRO SFW 5% LV SUHGLFW HGWXR X\KHWKLYWSHIH B QEWTHA
ZDV QRW PHDVXUHG H[SHULPHQWDO QA\D DXPBI[EP X0 VRKR X YR OV K AW KD
EDVHG RQ PLQLPXP WHPSHUDWXUH @R QRWAVR QW FMKK B /6 KL H QNN ¥ W
RI *H[WUD" FRROLQJ RQ WKH SKDVH QU EBEFRWLHRHXY EP\DR RF-5 DR S R U WIDIXV
)LIXUH

7KH SKDVH IUDFWLRQV SUHGLFWH G FEKDLHG R QRRILQQPLXPL W HP S
RI V DUH IDLUO\ XQLIRUP WKURXJK WKAFS®RBVHM FRPBWY URIGVWSU b
VKRUWHU TXHQFK WLPHV DV VKRZWKH SODWH VXU |QRPMKLW S/FH@IDR
YRO SFW 5% DQG WKH SODWH FHQWWHR IDHMEDTXDUWRDO SRIWQHN DD X
PDUWHQVLWH LV SUHGLFWHGNQYRVINRUPHW KX RN GKI WIKFHVS @ QW HR WISL P
IRU VRPH SDUWLWLRQLQJ FRQGLWLR@AKHDD JVUKRIZPMH QY BHWEZHHQ SH
PHDVXUHG 5% IUDFWLRQV IRU WKL DI\ HMKFHK FONGELE RHR @R WULH BEF
PHDVXUHG 5% IUDFWLRQV GR QRW PDW8KVBIUMA TKW B EKSWD P H M WRD F\
ZKHUH VWHHSHU JUDGLHQWYV LQ 5% DUH SUHGLFWHG

7KH DVVXPSWLRQ WKDW WKH WHPERQDBW)RUH DHFREKY®E ZRQMKU
LQLWLDO SKDVH IUDFWLRQV PD\ VWYL OXOHEEHEKQ YRR VR $1)D PLFDHV |



SODWH FHQWHU GXULQJ IXUQDFH WRIJDIG/GH W IPRQ M PO H Q VW Wi |
IRUPDWLRQ RI EDLQLWH GXULQJ |IXUDQYIRFB | MAEVQW KHU | LLQ DLAV | R BFXUL\
,Q SUHYLRXV H[SHULPHQWDO VKHHW B BHWLY R B DHWR QWKPH ¥ H \5X
PDWFK WKH SUHGLFWHG YROXPH BY 38KIH 3RBX\LEXP I TKBIWHAK WHP S
5$ IUDFWLRQV DUH FDOFXODWHG XQLRHIL QUK H DN \GLR SHVLHRYF R |EIHG\HZ
DQG SUHGLFWHG 5% KDV RIWHQ EHH QG R WU LE XU IGWW R GAARPISHW L Q
SUHYLRXV 4 3 VKHHW VWXGLHV ZKLFMK H[DP QIEG YH OIUE RADR 1 IV .
SRSWLPXP 47 > @ WKDQ XDMVKIBMQ H[SORUHG LQ WKL
$ PHDVXUHPHQW RI WKH PDUWHQVLWH W UIRIDWRH FROWURQKG X U
PDUWHQVLWH LQ WKH ILQDO PLFUIRONLYXE®QX DK @ 08 HYHHKIPQ © DQD) NG
SKDVH IUDFWLRQV DW WKH RQV K& VRV SDFRUMXAWH. R @ UQH [R B SW KIH WLKGH
H[SHULPHQWDO YROXPH RI 5% Y Q. GIF @& DRD @ Z\RK WRIP IS W U D IVOXQ\H
7& DOWKRXJK WKH ILQDO PLFURYW UNXBWW UR® VZR X OUEH FHRAPD I IVWCH
DO> @ UHSRUWHG WKDW 5% GRHV QRW4Y DUDQJW \R HP DML FHIRZ® Y B UW
YROXPH RI [IUHVK PDUWHQVLWH I6QPSIONWVHI. WIKWKL 1 F U HIDVRL.QG OD |
IUHVK PDUWHQVLWH DOVR FR QEBAMH.QGEG ELDY @ D\W B O B K LEIKWAD U RZRIW |
REVHUYDWLRQ RI LQFUHDVHG IUHZDPWVPDWHQWLWH HEWEW @FUBEDD
RI D ZW SFW & ZW SFW 6U HDWRNQXWALQJ VDOW SRW KHDW W
$OWKRXJK WKH UHODWLRQVKLS EHWRHQ VYW PRG WRBTE B QM
VKRZQ DQ LQVHQVLWLYLW\ RI 58 WR 4R 2SS UHWE OGHBGPWK Q WX JR |
VLPXODWHG SODWH WKLFNQHVYV HV\D VE QM VW LRV LMQ LRV LSO WK H @ F/Kt
KDV DOVR EHHQ REVHUYHG SUHYLRX®& OD O® KKXHWWK 3 \UWDRGHHR/ H |
ZDV OHVV WKDQ #& 7KLV EHKD YZIRRXD 8 YA LIP DSPWWB QW DRUHA Rl 2C
SURFHVVLQJ LI LW LV JHQHUDB8W R QRWKRHUGD®OR QW D DIGH SWIOMUP B O |
E\ TXHQFKLQJ GR QRW OHDG WR OQVUW LOALIWHUHR RRVDD@ BEV TIRILV | C
SURGXFH WKLFNHU 4 3 VHFWLRQV VXEW DVOSTXOHMHK  WXLIEP\N KRHDU PGRRI
WLIJKWO\ FRQWUROOHG WR SURGXFH 4 3 PLFURVWUXFWXUHYV

(YDOXDWLRQ RI 3DUWLWLRQLQJ 6WHS 'HVLJQ
$ VXFFHVVIXO 4 3 SURFHVV GHSHQGVWLER GRYK WWKHS T X AR AKL@®
HYDOXDWH WKH SDUWLWLRQ GHVLUXQY R HW PRGIR ORGP FWAIRQVRI KRBZQ L
RU IRU DOO 4 3 DQG 4 7 FRQGLW LRQVVWIQ\GW A BW & B UE\RWY KR Q I
GDWD SRLQW ODUJHU GDWD SRLQWV FREBRVYSRQG WHR D UH.DAV M B DI



WKH OHIW Rl WKH ILJXUH 5% PHDWXBRGAVYQ WXIH-FDWHEHQAWKHD GRYQ
: YRO SFW DXVWHQLWH ZEDNGREWDWEHRQGMWMHRO@YVY TXHQF
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JLIXUH OHDVXUHG 5% SKDVH IUPRYGRWLRQVDOG 4 3 VIHROSCORZ
SXUSOH DQG JUHHQ DQG 4 7 RROBLW2 RQW REOPDB N\

IRU 4 7 VDPSOHVY UHSUHVHQW VD FSOR W DK GDWWD GHRYIQDNV
FRUUHVSRQGY WR WKH FDUERQ FRQBMO WKRIZQHRAD D@ HE L
YHUVLRQ VHH 3')

$Q RYHUDOO WUHQG RI LQFUHDVLEGY BB VZH® KQ QELHIVLQIRB V
VDPSOHV $ ODUJH LQFUHDVH LQDPSDHREZVMIKYHG LQ PRRAG BUHG W
ZLWK 73 DORQJ ZLWK D VPDOODKG LQF U HI) HQFHMWDNHQLQ DXV W
VWDELOLW\ FDUERQ FRQWHQW DOLWHR DBV H URCHIE E @ VERHMCH QW R

DYHUDJH RI ZW SFW FDUERQW\7TEHWZIQWQHBVH LQDE3GVWDE
VLPLODU 5$ IUDFWLRQV LQGLFDMRHV RV 653 W IV\X DWW D @ W& DBX GIHF R PXSI
UHKHDWLQJ $V IRU 73 WKH 4 BDERDRBQMAHRG R |FRKQ RAOALSD VHRS W
TXHQFKHG DQG 4 7 VDPSOHV LQGLFDWLYH DWKDW DUMBLRMLRQLDV SE

7KH 5$ FRQWHQW LQ WKH 4 7 VDP®®HW KHVDIVOTX A ® ENHFER PBQ G L
H[SHULPHQWDO HUURU 7KLV LGBNVEDMRY WKW GRHEW W R W VRAFX G I&
WHPSHULQJ WUHDWPHQWY DV PLJKIVOBHR'SRVVLEO D Q/GWH UWNWKSHIU
WLPHV OHVV WKDQ KU DW W HP®HIUDGLXDMAH GFHR\P\S OH\WD ) G H E R PGBR \
> @ 7\SLFDO 4 7 WUHDWPHQWYV KDYHWHBPBHOOQUEWYHDWPHERFF

DQG 7KH WHPSHULQJ WUHDMRBGWY XPHG LQ WHQ YW X G

V DQG 5% GHFRPSRVLWLRQ GLG QRW RFFXU



$Q LQFUHDVH LQ WKH FDUERQ FRQWKI® RIRWIKRR B $W.HP B/H BIDIW
ZDV REVHUYHG ZLWK LQFUHDVLQVYHG ITURH FD WHER QS FRQVOHW WHL Q¥ Ul
PLFURVWUXFWXUHV WR ZW SFW8 Rl ZW SFW DD@GG ZW SFWIRBW
7KH FDUERQ FRQWHQW RI WKHVH 4 7 \WKFHURNVWARGF WRQWW QW RRRISD
PLFURVWUXFWXUHV DW WKH VDPHER® ¥ LS/DVXILIW VRQYL X DWR ¥ RPACHJ
DXVWHQLWH GXULQJ HDFK Rl WKHVH WHPSHULQJ WUHDWPHQWYV

7KH KDUGQHVV GDWD PD\ DOVR SUFRYDIQGN R\D GLIKIND L QWKRI \§ B H V
DQG WHPSHULQJ WUHDWPHQWYV )LORUHXD UWHR B\R MOW K B WDPH\D\H
VDPSOHV DV D IXQFWLRQ RI 73 %RWK 48 ® @GWK7LRIFFUHDML QX FAB X |
GLIIHUHQW UDWHV DV VKRZQ LQ )LIXUQGG 4 3 $PUFAURY WU X FW XERIW KK
VLPLODU KDUGQHVVHV )RU 73 DQ&LJKHUWKH 6 GHWIYPW® BQ KO
VDPSOHV )RU WKH 4 3 VDPSOHV VEKB IQRMW L QOO KXEFHKWSOH BB H & €
PLFURVWUXFWXUH

7KH 4 7 PLFURVWUXFWXUHV UHVLVW HG R RWUKEG MWXIUPR U B KW R B ¢
WKDW GLIIHUHQW PHFKDQLVPV ZHWG DEFEUW YW LEQLIQYI WWUKHD W A R © MU
Rl PDUWHQVLWH LV UHODWHG WR H® WRKDWE R Q UEFFRRQWSIUWW £ W@R Q WG
WR DXVWHQLWH RFFXUV RQ D VIOFWLRQWDRFHWRFDDWHG ZLWK WKPS
SUHFLSLWDWLRQ RI FDUELGHV > Q@ RIQ4DNBWE HIU7VRLXE R R WW K FI\W)XE
*HUGHRDMBO@ VWXGLHG WKH KDUGQHVV RI ERWK 4 \BWMHH® 4 7 PLFU
BRIWHQLQJ RI 4 3 PLFURVWUXFWXUHV IURRP9 ZB& REWOUYWRG DW5R

7& 1R VRIWHQLQJ RI WKH DV T»KQEZPONGRENVHURHBUXIFWMIUBE KU
7&

2YHU WKH UDQJH RI 73 H[DPLQHG WKW HNRISRL@WVD JIEH ODDGLR
PLFURVWUXFWXUHV LV DSSUR[LPDWHIDZ DG QY MWD @1 MW R IUHV SMKM WRF
EHKDYLRU LV QRW H[SHFWHG WR EH ©L QH®UD @ &HDDS/ODX\HHIFPK RG K
H[SHFWHG XS WR 73 0 LV NQREHW RWXWH Y W BARY W H Q Z@&J>D \@
KLIJKHU 73 DQG DERYH WKH GRINBDQLH JUREPWHK HY UHD\E H FYKHRE |
JLIXUH
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)LIXUH +DUGQHVV PHDVXUHPHQWVUNRHWORLYW UDP 80 A AHUC
WHPSHULQJ SDUDPHWHUYV \HOORZUHHQ DY¥XI $XOCGFWR
WHPSHULQJ SDUDPHWHU $V TXHQFKG G LKDHGRRUR U QG UM
VHH 3)

(ITHFW Rl )XUQDFH $PELHQW 7HPSHUDWXUH RQ 3DUWLWLRQLQ.

7KH HIIHFW RI IXUQDFH DPELHQW WWR SHUBM R U & HR3Q LSD JLW K WH
)LIXUH D VKRZV PHDVXUHG 5% DV BPIXHQUEDIW R QHRIRIX UQD ¥ B FOECE
73 DQG W LV LQWHUHVWEZ®J WHKRH QCROWHH W®& D WL YR Ul XKD ¥
WHPSHUDWXUH RU 7& DQG LVDW HF FOUVHMSBIR DR QW A LIFHF V@ LVGK
)LIXUH E VKRZV WKDW IXUQDFH DP 8LHIQMFW HRRS MKHWKOIHG @ HY
VDPSOHV HLWKHU ,W LV LPSRUWOQW® W WRSO RN W XKD &/RW K H) RW QDIFE
SDUWLWLRQLQJ WHPSHUDWXUH E XV WH B WX D IQLDAKH WWKHP S B D BAM XWHH:
UHVLGHQFH WLPHV ZHUH VHOHFWHE WHR DFHPKXPHSGBWH MG 7S HERFK
DFKLHYHG IRU HTXLYDOHQW 73 )RUWBPSHUDWMWKMURD[ZRXP S8 \EHH
7& IRU IXUQDFH DPELHQW WHPSHUDW X)RLV 7RI DQEBKH ER[LPXY
SODWH WHPSHUDWXUH DFKLHYHG LQDWKIE WR:& IXRQDQFWKIDYV 7&8&
7KH UHVXOWYVY LQGLFDWH WKDW RVKB SWHRSHSDQWSWURPHQH N LODIS4
VXJIJHVW HTXLYDOHQW SDUWLWLRBD®JSIDUDRHWRHUBLITHUHQW XU
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JLIXUH D OHDVXUHG 5% SKDVHHVYZEWKRWHRSHINQQ J4SDVYDP &G
SXUSOH DQG JUHHQ DV D IXGHAWDR/QXWRH | XK B D/AHHDF

HDFK GDWD SRLQW FRUUHVSRQGV WHRQWWH FERDERH) EFDRD WK
OHIW E OHDVXUHG KDUGQHVV IRUQQIOSDY BPHWHIOWHYV ZL W
SXUSOH DQG JUHHQ DV D IXGHAWDRX RH | X&JRYDEW DH
+ VHH 3")

2YHUDOO WKH 73 PHWKRGRORJ\ AFWVXHFRRQYQ XV RW KGHR\PIDI@) L |
WUHDWPHQWY 7KH VHOHFWHG IXUQDFHUEN XD WHWHLY ORWU JA8 YR O X|

$VVHVVPHQW Rl 4 3 OLFURVWUXFWOWHY¥ SIRWL AFPWH. R Q HREI SEGDW
3O0DWH

7KH SURMHFW REMHFWLYH ZDV WRS®WRGX FHK # & @W FQR\HVEUXF @
DSSOLFDWLRQ ZDV DEUDVLYH ZHDUF UBOQV W DRQMO B DO W i HORIP SIORP
VXFK DV $5 ) $ KDUGQHVV UDQJH RR LQWHB IDHOMK R B YKL &K & W L GLHHDX
PLFURVWUXFWXUH IRU WKH LQWHQRKH R SWDPLDEG DIPFXNVOVR Q@ Q8 QR
IRU ZHDU SHUIRUPDQFH XQGHU DERM \ELHHHQ ZHI\DW DAEROQ. & IK\M GRIQRWJ KID3Y |

$ QXPEHU RI 4 3 SODWH FRQGLW LRWVQZIHGIGV FRMFIVHHEG | R K
SHUIRUPDQFH RI 4 7 PLFURVW U X F BHXQHFWR R GH RX UYD 6 R Q &/L ML RAY H:
WZR FULWHULD PHHWLQJ WKH MOUQHWS$KDUGQHVYV UDQJH DQG PD

BHOHFWLRQ RI 4 3 3URFHVV &RQGLWLRQV IRU :HDU 7HVWLQJ
$PRQJ WKH ILIWHHQ H[SHULPHQWDO & 3FWR @B DW LVRIQWW MKH ZEH
VHOHFWHG DFFRUGLQJ WR KDUBRHY & RRSWsHUF U )WHULD HVWRRDY



IXQFWLRQ RI KDUGQHVV IRU DOO 4 HOLQ\H A/VUBPSDWV PHDYRUBG\
FRQWHQW LV VKRZQ E\ WKH VL]H RGGIIBVYK GCDRIH FRLQWVRKH 6HYV
LQ )LIXUH ZLWK GDVKHG YHUWLFDO OLQHYV
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EODFN FLUFOHV FRQGLWLRQV &DM ERQLBDRQWIHYIGRE\UMHK
HDFK FLUFOH D VL]H VFDOH LVRAKRZ\OSR BB R] WR H RIQEU
VHOHFWHG IRU ZHDU WHVW L QR MRIH YLHUBLLFFDQV H GHZAL @K D U L

7KH LQYHUVH UHODWLRQVKLS EH®ZHWIQQEVWWEHKRYBQBO Y WH

YLIXUH LV QRW XQH[SHFWHG WEKRWKDGEHVLUW BULWHXQW WP 6
KLIKHVW DXVWHQLWH IUDFWLRQ GY¥HWWDHQRISG W R HD GHDR IO PLLVDK
$00 VDPSOHV ZLWK 73 DQG VRPHIPRDEDWGREV\ZHWRLAMBKLQ W
4 7 VDPSOHV ZLWK 73 DQG Z\M UHD Q O RDZLWVKKRXQJ KV KUK M 2 U7J

GR QRW KDYH RSWLPL]HG 5% FRQWHQWYV H\WBWLRJ IRGRHV ZGIPW BOS§
KDUGQHVYV YDOXHV H[FHHG WKH GHWMWMGHO FRPBRGHGHWR B X YKH-
FRQGLWLRQ ZKLFK UHVXOWHG LQ WKW D]LLIUHKW VWD YRQNKPW BDG3$H EW
4 3 YRO SFW 5% 7KLV FRQZHDVWL RVGIZWVYQIHOHFWHG IRU

&RQGLWLRQ 4 3 ZLWK JUHDW HAD ¥ D QERQ GIME MWFR P/MQVEG
HIITHEW RI WKH VWDELOLW\ RI 5$DRIQYRIOXWP \H RIIRAISP DYE FHHF HRRQUWHP DA
ORFDWLRQV IRU WKLV FRQGLW L FOWWEKRXHKL BF ®XGN & ULHQP BIODWY VI H U W
IRU WKHVH FRQGLWLRQV 4 7 FRQGLWXRQW Z HFRIP S MUK X\GKHHG ZIHD W K
PLFURVWUXFWXUHV FRQWDLQLQJ KDWIHYHYR OXR HDW RN HBSHW HHG PID!



PLFURVWUXFWXUHY 'DWD FROOHFWHG IFREPGE WA RW R PLHIWWHH 8 UHD/HI O
7KH VKRUWKDQG QRWDWLRQ XVHGWERUDE®RB 47 ZB\) XCGHIVDF HOBIRE L €
WHPSHUDWXUH LQ &HOVLXV

7TDEOH +t6HOHFWHG :HDU &RQGLWLRQWD \DXQUH &VNURRFL DL\VOIBDGV BR.R B
6SHFLPHQV

&RQG /RFD +DUGQH 53 YRC( &DUERQ
FHC
4 3 TXD
VXU
4 3 TXD
4 7
4 7

5HVXOWYV RI ([SORUDWRU\ '65: 7THVWLQJ

5HVXOWV RI WKH ZHDU VWXG\ DUH MYRPRYHJGIGQ QWRADPUHRI YR
9/ LQ PPHSRUWHG DV WKH DYHUDJH RI WHK D WKUHPIHO W ¥ WWDN HQ FR\
ZHDU VDPSOHV DIWHU WHVWLQJ DUHDYHSHRWKHIG G GE R BVEKOBIF U R VAD W
HDFK VDPSOH DQG DORQJ WKH OHQRW K IRJ GHDHKV Z\M B U WAL QD FINU H RLFD
YJLIXUH YLIXUH VKRZV WKUHH ZHDU VDP S &KV IIIRAH FIRIQVGILUN L F
WHVWLQJ +DUGQHVV DW WKH FE8 V$HU L@L PLH X UGIG L F D WIH\G FEH DO/DAUKH
ZLGWK RI WKH VDPSOH DQG LV UHSWRUWHPG QW W KR Y HIBHQRH W B
REVHUYHG EHWZHHQ WKH ORFDWDRQW WD MK LD R G @Z\DY ADR/P DIOK/HR 2
WKH OHQJWK RI WKH ZHDU WU D FHNR I WARKPH WHKEHD & H QO\GHLUFO MOHHG VER  GVIKY
LV UHSRUWHG DV WKH DYHUDJH Rl WHQ PHDVXUHPHQWYV

7KH ZHDU VSHFLPHQV ZHUH SURFHV\GHE QW VQIHY HORISEGHD OK
VSHFLPHQ OHQJWK GXULQJ SURFHVYLQDWXN IR WHKH ¥ Bl QMDHAUL RX |
SRLQW WKH WKHUPDO JUDGLHQWYV 2MIURIQ®Y R WX UGBV S BROL ORL/ XGIC
FKDOOHQJLQJ DQG UHVXOWHG LQXVWHGE SHUAKRISWMNO JUDGLHQWYV

7KH KDUGQHVV Rl WKH 4 3 ZHDU VD ESOHXDYURIFIHKVMH & KKO/Q QD ¥
SURFHVVHG XVLQJ GLODWRPHWU\ E\DERIMVV RY *GHMHEODH U5 HF K P
KLJKHU WKDQ GLODWRPHWU\ VDP SO HK/DE\GIFHS/R ZIDAD Q/RI@ \X Q LHR UGD
FDVHV WKH KDUGQHVV LQFUHDVHG /R DO RPD W KHWLIRRS D@ PDB OO
JUHDWHU IRU WKH 4 7 VDPSOHV XS WR FRHO0 G K&HH YAXUH. DARLW @ H. @/ K
JUDGLHQWY LQGXFHG DORQJ WKH VDPSOGHK\OWHHGE WR &XDSWHWOHHEC



7DEOH +5HVXOWV RI '65: 7HVWLQD D RGHPHIWXW HREU+D B DIOH ¥
&RQGLWLRQV

7RWDO*DUGQHVV
GQHVV IURP
GDPSOH&RQG@ﬁgégH/ﬁQV +06E8k%Uboworv R

WR (GJH RI
‘HDU 7UDFEN 95CGOLQH 9PYLDWLRMWRPHWHU

+9 6DP
FHQWHU “ “ “
43 TXDUWHU “ - -
VXUIDFH “ “ “
FHQWHU “ “ “
43 TXDUWHU “ “ “
VXUIDFH “ “ “
4 7 “ “ “
4 7 “ “ “
o=
)LIXUH :HDU VDPSOHV IRU FRQGLWHFRQWH '65: WHVWKXQJIDVKF

ZHDU WUDFN DQG ORFDWLRQV RI KDUGQHVY WHVWLQJ GC

7KH YROXPH ORVV IRU DOO VDPSOKLRRQBRPWWRQY WKH WHWRWVL
HVWLPDWH QR GLIIHUHQFH LQ YRORBID M RRQ EDW LREDMWH URH G| [FHHAWZ
PLFURVWUXFWXUH FDQ EH REVHUYH A R @ XWKH) ZVHLDQW WDH\VG X\Y B QEFHF
ZHDU VWXGLHV Rl 4 3 DQG 4 7 PLFURHVUURE WXQFHY WRYARVKRDOQ \EZH I
ZLWK WKH KDUGQHVV > @

6WDQGDUG GHYLDWLRQ LQ YROXPHGQRVV>L& FRFASBD DDKEDHG W RV
IURP W R +9 WR +5& WKH DYHUDJIHKYRO XAPH WORKWY MDRB I



KDUGQHVV UDQJH D GLIIHUHQFHR LY RNROKPHHGRMY XS INRG 2RB \
OHDQ DOOR\HG VWHHO SURSULHW® D\QIOMRYVFRPSRYH® LR UIR
> @ )XUWKHUPRUH 4 3 PLFURVWUXFW XX AW RXHW SZH W RIUP MG B V7 KL
7KH LQFRQVLVWHQF\ LQ WKH UH VLW ¥ HZG VDIE ISIHLYYLHR X YA DD W D |
> @ LV QRW XQGHUVWRRG DRB SO WHPS\ IS FELLHED WIRZDRIG [R(
'65: WHVW FRQGLWLRQV DOWKRXJK WKLV FDQQRW EH FRQILUPHG
7KH ZHDU WUDFN RQ DOO WH VW HX® U D/AKICSHY DRD G KR @ ILIK WO X
ZLWK D OHQJWK EHWZHHQ DQG PWKHE&ZIHDAK W DN WION BRQ W K |
HDFK ZHDU FRXSRQ ORFDWLRQ $ LDHRUXMHDFN LQKHUHKD BN RV WK
'65: WHVWLQJ KDV YDULHG ZLGHO\F\RYQODX® U H @0 ZS8WUFRD 0 DF @V DK
REVHUYHG 7KH VKDSH RI WKH ZHDSUWMYBBAW GWRINW\XK QRW KHOS FODU
7KH YDULDWLRQ LQ KDUGQHVV RIFWR N QWH VRUH & KPH. FUHRAXVD WX/F W
PLFURVWUXFWXUHV KDG RYHUODSSL QWK WG Q B \RQ WIDPISHOH \$ G G W\
XQLIRUP KDUGQHVV PD\ SURYLGH PRUH RO WKHVH ®D WDRR @ WXKFHN 2

)XWXUH :RUN

JXWXUH ZRUN FRXOG LQFOXGH D PRUHRBR¥ISO I WHWHUXSO BW W |
SURFHVVLQJ *OHHEOH VLPXODWLRRWIEHIVIOWWHOFU RRAH VO\LL QADIPS
WUHDWPHQW FRQVLGHULQJ WKWWUWREDY R BDNRIGKFWVWRKLKR IDREHPY RV
DORQJ WKH ZHDU WUDFN

7R XQGHUVWDQG WKH PLFURVWUXFREKHMVHYFROXWLROQ VEXRH®Y U
PD\ EH KHOSIXO LQ HVWDEOLVKLQO®WRMW MK B XHDAHVRRISEDVW LUWD R
PLFURVWUXFWXUH 7KH PDUWHQV IKWHT XHIFVKLRW YW SS D QGHQW M MVH WHK
WUDQVIHU VWHS DV ZHOO DV IRUPKMVOURRKX D BJ BOK P EBWHQWLLRADHV R
GLODWRPHWU\ ([DPSOHV RI UHFRUSGHD & XOQBWOLIRH DO O X & B 6 W.IOR R
VKRZ VRPH LQVLIKW LQWR PLFURVWUXFWXUH HYROXWLRQ



&+%$37(5 6800%5< $1' &21&/86,216

7KLV FKDSWHU SUHVHQWYV WKH PDLDLRBGHWRPWR B \F RQBH BR
H[SHULPHQWDO VWXGLHV GHVFULEHG LQ SUHYLRXV FKDSWHUV

'"HYHORSPHQW RI 4 3 30DWH 3URFHVVLQJHWWRIQFG SW DQG 3URFF
x $Q LPSRUWDQW RXWFRPH Rl WKLVHX¥RU® EZBW KRGR GR YHOR
4 3 SODWH SURFHVVLQJ 7KH GHVLHD RPFHWEKRE RO RH\HS/UR ¥
SDUDPHWHUV 7KHVH SURFHVVLQ I ®DWHKPHWHHIYP DU PRICGH
SKDVH RI WKLV ZRUN 3URFHVVL®JWSLPHD PSHOMKHY VDKILHF NLGH
TXHQFK PHGLD DOOR\ IXUQDFH WSHUDWHKU HWDPIE IIXUWQDF
UHVLGHQFH WLPH
x 7KH GHYHORSPHQW Rl D WKHUPD ®RREHI DY ® KWRROL &R
EHKDYLRUV RI SODWH VWHHO ZDV AHQ® WPHW WRGWRR JEH Y|
X 5HVXOWV RI WKHUPDO PRGHOLQJ UHYBW 6 HG3 SUREFHNVWY Q & |
7KH PLQLPXP WHPSHUDWXUH DW HDFRKXHU R F 2 WLLRQ PR QWRIR)
WKH LQLWLDO SKDVH GLVWULEXWLIRK) X Q\. TORWWIKA-KUL MY G &
DW HDFK ORFDWLRQ WKURXJK WKHJS®RRZAH GE WWHBWPW®&H G5
VXUIDFH UHDFKHV D PLQLPXP WHPSHUDMMXOH /W HVKGIDRQK
FHQWHU DQG TXDUWHU SRLQW FRQWHWKH ARR 8 LIGIF \I WHRIIL
WKHVH SURFHVV QXDQFHV ZDUUDQW WK \WR A §OHI YW K MALB D
KLVWRULHV ILQDO PLFURVWUXFRVRQMWIL QWGDWYIO] ® [ DPA_ MW
5%

([SHULPHQWDO 9DOLGDWLRQ RI 'HVLJQ OHWKRGRORJLHV

x 7KH FRPELQHG PRGHOLQJ DQG H[SHULWHN@®WBODMRKW M BRQI
SURFHVVLQJ DQG YHULILHG WKH XBVEOH V8D R WIXW QRFHQU H

X ([SHULPHQWDO VLPXODWLRQ RI 4 BREXFWE BURFRVWUXF R
FRQWDLQLQJ DPRXQWYV RI 5$ EHWZHNQUIDGB D QGR OXDFRUM E
SRLQW RI DQ PP SODWH

X 7KH YROXPH IUDFWLRQ RI 5$ ZDV VKRZQ XHRQ EK WHF 8 HUDY
WKDQ SUHGLFWHG E\ WKH TXHQFK VO H D BRXQ N/ ARH VDR GV
ZHUH UHWDLQHG WKURXJK WKH WNMR/XRIDMHW EDO W N HQKLKF
EHKDYLRU ZDV LPSRUWDQW IRU 4 3 SOBD@WVSURGKNFNGQE\
TXHQFKLQJ GR QRW OHDG WR KXJH GDOPBRHEAQARY LQHISEL!



WR SURGXFH WKLFNHU 4 3 VHFW L RQMW WHKKHF i PIRW 1S O\ W \L QL
TXHQFK WLPH PD\ QRW KDYH WR EH D8VPWE URW \UKRQW U R
7KH WHPSHULQJ SDUDPHWHU PHWKRG® GRR JS IZIDW L WXLARFGILMY]
WUHDWPHQWY GXULQJ IXUQDFH UHKHBWLKQI\ VEFFHV\DIZG
SDUWLWLRQLQJ WUHDWPHQWY 7KH IXUQMDFI3 BRELOIRW WF
DSSHDU WR LQIOXHQFH ILQDO 5% IUDFWLRQ

URSHUWLHYV RI 4 3 SODWH OLFURVWUXFWXUHYV

X

/IDERUDWRU\ VLPXODWLRQ RI 4 3 SODWHKSHR ZH WK Q W /WK
SURSHUWLHV IRU WKH LQWHQGHG DSS®QBWW L RDFR R V@G
ZLWK KDUGQHVYV OHYHOV EHWZHHQ DI LQWHQWHKE GH'
LQGXVWULDO DSSOLFDWLRQ RI 4 3HDHDW QG DWHR & RSEWD L ¢
(YDOXDWLRQ RI WKH ZHDU UHVLVWD GRH RD@G PXEBRVY WK
WHVWLQJ ZDV LQFRQFOXVLYH KRZHYHU



5()(5(1&(6

' . ODWORFN DQG - * 6SHHU 33UREHVYLDQFAEGE RUNKX QWW HIQV \
6WHHOWHULDOV DQG ODQXIDRWXUL@IR3URKEHVVHWS =

/ :DQJ DQG : )HQJ 3*HYHORSPHQW DBIG® HNSHA T D GHALRE RV H HD §
%HUOLQ +HLGHOEHUJ 6SULQJHU 9HUODJ SS  +

$ - &ODUNH - * BSHHU O . OLOOHU % [ +DOANM@QEFNJ) '&9
5L]]JR . ' &ODUNH DQG ( 'H ORRU 3:&DWERIY RP WW UW HRXYLLQUHW
%DLQLWH 'XULQJ WKH 4XHQFK DQ G LFDUDNE WWLHREXNPEH § DBVUHRFLHDVO/L
YRO QR Ss

3 :ROIUDP 2*7KH OLFURVWUXFWXUDO LB S$XQYGHHFIHVRII ERQW B HY
BWHHOV ~ 0 6 7KHVLV &RORUDGR 6FKRRO RI OLQHV

& +HQVOH\ &RORUDGR 6FKRRO RIRXUD RV $ XK W/EHKQ W3HHDORIQWIDK |
6WHHOV "~ 06 7KHVLV &RORUDGR 6FKRRO RI OLQHV *ROGHQ ¢

5 <RXQJEORRG °3+HDW 7UHDWLQJ 5BXBRQWSEROLFDWEWREHON |
7TKHVLY &RORUDGR 6FKRRO RI OLQHV *ROGHQ &2

7 /LX 0 7 .LVHU DQG 7 ( &OHPMWQXWMVRIQH/RE BW QHRMVR ¥ EUDX
RI 6WHHO 30DVONMWHUQQWLRQDO 6\PSRVLXP RQ WIEWBBBNQW 'H)

+

6 & +RQJ & - $KQ 6 < 1DP 6 - .LPQ&% + .<DRQWORENG6SHHU
30HFKDQLFDO 3URSHUWLHV R + L YKKEL 43XCHIW K LEQA) HIHQDG 3 MRIEWX EW
SURFHWWDOV DQG 0DWHULRAV ,QVQRUQDISLRQRO

© =KRX < 6XQ 4 :DQJ DQG / 'LQJ 33DHWWWLIRIXHIFKWLR B HY/
$OOR\ :HDU 5HVLERWDQIMOB6RIHIDONH YIRBIDOV 5 K)\RHD US & +

* TKRPDV 36LPXODWLRQ RI +RW 5R&GIHEG/ $5GWHH B G RHG ¥ K V6 MR
*OHHEOH 6\VWHP ~ 06 7KHVLV &RORQREZR 6FKRRO RI OLQHV *

$ / $ GH $UD~MR 3(IIHFWV RI| OLFG RROGRSR@IORG 4R3W6 BVRHHDH
7TKHVLY &RORUDGR 6FKRRO RI OLQHV *ROGHQ &2

- " 7DQ ; / <DQJ < % X = 3 +X )<XHORG ' =KDQUIKFW RI
JHUULWH 6WDWXV RQ OHFKDQLFD O \3URSOIIUKHG D RE 8RDW VE R\ OR
ODWHULDOV 6FLWR®FH )RBRP +

0 & 6RPDQL ' $ 3RUWHU / 3 D.QWQ DD@EQHQ 032 VYD6XL.QQRYL
3URFHVVLQJ RI 1IRYHO 7RXJK 'XFWOL\O AKSARXUB 703 KAGWSWHRE HW K L
SRXWHWHULDOV 6FLHRIFH )RUXPSS +

- 6XQ + <X 6 :DQJ DQG < )DQ 3EWROGKWRIR@L FOLAFWWR V WRMX X WD
OHFKDQLFDO 3URSHUWLHV &RU RWECDWLRQ FQBQRRROPEWUR / 1%
4XHQFKLQJ DQG 3DUWLWDRGILQD OV 36 FBVHIQHFE PRG (QJLRIHH UL Q.

- 6SHHU ' . ODWORFN % & 'H &RRPRQ 3DQ® - Wt REAKLIRMIKW R
DIWHU 0DUWHQV L WS$F WD @DMWRABEODWLBYXR ® SS +

$ 0 6WUHLFKHU - * BSHHU ' . ODWORFKLOQ® G &D HVE R/RF



5HVSRQVH RI D 6L $GGHG ,7BWHUIQHDHW. BRQ/DIGI BRQIGIUHQFH RQ $G
BWUHQJIJWK 6KHHW 6WHHOV IRU $X®RPRWLYH $SSOLFDWLRQV

. ODWORFN 9 ( %UDXWLJDP - * -6SHBBHBU( *®%33OWE DR RI
4XHQFKLQJ DQG 3DUWLWLRQLQJ 4 3 3URAHWR WROR \HEG WORJ &I
6WHPRIOHUPHF 3URFHVVLQJ DQG ODQXUDPWROLQJ+RI $QRDQFF
SsS +

$ - &ODUNH 2&DUERQ 3DUWLWLRQWB JL ROV RLOX.VFWR 8 GRLRAHV DULRY
BWUHQJWK 6KHHW BWHHO ~ 3K ' 7KHRDWGHXR®RUDGR 6FKRRO R

7 1\WVRQHQ DQG & - 9DQ 7\QRI| WRSILYWRBO FRG 190 O WHIQ VLW
7UDQVIRUPDWLRQ RI 4 3 6WHHOV ~ $683&& 5HVHDUFK 5HSRUW

- .DKNRQHQ 34XHQFKLQJ DQG 3DUWKQWDRE VO JI6EIOVSERQVEK RHW|
&RQWDLQLQJ 1ILFNHO ORO\EGHQXP $OXRIROAUDGR &RIBRO R
OLQHV *ROGHQ &2

0 - 6DQWRILPLD / =KDR 5 3HWURYDQ@G .ZBNHWYPDN : * 60|
SOLFURVWUXFWXUDO 'HYHORSPHQW QXIUQ.D 3 URKH VUWX HQFB LIHZ O Q
'"HVLJQHG /RZ &DYEWDQ 6WWMEODOLMR SsS +

'H .QLMI ( 3 'D 6LOYD & 3I6MKG\ RQG HDWHWHRWPHQW 3DUL
.LQHWLFV RI 4XHQFKLQJ D@B®WBUWLOAN REOL1YQ RHYARIMHY 7HFK QRO
SsS +

+ . ' + %KDGHVKLD DQG ' 9 (GPRQGLMR G 7KH I OILQLFRH 76)/DHHY
OHWDOOXUJLFDO YBDQVDRRLRQSYSS =
( 'HORRU - * BSHHU ' . ODWORFN(I&HFWI RU 6 D Q$0-D QIBQIR. Q

$O0OR\LQJ RQ 7HQVLOH 3URSHUWLEV VZEWIDR QWBEUL\RAXH QFIKH. QB H
DQG 7THFKQRORJ\ 0857 +

0 ) *DOODJKHU B20LFURVWUXFWXBW HHOHNOKFEEWOWQLQ J7 53 60
3K' 7KHVLV &RORUDGR 6FKRRO RI OLQHV *ROGHQ &2

- * 6SHHU ( 'H ORRU $ - &ODUNGE $IVQEVVPH QRR U 4X8HILAKLLRX
SDUWLWILRQHQUDOV 6FLHQFHW PQG 7THFKQRGRBJ\ +

0 - 6DQWRILPLD - * 6SHHU $ - &OMUBMKHOF+KRR, OQWIGU4 DEFIH
ORELOLW\ RQ WKH (YROXWLRQ RI $XVWMNQLQH SODQNDAR\LIWH *U
ODWHULYIRILD QR Ss +

$ - &ODUNH - * B6SHHU ' . ODWORFNDQG& 5L]§RQWRILMBIPRQ
3 QIOXHQFH Rl &DUERQ 3DUWLWLW®LQUD ARV FYUR Q J) U® B Q FKX
3DUWLWARWQLSWD 0 DWRKOU L D OQ.® Ss +

$ 6KXWWV 35RO0LQJ &RQWDFW ) HWVIHG E\HA/XHQFRKRQJ D@® HF
SDUWLWLRQLQJ "0 6 7KHVLV &RORUDGR 6FKRRO RI OLQHV *R

6 <DQ DQG ; /LX B30LFURVWUXFWXUH DL 6 D0HFK®@ @ WHHID 3UREMH
2QH VWHS 4XHQFKLQJ DQG$&YDW EWG RIPVOH UMBROAMHYM VBB U F Kt

' 7 3LHUFH ' / &RXJKOLQ . ' :LOOGOWWRQ $ ©DESIRFWH D-Q
'H ORRU 30RVVEDXHU 6SHFWURVFRS\ LGHW WQ JDXWM IQEQ HRG DUQDEQ
3DUWLWLRQHGREWHEDQIVQRI WKH ,QWHUQDWLRQDO &RQIHUHQF
7UDQVIRUPDWLRQV LQ ,QRUYRQLF GBSWHHLDOV



- * 6SHHU $ / $UDXMR . ODWORFN6SHMUG *1E 'BILEFRRD OD@GL C
1H[W *HQHUDWLRQ )ODW 5RO@IMEHAM. BB U V6 FEPRTFH U RQIRP ~ =+
Ss +

* § 7KRPDV ) 'DQRL[ - * 6SHHU 6 : F&KRPERRIWREGGH &XY
'LVWULEXWLRQ GXULQJ 4XH,®FKLQOWHOERIM RWIR. RQLYS =~ =+

7 3LHUFH ' 5 &RXJKOLQ ' /HQLOPLDRODYNH .LKN|GODUNH
6SHHU DQG ( 'H ORRU 34XDQW LW DWW HQH HQR IHVRPLSIHD WOLWR 1 ULHQ RV
DQG $XVWHQLWH (YROXWLRQ GXULQUWUWILRAMREISWBRIOD 4XHQ
0D W H U LYoROOL D SS =

3 +X\JKH / ODOHW 0 &DUXVR & *HRHQBWLRQGKA S*RGINWVE HHQ
OXOWLSKDVH OLFURVWUXFWXUH DQG WXHQIFHKAHKD Q QD ®D JWRLSMHLL
BWHBDWHULDOV 6FLHQFHYR@MJIJLQHMRILHEH XDU\ SS +

- $ +DZN 5 ' :LOVRQ ' 5 'DQLBUDQE W :ADEHBIUOXYHV ~
+DQGERRNV YRO )DLOXUH $QDO\VLYDDQ GBWH Y HIDAWL RQ U K 6 |
SsS +

0 - 3HUH] 0 0 ,VQHURV DQG +QRFH/RB B K+ Hi0R S5HKWLW RS H U H
'XFWLOHHDRYQRO SS +

- + 7\OF]DN 3(IIHFW Rl ODWHULDO RBRE HD QG HR RRQY RERUDLQH H
) ODWHULDOV 3DUN 2+ $60 ,QWHUQDWLRQDO

- - &RURQDGR DQG $ 6LQDWRUD QO3BDHNLVFOMHQEIH HR (10 R PAW @B C
ZLWK 'LIIHUHQW 5$D&RRW HQWSS +

/I & &KHQJ % :X DQG & 7 +X 37KHBWGAEHHM DQFIRIDWUWX HW K
' 7RRO 6VRXKHQDO RI ODWHRIODO 6BISHQFH

- 7RQJ < =KRX 7 B6KHQ DQG + 'HQJ$)XVWH QQVOX HQF+H. R4 BHW
&DVW ,URQ RQ ,PSDFYHBBYRYLYH FHDU "+

) %RXFKDXG 1 S$LFKRXQ - ODXJXLQ DQ\HR O6UHRXNDEWRGE 5KN
$,67 ,QWHUQDWLRQDO 6\P SR \PIHXPWR/QL O K3HD B W F5i GBABI HIOYWH O R ¢

2 +DLNR O 6RPDQL ' 3RUWHU 3 .DOWIXRHP@GDULVRIQ BRQEP IDE
$EUDVLYH :HDU &KDUDFWHULVWLFV DQ'@ 3BDIQGR'URBEWHARIH'Q BKH
DQG 3SDUWLWLRQHGHDUYRGBWHHOV SS +

6 =KRX . =KDQJ 1 &KHQ - *X DQG < GWQH QI WK H\RML UIR\WD OR
30DWHV E\ 4XHQFKLQJ 3DUWLW LCREQLH IRIH PGHWLHHUIQRFHVV 6X
,QWHUQDWRICRQD MR SsS +

0 & 6RPDQL / 3 .DUMDODLQHQ ' (¥ DIERADWMWH.IR QDRIGW KH @ IHWKUWDL
SURSHUWLHV RI D +LJK 6L 6WHHO 3URG HB\DMHNGLOBMMRIULLLDIONF W 4 X
6FLHQFH MRIXP = SS +

* _.UDXVV 37THPSHULLQJ(RE 6AMAIBDMO7UHPWPHQW DQG 3URFHVVLQ.
ODWHULDOV 3DUN 2+ $60 ,QWHUQDWLRQDO SS +

0 & 6RPDQL ' $ 3RUWHU / 3 .DUNMDOD+tIQHQ 70HWKRGP KRU L
ODOQXIDFWXULQJ D +LJK 6WUHQJW KHEW WXFeWXWDRWW B IOt WRIE
8 6 3DWHQW 86 %



© 7DQ < :X ; <DQJ = +X ) 3HQJ ' X FWQEH (MRDIXWLRQRY
OHFKDQLFDO 3URSHUWLHV RI D +RW W\R OV HRSQ'H G HSRWAHOH\O4 & R Q RIC
3URHXWHFWBD@®HHUDOWHFLHQFH PRG (QJLRSHHUKEQJ $

< ;X : 7DQ ; <DQJ = +X ) 3HQJ ' :RI DRGWLWRRQLYIIBBWF
RQ OLFURVWUXFWXUH DQG OHFKDQLFRZ®HQURSHU WQIEV3R UWR W U
BWHBDWHULDOV 6FLHQFH PRG (QJLRSHHUKEQJ $

. 7DQ < :X ; <DQJ = +X ) 3HQJ ; -X WUXKWRQIE DQG 7HQN
'"HIRUPDWLRQ %HKDYLRU RI D +RW 5RO OMGO'\L BBIBW DW KR 8 B 6 KaA
&RQWDLQLQJ 3URHXDWHHWFRLGY ) BIEIMRWAH )RSEP  +

0 6RPDQL ' 3RUWHU / .DUMDODWQRRQ MIQE& 3 3HRAMNVEQDBK
WKH '"HYHORSPHQW RI 80WUD KLJK SQWHQIDWKLRROIX ‘RRWQOB
OHWDOOXUJLFDOYRQJLQBRULQSS +

(1 OHWDOOLF ODWHULDOV27HQVLGHVW\DMW. @PBEIMHOW OHW
THPSHUDWXUH

0 & 6RPDQL / 3 .DUMDODLQHQ 0 (URPNYVRRQDQ @ KD QOH\HQE
OLFURVWUXFWXUDO (YROXWLRQ LG DRW EIHDIUDQ G 6\ H B 6 KLL@® W K

3URFHMWY- ;QWHUQMRWL R Q DYR Ss +

0 & 6RPDQL - , +DQQXOD $ - .GLMPODROWRU' 3$Q0E8 50D DV
'"LUHFW 4XHQFKLQJ IRU WKH '"HYHORSPH GWJE GGV B HRB WKV &Y B HRC
ODWHULDOV 6FLHR®FH )RBXP  +

) +DM\DNEDU\ - 6LHWVPD 5 + 3KIMURYDQGOQL\DRRMAR 3% 4XDQ
,QYHVWLIJDWLRQ RI WKH (ITHFW RIWDO6HURSHIDWLRE RQ4KHQRK
SDUWLWLR Q@FQUL W HH®WRKULD OB +

+DPUH B(0LFURVWUXFWXUDO 'HYHORSPBWYWW PWEBHOD RRAWD ¥“
8OWUDILQH )HUULWH "~ 0 6 7KHVLROGRMREDGR 6FKRRO RI OLQF

- 6 3DUN DQG < . /HH 31E & 1 SWKHF AIUVOD WHREH JLRIQWRIFD LR
1E OLFURD OO R\FWGEL 8 W B HODWRKOU L D OQ.® SS +

7 | %HUJPDQ DQGXQGDPHQWBOV RI +HDW WK Gl G D YR E/RINDRXY | i
-RKQ :LOH\ 6RQV ,QF

- 7X * + <HRK ®ORRSEWOWLRQDO )OXLG '\QDPLFQYGS$HBUDFWLF
2[IRUG (OVHYLHU

& /L DQG % * 7KRPDV 37KHUPRPHRGBE Q LFID®KH®@ WoHH KOM PR Q W
&RQWLQXRXV &DUYWWQDODBXKBWHHO® DQG ODWHWLDOVSBUDQW¥DFWL

*( 7TRWWHQ DQG 0 $ + +RZHV V6WHB8O tHDWRWNHDOVDRHEOW H
1QF
+ 6DGLT 0 % :RQJ - 7DVKDQ 5 $OHWHKDRGQDWQRQ RI GWBHR

(PLVVLYLW\ IRU WKH 7HPSHUDWXOH) BB BB UK AWRQRIIOBHOE RIU X F W X L
ODWHULDOV LQ &LYR® (QJL@RHHUISGJ +

. 2NDPRWR $ <RVKLH DQG + 1DNDBHF3WXH@® K 6iH\EG DeANCHHIA \
DQG LWV $SSOLFDWLRQ IRU &RPPHBKARDIOF BORFHHIW B B D XDLIG R U R
AXHQFKHG 6WHHOV B3URFHHGLQJV RI 706

% * &KHQJ 0 /XR DQG ' 6 /LX 3+LJK 6WQUHQJEWKH HRDZ 3FOMUNEHRY



7DLORUHG OLFURVWUXFW X,WHR @RIENLRYZ) < LAVPHBHDP\Y NRRIJ S S
+

5 . :HLVV DQG 6 : 7KRPSVRQ 26WQ HIQUHKFMW' LIXHQKF KA B VD BDIEWZ
DQG 4XHQFKHG 3GEBWH BMCHBBWDA@XUJ\ Rl 'LUHFW BXHQFKHG ¢
706 Ss +

* (  7TRWWHQ DQG 0 $ + +RZHV (GW W1i3QURERRQ LODU WIHKDN VY RS
7UDQVIBWHH® +HDW 7UHDWPUPMO+BIIGERRNQF SsS +

& 5 %URRMWFLSOHV RI WKH +HDW 7UHDW FRH (bW IBH6GWDLQ &DUE
,QWHUQDWLRQDO

< OHQJ DQG % * 7KRPDV 3+HDW 7U B@VRH & RQ\E LERMROGL BL.OFDEV
&21 ' OHWDOOXUJLFDO DQG 0DWHUWLDOVQRURGWREMURGS % +

' 3 .RLVWLQHQ DQG 5 ( ODUEXUJHAULES$ Q8 QWKUD W HXQMWVR R @/ KB
$XVWHQLWH ODUWHQVLWH 7UDQV IRV MIMEL RQDILQ BN RIOR QWEH
OHWDOOYRILFD QR Ss

* $ 7TKRPDV 3$ 6WXG\ Rl 3DUWLWLRQLQJ30HHRNQLYWHLNVWBHY\D W
6WHHO ~ 3K ' 7KHVLV &RORUDGR 6FKRRO RI OLQHV *ROGHQ &

'H .QLMI ( 3 'D 6LOYD & 3I6MKG\ RQG HDWHWHRWPHQW 3DUL
.LQHWLFV RI 4XHQFKLQJ DO@BGWEBUWLOAN RBEOLBQ RIARIY 7HFKQRO

+

0 - 6DQWRILPLD / =KDR DQG - ROKWNRED RO LF ORZWDXIERQUY
DSSOLFDWLRQ RI TXHQFKLQJ D QIGN S UNADLUWLIRID. @X WKW Bl QY LW/W HD\
OHWDOOXUJLFDO DQG ODWHULDOVXTOUD Q¥ B FODVRIWY 8 O3/K BV L D
QR Ss

* ¢§ 7KRPDV - * 6SHHU DQG' . ODWORFDNWLRRQRLGHUWHDWLR (
HAXHQFKLQJ DQG 3DUWLWLRQLQJY &FQFAHRSWAHW R DR MR BR@O&REQ ¢
RQ 1HZ '"HYHORSPHQWYV LQ $GYDQFH®S+LJK 6WUHQJIJWK 6KHHW 6

) / + *HUGHPDQQ - * 6SHHU DQ@XFW.XW0BWQRFANDUGLFHNRW W
+HDW 7UHDWHG E\ WKH 4XHQFKLQUVDQBQBDIBNLWLRQLQJ 4

+DXVPDQQ 375,3 $VVLVWHG 7 KM B KDHHINREWMHHON HQWK W L% DL
RI $OOR\LQJ (OHPHQWY DQG +HDW 7UHDWBRYWUWRXFWKDWN 7TDNQC
OHFKDQLFDO 3URSHUWLHV =~ SS %

66$% 3'DWD 6KHHW +DUGRI[S :HDU 30DWH ~

7 2KWDQL DQG + .XQLWDNH 3:&DQAYODWRYIJRVURID\ERRDW ERBR P
RI 6WHHO IURP LWV &KHRHF®XP&RRPRWIGVLREBKS  +

$670 3$670 $ BWDQGDUG 3UDFWVEHHR QA D@V L SNHBR UYL Q
+\SRHXWHFWRLG &DUERQ DQG /RZ $OORKGVOH IQWHKDDVWIZRQD U

$670 3%$670 ( BWDQGDUG 3UDFWLRK IRIUSH BDL'GIMG $ RV QDI
6WHHO ZLWK 1HDU 5DQGRP &U\V36D O QORWHLSHOLVE LROIHW W D W LR G

% ' &XOOLW\ DQCHP HQWWHMRAN UD\UGIHD RBYUIHRQNLFH +DOO

$670 3%$670 * BWDQGDUG 7HVW 0HW KRG QR UNKHD VX UGS E U
5XEEHU :$AH®, QWHUQDPRVLRYWO&RQVKRKRFNHQ 3% SS =+



- +RUQtNRYi 3 aDQGHUD DQG - 3RNG»GHB UDRWUHGQPHORFRE
3URSHUWLHV RI 8OWUD +LJK 6VBURGHNME LUQZVSR KX SHWH HIOM “6 M
6 WH GV =

* .UDBRWHHOV 3URFHVVLQJ 6WUXBWXQWHDQG\VBHRQDWP DQFH

6 .HQQHWW 36WUHQJWKHQLQJ DQG 7RXFHEKRBIQQRIHGHEWBIG®IOVD'
,QIOXHQFHG E\ $XVWHQLWH &RQGLWLRGQRIQULQBK ' *RRIBWIQ/ &&2R (

$670 3%$670 ( BWDQGDUG 7HVW OHWRRBVURSBHBWHUPLQLGQ
,QWHUQDUWRLREBP® &RQVKRKRFNHQ 3%

) *HUGHPDQQ B320LFURVWUXFWXUH DQ@GHDVUK® EYWRH 4 X HQHRHH
SDUWLWLRQLQJ 3URFHVYV "~ 0 6 7KHAROGHR®OKDI DGR 6FKRRO RI !

3 +HUQDXW ' (UW]JLEHQJRD % & 'H &RRREDG $ ~HEHOHRY DQ¢
, 7TROOHQHHU 3'HYHORSPHQW RI +WJK/BH & OEMEKFFHLEWHHO 3C
,QWHUQDWLRQDO 6\PSRVLXP RQ WKH®HFHQW 'HYHORSPHQWV |

- /| <RXQJEORRG DQG 0 5DJKDYDQ 31$R¥ WM KK@LADD BPSG H U
OHFKDQLFDO 3URSHUWLHV Rl 4XHQFKHG DQG 7HPSHUHG 0 6W

5 6WHLQHU $60 G DQQERRN 9ROXPH 3URSHUWLG®W DQG 6HOH
+LJK 3HUIRUPDQPRMKS$IO®R\$60 ,QWHUQDWLRQDO

+ .HDOUKWDOV DQG 7KHLU :HOGDELOLW\ 6HYHQWK (GLWLRQ



$33(1',; $ 0$7/3% &2'(

7KH ODWODE FRGH IRU WKH TXHQFKL®D PR GBG6 XEH &/ K1 WHK N

$ 0$7/$% &2'( )25 48(1&+,1* 02'(/
BROYHV WKH ' KHDW IOX[ HTXDWHR & QRH. G R G YS\IDLEWWF RIGOMHAFAV GR C

,QLWLDWH YDULDEOHYV

+ KDOI WKLFNQHVV Rl SODWH/ L QX0 ODSO/XWHQJ VI\PPHW
IURP VXUIDFH DW [ WR PLG SODWH DW [ /

7L ,QLWLDO SODWH WHPSHUDWXUH LQ .(/9,16

N FRQGXFWLRQ FRHIILFLHQWNHROU)YDQU FRQYHFWLRQ LQ :DW

K FRQGXFWLRQ FRHIILFLHQW IRQ DLU FRQYHFWLRQ LQ :D\

UKR GHQVLW\ Rl VWHHO LQ NJ P

&S KHDW FDSDFLW\ RI VWHHO LQ - NJ NHOYLQ

UKRI[FS

7LQI WHPSHUDWXUH RI TXHQFK PHGLXP ZDWHU LQ .(/9,1¢

J)LQLWH (OHPHQW 3DUDPHWHUYV

QRGHYV QXPEHU RI QRGHV

G[ + QRGHV OHQJWK EHWZHHQ QRGHV GHOWD [ LQ
[YHF G[ + YHFWRU WR LQGH[ HDFK QRGH [ WR [ Q
WBVLP WLPH  GHQWJWK RI VLPXODWLRQ LQ VHFR

WLPHVWHSYV
GW WBVLP WLPHVWHSYV
WYHF GW WBVLP YHFWRU IRU WLPH

, QLWLDO WHPSHUDWXUH YHFWRUQFRRZYVY DUH WLPH FROXPQV DUH
7BLQL RQHV QRGHYV 7L

>WLPH 7HPS@ RGH # WLPH 7HPS WYORBRI7TIBPSQRERM KWN HBKRBHR
SORW 7HPS

\ODEHO 7HPSHUDWXUH &



[ODEHO 3RVLWLRQ P
WYHF WYHF
[YHF > [YHF@

IRUPDW ORQJ

7THPS T7HPS

IRUPDW ORQJ

THPSHUDWXUH KRU]JFDW WYHF 7HPS
THPSHUDWXUH YHUWFDW [YHF 7HPSHUDWXUH
IRUPDW ORQJ

THPSHUDWXUH

IRUPDW ORQJ J

FVYZULWH PP 7THPSHUDWXUH

IXQFWLRQ WR FDOFXODWH WKH VORSH DW HDFK QRGH
IXQFWLRQ > G7BGW @ VORSH 71LJIJWDPHSMLORUXKRIR&EHM QI G[ V
RGH UHWXUQV D YHFWRU RI VORSHY DW HDFK QRGH IRU HDFK

G7BGW N UKR[FS G[A 7 7
IRUL QRGHV
G7BGW L N 7L 7L 7L UKR[FS G[A
HQG
G7BGW QRGHYV N 7 QRGHV 7 QRGHQRGHUKRI[FSKR[AS G| |
HSVLORQ VLJPD 7LQIA 7 QRGHV A UKR[FS G|
HQG

$ 0$7/$% &2'( )25 5(+($7 02'(/

6ROYHV WKH ' KHDW IOX[ HTXDWHRE QAH @R QYINWOLEGWWZ LMWK WRIQY H |
,QLWLDWH YDULDEOHYV

+ KDOI WKLFNQHVV Rl SODWH LIX®O SIDDDWKXIRLQJ VI\PPHWU
IURP VXUIDFH DW [ WR PLG SODWH DW [ /

UKR GHQVLW\ Rl VWHHO LQ NJ P

&S KHDW FDSDFLW\ RI VWHHO LQ - NJ NHOYLQ

N FRQGXFWLRQ FRHIILFLHQWNHOU)DQU FRQYHFWLRQ LQ :DW

UKRI[FS UKR &S



VLIPD ( EROW]PDQV FRQVWDQW : P
HSVLORQ HPLVVLYLW\ RI VWHHO

J)LQLWH (OHPHQW 3DUDPHWHUYV

QRGHYV QXPEHU RI QRGHV
G[ + QRGHV OHQJWK EHWZHHQ QRGHV GHOWD [ LQ
[YHF G[ + YHFWRU WR LQGH[ HDFK QRGH [ WR [ Q

5(+($7 3$5%0(7(56
7BRYHQ
KBUHKHDW

WBVLPBUHKHDW WQ AMHFRQBQOYIWK RI VLPXODWLRQ
WLPHVWHSVBUHKHDW

GWBUHKHDW WBVLPBUHKHDW WHSNYWHSVBUHKHDW GW WLF
WYHFBUHKHDW GWBUHKHDW WBVLPBUHKHDW WLPH YHF\

7TBLQLBUHKHDW RQHV QRGHYV

>WLPH 7HPSBUHKHDW@ RGH V # WLPSBUHXIEIUM KWDMH VICEREHKEBDDA
7TBRYHQ G[ VLJPD HSVLORQ QRGHV WYHFBUHKHDW 7BLQLBUHK

THPSHUDWXUHBUHKHDW 7HPSBUHKHDW
SORW 7THPSBUHKHDW
FVYZULWH 7HPSBUHKHDW 7HPSHUDWXUHBUHKHDW

YXQFWLRQ WKDW FDOFXODWHY WKHHVFQORBR O G WG HWERKQQR & H
IXQFWLRQ > G7BGW @ VORSHDXJ V0LIJWDPHSKLINORKRIR&EHM QI GJ

G7BGW N UKR[FS G[A 7 7
IRUL QRGHV
G7BGW L N 7L 7L 7L UKR[FS G[A
HQG
G7BGW QRGHYV N 7 QRGHV 7 QRGHQRGHUKR[FSKR[AS G| |
HSVLORQ VLJPD 7LQIA 7 QRGHV A UKR[FS G|

HQG



$33(1',; % 0 0,&52*5%$3+6 4 7 $1' 48%$57(5 32,17 4 3

D&RQGLY 4 3 E&RQGLY 4 3 F&RQGLY 4 3

G &RQGLWLRQ ' 43H &RQGLWLRQ ( 431 &RQGLWLRQ ) 4 3

’.-.“\ N \\\\ ‘-.

4 3
JLIXUH % 6HFRQGDU\ HOHFWURQ PLFURFPFRISKIMWRRDWOB\ WKURXBKSU
IRU HDFK PLFURJUDSK (WFKHGLDGALKDWHRH® RQWEROW W&RPDOIH] KO UL



D 47 TXDUWHU E 47 TXDUWHU HU F 47

JLIXUH % 6HFRQGDU\ HOHFWURQ PLFURVUBRSKGLRILBQUR\QGLFDAWHGU
PLFURJUDSK D 73 E 73 DQ@WKF 3BW QLWDNCFKI8E6DAOH
LQGLFDWHG RQ ERWWRP ULJKW LPDJH



$33(1',; & $//2<,1* ())(&76 21 3$57,7,21,1* SB3HRE( (48,9%/(1&(
$1' 7(03(5,1* 3$5%$0(7(5

JLIXUH & VKRZV PHDVXUHG 5% IUDFWYRQGUHRP SUHYLRXV VK
> @ DQG IURP WKHY SJ HVPIFOW. BQ YW HZKW N E\WBH VL
GDWD SRLQW FRUUHVSRQGV WR WKH FRUEZRY HADREXDOMMHEH | RY HIO
DFFRUGLQJ WR (TXDWLRQ & 7KH POGFXRDWKGERW RIOOR\VV UDQJH"

WR HIFHSW IRU RQH DOOR\ & 7660 FDOERQWK DLX¥DBHQFH ZIL
DFFRUGLQJ WR WKH ,,: IRUPXOD > @
%o L EQ—_lEl/“;‘ /Ea>éélU>QU>l/4é fZZ o ™M_3 ' _& 2

9 59

JLIXUH & VKRZV WKH HIITHFWV DOQYRWWK WEHLRQII® HB$W7IKUD VB
DOVR KDYH WKH KLIJIKHVW &( 7HRQY D@ XFD/Q LKNVQHH\GH IDWHHGK HDD/Y ED U Z
(TXDWLRQ & DQG ERWK HOHPHQRNV Y LIWH\DX VY WHRN MR V WRD EBL$O~ RRUW
SDUWLWLRQLQJ SURFHVVHYV ZLWK 7GREVAIVEZWHKQL&( FOBYB WR DQG L

+DOOR\V ZW SFW & ZW SEW SGW 0@ ZLWAKWOBFMQ& $0O DGG
DQG DOOR\ > @ UHVSHFWLYDHKOAW RAIQH VOIR ZHWW LD MLQRHDG IRQ
> @
JLIXUH & OHDVXUHG UHWDLQHG SIHOMQH BLDAUHD BIWH UX RAW D RIX R|
VWXGLHV > @ 7KBW LARURJIHVBRIOQ G WR SR

HTXLYDOHQFH ZLWK VFDOH EDU VKRIZQ RQDEHIW &8DWUY
YHUVLRQ + VHH 3)



7DEOH & SURYLGHV WKH UDQJH (REH\WZHWY¥SHFDIQEG UD R \&
EHWZHHQ DQG WKH PD[LPXP 5% ZDWHK I PO [E PWP SBRLYMF&HBYV

YRO SFW EXW IXUWKHU LQFUHDVHL@FEHDER®HOHY HIORHR LQ RW TH
UHIOHFW WKH LPSRUWDQFH RI ER\WK Q@IOD B \P QEURY® SNRWHUWNVQJ L

7TDEOH & + &DUERQ (TXLYDOHQFH DQG &RUUHVSRQGI
& 5$ UDQJH YRO SFW

H+ o+
H o+ g

I+
I+




$33(1',; ' ',/$720(75< '$7$ (;$03/( &+$1*( ,1 /@6 7703(5$785(
3/27

SHFRUGHG GLODWLRQ GDWD DV IVHXQ FX URIF R | D/DHEP B X ) DWW B U H
IRU D GLODWRPHWU\ VLPXODWLRQ RRQD/Q L QR R ISI® W K HALFKK WL B HF RRQ
DQG IXUQDFH DPELHQW WHPSHUDWXUHQRUQ L WED DV TKKIRZAX LL@J )
7& DQ H[SDQVLRQ FDQ EH REVHURKMGMORWERJIL\QX D LIRAHQBQG I& D
ORFDWLRQV DQG OLNHO\ FRUUHVSRRQ & \P VRWH SKDWH WRUWIPOW RR® D \
DQG KHDWLQJ RI WKH FHQWHU DQG TXFDW HH FRE\GHVY YWRSP H @G IGALDY
SRWHQWLDO IRU DGGLWLRQDO PDUWWGE®WNMWNH VA S \R U VE VIKRXOIE IRV
D PLIWXUH RI SKDVHV H[LVWV ODMNWHWK B ¥MYGHRIL W K HD Q)XGH RIF i WHAQH/S
FRHIILFLHQW RI WKHUPDO H[SDQV IVXE \ZH DXOH QDW K B B WR QG LI G \FR R|
TXHQFKLQJ Rl WKH FHQWHU DQG TXDUWHRESRUGWGY/D® SOHW H/ RP IE|
7& WKLV GLODWLRQ LV QRW SRQGE Q Bl \WRU W\KKH VSXUUR DLROHH VIDRPLSWD H
PRUH GXULQJ LQLWLDO TXHQFKLQJ 7KH ®RIQOD W RRW KRIQI RIUPIAV I K € ¢
PDUWHQVLWH DW WKH FHQWHU DQG TXDUWHU SRLQW

JLIXUH ' ([DPSOH FXUYH VKRZL QB FXHDWIW XDHO R Q JGLKO B MURPXIMNV
R 043 KHDW WUHDWPHQW RI PP SODWRKR XKWHID/W ER R @&/
WR & IXUQDFH WUDQVIHU IRU PLOXWIRW I1PXPUQDFN WR
DFKLHYH 73 3O0DWH 6XUIDFH SURHWUO 8RLKQRYZ @ Q. @ GRIVAN
DQG SODWH FHQWHU LQ GDVKHG EOXH OLQHV &RORU YH



'"HVSLWH WKH GLITHUHQFHV LQ H[S D/XWIHRE 56 XFR QW QR FHRVULY
DQG TXDUWHU VDPSOHV ZHUH LGHR®WHFIDW YV RIYRQ@\§FS\FWZ L TAKKH FFCHU
FRQWHQW RI WKH FHQWHU VDPSOHWIOYD FBUERQPERQWHQW YRRO SE\
GHWDLOHG DQDO\VLV RI WKH GLOQNWLRW COWD WRH PURYREMW Y BB
SODWH 4 3 SURFHVVLQJ



$33(1',; ( ',/$720(75< 352*5%$06

'LODWRPHWU\ SURJUDPV IRU TXDUWHO GRLDWRRVAGRIWORGW I I

7TDEOH ( *# 'LODWRPHWU\ 3URJUDRBY IRU 4XDUWHU 3RLC

$ PP TXDUWHU SRLQW SURILOH VHPMHUHRRWHUITXHQFK WR

6WHS 1DPH 7HPSHUD\EW\J/HI§ W/L%Q@-%ﬂ WLPPH* \Y, 6HWWLQJ

6WDUW 9DFXXP
+HDW 9DFXXP
$XVWHQLWL]LQJ 9D
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
7UDQVIHU *DV
7UDQVIHU 9DFXX
7UDQVIHU 9DFXX
7UDQVIHU 9DFXX
7UDQVIHU 9DF XX
J)LQDO 4XHQFK *DV

% PP TXDUWHU SRLQW SURILOH4ANHYH&H ADWHU FRRQFK7WR 2:

6WHS 1DPH 7HPSHUD\;§}WRJ/HI§ W/I%i\@-%ﬂ W_LPPH* \Y 6HWWLQJ

6WDUW 9DFXXP
+HDW 9DFXXP
$XVWHQLWL]LQJ 9D
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
4XHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
7UDQVIHU *DV
7UDQVIHU 9DFXX
7UDQVIHU 9DFXXF

)LQDO 4XHQFK *DV




7DEOH ( &RQWLQXHG

& PP TXDUWHU SRLQW SURILOH VHYHHUW FRREBU TXHQFK WR
BWHS 1DPH 7HPSHUDWXUH 5DWH 6WAHS WLPBHWW LIQRWD (
6WDUW 9DFXXP
+HDW 9DFXXP
$XVWHQLWL]LQJ 9D

AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
4XHQFKLQJ *DV
7UDQVIHU *DV
7UDQVIHU 9DFXXF
7UDQVIHU 9DFXXF
7UDQVIHU 9DFXXF
J)LQDO 4XHQFK *DV
' PP TXDUWHU SRLQW SURILOH VHBHUH RR® HUPTRHIFK FARAR O |
IXUQDFH UHKHDW DW 7& 73
BWHS 1DPH 7HPSHUDﬁ%@§\M%%Wﬁ)Whﬂ$\/ BHWWLQJ
6WDUW 9DFXXP
+HDW 9DFXXP
$XVWHQLWL]LQJ 9r
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *pDV
AXHQFKLQJ *pDV
7UDQVIHU *DV
7UDQVIHU 9DFXX
7UDQVIHU 9DFXX
7UDQVIHU 9DFXX
7UDQVIHU 9DF XX
YXUQDFH 9DFXXP
)XUQDFH 9DFXXF
)XUQDFH 9DFXXF
)XUQDFH 9DFXXF




7DEOH ( &RQWLQXHG

)XUQDFH O9DFXXP
)XUQDFH O9DFXXP
)LQDO 4XHQFK *DV

L PP TXDUWHU SRLQW SURILOH VHWQHWIHUZPRARKOU DIOXE Q F KT YWUWRQ D F
D W 2& 73

6WHS 1DPH 7HPSHUD\;§}WQ/HI§ \Nfl%i\@-%ﬂ W_LPPH* \Y 6HWWLQJ

6WDUW 9DFXXP
+HDW 9DFXXP
$XVWHQLWL]LQJ 9D
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
7UDQVIHU *DV
7UDQVIHU 9DFXX
7UDQVIHU 9DFXX
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)LQDO 4XHQFK *DV

D) PP TXDUWHU SRLQW SURILOH VHYHUHRERRWBDWGEXHQFKUWRFH L
DWwW z& 73

6WHS 1DPH 7HPSHUDV9§/(VRB/—II§ W%“&\H—P WII_'IJ-?ILI_| \Y 6HWWLQJ

6WDUW 9DFXXP

+HDW 9DFXXP
$XVWHQLWL]LQJ 9r
4XHQFKLQJ *DV
4XHQFKLQJ *DV
4XHQFKLQJ *DV
4XHQFKLQJ *DV
AXHQFKLQJ *DV

AXHQFKLQJ *DV




7DEOH (

&RQWLQXHG

4XHQFKLQJ *DV
7UDQVIHU *DV
7UDQVIHU *DV
7UDQVIHU *DV
7UDQVIHU 9DF XX
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP

)LQDO 4XHQFK *DV

PP TXDUWHU SRLQW SURILOH VHYBUHW ZRRMHDEHQFKXWRDFF

DW _

z& 73

6WHS

1DPH

6WDUW
+HDW

7HPSHUDWW@§‘M@ﬂWﬂ)Wﬁﬁﬁ Y

$XVWHQLWL]LQJ

4XHQFKLQJ
AXHQFKLQJ
AXHQFKLQJ
AXHQFKLQJ
AXHQFKLQJ
7UDQVIHU
7UDQVIHU
7UDQVIHU
7UDQVIHU
7UDQVIHU
)XUQDFH
)XUQDFH
)XUQDFH
)XUQDFH

6HWWLQJ
O9DFXXP
O9DFXXP
9D
*DV
*DV
*DV
*DV
*DV
O9DFXXP
9DF XX
9DFXX
9DFXX
9DFXX
9DFXXP
O9DFXXPF
9DFFXX
9DFFXX




7DEOH ( &RQWLQXHG

)XUQDFH O9DFFXXP
)XUQDFH O9DFFXXP
)LQDO 4XHQFK *DV

PP TXDUWHU SRLQW SURILOH VHYIBDUH EBROWPEHOFHKXWRDF!

6WHS 1DPH 7HPSHLHNQW@§ Wuﬁﬁﬁﬁ W&&

6WDUW
+HDW
$XVWHQLWL]LQJ
4XHQFKLQJ
4XHQFKLQJ
4XHQFKLQJ
4XHQFKLQJ
4XHQFKLQJ
4XHQFKLQJ
7UDQVIHU
7UDQVIHU
7UDQVIHU
)XUQDFH
YXUQDFH
)XUQDFH
)XUQDFH
)XUQDFH
YXUQDFH
YXUQDFH
J)LQDO 4XHQFK

Vv BHWWLQJ

O9DFFXXP
O9DFFXXP
9D
*DV
*DV
*DV
*DV
*DV
*DV
O9DFFXXP
9DFFX.
9DFFX.
O9DFFXXP
O9DFFXXI
O9DFFXXI
O9DFFXXI
O9DFFXXI
O9DFFXXI
O9DFFXXI
*DV

PP TXDUWHU SRLQW SURILOH VHYHUH ZIRWBUDD)XGH QF KIXNR) D FH

6WHS 1DPH 7HPSHLHNBW@§ W@ﬁﬂ@@ W&g

6WDUW
+HDW
$XVWHQLWL]LQJ
AXHQFKLQJ
4XHQFKLQJ
AXHQFKLQJ
AXHQFKLQJ

v BHWWLQJ
IDFFXXP
9DFFXXP
9D
*DV
*DV
*pDV
*DV




7DEOH ( &RQWLQXHG

4XHQFKLQJ *DV
4XHQFKLQJ *DV
AXHQFKLQJ *DV
7UDQVIHU 9DFFXXP
7UDQVIHU 9DFFXXI
7UDQVIHU 9DFFXXP
7UDQVIHU 9DFFXX
YXUQDFH 9DFFXXP
YXUQDFH 9DFFXXP
YXUQDFH 9DFFXXP
YXUQDFH 9DFFXXP
)XUQDFH 9DFFXXP
YXUQDFH 9DFFXXP
YXUQDFH 9DFFXXP
YXUQDFH 9DFFXXP
YXUQDFH 9DFFXXP
)XUQDFH 9DFFXXP
)LQDO 4XHQFK *DV

- PP TXDUWHU SRLQW SURILOH VHYRQUMLYZDAMRRW DXH®D FK WIRU QX
DWwW z& 73

6WHS 1DPH 7HPSHLHNQW@§ Wmﬁﬁﬁﬁ’Wﬁﬁﬁ \% 6HWWLQJ

)XUQDFH

6WDUW 9DFFXXP
+HDW 9DFFXXP
$XVWHQLWL]LQJ 9D
AXHQFKLQJ *DV
A4XHQFKLQJ *DV
4XHQFKLQJ *DV
4XHQFKLQJ *DV
4XHQFKLQJ *DV
7UDQVIHU *DV
7UDQVIHU 9DFF X
7UDQVIHU 9DFFX
7UDQVIHU 9DFFX
7UDQVIHU 9DFFX:
YXUQDFH 9DFFXXP
YXUQDFH 9DFFXX|
)XUQDFH 9DFFXX!
)XUQDFH IDFFXX|

9DFFXXI



7DEOH ( &RQWLQXHG

)XUQDFH O9DFFXXP
)XUQDFH O9DFFXXP
)XUQDFH I9DFFXXP
)XUQDFH I9DFFXXP
)XUQDFH I9DFFXXP
)XUQDFH O9DFFXXP
)XUQDFH O9DFFXXP
)XUQDFH I9DFFXXP
)XUQDFH I9DFFXXP
)XUQDFH I9DFFXXP
)XUQDFH I9DFFXXP
)LQDO 4XHQFK *DV

PP TXDUWHU SRLQW SURILOH VHYHUHFARROHDQITXHQFKXWRDF H
DW z& 73

BWHS 1DPH 7HPSHUD®W@§VW§mww)Wﬁ&H\/ BHWWLQJ
6WDUW 9DFFXXP
+HDW IDFFXXP
$XVWHQLWL]LQJ 9D
4XHQFKLQJ *DV
4XHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
4XHQFKLQJ *DV
7UDQVIHU *DV
7UDQVIHU 9DFFX.
7UDQVIHU 9DFFX.
)XUQDFH I9DFFXXP
)XUQDFH IDFFXX!
)XUQDFH IDFFXXI
)XUQDFH IDFFXX|
)XUQDFH IDFFXXI
)XUQDFH IDFFXXI
)XUQDFH IDFFXXI
YXUQDFH 9DFFXX|
)XUQDFH IDFFXX|
)XUQDFH IDFFXXI
)XUQDFH IDFFXX|
YXUQDFH 9DFFXX|



7DEOH ( &RQWLQXHG

)XUQDFH O9DFFXXP
)XUQDFH O9DFFXXP
)LQDO 4XHQFK *DV

/PP TXDUWHU SRLQW SURILOH VHYHUHODWBU TXHRFRDFR UHK
D W 2& 73

BWHS 1DPH 7HPSHUD®W@§\M@ﬂW“)W&&H\/ BHWWLQJ
6WDUW IDFFXXP
+HDW 9DFFXXP
$XVWHQLWL]LQJ 9D
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
4XHQFKLQJ *DV
4XHQFKLQJ *DV
4XHQFKLQJ *DV
AXHQFKLQJ *DV
7UDQVIHU 9DFXXP
7UDQVIHU 9DF X X
7UDQVIHU 9DF X X
7UDQVIHU 9DF X X
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP
)XUQDFH 9DFXXP
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP




7DEOH (

&RQWLQXHG

)XUQDFH O9DFXXP
)XUQDFH O9DFXXP
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP
)XUQDFH O9DFXXP

)LQDO 4XHQFK

DW _

PP TXDUWHU SRLQW SURILOH VHYMHOHUZBPBRRHW DFEQFK IWBQD I
z& 73

6WHS

1DPH

6WDUW
+HDW

$XVWHQLWL]LQJ

AXHQFKLQJ
AXHQFKLQJ
4XHQFKLQJ
AXHQFKLQJ
AXHQFKLQJ
7UDQVIHU
7UDQVIHU
7UDQVIHU
7UDQVIHU
7UDQVIHU
YXUQDFH
YXUQDFH
)XUQDFH
)XUQDFH
YXUQDFH
YXUQDFH
)XUQDFH
)XUQDFH
)XUQDFH
)XUQDFH
YXUQDFH
)LQDO 4XHQFK

6WHS7TRWDO
THPSHUDWXWHLPHWSREBWHPH V

\ \

6HWWLQJ

O9DFXXP
O9DFXXP
91
*DV
*DV
*DV
*DV
*DV
O9DFXXP
9DF XX
9DF XX
9DF XX
9D F X)
O9DFXXP
9DFXX
9DFXX
9DFXX
9DFXX
9DFXX
9D FXXF
9D FXXF
9D FXXF
9D FXXF
I9DFXXF
*D\




7DEOH ( &RQWLQXHG

a1 PP TXDUWHU SRLQW SURILOH VHYIQUBRLDPDAMRHRWD TOXH® FK WRUQD
DW z& 73

6WHS 1DPH 7HPSHUDV9W[€/HF? W%ﬂ WLPPI-ﬁV 6HWWLQJ

6WDUW 9DFXXP
+HDW 9DFXXP
$XVWHQLWL]LQJ 9D
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
AXHQFKLQJ *DV
7UDQVIHU 9DFXXP
7UDQVIHU 9DFXX
7UDQVIHU 9DFXX
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)XUQDFH 9DFXXP
)LQDO 4XHQFK *DV

PP TXDUWHU SRLQW SURILOH VHYUH UDARIROD DXHOD FK WRUQ

UHKHDW DW

BWHS 1DPH 7HPSHUDW%@§\M@HWM)Wﬁ5 v BHWWLQJ

6WDUW 9DFXXP

+HDW 9DFXXP
$XVWHQLWL]LQJ 9r
AXHQFKLQJ *DV
AXHQFKLQJ *DV
4XHQFKLQJ *DV
4XHQFKLQJ *DV
4XHQFKLQJ *DV




7DEOH ( &RQWLQXHG

4XHQFKLQJ *DV
4XHQFKLQJ *DV
7UDQVIHU 9DFXXP
7UDQVIHU 9DFXXF
7UDQVIHU 9DFXXF
7UDQVIHU 9DFXXF
YXUQDFH O9DFEXXP
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP
YXUQDFH O9DFEXXP
YXUQDFH O9DFXXP
YXUQDFH 9DFXXP
YXUQDFH O9DFXXP
)XUQDFH 9DFXXP
YXUQDFH O9DFEXXP
YXUQDFH 9DFXXP
YXUQDFH 9DFXXP

)LQDO 4XHQFK *DV




