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'0LQLü0âXãLü2,OLü.LQHWLFVRIcU\VWDOOL]DWLRQRIaPRUSKRXV)H3pRZGHU
-RXUQDORIWKH6HUELDQ&KHPLFDO6RFLHW\    
 0 âXãLü ' 0LQLü $ 0DULþLü % -RUGRYLü ' .UVPDQRYLü 6WUXFWXUDO cKDQJHV

dXULQJhHDWLQJDcROGsLQWHUHGaPRUSKRXVpRZGHURI1LDQG3aOOR\6FLHQFH
RI6LQWHULQJ  
'0LQLü$0DULþLü.LQHWLFVRItKHUPDOrHOD[DWLRQRIcROGsLQWHUHGaPRUSKRXV
pRZGHURI1L36FLHQFHRI6LQWHULQJ  
00DULþLü$.DOH]Hü*OLãRYLü'00LQLü005LVWLü&RUUHODWLRQbHWZHHQ changes of the
tKHUPReOHFWURPRWLYH fRUFHDQG eOHFWULFcRQGXFWLYLW\on sWUXFWXUH cKDQJHV RI WKH
dXULQJ
hHDWLQJ
XS
WR

.
&R)H6L%aPRUSKRXVaOOR\
6FLHQFHRI6LQWHULQJ&XUUHQW3UREOHPVDQG1HZWUHQGV6$6$%HRJUDGSS

$0DULþLü'0LQLü05LVWLü,QIOXHQFHRIWKHcKDQJHVfUHHeOHFWURQdHQVLW\
RQeOHFWULFDODQGmDJQHWLFpURSHUWLHVRI&R)H6L%aPRUSKRXVaOOR\6FLHQFH
RI6LQWHULQJ  
7äDN26FKQHHZHLVV'0LQLü6WUXFWXUHDQGpKDVHaQDO\VLVRIeOHFWURFKHPLFDOO\
s\QWKHVL]HG )H: -RXUQDO RI 0DJQHWLVP DQG 0DJQHWLF 0DWHULDOV 
 HH
' 0LQLü 6LQWH]D NDUDNWHUL]DFLMD L VWDELOQRVW DPRUIQLK OHJXUD /HJXUH QD ED]L
JYRåÿD1DXND7HKQLND%H]EHGQRVW  
' 0 0LQLü 7 =DN 2 6FKQHHZHLVV 1 3L]XURYD 00 5LVWLü 6\QWKHVLV DQG
pURSHUWLHVRI)H:3RZGHU&]HFKRVORYDN-RXUQDORI3K\VLFV    

$ .DOH]Lü*OLãRYLü / 1RYDNRYLü $ 0DULþLü ' 0LQLü DQG 1 0LWURYLü
,QYHVWLJDWLRQ RI VWUXFWXUDO UHOD[DWLRQ FU\VWDOOL]DWLRQ SURFHVV DQG
0DJQHWLF
SURSHUWLHV
RI
WKH
)H1L6L%&
DPRUSKRXV
DOOR\
0DWHULDOV6FLHQFHDQG(QJLQHHULQJ%$GYDQFHG)XQFWLRQDO6ROLG6WDWH
0DWHULDOV    
' 0 0LQLü  6\QWKHVLV cKDUDFWHUL]DWLRQ DQG sWDELOLW\ RI aPRUSKRXV aOOR\V
6FLHQFHRI6LQWHULQJ  
' 0 0LQLü $ 0DULþLü 5= 'LPLWULMHYLü 00 5LVWLü 6WUXFWXUDO &KDQJHV RI
&R)H6L%$PRUSKRXVaOOR\iQGXFHG dXULQJhHDWLQJ -RXUQDORI$OOR\VDQG
&RPSRXQGV  
'00LQLü%$GQDGMHYLü0HFKDQLVPDQGkLQHWLFVRIcU\VWDOOL]DWLRQRIĮ)HLQ
aPRUSKRXV)H%6L&aOOR\7KHUPRFKLP$FWD  
'00LQLü$*DYULORYLü3$QJHUHU'*0LQLü$0DULþLü7KHUPDOsWDELOLW\
DQGcU\VWDOOL]DWLRQRI)H1L6L%&-RXUQDORI$OOR\VDQG&RPSRXQGV
 
' 0 0LQLü $ 0DULFLü % $GQDGMHYLü &U\VWDOOL]DWLRQ RI Į)H 3KDVH LQ
aPRUSKRXV)H%6L&aOOR\-RXUQDORI$OOR\VDQG&RPSRXQGV  
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' 0 0LQLü $ *DYULORYLü 3 $QJHUHU '* 0LQLü $ 0DULFLü 6WUXFWXUDO
tUDQVIRUPDWLRQV RI )H1L6L& aPRUSKRXV aOOR\ iQGXFHG E\ tKHUPDO
tUHDWPHQW-RXUQDORI$OOR\VDQG&RPSRXQGV  
' 0 0LQLü ' * 0LQLü D Q G  $   0 D U L þLü 6WDELOLW\ DQG cU\VWDOOL]DWLRQ
RI )H%6L& aPRUSKRXV aOOR\ -RXUQDO 1RQ&U\VWDOOLQH 6ROLGV   
 
$OHNVDQGUD *DYULORYLü 'XãDQ 0 0LQLü /LGLMD ' 5DIDLORYLü 3DXO $QJHUHU
-DURVDZ :RVLN $OHNVD 0DULþLü 'UDJLFD 0 0LQLü 3KDVH WUDQVIRUPDWLRQV LQ
)H&X1E6L% DPRUSKRXV DOOR\ XSRQ WKHUPDO WUHDWPHQW -RXUQDO RI $OOR\V
DQG&RPSRXQGV  
%RULYRM $GQDÿHYLü %RMDQ -DQNRYLü 'UDJLFD 0 0LQLü .LQHWLFV RI WKH DSSDUHQW
LVRWKHUPDO DQG QRQLVRWKHUPDO FU\VWDOOL]DWLRQ RI WKH Į)H SKDVH ZLWKLQ WKH
DPRUSKRXV )H%6L& DOOR\ -RXUQDO RI 3K\VLFV DQG &KHPLVWU\ RI 6ROLGV
  
9$%ODJRMHYLü'00LQLü7äiN'00LQLü,QIOXHQFHRIWKHUPDOWUHDWPHQW
RQ VWUXFWXUH DQG PLFURKDUGQHVV RI )H1L6L%& DPRUSKRXV DOOR\
,QWHUPHWDOOLFV  
'UDJLFD0 0LQLü 9ODGLPLU $ %ODJRMHYLü 'XãDQ0 0LQLü $OHNVDQGUD
*DYULORYLü /LGLMD 5DIDLORYLF 7RPDV äDN ,QIOXHQFH RI PLFURVWUXFWXUH RQ
PLFURKDUGQHVV RI )H6L%& DPRUSKRXV DOOR\ DIWHU WKHUPDO WUHDWPHQW
0HWDOOXUJLFDODQG0DWHULDOV7UDQVDFWLRQV$$  
'00LQLü9%ODJRMHYLü'*0LQLü$*DYULORYLü/5DIDLORYLü
,QIOXHQFH RI WKHUPDOO\ LQGXFHG VWUXFWXUDO WUDQVIRUPDWLRQV RQ KDUGQHVV LQ
)H1L6L%&DPRUSKRXVDOOR\-RXUQDORI$OOR\VDQG&RPSRXQGV
 



$OHNVD 0DULþLü 'XãDQ 0 0LQLü 9ODGLPLU $ %ODJRMHYLü $OHNVDQGUD .DOH]Lü
*OLãRYLü 'UDJLFD 0 0LQLü (IIHFW RI sWUXFWXUDO tUDQVIRUPDWLRQV pUHFHGLQJ
cU\VWDOOL]DWLRQRQfXQFWLRQDOpURSHUWLHVRI)H&X1E6L%aPRUSKRXVaOOR\
,QWHUPHWDOOLFV  
 'UDJLFD 0 0LQLü 9ODGLPLU $ %ODJRMHYLü 'XãDQ 0 0LQLü %RKXPLO 'DYLG
1DGČåGD 3L]~URYi 7RPiã äiN &U\VWDO JURZWK LQ WKHUPDOO\
WUHDWHG)H1L6L%&DPRUSKRXVDOOR\0HWDOOXUJLFDODQG0DWHULDOV7UDQVDFWLRQV
$    
 'XãDQ00LQLü9ODGLPLU$%ODJRMHYLü$OHNVD00DULþLü7RPiãäiN'UDJLFD
0 0LQLü ,QIOXHQFH RI VWUXFWXUDO WUDQVIRUPDWLRQV RQ IXQFWLRQDO SURSHUWLHV RI
)H1L6L%&DPRUSKRXVDOOR\0DWHULDOV&KHPLVWU\DQG3K\VLFV    
±
 9ODGLPLU $ %ODJRMHYLü 0LOLFD 9DVLü 'XãDQ 0 0LQLü 'UDJLFD 0 0LQLü
.LQHWLFV DQG WKHUPRG\QDPLFV RI WKHUPDOO\ LQGXFHG VWUXFWXUDO WUDQVIRUPDWLRQV RI
DPRUSKRXV)H1L6L%&DOOR\7KHUPRFKLPLFD$FWD  
 'XãDQ 0 0LQLü 9ODGLPLU $ %ODJRMHYLü 'UDJLFD 0 0LQLü Influnce of heating
on structure and properties of amorphous alloy )H1L6L%& +HPLMVND
,QGXVWULMD    ±
 0LOLFD 9DVLü 'XãDQ 0 0LQLü 9ODGLPLU $ %ODJRMHYLü 'UDJLFD 0 0LQLü
0HFKDQLVP RI tKHUPDO sWDELOL]DWLRQ RI )H1L6L%& aPRUSKRXV aOOR\
7KHUPRFKLPLFD$FWD  
9ODGLPLU$%ODJRMHYLü'XãDQ00LQLü0LOLFD9DVLü'UDJLFD00LQLü
7KHUPDOO\ L Q G X F H G  V WUXFWXUDOWUDQVIRUPDWLRQ DQG WKHLU HIIHFW
RQ IXQFWLRQDO pURSHUWLHV RI )H1L6L%& a PRUSKRXV a OOR\ 0DWHULDOV
&KHPLVWU\ DQG 3K\VLFV     
 'XãDQ00LQLü9ODGLPLU$%ODJRMHYLü'UDJLFD00LQLüInfluence heating on
IXQctional properties of amorphous alloy)H%6L&7HKQLND1RYLPDWHULMDOL  
 
 0LOLFD 9DVLü 'XãDQ 0 0LQLü 9ODGLPLU $ %ODJRMHYLü 'UDJLFD 0 0LQLü
0HFKDQLVP DQG NLQHWLFV RI FU\VWDOOL]DWLRQ RI DPRUSKRXV )H%6L& DOOR\
7KHUPRFKLPLFD$FWD  
 9ODGLPLU$%ODJRMHYLü0LOLFD9DVLü%RKXPLO'DYLG'XãDQ00LQLü1DGČåGD
3L]~URYi 7RPiã äiN 'UDJLFD 0 0LQLü  7KHUPDOO\ iQGXFHG cU\VWDOOL]DWLRQ RI
)H&X1E6L%aPRUSKRXVaOOR\,QWHUPHWDOOLFV  
 9ODGLPLU$%ODJRMHYLü0LOLFD9DVLü%RKXPLO'DYLG'XãDQ00LQLü1DGČåGD
3L]~URYi 7RPiã äiN 'UDJLFD 0 0LQLü 0LFURVWUXFWXUH DQG fXQFWLRQDO
pURSHUWLHV RI )H&X1E6L% DPRUSKRXV DOOR\ 0DWHULDOV &KHPLVWU\ DQG
3K\VLFV  

*DYULORYLü / ' 5DIDLORYLü '0 0LQLü - :RVLN 3 $QJHUHU ' 0 0LQLü
,QIOXHQFH RI WKHUPDO WUHDWPHQW RQ VWUXFWXUH GHYHORSPHQW DQG PHFKDQLFDO
SURSHUWLHV RI DPRUSKRXV )H&X1E6L% ULEERQ -RXUQDO RI $OOR\V DQG
&RPSRXQGV6  66
'0 0LQLü 9 $ %ODJRMHYLü '0 0LQLü 7 äDN ,QIOXHQFH RI PLFURVWUXFWXUDO
LQKRPRJHQHLW\ RI LQGLYLGXDO VLGHV RI )H6L%& DPRUSKRXV DOOR\ ULEERQ RQ
WKHUPDOO\ LQGXFHG VWUXFWXUDO WUDQVIRUPDWLRQV 0DWHULDOV &KHPLVWU\ DQG
3K\VLFV   
'* 0LQLü 9$ %ODJRMHYLü /M( 0LKDMORYLü 95 ûRVRYLü '0 0LQLü
.LQHWLFV DQG PHFKDQLVP RI VWUXFWXUDO WUDQVIRUPDWLRQV RI )H1L6L%&
DPRUSKRXVDOOR\LQGXFHGE\WKHUPDOWUHDWPHQW7KHUPRFKLPLFD$FWD  

' 0 0LQLü ' 0 0LQLü 7 äiN 3 5RXSFRYi % 'DYLG 6WUXFWXUDO
tUDQVIRUPDWLRQVRI)H%6L&aPRUSKRXVaOOR\iQGXFHGE\hHDWLQJ-RXUQDORI
0DJQHWLVPDQG0DJQHWLF0DWHULDOV  
'XãDQ 0 0LQLü 9ODGLPLU $ %ODJRMHYLü %RKXPLO 'DYLG 1DGHåGD 3L]XURYD
7RPiãäiN'UDJLFD00LQLü,QIOXHQFHRIWKHUPDOWUHDWPHQWRQPLFURVWUXFWXUHRI
)H1L6L%&DPRUSKRXVDOOR\,QWHUPHWDOOLFV  
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0LOLFD 0 9DVLü 'XãDQ 0 0LQLü 9ODGLPLU $ %ODJRMHYLü 'UDJLFD 0 0LQLü
.LQHWLFV DQG PHFKDQLVP RI WKHUPDOO\ LQGXFHG FU\VWDOOL]DWLRQ RI DPRUSKRXV
)H&X1E6L%DOOR\7KHUPRFKLPLFD$FWD  
0LOLFD09DVLü9ODGLPLU$%ODJRMHYLü1HERMãD%HJRYLü7RPiãäiN9ODGLPLU
% 3DYORYLü 'UDJLFD 0 0LQLü 7KHUPDOO\ LQGXFHG FU\VWDOOL]DWLRQ RI DPRUSKRXV
)H1L3%DOOR\7KHUPRFKLPLFD$FWD  
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0LOLFD09DVLü'XãDQ00LQLü9ODGLPLU$%ODJRMHYLü7RPiãäiN1DGČåGD
3L]~URYi%RKXPLO'DYLG'UDJLFD00LQLü7KHUPDOVWDELOLW\DQGPHFKDQLVPRI
WKHUPDOO\ LQGXFHG FU\VWDOOL]DWLRQ RI )H&X1E6L% DPRUSKRXV DOOR\ $FWD
3K\VLFD3RORQLFD$  
0LOLFD9DVLF3DYOD5RXSFRYD1DGH]GD3L]XURYD6DQMD6WHYDQRYLF9ODGLPLU$
%ODJRMHYLü 7RPDV =DN 'UDJLFD 0 0LQLü 7KHUPDOO\ iQGXFHG sWUXFWXUDO
tUDQVIRUPDWLRQV RI )H1L3% aPRUSKRXV aOOR\ 0HWDOOXUJLFDO DQG 0DWHULDOV
7UDQVDFWLRQV$$  
0LOLFD 0 9DVLü 5DGRVODY 6XUOD 'XãDQ 0 0LQLü /MXELFD 5DGRYLü 1HERMãD
0LWURYLü $OHNVD 0DULþLü 'UDJLFD 0 0LQLü 7KHUPDOO\ LQGXFHG PLFURVWUXFWXUDO
WUDQVIRUPDWLRQV RI )H6L%9&X DOOR\ 0HWDOO 0DWHU 7UDQV $ $  
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6FLHQFHRI6LQWHULQJ  
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8'.

,QIOXHQFHRIWKH&KDQJHVRI)UHH(OHFWURQ'HQVLW\RQ(OHFWULFDO
DQG0DJQHWLF3URSHUWLHVRIWKH&R)H6L%$PRUSKRXV$OOR\


$0DULþLü'00LQLü 7=DN



7HFKQLFDO)DFXOW\ýDþDNýDþDN6HUELD

)DFXOW\RI3K\VLFDO&KHPLVWU\8QLYHUVLW\RI%HOJUDGH%HOJUDGH6HUELD

,QVWLWXWHRI3K\VLFVRI0DWHULDOV$6&5äLåNRYD%UQR&]HFK5HSXEOLF



$EVWUDFW

,Q WKLV VWXG\ ZH SUHVHQW WKH UHVXOWV RQ VWUXFWXUDO UHOD[DWLRQ RI WKH &R)H6L%
DPRUSKRXV DOOR\ LQYHVWLJDWHG E\ PHDVXULQJ WKH WKHUPRHOHFWURPRWLYH IRUFH 7(0)  GXULQJ
LVRWKHUPDO DQQHDOLQJ IRU  V  $ PHFKDQLFDO MXQFWLRQ RI WKH LQYHVWLJDWHG DOOR\ DQG D
FRSSHU FRQGXFWRU KDV EHHQ FRQVWUXFWHG IRU PHDVXULQJ WKH WKHUPRHOHFWURPRWLYH IRUFH İ 
$QQHDOLQJ ZDV SHUIRUPHG DW WHPSHUDWXUHV 7  Û& 7 Û& DQG 7 Û& ZKLFK DUH
DERXW  WR Û& ORZHU WKDQ WKH FU\VWDOOL]DWLRQ WHPSHUDWXUH $W WKHVH WHPSHUDWXUHV
VWUXFWXUDO UHOD[DWLRQ RFFXUUHG RQO\ LQ WKH DPRUSKRXV DOOR\ 7KH DFWLYDWLRQ HQHUJ\ ( 
N-PRO DQG UDWH FRQVWDQWV N Â V N Â V DQG N Â V DWWHPSHUDWXUHV
77DQG7UHVSHFWLYHO\KDYHEHHQGHWHUPLQHGIRUWKHSURFHVV(DFKLVRWKHUPDODQQHDOLQJ
KDVEHHQIROORZHGE\GHWHUPLQDWLRQRIWKHUHODWLYHFKDQJHRIWKHHOHFWURQLFVWDWHGHQVLW\DWWKH
)HUPLOHYHODV 'QQ 'QQ DQG'QQ UHVSHFWLYHO\
.H\ZRUGV $PRUSKRXV DOOR\ )UHH HOHFWURQ GHQVLW\ (OHFWULFDO SURSHUWLHV 0DJQHWLF
SURSHUWLHV



,QWURGXFWLRQ


������ �


3K\VLFDOIHDWXUHVRIDPRUSKRXVPHWDODOOR\VDUHLUUHYHUVLEO\FKDQJHGLQWKHSURFHVVRI
VWUXFWXUDOUHOD[DWLRQ 7KLVKDVEHHQWKHVXEMHFWRIRXUUHVHDUFKIRUVHYHUDO\HDUV>@

7KH SURFHVV RI VWUXFWXUDO UHOD[DWLRQ LV XVXDOO\ VWXGLHG XQGHU FRQGLWLRQV RI QRQ
LVRWKHUPDO KHDWLQJ DW D FRQVWDQW UDWH XS WR WHPSHUDWXUHV VOLJKWO\ EHORZ WKH FU\VWDOOL]DWLRQ
WHPSHUDWXUH DQG XQGHU FRQGLWLRQV RI QRQLVRWKHUPDO FRROLQJ .LQHWLF IHDWXUHV RI DPRUSKRXV
DOOR\VVKRZDFRUUHODWLRQEHWZHHQWKHSK\VLFDOQDWXUHRIWKHDQRPDORXVEHKDYLRURIHOHFWURQLF
VWDWHV GHQVLW\ DW WKH )HUPL OHYHO WKHUPDO FRQGXFWLYLW\ KHDW FDSDFLWDQFH DQG HOHFWULFDO
UHVLVWLYLW\RQWKHRQHKDQGDQGVWUXFWXUDOLQKRPRJHQHLWLHVLQWKHVHPDWHULDOVRQWKHRWKHU$W
WHPSHUDWXUHV XS WR  & ORZHU WKDQ WKH FU\VWDOOL]DWLRQ WHPSHUDWXUH WZR FRPSHWLWLYH
SURFHVVHV WDNH SODFH GXULQJ DQQHDOLQJ RI DPRUSKRXV DOOR\V RQ WKH RQH KDQG IUHH YROXPH
GHFUHDVHVZKLFKORZHUVWKHUDWHRIGLIIXVLRQPDVVWUDQVSRUWDQGRQWKHRWKHUKDQGDUUDQJLQJ
SURFHVVHV EULQJ WKH DOOR\ FORVHU WR WKH FU\VWDOOL]HG VWDWH LQFUHDVLQJ LWV UHDGLQHVV IRU
FU\VWDOOL]DWLRQ>@

0RVW H[SHULPHQWDO LQYHVWLJDWLRQV EDVHG RQ WKH HOHFWURQLF VWUXFWXUH > @ DUH DERXW
GHWHUPLQDWLRQRIIUHHHOHFWURQGHQVLW\1 ( RUIUHHHOHFWURQGHQVLW\DWWKH)HUPLOHYHO1 () 
+RZHYHU GXH WR WKH LPSRVVLELOLW\ RI LQYHVWLJDWLQJ WKH )HUPLVXUIDFH RI DPRUSKRXV PHWDO
DOOR\VEDVHGRQWUDQVLWLRQPHWDOVH[SHULPHQWDOUHVXOWVFRQWDLQOHVVLQIRUPDWLRQWKDQWKHVDPH
H[SHULPHQWVRQFU\VWDOPDWHULDOV&RUUHODWLRQEHWZHHQWKHHOHFWURQVWUXFWXUHDQGSURSHUWLHVRI
BBBBBBBBBBBBBBBBBBBBBBBBBBBBB

&RUUHVSRQGLQJDXWKRUGUPLQLF#VEFJOREDOQHW
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$0DULþLüHWDO6FLHQFHRI6LQWHULQJ  
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DPRUSKRXVPHWDODOOR\VFDQQRWEHFRPSOHWHO\VROYHGRQWKHEDVLVRIH[SHULPHQWDOUHVXOWV

7KHRUHWLFDOPRGHO

$W WKH MXQFWLRQ RI PDWHULDOV ZLWK GLIIHUHQW )HUPL OHYHOV HOHFWURQV PRYH IURP WKH
PDWHULDO ZLWK D KLJKHU )HUPL OHYHO WR WKH PDWHULDO ZLWK D ORZHU )HUPL OHYHO GXH WR WKH
WKHUPRG\QDPLF WHQGHQF\ RI HTXDOL]LQJ )HUPL OHYHOV LQ WKHVH WZR PDWHULDOV $V D UHVXOW RI
WKHVH SURFHVVHV D VRFDOOHG FRQVWDQW H[WHUQDO SRWHQWLDO GLIIHUHQFH H[LVWV FDXVHG E\ WKH
GLIIHUHQFHRIRXWSXWZRUNRIWKHHOHFWURQV $DQG$ LQWKHWZRPDWHULDOVZKHQWKHHOHFWURQV
PRYH IURP WKH PDWHULDO ZLWK ORZHU RXWSXW ZRUN LQWR WKH PDWHULDO ZLWK KLJKHU RXWSXW ZRUN
$$FRUUHVSRQGVWRQ!QZKHUHQLVWKHFRQFHQWUDWLRQRIIUHHHOHFWURQVLQWKHPDWHULDO 
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$SRWHQWLDOGLIIHUHQFHDOVRH[LVWVEHWZHHQLQZDUGSRLQWVRIWKHFRQWDFWVXUIDFH'XHWR
HTXDOL]LQJRIWKH)HUPLOHYHOVRIWKHWZRPDWHULDOVSRWHQWLDOHQHUJLHVRIHOHFWURQVLQWKHRWKHU
PDWHULDODUHORZHUWKDQWKHRQHVLQWKHILUVWRQHIRU()()VRWKHIROORZLQJLQWHUQDOFRQWDFW
SRWHQWLDOGLIIHUHQFHRFFXUV
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7KHUHIRUHWKHLQWHUQDOSRWHQWLDOGLIIHUHQFHLVDFRQVHTXHQFHRIWKHGLIIHUHQFHLQWKH
FRQFHQWUDWLRQ RI HOHFWURQ JDVHV LQ FRQGXFWLQJ PDWHULDOV LQ FRQWDFW 7KH WHPSHUDWXUH
GHSHQGHQFHRI8LLVKLGGHQEHFDXVHWKH)HUPLOHYHO(ILVDOVRWHPSHUDWXUHGHSHQGHQW

,I WKH MRLQW FRQGXFWRUV DUH KHOG DW GLIIHUHQW WHPSHUDWXUHV 7!7 D WKHUPRHOHFWULF
FXUUHQWRFFXUVDVDFRQVHTXHQFHRIWKHWKHUPRHOHFWURPRWLYHIRUFH
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$0DULþLüHWDO6FLHQFHRI6LQWHULQJ  
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LQWHUYDOIURPURRPWHPSHUDWXUHWRR&0HDVXUHPHQWVRIUHODWLYHPDJQHWLFSHUPHDELOLW\LQ
LVRWKHUPDODQGQRQLVRWKHUPDOFRQGLWLRQVZHUHSHUIRUPHGXVLQJDPRGLILHG0D[ZHOOPHWKRG
EDVHG RQ WKH DFWLRQ RI DQ LQKRPRJHQHRXV ILHOG RQ WKH PDJQHWLF 0HDVXUHPHQWV RI WKH
PDJQHWLF IRUFH ZHUH SHUIRUPHG ZLWK D VHQVLWLYLW\ RI 1 $OO PHDVXUHPHQWV ZHUH GRQH LQ
DUJRQDWPRVSKHUH

5HVXOWVDQGGLVFXVVLRQ
6WUXFWXUDO5HOD[DWLRQ.LQHWLFV


([SHULPHQWDOO\ REWDLQHG LVRWKHUPDO GHSHQGHQFLHV RI WKH 7(0) RI WKH &X$O

DPRUSKRXV DOOR\ WKHUPRFRXSOH RQ WLPH DW WHPSHUDWXUHV RI 7  7 DQG 7 DUH SUHVHQWHG LQ
)LJ

7KHUHVXOWVREWDLQHGVKRZDOLQHDUGHSHQGHQFHRI7(06RQWLPHZKLFKFDQEHJLYHQ
DV
H NW  H  
ZKHUH  H  LV WKH 7(06 DW DQ\ PRPHQW GXULQJ LVRWKHUPDO DQQHDOLQJ N ±LV D VWUXFWXUDO
UHOD[DWLRQUDWHFRQVWDQWDWDFHUWDLQWHPSHUDWXUHDQG H  LVWKHLQLWLDO7(06DWWKHDQQHDOLQJ
WHPSHUDWXUH  7KLV YDOXH LV SURSRUWLRQDO WR WKH WHPSHUDWXUH RI LVRWKHUPDO DQQHDOLQJ DQG
LQYHUVHO\SURSRUWLRQDOWRWKHVDPSOHKHDWLQJUDWHWRWKHJLYHQWHPSHUDWXUH

)URP WKH OLQH VORSHV SUHVHQWHG LQ )LJ  VWUXFWXUDO UHOD[DWLRQ UDWH FRQVWDQWV
N Â V N Â V DQG N Â V ZHUH GHWHUPLQHG DW 7 Û& 7 Û&
DQG7 Û&UHVSHFWLYHO\

7KHǻOQNGHSHQGHQFHRQ7ZDVDOVROLQHDU)URPWKHVORSHVRIOLQHDUGHSHQGHQFLHV
OQNYV7WKHYDOXHRIDFWLYDWLRQHQHUJ\(D N-PROZDVGHWHUPLQHG



LVWKHWKHUPRHOHFWURPRWLYHIRUFHFRHIILFLHQWGHSHQGLQJRQWKHFKDUDFWHULVWLFVRIWKHPDWHULDOV
LQMXQFWLRQDQGǻ7LVWKHWHPSHUDWXUHGLIIHUHQFHRIWKHWZRMXQFWLRQV


([SHULPHQWDOSURFHGXUH

$WKLUW\PLFURPHWHUWKLFNULEERQRIWKH&R)H6L%DPRUSKRXVDOOR\ZDVXVHGDV
D VDPSOH LQ RXU UHVHDUFK $ PHFKDQLFDO MXQFWLRQ RI WKH LQYHVWLJDWHG DOOR\ DQG D FRSSHU
FRQGXFWRU ZDV FRQVWUXFWHG IRU PHDVXULQJ 7(0) 0HDVXUHPHQWV RI 7(0) DQG WKH
WHPSHUDWXUHGHSHQGHQFHRIHOHFWULFUHVLVWDQFHZHUHSHUIRUPHGXVLQJDGRXEOHFKDQQHOYROWDJH
VLJQDOVUHFRUGHUZLWKDVHQVLWLYLW\RIȝ9

7KHFU\VWDOOL]DWLRQSURFHVVZDVLQYHVWLJDWHGXVLQJWKH'6&PHWKRGLQWKHWHPSHUDWXUH

)LJ7(0)GHSHQGHQFHRQWLPHDWWHPSHUDWXUHV7 Û&7 Û&DQG7 Û&



7KXVPHDVXUHPHQWVRIWKHWKHUPRHOHFWURPRWLYHIRUFHFDQEHXVHGIRULQYHVWLJDWLRQ
RI WKH VWUXFWXUDO VWDWH RI DPRUSKRXV PHWDO DOOR\V DQG FKDQJHV RI WKH WKHUPRHOHFWURPRWLYH
IRUFHFRHIILFLHQWFDQEHXVHGWRHYDOXDWHWKHGHJUHHRIV\VWHPKHWHURJHQHLW\
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&KDQJHRIHOHFWURQLFVWDWHGHQVLW\DWWKH)HUPLOHYHOGXULQJLVRWKHUPDO
DQQHDOLQJ
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GHSHQGHQFH RI HOHFWULFDO UHVLVWLYLW\ SUHVHQWHG LQ )LJ  VKRZV WKDW D VXGGHQ GHFUHDVH RI
HOHFWULFDOUHVLVWLYLW\RFFXUVGXULQJHDFKFU\VWDOOL]DWLRQVWDJH


,WZDVH[SHULPHQWDOO\GHWHUPLQHGWKDWDOLQHDU7(0)WHPSHUDWXUHGHSHQGHQFHH[LVWHG
EHIRUHDQGDIWHUHDFKDQQHDOLQJ)LJ

)URP WKH OLQH VORSHV SUHVHQWHG LQ )LJ  WHPSHUDWXUH 7(0) FRHIILFLHQWV ZHUH
GHWHUPLQHGEHIRUHDQGDIWHUHDFKLVRWKHUPDODQQHDOLQJDWWHPSHUDWXUHVDQG&
EHLQJĮ ȝ9&DQGĮ ȝ9&Į ȝ9&DQGĮ ȝ9&UHVSHFWLYHO\

)URPWKHUHODWLRQ  VKRZLQJWKHGHSHQGHQFHRIWKH7(0)WHPSHUDWXUHFRHIILFLHQW
RQ WKH HOHFWURQLF VWDWH GHQVLW\ GLIIHUHQFH DW WKH )HUPL OHYHO RI WKH PDWHULDO LQ MXQFWLRQ WKH
FKDQJH RI HOHFWURQLF VWDWH GHQVLW\ DW WKH )HUPL OHYHO DIWHU HDFK LVRWKHUPDO DQQHDOLQJ ZDV
GHWHUPLQHG 'QQ  'QQ    7KH LQFUHDVHG YDOXH 'QQ  PRVW OLNHO\
UHVXOWHGIURPSDUWLDODOOR\FU\VWDOOL]DWLRQDWWHPSHUDWXUH7 &



)LJ7HPSHUDWXUHGHSHQGHQFHRIHOHFWULFDOUHVLVWLYLW\


7KHUHVXOWVREWDLQHGLQGLFDWHWKDWWKHVXGGHQGHFUHDVHRIHOHFWULFDOUHVLVWLYLW\GXULQJ
WKHFU\VWDOOL]DWLRQSURFHVVKDVEHHQFDXVHGQRWRQO\E\WKHLQFUHDVHRIWKHHOHFWURQPHDQIUHH
SDWKEXWDOVRE\WKHLQFUHDVHRIHOHFWURQLFVWDWHGHQVLW\DWWKH)HUPLOHYHO

)LJ7(0)WHPSHUDWXUHGHSHQGHQFHEHIRUHDQGDIWHUDQQHDOLQJDW7 Û&7 Û&
DQG7 Û&7KHGXUDWLRQRIDQQHDOLQJZDVV


7KH UHVXOWV REWDLQHG VKRZ WKDW GXULQJ  LVRWKHUPDO DQQHDOLQJ RI WKH &R)H6L%
DPRUSKRXV DOOR\ DW WHPSHUDWXUHV DERXW & ORZHU WKDQ WKH FU\VWDOOL]DWLRQ WHPSHUDWXUH
VWUXFWXUDO UHOD[DWLRQ DQG WKH SURFHVV RI SDUWLDO FU\VWDOOL]DWLRQ WDNH SODFH LQ WKH PDWHULDO DW
WHPSHUDWXUHV 7 DQG 7 DQG DW WHPSHUDWXUH 7 UHVSHFWLYHO\ $V D UHVXOW RI WKH SURFHVV WKH
HOHFWURQLF VWDWH GHQVLW\ DW WKH )HUPL OHYHO LQFUHDVHV LQ WKH DPRUSKRXV DOOR\ 7KHVH FKDQJHV
GLUHFWO\DIIHFWHOHFWULFDODQGPDJQHWLFSURSHUWLHVRIWKHDOOR\


(OHFWULFDODQG0DJQHWLF3URSHUWLHV
(OHFWULFDO 3URSHUWLHV )LJ  SUHVHQWV WKH H[SHULPHQWDOO\ REWDLQHG GHSHQGHQFH RI
HOHFWULFDOUHVLVWLYLW\RIWKHDOOR\RQWHPSHUDWXUH

$FFRUGLQJ WR '6& PHDVXUHPHQWV )LJ WKH DOOR\ FU\VWDOOL]HV LQ WZR VWDJHV DW
WHPSHUDWXUH7 Û&IRUWKHILUVWVWDJHDQGDW7 Û&IRUWKHVHFRQGRQH7KHWHPSHUDWXUH

)LJ'6&FXUYHKHDWLQJUDWH.PLQ


0DJQHWLF3URSHUWLHV
)LJSUHVHQWVWKHUHVXOWVRIPHDVXUHPHQWVRIWKHFKDQJHRI
UHODWLYH PDJQHWLF SHUPHDELOLW\ EHIRUH DQG DIWHU  DQQHDOLQJ 7KH UHVXOWV REWDLQHG VKRZ WKDW
DIWHUVWUXFWXUDOUHOD[DWLRQDW7 Û&DQGÛ&PDJQHWLFSURSHUWLHVKDYHFKDQJHGEHLQJLQ
GLUHFWFRUUHODWLRQZLWKWKHFKDQJHRIHOHFWURQLFVWDWHGHQVLW\DWWKH)HUPLOHYHO

7KHVHUHVXOWVVKRZWKDWWKHUHODWLYHFKDQJHRIPDJQHWLFSHUPHDELOLW\DIWHUDQQHDOLQJ
LV LQ IXOO FRUUHODWLRQ ZLWK WKH FKDQJH RI HOHFWURQ VWDWH GHQVLWLHV DW WKH )HUPL OHYHO 1DPHO\
HOHFWURQV UHVSRQVLEOH IRU IHUURPDJQHWLF SURSHUWLHV PXVW EH ORFDWHG LQ GHHSHU HQHUJ\ VWDWHV
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7KHVH EDQGV VKRXOG QRW EH FRPSOHWHO\ IXOO DV WKH HIIHFW RI HOHFWURQ VSLQV RI IXOO VWDWHV LV
FDQFHOOHG7KXVLQWHUQDOSDUWLDOO\ILOOHGEDQGVKDYHDQHIIHFWRQIHUURPDJQHWLVP$VGXULQJ
VWUXFWXUDOUHOD[DWLRQRIWKHDPRUSKRXVDOOR\DWRPVPRYHWRORZHUHQHUJ\VWDWHVDQGHOHFWURQ
VWDWHGHQVLWLHVLQFUHDVHLQWKHKLJKHQHUJ\VWDWHVLWLVREYLRXVWKDWWKHQXPEHURIIUHHTXDQWXP
VWDWHV LQ WKH ORZHU VXEVKHOO LQFUHDVHV (OHFWURQ VSLQV ZLOO WKHQ VSRQWDQHRXVO\ RULHQW LQ WKH
VDPHGLUHFWLRQDWWDLQLQJDORZHUHQHUJ\VWDWH'XHWRWKH3DXOLSULQFLSOHRQO\RQHHOHFWURQFDQ
EHSUHVHQWLQDQ\TXDQWXPVWDWH








)LJ7KHHIIHFWRIDQQHDOLQJRQWKHUHODWLYHFKDQJHRIPDJQHWLFSHUPHDELOLW\


7KLV ZD\ WKH LQFUHDVH RI IUHH TXDQWXP VWDWHV LQ LQWHUQDO SDUWLDOO\ ILOOHG EDQGV
LQFUHDVHVWKHQXPEHURIHOHFWURQVZLWKSDUDOOHOXQFRXSOHGVSLQVWKDWILQDOO\OHDGVWRDKLJKHU
PDJQHWLFSHUPHDELOLW\RIWKHDPRUSKRXVDOOR\DIWHUVWUXFWXUDOUHOD[DWLRQ+RZHYHUZKHQWKH
DPRUSKRXV DOOR\ KDV FRPSOHWHO\ FU\VWDOOL]HG LWV IHUURPDJQHWLVP LV ZHDNHU WKDQ LQ WKH
DPRUSKRXV VWDWH 5HGXFWLRQ RI PDJQHWLF SHUPHDELOLW\ IHUURPDJQHWLF SURSHUWLHV  RI WKH
DPRUSKRXV DOOR\ DIWHU FU\VWDOOL]DWLRQ FDQ EH H[SODLQHG E\ D UHGXFWLRQ RI LQWHUSDUWLFOH
GLVWDQFHV 7KH SDUWLDOO\ ILOOHG VXEVKHOO GLDPHWHU DQG LQWHUDWRPLF GLVWDQFH UDWLR LV QRZ
VLJQLILFDQWO\VPDOOHUWKDQEHIRUHWKHFU\VWDOOL]DWLRQSURFHVVWKDWKDVDVLJQLILFDQWLQIOXHQFHRQ
WKHUHGXFWLRQRIIHUURPDJQHWLFSURSHUWLHV



&RQFOXVLRQ



7KH &R)H6L% DPRUSKRXV DOOR\ UHWDLQV LWV DPRUSKRXV VWUXFWXUH XS WR Û&
'XULQJLVRWKHUPDODQQHDOLQJWKH7(0)LQFUHDVHVDWWHPSHUDWXUHVDERXWWRÛ&ORZHU
WKDQWKHFU\VWDOOL]DWLRQWHPSHUDWXUH7KHHOHFWURQLFVWDWHGHQVLW\DWWKH)HUPLOHYHOLQFUHDVHV
DIWHU HDFK LVRWKHUPDO DQQHDOLQJ 7KH FKDQJHV RI HOHFWURQ GHQVLW\ DW WKH )HUPL OHYHO GXULQJ
VWUXFWXUDO UHOD[DWLRQ FDXVH FKDQJHV RI LWV HOHFWULFDO DQG PDJQHWLF SURSHUWLHV 'LUHFW
SURSRUWLRQDOLW\EHWZHHQWKHLQFUHDVHRIHOHFWURQLFVWDWHGHQVLW\DQGHOHFWULFDOFRQGXFWLYLW\KDV
EHHQ GHWHUPLQHG 7KH GHSHQGHQFH RI  PDJQHWLF SURSHUWLHV RQ HOHFWURQLF VWDWH GHQVLW\ LV
FRQVLGHUDEO\PRUHFRPSOH[
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>@ $00DULþLü 5/M6LPHXQRYLü 005LVWLü ,; :RUOG 5RXQG 7DEOH &RQIHUHQFH RQ
6LQWHULQJ  
>@/$-DFREVRQ-0F.LWWULN5DSLG6ROLGLILFDWLRQ3URFHVVLQJ(OVHYLHU
>@.6X]XNL+)XG]LPRUL.<DVDPRWR$PRUIQ\HPHWDOO\0HWDOOXUJL\D0RVNYD
LQ5XVVLDQ 
>@9((JRUXVNLQ190HOQLNRYD0HWDORIL]LND71R  
>@$36SDN9/.DUERYVNLM$1-DUHVNR0HWDORIL]LNDLQRYHLVLHWHKQRORJLL1
  
>@$36SDN9/.DUERYVNLM$9%OL]QLM%OL]QLMSRUHGDNLRVREHQQRVWLHOHNWURQQRM
VWUXNWXULYDPRUIQLKPHWDOOLFHVNLKVSODYDKQDRVQRYHGPHWDOORY.10)  
>@ $ 0 0DULþLü $ .DOH]Lü*OLãRYLü ' 0LQLü DQG 0 0 5LVWLü 6FLHQFH RI
6LQWHULQJ&XUUHQW3UREOHPVDQG1HZ7UHQGV%HOJUDGH  

Ɋɟɡɸɦɟ ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɫɬɪɭɤɬɭɪɧɨɣ ɪɟɥɚɤɫɚɰɢɢ
ɚɦɨɪɮɧɨɝɨ ɫɩɥɚɜɚ &R)H6L% ɩɨɥɭɱɟɧɵ ɢɡɦɟɪɟɧɢɟɦ ɬɟɪɦɨɷɥɟɤɬɪɨɞɜɢɠɭɳɟɣ ɫɢɥɵ
ɩɪɢ ɩɨɦɨɳɢ ɬɟɪɦɨɩɚɪɵ ɩɨɥɭɱɟɧɧɨɣ ɦɟɯɚɧɢɱɟɫɤɢɦ ɫɨɟɞɢɧɟɧɢɟɦ ɩɪɨɜɨɞɧɢɤɚ ɢɡ ɦɟɞɢ ɢ
ɢɫɫɥɟɞɭɟɦɨɝɨ ɚɦɨɪɮɧɨɝɨ ɫɩɥɚɜɚ ɜ ɢɡɨɬɟɪɦɢɱɟɫɤɢɯ ɭɫɥɨɜɢɹɯ ɜ ɬɟɱɟɧɢɟ  ɫ ɩɪɢ
ɬɟɦɩɟɪɚɬɭɪɚɯ7 7 ɢ7 R& ɗɬɢ ɬɟɦɩɟɪɚɬɭɪɵ ɩɪɢɛɥɢɡɢɬɟɥɶɧɨ ɧɚ
ɨ ɋ ɧɢɠɟ ɬɟɦɩɟɪɚɬɭɪɵ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɋɬɪɭɤɬɭɪɧɚɹ ɪɟɥɚɤɫɚɰɢɹ ɩɪɨɬɟɤɚɟɬ
ɬɨɥɶɤɨ ɜ ɚɦɨɪɮɧɨɦ ɫɩɥɚɜɟ Ɉɩɪɟɞɟɥɟɧɵ ɷɧɟɪɝɢɹ ɚɤɬɢɜɚɰɢɢ ɩɪɨɰɟɫɫɚ( ɤɞɠɦɨɥɶ
ɤɨɧɫɬɚɧɬɵ ɫɤɨɪɨɫɬɢ ɩɪɨɰɟɫɫɚ N ÂV N ÂV ɢ N ÂV ɩɪɢ
ɬɟɦɩɟɪɚɬɭɪɚɯ Ɍ Ɍ ɢ Ɍ ɇɚ ɨɫɧɨɜɚɧɢɢ ɢɡɦɟɧɟɧɢɹ ɩɨɫɥɟ ɤɚɠɞɨɝɨ ɨɬɠɢɝɚ
ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ
ɤɨɷɮɮɢɰɢɟɧɬɚ
ɬɟɪɦɨɷɥɟɤɬɪɨɞɜɢɠɭɳɟɣ
ɫɢɥɵ
ɨɩɪɟɞɟɥɟɧɨ
ɨɬɧɨɫɢɬɟɥɶɧɨɟ ɢɡɦɟɧɟɧɢɟ ɩɥɨɬɧɨɫɬɢ ɫɨɫɬɨɹɧɢɣ ɷɥɟɤɬɪɨɧɨɜ ɚɦɨɪɮɧɨɝɨ ɫɩɥɚɜɚ ɧɚ
ɭɪɨɜɧɟ Ɏɟɪɦɢ 'QQ 'QQ ɢ 'QQ  
Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ Ⱥɦɨɪɮɧɵɣ ɫɩɥɚɜ ɩɥɨɬɧɨɫɬɶ ɫɜɨɛɨɞɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɷɥɟɤɬɪɢɱɟɫɤɢɟ
ɫɜɨɣɫɬɜɚ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ
ɋɚɞɪɠɚʁ ɍ ɨɜɨɦ ɪɚɞɭ ɞɚɬɢ ɫɭ ɪɟɡɭɥɬɚɬɢ ɫɬɪɭɤɬɭɪɧɟ ɪɟɥɚɤɫɚɰɢʁɟ ɚɦɨɪɮɧɟ ɥɟɝɭɪɟ 
&R)H6L% ɩɪɚʄɟɧɟ ɦɟɪɟʃɟɦ ɬɟɪɦɨɟɥɟɤɬɪɨɦɨɬɨɪɧɟ ɫɢɥɟ ɌȿɆɎ ɬɟɪɦɨɩɚɪɚ
ɨɫɬɜɚɪɟɧɨɝ ɦɟɯɚɧɢɱɤɢɦ ɫɩɚʁɚʃɟɦ ɛɚɤɚɪɧɨɝ ɩɪɨɜɨɞɧɢɤɚ &X ɢ ɢɫɩɢɬɢɜɚɧɟ ɚɦɨɪɮɧɟ
ɥɟɝɭɪɟ ɭ ɢɡɨɬɟɪɦɫɤɢɦ ɭɫɥɨɜɢɦɚ ɬɨɤɨɦ  V ɧɚ ɬɟɦɩɟɪɬɭɪɚɦɚ 7  7  ɢ
7 R& Ɉɜɟ ɬɟɦɩɟɪɚɬɭɪɟ ɫɭ ɩɪɢɛɥɢɠɧɨ ɡɚ  ɞɨ R& ɧɢɠɟ ɨɞ ɬɟɦɩɟɪɚɬɭɪɟ
ɤɪɢɫɬɚɥɢɡɚɰɢʁɟ ɬɚɤɨ ɞɚ ɫɟ ɫɬɪɭɤɬɭɪɧɚ ɪɟɥɚɤɫɚɰɢʁɚ ɨɞɜɢʁɚ ɫɚɦɨ ɭ ɚɦɨɪɮɧɨʁ ɥɟɝɭɪɢ
Ɉɞɪɟɻɟɧɟ ɫɭ ɟɧɟɪɝɢʁɚ ɚɤɬɢɜɚɰɢʁɟ ɩɪɨɰɟɫɚ (   N-PɨO  ɤɨɧɫɬɚɧɬɟ ɛɪɡɢɧɟ
N ÂV N ÂV ɢ N ÂV ɧɚ ɬɟɦɩɟɪɚɬɭɪɚɦɚ Ɍ Ɍ ɢ Ɍ ɂɡ ɩɪɨɦɟɧɟ
ɬɟɦɩɟɪɚɬɭɪɧɨɝ ɤɨɟɮɢɰɢʁɟɧɬɚ ɬɟɪɦɨɟɥɟɤɬɪɨɦɨɬɨɪɧɟ ɫɢɥɟ ɩɨɫɥɟ ɫɜɚɤɨɝ ɨɞɝɪɟɜɚʃɚ
ɨɞɪɟɻɟɧɚ ʁɟ ɪɟɥɚɬɢɜɧɚ ɩɪɨɦɟɧɚ ɝɭɫɬɢɧɟ ɫɬɚʃɚ ɟɥɟɤɬɪɨɧɚ ɚɦɨɪɮɧɟ ɥɟɝɭɪɟ ɧɚ
Ɏɟɪɦɢʁɟɜɨɦ ɧɢɜɨɭ 'QQ 'QQ ɢ 'QQ 
Ʉʂɭɱɧɟ ɪɟɱɢ Ⱥɦɨɪɮɧɚ ɥɟɝɭɪɚ ɝɭɫɬɢɧɚ ɫɥɨɛɨɞɧɢɯ ɟɥɟɤɬɪɨɧɚ ɟɥɟɤɬɪɢɱɧɚ ɫɜɨʁɫɬɜɚ
ɦɚɝɧɟɬɧɚ ɫɜɨʁɫɬɜɚ
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Fig. 2. Thermomagnetic curve of the as prepared Fe91.2W8.8
amorphous powder measured at the ﬁeld of 3.98 kA/m with
heating and cooling rate of 4 K/min and 30 min dwell time at
800 C.

Abstract
.
milled Fe–W [5]. The Mossbauer
phase analysis of the
ﬁnal product shows that the decomposition takes place
during the annealing and that the detected phases agree
with those in the equilibrium Fe–W phase diagram [6]
(Fig. 1).
The thermomagnetic curve reﬂects some structural
changes, especially above 500 C. Sharp increase in
magnetic moment at about 600 C can be ascribed to
crystallization of the amorphous phase and its decomposition into several tungsten rich phases and major iron
rich a-phase enlarging the total magnetic moment of the
sample. The Curie temperature derived from the
branches for increasing and decreasing temperatures is
approximately 755 C, which indicates low amount of W
in the solid solution of a-Fe(W). The main curve
features are almost identical with those of Fe50W50 in
Ref. [5] (Fig. 2).
From this hysteresis loop measurements the decrease
in coercivity from 11.8 to 4.1 kA/m and the increase in
total magnetic moment was observed. These changes
can be explained by phase decomposition (crystallization of a-Fe and l-Fe2W phases) and grain coarsening.
The increase in iron atoms magnetic moment corresponds nicely with changes in content of magnetic
.
phases as determined from Mossbauer
phase analysis.
The magnetic properties of the material studied are close
to those of the magnetically soft ones.

Structural and magnetic study of electrochemically synthesized Fe91.2W8.8 amorphous powder was realized.
.
Mossbauer
spectrum of the as prepared material with its paramagnetic and magnetic part includes g-Fe plus
components of Fe–W solid solution overlapped by amorphous magnetic and paramagnetic phases, stable almost down
to 20 K. After thermomagnetic curve measurement, the increase in the intensity of the magnetic part was observed.
Phases resulting from thermal decomposition agree with those in the equilibrium Fe–W phase diagram.
r 2003 Elsevier B.V. All rights reserved.
PACS: 75.50.Bb; 75.50.Kj; 61.18.F; 81.40.R
.
Keywords: Fe–W; Electrochemical synthesis; Mossbauer
effect; Phase analysis; Magnetic properties

treated material were revealed and compared with some
of those of mechanically alloyed ones.
.
Mossbauer
spectra of the electrochemically synthesized powder material were taken in the standard
transmission geometry using a Co57(Rh) source. Calibration was done against a-iron foil data. Computer
processing of spectra yielded intensities of individual
components, their hyperﬁne inductions, isomer shifts,
and quadrupole splittings. The amount of iron containing phases is supposed to be equal to intensities of the
corresponding spectral components. The phase analysis
of Fe–W materials published in [1–3] was applied
comparing the above-mentioned characteristics of individual components. The thermomagnetic (TM) curve
was measured on compacted material of cylindrical
shape with a diameter of 2 mm and thickness of about
1.5 mm in the ﬁeld of 3.98 kA/m with heating and
cooling rates of 4 K/min. During the measurement,
temperature of 800 C was reached and kept for 30 min
between the heating and cooling process ramps.
.
In Mossbauer
spectra, the prevailing paramagnetic
part is formed by single line component (arising from gFe particles) and by doublets. The doublets together

Recent intense development of modern powder
metallurgy has provoked sudden interest in amorphous
powders, particularly metallic ones, as composition
range of multiatomic system can be extended in this
way. E.g., electrochemically synthesized Fe–P amorphous powder alloys are active hydrogen absorbers in
the temperature range from 100 C to 300 C and that
they are transformed into crystalline state above this
temperature range. To synthesize an amorphous alloy of
increased structural stability, with no intention to
stabilize the alloy additionally by crystallization over a
wide temperature range, tungsten was used as amorphizer instead. However, the Fe–W amorphous system
prepared by mechanical alloying has been studied. When
studying the structure and phase composition of
electrochemically synthesized Fe91.2W8.8 amorphous
.
powder by means of Mossbauer
spectroscopy (at room
temperature and 20 K) and by magnetic methods,
interesting structural and magnetic properties of the
*Corresponding author. Tel.: +420-532290382; fax: +420541218657.
$ ak).
E-mail address: zak@ipm.cz (T. Z!

.
Fig. 1. Room temperature Mossbauer
spectra of Fe91.2W8.8
amorphous powder in the as prepared state (a) and after
thermomagnetic curve measurement—as vacuum annealing
800 C/30 min (b).

with the small-splitting part of six-line components
represent an amorphous phase. However, the isomer
shifts of doublets are different from those found in
literature for the nanocrystalline or ball milled Fe–W
[4,5]. As all paramagnetic components and their
intensities remain almost stable up to 20 K, they do
not represent superparamagnetic particles and the g-Fe
phase does not transform to an antiferromagnetic state.
The sextets with large magnetic splitting cannot be
simply ascribed to crystalline solid solution of W in a-Fe
only. They are probably overlapped by components of
magnetically ordered amorphous phase or components
representing crystallites of small coherent volumes.
After the heat treatment during the measurement of
the thermomagnetic curve, the increase in the intensity
of the magnetic part at the expense of the paramagnetic
one was observed. The distribution of magnetic components is close to solid solution of W in a-Fe. The content
of W can be estimated to approximately 3 at%. The
components of the paramagnetic part were ascribed to
W(Fe) solid solution, l-Fe2W, and Fe2+ phases. The
Fe2+ phase probably arises from FeO  WO3 oxide, the
traces of which were also observed in the spectra of ball

This work has been partially supported by grants Nos.
102/01/1335/B and 202/01/0668 of the Grant Agency of
the Czech Republic.
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Abstract
The differential scanning calorimetry method was used for investigating the crystallization process of the Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy.
It was shown that the examined alloy crystallizes in three stages. The ﬁrst crystallization stage occurs at 799 K, the second at 820 K and the third at
888 K. Temperature dependence of the magnetic susceptibility relative change was investigated by the modiﬁed Faraday method in the temperature
region from room temperature up to 900 K. It has been established that the Curie temperature is about 700 K for amorphous state. The magnetic
susceptibility increases by 30% after the ﬁrst heating up to 710 K. During the second heating up to 840 K the alloy loses its ferromagnetic features
in the temperature region from 710 to 750 K, upon which it again regains the same. After the second heating magnetic susceptibility decreases by
23% as compared to the amorphous starting value and by 53% as compared to the value before the second heating. The crystallized alloy maintains
ferromagnetic features in the whole temperature region during the heating up to 900 K.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Metallic glasses; Rapid-solidiﬁcation; Magnetic measurements; Thermal analysis

1. Introduction
The metallic glasses represent a novel class of metallic materials characterized by amorphous structure and metallic bond
providing them with unique physical and mechanical properties that cannot be found either in pure metals or other amorphous materials [1]. It has been shown that it is a consequence
of their microstructure with absence of long distance order
atom arrangement [2]. The amorphous state of matter is, however, structurally and thermodynamically unstable and very
susceptible to partial or complete crystallization during thermal treatment or nonisothermal compacting. The latter requires
the knowledge of alloys stability in a wide range of temperature. Generally, the stability is a thermally activated process of
transition from disordered amorphous structure to an ordered
crystal structure. The requirements for the soft magnetic alloys
∗ Corresponding author. Tel.: +381 32 355 622/302 758;
fax: +381 32 342 101.
E-mail addresses: aleksandrakalezic@eunet.yu, akalezic@tfc.kg.ac.yu
(A. Kalezić-Glišović), nmitrov@tfc.kg.ac.yu (N. Mitrović).

with nonequilibrium structure produced by melt quenching technique involve the design of the proper chemical composition that
provides improved levels of the properties, such as a high glassforming ability, good casting properties for the alloy which in
turn determine the surface quality and uniformity of the meltspun ribbons, as well as an enhanced thermal stability of both
magnetic properties and amorphous structure [3]. A lot of papers
have been dedicated to amorphous alloys ferromagnetism [4–9],
comprising the results of investigation of magnetic properties for
alloys of different content. Generally an amorphous structure
is assumed to introduce ﬂuctuations in exchange interactions,
which inﬂuence magnetic behaviour. It has been shown that
exchange interactions of 3d electrons of neighbour atoms are
accountable for ferromagnetism of ferrous group metal-based
amorphous alloys, as well as of crystal alloys, while magnetic
properties distinctiveness of amorphous metal alloys is generally determined by locally changeable surroundings of each
transition metal (TM) atom [9]. Atomic disorder and defects
of different levels play the main role in magnetic properties
determination. The results of various elements impact on mag� and Curie temperature TC of amorphous metal
netic moment M
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alloys are very inconsistent [10–13]. Magnetization J and Curie
temperature TC decrease during the transition from crystal to
amorphous state with all ferrous group metal-based amorphous
alloys. Magnetic moment in TM amorphous alloys is determined
by the number of electrons introduced into TM 3d zone [10].
The aim of this paper is to present the preliminary results of
investigation of the changes in magnetic susceptibility and Curie
temperature during the transition from amorphous to crystal state
of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy. The rationale of this
study is the composition of Fe-based soft magnetic alloy with
signiﬁcant decrease in atomic percentage of the metalloids (less
than 10 at.%).
2. Experimental

Fig. 1. DSC thermogram of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy obtained
at heating rate of 20 K/min.

Ribbon shaped samples of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous
alloy were obtained using the standard procedure of rapid
quenching of the melt on a rotating disc (melt-spinning). The
obtained ribbon was 2 cm wide and 35 m thick. The crystallization process was investigated in a nitrogen atmosphere
by the differential scanning calorimetry (DSC) method using
SHIMADZU DSC-50 analyzer in the temperature region from
room temperature to 1000 K. X-ray diffraction investigations
were performed using Cu K radiation lines (λ = 0.154178 nm)
on a Phillips PW1710 device. Measurements of the temperature
dependence of electrical resistivity were performed in a hydrogen ﬂow by the four points method. Temperature dependence
of the relative magnetic susceptibility was investigated by the
modiﬁed Faraday method in the temperature region from room
temperature up to 900 K, in argon atmosphere. The sample of
44 mg is introduced into magnetic ﬁeld by glass sample holder
at the level of upper base of vertically positioned solenoid where
magnetic ﬁeld gradient is �H/�z = 106 A/m/m (1.26 mT/mm).
After that, the relative change in magnetic susceptibility through
three heating cycles is monitored in the temperature region from
room temperature to 900 K.
3. Results and discussion
3.1. Investigation of the crystallization process
DSC thermogram (Fig. 1) shows Curie temperature TC at
700 K as well as the glass transition process at about 720 K
followed by a super-cooled liquid region before an exothermic reaction. The reaction is the indicator of amorphous alloy
crystallization process occurring in three separated stages with
temperature peaks of Tk1 = 799 K, Tk2 = 820 K and Tk3 = 890 K.
Enthalpies of corresponding steps determined from area maxima
are H1 = 55 J/g, H2 = 11 J/g and H3 = 19.2 J/g, respectively.
For better understanding of the crystallization mechanism,
the analysis of X-ray patterns of the original sample (Fig. 2a)
and the sample heated at temperature just above the crystallization peak in DSC scan was conducted (Fig. 2b). The starting
alloys exhibited a diffuse halo peak charcteristical for amorphous structure with the signs of crystallization probably the
due to the presence of small amount of metalloids (Si, B and

Fig. 2. X-ray diffractograms: (a) starting sample and (b) sample heated up to
870 K in hydrogen atmosphere.
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C). The sample heated above crystallization temperature has no
signs of amorphous structure and consists of different phases: Fe(1 1 0) with traces of Fe2 B (2 2 1) (peak 1), FeB (2 0 2) (peak
2) and Fe5 Si3 (2 2 0) (peak 3).
3.2. The analysis of thermomagnetic measurements results
Thermomagnetic measurements were performed by Faraday
method, which is based on the inhomogeneous magnetic ﬁeld
effect on magnetic material. The condition that the value of magnetic ﬁeld intensity H multiplied by its change along the vertical
axis is constant has been fulﬁlled by special construction of
vertically positioned solenoid. Magnetic ﬁeld intensity H at the
sample positioning spot was 7 kA/m.
During the ﬁrst and second heating, the decrease in magnetic
susceptibility in temperature region from 690 to 710 K is the
result of getting closer to Curie temperature (TC ) of amorphous
alloy (Fig. 3). After the ﬁrst heating in amorphous state temperature region up to 710 K (see DSC curve on Fig. 1) and upon
cooling to room temperature, magnetic susceptibility increases
by 30% (Fig. 3b). Magnetic susceptibility increase upon the ﬁrst
heating is caused by structural relaxation of amorphous structure
during the ﬁrst heating.

Fig. 3. Temperature dependence of relative magnetic susceptibility of
Fe89.8 Ni1.5 Si5.2 B3 C0.5 : (a) amorphous alloy (1) and crystallized alloy (2); (b)
(1) the ﬁrst heating up to 710 K, (2) the second heating up to 840 K and (3) the
third heating up to 900 K in argon atmosphere.
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Within the process in concern, internal strains and free volume are reduced in starting material. These changes are accompanied by subtle interatomic movements, bringing about the
changes in electron structure. This leads to an increase in the
number of electrons with unpaired spin in the direction of outer
magnetic ﬁeld, as well as to the decrease in number of electrons
with the spin of reversed direction than that of the ﬁeld, which
causes an increase in magnetic susceptibility upon cooling. At
the same time strains and free volume decrease during structural relaxation enables greater mobility of magnetic domains
walls, which further contributes to magnetic susceptibility
increase.
During the second heating (Fig. 3b) in temperature region
from 710 to 750 K the alloy loses its ferromagnetic features.
With further heating up to 840 K magnetic susceptibility starts
rising and the alloy regains its ferromagnetic features, since the
crystallization process starts at about 800 K (see DSC curve on
Fig. 1). After the second heating up to 840 K, magnetic susceptibility decreases by 23% (Fig. 3b) as compared to the value in
amorphous state (χ300 K ) and by 53% as compared to the value
in relaxed state after ﬁrst heating. During the second (Fig. 3a)
and the third heating (Fig. 3b) above crystallization temperature, alloy maintains its ferromagnetic features in the whole
temperature region, whereas the maximum change in magnetic
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susceptibility occurs at about 460 K as a consequence of further
phase transformation crystallized alloy.
3.3. The analysis of electrical resistivity measurements
Fig. 4a graph shows temperature dependence of the electrical resistivity of the investigated amorphous alloy. The obtained
graph clearly shows that each crystallization stage is followed
by electrical resistivity decrease. The differentiation of obtained
correlation ρ(T) (Fig. 4b) shows that the maximum in resistivity
temperature coefﬁcient occurs at about 700 K when the effects of
conductive electrons scatering on magnons disappeared [14,15].
At that temperature the amorphous alloy loses its ferromagnetic
features (TC ), which is in excellent correlation with the thermomagnetic measurements results (Fig. 3a).
4. Conclusion
This paper give the analysis of the correlation between processes of structural relaxation and crystallization and relative
changes in magnetic susceptibility of the Fe89.8 Ni1.5 Si5.2 B3 C0.5
amorphous alloy. It was shown that the crystallization process
occurs in three stages with crystallization peak temperatures of
the ﬁrst stage 799 K, of the second stage 820 K and of the third
stage 888 K. The temperature dependence of magnetic susceptibility was investigated in three heating cycles in temperature
region from room temperature to 900 K. It was shown that the
amorphous alloy loses its ferromagnetic features at the temperature of about 700 K (TC ), which is in accordance with the results
obtained from temperature dependence of speciﬁc electric resistivity. Upon the ﬁrst heating up to 710 K, magnetic susceptibility
of the examined alloy increases by 30% as compared to the start
value before the ﬁrst heating. During the second heating up to
840 K, in temperature region from 710 to 750 K, the alloy loses
its ferromagnetic features, meaning that it maintains amorphous

structure in that temperature region. After that, magnetic susceptibility rises during further heating and the alloy regains its
ferromagnetic features, since the crystallization process starts.
Upon the second heating magnetic susceptibility decreases by
23% as compared to the start value before the ﬁrst heating, and
by 53% as compared to the value before the second heating.
During the third heating up to 900 K the alloy maintains its ferromagnetic features in the whole temperature region as it has
completely crystallized.
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Fig. 4. Temperature dependence of: (a) electrical resistivity and (b) the ﬁrst
derivative of electrical resistivity of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy.
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'2, 6260
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6\QWKHVLV&KDUDFWHUL]DWLRQDQG6WDELOLW\RI$PRUSKRXV$OOR\V
'00LQLü

)DFXOW\ RI 3K\VLFDO &KHPLVWU\ 8QLYHUVLW\ RI %HOJUDGH  %HOJUDGH 6HUELD DQG
0RQWHQHJUR

$EVWUDFW

,Q WKLV SDSHU WKH UHVXOWV RI FKHPLFDO DQG HOHFWURFKHPLFDO V\QWKHVLV RI )H3 )H:
DQG)H1LDPRUSKRXVSRZGHUVLQYHVWLJDWLRQVRIWKHLUVWUXFWXUDOFKDUDFWHULVWLFVVWDELOLW\DQG
SURFHVVHVRIWKHLUUHOD[DWLRQDQGVWDELOL]DWLRQGXULQJKHDWLQJLQWKHWHPSHUDWXUHUDQJHRI
R&DUHSUHVHQWHG
.H\ZRUGV $PRUSKRXV DOOR\ 0HWDOOLF JODVVHV 7KHUPDO WUHDWPHQW &U\VWDOOL]DWLRQ NLQHWLFV
3KDVHWUDQVIRUPDWLRQ

,QWURGXFWLRQ
 $PRUSKRXV DOOR\V DUH D UHODWLYHO\ QHZ PDWHULDO RIIHULQJ D VSHFLILF FRPELQDWLRQ RI
SURSHUWLHV DWWUDFWLQJ VSHFLDO LQWHUHVW RI PDQ\ VFLHQWLVW GXULQJ WKH ODVW WZR GHFDGHV 7KHVH
PDWHULDOV UHSUHVHQW D FODVV RI PDWHULDO FKDUDFWHUL]HG E\ D VWUXFWXUH ZLWK WKH DEVHQFH RIORQJ
UDQJHRUGHUDWRPDUUDQJHPHQW>@)RUPXOWLFRPSRQHQWDOOR\VWKLVLVDPRUHXQLYHUVDOZD\
RIWKHLUH[LVWHQFH$VWKHILUVWDSSURDFKDPRUSKRXVDOOR\VFDQEHFRQVLGHUHGDVWZRRUPXOWL
FRPSRQHQWVROLGVROXWLRQVOLNHOLTXLGVROXWLRQV+RZHYHUWKH\SRVVHVVWKHW\SLFDOSURSHUWLHV
RI VROLGV $FFRUGLQJ WR LQWHQVLYH H[SHULPHQWDO LQYHVWLJDWLRQV DPRUSKRXV DOOR\V FDQ EH
REWDLQHG SUDFWLFDOO\ LQ DQ\ PXOWLFRPSRQHQW V\VWHP 6HYHUDO PHWKRGV KDYH EHHQ GHYHORSHG
IRUREWDLQLQJWKLVFODVVRIPDWHULDOV0RVWRIWKHPDUHEDVHGRQUDSLGFRROLQJRIOLTXLGPHWDOV
DOOR\VRUWKHLUYDSRUVFRQGHQVLQJRQDFROGVXSSRUWLQRUGHUWRDFKLHYHVWURQJQRQHTXLOLEULXP
FRQGLWLRQV >@ (OHFWURFKHPLFDO V\QWKHVLV RI DPRUSKRXV DOOR\V DSSHDUV WR EH KLJKO\
FRPSHWLWLYH DV FRPSDUHG ZLWK WKH DIRUHPHQWLRQHG SUHSDUDWLRQ PHWKRGV >@ $ FKDUDFWHULVWLF
SHFXOLDULW\RIWKLVPHWKRGLVWKHSRVVLELOLW\RIFKDQJLQJWKHFRPSRVLWLRQDQGVWUXFWXUHRIWKH
GHSRVLWHGDOOR\VZLWKLQDEURDGUDQJHRIGHVLUHGFRPSRVLWLRQVDQGSURSHUWLHV

7KHDPRUSKRXVVWDWHRIPDWWHULVKRZHYHUVWUXFWXUDOO\DQGWKHUPRG\QDPLFDOO\XQVWDEOH
DQG YHU\ VXVFHSWLEOH WR SDUWLDO RU FRPSOHWH FU\VWDOOL]DWLRQ GXULQJ WKHUPDO WUHDWPHQW RU QRQ
LVRWKHUPDOFRPSDFWLQJ7KHODWWHULPSRVHVWKHNQRZOHGJHRIDOOR\VWDELOLW\LQDEURDGUDQJHRI
WHPSHUDWXUHV GXH WR GLIIHUHQW FU\VWDOOL]DWLRQ SURFHVVHV >@ DSSHDULQJ GXULQJ KHDWLQJ 7KHUH DUH
WKUHH LPSRUWDQW PRGHV RI FU\VWDOOL]DWLRQ LQYROYLQJ QXFOHDWLRQ DQG JURZWK SURFHVVHV GHSHQGLQJ
RQ WKH FRPSRVLWLRQ RI D SDUWLFXODU DOOR\ SRO\PRUSKRXV FU\VWDOOL]DWLRQ SULPDU\ FU\VWDOOL]DWLRQ
DQG HXWHFWLF FU\VWDOOL]DWLRQ >@ 3RO\PRUSKRXV FU\VWDOOL]DWLRQ LV D WUDQVLWLRQ RI WKH DPRUSKRXV
SKDVH WR D FU\VWDOOLQH RQH ZLWKRXW DQ\ FKDQJH LQ WKH FRPSRVLWLRQ RI WKDW SKDVH 7KHUH LV QR
FRQFHQWUDWLRQGLIIHUHQFHDFURVVWKHUHDFWLRQIURQWEHFDXVHWKHFRQFHQWUDWLRQGRHVQRWFKDQJH,Q
SULPDU\FU\VWDOOL]DWLRQWKHSKDVHRIRQHRIWKHDOOR\FRQVWLWXHQWVFU\VWDOOL]HVILUVW7KHGLVSHUVHG
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SULPDU\FU\VWDOOL]HGSKDVHFRH[LVWVZLWKWKHDPRUSKRXVPDWUL[DQGPD\VHUYHDVWKHQXFOHDWLRQ
VLWH IRU VHFRQGDU\ RU WHUWLDU\ FU\VWDOOL]DWLRQ (XWHFWLF FU\VWDOOL]DWLRQ LV VLPXOWDQHRXV
FU\VWDOOL]DWLRQ RI WZR FU\VWDOOLQH SKDVHV E\ D GLVFRQWLQXRXV UHDFWLRQ 7KLV UHDFWLRQ WDNHV ORQJHU
WKDQ SRO\PRUSKRXV FU\VWDOOL]DWLRQ WR SURFHHG EHFDXVH WKH WZR FRPSRQHQWV KDYH WR VHSDUDWH E\
GLIIXVLRQLQWRWZRVHSDUDWHSKDVHVZLWKLQWKHFU\VWDOOL]HGUHJLRQ
 +RZHYHU E\ DQQHDOLQJ EHORZ WKH FU\VWDOOL]DWLRQ WHPSHUDWXUH WKLV PDWHULDO XQGHUJRHV
VWUXFWXUDO UHOD[DWLRQ SURFHVVHV HQYHORSLQJ WZR FRPSHWLWLYH SURFHVVHV D IUHH YROXPH GHFUHDVH
ZKLFKORZHUVWKHUDWHRIGLIIXVLRQPDVVWUDQVSRUWDQGDQDUUDQJLQJSURFHVVZKLFKEULQJVWKHDOOR\
FORVHUWRWKHFU\VWDOOL]HGVWDWHE\LQFUHDVLQJLWVUHDGLQHVVIRUFU\VWDOOL]DWLRQ>@3K\VLFDOIHDWXUHV
RI DPRUSKRXV PHWDO DOOR\V DUH LUUHYHUVLEO\ FKDQJHG LQ WKH SURFHVVHV RI VWUXFWXUDO UHOD[DWLRQ
RFFXUULQJVOLJKWO\EHORZWKHFU\VWDOOL]DWLRQWHPSHUDWXUH
 .LQHWLFSURSHUWLHVRIDPRUSKRXVDOOR\VVKRZDFRUUHODWLRQEHWZHHQWKHSK\VLFDOQDWXUHRI
DQRPDORXV EHKDYLRU RI HOHFWURQLF VWDWHV GHQVLW\ DW WKH )HUPL OHYHO WKHUPDO FRQGXFWLYLW\ KHDW
FDSDFLWDQFHHOHFWULFDOUHVLVWLYLW\DQGVWUXFWXUDOLQKRPRJHQHLWLHVLQWKHVHPDWHULDOV

([SHULPHQWDOSURFHGXUH

7KHWKHUPDOVWDELOLW\ZDVLQYHVWLJDWHGE\QRQLVRWKHUPDOWKHUPDODQDO\VLV '6& XVLQJD
'X 3RQW 7KHUPDO $QDO\]HU PRGHO   ,Q WKLV FDVH VDPSOHV ZHLJKLQJ VHYHUDO PLOOLJUDPV
ZHUHKHDWHGLQWKH'6&FHOOIURPURRPWHPSHUDWXUHWRq&LQDVWUHDPRIQLWURJHQDWQRUPDO
SUHVVXUHDWKHDWLQJUDWHVRIDQG.PLQ

7KH ;UD\ SRZGHU GLIIUDFWLRQ ;5'  SDWWHUQV ZHUH UHFRUGHG RQ D 3KLOLSV 3:
DXWRPDWHGGLIIUDFWRPHWHUXVLQJD&XWXEHRSHUDWLQJDWN9DQGP$7KHLQVWUXPHQWZDV
HTXLSSHGZLWKDGLIIUDFWHGEHDPFXUYHGJUDSKLWHPRQRFKURPDWRUDQGD;HILOOHGSURSRUWLRQDO
FRXQWHU )RU URXWLQH FKDUDFWHUL]DWLRQ GLIIUDFWLRQ GDWD ZHUH FROOHFWHG LQ WKH UDQJH 4 %UDJJ
DQJOHV q FRXQWLQJ IRU  VHFRQGV $ IL[HG q GLYHUJHQFH DQG  PP UHFHLYLQJ VOLWV
ZHUH XVHG 6LOLFRQ SRZGHU ZDV XVHG DV DQ H[WHUQDO VWDQGDUG IRU FDOLEUDWLRQ RI WKH
GLIIUDFWRPHWHU $OO ;5' PHDVXUHPHQWV ZHUH UHFRUGHG RQ VROLG VDPSOHV LQ SRZGHU IRUP DW
DPELHQW WHPSHUDWXUH 3ULRU WR ;5' H[SHULPHQW WKH VDPSOHV ZHUH KHDWHG WR HOHYDWHG
WHPSHUDWXUHVIRUPLQXWHVLQQLWURJHQDWPRVSKHUH

7KHXQLWFHOOGLPHQVLRQVRIFU\VWDOOL]HGDOOR\VZHUHFDOFXODWHGIURPSRZGHUGDWDE\
WKH OHDVW VTXDUH UHILQHPHQW SURFHGXUH XVLQJ WKH /VXFULSF SURJUDP >@ &U\VWDOOLWH VL]H
GLPHQVLRQVLHWKHOHQJWKRIFRKHUHQWRUGHUHGVWUXFWXUH '+./!c  ZHUHGHWHUPLQHGE\XVLQJ
DQLQWHUDFWLYH:LQGRZVSURJUDPIRUSURILOHILWWLQJDQGVL]HDQDO\VLV:LQILW>@

7KH PLFURVWUXFWXUH DQG FRPSRVLWLRQDO KRPRJHQHLW\ RI WKH REWDLQHG VDPSOHV ZHUH
LQYHVWLJDWHG E\ D -2(/-60  VFDQQLQJ HOHFWURQ PLFURVFRSH 3ULRU WR WKH PLFURVFRSH
REVHUYDWLRQDQ$XWKLQILOPZDVDSSOLHGRQWKHIODWVXUIDFHVRIWKHVSHFLPHQV
 0HDVXUHPHQWV RI WKH HOHFWULFDO UHVLVWDQFH DV D IXQFWLRQ RI WHPSHUDWXUH ZHUH
SHUIRUPHG XVLQJ WKH IRXUSRLQW PHWKRG LQ WKH WHPSHUDWXUH LQWHUYDO IURP  WR  . $OO
PHDVXUHPHQWVZHUHGRQHLQDUJRQDWPRVSKHUH)RUPHDVXUHPHQWVRIHOHFWULFDOUHVLVWDQFHWKH
DPRUSKRXVSRZGHUVZHUHSUHVVHGDW03DLQWRFPORQJVDPSOHVZLWKFURVVVHFWLRQVRI
PP
 0|VVEDXHU VSHFWUD RI WKH SRZGHU PDWHULDO ZHUH WDNHQ LQ WKH VWDQGDUG WUDQVPLVVLRQ
JHRPHWU\XVLQJD&R 5K VRXUFHDWURRPWHPSHUDWXUHDQGDW.7KHFDOLEUDWLRQZDVGRQH
DJDLQVW DLURQ IRLO GDWD &RPSXWHU SURFHVVLQJ \LHOGHG LQWHQVLWLHV , RI FRPSRQHQWV WKHLU
K\SHUILQHLQGXFWLRQV%KILVRPHUVKLIWVGDQGTXDGUXSROHVSOLWWLQJVV7KHFRQWHQWVRIWKHLURQ
FRQWDLQLQJ SKDVHV DUH JLYHQ DV LQWHQVLWLHV RI WKH FRUUHVSRQGLQJ VSHFWUDO FRPSRQHQWV SKDVHV
ZLWKQHJOLJLEOHLURQFRQWHQWDUHQRWGHWHFWDEOHE\0|VVEDXHUVSHFWURVFRS\ 

7KHWKHUPRPDJQHWLF 70 FXUYHZDVPHDVXUHGRQDZHDNO\FRPSDFWHGPDWHULDORID
F\OLQGULFDOVKDSHZLWKDGLDPHWHURIPPDQGWKLFNQHVVRIDERXWPPSODFHGLQDVSHFLDO
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YDFXXP IXUQDFH 7KH 70 PHDVXUHPHQW ZDV GRQH LQ D ILHOG RI  N$P 2H  ZLWK D
KHDWLQJDQGFRROLQJUDWHRI.PLQXVLQJDQ(* *YLEUDWLQJVDPSOHPDJQHWRPHWHU
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UDQJHR&7KLVSURFHVVLQYROYHWZRVHSDUDWHVWDJHVRIFU\VWDOOL]DWLRQLQGLFDWHGDVVWHS
DQGVWHSSURFHHGLQJZLWKDFKDQJHRIHQWKDOS\DQG-JUHVSHFWLYHO\>@

)H3DPRUSKRXVSRZGHU
 $Q DPRUSKRXV )H3 SRZGHU ZDV REWDLQHG E\ HOHFWURO\]LQJ DQ DTXHRXV VROXWLRQ
FRQWDLQLQJ )H621D+32&+2DQGJO\FLQHDWFXUUHQWGHQVLW\RI$GPZLWKD&X
FDWKRGH DQG D 3W DQRGH LQ IORZLQJ DWPRVSKHUH RI SXULILHG QLWURJHQ ZKRVH FRQWLQXRXV IORZ
ZDV XVHG IRU VWLUULQJ DOHFWURO\WH LQ WKH HOHFWURO\]H>@ &KHPLFDO DQDO\VLV RI WKH FDWKRGH
SRZGHUREWDLQHGVKRZHGFRQWHQWVRIZW)HDQGZW30LFURVFRS\DQDO\VLVVKRZHG
WKDWRIWKHSDUWLFOHVKDYHGLPHQVLRQVLQWKHUDQJHPP

)LJ'6&WHUPRJUDPVIRUGLIIHUHQWUDWHVRIVDPSOHKHDWLQJ
)LJ;UD\GLIIUDFWRJUDPVRI  
LQLWLDO SRZGHU RI )H3   LQLWLDO
SRZGHU DIWHU KHDWLQJ DW R& DQG
 FU\VWDOOLQHD)H
 'LIIUDFWRJUDPVLQ)LJLOOXVWUDWHWKHDPRUSKRXVVWDWHRIWKHSRZGHUHOHFWURO\WLFDOO\
REWDLQHGZLWKDORZSHUFHQWDJHRIFU\VWDOOLQLW\ EHORZ  GLIIUDFWRJUDPD DQGFU\VWDOOL]HG
SRZGHU DIWHU KHDWLQJ DW R& GLIIUDFWRJUDP E  7KH FU\VWDOOLQLW\ ZDV GHWHUPLQHG E\
FRPSDULQJRIUHIOHFWLRQFKDUDFWHULVWLFVRIWKHSRZGHUREWDLQHGZLWKWKHUHIOHFWLRQRIVWDQGDUG
GLIIUDFWRJUDPF 

7KH FKDUDFWHULVWLF Į)H   SHDN ș    IRU DPRUSKRXV SRZGHU KDV D ORZHU
LQWHQVLW\ DQG KDV EURDGHQHG DQG VKLIWHG WRZDUGV ORZHU ș YDOXHV ș    7KLV FDQ EH
H[SODLQHG E\ LQFRUSRUDWLRQ RI SKRVSKRURXV DWRPV LQWR WKH LURQ FU\VWDO ODWWLFH ZKLFK FDXVHV LWV
GHIRUPDWLRQDQGDPRUSKL]DWLRQ
7DE,7KHNLQHWLFSDUDPHWHUVRISURFHVVFU\VWDOOL]DWLRQRI)H3DPRUSKRXVDOOR\
7KHILUVWFU\VWDOOL]DWLRQVWDJH
7KHVHFRQGFU\VWDOOL]DWLRQVWDJH
7KHDFWLYDWLRQHQHUJ\( N-PRO
7KHDFWLYDWLRQHQHUJ\ ( N-PRO
7KHIUHTXHQF\IDFWRU= PLQ
7KHIUHTXHQF\IDFWRU= PLQ
7P
N
7P
N
W
W
.
PLQ
PLQ 
PLQ 
.
PLQ
























7PLVWKHWHPSHUDWXUHRIWKHH[RWKHUPDOPD[LPXP
 )URP'6&WKHUPRJUDPVJLYHQLQ)LJIRUGLIIHUHQWUDWHVRIVDPSOHKHDWLQJLWLVVHHQ
WKDWWKHSURFHVVRIWKHUPDOVDPSOHVWDELOL]DWLRQE\FU\VWDOOL]DWLRQWDNHVSODFHLQWKHWHPSHUDWXUH

 )LJ  VKRZV WKH HOHFWULFDO UHVLVWDQFH FKDQJH RI WKH SUHVVHG SRZGHU GXULQJ KHDWLQJ
IURP  WR R& WZR F\FOHV  DQG FRROLQJ GRZQ WR R& 'XULQJ WKH ILUVW KHDWLQJ WKH
UHVLVWDQFH GHFUHDVHV ZLWK WZR PLQLPXPV LQ WKH WHPSHUDWXUH UDQJH R& 7KH ILUVW
UHVLVWDQFH GHFUHDVH LQ WKLV FDVH LV DVFULEHG WR VWDELOL]DWLRQ RI WKH GHIRUPHG VWUXFWXUH 
FU\VWDOOLQLW\  IROORZHGE\ D FKDQJH LQ WKH DPRUSKRXVSKDVH GLVRUGHU ZKLFK LV LQ FRQQHFWLRQ
ZLWK WKH FKDQJH LQ WKH HOHFWURQLF VWUXFWXUH 'XULQJ WKH REVHUYHG ILUVW PLQLPXP UHVLVWDQFH
UHOD[DWLRQRIWKHSUHVVHGVDPSOHLVDOPRVWFRPSOHWHGWKHFU\VWDOOL]DWLRQSURFHVVWDNHVSODFH
DOUHDG\DWR&DQGWKHUHVLVWDQFHLQFUHDVHVZKLOHWKHWHPSHUDWXUHLVUDLVHGWRR&$WWKLV
WHPSHUDWXUH FU\VWDOOL]DWLRQ LV HQGHG DQG FRROLQJ WR WKH LQLWLDO WHPSHUDWXUHV WDNHV SODFH
IROORZHGE\DVOLJKWDOPRVWOLQHDUGHFUHDVHLQWKHUHVLVWDQFH


)LJ&KDQJHLQHOHFWULFDOUHVLVWDQFHZLWKWHPSHUDWXUH D IRUWZRF\FOHVRIKHDWLQJ
DQGFRROLQJ E IRUWKHWKLUGKHDWLQJVDPSOHFUXVKHGDQGSUHVVHGDJDLQ
 ,Q UHSHDWHG KHDWLQJ RI WKH VDPH VDPSOH FUXVKHG DQG SUHVVHG DJDLQ WKH UHVLVWDQFH
FKDQJHLVFDXVHGE\VWDELOL]DWLRQRIWKHGHIRUPHGVWUXFWXUHFU\VWDOOL]HGVDPSOH,WLVVHHQWKDW
QRZ WKH LQLWLDO UHVLVWDQFH LV KLJKHU WKDQ LQ WKH FDVH RI WKH SULPDULO\ SUHVVHG VDPSOH VLQFH
KHDWLQJOHGWRDFRPSOHWHFU\VWDOOL]DWLRQDQGFDXVHGDKLJKHUGHJUHHRIGHIRUPDWLRQ
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)H:DPRUSKRXVSRZGHU
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([SRVLQJ RI WKH REWDLQHG DOOR\V WR DQQHDOLQJ DW WKH WHPSHUDWXUH XS WR  & GXULQJ
'7$PHDVXUHPHQW )LJ UHVXOWLQVRPHVWUXFWXUDOFKDQJHVDERYH&


)H: SRZGHUV RI GLIIHUHQW FRPSRVLWLRQV ZHUH REWDLQHG E\ HOHFWURO\]LQJ DTXHRXV
VROXWLRQV FRQWDLQLQJ 1D:2 1D+32 &+2 JO\FLQH DQG )H62 DW D FXUUHQW GHQVLW\ RI 
$GPE\FKDQJLQJWKHUDWLRRILURQWRWXQJVWHQEXWPDLQWDLQLQJWKHLUWRWDOPRODUFRQFHQWUDWLRQRI
0LQWKHVROXWLRQ>@(OHFWURO\VLVZDVSHUIRUPHGXVLQJD&XFDWKRGHDQGD3WDQRGHLQD
VWUHDPRISXULILHGQLWURJHQZKRVHFRQWLQXRXVIORZZDVXVHGIRUVWLUULQJWKHHOHFWURO\WHVLQWKH
HOHFWURO\]HUDW&7KHFKHPLFDOFRPSRVLWLRQVRIWKHFDWKRGHSRZGHUVREWDLQHGDQGPDUNHGDV
DOOR\DOOR\DQGDOOR\DUHJLYHQLQ7DE,,0LFURVFRSLFDQDO\VLVVKRZHGWKDWRIWKH
SDUWLFOHVKDYHGLPHQVLRQVLQWKHUDQJHP
7DE,,&RPSRVLWLRQVDQGVWUXFWXUHRIREWDLQHGDOOR\V
ș
)H:
)H:
$OOR\

0DVVUDWLR
$WRPLFUDWLR
DOOR\



DOOR\



DOOR\




GYDOXH
c

&U\VWDOOLQLW\










7KHSRZGHUGLIIUDFWRJUDPVRIWKHDOOR\V )LJ LQGLFDWHVRPHDPRUSKL]DWLRQRIWKHLURQ
SKDVHLQWKHSUHVHQFHRIWXQJVWHQ)RUWKHDOOR\VWKHĮ)H  SHDNVKDYHDORZHULQWHQVLW\
WKH\KDYHEURDGHQHGDQGVKLIWHGWRZDUGVORZHUșYDOXHVWKDQIRUFU\VWDOOLQHD)H ș  
7DEOH   7KLV FDQ EH H[SODLQHG E\ LQWHUIDFLDO UHJLRQV ZLWK SDUWLDO LQFRUSRUDWLRQ RI WXQJVWHQ
DWRPV LQWR WKH LURQ FU\VWDO ODWWLFH ZKLFK FDXVHV LWV GHIRUPDWLRQ RZLQJ WR WKH VRPHZKDW ODUJHU
DWRPLFUDGLXVRIWXQJVWHQ

)LJ  ;UD\ GLIIUDFWRJUDPV RI DVSUHSDUHG VDPSOHV RI D )H: E )H:
F )H:

)LJ  '7$ WKHUPRJUDPV RI
)H:IRUKHDWLQJDQGFRROLQJ
F\FOHV LQ DUJRQ IORZ 0HDVXUHG
ZLWKWKHKHDWLQJUDWHRI.PLQ
 $V FDQ EH VHHQ IURP )LJ  UHSUHVHQWLQJ WKH 0|VVEDXHU VSHFWUD WKH SUHYDLOLQJ
SDUDPDJQHWLF SDUW LV IRUPHG E\ /$ DQG /$ VLQJOHWV DQG '$ DQG '$ GRXEOHWV 7KH
VLQJOHWVZHUHDVFULEHGWRJ)HSDUWLFOHV>@7KHGRXEOHWVWRJHWKHUZLWK6$DQG6$VH[WHWV
ZHUHLGHQWLILHGDVWKHDPRUSKRXVSKDVHLQGLFDWHGLQWKH;UD\GLIIUDFWRJUDP

)LJ0|VVEDXHUVSHFWUDRIWKHDVSUHSDUHG)H:WDNHQDWURRPWHPSHUDWXUH DERYH DQG
DW . VHH GHWDLO RQ ULJKW  DQG DIWHU WKHUPRPDJQHWLF FXUYH PHDVXUHPHQW EHORZ 
&RPSRQHQWVEHORQJLQJWRLURQULFK $ DQGWXQJVWHQULFK % SKDVHVDUHGHSLFWHG VHHWDE,,,
IRUODEHOV 
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7KHLQWHQVLW\DQGWKHFRPSRQHQWVRIWKHSDUDPDJQHWLFSDUWUHPDLQVWDEOHXSWR.
H[FHSWDWHPSHUDWXUHVKLIWDQGDVOLJKWFKDQJHLQWKHTXDGUXSROHVSOLWWLQJ,WLQGLFDWHVWKDWWKH
SDUDPDJQHWLFSDUWGRHVQRWUHSUHVHQWVPDOOVXSHUSDUDPDJQHWLFSDUWLFOHV(YHQWKHJ)HSKDVH
GLGQRWWUDQVLWIURPDSDUDPDJQHWLFWRDQWLIHUURPDJQHWLFVWDWHLQRXUVDPSOHE\FRROLQJGRZQ
WR.XQOLNHWKHJ)HSUHFLSLWDWHVLQD&XPDWUL[7KHPDJQHWLFSDUWUHSUHVHQWHGE\6$±
6$VH[WHWVFDQQRWEHVLPSO\DVFULEHGWRDFU\VWDOOLQHD)H : VROLGVROXWLRQLGHQWLILHGLQWKH
;UD\GLIIUDFWLRQ7KHGLVWULEXWLRQRIWKHLUSDUWLDOLQWHQVLWLHVGRHVQRWILWWKHYDOXHVH[SHFWHG
IRUDKRPRJHQHRXVVROLGVROXWLRQRIDW:LQEFF)H7KLVFDQEHFDXVHGE\RYHUODSSLQJ
RIWKHD)H : FRPSRQHQWVZLWKRWKHUFRPSRQHQWVRIWKHPDJQHWLFRUGHUHGDPRUSKRXVSKDVH
LQWKH0|VVEDXHUVSHFWUXP7KHFRPSRVLWLRQRIWKHIHUURPDJQHWLFSKDVHDOVRUHPDLQVVWDEOH
DIWHUFRROLQJGRZQWR.
$IWHUWKHKHDWWUHDWPHQWGXULQJPHDVXUHPHQWRIWKHWKHUPRPDJQHWLFFXUYHDQLQFUHDVHLQ
WKHLQWHQVLW\RIWKHPDJQHWLFSDUWDWWKHH[SHQVHRIWKHSDUDPDJQHWLFRQHZDVREVHUYHG7KH
GLVWULEXWLRQRILWV6%6%FRPSRQHQWVLVFORVHWRDVROLGVROXWLRQRI:LQD)H7KHFRQWHQW
RI:FDQEHHVWLPDWHGE\FRPSDULVRQZLWKDPRGHORIDVROLGVROXWLRQLQEFFD)HWRDSSUR[
DW7KHFRPSRQHQWVRIWKHSDUDPDJQHWLFSDUW'%/%DQG'%ZHUHDVFULEHGWRWKH:
)H  O)H: DQG )H SKDVHV UHVSHFWLYHO\ 7KH UHVXOW RI WKH 0|VVEDXHU SKDVH DQDO\VLV
VKRZV WKDW GXULQJ DQQHDOLQJ GHFRPSRVLWLRQ WDNHV SODFH DQG WKH GHWHFWHG SKDVHV DJUHH ZLWK
WKRVHLQWKHHTXLOLEULXP)H:SKDVHGLDJUDP7KHO)H:IRXQGLQRXUFU\VWDOOL]HGVDPSOHLV
SDUDPDJQHWLFGRZQWR.
7DE ,,,  3DUDPHWHUV GHULYHG IURP 0|VEDXHU VSHFWUD RI WKH DVSUHSDUHG SRZGHU DQG RI WKH
VDPSOHDIWHUPHDVXUHPHQWRIWKH70FXUYH
3KDVH
&RPSRQHQW
,
%KI
6,
G
V
>7@
>PPV@
>PPV@
$VSUHSDUHGSRZGHU
6$




r
r
r
r
D)H : 

6$




DPRUSKRXVSKDVH
6$




6$




6$




DPRUSKRXVSKDVH
6$





LQWHUIDFLDOUHJLRQV
'$



²
'$



²
/$


²
²

J)H
/$


²
²
3RZGHUDIWHUKHDWWUHDWPHQW
6%





6%




D)H:
6%




'%



²

: )H
'%



²

)H
/%


²
²

O)H:

7KH70FXUYH )LJ UHIOHFWVVRPHVWUXFWXUDOFKDQJHVGXULQJWKHKHDWLQJRIWKHVDPSOH
HVSHFLDOO\ DERYH & 7KH VKDUS LQFUHDVH LQ WKH PDJQHWLF PRPHQW FDQ EH DVFULEHG WR
FU\VWDOOL]DWLRQRIWKHDPRUSKRXVSKDVHDQGGHFRPSRVLWLRQLQWRDQLURQULFKĮSKDVHDQG:ULFK
SKDVHV WKDW HQODUJH WKH WRWDO PDJQHWLF PRPHQW RI WKH VDPSOH 7KH VPDOO EXOJH DERYH WKH
WHPSHUDWXUH RI & FRUUHVSRQGV WR WKH VKDSH RI WKH '7$ FXUYH DQG FDQ EH H[SODLQHG E\
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UHOD[DWLRQ RI WKH DPRUSKRXV VWUXFWXUH DQGRU DQ DQQLKLODWLRQ RI GHIHFWV 7KH &XULH WHPSHUDWXUH
GHULYHG IURP WKH FXUYHV E\ LQFUHDVLQJ DQG GHFUHDVLQJ WHPSHUDWXUHV LV DSSUR[LPDWHO\ &
LQGLFDWLQJVRPHORZDPRXQWRI:LQWKHD)H : VROLGVROXWLRQ

)LJ7KHUPRPDJQHWLFFXUYHRI)H:PHDVXUHGDWN$P 2H ZLWKWKHKHDWLQJDQG
FRROLQJUDWHRI.PLQ

1L3DPRUSKRXVSRZGHU

7KH 1L3 SRZGHU ZDV REWDLQHG E\ KHDWLQJ DQ DTXHRXV VROXWLRQ FRQWDLQLQJ 1L62
1D+32&+&221DDQG&+&22+>@,WZDVIRXQGWKDWWKHSRZGHUFRQVLVWHGRIZW
1L DQG  ZW 3 0LFURVFRSLF DQDO\VLV VKRZHG WKDW WKH SRZGHU FRQWDLQHG  SDUWLFOHV
GLPHQVLRQVLQWKHUDQJHPP

;UD\ GLIIUDFWRJUDPV )LJ  VKRZV WKDW WKH SRZGHU REWDLQHG LV DOPRVW DPRUSKRXV
VKRZLQJ VLJQV RI FU\VWDOOL]DWLRQ GLIIUDFWRJUDP D  ,QFUHDVLQJ RI WKH WHPSHUDWXUH OHDGV WR
FU\VWDOOL]DWLRQDQGIRUPDWLRQRIDQHZ1L3SKDVHGLIIUDFWRJUDPVEDQGF

)LJ;UD\GLIIUDFWRJUDPVRIWKHSRZGHU1L3DOOR\ D LQLWLDOSRZGHU E SRZGHU
KHDWHGDWR& F SRZGHUKHDWHGDWR&
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 '6&WKHUPRJUDPVLQ)LJVKRZWKDWWKHSURFHVVRIFU\VWDOOL]DWLRQWDNHVSODFHLQWZR
VHSDUDWHVWDJHVZKRVHFU\VWDOOL]DWLRQSDUDPHWHUVDUHSUHVHQWHGLQ7DE,9
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)LJ'6&WKHUPRJUDPRIWKH1L3 SRZGHUDOOR\KHDWLQJUDWH.PLQ
7DE,9.LQHWLFDQGWKHUPDOSDUDPHWDUVRIWKHFU\VWDOOL]DWLRQSURFHVVRI1L3DPRUSKRXV

DOOR\
(
N
7
=
'+


N-PRO
PLQ
6WHS
.
PLQ
-J













<RUNS
$+VLDR0(0F+HQU\'(/DXJKOLQ0-.UDPHU&$VKHDQG72KNXER
,(((7UDQVDFWLRQVRQ0DJQHWLFV    
$00DULþLü'00LQLüDQG7=DN6FLHQFHRI6LQWHULQJ  
5**DUYH\3RZGHU'LIIU  
6.UXPP0DWHULDOV6FLHQFH)RUXP  
'00LQLü 09âXãLü $0 0DULþLü 0DWHULDOV &KHPLVWU\ DQG 3K\VLFV
  
'00LQLü09âXãLü2,OLü-6HUE&KHP6RF  
7äDN26FKQHHZHLVV'0LQLü-0DJQ0DJQ0DWHU  H
'0LQLü7äDN26FKQHHZHLVV13L]XURYD05LVWLü&]HFK-3K\V  

'00LQLü09âXãLü0DWHULDOV&KHPLVWU\DQG3K\VLFV  

ɋɚɞɪɠɚʁ ɍ ɨɜɨɦ ɪɚɞɭ ɫɢɫɬɟɦɚɬɫɤɢ ɫɭ ɨɛɪɚɻɟɧɢ ɩɪɨɛɥɟɦɢ ɚɦɨɪɮɢɡɚɰɢʁɟ ɢ ɪɟɥɚɤɫɚɰɢʁɟ
ɚɦɨɪɮɧɢɯ ɫɭɩɫɬɚɧɰɢ ɉɨɫɟɛɧɚ ɩɚɠʃɚ ɩɨɫɜɟʄɟɧɚ ʁɟ ɚɧɚɥɢɡɢ ɫɜɨʁɫɬɚɜɚ ɚɦɨɪɮɧɢɯ
ɦɟɬɚɥɚ ɢ ʃɢɯɨɜɢɯ ɥɟɝɭɪɚ ɧɚɪɨɱɢɬɨ ɨɧɢɯ ɧɚ ɛɚɡɢ ɝɜɨɠɻɚ Ⱦɚʂɟ ɪɚɡɦɚɬɪɚɧɚ ʁɟ
ɬɟɪɦɢɱɤɚ ɫɬɚɛɢɥɧɨɫɬ ɨɜɢɯ ɦɚɬɟɪɢʁɚɥɚ ɢ ɤɢɧɟɬɢɤɚ ɬɟɪɦɢɱɤɟ ɫɬɚɛɢɥɢɡɚɰɢʁɟ ɭɫɥɟɞ
ʃɢɯɨɜɟ ɤɪɢɫɬɚɥɢɡɚɰɢʁɟ ɂɫɩɢɬɢɜɚɧɟ ɫɭ ɫɬɪɭɤɬɭɪɧɟ ɬɪɚɧɫɮɨɪɦɚɰɢʁɟ ɜɟɡɚɧɟ ɡɚ
ɫɬɪɭɤɬɭɪɧɭ ɫɬɚɛɢɥɢɡɚɰɢʁɭ ɨɜɢɯ ɦɚɬɟɪɢʁɚɥɚ ɦɟɪɟʃɟɦ ʃɢɯɨɜɢɯ ɟɥɟɤɬɪɢɱɧɢɯ ɢ
ɦɚɝɧɟɬɧɢɯ ɫɜɨʁɫɬɚɜɚ ɭ ɲɢɪɟɦ ɬɟɦɩɟɪɚɬɭɪɫɤɨɦ ɢɧɬɟɪɜɚɥɭ
Ʉʂɭɱɧɟ ɪɟɱɢ Ⱥɦɨɪɮɧɢ ɦɟɬɚɥɢ ɚɦɨɪɮɧɟ ɥɟɝɭɪɟ ɬɟɪɦɢɱɤɚ ɫɬɚɛɢɥɧɨɫɬ ɟɥɟɤɬɪɢɱɧɚ
ɫɜɨʁɫɬɜɚ ɦɚɝɧɟɬɧɚ ɫɜɨʁɫɬɜɚ ɫɬɪɭɤɬɭɪɧɚ ɪɟɥɚɤɫɚɰɢʁɚ
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Abstract
In this study we present the results on complex structural changes of the Co70 Fe5 Si10 B15 amorphous alloy induced during heating in the temperature
range between 20 and 1000 ◦ C. The structural and phase transformation changes were correlated with DTA, XRD and SEM properties. It is shown
that initial Co70 Fe5 Si10 B15 alloy during heating undergoes complex crystallochemical changes. In the range between ambient temperature and
near 400 ◦ C, investigated alloy retains the solid-state amorphous properties. Prolonged heating induces complete transformation to crystalline solid
state. The solid–solid amorphous to crystalline state transformation process is completed at 500 ◦ C, when two nanocrystalline phase alloy systems
are formed. Prolonged thermal treatment between 600 and 1000 ◦ C, inﬂuenced further elemental segregation and phase transition. At 1000 ◦ C, the
composite material consisting of two FCC cobalt-rich alloys and a hexagonal unidentiﬁed alloy are formed.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Amorphous materials; Metals and alloys; Rapid solidiﬁcation; Phase transformation; Themodynamic properties

1. Introduction
The amorphous metallic alloys represent a class of materials
characterized by structure with absence of the long-range order
[1,2]. For multi-component alloys this is more universal feature. As the ﬁrst approach, amorphous alloys can be considered
as two or multi-components solid solutions, like a liquid solutions. However, they possess the typical properties of solids.
According to intensive experimental investigations, the amorphous alloys can be obtained practically in any multi-component
system. There are several methods developed for preparation this
class of materials. They are based on rapid cooling of liquid metals, alloys or their vapors condensing on a cold support and other
methods used for achieving strong non-equilibrium conditions
[3,4]. Synthesized alloys in forms of ribbon or wire represent a
new materials with an interesting combination of physical prop-
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erties that make them very attractive from the technical point of
view.
The amorphous state of matter is, however, structurally and
thermodynamically unstable and very susceptible to partial
or complete crystallization during thermal treatment or nonisothermal compacting. The latter imposes the knowledge of
alloys stability in a broad temperature range due to different crystallization processes [5], which appears during heating.
However, by annealing below the crystallization temperature
this material undergoes structural relaxation processes including two competitive processes: free volume decrease, which
lowers the rate of diffusion mass transport, and arranging process which brings the alloy closer to the crystalline state by
increasing its readiness for crystallization. Physical features of
amorphous metal alloys are irreversibly changed in the process
of structural relaxation occurring slightly below the crystallization temperature. Kinetic properties of amorphous alloys show a
correlation between the physical nature of anomalous behavior
of electronic states density at the Fermi level, thermal conductivity, heat capacitance and electrical resistivity and structural
inhomogeneities in these materials.
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Recently, a giant magnetoimpedance (GMI) effect, discovered in the amorphous alloys, has generated growing interest
among researchers and manufacturers because of their practical use for magnetic sensing and recording applications [6–9].
Among these alloys, those from the quaternary Co–Fe–Si–B
system have attracted considerable attention in recent years
[7–12]. However, the physical properties of this amorphous
alloy systems are strongly dependent on composition, the
cooling rate, oblique of alloy, subsequent thermal treatment,
etc.
Our recent published results on Co84 Fe5 Si8.5 B2.5 amorphous
alloy [13] show that crystallization occurs via three steps. The
ﬁrst two steps, nucleation and formation of microcrystallites
between 530 and 540 ◦ C are insufﬁcient to give measurable
XRD changes. The real crystallization process takes place during
the last step at temperatures above 800 ◦ C. Our results obtained
on Co70 Fe5 Si10 B15 amorphous alloy by measuring the thermoelectromotive force during isothermal annealing at temperatures
under crystallization point [14] show inﬂuence of the change free
electron state density at the Fermi level on electrical an magnetic
properties of investigated alloy.
To explain the mentioned inﬂuences, in this study, we investigated the thermal stability and structural transformations of
Co70 Fe5 Si10 B15 amorphous alloy in broad interval from ambient temperature to 1000 ◦ C.

3. Results and discussion
3.1. Thermal investigations
To estimate the ability of alloys to form amorphous phases
and to deﬁne their thermal stability the kinetics of crystallization
during heating is usually investigated. For this purpose thermal analysis is the most frequently used methods [17]. Using
different heating rates and measuring one property, proportionally connected with the degree of conversion, the dependence of
conversion rate on temperature and time can be determined. The
general equation enabling the analysis of conversion kinetics for
nucleation and growth of particles of new phase was proposed
by Avrami [18]:
ξ(τ) = 1 − exp[−(kτ)n ]

where k = k0 exp(−Ea /RT) and ξ(τ), n, k0 , Ea are degree of
transformed, Avrami constant volume, frequency factor and activation energy, respectively.
From this equation by using various approaches for the transition to constant rates of heating βi and by checking the characteristic temperatures Ti corresponding to the deﬁnite part of
conversion (ξ), we can obtain expressions for calculation of activation energy of processes known as Ozawa’s equation [19]:
ln β = −

2. Experimental procedure
A 30-m thick ribbon of the Co70 Fe5 Si10 B15 amorphous alloy, prepared in
the Baykov Institute of Metallurgy in Moscow by the melt spinning method,
was used as a sample in our research.
The thermal stability was investigated by non-isothermal analysis (DSC)
using a Du Pont Thermal Analyzer (model 1090). In this case, samples of about
several milligrams were heated in the DSC cell from room temperature to 700 ◦ C,
at heating rates of 5, 10, 15, 20 and 40 ◦ C/min, in a stream of nitrogen at ambient
pressure.
The X-ray powder diffraction (XRD) patterns were recorded on a Philips PW1710 automated diffractometer using a Cu tube operated at 40 kV and 30 mA.
The instrument was equipped with a diffracted beam curved graphite monochromator and Xe-ﬁlled proportional counter. For routine characterization diffraction
data were collected in the 4–100◦ 2Θ range of Bragg angles, counting for 1 s.
Diffraction data for a crystallite size measurements between 40◦ and 50◦ Bragg
angles were collected using a 4 s scan at 0.02◦ steps. A ﬁxed 1◦ divergence and
0.1 mm receiving slits were used. Silicon powder was used as an external standard for calibration of diffractometer. All XRD measurements were recorded
on a solid samples in a form of ribbon at ambient temperature. Prior to XRD
experiment the samples were heated to the elevated temperatures for 20 min in
the nitrogen atmosphere.
The unit cell dimensions of alloys formed at 1000 ◦ C were calculated from
powder data by least-square reﬁnement procedure using program Lsucripc [15].
The face centered cubic unit cell dimensions and Fm3m space group for Co found
in JCPDF data base (ﬁle card 15-0806), were applied as a starting parameters for
least-square procedure. Crystallite size dimensions, i.e. the length of coherent
ordered structure (<Dh k l > Å), were determined by using an interactive Windows
program for proﬁle ﬁtting and size analysis Winﬁt [16]. Full-width at halfmaximum (FWHM) values of the (1 1 1) peaks at Bragg angle 2Θ = 44.9◦ , were
ﬁtted assuming a Pearson VII function for a proﬁle.
The microstructure and composition homogeneity of the obtained samples
were investigated by a scanning electron microscope JOEL-JSM 5300. Prior
to the microscope observation Au thin ﬁlm was applied on ﬂat surfaces of the
specimens.

(1)

Ea
+ C1
RTi

(2)

and Kissinger’s equation [20]:
 
Ti2
Ea
ln
=
+ C2
βi
RTi

where C1 and C2 are constants.
The linearity criterion of the experimental data plotted in
the corresponding coordinates is usually taken as a proof of
reliability of one or another equation.
According to DSC measurements (Fig. 1), the alloy crystallizes step by step with two well formed exothermal maxima at
temperatures at about T1 = 460 ◦ C and T2 = 540 ◦ C, respectively.
However, it is important to notice here that discussed thermally

Fig. 1. DSC curve of initial amorphous Co70 Fe5 Si10 B15 alloy; heating rate
10 ◦ C/min.
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Table 1
The thermal and kinetic parameters process of crystallization
Step

Ea (Kissinger) (kJ/mol)

Ea (Ozawa) (kJ/mol)

k (s−1 )

t1/2 (s)

1
2

433.1 ± 11
543.5 ± 11

445.5 ± 11
554.9 ± 11

0.019
0.023

36.5
30.1

induced changes, i.e. crystallization processes, already started
earlier at 400 ◦ C, which is conﬁrmed by XRD experiment. The
thermal and kinetic values of the crystallization process were
determined by analyzing the shifts of exothermal maxima in
DSC thermograms depending on the heating rate (Table 1). The
activation energies of both crystallization steps were determined
according to Eqs. (2) and (3). The process frequency factors
were determined according to relation k0 = [βE exp(E/RT)]/RT2 .
From the relation k = k0 exp(−E/RT), the crystallization rate
constants were determined for temperature of the exothermal
maxima. The error of calculating of activation energies was
determined as a root-mean-square deviation multiplied on Student’s coefﬁcient for the probability 0.95.
It is interesting to note the high values of the calculated
activation energies of amorphous alloy crystallization processes
(Table 1). The activation energy of solid-state reactions proceeding through formation of nuclei and their growth, according
to opinion of some researches [17], has no physical meaning
but only empirical character and practically establishes only
the dependence of the rate of conversion on temperature. This
energy can be spent, not only for overcoming the activation barrier but, mainly for its downturn due to cooperative displacement
of atoms [21]. Thus in experiments, the total value of energy
spent both, for downturning the potential activation barrier and
for its overcoming is determined. The opinion that the elementary act of solid-state conversion is accompanied by simultaneous correlated displacement of groups of atoms is especially
relevant to the process of crystallization of amorphous alloys,
which is well described by the kinetics of viscous ﬂow characterized by the simultaneous movement of atom collectives. Finally,
the crystallization of amorphous alloys is a very complicated
process accompanied by nucleation and growth of various crystal phases under continuously varied conditions of chemicals

Fig. 3. Thermally induced phase evolution of the amorphous Co70 Fe5 Si10 B15
alloy with temperature increasing: (a) the initial alloy at ambient temperature;
(b) the initial alloy heated at 400 ◦ C for 20 min; (c) the initial alloy heated at
500 ◦ C for 20 min; (d) the initial alloy heated at 600 ◦ C for 20 min; (e) the initial
alloy heated at 700 ◦ C for 20 min.

surroundings in a zone of conversion. Obviously, such a process occurs not only with the single value of activation energy
and not by formation of a single conﬁguration of activated complex [22]. In practice, with the multitude of probable ways of
conversions, only those mechanisms and activated complexes
of the crystallization process will be realized that are the most
probable at a given temperature. Any change of crystallization
conditions, such as heating rate, can result in a change of the
mechanism and main activation complex of the crystallization
process. Thus high values of activation energy of crystallization
of amorphous alloys, ﬁrst of all, indicates that a lot of atoms
participate in an elementary act of structure reorganization, as
well as high complexity of these processes (Fig. 2).
3.2. X-ray powder diffraction and scanning electron
microscopy investigations
The XRD pattern of initial non-heated amorphous
Co70 Fe5 Si10 B15 alloy is shown in Fig. 3(curve a). The powder
patterns obtained after heating of initial alloy at higher temperatures are shown in Fig. 3(curves b–e).
It is obvious from these ﬁgures that initial sample (Fig. 3,
curve a), pass through successive phase transformations during
heating treatment. Between ambient temperature and 300 ◦ C,
initial alloy retains amorphous properties what is consistent with

Fig. 2. The activation energy plots: (a) ln β = f(1/T) according Ozawa and (b) ln(T2 /β) = f(1/T) according Kissinger for both steps of crystallization.

Fig. 4. SEM micrographs of thermally induced phase evolution of amorphous Co70 Fe5 Si10 B15 alloy: (a) the initial non-heated alloy; (b) the initial alloy heated at
400 ◦ C for 20 min; (c) the initial alloy heated at 700 ◦ C for 20 min; (d) the initial alloy heated at 1000 ◦ C for 20 min.

SEM investigations. A characteristic micrograph obtained from
initial alloy is shown in Fig. 4(a). Prolonged heating between
400 and 500 ◦ C induces amorphous alloy recrystallization to, at
least, two unidentiﬁed intermediary crystalline phases (Fig. 3,
curves b and c). One of these two phases with characteristic
peak at 2Θ = 44.20◦ , is more abundant and represent the (1 1 1)
interplanar distance of Co-rich FCC cubic crystal lattice. The
phase is always present at 400 ◦ C (Fig. 4(b)), which means that
its crystallization from amorphous matrix started earlier between
300◦ and 400◦ . In other words, thermally induced elemental segregation in amorphous ribbon always starts in aforementioned
temperature region. The alloy segregation/crystallization processes induced by heating are monitored also by appearance of
dendritic forms in SEM micrographs taken between 400◦ and
500 ◦ C. A characteristic micrograph is shown in Fig. 4(b).
Another growing intermediary phase is characterized by
appearance of small peak at 2Θ = 45.68◦ (Fig. 3, curve c) which
could not be indexed on FCC symmetry. The inspection of
JCPDS [23] data base shows that discussed phase is the most
similar to Co pattern (ﬁle card no. 5-0727) having hexagonal
symmetry. It is important to notice that the samples heated at
400 and 500 ◦ C are still characterized by presence of considerable quantity of amorphous matter. However, we concluded from
grain size measurements that temperature increasing inﬂuenced
directly growth of Co-rich cubic alloy. This is conﬁrmed by crystallite size measurements at peak 2Θ = 44.20◦ . Obtained values
of <D1 1 1 > of 125, 165 and 610 Å for ribbons heated at 400,
500 and 600 ◦ C, respectively; speak in favor of accelerated crystal growth between 400 and 600 ◦ C temperature range (Fig. 3,
curves b–d). In essence, the observed data can be interpreted
in term of crystallochemical changes from nanostructured or
strongly disordered to well ordered crystalline state, which have
direct inﬂuence on physico-chemical characteristics of alloys. It

is readily to notice that crystallite growth coincide with abrupt
changes of electrical resistivity [14] and appearance of two
exothermal peaks at DSC curve, too (Fig. 1). The extent of heating process complexing and dependence on different parameters
clearly show our further considerations. Fig. 3(curve d) represents powder pattern of Co70 Fe5 Si10 B15 alloy heated at 600 ◦ C.
Its basic characteristic is absence of amorphous substance. That
means that recrystallization process, i.e. reorganization of initially amorphous alloy into crystalline state is completely ﬁnished at 600 ◦ C. In the phase composition of alloy obtained at this
temperature, the so-called Co-rich FCC phase is quantitavely
dominant. Another unidentiﬁed crystalline phase, which started
to grow between 400 and 500 ◦ C, is present in traces (Fig. 3,
curves c and d). The phase has the strongest peak at 2Θ 45.68◦
and its optimal stability conditions correspond to temperature
range between 600 and 650 ◦ C. This conclusion is supported by
phase instability at higher temperatures. Already, upon heating
at 700 ◦ C, the phase disappeared completely, whereas the FCC
Co-rich phase stays stable (Fig. 3, curve e). Another evidence for
existence of the unidentiﬁed second phase at 600 ◦ C we found
in SEM micrographs shown in Fig. 4(c), where characteristic
elongated prismatic crystals are clearly visible.
Phase analysis of patterns heated between 700 and 1000 ◦ C
shown in Figs. 3(curve e) and 5, revealed an interesting
order–disorder phenomena connected with dominant Co-rich
FCC phase. This is manifested by splitting of all measured
peaks in XRD pattern. This unexpected result indicates that
FCC Co-rich phase undergoes through additional order–disorder
processes. Upon heating at 700 ◦ C this is segregated into two
FCC Co-rich phases characterized by various cell dimensions
like aI = 3.5476(5) Å and aII = 3.5384(6) Å. These results suggest interesting conclusions. If we compare unit cell dimensions
mutually and in relation to a FCC pure Co metal (a = 3.544 Å,
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Fig. 5. A whole range XRD powder pattern of Co70 Fe5 Si10 B15 alloy after heating at 1000 ◦ C for 20 min.

JCPDS card ﬁle no. 15-0806 [23]). It is obvious that FCC Corich-I phase has greater (expanded), whereas FCC Co-rich-II
phase has smaller (contracted) unit cell in relation to pure Co unit
cell. These results undoubtedly speak in favor of Co metal isomorphous replacement by Fe, Si and B atoms and order–disorder
phenomena in both segregated alloy phases. Moreover, some of
these FCC alloy phases are clearly visible in numerous SEM
micrographs obtained between 700 and 1000 ◦ C as perfect cubic
single crystals. A characteristic SEM micrograph taken after
heating at 1000 ◦ C is shown in Fig. 4(d). However, the phase
composition of this sample is more complex. The powder pattern
(Fig. 5), shows a small presence of third phase with characteristic peak 2Θ at 47.20 ◦ C which is very similar to alloys discussed
hexagonal phase.

The Co70 Fe5 Si10 B15 amorphous alloy made by the Baykov
Institute of Metallurgy in Moscow was used for thermal characterization in a broad range between ambient temperature and
1000 ◦ C. The results obtained from thermal (DTA, DSC), XRD
and SEM measurements allow us to conclude that initial alloy
having GMI effect undergoes complex phase transformation
processes by heating.
The Co70 Fe5 Si10 B15 amorphous alloy retains its amorphous
structure up to near 400 ◦ C. In that temperature range the
electric and GMI magnetic [14] properties remain practically
unchanged. Prolonged heating over 400 ◦ C initiates structural
changes of the starting alloy. They are manifested by thermally induced atom interdiffusion accompanied by its elemental
segregation and simultaneous crystallization. Grain size XRD
measurements show that crystallization processes starts at near
400 ◦ C with nanosized crystallites. Their growth is temperature
dependent. Recrystallization processes between 400 and 500 ◦ C

Thermochimica Acta 474 (2008) 41–46

are very complex and could not be completely resolved. In that
temperature range, initial amorphous alloy changed its structural
state to completely crystalline which is accompanied by loss of
electromagnetic properties. However, in the same temperature
range a multiphase crystallization and phase transformation processes start simultaneously. They continue almost up to near
700 ◦ C, where two various FCC Co-rich phases are formed. Its
XRD investigations showed that they are quantitavely dominant
and stable at 1000 ◦ C. The results of unit cell dimension measurements, indirectly conﬁrm its different chemical composition
and ﬁnal atomic segregation of initial amorphous alloy into a
composite material.

Mechanism and kinetics of crystallization of -Fe in
amorphous Fe81 B13 Si4 C2 alloy
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a b s t r a c t
The non-isothermal crystallization of -Fe from Fe81 B13 Si4 C2 amorphous alloy was investigated. The
kinetic parameters of crystallization process were determined by Kissinger and Kissinger–Akahira–Sunose
(KAS) methods. It was established that the kinetic parameters of transformation do not change with
the degree of crystallization in the range of 0.1–0.7. The kinetic model of the crystallization process
was determined using the Malek’s procedure. It was established that the primary crystallization -Fe
phase from amorphous alloy can be described by Šesták–Berggren autocatalytic model with kinetic triplet
Ea = 349.4.0 kJ mol−1 , ln A = 50.76 and f(˛) = ˛0.72 (1 − ˛)1.02 .

1. Introduction
Amorphous alloys are relatively new materials offering a speciﬁc combination of properties and attracting special interest of
many scientists during the last two decades. The metallic glasses
of Fe and Co alloys have attracted much attention since exhibiting
soft ferromagnetic properties which made them very applicable in
different devices, including transformers, sensors, magnetic tapes
and heads of recorder [1–5].
The amorphous state of matter is, however, structurally and
thermodynamically unstable and very susceptible to partial
or complete crystallization during thermal treatment or nonisothermal compacting which is followed by change in their
structural and physical properties [6]. The crucial limitation with
respect to using amorphous alloys for high temperature applications arises from their restricted thermal stability. The onset of
exothermic crystallization upon crossing the stability domain of
the glassy state results in the formation of highly stable, but brittle
intermetallic compounds, which renders these alloys useful only
once. The latter imposes the knowledge of the alloys stability in a
broad range of temperatures due to different crystallization processes, which appears during heating.
There are three important modes of crystallization involving
nucleation and growth processes, depending on the composition
of a particular alloy: the polymorphous crystallization, primary
crystallization and eutectic crystallization [7]. The polymorphous

∗ Corresponding author. Tel.: +381 11 3336 689; fax: +381 11 187 133.
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crystallization occurs without any change of composition so there
is no concentration difference across the reaction front. Primary
crystallization is the process in which a phase of one of the alloy
constituents ﬁrst crystallizes. The dispersed primary crystallized
phase coexists with the amorphous matrix and may serve as the
nucleation site for secondary or tertiary crystallization. Eutectic
crystallization is the simultaneous crystallization of two crystalline
phases by discontinuous reactions.
The crystallization of a metallic glass upon heating is induced
in several ways. In calorimetric measurements, two basic methods
are in use, isothermal and non-isothermal. However, the results
of the crystallization process can be explained in terms of several
theoretical models [8].
The present paper gives a detailed study of the crystallization
kinetic of the Fe81 B13 Si4 C2 amorphous alloy in forms of ribbon.
The kinetic parameters of the glass-crystallization transformation
were investigated under non-isothermal conditions applying two
different methods: classic and isoconversion.
2. Experimental procedure
2.1. Materials and methods
The ribbon shaped samples of Fe81 B13 Si4 C2 amorphous alloy
were obtained using the standard procedure of rapid quenching
of the melt on a rotating disc (melt-spinning). The obtained ribbon
was 2 cm wide and 35 m thick.
The crystallization process was investigated by the differential
scanning calorimetry (DSC) in a nitrogen atmosphere using SHIMADZU DSC-50 analyzer. In this case, samples weighing several
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milligrams were heated in the DSC cell from room temperature to
650 ◦ C in a stream of nitrogen with a ﬂowing rate of 20 mL min−1
and at the heating rates of 5, 10, 20 and 30 K min−1 .
In order to investigate the structural transformations by X-ray
diffraction (XRD), the samples of amorphous alloy Fe81 B13 Si4 C2
were annealed at the different temperatures, in the temperature
range of 473–1103 K, in a stream of nitrogen during 30 min. The Xray powder diffraction patterns for as-prepared alloy as well as for
annealed samples were recorded on a Philips PW-1710 automated
diffractometer using a Cu tube operated at 40 kV and 30 mA. The
instrument was equipped with a diffracted beam curved graphite
monochromator and Xe-ﬁlled proportional counter. For the routine
characterization, the diffraction data was collected in the range of
2� Bragg angles (4–100◦ counting for 0.1 s). Silicon powder was used
as an external standard for calibration of diffractometer. All XRD
measurements were done with solid samples in a form of ribbon at
ambient temperature.
3. Kinetic analysis
The kinetic information can be obtained from dynamic experiments by means of various methods. The methods of thermal
analysis, such as DTA or DSC, are very popular for kinetic analysis
of crystallization processes in amorphous solids. All kinetic studies assume that the isothermal rate of conversion d˛/dt, is a linear
function of the temperature-dependent rate constant, k(T), and a
temperature-independent function of the conversion, f(˛), that is
d˛
= k(T )f (˛),
dt

(1)

where t represents time, ˛ is the extent of reaction, T is the temperature, k(T) is the temperature-dependent rate constant and f(˛)
is a function that represents the reaction model [9].
According to Arrhenius’s equation, the temperature-dependent
rate constant, k(T) is deﬁned as
Ea
k(T ) = A exp −
RT





,

(2)

where A is the pre-exponential factor independent of temperature,
Ea is the activation energy and R is the gas constant.
From these equations, the relation obtained was
d˛
Ea
= A exp −
RT
dt





f (˛).

(3)

The extent of reaction (˛) is deduced from DSC measurements
using Borchardt’s assumption [10]:
˛=

�H(t)
d˛
1 dH
⇔
=
,
dt
�H
�H dt

(4)

where �H(t) and �H are the partial and total integrals of the measured signal, respectively; dH/dt is the rate of the transformation
heat power.
By drawing the straight line between the beginning and the end
of the peak as the baseline, it is always possible to obtain ˛ and
d˛/dt from DSC curves. Eq. (4) shows that the rate of conversion
d˛/dt is proportional to the measured speciﬁc heat ﬂow. For nonisothermal measurements at constant heating rate ˇ = dT/dt, Eq. (3)
is transformed to
ˇ

d˛
Ea
= A exp −
RT
dT





f (˛),

(5)

where d˛/dt ≡ ˇ(d˛/dT).
The overall activation energy of crystallization of an amorphous
alloy under linear heating condition can be determined by the
Kissinger as well as by the Ozawa peak methods relating on the
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dependence of the exothermic peak temperature Tp on the heating
rate ˇ [11].
Kissinger [12] proposed that the activation energy can be determined according to the equation:
ln



ˇ
Tp2



= ln

 AR 
Ea

−

Ea
.
RTp

AEa
Ea
ln ˇ = ln
− 1.0516
,
R
RTp

(7)

where the plot of ln(ˇ) versus 1/Tp yields a straight line with a slope
of −Ea /R and an intercept of ln(AEa /R).
On the basis of dynamic DSC measurements for different heating
rates, isoconversional method of Kissinger–Akahira–Sunose (KAS)
method enabling the determination values of Ea over a wide range
of conversions ˛ without knowing the conversion function was also
used [12,14]. This model known as “model-free method”, involves
measuring the temperatures T˛ corresponding to ﬁxed values of
the crystallized volume fraction, ˛, for different heating rates, ˇ,
and the plotting ln ˇ against 1/T˛ , according to the equation:
ln



ˇ
T˛2



= ln



AR
F(˛)
Ea(˛)



[18–20]:
y(˛) =

 d˛ 

exp

z(˛) ≈

 d˛ 

T 2.

(6)

In this case, the plot of ln(ˇ/Tp2 ) versus 1/Tp yields a straight line
with a slope of −Ea /R and an intercept of ln(AR/Ea ).
For the determination of the activation energy in nonisothermal conditions Ozawa [13] proposed the equation:

−

Ea(˛)
RT˛

.

(8)

The left-hand side of Eq. (8) is linear with respect to the inverse
temperature, 1/T˛ , and enables the activation energy to be evaluated by using a linear regression method. In the case of a single step
process, a constant value of Ea(˛) is obtained, while the dependence
of Ea(˛) upon ˛ indicates a complex process involving more than
one step having different activation energies [15].
General equation enabling the analysis of conversion kinetics
involving nucleation and growth in solid phase was proposed by
Avrami [16]:
n

˛(t) = 1 − exp[−(kt) ],

(9)

where k = k0 exp(−Ea /RT), ˛(t) is a degree of transformed volume, n
is a kinetic exponent.
Differentiation of this equation with respect to time gives the
rate equation usually known as the JMA equation:
d˛
= kn(1 − ˛)[−ln(1 − ˛)]1−1/n .
dt

(10)

The JMA equation is based on assumptions of isothermal crystallization, homogenous nucleation or heterogeneous nucleation at
randomly dispersed particles of the second phase. The growth rate
of the new phase is independent of time and controlled by temperature and low anisotropy of growing crystals. However if the entire
nucleation process takes place during the early stage of transformation and becomes negligible afterward, the JMA equation can
also be applied in non-isothermal conditions [17].
The validity of listed assumptions is not given a priori, and a
simple and reliable testing method was developed [18,19]. Once
the apparent activation energy has been determined, it is possible
to ﬁnd the kinetic model which best describes the measured set of
thermoanalytical data. It can be shown that, for this purpose, it is
useful to deﬁne two special functions y(˛) and z(˛), which can easily
be obtained by a simple transformation of the experimental data.
The conversions, in which the y(˛) and z(˛) functions exhibit the
maximum values are designated as ˛∗y and ˛∗z , respectively. In nonisothermal conditions, these functions can be expressed as follows

dt

dt

E 
a

RT

= Af (˛),

(11)
(12)

The maximum of the y(˛) function for the JMA model depends
on the value of the kinetic exponent:
˛∗y = 0

for n ≤ 1,

˛∗y = 1 − exp(n−1 − 1) for n > 1.
The value of ˛∗y is always lower than the maximum of value for
˛∗z . For JMA model, ˛∗z = 0.632. This value is a characteristic “ﬁngerprint” of the JMA model, and it can be used as a simple test of
the applicability of this model.
If the y(˛) function exhibits a maximum in interval ˛∗y ∈ (0, ˛z )
and ˛∗z �= 0.632, the empirical Šesták–Berggren kinetic model gives
the best description of the investigated process [21,22]. This model
is based on the equation:
N

M

f (˛) = ˛ (1 − ˛) ,

(13)

where M and N represents the kinetic exponents.
In this case, the expression for reaction rate of the investigated
crystallization process can be given as
d˛
Ea
= A exp −
RT
dt





˛M (1 − ˛)N .

(14)

For this model, the ratio of the kinetic parameter p = M/N can be
calculated from the maximum of the y(˛) function [20]:
p=

˛∗y
M
=
N
1 − ˛∗y

(15)

Introducing this equation in Eq. (14) gives
ln

 d˛ 
dt

exp

 E 
a

RT

= ln A + N ln[˛p (1 − ˛)].

(16)

Fig. 1. DSC curves for Fe81 B13 Si4 C2 ribbon at different heating rates.

apparent activation energy and pre-exponential factor calculated
by Kissinger’s and Ozawa’s methods.
According to the values of shape factor S, asymmetry of conversions curves increases with the decrease of heating rates indicating
that the heating rate have a strong inﬂuence on crystallization process which can occur in more than one step.
Fig. 2 shows the XRD patterns of the Fe81 B13 Si4 C2 amorphous
ribbon as prepared and after isothermal annealing the different
isothermal temperatures (298, 473, 673, 823, 873 and 1103 K).
The presence of only a spread halo at the 2� range of 20–45◦
suggests an amorphous structure of as-prepared alloy. The diffraction pattern of alloy annealed at the temperature of T = 473 K shows
beside of a spread halo and one very sharp peak at 2� = 83.4 ◦ C
indicating the presence of a crystal phase in a matrix of an amorphous phase. The increase of the annealed temperature results
in an increase of the peak intensity. Starting from temperature
T = 823 K, the diffractograms show a new sharp peak with the

This equation very well describes the processes of nucleation and growth in non-crystalline solids. The parameters M
and N deﬁne relative contributions of acceleratory and decay
regions of the kinetic process. From the linear dependence
ln[(d˛/dt)exp(Ea /RT)] = f(ln[˛p (1 − ˛)]), it could be possible to
obtain the kinetic exponent N and the pre-exponential factor, ln A.
The value of kinetic exponent M then can be obtained directly from
Eq. (15).
4. Results and discussion
The crystallization kinetics of -Fe in the amorphous alloy was
studied by differential scanning calorimetry at different heating
rates of the alloy (5, 10, 20 and 30 K min−1 ).
Fig. 1 shows the continuous DSC curves of Fe81 B13 Si4 C2 ribbon
taken at four different heating rates.
All the DSC curves have a single well-formed exothermic peak
representing crystallization in the temperature range 770–830 K.
The exothermal peaks are signiﬁcantly shifted to higher temperatures with an increasing heating rate. This is in accordance with
the presumption about the thermal activation of the crystallization
process. The inﬂuence of the heating rate on the values of initial,
Ti , maximal, Tp and ﬁnal Tf temperatures is shown in Table 1. The
shape of DSC curves depends on the heating rate, too. The values of
shape factor, S, obtained as the ratio of half-widths of crystallization peak for a particular heating rate, are presented in the same
table together with the values of kinetic parameters, the overall
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Fig. 2. XRD patterns for the alloy annealed at different temperatures.
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Table 1
The values of Ti , Tp , Tf and S for the amorphous Fe81 B13 Si4 C2 alloy upon continuous heating at different heating rates
ˇ (K min−1 )

5
10
20
30

Ti (K)

765
774
782
786

Tp (K)

785
793
804
811

Tf (K)

815
819
827
833

S

0.59
0.59
0.70
0.75

maximum located at 2� = 45.3◦ . A further increase of the annealing temperature causes an increased intensity of that peak and a
decrease of its half width indicating the increase of crystallinity
of alloy. Thoroughly studying diffractograms by the comparative
semi-qualitative analysis of annealed alloy, according to JPCDS card
no. 06 6698, gives evidence of the presence of -Fe crystals in
annealed alloy beside an amorphous phase indicating the primary
crystallization amorphous alloy during heating.
These results show that probably even at ambient temperature, in the alloy exists highly disordered -Fe clusters which being
ordered by annealing already at 673 K. The annealing of alloy at
the temperatures in the range of 673–823 K, leads further to the
ordering of structure. The dimensions and concentrations of the
formed -Fe nuclei at T = 823 K are enough to cause a spontaneous
growing of -Fe nuclei. The rate of nuclei growth increases with the
increasing of annealing temperature of the considered alloy.
In order to establish the inﬂuence of fractional extent of reaction
˛ on the values of kinetic parameters we applied the isoconversion method, according to the Kissinger–Akahira–Sunose [12,14].
According to this method, a linear relationship of ln(ˇ/T2 ) versus
1/T was established, describing well data from non-isothermal DSC
measurements at the ˛ range of 0.1–0.7. The values of the apparent activation energy and the intercepts ln[ARf(˛)/Ea ] calculated by
means of this method are pointed out in Fig. 3.
It can be observed that the determined apparent activation
energy as well intercepts ln[ARf(˛)/Ea ] for the crystallization process of -Fe in the amorphous Fe81 B13 Si4 C2 alloy are practically
constant at the ˛ range of 0.1–0.7. This suggests that the apparent activation energy as well as the pre-exponential factor depends
on the same way on the crystallization degree of considered process. That could be an indication of a single step reaction. The
average value of the apparent activation energy was found to be
Ea = 352.4 ± 1.8 kJ mol−1 .
The crystallization kinetics of the amorphous solids involving
the nucleation and growth of nuclei is usually interpreted by the
JMA model. The validity of this model was investigated using the
normalized y(˛) and z(˛) functions proposed by Malek [18–20],
Fig. 4.

Table 3
The kinetic exponents M and N at different heating rates

Ozawa

Kissinger

Ea (kJ mol−1 )

A (×1022 min−1 )

Ea (kJ mol−1 )

A (×1021 min−1 )

338.0 ± 1.8

1.10 ± 2.28

351.2 ± 1.8

3.06 ± 2.28

ˇ (◦ C min−1 )

M

5
10
20
30

0.75
0.66
0.64
0.81

Average

0.72 ± 0.06

ln A (min−1 )

N
±
±
±
±

0.03
0.05
0.05
0.10

1.08
0.92
0.89
1.17

±
±
±
±

0.10
0.05
0.07
0.04

1.02 ± 0.07

52.85
53.03
52.90
53.02

±
±
±
±

0.06
0.10
0.07
0.10

52.95 ± 0.08

its of the experimental error are independent on the heating rate
(ˇ). It was shown that this two parameter autocatalytic model is
physically meaningful only for M < 1 [22]. The JMA model is only
a speciﬁc case of one general model where the entire nucleation
process takes place during the early stages of the transformations,
becoming negligible afterward. In that case, the crystallization rate
is deﬁned only by temperature and does not depend on the previous
thermal history of alloy.
In order to check the established kinetic model, we applied the
“Master-plot” method [23,24] (Fig. 5). Using as a reference point
value at ˛ = 0.5, the following differential master equation is easily
derived from Eq. (3):
f (˛)
exp (Ea /RT )
d˛/dt
,
=
f (0.5)
(d˛/dt)0.5 exp (Ea /RT0.5 )
Fig. 4. Normalized y(˛) and z(˛) functions at the different heating rates.

The obtained normalized functions y(˛) and z(˛) are independent on the heating rate, ˇ, and the both functions exhibit the
well-deﬁned maxima which were located at an exactly deﬁned
value of ˛ (˛∗y for the y(˛) function and ˛∗z for z(˛) function, respectively), Table 2.
From Table 2, it can be seen that the values of ˛∗y fall into
the range ˛∗y ∈ (0, ˛z ) (0.41 ≤ ˛∗y ≤ 0.42) and the values of ˛∗z are
less than 0.632 (0.51 ≤ ˛∗z ≤ 0.55). From the obtained results, it
follows that the conditions of validity of the JMA model are not fulﬁlled for the crystallization of -Fe in an amorphous Fe81 B13 Si4 C2
alloy. The displacement ˛∗z in the range lower values indicates the
complexity of the process and can be caused by the inﬂuence of
surface nucleation or by the affect of released crystallization heat
on the temperature distribution within a sample. However, the
relatively high value of ˛∗y indicates an increasing effect of the
crystallized phase to overall crystallization kinetics where the crystallized phase further promotes the rate of the crystallization. Such
autocatalytic behavior can be well described by means of an empirical two parameter Šesták–Berggren’s kinetic model, according to
Eq. (13).
Table 3 lists the values of kinetic exponents M and N, as well as
the values of ln A obtained by the procedure described above, for
the considered crystallization process at different heating rates.
The obtained values of kinetic exponents M and N are slightly
changed with the heating rate ˇ. The values of M vary in the range
of 0.64 ≤ M ≤ 0.81 with the average value of Mav = 0.72. The values
of N vary in the range of 0.89 ≤ N ≤ 1.17 with the average value of
Nav = 1.02. The values of the pre-exponential factor (ln A) in the lim-

(17)

where (d˛/dt)0.5 , T0.5 and f (0.5) are the reaction rate, the temperature reaction and the differential conversion function, respectively
at ˛ = 0.5.
The left side of Eq. (17), is a reduced theoretical curve which is
characteristic of each kinetic function. The right side of the equation is associated with the reduced rate and can be obtained from
experimental data if the apparent activation energy is known and
remains constant throughout the reaction. Comparison of both
sides of Eq. (17) tells us which kinetic model describes an experimental reaction process.
It can be seen that by using the average value for the apparent activation energy determined from Kissinger–Akahira–Sunose
isoconversional method, the suggested kinetic model works very
well in the entire conversion range. Therefore, the Šesták–Berggren

Fig. 3. The apparent activation energies (Ea ) and the intercepts as function of the
crystallized fraction ˛.

˛∗y

5
10
20
30

0.41
0.42
0.42
0.41

0.01
0.01
0.01
0.01

0.53
0.51
0.55
0.52

±
±
±
±

0.01
0.01
0.03
0.01

Kinetics of crystallization of -Fe from amorphous Fe81 B13 Si4 C2
alloy can be described by the Šesták–Berggren’s kinetic model with
the following expression for the reaction rate: d˛/dt = 1.11 × 1022
exp(−349.4/RT)˛0.72 (1 − ˛)1.02 . At T ≥ 823 K it comes to instantaneous nucleation of embryos which already exist in the
crystallization nuclei of -Fe. The acceleration of the crystallization
process is a consequence of strains in the material which arise on
account of the formation of -Fe. On the other hand, the decrease
of the transformation rate is a consequence of an overlapping of the
growing -Fe nuclei.
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˛∗z
±
±
±
±

autocatalytic model represents the best reaction model for
describing the crystallization process of -Fe in the amorphous
Fe81 B13 Si4 C2 alloy.
The crystallization kinetics of amorphous solids is usually
interpreted in terms of the Johnson–Mehl–Avrami (JMA) model.
However, strictly speaking, this model is valid in isothermal conditions, and it can be rigorously applied to the transformations
involving a nucleation and a growth only in a limited number of
special cases in non-isothermal conditions. An example of a system
which allows the non-isothermal application of the JMA models is
one in which the entire nucleation process takes place during the
early stages of the transformation, and it becomes negligible afterward. In this case, the crystallization rate is deﬁned only by the
temperature and does not depend on the previous thermal history
of alloy.
The higher value of N exponent designates that the decisive
inﬂuence on the kinetics of transformation has the formed crystallization phase and the rate of growth. In the propagation process,
on account of overlapping of nuclei in growing, it comes to retard
of crystallization rate. Bearing in mind the above facts, we can
assume that in the amorphous alloy, the -Fe embryos already
exist and at T ≤ 823 K and at T ≥ 823 K, these embryos are momentarily transformed into nuclei. The established acceleration of the
crystallization process is a consequence of the signiﬁcant increase
of strains in the alloy, which arise on account of -Fe formation
process.
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Calor. 72 (2003) 901.
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a b s t r a c t
The thermal stability and crystallization of the Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy in non-isothermal
as well as in isothermal conditions were studied. It was shown that the amorphous alloy was stable up to a temperature of 753 K when a multi-step structural transformation began. Initially an -Fe
phase was formed, followed by a Fe2 B phase at temperatures over 813 K. Kinetic parameters, the
activation energy (Ea ) and the pre-exponential factor (ln A), for both crystallization steps were determined as Ea = 486.3 kJ mol−1 and ln A (A [min−1 ]) = 72.7 for ﬁrst step and Ea = 446.3 kJ mol−1 and ln A (A
[min−1 ]) = 63.7 for second step according the Kissinger method and as Ea = 499.9 kJ mol−1 and ln A (A
[min−1 ]) = 88.1 for ﬁrst step and Ea = 460.8 kJ mol−1 and ln A (A [min−1 ]) = 79.2 for second step according
the Ozawa method.

1. Introduction
Disordered structural arrangement of Fe-based amorphous
alloys have been a subject of considerable scientiﬁc interest because
of their soft ferromagnetic properties, good mechanical properties
and high corrosion resistance making them very useful in a variety of devices including the transformers, sensors, magnetic tapes,
recorder heads, microgears, welding elements as well as dental and
medical implants [1,2]. However, the application of Fe-based amorphous alloys as structural materials is limited because of the very
high cooling rates required for their production to avoid crystallization and high vacuum to overcome oxidation. The improving of
the purity of starting materials or the addition of metalloids such
as B, P, Si or C enhances the glass-forming ability of these materials [3,4]. The substitution of Fe by Co, Ni or Co and Ni, as well as
increasing B/Si concentration ratio largely increases of the glassforming ability of Fe-based amorphous alloy, too. The amorphous
alloys are metastable materials so that the elevated temperature
as well as the prolonged performance could induce their transformation into a crystalline state which, in turn deteriorates their
advantageous physical properties [5]. However, suitable thermal
treatment of amorphous alloys of an appropriate composition could
produce nanocrystalline alloys whose magnetic parameters do not
substantially deteriorate at elevated temperatures during their
practical exploitation. Because of their technological applicability, the nanocrystalline Fe-based alloys possessing a metastable
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two-phase microstructure with outstanding soft magnetic properties, very low coercivity, high saturation magnetic ﬂux and high
permeability as a consequence of the averaging out of the magnetic anisotropy of the crystalline phase as the exchange length
becomes larger than the structural length, are very interesting
materials [6]. For these reasons the knowledge of the thermal
stability and structural transformations of amorphous alloys is of
great interest for two important reasons [7]. First, for amorphous
alloys that exhibit excellent magnetic and electric properties the
onset of crystallization represents the limit when these properties begin to deteriorate [8]. Second, control of the crystallization
process gives us the ability to tailor the microstructure that provides the desired properties in nanocrystalline–amorphous matrix
alloys [9–11]. On the other hand, the ability to predict and control
of the crystallization process of amorphous alloys is very important
for the preparation and preservation of useful microstructure. The
detailed analysis of crystallization data can also provide important
information about the temperature dependence of the processes
of nucleation and the growth of the crystallites in order to get
and control the optimal microstructure [12,13]. The crystallization of these materials upon heating can be performed in several
ways. Usually, two basic methods are considered: isothermal and
non-isothermal. In these cases several techniques, such as differential scanning calorimetry [14], X-ray scattering [15], measurement
of electrical resistivity [16], and Mőssbauer spectrometry [17]
have been used to study crystallization of amorphous metallic
alloys.
We have previously studied a series of amorphous alloys based
on Fe and Co, from fundamental and practical points of view
[18–21]. The present paper concerns studies of the thermal stability

0925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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increase with an increase of the heating rate, indicating the thermal
activation of both steps of the crystallization process.
The apparent activation energy of crystallization Ea for each
observed crystallization step as well as the frequency factor A for
linear heating, can be determined by Kissinger’s as well as Ozawa’s
peak method from the relationship between the exothermic peak
temperature Tp and the heating rate ˇ [23,24].
According to Kissinger [23] the apparent activation energy can
be determined by applying the equation:
ln



ˇ
Tp2



 AR 

= ln

Ea

−

Ea
RTp

(1)

where plotting ln(ˇ/Tp2 ) as a function of 1/Tp yields a straight line
with a slope of −Ea /R and an intercept of ln(AR/Ea ).
For the determination of the apparent activation energy under
non-isothermal conditions Ozawa [24] proposed the equation:

Fig. 1. DSC curves of the Fe89.8 Ni1.5 Si5.2 B3 C0.5 sample recorded at heating rates of 5,
10, 20, 40 K/min, respectively.

and structural transformations of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous
alloy induced by heating over the temperature range 298–1123 K.
2. Experimental procedures
Ribbon shaped samples of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy with dimensions 2 cm wide and 35 m thick were obtained using the standard procedure of
rapid quenching of the melt on a rotating disc (melt-spinning method).
Thermal stability of the alloy as well as the structural transformations was investigated by differential scanning calorimetry (DSC) in a nitrogen atmosphere using
a DSC-50 analyzer (Shimadzu, Japan). Samples weighting several milligrams were
heated in the DSC cell from room temperature to 1123 K in a stream of nitrogen
ﬂowing at 20 mL min−1 and with constant heating rates of 5, 10, 20 and 40 K min−1 .
The X-ray diffraction (XRD) experiments were performed on an X-Pert powder
diffractometer (PANalytical, Netherlands) using CuK radiation in a Bragg-Brentano
geometry at 40 kV and 30 mA. This device is equipped with a secondary graphite
monochromator, automatic divergence slits, and a scintillation counter. The diffraction angle was changed stepwise in 0.05◦ (2�) intervals with a measuring time of
30 s/step.
The Rietveld reﬁnement method as well as the single peak reﬁnement approach
to analyze the XRD measurements was used. The TOPAS V3 general proﬁle and
structure analysis software for powder diffraction data was used for this purpose
[22].
The Vickers microhardness tests were performed with a microhardness tester
MHT-10 (Anton Paar, Austria) with loads of 0.4 N and 10 s loading time. For each
sample multiple microhardness measurements were conducted.
For the scanning electron microscopy (SEM) investigations an XL 30 ESEM-FEG
(Environmental Scanning Microscope with Field Emission Gun, by FEI, Netherlands)
device was used. The samples were inspected using a 20 kV acceleration voltage at
a magniﬁcation of 3500× and 20,000×.

3. Results and discussion
In Fig. 1 typical dynamic differential scanning calorimetry curves
for the amorphous Fe89.8 Ni1.5 Si5.2 B3 C0.5 alloy at four different heating rates (5, 10, 20 and 40 K min−1 ) are displayed.
All DSC curves in the temperature range of 780–880 K show
two well formed crystallization peaks indicating the multi-stage
crystallization process of the alloy. The temperatures of both peaks

ln ˇ = ln

 AE 
a

R

−

Ea
RTp

(2)

where plotting of ln(ˇ) versus 1/Tp yields a straight line with a slope
of −Ea /R and an intercept of ln(AEa /R).
The values of the kinetic parameters determined according to
the Kissinger method are some higher than ones determined by
applying the Ozawa method, but the differences between the values
determined by the two methods are under 3%. Errors in the calculated values were determined as a root-square deviation multiplied
by Student’s coefﬁcient for a probability of 0.95 (Table 1).
In our experiments as well as for other amorphous alloys based
on Fe [25,26] we found high values of the apparent activation energy
of crystallization (cf. Table 1). The activation energy of solid state
reactions proceeding through formation of nuclei and their growth,
according to the opinion of some researchers, has only an empirical
character and yields a practical determination of the dependence
of the rate of conversion on temperature. This energy can be spent,
not only for overcoming the activation barrier but also for lowering
the activation barrier due to co-operative displacement of atoms. In
these experiments, the total value of energy is determined both, for
the lowering of the potential activation barrier and for overcoming
the barrier. The high values of activation energy of crystallization of
amorphous alloys indicates that a signiﬁcant fraction of the atoms
participate in the structural reorganization.
The amorphous structure of an alloy prepared by rapid quenching of the melt was tested by X-ray diffraction methods. To study
the structural transformations induced by heating, samples of the
alloy were isothermally treated at different temperatures between
573 and 1123 K. In order to avoid oxidation during heating, each
sample was put in a quartz tube, sealed under vacuum and heated
for 60 min at each temperature being tested.
The diffraction pattern of the as-prepared alloy (cf. Fig. 2) shows
only a very broad peak in the 2� range between 40◦ and 50◦ without
appreciable diffraction peaks corresponding to crystalline phases,
thus indicating the absence of any long-range crystalline order, as
is characteristic for an amorphous structure. This pattern remained
almost unchanged after annealing at 573 and 713 K.

Table 1
Kinetic parameters for both observed crystallization stages.
ˇ (K/min)

First stage

Second stage

Tp1 (K)

Ea1 (kJ/mol)

ln A1 (A [min−1 ])

Tp2 (K)

5
10

796.5
802.9

486.3 ± 8
(Kissinger)

Ea2 (kJ/mol)

ln A2 (A [min−1 ])

72.7
(Kissinger)

839.6

439.3 ± 8
(Kissinger)

63.7
(Kissinger)

20
40

811.9
819.0

499.9 ± 8
(Ozawa)

88.1
(Ozawa)

847.9
857.5

460.8 ± 8
(Ozawa)

79.2
(Ozawa)

Fig. 2. XRD patterns of the as-prepared Fe89.8 Ni1.5 Si5.2 B3 C0.5 alloy as well as corresponding samples heated for 60 min at different temperatures at 573, 713, 753, 813,
843, 863, 923, 1023 and 1123 K.

The results presented in Fig. 2 indicate that different structural transformations of the alloy occurred in the temperature
range 753–1123 K. Initially at 753 K the presence of the -iron
phase (ICDD-PDF 00-036-4899) as the major phase and the
boron–iron–silicon phase, B2 Fe15 Si3 (ICDD-PDF 00-047-1629), was
observed. The boron–iron–silicon phase was present only in very
small amounts in the temperature range from 753 to the 813 K.
The next step in the structural transformations induced by thermal
treatment was formation of the iron–boron phase, Fe2 B (ICDD-PDF
00-036-1332), observed for 813 K. The iron–boron phase coexisted
with the -iron phase over the whole range of temperatures from
813 to 1123 K. Further heating above 813 K did not affect signiﬁcantly the phase composition until a temperature of 923 K, when
besides the -iron and iron–boron phase, two reﬂexions at the
diffraction angles 97.122◦ and 114.886◦ indicate the presence of
one new intermediate phase, presented in Fig. 2 as phase x. Due to
the restriction of many ICDD-PDF data entries to a lower 2� range
and since adequate peaks at lower diffraction angles could not be
observed, complete identiﬁcation of this phase was not possible.
However, the diffraction pattern corresponds well to a supposed
phase with cubic symmetry (face-centered structure).
Fig. 3 shows the XRD pattern of the sample held for 7 h at a
temperature of 1123 K. After this heating only the -Fe and Fe2 B
phases were present and no intermediate phase occurred. These
results have a good correlation with previously mentioned DSC
results where it was shown that two crystallization peaks indicate
a multi-stage crystallization process of the alloy.
The Rietveld reﬁnement method [27] was used for the determination of the weight fraction of the crystalline phases that were
formed and of the amorphous content as well. As shown in Fig. 4,
the content of the boron–iron–silicon phase (B2 Fe15 Si3 ) observed
at 753 K decreased and at 843 K this phase disappeared completely.
In the same time, the relative phase contribution of the -Fe
phase increased almost linearly (taking the amorphous content into
account), while the weight fraction of the iron–boron (Fe2 B) phase
increased slightly.
On raising the temperature an increasing weight content of crystalline phases (cf. Fig. 4) was expected but the broad maximum from
a residual amorphous phase at small diffraction angles as well as
for the diffraction angle range of 40–50◦ indicates that the heating
caused only a partial crystallization of the sample. For the ﬁnal heat
treatment (1 h) at a temperature of 1123 K, slightly less than 4% of
the amorphous fraction still remained.

Fig. 3. XRD pattern of the sample heated at a temperature of 1123 K for 7 h.

The Rietveld reﬁnement method also gave the phase weight fraction values for the ﬁnal diffraction pattern corresponding to the
sample heated at 1123 K for 7 h (cf. Fig. 3). The results (61 wt.%
of the -Fe phase, 39 wt.% Fe2 B phase, and no amorphous phase
present) indicate a signiﬁcant alteration in the phase composition
due to heating of alloy. These ﬁnal contents are most likely near the
thermal equilibrium.
Besides the temperature dependence of the crystalline fraction,
the lattice constants for the Fe2 B iron-boron phase, Fig. 5, show the
temperature dependence but not the lattice constant for the cubic
-Fe phase. The lattice constants as well as the Hermann–Mauguin
space group symbol for all observed phases corresponding to the
ICDD-PDF data are presented in Table 2.
The diagram presented in Fig. 5 shows clearly that the lattice
constant a for the Fe2 B phase increased from 5.095 Å at 813 K to
5.102 Å at 1123 K reaching the maximal value of 5.141 Å at a temperature of 863 K. The lattice constant c increased continuously from
4.180 to 4.252 Å over this temperature range. These changes correspond to structural and stoichiometric variations of the boride
phase during the formation reaction. This effect is mainly caused
by reactions between the coexisting phases. Furthermore, the deviation from the theoretical values as given in Table 2 is caused by

Fig. 4. Weight fractions of the observed crystalline phases as obtained by Rietveld
reﬁnement including the obtained amorphous weight content, plotted as a function
of the heating temperature (1 h).
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Fig. 5. Lattice constants a (indicated by squares) and c (indicated by circles) of the
Fe2 B phase as obtained by Rietveld reﬁnement procedure plotted as a function of
the heating temperature.

Table 2
The lattice constants as well as the Hermann–Mauguin space group symbol for all
observed phases according to the ICDD-PDF database.
Phase

Formula

Space group

Crystal system

-Iron
Iron–boron
Boron–iron–silicon

Fe
Fe2 B
B2 Fe15 Si3

Im-3m
I4/mcm
I-4

Cubic
Tetragonal
Tetragonal

Lattice
parameters (Å)
a

c

2.867
5.110
8.677

–
4.249
4.307

the additional incorporation of the remaining elements (i.e. Si, C,
and Ni). It could be shown that the crystal growth is temperature
dependent (cf. Fig. 6). The crystallization process for the major -Fe
phase as well as for the Fe2 B phase with the smallest average crystallite sizes interpreted from the XRD data were in the range from
16 to 29 nm. With increasing temperature the average crystallite
size reached a maximum value between 101 and 119 nm at 1123 K
(cf. Table 3).
The surface of the samples before and after heat treatment was
inspected by a scanning electron microscopy (cf. Figs. 7 and 8)
in order to correlate the results of the XRD phase analysis with
changes in the sample surface microstructure. To obtain a surface
suitable for accurate particle shape and size observation the samples were subjected to speciﬁc preparation procedure. Considering
the small dimensions (around 3 × 2 × 0.5 mm) it was necessary to
embed each sample in a conductive hot resin based on iron powder. Subsequently the sample was smoothed with 500, 1200, 2400,
and ﬁnally 4000 grit grinding silicon carbide (SiC) paper. The sample surface was then polished with a diamond emulsion with 3 and
1 m grain sizes. The ﬁnal polishing step was conducted with a
40 nm colloidal silica solution.
In Fig. 7 the SEM micrographs are shown for as-prepared and the
thermally treated alloy samples. From Fig. 7a which shows the sur-
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face of as-prepared alloy it is obvious that the amorphous surface is
completely homogeneous. The heat treatment leads to crystalline
phase formation and the formation of a non-homogeneous surface
of the alloy. For the temperature of 753 K where the ﬁrst presence
of a crystalline phase was observed, the ﬁrst partial surface nonhomogeneity was observed as well. Fig. 7b shows the existence
of surface fractures for a sample heated at 753 K. Further heating at higher temperatures increased the surface non-homogeneity
as is shown in Fig. 7c for a sample thermally treated at 923 K for
1 h.
However, the presence of twinning and crystal lattice deformations such as dislocations accompany the overall heating procedure.
Fig. 8 indicates the presence of twins (sample heated at 1123 K for
60 min). This SEM micrograph shows the presence of grain structure
of two different phases in a sample heated at 1123 K for 7 h, that is in
good accordance with X-ray data. The larger particles with a grain
size in a range of 1–3 m probably correspond to the Fe2 B phase
and the smaller particles with a grain size in a range of 0.5–1 m
are related to the -Fe phase. These values are slightly larger than
the dimensions we obtained from the X-ray diffraction pattern in
Table 3. This difference is due to the mechanism of XRD which is
strictly related to the smaller coherent diffracting length [15]. The
smallest, white, globular shaped particles in Fig. 8 occur only in
traces, probably corresponding to residuals from the ﬁnal ﬁne polishing; the particle size of approximately 40 nm corresponds to the
grain size of colloidal polishing silica solution. Additionally, in Fig. 9,
the SEM micrograph of the fracture surface of the sample (crosssection, same sample as in Fig. 8) is also displayed. Here the globular
shaped particles were not observed.
As expected, an increased crystallinity of the material correlates with a decrease of the hardness (cf. Fig. 10). The structural
transformations which give rise to a more pronounced sam-
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Fig. 7. (a) Scanning electron micrographs of the sample surfaces – as-prepared. (b) Scanning electron micrographs of the sample surfaces – after heat treatment at 753 K. (c)
Scanning electron micrographs of the sample surfaces – after 923 K for 60 min.

Fig. 8. Scanning electron micrograph of the
Fe89.8 Ni1.5 Si5.2 B3 C0.5 sample heated at 1123 K for 7 h.

polished

surface

of

a

Fig. 10. Vickers microhardness (HV) mean values of the samples plotted as a function
of the heating temperature together with the standard deviation error bars.

ple non-homogeneity most likely induce higher variations of the
microhardness (cf. the error bars in Fig. 10).

Fig. 6. Crystallite size as deduced from Rietveld reﬁnement data for the -Fe and
Fe2 B phases plotted as a function of the heating temperature.

4. Conclusions
Table 3
Overview of crystallite size Dhkl , dislocation density �hkl and microstrain εhkl of the samples heated at different temperatures.
Temperature (K)

813
843
863
923
1023
1123
1123

Heating time (h)

1
1
1
1
1
1
7

Fe2 B

εhkl (%)

-Fe

Dhk (nm)

�hkl (m−2 )

Dhkl (nm)

�hkl (m−2 )

–
16
12
36
64
119
178

–
1.17 × 1016
2.08 × 1016
2.31 × 1015
7.32 × 1014
2.12 × 1014
9.47 × 1013

29
30
32
57
60
101
123

3.57 × 1015
3.33 × 1015
2.93 × 1015
9.23 × 1014
8.33 × 1014
2.94 × 1014
1.98 × 1014

12.81
10.57
9.72
4.97
5.55
2.73
1.78

Fig. 9. Scanning electron micrograph of the cross-section (fracture surface) of a
Fe89.8 Ni1.5 Si5.2 B3 C0.5 sample heated at 1123 K for 7 h.

As can be seen from the results, the Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy was stable up to a temperature of 753 K when structural
transformations began. This process started with formation of the
-Fe phase, which was followed by formation of the Fe2 B phase
at temperatures above 813 K. Up to a temperature of 863 K, the
crystallite size remained almost constant, while at higher temperatures a signiﬁcant crystal growth occurred. This observation can
most likely be explained by the assumption of two recrystallization
phases: in a ﬁrst step the number of crystallites (seeds) grew. Each
of these particles displayed almost constant size. In a second step
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a certain fraction of the crystallites grew by consumption of the
smaller particles. During this process (especially above 923 K) the
total crystalline volume remained almost unchanged. The observed
weight fraction of the crystalline -Fe phase increased up to 923 K
while in the higher temperature range an almost constant content
was achieved. The Fe2 B phase shows no such expressed behavior.
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a
b

Faculty of Physical Chemistry, University of Belgrade, Studentski trg 12, 11 000 Belgrade, Serbia
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a b s t r a c t
The crystallization kinetics of -Fe from the amorphous Fe81 B13 Si4 C2 alloy was investigated by DSC
and XRD methods. The kinetic parameters (ln A, Ea ) of the investigated process were determined using
Kissinger’s as well as isoconversional (model-free) method. Based on the results of DSC and XRD analysis
and calculated crystallization parameters (n = 4; m = 3) it was concluded that primary crystallization of
-Fe phase in amorphous matrix occurs through the bulk nucleation and three-dimensional growth of
nuclei growing with constant rate.

1. Introduction
The amorphous alloys (metallic glasses) are a relatively new
class of materials with a speciﬁc combination of properties which
are very interesting from technological point of view. These materials are characterized by structure with absence of the distant order
atom arrangement and characterized by high degree of anisotropy
of physical properties [1,2].
The amorphous state of matter is, however, structurally and
thermodynamically unstable and very susceptible to partial
or complete crystallization during thermal treatment or nonisothermal compacting [3]. The crucial limitation with respect to
using metallic glasses for high temperature applications arises from
their restricted thermal stability. The onset of exothermic crystallization upon crossing the stability domain of the glassy state
results in the formation of highly stable, but brittle intermetallic
compounds, which renders these alloys useful only once. Further,
for amorphous alloys that exhibit excellent magnetic properties
the crystallization represents the limit at which these properties
begin to deteriorate. For the case alloys that exhibit excellent magnetic properties in the two-phase nanocrystal-amorphous matrix
structure, control of the crystallization kinetics allows the ability
to tailor the desired structure. The latter imposes the knowledge
of alloys stability in a broad range of temperature due to dif-

∗ Corresponding author. Tel.: +381 11 333 6689; fax: +381 11 2187 133.
E-mail address: dminic@ffh.bg.ac.yu (D.M. Minić).

ferent crystallization processes which occur during its annealing
[4].
Among these materials the amorphous alloys of Fe and B, have
been very interesting because of their soft ferromagnetic properties with a high saturation magnetic ﬂux density. These alloys are
applicable in a variety of devices, including transformers, magnetic
tapes and recorder heads [5–7]. It was determined that the Curie
temperature of alloys increases slightly on replacement of boron
by silicon [8]. This results in a sharp increase of relatively constant room-temperature saturation magnetization extending from
Fe80 B20 to Fe82 B12 Si6 . The multicomponent alloys are generally easier to prepare in the amorphous state than the binary ones. So, it
was concluded that the crystallization temperature increases with
increase of content of silicon and decrease of contents of iron and
boron. Thus for the highest saturation magnetization alloy combined with ease of preparation, stability, and lowest losses, the
multicomponent alloys Fe81 B17 Si2 and Fe82 B12 Si6 are preferred [8].
It was also shown that the soft magnetic properties of Fe–B alloy
are improved by a decrease of the -Fe grain size from 20 to 10 nm
[9].
The crystallization of amorphous alloys upon heating can be performed in several ways. In calorimetric measurements, two basic
methods are in use, isothermal and non-isothermal. The results
of crystallization process can be considered in terms of several
theoretical models [10]. The investigation of kinetics of the crystallization showed that the crystallization process of amorphous
Fe83 B17 is governed by a bulk growth in two dimensions (n = 2)
[11]. However, the investigation of the crystallization kinetics of
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amorphous alloy Fe81 B13.5 Si3.5 C2 showed three exothermal peaks
on DSC curves showing that the crystallization process includes formation more than one phase. The isothermal annealing at T > 780 K
leads to the appearing of crystalline phases -Fe and Fe2 B3 in the
mentioned alloy but the further increase of annealed temperature leads to appearance of metastable -Fe phase [12,13]. It was
shown the diffusion controlled growth particles of appreciable initial volume and three-dimension growth of small particles [13].
The values of Avrami exponents (nI = 1.6 and nII = 2.0) calculated
for Fe78 B13 Si9 are characteristic for the diffusion-controlled growth
of small particles with decreasing nucleation rate. Atomic rearrangement and amorphous-to-crystalline transformations during
isothermal annealing have been investigated by Mössbauer spectroscopy [14]. It was shown that rearrangement in the amorphous
state consists of two processes depending on the annealing temperature. The ﬁrst process is attributed to the enhancement of the
short-range order and the second one to the atomic rearrangement
leading to crystallization. The crystallization was found to consist
of at least two steps giving as the ﬁnal crystalline products Fe2 B and
Fe3 B.
Having in mind the inﬂuence of thermal stability and
microstructure on the physicochemical properties of amorphous
alloys as well as shown differences in kinetics of crystallization, in
this work, the crystallization process of -Fe from the Fe81 B13 Si4 C2
alloy was investigated in detail from the kinetically point of view
by using DSC and X-ray analysis.
2. Experimental procedure
The ribbon-shaped samples of Fe81 B13 Si4 C2 amorphous alloy were obtained by
using the standard procedure of rapid quenching of the melt on a rotating disc (meltspinning). The obtained ribbon was 2 cm wide and 35 m thick.
The crystallization process was investigated by the differential scanning
calorimetry (DSC) in a nitrogen atmosphere using SHIMADZU DSC-50 analyzer. In
this case, samples weighting several milligrams were heated in the DSC cell from
the room temperature to 650 ◦ C in a stream of nitrogen with nitrogen ﬂowing at a
rate of 20 mL min−1 and at the heating rates of 5, 10, 20 and 30 K min−1 .
In order to investigate structural transformations by X-ray diffraction, the samples of amorphous alloy Fe81 B13 Si4 C2 annealed at the different temperatures (20,
200, 300, 400, 440, 460, 500, 550, 600, 700 and 830 ◦ C) in a stream of nitrogen
during 30 min. Then the X-ray powder diffraction (XRD) patterns were recorded
on a Philips PW-1710 automated diffractometer using a Cu tube operated at 40 kV
and 30 mA. The instrument was equipped with a diffracted beam curved graphite
monochromator and Xe-ﬁlled proportional counter. For the routine characterization
diffraction data was collected in the range of 2� Bragg angles (4–100◦ counting for
0.1 s). Silicon powder was used as an external standard for calibration of a diffractometer. All XRD measurements were done with solid samples in a form of ribbon
at ambient temperature.

3. The methods used to evaluate the kinetic parameters of
the investigated process
All kinetic studies assume that the isothermal rate of conversion
d˛/dt, is a linear function of the temperature-dependent reaction
rate constant, k(T), and a temperature-independent function of the
conversion, f(˛) [15]:
d˛
= k(T )f (˛),
dt

(1)

where ˛ is the fractional extent of reaction, t is the time and the
function f(˛) depends on the particular crystallization mechanism.
According to Arrhenius’s equation:



k(T ) = A exp −

Ea
RT



,

(2)

where A is the pre-exponential factor, that is assumed to be independent of temperature, Ea the apparent activation energy, T the
absolute temperature and R is the gas constant, so the rate of con-
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version is
Ea
d˛
= A exp −
RT
dt





f (˛).

(3)

For non-isothermal measurements at constant heating rate
ˇ = dT/dt, t is the time, Eq. (3) transforms to
ˇ

d˛
Ea
= A exp −
RT
dT





f (˛),

(4)

where d˛/dt ≡ ˇ(d˛/dT).
The integral form of the reaction model can be obtained by integration of Eq. (4):

g(˛) =

˛

AEa
d˛
=
p(x)
f (˛)
Rˇ

(5)

0

where p(x) is the temperature integral for x = Ea /RT which does not
have analytical solution.
The apparent activation energy Ea can be calculated by various
methods. The Kissinger’s method allows the calculation of apparent
activation energy from a point Tp which is the temperature at the
maximum DSC curve for different rates of heating [16]. Since the
maximum rate of investigated process occurs when (d˛/dt) is 0, differentiation of Eq. (4) having in mind the general equation enabling
the analysis of conversion kinetics for nucleation and growth of particles of new phase proposed by Avrami in the form f(˛) = (1 − ˛)n ,
where n is the apparent reaction order, Kissinger’s relation was
obtained:
ln



ˇ
Tp2



= ln

 AR 
Ea

−

Ea
.
RTp

(6)

The second used method is rate-isoconversion method proposed by Friedman [17]. The basic assumption of method is that
the reaction rate at a constant conversion value is only a function
of temperature. This premise supposes possibility of determination of kinetic parameters, Ea,˛ and A˛ , for each value of ˛ over the
entire reaction range. The method does not require any assumption on the f(˛) and it is also known as “model-free method”. The
rate-isoconversion method was based on Eq. (4) in the logarithmic
form:

   
d˛

ln ˇi

dT

˛,i

= ln [A˛ f (˛)] −

Ea
,
RT˛,i

Fig. 1. DSC curve of heating and cooling cycle; heating rate 10 ◦ C/min.

method [16]. The values of peak temperatures together with values
of kinetic parameters (Ea and ln A) calculated by Kissinger’s method
and the symmetry factors (SFs) are given in Table 1.
The changes of structure in the temperature range (20–830 ◦ C)
were followed by X-ray diffraction method on as prepared as well
as alloy annealed at different temperatures (Fig. 3).
X-ray diffraction pattern of the as-quenched ribbon shows only a
broad halo at 2� range of 40–55◦ suggesting an amorphous (glassy)
structure. Diffraction patterns of alloy annealed at the temperatures of T ≤ 460 ◦ C contain the same halo as well as the original
sample but also contain one sharp peak at 2� = 83.2◦ indicating
presence of structural deformed crystal phase as consequence of
ordering Fe-clusters already present in starting alloy. Increase of
annealed temperature results in a decrease of intensity of this peak
and appearance the new sharp peak at 2� = 45.6◦ whose height
increases with an increase of annealing temperature. The increase
Fig. 3. XRD patterns for as quenched and annealed alloy.

(7)

where a subscript ˛ designates values related to a given conversion,
and i is a number of the non-isothermal experiment conducted at
the heating rate ˇi . By plotting ln[ˇi (d˛/dT)˛,i ] against 1/T˛,i , the
value of the −Ea /R for a given value of ˛ can be directly obtained.
4. Results and discussion
Typical DSC curve obtained during heating and cooling cycle is
presented in Fig. 1.
DSC curve (Fig. 1) involves series of endo- and exo-peaks indicating a stepwise process of structural stabilization of alloy in the
temperature range 200–560 ◦ C. A broad exo-peak, indicated as low
temperature peak (Tk1 ) in temperature range 200–400 ◦ C, is followed by endothermic hump (temperature of glass transition Tg )
and a short supercooled liquid region before sharp exothermic crystallization peak (Tk ) in temperature range 500–560 ◦ C (Fig. 2).
All values of initial (Ti ), maximal (Tp ) and ﬁnal temperature (Tf )
for both exo-peaks are shifted to higher values with increasing
heating rate indicating the presence of kinetic effects. The overall apparent activation energy for crystallization process, under
linear heating condition was calculated by the Kissinger’s peak

Fig. 2. DSC curves at different heating rates.

Table 1
The values of Tp and kinetic parameters of crystallization of amorphous Fe81 B13 Si4 C2
alloy upon continuous heating at different heating rates
ˇ (K/min)

Tp (K)

Ea (kJ mol−1 )

ln A

SF

5
10
20
30

785
793
804
811

351.2

52.75

0.98
0.98
0.98
0.98

������

98

of intensity of that peak as well as a decrease of its half width indicates the increase of crystallinity of alloy. This shows that at higher
temperature (above 500 ◦ C) the process of crystallization occurs.
Thoroughly studying of diffractograms by the comparative semiqualitative analysis of annealed alloy (JCPDS-PDF 03-065-4899)
gives evidence for the presence of -Fe crystallization in annealed
alloy. The disarranged ratio of peak intensities of diffractions lines
indicates very deformed crystal structure whose disorder disappears with the increase of temperature of annealing according the
ratio of height of diffraction peaks.
The detailed crystallization kinetics of -Fe in the amorphous
alloy was studied by differential scanning calorimetry in temperature range of 500–560 ◦ C. The volume fraction (or degree of
conversion, ˛) of the sample transformed into crystalline phase
during the crystallization process has been obtained from the DSC
curve as a function of temperature (T). The volume fraction crystallized, ˛, at any temperature T is given as ˛ = ST /S, where S is the
total area of the exotherm between the temperature Ti , where the
crystallization is just beginning and the temperature Tf , where the
crystallization is completed, and ST is the area between the initial
temperature and a generic temperature, T, ranging between Ti and
Tf [17]. The plots of ˛ versus T at different heating rates for the
considered crystallization process are shown in Fig. 4.
The sigmoid shape of fractional conversion curves in Fig. 4 indicates crystallization in bulk amorphous material excluding the
surface crystallization. For all heating rates, these curves show a
slow initial period corresponding to dominant process of nucleation with increasing rate caused by increase of speciﬁc area of

������
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Table 5
The values of m and n for the different heating rates

Table 3
Values of constants n and m for different crystallization mechanisms
Mechanism
Bulk nucleation
Three-dimensional growth
Two-dimensional growth
One-dimensional growth
Surface nucleation

n

m

ˇ (K/min)

m

s

4
3
2

3
2
1

5
10
20
30

2.84
3.08
3.22
2.84

1.16
0.92
0.78
1.16

1

1

Table 4
The values of n values at three temperatures
Fig. 5. The apparent activation energy (Ea ) and intercept (ln[A˛ f(˛)]) plotted as a
function of fractional conversion (˛).

Fig. 4. Fractional conversion (˛) as a function of temperature (T) for the crystallization alloy at different heating rates (5, 10, 20 and 30 K min−1 ).

nuclei. The following part of saturation is the consequence of
attaching nuclei causing the decrease of surface area.
It can be observed that the apparent activation energy for the
considered crystallization process is practically constant in the
0.2 ≤ ˛ ≤ 0.7 range, Fig. 5, indicating the existence of a single-step
reaction [15,18]. The average value of apparent activation energy
was determined as Ea = 356.5 ± 5.5 kJ mol−1 .
The activation energy of crystallization process proceeding
through formation of nuclei and their growth, according to opinion
of some researches, has no physical meaning but only empirical character and practically establishes only the dependence of
the rate of conversion on temperature. This energy can be spent,
not only for overcoming the activation barrier but also mainly for
its downturn due to cooperative displacement plenty of atoms.
Finely, the crystallization of amorphous alloys is a very complicated process accompanied by nucleation and growth of various
crystal phases under continuously varied conditions of chemicals
surroundings in a zone of conversion. Obviously, such a process
occurs not only with the single value of activation energy and not
by formation of a single conﬁguration of activated complex. In practice, with the multitude of probable ways of conversions, only those
mechanisms and activated complexes of the crystallization process
will be realized that are the most probable at a given temperature.
Any change of crystallization conditions, such as heating rate, can
result in a change of the mechanism and main activation complex of
the crystallization process. Thus high values of activation energy of
crystallization of amorphous alloys, ﬁrst of all, indicates that a lot of
atoms participate in an elementary act of structure reorganization,
as well as high complexity of these processes.
For the preliminary determination of kinetic model of the
investigated crystallization process, Dollimore’s method was used
[19–21]. This model is based on the “sharpness” of initial and ﬁnal
temperature of the differential rate curves as well as on its asymmetry. From the result of the theoretical considerations it is apparent
that the “sharpness” of the initial and ﬁnal temperatures is caused
by kinetic factors, and especially by the mechanism of process.
Certain kinetic models lead to an asymptotic or diffuse departure
from the base line in a differential form thermal curve, while the
others produce a very sharp approach to the ﬁnal plateau. According to these parameters the authors listed three different types
of kinetic mechanisms [21]. The investigation of these parameters that describe geometry and asymmetry of the differential rate

curves it can be very simple to indicate the probable kinetic mechanism expressed as f(˛). So, when the crystallization process is not
complex the qualitative approach to kinetic may be obtained using
parameters such as ˛max or (d˛/dt)max , the shape of the initial and
ﬁnal temperatures as well as peak temperature (Tp ), half-width
from differential rate curves.
In our case, Dollimore’s procedure was applied on the conversion and differential rate curves whose asymmetry is observed
between Ti and Tf for the differential rate curves (Fig. 6). The others
parameters such as the conversion at the rate of maximum crystallization, ˛max , peak temperature, Tp , at (d˛/dt)max , and the ratio
�LoT/�HiT (shape factor), which is the ratio between the lowtemperature at half-width and high-temperature at half-width of
the differential rate curve peak, are presented in Table 2.
The dependence of d˛/dt versus T at different heating rates
for the investigated crystallization process of -Fe in the amorphous Fe81 B13 Si4 C2 alloy is shown in Fig. 6. It is clearly seen that
the position of the broadening exotherm, which is connected with
the crystallization was shifted toward higher temperature with

Temperature (K)

n

791
793
795

3.92
4.08
4.07

the increase of the heating rate as well as asymmetry of peaks.
This suggests that the crystallization process should not be characterized by a deﬁnite critical temperature independent of the
heating rate. The determined values of ˛max for different heating
rate were in the range from 0.51 to 0.55. These results indicate that
the non-isothermal crystallization mechanism of -Fe in amorphous Fe81 B13 Si4 C2 alloy cannot be fully described within the
JMA (Johnson–Mehl–Avrami) models (A2, A3 and A4, Group A)
which predicated that. Johnson–Mehl–Avrami equation concerning the kinetics of phase transformation (models A1–A4) involving
nucleation and growth crystals under isothermal conditions can be
used in very limited number of crystallization processes in nonisothermal conditions when the process of nucleation is ﬁnished
before starting the process of growth of nuclei.
The broadened exothermic peaks almost symmetrical (Fig. 6)
indicate the occurrence of the overlapping reactions, probably
nucleation and growth of nuclei which occur at same time. Therefore we decided to study further the crystallization kinetics as a
whole, as it is a single crystallization peak.
For non-isothermal crystallization, where the volume fraction of
crystalline phase  precipitated in glass heated at a uniform heating rate ˇ is related with the activation energy Ea , Matusita et al.
proposed the following relation [22–24]:
1.052mEa
+ const,
ln[−ln(1 − ˛)] = −n ln ˇ −
RT

Fig. 6. Differential rate curves (d˛/dt vs. T) for different heating rates (ˇ = 5, 10, 20
and 30 K min−1 ).
Table 2
Parameters describing the asymmetry DSC curves of crystallization -Fe phase in
amorphous Fe81 B13 Si4 C2 alloy
ˇ (K/min)

˛max

5
10
20
30

0.51
0.53
0.53
0.55

�LoT/�HiT
1.0
1.0
0.9
0.8

Half-width (K)

Ti

Tf

9.5
9.5
10.0
11.0

Sharp
Sharp
Sharp
Sharp

Sharp
Sharp
Sharp
Sharp

(8)

where m and n are constants having values between 1 and 4
depending on the morphology and kinetics of the growth nuclei
(Table 3).
The values of n obtained from the slopes of linear plots
ln[−ln(1 − ˛)] versus −ln ˇ at different temperatures for considered
crystallization process are given in Table 4.
For all considered temperatures, in the limits of experimental
errors, the value of n is ≈4.0. From these results follows, that the
kinetics of crystallization process is independent from the temperature.
The crystallization exponent n is connected with the number of
growth dimensions (m) and the number of nuclei forming stages
(s) [22] by the following equation:
n=m+s

(9)

where m is the number of growth dimensions as deﬁned in Table 5,
s is the number of the nuclei forming stages (s = 0 at instantaneously nucleation; s = 1 at constant nucleation rate and s > 1 at
self-acceleratory nucleation rate).
In order to describe in detail the considered crystallization process, the value of parameter m should be determined from the plot

of ln[−ln(1 − ˛)] because a function of reciprocal temperature is
linear with a slope of 1.051(m + 1)Ea /R using the value of activation energy determined above. The values of parameters m and s
obtained at the different heating rates for the investigated crystallization process of -Fe in Fe81 B13 Si4 C2 amorphous alloy are given
in Table 5.
Based on the obtained values of parameters m and s, at the
different heating rates (Table 5), we asserted with high degree of
reliability, that the nucleation process of -Fe occurs within amorphous alloy with a constant rate. The growth of -Fe crystallites
occurs in three effective directions (three-dimensional growth)
proceeding with constant nucleation rate.
5. Conclusions
By the annealing of amorphous Fe81 B13 Si4 C2 alloy at temperatures T ≥ 773 K, the crystallization process of -Fe occurs in
the bulk of the considered alloy. The nucleation process of Fe occurs within the amorphous phase with a constant rate. The
growth of -Fe crystallites is a three-dimensional and occurs
with the relatively high value of apparent activation energy
of 352.5 ± 5.5 kJ mol−1 .
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a b s t r a c t
The structural transformations of the Fe75 Ni2 Si8 B13 C2 amorphous alloy under non-isothermal as well
as under isothermal conditions were studied. The amorphous alloy was stable up to a temperature of
723 K when the multi-step structural transformation began. The primary crystallization starts already
at 723 K by forming Fex Si phase in amorphous matrix. At higher temperatures (between 780 and 800 K)
beside the Fex Si phase, the presence of the boron–iron–silicon phase (B2 Fe15 Si3 ) as well as the iron–boron
(Fe2 B) phase was detected. At higher temperatures the presence of only two phases, Fex Si and Fe2 B, was
conﬁrmed. The Fe content in the formed Fex Si phase was determined as 81% (at 1273 K) and 86 % (at 780 K).
The kinetic parameters of crystallization processes were determined by Kissinger and Ozawa methods.

1. Introduction
The magnetic amorphous Fe–B alloys displaying excellent soft
magnetic properties, such as high saturation magnetization, high
permeability, low coercivity and loss, have been the subject of many
scientiﬁc researches over past few decades [1]. These materials are
used in diverse applications, such as power devices, information
handling technology, magnetic sensors and antitheft security system [2,3].
The amorphous materials are metastable and with increase in
temperature their transformation into a crystalline state occurs
which can lead to change in their technologically important properties, such as the heat capacity, electrical resistivity, volume and
magnetic properties [4,5].
It has been reported that either the magnetic properties may be
deteriorate after crystallization or may improve if nanocrystalline
phases are formed [6–9]. The commercial nanocrystalline soft magnetic materials have been successfully obtained by crystallization
from amorphous precursors. These materials possess a microstructure of nanocrystals embedded in an amorphous matrix exhibiting
soft magnetic properties superior to the amorphous and crystalline
magnetic alloys.

∗ Corresponding author. Tel.: +381 11 3336 689.
E-mail address: dminic@ffh.bg.ac.yu (D.M. Minić).

In our research, we have studied the amorphous alloys based
on Fe and Co, from the fundamental as well as from the practical
point of view [10–13]. This paper is concerned with the thermal stability and structural transformations of Fe75 Ni2 Si8 B13 C2
amorphous alloy induced by heating in the temperature range
of 298–1273 K. Therefore, in order to get the optimal microstructure, a good knowledge of thermal stability and the crystallization
kinetics of amorphous alloys are of signiﬁcant interest for many
researchers. The crystallization of these materials by heating can
be performed in several ways. Usually, two basic methods can be
used, isothermal and non-isothermal. The results of these measurements can then be interpreted in terms of several theoretical
models [14,15].
2. Experimental procedure
The ribbon-shaped samples of Fe75 Ni2 Si8 B13 C2 amorphous alloy (2 cm wide and
35 m thick) were obtained using the standard procedure of rapid quenching of the
melt on a rotating disc (melt-spinning method).
The thermal stability of the alloy as well as the structural transformations has
been investigated by the differential scanning calorimetry (DSC) in a nitrogen atmosphere using a DSC-50 analyzer (Shimadzu, Japan). In this case, samples weighing
several milligrams were heated in the DSC cell from room temperature to 973 K
in a stream of nitrogen with a ﬂowing rate of 20 ml min−1 at the different heating
rates.
The amorphous structure of the as-prepared alloy sample was conﬁrmed by
X-ray diffraction (XRD) method. For the study of the transformation of structure,
the samples were subsequently heated at different temperatures in the range of
623–1273 K. In order to avoid oxidation problems each sample was sealed in a

doi:10.1016/j.jallcom.2008.09.072

quartz tube under the vacuum of 0.1 Pa and heated for 30 min at the desired temperature when it is not indicated differently. The devitriﬁed crystalline samples
were then characterized by XRD using the Cu K radiation at 40 kV and 30 mA in
Bragg–Brentano geometry on an X-Pert powder diffractometer device (by PANalytical, Netherlands).
After the XRD measurements, the composition homogeneity of the obtained
samples was inspected with a Scanning Electron Microscope (SEM) operating at
20 kV acceleration voltage. An XL 30 ESEM-FEG (environmental scanning microscope with ﬁeld emission gun manufactured by FEI, Netherlands) device was used
for that purpose.

3. Results and discussion
Fig. 1 shows typical DSC curves (continuous heating) for the
amorphous Fe75 Ni2 Si8 B13 C2 alloy taken at four different heating
rates, 5, 10, 20 and 40 K min−1 .
All DSC curves in the temperature range of 790–860 K display the
overlapping crystallization peaks, indicating the multi-stage crystallization process of the alloy. Although two peaks are detected for
all the heating temperatures, their relative spacing, intensities and
characteristic temperatures change with the heating rate, indicates
that the heating rate has an important inﬂuence on the crystallization process. With increasing heating rate, the intensities of both
peaks rise, but the intensity of the second peak increases faster. The
temperature of both peaks increase with the increase of the heating rate, indicating the thermal activation of the observed steps
of the crystallization process. The interval between the two peaks
enlarges with the increasing heating rate as the activation energies
of two crystallization processes corresponding to the exothermic
peaks are different.
The overall activation energy of the crystallization reaction of
an amorphous alloy, as well as the frequency factor A, under linear
heating conditions can be determined by Kissinger’s as well as by
Ozawa’s peak methods relating on the dependence of exothermic
peak temperature Tp on heating rate ˇ [16,17].

 AR 
Ea

−

Ea
RTp

(1)

 AE 
a

R

− 1.0516

Ea
RTp

(2)

Table 1
Kinetic parameters of both crystallization stages.
ˇ (K min−1 )

5
10
20
40

First stage

Second stage

Tp (K)

Ea (kJ mol−1 )

ln A

Tp (K)

Ea (kJ mol−1 )

ln A

801.7
811.4
822.0
830.5

380.0 ± 8 (Kissinger)
394 ± 8 (Ozawa)

55.96 (Kissinger)
71.38 (Ozawa)

814.5
824.3
835.6
846.1

350 ± 8 (Kissinger)
370 ± 8 (Ozawa)

51.76 (Kissinger)
51.35 (Ozawa)
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= ln

A plot of ln(ˇ) versus 1/Tp yields a straight line with a slope of −Ea /R
and an intercept of ln(AEa /R).
The errors of the calculated values were determined as a
root-square deviation multiplied on Student’s coefﬁcient for the
probability of 0.95, Table 1.
It is interesting to note the high values of the calculated activation energies of crystallization processes of the amorphous alloy,
Table 1. The activation energy of solid state reactions proceeding
through formation of nuclei and their growth, according to the
opinion of some researchers, has no physical meaning but only
empirical character and practically establishes the dependence of
the rate of conversion on the temperature [11,18]. This energy can
be spent not only for overcoming the activation barrier but also for
co-operative displacement of atoms. Thus in these experiments, the
total value of energy spent for the overcoming activation barrier
as well as for co-operative displacement of atoms is determined.
It should be noticed that the crystallization of amorphous alloys
is a very complex process accompanied by nucleation and growth
of various crystal phases under continuously varied conditions of
species surroundings in a zone of conversion. Thus high values of
activation energy of crystallization of amorphous alloys indicate
primarily that a lot of atoms participate in an elementary process
of structure reorganization, as well as the high complexity of these
reactions.
The amorphous state of as-prepared alloy was conﬁrmed by the
X-ray diffraction method. The diffraction pattern of an as-prepared
alloy sample, Fig. 2, shows only a spread halo in the 2� degree
range of 40–50◦ without appreciable diffraction peaks corresponding to crystalline phases, indicating an absence of the long-range
crystalline order characteristic for an amorphous structure which
remained unchanged after annealing at 623 K.
To understand the crystallization mechanism, an analysis of
the X-ray diffraction patterns of the alloy heated isothermally at
different temperatures, just before and above the crystallization
peaks in the DSC scan (temperature range 623–1023 K) was performed. These results (cf. Fig. 2) show that the thermally induced
structural changes already started at 723 K. The presence of the
diffraction pattern of the Fex Si phase which is isotypic to gupeiite

a
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Tp2



ln ˇ = ln

c

b

ˇ

ˇ is the heating rate, Tp is the peak temperature, A is the preexponential factor independent on temperature, Ea is the activation
energy, and R is the gas constant.
The plot of ln(ˇ/Tp2 ) versus 1/Tp yields a straight line with a slope
of −Ea /R and an intercept of ln(AR/Ea ).
For the determination of the activation energy in nonisothermal conditions Ozawa [17] proposed the equation:
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Fig. 5. Weight fraction as determined by Rietveld’s reﬁnement method.
Fig. 2. X-ray diffraction patterns the as-prepared alloy and after thermal treatment
at given temperatures.

(JCPDS-PDF 03-065-0146) together with the halo from a residual
amorphous phase in the diffraction angle range of 40–50 ◦ indicates that isothermal heating at 723 K during 30 min caused the
partial crystallization of the Fex Si phase in an amorphous matrix.
At higher temperatures (780 K) beside the intense diffraction pattern of the Fex Si phase, weak peaks of the boron–iron–silicon phase
(B2 Fe15 Si3 ), corresponding to JCPDS-PDF 00-047-1629 and of the
iron boron (Fe2 B) phase according to [JCPDS-PDF 03-065-2693]
became visible. At 923 K the intensity of the iron–boron peaks
increased, while the peaks of the boron–iron–silicon phase completely disappeared.
Furthermore, increase of the heating temperature, as well as the
extension of heating time, leads to the increase of intensities all
present peaks pointing to the better crystallization of all present
phases, Fig. 3 and Table 2. It is clear that after the ﬁnal crystallization stage at 1123 K (cf. Figs. 2 and 3), only two phases are present:
iron–boron (Fe2 B) and iron–silicon (Fex Si).
The diffraction angles of the characteristic peaks for the Fex Si
phase display a slight shifting due to the variation of the lattice
parameter a. In Fig. 4 the relation between the Fe content (or Fe/Si
ratio) and the lattice constant a is plotted (data given according to
JCPDS 35-519, 1071-4480,1071-6175, 3065-3192, 3065-6323, 30659130). The line corresponds to a parabolic regression curve which
was used for the calculation of the Fe content. The shaded bar in
the diagram in Fig. 4 corresponds to the observed range of composition. From this relation the Fe content between 81% (observed
at 1273 K) and 86% (at 780 K) of the Fex Si phase could be deduced.
However, no clear relation between the Fe content and the corresponding annealing temperature of the sample could be deduced.
It should also be noted that a possible variation of the Fe/Si ratio
in the sample can inﬂuence the width of the diffraction maxima
which consequently can inhibit the precise determination of the
crystallite size of this phase.

Fig. 3. X-ray diffraction patterns of Fe75 Ni2 Si8 B13 C2 alloy samples heated: (a) during
1 h and 3 h at 1123 K, and (b) during 3 h at 1273 K.
Fig. 6. Change of the crystallite size of phases formed during the isothermal heating
of Fe75 Ni2 Si8 B13 C2 amorphous alloy.

For the qualitative determination of the phase composition of
the crystallized alloy samples the JCPDS-PDF database has been
used. Besides the phase composition the quantitive calculation of
the contents of each individual phase is essential. Rietveld’s reﬁnement procedure is able to simulate the XRD pattern from given
starting parameters. The purpose of this simulation is therefore
to reﬁne individual parameters, e.g. phase content, crystallite size,
and crystal lattice parameters, to obtain a good ﬁt. For this purpose
Rietveld’s reﬁnement program TOPAS V3.0 (Bruker AXS GmbH, Germany) was used [19]. This software enables the full handling of the
instrument geometry and the instrument proﬁle parameters. The
quality of the reﬁnement progress was controlled by monitoring the
ﬁt parameter Rwp , the goodness of ﬁt (GOF), and the Durbin–Watson
factor. Besides, the values for the weight fraction for each phase in
Fig. 4. Lattice constant for various Fex Si compounds as given in JCPDS database
plotted as a function of the stoichiometric Fe content.

Temperature (K)

Formula

Space group

Crystal system

Iron–boron
Iron–silicon
Boron–iron–silicon

Fe2 B
Fe3 Si
B2 Fe15 Si3

I-42m
Fm-3m
I-4

Tetragonal
Cubic
Tetragonal

Lattice parameters (Å)
a

c

5.099
5.670
8.677

4.240
–
4.307

the penetrated sample volume (cf. Fig. 5), the values for the crystallite size and the microstrain, were determined by Rietveld’s method
as well (see Table 3). The contents of iron–boron, iron–silicon and
boron–iron–silicon phase are displayed as a function of the annealing temperature during the heating experiment. However it should
be remarked that the ﬁrst appearance of the Fex Si phase at 723 K is
not covered in the diagram in Fig. 5 because the amorphous phase
coexisting at this temperature inhibits the correct phase content
determinated by Rietveld’s method.
The change of the crystallite dimensions, Dhkl , the dislocation
density, �hkl , and microstrains, εhkl , of formed phases with increas-

Table 3
Crystallite size, dislocation density and microstrain of alloys heated at different temperatures.

Table 2
Phase composition of alloy Fe75 Ni2 Si8 B13 C2 as found by XRD analysis. Data for lattice parameters corresponding to the JCPDS-PDF data.
Phase

Fig. 7. Scanning electron micrograph images of the sample surface: (a) before heating and (b) after heat treatment at 1273 K during 1 h.

780
800
823
923
1023
1123
1273

Boron–iron

Boron–iron–silicon

εhkl (%)

�hkl (m−2 )

Dhkl (nm)

�hkl (m−2 )

Dhkl (nm)

�hkl (m−2 )

14
10
7
36
52
122
108

1.53 × 1016
3.00 × 1016
6.12 × 1016
2.32 × 1015
1.11 × 1015
2.02 × 1014
2.57 × 1014

9
13
–
–
–
–
–

3.70 × 1016
1.78 × 1016
–
–
–
–
–

34
34
27
169
153
102
87

2.60 × 1015
2.60 × 1015
4.12 × 1015
1.05 × 1014
1.28 × 1014
2.88 × 1014
3.96 × 1014

������

������

104

Iron–silicon

Dhkl (nm)

105

9.72
7.88
7.35
2.74
1.15
0.46
1.32
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ing temperature of heating are shown in Table 3. It shows that the
crystallization process starts with nanosized crystallites, and their
growth is further temperature dependent, Fig. 6.
The samples were inspected before and after heat treatment by
scanning electron microscopy (SEM) using 20 kV acceleration voltage. All SEM micrographs are displayed at the same magniﬁcation.
Fig. 7a shows the amorphous sample before heat treatment. It is
clear that the as-prepared sample surface is homogeneous, without
any trace of prior nucleation. A SEM micrograph in Fig. 7b displays
different grain sizes in the range from about 0.3 to 2 m. These
dimensions are signiﬁcantly bigger than the dimensions we obtain
from X-ray diffraction pattern in Table 3. The SEM micrograph
represents particles consisting from several crystallites (mosaic
structure) non-accessible to the X-ray diffraction which is strictly
related to the smaller coherent diffracting length. However, the
scanning electron microscopic examination of the sample heated
at the highest temperature revealed the presence of three different
particle sizes. The smallest, almost spherical particles with a grain
size in a range of 0.3–0.5 m, correspond to the iron silicon phase;
the largest particles (with a grain diameter between 1 and 2 m)
are related to the Fe2 B phase. Well-deﬁned particles with a medium
size (0.5–0.7 m) probably correspond to the iron–silicon phase as
well.
4. Conclusions
By annealing in the temperature range 298–1273 K, the amorphous Fe75 Ni2 Si8 B13 C2 alloy undergoes multi-step structural
transformations, forming iron–silicon (Fex Si), iron–silicon–boron
(B2 Fe15 Si3 ) and iron–boron (Fe2 B) phases. The primary crystallization starts at 723 K by forming Fex Si phase in an amorphous
matrix. At higher temperatures (780 and 800 K) beside the Fex Si
phase, weak peaks of the boron–iron–silicon phase (B2 Fe15 Si3 )
and of the iron–boron (Fe2 B) phase became visible. At 923 K the
intensity of the iron–boron peaks increased, while the peaks of
the boron–iron silicon phase completely disappeared. From the
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relation between the Fe content and the lattice constant a, the
Fe content in the Fex Si phase was determined as 81% (observed
at 1273 K) and 86% (at 780 K). The crystallization process starts
with nanosized crystallites, and their growth is further temperature
dependent.
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a b s t r a c t
The thermal stability and crystallization of the Fe81B13Si4C2 amorphous alloy were investigated in the
temperature range of 300–1173 K. The correlation of the DSC and X-ray diffraction data with the measurements of electric and magnetic properties, which are very sensitive to structural changes, has shown
a complex crystallization process involving at least two overlapping steps which appeared as one sharp
slightly asymmetrical crystallization peak on the DSC curve. That could mean that the entire nucleation
process did not take place during the early stage of the transformation and did not become negligible
afterward. In this case, the crystallization rate is not deﬁned by only the temperature but also depends
on the previous thermal history of the alloy. This could be reason why the Johnson–Mehl–Avrami model
usually used for the description of crystallization involving the stage of nucleation and the stage of
growth of nuclei is not valid.

1. Introduction
Amorphous alloys, also known as metallic glasses, are non-crystalline materials usually obtained by the rapid cooling of melts
having a disordered distribution of atoms in the cooled melt and
an excellent combination of physical properties which are very
important for their high technological applications [1]. Magnetic
amorphous alloys based on Fe and Co possess outstanding softmagnetic properties such as a high permeability, high saturation
magnetization, low coercivity. These characteristics have enabled
their use in modern technology and attracted great interest of
many researches [2–5]. Amorphous alloys are metastable materials
and during heating, these materials transform into a crystalline
state. However, it is well known that the magnetic properties, as
well as the electric properties, of these materials are structurally
very sensitive and depend signiﬁcantly on the manufacturing conditions of the alloys as well as their thermal history [6]. For technological applications, nano-structured soft-magnetic alloys obtained
by partial crystallization from amorphous precursors [7,8] are very
important. These nano-crystalline materials typically possess a
microstructure of nano-crystals about 10 nm in size embedded in
an amorphous matrix. This type of microstructure provides them
with an efﬁcient averaging of the magneto-crystalline anisotropy,
enabling soft-magnetic properties superior to the crystalline alloys
[9–11].
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The crystallization of amorphous alloys upon heating can be
performed in several ways. In calorimetric measurements two basic methods are in use, isothermal and non-isothermal. In both
cases the differential scanning calorimetry technique (DSC) is the
most common method to study the crystallization behavior of
these materials. However, this method requires that the crystallization occurs with a relatively high heat of crystallization, and it
is not useful when the crystallization occurs with a small heat
transfer or at a slow rate. In such situations, the measurement of
electrical resistivity or magnetic permeability has many advantages and gives more detailed information on the process of crystallization [12].
In our previous papers [13,14], non-isothermal research of the
crystallization behavior and the kinetics and mechanism of crystallization of a-Fe from the Fe81B13Si4C2 amorphous ribbon produced
by melt-spinning were reported. Based on the results of the DSC
and X-ray diffraction analysis (XRD) and on the calculated crystallization parameters (m = 3; s = 1), we concluded that the primary
crystallization of the a-Fe phase in an amorphous matrix occurs
through the bulk nucleation and three-dimensional growth of nuclei growing at a constant rate [13]. It was established that the kinetic parameters of transformation did not change with the degree
of crystallization a in the range of 0.1–0.7. Also, it was established
that the primary crystallization of the a-Fe phase from an amorphous alloy cannot be described by the Johnson–Mehl–Avrami
(JMA) model that is usually used for the description of crystallization involving a stage of nucleation as well as a stage of growth of
nuclei. Rather it can be described by the Šesták–Berggren autocat-

doi:10.1016/j.jnoncrysol.2009.08.036
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alytic model with the kinetic triplet Ea = 349.4.0 kJ mol1,
ln A= 50.76 and f(a) = a0.72(1  a)1.02 [14]. Therefore, for a detailed
study of the process of crystallization, we have used electric and
magnetic measurements since they are more sensitive to structural
transformations.

3. Results and discussion
The amorphous state of the as-prepared alloy was conﬁrmed by
the X-ray diffraction method. The diffraction pattern for the as-prepared alloy, Fig. 1, has only a spread halo in the 2h range of 40–50
and does not have appreciable diffraction peaks indicating an absence of the long-range crystalline order. This is characteristic for
an amorphous structure which remained unchanged after annealing at 473 K. The size of the coherently scattering regions, calculated from the half-width of the observed halo by Scherrer’s
formula, is about 0.71 nm, pointing out the presence of highly disordered Fe clusters in an amorphous matrix.
The diffraction patterns of the annealed alloy, in the temperature range 473–733 K contain the same halo as the original sample
as well as a sharp peak at 2h = 83.8 indicating the presence of a
crystal phase as a consequence of the ordered Fe-clusters already
present in the starting alloy. An increase of the annealed temperature results in a decrease of intensity of this peak and the appear-

2505

ization in the temperature range of 470–810 K. A broad poorly
formed exo-peak in the temperature range of 470–670 K corresponds to the structural relaxation processes in the as-prepared alloy. This peak is followed by an endothermic peak at 680 K
corresponding to the Curie temperature Tc, an endothermic hump
at about 780 K corresponding to the glass transition rather than
the alloy, and a short super-cooled liquid region before a sharp
exothermic crystallization peak, Tk, in the temperature range of
770–830 K. The observed single very sharp exothermic peak at
804 K could indicate a one-step crystallization process in the amorphous alloy.
The general equation for analysis of the conversion kinetics of
partial crystallization of metallic alloys involving nucleation and
growth in the solid phase was proposed by Avrami [15]:

2. Experimental details
The ribbon-shaped samples of the Fe81B13Si4C2 amorphous alloy
were obtained using the standard procedure of rapid quenching of
the melt on a rotating disc (melt-spinning). The resulting ribbon
was 2 cm wide and 35 lm thick.
The crystallization process was investigated by the DSC technique in a nitrogen atmosphere using a SHIMADZU DSC-50 analyzer. In this case, samples weighing several milligrams were
heated in the DSC cell from room temperature to 920 K in a stream
of nitrogen with a ﬂow rate of 20 mL min1 and a heating rate of
5 K min1.
In order to investigate the structural transformations by the
XRD technique, the samples of the amorphous alloy Fe81B13Si4C2
were annealed at the different temperatures (298–1173 K) in a
stream of nitrogen during 30 min. The X-ray powder diffraction
patterns for the as-prepared alloy, as well as for the samples that
were annealed at different temperatures, were recorded on a Philips PW-1710 automated diffractometer using a Cu tube operated
at 40 kV and 30 mA. The instrument was equipped with a diffracted beam curved graphite monochromator and Xe-ﬁlled proportional counter. For the routine characterization, the diffraction
data were collected in the range of 2h Bragg angles (4–100Counting for 0.1 s). Silicon powder was used as an external standard for
calibration of the diffractometer. All XRD measurements were done
with solid ribbon-shaped samples at ambient temperature.
The electrical resistance of the ribbon was measured by the
four-point method within a temperature range of 293–900 K in
an argon atmosphere. Measurements of relative magnetic permeability were performed using a modiﬁed Maxwell method, based
on the action of an inhomogeneous magnetic ﬁeld on a magnetic
sample. The magnetic force measurements were performed with
a sensitivity of 106 N in an argon atmosphere. The sample of the
alloy was mechanically coupled to a copper conductor, forming a
Cu–Fe81B13Si4C2 thermocouple for the measurement of the thermo-electromotive force (TEMF). The thermocouple was placed into
a specially designed furnace, while the other end of the sample was
submerged into a mixture of water and ice. The TEMF produced by
the thermocouple during the heating process was measured by a
voltmeter of 105 V sensitivity.
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aðtÞ ¼ 1 � exp½�ðktÞn �;

ð1Þ

where a(t) is the degree of transformed volume, t is time, n is the
kinetic exponent, and k = k0exp(�Ea/RT). In the case of continuous
heating when E � RT, the following relations were obtained:

bE
kp RT 2p

Fig. 1. XRD patterns for as-prepared and heated alloy.

ance of a new sharp peak at 2h = 46.8. The height of the peak
increases with an increase of the annealing temperature. This increased height, as well as a decrease of the half-width of the peak,
indicates an increase of the crystallinity of an alloy. This shows that
at temperatures above 770 K, primary crystallization occurs. Thoroughly studying of diffractograms by comparing the semi qualitative analysis of the annealed alloy, according to JPCDS card No. 06
6698, gives evidence of the presence of a-Fe crystallization in an
annealed alloy. The disarranged ratio of peak intensities of the diffraction lines indicates a very disordered crystal structure whose
disorder disappears with an increase of the annealing temperature
according to the ratio of the heights of the diffraction peaks. In this
case, 11.3 nm crystallites are formed.
The DSC curve (Fig. 2) involving the series of endo- and exopeaks indicates a stepwise process of the alloy’s structural stabil-

¼ 1 and

da
¼ 0:37nkp ;
dt

Fig. 3. Temperature dependence of relative magnetic susceptibility of as-prepared
Fe81B13Si4C2 amorphous alloy during three cycles of heating up to different
temperatures: (a) 690 K; (b) 770 K and (c) 900 K.

ð2Þ

where b is the heating rate, E is the activation energy, Tp is the temperature of a peak, kp is the rate constant at the peak and da/dt is
the crystallization rate at the peak.
By using the value of the activation energy [14], we found the
values for the kinetic exponent and rate constants for the different
rates of heating, Table 1.
The detailed study of the crystallization kinetics which was
done by applying the Malek’s procedure [16] to the DSC curves
indicated the occurrence of a complex process of primary crystallization of the a-Fe phase in an amorphous matrix. Accordingly,
the Johnson–Mehl–Avrami model usually used for the description
of crystallization involving the stage of nucleation, as well as stage
of growth of nuclei, was not applicable in this case [14].
The temperature dependence of the relative magnetic susceptibility of the as-prepared Fe81B13Si4C2 amorphous alloy during three
cycles of heating to different temperatures is presented in Fig. 3.
During the ﬁrst and second heating, the decrease in the magnetic
susceptibility in the temperature region from 590 K to 650 K is
the result of getting closer to the Curie temperature of the amorphous alloy. After the ﬁrst heating of the as-prepared alloy in the
temperature region up to 660 K and cooling to room temperature,
its magnetic susceptibility slightly increases. This increase of the
magnetic susceptibility in the second heating was caused by the
structural relaxation of an amorphous structure that developed
during the ﬁrst heating to 660 K. In this process, internal strains
and the free volume are reduced in the starting material. These
changes are accompanied by subtle inter-atomic movements, causing the changes in the electron structure. This leads to an increase
in the number of electrons with unpaired spin in the direction of
the outer magnetic ﬁeld; this also leads to a decrease in the number of electrons spinning in the reverse direction and causes an increase in the magnetic susceptibility upon cooling. At the same
time, strains and a decrease in the free volume during structural
relaxation enable greater mobility of the walls of the magnetic

domains and this behavior further contributes to the increase in
the magnetic susceptibility.
During the second heating and in the temperature region from
670 K to 740 K, the alloy loses its ferromagnetic properties. With
further heating, the magnetic susceptibility starts to rise, and the
alloy regains its ferromagnetic properties since the crystallization
process starts at about 760 K. After the second heating to 760 K,
the magnetic susceptibility decreases by 23% as compared to the
value in its amorphous state and as compared to the value in its relaxed state after the ﬁrst heating. During the third heating above
the crystallization temperature, the alloy maintains its ferromagnetic features in the whole temperature region, whereas the maximum change in the magnetic susceptibility occurs at about 460 K
as a consequence of further phase transformation of the crystallized alloy.
Fig. 4 shows the temperature dependence of the electrical resistivity of the amorphous alloy in the temperature range of 300–
900 K. The electrical resistivity of the ordered (crystalline) alloy
is lower than the disordered (amorphous) alloy of the same composition; therefore, the dependence clearly shows each structural
stabilization step which causes the change in the ordering of the
investigated material. The slow increase of electrical resistivity

Table 1
Crystallization parameters of Fe81B13Si4C2 amorphous alloy Fe81B13Si4C2 amorphous
alloy.

Fig. 2. DSC curve of alloy at heating rate 5 K/min.

b (K min�1)

Tp (K)

kp (min�1)

n

5
10
20
30

785.1 ± 0.1
793.2 ± 0.1
804.1 ± 0.1
811.4 ± 0.1

0.31 ± 0.03
0.73 ± 0.03
1.27 ± 0.03
1.58 ± 0.03

3.7 ± 0.1
4.1 ± 0.1
3.8 ± 0.1
3.6 ± 0.1

Fig. 4. Temperature dependence of the electrical resistivity of as-prepared
Fe81B13Si4C2 amorphous alloy.
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was caused by the structural relaxation processes in the temperature range of 470–650 K. This process is followed by an increase of
electrical resistivity in the vicinity of Curie temperature Tc at 680 K
according to the ﬁrst maximum of the differential curve (Fig. 5) at
which point the effect that the scattering of conductive electrons
had on the magnons disappeared [17,18]. At that temperature,
the amorphous alloy loses its ferromagnetic features, which is in
excellent agreement with the results of the thermo-magnetic measurements (Fig. 3). The beginning of crystallization at about 790 K
causes the sharp drop of electrical resistivity. The appearance of
two clearly separated maxima, Tk1 and Tk2 (760 and 780 K, respectively) on the differential curve of electrical resistivity (Fig. 5), suggests that the process of the crystallization is a complex one and
occurs in the two steps appearing as one overlapping peak in the
DSC curves, Fig. 2.
The linear change of electrical resistivity with a rising temperature during the second heating shows that the process of crystallization was completed during the ﬁrst heating to 900 K, Fig. 6.
The structural relaxation processes, as well as the crystallization process in the temperature interval of 300–950 K, were also
investigated by measuring the thermo-electromotor force (TEMF)
of a thermocouple made by joining a copper conductor and the
amorphous alloy [19].
The temperature dependence of a thermo-electromotor force,
Fig. 7, in agreement with the other results, shows three linear regions corresponding to the structural transformations of the alloy
in a broad temperature range from 300 to 950 K. Different slopes
of these linear dependences correspond to structural changes
involving a structural relaxation, the loss of ferromagnetic properties, and the crystallization. The temperature coefﬁcient TEMF is a
function of the electron state density at the Fermi level:

a¼

!
2
2
�
2
h
3 3 � 23
N1ðEF Þ � N32ðEF Þ ;
2me 8p
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validity of the JMA model are not fulﬁlled, namely that a complex
crystallization process occurred and involved at least two overlapping steps which appeared as one sharp slightly asymmetrical
crystallization peak on the DSC curve. That could mean that the entire nucleation process did not take place during the early stage of
the transformation and became negligible afterward. In this case,
the crystallization rate is not deﬁned by only the temperature
and depends on the previous thermal history of alloy.
Acknowledgements
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where h is Plank’s constant, me is the mass of electrons, N1ðEF Þ is the
electron state density in copper and N 2ðEF Þ is the electron state density in the alloy.The electron state density in copper remained unchanged during its heating to 950 K, so the change of the
temperature coefﬁcient during the heating of the thermocouple
was caused only by the change of the electron state density at the
Fermi level in the alloy. Based on the slope of the temperature coefﬁcient, the thermo-electromotor force of the ﬁrst linear segment is
a1 = 9.4 lV/K, and the relative change in the electron state density
of the alloy caused by the structural relaxation process was determined to be DNN1 ¼ 3:53%. The temperature coefﬁcient of the ther-

Fig. 7. Temperature dependence of thermo-electromotor force of thermocouple
made by join a copper conductor and investigated alloy.

mo-electromotor

force

for

the

second

linear

segment

is

a2 = 8.36 lV/K, and DNN2 ¼ 5:33% was determined to be 5.33%. Finally, for the third linear segment, a3 = 7.12 lV/K and DNN3 ¼ 7:81% was
7.81%. The overall change in the electron state density at the Fermi
level caused by the structural transformations during heating the
alloy in temperature range 300–900 K is the sum of the three DN/
N values or 16.67%.
4. Conclusion

Fig. 5. First derivative of the electrical resistivity with the temperature of asprepared Fe81B13Si4C2 amorphous alloy.

The crystallization kinetics of amorphous solids involving the
steps of nucleation and the growth of nuclei is usually interpreted
in terms of the Johnson–Mehl–Avrami (JMA) model. However,
strictly speaking, this model is valid in isothermal conditions,
and it can be rigorously applied to the transformations involving
nucleation and growth only in a limited number of special cases
in non-isothermal conditions. For the process of non-isothermal
crystallization of the a-Fe phase in an amorphous Fe81B13Si4C2 alloy, a different analysis of DSC curves was used to show that the
conditions for the validity of the JMA model are not fulﬁlled [14].
In this paper, a correlation of data of the DSC curves and X-ray
diffraction techniques with the measurements of electric and magnetic properties was used since these techniques are very sensitive
to structural changes. The results show why the conditions for the
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that two main phases exist in Fe–Cu–Nb–Si–B alloys with optimum
magnetic properties, one of them being the nanocrystalline ferromagnetic -Fe–Si solid phase (volume fraction 60–65%) with an
average grain size typically of 10–15 nm embedded in an amorphous ferromagnetic matrix [15].
Since soft magnetic materials can possess very attractive physical properties, great efforts have been made to predict and control
the crystallization processes of metallic glasses [16]. The formed
microstructures are very sensitive to annealing temperature as
well as the thermal history of the materials; therefore a study of
microstructure evolution of the nano-magnetic materials can provide good guidance for tailoring desired properties [17,18].
The objective of this work was to conduct a detailed study
of the crystallization process of amorphous Fe73.5 Cu1 Nb3 Si15.5 B7
alloy in the temperature range 273–1123 K. Our main interest was
the behaviour of the alloy at high temperatures. Therefore, special
attention was paid to samples of alloy annealed at temperatures
above 873 K.
Fig. 1. DSC of as-prepared alloy at heating rate 4 K min−1 .
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2. Experimental procedures

a b s t r a c t
The structural transformations of Fe73.5 Cu1 Nb3 Si15.5 B7 amorphous alloy under non-isothermal as well as
isothermal conditions were studied. Differential scanning calorimetry (DSC) showed that slow heating
rates induce a series of stepwise structural transformations consisting of endothermic peaks and more
pronounced exothermic peaks in the broad temperature range from 350 to 970 K. Over this range the
system changed from an as-deposited amorphous alloy of higher excess free energy to an annealed sample
exhibiting lower excess of free energy. X-ray diffraction (XRD) analysis found that primary crystallization
started with formation of a face-centred Fe3 Si phase in an amorphous matrix. At higher temperatures
(between 780 and 920 K) we detected, in addition to the Fe3 Si phase, which reached an almost constant
value of 85 wt%, three new phases, FeCu4 , Fe16 Nb6 Si7 and Fe2 B. Further annealing above 923 K led to,
with Si initially migrating from the Fe–Si phase to the Nb-rich grain boundaries, formation of two new
phases, Fe5 Si3 and Nb5 Si3 . The Fe content in the cubic Fe–Si phase was estimated by means of a change
in lattice parameter. Below 923 K the size of crystallites for the major Fe3 Si phase was less than 10 nm. It
was shown that further heating induced rapid crystallite growth, reaching a size greater than 500 nm at
1123 K.

1. Introduction
The soft magnetic amorphous materials (metallic glasses) are
considered the future of magnetic materials in power electronics
on account of their marvellous magnetic properties. The majority of metallic glasses are materials which are kinetically and
thermodynamically metastable. The structure of some of these
materials may change spontaneously with time, but most of them
are stable at room temperature and can be transformed directly
to polycrystalline materials at higher temperatures [1,2]. The polycrystalline soft magnetic materials with grain size less than 100 nm,
called nanocrystalline, possess superior soft magnetic properties,
for example, “Finemet® ” and “Nanoperm® ” alloys and their modiﬁcations [3–9]. These materials generally contain two structural
components: one consisting of periodically positioned atoms inside
the crystallites and the other with all atoms located in the interfacial regions, having strongly distorted structures [10]. Owing to
the small grain size, the local magneto-crystalline anisotropy is

∗ Corresponding author. Tel.: +381 11 3336 689; fax: +381 11 2187 133.
E-mail addresses: dminic@ffh.bg.ac.rs, drminic@gmail.com (D.M. Minić).

averaged out by exchange interactions leading to low or vanishing
saturation magnetostriction [11].
The nanocrystalline soft magnetic materials can be obtained by
crystallization of amorphous alloys when the nucleation rate is
high and crystal growth rate low. In addition to the control of heat
treatment conditions such as heating rate, speciﬁc annealing temperature and time, the addition of small quantities of elements such
as Cu and Nb, favours the formation of a nanocrystalline structure
in these materials [1,12].
The Fe-based nanocrystalline soft magnetic alloys such as
“Finemet” (Fe73.5 Cu1 Nb3 Si13.5 B9 ) contain small amounts of Cu
which is immiscible with Fe and Nb [5,13]. The Cu, despite its low
content, affects the crystallization process and is responsible for
the formation of nanostructured materials. Due to its very limited
solubility in Fe, Cu forms small clusters which serve as sites for
heterogeneous nucleation of -Fe–Si crystallites, increasing their
number in amorphous matrix. Furthermore, Nb, which is rejected
from the crystal phase into the amorphous matrix, decreases the
crystal growth because of its relatively low diffusivity [14].
The extensive application of nanostructural metallic alloys of
this type is primarily due to their unique soft magnetic properties, which make them suitable for use in sensors. It was shown

doi:10.1016/j.jallcom.2010.05.145

By means of the standard procedure of rapid quenching of the melt on a
rotating disc (melt-spinning method), amorphous ribbon samples with a stoichiometric composition Fe73.5 Cu1 Nb3 Si15.5 B7 (Vitroperm® ) and with dimensions of
2.5 cm width and 35 m thicknesses were prepared. Composition analysis by EDX
conﬁrmed that the expected elements were present in the amorphous alloy. The
amorphous ribbon samples were sealed in quartz tubes under technical vacuum
and isothermally annealed for 1 h at temperatures of 693, 753, 773, 813, 873, 923,
973, 1023, 1073, and 1123 K, respectively.
Differential thermal calorimetry of the samples was conducted using a DSC204 C device (Netzsch, Germany) in the temperature range 298–973 K under an Ar
atmosphere at a constant heating rate of 4 K min−1 . A uniform temperature distribution was insured by using sample of reduced mass (approximately 5 mg). A slow
heating rate of 4 K min−1 increased the sensitivity for detection of smaller exothermic and endothermic changes in DSC. Two heating runs were employed to obtain
a baseline; the ﬁrst heating run was with an as-prepared sample and the second
heating run was conducted after cooling the sample to ambient temperature [19].
XRD experiments were performed on an X-Pert powder diffractometer (PANalytical, Netherlands) using CuK radiation in Bragg–Brentano geometry at 40 kV
and 30 mA. The measurements were conducted in a step scan mode in 0.05◦ (2�)
intervals with a measuring time of 30 s/step. This diffractometer is equipped with a
secondary graphite monochromator, automatic divergence slits, and a scintillation
counter.
The TOPAS V3 general proﬁle and structure analysis software for powder diffraction data was used for the Rietveld reﬁnement procedure [20].
Microstructural examination was performed by scanning electron microscope
(SEM). An XL 30 ESEM-FEG (environmental scanning microscope with ﬁeld emission
gun, manufactured by FEI, Netherlands) device equipped with an energy dispersive X-ray spectrometer from EDAX was used. The samples were inspected using
5, 10 and 20 kV acceleration voltages at magniﬁcations of 20,000× and 10,000×,
respectively.

and �H2 = −3.4 J g−1 in the temperature range 875–890 K give a
measure of the thermal stability of the sample with respect to structural transformations involving nucleation and growth of crystals
in different temperature ranges.
After the DSC analysis involving heating to 973 K, the sample was cooled down to room temperature, and an XRD analysis
was performed (Fig. 2). The slow heating rate (4 K min−1 ) during the DSC analysis caused the structural transformations in
the alloy, resulting in the formation of four crystalline phases:
Fe3 Si (81.1 ± 2.4 wt%), FeCu4 (1.4 ± 0.3 wt%), Fe2 B (7.9 ± 2.0 wt%)
and Fe16 Nb6 Si7 (9.6 ± 1.7 wt%). The application of a slow heating
rate was suitable for the generation of a large number of crystallization seeds, which resulted in small ﬁnal crystallites sizes:
Fe3 Si (12.1 ± 0.6 nm), FeCu4 (24.6 ± 9.0 nm), Fe2 B (17.1 ± 2.8 nm)
and Fe16 Nb6 Si7 (2.2 ± 0.2 nm).
The microstructural development was further investigated on
isothermally annealed and then quenched samples. Quenching of
the samples, which were previously sealed in quartz tubes under
technical vacuum and isothermally annealed for 1 h at selected
temperatures (chosen in accordance with the DSC analysis) was
performed in water at room temperature.
Fig. 3 shows the XRD patterns of an as-prepared alloy sample as
well as samples of the material subjected to annealing, during 1 h,

3. Results and discussion
The thermal behaviour of the Fe73.5 Cu1 Nb3 Si15.5 B7 amorphous
alloy is depicted in the DSC curves (Fig. 1). As the amorphous
sample undergoes structural transformations during heating, a
broad exothermic maximum in the range 350–550 K is attributed
to the structural relaxation processes in as-prepared amorphous
alloy. This process is followed by the Curie temperature and the
glass transition temperature [21,22]. The process of crystallization
involves three well-deﬁned broad asymmetric exothermic peaks
(Tk1 , Tk2 and Tk3 ) indicating a stepwise process of the structural
transformation of the alloy in the broad temperature range from
750 to 1000 K. During these structure transformations the system moves from as-deposited amorphous alloy of higher excess
free energy to the annealed sample exhibiting a lower excess of
free energy. The absence of peaks in repeated run on the same
alloy after cooling has shown that mentioned process really corresponds to crystallization (Fig. 1). The corresponding enthalpy
releases of �H1 = −67.3 J g−1 in the temperature range 760–835 K
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Fig. 2. X-ray diffractogram of the sample heated up to 973 K under an argon atmosphere during DSC analysis and then left cool slowly to room temperature.
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Table 1
Crystal symmetry, space group (Hermann–Mauguin symbol), and lattice parameters
for all observed phases according to the ICDD-PDF database.
Phase

Fe3 Si
FeCu4
Fe16 Nb6 Si7
Fe2 B
Nb5 Si3
Fe5 Si3

Fig. 3. XRD patterns of Fe73.5 Cu1 Nb3 Si15.5 B7 alloy samples as-prepared as well as
heated during 1 h at different temperatures as indicated.

at different temperatures (693, 753, 773, 813, 873, 923, 973, 1023,
1073, and 1123 K).
XRD as well as SEM investigation of the as-prepared
Fe73.5 Cu1 Nb3 Si15.5 B7 alloy conﬁrmed the absence of long range
ordering. The ﬁrst crystallization process during heating to 693 K
was detected by the appearance of two very small diffraction peaks
at 97.159◦ and 115.042◦ 2, as shown in Fig. 3. Unfortunately the
majority of ICDD-PDF powder diffraction data do not cover the
2� angle range of the unidentiﬁed reﬂections noted above. Therefore a complete and accurate identiﬁcation of this phase was not
possible. However, the diffraction pattern corresponds well to a
phase with cubic symmetry (face-centred structure, FCC) [23]. This
unidentiﬁed phase remained present until 923 K. The XRD analysis
of the sample annealed at 753 K displayed besides a broad hump
in the 2� range 40–50◦ (corresponding to the amorphous fraction
of the material) also the major crystalline -Fe–Si phase (FCC or
DO3 crystal structure). The best match to the Fe–Si diffraction pattern is that of a pattern for -Fe3 Si (ICDD-PDF 03-065-0146). This
structure could result from the good solubility of Si in -Fe in the
early stages of crystallization. Furthermore, a signiﬁcant fraction of
the Fe atoms rejected from the DO3 nanocrystals formed statistically disordered interfacial grain boundaries in the later stages of
crystallization [24].
This structural composition remained unchanged up to 873 K,
when formation of the crystalline phase FeCu4 (ICDD-PDF 03-0657002) started. At this annealing temperature the copper-iron phase
was not very abundant. At 923 K, slow dissolution of B and Nb
atoms into the Fe matrix led to the formation of two new phases:
Fe16 Nb6 Si7 (ICDD-PDF 00-053-0459) and Fe2 B (ICDD-PDF 00-0361332).

Space group

Fm-3m
Fm-3m
Fm-3m
I4/mcm
I4/mcm
P63/mcm

Crystal system

Cubic
Cubic
Cubic
Tetragonal
Tetragonal
Hexagonal

Lattice parameters [Å]
c

5.670
3.618
11.338
5.110
10.018
6.755

–
–
–
4.249
5.072
4.717

(1)

where wi are integral breadths deﬁned as:
wi =

w
;
k

Table 2
Relative weight fractions (wt%) corresponding to each phase and for different heating conditions presented in this paper.
Temperature [K]

Annealing time [h]

Fe3 Si

FeCu4

Fe16 Nb6 Si7

(2)

773
813
873
923
973
1023
1073
1123
1123a
973b
a
b

1
1
1
1
1
1
1
1
24
–

100
100
96.4 ± 1.3
80.6 ± 1.1
84.2 ± 0.9
86.9 ± 0.7
86.9 ± 0.8
85.0 ± 0.6
87.1 ± 0.4
81.1 ± 2.4

–
–
3.6 ±
3.0 ±
6.6 ±
2.3 ±
1.7 ±
2.8 ±
3.3 ±
1.4 ±

–
–
–
11.5 ±
4.7 ±
6.5 ±
7.5 ±
7.6 ±
5.4 ±
9.6 ±

1.3
0.3
0.6
0.4
0.4
0.3
0.3
0.3

Nb5 Si3

Fe5 Si3

–
–
–
4.9 ±
2.1 ±
2.6 ±
1.4 ±
2.6 ±
2.7 ±
7.9 ±

–
–
–
–
0.8 ±
1.1 ±
2.0 ±
1.5 ±
0.9 ±
–

–
–
–
–
1.6 ±
0.6 ±
0.5 ±
0.5 ±
0.6 ±
–

0.6
0.5
0.4
0.3
0.3
0.3
1.7

1.
0.6
0.4
0.6
0.4
0.4
2.0

0.2
0.2
0.2
0.2
0.2

0.2
0.2
0.2
0.1
0.1

The sample was analysed after annealing at 1123 during 24 h.
The sample was analysed by DSC technique in the temperature range of 298–973 K in an argon atmosphere with a constant heating rate of 4 K min−1 .

Table 3
Crystallite sizes for the observed phases upon heating at different temperatures.
Temperature [K]

Annealing time [h]

Fe3 Si

FeCu4

Fe16 Nb6 Si7

Fe2 B

Nb5 Si3

Fe5 Si3

–
–
4.0 ±
7.7 ±
5.9 ±
22.6 ±
36.8 ±
40.4 ±
69.4 ±
24.6 ±

–
–
–
5.3 ±
20.3 ±
25.3 ±
49.7 ±
64.8 ±
93.3 ±
2.2 ±

–
–
–
4.5 ±
22.7 ±
27.5 ±
44.8 ±
54.4 ±
61.0 ±
17.1 ±

–
–
–
–
31.4 ±
44.8 ±
46.8 ±
44.8 ±
59.6 ±
–

–
–
–
–
11.6 ±
54.4 ±
57.0 ±
115.5 ±
115.9 ±
–

Crystallite size [nm]
773
813
873
923
973
1023
1073
1123
1123a
973b
a
b

1
1
1
1
1
1
1
1
24
–

9.0
9.6
9.4
18.5
75.8
244.2
463.9
523.8
600.0
12.1

±
±
±
±
±
±
±
±
±
±

1.3
1.2
1.2
1.5
2.6
2.9
2.9
3.9
5.1
0.6

1.5
1.9
3.8
1.6
2.4
3.0
4.5
9.0

1.5
2.1
2.9
5.6
7.9
2.0
0.2

1.6
1.5
2.8
5.2
5.3
4.5
2.8

1.8
2.2
2.2
7.7
3.4

2.7
2.1
2.5
6.6
7.9

The sample was analysed after annealing at 1123 during 24 h.
The sample was analysed by DSC technique in the temperature range of 298–973 K in an argon atmosphere with a constant heating rate of 4 K min−1 .

about 9 nm, after annealing for 1 h at temperatures between 773
and 873 K. In this temperature range, Nb in the amorphous grain
boundaries signiﬁcantly restricts the growth of the Fe3 Si crystallites. Furthermore, the crystallite growth increases rapidly above
923 K. This coincides well with formation of the Fe16 Nb6 Si7 phase.
The sample annealed at 1123 K for 24 h (Fig. 5) displayed besides
the Fe–Si phase only minor contributions of other phases (ranging
from 0.5 to 7.6 wt% for each phase).

� is the wavelength of the used Cu radiation, � the Bragg angle and
Lvol is volume weighted mean column height deﬁned as:

The resulting diffraction pattern (Fig. 5) reveals very sharp and
intense peaks belonging to the major, well crystallized, Fe3 Si phase.
This indicates, as the Rietveld reﬁnement conﬁrmed, that further
grain growth occured during heating treatment. The ﬁnal value
of the crystallite size (24 h dwell) for the major phase reached
600.0 ± 5.1 nm with 87.1 ± 0.4 wt% relative phase contribution.
Evolution of the lattice constant a for the Fe–Si phase (DO3 structure) as determined by the Rietveld procedure is displayed in Fig. 6.
According to the relation derived in our former work [26] we calculated the Fe content in the Fe–Si phase, (right ordinate scale in
Fig. 6). It is most likely that during crystallization Si initially diffuses

(3)

Lvol = εk.

In Eq. (2), w is the FWHM (full width at half maximum) of the
instrument corrected line proﬁle and k is the Scherrer constant.
Fig. 4 shows a change in relative phase contributions [wt%]
during the thermal treatment as determined by the Rietveld reﬁnement procedure. With an increase in temperature, the relative
contribution of the Fe3 Si phase, which is observed primarily at
773 K, decreases very slowly reaching an almost constant value of
85.0 ± 0.6 wt% for annealing temperatures above 923 K. The relative amounts of the other phases were low: FeCu4 (1.7 ± 0.4 wt%
with maximum 6.6 ± 0.6 wt%), Fe2 B (1.4 ± 0.6 wt% with maximum 4.9 ± 1.0 wt%), Fe16 Nb6 Si7 (4.7 ± 0.5 wt% with maximum
11.5 ± 0.6 wt%), Nb5 Si3 (0.8 ± 0.2 wt% with maximum 2.0 ± 0.2 wt%)
and Fe5 Si3 (0.5 ± 0.2 wt% with maximum 1.6 ± 0.2 wt%). Complete
information for all relative weight fraction contributions presented
in this paper was shown in Table 2.
The crystallization process for the Fe73.5 Cu1 Nb3 Si15.5 B7 alloy
started with formation of DO3 nanosized crystallites whose further growth is temperature dependent as shown in Table 3. The
crystallite size of the major Fe3 Si phase remained almost constant,

Fig. 4. Relative weight fractions of the observed crystalline phases as determined by
the Rietveld reﬁnement method. The left ordinate corresponds to the relative phase
contribution of the Fe3 Si during thermal treatment; the right ordinate is related to
the relative phase contributions of each of the other phases.
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As it is shown in Fig. 3, further structural transformations did
not occur between 973 and 1123 K. Annealing at 973 K gave rise
to two phases in trace contents: Fe5 Si3 (ICDD-PDF 03-065-3593)
and Nb5 Si3 (ICDD-PDF 03-065-2785). These two phases were not
noticed in the sample after DSC analysis. It could be speculated
that the formation of these phases requires a prolonged period of
heating. The unit cell parameters for each crystal system as well
as the corresponding Hermann–Mauguin space group symbol are
given in Table 1.
As stated in the literature, the crystallization in Fe-based amorphous alloys takes place more easily near the surface than within
the bulk [25]. The process of crystallization initiates at the surface
during heat treatment and then propagates into the bulk.
The quantitative phase analysis was performed together with
crystallite size and lattice constant determination using the program TOPAS V3 (Bruker AXS GmbH, Germany) by means of Rietveld
reﬁnement of the XRD data. This program uses the “fundamental parameter approach” which enables a full convolution based
synthesis of line proﬁles [20].
The mean shape of the crystallites must be known in order to
derive and apply a correction to the column height of each hkl. Since
the crystallite size ε cannot be measured directly, TOPAS V3 uses
the integrated breadth based Lvol calculation (according to Eq. (1))
assuming intermediate crystallite size broadening modelled by a
Voigt function [20]:
wi = �/(Lvol cos �)

465

Fig. 5. XRD pattern of the Fe73.5 Cu1 Nb3 Si15.5 B7 alloy sample heated for 24 h at
1123 K.
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of the Fe3 Si crystallites for the quenched samples (initially being
around 10 nm) increased with the increase of temperature and the
duration of thermal treatment, reaching more than 500 nm when
annealed for 1 h at 1123 K. The samples annealed in technical
vacuum underwent surface crystallization, with the ﬁnal grain size
increased by expansion into the bulk.
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During
the
structural
transformations
of
the
Fe73.5 Cu1 Nb3 Si15.5 B7 alloy, the system changed from an asdeposited amorphous alloy to an annealed material exhibiting
lower excess of free energy. The primary crystallization started by
formation of Fe3 Si phase (face-centred structure) in an amorphous
matrix. At higher temperatures (above 920 K) the content of Fe3 Si
phase is almost constant, accounting for 85 wt% of the crystalline
phases. Additionally, new phases FeCu4 , Fe16 Nb6 Si7 and Fe2 B
were detected. With further annealing above 923 K, Si diffuses
from the Fe–Si phase to the Nb-rich grain boundaries, and has
been involved in formation of the new minor phases Fe5 Si3 and
Nb5 Si3 . The sample of alloy annealed for 1 h under vacuum, at
973 K, and then quenched at room temperature, was compared
with the sample of alloy annealed by heating up to 973 K under
Ar at a constant heating rate of 4 K min−1 during DSC analysis. It
was found that in both cases the dominant phase was Fe3 Si (more
than 80 wt% content). However, the crystallite size of this phase
for the annealed sample was signiﬁcantly larger (75.8 ± 2.6 nm)
than for the DSC sample (12.1 ± 0.6 nm). It is most likely that
the duration of the thermal treatment as well as the annealing
atmosphere affected the ﬁnal crystallite size. The slow heating
during DSC analysis induced a large number of crystallization
seeds, which resulted in a smaller ﬁnal crystallite size. The size

Table 4
Dislocation density for the Fe73.5 Cu1 Nb3 Si15.5 B7 alloy after heat treatment (experimental conditions as given in Table 3).
Temperature [K]

Fe3 Si

FeCu4

Fe16 Nb6 Si7

Fe2 B

Nb5 Si3

Fe5 Si3

–
–
–
1.07 × 1017
7.28 × 1015
4.69 × 1015
1.21 × 1015
7.14 × 1014
3.45 × 1014
4.96 × 1015

–
–
–
1.48 × 1017
5.82 × 1015
3.97 × 1015
1.49 × 1015
1.01 × 1015
8.06 × 1014
1.03 × 1016

–
–
–
–
3.04 × 1015
1.49 × 1015
1.37 × 1015
1.49 × 1015
8.45 × 1014
–

–
–
–
–
2.23 × 1016
1.01 × 1015
9.23 × 1014
2.25 × 1014
2.23 × 1014
–

Dislocation density [m−2 ]
773
813
873
923
973
1023
1073
1123
1123a
973b
a
b

3.70 × 1016
3.26 × 1016
3.40 × 1016
8.77 × 1015
5.22 × 1014
5.03 × 1013
1.39 × 1013
1.09 × 1013
8.33 × 1012
–

–
–
1.88 × 1017
5.06 × 1016
8.62 × 1016
5.87 × 1015
2.22 × 1015
1.84 × 1015
6.23 × 1014
2.05 × 1016

������

The sample was analysed after annealing at 1123 during 24 h.
The sample was analysed by DSC technique in the temperature range of 298–973 K in an argon atmosphere with a constant heating rate of 4 K min−1 .
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Kinetics of the apparent isothermal and the non-isothermal crystallization of a-Fe phase within the
amorphous Fe81B13Si4C2 alloy were investigated by an X-ray diffraction (XRD) and by a differential
scanning calorimetry (DSC). It was established that the apparent isothermal crystallization of a-Fe
phase within amorphous Fe81B13Si4C2 alloy could be described by the Johnson–Mehl–Avrami (JMA)
kinetic model (with parameter niso ¼ 4.0). The apparent isothermal crystallization process includes a
constant rate of nucleation and three-dimensional growth of nuclei. The results of X-ray diffraction
(XRD) data of the isothermally crystallized samples conﬁrmed the above established kinetic model.
From the kinetic analysis of the non-isothermal crystallization of the a-Fe phase within this amorphous
alloy, it was concluded that the autocatalytic two-parameter Šesták–Berggren (SB) reaction model
(with kinetic exponents M ¼ 0.72 and N ¼1.02) describes well the studied process under the given
conditions. The non-isothermal crystallization process involves the constant nucleation rate of stable
nuclei with additional secondary two-dimensional (surface) nucleation and overlapping of the growing
nuclei on account of the non-isothermal activation.
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1. Introduction
Amorphous alloys are relatively new materials offering a
speciﬁc combination of technologically important properties and
have thus attracted special interest of material scientists in the
last two decades. The amorphous materials are structurally and
thermodynamically metastable and very susceptible to partial or
complete crystallization during thermal treatment or during their
applications.
The Fe-based metallic glasses possess two very important
properties [1,2]: a slender magnetization loop (hysteresis) and
high electrical resistance (reducing induced eddy current), both
can be changed through the crystallization processes under the
isothermal and non-isothermal treatments.
Santos et al. [3,4] investigated the crystallization kinetics of
amorphous alloy Metglass 2605SC (Fe81B13.5Si3.5C2) using ferromagnetic resonance (FMR), differential scanning calorimetry (DSC)
and X-ray diffraction (XRD) methods. Three exothermal peaks
could be distinguished on the DSC curves of the alloy, indicating
that the crystallization process involves formation of more than
one phase. The calculated value of the Avrami exponent for the low
temperature DSC peak was n¼1.2470.10. This value is in good
agreement with the FMR results. The obtained results show that

n
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the studied process was diffusion controlled, with a nucleation rate
near zero. The diffraction pattern of Metglass 2605SC showed the
amorphous state of the investigated alloy. Isothermal annealing at
T4780 K leads to an appearance of crystalline a-Fe as well as Fe2B3
phase in the alloy. An X-ray analysis shows that with an increase of
the annealing temperature of alloy, the crystallization of a-Fe and
Fe2B3 occurs, whereas at higher temperatures a metastable g-Fe
phase appears. The determined values of the apparent activation
energy, Ea, 356 and 558 kJ mol � 1 are comparable with the already
reported values of Ea for the amorphous iron alloys. The
determined values of the Avrami exponent for the ﬁrst and the
third peak (nI,III ¼1.3) indicates diffusion-controlled growth of
particles having appreciable initial volume and three-dimensional
(3D) growth of small particles with a zero nucleation rate [3,4].
Pratap et al. [5] investigated crystallization kinetics of the
Fe67Co18B14Si1 metallic glass by the isoconversional and isokinetic
methods, with focus on the relative applicability of these
methods. They observed that DSC curves reveal a two-stage
of crystallization, while the corresponding peaks were shifted to
higher temperatures with increased heating rates. Also,
they found that the values of local activation energy for Peak I
and Peak II are 222.4 and 373.9 kJ mol � 1, respectively. These
results are in good agreement with the values of Ea calculated by
the isoconversional peak methods, for the same crystallization
peaks [5].
Considering all of the above, we investigated hereby the
apparent isothermal and non-isothermal crystallization kinetics

928
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of the a-Fe phase within the Fe81B13Si4C2 alloy using DSC and XRD
measurements.

2. Kinetic analysis
2.1. The applicability of the Johnson–Mehl–Avrami (JMA) model for
the apparent isothermal and non-isothermal crystallization
When a glass is heated at a constant heating rate, b, crystal
nuclei are formed at temperatures higher than the glass
temperature and grow in size with a further increase of
temperature. Assuming that the crystallization of glass does not
increase the number of nuclei (the nucleation rate is equal to
zero), and the rate of crystal growth in the examined temperature
range obeys the Arrhenius dependence, Matusita and Sakka [6]
and later Vázquez et al. [7] applied the JMA equation to the nonisothermal crystallization of glasses in the form:


mEa,c
ln �lnð1�aÞ ¼ �n ln b þ ln k0 �
RT

ð1Þ



mEa,c
ln �lnð1�aÞ ¼ �n ln b þ ln Co �1:052
RT

ð2Þ

where a is the degree of conversion, n is the Avrami kinetic
exponent, m is the parameter of dimensionality, b is the heating
rate, T is the corresponding temperature at time t, Ea,c is the
apparent activation energy of crystal growth, whereas k0 and Co
represent the constants.
Eqs. (1) and (2) allow studying the kinetics of crystallization of
glass in terms of certain temperatures (the apparent isothermal
conditions) or in terms of linear increase in the temperature (the
non-isothermal conditions). Under the apparent isothermal
conditions, the Avrami kinetic exponent, n ¼niso, can be determined from the slope of the linear dependence of ln[ � ln(1 � a)]
vs. � ln b at several selected temperatures. On the other hand,
under the non-isothermal conditions, the parameter m can be
obtained from the slope of the linear dependence of ln[ �ln(1 � a)]
vs. (1/T) at the constant heating rate (b), if the value of Ea,c is
known (Eq. (2)).
Henderson [8,9] has shown that the validity of the JMA
equation can be extended to non-isothermal conditions, if the
entire nucleation process takes place during the early stages of
the transformation, and becomes negligible afterwards.
Recent reports [10–13] have proven that the JMA equation is
valid only under several preconditions: the product phases are
randomly distributed, nucleation is random, growth rate is
constant and independent of position in the sample, impingement
against objects other than neighbouring domains of the product
phase is negligible, growth is isotropic, and the equilibrium state
is constant.
For testing the applicability of the JMA model under nonisothermal conditions, the two methods were used. The ﬁrst
method is an inspection of the linearity of the dependence
ln[ � ln(1 � a)] as a function of reciprocal absolute temperature
1/T, as we mentioned earlier in this paper.
The second method is based on the shapes and position of the
maximum of two special functions (so-called the Málek’s
functions) designated as y(a) and z(a) [14,15]. In non-isothermal
conditions, these special functions are deﬁned as [16]


Ea,c
yðaÞ ¼ f exp �
ð3Þ
RT
zðaÞ ¼ fT 2

ð4Þ

where f is the heat ﬂow normalized per mass of sample. For
practical reasons, the y(a) and z(a) functions are normalized

doi:10.1016/j.jpcs.2010.04.009

within the [0,1] range. It can be pointed out that under nonisothermal experimental conditions, the value of the apparent
activation energy (Ea,c) is needed to calculate the y(a) function.
The validity of JMA model can easily be veriﬁed by checking
the maximum az � of the z(a) function. If the maximum falls
within the 0.61r az � r0.65 range, then the experimental data
probably correspond to the JMA model.
2.2. Determination of the kinetic model of the non-isothermal
crystallization
It has been veriﬁed, that the shape of the y(a) function, as well
as the maximum ay � of the y(a) function and az � of the function
z(a) can be used to guide the choice of the kinetic model [14,15].
The following rules can be deﬁned [14] in this respect:
(a). If the y(a) function has a maximum at any ¼0, then it can be
convex, linear or concave. The convex dependence corresponds to the RO (reaction ordero1) model, the linear
dependence to the Johnson–Mehl–Avrami (JMA) [17–20]
(n¼ 1) or the RO (reaction order ¼1) model, and the concave
dependence to the JMA (n o1), D2, D3, D4 (D—diffusion
group of models) and the RO (reaction order 41) model.
(b). If the y(a) function exhibits a maximum in the interval any A
(0, az) (where az is the degree of conversion at the maximum
of da/dT), it corresponds to the Šesták–Berggren (SB (M, N))
[21] or the JMA (n 41) model.
The autocatalytic crystallization process can be described by an
empirical two-parameter Šesták–Berggren (SB) kinetic model
[21], which is presented by the following function:
f ðaÞ ¼ aM ð1�aÞN

where f(a) is the differential conversion function, M and N
represent the kinetic exponents, which deﬁne the relative
contributions of acceleratory and decay regions of the investigated kinetic process. It was shown [14] that this two-parameter
autocatalytic model is the physically meaningful only for Mo1.
The maxima of the y(a) and z(a) functions depend on the
values of the kinetic exponents M and N. The maximum ay � of the
y(a) function can be expressed as [14]

a�y ¼

M
MþN

ð6Þ

For the Šesták–Berggren (SB) model, the ratio of the kinetic
exponent’s p¼ M/N can be calculated using Eq. (6), rewritten as
[22]
p�

a�y
M
¼
ð1�a�y Þ
N

ð7Þ

Considering the non-isothermal form of basic kinetic equation
da
b
¼ kðTÞf ðaÞ
dT

ð8Þ

where b is the heating rate, k(T) is the temperature dependent
rate constant (k(T)¼A exp( � Ea,c/RT)), f(a) is the conversion
function given by Eq. (5), we ﬁnally get the following equation
[23]:


da
Ea,c M
b
a ð1�aÞN
ð9Þ
¼ A exp �
dT
RT
Eq. (9) can be rewritten, taking into account Eq. (7) as follows:
  




da
Ea,c
ln b
ð10Þ
exp
¼ ln A þN ln ap ð1�aÞ
dT
RT
From the linear dependence ln[b(da/dT)exp(Ea,c/RT)] vs.
ln[ap(1� a)], we can obtain the kinetic exponent N and the

������ �
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logarithm of the pre-exponential factor, ln A. The value of kinetic
exponent M can be obtained directly from Eq. (7).
The SB kinetic exponent N and the pre-exponential factor, ln A
(Eq. (10)) can be calculated only if the Ea,c value is strictly deﬁned.
2.3. Kissinger method
The overall apparent activation energy for non-isothermal
crystallization of an amorphous alloy under the linear heating
condition can be deduced by the Kissinger method [24].
The apparent activation energy (Ea,c) can be calculated by the
Kissinger method without precise knowledge of the reaction
mechanism, using the following equation:
!


b
AR
Ea,c
ln 2 ¼ ln
�
ð11Þ
RTp
Ea,c
Tp
where b is the heating rate, Tp is the crystallization peak
temperature. From the slope and the intercept of the straight
line (Eq. (11)), it is possible to derive the value of the apparent
activation energy (Ea,c) and the pre-exponential factor (A) of the
crystallization process, respectively.
2.4. Master-plot method
In order to check the established reaction model, we applied
the ‘‘Master-plot’’ method [25–27]. Using the reference point at
a ¼0.5, the following differential master equation can be derived:
f ðaÞ
da=dT
expðEa,c =RTÞ
�
¼
f ð0:5Þ
ðda=dTÞ0:5 expðEa,c =RT0:5 Þ
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In order to investigate structural transformations by an X-ray
diffraction, the samples of amorphous alloy Fe81B13Si4C2 were
annealed at different temperatures (298, 473, 573, 673, 823, 873,
973, and 1103 K) in a stream of nitrogen during 30 min. An X-ray
powder diffraction (XRD) patterns were recorded on a Philips PW1710 automated diffractometer, using a Cu tube operated at 40 kV
and 30 mA. The instrument was equipped with a diffraction beam
curved graphite mono-chromator and Xe-ﬁlled proportional
counter. For routine characterization, the diffraction data were
collected in the range of 2y Bragg angles (4–1001). For the
diffraction data used in crystallite size measurements between
401 and 501, the Bragg angles were collected using a 4 s scan at
0.021 steps. A ﬁxed 11 divergence and 0.1 mm receiving slits were
used. Silicon powder was used as an external standard for
calibration of the diffractometer. All XRD measurements were
done with solid samples in the form of a ribbon at an ambient
temperature.
The crystallite size dimensions (Dhkl) were determined using
an interactive Windows program for proﬁle ﬁtting and size
analysis (Winﬁtt). Full-width at half-maximum (FWHM) values of
peaks at the corresponded Bragg angles were ﬁtted assuming a
Pearson VII function for the proﬁle.
Micro-strain in a sample was calculated by the following
equation:

ehkl ¼

c

ð13Þ

4tg y

Fig. 1. DSC scans recorded at different heating rates (b ¼ 5, 10, 20, and 30 K min � 1) for the amorphous Fe81B13Si4C2 alloy.

where c is the width of the diffraction line, which arises only from
the structural parameters and y is the Bragg’s angle.

The calculated values of niso (Table 1) are considerably
different from the values of kinetic exponent reported in the
articles by Santos et al. [3,4]. These results unambiguously show
that the kinetics of crystallization of a-Fe phase within the
Fe81B13Si4C2 amorphous alloy is different from the kinetics of
crystallization of a-Fe in the Metglass 2605SC amorphous alloy,
investigated by Santos et al. [3,4].
A linear relationship between the values of the kinetic
exponent (niso), nucleation rate (p) and the number of directions
of the effective crystal growth (m) can be found in the articles of
Hulbert [28], Henderson [8] and Pratap et al. [29]. This linear
relationship can be presented in the following form:

ð12Þ

where (da/dT)0.5, T0.5, and f(0.5) are the reaction rate, reaction
temperature, and the conversion function (kinetic model) at
a ¼0.5, respectively.
The left-hand side of Eq. (12) is a reduced theoretical curve,
which is characteristic to each kinetic function. The right-hand
side of Eq. (12) is associated with the reduced rate and can be
obtained from experimental data, if the apparent activation
energy is known, and remains constant throughout the entire
reaction. Comparison of both sides of Eq. (12) tells us which
kinetic model describes the experimental reaction process.

3. Experimental
3.1. Materials and methods
The ribbon-shaped samples of Fe81B13Si4C2 amorphous alloy
were obtained using the standard procedure of rapid quenching of
the melt on a rotating disc (melt-spinning). The obtained ribbon
was a 2 cm wide and 35 mm thick.
The crystallization process was studied by the differential
scanning calorimetry (DSC) in the nitrogen atmosphere using a
SHIMADZU DSC-50 calorimeter. The sample masses used for DSC
measurements were about several milligrams. The samples were
heated in the DSC cell from room temperature to 923 K in a
stream of nitrogen at the ﬂow rate of 20 mL min � 1. The samples
were heated in a linear mode heating at the different rates (b ¼5,
10, 20, and 30 K min � 1).
The degree of crystallization (or degree of conversion) a,
obtained from DSC curve at any temperature T is given by a ¼ST/S,
where S is the total area under the DSC curve, between the
temperature where the crystallization starts and the temperature
where the crystallization is completed. The value of ST is the area
of DSC curve, between the initial temperature and the actual
temperature, T.

4. Results and discussion
4.1. DSC and X-ray analyses
Crystallization kinetics of the a-Fe phase within the amorphous Fe81B13Si4C2 alloy in the non-isothermal and the apparent
isothermal conditions was investigated by DSC and the semiquantitative X-ray analysis, respectively.
4.1.1. DSC investigation
The DSC curves for Fe81B13Si4C2 ribbon samples recorded at
four different heating rates (5, 10, 20, and 30 K min � 1) are
presented in Fig. 1.
At all considered heating rates, the DSC curves have the same
shapes. From these curves, we can see a broad (lower temperatures) peak (in the range of 450 KrTr770 K) and a sharp (higher
temperatures) peak (in the range of 770 KrTr833 K). When the
heating rate increases, the position of both peaks was shifted to
the higher temperatures. According to the data by Santos et al.
[3,4], the peak in the temperature range of 450 KrTr770 K can
be attributed to the formation of the crystal disordered phase,
while the peak at T4770 K can be attributed to the crystallization
of a-Fe phase.
The kinetic parameter, niso, of the apparent isothermal crystallization of a-Fe was estimated in accordance with Eq. (2).
The dependence of ln[ � ln(1 � a)] vs.� ln b for the three
different temperatures (at T ¼791, 793, and 795 K) is shown in
Fig. 2.
Because the dependence of ln[ � ln(1 � a)] vs. � ln b at all
considered temperatures is evidently a straight line, it is possible
to evaluate the corresponding values of niso using Eq. (2).
Values of the kinetic exponent (niso) obtained from the slopes
of linear plots in Fig. 2 are presented in Table 1.
At all considered temperatures, the values of niso are
approximately the same (niso E4.00 (Table 1)).

niso ¼ p þ m

Fig. 2. Plots ln[ � ln(1� a)] vs. � ln b (b in K min � 1) at the different temperatures:
(’) 791 K, (J) 793 K, and (m) 795 K. Linear regression was used for ﬁtting the
lines through the experimental points. The corresponding values of linear
correlation coefﬁcients (r) are given in the inset.

Table 1
Values of the kinetic exponent, niso (niso ¼n in Eqs. (1) and (2)) at three different
temperatures (T¼ 791, 793, and 795 K) for the investigated crystallization process
of a-Fe within the amorphous Fe81B13Si4C2 alloy.
Temperature T (K)

Kinetic exponent
niso

791
793
795
Average value

3.92
4.08
4.07
4.00

4.1.2. Semi-quantitative X-ray investigation
The X-ray diffractograms are recorded in order to verify the
proposed model of the apparent isothermal crystallization of a-Fe
phase in the amorphous alloy.

������ �

120

ð14Þ

Four different values of the nucleation rate (p) can be
considered: (a) the zero (p ¼0), (b) the constant (p ¼1), (c)
decreasing (0op o1) and (d) increasing (p 41) rate. In addition,
there are three possible directions of growth: one-dimensional
(1D), two-dimensional (2D) and three-dimensional (3D).
Since the value of growth parameter (m) depends on the
conditions of transformation, for the interface-controlled crystal
growth at the constant driving rate of boundary phase, the
growth rate is independent of time and in this case we have m¼1,
2 or 3. On the other hand, for the diffusion-controlled crystal
growth, where the growth rate decreases with t � 1/2, we have
m¼0.5, 1, 1.5.
From the obtained results, it can be concluded that the
apparent isothermal crystallization process is driven by the
interface-controlled crystal growth with constant nucleation rate
(p ¼1), where we have growth of the crystals in three dimensions
(m ¼3). These results are summarized in the overall value of niso
(niso E4.00 (Table 1)).
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Fig. 3 shows XRD patterns of the Fe81B13Si4C2 amorphous
ribbon annealed at different temperatures (298, 473, 573, 673,
823, 873, 973, and 1103 K).
At the diffractogram of non-annealed Fe81B13Si4C2 alloy, a
broad peak with a maximum at 2y E46.81 is observed, which is
characteristic for the amorphous materials. The annealing of the
sample at T¼473 K leads to the appearance of a sharp peak at
2y E83.81 (Fig. 3). The increase of annealing temperature through
the range of 473 KrT r823 K does not lead to the considerable
changes in the diffractograms, except for the decrease in intensity
(a.u.) of the peak at 2y E83.81.
In the diffractogram of annealed alloy at T¼873 K, a sharp
peak at 2y ¼46.81 is observed, in contrast to diffractograms of the
same alloy annealed at lower temperatures. Further increase of
annealing temperature (873 K rTr1103 K) leads to an increase
in the intensity of the peak at 2y E46.81 and a decrease in the
intensity of the peak at 2y E83.81.
By a comparative semi-quantitative X-ray analysis, it can be
established that the broad peak at 2y E 46.81 and the sharp peak
at 2y E83.81 belong to the a-Fe phase (JPC DS No. 066698).
Bearing in mind the disproportionate ratio of intensities of the
diffraction lines in the a-Fe phase, the sharp peak at 2y E83.81
can be assigned to the structurally deformed a-Fe crystalline
phase, whereas the broad peak at 2y E46.81 can be attributed to
the amorphous phase.
When the Scherrer’s formula for the crystallite size was
applied on the broad diffraction peak of a-Fe, it leads to a
conclusion that the non-annealed alloy already contains highly
disordered clusters of a-Fe with dimensions Dhkl E0.71 nm.
The values of micro-structural parameters of the investigated
alloy annealed at various temperatures are presented in Table 2.
The annealing of the alloy at temperatures Tr973 K does not
lead to signiﬁcant change in the micro-structure of the crystals

Fig. 3. XRD patterns for the amorphous Fe81B13Si4C2 alloy annealed at (1) 298 K,
(2) 473 K, (3) 573 K, (4) 673 K, (5) 823 K, (6) 873 K, (7) 973 K and (8) 1103 K.
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Table 2
Micro-structural parameters of the a-Fe phase formed within the amorphous
Fe81B13Si4C2 alloy annealed at the different temperatures.
Annealing temperature T (K)

473
573
673
823
873
973
1103

2y ¼ 83.81

2y ¼46.81
Dhkl (nm)

ehkl (%)

Dhkl (nm)

ehkl (%)

11.3
11.3
11.3
11.3

35
35
35
35

13.97
13.97
13.97
13.97
13.97
13.97
6.99

23
23
23
23
23
23
42

formed, but their relative portion in the annealed alloy decreases.
The structurally deformed a-Fe (observed at T¼473 K) does not
change with the increase in the annealing temperature through
the range of 473 K rTr973 K. The portion of this phase in the
alloy increases until T¼ 823 K, when the newly formed crystal
phase appears (at 2y ¼46.81). At T¼ 973 K, the dimensions of
the crystallites sharply decrease, whereas the micro-strains in the
crystallites signiﬁcantly increase.
The micro-structural properties of the crystalline a-Fe
(at 2y ¼46.81) formed at T¼873 K from the amorphous clusters
of Fe do not change with the increase of annealing temperature,
but their relative portion in the sample increase.
The established changes of micro-structural parameters observed from diffractograms caused by thermal treatment in the
range 473 K rTr823 K, lead to the formation of structurally
heterogeneous and thermodynamically unstable multi-phase
system, with ultra-dispersed amorphous a-Fe phase and
poly-crystalline (three-dimensional) phase of the crystalline a-Fe.
The appearance of the sharp diffraction peak at 2y �46.81
(T Z873 K) together with the increase of its intensity and
decrease of the peak intensity at 2y � 83.81 with an increase of
temperature, implies to an existence of re-crystallization of the
a-Fe phase.
At TZ873 K, the re-crystallization of the a-Fe phase is a
consequence of excess surface energy of the phase boundary of
the ultra-dispersed a-Fe. This leads to the spontaneous migration
of the interface (in order to decrease the surface energy), and an
increase of the dimension of clusters and crystallites of the recrystallized a-Fe phase. With an increase in temperature, the rate
of re-crystallization process increases too, which leads to: (a) an
increase of the diffraction peak at 2y ¼46.81 and (b) an increase in
crystallite dimensions of the re-crystallized a-Fe phase, i.e.
decreases the intensity of the diffraction peak at 2y ¼83.81.
The presented X-ray results conﬁrm the above proposed
mechanism of the apparent isothermal crystallization, which
includes the formation of three-dimensional nuclei and their
growth at the constant rate.

4.1.3. JMA kinetic analysis
In order to check the possibility to apply the JMA model for the
non-isothermal crystallization process, the dependence of
ln[ � ln(1� a)] vs. 1/T was investigated. Fig. 4 shows the
functional dependence of ln[ � ln(1� a)] vs. 1/T at the different
heating rates for the non-isothermal crystallization process.
It can be seen from Fig. 4 that the dependence of ln[ � ln(1 � a)]
vs. 1/T does not represent a straight line in the entire conversion
range, and because of this fact we claim that the non-isothermal
crystallization process of a-Fe phase cannot be described by the
JMA kinetic model.
The existence of two clearly separated a regions (DaI and DaII),
where the dependence of ln[ �ln(1 � a)] vs. 1/T is a straight line,
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unambiguously conﬁrm that the JMA kinetic model cannot be
applied for physical description of the non-isothermal crystallization of a-Fe phase within the Fe81B13Si4C2 amorphous alloy.
For determination of the parameter, m, the apparent activation
energy (Ea,c) estimated by the Kissinger method was used. The
value of Ea,c calculated by the Kissinger method (Eq. (11)) is given
in the footnote of Table 3.
Table 3 shows the corresponding regions of Da and values of
the parameter mI,II.
It can be observed from Table 3 that the conversion regions DaI
and DaII decrease with increase in heating rate, except at
30 K min � 1. On the other hand, the value of the parameter m
increases with increase in the heating rate (b) from b ¼5 to
10 K min � 1 for DaI and DaII, followed by decreasing from b ¼20 to
30 K min � 1 for the same regions, respectively. The calculated
values of the parameter m, at all heating rates, indicate a complex
character of the non-isothermal crystallization mechanism. In the
range of 0.01r Da r0.55, the non-isothermal crystallization of
a-Fe phase occurs under a unique mechanism, with m44.0,
which is characteristic for the crystallization processes with
interface-controlled growth and an increased nucleation rate. On
the other hand, for DaII Z0.55, the values of m fall in the range of
2.2om o3.6. These values are typical for the crystallization
processes with diffusion-controlled growth, where all shapes

Fig. 4. Functional dependence of ln[ � ln(1� a)] vs. 1/T at the different heating
rates (b ¼ 5, 10, 20, and 30 K min � 1) for the non-isothermal crystallization process.
Linear regression analysis was applied to ﬁt a line through two separated regions
of a values denoted by I and II (Table 3).

grow from the small dimensions with increased nucleation rate
(m 42.5) [13].

4.1.4. Málek kinetic analysis
In order to determine the real kinetic model for the nonisothermal crystallization of a-Fe phase within the Fe81B13Si4C2
amorphous alloy, the Málek’s procedure was used.
Figs. 5 and 6 show the y(a) and z(a) functions for the studied
crystallization process at the different heating rates. It can be
observed that the maximums at both curves are shifted to the
lower values of a (az � o0.63).
The normalized functions y(a) and z(a) are independent on the
heating rate (b), and both functions exhibit well-deﬁned maxima,
located at exactly deﬁned values of a (ay � for the y(a) function and
az � for the z(a) function, respectively) (Table 4).
It can be seen from Table 4 that the values of ay � fall into the
range ay � A (0, az) (0.41 r ay � r0.42) and the values of az � are
considerably below 0.63 (0.51r az � r0.55).
Considering the values of az � which lies below a ¼0.63, we
may with high assurance claim that the JMA kinetic model cannot
be applied for physical description of the non-isothermal crystallization process of a-Fe phase. Such deviation from the JMA model
indicates an increased complexity of the crystallization process,
which can be caused by the several factors: (a) secondary
(surface) nucleation, (b) temperature distribution within the
sample, which is considerably affected by liberation of the heat
of crystallization, (c) in a homogeneous sample, nucleation and

Fig. 5. Normalized y(a) function obtained from DSC data (Eq. (3)) by the nonisothermal method at the different heating rates (b ¼5, 10, 20, and 30 K min � 1).

Table 3
Values of the non-isothermal parameter m, and the corresponding plot regions (DaI for region I and DaII for region II) calculated by Eq. (2) for the non-isothermal
crystallization process.
a

b (K min � 1)

Region

Slope

5

I
II
I
II
I
II
I
II

� 180,863.057
� 110,610.057
� 239,417.099
� 152,373.508
� 217,267.686
� 150,836.308
� 188,965.819
� 91,804.593

10
20
30

a
b

m

b

4.3
2.6
5.7
3.6
5.1
3.6
4.5
2.2

Linear correlation coefﬁcient, r

0.009 � 0.570
0.570–0.999
0.003–0.550
0.550–0.999
0.003–0.460
0.460–0.999
0.002–0.630
0.630–0.999

� 0.9996
� 0.9987
� 0.9997
� 0.9984
� 0.9999
� 0.9987
� 0.9995
� 0.9964

Slope from Fig. 4.
Ea,c calculated from the Kissinger method [24] (Ea,c ¼ 351.2 712.0 kJ mol � 1).
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Fig. 7 shows the theoretical and experimental differential
master curves established using Eq. (12).
It can be seen from Fig. 7 that the Šesták–Berggren (SB) kinetic
model with values of the kinetic exponent’s established in Table 5
very well describes the investigated non-isothermal crystallization process.
4.1.5. General kinetic consideration
Since the new nuclei nucleate on the surface of pre-existing
crystals, it can be expected that the crystal growth of each crystal
will effectively be halted when most of its surface is covered by
newly nucleated nuclei. If the nucleation rate per unit of surface,
Is, is assumed to be constant, this means that each product will
grow for an approximately ﬁxed time interval, t, to attain an
approximately constant volume. Hence, the crystallization rate
can be approximated as

b
Fig. 6. Normalized z(a) function obtained from DSC data (Eq. (4)) by the nonisothermal method at the different heating rates (b ¼ 5, 10, 20, and 30 K min � 1).

Table 4
Conversions in which y(a), z(a), and da/dT peaks exhibit maximum values (ay � , az � ,
and az, respectively) at the different heating rates (b) for the non-isothermal
crystallization process.

b (K min � 1)
5
10
20
30

ay �

az �

az

0.41 70.01
0.42 70.01
0.42 70.01
0.41 70.01

0.53 7 0.01
0.51 7 0.01
0.55 7 0.03
0.52 7 0.01

0.537 0.01
0.517 0.01
0.557 0.03
0.527 0.01

M

N

ln A, A (min � 1)

5
10
20
30
Average value

0.757 0.03
0.667 0.05
0.647 0.05
0.817 0.10
0.727 0.06

1.087 0.10
0.927 0.05
0.897 0.07
1.177 0.04
1.027 0.07

52.85 7 0.06
53.03 7 0.10
52.90 7 0.07
53.02 7 0.10
52.957 0.08

a

ð15Þ

where S(T) is the surface area of the crystals, available for
nucleation at the temperature T, and B is a constant.
Before overlapping becomes important, S(T) will be proportional to ar with r E2/3. Later, the available surface area will be
reduced by overlapping. To ﬁnd the correct crystallization rate, it
is simply assumed that S(T) is proportional to ar(1� a)l, where l is
expected to be close to the unity. Finally, the rate equation can be
written in the following form:
da
ð16Þ
¼ BIs ar ð1�aÞl
dT
The form of Eq. (16) corresponds to the form of SB equation
(Eq. (5)), what conﬁrms that the Šesták–Berggren (SB) kinetic
model more really describes the non-isothermal crystallization of
a-Fe phase within the investigated Fe81B13Si4C2 amorphous alloy.
The average value of M parameter (Mav ¼0.72, Table 5) is close to
the value of r ¼0.67, while the average value of N parameter
(Nav ¼1.02, Table 5) is closer to the value of l ¼1.00.
From the experimental data, we conclude that the mechanism
of non-isothermal crystallization of a-Fe phase is different from
the mechanism of crystallization under the apparent isothermal

b

Table 5
Values of the kinetic exponents (M and N) and logarithms of the pre-exponential
factors (ln A), for the non-isothermal crystallization process of the a-Fe phase
within the amorphous Fe81B13Si4C2 alloy.

b (K min � 1)

da
¼ BIs SðTÞ
dT

a

ln A calculated from the intercept of Eq. (10).

growth rates vary with position, vacancy loss to the defect’s
interfacial energy, internal stress transformations with anisotropic growth rates, impingement on the defects, inclusion and
interfaces.
From the established maxima of y(a) and z(a) functions, it can
be concluded that the kinetics of non-isothermal crystallization of
a-Fe phase within the amorphous alloy can be described by the
two-parameter autocatalytic Šesták–Berggren (SB) model [21].
The values of kinetic exponents (M and N) as well as the values
of ln A obtained from Eqs. (7) and (10) for the considered
crystallization process at different heating rates are shown in
Table 5.
The kinetic exponents M and N show slight variation with the
heating rate (b). The values of M vary in the range 0.64 rMr0.81,
with an average value of Mav ¼0.72. The values of N vary in
the range 0.89rNr1.17, with an average value of Nav ¼1.02. The
values of the pre-exponential factor (ln A) are independent on the
heating rate (b).
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conditions. The non-isothermal crystallization process can be
described by the two-parameter Šesták–Berggren (SB) model,
which involves the constant nucleation rate under the formation
of stable nuclei with secondary two-dimensional (surface)
nucleation, overlapped with the nuclei growth. The additional
secondary nucleation produces the value of M¼0.72, while the
overlap of the nuclei growth leads to the value of N¼1.02, it has
as a consequence retarding effect on the crystallization process.

5. Conclusions
The apparent isothermal crystallization of the a-Fe phase
within an amorphous Fe81B13Si4C2 alloy can be well described by
the JMA kinetic model (niso ¼4.00). For the apparent isothermal
crystallization process, we can deﬁne the following stages of the
process: the constant nucleation rate, the formation of threedimensional nuclei, and the constant rate of nuclei growth. On the
other hand, the non-isothermal crystallization of the a-Fe phase
can be better described by the two-parameter Šesták–Berggren
(SB) kinetic model, with the kinetic exponents M¼ 0.72 and
N¼1.02. The non-isothermal crystallization involves the constant
nucleation rate under the formation of stable nuclei with an
additional secondary two-dimensional (surface) nucleation and
overlapping of the growth nuclei on account of the nonisothermal activation.
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[14] J. Málek, The kinetic analysis of non-isothermal data, Thermochim. Acta 200
(1992) 257–269.
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[22] P. Pustková, Z. Zmrhalová, J. Málek, The particle size inﬂuence on crystallization kinetics of (GeS2)0.1(Sb2S3)0.9 glass, Thermochim. Acta 466 (2007)
13–21.
[23] H. Li, T. Shao, D. Li, D. Chen, Nonisothermal reaction kinetics of diasporic
bauxite, Thermochim. Acta 427 (2005) 9–12.
[24] H.E. Kissinger, Reaction kinetics in differential thermal analysis, Anal. Chem.
29 (1957) 1702–1706.
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������ �

������ �

124

125

V.A. Blagojevi�c et al. / Intermetallics 19 (2011) 1780e1785

Intermetallics 19 (2011) 1780e1785

Contents lists available at ScienceDirect

Intermetallics
journal homepage: www.elsevier.com/locate/intermet

Inﬂuence of thermal treatment on structure and microhardness of Fe75Ni2Si8B13C2
amorphous alloy
� c, Dragica M. Mini�
Vladimir A. Blagojevi�
c a, Du�san M. Mini�
c b, Tomá�s Zák
c a, *
a
b
c

Faculty of Physical Chemistry, University of Belgrade, Serbia
Military Technical Institut in Belgrade, Serbia
Institute of Physics of Materials, Academy of Sciences of the Czech Republic, Brno, Czech Republic

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 4 May 2011
Received in revised form
27 June 2011
Accepted 27 July 2011
Available online 28 August 2011

Correlation between hardness of amorphous Fe75Ni2Si8B13C2 alloy and thermally induced structural
transformations has been investigated by measuring microhardness in a series of samples heated at
different temperatures from 25 to 1000 � C. The alloy has a relatively high hardness in the amorphous
state, due to its chemical composition involving silicon, boron and carbon. As the alloy begins to crystallize, microhardness increased and reached a plateau in 500e650 � C temperature region, due to
formation composite structure involving the small nanocrystals of a-Fe(Si) and Fe2B phases dispersed in
the amorphous matrix. After treatment at higher temperatures, the nanocomposite structure is replaced
by a more granulated structure, leading to decline in microhardness.
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1. Introduction
Iron-based amorphous alloys have been a focus of considerable
scientiﬁc interest in recent times. Their main features are homogenous and isotropic structure and isotropic properties. Their good soft
magnetic properties are mainly determined by magneto-elastic and
annealing-induced anisotropies [1], and they are also characterized
by high corrosion resistance and good mechanical properties [2],
making them suitable for use in a variety of applications, such as
power devices [3,4], information handling technology, magnetic
sensors [5] and anti-theft security systems [6]. Addition of metalloid
amorphizers like B, Si, P or C and the substitution of Fe by Co or Ni (or
a mixture of both) enhance their glass forming ability [7,8], while
elevated temperature or prolonged performance could induce
a transformation into a crystalline state, which could lead to a loss of
their advantageous physical properties [9], limiting them to singleuse applications. On the other hand, the magnetic properties of
amorphous Fe-based alloys can improve signiﬁcantly after crystallization, if nanocrystalline phases are formed [10,11], producing
functional materials with targeted properties. Commercial soft
magnetic nanocrystalline materials have recently been successfully

* Corresponding author. Tel.: þ381 11 3336 689.
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in SieB pairs. Si and B tend to repulse each other, and the preferred
state of each of them is the one where they are surrounded with Featoms. This means that a-Fe(Si) solid-solution-like structure should
nucleate more easily from the amorphous matrix than FeeB type of
crystal and act as a primary precipitate during the crystallization
process of FeeSieB based amorphous alloys.
The inﬂuence of structural transformations of amorphous alloys
on magnetic properties has been well studied [22e24]. A study of
heat induced structural transformations of Fe75Ni2Si8B13C2 amorphous alloy [25] showed that the crystallized alloy exhibited lower
electrical resistivity and better magnetic susceptibility than the
amorphous alloy. The study of kinetics of crystallization showed
that the crystallization process of the alloy is a complex one,
involving three distinct steps, which were separated and evaluated
individually [26]. As part of multidisciplinary investigation of
thermally induced structural transformations in iron-based amorphous alloys, we now report on the effect of thermal treatment on
mechanical properties, speciﬁcally, microhardness, of Fe75Ni2Si8B13C2 alloy and the correlation between the changes in alloy
microstructure and the change in microhardness.
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2. Experimental
Fe75Ni2Si8B13C2 amorphous alloy was prepared in form of
ribbons, 2 cm wide and 35 mm thick, using the standard procedure
of rapid quenching of a melt on a rotating disc (melt spinning
method). These ribbons were thermally treated at different
temperatures (up to 1000 � C) for 30 min and then left to cool down
to room temperature. The temperatures for thermal treatment
were chosen based on the thermal stability of alloy [25].
X-ray diffraction spectra were acquired on X-Pert powder
diffractometer (PANalytical, Netherlands) using CuKa radiation in
Bragg-Bentano geometry at 40 kV and 30 mA. This instrument is
equipped with a secondary graphite monochromator, automatic
divergence slits and a scintillation counter. The collection of data
was performed with 0.05� step in diffraction angle and the
collection time of 30 s per step. Analysis of XRD spectra was performed using Rietveld reﬁnement method (Fig. 1b) and single peak
reﬁnement approach, with TOPAS v.3.0 general proﬁle and structure analysis software [27]. Microstrain was determined using
WilliamseHall method [28].
Vickers microhardness tests were performed using MHT-10
(Anton Paar, Austria) microhardness tester, with loads of 0.4 N
and loading time of 10 s, with up to seven measurements performed on each individual sample. The microhardness for each
sample was calculated as the average value of these measurements.
SEM images were obtained using XL 30 ESEM-FEG (Environmental Scanning Microscope with Field Emission Gun, by FEI,
Netherlands), with 20 kV acceleration voltage, at magniﬁcations of
3,500� and 20,000�.
3. Results and discussion
3.1. The structure as-prepared alloy
X-ray diffraction (XRD) spectrum (Fig. 1a) of as-prepared
Fe75Ni2Si8B13C2 amorphous alloy at room temperature shows
a strong spead halo in 2q range of 40e50� and a weaker one in
75e85� range. The two spread halos in the XRD spectrum of asprepared Fe75Ni2Si8B13C2 amorphous alloy indicate the presence
of a degree of short-range crystalline ordering. Using the Scherrer
equation, the size of the short-range order domains was estimated
to be around 1.7 nm, while Rietveld reﬁnement estimate was
1.8 nm. Their structure, based on the position of the two spread
halos, appears to correspond to a-Fe(Si) and Fe2B phases.

obtained by crystallization of amorphous precursors [12]. These
materials are characterized by a microstructure of nanocrystals
embedded into an amorphous matrix, exhibiting superior soft
magnetic and mechanical properties to both amorphous and crystalline magnetic alloys.
There has been a lot of interest lately in the mechanical properties of iron-based amorphous alloys [13e15] and their hardness,
in particular. A study of iron-based alloy powders [16] revealed that
hardness of the alloy is at maximum when the sample is composed
of a mixture of crystalline nanoparticles and amorphous phase. The
authors attribute this, in part, to the fact that amorphous/crystal
interface has lower interfacial energy than crystal/crystal interface
[17] and this structure suppresses propagation of shear bands [18]
and cracks along these interfaces. Additionally, the dispersion of
the nanoparticles probably suppresses the deformation of the
amorphous phase through shear sliding. Recent theoretical studies
of iron-based binary systems predict existence of short-range
ordering in iron-based amorphous alloys [19]. A theoretical investigation of nanoscale phase separation in amorphous FeeB alloys
indicates that, in amorphous Fe-based alloys (Fe80B20 and Fe83B17),
Fe-pure regions are formed in parallel with Fe-rich regions (which
contain around 9% B) and B-rich regions [20]. Recently conducted
ab initio molecular dynamics simulations [21] of liquid and amorphous Fe78Si9B13 alloys showed that FeeSi bonding should be
stronger than FeeB bonding and there should be no bonding states

3.2. Structural transformations induced by thermal treatment
XRD spectra of the samples treated at different temperatures
show that the alloy begun to crystallize after heating at 450 � C, with
the ﬁrst well-deﬁned diffraction peak appearing on top of the
spread halo, around 45� . Therefore, the ﬁrst crystalline phase to
Table 1
Composition of Fe75Ni2Si8B13C2 amorphous alloy after thermal treatment at
different temperatures.
Temperature (� C)

Fig. 1. a) XRD spectra of Fe75Ni2Si8B13C2 amorphous alloy after thermal treatment at
different temperatures (inset: sample treated at 550 � C; o e a-Fe(Si); x e Fe2B; þ e
Fe3B); b) Rietveld reﬁnement of the sample treated at 1000 � C.
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a-Fe(Si)

Phase composition (mass%)
500
60
550
73
650
74
750
78
850
52
900
52
1000
45
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Fe2B

Fe3B

Amorphous

8.7
19
26
22
48
48
55

17.3
8
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Table 2
Microstructural parameters of Fe75Ni2Si8B13C2 amorphous alloy after thermal
treatment at different temperatures.
Temperature (� C)
Average crystal size (nm)
500
550
650
750
850
900
1000
Dislocation density
500
550
650
750
850
900
1000
Microstrain (%)
550
650
750
850
1000

a-Fe(Si)

Fe2B

Fe3B

34
34
27
169
153
102
87

14
10
7
36
52
122
108

6
10

2.60
2.60
4.11
0.11
0.28
0.29
0.40

15.30
30.00
61.2
2.32
1.11
0.20
0.26

37.00
17.80

10.40
8.80
3.16
3.51
4.14

appear is a-Fe(Si) [JCPDS-PDF 06-0696], followed by Fe3B phase
[JCPDS-PDF 39-1316], and then Fe2B [JCPDS-PDF 72-1301]. After
treatment at 550 � C, the sample was crystalline and well formed
diffraction peaks corresponding to two stable crystalline phases, aFe(Si) and Fe2B, and one metastable, Fe3B were observed. The phase
composition (Table 1) shows that a-Fe(Si) phase is the dominant

Fig. 3. Average crystal size of different phases in Fe75Ni2Si8B13C2 amorphous alloy after
heating at different temperatures.

crystalline phase up to 750 � C, while, after treatment at higher
temperatures, the phase content of a-Fe(Si) decreases. The mass
ratio of the other stable crystalline phase, Fe2B, is 25% after treatment at temperatures up to 750 � C. After heating at higher
temperatures (850 � C), its content increases to 48%, and then to
54%, after heating a 1000 � C. The metastable phase Fe3B was
present only in the narrow temperature interval (500e550 � C). It
accounts for around 20 mass% of the sample at 500 � C and the

Fig. 4. Change in the unit cell volume with change in phase content (a) and microstrain (b) of a-Fe(Si) with respect to heating temperature.

decrease in the content of this phase is reﬂected in the increase in
both a-Fe(Si) and Fe2B phases.
The last to crystallize is Fe2B phase, which contains, stoichiometrically, around 8.8 mass% of boron, compared to 13 mass% in asprepared alloy. Therefore, it is likely that the higher boron content
in the amorphous matrix acts as an inhibitor to the formation of
Fe2B. The phase composition (Table 1) shows a rapid increase in
phase content of Fe2B at lower temperatures coincides with a rapid
decrease in the phase content of Fe3B phase, indicating that the
favored process at lower heating temperatures is the formation of
Fe3B phase, which is then transformed to the more stable Fe2B
phase. FeeSi bonding has been predicted to be stronger than FeeB
bonding [20], meaning that a-Fe(Si) solid-solution-like structure
should nucleate more easily from the amorphous matrix, explaining why a-Fe(Si) phase would nucleate before Fe2B.
3.3. The inﬂuence of thermal treatment on microstructure of alloy

Fig. 2. FIBeSEM images of Fe75Ni2Si8B13C2 amorphous alloy after heating at different temperatures.

In addition to structural transformations, thermal treatment
induces changes in the microstructure of the alloy, which can be
seen through analysis of XRD spectra (Table 2) and FIBeSEM images
(Fig. 2). According to FIBeSEM images, after treatment in
500e530 � C range the sample is composed mostly of small nanocrystals embedded in amorphous matrix. Increase in heating
temperature leads to increase in the size of crystalline domains of
the sample. After treatment at 650 � C, the sample was composed of
nanocrystalline domains (100e150 nm) with some visible holes
dispersed between nanocrystals. After the sample was treated at
850 � C, the sample had a porous fully granulated structure with
much larger crystals (100e1000 nm). The porous structure is
created as a consequence of imperfect packing of the large crystallites, and as the size of the crystallites increases, so does the size
of the holes and the degree of porosity. Additionally, smaller
nanocrystals were embedded at the grain boundaries of larger
ones, showing how Fe2B nanocrystals nucleated and grew out of
larger a-Fe(Si) nanocrystals.
Average crystal size diagram (Fig. 3) of different crystalline
phases shows different paths these phases go through during the
crystallization process. Concerning a-Fe(Si) phase, three distinct
stages of crystal growth can be distinguished: nucleation below
650 � C, followed by rapid growth of crystallites in 650e750 � C
temperature interval and then transformation into Fe2B after

treatment at temperatures above 750 � C. In addition, as Fe is being
incorporated into Fe2B, the mass percentage of Si in a-Fe(Si) crystals increases.
After treatment at 650 � C, the change in unit cell volume of aFe(Si) (Fig. 4) suggests a change in its crystal structure, where the
lattice is contracting to accommodate the increasing concentration of
metalloid atoms. FeeSi phase diagram [29,30] shows that, after
treatment at 750 � C, a phase change occurs in this binary system
when Si mass content reaches about 7% and then again at about 15%.
Also, lattice constant in FexSi binary system changes relatively
continuously as a function of stoichiometric Fe content [25]. Using
this, we estimate that Si mass content in a-Fe(Si) changed from about
7%, at the onset of crystallization, to about 9.5% after treatment at
750 � C. This indicates that the change in Si content in a-Fe(Si) is
responsible for the observed change in its crystal structure. The
change in crystal structure of a-Fe(Si) phase is accompanied by
a signiﬁcant decrease in microstrain and dislocation density (Table 2).

Fig. 5. Comparison of XRD spectra of samples heated at 850 � C and 1000 � C at lower 2q
showing the appearance of an amorphous phase.
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Fig. 6. Microstrain of a-Fe(Si) phase after thermal treatment, with microhardness (a) and average crystal size (b).

Fe2B phase also exhibits the nucleation stage below 650 � C,
followed by steady crystal growth in 650e750 � C interval, which is
accompanied by a sharp decrease in dislocation density. In
750e850 � C interval, Fe2B phase exhibited nucleation again, due to
decomposition of a-Fe(Si), and this secondary nucleation occurred
in parallel with crystal growth. This was followed, in 850e900 � C
interval, by faster crystal growth, while thermal treatment at
1000 � C caused additional decomposition of a-Fe(Si) phase and
subsequent further nucleation of Fe2B. The step-wise nature of Fe2B
crystallization, where its phase content increases in sharp steps,
rather than gradually, can be explained as a consequence of high
boron mass percentage in the as-prepared alloy (13 mass%). Since it
is much higher than the mass percentage of boron in crystalline
Fe2B (8.8 mass%), the percentage of boron in the remainder of the
sample would be increased after Fe2B crystallized, which would act
to inhibit nucleation of Fe2B. Therefore, Fe2B would probably
nucleate only where the local conditions were favorable. After Fe2B
phase content increased further (treatment at 1000 � C), the a-Fe(Si)
crystal structure began to regain an amorphous character (Fig. 5).
This was accompanied by increase in dislocation densities and
microstrain.
3.4. Inﬂuence of structural changes on microhardness
The change in microhardness with respect to heating temperature (Figs. 3 and 6) can be separated into three distinct stages: initial
increase (up to 503 � C), followed by a region of stable microhardness
(503e650 � C) and then by a rapid decrease (above 650 � C). Microhardness of the samples increased, in the ﬁrst stage, from 917HV
after heating at 300 � C to 1199HV after heating at 503 � C, Fig. 3,
which can be attributed to the formation of a nanocomposite of
small nanocrystals dispersed in amorphous matrix, which signiﬁcantly increases microhardness, due to the fact that the dominant
type of interface in the alloy is crystal/amorphous, as opposed to
crystal/crystal in a completely crystalline alloy.
Microhardness remained stable after treatment at temperatures
between 503 and 650 � C, because the previously formed nanocomposite structure is preserved, as the nanocrystal size remained
below 40 nm, even though there was a signiﬁcant change in the
composition of the alloy. The third stage involves rapid decrease in
microhardness (from 1199 to 746HV), as a consequence of the fast
growth of the formed nanocrystals, formation of larger crystals of

a-Fe(Si) and Fe2B phase, as observed in FIBeSEM images (Fig. 2),
and a granulated structure with observable pores. As the average
crystal size increased, crystal/crystal interfaces became dominant
and microhardness decreased, due to increased interfacial energy
and more successful propagation of shear bands and cracks along
these interfaces. It is worth noting that the decrease in microhardness occurred in spite of increased phase content of Fe2B phase
(which has very high hardness), indicating that the change in
microstructure is the main contributing factor to the change of
microhardness of Fe75Ni2Si8B13C2 amorphous alloy.
4. Conclusion
Fe75Ni2Si8B13C2 amorphous alloy undergoes a series of structural transformations after treatment at different temperatures in
350e1000 � C range. As-prepared alloy at room temperature has
a structure that can be best described as short-range domains of
crystalline ordering in an amorphous matrix. Microhardness is
unexpectedly high, at 917HV, due to chemical composition
involving high percentage of boron, silicon and carbon and the
appearance of short-range crystalline domains. The crystallization
begun after treatment at 450 � C, with formation of a-Fe(Si), followed by formation of metastable Fe3B phase and then Fe2B.
Crystallization signiﬁcantly increased microhardness, to 1199HV,
through formation of a nanocomposite of nanocrystals dispersed in
the amorphous matrix, with dominant crystal/amorphous interfaces. Average crystal size of the formed nanocrystals remains
relatively stable in 500e650 � C interval, resulting in stable microstructure, and, consequently, microhardness. The fast decline in
microhardness, after thermal treatment at 750 � C and above, is
caused by growth of, a-Fe(Si) and Fe2B nanocrystals, and creation of
a porous microstructure, with dominant crystal/crystal interfaces,
which are more susceptible to propagation of shear bands and
cracks.
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Influence of Microstructure on Microhardness
of Fe81Si4B13C2 Amorphous Alloy after Thermal Treatment
DRAGICA M. MINIĆ, VLADIMIR A. BLAGOJEVIĆ, DUŠAN M. MINIĆ,
ALEKSANDRA GAVRILOVIĆ, LIDIJA RAFAILOVIĆ, and TOMAŠ ŽAK
The inﬂuence of microstructure, and its changes, on microhardness of the amorphous
Fe81Si4B13C2 alloy after thermal treatment at diﬀerent temperatures from 298 K to 973 K
(25 C to 700 C) was studied. The as-prepared alloy ribbon containing a small amount of
crystalline phases, as well as domains of short-range crystalline ordering embedded in the
amorphous matrix, exhibits unexpectedly high microhardness, mostly due to its composition.
After thermal treatment above 723 K (450 C), the alloy samples begin to crystallize, creating a
nanocomposite structure involving nanocrystals embedded in an amorphous matrix, leading to
an increase in microhardness. Further growth of the nanocrystals, as the heating temperature
was increased to 973 K (700 C), caused the change from nanocomposite structure into a more
granulated and porous structure, with a dominant type of interface changing from amorphous/
crystal to crystal/crystal, leading to a decrease in microhardness.
DOI: 10.1007/s11661-011-0795-8

I.

INTRODUCTION

IRON-BASED amorphous alloys have been the
focus of considerable scientiﬁc interest in recent times,
both from fundamental and practical points of view.[1,2]
Commercial soft magnetic nanocrystalline materials
were recently successfully obtained by crystallization
of amorphous precursors.[3,4] Materials such as this are
characterized by a microstructure of nanocrystals
embedded into an amorphous matrix, exhibiting superior soft magnetic and mechanical properties to both
amorphous and crystalline magnetic alloys.[5,6] The
theoretical investigation of nanoscale phase separation
in small Fe80B20 and Fe83B17 clusters predicts formation
of Fe-pure regions, Fe-rich regions (which contain
around 9 pct B), and B-rich regions.[7]
While amorphous alloys can be multifunctional and
used as corrosion-[8] and wear-resistant coatings, the
ability to use them to manufacture bulk components has
stimulated new interest in their mechanical properties.[9,10] The eﬀect of boron, carbon, and silicon on the
hardness of iron alloys has been well documented.[11–13]
Recent investigation of microhardness in boronizing
layers of Fe-powder compacts[11] showed that, when
iron particles are doped with boron through sintering of
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Oberﬂächentechnologie GmbH, Wiener Neustadt 2700, Austria.
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iron powders at temperatures above 1273 K (1000 C),
the surface structure of the particles exhibits three
distinct areas, going from the surface down inside the
particle layer: the surface boride zone is followed by a
transition zone of diminishing boron content and then,
ﬁnally, the iron matrix without any boron. A study of
the eﬀect of carbon on the hardness of borided iron
layers[13] showed that the addition of up to 0.4 mass pct
of carbon improves the microhardness in FeB and Fe2B
types of phases, by creating a more regular interface of
the borided layer and improving its compactness. This
study also showed that signiﬁcant substitution of boron
with carbon is impossible in these phases.
A recent study of iron-based alloy powders[14] suggests that dense packing of crystalline nanoparticles in
an amorphous matrix is responsible for the increase in
microhardness, when compared to completely amorphous or crystalline material of the same composition.
The amorphous/crystal interface has lower interfacial
energy than the crystal/crystal interface, and this structure suppresses propagation of shear bands and cracks
along these interfaces.[15] Finally, the dispersion of the
nanoparticles probably suppresses the deformation of
the amorphous phase through shear sliding. Recent
studies of bulk metallic glasses and amorphous alloy
ribbons showed that the increase in time of thermal
treatment at the crystallization temperature increased
the hardness of these partially crystallized materials,
which was correlated with the increase in volume
fraction of crystalline phases.[16,17]
The Fe81Si4B13C2 amorphous alloy was investigated
to a signiﬁcant degree[18–21] with respect to phase
transformations and kinetics of crystallization[22,23] and
the eﬀect of these transformations on magnetic and
electric properties.[24] However, the mechanical properties of this alloy and the inﬂuence of thermally induced
structural transformations on these properties were not
METALLURGICAL AND MATERIALS TRANSACTIONS A

previously studied in detail. As a part of a multidisciplinary study of thermally induced structural transformations of iron-based amorphous alloys and their
correlations with the properties of these alloys, we have
been investigating the correlations between thermally
induced structural transformations of Fe81Si4B13C2
amorphous alloy and its mechanical properties, specifically, microhardness.

II.

III.

A. Structural Transformations
XRD spectra of the alloy ribbon samples (Figure 1),
as-prepared and after thermal treatment at diﬀerent
temperatures, showed that thermal treatment caused a
series of structural transformations of the amorphous
alloy, leading to formation of more than one crystalline
phase. The as-prepared alloy already had a degree of
crystallinity caused by the presence of a-Fe phase
(JCPDS-PDF 06-0696), which corresponds to less than
5 pct mass of the samples.[24] In addition to a sharp
crystalline peak at 66 deg in the XRD spectra of the asprepared alloy, a broad spread halo around 45 deg,
corresponding to domains of short-range ordering in the
sample, was also observed. The position of the spread
halo corresponds to the approximate position of the
Fe3Si peak, and, using the Scherrer equation, we
estimated the size of these domains to be 1 to 1.5 nm.
The entire structure could best be described as a
combination of nanocrystals (a-Fe) and nanoclusters
(Fe3Si) embedded in an amorphous matrix. After the
samples are heated at temperatures ranging from 473 K
to 973 K (200 C to 700 C), additional crystalline
phases were observed: the stable Fe2B (JCPDS-PDF
72-1301) and Fe3Si (JCPDS-PDF 42-1329) phases and a
metastable Fe3B (JCPDS-PDF 39-1316) phase.
Analysis of the XRD spectra yielded a phase composition of the crystalline portion of the samples, dislocation density, and microstrain (Table I) for individual
phases. a-Fe and Fe3Si could not be completely separated for determination of individual phase content
because of the overlap of their peaks. However, the
dislocation density and microstrain were calculated
using individual peaks (66 and 98 deg for a-Fe; 31.5,
57, and 84 deg for Fe3Si), which could be assigned to
one of these phases only, rather than representing a
combination of overlapping peaks of both of these
phases. Joint mass percentage of a-Fe and Fe3Si varied
little after thermal treatment at diﬀerent temperatures

EXPERIMENTAL

The Fe81Si4B13C2 amorphous alloy was prepared in
the form of ribbon, 2-cm wide and 35-lm thick, using
the standard procedure of rapid quenching of a melt on
a rotating disc (melt spinning method). The samples of
ribbon were heated, in a quartz ampoule in vacuum, at
diﬀerent temperatures [up to 973 K (700 C)] for
30 minutes and then left to cool to room temperature,
before investigating their properties.
The X-ray diﬀraction (XRD) patterns were recorded
on an X’Pert PROMPD diﬀractometer from PANalytical with Co Ka radiation operated at 40 kV and 30 mA.
For routine characterization, diﬀraction data were
collected in the range of 2h Bragg angles (15 to
135 deg, step 0.0081). All XRD measurements were
performed on the contact side (also known as matte or
ﬁshy) of the ribbon samples at ambient temperature.
The data were then recalculated to Cu Ka wavelength.
For the qualitative determination of phase composition
of the crystallized alloy samples, the JCPDS-PDF
database was used. For a quantitative analysis and
determination of crystallite size, the TOPAS V3 general
proﬁle and structure analysis software for powder
diﬀraction data was used (BrukerAXS, general proﬁle
and structure analysis software for powder diﬀraction
data, Karlsruhe, 2005). Dislocation density was obtained from the Rietveld analysis, while microstrain was
calculated using the Williamson–Hall method,[25] using
the XRD data. Lattice parameters obtained through
XRD spectra were used to calculate the unit cell
volumes, which were then compared to the standard
values in the JCPDS database.
Vickers microhardness tests were performed using an
MHT-10 (Anton Paar, Austria) microhardness tester,
with loads of 0.4 N and loading time of 10 seconds. Up to
seven measurements were performed on each individual
sample, using the average value of microhardness for each
sample. The measurements were performed on the cross
section of the ribbons, rather than on any of the sides.
Focused ion beam scanning electron microscope
(FIB-SEM) images were obtained using an XL 30
environmental scanning microscope with ﬁeld emission
gun (FEI, Eindhoven, Netherlands), with 10 kV acceleration voltage.
Diﬀerential scanning calorimetry (DSC) measurements were conducted in a nitrogen atmosphere using
a DSC-50 analyzer (Shimadzu, Japan). Samples weighing several milligrams were heated in the DSC cell from
room temperature to 923 K (650 C) in a stream of
nitrogen with a ﬂow rate of 20 mL min1 at a heating
rate of 5 K min1.

Fig. 1—XRD spectra of Fe81Si4B13C2 amorphous alloy after heating
at diﬀerent temperatures.
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Temperature
[K (C)]

773
823
873
973

(500)
(550)
(600)
(700)

298
473
723
773
823
873
973

(200)
(450)
(500)
(550)
(600)
(700)

298
473
723
773
823
873
973

(200)
(450)
(500)
(550)
(600)
(700)

298
473
773
823
873
973

(200)
(450)
(550)
(600)
(700)

a-Fe

Fe3Si

Fe2B

change in Fe3B percentage after treatment at 823 K
(550 C) was accompanied by a decreased distortion of
the unit cell of both a-Fe and Fe3Si and an increase in
their combined phase content. This indicates that Fe3B
is transformed into these two phases. As Fe3Si showed
greater change, Fe3B probably transformed more to
Fe3Si than it did to a-Fe. Reduced lattice distortion in
these phases is probably due to the fact that the mass
percentage of boron in Fe3B (6.06 pct) is lower than the
mass percentage of boron in the as-prepared alloy
(13 pct). Therefore, transformation of Fe3B into Fe3Si
and a-Fe would lead to dilution of boron in the a-Fe/
Fe3Si matrix. The change in unit cell volumes of Fe3Si
and a-Fe showed an increase at higher heating temperatures, and it is possible that the distortion of the lattice
in a-Fe and Fe3Si is caused by the increasing occurrence
of crystal/crystal interfaces between a-Fe and Fe3Si on
one side and Fe2B on the other.
FIB-SEM images (Figure 4) show that the cross
section of the ribbon sample looks homogenous after
the alloy sample is treated at 473 K (200 C). After
treatment at 773 K (500 C), we observe that some
crystalline domains were formed in the amorphous
matrix. These domains are mostly small and are well
dispersed in the amorphous matrix, and holes are clearly
present in the structure (Figure 4(b)), making it porous.
After treatment at 873 K (600 C), we observed further
growth of the crystalline domains and the increase in the
frequency and size of holes in the alloy sample. After
treatment at 973 K (700 C), the sample exhibited a
fully granulated structure with a signiﬁcant number of

was smaller (lattice contraction) when compared to the
reference volume, while the lattice volume was greater
(lattice expansion) for Fe3Si phase, when compared to
the reference volume. The diagram shows that the
distortion of the unit cell of a-Fe was the greatest before
the crystallization started; it decreased during the
crystallization and remained relatively stable after treatment at 773 K (500 C) and higher temperatures. The

Table I. Phase Composition and Dislocation Density in the
Samples, Obtained by Analysis of XRD Data (for Phase
Composition, a-Fe and Fe3Si Represented as One Phase)
Fe3B

phase composition (pct mass of crystalline
phase)
83.99
8.25
7.76
87.99
8.26
3.75
86.26
9.86
3.88
86.98
13.02
—
average crystal size (nm)
26.2
24.6
19.7
26.7
22.3
49.3
16
32.1
35.4
90.6
46.4
38.6
51.6
97.7
56.6
44.6
71.9
107.5
—
dislocation density (1015 m2)
4.37
4.96
7.73
4.21
6.03
1.23
11.72
2.91
2.39
0.37
1.39
2.01
1.13
0.31
0.94
1.51
0.58
0.26
—
microstrain (pct)
2.19
1.85
2.53
2.00
4.27
1.94
4.03
1.26
3.47

Fig. 2—XRD spectrum after thermal treatment at 873 K (600 C)
with peak assignments (intensity scale is logarithmic for better peak
visibility).

(450 C) (Figure 1). The peak corresponding to a-Fe
(66 deg) is present in the as-prepared alloy and the
samples after thermal treatment. Additionally, we
observed that the peaks corresponding to these two
phases behave diﬀerently after thermal treatment at
diﬀerent temperatures. a-Fe is characterized by the peak
around 66 deg, which shows relatively small changes in
intensity and width during the crystallization process.
The peaks belonging to Fe3Si, on the other hand, such
as the one around 31.5 deg, are missing in the XRD
spectra of the as-prepared alloy and show drastic
changes in intensity and width with an increase in
temperature. In the XRD spectrum of the sample
treated at 873 K (600 C), stable crystalline phases,
a-Fe, Fe3Si, and Fe2B, as well as the metastable Fe3B
were identiﬁed (Figure 2). The obtained phase composition is presented in Table I. The results show that a-Fe
and Fe3Si combined make up 84 to 88 pct of the mass of
the samples, so it could be considered that the amorphous
matrix of the as-prepared alloy sample is, after thermal
treatment, replaced mostly by a-Fe/Fe3Si matrix.
The phase content of Fe3B, with an increase in
heating temperature, declines in two steps and disappears completely after thermal treatment at 923 K
(650 C). The ﬁrst sharp decrease in percentage of
Fe3B [823 K (550 C)] coincides with an increase in
percentage of combined a-Fe and Fe3Si. After thermal
treatment at 923 K (650 C), Fe3B phase disappears
completely, and this coincides with the increase in phase
content of Fe2B. The phase content of Fe2B phase shows
an increase after treatment at temperatures above 823 K
(550 C). In order to further explain the changes in
phase composition, unit cell volumes for individual
phases were determined using XRD data and were
compared with standard values in the JCPDS database
(Figure 3). This way, we were able to estimate the lattice
distortion caused by the presence of boron in a-Fe and
Fe3Si lattices. The diagram in Figure 3 shows the
absolute value of the change in unit cell volume. Our
ﬁndings show that, for a-Fe phase, the lattice volume

(84 to 88 pct), with one signiﬁcant change being an
increase from 84 to 88 pct going from 773 K to 823 K
(500 C to 550 C). The phase content of Fe2B was
stable after treatment at lower temperatures and
increased slightly after the samples were treated at
873 K and 973 K (600 C and 700 C). The metastable
Fe3B phase showed two signiﬁcant changes in phase
content: it dropped from 7.75 to 3.75 pct going from
773 K to 823 K (500 C to 550 C), which is mirrored
by the increase in phase content of a-Fe/Fe3Si, and then
dropped from 3.88 pct to zero going from 873 K and
973 K (600 C to 700 C). The assignation of all peaks is
presented in Figure 2.
Crystal structures of a-Fe and Fe3Si are closely
related, as the Fe3Si crystal system is cubic, the same
as the a-Fe crystal system.[26,27] The Fe3Si lattice is
composed of four sublattices, three composed of iron
atoms and one of silicon atoms, and this leads to
doubling of the unit cell (when compared to a-Fe). The
Fe3Si lattice is also slightly distorted, so the value of its
lattice parameter is slightly higher than twice the value
of the lattice parameter of a-Fe. In consequence, the
XRD peak positions of these two phases are very close,
and sometimes this makes it impossible to separate them
precisely. In our system, the existence of both phases is
supported by the appearance of new peaks, for example,
at 31.5, 45, 57, and 84 deg, corresponding to Fe3Si after
thermal treatment at temperatures above 723 K
4108—VOLUME 42A, DECEMBER 2011
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Fig. 3—Relative diﬀerence in unit cell volume in a-Fe and Fe3Si
crystal phases (compared to standard values) and change in phase
content of two boron phases, Fe2B and Fe3B, with respect to heating
temperature.

Fig. 4—FIB-SEM images of Fe81Si4B13C2 amorphous alloy after thermal treatment at diﬀerent temperatures: (a) 473 K (–200 C), (b) 773 K
(–500 C), (c) 873 K (–600 C), and (d) 973 K (–700 C).
METALLURGICAL AND MATERIALS TRANSACTIONS A
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holes. The size of the crystalline domains of all observed
crystalline phases in the FIB-SEM image is greater than
in the samples treated at lower temperatures.
B. Evolution Of Microstructure
Based on the XRD data, the average crystal size
(Table I) of the individual phases in the samples was
determined using Rietveld reﬁnement. After the onset of
crystallization, the average crystal size of all the phases
increased as the samples were thermally treated at
temperatures between 773 K and 973 K (500 C and
700 C). a-Fe phase showed slower growth than the
other phases. When comparing the crystal growths of
the two boron-containing phases, Fe2B and Fe3B, we
found that they showed the same trend of increase with
the increase in heating temperature.
Using these data, the dislocation density and microstrain in the samples, with respect to the heating
temperature, were calculated (Table I). The dislocation
densities of all phases showed a decrease from the point
of the beginning of crystallization at 723 K (450 C) as
the heating temperature was increased. Overall, the
dislocation density was much lower in Fe2B than in
either a-Fe or Fe3Si. Microstrain was calculated only for
a-Fe and Fe3Si, as they comprise the majority of the
sample mass. In Fe3Si, microstrain showed a decrease as
the heating temperature was increased, while microstrain in a-Fe remained stable throughout the entire
region of heating temperatures, showing a slight
decrease at higher heating temperatures.
a-Fe showed a decrease in the average crystal size at
the onset of crystallization, after thermal treatment at
723 K (450 C), while both its dislocation density and
microstrain increased, when compared to the sample
treated at 473 K (200 C). This is indicative of the
crystallization of the amorphous matrix around the a-Fe
nanocrystals, and it is possible that the surface of these
nanocrystals served as nucleation sites for the other
phases crystallizing out of the amorphous matrix. This
would explain the decrease in average crystal size and
the increased strain, as the amorphous/crystal interfaces
are replaced by the crystal/crystal interfaces. It would
also explain why the a-Fe phase grew slower than the
others, as nanocrystals of this phase would have a higher
probability of being surrounded by crystalline phases
rather than the amorphous matrix.
C. Influence of the Structural Transformations on
Microhardness
Microhardness was measured on the cross section of
the alloy ribbon samples, rather than on any of the sides,
giving a good measure of the average properties of the
alloy samples. This was done due to extreme brittleness
of the ribbon samples after crystallization. In order to
clearly show the inﬂuence of the change in microstructure, induced by thermal treatment, on microhardness,
we presented the microhardness data in combination
with DSC data and structural parameters (Figure 5).
In terms of microstructure, the as-prepared alloy contains a small percentage (less than 5 pct) of crystalline
4110—VOLUME 42A, DECEMBER 2011

Fig. 5—(a) Microhardness and DSC curve of Fe81Si4B13C2 amorphous alloy. (b) Average crystal size and microhardness in
Fe81Si4B13C2 amorphous alloy after heating at diﬀerent temperatures. (c) Microhardness and phase composition with respect to heating temperature.

a-Fe phase in form of nanocrystals dispersed in the
amorphous matrix (Figure 1) and small domains (1 to
1.5 nm in size) of short-range crystalline ordering. This
structure can be best described as nanocrystals and
METALLURGICAL AND MATERIALS TRANSACTIONS A

structure, as opposed to nanocrystals embedded in the
amorphous matrix (Figure 5(c)). The granulated structure, in addition to containing larger crystals and more
crystal/crystal interfaces, is also much more porous than
the original nanocomposite crystal/amorphous structure
of the as-prepared alloy (Figure 4).

nanoclusters embedded in the amorphous matrix. It
combines with chemical composition, involving a signiﬁcant percentage of boron, silicon, and carbon, all of
which are known to increase hardness in iron alloys,[11–13]
to produce high hardness of the as-prepared alloy
sample (909 HV).
The change of microhardness with respect to heating
temperature showed three distinct temperature regions
with completely diﬀerent behavior. Before the onset of
crystallization around 723 K (450 C), microhardness
exhibited slight growth, from 909 to 931 HV, which
corresponds to lattice relaxation, as shown by the broad
exothermic peaks in the 473 K to 673 K (200 C to
400 C) region in the diﬀerential scanning calorimeter
(Figure 4(a)). In the second region, after thermal treatment at 723 K (450 C), it increased to 951 HV and then
to 1250 HV, after thermal treatment at 773 K (500 C).
This corresponds to crystallization involving the formation of disordered Fe3Si crystal phase [around 673 K
(450 C)], stable crystalline phases Fe3Si, Fe2B, and aFe, and metastable Fe3B [exothermic peak around
785 K (512 C)]. In the last temperature region, after
the sample was treated at 973 K (700 C), microhardness decreased to 908 HV, as a consequence of
further crystal growth, leading to the change in the
nature of the interfaces. These results are in good
agreement with the studies of hardness in partially
crystallized amorphous alloys, which show that the
increase in hardness can be correlated with the increase
in volume fraction of crystalline phases.[16,17]
These changes in microhardness can be correlated
with the change in microstructure, induced by thermal
treatment, through evolution of the average crystal size
of the crystalline phases in the alloy (Figure 5(b)). The
average crystal size is shown to have a signiﬁcant
inﬂuence on the change in microhardness. When the
formed nanocrystals are relatively small (below 50 nm),
microhardness remains high, while the appearance of
larger nanocrystals (over 100 nm) leads to a sharp
decrease in microhardness. After thermal treatment at
temperatures from 473 K to 973 K (200 C to 700 C),
the alloy structure gradually transformed from a relatively homogeneous to a granulated structure with
larger crystalline domains (Figure 4). This is consistent
with creation, at the beginning of the crystallization, of a
nanocomposite of small nanocrystals dispersed in amorphous matrix, which signiﬁcantly increases microhardness, due to the fact that the dominant type of
interface in the alloy is crystal/amorphous, as opposed
to crystal/crystal in a completely crystalline alloy. As the
average crystal size increased, crystal/crystal interfaces
became dominant and microhardness decreased, due to
increased interfacial energy and more successful propagation of shear bands and cracks along these interfaces.[15] During the course of the observed structural
transformations, the overall composition of the alloy did
not change drastically, while microhardness showed
signiﬁcant ﬂuctuation. This means that the changes of
microhardness in our alloy were caused primarily by
changes in its microstructure, rather than changes in its
composition, with the main factor being the change in
the average crystal size and creation of a granulated

IV.

In summary, the Fe81Si4B13C2 amorphous alloy
undergoes a series of structural transformations after
thermal treatment at diﬀerent temperatures from 473 K
to 973 K (200 C to 700 C). The as-prepared alloy
showed some degree of crystallinity (less than 5 pct) at
room temperature and contained a-Fe crystalline phase
and domains of short-range crystalline ordering of 1 to
1.5 nm in size. The microhardness of the alloy was
determined primarily by its microstructure, rather than
the change in its composition as a result of thermal
treatment. The as-prepared alloy sample exhibits an
unexpectedly high hardness (909 HV), which can be
attributed to the high percentage of boron, silicon, and
carbon, and its composite structure containing nanocrystals and small crystalline domains dispersed in the
amorphous matrix. Before the onset of crystallization, a
process of lattice relaxation [473 K to 673 K (200 C to
400 C)] caused a slight increase in microhardness. After
the onset of crystallization at 723 K (450 C), the
thermal treatment induced formation of nanocrystals
20 to 50 nm in size, resulting in a high microhardness of
1250 HV. The microstructure at this point has the
advantage of having dominant crystal/amorphous interfaces rather than crystal/crystal interfaces, leading to
increased hardness. Finally, further crystal growth led to
signiﬁcant granulation and a decrease in microhardness
to 908 HV, as the nanocrystal size increased to 50 to
150 nm. This was the consequence of the increased
contribution of crystal/crystal interfaces and creation of
a porous granulated structure, as opposed to nanocrystals embedded in the amorphous matrix.
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a b s t r a c t
Effect of heat treatment on mechanical behavior of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy was investigated
by measuring microhardness. It was shown that the as-prepared amorphous alloy has an unexpectedly
high microhardness. This can be attributed not only to boron dispersed in the alloy, but also to the structure which exhibits aspects of a nanocomposite of nanoparticles dispersed in an amorphous matrix. As
the alloy crystallizes at temperatures above 540 ◦ C, microhardness decreases continuously as a function of heating temperature. This is attributed to separation of boron out of the amorphous matrix into
nanocrystals of Fe2 B phase. Further decrease in microhardness is attributed to crystallite growth with the
accompanying change in the dominant nature of the interfaces from amorphous/crystal to crystal/crystal,
and creation of a porous structure. When the crystallization is complete, the alloy exhibits microhardness
close to that of a hypothetical mixture of -Fe and Fe2 B phases of the same composition.

ally, Lass et al. [12] predicted presence of short-range chemical
ordering in Fe-based binary systems and found that predicted coordination numbers for Fe–P and Fe–B alloys were in good agreement
with experimental results.
Thermal stability of these alloys and its correlation with electrical and magnetic properties have been a focus of some interest
[13–16], but there has not been much discussion of the correlation
of thermal stability with mechanical properties. Mechanical properties of iron-based amorphous alloys [17,18] have been studied in
some detail lately, but there have been very few studies that discuss
the correlation of microstructure or phase composition of these
alloys with their mechanical properties. Recent study of rapidly
quenched iron alloy with 6.5% Si [19] found that rapid quenching
resulted in smaller grain size in the alloy samples than conventional
casting and decreased microhardness. The authors attributed this
to suppression of ﬁrst-order phase transformation in crystalline
iron. Recent studies of hardness of iron-based alloy powders [20]
revealed that, when going from crystalline towards amorphous
sample, hardness reaches a maximum when the sample is composed of a mix of crystalline nanoparticles and amorphous phase,
and then begins to decrease as the amorphous content of the sample is further increased. The authors attribute this effect to dense
packing of crystalline nanoparticles, which have substantial hardness, because of relative lack of defects, in an amorphous matrix.
Amorphous/crystal interface has lower interfacial energy than
crystal/crystal interface [21] and this structure suppresses propagation of shear bands and cracks along these interfaces. Finally,

1. Introduction
Iron-based amorphous alloys have been a subject of considerable scientiﬁc interest, because of their soft ferromagnetic
properties (saturation magnetization, high permeability, low coercivity and loss), high corrosion resistance and good mechanical
properties [1,2]. This makes them suitable for use in a variety of
applications [3–6], but their application as structural materials
has been limited by high cooling rates required to avoid crystallization and their tendency to oxidize. Magnetic properties of
amorphous Fe-based alloys could deteriorate after crystallization,
or, if nanocrystalline phases are formed, they may be improved
[7–10], producing functional materials with targeted properties.
Commercial soft magnetic nanocrystalline materials, exhibiting
superior soft magnetic and mechanical properties, have recently
been successfully obtained by crystallization of amorphous precursors. These materials are characterized by a microstructure
of nanocrystals dispersed in an amorphous matrix. Recent theoretical studies of iron-based binary systems predict existence of
short-range ordering in iron-based amorphous alloys. Theoretical
investigation of nanoscale phase separation in small Fe80 B20 and
Fe83 B17 clusters [11] predicts formation of Fe-pure regions, Fe-rich
regions (which contain around 9% B) and B-rich regions. Addition-
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the dispersion of the nanoparticles probably suppresses the deformation of the amorphous phase through shear sliding. Because
of these mechanisms, the nanocomposites of crystalline nanoparticles and amorphous phase should have higher microhardness
than either pure crystalline or pure amorphous phase. A recent
study investigated the relationship between thermophysical and
mechanical properties of amorphous alloys [22] in order to develop
a generalized picture of shear band propagation. Investigation of
microhardness in boronizing layers of Fe-powder compacts [23]
showed that, when iron particles are doped with boron through sintering of iron powders at temperatures above 1000 ◦ C, the surface
structure of the particles exhibits three distinct areas, going from
the surface down into the layer: surface boride zone is followed by
a transition zone of diminishing boron content and then, ﬁnally,
the iron matrix without any boron. Microhardness of the surface
boride layer is 1487–2066 HV, depending on its thickness—as the
thickness of the layer increases, so does microhardness. Average
microhardness of the transition layer is 855 HV.
Our previous study of different aspects of structural transformations of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy focused on thermal
stability [24] and the correlation of structural transformations
with electrical and magnetic properties [25,26]. The focus of this
research has been the relationship between structural transformations of the alloy and its mechanical properties, in particular the
microhardness. In particular, we discussed in detail the inﬂuence
of changes in microstructure, as well as phase composition of the
alloy, over 25–850 ◦ C temperature range.
2. Experimental
Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy samples were prepared in form of ribbon,
2 cm wide and 35 m thick, using the standard procedure of rapid quenching of a
melt on a rotating disc (melt spinning method). The ribbon samples were thermally
treated, under vacuum in quartz ampoules, at different temperatures (up to 850 ◦ C)
for 1 h and then left to cool down to room temperature, before investigating their
properties.
X-ray diffraction spectra were acquired on X-Pert powder diffractometer (PANalytical, Netherlands) using CuK radiation in Bragg-Bentano geometry at 40 kV
and 30 mA. This instrument is equipped with a secondary graphite monochromator, automatic divergence slits and a scintillation counter. The collection of data was
performed with 0.05◦ step in diffraction angle and the collection time of 30 s per
step. Analysis of XRD spectra was performed using Rietveld reﬁnement method and
single peak reﬁnement approach, with TOPAS v.3.0 general proﬁle and structure
analysis software [27]. Dislocation density was obtained from the Rietveld analysis,
while microstrain was calculated using Williamson-Hall method [28], using the XRD
data.
Vickers microhardness tests were performed using MHT-10 (Anton Paar,
Austria) microhardness tester, with loads of 0.4 N and loading time of 10 s. Up to
seven measurements were performed on each individual sample and used to determine the average value of microhardness for each sample. Surface-to-volume ratio
of the crystallites was estimated using the average crystal size of individual crystal
phases, by approximating that all the crystallites were spherical in shape. The calculated surface-to-volume ratio represents an estimate of total surface-to-volume
ratio for crystalline phases in alloy samples.
SEM images were obtained using XL 30 ESEM-FEG (Environmental Scanning
Microscope with Field Emission Gun, by FEI, Netherlands), with 20 kV acceleration
voltage, at magniﬁcations of 3500× and 20,000×.

8351

Fig. 1. XRD spectra of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy on preparation and
before the onset of crystallization.

the sample. A meta-stable minor phase Fe15 B2 Si3 was present only
at 540 ◦ C, and disappears at higher temperatures. XRD spectra at
570 ◦ C and above showed formation of Fe2 B crystalline phase. As
the alloy samples were treated at higher temperatures, the degree
of crystallinity of the alloy increased quickly, until the heating temperature of 650 ◦ C, and slowly after that. Phase composition of the
alloy (Table 1) shows that, at temperatures above 500 ◦ C, -Fe(Si)
was the dominant crystalline phase, reaching about 77% of the total
mass of the sample after thermal treatment at 850 ◦ C. Fe2 B began to
crystallize at 570 ◦ C and accounted for about 20% of the mass of the
sample at 850 ◦ C. Meta-stable phase Fe15 B2 Si3 was present only
after treatment at 540 ◦ C, at around 3 mass%. Amorphous phase
content was determined as the difference of the sum of the contents
of crystalline phases to 100 mass%. When Fe89.8 Ni1.5 Si5.2 B3 C0.5 alloy
was thermally treated at 850 ◦ C for 7 h, the ﬁnal composition of the
alloy was 61% -Fe(Si) and 39% Fe2 B phase. In molar percentages,
this translates as 77.5 mol% -Fe(Si) and 22.5 mol% Fe2 B.
SEM images (Fig. 3) of Fe89.8 Ni1.5 Si5.2 B3 C0.5 alloy surface showed
homogenous amorphous surface before thermal treatment (Fig. 3a)

Fig. 3. SEM images of Fe89.8 Ni1.5 Si5.2 B3 C0.5 alloy before thermal treatment (a) and after (b: 650 ◦ C, c: 750 ◦ C, and d: 850 ◦ C).

and granulated surface due to gradual crystallization after the thermal treatment (Fig. 3b–d). The crystallization occurred, initially,
through growth of a large number of smaller crystals (Fig. 3b) up to
650 ◦ C, followed by the growth of larger crystals at 750 ◦ C (Fig. 3c).
After the alloy was thermally treated at 850 ◦ C (Fig. 3d), the formation of a much more homogenous surface, compared to the sample
thermally treated at 750 ◦ C, was observed.
Average crystal size at different temperatures was determined
using Rietveld analysis of XRD spectra.
The dependence of crystal size with respect to temperature
(Fig. 4) showed that the crystal size of Fe2 B decreased initially,
going from 570 to 590 ◦ C, and then increased continuously above
590 ◦ C. -Fe(Si) crystalline phase showed rapid growth in two
temperature regions: 590–650 ◦ C and above 750 ◦ C. In the regions
below 590 ◦ C and 650–750 ◦ C, -Fe(Si) phase crystals grew very
slowly—29–32 nm and 57–60 nm, in the respective temperature
regions. When the sample was thermally treated at 850 ◦ C for
7 h, the average crystalline size of -Fe(Si) increased from 101 to
123 nm, while that of Fe2 B increased from 119 to 178 nm.
As part of detail study of the microstructure of the alloy samples,
we calculated dislocation density and microstrain using the XRD
data. Dislocation density (Table 1) in Fe2 B showed sharp increase
going from 570 ◦ C to 590 ◦ C, followed by steep decline above this
temperature. In -Fe(Si) phase, dislocation density showed a steady
decrease through the entire heating process, relatively slow in the

initial temperature region, below 590 ◦ C, and more pronounced at
650 ◦ C. The decrease slowed down again above 650 ◦ C. After thermal treatment at 850 ◦ C, the dislocation density in Fe2 B became
lower than that in -Fe(Si) nanocrystals. After thermal treatment at
850 ◦ C for 7 h, the dislocation density declined even further, again,
more in Fe2 B than in -Fe(Si) nanocrystals.
Microstrain in the alloy (Fig. 4) decreased after the alloy was
thermally treated at temperatures below 650 ◦ C and after thermal treatment at 850 ◦ C and increased going from 650 ◦ C to 750 ◦ C.
After thermal treatment at 850 ◦ C for 7 h, microstrain declined even
further, when compared with samples heated for 1 h, to 1.8%.
Microhardness (Fig. 5) of as-prepared alloy was 926 HV, and
declined to 884 HV, after the sample was thermally treated at 300 ◦ C
and to 846 HV after treatment at 540 ◦ C. After further thermal treatment at temperatures above 540 ◦ C, it decreased to a minimum of
612 HV after thermal treatment at 850 ◦ C. After the sample was
thermally treated for 7 h at 850 ◦ C, microhardness was determined
to be 689 HV.

Table 1
Phase composition and dislocation density of individual crystal phases in alloy samples thermally treated at different temperatures.
Temperature (◦ C)

3. Results
X-ray diffraction (XRD) spectra (Fig. 1) of Fe89.8 Ni1.5 Si5.2 B3 C0.5
alloy at room temperature showed a relatively strong broad peak
around 44◦ and another, much smaller and also broad peak around
80◦ . XRD spectra of the alloy after thermal treatment at different
temperatures (Fig. 2) showed that the alloy begun to crystallize
when the temperature reached around 480 ◦ C, and around 540 ◦ C
sharp peaks of -Fe(Si) crystalline phase were already present in
the spectra. This phase was a result of high tendency of Si to dissolve in Fe. Before crystallization, around 300 ◦ C, the broad peaks
present at room temperature decreased in intensity, giving way to
a broad signal that could be attributed to the amorphous part of
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Fig. 2. XRD spectra of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy after thermal treatment
at different temperatures, after the onset of crystallization (inset, o—a-Fe(Si) and
x—Fe2 B).

-Fe(Si)

Phase composition (mass%)
540
38
570
46
590
52
650
73
750
72
850
77
Dislocation density (1014 m−2 )
540
35.7
570
33.3
590
29.3
9.23
650
750
8.33
850
2.94

Fe2 B
–
7
12
17
19
20
–
117
208
23.1
7.32
2.12

Fe15 B2 Si3
2
–
–
–
–
–

Amorphous
60
43
36
10
9
3

Fig. 4. Change in microstrain of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy on thermal
treatment.
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thermally treated to 300 ◦ C, another broad peak appeared, centered around 25◦ , which could be attributed to the amorphous
content of the sample. Its absence at room temperature indicates
that it appears as a result of disordering of the as-prepared alloy
structure due to thermal treatment. It also gives us an indication
that the as-prepared alloy structure seems to be much more organized than one would expect from a completely amorphous sample.
The XRD spectra of the samples thermally treated at 540 ◦ C and
above showed crystallization of two stable crystalline phases (Fe(Si) and Fe2 B) and a meta-stable Fe15 B2 Si3 phase, which only
appeared at 540 ◦ C, suggesting that the meta-stable phase was an
intermediate phase in the initial stage of crystallization of Fe2 B.
Phase composition (Table 1) showed that most of the crystallization occurred below 650 ◦ C as the percentage of amorphous content
dropped from 60 mass% to 10 mass%, going from 540 to 650 ◦ C, with
-Fe(Si) being the dominant crystalline phase. After that -Fe(Si)
phase content decreased slightly at 750 ◦ C and increased again
at 850 ◦ C. This behavior between 650 ◦ C and 850 ◦ C was reﬂected
in the amorphous content of the sample, which, after the sharp
decline, dropped from 10% to 9% going from 650 ◦ C to 750 ◦ C and
then to 3% going to 850 ◦ C. When the sample was thermally treated
for 7 h at 850 ◦ C, the phase mass content was 61% -Fe(Si) and 39%
Fe2 B, indicating that the crystallization was complete at this point,
since amorphous phase was completely gone and mass percentage of Fe2 B corresponded to the boron content of the as-prepared
alloy.
SEM images (Fig. 3) showed smooth surface in amorphous sample at room temperature and then the presence of smaller and
lager crystals after thermal treatment at 650 ◦ C and 750 ◦ C, respectively. After thermal treatment at 850 ◦ C the sample showed much
smoother surface than at 750 ◦ C, indicating that the surface had
reformed and the individual crystals had probably reoriented and
merged together.
4.2. Evolution of microstructure

Fig. 5. Change in microhardness of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy on thermal
treatment with (a) surface-to-volume ratio and (b) average crystal size.

4. Discussion
4.1. Thermally induced structural transformations
X-ray diffraction spectrum (Fig. 1) of the alloy at room temperature showed two broad peaks: around 44◦ and around 80◦ .
These positions correspond to the positions of most intense peaks
of the two crystalline phases: -Fe(Si) and Fe2 B, respectively [ICDD
PDF 00-036-4899 and 00-036-1332]. This indicates that the asprepared alloy was not completely amorphous and had some
crystalline character, probably in form of short-range crystalline
ordering, with characteristics of the two crystalline phases that
appear after the samples are heated. This is in agreement with
theoretical investigations of iron–boron systems [11], which predicts formation of Fe-pure regions in parallel with Fe-rich regions
(which contain around 9% B, compared to 8.88% B in Fe2 B) and
B-rich regions. Since our alloy contained much smaller Fe-to-B
ratio than these clusters (around 30:1, compared to 4:1 and 5:1,
respectively), it is possible that the two peaks belonging to Fe(Si) and Fe2 B correspond to Fe-pure regions and Fe-rich regions
described above. The overall alloy structure at room temperature
could be described as a very ﬁne nanocomposite of small nanoclusters dispersed in the amorphous matrix. After the alloy was

In order to conduct a more detailed analysis of the microstructure, we determined average crystal size, dislocation density and
microstrain for each crystal phase. These parameters could offer
further insight into causes of structural transformations and their
inﬂuence on the mechanical properties of alloy samples. The dependence of average crystal size (Fig. 5b) of the dominant phase
on the heating temperature showed two major increases—below
650 ◦ C and above 750 ◦ C, mirroring the phase composition change
(Table 1). Nucleation was the dominant process below 600 ◦ C,
as indicated by relatively stable crystal size and high dislocation density (Table 1). After treatment at 650 ◦ C, crystal growth
was accelerated—the crystal size increased rapidly and dislocation
density and microstrain decreased, indicating that larger crystals were formed. After that, the crystalline size remained almost
stable, mass percentage of -Fe(Si) crystalline phase declined,
dislocation density showed a slight decrease and microstrain
increased. These indicate that a nanocomposite of nanocrystals in an amorphous matrix had been formed, with amorphous
matrix occupying the space between nanocrystals. The nanocrystals grew until the system reached a point where the difference
in interfacial energy of existing amorphous/crystal interface and
crystal/crystal interface forced the crystalline phase to reorganize through recrystallization in order to accommodate further
growth.
The in-depth analysis of the XRD spectra supported this, indicating that signiﬁcant change in aspect ratio of -Fe(Si) crystallites
occurred in this temperature region, manifesting itself as a change
in the ratio of full-widths at half-maxima of peaks corresponding
to (1 0 0) and (2 1 1) crystalline planes. Judging by this, the crystallites formed at 650 ◦ C exhibited more symmetrical shape than
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those formed at 750 ◦ C. The asymmetrical shape of the larger crystallites was a result of rapid growth. The average crystal size almost
doubled going from 750 ◦ C to 850 ◦ C, as the crystal shape changed
to a more symmetrical one and the sample surface becomes much
smoother. Dislocation density and microstrain declined, indicating that -Fe(Si) crystals had formed with better deﬁned crystal
facets, which were accommodated by the increased size of the
crystals. Mass percentage of -Fe(Si) in the sample increased from
72% to 77%, while amorphous phase content declined from 9% to
3%.
Fe2 B started to crystallize around 570 ◦ C, with average crystal size of 16 nm, when it accounted for around 7% of the total
mass. When the sample was heated at 590 ◦ C, the mass percentage of Fe2 B increased to 12%, while average crystal size decreased
to 12 nm. Dislocation density in Fe2 B increased (Table 1), going
from 570 to 590 ◦ C, which reﬂected the decrease in average crystal size (Fig. 5b). Fe2 B crystals could be initially formed as one
of the products of decomposition of the meta-stable Fe15 Si3 B2
phase. The initial nucleation was followed by very rapid crystal growth above 590 ◦ C, as the average crystal size increased
from 12 to 36 nm, going from 590 ◦ C to 650 ◦ C. The phase content percentage increased from 12% to 17%, and dislocation density
declined rapidly. SEM image of sample heated at 650 ◦ C (Fig. 3b)
showed a large number of small nanoparticles on the surface
of the alloy, indicating that Fe2 B phase probably separated as
individual crystals from the alloy at this point. The crystal size
continued to increase (64 nm at 750 ◦ C and 119 nm at 850 ◦ C),
while the mass percentage of the Fe2 B phase remained relatively stable (19% at 750 ◦ C and 20% at 850 ◦ C). This indicated
that the rapid growth of Fe2 B, up to this point, was mostly at
the expense of the amorphous phase, while the growth above
650 ◦ C probably happened through merging of smaller crystals
or their dissolution and incorporation into larger crystals. This is
supported by continued sharp decline in dislocation density. SEM
images of samples heated at 750 ◦ C and 850 ◦ C (Fig. 3c and d)
show a contrasting image: at 750 ◦ C the surface had a large number of nanoparticles on the surface, consistent with the growth
of nanocrystals going from 650 ◦ C to 750 ◦ C; at 850 ◦ C the surface was much smoother and the nanoparticles visible seemed
to be merged with the surface of the alloy. This indicates that,
as the heating temperature was increased and Fe2 B phase separated out from the alloy, the structure of the alloy changed
to accommodate for the incorporation of these crystals back
into the alloy. This is supported by the changes in the microstrain of the alloy ribbon (Fig. 4), which showed a decrease at
850 ◦ C, after an increase at 750 ◦ C. After the sample was thermally
treated for 7 h at 850 ◦ C, boron completely separated into Fe2 B
phase.
4.3. Influence of structural changes on mechanical properties
The inﬂuence of microstructural changes studied here on
mechanical properties of the alloy was investigated by measuring
microhardness of alloy samples, thermally treated at different temperatures. Microhardness (Fig. 5) of the as-prepared alloy at room
temperature was 924 HV, which is unexpectedly high. After the
alloy was thermally treated at 300 ◦ C for an hour, it exhibited a
lower degree of ordering and this was accompanied by a decrease
in microhardness, to 884 HV. At the early stage of crystallization
of the alloy, at 540 ◦ C, the microhardness declined further, to 846
HV. This value corresponds well to microhardness of intermediate layer found in crystalline boron doped iron powders [23]. The
increased microhardness of as-prepared alloy can be attributed to
the fact that the alloy exhibits some degree of ordering, similar
to nanocomposites of nanoparticles dispersed in an amorphous
matrix. Nanocomposites of nanocrystals dispersed in an amor-

Fig. 6. SEM of the cross-section of alloy sample treated at 850 ◦ C for 7 h.

phous matrix have been shown to perform better in microhardness
tests than either pure crystalline or amorphous phases of the same
material. Therefore, since the as-prepared alloy at room temperature exhibited a higher degree of ordering than after thermal
treatment and before the onset of crystallization, it is expected that
this ordering resulted in higher microhardness.
At higher temperatures, above 540 ◦ C, microhardness showed
a sharp decline, which is consistent with the loss of boron from
the amorphous matrix due to crystallization. Further decline in
microhardness (Fig. 5) was caused by the growth of the crystallites, through two contributing factors: increase of crystal/crystal
interfaces, as opposed to amorphous/crystal, and creation of more
porous structure in the alloy samples (Fig. 6). Crystal/crystal interfaces are more susceptible to propagation of shear bands and
cracks along these interfaces than amorphous/crystal, resulting in
diminished microhardness. The alloy sample which was thermally
treated for 1 h at 850 ◦ C exhibited the lowest value of microhardness at 612 HV. Prolonged thermal treatment at 850 ◦ C (7 h), led
to an increase in microhardness to 689 HV. Therefore, microhardness increased in spite of very porous structure of the alloy sample,
as can be seen on SEM of its cross-section (Fig. 6). This could be
attributed to several factors: higher percentage of Fe2 B phase in
the latter sample (39 mass% as compared to 20 mass%) and loss of
crystal/crystal interfaces through sintering of the crystalline grains.
In consequence, this very porous structure of the sample treated at
850 ◦ C for 7 h, exhibited much better mechanical properties when
compared to the sample treated at the same temperature for 1 h.
In order to compare the properties of our alloy sample treated
at 850 ◦ C for 7 h, with the properties of the respective constituents
in their respective molar fractions, we estimated hardness of such
hypothetical mixture, based on the literature data for the individual component phases. -Fe phase on its own has a microhardness
of about 250 HV [29] and the iron-boride phase has much higher
microhardness of up to 2066 HV. When the alloy was thermally
treated at 850 ◦ C for 7 h, the crystallization was complete and relative molar ratio of the two phases was 3.44:1 in favor of -Fe(Si).
If we use the microhardness of pure -Fe (since the amount of Si is
relatively small and its addition only increases hardness of -Fe),
the projected lower limit of average value for 3.44:1 mixture of Fe(Si) and Fe2 B would be around 660 HV, which is very close to 689
HV, microhardness of alloy sample treated at 850 ◦ C for 7 h. This
indicates that, after our alloy fully crystallized, Fe2 B crystallites are
dispersed in -Fe(Si) nanocrystalline matrix in a relatively homogenous manner, so that the alloy exhibited, at the macroscopic level,
mechanical properties that could be attributed to a hypothetical
mixture of these two phases.
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5. Conclusions
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Here we present the examination of structural transformations
of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy induced by thermal treatment and the effect of these transformations on its mechanical
properties (microhardness in particular). Microhardness of asprepared amorphous alloy was unexpectedly high, 924 HV, because
the alloy exhibited a degree of ordering which could correspond to a
structure involving nanoclusters dispersed in an amorphous matrix
containing boron, which increased microhardness of the alloy. The
crystallization process was characterized by gradual separation
of two crystalline phases: -Fe(Si) and Fe2 B, and was completed
when the sample is thermally treated at 850 ◦ C for 7 h, with distribution of mass being 61% of -Fe(Si) and 39% of Fe2 B. During
the crystallization process, we observed a continuous decline in
the microhardness, starting from 570 ◦ C, corresponding to gradual
separation of boron out of the amorphous alloy into the separate
Fe2 B crystalline phase and formation of nanocrystalline granulated
structure. This led us to conclude that the presence of boron was
the major contributor to the microhardness of the amorphous alloy.
Further growth of Fe2 B nanocrystals at higher temperatures led to
additional decline in microhardness, because the dominant type
of interface changed from amorphous/crystal to crystal/crystal.
Microhardness of fully crystallized mixture of -Fe(Si) and Fe2 B
was close to a calculated average value of microhardness for the
mixture of the same molar ratios of -Fe and Fe2 B phases.
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a b s t r a c t
Ribbon-shaped amorphous samples with the stoichiometric composition Fe73.5 Cu1 Nb3 Si15.5 B7 prepared
by the melt spinning process were annealed at temperatures ranging from 693 K to 1123 K for 1 h under
vacuum. In the early annealing stage, the alloy undergoes a speciﬁc nucleation process where Cu clusters
precipitate from an amorphous matrix. Further heating initiates the partial crystallization of alloy forming the -Fe–Si nanocrystallites. Subsequent Vickers hardness tests showed high values depending on
the annealing temperature. It was found that the hardening process includes two stages. This behavior
correlates well with results of density dislocation calculations. A crystallite size of 10 nm for the -Fe–Si
particles correlated very well with a maximum hardness of the material.

1. Introduction
Ribbon shaped amorphous alloys are commonly produced by
rapid cooling from the melt. Thermally induced crystallization of
amorphous alloys often leads to the evolution of nanocrystalline
microstructures, which give rise to excellent physical, chemical and
mechanical properties. The microstructure is strongly affected by
the annealing temperature and annealing conditions, thus a study
of its evolution and the understanding mechanisms of nanocrystallization can provide insight for tailoring a functional material of
desired properties.
The soft magnetic amorphous alloys have been widely studied
for their superior magnetic properties and potential application in
power electronic components [1–4]. These materials have many
technical advantages over traditional soft magnetic iron alloys:
very high permeability, high saturation induction, low coercitivity ﬁeld strengths, low magnetic reversal losses, low eddy current
losses and high Curie temperature [8].
The
Fe-based
glassy
alloys
such
as
Finemet®
(Fe73.5 Cu1 Nb3 Si13.5 B9 ) and (Fe73.5 Cu1 Nb3 Si15.5 B7 ) Vitroperm®
contain small amounts of Cu immiscible with Fe and Nb. Cu and
Nb, in spite their small content, signiﬁcantly affects the crystalliza-

∗ Corresponding author. Tel.: +381 11 3336 689.
E-mail addresses: dminic@ffh.bg.ac.rs, drminic@gmail.com (D.M. Minić).

tion process and are responsible for the nanocrystalline structure
of these alloys and their desirable soft magnetic properties. Thus,
the role of Nb and Cu in nanocrystallization is of great interest.
Almost 10 years ago, Ayers et al. [5] found from Extended X-ray
Absorption Fine Structure (EXAFS) measurements that Cu clusters
were formed in the Fe–Nb–Cu–Si–B alloys of very similar atomic
mass compositions during the heat treatment in an early stage of
the crystallization process. There was some evidence that these
clusters are present even in the as-prepared amorphous alloy.
Further heating initiates the formation of -Fe–Si nanocrystals
in intimate contact with Cu clusters. As the -Fe–Si nanocrystals
grow, they expel Cu into the phase boundary space. Hono et al.
[6,7] suggest a very similar model of Cu clustering in the early
stage of crystallization in the Fe–Nb–Cu–Si–B alloys. According to
these authors, the initial amorphous phase is a chemically uniform
amorphous solid solution. During annealing, Cu clusters are formed
in a fully amorphous matrix. Subsequently, the concentration of
Cu in the clusters increased. Finally, the FCC–Cu particles were
present in direct contact with the -Fe–Si grains, but not entirely
enveloped within the -Fe–Si grains.
The objective of this work was a detailed study of the Cu cluster formation and the crystallization process of the amorphous
Fe73.5 Cu1 Nb3 Si15.5 B7 alloy in the temperature range of 693–1123 K,
especially the understanding of the mechanism of development of
the nanostructure and how this nanostructure relates to mechanical properties.

doi:10.1016/j.jallcom.2010.11.118
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Fig. 1. DSC of as prepared alloy at heating rate 7 K min−1 .

Fig. 3. Cross section prepared using FIB technique (30 kV, 30 pA) of the specimen
heated at 1123 K for 24 h.

2. Experimental procedures
The amorphous samples with a stoichiometric composition Fe73.5 Cu1 Nb3 Si15.5 B7
were prepared by rapid cooling of a melt on a rotating disc. The ﬁnal product was
alloy ribbon, 2.5 cm wide and 35 m thick. The chemical composition of the alloy
was examined using energy dispersive X-ray spectroscopy (EDX). Quenched ribbon samples were sealed in quartz tubes under technical vacuum and isothermally
annealed for 1 h.
Thermal stability of the samples of alloy was studied by differential scanning
calorimetry (DSC) using a DSC-204 C device (Netzsch, Germany) in the temperature
range of 400–970 K under Ar atmosphere at a constant heating rate of 7 K min−1 .
A slow heating rate increased sensitivity for detection of smaller exothermic and
endothermic changes in DSC.
XRD experiments were performed using an X-Pert powder diffractometer (PANalytical, Netherlands) using Cu K radiation in Bragg–Brentano geometry at 40 kV
and 30 mA. The device is equipped with a secondary graphite monochromator,
automatic divergence slits, and a scintillation counter. The measurements were
conducted in step scan mode at intervals of 0.05◦ 2� with a measuring time of
30 s/step.
The TOPAS V3 general proﬁle and structure analysis software for X-ray powder
diffraction data was used for the Rietveld reﬁnement [9].
The Vickers microhardness tests were performed with a microhardness tester
MHT-10 (Anton Paar, Austria) with loads of 40 p and 10 s enforcing time. The mean
value of seven measurements was used.
The focused ion beam (FIB) technique (Quanta 200, 3D device, FEI Netherlands)
was used for cross section preparation. The Ga* ion beam was focused perpendicularly to the surface. An ion current of between 7.1 nA and 0.3 nA was used for cutting
of, and between 10 pA and 30 pA for imaging.
Electron backscatter diffraction (EBSD) device also known as a backscattered
Kikuchi diffraction (BKD), attached to a Philips XL30 environmental scanning electron microscope (ESEM) was used to verify the phase identiﬁcation of the Cu grains.

Fig. 4. The EBSD image from a Cu grain (corresponding Kikuchi lines).

3. Results and discussion
DSC analysis of the Fe73.5 Cu1 Nb3 Si15.5 B7 alloy, at a slow heating
rate (7 K min−1 ), reveals a series of stepwise structural transformations consisting of endothermic peaks and more pronounced
exothermic peaks in the broad temperature range of 400–970 K (cf.
Fig. 1).
The broad exothermic maximum in the range of 400–500 K
is attributed to the structural relaxation processes. These processes are followed by the Curie temperature around Tc = 550 K,
and by the glass transition at temperature Tg = 740 K. Study of
Tc during relaxation combined with some structural data may
lead to a better understanding of the process of clustering in the
amorphous phase preceding the nanocrystalline structure formation. The process of crystallization involves three well-deﬁned
broad asymmetric exothermic peaks (Tk1 = 800 K, Tk2 = 896 K and
Tk3 = 966 K) indicating a stepwise process of the structural transformations/crystallization of the alloy.

Fig. 2. FIB images of the cross sections of the samples at different stages of annealing:
(a) for early annealing stage at 693 K, (b) 753 K, and (c) for the highest annealing
temperature 1123 K (1 h dwell each).

XRD investigations of the as prepared Fe73.5 Cu1 Nb3 Si15.5 B7 alloy
conﬁrmed the absence of long range ordering [2]. The FIB imaging
conducted in combination with EDX and EBSD analysis conﬁrmed
the presence of Cu clusters and the formation of -Fe–Si in the
early stages of annealing. Fig. 2a shows that small, embedded Cu

clusters are already present in the amorphous matrix at 693 K. The
Cu clusters as can be seen in the FIB image are present in the form
of small, bright, spherical particles distributed randomly along the
cross section of the sample. The randomly distributed dark shaded
regions (Fig. 2b) correspond to the -Fe–Si phase.
XRD analysis of the sample annealed at 753 K conﬁrmed that,
besides the amorphous fraction of the material, a crystalline Fe–Si phase (FCC structure) was also present as the -Fe3 Si phase
(entry PDF 03-065-0146 in ICDD database). Our previous study
[2], explains microstructural transformations upon annealing in
more detail. It was found that structural composition remained
unchanged up to 873 K, when formation of the crystalline phase
FeCu4 (ICDD-PDF 03-065-7002) started. At 923 K, slow dissolution
of B and Nb atoms into the Fe matrix led to the formation of two new
phases: Fe16 Nb6 Si7 (ICDD-PDF 00-053-0459) and Fe2 B (ICDD-PDF
00-036-1332). Annealing at 973 K gave rise to two phases in trace
amounts: Fe5 Si3 (ICDD-PDF 03-065-3593) and Nb5 Si3 (ICDD-PDF
03-065-2785).
As it can be seen from Fig. 2b and c the Cu clusters grow at the
expense of smaller Cu clusters.
The typical structure of the Fe73.5 Cu1 Nb3 Si15.5 B7 alloy, thermally treated at 1123 K for 24 h, as resolved from the FIB image
(Fig. 3), consists of small, equi-axial grains with a homogeneous
distribution (1 m in size and less). EDX analysis showed that the
bright twin-grain in the upper part of the sample surface is Cu
enriched.
Since the investigated sample was thermally treated at a comparatively high temperature for quite a long time it is very likely
that the Cu clusters, which were not associated with the FCC Fe–Si crystallites in the beginning, grow at the expense of the
smaller Cu clusters. This process, called “Ostwald ripening”, is the
reason for such high purity of Cu grains. The applied EBSD analysis enabled the phase identiﬁcation (Fig. 4) and conﬁrmed that
randomly distributed Cu enriched grains (bright spots in the micrograph) have FCC structure.
XRD analysis (Fig. 5) shows that heating of the
Fe73.5 Cu1 Nb3 Si15.5 B7 alloy at 1123 K for 24 h resulted in a formation of the following phases: Fe3 Si, FeCu4 , Fe16 Nb6 Si7 , Fe2 B,
Fe5 Si3 , and Nb5 Si3 . It should be noted that even the relatively large
Cu crystallites could not be detected by XRD analysis due to their
low amount, on average, in the material (around 1 at.%).

Fig. 5. XRD pattern of Fe73.5 Cu1 Nb3 Si15.5 B7 alloy sample heated 24 h at 1123 K.

������ �

������ �

146

The Fe–Cu–Nb–Si–B metallic glasses are known to be hard but
very brittle materials (Vickers hardness higher than 800 HV) [8].
This is a result of a large number of dislocations accompanied by a
reduction in ductility.
XRD data of alloys annealed in the temperature range of
273–1123 K showed that samples with the optimum properties
consisted of a nanocrystalline ferromagnetic -Fe–Si solid phase
(volume fraction 60–65%) with an average grain size of 10 nm
embedded in an amorphous matrix. The increased formation of
-Fe–Si nanocrystallites from the amorphous phase in the temperature range of 753–873 K reduces the content of -Fe and Si in
the remaining relaxed amorphous matrix. This evidently leads to
an increase in hardness (cf. Fig. 6). Furthermore, the particle size
of -Fe–Si nanocrystallites is comparable to, or smaller than, the
thickness of the shear deformation band. For this reason, shear
deformation becomes more difﬁcult in the mixed phase alloy consisting of nanoscale -Fe–Si embedded in an amorphous matrix,
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-Fe–Si nanocrystallites in intimate contact with Cu clusters. The
presence of Cu clusters and formation of -Fe–Si nanocrystallites
at early annealing stages is shown using FIB imaging. The Kikuchi
lines analysis conﬁrmed randomly distributed Cu enriched grains
with FCC structure. It was found that the hardening process
consists of two stages. For T < 873 K and Dhkl < 10 nm, the hardening
behavior is controlled by a shear deformation mechanism in the
amorphous matrix. The nanoscale -Fe–Si particles homogeneously dispersed in the amorphous matrix act as an effective
resistance to suppress shear sliding of the amorphous matrix. For
T > 873 K and Dhkl > 10 nm, the hardening behavior is dominated by
the dislocations movement, which in conjunction with appearance
of the other crystalline phases upon annealing leads to the decrease
of hardness with increase of crystallite size Dhkl . The optimum
crystallite size of -Fe–Si particle is 10 nm.
Acknowledgements
Fig. 6. Vickers microhardness of Fe73.5 Cu1 Nb3 Si15.5 B7 alloy displayed as a function
of the annealing temperature and the crystallite size of -Fe3 Si phase. The measured
values of Vickers microhardness are denoted with a square symbol while the crystallite size values as obtained from the Rietveld reﬁnement are denoted with a ball
symbol.

than in a single amorphous phase, making the alloy becomes
stronger. A homogeneous dispersion of rigid particles free of defects
may act as an effective barrier against deformation of the amorphous matrix. The hardening behavior can be dominated by the
shear deformation mechanism when Dhkl < ı, where ı is an optimal value [10,11]. In the second stage (Dhkl > ı, T > 873 K) when the
hardness of the alloy starts to decrease, the hardening behavior is
determined by the dislocation density. The corresponding values
are presented in Table 4 in our previous work in this journal [2]. It
was found, that the microhardness decreases with increased crystallite size (Dhkl > 10 nm). The optimum crystallite size of -Fe–Si
particles is 10 nm, the optimum annealing temperature is 873 K.
4. Conclusions
In

the early annealing stage, the amorphous alloy
Fe73.5 Cu1 Nb3 Si15.5 B7 undergoes a speciﬁc nucleation process
where Cu clusters precipitate from the amorphous matrix. Further heating initiates partial crystallization through formation of
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a b s t r a c t
As a result of the preparation process of Fe81 Si4 B13 C2 amorphous alloy ribbon, a difference has been
observed between the opposite sides of the ribbon in microstructure and surface morphology. Inﬂuence of
these differences on thermally induced structural transformations was studied. Thermal treatment below
600 ◦ C had a signiﬁcant inﬂuence on the evolution of the microstructure, as well as phase composition of
individual sides of the ribbon. Treatment at higher temperatures caused the microstructural differences
between two sides to decrease signiﬁcantly. Phase composition of the alloy samples showed the opposite
trend: the differences observed were the greatest in the fully crystallized alloy, after treatment at 700 ◦ C.
These differences are the result of different numbers of nucleation sites for Fe2 B phase on respective sides
of the ribbon, leading to 30% difference in its content on different sides in the fully crystallized alloy.

1. Introduction
Iron-based amorphous alloys have been a focus of considerable scientiﬁc interest in recent times, both from fundamental and
practical point of view. Their main features are homogenous and
isotropic structure and isotropic physical and mechanical properties. Their good soft magnetic properties [1] are mainly determined
by magneto-elastic and annealing-induced microstructure [2], and
they are also characterized by high corrosion resistance and good
mechanical properties [3], making them suitable for use in a variety
of applications [4,5]. There is some evidence that vacuum annealing, by provoking crystallization and surface reformation, improves
corrosion resistance in iron-based amorphous alloys [6] and commercial soft magnetic nanocrystalline materials have recently been
successfully obtained by crystallization of amorphous precursors
[7]. Processes of crystallization [8,9] and amorphization [10] in
iron based amorphous alloys have been studied in some detail,
as well as how they are affected by mechanical treatment [11].
These materials are characterized by a microstructure of nanocrystals embedded into an amorphous matrix, exhibiting superior soft
magnetic [12–14] and mechanical properties to both amorphous
and crystalline magnetic alloys. The presence of metalloid atoms,
in addition to improving glass forming ability of iron-based alloys,

∗ Corresponding author. Tel.: +381 11 3336 689.
E-mail addresses: dminic@ffh.bg.ac.rs, dminic2003@yahoo.com,
drminic@gmail.com (D.M. Minić).

typically enhances their hardness [15], while suppression of surface
crystallization enhances magnetic properties [16].
As a part of a multidisciplinary study of thermally induced
structural transformations of iron-based amorphous alloys and
the correlations with their properties, we have been investigating
Fe81 Si4 B13 C2 amorphous alloy. A kinetic study of its crystallization
indicates a complex process, with overlapping steps of nucleation
and crystal growth [17,18]. The growth of -Fe crystallites is threedimensional [19], while nucleation occurs at a constant rate. It
was also found that structural changes have a signiﬁcant effect on
magnetic and electrical properties of the alloy [20–22]. Mechanical
properties were inﬂuenced mostly by changes in microstructure
caused by thermal treatment [23], while changes in phase composition of the alloy after thermal treatment had no observable
inﬂuence on the change of the mechanical properties. All of these
studies treated macroscopic properties of Fe81 Si4 B13 C2 amorphous
alloy and correlated them with thermally induced changes in structure and composition.
When compared to bulk metallic glasses, amorphous alloy ribbons produced by rapid quenching of the melt represent a speciﬁc
challenge. It is known that the preparation process creates some
structural inhomogeneities, which are mostly pronounced on the
ribbon surface, and different sides of the ribbon exhibit different
properties, like reﬂectivity. However, there have been no studies,
to the best of our knowledge, focused on the differences in composition and microstructure of the two sides and their potential
consequences on thermally induced structural transformations of
this alloy. Since we have established the importance of the thermally induced microstructural changes to the change in properties
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Fig. 3. Peak assignments to individual phases in Fe81 Si4 B13 C2 amorphous alloy
sample after treatment at 700 ◦ C (indexed planes were used for calculation of preferential orientation).

Fig. 1. XRD spectra of as-prepared Fe81 Si4 B13 C2 amorphous alloy.

of the alloy, the next logical step was to investigate how these
microstructural changes are affected by inhomogeneities produced
by the preparation process of the amorphous alloy.
2. Experimental
Fe81 Si4 B13 C2 amorphous alloy was prepared in the form of ribbon, 2 cm wide
and 35 m thick, using the standard procedure of rapid quenching of a melt on a
rotating disc (melt spinning method). The samples of ribbon were heated, in a quartz
ampoule in vacuum, at different temperatures (up to 700 ◦ C) for 30 min and then
left to cool down to room temperature, before investigating their properties.
The X-ray diffraction (XRD) patterns were recorded on an X’Pert PROMPD
diffractometer from PANalytical with CoK radiation operated at 40 kVand 30 mA.
For routine characterization, diffraction data were collected in the range of 2�
Bragg angles (15–135◦ , step 0.0081). All XRD measurements were performed on
the contact side (also known as matte or ﬁshy) of the ribbon samples at ambient
temperature. For the qualitative determination of phase composition of the crystallized alloy samples the JCPDS-PDF database was used. For a quantitative analysis and
determination of crystallite size the TOPAS V3 general proﬁle and structure analysis
software for powder diffraction data was used [24]. Dislocation density was obtained
from the Rietveld analysis, while microstrain was calculated using Williamson–Hall
method [25], using the XRD data. Lattice parameters obtained through XRD spectra were used to calculate the unit cell volumes, which were then compared to the
standard values in JCPDS database.
SEM images were obtained using XL 30 ESEM-FEG (Environmental Scanning
Microscope with Field Emission Gun, by FEI, Netherlands), with 10 kV acceleration
voltage.

3. Results and discussion
During the preparation process of the amorphous alloy ribbon,
one of the sides is in direct contact with the cooled rotating disc
(ﬁshy or matte side), while the other is in inert atmosphere (shiny
side). As a result, free surface experiences slightly slower cooling
rate and has a stronger tendency to crystallize. The consequence
is that the two sides of the ribbon show an easily observable difference in reﬂectivity, surface morphology and microstructure, as
can be seen in X-ray diffraction (XRD) spectra (Figs. 1–3) as well
as SEM images (Fig. 4) of the samples of the as-prepared alloy and
thermally treated samples.
XRD spectra of the alloy ribbon, Figs. 1 and 2, show that there
is a signiﬁcant difference between the two sides of the ribbon in
the as-prepared, as well as thermally treated alloy samples. The
as-prepared alloy already exhibits a degree of crystallinity, which
was estimated, according to Mössbauer spectra, to be equivalent
to around 5% of the total number of Fe-atoms [20]. XRD data are
limited to the depth of several microns of each side of the ribbon,
considering the capabilities of XRD as a method. XRD spectra of
matte and shiny side of as-prepared alloy (Fig. 1) both show a broad
spread halo around 53◦ , corresponding to domains of short-range

Fig. 2. XRD spectra of Fe81 Si4 B13 C2 amorphous alloy after thermal treatment.

Fig. 4. SEM images of both sides of Fe81 Si4 B13 C2 amorphous alloy samples (a, b: as-prepared; c, d: 500 ◦ C; e, f: 700 ◦ C).

ordering in the sample. The position of the spread halo corresponds
to approximate position of Fe3 Si peak and, using the Scherrer equation, we estimated the size of these domains to be 1–1.5 nm on
both sides of the ribbon. In addition, XRD spectra of the two sides
show a different number of sharp crystalline peaks, which have different respective intensities depending on the side. This indicates
that the two sides have signiﬁcantly different phase composition,
microstructure and preferred crystallite orientation. Crystalline
peaks on the shiny side appear at positions around 37◦ , 69◦ and 78◦ ,
while the matte side exhibits only the peak around 78◦ . Shiny side
appears to be more crystalline than matte side, with intensity of
peak around 78◦ being about 8 times higher (Fig. 1). The nanocrystalline phase can be identiﬁed as -Fe [JCPDS-PDF 06-0696] on
matte side and a mixture of -Fe and Fe3 Si [JCPDS-PDF 42-1239]
on shiny side, with -Fe being the major component. The entire
structure could best be described as a combination of a small number of nanocrystals and short-range ordered domains dispersed in
an amorphous matrix, which determines physical properties of the
alloy [20–23].
The appearance of domains of short-range ordering in
Fe81 B13 Si4 C2 amorphous alloy is in agreement with recent

theoretical studies of iron-based binary systems, which predict
existence of short-range ordering in iron-based amorphous alloys
[26]. Crystal structures of -Fe and Fe3 Si are closely related, with
both of them being a cubic system. However, Fe3 Si lattice is composed of four sub-lattices: three composed of iron atoms and one
of silicon atoms. Therefore, Fe3 Si unit cell is approximately double the size of the unit cell of -Fe: lattice constant is 5.6533 Å in
Fe3 Si [JCPDS-PDF 42-1239], compared to 2.8664 Å in -Fe [JCPDSPDF 06-0696]. The similarities in their crystal structure can create
favorable conditions for nucleation of Fe3 Si on the surface of -Fe
and can make it difﬁcult to distinguish one from another for the
purposes of quantitative analysis of the XRD spectra.
X-ray diffraction (XRD) spectra of the alloy ribbon samples
(Fig. 2) show that thermal treatment (200–700 ◦ C) caused a series
of structural transformations of the amorphous alloy, involving
the formation of multiple crystalline phases. The short-range
crystalline ordering observed in as-prepared alloy gives way to
long-range crystal structure, which is manifested by disappearance of broad spread halo around 53◦ . Differences between the
two sides of the ribbon have some effect on the crystallization process after thermal treatment, as exhibited in differences in phase
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Table 1
Phase composition obtained by analysis of XRD data, with overall mass percentage of boron in Fe2 B and Fe3 B.
Temperature (◦ C)

-Fe + Fe3 Si(%)

Fe2 B(%)

Fe3 B(%)

B(%)

Matte
500
550
600
700

83.99
87.99
86.26
86.98

-Fe + Fe3 Si(%)

Fe2 B(%)

Fe3 B(%)

B(%)

Shiny
8.25
8.26
9.86
13.02

7.76
3.75
3.88
–

1.20
0.96
1.11
1.15

compositions and microstructural parameters of the two sides. This
can be observed, particularly, in different behavior of the peaks
around 37◦ and 78◦ on different sides of the ribbon after thermal
treatment. The peak around 37◦ exhibits much greater increase
in intensity on shiny side than on matte, while peak around 78◦
exhibits signiﬁcant ﬂuctuations in intensity on shiny side, while
exhibiting steady increase in intensity on matte side, indicating
differences in microstructure of individual sides. The crystalline
phases that were observed on both sides, after thermal treatment, were the stable -Fe, Fe3 Si and Fe2 B, as well as metastable
Fe3 B (Table 1). Peak assignments of individual phases for the fully
crystallized alloy are given in Fig. 3. Thermal treatment at higher
temperatures caused rapid crystal growth and disappearance of
metastable Fe3 B phase. After thermal treatment at 700 ◦ C, the alloy
ribbon sample was fully crystallized and composed of interdispersed nanocrystals of three crystalline phases: -Fe, Fe3 Si and
Fe2 B.
Rietveld analysis of XRD spectra yielded phase composition of
the crystalline portion of the samples (Table 1). Individual phase
contributions of -Fe and Fe3 Si could not be completely separated,
because of the overlap of their peaks, so we have determined their
joint phase contribution. Table 1 also includes total contribution of
boron calculated from the mass content of two boron-containing
phases. The phase composition of as-prepared alloy shows that
shiny side has higher percentage of metastable Fe3 B phase, but
lower percentage of the stable Fe2 B phase. The phase content of
Fe3 B declines in two steps, with increase in heating temperature,
to disappear completely after thermal treatment at 650 ◦ C. The ﬁrst
sharp decrease in percentage of Fe3 B (550 ◦ C) coincides with an
increase in percentage of combined -Fe and Fe3 Si. After thermal
treatment at 650 ◦ C, Fe3 B phase disappears completely, and this
coincides with an increase in phase content of Fe2 B. After heating at
700 ◦ C, the ﬁnal phase composition shows that matte side contains
30% more of crystalline Fe2 B than the shiny side, indicating that the
differences in the ﬁnal phase composition are a direct consequence
of different structural inhomogeneities in the as-prepared alloy.
3.1. Surface morphology
Having already observed a signiﬁcant difference in reﬂectivity
and established a difference in microstructure between individual
sides of the ribbon, surface morphology of each side was further
investigated using SEM and the analysis of preferential crystallite orientation from XRD spectra. SEM images (Fig. 4) show the
surface on each side, which changes after thermal treatment at different temperatures. Matte side appears to have a higher degree
of roughness than shiny side. Surface changed from slight roughness in as-prepared alloy to observable granulation on both sides
after treatment at 700 ◦ C. Twin structure, involving regions of different degrees of surface granulation, present on both sides after
treatment at 700 ◦ C, is more visible on the shiny side and the grains
on the matte side are more dispersed. The shiny side shows much
clearer border between the two regions of different degrees of granulation.
Different ratios of relative intensities of individual peaks in XRD
spectra of thermally treated alloy samples, depending on the side

83.36
88.37
89.36
90.43

5.67
8.11
7.55
9.57

10.98
3.53
3.09
–

1.17
0.93
0.85
0.85

of the ribbon, create an opportunity to study the preferential orientation of crystallites of individual phases to the depth of several
microns. The analysis of crystallite orientation, based on the relative
intensities of peaks corresponding to different crystalline planes,
on the two sides of the ribbon for Fe3 Si and -Fe crystallites is presented in Fig. 5. In the as-prepared alloy, Fe3 Si and -Fe crystallites
on the shiny side are oriented preferentially parallel to (1 0 0) direction, while those on the matte side are not. This could be the reason
for the observed higher reﬂectivity of the shiny side of the ribbon.
After thermal treatment at 550 ◦ C, the degree of preferential orientation on the shiny side increases signiﬁcantly in both -Fe and
Fe3 Si phase. On the matte side, we also see an increase in preferential orientation of both phases, albeit to a much lesser degree. All of
these suggest asymmetric growth of the crystallites in this region of
temperatures. After treatment at higher temperatures, the degree
of preferential orientation on shiny side decreased, although, the
degree of orientation of Fe3 Si remained relatively high. On the
matte side, preferential orientation becomes almost non-existent.
This suggests that the crystallites were growing in a more symmetrical manner in this region of temperatures. This could be the reason
for decreased difference in texture of the surface, as observed in
SEM images (Fig. 4).
3.2. Analysis of the microstructure
In order to complement the analysis of surface morphology,
structural transformations can also be observed through changes
in the microstructural parameters of the alloy ribbon samples
after thermal treatment. Microstructural parameters (average crystal size, dislocation density and microstrain) were determined
using Rietveld analysis of XRD spectra (Table 2, Fig. 6), using
changes in positions and full-widths at half-maxima of the peaks
of individual phases. The evolution of average crystal sizes for
the respective phases shows that while there is some difference between shiny and matte side of the ribbon at the onset of
crystallization, those differences become almost negligible after
heating at 700 ◦ C. On closer examination, Fe3 Si and -Fe phases
have lower crystal sizes on the matte side, at heating temperatures of 500 ◦ C and below, and then grow faster than they do on
the shiny side. As a consequence, crystal sizes of Fe3 Si and Fe, respectively, at the end of crystallization are almost the same
on both sides of the ribbon. The evolution of average crystal size
of Fe2 B shows the same trend of smaller initial crystal size and
then faster crystal growth on the matte side, with increase in
temperature. Metastable Fe3 B phase shows the same trend with
regards to growth, except, it had a higher average crystal size
on the matte side, after the sample was treated at 500 ◦ C. After
treatment at 700 ◦ C, we observed that the average crystal size of
Fe2 B was slightly larger on the shiny side, even though its phase
content on the matte side was 30% higher. This indicates that, during crystallization, a larger number of nuclei of Fe2 B are formed
on the matte side, leading, at the end of crystallization, to larger
number of smaller crystallites. On shiny side, smaller number of
nuclei means that boron incorporated back onto -Fe/Fe3 Si. This
is supported by changes in boron content of two boron-containing
phases (Table 1), which shows that, after treatment at 600 ◦ C, boron

Fig. 5. Preferred crystallite orientation in Fe3 Si (left) and -Fe (right), normalized to respective peak ratios in the reference powder diffraction spectra.
Table 2
Microstructural parameters of the alloy samples after thermal treatment.
Temperature(◦ C)

-Fe

Fe3 Si

Fe2 B

Fe3 B

Matte
Average crystal size (nm)
25
200
450
500
550
600
700
Dislocation density (1015 m−2 )
25
200
450
500
550
600
700

26.2
24.6
19.7
26.7
32.1
38.6
44.6
4.37
4.96
7.73
4.21
2.91
2.01
1.51

–
–
–
22.3
35.4
51.6
71.9
–
–
–
6.03
2.39
1.13
0.58

–
–
–
49.3
90.6
97.7
107.5
–
–
–
1.23
0.37
0.31
0.26

–
–
–
16
46.4
56.6
–
–
–
–
11.72
1.39
0.94
–

Fe3 Si

36.9
36.5
32.9
33.1
36.4
39.0
44.9
2.2
2.25
2.77
2.74
2.26
1.97
1.49

–
–
–
35.1
45.6
52.7
67.5
–
–
–
2.43
1.44
1.08
0.66

Fig. 6. Thermally induced changes to microstrain (left) and unit cell volume (right) in Fe3 Si and -Fe phases.
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-Fe

Fe2 B

Fe3 B

Shiny

153

–
–
–
37.3
82.7
111.1
133.5
–
–
–
2.16
0.44
0.24
0.17

–
–
–
15.8
44.8
67.7
–
–
–
–
12.02
1.50
0.66
–
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content on matte side increased, while boron content on the shiny
side decreased.
Change in dislocation density (Table 2) shows that matte side
exhibited, in general, higher dislocation density in as-prepared
alloy and after thermal treatment. The differences diminished with
increase in heating temperature and, after treatment at 700 ◦ C, the
two sides of the alloy ribbon exhibited very similar dislocation densities. The maximum in dislocation density is observed, on both
sides, after annealing at 450 ◦ C. This indicates that the probable
cause of this is the onset of crystallization and nucleation of Fe3 Si
on the surface of -Fe crystals.
Microstrain in -Fe and Fe3 Si phases changes differently,
depending on the side of the ribbon (Fig. 6 left). In the as-prepared
alloy and before the onset of crystallization, microstrain of -Fe
on the matte side is higher than on the shiny side. In the early
stage of crystallization, microstrain on both sides increases during
nucleation stage of the crystallization process. After thermal treatment at higher temperatures, a difference in change in microstrain
on the two sides of the ribbon can easily be observed, in both Fe and Fe3 Si phases. On shiny side, microstrain decreases faster
with increase in heating temperature than on the matte side, after
treatment up to 600 ◦ C. After the sample was treated at 700 ◦ C,
microstrain decreased quickly on the matte side and reached similar value to the microstrain on the shiny side. Differences in -Fe are
less pronounced than in Fe3 Si, because, at the onset of crystallization, -Fe already had formed larger crystals. All of these indicate
that the growth of crystallites of both -Fe and Fe3 Si depends on
the initial microstructure of respective sides of the ribbon. Only
after the thermal treatment at 700 ◦ C, the two sides of the ribbon
became similar. The changes in microstrain can be correlated to the
decrease in preferential orientation of crystallites (Fig. 5) and the
increase in average crystal size (Table 2).
The trends observed in changes of microstructural parameters
have also been observed in change of the unit cell volume for -Fe
and Fe3 Si phases (Fig. 6 right). The change of the unit cell volume was positive for -Fe and negative for Fe3 Si phase. -Fe phase
showed somewhat different behavior on different sides of the ribbon before the onset of crystallization, but afterwards, it behaved
very similarly on both sides. Fe3 Si showed different trends in the
early stage of crystallization, but, after treatment at higher temperatures, unit cell volume of crystallites on both sides of the ribbon
decreased. The decrease was faster on shiny side, especially going
from 550 to 600 ◦ C. This indicates that thermal treatment improved
ordering of atoms in Fe3 Si lattice.
4. Conclusion
The preparation process of amorphous alloy ribbons, involving rapid quenching of the melt, had a signiﬁcant inﬂuence on
the microstructure, causing a degree of inhomogeneity, which
manifested as the differences between individual sides of the
ribbon. These were reﬂected on thermally induced structural
transformations of the alloy, resulting in different microstructural characteristics and composition of individual sides of alloy
ribbon. Detailed analysis of XRD spectra of both sides showed
that different sides of the as-prepared ribbon exhibited differences in degree of crystallinity, crystallite orientation and surface

985

morphology. Behavior of each individual side was observed after
thermal treatment at temperatures in 200–700 ◦ C range as the
amorphous alloy undergoes a series of structural transformations.
Differences in preferential crystallite orientation and surface morphology increased after thermal treatment at temperatures below
600 ◦ C and decreased after thermal treatment at higher temperatures to become negligible in the fully crystallized alloy. The
behavior after treatment below 600 ◦ C is a consequence of initial
differences in microstructure of the two sides of as-prepared alloy.
On the other hand, the difference in phase composition was the
greatest after thermal treatment at 700 ◦ C, with matte side having 30% more Fe2 B phase than the shiny side. The differences in
the fully crystallized alloy are the consequence of different number
of nucleation sites for Fe2 B on matte and shiny side, respectively,
caused by the inhomogeneity of the as-prepared alloy ribbon.
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a b s t r a c t
The kinetics of structural transformations of the Fe75 Ni2 Si8 B13 C2 amorphous alloy under non-isothermal
conditions was studied. It was shown that the amorphous alloy was stable up to 723 K, when multistep structural transformations start, involving formation of stable -Fe(Si) and Fe2 B crystalline phases,
and a metastable Fe15 Si3 B2 phase, their growth and the decomposition of the metastable phase into
the two stable phases. Peakﬁt software was used to resolve the overlapping peaks corresponding to
different crystallization steps, at different heating rates. The kinetic parameters corresponding to each of
the steps were evaluated and kinetic triplet for every single step was established (g(˛) = [−ln(1 − ˛)]1/3 ,
Ea = 375.1 ± 0.8 kJ/mol and ln A = 56.2 ± 1.0 for step 1; Ea = 341.6 ± 0.5 kJ/mol and ln A = 49.3 ± 0.5 for step
2). The effects of structural transformations on the established kinetic model were discussed in detail.

1. Introduction
Metallic glasses are kinetically and thermodynamically
metastable materials. They are usually stable at room temperature and transform to more stable crystal forms at higher
temperatures [1]. Due to their excellent soft magnetic properties,
such as high saturation magnetization, high permeability, low
coercivity and loss, these materials are used in many different
applications, such as power devices, information technology,
magnetic sensors, anti-theft security systems [2,3]. The change in
structure can lead to change in their technologically important
properties, such as the heat capacity, electrical resistivity, volume
and magnetic properties [4–7]. This can, sometimes, improve
their performance, but it can also deteriorate it, making them
suitable for single-use only. This makes it important to study
kinetics of phase transformations induced by thermal treatment
of amorphous alloys.
Our research of Fe-based amorphous alloys showed that, at high
temperatures, thermally treated amorphous alloys undergo singleor multi-step processes of structural phase transformations. The
kinetics of these processes was investigated in detail [8,9]. We
also studied the structural transformations of the Fe75 Ni2 Si8 B13 C2
amorphous alloy under non-isothermal as well as under isother-

∗ Corresponding author. Tel.: +381 11 3336 689.
E-mail addresses: dminic@ffh.bg.ac.rs, drminic@gmail.com (D.M. Minić).
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mal conditions [10]. These studies showed that the Fe75 Ni2 Si8 B13 C2
amorphous alloy was stable up to the temperature of 723 K when
multi-step structural transformations began. The primary crystallization already started at 723 K with formation of -Fe(Si) phase
in the amorphous matrix. At higher temperatures (between 780
and 800 K) we detected the presence of the boron–iron–silicon
phase (B2 Fe15 Si3 ) as well as the iron–boron (Fe2 B) phase. Above
870 K only two phases, Fe3 Si and Fe2 B, were detected. The present
paper is concerned with the study the non-isothermal mechanism
and kinetics of multi-step processes of structural transformations
of Fe75 Ni2 Si8 B13 C2 amorphous alloy in 293–1273 K temperature
range, with particular emphasis on correlation of structural transformations and the kinetic parameters.
2. Experimental procedure
2.1. Materials and techniques
The ribbon-shaped samples of Fe75 Ni2 Si8 B13 C2 amorphous alloy
(2 cm wide and 35 m thick) were obtained using the standard
procedure of rapid quenching of the melt on a rotating disc (meltspinning method).
The thermal stability of the alloy as well as its structural transformations have been investigated by the differential scanning
calorimetry (DSC) in a nitrogen atmosphere using a DSC-50 analyzer (Shimadzu, Japan). In this case, samples weighing several
milligrams were heated in the DSC cell from room temperature
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to 973 K in a stream of nitrogen with a ﬂow rate of 20 ml min−1
at different heating rates. The overlapping exo-peak was resolved
using Peakﬁt software version 4.11 [11,12]. The peak resolution was
conducted using a combination of Gaussian and Lorentzian functions. Only the ﬁtted peaks with correlation factor R2 > 0.995 were
accepted as a good ﬁt.
2.2. Solid-state kinetic analysis
All kinetic analyses of solid-state transformations are based on
a single-step kinetic equation:
d˛
= k(T )f (˛)
dt

(1)

where k(T) is the rate constant, t is the time, T is the temperature, ˛ is
the fractional extent of reaction (rate conversion), and f(˛) is a conversion function (kinetic model) which depends on the particular
reaction model.
The temperature dependence of the rate conversion is introduced by replacing k(T) with the Arrhenius equation, which gives
the relation:
d˛
E
= A exp −
RT
dt





f (˛)

(2)

where A (pre-exponential factor) and E (activation energy) are the
Arrhenius parameters and R is the gas constant.
Kinetic description of solid state transformations usually
includes a kinetic triplet, involving Arrhenius parameters (activation energy, E and pre-exponential factor, A) as well as an algebraic
expression of the conversion function, f(˛) describing the dependence of the reaction rate on the conversion degree, ˛.
In solid state reactions, the constant value of activation energy
can be expected only for a single-step reaction and E in Eq. (2)
becomes an apparent quantity (Ea ), based on a quasi-single-step
reaction. In non-isothermal measurements at constant heating rate,
ˇ, Eq. (2) transforms to:
ˇ

d˛
Ea
= A exp −
RT
dT





f (˛)

(3)

where d˛/dt ≡ ˇ(d˛/dT).
The rate conversion d˛/dt is proportional to the measured speciﬁc heat ﬂow ˚, normalized per sample mass (W g−1 ):
�
d˛
=
dt
�H

(4)

where �H corresponds to the total enthalpy change associated
with the solid-state transformations. The fractional extent of
reaction ˛ can easily be obtained by partial integration of nonisothermal thermal analysis curve.
3. Results and discussion
3.1. Thermal behavior and structural transformations induced by
thermal treatment
As-prepared Fe75 Ni2 Si8 B13 C2 alloy is stable up to a temperature of 723 K when the multi-step crystallization begins, exhibiting
overlapping crystallization peaks in DSC (Fig. 1), between 790 and
900 K, depending on the heating rate [10].
The appearance of such overlapping peaks in the process of crystallization of amorphous alloys could be provoked by several stages
of crystallization of compounds involving different constituents,
produced during a reaction, or by crystallization of compounds
involving same constituents in several different stoichiometries.
The overlapping peaks can also indicate that the nucleation and
growth of crystals take place simultaneously. In overlapping peaks,
there are intervals where the experimental data corresponds only

Fig. 1. DSC curves of alloy at different heating rates.
Fig. 2. The resolved DSC peaks for heating rates (a) 5 K min−1 and (b) 10 K min−1 .

to the summed values of multiple individual steps, rather than to
any individual step in particular. If the overlap is negligible (the second step begins as ﬁrst one is almost ﬁnished) this can be ignored,
but when the degree of overlap is signiﬁcant (in simultaneous
steps) it is necessary to resolve the complex peaks.
The resolution of the complex peaks yielded two well separated
peaks for heating rate 5 K min−1 and three for the higher heating
rates (Fig. 2).
Fig. 2a and b shows the experimental (dashed lines) and resolved
DSC curves (solid lines) at heating rates 5 and 10 K min−1 , respectively. The changes in intensities and characteristic temperatures
with the heating rate indicate that the heating rate has a signiﬁcant inﬂuence on the crystallization process. As the heating rate is
increased, the intensities of all DSC peaks increase and they shift to
higher temperatures, indicating thermal activation of the observed
steps of the crystallization process. The ratios of peak intensities
and the intervals between the peaks change with the increasing
heating rate, as the activation energies of individual crystallization
steps are different.
The overall activation energy of different crystallization steps,
as well as the pre-exponential factors under linear heating conditions were determined by the Kissinger’s, as well as the Ozawa’s
peak methods, based on the dependence of exothermic peak temperature Tp on heating rate ˇ [13,14], Table 1. When compared to
our previous study of this system, conducted using Kissinger’s and
Ozawa’s methods on unresolved peaks [10], the values obtained
for resolved peaks are slightly lower, but they are within the range
of experimental error of those data. The resolution of peaks, however, resulted in much lower experimental error, when compared
to analysis of unresolved peaks.
The high values of the apparent activation energy of crystallization of amorphous alloy indicate primarily the high complexity
of these processes, as well as the fact that a lot of atoms are
involved in an elementary step of structural reorganization. The
errors were determined as a root-square deviation multiplied on
Student’s coefﬁcient for the probability of 0.95.

temperature and a generic temperature, T, ranging between Ti and
Tf .
3.2.1. Model free approach
The model-free approach, also known as “isoconversion
method”, requires determination of the temperature T˛ at which
an equivalent stage of the reaction occurs for various heating rates.
The widely accepted procedure, giving the inﬂuence of fractional
extent of reaction, ˛, on the values of kinetic parameters, is the
Flynn–Wall–Ozawa’s (FWO) method [15,16] in the form:
ln ˇ = ln

 AE

a,˛

Rg(˛)



− 1.0518

Ea,˛
RT˛

(5)

where g(˛) is theintegral form of the conversion function f(˛), and
deﬁned as g(˛) = (d˛)/(f(˛)).
In accordance with Eq. (5), the dependence of ln ˇ on 1/T allows
us to determine apparent activation energy, even without the
knowledge of the correct conversion function. The values of the
apparent activation energies, calculated from the slope of this
dependence, and intercepts, are shown in Fig. 3 as a function of
the conversion degree. It can be observed that, for the ﬁrst two
crystallization steps, the determined apparent activation energies,
as well as intercepts of obtained dependences, are practically constant in ˛ range of 0.3–0.8 indicating a single step processes. The
continuous decrease in the dependences of the third step indicates
a complex process, which could not be considered as a single step
[17]. Accordingly, it is not possible to determine the unique kinetic
triplet for this step. The same shape of obtained dependences suggests that the apparent activation energy as well as the intercepts
depend in the same way on the fraction extent of the considered
processes.
3.2.2. Model fitting approach
Taking into account that the ﬁrst two crystallization steps can
be treated as single step processes, we used model ﬁtting method,
applying the Coats–Redfern method [18] for different forms of

conversion functions for solid state reactions, to determine the
kinetic triplets for the ﬁrst two crystallization steps. The criterion
for choosing the right conversion function was the linearity correlation factor, R2 , of dependence f(˛) = f(1/T) at different heating
rates for individual steps, Table 2.
Although all correlation coefﬁcients R2 (Table 2) are very close
to 1, the Arrhenius parameters for applied heating rates are highly
variable, exhibiting strong dependence on the selected conversion function. This means that, under non-isothermal conditions,
˛ = f(T) curves and Coats–Redfern’s method do not permit us to
determine the true kinetic parameters as well as the correct conversion function. This is due to the fact that kinetic curves contain
information about the temperature and conversion components in
non-separate form. In order to ﬁnd the true conversion functions
for ﬁrst and second step of crystallization, we have chosen the values of apparent activation energies determined using Kissinger’s
method and applied some additional criteria, such as the independence of the activation parameters on the heating rate [19], master
plot method [20] and analysis of two new functions deﬁned by
Málek [21–23].
In order to determine which of the conversion functions presented in Table 2 best corresponds to the ﬁrst and the second
crystallization step, we ﬁrst applied the criterion of the independence of activation parameters on the heating rates on the
conversion functions. According to this criterion [19], for the correct
proposed conversion function, the following should be true:
ln



ˇg(˛)
T2



= ln

 AR 
Ea

−

Ea
RT

(6)

where g(˛) is the integral form of kinetic model, deﬁned as:
g(˛) =



0

˛

ZEa
d˛
=
p(x); p(x) =
f (˛)
Rˇ



x

0

Ea
exp(−x)
dx; x =
RT
x2

Using Eq. (6) for different conversion functions, Table 2, we tested
the applicability of the criterion of the independence of acti-

3.2. Determination of kinetic triplets
In order to establish kinetic description of the crystallization
process, we applied “the model free”, as well as “the model ﬁtting”
method. The fraction extent of reaction, ˛, at any temperature, T, for
all crystallization steps was obtained as ˛ = ST /S, where S is the total
area of the exothermal curve between the temperature Ti , where
the crystallization is just beginning, and the temperature Tf , where
the crystallization is completed. ST is the area between the initial

Table 1
Kinetic parameters for the three crystallization steps determined by Kissinger and Ozawa methods.
Overall values

Ea [kJ mol−1 ]
ln A
R

Step 1

Step 2
Ozawa

Kissinger

Ozawa

375.1 ± 0.8
56.2 ± 1.0
0.999

388.7 ± 0.8
49.1 ± 0.1
0.999

341.6 ± 0.5
49.3 ± 0.5
0.999

355.4 ± 0.5
43.4 ± 0.5
0.999

������ � �
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Step 3

Kissinger
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Kissinger
330 ± 10
47 ± 12
0.972

Ozawa
344.7 ± 10
41 ± 12
0.974
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Fig. 3. Dependence of apparent activation energies Ea (a) and intercepts (b) on the conversion degree for different crystallization steps.

vation parameters on the heating rate. As a result, Fig. 4c, we
obtained satisfactory linearity only for JMA model in the form
g(˛) =[− ln(1 − ˛)]1/n where n = 3 for both steps of crystallization
occurring as single-step processes is the most satisfactory.
Further veriﬁcation of the applicability of this conversion function was conducted using Málek’s [21–23] and master plot [20]

methods. In order to apply Malek’s method, we tested our experimental data using two special functions, y(˛) and z(˛). For JMA
model, y(˛) and z(˛) functions have a convex shape, the maximum values being designated as ˛∗y and ˛∗z , respectively. For
practical reasons these functions are usually normalized within
[0,1] range. In non-isothermal conditions, these functions are

Table 2
Apparent parameters obtained by using the Coats–Redfern equation for different kinetic models at different heating rates.
Conversion
function
J

Peak 1

Peak 2

ˇ = 5 ◦ C min−1

ˇ = 10 ◦ C min−1

ˇ = 20 ◦ C min−1

ˇ = 40 ◦ C min−1

Fig. 4. Independence of activation parameters on the heating rates for different forms of JMA model, for the ﬁrst and second crystallization peak.
ln A (min−1 )

Ea (kJ mol−1 )

R2

ln A (min−1 )

Ea
(kJ mol−1 )

R2

ln A
(min−1 )

Ea
(kJ mol−1 )

R2

ln A
(min−1 )

Ea
(kJ mol−1 )

R2

P4
P3
P2
A3/2
A2
A3
A4
R1
R2
R3
D1
D2
D3
D4
F1

37.5
50.9
76.9
128.2
96.3
62.9
46.2
161.9
185.1
193.7
326.5
355.5
389.6
348.7
195.9

261.2
349.1
535.8
859.0
647.5
426.8
317.1
1085.0
1242.6
1301.7
2183.4
2379.3
2614.6
2343.2
1308.4

0.984
0.984
0.985
0.994
0.991
0.991
0.990
0.985
0.985
0.993
0.985
0.990
0.995
0.993
0.995

33.4
45.4
69.8
112.8
84.8
55.4
40.7
143.9
164.4
171.9
290.0
315.6
345.5
306.9
172.3

233.2
312.1
479.9
761.9
573.9
377.7
280.2
973.3
1114.1
1166.9
1960.2
2135.2
2345.3
2101.9
1161.3

0.986
0.986
0.987
0.990
0.990
0.990
0.990
0.987
0.994
0.996
0.987
0.992
0.996
0.994
0.990

33.9
45.7
70.7
114.6
86.3
56.6
41.8
143.6
164.2
171.7
288.7
314.4
344.5
308.3
174.6

234.5
313.9
482.7
778.8
586.7
386.1
286.5
979.0
1122.2
1176.0
1971.7
2149.7
2363.7
2117.9
1187.0

0.981
0.982
0.982
0.991
0.991
0.991
0.991
0.983
0.991
0.993
0.983
0.988
0.993
0.992
0.991

21.3
29.1
45.4
72.0
54.1
35.2
25.8
92.8
105.9
110.6
186.8
203.2
222.1
198.6
122.5

148.9
201.0
311.6
492.1
369.4
241.4
177.8
637.1
730.2
765.1
1288.1
1403.8
1542.9
1381.9
837.8

0.982
0.983
0.984
0.987
0.987
0.986
0.986
0.984
0.992
0.994
0.985
0.990
0.994
0.992
0.987

P4
P3
P2
A3/2
A2
A3
A4
R1
R2
R3
D1
D2
D3
D4
F1

39.1
53.0
82.4
132.3
99.4
65.0
47.7
168.1
192.5
201.5
339.0
369.4
405.2
362.6
202.1

275.6
368.1
564.8
899.2
678.0
447.0
332.2
1143.1
1310.6
1373.5
2299.8
2507.9
2758.3
2471.2
1369.5

0.979
0.980
0.980
0.989
0.989
0.988
0.988
0.981
0.990
0.992
0.981
0.987
0.992
0.990
0.989

32.1
43.6
67.8
109.2
82.0
53.5
39.3
138.6
158.5
165.8
279.4
304.2
333.4
298.3
166.8

227.8
305.0
469.3
749.0
564.1
371.1
275.2
952.3
1091.5
1143.8
1918.3
2091.3
2299.4
2059.9
1142.0

0.980
0.981
0.982
0.989
0.989
0.989
0.988
0.982
0.990
0.993
0.982
0.988
0.993
0.991
0.989

33.6
45.4
70.2
114.2
86.0
56.4
41.6
142.6
163.0
170.5
286.7
312.2
342.0
306.2
174.0

236.8
317.0
487.5
789.7
594.8
391.5
290.4
988.8
1133.3
1187.4
1991.6
2171.2
2386.8
2139.0
1203.6

0.982
0.983
0.983
0.992
0.992
0.992
0.991
0.984
0.992
0.994
0.984
0.989
0.994
0.994
0.992

22.3
30.4
47.3
76.0
57.1
37.2
27.3
96.6
110.1
115.0
194.4
211.3
230.9
206.6
116.0

158.4
213.6
330.9
529.2
397.4
260.0
191.7
676.0
773.8
810.5
1366.0
1487.7
1633.7
1463.8
809.0

0.987
0.988
0.988
0.991
0.991
0.990
0.990
0.989
0.995
0.996
0.989
0.993
0.997
0.995
0.991

deﬁned as follows:
y(˛) =

 d˛ 

z(˛) ≈

 d˛ 

dt

dt

exp

T2

E 
a

RT

= Af (˛)

(7)

(8)

The “ﬁngerprint” of JMA model is that the value of ˛∗z = 0.632 and
that the value of ˛∗y is always lower than the value of ˛∗z , under the
assumption that the crystal growth occurs only after the nucleation
has been ﬁnished.
The convex shape of the obtained normalized functions y(˛) and
z(˛) (Fig. 5), and their independence on the heating rate ˇ, show
that the proposed conversion function is correct for both crystallization peaks. Both functions exhibit well deﬁned maxima located
at an exactly deﬁned values of ˛. However, the values of ˛∗z are not
0.632, but 0.5, and the values of ˛∗y are higher, at 0.6, instead of
lower than the values of ˛∗z . As JMA model [24,25] can be applied
to non-isothermal conditions only under the assumption that the
nucleation is completed before the further crystalline growth, the
deviation from the model exhibited in our system indicates that
this condition is not met. However, the correct shape of the curves
indicates that JMA model approximates the reaction mechanism to
a very good degree.

d˛/dt
f (˛)
exp(Ea /RT )
=
(d˛/dt)˛=0.5 exp(Ea /RT0.5 )
f (0.5)

159

(9)

where f(0.5) is constant for the selected conversion function.
Eq. (9) means that, for selected ˛, the experimentally
determined value of the reduced-generalized reaction rate in
the form ((d˛/dt)/(d˛/dt˛=0.5 ))(exp(E/RT)/exp(E/RT0.5 )) and theoretically calculated value of f(˛)/f(0.5) are equal when the
correct conversion function, f(˛), is applied. Fig. 6 shows theoretical master plots of f(˛)/f(0.5) versus ˛, using selected
f(˛) functions listed in Table 2, together with experimental
plots ((d˛/dt)/(d˛/dt˛=0.5 ))(exp(E/RT)/exp(E/RT0.5 )) for crystallization steps 1 and 2.
The best agreement of the theoretical master curves with
the experimental master curves was achieved using g(˛) =
[−ln(1 − ˛)]1/n , where n = 3. The model is a very good approximation for the parts of the curves corresponding to lower ˛, while
parts of the curves corresponding to higher ˛ show a discrepancy
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Having determined the values of apparent activation energies
and the conversion functions for crystallization steps 1 and 2, the
experimental data were reconstructed numerically by applying the
“master plot” method [20]. According to this method, for a singlestep process, the following equation is easily derived from Eq. (2),
using a reference point at ˛ = 0.5:
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Fig. 5. The normalized functions y(˛) and z(˛) for peaks 1 and 2.

with the experimental curves. This indicates that, while the model
seems to be perfectly valid for the initial part of the reaction, the
conditions of the reaction change half-way in such a way that the
JMA model is no longer a good description.
3.3. Correlation of established kinetic triplets and structural
transformations
Considering the results presented above, we investigated the
possible reasons for the deviation of the experimental curves from

Fig. 6. Theoretical (lines) and calculated (symbols) master curves in differential
form representing f(˛)/f(0.5) as a function of ˛ for different JMA conversion functions
labeled An (n = 3/2 to 4).

the theoretical model in the second part of the reaction in detailed
correlation of the structural transformations with the conditions
inherent in the application of JMA model. The system ﬁts the
model well in the ﬁrst half of the reaction, indicating that primary
nucleation is completed before the start of the crystal growth. If
nucleation is the cause of this deviation from JMA model, then it
must be secondary nucleation, starting at the point in the reaction
where the system begins to deviate from the model. This secondary
nucleation would proceed in parallel with crystal growth, invalidating the necessary condition for successful application of JMA
model. The validity of the JMA equation can be extended to nonisothermal conditions if the entire nucleation process takes place
during the early stages of the transformation and becomes negligible afterwards [26,27].
According to our results [10], the ﬁrst two peaks in DSC correspond to the formation of stable crystal phases -Fe(Si) and Fe2 B,
while the third could be attributed to recrystallization of these
phases and further growth of crystallites. Using this data, we can
elucidate the following sequence of crystallization: ﬁrst to crystallize is -Fe(Si) phase, followed by B2 Fe15 Si3 and Fe2 B phase. In
addition, metastable B2 Fe15 Si3 phase subsequently decomposes to
yield the two stable crystalline phases, -Fe(Si) and Fe2 B.
The ﬁrst peak in the DSC curve would correspond to formation
of crystalline -Fe(Si) in the amorphous matrix, since it is the ﬁrst
to be observed in the XRD spectra (after heating at 723 K). The crystal structure of -Fe(Si) can accommodate for some of the boron,
which destabilizes its lattice and acts as an inhibitor to the crystallization process, causing this reaction to have the highest activation
energy and the lowest reaction rate (Table 1). B2 Fe15 Si3 stoichiometrically corresponds to 2×Fe3 B plus 3×Fe3 Si, and contains only
2.29 mass% of boron, compared to 13% in the as-prepared alloy, but
8.9 mass% of Si, compared to 8% in the as-prepared alloy. All this
indicates that B2 Fe15 Si3 would probably form around the clusters
of short-range crystalline ordering, as those regions probably con-
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tain the least amount of amorphizing boron. If this is the case, then
its enthalpy of formation would be very low, making it very hard
to notice in DSC (Fig. 1).
The second peak in DSC would correspond to crystallization of
Fe2 B. This phase contains around 8.8 mass% of boron, compared
to 13% in the as-prepared alloy. The formation of this crystalline
phase would increase the concentration of boron in the amorphous
matrix, making the nucleation of Fe2 B in the amorphous matrix
less favorable, meaning that it probably initially occurs through
decomposition of the metastable B2 Fe15 Si3 phase. The stoichiometry of B2 Fe15 Si3 phase indicates that it would probably decompose
to Fe3 Si and Fe3 B, where Fe3 B could then easily be converted to
Fe2 B by the excess boron in the amorphous matrix. This reaction
would have lower activation energy (Table 1), as it would decrease
the amount of boron in the surrounding amorphous matrix, and it
would create two types of nuclei: one for Fe2 B phase and the other,
through Fe3 Si, for -Fe(Si) phase, providing a source of secondary
nucleation for -Fe(Si).
The third peak in the DSC, which could not be described as a
single step process, would correspond to the processes of recrystallization and growth which are observed after the samples have
been heated at higher temperatures, as -Fe(Si) phase gradually
gives way to Fe2 B. In this process, Fe2 B nucleates in -Fe(Si) crystalline matrix, which is probably caused by segregation of boron
and Si in -Fe(Si), where Si-poor regions would allow for nucleation of Fe2 B. This process, as shown by a step-like growth of Fe2 B
phase content in XRD spectra, is probably highly dependent on the
local composition and lattice structure and the nucleation would
happen gradually as favorable conditions are met in any particular
area of the sample. This would explain the lowest activation energy
of the process (Table 2) and its unusual dynamics (Fig. 5), as nucleation and crystal growth would occur continuously and in parallel,
rather than separately and consecutively. In addition, this process
would provide secondary nucleation sites for further crystallization
of Fe2 B phase. The secondary nucleation for both phases would
proceed in parallel with the crystal growth that occurs after the
primary nucleation and would invalidate the condition for validity of JMA equation in non-isothermal systems. This would explain
the good agreement of the experimental curves with theoretical
JMA curves in the ﬁrst part of the reaction and their subsequent
divergence, as the latter part would correspond to the region of
secondary nucleation (Fig. 6).
4. Conclusions
Amorphous Fe75 Ni2 Si8 B13 C2 alloy undergoes multi-step structural transformations, after annealing in 790–860 K temperature
range, exhibiting two asymmetric overlapping exo-maximums
in DSC, which were resolved. With the increase in the heating
rate, the positions of these peaks shifted to higher temperatures. The process of phase transformation involves formation of
stable iron-silicon (-Fe(Si)) and iron–boron (Fe2 B) phases, and
metastable iron–silicon–boron (B2 Fe15 Si3 ). The primary crystallization starts with formation of -Fe(Si) phase in the amorphous
matrix, followed by metastable B2 Fe15 Si3 and the iron–boron
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(Fe2 B) phase at temperatures above 780 K. The asymmetric
peaks were resolved giving three well-formed peaks corresponding to different steps of the phase transformation. The
kinetic parameters corresponding to each step were evaluated and kinetic triplets for the ﬁrst two crystallization steps
were determined, yielding the conversion function in the form
g(˛) = [−ln(1 − ˛)]1/3 , Ea = 375.1 ± 0.8 kJ/mol and ln A = 56.2 ± 1.0 for
step 1; Ea = 341.6 ± 0.5 kJ/mol and ln A = 49.3 ± 0.5 for step 2 of
structural transformation of the alloy. This established kinetic
model was conﬁrmed by application of independence of activation
parameters on the heating rates criterion and master plot method,
using the established kinetic triplets. We have established that the
divergence between experimental and theoretical JMA curves is the
result of secondary nucleation processes for both stable crystalline
phases, which occurs in parallel with crystal growth. In addition,
the complexity of continuous process of crystal growth and nucleation of Fe2 B phase out of -Fe(Si) matrix, which corresponds to
step 3 of the structural transformation of the alloy, makes it impossible to describe as a single step process and, in consequence, to
determine its kinetic triplet.
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b

article inf o

a b s t r a c t

Article history:
Received 3 July 2010
Received in revised form
21 September 2010

Thermal stability and crystallization of the Fe81B12Si4C2 alloy were investigated in the temperature
range 25–700 1C by the XRD and Mössbauer analysis. It was shown that on heating the as-prepared
amorphous Fe81B12Si4C2 alloy undergoes thermal stabilization through a series of structural
transformations involving the process of stress-relieving (temperature range 200–400 1C), followed
by a loss of ferromagnetic properties (Curie temperature at 420 1C) and ﬁnally crystallization
(temperature range 450–530 1C). The process of crystallization begins by formation of two crystal
phases: Fe3B and subsequently Fe2B, as well as a solid solution a-Fe(Si). With increase in annealing
temperature, the completely crystallized alloy involved only two phases, Fe2B and solid solution
a-Fe(Si).
XRD patterns established a difference in phase composition and size of the formed crystallites
during crystallization depending on the side (ﬁshy or shiny) of the ribbon. The ﬁrst nuclei of the phase
a-Fe3Si were found on the shiny side by XRD after heat treatment even at 200 1C but the same phase on
the ﬁshy side of ribbon was noticed after heat treatment at 450 1C. The largest difference between the
contact and free surface was found for the Fe2B phase crystallized by heating at 700 1C, showing the
largest size of crystallites of about 130 nm at 700 1C on the free (shiny) surface.

Keywords:
Amorphous material
Metallic glass
Metal and alloy
Phase transition
Thermal analysis
Mössbauer spectrum
X-ray diffraction

1. Introduction
Amorphous alloys are materials obtained by rapid quenching of
the melt at a cooling rate of about 105–106 K s � 1 in conditions
where crystallization is suppressed [1]. The soft magnetic
amorphous alloys are based on the ferromagnetic elements Fe, Co
and Ni, containing the glass forming elements Si, B, C and P. The
most stable amorphous alloys contain about 80 at% of transition
metals (ferromagnetic component) and about 20 at% of metalloid
elements (glass forming component) [2]. From a practical point of
view, these materials, compared with the crystalline materials,
possess a series of advantages, such as magneto-crystalline
isotropy, high magnetic softness combined with high mechanical
hardness, high mechanical strength, low ribbon thickness and high
electrical resistivity, providing excellent soft magnetic material
properties for high frequency applications involving very low
losses [3–9]. The amorphous alloys are metastable materials and
elevated temperature as well as prolonged performance could
induce the process of change in their microstructure [10]. The new
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formed microstructure involves nanocrystals about 10 nm in size
embedded in an amorphous matrix possessing soft magnetic
properties superior to the amorphous and conventional
crystalline magnetic alloys of the same composition [8,11].
However, crystallization of amorphous alloys can provoke the
formation of a number of metastable crystalline phases as well as
deterioration of their advanced properties, making them effective
for only a single use [9,12,13].
Therefore, knowledge of thermal stability, pressure effects,
surface effects, microstructure, kinetics of crystallization, as well
as composition effects is of great interest for technological
applications of amorphous and nanostructured materials [3].
In our previous papers [14–16], research of isothermal and
non-isothermal crystallization behavior, and kinetics and
mechanism of crystallization of a-Fe from the Fe81B13Si4C2
amorphous ribbon produced by melt-spinning were reported.
Based on the results of DSC and X-ray diffraction analysis (XRD),
and on the calculated crystallization parameters (m¼3; s¼1), we
concluded that primary crystallization of the a-Fe phase in an
amorphous matrix occurs through bulk nucleation and threedimensional growth of nuclei growing at a constant rate [14]. It
was established that the kinetic parameters of transformation did
not change with degree of crystallization a in the range 0.1–0.7.
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Also, it was established that primary crystallization of the a-Fe
phase from an amorphous alloy cannot be described by the
Johnson–Mehl–Avrami (JMA) model, which is usually used for the
description of crystallization involving a stage of nucleation, as
well as a stage of growth of nuclei. Rather it can be described by
the Šesták–Berggren autocatalytic model with the kinetic triplet
Ea ¼349.4.0 kJ mol � 1, ln A¼50.76 and f(a)¼ a0.72(1� a)1.02 [15].
By correlation of data of the DSC analysis and X-ray diffraction
techniques with measurements of electric and magnetic
properties very sensitive to structural changes we investigated
why the conditions for validity of the JMA model are not fulﬁlled.
It was found that a complex crystallization process involved at
least two overlapping steps, which appeared as one sharp slightly
asymmetrical crystallization peak on the DSC curve [16]. That
could mean that the entire nucleation process did not take place
during the early stage of the transformation and became
negligible afterward. In this case, the crystallization rate is not
deﬁned just by temperature but also depends on previous thermal
history of the alloy. That could mean that the process of
crystallization is complex, involving crystallization of more than
one phases occurring almost at the same time. Therefore, for
better understanding of the process of crystallization of the
Fe81B13Si4C2 amorphous alloy in this paper we have correlated the
Mössbauer spectra with thermal and XRD analysis of both (shiny
and ﬁshy) sides of the amorphous ribbon.

parameter Rwp, goodness of ﬁt (GOF) and the Durbin–Watson
factor.

3. Results and discussion
The thermal stability alloy was investigated by thermal
analysis using differential scanning calorimetry (DSC). Fig. 1
shows the continuous DSC curve obtained during heating at
heating rate b ¼ 30 K min � 1.
This DSC curve involves series of endo- and exo-peaks in the
temperature range 200–560 1C corresponding to a stepwise
process of thermal stabilization of alloy. The broad, poorly formed
peaks in the temperature range 200–400 1C, corresponding to the
stress-relieving transformation at the temperatures, are followed
by an endothermic hump at 420 1C corresponding to the Curie
temperature and a short super-cooled liquid region, and a sharp
exothermic crystallization peak at 539.8 1C. The enthalpy of
crystallization was found to be 87.25 J/g.
The appearance of the thermomagnetic curve (Fig. 2) reﬂects
changes in the material magnetic moment. It is sensitive to

2. Experimental procedure
The ribbon shaped samples of the Fe81B13Si4C2 amorphous
alloy were obtained using the standard procedure of rapid
quenching of the melt on a rotating disc (melt-spinning). The
obtained ribbon was 2 cm wide and 35 mm thick.
The thermal stability of amorphous alloy was investigated by
differential scanning calorimetry (DSC) in a nitrogen atmosphere
using SHIMADZU DSC-50 analyzer. In this case, a sample weighing
several milligrams was heated in a DSC cell from room
temperature to 650 1C in a stream of nitrogen with nitrogen
ﬂow rate of 20 ml min � 1 and at the heating rate of 30 1C min � 1.
The temperature induced processes were studied also using a
thermomagnetic scan, where the sample is heated, annealed and
then cooled in a vacuum furnace at a low magnetic ﬁeld of
4 kA m � 1 and its magnetic moment is monitored. Both heating and
cooling rates were 4 K min � 1, and the dwell time at the maximum
temperature of 800 1C was 30 min. These results were used to
determine temperatures suitable for intermediate subsequent
annealing followed by Mössbauer and X-ray measurements.
Mössbauer spectra were taken in the standard transmission
geometry using a 57Co(Rh) source at room temperature. Calibration was done against the a-Fe foil data. For spectra ﬁtting and
decomposition, the ‘‘CONFIT’’ program package was used [17].
The X-ray diffraction (XRD) patterns were recorded on an
X’Pert PRO MPD diffractometer from PANalytical with CoKa
radiation operated at 40 kV and 30 mA. For routine characterization diffraction data was collected in the range of 2y Bragg angles
(15–1351, step 0.0081). All XRD measurements were done with
solid samples in the form of a ribbon at ambient temperature. For
the qualitative determination of phase composition of the
crystallized alloy samples the JCPDS-PDF database was used. For
a quantitative analysis and determination of crystallite size the
TOPAS V3 general proﬁle and structure analysis software for
powder diffraction data was used (Bruker AXS, general proﬁle and
structure analysis software for powder diffraction data, Karlsruhe,
2005). This software enables full handling of the instrument
geometry and the instrument proﬁle parameters [18]. The quality
of reﬁnement progress was controlled by monitoring the ﬁt

Fig. 1. DSC curve of the as-prepared alloy at a heating rate of 30 1C min � 1.

Fig. 2. Thermomagnetic curves for increasing (dotted line) and decreasing
(dashed line) temperatures; vertical arrows show the annealing temperatures
for Mössbauer and XRD measurements.
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changes in atomic magnetic characteristics caused by phase or
structural transitions. The most pronounced change represents the
Curie point (Tc ¼420 1C), where magnetization of the appropriate
phase drops to almost zero, because the magnetic interaction
cannot resist thermal motion any more. The difference between
branches for rising and sinking temperatures demonstrates the
irreversibility of the whole thermal process. Annealing destroys
phases of the as-prepared material while during cooling new and
different structures are generated (see below), being characterized
by different critical temperatures. Annealing at the temperature
near 200 1C is sometimes called stress-relieving and usually
enhances properties of the amorphous material. The following
sequence of temperatures helps us to understand the process of
crystallization and constitution of its products.
The amorphous ribbon in the as-prepared state was also
repeatedly vacuum-annealed for 30 min at temperatures marked
on the graph with thermomagnetic curves (Fig. 2). In our further
investigations, the indicated temperatures of 200, 400, 450, 500,
550, 600 and 700 1C were chosen to examine main features of the
thermal process.
In Fig. 3, the spectra illustrate the capability through the
Mössbauer effect in distinguishing between individual iron
containing phases differing in their structure. Broad-line
components are typical for the amorphous volume of the asprepared sample, while the sharp lines characterize the
crystalline structure with well deﬁned position of atoms. This
results from the thermally induced crystallization process during
annealing of the sample. Computer processing of Mössbauer
spectra (Fig. 3) yielded intensities I of components, their hyperﬁne
inductions Bhf, isomer shifts d and quadrupole splitting s [19].
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The contents of the iron containing phases are given to be
proportional to the relative areas of the corresponding spectral
components (Table 1). However, the exact quantiﬁcation of the
phase contents could be done only when possible differences in
values of the Lamb–Mössbauer factors were considered.
The tentative phase analysis showing the quantitative
behavior of the crystallization process (Table 1) is based
predominantly on Mössbauer results (Fig. 3). In the as-prepared
state there is the amorphous structure having a high-ﬁeld and a
low-ﬁeld component accompanied by a small amount of a-Fe(Si)
solid solution and a FeB phase. Moving along the temperature
axis, according to the sequence of XRD measurements, the
optimum amorphous structure is really near 200 1C, although
the Mössbauer spectroscopy shows an appearance of a small
amount of a-iron containing an intermediate phase of the
crystallization process at this temperature. Mössbauer phase
analysis reveals the a-Fe(Si) solid solution and the Fe2B phase to
be the most important ﬁnal crystallization products. The amount
of iron atoms in paramagnetic positions is almost below the
sensitivity threshold. Besides a-iron, the next distinctive
intermediate phase is Fe3B, detected initially at 450 1C and
predominantly at 500 1C. The content of silicon in the a-Fe(Si)
solid solution seems to be about 9 at%, which is not far from the
value of 7 at% published in Ref. [20].
The simple qualitative data gained from XRD diffractograms
(Fig. 4) was very useful, and mutual consistency of Mössbauer and
XRD measurements was essential. The XRD patterns were able to
show the difference between the shiny (free) and lusterless ﬁshy
(contact) surfaces of the ribbon. The known fact that the free
(shiny) surface has stronger tendency to crystallize because of its

403

Fig. 4. XRD spectra of the contact (left) and free surface (right). Scaling of intensity axis is the same for both graphs.

phases. The highest value of about 130 nm at 700 1C is exhibited
by the Fe2B phase on the free (shiny) surface. For this phase and
this temperature, the largest difference between contact and free
surface can also be observed.

4. Conclusion

Fig. 5. Growth of crystallite size with temperature determined by line proﬁle
analysis.

Fig. 3. Mössbauer spectra of the as-prepared material (left) and of the material after ﬁnal annealing at 700 1C (right), including components of iron containing phases.
LF and HF denote low- and high-ﬁeld components of distributed spectra gained from the amorphous phase, respectively.

Table 1
Mössbauer tentative phase analysis (distribution of Mössbauer iron atoms among phases).
Annealing temperature
(1C/30 min)

Amorphous

a-Fe(Si)

Fe2B

Fe3B

FeB

a-Fe

Fe para

As-prepared alloy
200
450
500
550
600
700

0.95
0.94
0.83
–
–
–
–

0.03
0.02
0.14
0.42
0.52
0.54
0.55

–
–
–
0.42
0.47
0.45
0.44

–
–
0.03
0.15
–
–
–

0.02
0.02
–
–
–
–
–

–
0.02
–
–
–
–
–

–
–
–
0.01
0.01
0.01
0.01

slightly slower cooling rate is evident in the results, and the
narrow temperature range of formation of two different phases in
similar amounts can be recognized.
The XRD measurement determined the difference in phase
composition during crystallization depending on the side (ﬁshy or
shiny) of the ribbon (Fig. 4). The ﬁrst nucleated phase, a-Fe3Si,
was found on the shiny side by XRD after heat treatment at 200 1C
(Fig. 5). The same phase on the ﬁshy side of ribbon was detected
after the next step of crystallization (at 450 1C). The slower
crystallization of this phase on the ﬁshy side is in agreement with
the mean coherent length, which is one-half the size at
temperatures up to 600 1C.
The mean coherent length (sometimes called crystalline size),
as derived from the Rietveld calculation, markedly increases
between the annealing steps at 500 and 700 1C for all important
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XRD pattern and Mössbauer tentative phase analysis revealed
the amorphous state of the as-prepared alloy. Heating the
as-prepared amorphous Fe81B12Si4C2 alloy causes it to undergo
the processes of stabilization through a series of structural
transformations involving the process of stress-relieving (temperature range of 200–400 1C) followed by loss of ferromagnetic
properties at the Curie temperature (420 1C), and ﬁnally the
process of crystallization (temperature range of 450–530 1C). The
process of crystallization for the alloy annealed at 500 1C involves
the formation of two crystal phases: Fe3B (15%) and, originating
from it, Fe2B (42%) as well as a solid solution a-Fe(Si) (42%). With
increase in annealing temperature, the less stable Fe3B phase
disappeared, giving rise to the formation of a-Fe(Si), so the
completely crystallized alloy involves only two phases, Fe2B (44%)
and the solid solution a-Fe(Si) (55%). The percentage of phase is
taken from the relative areas of the corresponding Mössbauer
spectral components.
XRD patterns established the difference in phase composition
during crystallization depending on the side (ﬁshy or shiny) of the
ribbon. The ﬁrst nucleated phase, a-Fe3Si, was found on the shiny
side by XRD after heat treatment at 200 1C, but the same phase on
the ﬁshy side of the ribbon was detected only after heat treatment
at 450 1C. The slower crystallization of this phase on the ﬁshy side
is in agreement with one-half the size of the mean coherent
length at temperatures up to 600 1C. The largest difference
between the contact and free surface was found for the Fe2B
phase crystallized by heating at 700 1C, exhibiting the largest size
of crystallites of about 130 nm at 700 1C on the free (shiny)
surface.
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[17] T. Žák, Mössbauer Spectroscopy in Material Science, in: M. Miglierini,
D. Petridis (Eds.), NATO Science Series, Kluwer, Dordrecht1999, p. 385.
[18] A.X.S. Bruker, TOPAS V3: general proﬁle and structure analysis software for
powder diffraction data, Karlsruhe, 2005.
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DSC and thermomagnetic measurements of Fe75Ni2Si8B13C2 amorphous alloy investigated in 298e973 K
temperature range show that alloy remains amorphous up to around 773 K, when it undergoes multistep structural transformation. As thermomagnetic measurements provided more complete information, the alloy ribbon was successively annealed at temperatures chosen on the basis of these
measurements and its microstructure was investigated after each annealing cycle using X-ray diffraction
and SEM. XRD and microstructural analysis of the as-prepared and the annealed sample showed there is
no difference between shiny and matte side of the ribbon. Two stable, a-Fe(Si) and Fe2B, and one
metastable, Fe3B, crystalline phases were identiﬁed after annealing. Microstructural analysis showed that
Fe3B probably acts as an intermediate in the formation of Fe2B, which formed later than the other two
phases. Si and B in the alloy show a tendency to separate into different phases, exhibiting complementary ﬂuctuations in concentration in chemical depth proﬁle. Analysis of microstructure, combined
with chemical composition, showed that after the ﬁnal annealing at 973 K, alloy ribbon is composed of
interdispersed nanocrystals of a-Fe(Si) and Fe2B less than 90 nm in size, with no observable larger
domains of either phase.

Keywords:
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F. Diffraction
F. Microscopy

1. Introduction
Iron-based amorphous alloys have attracted considerable
scientiﬁc interest in recent times, because of their favorable physical properties. Their good soft magnetic properties are mainly
determined by magneto-elastic and annealing-induced anisotropies [1], and they are also characterized by good mechanical
properties, high electrical resistivity and high corrosion resistance
[2]. Addition of metalloid amorphizers like B, Si, P or C and the
substitution of Fe by Co or Ni (or a mixture of both) enhance their
glass forming ability [3,4], while elevated temperature or prolonged performance could induce a transformation into a crystalline state, which could lead to a loss of their advantageous physical
properties [5], limiting them to single-use applications. On the
other hand, the magnetic properties of amorphous Fe-based alloys
can improve signiﬁcantly after crystallization, if nanocrystalline
phases are formed [6,7], producing functional materials with

* Corresponding author. Tel.: þ381 11 3336 689.
E-mail address: dminic@ffh.bg.ac.rs (D.M. Mini�
c).
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targeted properties. Commercial soft magnetic nanocrystalline
materials have recently been successfully obtained by crystallization of amorphous precursors [8]. These materials are characterized
by a microstructure of nanocrystals embedded into an amorphous
matrix, exhibiting superior soft magnetic and mechanical properties to both amorphous and macro-crystalline magnetic alloys. This
has led to extensive study of their thermal stability, magnetic and
electrical properties [9e11]. A theoretical investigation of nanoscale phase separation in amorphous FeeB alloys indicates that, in
amorphous Fe-based alloys (Fe80B20 and Fe83B17), Fe-pure regions
are formed in parallel with Fe-rich regions (which contain around
9% B) and B-rich regions [12]. Recently conducted ab initio molecular dynamics simulations [13] of liquid and amorphous Fe78Si9B13
alloys showed that FeeSi bonding should be stronger than FeeB
bonding and there should be no bonding states in SieB pairs. Si
and B tend to repulse each other, and the preferred state of each of
them is the one where they are surrounded with Fe-atoms. This
means that a-Fe(Si) solid solution-like structure should nucleate
more easily from the amorphous matrix than FeeB type of crystal
and act as a primary precipitate during the crystallization process of
FeeSieB based amorphous alloys.
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As a part of a multidisciplinary study of microstructural and
functional properties of amorphous alloys and their dependence on
thermal treatment, our study of thermally induced structural
transformations of Fe75Ni2Si8B13C2 amorphous alloy [14] showed
signiﬁcant effects on the electrical and magnetic properties of the
alloy [15]. The crystallized alloy exhibited lower electrical resistivity and better magnetic susceptibility than the amorphous alloy.
The study of kinetics of crystallization showed that the crystallization process of the alloy is a complex one, involving three distinct
steps, which were separated and evaluated individually [16]. Here
we investigated possible differences between two sides of the alloy
ribbon, followed by a study of its microstructure and chemical
composition after successive annealing cycles.
2. Experimental procedure
Fe75Ni2Si8B13C2 amorphous alloy was prepared in form of
a ribbon, 2 cm wide and 35 mm thick, using the standard procedure
of rapid quenching of a melt on a rotating disc (melt spinning
method). The thermal stability of the alloy had been investigated by
the differential scanning calorimetry (DSC) in a nitrogen atmosphere using a DSC-50 analyzer (Shimadzu, Japan). In this case,
sample weighing several milligrams was heated in the DSC cell
from room temperature to 823 K in a stream of nitrogen with
a ﬂowing rate of 20 ml min1 at a heating rate of 5 K min1.
Thermomagnetic scan was used to study temperature-induced
processes. The experiment was localized on the EG&G Vibrating
Sample Magnetometer in an evacuated furnace. In this process the
sample is heated, annealed and ﬁnally cooled in a vacuum furnace
at weak magnetic ﬁeld of 4 kA m1 while its magnetic moment was
monitored. Both heating and cooling rates were 4 K min1 with the
dwell time of 30 min at the maximum temperature of 1073 K. The
obtained results were used to determine temperatures suitable for
intermediate subsequent annealing followed by X-ray diffraction
(XRD) measurements (473, 673, 698, 748, 823, 873, and 973 K).
XRD patterns were recorded on an X’Pert Pro MPD diffractometer from PANalytical with Co Ka radiation operated at 40 kV and
30 mA. For the routine characterization diffraction data was
collected in the range of 2q Bragg angles (15e135� , step 0.08� ). All
XRD measurements were done on solid samples in the form of
a ribbon at room temperature. The qualitative analysis of the XRD
patterns was performed with the X’Pert High Score Plus software
and PDF-2 database [17,18]. For the quantitative analysis the ICSD
database was used and the Rietveld reﬁnement yielded the weight
fraction F (wt%) and the mean crystallite size dXRD (nm) for an
identiﬁed phase [19]. Microstrain (3 ) was calculated using
WilliamsoneHall method [20].
The surface morphology of the annealed sample was observed
using the scanning electron microscope (SEM) Lyra 3 XMU TESCAN.
Chemical homogeneity and composition were examined using JEOL
JSM 6460 SEM with an Oxford Instruments INCA Energy analyzer or
using Mira 3 TESCAN SEM equipped with a Bruker Company
QUANTAX energy-dispersive X-ray analyzer (EDX) with Xﬂash
detector. Energy resolution was 123 eV or better. Ion beam trimming introduces carbon contamination; therefore, results for
carbon were omitted from elemental analysis of alloy sample crosssection.

which it undergoes multi-step crystallization process, which
manifests itself in two clearly observable overlapping peaks. At the
heating rate of 5 K min1, peak maxima were Tk1 ¼ 802 K and
Tk2 ¼ 817 K.
Thermomagnetic measurements provide additional information, in addition to crystallization, on different structural transformations that the alloy undergoes during thermal treatment in
298e1073 K temperature range. All structural transformations
occurring in this temperature range provoke changes in the
material’s magnetic moment, represented by a series of the sharp
rises and drops on the thermomagnetic curve. In order to better
analyze this, thermomagnetic curve is shown in derivative form
(Fig. 1). The annealing at the temperature near 473 K usually
slightly enhances properties of the amorphous material through
stress-relieving processes [21], which can be difﬁcult to observe
using DSC and thermomagnetic measurements. The most
pronounced change in magnetic moment represents the Curie
point (Tc ¼ 698 K), the temperature where the magnetization of
appropriate phase falls almost to zero because the magnetic
interaction cannot resist thermal motion any more. In the region of
crystallization, above 773 K, thermomagnetic curve correlates well
with DSC data. The crystallization of the alloy is marked by the
increase in the magnetic moment of the alloy in step-wise manner,
with Tk1 ¼ 801 K and Tk2 ¼ 809 K, at heating rate 4 K min1. A group
of small peaks in 900e960 K range corresponds to Curie temperatures of nanocrystals of a-Fe(Si) and Fe2B phases (see thermomagnetic curve, Fig. 1 inset). Individual peaks in the group probably
correspond to Curie temperatures of nanocrystals of different sizes
[22]. The ﬁnal small peak around 1000 K corresponds to phase
transition in a-Fe(Si) and transformation of a-Fe(Si) to Fe2B [23].
The temperatures marked by arrows on thermomagnetic curve are
chosen for further study using XRD, in order to better understand
structural transformations as well as the constitution of its
products.
3.2. Effect of annealing on microstructure
During the preparation process of the amorphous alloy ribbon,
one of the sides is in direct contact with the cooled rotating disc
(ﬁshy or matte side), while the free side is in inert atmosphere
(shiny side). As a result, free surface experiences slightly slower
cooling rate which might result in a difference in properties,
depending on the heating temperature [24,25]. The consequence is
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that the two sides of the ribbon show an easily observable difference in reﬂectivity. In order to determine whether there is a structural difference between the two sides of the alloy ribbon, we have
investigated both sides.
X-ray diffractograms (Fig. 2) of both sides of the alloy ribbon
illustrate the microstructure and its evolution after successive
annealing cycles at different temperatures, including indexing for
the observed phases. Comparison of these spectra indicates that
there is no signiﬁcant difference between the two sides of the alloy
ribbon in both, the number and position of the peaks, as well as
their relative intensities. As expected, microstructural analysis of
both sides of the ribbon, based on these spectra, also indicates that
there is no signiﬁcant difference between them, both in the asprepared alloy and during annealing. Therefore, only one set of
microstructural data (for shiny side) is presented here, and the
results of the quantitative XRD analysis for the alloy at different
stages of thermal treatment are presented in Table 1.
As-prepared alloy exhibits broad peaks around 52� and 100� ,
corresponding to domains of short-range crystalline ordering.
Using Rietveld reﬁnement and DebyeeScherrer equation, we estimated their size to be 1.3e1.5 nm in the sample of as-prepared alloy
and samples annealed at temperatures of up to 698 K. Crystallization is observed after annealing at 748 K, with formation of a-Fe(Si)
and Fe3B crystalline phases. After annealing at 823 K, Fe2B crystalline phase is observed, too. For the ﬁtting of the diffractograms of
the alloy annealed at temperature of 748 K and above, the a-Fe(Si),
Fe3B and Fe2B phases were used. The XRD lines of tetragonal Fe3B
(PDF
#33-644,
space
group
I-4,
lattice
parameters:
a ¼ b ¼ 0.863 nm, c ¼ 0.429 nm) were identiﬁed in the XRD pattern
of the samples annealed at 748 and 773 K only. Because no entry
was available for Fe3B compound in the ICSD database, the ICSD
#43365 for Fe3P (space group I-4, lattice parameters:
a ¼ b ¼ 0.9107 nm, c ¼ 0.446 nm) was modiﬁed so as to obtain the
ICSD ﬁle for the tetragonal Fe3B. This ﬁle was then used for the
Rietveld reﬁnement procedure.
a-Fe(Si) phase was the most abundant crystalline phase, with
the phase content of over 70 mass% of crystalline phases at every
annealing temperature above crystallization point. Gradual
decrease of dislocation density (r) and microstrain (3 ) of a-Fe(Si)
phase (Table 2) with increase in annealing temperature indicates
that it grows in a relatively continuous manner during annealing at
successively higher temperatures. This is also reﬂected in the
gradual increase of its average crystal size (Table 1). Based on
Rietveld reﬁnement, the alloy remained nanostructured even after
annealing at 973 K. The ﬁtted lattice parameter value of 0.2851 nm
for a-Fe(Si) indicates that it contained about 10 at% Si [26].
Two boron containing phases exhibit very different evolution of
microstructural parameters (Table 2). Fe3B exhibited relatively high
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Table 1
XRD phase analysis (phase content F in wt%, average crystal size dXRD in nm).
Annealing
temperature

Amorphous a-Fe(Si) #103624

Fe3B

F (wt%)

F
(wt%)

dXRD
(nm)

F
dXRD F
(wt%) (nm) (wt%)

dXRD
(nm)

As-prepared
alloy
473 K/30 min
673 K/30 min
698 K/30 min
748 K/30 min
823 K/30 min
873 K/30 min
973 K/30 min

100

e

e

e

e

e

e

100
100
100
34
e
e
e

e
e
e
48
71
76
77

e
e
e
18
27
49
83

e
e
e
18
15
e
e

e
e
e
25
28
e
e

e
e
e
e
14
24
23

e
e
e
e
19
22
58

Fe2B #391328

degree of microstrain and its dislocation density remained relatively constant even after annealing at 823 K. Its average crystal size
remains relatively constant, reﬂecting the metastable nature of this
phase. Fe2B phase also exhibited high degree of microstrain and
relatively high dislocation density after annealing at temperatures
of 873 K and below, while its average crystal size remained relatively constant. This is in contrast to the increase in phase content of
Fe2B, which was observed at the same time (Table 1). After the
disappearance of Fe3B and additional annealing at 973 K, there was
a sudden decrease in both microstrain and dislocation density of
Fe2B, which coincided with the increase in average crystal size of
this phase. This was caused by the fact that Fe3B phase was acting as
an intermediate in the formation of Fe2B phase. Phase content of
Fe2B did not change signiﬁcantly after annealing at 973 K, indicating that the observed crystal growth happened through
recrystallization. Having all this in mind, the conclusion would be
that the initial nucleation of Fe3B was followed by its transformation to Fe2B, providing nucleation sites for this phase. This
remained the dominant process until Fe3B was completely
consumed, after annealing at 873 K, and was only then followed by
crystal growth through recrystallization of Fe2B phase, which lead
to a sharp decrease in microstrain and dislocation density.
3.3. Morphological and chemical analysis
SEM micrographs of as-prepared alloy sample and sample
successively annealed at temperatures up to 973K are shown in
Figs. 3 and 4. SEM of the surface of as-prepared alloy (Fig. 3a) shows
a relatively uniform surface. EDX analysis of the chemical composition on the surface, conducted on points marked on SEM image,
shows very uniform distribution of Ni and Si, while concentrations
of other elements vary. Presence of small amounts of oxygen can be
contributed to sample’s exposure to air during handling and

3. Results and discussion
3.1. Thermal stability and structural transformations of the alloy
Thermal stability of as-prepared Fe75Ni2Si8B13C2 alloy was
studied using DSC and thermomagnetic measurements (Fig. 1). DSC
indicates that the alloy remains amorphous up to about 773 K after

Fig. 1. DSC curve of alloy at heating rate 5 K min1 and derivative magnetic moment
curve during heating cycle at heating rate of 4 K min1 (inset: thermomagnetic curve
during heating cycle).

Fig. 2. X-ray diffractograms for the contact (left) and free surface (right) showing the process of crystallization (inset left: sample annealed at 748 K showing peaks assigned to a-Fe
and Fe3B; inset right: sample annealed at 973 K showing peaks assigned to a-Fe and Fe2B).
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Table 3
EDX elemental analysis of the surface of as-prepared and annealed alloy samples (in
at%) (* mean values are corrected for presence of oxygen and impurities introduced
through sample handling and measurement).

Table 2
Microstructural parameters of crystalline phases for different annealing temperatures (dislocation density (r), microstrain (3 )).
Temperature
(K)
748
823
873
973

a-Fe(Si)

Fe3B

r 1015

3

9.26
4.11
1.25
0.44

6.61
3.86
2.70
1.76

(%)
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Fe2B

r 1015

3

4.80
3.83
e
e

13.40
10.30
e
e

(%)

r 1015

3

e
8.31
6.20
0.89

e
15.60
10.60
2.65

(%)

preparation. SEM of the surface of the alloy successively annealed at
temperatures up to 973 K shows granulated and porous structure
(Fig. 3b). The surface morphology of this sample at lower magniﬁcation (Fig. 4) also shows areas exhibiting broken and ﬂaky
surface, which can be caused by corrosion of the alloy. EDX
elemental analysis indicates that these regions (Table 3, points 5
and 6) contain much higher oxygen (47 at%) and silicon (14 at%)
concentrations, while oxygen concentration in the surrounding
areas is an order of magnitude lower and roughly what would be
expected (8 at%). Corrosion products were determined to be SiO2
and magnetite.
Elemental analysis of the surface of the alloy (Table 3) reveals
that the surface of the alloy undergoes partial oxidation during
successive annealing cycles, but that oxidation is limited to spots,
which are easily observable (Fig. 3c). Looking at the relative ratios
of the ﬁve constituent elements in the as-prepared and annealed
alloy sample, the uniform distribution of Si and Ni observed in the
as-prepared sample cannot be observed in the annealed sample. In
general, the surface became much more inhomogeneous after
annealing, in terms of chemical composition. A signiﬁcant decrease
in boron concentration and an increase in silicon concentration are
observed in some surface areas of the annealed sample. Increase in
silicon concentration can be explained by formation of SiO2 on the
surface due to corrosion and its separation out of the alloy matrix
onto the surface. Surface concentration of iron is almost the same as
in the as-prepared alloy, if we exclude corroded regions of the
sample with exceptionally low concentration of iron.
Chemical composition of the annealed alloy was also determined using a chemical depth proﬁle of elements, gained from the
ion beam trimmed perpendicular cut (Fig. 4a), showing alloy’s
chemical composition depending on the depth in the sample
(Fig. 4b). This showed the oxygen-rich surface layer with a thickness of approximately 300 nm and almost constant content of
nickel and silicon. Iron and boron content varies signiﬁcantly with
depth, although the sum of mass percentages of iron and boron
remains almost constant. This suggests coexistence of two iron

B

C

As-prepared
1
2
3
4
5
6
7
8
9

4.8
11.9
11.0
14.7
24.8
18.0
21.7
0.0
13.6

20.2
7.1
10.0
12.0
13.9
17.1
7.1
6.4
20.7

Mean*

13.4

12.7

Annealed
1
2
3
4
5
6
7
8

8.3
16.4
13.0
2.9
6.2
2.3
6.5
7.2

3.9
5.7
3.6
24.3
7.2
6.5
7.3
7.6

9.9

13.4

Mean*

Fig. 4. SEM image of ion beam trimmed perpendicular cut of annealed alloy sample (a)
and a chemical depth proﬁle as gained from this cut (b).

phases: a-Fe(Si) and Fe2B, in a granulated structure, which is
consistent with the XRD ﬁndings. Grain sizes appear to be
approximately 100 nm, as indicated by the changes in the chemical
depth proﬁle of these elements. The low and mostly constant
content of Ni could indicate that it is present in the solid solution
and it does not form any other phases. Content of Si is the lowest
near the surface, and then increases and stabilizes about 600 nm
from the surface. From that point on, Si content is relatively
constant, showing small ﬂuctuations where a decrease corresponds
to an increase in concentration of B. The low concentration of Si
near the surface, in this case, is caused by leeching of Si by oxygen
during corrosion, creating products on the surface, which were

O
1.9
1.9
3.2
3.3
2.0
6.7
2.7
2.5
5.1
3.3

11.8
12.8
12.7
47.2
36.9
65.6
6.7
5.2
24.9

Si

Fe

Ni

7.4
7.2
7.0
6.8
5.7
5.9
6.6
8.4
8.3

66.1
72.7
70.5
65.5
54.7
58.1
63.2
83.7
56.6

1.5
1.2
1.4
1.0
0.9
0.9
1.3
1.4
0.9

7.0

65.7

1.2

14.7
10.8
11.9
4.7
14.7
13.0
8.4
8.6

60.7
52.9
57.8
20.4
34.6
12.5
70.0
70.8

0.6
1.4
0.9
0.4
0.5
0.0
1.3
0.6

16.3

59.4

0.9

successive annealing cycles of alloy samples were chosen based on
thermomagnetic measurements. XRD and microstructural analysis
of the as-prepared and the annealed sample showed there is no
difference between shiny and matte side of the ribbon. It also
showed that Fe3B phase probably acts as an intermediate in the
formation of Fe2B phase, and that, during annealing, nucleation is
the dominant process until Fe3B is completely consumed, which is
followed by crystal growth through recrystallization. Chemical
depth proﬁle showed that, after annealing at 973 K, the alloy is
composed of two crystalline phases, a-Fe(Si) and Fe2B, in form of
interdespersed nanocrystals less around 90 nm in size, in a porous
granulated structure. Corrosion of the annealed alloy sample is
shown to leech Si out of the surface layer of the alloy, creating oxide
products on the surface. Additionally, it was observed that ﬂuctuations in content of boron and silicon in the depth chemical proﬁle
indicate separation of silicon and boron containing phases as predicted by theoretical studies.
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trimmed during sample preparation. Decrease in surface boron
concentration observed by EDX (Table 3) can be explained by
formation of Fe2B phase and it is consistent with the chemical
depth proﬁle of B, where we see that the formed grains of Fe2B
appear to form about 500 nm below the surface of the alloy.
All of these data indicate that, after annealing at 973 K, only two
major crystalline phases remain and they appear to be interdispersed in form of nanocrystals less than 90 nm in size. There was
no formation of larger domains of either crystalline phase, while Ni,
judging from its constant content in the chemical depth proﬁle,
appears to form a solid solution with iron and ironeboron phases.
Si also forms a solid solution with iron, but it appears that this
solution has a limited Si concentration, with excess Si probably
depositing on the surface of the grains or intercalating into Fe2B
phase. This creates an illusion of relatively constant concentration
of Si in the chemical depth proﬁle, although systematic ﬂuctuations
in concentration are clearly visible. Fluctuations in content of B are
reciprocated in the change in Si concentration, although the ﬂuctuations in concentration of Si are much smaller than those in
concentration of B. This separation of phases containing B and Si
is predicted by the theoretical simulations of FeeSieB systems,
too [13].
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Fig. 3. SEM images of as-prepared alloy sample (a), after ﬁnal annealing at 973 K (b) and the SEM image of the typical area with high content of SiO2 as one of the products of
corrosion (c).
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This paper investigates the effect of structural changes preceding crystallization on functional properties
of ribbon-shaped Fe73.5Cu1Nb3Si15.5B7 amorphous alloy during annealing process in temperature range of
25 � C to 450 � C. It has been shown that this alloy is stable up to 500 � C when the stepwise crystallization
starts. This process is preceded by structural relaxation process, including Curie temperature and the
supercooled liquid region. The inﬂuence of these changes on magnetic properties of the alloy was
investigated using thermomagnetic measurements, while their effect on the change in electron density
of states at Fermi level was investigated by measuring thermoelectromotive force. It is also shown that
magnetic susceptibility of this alloy can be increased by up to 40%, after successive annealing cycles at
different temperatures. The measurements of electrical resistivity change in isothermal conditions in
supercooled liquid region had been used to determine kinetic parameters of electrical conductivity. It has
been shown that this process occurs in two stages: the ﬁrst is kinetically controlled, whereas the second
is diffusion controlled, occurring with activation energy of 139.4 J/mol K and 184.1 J/mol K, respectively.
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1. Introduction
Iron-based amorphous alloys have attracted considerable
scientiﬁc interest in recent times. Their good soft magnetic properties are mainly determined by magneto-elastic and annealinginduced anisotropies [1], and they are also characterized by good
mechanical properties, high electrical resistivity and high corrosion
resistance [2]. These properties make them suitable for use in
a variety of applications, such as power devices [3,4], information
handling technology [5], magnetic sensors [6] and anti-theft
security systems [7]. This has lead to extensive study of their
structural, magnetic and electrical properties [8e10]. Following the
work of Inoue [11] who produced bulk metallic glasses in quaternary Fe-B-Si-Nb system, a great interest has been shown in derivatives of this system created by extending the elemental scale to
(Fe,Co,Ni)-Nb-B-Si-(Cu) systems [12]. These alloys are thermodynamically meta-stable and, on annealing, undergo stabilization
through structural transformations, involving, among others,
structural relaxation and crystallization. In addition, it is well
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known that many of these systems exhibit a large supercooled
liquid region prior to the onset of crystallization [13,14]. Supercooled liquid has high resistance to crystallization, indicating
extremely good glass-forming ability of the alloy.
Fe73.5Cu1Nb3Si15.5B7 amorphous alloy and its magnetic and
electrical properties have been studied in some detail. Allia et al.
found that evolution of nanocrystalline phase in Fe73.5Cu1Nb3Si15.5B7 amorphous alloy during isothermal measurements was
proportional to the measured variations in the electrical resistance
[15]. Polak et al. proposed a mathematical model describing
changes in magnetic properties of Fe73.5Cu1Nb3Si15.5B7 amorphous
alloy during structural relaxation and crystallization [16], estimating the distribution function of the magnetization vectors and
the dimension of long-range stresses in the nanocrystalline state.
Miguel et al. determined time-temperature dependence of Curie
temperature in Fe73.5Cu1Nb3Si15.5B7 amorphous alloy [17],
observing that short-time annealing caused separation into two
phases with different chemical compositions, resulting in two
values of Curie temperature for each annealed sample. Hakim et al.
observed enhancement of Curie temperature for Fe73.5Cu1Ta3Si13.5B9 amorphous samples annealed below crystallization
temperature due to structural relaxation, and a decrease in Curie
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temperature for samples annealed above crystallization temperature [18]. Tiwary et al. suggested that structural relaxation of the
amorphous matrix in amorphous alloys occurs through viscous
ﬂow and not through diffusion at temperatures well below crystallization temperature [19].
Our previous work investigated thermal stability and crystallization [20], mechanical [21] and magnetic and electric properties
[22] of Fe73.5Cu1Nb3Si15.5B7 amorphous alloy. As a part of multidisciplinary investigation of inﬂuence of thermal treatment on
Fe73.5Cu1Nb3Si15.5B7 amorphous alloy, here we studied the effects
of structural transformations, in the temperature region prior to
crystallization, on the functional properties of this alloy.
2. Experimental
Fe73.5Cu1Nb3Si15.5B7 amorphous alloy was prepared in form of
ribbon, 2 cm wide and 35 microns thick, using the standard
procedure of rapid quenching of a melt on a rotating disc (melt
spinning method). Differential scanning calorimetry (DSC)
measurement was performed using Netzsch DSC-404, in an argon
atmosphere, at a heating rate of 20  C/min. Electrical resistivity of
the amorphous ribbon was measured using 4-point method, in the
oven under hydrogen atmosphere, to prevent oxidation during
heating. Resistivity was measured non-isothermally during heating
from 25  C to 650  C, and, separately, at room temperature after
successive isothermal treatments lasting 800s at different
temperatures. Modiﬁed Faraday method was used to investigate
temperature dependence of relative change in magnetic susceptibility, in temperature range from 25 to 450  C, in argon atmosphere,
at magnetic ﬁelds of 8 kA/m. Thermoelectromotive force (TEMF)
measurement were performed by mechanically coupling a copper
wire (Cu) and structurally meta-stable amorphous alloy.
The samples of alloy ribbon were heated, in a quartz ampoule in
vacuum, at different temperatures for 30 min and then left to cool
down to room temperature, before investigating their microstructure using X-ray diffraction. X-ray diffraction spectra were acquired
on X-Pert powder diffractometer (PANalytical, Netherlands) using
CuKa radiation in Bragg-Bentano geometry at 40 kV and 30 mA.
This instrument is equipped with a secondary graphite monochromator, automatic divergence slits and a scintillation counter.
The collection of data was performed with 0.05 step in diffraction
angle and the collection time of 30s per step. Analysis of XRD
spectra was performed using Rietveld reﬁnement method and
single peak reﬁnement approach, with WinPow Rietveld reﬁnement framework [23]. Microstrain was determined using
Williamson-Hall method [24].
3. Results and discussion
3.1. Thermal stability of alloy
Thermal stability and crystallization of amorphous alloys can be
investigated in several ways. In calorimetric measurements two
basic methods are in use, isothermal and non-isothermal. In both
cases the differential scanning calorimetry technique (DSC) is the
most common method to study the crystallization behavior of
these materials. However, this method requires that the crystallization occurs with a relatively high heat of crystallization, and it is
not useful when the crystallization occurs with small heat transfer
or at a slow rate. In such situations, the measurement of electrical
resistivity or magnetic permeability has many advantages and gives
more detailed information on the process of structural transformations, in general [25,26].
In order to investigate thermal stability of the amorphous alloy,
we used DSC and measurement of electrical resistivity as a function

Fig. 1. DSC scan (heating rate of 20 C/min) and temperature dependence of electrical
resistivity of Fe73.5Cu1Nb3Si15.5B7 alloy sample.

of temperature (Fig. 1). Both methods show a process of stepwise
thermal stabilization of alloy involving different processes of
structural relaxation and transformation in the temperature range
of 150e900  C. The broad exothermic maximum in DSC in the range
of 150e450  C is attributed to the structural relaxation processes,
including Curie temperature, followed by supercooled liquid region
before the onset of crystallization at higher temperatures. However,
electrical resistivity in the region of structural relaxation exhibits
several different regions of behavior. The regions of increase in
resistivity from 150 to 400  C, at two different rates, are typical of
metallic behavior. This is followed by a region of mostly constant
resistivity between 400 and 500  C, corresponding to supercooled
liquid region. Finally, following a sharp decrease in resistivity,
corresponding to the crystallization peak observed in DSC, increase
in resistivity indicates that the alloy is behaving like a metallic
conductor again.
3.2. Structural transformations preceding crystallization
Having determined the crystallization temperature, we further
considered the changes in microstructure induced by thermal
treatment at temperatures before the onset of crystallization. This
was done using X-ray diffraction of a sample thermally treated at
different temperatures (Fig. 2). Broad peaks around 44 and 78
indicate that the as-prepared alloy contains domains of short-range
crystalline ordering. The spectra show minor changes in the
temperature region between 25  C and 400  C, while, after thermal
treatment at 450  C, the appearance of sharp peaks of crystalline aFe(Si) phase clearly indicates the beginning of crystallization. Using
DebyeeScherrer equation and Rietveld reﬁnement, we estimated
that the domains of short range ordering were about 1.8 nm in size
both in the as-prepared alloy and after thermal treatment at 400  C.
The ﬁrst signs of crystallization of a-Fe(Si) phase manifest themselves in sharp peaks superimposed on broad peaks around 44 and
83 , after treatment at 450  C. Individual contributions of domains
of short-range ordering and crystalline a-Fe(Si) phase were separated using Rietveld reﬁnement (Fig. 2 inset) [23]. This way, we
were able to estimate that the size of domains of short-range
ordering increased to 2.5 nm, after annealing at 450  C.
The lattice constant of domains of short-range crystalline
ordering in the as-prepared alloy was about 1% higher than that of
a-Fe(Si) [JCPDS-PDF 06-0696], resulting in increase in unit cell
volume of about 3% (Table 1). Annealing at 400  C resulted in the
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Table 2
Relative change in electrical resistivity and magnetic susceptibility measured after
each annealing cycle at different temperatures.
Annealing
temperature
( C)

Resistivity
change (%)

310
350
380
570

�1.00
�1.62
�4.70
�22.64

Annealing
temperature
( C)

Magnetic susceptibility
change (%)

360
380
400

6.5
35.4
40.6

During a single annealing cycle, TEMF exhibits linear change
with temperature. It decreases on successive annealing cycles, as
the ﬁnal annealing temperature is increased from 200  C to 450  C,
with noticeable decrease in the slope of TEMF curve on each
successive annealing. This indicates that structural relaxation also
results in decreased density of free electrons at the Fermi level of
the amorphous alloy, increasing electrical resistivity (Fig. 1).
Temperature coefﬁcient of TEMF (a) can be expressed as [25,27]:
Fig. 3. Temperature dependence of relative change in magnetic susceptibility of
Fe73.5Cu1Nb3Si15.5B7 during multiple annealing cycles up to different temperatures.

Fig. 2. X-ray diffraction spectra of Fe73.5Cu1Nb3Si15.5B7 sample thermally treated at different temperatures (inset: Rietveld reﬁnement of spectra at 450� C).

increase of the lattice constant of domains of short-range ordering
by additional 0.7%, resulting in total unit cell volume increase of
5.2% (Table 1). Annealing at higher temperature causes the crystallization of a-Fe(Si) phase [20] and a decrease in unit cell volume
of domains of short-range ordering. Microstrain of domains of
short-range ordering showed a high value of about 156% in the asprepared alloy, while it decreased to 146%, after the beginning of
crystallization (Table 1).The high microstrain values represent
a driving force for crystallization, while the decrease in microstrain
indicates that some degree of lattice relaxation occurs in the
temperature range before the onset of crystallization. On the other
hand, crystalline a-Fe(Si), formed after treatment at 450 � C, showed
much lower microstrain (11.6%), indicating that a more stable
structure is attained through crystallization. These results are
consistent with the meta-stable nature of the structure of the
amorphous alloy, which seeks to alleviate internal instabilities. This
all indicates that the observed exothermic peak below 400 � C in
DSC (Fig. 1) is related to the structural relaxation, which includes
expansion of the lattice of domains of short-range ordering, prior to
the crystallization.
3.3. Inﬂuence of annealing on functional properties
The observed processes of structural transformation and relaxation, prior to crystallization, have a signiﬁcant effect on magnetic
and electric properties of the alloy. Therefore, establishing correlation between the microstructure and the functional properties of

the alloy is vital for creation of functional materials with targeted
properties. In order to achieve this, we investigated the functional
properties of the alloy non-isothermally using thermomagnetic
measurements during successive annealing cycles with expanding
temperature ranges up to 420 � C (Fig. 3), and using measurements
of dependence of thermoelectromotive force with temperature
(Fig. 4). Additionally, magnetic susceptibility and electrical resistivity were measured at room temperature after each of the
annealing cycles at temperatures given in Table 2.
Thermal treatment at temperatures below the onset of crystallization, where disordered structure is retained, induces an increase
in magnetic susceptibility and a decrease in electrical resistivity.
The exact value of the changes of these functional properties
depends on the ﬁnal temperature of the individual annealing cycle.
The changes observed at room temperature, after each annealing
cycle, were caused by permanent structural changes in the alloy
samples. After the ﬁrst annealing cycle, up to 360 � C, the increase in
magnetic susceptibility, measured at room temperature, was 7%
(Table 2), while, after the second annealing cycle to 380 � C,
magnetic susceptibility increased overall by 35%. Similar trend is
observed in the decrease of electrical resistivity after isothermal
treatment (Table 2): it decreased by 1.62% after annealing at 350 � C,
and 4.7% after annealing at 380 � C.
Taking into account the microstructural changes during structural relaxation, Table 1, the increase in magnetic susceptibility was
caused by a decrease in number of defects and microstrain and an
increase in free volume in the alloy sample, enabling greater

mobility of magnetic domain walls. Since electrical resistivity
measurements track changes in thermal resistivity, they also indicated that structural relaxation resulted in a decrease in the
number of interstitial defects and an increase in mean free path of
the electron. With simultaneous thermal treatment and the effect
of external magnetic ﬁeld, the disoriented in-between domain wall
atoms merge with energetically more favorable domains causing an
increase in magnetic susceptibility after cooling. Greater thermal
stability of the structure attained through structural relaxation
processes means that increased thermal energy is required for
disorientation of magnetic domains. This is reﬂected in the increase
in Curie temperature, TC, with each annealing cycle (Fig. 3).
The structural changes that occur during the relaxation process
of the alloy also have a signiﬁcant effect on the electron density of
states at Fermi level of the amorphous alloy. Electrical resistivity
measurements and the measurements of thermoelectromotive
force of the alloy provide information on the changes in electron
density of states. Fig. 4 shows thermoelectromotive force (TEMF) as
function of temperature in the region of structural relaxation of the
alloy (25  Ce450  C). Considering that electron density of states of
copper remains constant during multiple annealing cycles, the
changes observed reﬂect only the changes in electron density of
states of the amorphous alloy.

a ¼

k
$
2e




n2 n1
;
�
n1 n2

(1)

e is electron charge; k is the Boltzmann constant; n1 e electron state
density at Fermi level of copper; n2 e electron state density at Fermi
level in amorphous annealed alloy.
Considering the slopes of the lines in Fig. 4, relative decrease in
electron state density at Fermi level of the alloy, upon each
successive annealing, was determined to be 2.8%, 8.6% and 12.2%,
respectively. This is in agreement with the observed increase in
electrical resistivity, indicating that the decrease in electron density
of states at the Fermi level of the alloy has more impact on resistivity than previously observed increase in mean free path of the
electron.
3.4. Kinetics of electrical resistivity of supercooled liquid
Kinetic parameters of electrical resistivity, in the supercooled
liquid region, where electrical resistivity remained almost constant
(Fig. 1), were determined on the basis of isothermal change in
resistivity with annealing time (Fig. 5). It was observed that
isothermal resistivity decreases with increase in annealing time.
Additionally, at the end of the observed annealing cycles,
isothermal resistivity corresponding to different annealing
temperatures has different values. A decrease of 2.12%, 3.29% and

Table 1
Microstructural parameters of domains of short-range crystalline ordering and a-Fe crystalline phase.
Annealing
temperature (� C)

Domains average
size (nm)

25
400
450
500
550

1.8
1.8
2.5

a-Fe average
size (nm)

14.5
14.5
15.2

Domains lattice
constant (Ǻ)
5.791
5.825
5.795

a-Fe lattice
constant (Ǻ)

5.716
5.716
5.713

Domains
microstrain (%)
155.8
150.6
146.4

a-Fe microstrain
(%)

11.6
10.3
6.9

Fig. 4. Thermoelectromotive force temperature dependence of the thermocouple CuFe73.5Cu1Nb3Si15.5B7 during multiple annealing cycles up to different temperatures.

Fig. 5. Dependence of electrical resistivity r of the alloy samples annealed at different
temperature on annealing time s.
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Table 3
Kinetic parameters of resistivity of the alloy annealed at different temperatures.
T (� C)

k1,10�4 (s�1)

k2,10�6 (s�1)

E1 (kJ/mol)

E2 (kJ/mol)

420
435
450

0.8
1.3
2.2

1.1
2.9
4.2

139.43

184.07

3.98%, respectively, was observed with increase in annealing
temperature, as can be expected for an ionic liquid.
Two regions of different rate of change in isothermal resistivity
with time can be distinguished: sharp initial decrease is followed
by slower continuous decline (Fig. 5), indicating a change in the
mechanism of resistivity. The duration of the ﬁrst region decreases
from 160 to 100s, as annealing temperature increases from 420 to
450 � C (Table 3), as a consequence of ordering of the structure
caused by thermal treatment. Linear dependence ln r ¼ f (s) in the
ﬁrst region, indicates that this step is a kinetically controlled
pffiffi
process. On the other hand, linear dependence of r on s in the
second region indicates that this step is a diffusion-controlled
process. Rate constants (k), which were determined from the
exponential dependence of the resistivity on annealing time s,
exhibit strong dependence on annealing temperature (Table 3). The
obtained values of activation energy are within range of values
reported in literature for materials exhibiting ionic conduction
[28,29]. This conﬁrms that the state of amorphous alloy in
temperature region of 420e450 � C is that of supercooled liquid.
4. Conclusion
Magnetic and electric properties of Fe73.5Cu1Nb3Si15.5B7 amorphous alloy have been investigated in the region of temperatures
prior to crystallization and correlated with thermally induced
changes in microstructure. DSC measurements suggested that this
region, corresponding roughly to 150e520 � C temperature range,
can be separated into region of structural relaxations and transformations (150e440 � C) and supercooled liquid region. Temperature dependence of electrical resistivity also showed several
distinct temperature regions: regions of increase in resistivity
(25e400 � C) at different rates, corresponding to structural relaxation, and supercooled liquid region of almost constant resistivity
(400e500 � C). Following a sharp decline in resistivity corresponding to crystallization of the alloy, resistivity increases again,
indicating metallic behavior. Measurements of thermoelectromotive force with respect to temperature indicate that
structural relaxation caused a decrease in electron density of states
at the Fermi level, by as much as 12.2%. Magnetic susceptibility and
electrical resistivity measurements showed that structural relaxation caused by successive annealing at temperatures between
300 � C and 420 � C resulted in a more organized alloy structure,
including increased electron mean free path, and an increase of 40%
in magnetic susceptibility and a decrease of 4.7% in electrical
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resistivity at room temperature. The observed decrease in electrical
resistivity with temperature indicates that, at higher temperatures,
the decrease in electron density of states at the Fermi level has
more impact on resistivity than the observed increase in electron
mean free path. Ordering of the structure on annealing also resulted in an increase in Curie temperature of the alloy from 345 � C to
370 � C. Finally, isothermal measurements of electrical resistivity
with respect to annealing time indicated that kinetics of resistivity
involved a change in the limiting step: kinetically controlled step
was replaced by diffusion controlled step. Activation energies were
calculated to be 139 kJ/mol for the kinetically controlled and 184 kJ/
mol for the diffusion controlled step.
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Nanocrystal Growth in Thermally Treated Fe75Ni2Si8B13C2
Amorphous Alloy
DRAGICA M. MINIĆ, VLADIMIR A. BLAGOJEVIĆ, DUŠAN M. MINIĆ,
BOHUMIL DAVID, NADĚŽDA PIZÚROVÁ, and TOMÁŠ ŽÁK
Thermal treatment of amorphous Fe75Ni2Si8B13C2 alloy leads to crystallization of the stable
a-Fe(Si) and Fe2B as well as to the metastable Fe3B phase. The study of the mechanism of
crystal growth of the a-Fe(Si) phase revealed that the mechanism of a-Fe(Si) growth changes
from two dimensional in the early stage to one dimensional in the later stage of crystallization.
The Fe2B phase was found to crystallize through two independent routes: from the amorphous
phase and from the metastable Fe3B phase, which leads to a diﬀerent mechanism of crystal
growth for each route. Both routes exhibit a change in the mechanism of crystal growth: from
two dimensional to one dimensional and from three dimensional to two dimensional, respectively. The respective mechanisms of crystal growth correlate well with the observed changes in
preferential orientation of the crystallites of the Fe2B phase.
DOI: 10.1007/s11661-012-1161-1
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I.

and on a substrate, and it was observed that these
materials exhibit diﬀerent properties than the bulk
iron: lower melting temperature and superparamagnetic
behavior.[11,13] Iron nanorods arrays also exhibit high
coercivity and high remanence, which makes them interesting for potential magnetic recording applications.[14]
Palumbo and Barrico[16] conducted modeling of
primary iron crystal growth in a Fe85B15 amorphous
alloy and found a reasonable agreement between the
calculated and experimental DSC curves, although it
was shown that continuous heating requires more
detailed treatment of nucleation. Stergioudis et al.[17]
found that Ni aﬀects crystallization of Fe75-xNixSi9B16
(x = 1 to 4) amorphous alloy strongly, changing the
morphology of the resulting crystal grains. Kim et al.[18]
studied the growth direction and velocity of the a-Fe(Si)
crystalline phase during crystallization of Fe80Si8B12
amorphous alloy; they found that dendritic growth
occurs in the {111} direction and that the growth rate is
independent on the annealing time. In addition, the
growth rate is dependent on the annealing temperature
only at the early stage of crystallization.
Our study of the thermal stability and structural
transformations of the Fe75Ni2Si8B13C2 amorphous
alloy under nonisothermal and isothermal conditions
showed that this alloy undergoes multistep structural
transformations,[19] with formation of a stable a-Fe(Si)
and Fe2B phase as well as a metastable Fe3B. The
kinetic parameters corresponding to each individual step
of crystallization were evaluated and kinetic triplets for
the ﬁrst two steps of crystallization were determined.[20]
Because control of the crystallization process would
allow for the control of the resulting changes in
functional properties, an in-depth knowledge of kinetics
of these systems is vital to their practical application. In
this article, we present a comprehensive analysis of this
system, investigating the nature, mechanism, and kinetics

INTRODUCTION

IRON-BASED amorphous alloys have been a focus
of considerable scientiﬁc interest in recent times. Their
main features are isotropic physical and mechanical
properties. The addition of metalloid amorphizers like B,
Si, P, or C and the substitution of Fe by Co or Ni (or a
mixture of both) enhance their glass-forming ability,[1,2]
although boron-free soft magnetic alloys have been
prepared recently with magnetic properties similar to
those of conventional boron-containing Fe-based
alloys.[3] Recently, commercial, soft magnetic nanocrystalline materials have been successfully obtained by
crystallization of the amorphous precursors.[4,5] These
materials are characterized by a microstructure of
nanocrystals embedded into an amorphous matrix,
exhibiting superior soft magnetic and mechanical properties to both amorphous and macrocrystalline magnetic
alloys.[6–8] The functional properties of these materials
are highly dependent on their microstructure,[9,10] including the degree of crystallization and the nanocrystal size.
The control of the crystallization process and the degree
of crystallization would allow for tailoring of the
material properties to particular needs. Both iron and
iron-based nanostructured materials have been successfully synthesized in recent times, attracting considerable
interest. Monodisperse iron nanoparticles[11,12] and
nanorods[13–15] have been synthesized both in a solution
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section and allows observation of the microstructure
near the surface and inside of the sample as well.

of crystal growth in this system and correlating it with
its morphology.

II.

A. Solid-State Kinetic Analysis

EXPERIMENTAL

All kinetic analyses of solid-state transformations is
based on a single-step kinetic equation

A Fe75Ni2Si8B13C2 amorphous alloy was prepared in
form of a ribbon measuring 2 cm wide and 35 lm thick
using the standard procedure of rapid quenching of a
melt on a rotating disk (melt spinning method). The
thermal stability of the alloy had been investigated by
diﬀerential scanning calorimetry (DSC) in a nitrogen
atmosphere using a DSC-50 analyzer (Shimadzu,
Kyoto, Japan). In this case, a sample weighing several
milligrams was heated in the DSC cell from room
temperature to 1023 K (750 C) in a stream of nitrogen
with a ﬂowing rate of 20 mL min1 at a heating rates of
5, 8, 12, and 15 Kmin1, respectively. The peak deconvolution in DSC data was conducted using PeakFit
v4.12 software (Systat Software, Inc., San Jose, CA),[21]
and an analysis of the kinetic parameters was conducted
using ThermV thermokinetic software developed by
V. Blagojevic, Belgrade, Serbia.
For purposes of microstructural characterization,
alloy ribbon samples were sealed in a quartz ampoule
under vacuum and annealed for 30 minutes at diﬀerent
temperatures. Annealing was followed by slow cooling
to room temperature. X-ray diﬀraction (XRD) patterns
were recorded using an X’Pert Pro MPD diﬀractometer
(PANalytical, Almelo, the Netherlands) with Co Ka
radiation operated at 40 kV and 30 mA. For the routine
characterization, diﬀraction data were collected in the
range of 2h Bragg angles (15 deg to 135 deg, step
0.08 deg). All XRD measurements were done on solid
samples in the form of a ribbon at room temperature.
The qualitative analysis of the XRD patterns was
performed with the X’Pert High Score Plus software
and PDF-2 database.[22,23] For the quantitative analysis,
the Inorganic Crystal Structure Database was used and
the Rietveld reﬁnement using TOPAS v.3.0 general
proﬁle (IMST GmbH, Kamp-Lintfort, Germany) and
structure analysis software[24] yielded the weight fraction
F (wt pct) and the mean crystallite size dXRD (nm) for an
identiﬁed phase.[25]
The surface morphology of the annealed sample was
observed using the scanning electron microscope (SEM)
Lyra 3 XMU (TESCAN, a.s., Brno, Czech Republic).
Chemical homogeneity and composition were examined
using a JEOL JSM 6460 SEM (JEOL Ltd., Tokyo,
Japan) with an Oxford Instruments (Oxfordshire, U.K.)
INCA Energy analyzer or Mira 3 TESCAN SEM
equipped with a Bruker Company (Bruker AXS Inc.,
Madison, WI) energy-dispersive X-ray (EDX) analyzer.
The transmission electron microscopy (TEM) sample
for the observation microstructure inside of the sheet
was prepared using the focused-ion beam (FIB) (Ga
ions) method (at LYRA 3 XMU FEG/SEM-FIB;
TESCAN) for obtaining the lamella as the cut perpendicular to the rolling direction and to the surface. The
lamella was thick, measuring approximately 100 nm,
with a width and length of approximately 8 lm and
12 lm, respectively; it is transparent on the entire cross

da
¼ kðTÞfðaÞ
dt

½1�

where k(T) is the rate constant, t is the time, T is the
temperature, a is the fractional extent of reaction (rate
conversion), and f(a) is a conversion function that
depends on the particular reaction model.The temperature dependence of the rate conversion is introduced
by replacing k(T) with the Arrhenius equation, which
gives the relation


da
E
f ð aÞ
½2�
¼ A exp 
dt
RT

To identify the individual crystal phases corresponding to these processes, XRD measurements were performed on the as-prepared alloy sample and the sample
annealed at diﬀerent temperatures. XRD spectra
(Figure 2) show that the as-prepared alloy is amorphous,
with two pronounced, broad, spread halos at approximately 45 deg and 78 deg, respectively. The ﬁrst signs
of crystallization were observed after thermal treatment
at 748 K (475 C), when well-deﬁned peaks belonging to
a-Fe(Si) [JCPDS-PDF 06-0696] and Fe3B phase
[JCPDS-PDF 39-1316] were observed. This temperature
is somewhat lower than that observed in DSC, meaning
that crystallization with a slower kinetics starts before
the ﬁrst exothermic heat event. After treatment at higher
temperatures (773 K [500 C] and above), an additional
crystalline phase Fe2B [JCPDS-PDF 72-1301] is
observed. After thermal treatment at 823 K (550 C),
the spread halo belonging to the amorphous phase has

These processes yield two well-separated crystallization
peaks at approximately 773 K and 973 K (500 C and
700 C), respectively, indicating crystallization of the
alloy and formation of more than one crystalline phase
(Figure 1). The thermal eﬀect of the glass transition of
the alloy, occurring at approximately 673 K (400 C)
and previously observed in electrical resistivity measurements,[27] is probably not high enough to be
observed in these DSC curves. To determine the kinetic
parameters of the processes of thermal stabilization of
the alloy, DSC thermograms were recorded at diﬀerent
heating rates. The position of each peak shifted to a
higher temperature; an increase in the heating rate
indicates the thermal activation of both steps. A broad
and pronounced asymmetric form of both crystallization peaks suggests that neither of the two peaks could
be described as belonging to a typical single-step
process.

where A (preexponential factor) and E (activation
energy) are the Arrhenius parameters and R is the gas
constant.
A kinetic description of solid-state transformations
usually includes a kinetic triplet, involving Arrhenius
parameters (activation energy E and preexponential
factor A) as well as an algebraic expression of the
conversion function f(a), which describes the dependence
of the reaction rate on the conversion degree a.
In solid-state reactions, the constant value of activation energy can be expected only for a single-step
reaction, and E in Eq. [2] becomes an apparent quantity
(Ea), based on a quasi–single-step reaction. In nonisothermal measurements at a constant heating rate b, the
Eq. [2] transforms to


da
Ea
b ¼ A exp 
fðaÞ
½3�
RT
dt
where da/dt ” b (da/dT).
Matusita’s and Sakka’s equation[26] for the kinetics of
the nonisothermal crystallization process and crystal
growth in amorphous materials states that
ln½ lnð1  aÞ� ¼ n ln a  1:052m

Ea
þ const:
RT

Fig. 1—DSC scan of amorphous alloy sample at diﬀerent heating rates (left) and peak deconvolution of the experimental DSC peaks (right).

½4�

where parameter m is determined by the dimensionality
of crystal growth (m = 1 means one dimensional; m =
2, two dimensional; m = 3, three dimensional) and
parameter n depends on the nucleation process.

III.

RESULTS AND DISCUSSION

A. Thermal Stability of the Alloy
The thermal stability of the alloy was investigated in
the 298 K to 923 K (25 C to 750 C) temperature
range. The alloy was thermally stable up to approximately 773 K (500 C) when the step-wise exothermic
process of thermal stabilization of the alloy occurs.
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Fig. 2—Normalized XRD spectra of the as-prepared sample and the samples annealed at diﬀerent temperatures (inset: phase identiﬁcation—left:
823 K [550 C], right: 1093 K [850 C]).
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complex peak in the DSC scan observed at higher
temperatures yielded two well-formed peaks. Taking
into account the results of thermal and phase analysis of
thermally treated alloy samples, it is possible to identify
the individual processes that occur during crystallization
of the alloy. The well-separated peaks obtained by
deconvolution of ﬁrst experimental peak correspond to
individual crystallization steps of the respective crystalline phases. The ﬁrst step corresponds to primary
crystallization of the a-Fe(Si) phase, whereas the second
step corresponds to primary crystallization of the
metastable Fe3B phase, both from the amorphous
matrix. The third and fourth steps correspond to
crystallization of Fe2B phase, from the amorphous
phase and metastable Fe3B phase, respectively. Peak 3,
which corresponds to crystallization from the amorphous phase is much more intense, indicating that this
process is more prevalent. The two well-formed peaks
obtained by deconvolution of the second complex peak
in the DSC scan, which was observed at higher
temperatures, correspond to the crystal growth of the
formed crystallite of the stable phases and the transformation of a-Fe(Si) to Fe2B.
The activation energy for each step was determined by
using Vyazovkin’s[29,30] and Ortega’s[31] methods. These
methods are ‘‘isoconversional,’’ which require the determination of the value of temperature Ta at which an
equivalent stage of the reaction occurs for various
heating rates, as determined by the fractional extent of
the reaction a. The average values of the activation
energies for each of the observed processes are given in
Table I.

completely disappeared indicating that the crystallization process of the amorphous phase is probably
ﬁnished at this point. The phase composition, which is
obtained through Rietveld reﬁnement of XRD spectra,
shows (Figure 3) that the a-Fe(Si) phase is the dominant
crystalline phase up to 1023 K (750 C), whereas after
treatment at higher temperatures, the phase content of
a-Fe(Si) decreases. The metastable phase Fe3B was present
only in the narrow temperature interval of 773 K to 823 K
(500 C to 550 C). It accounts for almost 30 mass pct of
the sample after treatment at 748 K (475 C), and the
decrease in the content of this phase is reﬂected in the
increase in both the a-Fe(Si) and Fe2B phases.
The Fe2B phase exhibits two regions of rapid increase
in phase content: at lower temperatures of 773 K to
873 K (500 C to 600 C), coinciding with a rapid
decrease in the phase content of Fe3B phase, and at
higher temperatures of 1023 K to 1123 K (750 C to
850 C), coinciding with the decrease in the phase
content of a-Fe(Si). Concerning the boride phases, this
result indicates that the favored process at lower heating
temperatures is the formation of the Fe3B phase, which
is then transformed to the more stable Fe2B phase. The
mass ratio of the Fe2B was 25 pct after treatment at
temperatures up to 1023 K (750 C), whereas after
heating at a higher temperature of 1123 K (850 C), its
content increases to 48 pct and then to 54 pct, after
heating at 1273 K (1000 C). Fe-Si bonding has been
predicted to be stronger than Fe-B bonding,[28] which
means that an a-Fe(Si) solid-solution–like structure
should nucleate more easily from the amorphous
matrix, explaining why the a-Fe(Si) phase would nucleate before Fe2B.
The complex peaks corresponding to the formation of
three crystalline phases, their crystal growth, and the
subsequent transformation of a-Fe(Si) to Fe2B were
deconvoluted as shown in Figure 1. The ﬁrst peak
yielded four well-separated peaks, whereas the second

Fig. 4—Middle: Overview of the lamella structure (the surface of the ribbon is on the right hand side); (a) dark-ﬁeld image; (b) selected-area
electron diﬀraction (SAED) pattern; identiﬁcation for the (c) a-Fe(Si) phase and (d) Fe2B phase.

B. Morphology and Crystal Growth of Thermally
Treated Alloy
The morphology and microstructure of the thermally
treated alloy samples were investigated using X-ray
diﬀraction, SEM, and TEM to determine the morphology
of the crystallization products. This investigation was
combined with an analysis of the DSC data to identify the
mechanism of the crystal growth.
The TEM measurements of the alloy sample show
that, in agreement with the phase composition diagram,
after thermal treatment at 973 K (700 C), the sample is
fully crystalline and the cross section of the sample
exhibits a granulated structure (Figure 4). Phase identiﬁcation was performed using a dark-ﬁeld technique
(using electron diﬀraction patterns, Figures 4(b), (c),
Table I. Average Values of Activation Energies (in kJ/mol)
of Individual Steps for Experimental DSC Peaks
Experimental
Peak 1
Method

Peak 1 Peak 2 Peak 3 Peak 4 Peak 1 Peak 2

Ortega’s
Vyazovkin’s

Fig. 3—Phase content of individual crystal phases in thermally
treated alloy samples.

Experimental
Peak 2

359
360
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298
299

309
310

201
201

472
473

377
378
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Fig. 6—SEM image of the surface of alloy sample annealed at
1023 K (750 C).

Fig. 5—Lamella structure with marked grains of phases identiﬁed
using dark-ﬁeld imaging.

Table II.

Spot 1

and (d)), and it indicates that only two stable crystalline
phases exist: a-Fe(Si) and Fe2B, and they seem to be
interdispersed in the form of nanocrystals of diﬀerent
shapes less than 100 nm in size (Figure 5). This ﬁnding
is consistent with a phase analysis from the XRD data.
The SEM images provide more information on the
morphology (Figure 6) of the sample annealed at 1023 K
(750 C) for 30 minutes, showing areas of roughly
spherical nanocrystals and rectangular nanorods on the
surface of the sample. The nanoparticles are 50 to 200nm
in diameter, whereas the nanorods are 30 to 100 nm in
diameter and 2 to 3 lm in length. An elemental analysis
(Table II) of this region (marked in Figure 6 as spot 1)
shows an increased content of Si compared with the
surrounding region (marked in Figure 6 as spot 2),
indicating that the observed nanocrystals are the a-Fe(Si)
phase.

Element
O
Si
Fe
Ni
Na

Spot 2

Wt Pct

At Pct

Wt Pct

At Pct

17.5
15
66
1
0.5

40
18
41
0.5
0.5

4
6
88
2
—

13
10
76
1
—

Because boron was not visible on the EDX scans, this
is the only reliable indicator of diﬀerent phases as a
result of the previously observed relationship between
the contents of Fe and Si on the one side and B on the
other,[32] where the Fe and Si content decreased in
regions of increased B content.
The appearance of nanorods in SEM images suggests
that preferential crystal growth occurs during crystallization
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of the alloy. The preferential orientation of crystallites
was analyzed using XRD data to investigate the crystal
growth of the stable crystalline phases, a-Fe(Si) and
Fe2B, and its mechanisms, by determining the change in
relative contribution of the individual crystalline planes
of the respective crystal phases and correlating it with
simulated crystal structures, based on the crystal
parameters obtained from XRD spectra. The crystal
structures were simulated, based on XRD data, using
CrystalMaker Endeavour software (CrystalMaker
Sofware Limited, Oxfordshire, U.K.).
The texture of the individual crystalline phases, as a
measure of preferential orientation of any particular
crystalline plane with respect to the other planes of
respective crystal phase, was determined using the
following equation[33]:
I
½5�
T c ¼ 1 Pn
i¼1 Ii
n

where Tc is the texture coeﬃcient, I is intensity of an
individual reﬂection belonging to a particular crystal

plane normalized against the intensity of that same
reﬂection in a reference powder sample, and n is the
total number of reﬂections of individual crystalline
phase considered.
The texture of a-Fe(Si) (Figure 7) shows that, at the
beginning of crystallization, the relative contribution of
the {110} and {200} planes increases slightly, whereas
the relative contribution of the {211} plane decreases.
After annealing at temperatures above 823 K (550 C),
a change in the trend occurs with a relative contribution
of the {211} plane exhibiting rapid increase, whereas the
relative contribution of the {110} plane decreases
correspondingly and the relative contribution of the
{200} plane exhibits a relatively slow growth, indicating
the one-dimensional growth of a-Fe(Si) nanocrystals.
The simulated crystal structure of a-Fe(Si) nanocrystal
(based on XRD data) in Figure 8, shows that if the
{110} plane forms the base of nanocrystal, then the
{211} plane forms its sides, and the growth of onedimensional nanorods along the {110} direction would
cause the observed change in texture of a-Fe(Si) phase.

Fig. 7—Texture analysis for the a-Fe(Si) phase (left) and the Fe2B phase (right).

A change in the texture for the Fe2B phase
(Figure 7(b)) shows that this phase crystallizes through
two distinct growth mechanisms, which is in agreement
with analysis of DSC data, which after deconvolution of
ﬁrst complex crystallization peak, attributed two separate processes to formation of the Fe2B phase (from
amorphous matrix and metastable Fe3B phase). Based
on simulated structures, we can observe two predominant types of crystals: one containing {110} and {202}
planes and the other containing {200} and {312} planes
(Figure 8). The relative ratios of the individual crystal
planes indicate that the ﬁrst type grows mostly one
dimensionally (as shown by persistently high Tc for the
{202} and low Tc for the {110}), whereas the second type
grows mostly two dimensionally (as shown by the stable
ratio of the {200} and {312} planes after thermal
treatment at temperatures above 873 K [600 C]). The
texture of the surface can then be interpreted as the
result of a change in the relative ratios of these two
crystal types as well as in the crystal growth of the
individual crystals. The region of 973 K to 1023 K
(700 C to 750 C), where signiﬁcant discontinuity is
observed, corresponds to transformation of a-Fe(Si) to
Fe2B, and the observed sudden change in texture is
probably caused by nucleation of the additional Fe2B
crystallites and their growth.
Further analysis of the mechanism of crystal growth
was conducted by applying Matusita’s and Sakka’s
method (Eq. [4]) to DSC data. A series of curves, for
each peak and each heating rate, is produced, where the
slope of the curve is determined by the dimensionality of
crystal growth and activation energy of the process
(Figure 9). Using the average values of the activation
energies (Table I), we can determine the dimensionality
of the crystal growth for all observed processes. The
existence of two linear sections on all the curves, each
with a signiﬁcantly diﬀerent slope, indicates a change in
the mechanism of the crystal growth during crystallization. The observed change in the mechanism, for peaks
1, 2, and 3, occurs at approximately a = 0.48, whereas
for peak 4, it occurs at approximately a = 0.6. The
slope of each individual section was used to determine
the dimensionality (parameter m) of the crystal growth
of the corresponding crystalline phase in the early stage
(low a) and the later stage (high a) of the crystallization
(Table III).
The observed change in the crystal growth mechanism
for a-Fe(Si) correlates well with the SEM images
(Figure 5) showing nanorods of the a-Fe(Si) phase on

Table III.

Fig. 9—Matusita-Sakka curves for peaks 1, 2, 3, and 4 of the ﬁrst
DSC experimental peak, showing a change in the mechanism of
crystal growth.

Dimensionality (parameter m) of Crystal Growth for the First Stage of Crystallization of the Amorphous Alloy
Peak 1 a-Fe(Si)
1

Heating Rate (K min )

Peak 2 Fe3B

Peak 4 Fe2B

High a

Low a

High a

Low a

High a

Low a

High a

2.22
2.27
2.30
2.32
2.28

1.14
1.21
1.23
1.24
1.20

2.79
2.85
2.90
2.95
2.87

1.49
1.54
1.57
1.59
1.55

1.95
1.99
2.02
2.06
2.00

1.07
1.09
1.11
1.13
1.10

2.93
3.01
3.10
3.18
3.05

1.96
2.02
2.08
2.13
2.05

5
8
12
15
Average
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Peak 3 Fe2B –

Low a

Fig. 8—Crystal structure of the a-Fe(Si) nanorods with the indicated growth direction (left); crystal structure of the two types of Fe2B crystals
(middle and right).
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the surface and the observed changes in the texture of aFe(Si) (Figure 8). The crystal growth of Fe3B phase
(peak 2) is shown to be three dimensional in the early
stage of the reaction, whereas the later part of the
reaction could not be modeled properly because, at this
time, Fe3B phase is transforming to Fe2B and Matusita’s equation no longer applies under these conditions.
The Fe2B phase (peaks 3 and 4) shows diﬀerent growth
mechanisms depending on the source of nucleation:
When nucleating from the amorphous phase (peak 3),
the growth is initially two dimensional and changes to
one dimensional, the same as a-Fe(Si), whereas the
crystals nucleating from Fe3B (peak 4) initially show
three-dimensional growth, which changes to two dimensional. The two mechanisms of crystal growth correspond well to the observed changes in the texture and
simulated structure of two presumed crystal types of the
Fe2B phase. Additionally, the fact that peak 3, which
grows one dimensionally, is larger than peak 4, which
grows two dimensionally, corresponds well to the
relative ratios of the {202} and {312} crystal planes,
which indicate that the crystals growing one dimensionally
should be more dominant.
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33. G.B. Harris: Philos. Mag., 1952, vol. 43, pp. 113–23.

CONCLUSIONS

During thermal treatment of the amorphous Fe75Ni2Si8B13C2 alloy, the mechanism of crystal growth of all
observed crystalline phases was determined using a
combination of DSC, XRD, and SEM and TEM data.
It was determined that the stable a-Fe(Si) phase grows
mostly one dimensionally, perpendicular to the {110}
plane, and a change in the crystal growth mechanism
during crystallization of the a-Fe(Si) phase from the
amorphous matrix was observed, where two-dimensional crystal growth is replaced, approximately halfway
through the reaction, by one-dimensional growth. The
other stable phase, Fe2B, shows a mixed mechanism of
crystal growth, both one dimensional and two dimensional, because of the diﬀerent sources of nucleation
during crystallization, which leads to the formation of
diﬀerent types of crystals.

ACKNOWLEDGMENTS
The research was supported by the Ministry of Science and Environmental Protection of Serbia, under
Project 172015, and by the Ministry of Education,
Youth and Sports of the Czech Republic, Project No.
1M0512.
REFERENCES
1. M. Iqbal, J.I. Akhter, H.F. Zhang, and Z.Q. Hu: J. Non-Cryst.
Solids, 2008, vol. 354, pp. 5363–67.
2. S.L. Wang, H.X. Li, X.F. Zhang, and S. Yi: Mater. Chem. Phys.,
2009, vol. 113, pp. 878–83.
3. M. Kopcewicz, A. Grabias, J. Latuch, and M. Kowalczyk: Mater.
Chem. Phys., 2011, vol. 126, pp. 669–75.
4. E.A. Perigo, S. Nakahara, Y. Pittini-Yamada, Y. de Hazan, and
T. Graule: J. Magn. Magn. Mater, 2011, vol. 323, pp. 1938–44.
5. M. Stoica, R. Li, S. Roth, J. Eckert, G. Vaughan, and A.R.
Yavari: Metall. Mater. Trans. A, 2012, vol. 42A, p. 1476.
6. C.A. Schuh, T.C. Hufnagel, and U. Ramamurty: Acta Mater.,
2007, vol. 55, pp. 4067–4109.
7. A.S. Nouri, Y. Liu, and J.J. Lewandowski: Metall. Mater. Trans.
A, 2009, vol. 40A, p. 1315.

Materials Chemistry and Physics 134 (2012) 111–115

Contents lists available at SciVerse ScienceDirect

Materials Chemistry and Physics
journal homepage: www.elsevier.com/locate/matchemphys

Inﬂuence of structural transformations on functional properties of
Fe75 Ni2 Si8 B13 C2 amorphous alloy
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a b s t r a c t
The inﬂuence of thermal treatment on functional properties of Fe75 Ni2 Si8 B13 C2 amorphous alloy was
investigated, showing the change that resulted from thermally induced structural transformations. Thermal history of the sample was found to have a signiﬁcant effect on magnetic properties. Structural
transformations were identiﬁed using DSC and thermomagnetic curve and characterized using Mössbauer spectroscopy and X-ray diffraction. Further investigation of magnetic and electrical properties of
the alloy showed that structural relaxation prior to crystallization affected both magnetic susceptibility
and electrical resistivity of the alloy, leading to an increase in both. This was caused by a conﬂuence of
stress relieving and a decrease in number of defects and an increase in free volume in the alloy sample, not
only enabling greater mobility of magnetic domain walls, but also decreasing electron density of states
at the Fermi level. Annealing at temperatures below crystallization caused an increase in magnetic susceptibility of the alloy at room temperature, however, a shift in Curie temperature was not observed. The
alloy also exhibits a wide supercooled liquid region before crystallization, where its functional properties remained relatively constant, exhibiting the low values of both magnetic susceptibility and electrical
conductivity.
© 2012 Elsevier B.V. All rights reserved.

amorphous alloy systems [11]. Magnetic properties of amorphous
Fe-based alloys can improve signiﬁcantly after crystallization, if
nanocrystalline phases are formed [12,13], producing functional
materials with targeted properties. Addition of rare-earth metals
like Gd, Dy or Tb has been shown to increase Curie temperature
and affect the magnetic properties of iron-based amorphous alloys
[14].
A study of Nb-doped FeZrB-alloys revealed that, while increase
in Nb content leads to an increase the stability of amorphous
alloy, it also leads to a decrease in saturation magnetization [15].
Addition of Nb also suppresses crystallization of Fe2 B phase, allowing for formation of -Fe/amorphous mixed structure, leading to
improved magnetic properties. Another study of iron-based amorphous alloys found that optimized microstructure corresponds to
relaxed amorphous phase and that the soft magnetic properties
of these alloys can be enhanced signiﬁcantly through annealing at
temperatures before crystallization [16].
As a part of multidisciplinary study of iron-based amorphous
alloys, here we examined the inﬂuence of thermally induced structural transformations on functional properties of Fe75 Ni2 Si8 B13 C2
amorphous alloy. Our previous study of thermal stability and kinetics of this alloy [17] revealed that the crystallization of this alloy
occurs in a multi-step process. These structural transformations

1. Introduction
Iron-based amorphous alloys have been a focus of considerable
scientiﬁc interest in recent times. Their main features are homogenous and isotropic structure and isotropic physical and mechanical
properties. Their soft magnetic properties are mainly determined
by magneto-elastic and annealing-induced anisotropies [1], and
they are also characterized by high corrosion resistance and good
mechanical properties [2], making them suitable for use in a variety
of applications, such as power devices [3,4], information handling
technology, magnetic sensors [5] and anti-theft security systems
[6]. Addition of metalloid amorphizers like B, Si, P or C and the substitution of Fe by Co or Ni (or a mixture of both) enhance their glass
forming ability [7–9], although, recently, boron-free soft magnetic
alloys were prepared with magnetic properties similar to those
of conventional boron-containing Fe-based alloys [10]. Addition of
metallic additives like Ag, Cd or Zn has been shown to change crystallization kinetics and alter morphology of crystal growth in some
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Fig. 2. Mössbauer spectra of the as-prepared alloy (a); after annealing at 550 ◦ C (b); after annealing at 700 ◦ C (c); including components of iron containing phases. LF and HF
stand for low-ﬁeld and high-ﬁeld amorphous material component, respectively.

Fig. 1. (a) Thermomagnetic curves on heating (solid line) and cooling (dashed line) cycle (left); vertical arrows show the annealing temperatures for Mössbauer and XRD
measurements; (b) enhanced sections of thermomagnetic curve (solid line) and DSC (dashed line) showing the region of crystallization of the alloy.

[18] had a signiﬁcant effect on electrical and magnetic properties
of the alloy [19]. Here we correlated structural changes induced by
isothermal and non-isothermal treatment with changes in functional properties of this alloy.

hydrogen atmosphere, to prevent oxidation during heating. Electrical resistivity was measured non-isothermally during heating
from 25 to 630 ◦ C. Magnetic susceptibility and electrical resistivity
were recorded at heating rate of 20 ◦ C min−1 . FIB-SEM image was
obtained using XL 30 ESEM-FEG (Environmental Scanning Microscope with Field Emission Gun, by FEI, Netherlands), with 20 kV
acceleration voltage.

2. Experimental procedure
Fe75 Ni2 Si8 B13 C2 amorphous alloy was prepared in the form of
ribbons, 2 cm wide and 35 m thick, using the standard procedure
of rapid quenching of a melt on a rotating disc (melt spinning
method). Differential scanning calorimetry (DSC) measurement
was performed using Netzsch DSC-404, in an argon atmosphere,
at a heating rate of 5 ◦ C min−1 . Thermomagnetic scan was used to
study temperature induced processes. The experiment was localized on the EG&G Vibrating Sample Magnetometer in an evacuated
furnace. In this process the sample is heated, annealed and ﬁnally
cooled in a vacuum furnace at weak magnetic ﬁeld of 4 kA m−1
while its magnetic moment was monitored. Both heating and
cooling rates were 4 C min−1 , and the dwell time at the maximum temperature of 800 ◦ C was 30 min. The obtained results were
used to determine temperatures suitable for intermediate subsequent annealing followed by Mössbauer and X-ray measurements.
Annealing at chosen temperatures was conducted for 30 min. For
this purpose alloy sample was repeatedly thermally treated at successively higher temperatures.
The X-ray diffraction (XRD) patterns were recorded on an X’Pert
Pro MPD diffractometer from PANalytical with Co K radiation
operated at 40 kV and 30 mA. For the routine characterization
diffraction data were collected in the range of 2� Bragg angles
(15–135◦ , step 0.08◦ ). All XRD measurements were done on
solid samples in the form of a ribbon at room temperature. The
qualitative analysis of the XRD patterns was performed with the
X’Pert High Score Plus software and PDF-2 database [20,21]. For
the quantitative analysis the ICSD database was used and the
Rietveld reﬁnement yielded the mean crystallite size dXRD (nm)
for an identiﬁed phase [22]. Mössbauer spectra were taken at
room temperature, using the standard transmission geometry
and a 57 Co(Rh) source. The calibration was done against -iron
foil data. For the spectra ﬁtting and decomposition, the CONFIT
program package was used [23]. The computer processing of
Mössbauer spectra, yielded intensities, I, of components, their
hyperﬁne inductions, Bhf , isomer shifts, ı, and quadrupole splitting,
�. Modiﬁed Faraday method was used to investigate temperature
dependence of relative change in magnetic susceptibility, in
temperature range from 25 to 660 ◦ C, in argon atmosphere, at
magnetic ﬁelds of 8 kA m−1 . Electrical resistivity of the amorphous
ribbon was measured using 4-point method, in the oven under

3. Results and discussion
The effect of thermal treatment on functional properties of
Fe75 Ni2 Si8 B13 C2 alloy was investigated in conjunction with investigation of thermal stability and structural transformations. Thermal
stability of Fe75 Ni2 Si8 B13 C2 alloy was investigated using DSC,
which showed that the alloy was stable up to about 520 ◦ C, after
which it underwent multi-step crystallization [17]. The structural transformations are manifested in DSC only through two
well deﬁned exothermal peaks in 520–550 ◦ C temperature region,
which were attributed to the crystallization of the alloy, Fig. 1b.
Therefore, for a more detailed study of structural transformations,
we used thermomagnetic measurements, Mössbauer spectroscopy
and X-ray diffraction (XRD).
3.1. Analysis of structural transformations
The thermomagnetic curve (Fig. 1a) offers more information
on structural transformations in a broader temperature region
(25–800 ◦ C) than DSC. This measurement indicates that the alloy
remains ferromagnetic, with a constant magnetic moment, up to
around 400 ◦ C, when it abruptly declines to zero at 420 ◦ C, indicating Curie temperature. The alloy remains paramagnetic until
the onset of crystallization around 520 ◦ C, after which the alloy
regains ferromagnetic properties, as indicated by the increase in
magnetic moment. The change in the magnetic moment in the
temperature region between 500 and 600 ◦ C indicates multi-step
structural transformation, with two overlapping peaks clearly visible in enhanced segment of the thermomagnetic curve (Fig. 1b). The
third, smaller peak, around 700 ◦ C in the thermomagnetic curve,
appears due to recrystallization and transformation of -Fe(Si) to
Fe2 B, as observed in our previous work [24]. Based on these results,
successively higher sample annealing temperatures were chosen
(represented by arrows in Fig. 1a) for further analysis of structural
transformations using Mössbauer spectroscopy and XRD.
Mössbauer spectra of as-prepared alloy as well as the sample
annealed at 550 and 700 ◦ C presented in Fig. 2 are typical spectra
obtained after annealing at different temperatures. These illustrate
the different shape of the lines in the spectra of amorphous

structure, characterized by short-range ordering, and crystal
structure, as well as the spectra of individual iron containing
crystalline phases. Generally, broad-line components are typical
of the amorphous volume of the as-prepared sample (Fig. 2a),
while the sharp lines characterize the crystalline structure with
well-deﬁned positions of Fe-atoms (Fig. 2b and c). The as-prepared
alloy is an amorphous structure, exhibiting a high-ﬁeld and a
low-ﬁeld component of Mössbauer spectrum, while the spectra of
crystallized alloy (annealed at temperatures above 425 ◦ C) show
the presence of different crystalline phases (Table 1). The contents
of the iron-containing phases were determined as proportional
to the relative areas of the corresponding spectral components.
However, the exact quantiﬁcation of the phase contents could only
be done when possible differences in values of Lamb-Mössbauer
factors were considered. The pattern characteristics for the Fe–B
phases were taken from [25] and [26]. Some basics about the Fe–Si
Mössbauer spectra ﬁtting can be found in [27].
The tentative phase analysis shows that relative contributions
of individual phases change during the successive annealing at
different temperatures (Table 1). With the increase in annealing
temperature the amorphous structure remains almost unchanged
until the appearance of small amounts of -Fe(Si) solid solution
and FeB phase during the crystallization process after treatment at
425 ◦ C. On further annealing, two boron-containing phases were
observed: an intermediate phase Fe3 B, detected after annealing at
475 and 550 ◦ C, and stable Fe2 B phase, which was ﬁrst detected
after annealing at 550 ◦ C. This is in good agreement with previously
published reports [18,24]. Additionally, a minor iron phase, -Fe,
was observed after annealing at 475 ◦ C and 550 ◦ C. As the ﬁnal crystallization products at 700 ◦ C, the Mössbauer phase analysis reveals
only -Fe(Si) solid solution and Fe2 B phase, in 1.78:1 ratio of at.%
of Fe. Amount of iron atoms in paramagnetic positions is almost
below the sensitivity threshold. Content of silicon in the -Fe(Si)
solid solution seems to be about 9 at.% which is not far from the
value of 7 at.% published in [28].
X-ray diffraction spectra yield additional information about
microstructure of the alloy. It shows that the alloy structure does
not change after annealing at temperatures up to 400 ◦ C (Fig. 3). It

3.2. Influence of structural transformations on functional
properties
In order to determine the inﬂuence of structural changes on
functional properties, electrical and magnetic measurements were
conducted in a similarly broad temperature region (25–600 ◦ C).
Electrical resistivity (Fig. 4a) exhibits a slight initial rise with temperature characteristic of metallic conductors, followed by a sharp
increase between 350 and 400 ◦ C, and then by a region of very
slow increase up to the onset of crystallization around 520 ◦ C. More
insight into structural transformations is obtained from the derivative of electrical resistivity with respect to temperature, which
exhibits two clearly separated peaks, a wide peak in the region
350–420 ◦ C and a sharp asymmetric peak around 520 ◦ C, Fig. 4b. The
ﬁrst peak corresponds to the glass transition of the alloy, which is
followed by wide supercooled liquid region, while the second corresponds to the step-wise crystallization. Structural relaxation region
(200–400 ◦ C) involves stress relieving and elimination of defects
formed during rapid cooling of the alloy, a decrease in electron density of states at the Fermi level and an increase in electron mean
free path [29], leading to an increase in the degree of ordering of
the system. These lead, initially, to fast increase in resistivity, with
the increase in temperature, because the effect of the decrease in
electron density of states at the Fermi level is more prominent than

Table 1
Mössbauer tentative phase analysis (distribution of Mössbauer iron atoms among phases).
Annealing temperature

Amorphous
(at.% of Fe)

As-prepared
200 ◦ C
400 ◦ C
425 ◦ C
475 ◦ C
550 ◦ C
600 ◦ C
700 ◦ C

1.00
1.00
1.00
0.92
0.66
–
–
–

-Fe(Si)
(at.% of Fe)

-Fe
(at.% of Fe)

FeB
(at.% of Fe)

Fe3 B
(at.% of Fe)

Fe2 B
(at.% of Fe)

Fe para
(at.% of Fe)

0.06
0.08
0.57
0.64
0.64

–
–
–
–
0.05
0.07
–
–

–
–
–
0.02
–
–
–
–

–
–
–
–
0.21
0.13

–
–
–
–

–
–
–
–
–
0.01
–
–
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exhibits domains of short range crystalline ordering, which manifest themselves in two broad spread halos around 52◦ and 96◦ ,
respectively. The size of these domains was estimated, using Scherrer equation and Rietveld reﬁnement, to be around 1.5 nm (Fig. 3b).
The ﬁrst observed change in average domain size was a slight
increase after annealing at 425 ◦ C, as a consequence of the onset
of crystallization, also observed in Mössbauer spectra. Annealing at
475 ◦ C resulted in appearance of sharp crystalline peaks of -Fe(Si)
and Fe3 B phases, indicating coexistence of amorphous and crystalline phase. Using peak deconvolution and Rietveld analysis, the
size of the domains of short-range crystalline ordering of the amorphous phase was determined to increase sharply (around 5.5 nm)
after annealing at this temperature.
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Fig. 3. (a) XRD spectra at different temperatures (left) and (b) change in the size of domains of short-range crystalline ordering (right).
Fig. 5. (a) Magnetic susceptibility on heating to different temperatures (left) and (b) Magnetic susceptibility at room temperature after annealing, followed by slow cooling,
at different temperatures.

the opposite effect of the increase in electron mean free path. The
region of temperatures 400–520 ◦ C corresponds to the supercooled
liquid region of the alloy, as a consequence of the glass transition. At
this subsequent higher temperature there was an enhanced effect
of mechanical softening, as the viscosity of the material decreased,
and thermal expansion of the material. This led to an increase in
the conductivity of electrons, counteracting the increased thermal
motion of metal atoms, leading to a slower increase in thermal electrical resistivity after glass transition [30]. Crystallization is marked
by a sudden decrease in resistivity. On further heating, crystalline
alloy regains metallic properties characterized by an increase in
electrical resistivity.
Magnetic susceptibility of as-prepared alloy (Fig. 5) during thermal treatment exhibits three regions of behavior: region of almost
constant susceptibility up to 350 ◦ C (ferromagnetic region), followed by a decrease until susceptibility reaches zero at Curie
temperature, and it remains at zero until the onset of crystallization
(paramagnetic region). In order to investigate effects of annealing on magnetic susceptibility, the alloy was successively annealed
at higher temperatures. After heating up to 450 ◦ C, an increase of
around 20% in magnetic susceptibility at room temperature was
observed, with another slight increase before the transition to
supercooled liquid region. This was caused by a decrease in number of defects and an increase in free volume in the alloy sample,
enabling greater mobility of magnetic domain walls. The region of
temperatures 200–350 ◦ C corresponds to stress relieving and defect
elimination and annealing at these temperatures leads to improved
magnetic properties of amorphous material without affecting the
microstructure of the alloy. At Curie temperature, around 400 ◦ C,
the alloy becomes paramagnetic and retains this character until the
end of thermal treatment at 550 ◦ C. Annealing of amorphous alloys

at temperatures below crystallization temperature often results in
increase of Curie temperature [29], due to increased thermal stability of the resulting structure, but this was not observed here.
Fully crystallized alloy (annealed at 550 ◦ C and higher) regained
ferromagnetic character and its magnetic susceptibility at room
temperature is about 15% lower than that of the as-prepared alloy.
It increases on heating, and becomes almost equal to that of asprepared alloy around 250 ◦ C. It decreases at higher temperatures
as thermal motion works against magnetic interactions as the temperature nears Curie temperature of crystalline phases. In order to
demonstrate how important thermal history of the alloy is for its
functional properties, in Fig. 5b we showed the change in magnetic susceptibility measured at room temperature after thermal
treatment of the alloy. Alloy samples were annealed at different
temperatures, followed by slow cooling to room temperature, after
which magnetic susceptibility measurements were performed. The
effect of all thermally induced structural changes is evident from
the fact that the change in magnetic susceptibility with annealing
temperature exhibits several distinct regions. The increase following annealing at temperatures in 300–400 ◦ C range is caused by
structural relaxation involving stress relieving and defect elimination. Thermal treatment at temperatures, which correspond to
supercooled liquid region leads to a further sudden increase in susceptibility. However, partial crystallization, caused by annealing
at higher temperatures, leads to a decrease, which becomes more
pronounced with increase in degree of crystallization. As the alloy
undergoes stabilization through crystallization and subsequent
crystal growth, the decrease in value of magnetic susceptibility at
room temperature in fully crystallized alloy, when compared to
as-prepared alloy, could be a consequence of relatively small average crystal size, due to relative prevalence of interfacial surfaces in
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Fig. 6. FIB-SEM image of a sample annealed at 650 ◦ C.

the highly granulated porous structure. This is visible in FIB-SEM
image of fully crystallized alloy sample (Fig. 6), which shows that
the structure of fully crystallized alloy consists of interdispersed
nanocrystals of -Fe and Fe2 B phases. All these results indicate that
thermal motion is the primary factor in the change in both magnetic and electric, as well as, the microstructural changes observed
in the alloy in this temperature region.
4. Conclusion
Using DSC, thermomagnetic, Mössbauer and XRD measurements structural transformations of Fe75 Ni2 Si8 B13 C2 alloy were
found to result in successive formation of -Fe(Si), Fe3 B and
Fe2 B crystalline phases. The results presented show the close
connection between structural changes and functional properties of this material, both before and during crystallization. It
was shown that successive structural transformations exhibited
by Fe75 Ni2 Si8 B13 C2 alloy were accompanied by corresponding
changes in electrical resistivity and magnetic susceptibility. There
was no observed shift in Curie temperature after annealing at temperatures below crystallization, possibly because of the proximity
of Curie temperature to the glass transition of the alloy, although,
an increase in magnetic susceptibility of up to 20% was observed,
as a consequence of stress relieving and elimination of defects.
Fully crystallized alloy exhibited 15% lower magnetic susceptibility at room temperature than the as-prepared alloy, due to relative
prevalence of interfacial surfaces in the highly granulated porous
structure.
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transformations, and the kinetics of these processes was investigated in some detail [15,16]. Structural transformations of the
Fe75 Ni2 Si8 B13 C2 amorphous alloy under non-isothermal as well
as under isothermal conditions [17,18] showed that this alloy
undergoes multi-step structural transformations at temperature
up to 600 ◦ C, including formation of -Fe(Si), metastable Fe3 B,
as well as Fe2 B phase. However, this study was limited to temperature range below 600 ◦ C, and the nature and mechanism
of the individual processes have not been fully explained and
characterized, as one of the observed processes was characterized
as complex, and, therefore, it was not possible to analyze it. Here
we present a comprehensive study of crystallization kinetics and
thermodynamics of Fe75 Ni2 Si8 B13 C2 amorphous alloy, as well
as transformation and recrystallization processes that follow at
higher temperatures up to 750 ◦ C, and offer the most accurate and
detailed explanation of mechanism of these processes, linking the
obtained kinetic and thermodynamic parameters to real processes
of structural transformation observed in the system using XRD and
Mössbauer spectroscopy.

a b s t r a c t

2. Experimental procedure

Thermally induced structural transformations of amorphous Fe75 Ni2 Si8 B13 C2 alloy have been characterized in terms of both thermodynamic and kinetic parameters of individual processes. The crystallization
of the alloy occurs in temperature region around 500 ◦ C with primary crystallization of stable -Fe(Si) and
Fe2 B and metastable Fe3 B phase, followed by transformation of Fe3 B to Fe2 B. The latter process exhibits
the lowest values of apparent activation energy and change in Gibbs free energy of activated complex,
as well as negative value of change in entropy of activated complex, indicating that this corresponds to
transformation of one crystalline phase to another, making it the least complex of the four processes.
Another set of transformations occurs around 700 ◦ C, where two consecutive processes are observed:
phase transformation of -Fe(Si) to 1 -Fe(Si) and subsequent transformation of a portion of 1 -Fe(Si)
to Fe2 B. The consecutive nature of these processes is indicated by the fact that the ﬁrst process exhibits
signiﬁcantly higher values of apparent activation energy and changes in Gibbs free energy and entropy
of activated complex.

2.1. Materials and techniques

1. Introduction
Amorphous alloys, or metallic glasses, represent a class of materials characterized by absence of the long-range ordering in atom
arrangement [1,2]. They possess speciﬁc combination of physical
and mechanical properties, which makes them useful for many
applications [3–6]. Since they are kinetically and thermodynamically metastable, thermal treatment can cause their transformation
to more stable crystal forms. These structural changes can result in
changes in functional properties of alloys, such as heat capacity,
electrical and magnetic properties. Addition of metalloid amorphizers like B, Si, P or C and the substitution of Fe by Co or
Ni (or a mixture of both) enhance their glass forming ability
[7,8], although boron-free soft magnetic alloys have been prepared
recently with magnetic properties similar to those of conventional
boron-containing Fe-based alloys [9]. During crystallization, structure of the material transforms from amorphous, through hybrid
amorphous/crystalline, to purely crystalline. Functional properties
of these materials are highly dependent on their microstructure
[10,11], including degree of crystallization and nanocrystal size.

∗ Corresponding author. Tel.: +381 11 333 6689.
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Control of the crystallization process and degree of crystallization
would allow for tailoring of material properties to particular needs.
A study of iron-based amorphous alloys found that optimized microstructure of the amorphous alloy corresponds to
relaxed amorphous phase and that the soft magnetic properties
of these alloys can be enhanced signiﬁcantly through annealing at
temperatures below crystallization temperature [12]. Analysis of
crystallization kinetics of undercooled Fe B hypereutectic alloy,
which determined nucleation and growth rates for Fe78 B22 alloy,
showed that the kinetics of crystallization is dependent on undercooling �T and is determined by changes in nucleation and growth
rates [13]. Recently conducted ab initio molecular dynamics simulations [14] of liquid and amorphous Fe78 Si9 B13 alloys showed that
Fe Si bonding should be stronger than Fe B bonding and there
should be no bonding states in Si B pairs. Therefore, Si and B would
tend to repulse each other, and the preferred local structure for each
of these species would be the one where each of them is surrounded
with Fe-atoms. This means that -Fe(Si) solid-solution-like structure should nucleate from the amorphous matrix more easily than
Fe B type of crystal, and would represent a primary precipitate
during the crystallization process of Fe Si B based amorphous
alloys.
At high temperatures, thermally treated amorphous alloys
usually undergo multi-step processes of structural phase

Fig. 1. Experimental DSC curves at different heating rates.

The ribbon shaped samples of Fe75 Ni2 Si8 B13 C2 amorphous alloy
were prepared using the standard procedure of rapid quenching of
the melt on a rotating disc, named “melt spinning method”. Width
of obtained ribbon was 2 cm and thickness was 35 m.
The thermal stability of the alloy was investigated by the differential scanning calorimetry (DSC) in a nitrogen atmosphere, using
a DSC-50 Analyzer (Shimadzu, Japan). In this case, samples weighing several milligrams were heated in the DSC cell from room
temperature to 750 ◦ C in a stream of nitrogen ﬂowing at a rate
of 20 mL min−1 . Measurements were carried out at constant heating rates of 5, 8, 12 and 15 ◦ C min−1 . Calibration of the instrument
was performed for each of the four heating rates, while the DSC
curves shown here were obtained by deducting the baseline from
experimental curves. The peak deconvolution was conducted using
a Gaussian–Lorentzian cross-product function. The deconvolution
was performed concurrently on all the heating rates to maintain the
proﬁle of individual peaks, to reﬂect the fact that respective deconvoluted peaks represent same processes at different heating rates.
All of the theoretical peaks exhibit correlation factor R2 with experimental peaks of over 0.993. The best ﬁt with the lowest number
of steps, containing only single-step processes, was achieved when
the ﬁrst experimental peak was deconvoluted into four steps and
the second experimental peak into two steps.
2.2. Solid-state kinetic analysis
Kinetic studies of solid-state transformation are based on kinetic
equation for single-step process:
d˛
= k(T )f (˛)
dt

(1)

where ˛ is conversion degree, t is the time, T is the temperature,
k(T) is the rate constant, and f(˛) is a conversion function which
depends on the particular reaction mechanism [19].
The rate constant (k(T)) follows the Arrhenius equation, which
can be introduced to Eq. (1). Thus, the rate of conversion is given
as:
d˛
= A exp
dt

 −E 
RT

f (˛)

(2)

where A is pre-exponential factor, E is activation energy and R is the
gas constant. Pre-exponential factor and activation energy are the

http://dx.doi.org/10.1016/j.tca.2012.09.014

Arrhenius parameters and these parameters, together with algebraic expression of conversion function f(˛), represent a kinetic
triplet which is usually used for kinetic description of solid-state
transformations.
In solid-state reactions, the constant value of activation energy
can be expected only for a single-step reaction and E in Eq. (2)
becomes an apparent quantity (Ea ) based on a quasi-single-step
reaction. Under non-isothermal conditions, for measurements at
constant heating rates the Eq. (2) is often transformed to
ˇ

d˛
= A exp
dT

 −E 
a

RT

f (˛)

where ˇ is heating rate, ˇ = dT/dt, and d˛/dt ≡ ˇ(d˛/dT). Integration
of Eq. (3) leads to
g(˛) =



0

˛

AEa
d˛
=
p(x)
f (˛)
Rˇ

(4)

where g(˛) is the integral form of the reaction model and p(x) is the
temperature integral for x = Ea /RT which does not have analytical
solution.
3. Results and discussion
3.1. Thermal stability of the alloy
Investigation of thermal stability of Fe75 Ni2 Si8 B13 C2 amorphous
alloy revealed that it was thermally stable up to about 500 ◦ C
when step-wise process of thermal stabilization occurred [17]. DSC
curves, Fig. 1, obtained at four different heating rates, show two
well-formed exothermic peaks at around 500 ◦ C and 700 ◦ C, respectively. Asymmetric shape of both experimental peaks implies that
they correspond to complex processes involving more than one
single-step. In order to study the nature of individual steps of complex processes, the experimental peaks were deconvoluted: the
ﬁrst experimental peak was separated into four steps, while the second was separated into two steps (Fig. 2). The individual steps of the
ﬁrst experimental peak can be ascribed, using structural analysis, to
the formation of -Fe(Si), Fe3 B and Fe2 B crystalline phases, and subsequent transformation of metastable Fe3 B to Fe2 B, respectively.
Mössbauer spectroscopy allowed us to determine the exact order in
which the individual crystalline phases crystallize out of the amorphous matrix [20]. The individual steps of the second experimental
peak can be ascribed to transformation of -Fe(Si) to 1 -Fe(Si) and
transformation of part of 1 -Fe(Si) to Fe2 B phase [10]. All of the
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Table 1
Thermodynamic parameters of activated complex for individual steps.
Experimental peak 1

�‡ H (kJ/mol)
�‡ S (J/(mol K))
�‡ G (kJ/mol)
K‡

Experimental peak 2

Step 1

Step 2

Step 3

Step 4

Step 1

Step 2

−345 ± 16
130 ± 5
−449 ± 21
(2.1 ± 0.1)×1029

−284 ± 22
49.8 ± 3.7
−324 ± 26
(1.0 ± 0.1)×1021

−295 ± 27
58.4 ± 4.7
−343 ± 32
(8.7 ± 0.8)×1021

−187 ± 17
−81.8 ± 5.3
−119 ± 22
(3.3 ± 0.6)×107

−452 ± 17
164 ± 6
−610 ± 23
(9.9 ± 0.4)×1032

−357 ± 26
62.7 ± 3.8
−418 ± 30
(3.2 ± 0.2)×1022

Fig. 2. Peak deconvolution of complex experimental peaks.

deconvoluted peaks shift to higher temperatures with increase in
heating rate, indicating thermal activation of each individual step.
Further study of the nature of processes of thermal stabilization of Fe75 Ni2 Si8 B13 C2 amorphous alloy included determination
of both kinetic and thermodynamic parameters of individual steps
of crystallization and recrystallization processes. Thermodynamic
analysis included determination of values of �H0‡ , �S0‡ and �G0‡
of activated complex for each individual step, while kinetic analysis
included determination of values of kinetic triplets and determination and validation of the mechanism of solid-state reaction for
each step of observed structural transformations.

boron content (around 40 at.%), and its formation exhibits somewhat lower value of activation energy. Fourth step exhibits negative
values of both entropy and Gibbs free energy, which is consistent
with the process of transformation of metastable Fe3 B to stable
Fe2 B phase, resulting in increased degree of crystalline symmetry
of the system (P42 n to I(−4)2m).
Both individual steps of the second experimental peak exhibit
positive values of entropy of activated complex, while the corresponding values of Gibbs free energy are negative. The ﬁrst step
exhibits signiﬁcantly higher values of thermodynamic parameters
than the second, which is in agreement with the interpretation of
these steps as a consecutive process of phase transition of -Fe(Si)
to 1 -Fe(Si) and transformation of a portion of 1 -Fe(Si) to Fe2 B
[23]. Fig. 3 shows enhanced parts of XRD spectra of alloy samples
thermally treated at 650, 750 and 850 ◦ C, where a shift in peaks of
-Fe(Si) phase is clearly visible going from 650 to 750 ◦ C (due to
phase transition from  to 1 phase). Since phase transition from
 to 1 phase would include displacement of not only Fe and Si
atoms, but also B atoms that are still present in -Fe(Si) phase, it
would be expected that this would entail both temporary decrease
in ordering of the crystal structure of -Fe(Si) and decrease in overall stability of the lattice, going from  to 1 structure. Subsequent
formation of Fe2 B would be facilitated both by the decreased stability of 1 -Fe(Si), compared to -Fe(Si), and its higher Si content,
which allows for more Fe to be incorporated into Fe2 B.
None of the thermodynamic parameters exhibit deviation from
linear dependence with respect to temperature, indicating that
there is no change in mechanism in the observed temperature
region.

3.2. Determination of thermodynamic parameters
In order to understand the transformation processes better, thermodynamic activation parameters for individual steps of
experimental DSC peaks were determined (Table 1). Values of
standard activation entropy (�S0‡ ) were calculated using Eyring’s
theory [21,22]:
A=

kT �S0‡
e
h

where A is Arrhenius pre-exponential factor, k is Boltzmann constant, h is Planck constant and T is temperature. Taking into account
that, for solid-state reactions, Ea ≈ �H‡ , where �H‡ is activation
enthalpy:
�G0‡ = �H 0‡ − T�S 0‡
Negative value of �G0‡ indicates that the formation of activated complex occurs spontaneously. Equilibrium constant (K‡ ) for
reactant-activated complex pair can then be calculated using equation:

3.3. Determination of kinetic triplets
Initial investigation of kinetic parameters of each deconvoluted
step was conducted by determining the overall values of apparent activation energies (Ea ) and pre-exponential factors (A) using
Kissinger’s and Ozawa’s methods [24,25] (Table 2), and the values
obtained by both methods were in good agreement.
Relatively high values of Ea for the ﬁrst three steps are an indication of the complexity of the processes of crystallization, which
requires participation of a signiﬁcant number of atoms. In order
to determine the mechanism, it is necessary to determine the values of Ea for different values of ˛, using isoconversional methods:
Vyazovkin’s [26,27], Ortega’s [28] and Kissinger–Akahira–Sunose’s
(KAS) [24,29] (Fig. 4). It can be observed that, for each individual
step, the determined values of apparent activation energies are relatively constant in the 0.2 ≤ ˛ ≤0.8 range, indicating single step
processes, while the values of Ea obtained using different methods are in relatively good agreement (Table 2). These values show
good agreement with previously obtained values of kinetic parameters for overlapping steps of experimental peak 1 [17], even in the

�G0‡ = −RT ln K ‡
High values of this constant indicate tendency to form activated
complexes from initial metastable state.
Positive values of entropy and negative values of change in Gibbs
free energy (which corresponds to high values of equilibrium constant K‡ ) for ﬁrst three steps of ﬁrst experimental peak suggests that
the formation of activated complex during the processes of crystallization of three crystalline phases from the amorphous matrix
results in a decrease of short-range ordering of the amorphous
matrix. Formation of -Fe(Si) phase (step 1 of experimental peak
1) exhibits highest value of change in Gibbs free energy and crystallizes ﬁrst, even though it exhibits the highest value of activation
energy. It is probable that this phase then serves as nucleation site
for crystallization of the other phases. Initial preferential crystallization of metastable Fe3 B phase is determined by the chemical
composition of amorphous matrix, or more speciﬁcally, its high

Fig. 3. Enhanced regions of XRD spectra after thermal treatment at different temperatures, showing the shift of -Fe(Si) peaks due to phase transition from - to 1 -phase.

conditions of validity of the JMA model are not entirely fulﬁlled (ﬁgures in supplemental material), which could be expected
considering that crystallization of -Fe(Si) probably includes overlapping steps of nucleation and crystal growth, while its crystals
serve as nucleation sites for crystallization of other phases. The
maxima of the y(˛) functions are located at ˛ > 0 and at lower values
of the degree of transformation than the maxima of the z(˛) functions, which, combined with the convex shape of these functions,
suggests that the individual steps may correspond to empirically
derived Šesták–Berggren model [30,31] (Fig. 6(a)), which is usually
represented as:

case of the complex step of ﬁrst experimental peak, which is now
contained in steps 3 and 4. This is due to the fact that the relative
amplitude of step 4 is the lowest and its relative effect on the overall
values of kinetic parameters is, accordingly, low.
Determination of the correct form of the conversion function
was conducted using Málek’s method [30] as the initial criterion,
involving the use of functions y(˛) and z(˛), which, in nonisothermal conditions, can be deﬁned as follows:
y(˛) =

 d˛ 
dt

exp

E 
a

RT

= Af (˛),

z(˛) =

 d˛ 
dt

T2

(5)

For practical reasons, the functions are normalized within [0,1]
range. Obtained functions y(˛) and z(˛) have convex shape and
well deﬁned maxima for each crystallization step, Fig. 5, indicating that these generally correspond to JMA model, which assumes
isothermal process with completely separate steps of formation
of nuclei and subsequent crystal growth. For full validity of JMA
model, the maximum of the z(˛) function would have to be located
at ˛ = 0.632 [30]. Observed values of the maxima of the z(˛) function (Table 3) are in 0.50 ≤ ˛ ≤ 0.52 range, indicating that the

f (˛) = ˛M (1 − ˛)N [−ln (1 − ˛)]P

and assumes the form of a number of different reaction models,
depending on the combination of values M, N and P [32]. This model
is usually used in simpliﬁed form (P = 0): f (˛) = ˛M (1 − ˛)N which
is an autocatalytic model, physically meaningful only for M < 1.
Obtained average values of the parameters M and N (presented in

Table 2
Kinetic parameters of individual steps determined by different methods.
Ea (kJ/mol)

Experimental peak 1

Method

Step 1

Kissinger Ea (kJ/mol)
A (min−1 )
Ozawa Ea (kJ/mol)
A (min−1 )
Ortega
Vyazovkin
KAS
Šesták-Berggren
IKP Ea (kJ/mol)
A (min−1 )

345 ± 16
(1.7 ± 0.1)×1022
341 ± 15
(1.00 ± 0.04)×1022
359 ± 16
360 ± 1
345 ± 16
356 ± 12
357 ± 11
(5.0 ± 0.1)×1022

-Fe(Si)

Experimental peak 2
Step 2

Fe3 B

284 ± 22
(1.1 ± 0.1)×1018
283 ± 21
(9.4 ± 0.7)×1017
300 ± 22
299 ± 1
285 ± 22
297 ± 10
297 ± 9
(4.1 ± 0.3)×1022

Step 3

Fe2 B

295 ± 27
(3.1 ± 0.4)×1018
293 ± 26
(2.5 ± 0.2)×1018
309 ± 27
310 ± 1
294 ± 27
305 ± 11
300 ± 11
(2.8 ± 0.2)×1018

Step 4Fe3 B → Fe2 B

Step 1

187 ± 17
(1.5 ± 0.2)×1011
191 ± 16
(3.1 ± 0.2)×1011
201 ± 17
202 ± 1
187 ± 17
201 ± 8
200 ± 7
(6.3 ± 0.2)×1011

452 ± 17
(1.20 ± 0.06)×1024
445 ± 16
(5.9 ± 0.2)×1023
472 ± 18
473 ± 1
452 ± 17
470 ± 18
471 ± 13
(1.4 ± 0.1)×1025

������ �

������ �

192

(6)

193

 → 1

Step 21 -Fe(Si) → Fe2 B
357 ± 26
(6.2 ± 0.6)×1018
350 ± 25
(4.9 ± 0.3)×1018
377 ± 26
378 ± 1
357 ± 26
377 ± 15
377 ± 12
(8.7 ± 0.2)×1019

V.A. Blagojević et al. / Thermochimica Acta 549 (2012) 35–41

39

40
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3.4. Model ﬁtting method
In order to verify obtained kinetic parameters, we tested different forms of conversion functions using Coats–Redfern equation
[33]. Correlation factor (R2 ) was close to one for several different forms of conversion function, however, Arrhenius parameters
exhibited strong dependence on the selected form of conversion
function. Based on the study of the compensation effect, invariant
kinetic parameters (IKP) [34] were determined (Table 2), revealing
that the values of invariant activation energy and invariant preexponential factor are in good agreement with the values of Ea and
A previously obtained using other methods.

phase to stable Fe2 B phase represents the least complex process in
comparison with other crystallization steps.
The transformation around 700 ◦ C was found to correspond to
phase transformation of -Fe(Si) to 1 -Fe(Si) phase and transformation of a portion of 1 -Fe(Si) to Fe2 B. The ﬁrst step corresponds
to phase transformation of  to 1 phase, which contains more
Si than  phase. This explains relatively high value of apparent activation energy, because the phase transformation requires
rearrangement of signiﬁcant number of atoms. The second step
corresponds to transformation of 1 -Fe(Si) to Fe2 B, which is made
possible by the preceding phase transformation of -Fe(Si). Lower
value of apparent activation energy of this step, compared to the
preceding one, reﬂects the consecutive nature of these reactions.

3.5. Validation of the correct form of the conversion function
Acknowledgment
Fig. 4. Apparent activation energy, Ea , at different ˛ for individual steps, calculated using Vyazovkin’s method.

Master plot [35] and Perez-Maqueda’s [36] criterion were used
to test the determined form of conversion function and other
kinetic parameters, corresponding to respective individual steps.
The kinetic parameters used were determined using Vyazovkin’s
method.
Master plot method uses relation derived from Eq. (2), using a
reference point at ˛ = 0.5:
d˛/dt
f (˛)
exp (Ea /RT )
=
f (0.5)
(d˛/dt)˛=0.5 exp (Ea /RT0.5 )

Fig. 5. Dependence of (a) z(˛) and (b) y(˛) on ˛ calculated using Malek’s method (for step 1 of exp. peak 1).
Table 3
Average positions of the maxima of y(˛) and z(˛) functions and average values of M and N, given for individual steps.
Experimental peak 1
Step 1
˛y (max)
˛z (max)
M
N

0.27
0.52
0.44
1.18

±
±
±
±

Experimental peak 2
Step 2

0.01
0.01
0.03
0.02

0.30
0.51
0.48
1.10

±
±
±
±

Step 3
0.02
0.01
0.04
0.02

0.24
0.52
0.39
1.24

±
±
±
±

Step 4
0.01
0.01
0.01
0.03

0.28
0.52
0.33
0.86

±
±
±
±

Step 1
0.02
0.01
0.03
0.02

0.40
0.50
0.67
0.99

±
±
±
±

Step 2
0.02
0.02
0.04
0.03

0.42
0.50
0.70
0.97

±
±
±
±

0.01
0.01
0.01
0.01

(10)

where f(0.5) and T0.5 are the values of conversion function and temperature at ˛ = 0.5. Previously obtained Šesták–Berggren functions
for each individual step show full accordance between experimental and theoretical master curves, which conﬁrms that this model
best describes individual processes (Fig. 6(b)).
Additional veriﬁcation was conducted using Perez-Maqueda’s
criterion, where kinetic parameters are independent on the heating rate, and utilization of a particular differential or integral model
ﬁtting equation, provides linear dependence for a correct form
of conversion function, when plotting points corresponding to
all heating rates. High values of the correlation coefﬁcient (R2 )
obtained for Šesták–Berggren functions of respective individual
steps (Fig. 6(c)) and very good agreement of the values of Ea and A,
obtained using the logarithmic form of the general kinetic equation,
with the values obtained using other methods, Table 1, conﬁrm the
validity determined kinetic triplets.
4. Conclusion

Fig. 6. (a) Example of Šesták–Berggren plot for step 1 of exp. peak 1 at heating rate of 5 ◦ C min−1 . (b) Master plot for Šesták–Berggren model (for step 1 of exp. peak 1). (c)
Perez-Maqueda plot for Šesták–Berggren model (for step 1 of exp. peak 1).

Table 3) allow us to represent the correct form of the conversion
function as:
f (˛) = ˛0.4 (1 − ˛)1.2
f (˛) = ˛0.3 (1 − ˛)

0.9

− (for the ﬁrst three steps of the ﬁrst experimental peak)

(7)

− (for the fourth step of the ﬁrst experimental peak)

(8)

f (˛) = ˛0.7 (1 − ˛) − (for the second experimental peak)

(9)

While primary crystallization of -Fe(Si) phase from the amorphous matrix exhibits the highest value of change in Gibbs free
energy, it also exhibits the highest value of apparent activation
energy and pre-exponential factor, probably due to simultaneous
correlated displacement of groups of atoms required for formation
of -Fe(Si) crystals. Lower values of both kinetic and thermodynamic parameters of subsequent steps indicate that the formation
of Fe3 B and Fe2 B is probably facilitated in part by formation of
-Fe(Si), which creates Si-poor regions in the amorphous matrix,
creating favorable condition for formation of boron-containing
phases. This would mean that these phases would nucleate close to
already formed -Fe(Si) crystals, leading to fast formation of interphase boundaries. All of these processes involving crystallization
of three crystalline phases from amorphous matrix exhibit similar kinetic and thermodynamic parameters, when compared to
the other processes observed in this system. The transformation of
metastable Fe3 B to stable Fe2 B, exhibits the lowest values of �G0‡ ,
Ea and A, and a negative change in entropy of activated complex,
due to increased symmetry of the resulting crystal. Given that activation energy is spent mainly for downturn of activation barrier
due to simultaneous correlated displacement of groups of atoms
[37], these results indicate that transformation of matastable Fe3 B

The research has been supported by the Ministry of Education
and Science of Serbia, under the Project 172015.
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ZĂĚƉƌŝŵůũĞŶ͗ϭϴ͘ũĂŶƵĂƌ͕ϮϬϭϮ
ZĂĚƉƌŝŚǀĂđĞŶ͗ϲ͘ŵĂƌƚ͕ϮϬϭϮ

ϳϲϵ

������ �

196

197

͘D͘D/E/͕s͘͘>'K:s/͕͘D͘D/E/͗^sK:^dsDKZ&E>'hZ&ĞϳϱEŝϮ^ŝϴϭϯϮ

,Ğŵ͘ŝŶĚ͘ϲϲ;ϱͿϳϲϵʹϳϳϵ;ϮϬϭϮͿ

͘D͘D/E/͕s͘͘>'K:s/͕͘D͘D/E/͗^sK:^dsDKZ&E>'hZ&ĞϳϱEŝϮ^ŝϴϭϯϮ

,Ğŵ͘ŝŶĚ͘ϲϲ;ϱͿϳϲϵʹϳϳϵ;ϮϬϭϮͿ



dĞƌŵŽŵĂŐŶĞƚŶĂ ŵĞƌĞŶũĂ ƐƵ ǀƌƓĞŶĂ ƉŽŵŽđƵ 'Θ'
sŝďƌĂƚŝŶŐ ^ĂŵƉůĞ ŵĂŐŶĞƚŽŵĞƚƌĂ Ƶ ĞǀĂŬƵŝƐĂŶŽũ ĐĞǀŝ͘ h
ŽǀŽŵ ƉƌŽĐĞƐƵ ƵǌŽƌĂŬ ũĞ ǌĂŐƌĞǀĂŶ ŝ ǌĂƚŝŵ ŚůĂĜĞŶ Ƶ
ĞǀĂŬƵŝƐĂŶŽũ ĐĞǀŝ ƐĂ ƐůĂďŝŵ ŵĂŐŶĞƚŶŝŵ ƉŽůũĞŵ ŽĚ ϰ
Ŭͼŵʹϭ ĚŽŬ ũĞ ƉƌĂđĞŶ ŵĂŐŶĞƚŶŝ ŵŽŵĞŶƚ Ɖƌŝ ďƌǌŝŶŝ ǌĂͲ
ŐƌĞǀĂŶũĂϰ°ͼŵŝŶʹϭ͘sƌĞŵĞǌĂĚƌǎĂǀĂŶũĂŶĂŵĂŬƐŝŵĂůŶŽũ
ƚĞŵƉĞƌĂƚƵƌŝŽĚϴϬϬ°ďŝůŽũĞϯϬŵŝŶ͘
DƂƐƐďĂƵĞƌͲŽǀŝƐƉĞŬƚƌŝƐŶŝŵĂŶŝƐƵ͕ŬŽƌŝƓđĞŶũĞŵŐĞŽͲ
ŵĞƚƌŝũĞ ƐƚĂŶĚĂƌĚŶĞ ƚƌĂŶƐŵŝƐŝũĞ ŝ ϱϳŽ;ZŚͿ ŝǌǀŽƌĂ͘ <ĂůŝͲ
ďƌĂĐŝũĂ ũĞ ŝǌǀƌƓĞŶĂ ƉƌĞŵĂ ƉŽĚĂĐŝŵĂ ǌĂ ɲͲ&Ğ͘ Ă ĨŝƚŽͲ
ǀĂŶũĞ ŝ ƌĂǌůĂŐĂŶũĞ ƐůŽǎĞŶŝŚ ƚƌĂŬĂ ƐƉĞŬƚĂƌĂ͕ ŬŽƌŝƓđĞŶ ũĞ
ƉƌŽŐƌĂŵƐŬŝƉĂŬĞƚKE&/dϭϱ͘
ůĞŬƚƌŝēŶĂ ŽƚƉŽƌŶŽƐƚ ũĞ ŵĞƌĞŶĂ ŬŽƌŝƐƚĞđŝ ŵĞƚŽĚ ϰ
ƚĂēŬĞƵƉĞđŝƐĂĂƚŵŽƐĨĞƌŽŵǀŽĚŽŶŝŬĂƌĂĚŝƐƉƌĞēĂǀĂŶũĂ
ŽŬƐŝĚĂĐŝũĞ ƚŽŬŽŵ ǌĂŐƌĞǀĂŶũĂ͘ KƚƉŽƌŶŽƐƚ ũĞ ŵĞƌĞŶĂ ŶĞͲ
ŝǌŽƚĞƌŵŶŽ ƚŽŬŽŵ ŐƌĞũĂŶũĂ ŽĚ Ϯϱ ĚŽ ϲϯϬ ° Ɖƌŝ ďƌǌŝŶŝ
ŐƌĞũĂŶũĂŽĚϮϬ°ŵŝŶʹϭ͘
ĂŝƐƉŝƚŝǀĂŶũĞƚĞŵƉĞƌĂƚƵƌŶĞǌĂǀŝƐŶŽƐƚŝƌĞůĂƚŝǀŶĞƉƌŽͲ
ŵĞŶĞ ŵĂŐŶĞƚŶĞ ƐƵƐĐĞƉƚŝďŝůŶŽƐƚŝ͕ Ƶ ƚĞŵƉĞƌĂƚƵƌƐŬŽŵ
ŽƉƐĞŐƵŽĚϱĚŽϲϲϬ°͕ƵĂƚŵŽƐĨĞƌŝĂƌŐŽŶĂ͕ƵŵĂŐŶĞƚͲ
ŶŽŵ ƉŽůũƵ ŽĚ ϴ Ŭͬŵ͕ Ɖƌŝ ďƌǌŝŶŝ ǌĂŐƌĞǀĂŶũĂ ŽĚ ϮϬ °
ŵŝŶʹϭŬŽƌŝƓđĞŶũĞŵŽĚŝĨŝŬŽǀĂŶ&ĂƌĂĚĞũĞǀŵĞƚŽĚ͘
DĞƌĞŶũĂ ŵŝŬƌŽƚǀƌĚŽđĞ ƉŽ sŝĐŬĞƌƐͲƵ ƐƵ ŝǌǀƌƓĞŶŝ ƐĂ
ŽƉƚĞƌĞđĞŶũŝŵĂŽĚϬ͕ϰEŝǀƌĞŵĞŶŽŵŽƉƚĞƌĞđĞŶũĂŽĚϭϬ
Ɛ͕ƵƚĞŵƉĞƌĂƚŽƌƐŬŽŵŽƉƐĞŐƵϮϱ−ϲϬϬ°͘

ŬƌŝƐƚĂůŝǌĂĐŝũĞŬŽũŝƐĞŵĂŶŝĨĞƐƚƵũĞƉŽũĂǀŽŵĚǀĂƉƌĞŬůĂƉĂͲ
ũƵđĂ ƉŝŬĂ͘ ^Ă ďƌǌŝŶŽŵ ǌĂŐƌĞǀĂŶũĂ ŽĚ ϱ ŽŵŝŶͲϭ͕ ŵĂŬƐŝͲ
ŵƵŵŝƉŝŬŽǀĂƐƵϱϮϵŝϱϰϬŽ͘


^ůŝŬĂϭ͘ŝĨƌĂŬƚŽŐƌĂŵƉŽůĂǌŶĞůĞŐƵƌĞ͘
&ŝŐƵƌĞϭ͘yZWĂƚƚĞƌŶŽĨĂƐͲƉƌĞƉĂƌĞĚĂůůŽǇ

Zh>dd///^<h^/:

DƂƐƐďĂƵĞƌͲŽǀĞ ƐƉĞŬƚƌŽƐŬŽƉŝũĞ ŝ ĚŝĨƌĂŬĐŝũĞ yͲǌƌĂŬĂ͘
DƂƐƐďĂƵĞƌͲŽǀŝ ƐƉĞŬƚƌŝ ƉŽůĂǌŶĞ ůĞŐƵƌĞ ŝ ůĞŐƵƌĞ ǌĂŐƌĞͲ
ǀĂŶĞ ŶĂ ϳϬϬ °͕ ƐůŝŬĂ ϰ͕ ƚŝƉŝēŶŝ ƐƵ ƐƉĞŬƚƌŝ ĂŵŽƌĨŶĞ͕
ŽĚŶŽƐŶŽ ŬƌŝƐƚĂůŶĞ ůĞŐƵƌĞ ŶĂ ďĂǌŝ ŐǀŽǎĜĂ͘ KǀŽ ŝůƵƐƚƌƵũĞ
ƐƉŽƐŽďŶŽƐƚ ŽǀĞ ŵĞƚŽĚĞ ĚĂ ƉŽŬĂǎĞ ƌĂǌůŝŬƵ ŝǌŵĞĜƵ
ĂŵŽƌĨŶĞ ƐƚƌƵŬƚƵƌĞ ŽŬĂƌĂŬƚĞƌŝƐĂŶĞ ƵƌĞĜĞŶŽƓđƵ ŶĂ ďůŝͲ
ǌŝŶƵ ŽĚ ƐƚƌƵŬƚƵƌĞ ŬƌŝƐƚĂůŶŝŚ ĨĂǌĂ ŬŽũĞ ƐĂĚƌǎĞ ŐǀŽǎĜĞ
ϭϳʹϭϵ͘ hŽƉƓƚĞŶŽ͕ ƓŝƌŽŬŽͲůŝŶŝũƐŬĞ ŬŽŵƉŽŶĞŶƚĞ ƐƵ ƚŝͲ
ƉŝēŶĞ ǌĂ ĂŵŽƌĨŶƵ ƐƚƌƵŬƚƵƌƵ ƉŽůĂǌŶĞ ůĞŐƵƌĞ͕ ƐůŝŬĂ ϰĂ͕
ĚŽŬƐƵŽƓƚƌĞůŝŶŝũĞŬĂƌĂŬƚĞƌŝēŶĞǌĂŬƌŝƐƚĂůŶƵƐƚƌƵŬƚƵƌƵƐĂ
ĚŽďƌŽ ĚĞĨŝŶŝƐĂŶŝŵ ƉŽůŽǎĂũŝŵĂ &ĞͲĂƚŽŵĂ͕ ƐůŝŬĞ ϰď͘ WŽͲ
ůĂǌŶĂ ůĞŐƵƌĂ ũĞ ĂŵŽƌĨŶĞ ƐƚƌƵŬƚƵƌĞ ŝ ƉŽƐĞĚƵũĞ ŬŽŵƉŽͲ
ŶĞŶƚĞ DƂƐƐďĂƵĞƌͲŽǀŽŐ ƐƉĞŬƚƌĂ ŶŝƐŬŽŐ ŝ ǀŝƐŽŬŽŐ ƉŽůũĂ͕
ĚŽŬ ŝƐŬƌŝƐƚĂůŝƐĂŶĂ ůĞŐƵƌĂ ;ǌĂŐƌĞǀĂŶĂ ŶĂ ƚĞŵƉĞƌĂƚĂŵĂ
ŝǌŶĂĚ ϰϮϱ °Ϳ ƉŽŬĂǌƵũĞ ƉƌŝƐƵƐƚǀŽ ƌĂǌůŝēŝƚŝŚ ŬƌŝƐƚĂůŶŝŚ
ĨĂǌĂ͕ƚĂďĞůĂϭ͘
WŽĚĂĐŝ Ƶ ƚĂďĞůŝ ϭ ƉŽŬĂǌƵũƵ ĚĂ ƐĞ ƌĞůĂƚŝǀŶŝ ƐĂĚƌǎĂũŝ
ƉŽũĞĚŝŶĂēŶŝŚĨĂǌĂŵĞŶũĂũƵǌĂǀƌĞŵĞƵǌĂƐƚŽƉŶŽŐǌĂŐƌĞͲ
ǀĂŶũĂ ůĞŐƵƌĞ ŶĂ ƌĂǌůŝēŝƚŝŵ ƚĞŵƉĞƌĂƚƵƌĂŵĂ͘ ^Ă ƉŽǀĞđĂͲ
ŶũĞŵƚĞŵƉĞƌĂƚƵƌĞǌĂŐƌĞǀĂŶũĂĂŵŽƌĨŶĂƐƚƌƵŬƚƵƌĂŽƐƚĂũĞ
ƐŬŽƌŽ ŶĞƉƌŽŵĞŶũĞŶĂ͕ ĚŽ ƉŽũĂǀĞ ŵĂůŝŚ ŬŽůŝēŝŶĂ ēǀƌƐƚŽŐ
ƌĂƐƚǀŽƌĂ ɲͲ&Ğ;^ŝͿ ŝ ĨĂǌĞ &Ğ ǌĂ ǀƌĞŵĞ ƉƌŽĐĞƐĂ ŬƌŝƐƚĂůŝͲ
ǌĂĐŝũĞƉŽƐůĞƚƌĞƚŵĂŶĂŶĂϰϮϱ°͘^ĂĚĂůũŝŵǌĂŐƌĞǀĂŶũĞŵ͕
ŽƉĂǎĞŶĞ ƐƵ ĚǀĞ ŶŽǀĞ ĨĂǌĞ ŬŽũĞ ƐĂĚƌǎĞ ďŽƌ͗ ŝŶƚĞƌŵĞĚŝͲ
ũĞƌŶĂĨĂǌĂ&Ğϯ͕ĚĞƚĞŬƚŽǀĂŶĂƉŽƐůĞǌĂŐƌĞǀĂŶũĂŶĂƚĞŵͲ
ƉĞƌĂƚƵƌĂŵĂ ϰϳϱ ŝ ϱϱϬ °͕ ŝ ƐƚĂďŝůŶĂ ĨĂǌĂ &Ğ Ϯ͕ ŬŽũĂ ũĞ
ƉƌǀŽ ĚĞƚĞŬƚŽǀĂŶĂ ƉŽƐůĞ ǌĂŐƌĞǀĂŶũĂ ŶĂ ϱϱϬ°͘ <ĂŽ ŬŽͲ
ŶĂēŶŝ ƉƌŽŝǌǀŽĚĞ ŬƌŝƐƚĂůŝǌĂĐŝũĞ ŶĂ ϳϬϬ °͕ ƉƌŝƐƵƚĂŶ ũĞ
ƐĂŵŽēǀƌƐƚƌĂƐƚǀŽƌĚǀĞĨĂǌĞ͕ĨĂǌĂɲͲ&Ğ;^ŝͿŝ&ĞϮ͘
EĂ ƐůŝĐŝ ϱ ƉƌĞĚƐƚĂǀůũĞŶŝ ƐƵ ĚŝĨƌĂŬƚŽŐƌĂŵŝ ƉŽůĂǌŶĞ
ĂŵŽƌĨŶĞ ůĞŐƵƌĞ ŬĂŽ ŝ ƵǌŽƌĂŬĂ ůĞŐƵƌĞ ƉŽƐůĞ ǌĂŐƌĞǀĂŶũĂ
ŶĂ ƌĂǌůŝēŝƚŝŵ ƚĞŵƉĞƌĂƚƵƌĂŵĂ͕ ƵŬůũƵēƵũƵđŝ ŝŶĚĞŬƐŝƌĂŶũĞ

ƚĂůŝǌĂĐŝũĞ͕ ŬŽũŝŵĂ ůĞŐƵƌĂ ƉŽĚůĞǎĞ ǌĂ ǀƌĞŵĞ ƚĞƌŵŝēŬŽŐ
ƚƌĞƚŵĂŶĂ Ƶ ƚĞŵƉĞƌĂƚƵƌŶŽŵ ŽƉƐĞŐƵ Ϯϱ−ϴϬϬ °͘ WƌŽͲ
ŵĞŶĂ ŵĂŐŶĞƚŶŽŐ ŵŽŵĞŶƚĂ ƐĂ ƚĞŵƉĞƌĂƚƵƌŽŵ͕ ƐůŝŬĂ ϯ͕
ƉŽŬĂǌƵũĞ ĚĂ ůĞŐƵƌĂ ŽƐƚĂũĞ ĨĞƌŽŵĂŐŶĞƚŶĂ͕ ƐĂ ŬŽŶƐƚĂŶƚͲ
Ŷŝŵ ŵĂŐŶĞƚŶŝŵ ŵŽŵĞŶƚŽŵ͕ ĚŽ ŽŬŽ ϰϬϬ °͕ ŬŽũŝ ƉŽͲ
ēŝŶũĞŶĂŐůŽĚĂƉĂĚĂĚŽ<ŝƌŝũĞǀĞƚĞŵƉĞƌĂƚƵƌĞ͕dĐ͕ŶĂϰϮϬ
°͘ >ĞŐƵƌĂ ŽƐƚĂũĞ ƉĂƌĂŵĂŐŶĞƚŶĂ ĚŽ ƉŽēĞƚŬĂ ŬƌŝƐƚĂůŝͲ
ǌĂĐŝũĞŶĂŽŬŽϱϬϬ°ŬĂĚĂƉŽƌĂƐƚŵĂŐŶĞƚŶŽŐŵŽŵĞŶƚĂ
ƵŬĂǌƵũĞŶĂŶũĞŶƵƉŽŶŽǀŶƵĨĞƌŽŵĂŐŶĞƚŝēŶŽƐƚ͘WƌŽŵĞŶĂ
ŵĂŐŶĞƚŶŽŐ ŵŽŵĞŶƚĂ Ƶ ƚĞŵƉĞƌĂƚƵƌƐŬŽŵ ŽƉƐĞŐƵ
ŝǌŵĞĜƵ ϱϬϬ ĂŶĚ ϲϬϬ ° ƉŽŬĂǌƵũĞ ǀŝƓĞƐƚĞƉĞŶƵ ƐƚƌƵŬͲ
ƚƵƌŶƵ ƚƌĂŶƐĨŽƌŵĂĐŝũƵ͕ ƐĂ ĚǀĂ ƉƌĞŬůĂƉĂũƵđĂ ƉŝŬĂ ũĂƐŶŽ
ǀŝĚůũŝǀĂ ŶĂ ĚŝĨĞƌĞŶĐŝũĂůŶŽũ ƚĞƌŵŽŵĂŐŶĞƚŶŽũ ŬƌŝǀŽũ ;ƐůŝŬĂ
ϯͿ͘dƌĞđŝ͕ŵĂŶũŝƉŝŬ͕ŶĂŽŬŽϳϬϬ°ŶĂƚĞƌŵŽŵĂŐŶĞƚŶŽũ
Ŭƌŝǀŝ͕ ƉŽũĂǀůũƵũĞ ƐĞ ǌďŽŐ ƌĞŬƌŝƐƚĂůŝǌĂĐŝũĞ ŝ ƚƌĂŶƐĨŽƌŵĂĐŝũĞ
ɲͲ&Ğ;^ŝͿƵ&ĞϮϭϭ͘
ZĂĚŝĚĞƚĂůũŶŝũĞĂŶĂůŝǌĞ͕ƚĞƌŵŽŵĂŐŶĞƚŶĂŬƌŝǀĂũĞŽďͲ
ůŝŬƵ ŝǌǀŽĚĂ ƉŽ ƚĞŵƉĞƌĂƚƵƌĞ ƉƌŝŬĂǌĂŶĂ ǌĂũĞĚŶŽ ƐĂ ^
ŬƌŝǀŽŵ ;ƐůŝŬĂ ϯ͕ ĚĞƐŶŽͿ͘ EĂũŝǌƌĂǌŝƚŝũĂ ƉƌŽŵĞŶĂ ŵĂŐŶĞƚͲ
ŶŽŐ ŵŽŵĞŶƚĂ ƉƌĞĚƐƚĂǀůũĂ <ŝƌŝũĞǀƵ ƚĂēŬƵ ;dĐ с ϰϮϱ °Ϳ͕
ƚĞŵƉĞƌĂƚƵƌƵŐĚĞŵĂŐŶĞƚŝǌĂĐŝũĂŽĚŐŽǀĂƌĂũƵđĞĨĂǌĞƉĂĚĂ
ŶĂŶƵůƵŬĂŬŽŵĂŐŶĞƚŶĂŝŶƚĞƌĂŬĐŝũĂŶĞŵŽǎĞĚĂůũĞĚĂƐĞ
ƐƵƉƌŽƐƚĂǀĂůũĂ ƚĞƌŵĂůŶŽŵ ŬƌĞƚĂŶũƵ͘ h ŽďůĂƐƚŝ ŬƌŝƐƚĂůŝǌĂͲ
ĐŝũĞ͕ŝǌŶĂĚϱϬϬ°͕ƚĞƌŵŽŵĂŐŶĞƚŶĂŬƌŝǀĂũĞƵĚŽďƌŽũŬŽͲ
ƌĞůĂĐŝũŝ ƐĂ ^ ƉŽĚĂĐŝŵĂ ƉŽŬĂǌƵũƵđŝ ƐƚƵƉŶũĞǀŝƚŝ ƉƌŽĐĞƐ
ŬƌŝƐƚĂůŝǌĂĐŝũĞ ƐĂ ŵĂŬƐŝŵƵŵŝŵĂ dŬϭ с ϱϮϴ ° ŝ dŬϮ с ϱϯϲ
°͕ƉƌŝďƌǌŝŶŝǌĂŐƌĞǀĂŶũĂŽĚϰ°ŵŝŶʹϭ͘
^ƚƌƵŬƚƵƌŶĞƚƌĂŶƐĨŽƌŵĂĐŝũĞŝǌĂǌǀĂŶĞǌĂŐƌĞǀĂŶũĞŵ
ůĞŐƵƌĞ

^ƚƌƵŬƚƵƌĂƉŽůĂǌŶĞĂŵŽƌĨŶĞůĞŐƵƌĞ&ĞϳϱEŝϮ^ŝϴϭϯϮ
ŵŽƌĨŶŽƐƚĂŶũĞĚŽďŝũĞŶĞůĞŐƵƌĞƉŽƚǀƌĜĞŶŽũĞƌĞŶĚͲ
ŐĞŶƐŬŽŵ ƐƚƌƵŬƚƵƌŶŽŵ ĂŶĂůŝǌŽŵ͘ ŝĨƌĂŬƚŽŐƌĂŵŝ yͲǌƌĂŬĂ
;yZͿ͕ ƐůŝŬĂ ϭ͕&ĞϳϱEŝϮ^ŝϴϭϯϮ ĂŵŽƌĨŶĞ ůĞŐƵƌĞ ƉŽŬĂǌƵũƵ
ŝǌƌĂǎĞŶŚĂůŽƉŝŬƵϮθŽƉƐĞŐƵŽĚϰϬ−ϱϬ°ŝũĞĚĂŶƐůĂďŝũŝƵ
ŽƉƐĞŐƵ ϳϱ−ϴϱ°͘ WŽũĂǀĂ ŚĂůŽ ƉŝŬŽǀĂ ŶĂ ĚŝĨƌĂŬƚŽŐƌĂŵƵ
ƉŽůĂǌŶĞůĞŐƵƌĞƉŽŬĂǌƵũĞƉƌŝƐƵƐƚǀŽƵƌĞĜĂŶŽƐƚŝŶĂďůŝǌŝŶƵ
ďĞǌ ǌŶĂēĂũŶŝŚ ĚŝĨƌĂŬĐŝŽŶŝŚ ƉŝŬŽǀĂ ŬŽũŝ ŽĚŐŽǀĂƌĂũƵ ŬƌŝƐͲ
ƚĂůŶŝŵĨĂǌĂŵĂ͕ƵŬĂǌƵũƵđŝŶĂŽĚƐƵƐƚǀŽƵƌĞĜĞŶŽƐƚŝŶĂĚĂͲ
ůũŝŶƵ͘KǀŽƐƚĂŶũĞŽƐƚĂũĞŶĞƉƌŽŵĞŶũĞŶŽƉŽƐůĞǌĂŐƌĞǀĂŶũĂ
ĚŽƚĞŵƉĞƌĂƚƵƌĞŽĚϰϮϱ°͕ƐůŝŬĂϱ͘<ŽƌŝƓđĞŶũĞŵZŝĞƚǀĞůĚ
ƵƚĂēŶĂǀĂŶũĂŝũĞĚŶĂēŝŶĞĞďǇĞʹ^ĐŚĞƌƌĞƌ͕ƉƌŽĐĞŶŝůŝƐŵŽ
ĚĂũĞǀĞůŝēŝŶĂĚŽŵĞŶĂƵƌĞĜĞŶŽƐƚŝŶĂďůŝǌŝŶƵϭ͕ϯ−ϭ͕ϱŶŵ
ϭϲ͘^ƚƌƵŬƚƵƌĂŽǀŝŚĚŽŵĞŶĂ͕ďĂǌŝƌĂŶĂŶĂƉŽůŽǎĂũƵĚǀĂ
ŚĂůŽƉŝŬĂ͕ŽĚŐŽǀĂƌĂĨĂǌĂŵĂɲͲ&Ğ;^ŝͿŝ&ĞϮ͘

^ƚƌƵŬƚƵƌŶĞ ƚƌĂŶƐĨŽƌŵĂĐŝũĞ ŝǌĂǌǀĂŶĞ ƐĂ ƚĞƌŵŝēŬŝŵ
ƚƌĞƚŵĂŶŽŵ ƉŽůĂǌŶĞ ůĞŐƵƌĞ ŝƐƉŝƚŝǀĂŶĞ ƐƵ ŝ ƉƌŝŵĞŶŽŵ


^ůŝŬĂϮ͘^ŬƌŝǀĞĚŽďŝũĞŶĞƉƌŝƌĂǌŶŝŵďƌǌŝŶĂŵĂǌĂŐƌĞǀĂŶũĂƵ
ĂƚŵŽƐĨĞƌŝĂǌŽƚĂ͘
&ŝŐƵƌĞϮ͘^ƵƌǀĞƐĂƚĚŝĨĨĞƌĞŶƚŚĞĂƚŝŶŐƌĂƚĞƐŝŶŶŝƚƌŽŐĞŶ͘

DĂĚĂƐƵĚǀĂƉŝŬĂĚĞƚĞŬƚŽǀĂŶĂǌĂƐǀĞďƌǌŝŶĞǌĂŐƌĞͲ
ǀĂŶũĂ͕ ŶũŝŚŽǀ ƌĞůĂƚŝǀŶŝ ƌĂǌŵĂŬ͕ ŝŶƚĞŶǌŝƚĞƚŝ ŝ ŬĂƌĂŬƚĞƌŝƐͲ
ƚŝēŶĞ ƚĞŵƉĞƌĂƚƵƌĞ ŵĞŶũĂũƵ ƐĞ ƐĂ ďƌǌŝŶŽŵ ǌĂŐƌĞǀĂŶũĂ͕
ƵŬĂǌƵũƵđŝĚĂďƌǌŝŶĂǌĂŐƌĞǀĂŶũĂŝŵĂǀĂǎĂŶƵƚŝĐĂũŶĂƉƌŽͲ
ĐĞƐ ŬƌŝƐƚĂůŝǌĂĐŝũĞ͘ ^Ă ƉŽǀĞđĂŶũĞŵ ďƌǌŝŶĞ ǌĂŐƌĞǀĂŶũĂ͕ ŝŶͲ
ƚĞŶǌŝƚĞƚŝŽďĂƉŝŬĂƌĂƐƚƵ͕ĂůŝŝŶƚĞŶǌŝƚĞƚĚƌƵŐŽŐƉŝŬĂďƌǎĞ
ƌĂƐƚĞ͘WŽƌĂƐƚƚĞŵƉĞƌĂƚƵƌĞŽďĂƉŝŬĂƐĂƉŽǀĞđĂŶũĞŵďƌǌŝͲ
ŶĞ ǌĂŐƌĞǀĂŶũĂ ƵŬĂǌƵũĞ ŶĂ ƚĞƌŵŝēŬƵ ĂŬƚŝǀĂĐŝũƵ ƉƌŽĐĞƐĂ
ŬƌŝƐƚĂůŝǌĂĐŝũĞ͘ WŽǀĞđĂŶũĞ ƌĂƐƚŽũĂŶũĂ ŝǌŵĞĜƵ ĚǀĂ ƉŝŬĂ ƐĂ
ƉŽǀĞđĂŶũĞŵ ďƌǌŝŶĞ ǌĂŐƌĞǀĂŶũĂ ƵŬĂǌƵũĞ ĚĂ ƐƵ ĞŶĞƌŐŝũĞ
ĂŬƚŝǀĂĐŝũĞƉŽũĞĚŝŶĂēŶŝŚƐƚƵƉŶũĞǀĂŬƌŝƐƚĂůŝǌĂĐŝũĞƌĂǌůŝēŝƚĞ͘
dĞƌŵŽŵĂŐŶĞƚŶĂ ŵĞƌĞŶũĂ ŽďĞǌďĞĜƵũƵ ĚŽĚĂƚŶĞ ŝŶͲ
ĨŽƌŵĂĐŝũĞ Ž ƐƚƌƵŬƚƵƌŶŝŵ ƚƌĂŶƐĨŽƌŵĂĐŝũĂŵĂ͕ ƉŽƌĞĚ ŬƌŝƐͲ

dĞƌŵŝēŬĂƐƚĂďŝůŶŽƐƚůĞŐƵƌĞ
<ĂŽ ƓƚŽ ũĞ ƉŽǌŶĂƚŽ ǌĂŐƌĞǀĂŶũĞ ĂŵŽƌĨŶĞ ůĞŐƵƌĞ Ƶ
ƚĞŵƉĞƌĂƚƵƌŶŽŵŽƉƐĞŐƵŽĚƐŽďŶĞƚĞŵƉĞƌĂƚƵƌĞĚŽϳϬϬ
° ŵŽǎĞ ĚĂ ŝǌĂǌŝǀĞ ǀŝƓĞ ƵǌĂƐƚŽƉŶŝŚ ƐƚƌƵŬƚƵƌŶŝŚ ƚƌĂŶƐͲ
ĨŽƌŵĂĐŝũĂ ƵŬůũƵēƵũƵđŝ ƐƚƌƵŬƚƵƌŶƵ ƌĞůĂŬƐĂĐŝũƵ ƉƌĂđĞŶƵ
<ŝƌŝũĞǀŽŵƚĞŵƉĞƌĂƚƵƌŽŵ͕ƐƚĂŬůĂƐƚŝŵƉƌĞůĂǌŽŵŬŽũŝǀŽĚŝ
Ƶ ƐƚĂŶũĞ ƉŽƚŚůĂĜĞŶĞ ƚĞēŶŽƐƚŝ ŝ͕ ŬŽŶĂēŶŽ͕ ǀŝƓĞĨĂǌŶƵ
ŬƌŝƐƚĂůŝǌĂĐŝũƵƉƌĂđĞŶƵƌĞŬƌŝƐƚĂůŝǌĂĐŝũŽŵ͘
ŽďŝũĞŶĞ^ŬƌŝǀĞĚŽďŝũĞŶĞƉƌŝƌĂǌŶŝŵďƌǌŝŶĂŵĂǌĂͲ
ŐƌĞǀĂŶũĂ;ƐůŝŬĂϮͿƉŽŬĂǌƵũƵĚĂũĞůĞŐƵƌĂƚĞƌŵŝēŬŝƐƚĂďŝůŶĂ
ĚŽ ŽŬŽ ϱϬϬ Ž͕ ƉŽƐůĞ ēĞŐĂ ƉŽēŝŶũĞ ǀŝƓĞƐƚĞƉĞŶŝ ƉƌŽĐĞƐ

ϳϳϬ

^ůŝŬĂϯ͘>ĞǀŽ͗ƚĞƌŵŽŵĂŐŶĞƚŶĞŬƌŝǀĞƚŽŬŽŵǌĂŐƌĞǀĂŶũĂ;ŶĞƉƌĞŬŝĚŶĂůŝŶŝũĂͿŝŚůĂĜĞŶũĂ;ŝƐƉƌĞŬŝĚĂŶĂůŝŶŝũĂͿ͖ǀĞƌƚŝŬĂůŶĞƐƚƌĞůŝĐĞƉŽŬĂǌƵũƵ
ŽĚĂďƌĂŶĞƚĞŵƉĞƌĂƚƵƌĞǌĂŐƌĞǀĂŶũĂƵǌŽƌĂŬĂůĞŐƵƌĂǌĂƐŶŝŵĂŶũĞDƂƐƐďĂƵĞƌŝyZƐƉĞŬƚĂƌĂ͖ĚĞƐŶŽ͗^ŬƌŝǀĂƉƌŝďƌǌŝŶŝǌĂŐƌĞǀĂŶũĂŽĚ
ϱ°ŵŝŶʹϭŝŬƌŝǀĂƉƌǀŽŐŝǌǀŽĚĂŵĂŐŶĞƚŶŽŐŵŽŵĞŶƚĂƉŽƚĞŵƉĞƌĂƚƵƌŝƚŽŬŽŵǌĂŐƌĞǀĂŶũĂƉƌŝďƌǌŝŶŝǌĂŐƌĞǀĂŶũĂŽĚϰ°ŵŝŶʹϭ͘
&ŝŐƵƌĞϯ͘>ĞĨƚ͗dŚĞƌŵŽŵĂŐŶĞƚŝĐĐƵƌǀĞĚƵƌŝŶŐŚĞĂƚŝŶŐ;ƐŽůŝĚůŝŶĞͿĂŶĚĐŽŽůŝŶŐ;ĚŽƚƚĞĚůŝŶĞͿĐǇĐůĞ͖ǀĞƌƚŝĐĂůĂƌƌŽǁƐŝŶĚŝĐĂƚĞ
ƚĞŵƉĞƌĂƚƵƌĞƐĐŚŽƐĞŶĨŽƌĂŶŶĞĂůŝŶŐĂŶĚĨƵƌƚŚĞƌĂŶĂůǇƐŝƐƵƐŝŶŐDƂƐƐďĂƵĞƌĂŶĚyZŵĞĂƐƵƌĞŵĞŶƚƐ͖ƌŝŐŚƚ͗^ĐƵƌǀĞĂƚŚĞĂƚŝŶŐƌĂƚĞ
ŽĨϱ°ŵŝŶʹϭĂŶĚĚŝĨĨĞƌĞŶƚŝĂůŵĂŐŶĞƚŝĐŵŽŵĞŶƚĐƵƌǀĞĂƚŚĞĂƚŝŶŐƌĂƚĞŽĨϰ° ŵŝŶʹϭ͘

������ �

198

������ � �

199

ϳϳϭ

͘D͘D/E/͕s͘͘>'K:s/͕͘D͘D/E/͗^sK:^dsDKZ&E>'hZ&ĞϳϱEŝϮ^ŝϴϭϯϮ

,Ğŵ͘ŝŶĚ͘ϲϲ;ϱͿϳϲϵʹϳϳϵ;ϮϬϭϮͿ

͘D͘D/E/͕s͘͘>'K:s/͕͘D͘D/E/͗^sK:^dsDKZ&E>'hZ&ĞϳϱEŝϮ^ŝϴϭϯϮ

,Ğŵ͘ŝŶĚ͘ϲϲ;ϱͿϳϲϵʹϳϳϵ;ϮϬϭϮͿ




^ůŝŬĂϰ͘DƂƐƐďĂƵĞƌͲŽǀŝƐƉĞŬƚƌŝƉŽůĂǌŶĞůĞŐƵƌĞ;ůĞǀŽͿ͖ůĞŐƵƌĞǌĂŐƌĞǀĂŶĞŶĂϳϬϬ°;ĚĞƐŶŽͿ͖>&ŝ,&ŽǌŶĂŬĞƐĞŽĚŶŽƐĞŶĂŬŽŵƉŽŶĞŶƚĞ
ŶŝƐŬŽŐ͕ŽĚŶŽƐŶŽǀŝƐŽŬŽŐƉŽůũĂ͘
&ŝŐƵƌĞϰ͘DƂƐƐďĂƵĞƌƐƉĞĐƚƌĂŽĨĂƐͲƉƌĞƉĂƌĞĚĂůůŽǇ;ůĞĨƚͿĂŶĚĂůůŽǇƐĂŵƉůĞƚƌĞĂƚĞĚĂƚϳϬϬ°;ƌŝŐŚƚͿ͖>&ĂŶĚ,&ŝŶĚŝĐĂƚĞŚŝŐŚĨŝĞůĚĂŶĚ
ůŽǁĨŝĞůĚĐŽŵƉŽŶĞŶƚƐ͕ƌĞƐƉĞĐƚŝǀĞůǇ͘

^ůŝŬĂϱ͘>ĞǀŽ͗ĚŝĨƌĂŬƚŽŐƌĂŵŝůĞŐƵƌĞǌĂŐƌĞǀĂŶĞŶĂƌĂǌŶŝŵƚĞŵƉĞƌĂƚƵƌĂŵĂ;ƵŵĞƚĂŬ͗ƵǌŽƌĂŬǌĂŐƌĞũĂŶŶĂϰϳϱ°ŬŽũŝƉŽŬĂǌƵũĞƉŝŬŽǀĞ
ƉƌŝƉŝƐĂŶĞɲͲ&Ğŝ&Ğϯ͖ĚĞƐŶŽ͗ƉƌŽŵĞŶĂǀĞůŝēŝŶĞĚŽŵĞŶĂƵƌĞĜĂŶŽƐƚŝŶĂďůŝǌŝŶƵƐĂƚĞŵƉĞƌĂƚƵƌŽŵ͘
&ŝŐƵƌĞϱ͘>ĞĨƚ͗yZƉĂƚƚĞƌŶŽĨĂůůŽǇƐĂŵƉůĞƐĂŶŶĞĂůĞĚĂƚĚŝĨĨĞƌĞŶƚƚĞŵƉĞƌĂƚƵƌĞƐ;ŝŶƐĞƚ͗ƉĞĂŬĂƐƐŝŐŶŵĞŶƚƐĨŽƌƐĂŵƉůĞĂŶŶĞĂůĞĚĂƚϰϳϱ
°Ϳ͖ƌŝŐŚƚ͗ĐŚĂŶŐĞŝŶƐŝǌĞŽĨĚŽŵĂŝŶƐŽĨƐŚŽƌƚͲƌĂŶŐĞŽƌĚĞƌŝŶŐ͘

&Ğϯŝ&ĞϮ͕ŝŽďũĂƓŶũĂǀĂǌĂƓƚŽĨĂǌĂɲͲ&Ğ;^ŝͿŶƵŬůĞŝƓĞƉƌĞ
&ĞϮĨĂǌĞ͘

dĂďĞůĂϭ͘DƂƐƐďĂƵĞƌͲŽǀĂĚŝƐƚƌŝďƵĐŝũĂĂƚŽŵĂŐǀŽǎĜĂƵĂƚ͘й
dĂďůĞϭ͘DƂƐƐďĂƵĞƌĚŝƐƚƌŝďƵƚŝŽŶŽĨŝƌŽŶĂƚŽŵƐŝŶĂƚ͘й
dĞŵƉĞƌĂƚƵƌĂǌĂŐƌĞǀĂŶũĂ͕°
WŽůĂǌŶĂůĞŐƵƌĂ
ϮϬϬ
ϰϬϬ
ϰϮϱ
ϰϳϱ
ϱϱϬ
ϲϬϬ
ϳϬϬ


ŵŽƌĨŶŽ
ϭ͕ϬϬ
ϭ͕ϬϬ
ϭ͕ϬϬ
Ϭ͕ϵϮ
Ϭ͕ϲϲ
ʹ
ʹ
ʹ

ɲͲ&Ğ;^ŝͿ
ʹ
ʹ
ʹ
Ϭ͕Ϭϲ
Ϭ͕Ϭϴ
Ϭ͕ϱϳ
Ϭ͕ϲϰ
Ϭ͕ϲϰ

ɲͲ&Ğ
ʹ
ʹ
ʹ
ʹ
Ϭ͕Ϭϱ
Ϭ͕Ϭϳ
ʹ
ʹ

&Ğ
ʹ
ʹ
ʹ
Ϭ͕ϬϮ
ʹ
ʹ
ʹ
ʹ

&Ğϯ
ʹ
ʹ
ʹ
ʹ
Ϭ͕Ϯϭ
Ϭ͕ϭϯ
ʹ
ʹ

&ĞϮ
ʹ
ʹ
ʹ
ʹ
ʹ
Ϭ͕ϮϮ
Ϭ͕ϯϲ
Ϭ͕ϯϲ

&ĞƉĂƌĂ
ʹ
ʹ
ʹ
ʹ
ʹ
Ϭ͕Ϭϭ
ʹ
ʹ















ĨĂǌŽŵ&Ğϯ:W^ͲW&ϯϵͲϭϯϭϲ͕ĂǌĂƚŝŵ&ĞϮ:W^Ͳ
ͲW& ϳϮͲϭϯϬϭ͘ WŽƐůĞ ƚƌĞƚŵĂŶĂ ŶĂ ϱϱϬ °͕ ƵǌŽƌĂŬ ũĞ
ƵŐůĂǀŶŽŵ ŬƌŝƐƚĂůĂŶ͕ ƉŽƓƚŽ ũĞ ƓŝƌŽŬŝ ŚĂůŽ ƉŽƚƉƵŶŽ ŶĞƐͲ
ƚĂŽ͕ Ă ǌĂƉĂǎĞŶŝ ƐƵ ĚŽďƌŽ ĨŽƌŵŝƌĂŶŝ ĚŝĨƌĂŬĐŝŽŶŝ ƉŝŬŽǀŝ
ŬŽũŝ ŽĚŐŽǀĂƌĂũƵ ĚǀĞŵĂ ŬƌŝƐƚĂůŶŝŵ ƐƚĂďŝůŶŝŵ ĨĂǌĂŵĂ͕
ɲͲ&Ğ;^ŝͿŝ&ĞϮ͕ŝũĞĚŶŽũŵĞƚĂƐƚĂďŝůŶŽũ͕&Ğϯ͘&ĂǌŶŝƐĂƐƚĂǀ
ŬĂŽĨƵŶŬĐŝũĂƚĞŵƉĞƌĂƚƵƌĞƉƌĞĚƐƚĂǀůũĞŶũĞŶĂƐůŝĐŝϲ͘
&ĂǌŶŝ ƐĂƐƚĂǀ ƉŽŬĂǌƵũĞ ĚĂ ũĞ ɲͲ&Ğ;^ŝͿ ĨĂǌĂ ĚŽŵŝͲ
ŶĂŶƚŶĂ ŬƌŝƐƚĂůŶĂ ĨĂǌĂ ĚŽ ϳϱϬ °͕ Ăůŝ ƉŽƐůĞ ƚƌĞƚŵĂŶĂ ŶĂ
ǀŝƓŝŵƚĞŵƉĞƌĂƚƵƌĂŵĂƐĂĚƌǎĂũɲͲ&Ğ;^ŝͿĨĂǌĞƐĞƐŵĂŶũƵũĞ͘
DĂƐĞŶŝ ƵĚĞŽ ĚƌƵŐĞ ƐƚĂďŝůŶĞ ŬƌŝƐƚĂůŶĞ ĨĂǌĞ͕ &Ğ Ϯ͕ ƌĂƐƚĞ
ƐĂƉŽƌĂƐƚŽŵƚĞŵƉĞƌĂƚƵƌĞǌĂŐƌĞǀĂŶũĂ͖ŽĚǀƌĞĚŶŽƐƚŝϮϱй͕
ƉŽƐůĞǌĂŐƌĞǀĂŶũĂůĞŐƵƌĞŶĂϳϱϬ°͕ĚŽƐƚŝǎĞǀƌĞĚŶŽƐƚŽĚ
ϰϴй͕ƉŽƐůĞǌĂŐƌĞǀĂŶũĂŶĂϴϱϬ°ŝϱϰй͕ƉŽƐůĞǌĂŐƌĞũĂŶũĂ
ŶĂ ϭϬϬϬ °͘ DĞƚĂƐƚĂďŝůŶĂ ĨĂǌĂ &Ğϯ ďŝůĂ ũĞ ƉƌŝƐƵƚŶĂ
ƐĂŵŽƵƵƐŬŽŵƚĞŵƉĞƌĂƚƵƌŶŽŵŝŶƚĞƌǀĂůƵ;ϱϬϬ−ϱϱϬ°Ϳ͘
EũĞŶƐĂĚƌǎĂũũĞŽŬŽϮϬйƵǌŽƌŬĂŶĂϱϬϬ°ĂǌĂƚŝŵŽƉĂͲ
ĚĂ͘ ^ŵĂŶũĞŶũĞ ƐĂĚƌǎĂũĂ ŽǀĞ ĨĂǌĞ ĚŽǀŽĚŝ ĚŽ ƉŽǀĞđĂŶũĂ
ƐĂĚƌǎĂũĂ ĨĂǌĂ ɲͲ&Ğ;^ŝͿ ŝ &ĞϮ͘ WŽƐůĞĚŶũĂ ĨĂǌĂ ŬŽũĂ ŬƌŝƐͲ

ŽƉĂǎĞŶŝŚ ĨĂǌĂ͘ ŝĨƌĂŬƚŽŐƌĂŵŝ ŝůƵƐƚƌƵũƵ ƚƌĂŶƐĨŽƌŵĂĐŝũƵ
ƐƚƌƵŬƚƵƌĞ ƉŽƐůĞ ƵǌĂƐƚŽƉŶŝŚ ǌĂŐƌĞǀĂŶũĂ ŶĂ ƌĂǌůŝēŝƚŝŵ
ƚĞŵƉĞƌĂƚƵƌĂŵĂ͘
WƌǀĂ ǌĂƉĂǎĞŶĂ ƉƌŽŵĞŶĂ ĚŝĨƌĂŬƚŽŐƌĂŵĂ ŬĂŽ ƉŽƐůĞͲ
ĚŝĐĂ ǌĂŐƌĞǀĂŶũĂ ũĞ ŵĂůŽ ƉŽǀĞđĂŶũĞ ǀĞůŝēŝŶĞ ĚŽŵĞŶĂ
ƉŽƐůĞǌĂŐƌĞǀĂŶũĂŶĂϰϮϱ°͕ŬĂŽƉŽƐůĞĚŝĐĂŬƌŝƐƚĂůŝǌĂĐŝũĞ͕
ƐůŝŬĂ ϱ͕ ƓƚŽ ũĞ ƚĂŬŽĜĞ ǌĂƉĂǎĞŶŽ ŬŽĚ DƂƐƐďĂƵĞƌͲŽǀŽŐ
ƐƉĞŬƚĂƌĂ͘ĂŐƌĞǀĂŶũĞŶĂϰϳϱ°ƌĞǌƵůƚŝƌĂƵƉŽũĂǀůũŝǀĂŶũƵ
ŽƓƚƌŝŚŬƌŝƐƚĂůŶŝŚƉŝŬŽǀĂĨĂǌĂɲͲ&Ğ;^ŝͿŝ&Ğϯ͕ƵŬĂǌƵũƵđŝŶĂ
ƉƌŝƐƵƐƚǀŽ ĂŵŽƌĨŶĞ ŝ ŬƌŝƐƚĂůŶĞ ĨĂǌĞ͘ WƌŝŵĞŶŽŵ ZŝĞƚǀĞůĚͲ
ŽǀĞĂŶĂůŝǌĞ͕ƉŽŬĂǌĂŶŽũĞĚĂǀĞůŝēŝŶĂĚŽŵĞŶĂƵƌĞĜĞŶŽƐƚŝ
ŶĂďůŝǌŝŶƵĂŵŽƌĨŶĞĨĂǌĞŶĂŐůŽƌĂƐƚĞ;ŽŬŽϱ͕ϱŶŵͿƉŽƐůĞ
ǌĂŐƌĞǀĂŶũĂůĞŐƵƌĞŶĂŽǀŽũƚĞŵƉĞƌĂƚƵƌŝ͕ƐůŝŬĂϲ͘
ŝĨƌĂŬƚŽŐƌĂŵŝůĞŐƵƌĞŬŽũĂũĞƚƌĞƚŝƌĂŶĂŶĂǀŝƓŝŵƚĞŵͲ
ƉĞƌĂƚƵƌĂŵĂ ƉŽŬĂǌƵũƵ ĚĂ ũĞ ůĞŐƵƌĂ ƉŽēĞůĂ ĚĂ ŬƌŝƐƚĂůŝƓĞ
ƉŽƐůĞǌĂŐƌĞǀĂŶũĂŶĂϰϱϬ°͕ƉŽũĂǀŽŵƉƌǀŽŐĚŽďƌŽĚĞĨŝͲ
ŶŝƐĂŶŽŐ ĚŝĨƌĂŬĐŝŽŶŽŐ ƉŝŬĂ ŬŽũŝ ƐĞ ƉŽũĂǀůũƵũĞ ŶĂ ǀƌŚƵ ƓŝͲ
ƌŽŬŽŐŚĂůŽƉŝŬĂŶĂŽŬŽϰϱ°͘WƌǀĂŬƌŝƐƚĂůŶĂĨĂǌĂŬŽũĂƐĞ
ƉŽũĂǀůũƵũĞ ũĞ αͲ&Ğ;^ŝͿ :W^ͲW& ϬϲͲϬϲϵϲ͕ ƉƌĂđĞŶĂ ƐĂ

hƚŝĐĂũƚĞƌŵŝēŬŽŐƚƌĞƚŵĂŶĂŶĂŵŝŬƌŽƐƚƌƵŬƚƵƌƵůĞŐƵƌĞ
WŽƌĞĚ ƐƚƌƵŬƚƵƌŶŝŚ ƚƌĂŶƐĨŽƌŵĂĐŝũĂ͕ ƚĞƌŵŝēŬŝ ƚƌĞƚŵĂŶ
ŝǌĂǌŝǀĂ ƉƌŽŵĞŶĞ Ƶ ŵŝŬƌŽƐƚƌƵŬƚƵƌŝ ůĞŐƵƌĞ͕ ƓƚŽ ŵŽǎĞ ĚĂ
ƐĞ ǀŝĚŝ ĂŶĂůŝǌŽŵ yZ ƐƉĞŬƚƌĂ͕ ƚĂďĞůĂ Ϯ͕ ŝ &/Ͳ^D ŵŝŬͲ
ƌŽŐƌĂĨŝũĂ;ƐůŝŬĂϳͿ͘
dĂďĞůĂϮ͘DŝŬƌŽƐƚƌƵŬƚƵƌŶŝƉĂƌĂŵĞƚƌŝ&Ğ ϳϱEŝϮ^ŝϴϭϯϮĂŵŽƌĨŶĞ
ůĞŐƵƌĞ;ƐƌĞĚŶũĂǀĞůŝēŝŶĂŬƌŝƐƚĂůŝƚĂ͕ŶŵͿƉŽƐůĞƚĞƌŵŝēŬŽŐ
ƚƌĞƚŵĂŶĂŶĂƌĂǌůŝēŝƚŝŵƚĞŵƉĞƌĂƚƵƌĂŵĂ
dĂďůĞϮ͘DŝĐƌŽƐƚƌƵĐƚƵƌĂůƉĂƌĂŵĞƚĞƌƐŽĨĂŵŽƌŚŽƵƐĂůůŽǇƐĂŵƉůĞƐ
;ŵĞĂŶĐƌǇƐƚĂůůŝƚĞƐŝǌĞ͕ŶŵͿĂĨƚĞƌƚŚĞƌŵĂůƚƌĞĂƚŵĞŶƚĂƚ
ĚŝĨĨĞƌĞŶƚƚĞŵƉĞƌĂƚƵƌĞƐ
dĞŵƉĞƌĂƚƵƌĂ͕°
ϱϬϬ
ϱϱϬ
ϲϱϬ
ϳϱϬ
ϴϱϬ
ϵϬϬ
ϭϬϬϬ

^ůŝŬĂϲ͘&ĂǌŶŝƐĂƐƚĂǀůĞŐƵƌĞŬĂŽĨƵŶŬĐŝũĂƚĞŵƉĞƌĂƚƵƌĞ
ǌĂŐƌĞǀĂŶũĂ͘
&ŝŐƵƌĞϲ͘WŚĂƐĞĐŽŵƉŽƐŝƚŝŽŶŽĨĂůůŽǇĂĨƚĞƌƚŚĞƌŵĂůƚƌĞĂƚŵĞŶƚ
ĂƚĚŝĨĨĞƌĞŶƚƚĞŵƉĞƌĂƚƵƌĞƐ͘

ƚĂůŝƓĞ ũĞ &ĞϮ ŝ ƐĂĚƌǎŝ ŽŬŽ ϴ͕ϴй ďŽƌĂ͕ Ƶ ƉŽƌĞĜĞŶũƵ ƐĂ
ϭϯйƉŽůĂǌŶĞůĞŐƵƌĞ͘/ǌƚŽŐƌĂǌůŽŐĂ͕ǀĞƌŽǀĂƚŶŽũĞĚĂǀĞđŝ
ƐĂĚƌǎĂũ ďŽƌĂ Ƶ ĂŵŽƌĨŶŽũ ŵĂƚƌŝĐŝ ĚĞůƵũĞ ŬĂŽ ŝŶŚďŝƚŽƌ
ŐƌĂĜĞŶũĂ&ĞϮĨĂǌĞ͘&ĂǌŶŝƐĂƐƚĂǀ͕ƐůŝŬĂϲ͕ƉŽŬĂǌƵũĞďƌǌŽ
ƉŽǀĞđĂŶũĞ ƐĂĚƌǎĂũĂ ĨĂǌĞ &ĞϮ ŶĂ Ŷŝǎŝŵ ƚĞŵƉĞƌĂƚƵƌĂŵĂ
ƓƚŽũĞƐĂŐůĂƐŶŽƐĂďƌǌŝŵƐŵĂŶũĞŶũĞŵƐĂĚƌǎĂũĂĨĂǌĞ&Ğ ϯ͕
ƵŬĂǌƵũƵđŝĚĂũĞĨĂǀŽƌŝǌŽǀĂŶƉƌŽĐĞƐŶĂŶŝǎŝŵƚĞŵƉĞƌĂƚƵͲ
ƌĂŵĂĨŽƌŵŝƌĂŶũĞĨĂǌĞ&Ğϯ͕ŬŽũĂƐĞǌĂƚŝŵƚƌĂŶƐĨŽƌŵŝƓĞƵ
ƐƚĂďŝůŶŝũƵ ĨĂǌƵ &ĞϮ͘ WƌĞƚƉŽƐƚĂǀůũĂ ƐĞ ĚĂ ũĞ &Ğʹ^ŝ ǀĞǌŝͲ
ǀĂŶũĞũĂēĞŽĚǀĞǌŝǀĂŶũĂ&ĞͲϮϬ͕ƓƚŽǌŶĂēŝĚĂďŝƐƚƌƵŬͲ
ƚƵƌĂ ŬĂŽ ƓƚŽ ũĞ ēǀƌƐƚŝ ƌĂƐƚǀŽƌ ɲͲ&Ğ;^ŝͿ ƚƌĞďĂůŽ ůĂŬƓĞ ĚĂ
ŶƵŬůĞŝƓĞ ŝǌ ĂŵŽƌĨŶĞ ŵĂƚƌŝĐĞ ŶĞŐŽ ƐƚƌƵŬƚƵƌĞ ŬĂŽ ƓƚŽ ƐƵ

ɲͲ&Ğ;^ŝͿ

&ĞϮ

ϯϰ
ϯϰ
Ϯϳ
ϭϲϵ
ϭϱϯ
ϭϬϮ
ϴϳ

ϭϰ
ϭϬ
ϳ
ϯϲ
ϱϮ
ϭϮϮ
ϭϬϴ

ŶĂůŝǌĂ &/Ͳ^D ŵŝŬƌŽŐƌĂĨŝũĂ͕ ƐůŝŬĂ ϳ͕ ƉŽƐůĞ ƚƌĞƚͲ
ŵĂŶĂ ŶĂ ϱϬϳ °͕ ƉŽŬĂǌƵũĞ ĚĂ ũĞ ůĞŐƵƌĂ ƐĂƐƚĂǀůũĞŶĂ
ƵŐůĂǀŶŽŵ ŽĚ ŵĂůŝŚ ŶĂŶŽŬƌŝƐƚĂůĂ ƵŐƌĂĜĞŶŝŚ Ƶ ĂŵŽƌĨŶƵ
ŵĂƚƌŝĐƵ͘WŽǀĞđĂŶũĞƚĞŵƉĞƌĂƚƵƌĞǌĂŐƌĞǀĂŶũĂǀŽĚŝŬĂƉŽͲ
ǀĞđĂŶũƵ ǀĞůŝēŝŶĞ ŬƌŝƐƚĂůŶŝŚ ĚŽŵĞŶĂ ƵǌŽƌŬĂ͘ WŽƐůĞ ƚƌĞƚͲ
ŵĂŶĂŶĂϲϱϬ°͕ƵǌŽƌĂŬũĞƐĂƐƚĂǀůũĞŶŽĚŶĂŶŽŬƌŝƐƚĂůŶŝŚ
ĚŽŵĞŶĂ;ϭϬϬʹϭϱϬŶŵͿƐĂŶĞƓƚŽǀŝĚůũŝǀŝŚƓƵƉůũŝŶĂƌĂƐƵƚŝŚ
ŝǌŵĞĜƵ ŶĂŶŽŬƌŝƐƚĂůĂ͘ hǌŽƌĂŬ ƚƌĞƚŝƌĂŶ ŶĂ ϴϱϬ °͕ ĚĂũĞ
ƉŽƌŽǌŶƵ ǌƌŶĂƐƚƵ ƐƚƌƵŬƚƵƌƵ ƐĂ ŵŶŽŐŽ ǀĞđŝŵ ŬƌŝƐƚĂůŝŵĂ

������ �

ϳϳϮ

ϳϳϯ

������ � �

200

&Ğϯ
ϲ
ϭϬ
ʹ
ʹ
ʹ
ʹ
ʹ

201

͘D͘D/E/͕s͘͘>'K:s/͕͘D͘D/E/͗^sK:^dsDKZ&E>'hZ&ĞϳϱEŝϮ^ŝϴϭϯϮ

,Ğŵ͘ŝŶĚ͘ϲϲ;ϱͿϳϲϵʹϳϳϵ;ϮϬϭϮͿ

͘D͘D/E/͕s͘͘>'K:s/͕͘D͘D/E/͗^sK:^dsDKZ&E>'hZ&ĞϳϱEŝϮ^ŝϴϭϯϮ

,Ğŵ͘ŝŶĚ͘ϲϲ;ϱͿϳϲϵʹϳϳϵ;ϮϬϭϮͿ



^ůŝŬĂϴ͘WƌŽŵĞŶĂǌĂƉƌĞŵŝŶĞũĞĚŝŶŝēŶĞđĞůŝũĞ;∆sͿŝƐĂĚƌǎĂũĂɲͲ&Ğ;^ŝͿĨĂǌĞƐĂƚĞŵƉĞƌĂƚƵƌŽŵ;ůĞǀŽͿ͖ƉƌŽŵĞŶĂǌĂƉƌĞŵŝŶĞũĞĚŝŶŝēŶĞđĞůŝũĞ
ŝŵŝŬƌŽŶĂƉƌĞǌĂŶũĂɲͲ&Ğ;^ŝͿĨĂǌĞƐĂƚĞŵƉĞƌĂƚƵƌŽŵ;ĚĞƐŶŽͿ͘
&ŝŐƵƌĞϴ͘;ůĞĨƚͿŚĂŶŐĞŝŶƵŶŝƚĐĞůůǀŽůƵŵĞ; ∆sͿĂŶĚƉŚĂƐĞĐŽŶƚĞŶƚŽĨɲͲ&Ğ;^ŝͿƉŚĂƐĞǁŝƚŚĂŶŶĞĂůŝŶŐƚĞŵƉĞƌĂƚƵƌĞ;ůĞĨƚͿ͖;ƌŝŐŚƚͿĐŚĂŶŐĞ
ŝŶƵŶŝƚĐĞůůǀŽůƵŵĞĂŶĚŵŝĐƌŽƐƚƌĂŝŶŝŶɲͲ&Ğ;^ŝͿƉŚĂƐĞǁŝƚŚĂŶŶĞĂůŝŶŐƚĞŵƉĞƌĂƚƵƌĞ;ƌŝŐŚƚͿ͘


^ůŝŬĂϳ͘&/Ͳ^DŵŝŬƌŽŐƌĂĨŝũĞ&ĞϳϱEŝϮ^ŝϴϭϯϮĂŵŽƌĨŶĞůĞŐƵƌĞƉŽƐůĞǌĂŐƌĞǀĂŶũĂŶĂƌĂǌůŝēŝƚŝŵƚĞŵƉĞƌĂƚƵƌĂŵĂ͘
&ŝŐƵƌĞϳ͘&/Ͳ^DŝŵĂŐĞƐŽĨĂůůŽǇƐĂŵƉůĞƐĂĨƚĞƌƚŚĞƌŵĂůƚƌĞĂƚŵĞŶƚĂƚĚŝĨĨĞƌĞŶƚƚĞŵƉĞƌĂƚƵƌĞƐ͘

;ϭϬϬ−ϭϬϬϬ ŶŵͿ͘ WŽƌŽǌŶĂ ƐƚƌƵŬƚƵƌĂ ŶĂƐƚĂũĞ ŬĂŽ ƉŽƐůĞͲ
ĚŝĐĂ ŶĞƐĂǀƌƓĞŶŽŐ ƉĂŬŽǀĂŶũĂ ǀĞůŝŬŝŚ ŬƌŝƐƚĂůŝƚĂ͕ ŝ ŬĂŬŽ ƐĞ
ƉŽǀĞđĂǀĂ ǀĞůŝēŝŶĂ ŬƌŝƐƚĂůŝƚĂ͕ ƚĂŬŽ ƌĂƐƚĞ ŝ ǀĞůŝēŝŶĂ ƉŽƌĂ ŝ
ƐƚĞƉĞŶ ƉŽƌŽǌŶŽƐƚŝ͘ KƐŝŵ ŽǀŽŐĂ͕ ŵĂŶũŝ ŶĂŶŽŬƌŝƐƚĂůŝ ƐĞ
ƵŐƌĂĜƵũƵŶĂŐƌĂŶŝĐĂŵĂǀĞđŝŚǌƌŶĂ͕ƓƚŽũĞŝŽēĞŬŝǀĂŶŽƵ
ƐůƵēĂũƵŶƵŬůĞĂĐŝũĞŝƌĂƐƚĂŶĂŶŽŬƌŝƐƚĂůĂ&ĞϮŶĂŶŽŬƌŝƐƚĂůĂ͘
WƌŽƐĞēŶĂǀĞůŝēŝŶĂŬƌŝƐƚĂůŝƚĂůĞŐƵƌĞǌĂŐƌĞǀĂŶĞŶĂƌĂǌͲ
ŶŝŵƚĞŵƉĞƌĂƚƵƌĂŵĂ͕ƚĂďĞůĂϮ͕ƉŽŬĂǌƵũĞƌĂǌůŝēŝƚĞŽďůŝŬĞ
ƉƌŽŵĞŶĞ ƉŽũĞĚŝŶĂēŶŝŚ ŬƌŝƐƚĂůŶŝŚ ĨĂǌĂ͘ aƚŽ ƐĞ ƚŝēĞ ĨĂǌĞ
αͲ&Ğ;^ŝͿ͕ ŵŽŐƵ ƐĞ ƌĂǌůŝŬŽǀĂƚŝ ƚƌŝ ƌĂǌůŝēŝƚĂ ŽďůŝŬĂ ŬƌŝƐƚĂůͲ
ŶŽŐ ƌĂƐƚĂ͗ ŶƵŬůĞĂĐŝũĂ ŝƐƉŽĚ ϲϱϬ Ž ŬŽũĂ ũĞ ƉƌĂđĞŶĂ ƐĂ
ďƌǌŝŵ ƌĂƐƚŽŵ ŬƌŝƐƚĂůŝƚĂ Ƶ ƚĞŵƉĞƌĂƚƵƌƐŬŽŵ ŝŶƚĞƌǀĂůƵ
ϲϱϬʹϳϱϬ ° ŝ ǌĂƚŝŵ ƚƌĂŶƐĨŽƌŵĂĐŝũĂ Ƶ &ĞϮ ƉŽƐůĞ ƚƌĞƚͲ
ŵĂŶĂŶĂƚĞŵƉĞƌĂƚƵƌĂŵĂŝǌŶĂĚϳϱϬ°͘ŽĚĂƚŶŽ͕ƉŽƓƚŽ
ƐĞ ĂƚŽŵŝ &Ğ ƵŐƌĂĜƵũĞ Ƶ &ĞϮ ĨĂǌƵ͕ ŵĂƐĞŶŝ ƵĚĞŽ ^ŝ Ƶ
ɲͲ&Ğ;^ŝͿ ŬƌŝƐƚĂůŝƚŝŵĂ ƐĞ ƉŽǀĞđĂǀĂ͘ WŽƐůĞ ƚƌĞƚŵĂŶĂ ŶĂ
ϲϱϬ °͕ ƉƌŽŵĞŶĂ ǌĂƉƌĞŵŝŶĞ ũĞĚŝŶŝēŶĞ đĞůŝũĞ ɲͲ&Ğ;^ŝͿ
ĨĂǌĞ;ƐůŝŬĂϴͿƵŬĂǌƵũĞŶĂƉƌŽŵĞŶĞƵŬƌŝƐƚĂůŶŽũƐƚƌƵŬƚƵƌŝ͕
ŐĚĞ ƐĞ ƌĞƓĞƚŬĂ ƐŬƵƉůũĂ ƌĂĚŝ ƉƌŝůĂŐŽĜĂǀĂŶũĂ ƉŽǀĞđĂŶũƵ
ŬŽŶĐĞŶƚƌĂĐŝũĞ ĂƚŽŵĂ ŵĞƚĂůŽŝĚĂ͘ &ĂǌŶŝ ĚŝũĂŐƌĂŵ &Ğʹ^ŝ
Ϯϭ͕ϮϮƉŽŬĂǌƵũĞƐĂĚƌǎĂũ^ŝ͕ŽĚŽŬŽϳйƌĂƐƚĞŶĂŽŬŽϭϱй
ƉŽƐůĞ ƚƌĞƚŵĂŶĂ ŶĂ ϳϱϬ °͘ dĂŬŽĜĞ͕ ƉĂƌĂŵĞƚĂƌ ƌĞƓĞƚŬĞ
&Ğǆ^ŝ ďŝŶĂƌŶŽŐ ƐŝƐƚĞŵĂ ŵĞŶũĂ ƐĞ ƐĂ ƐĂĚƌǎĂũĞŵ &Ğ ϭϮ͕
ŶĂŽƐŶŽǀƵēĞŐĂƉƌŽĐĞŶũƵũĞŵŽĚĂƐĞƐĂĚƌǎĂũ^ŝƵɲͲ&Ğ;^ŝͿ
ĨĂǌŝŵĞŶũĂŽĚŽŬŽϳй͕ŶĂƉŽēĞƚŬƵŬƌŝƐƚĂůŝǌĂĐŝũĞŶĂŽŬŽ
ϵ͕ϱй ƉŽƐůĞ ƚƌĞƚŵĂŶĂ ŶĂ ϳϱϬ °͘ KǀŽ ƉŽŬĂǌƵũĞ ĚĂ ũĞ

ƉƌŽŵĞŶĂƐĂĚƌǎĂũĂ^ŝƵɲͲ&Ğ;^ŝͿĨĂǌŝŽĚŐŽǀŽƌŶĂǌĂǌĂƉĂͲ
ǎĞŶƵƉƌŽŵĞŶƵƵŶũĞŶŽũŬƌŝƐƚĂůŶŽũƐƚƌƵŬƚƵƌŝ͘
WŽƐůĞ ƐƚƵƉŶũĂ ŶƵŬůĞĂĐŝũĞ &ĞϮ ĨĂǌĞ ƚŽŬŽŵ ŐƌĞũĂŶũĂ
ŝƐƉŽĚ ϲϱϬ ° ƐůĞĚŝ ŶĞƉƌĞŬŝĚŶŝ ƌĂƐƚ ŬƌŝƐƚĂůŝƚĂ ŽǀĞ ĨĂǌĞ Ƶ
ŝŶƚĞƌǀĂůƵϲϱϬʹϳϱϬ°͘hŝŶƚĞƌǀĂůƵϳϱϬʹϴϱϬ°͕ĨĂǌĂ&ĞϮ
ƉŽŬĂǌƵũĞ ƐĞŬƵŶĚĂƌŶƵ ŶƵŬůĞĂĐŝũƵ͕ ƵƐůĞĚ ƌĂǌůĂŐĂŶũĂ αͲ
&Ğ;^ŝͿ͕ŬŽũĂƐĞŽĚǀŝũĂƉĂƌĂůĞůŶŽƐĂƌĂƐƚŽŵŬƌŝƐƚĂůŝƚĂ͘KǀŽ
ũĞƉƌĂđĞŶŽ͕ƵŝŶƚĞƌǀĂůƵϴϱϬʹϵϬϬ°͕ďƌǌŝŵƌĂƐƚŽŵŬƌŝƐͲ
ƚĂůŝƚĂ͕ ĚŽŬ ƚĞƌŵŝēŬŝ ƚƌĞƚŵĂŶ ŶĂ ϭϬϬϬ Ž ƵǌƌŽŬƵũĞ ĚŽͲ
ĚĂƚŶŽ ƌĂǌůĂŐĂŶũĞ ĨĂǌĞ αͲ&Ğ;^ŝͿ ŝ ĚĂůũƵ ŶƵŬůĞĂĐŝũƵ &Ğ Ϯ͘
^ƚƵƉŶũĞǀŝƚĂ ƉƌŝƌŽĚĂ &ĞϮ ŬƌŝƐƚĂůŝǌĂĐŝũĞ͕ ŐĚĞ ŶũĞŶ ĨĂǌŶŝ
ƐĂĚƌǎĂũ ƌĂƐƚĞ ŶĂŐůŽ͕ ƉŽƐůĞĚŝĐĂ ũĞ ǀŝƐŽŬŽŐ ƵĚĞůĂ ďŽƌĂ
;ϭϯйͿƵƉŽůĂǌŶŽũůĞŐƵƌŝ͘<ĂŬŽũĞƚŽǀĞđŝƐĂĚƌǎĂũŽĚŵĂͲ
ƐĞŶŽŐ ƵĚĞůĂ ďŽƌĂ Ƶ ŬƌŝƐƚĂůŶŽũ ĨĂǌŝ &Ğ Ϯ ;ϴ͕ϴйͿ͕ ƐĂĚƌǎĂũ
ďŽƌĂ Ƶ ŽƐƚĂƚŬƵ ůĞŐƵƌĞ đĞ ƌĂƐƚŝ ƐĂ ŬƌŝƐƚĂůŝǌĂĐŝũŽŵ &ĞϮ͕
ƓƚŽ ŵŽǎĞ ĚĂ ŝŶŚŝďŝƌĂ ŶƵŬůĞĂĐŝũƵ &Ğ Ϯ ĨĂǌĞ ŬŽũĂ ƚĂĚĂ
ŬƌŝƐƚĂůŝƓĞƐĂŵŽƚĂŵŽŐĚĞƐƵůŽŬĂůŶŝƵƐůŽǀŝŽĚŐŽǀĂƌĂũƵđŝ͘
hƚŝĐĂũƐƚƌƵŬƚƵƌŶŝŚƚƌĂŶƐĨŽƌŵĂĐŝũĂŶĂĨŝǌŝēŬĂƐǀŽũƐƚǀĂ
ůĞŐƵƌĞ
Ă ďŝ ƐĞ ŽĚƌĞĚŝŽ ƵƚŝĐĂũ ƐƚƌƵŬƚƵƌŶŝŚ ƉƌŽŵĞŶĂ ŶĂ ĨŝͲ
ǌŝēŬĂ ƐǀŽũƐƚǀĂ͕ ĞůĞŬƚƌŝēŶĂ ŝ ŵĂŐŶĞƚŶĂ ŵĞƌĞŶũĂ ƐƵ ŝǌǀĞͲ
ĚĞŶĂƵƚĞŵƉĞƌĂƚƵƌƐŬŽŵŝŶƚĞƌǀĂůƵϮϱ−ϲϬϬ°͘
ůĞŬƚƌŝēŶĂŽƚƉŽƌŶŽƐƚ
ůĞŬƚƌŝēŶĂŽƚƉŽƌŶŽƐƚůĞŐƵƌĞ;ƐůŝŬĂϵͿƉŽŬĂǌƵũĞ͕ƵƉŽͲ
ēĞƚŬƵ͕ ƐƉŽƌŝ ƉŽƌĂƐƚ ƐĂ ƉŽƌĂƐƚŽŵ ƚĞŵƉĞƌĂƚƵƌĞ ŬĂƌĂŬƚĞͲ

ϳϳϰ

^ůŝŬĂϵ͘dĞŵƉĞƌĂƚƵƌŶĂǌĂǀŝƐŶŽƐƚĞůĞŬƚƌŝēŶĞŽƚƉŽƌŶŽƐƚŝƵŽĚŶŽƐƵŶĂƚĞŵƉĞƌĂƚƵƌƵƉŽůĂǌŶĞůĞŐƵƌĞ;ůĞǀŽͿ͖ŝƐŬƌŝƐƚĂůŝƐĂŶĞůĞŐƵƌĞ;ĚĞƐŶŽͿ͘
&ŝŐƵƌĞϵ͘ĞƉĞŶĚĞŶĐĞŽĨĞůĞĐƚƌŝĐĂůƌĞƐŝƐƚŝǀŝƚǇŽŶƚĞŵƉĞƌĂƚƵƌĞĨŽƌĂƐͲƉƌĞƉĂƌĞĚĂůůŽǇ;ůĞĨƚͿĂŶĚĐƌǇƐƚĂůůŝǌĞĚĂůůŽǇ;ƌŝŐŚƚͿ͘

ƐƚĂŶũĂ ĞůĞŬƚƌŽŶƐŬĞ ŐƵƐƚŝŶĞ ŶĂ &Ğƌŵŝ ŶŝǀŽƵ ŝ ƉŽǀĞđĂŶũĞ
ƐƌĞĚŶũĞŐ ƐůŽďŽĚŶŽŐ ƉƵƚĂ ĞůĞŬƚƌŽŶĂ Ϯϯ͕ ƓƚŽ ǀŽĚŝ ŬĂ
ƉŽǀĞđĂŶũƵƵƌĞĜĞŶũĂƐŝƐƚĞŵĂ͘KǀŽǀŽĚŝ͕ƉŽēĞƚŶŽ͕ŬĂďƌͲ
ǌŽŵ ƉŽǀĞđĂŶũƵ ĞůĞŬƚƌŝēŶĞ ŽƚƉŽƌŶŽƐƚŝ͕ ƐĂ ƉŽǀĞđĂŶũĞŵ
ƚĞŵƉĞƌĂƚƵƌĞ͕ ǌĂƚŽ ƓƚŽ ũĞ ĞĨĞŬĂƚ ƐŵĂŶũĞŶũĂ ƐƚĂŶũĂ ŐƵƐͲ
ƚŝŶĞ ĞůĞŬƚƌŽŶĂ ŶĂ &Ğƌŵŝ ŶŝǀŽƵ ŝƐƚĂŬŶƵƚŝũŝ ŽĚ ƐƵƉƌŽƚŶŽŐ
ĞĨĞŬƚĂ ƉŽǀĞđĂŶũĂ ƐƌĞĚŶũĞŐ ƐůŽďŽĚŶŽŐ ƉƵƚĂ ĞůĞŬƚƌŽŶĂ͘
KďůĂƐƚ ƚĞŵƉĞƌĂƚƵƌĂ ϰϬϬ−ϱϮϬ ° ŽĚŐŽǀĂƌĂ ŽďůĂƐƚŝ ƐƵͲ
ƉĞƌŽŚůĂĜĞŶĞ ƚĞēŶŽƐƚŝ ůĞŐƵƌĞ ŬĂŽ ƉŽƐůĞĚŝĐĂ ƐƚĂŬůĂƐƚŽŐ
ƉƌĞůĂǌĂ͘ <ƌŝƐƚĂůŝǌĂĐŝũĂ ũĞ ŽǌŶĂēĞŶĂ ŶĂŐůŝŵ ƐŵĂŶũĞŶũĞŵ
ŽƚƉŽƌŶŽƐƚŝ ƵůĞĚ ĨŽƌŵŝƌĂŶũĂ ŶĂŶŽŬƌŝƐƚĂůĂ͕ ƓƚŽ ŵĞŶũĂ ŬĂͲ
ƌĂŬƚĞƌ ƉƌŽǀŽĚŶŽƐƚŝ ůĞŐƵƌĞ ƉŽŶŽǀŽ Ƶ ŵĞƚĂůŶŝ͘ ĂůũĞ ƉŽͲ
ǀĞđĂŶũĞƚĞŵƉĞƌĂƚƵƌĞǀŽĚŝŬĂƉŽǀĞđĂŶũƵŽƚƉŽƌŶŽƐƚŝ͕ŬĂŽ
ƓƚŽũĞŽēĞŬŝǀĂŶŽǌĂŵĞƚĂůŶŝƉƌŽǀŽĚŶŝŬ͘

ƌŝƐƚŝēĂŶ ǌĂ ŵĞƚĂůŶĞ ƉƌŽǀŽĚŶŝŬĞ͕ ƉƌĂđĞŶ ŶĂŐůŝŵ ƉŽƌĂƐͲ
ƚŽŵŝǌŵĞĜƵϯϱϬŝϰϬϬ°͕ŝĚĂůũĞǀĞŽŵĂƐƉŽƌŝŵƉŽƌĂƐͲ
ƚŽŵ ĚŽ ƉŽēĞƚŬĂ ŬƌŝƐƚĂůŝǌĂĐŝũĞ ŶĂ ŽŬŽ ϱϮϬ ° ŬĂĚĂ ŽƚͲ
ƉŽƌŶŽƐƚŶĂŐůŽŽƉĂĚĂ͘
sŝƓĞ ĚĞƚĂůũĂ Ž ƐƚƌƵŬƚƵƌŝŶŝŵ ƚƌĂŶƐĨŽƌŵĂĐŝũĂŵĂ ƐĞ
ŵŽǎĞĚŽďŝƚŝŝǌďƌǌŝŶĞƉƌŽŵĞŶĞĞůĞŬƚƌŝēŶĞŽƚƉŽƌŶŽƐƚŝƐĂ
ƚĞŵƉĞƌĂƚƵƌŽŵ͕ƐůŝŬĂϵĂ͕ŬŽũĂƉŽŬĂǌƵũĞĚǀĂũĂƐŶŽŝǌĚǀŽͲ
ũĞŶĂ ƉŝŬĂ͖ ƓŝƌŽŬ ƉŝŬ Ƶ ŽďůĂƐƚŝ ϯϱϬ−ϰϮϬ ° ŝ ŽƓƚĂƌ ĂƐŝͲ
ŵĞƚƌŝēŶŝ ƉŝŬ ŶĂ ŽŬŽ ϱϰϬ °͘ Wƌǀŝ ƉŝŬ ŽĚŐŽǀĂƌĂ ƐƚĂŬůĂƐͲ
ƚŽŵƉƌĞůĂǌƵůĞŐƵƌĞ͕dŐ͕ŝǌĂŬŽŐĂƐůĞĚŝƓŝƌŽŬĂŽďůĂƐƚƉŽƚͲ
ŚůĂĜĞŶĞƚĞēŶŽƐƚŝ͕ĚŽŬĚƌƵŐŝŽĚŐŽǀĂƌĂƐƚƵƉŶũĞǀŝƚŽũŬƌŝƐͲ
ƚĂůŝǌĂĐŝũŝ͕dŬ͘KďůĂƐƚƐƚƌƵŬƚƵƌŶĞƌĞůĂŬƐĂĐŝũĞ;ϮϬϬ−ϰϬϬ°Ϳ
ŽďƵŚǀĂƚĂŽƐůŽďĂĜĂŶũĞƐƚƌĞƐĂŝĞůŝŵŝŶĂĐŝũƵĚĞĨĞŬĂƚĂĨŽƌͲ
ŵŝƌĂŶŝŚ ǌĂ ǀƌĞŵĞ ďƌǌŽŐ ŚůĂĜĞŶũĂ ůĞŐƵƌĞ͕ ƐŵĂŶũĞŶũĞ
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ϳϳϱ

͘D͘D/E/͕s͘͘>'K:s/͕͘D͘D/E/͗^sK:^dsDKZ&E>'hZ&ĞϳϱEŝϮ^ŝϴϭϯϮ

,Ğŵ͘ŝŶĚ͘ϲϲ;ϱͿϳϲϵʹϳϳϵ;ϮϬϭϮͿ

͘D͘D/E/͕s͘͘>'K:s/͕͘D͘D/E/͗^sK:^dsDKZ&E>'hZ&ĞϳϱEŝϮ^ŝϴϭϯϮ

,Ğŵ͘ŝŶĚ͘ϲϲ;ϱͿϳϲϵʹϳϳϵ;ϮϬϭϮͿ



ŬĂǌĂůŽŬŽůŝŬŽũĞǀĂǎŶĂƚĞƌŵŝēŬĂŝƐƚŽƌŝũĂůĞŐƵƌĞŶĂŶũĞŶĂ
ĨŝǌŝēŬĂƐǀŽũƐƚǀĂ͕ŶĂƐůŝĐŝϭϬ͕ƉƌŝŬĂǌĂůŝƐŵŽƉƌŽŵĞŶƵŵĂŐͲ
ŶĞƚŶĞƐƵƐĐĞƉƚŝďŝůŶŽƐƚŝŝǌŵĞƌĞŶĞŶĂƐŽďŶŽũƚĞŵƉĞƌĂƚƵƌŝ
ƉŽƐůĞ ƚĞƌŵŝēŬŽŐ ƚƌĞƚŵĂŶĂ ůĞŐƵƌĞ͘ hǌŽƌĐŝ ůĞŐƵƌĞ ƐƵ ǌĂͲ
ŐƌĞǀĂŶŝŶĂƌĂǌůŝēŝƚŝŵƚĞŵƉĞƌĂƚƵƌĂŵĂ͕ǌĂƚŝŵƐƉŽƌŽŽŚůĂͲ
ĜĞŶŝ ĚŽ ƐŽďŶĞ ŬĂĚĂ ũĞ ŵĞƌĞŶĂ ŵĂŐŶĞƚŶĂ ƐƵƐĐĞƉƚŝďŝůͲ
ŶŽƐƚ͘ĨĞŬĂƚƐǀŝŚƚĞƌŵŝēŬŝŝǌĂǌǀĂŶŝŚƐƚƌƵŬƚƵƌŶŝŚƉƌŽŵĞͲ
ŶĂ ũĞ ũĂƐĂŶ ŝǌ ēŝŶũĞŶŝĐĞ ĚĂ ƉƌŽŵĞŶĂ ŵĂŐŶĞƚŶĞ ƐƵƐĐĞƉͲ
ƚŝďŝůŶŽƐƚŝ ƐĂ ƚĞŵƉĞƌĂƚƵƌŽŵ ǌĂŐƌĞǀĂŶũĂ ƉŽŬĂǌƵũĞ ŶĞŬŽͲ
ůŝŬŽ ƌĂǌůŝēŝƚŝŚ ŽďůĂƐƚŝ͘ WŽǀĞđĂŶũĞ ƉƌĂđĞŶŽ ǌĂŐƌĞǀĂŶũĞŵ
ŶĂƚĞŵƉĞƌĂƚƵƌĂŵĂƵŽƉƐĞŐƵϯϬϬ−ϰϬϬ°ƵǌƌŽŬŽǀĂŶŽũĞ
ƐƚƌƵŬƚƵƌŶŽŵ ƌĞůĂŬƐĂĐŝũŽŵ ŬŽũĂ ƵŬůũƵēƵũĞ ŽƐůŽďĂĜĂŶũĞ
ƐƚƌĞƐĂŝĞůŝŵŝŶĂĐŝũƵĚĞĨĞŬĂƚĂ͘dĞƌŵŝēŬŝƚƌĞƚŵĂŶŶĂƚĞŵͲ
ƉĞƌĂƚƵƌĂŵĂŬŽũĞŽĚŐŽǀĂƌĂũƵŽďůĂƐƚŝƐƵƉĞƌŽŚůĂĜĞŶĞƚĞēͲ
ŶŽƐƚŝǀŽĚŝŬĂĚĂůũĞŵŶĂŐůŽŵƉŽǀĞđĂŶũƵƐƵƐĐĞƉƚŝďŝůŶŽƐƚŝ͘
ĞůŝŵŝēŶĂŬƌŝƐƚĂůŝǌĂĐŝũĂ͕ƵǌƌŽŬŽǀĂŶĂǌĂŐƌĞǀĂŶũĞŵŶĂǀŝͲ
Ɠŝŵ ƚĞŵƉĞƌĂƚƵƌĂŵĂ͕ ǀŽĚŝ ŬĂ ƐŵĂŶũĞŶũƵ ƐƵƐĐĞƉƚŝďŝůͲ
ŶŽƐƚŝ͕ ŬŽũĞ ƉŽƐƚĂũĞ ŝǌƌĂǌŝƚŝũĞ ƐĂ ƉŽǀĞđĂŶũĞŵ ƐƚĞƉĞŶĂ
ŬƌŝƐƚĂůŝǌĂĐŝũĞ͘^ƚĂďŝůŝǌĂĐŝũĂůĞŐƵƌĞŬƌŽǌŬƌŝƐƚĂůŝǌĂĐŝũƵŝĚĂůũŝ
ƌĂƐƚ ŬƌŝƐƚĂůĂ ǀŽĚŝ ƐŵĂŶũĞŶũƵ ǀƌĞĚŶŽƐƚŝ ŵĂŐŶĞƚŶĞ ƐƵƐͲ
ĐĞƉƚŝďŝůŶŽƐƚŝ ŶĂ ƐŽďŶŽũ ƚĞŵƉĞƌĂƚƵƌĞ ƉŽƚƉƵŶŽ ŝƐŬƌŝƐƚĂͲ
ůŝƐĂůĞůĞŐƵƌĞƵŽĚŶŽƐƵŶĂƉŽůĂǌŶƵůĞŐƵƌƵŬĂŽƉŽƐůĞĚŝĐĂ
ƌĞůĂƚŝǀŶŽŵĂůĞƐƌĞĚŶũĞǀĞůŝēŝŶĞŬƌŝƐƚĂůĂ͕ƵƐůĞĚǌŶĂēĂũŶŽŐ
ĞĨĞŬƚĂŵĞĜƵŬƌŝƐƚĂůŶŝŚƉŽǀƌƓŝŶĂǌƌŶĂƐƚĞŐƌĂŶƵůŝƌĂŶĞƉŽͲ
ƌŽǌŶĞ ƐƚƌƵŬƚƵƌĞ͘ ^ǀĞ ŽǀŽ ƉŽŬĂǌƵũĞ ĚĂ ƐƵ ƚĞƌŵĂůŶĂ
ŬƌĞƚĂŶũĂ ĂƚŽŵĂ ƉƌŝŵĂƌŶŝ ĨĂŬƚŽƌ ŬŽĚ ƉƌŽŵĞŶĂ
ŵĂŐŶĞƚŶŝŚ ŝ ĞůĞŬƚƌŝēŶŝŚ ƐǀŽũƐƚĂǀĂ Ăůŝ ŝ ŬŽĚ ƉƌŽŵĞŶĂ
ŵŝŬƌŽƐƚƌƵŬƚƵƌŶŝŚ ƉĂƌĂŵĞƚĂƌĂ ŽƉĂǎĞŶŝŚ ŬŽĚ ĂŵŽƌĨŶĞ
ůĞŐƵƌĞƵŝƐƉŝƚŝǀĂŶŽũƚĞŵƉĞƌĂƚƵƌŶŽũŽďůĂƐƚŝ͘

DĂŐŶĞƚŶĂƐƵƐĐĞƉƚŝďŝůŶŽƐƚ
DĂŐŶĞƚŶĂ ƐƵƐĐĞƉƚŝďŝůŶŽƐƚ ƉŽēĞƚŶĞ ůĞŐƵƌĞ ;ƐůŝŬĂ ϭϬͿ
ŵĞƌĞŶĂƚŽŬŽŵƚĞƌŵŝēŬŽŐƚƌĞƚŵĂŶĂƉŽŬĂǌƵũĞƚƌŝŽďůĂƐƚŝ
ƉŽŶĂƓĂŶũĂ͗ ŽďůĂƐƚ ŬŽŶƐƚĂŶƚŶĞ ƐƵƐĐĞƉƚŝďŝůŶŽƐƚŝ ĚŽ ϯϱϬ
° ;ĨĞƌŽŵĂŐŶĞƚŶĂ ŽďůĂƐƚͿ͕ ƉƌĂđĞŶƵ ƐŵĂŶũĞŶũĞŵ ƐƵƐͲ
ĐĞƉƚŝďŝůŶŽƐƚŝ ĚŽ ĚŽƐƚŝǌĂŶũĂ ǀƌĞĚŶŽƐƚŝ ŶƵůĂ ŶĂ <ŝƌŝũĞǀŽũ
ƚĞŵƉĞƌĂƚƵƌŝ͕ ŬŽũĂ ƉŽēŝŶũĞ ĚĂ ƌĂƐƚĞ ƚĞŬ ƐĂ ƉŽēĞƚŬŽŵ
ŬƌŝƐƚĂůŝǌĂĐŝũĞ ;ƉĂƌĂŵĂŐŶĞƚŶĂ ŽďůĂƐƚͿ͘ Ă ďŝ ƐĞ ŝƐƉŝƚĂůŝ
ƵƚŝĐĂũǌĂŐƌĞǀĂŶũĂŶĂŵĂŐŶĞƚŶƵƐƵƐĐĞƉƚŝďŝůŶŽƐƚ͕ŬŽŶĂēŶĂ
ƚĞŵƉĞƌĂƚƵƌĂƉŽũĞĚŝŶĂēŶŝŚĐŝŬůƵƐĂǌĂŐƌĞǀĂŶũĂũĞƉŽǀĞđĂͲ
ǀĂŶĂ ƚŽŬŽŵƵǌĂƐƚŽƉŶŝŚ ŵĞƌĞŶũĂ͘ ĂŐƌĞǀĂŶũĞ ůĞŐƵƌĞŶĂ
ϰϱϬ°͕ĚŽǀŽĚŝĚŽƉŽǀĞđĂŶũĂŵĂŐŶĞƚŶĞƐƵƐĐĞƉƚŝďŝůŶŽƐƚŝ
ŶĂ ƐŽďŶŽũ ƚĞŵƉĞƌĂƚƵƌĞ ŽĚ ŽŬŽ ϮϬй͕ ƐĂ ĚĂůũŝŵ ďůĂŐŝŵ
ƉŽǀĞđĂŶũĞŵƉƌĞƉƌĞůĂƐŬĂƵŽďůĂƐƚƉŽƚŚůĂĜĞŶĞƚĞēŶŽƐƚŝ͘
KǀŽ ũĞ ƵǌƌŽŬŽǀĂŶŽ ƐŵĂŶũĞŶũĞŵ ďƌŽũĂ ĚĞĨĞŬĂƚĂ ŝ ƉŽǀĞͲ
đĂŶũĞŵ ƐůŽďŽĚŶĞ ǌĂƉƌĞŵŝŶĞ Ƶ ƵǌŽƌŬƵ ůĞŐƵƌĞ͕ ēŝŵĞ ƐĞ
ŽŵŽŐƵđĂǀĂǀĞđĂŵŽďŝůŶŽƐƚŵĂŐŶĞƚŶŝŚĚŽŵĞŶĂ͘KďůĂƐƚ
ƚĞŵƉĞƌĂƚƵƌĂϮϬϬ−ϯϱϬ°ŽĚŐŽǀĂƌĂŽƐůŽďĂĜĂŶũƵƐƚƌĞƐĂŝ
ĞůŝŵŝŶĂĐŝũŝ ĚĞĨĞŬĂƚĂ͕ ǌĂŐƌĞǀĂŶũĞ ŶĂ Žǀŝŵ ƚĞŵƉĞƌĂƚƵͲ
ƌĂŵĂǀŽĚŝŬĂƉŽďŽůũƓĂŶŝŵŵĂŐŶĞƚŶŝŵƐǀŽũƐƚǀŝŵĂĂŵŽƌĨͲ
ŶŽŐŵĂƚĞƌŝũĂůĂďĞǌƵƚŝĐĂũĂŶĂŵŬƌŽƐƚƌƵŬƚƵƌƵůĞŐƵƌĞ͘EĂ
<ŝƌŝũĞǀŽũ ƚĞŵƉĞƌĂƚƵƌŝ͕ ŽŬŽ ϰϮϬ °͕ ůĞŐƵƌĂ ƉŽƐƚĂũĞ ƉĂƌĂͲ
ŵĂŐŶĞƚŶĂŝǌĂĚƌǎĂǀĂƐƚĞēĞŶŽƐƚĂŶũĞĚŽŬƌĂũĂƚĞƌŵŝēŬŽŐ
ƚƌĞƚŵĂŶĂ ŶĂ ŽŬŽ ϱϱϬ °͘ WŽƚƉƵŶŽ ŝƐŬƌŝƐƚĂůŝƐĂůĂ ůĞŐƵƌĂ
ƉŽŶŽǀŽĚŽďŝũĂ ĨĞƌŽŵĂŐŶĞƚŶŝ ŬĂƌĂŬƚĞƌ ĂŶũĞŶĂ ŵĂŐŶĞƚͲ
ŶĂ ƐƵƐĐĞƉƚŝďŝůŶŽƐƚ ŶĂ ƐŽďŶŽũ ƚĞŵƉĞƌĂƚƵƌŝ ũĞ ŽŬŽ ϭϱй
ŶŝǎĂ ŽĚ ŽŶĞ ǌĂ ƉŽēĞƚŶƵ ůĞŐƵƌƵ͘ DĂŐŶĞƚŶĂ ƐƵƐĐĞƉƚŝďŝůͲ
ŶŽƐƚ ƐĞ ƉŽǀĞđĂǀĂ ƐĂ ǌĂŐƌĞǀĂŶũĞŵ͕ ŝ ƉŽƐƚĂũĞ ƐŬŽƌŽ ũĞĚͲ
ŶĂŬĂ ƐĂ ŽŶŽŵ ǌĂƉŽēĞƚŶƵ ůĞŐƵƌƵ ŶĂ ŽŬŽ ϮϱϬ °͕ ƵƐůĞĚ
ŽƐůŽďĂĜĂŶũĂƐƚƌĞƐĂ͘EĂǀŝƓŝŵƚĞŵƉĞƌĂƚƵƌĂŵĂ͕ƐƵƐĐĞƉƚŝͲ
ďŝůŶŽƐƚ ƐĞ ƐŵĂŶũƵũĞ ǌĂƚŽ ƓƚŽ ƚĞƌŵŝēŬŽ ŬƌĞƚĂŶũĞ ĚĞůƵũĞ
ƉƌŽƚŝǀ ŵĂŐŶĞƚŶŝŚ ŝŶƚĞƌĂŬĐŝũĂ ŬĂĚĂ ƐĞ ƚĞŵƉĞƌĂƚƵƌĂ ƉƌŝͲ
ďůŝǎŝ <ŝƌŝũĞǀŽũ ƚĞŵƉĞƌĂƚƵƌŝ ŬƌŝƐƚĂůŶŝŚ ĨĂǌĂ͘ Ă ďŝ ƐĞ ƉŽͲ

ƉŽǀƌƓŝŶĂĞŐǌŽƚĞƌŵŶŽŐƉŝŬĂŝǌŵĞĜƵƚĞŵƉĞƌĂƚƵƌĞdŝ͕ŐĚĞ
ŬƌŝƐƚĂůŝǌĂĐŝũĂƚĂēŶŽƉŽēŝŶũĞŝƚĞŵƉĞƌĂƚƵƌĞdĨ͕ŐĚĞƐĞŬƌŝƐͲ
ƚĂůŝǌĂĐŝũĂ ǌĂǀƌƓĂǀĂ͕ Ă ^d ũĞ ƉŽǀƌƓŝŶĂ ŝǌŵĞĜƵ ƉŽēĞƚŶĞ
ƚĞŵƉĞƌĂƚƵƌĞ dŝ ŝ ŽĚĂďƌĂŶĞ ƚĞŵƉĞƌĂƚƵƌĞ͕ d͕ Ƶ ŽƉƐĞŐƵ
ŝǌŵĞĜƵdŝŝdĨ͘
EĞǌĂǀŝƐŶŽƐƚƉƌŝǀŝĚŶĞĞŶĞƌŐŝũĞĂŬƚŝǀĂĐŝũĞŽĚƐƚĞƉĞŶĂ
ŬŽŶǀĞƌǌŝũĞǌĂƉƌǀŝŝĚƌƵŐŝŬƌŝƐƚĂůŝǌĂĐŝŽŶŝƐƚƵƉĂŶũƉŽŬĂǌƵũĞ
ĚĂƐĞŬƌŝƐƚĂůŝǌĂĐŝũĂĨĂǌĂ ɲͲ&Ğ;^ŝͿŝ&ĞϯŽĚǀŝũĂƵũĞĚŶŽŵ
ƐƚƵƉŶũƵ͘ Ă ŽĚƌĞĜŝǀĂŶũĞ ŬŝŶĞƚŝēŬŝŚ ƉĂƌĂŵĞƚĂƌĂ ŽǀŝŚ
ƐƚƵƉŶũĞǀĂ ƉƌŝŵĞŶũĞŶ ũĞ ŵĞƚŽĚ ƚĞƐƚŝƌĂŶũĂ ŶĞǌĂǀŝƐŶŽƐƚŝ
ĂŬƚŝǀĂĐŝŽŶŝŚƉĂƌĂŵĞƚĂƌĂŽĚďƌǌŝŶĞŐƌĞũĂŶũĂϮϴ͘EĂƚĂũ
ŶĂēŝŶ ƐŵŽ ĚŽďŝůŝ ŬŽŶǀĞƌǌŝŽŶƵ ĨƵŶŬĐŝũƵ Ƶ ŽďůŝŬƵ ŽďůŝŬƵ
Ő;α Ϳ = − ůŶ;ϭ − α Ϳϭ Ŷ ŐĚĞŶсϯǌĂŽďĂŝƐƉŝƚŝǀĂŶĂƐƚƵƉŶũĂ͘
KǀŽ ǌŶĂēŝ ĚĂ ƌĞĂŬĐŝũĞ ŬƌŝƐƚĂůŝǌĂĐŝũĞ ĨĂǌĂ ɲͲ&Ğ;^ŝͿ ŝ &Ğϯ
ŽĚŐŽǀĂƌĂũƵ ǀƌĂŵŝʹƌŽĨĞĞǀͲŽŵ ϯ ŵĞŚĂŶŝǌŵƵ͕ ƓƚŽ ũĞ
ũĞĚĂŶŽĚƵŽďŝēĂũĞŶŝŚŵĞŚĂŶŝǌĂŵĂƌĞĂŬĐŝũĂŬƌŝƐƚĂůŝǌĂĐŝũĞ
ŝƚĞƌŵĂůŶĞĚĞŐƌĂĚĂĐŝũĞƵēǀƌƐƚŽŵƐƚĂŶũƵϮϵ͘dƌĞđŝƉŝŬ͕
ŬŽũŝ ũĞ ƐůŽǎĞŶ͕ ŽĚŐŽǀĂƌĂ ŬƌŝƐƚĂůŝǌĂĐŝũŝ &ĞϮ͕ Ă ŶũĞŐŽǀĂ
ƐůŽǎĞŶŽƐƚ ƉƌŽŝƐƚŝēĞ ŝǌ ēŝŶũĞŶŝĐĞ ĚĂ ƐĞ ŬƌŝƐƚĂůŝǌĂĐŝũĞ &ĞϮ
ŽĚǀŝũĂŝƐƚŽǀƌĞŵĞŶŽŬƌŽǌĚǀĞƉĂƌĂůĞůŶĞƌĞĂŬĐŝũĞ͗ƉƌŝŵĂƌͲ
ŶƵ ŬƌŝƐƚĂůŝǌĂĐŝũƵ ŝǌ ĂŵŽƌĨŶŽŐ ŵĂƚƌŝŬƐĂ ŝ ŬƌŝƐƚĂůŝǌĂĐŝũƵ ŝǌ
ŵĞƚĂƐƚĂďŝůŶĞ&ĞϯĨĂǌĞ͘

ŵŝŬƌŽƚǀƌĚŽđĞ ƐĂ ƉŽƌĂƐƚŽŵ ƚĞŵƉĞƌĂƚƵƌĞ ǌĂŐƌĞǀĂŶũĂ͕
ƐůŝŬĂϭϭ͕ƉŽŬĂǌƵũĞƚƌŝƌĂǌůŝēŝƚĞŽďůĂƐƚŝ͗ƉŽēĞƚŶŝƉŽƌĂƐƚ;ĚŽ
ϱϬϯ °Ϳ͕ ƉƌĂđĞŶ ŽďůĂƓđƵ ƐƚĂďŝůŶĞ ŵŝŬƌŽƚǀƌĚŽđĞ ;ϱϬϯʹ
ʹϲϱϬ °Ϳ Ă ǌĂƚŝŵ ďƌǌŝŵ ŽƉĂĚĂŶũĞŵ ;ŝǌŶĂĚ ϲϱϬ °Ϳ͘ WŽͲ
ƌĂƐƚ ŵŝŬƌŽƚǀƌĚŽđĞ ũĞ ǀĞƌŽǀĂƚŶŽ ƉŽƐůĞĚŝĐĂ ĨŽƌŵŝƌĂŶũĂ
ŶĂŶŽŬŽŵƉŽǌŝƚĂ ŬŽũŝ ŽďƵŚǀĂƚĂ ŶĂŶŽŬƌŝƐƚĂůĞ ĚŝƐƉĞƌŐŽͲ
ǀĂŶĞ Ƶ ĂŵŽƌĨŶŽũ ŵĂƚƌŝĐŝ͘ Ăůũŝ ƉŽƌĂƐƚ ǀĞůŝēŝŶĞ ŬƌŝƐƚĂůŝƚĂ
ƉŽ ǌĂǀƌƓĞƚŬƵ ŬƌŝƐƚĂůŝǌĂĐŝũĞ ǀŽĚŝ ŬĂ ŶĂŐůŽŵ ƉĂĚƵ ŵŝŬƌŽͲ
ƚǀƌĚŽđĞ͕ƵƐůĞĚĨŽƌŵŝƌĂŶũĂǌƌŶĂƐƚĞƉŽƌŽǌŶĞƐƚƌƵŬƚƵƌĞ͘
<ŝŶĞƚŝŬĂŬƌŝƐƚĂůŝǌĂĐŝũĞ
hŬƵƉŶĂ ĞŶĞƌŐŝũĂ ĂŬƚŝǀĂĐŝũĞ ƌĂǌůŝēŝƚŝŚ ƐƚƵƉŶũĞǀĂ ŬƌŝƐͲ
ƚĂůŝǌĂĐŝũĞ͕ ŬĂŽ ŝ ƉƌĞĚĞŬƐƉŽŶĞŶĐŝũĂůŶŝ ĨĂŬƚŽƌŝ͕ ƉŽĚ ƵƐůŽͲ
ǀŝŵĂůŝŶĞĂƌŶŽŐǌĂŐƌĞǀĂŶũĂ͕ŽĚƌĞĜĞŶŝƐƵƉƌŝŵĞŶŽŵŵĞͲ
ƚŽĚĂ <ŝƐƐŝŶŐĞƌͲĂ ŝ KǌĂǁĂͲĞ͕ ďĂǌŝƌĂŶŝŚ ŶĂ ǌĂǀŝƐŶŽƐƚŝ ĞŐͲ
ǌŽƚĞƌŵŶŽŐ ƉŝŬĂ ŬƌŝƐƚĂůŝǌĂĐŝũĞ dŬ ŽĚ ďƌǌŝŶĞ ŐƌĞũĂŶũĂ͕ β͕
ƚĂďĞůĂϯϮϰ͕Ϯϱ͘
sŝƐŽŬĞǀƌĞĚŶŽƐƚŝƉƌŝǀŝĚŶĞĞŶĞƌŐŝũĞĂŬƚŝǀĂĐŝũĞŬƌŝƐƚĂůŝͲ
ǌĂĐŝũĞ ĂŵŽƌĨŶĞ ůĞŐƵƌĞ ƉŽŬĂǌƵũƵ͕ Ƶ ƉƌǀŽŵ ƌĞĚƵ͕ ǀĞůŝŬƵ
ƐůŽǎĞŶŽƐƚ ŽǀŝŚ ƉƌŽĐĞƐĂ͘ 'ƌĞƓŬĞ ƐƵ ŽĚƌĞĜĞŶĞ ŬĂŽ ŬǀĂĚͲ
ƌĂƚŶŝŬŽƌĞŶĚĞǀŝũĂĐŝũĞƉŽŵŶŽǎĞŶƐĂ^ƚƵĚĞŶƚŽǀŝŵŬŽĞĨŝͲ
ĐŝũĞŶƚŽŵǌĂǀĞƌŽǀĂƚŶŽđƵŽĚϬ͕ϵϱ͘
WƌŝŵĞŶŽŵ ŝǌŽŬŽŶǀĞƌǌŝŽŶĞ ƚĞŚŶŝŬĞ Ϯϲ͕Ϯϳ ŝƐƉŝƚĂŶĂ
ũĞ ǌĂǀŝƐŶŽƐƚ ƉƌŽŵĞŶĞ ƉƌŝǀŝĚŶĞ ĞŶĞƌŐŝũĞ ĂŬƚŝǀĂĐŝũĞ ŽĚ
ƐƚĞƉĞŶĂŬŽŶǀĞƌǌŝũĞ͕ɲ͘ǌĂƐǀĂƚƌŝŬƌŝƐƚĂůŝǌĂĐŝŽŶĂƐƚƵƉŶũĂ͘
^ƚĞƉĞŶŬŽŶǀĞƌǌŝũĂŬŽũŝŽĚŐŽǀĂƌĂƐƚĞƉĞŶƵŶĂƉƌĞĚŽǀĂŶũĂ
ƉƌŽĐĞƐĂĚŽďŝũĞŶũĞŝǌŽĚŶŽƐĂ ɲс^dͬ^͕ŐĚĞũĞ^ƵŬƵƉŶĂ

<>:h<
ŵŽƌĨŶĂůĞŐƵƌĂ&ĞϳϱEŝϮ^ŝϴϭϯϮƉŽĚůĞǎĞƉƌŽŵĞŶĂŵĂ
ŵĞŚĂŶŝēŬŝŚ͕ ŵĂŐŶĞƚŶŝŚ ŝ ĞůĞŬƚƌŝēŶŝŚ ƐǀŽũƐƚĂǀĂ ƵƐůĞĚ

hƚŝĐĂũƐƚƌƵŬƚƵƌŶŝŚƉƌŽŵĞŶĂŶĂŵŝŬƌŽƚǀƌĚŽđƵ
DŝŬƌŽƚǀƌĚŽđĂǌĂƐǀĂŬŝƵǌŽƌĂŬũĞŝǌƌĂēƵŶĂƚĂŬĂŽƐƌĞĚͲ
ŶũĂ ǀƌĞĚŶŽƐƚ ƐĞĚĂŵ ƉŽũĞĚŝŶĂēŶŝŚ ŵĞƌĞŶũĂ͘ WƌŽŵĞŶĂ

^ůŝŬĂϭϭ͘DŝŬƌŽŶĂƉƌĞǌĂŶũĞĨĂǌĞɲͲ&Ğ;^ŝͿƉŽƐůĞƚĞƌŵŝēŬŽŐƚƌĞƚŵĂŶĂ͕ƐĂŵŝŬƌŽƚǀƌĚŽđŽŵ;ůĞǀŽͿŝƐƌĞĚŶũŽŵǀĞůŝēŝŶŽŵŬƌŝƐƚĂůŝƚĂ;ĚĞƐŶŽͿ͘
&ŝŐƵƌĞϭϭ͘DŝĐƌŽƐƚƌĂŝŶŝŶɲͲ&Ğ;^ŝͿƉŚĂƐĞĂĨƚĞƌƚŚĞƌŵĂůƚƌĞĂƚŵĞŶƚƐŚŽǁŶǁŝƚŚŵŝĐƌŽŚĂƌĚŶĞƐƐ;ůĞĨƚͿĂŶĚĂǀĞƌĂŐĞĐƌǇƐƚĂůƐŝǌĞŽĨƚŚĞ
ĂůůŽǇ;ƌŝŐŚƚͿ͘
dĂďĞůĂϯ͘ƌĞŶŝũƵƐͲŽǀŝƉĂƌĂŵĞƚƌŝƉŽũĞĚŝŶĂēŶŝŚŬƌŝƐƚĂůŝǌĂĐŝŽŶŝŚƐƚƵƉŶũĞǀĂ
dĂďůĞϯ͘ƌƌŚĞŶŝƵƐƉĂƌĂŵĞƚĞƌƐŽĨŝŶĚŝǀŝĚƵĂůĐƌǇƐƚĂůůŝǌĂƚŝŽŶƐƚĞƉƐ
ƌƌŚĞŶŝƵƐͲŽǀŝƉĂƌĂŵĞƚƌŝ
^ůŝŬĂϭϬ͘WƌŽŵĞŶĂŵĂŐŶĞƚŶĞƐƵƐĐĞƉƚŝďŝůŶŽƐƚŝƚŽŬŽŵǌĂŐƌĞǀĂŶũĂĚŽƌĂǌůŝēŝƚŝŚƚĞŵƉĞƌĂƚƵƌĂ;ůĞǀŽͿ͖ŵĂŐŶĞƚŶĂƐƵƐĐĞƉƚŝďŝůŶŽƐƚŶĂƐŽďŶŽũ
ƚĞŵƉĞƌĂƚƵƌĞƉŽƐůĞǌĂŐƌĞǀĂŶũĂůĞŐƵƌĞĚŽƌĂǌůŝēŝƚŝŚƚĞŵƉĞƌĂƚƵƌĂŵĂ;ĚĞƐŶŽͿ͘
&ŝŐƵƌĞϭϬ͘ŚĂŶŐĞŝŶŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇĚƵƌŝŶŐŚĞĂƚŝŶŐĐǇĐůĞƚŽĚŝĨĨĞƌĞŶƚƚĞŵƉĞƌĂƚƵƌĞƐ;ůĞĨƚͿ͖ŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇŵĞĂƐƵƌĞĚ
ĂƚƌŽŽŵƚĞŵƉĞƌĂƚƵƌĞĂĨƚĞƌƚŚĞƌŵĂůƚƌĞĂƚŵĞŶƚĂƚĚŝĨĨĞƌĞŶƚƚĞŵƉĞƌĂƚƵƌĞƐ;ƌŝŐŚƚͿ͘

ʹϭ

ĂͬŬ:ŵŽů 
ůŶ
Z

^ƚƵƉĂŶũϭ͕ɲͲ&Ğ;^ŝͿ
<ŝƐƐŝŶŐĞƌ
KǌĂǁĂ
ϯϳϱ͕ϭцϬ͕ϴ
ϱϲ͕Ϯцϭ͕Ϭ
Ϭ͕ϵϵϵ

ϯϴϴ͕ϳцϬ͕ϴ
ϰϵ͕ϭцϬ͕ϭ
Ϭ͕ϵϵϵ

^ƚƵƉĂŶũϮ͕&Ğϯ
<ŝƐƐŝŶŐĞƌ
KǌĂǁĂ
ϯϰϭ͕ϲцϬ͕ϱ
ϰϵ͕ϯцϬ͕ϱ
Ϭ͕ϵϵϵ

������ �

ϳϳϲ

204

ϯϱϱ͕ϰцϬ͕ϱ
ϰϯ͕ϰцϬ͕ϱ
Ϭ͕ϵϵϵ

������ �

205

^ƚƵƉĂŶũϯ͕&ĞϮ
<ŝƐƐŝŶŐĞƌ
KǌĂǁĂ
ϯϯϬцϭϬ
ϰϳцϭϮ
Ϭ͕ϵϳϮ

ϯϰϰ͕ϳцϭϬ
ϰϭцϭϮ
Ϭ͕ϵϳϰ

ϳϳϳ

͘D͘D/E/͕s͘͘>'K:s/͕͘D͘D/E/͗^sK:^dsDKZ&E>'hZ&ĞϳϱEŝϮ^ŝϴϭϯϮ

,Ğŵ͘ŝŶĚ͘ϲϲ;ϱͿϳϲϵʹϳϳϵ;ϮϬϭϮͿ

͘D͘D/E/͕s͘͘>'K:s/͕͘D͘D/E/͗^sK:^dsDKZ&E>'hZ&ĞϳϱEŝϮ^ŝϴϭϯϮ

,Ğŵ͘ŝŶĚ͘ϲϲ;ϱͿϳϲϵʹϳϳϵ;ϮϬϭϮͿ



ƉƌŽŵĞŶĂ ƐƚƌƵŬƚƵƌĞ ŝǌĂǌĂǀĂŶŝŚ ƚĞƌŵŝēŬŝŵ ƚƌĞƚŵĂŶŽŵ͘
dŽŬŽŵǌĂŐƌĞǀĂŶũĂůĞŐƵƌĞ͕ŽƉĂǎĞŶĞƐƵƐƚƌƵŬƚƵƌŶĂƌĞůĂŬͲ
ƐĂĐŝũĂ͕ ƉŽƚŽŵ <ŝƌŝũĞǀĂ ƚĞŵƉĞƌĂƚƵƌĂ ƉƌĂđĞŶĂ ƐƚĂŬůĂƐƚŝŵ
ƉƌĞůĂǌŽŵ͕ ŝǌĂ ŬŽŐĂ ƐůĞĚŝ ŽďůĂƐƚ ƉŽƚŚůĂĜĞŶĞ ƚĞēŶŽƐƚŝ͕
ǌĂƚŝŵ ƉƌǀŽ ǀŝƓĞƐƚĞƉĞŶĂ ŬƌŝƐƚĂůŝǌĂĐŝũĂ ŝ͕ ŶĂ ŬƌĂũƵ͕ ƌĞŬƌŝƐͲ
ƚĂůŝǌĂĐŝũĂ͘WƌŽĐĞƐŝƐƚƌƵŬƚƵƌŶĞƌĞůĂŬƐĂĐŝũĞŝƐƚĂŬůĂƐƚŝƉƌĞůĂǌ
ƵŐůĂǀŶŽŵƵƚŝēƵŶĂŵĂŐŶĞƚŶĂŝĞůĞŬƚƌŝēŶĂƐǀŽũƐƚǀĂ͕ĚŽŬ
ŬƌŝƐƚĂůŝǌĂĐŝũĂĚŽǀŽĚŝĚŽǌŶĂēĂũŶŝŚƉƌŽŵĞŶĂŝƵŵĞŚĂŶŝēͲ
ŬŝŵƐǀŽũƐƚǀŝŵůĞŐƵƌĞ͘WƌŽĐĞƐŬƌŝƐƚĂůŝǌĂĐŝũĞǀŽĚŝĚŽĨŽƌŵŝͲ
ƌĂŶũĂƐƚĂďŝůŶŝŚŬƌŝƐƚĂůŶŝŚĨĂǌĂɲͲ&Ğ;^ŝͿŝ&ĞϮ͕ŬĂŽŝŵĞƚĂͲ
ƐƚĂďŝůŶĞ &Ğϯ ĨĂǌĞ͘ ŶĂůŝǌŽŵ ^ ŬƌŝǀĞ͕ ƵƐƉĞůŝ ƐŵŽ ĚĂ
ŝǌƌĂēƵŶĂŵŽŬŝŶĞƚŝēŬĞƉĂƌĂŵĞƚƌĞǌĂŬƌŝƐƚĂůŝǌĂĐŝũĞɲͲ&Ğ;^ŝͿŝ
&ĞϯĨĂǌĂ͕ŬŽũĞƐĞŽĚǀŝũĂũƵƵũĞĚŶŽŵƐƚƵƉŶũƵ͘<ƌŝƐƚĂůŝǌĂͲ
ĐŝũĂ&ĞϮĨĂǌĞƐĞŽĚǀŝũĂŬƌŽǌĚǀĞŝƐƚŽǀƌĞŵĞŶĞŝƉĂƌĂůĞůŶĞ
ƌĞĂŬĐŝũĞ͕ƓƚŽũĞŽŶĞŵŽŐƵđŝůŽŽĚƌĞĜŝǀĂŶũĞŶũĞŶŝŚŬŝŶĞƚŝēͲ
ŬŝŚƉĂƌĂŵĞƚĞƌĂ͘&ĂǌŶĂŝŵŝŬƌŽƐƚƌƵŬƚƵƌŶĂĂŶĂůŝǌĂƐƵƵŬĂͲ
ǌĂůĞ ĚĂ ƐƵ ŽǀĞ ĚǀĞ ƌĞĂŬĐŝũĞ ƉƌŝŵĂƌŶĂ ŬƌŝƐƚĂůŝǌĂĐŝũĂ ŝǌ
ĂŵŽƌĨŶŽŐ ŵĂƚƌŝŬƐĂ ŝ ŬƌŝƐƚĂůŝǌĂĐŝũĂ ŝǌ ŵĞƚĂƐƚĂďŝůŶĞ &Ğϯ
ĨĂǌĞ͘

ϵ

ϭϬ

ϭϭ

ϭϮ

ϭϯ

ĂŚǀĂůŶŝĐĂ

ϭϰ

KǀĂũ ƌĂĚ ũĞ ĨŝŶĂŶƐŝƌĂŶ ŽĚ ƐƚƌĂŶĞ DŝŶŝƐƚĂƌƐƚǀĂ ƉƌŽͲ
ƐǀĞƚĞ͕ ŶĂƵŬĞ ŝ ƚĞŚŶŽůŽƓŬŽŐ ƌĂǌǀŽũĂ ZĞƉƵďůŝŬĞ ^ƌďŝũĞ͕
WƌŽũĞŬĂƚďƌŽũϭϳϮϬϭϱ͘

ϭϱ

>/dZdhZ
ϭ

Ϯ

ϯ

ϰ

ϱ

ϲ

ϳ

ϴ

ϭϲ
ϭϳ

D͘/ƋďĂů͕:͘/͘ŬŚƚĞƌ͕,͘&͘ŚĂŶŐ͕͘Y͘,Ƶ͕^ǇŶƚŚĞƐŝƐĂŶĚ
ĐŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶ ŽĨ Ă ŵƵůƚŝĐŽŵƉŽŶĞŶƚ &ĞͲďĂƐĞĚ ďƵůŬ
ĂŵŽƌƉŚŽƵƐĂůůŽǇ͕:͘EŽŶͲƌǇƐƚ͘^ŽůŝĚƐ ϯϱϰ;ϮϬϬϴͿϱϯϲϯʹ
ʹϱϯϲϳ͘
^͘>͘tĂŶŐ͕,͘y͘>ŝ͕y͘&͘ŚĂŶŐ͕^͘zŝ͕ĨĨĞĐƚƐŽĨƌĐŽŶƚĞŶƚƐ
ŝŶ &ĞͲďĂƐĞĚ ďƵůŬ ŵĞƚĂůůŝĐ ŐůĂƐƐĞƐ ŽŶ ƚŚĞ ŐůĂƐƐ ĨŽƌŵŝŶŐ
ĂďŝůŝƚǇĂŶĚƚŚĞĐŽƌƌŽƐŝŽŶƌĞƐŝƐƚĂŶĐĞ͕DĂƚĞƌ͘ŚĞŵ͘WŚǇƐ͘
ϭϭϯ;ϮϬϬϵͿϴϳϴʹϴϴϯ͘
D͘<ŽƉĐĞǁŝĐǌ͕͘'ƌĂďŝĂƐ͕:͘>ĂƚƵĐŚ͕D͘<ŽǁĂůĐǌǇŬ͕^ŽĨƚ
ŵĂŐŶĞƚŝĐ ĂŵŽƌƉŚŽƵƐ &Ğʹƌʹ^ŝ;ƵͿ ďŽƌŽŶͲĨƌĞĞ ĂůůŽǇƐ͕
DĂƚĞƌ͘ŚĞŵ͘WŚǇƐ͘ϭϮϲ;ϮϬϭϭͿϲϲϵʹϲϳϱ͘
͘͘WĞƌŝŐŽ͕^͘EĂŬĂŚĂƌĂ͕z͘WŝƚƚŝŶŝͲzĂŵĂĚĂ͕z͘ĚĞ,ĂǌĂŶ͕
d͘ 'ƌĂƵůĞ͕ DĂŐŶĞƚŝĐ ƉƌŽƉĞƌƚŝĞƐ ŽĨ ƐŽĨƚ ŵĂŐŶĞƚŝĐ ĐŽŵͲ
ƉŽƐŝƚĞƐ ƉƌĞƉĂƌĞĚ ǁŝƚŚ ĐƌǇƐƚĂůůŝŶĞ ĂŶĚ ĂŵŽƌƉŚŽƵƐ ƉŽǁͲ
ĚĞƌƐ͕:͘DĂŐŶ͘DĂŐŶ͘DĂƚĞƌϯϮϯ;ϮϬϭϭͿϭϵϯϴʹϭϵϰϰ͘
D͘ ^ƚŽŝĐĂ͕ Z͘ >ŝ͕ ^͘ ZŽƚŚ͕ :͘ ĐŬĞƌƚ͕ '͘ sĂƵŐŚĂŶ͕ ͘Z͘ zĂͲ
ǀĂƌŝ͕ ;&ĞϬ͘ϱŽϬ͘ϱͿϬ͘ϳϱϬ͘ϮϬ^ŝϬ͘ϬϱϵϲEďϰ ŵĞƚĂůůŝĐ ŐůĂƐƐĞƐ ǁŝƚŚ
ƐŵĂůů Ƶ ĂĚĚŝƚŝŽŶƐ͕ DĞƚĂůů͘ DĂƚĞƌ͘ dƌĂŶƐ͘  ϰϮ ;ϮϬϭϭͿ
ϭϰϳϲʹϭϰϴϬ͘
͘͘ ^ĐŚƵŚ͕ d͘͘ ,ƵĨŶĂŐĞů͕ h͘ ZĂŵĂŵƵƌƚǇ͕ DĞĐŚĂŶŝĐĂů
ďĞŚĂǀŝŽƌ ŽĨ ĂŵŽƌƉŚŽƵƐ ĂůůŽǇƐ͕ ĐƚĂ DĂƚĞƌ͘ ϱϱ ;ϮϬϬϳͿ
ϰϬϲϳʹϰϭϬϵ͘
͘ ^ŚĂŵŝŵŝ EŽƵƌŝ͕ z͘ >ŝƵ͕ :͘:͘ >ĞǁĂŶĚŽǁƐŬŝ͕ ĨĨĞĐƚƐ ŽĨ
dŚĞƌŵĂů ǆƉŽƐƵƌĞ ĂŶĚ dĞƐƚ dĞŵƉĞƌĂƚƵƌĞ ŽŶ ^ƚƌƵĐƚƵƌĞ
ǀŽůƵƚŝŽŶ ĂŶĚ ,ĂƌĚŶĞƐƐͬsŝƐĐŽƐŝƚǇ ŽĨ ĂŶ /ƌŽŶͲĂƐĞĚ DĞͲ
ƚĂůůŝĐ 'ůĂƐƐ͕ DĞƚĂůů͘ DĂƚĞƌ͘ dƌĂŶƐ͘  ϰϬ ;ϮϬϬϵͿ ϭϯϭϰʹ
ʹϭϯϮϯ͘
W͘ tĞƐƐĞůŝŶŐ͕ ͘͘ <Ž͕ >͘K͘ sĂƚĂŵĂŶƵ͕ '͘:͘ ^ŚŝĨůĞƚ͕ :͘:͘
>ĞǁĂŶĚŽǁƐŬŝ͕ĨĨĞĐƚƐŽĨŶŶĞĂůŝŶŐĂŶĚWƌĞƐƐƵƌĞŽŶĞͲ
ǀŝƚƌŝĨŝĐĂƚŝŽŶ ĂŶĚ DĞĐŚĂŶŝĐĂů WƌŽƉĞƌƚŝĞƐ ŽĨ ŵŽƌƉŚŽƵƐ

ϭϴ

ϭϵ

ϮϬ

Ϯϭ

ϮϮ

Ϯϯ

Ϯϰ
Ϯϱ

ůϴϳEŝϳ'Ěϲ͕ DĞƚĂůů͘ DĂƚĞƌ͘ dƌĂŶƐ͘  ϯϵ ;ϮϬϬϴͿ ϭϵϯϱʹ
ʹϭϵϰϭ͘
͘ D͘ DŝŶŝđ͕ s͘͘ ůĂŐŽũĞǀŝđ͕ ͘D͘ DĂƌŝēŝđ͕ d͘ ĄŬ͕ ͘D͘
DŝŶŝđ͕ /ŶĨůƵĞŶĐĞ ŽĨ ƐƚƌƵĐƚƵƌĂů ƚƌĂŶƐĨŽƌŵĂƚŝŽŶƐ ŽŶ ĨƵŶĐͲ
ƚŝŽŶĂů ƉƌŽƉĞƌƚŝĞƐ ŽĨ &ĞϳϱEŝϮ^ŝϴϭϯϮ ĂŵŽƌƉŚŽƵƐ ĂůůŽǇ͕
DĂƚ͘ŚĞŵ͘WŚǇƐ͘ϭϯϰ;ϮϬϭϮͿϭϭϭʹϭϭϱ͘
͘s͘ >ŽƵǌŐƵŝŶĞͲ>ƵǌŐŝŶ͕ ͘ sŝŶŽŐƌĂĚŽǀ͕ ^͘ >ŝ͕ ͘ <ĂǁĂͲ
ƐŚŝŵĂ͕ '͘ yŝĞ͕ ͘Z͘ zĂǀĂƌŝ͕ ͘ /ŶŽƵĞ͕ ĞĨŽƌŵĂƚŝŽŶ ĂŶĚ
ĨƌĂĐƚƵƌĞ ďĞŚĂǀŝŽƌ ŽĨ ŵĞƚĂůůŝĐ ŐůĂƐƐǇ ĂůůŽǇƐ ĂŶĚ ŐůĂƐƐǇͲ
ĐƌǇƐƚĂů ĐŽŵƉŽƐŝƚĞƐ͕ DĞƚĂůů͘ DĂƚĞƌ͘ dƌĂŶƐ͘  ϰϮ ;ϮϬϭϭͿ
ϭϱϬϰʹϭϱϭϬ͘
s͘͘ůĂŐŽũĞǀŝđ͕͘D͘DŝŶŝđ͕d͘ĄŬ͕͘D͘DŝŶŝđ͕/ŶĨůƵĞŶĐĞ
ŽĨƚŚĞƌŵĂůƚƌĞĂƚŵĞŶƚŽŶƐƚƌƵĐƚƵƌĞĂŶĚŵŝĐƌŽŚĂƌĚŶĞƐƐŽĨ
&ĞϳϱEŝϮ^ŝϴϭϯϮ ĂŵŽƌƉŚŽƵƐ ĂůůŽǇ͕ /ŶƚĞƌŵĞƚĂůůŝĐƐ ϭϵ
;ϮϬϭϭͿϭϳϴϬʹϭϳϴϱ͘
͘ D͘ DŝŶŝđ͕ ͘ 'ĂǀƌŝůŽǀŝđ͕ W͘ ŶŐĞƌĞƌ͕ ͘ '͘ DŝŶŝđ͕ ͘
DĂƌŝēŝđ͕ ^ƚƌƵĐƚƵƌĂů ƚƌĂŶƐĨŽƌŵĂƚŝŽŶƐ ŽĨ &ĞϳϱEŝϮ^ŝϴϭϯϮ
ĂŵŽƌƉŚŽƵƐĂůůŽǇŝŶĚƵĐĞĚďǇƚŚĞƌŵĂůƚƌĞĂƚŵĞŶƚ͕:͘ůůŽǇ
ŽŵƉĚ͘ϰϳϲ;ϮϬϬϵͿϳϬϱ͘
Z ZƵŶĚĞů͕ WĞĂŬ&ŝƚ͗ dĞĐŚŶŝĐĂů 'ƵŝĚĞ͕ :ĂŶĚĞů ^ĐŝĞŶƚŝĨŝĐ͕
ϭϵϵϭ͘
d͘ ĞƌŐĞǌ͕ &͘ <ŽŶĐǌŽů͕ E͘ &ĂƌŬĂƐ͕ :͘ ĞůĂŐǇŝ͕ ͘ >ŽƌŝŶĐǌǇ͕
^ ƐƚƵĚǇ ŽĨ ŐůǇĐĞƌŽůͲĞǆƚƌĂĐƚĞĚ ŵƵƐĐůĞ ĨŝďĞƌƐ ŝŶ ŝŶƚĞƌͲ
ŵĞĚŝĂƚĞƐƚĂƚĞƐŽĨdWŚǇĚƌŽůǇƐŝƐ͕:͘dŚĞƌŵ͘ŶĂů͘Ăů͘ϴϬ
;ϮϬϬϱͿϰϰϱʹϰϰϵ͘
d͘ ĄŬ͕ z͘ :ŝƌĄƐŬŽǀĄ͕ KE&/d͗ DƂƐƐďĂƵĞƌ ƐƉĞĐƚƌĂ ĨŝƚƚŝŶŐ
ƉƌŽŐƌĂŵ͕^ƵƌĨ͘/ŶƚĞƌĨĂĐĞŶĂů͘ϯϴ;ϮϬϬϲͿϳϭϬʹϳϭϰ͘
<͘^ƚĂŚů͕t/EWKtZŝĞƚǀĞůĚƌĞĨŝŶĞŵĞŶƚĨƌĂŵĞǁŽƌŬ
K͘ ^ĐŚŶĞĞǁĞŝƐƐ͕ d͘ ĄŬ͕ D͘ ^ǀŽďŽĚĂ͕  ƐƚƵĚǇ ŽĨ ŝŶƚĞƌͲ
ĨĂĐĞƐ ŝŶ ƚŚĞ ŵŝĐƌŽĐƌǇƐƚĂůůŝŶĞ ĂůůŽǇ &Ğϯ^ŝ ďǇ DƂƐƐďĂƵĞƌ
ƐƉĞĐƚƌŽƐĐŽƉǇ͕ ,ǇƉĞƌĨŝŶĞ /ŶƚĞƌĂĐƚŝŽŶƐ ϲϬ ;ϭϵϵϬͿ ϭϬϬϳʹ
ʹϭϬϭϬ͘
d͘ ,ŝŶŽŵƵƌĂ͕ ^͘ EĂƐƵ͕ ,͘ <ĂŶĞŬŝǌŽ͕ ^͘ ,ŝƌŽƐĂǁĂ͕ DĂŐͲ
ŶĞƚŝĐ ƉƌŽƉĞƌƚŝĞƐ ŽĨ EĚͲ&ĞͲ ŶĂŶŽĐƌǇƐƚĂůůŝŶĞ ĐŽŵƉŽƐŝƚĞ
ŵĂŐŶĞƚƐ͕:͘:ĂƉĂŶ/ŶƐƚ͘DĞƚĂůƐ͕ϲϭ;ϭϵϵϳͿϭϴϰʹϭϵϬ͘
:͘ YƵŝƐƉĞ DĂƌĐĂƚŽŵĂ͕ s͘͘ WĞŹĂ ZŽĚƌşŐƵĞǌ͕ ĂŶĚ ͘D͘
ĂŐŐŝŽͲ^ĂŝƚŽǀŝƚĐŚ͕ DĂŐŶĞƚŝĐ ƉƌŽƉĞƌƚŝĞƐ ĂŶĚ ĐƌǇƐƚĂůůŝͲ
ǌĂƚŝŽŶ ŽĨ ƚŚĞ &Ğϳϱ^ŝϭϱϭϬ ŵŽƌƉŚŽƵƐ ĂůůŽǇ ƉƌĞƉĂƌĞĚ ďǇ
ŵĞĐŚĂŶŝĐĂů ĂůůŽǇŝŶŐ͕ ,ǇƉĞƌĨŝŶĞ /ŶƚĞƌĂĐƚŝŽŶƐ ϭϰϴͬϭϰϵ
;ϮϬϬϯͿϵϳʹϭϬϮ͘
D͘ ǇŬŽů͕ ͘K͘ DĞŬŚƌĂďŽǀ͕ D͘s͘ ŬĚĞŶŝǌ͕ EĂŶŽͲƐĐĂůĞ
ƉŚĂƐĞƐĞƉĂƌĂƚŝŽŶŝŶĂŵŽƌƉŚŽƵƐ&ĞʹĂůůŽǇƐ͗ƚŽŵŝĐĂŶĚ
ĐůƵƐƚĞƌŽƌĚĞƌŝŶŐ͕ĐƚĂDĂƚĞƌ͘ϱϳ;ϮϬϬϵͿϭϳϭʹϭϴϭ͘
t͘:͘zƵĂŶ͕Z͘>ŝ͕Y͘^ŚĞŶ͕>͘D͘ŚĂŶŐ͕ŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶŽĨ
ƚŚĞĞǀĂůƵĂƚŝŽŶŽĨƚŚĞƐŽůŝĚƐŽůƵďŝůŝƚǇŽĨ^ŝŝŶƐŝŶƚĞƌĞĚ&Ğʹ^ŝ
ĂůůŽǇƐ ƵƐŝŶŐ ^ ƚĞĐŚŶŝƋƵĞ͕ DĂƚĞƌ͘ ŚĂƌĂĐƚ͘ ϱϴ ;ϮϬϬϳͿ
ϯϳϲʹϯϳϵ͘
͘ ĂůƵƐŬĂ͕ ,͘ DĂƚǇũĂ͕ ƌǇƐƚĂůůŝǌĂƚŝŽŶ ĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐ ŽĨ
ĂŵŽƌƉŚŽƵƐ&ĞͲ^ŝͲĂůůŽǇƐ͕:͘DĂƚĞƌ͘^Đŝ͘ϭϴ;ϭϵϴϯͿϮϭϲϯʹ
ʹϮϭϳϮ͘
͘ DĂƌŝēŝđ͕ ͘D͘ DŝŶŝđ͕ s͘͘ ůĂŐŽũĞǀŝđ͕ ͘ <ĂůĞǌŝđͲ'ůŝͲ
ƓŽǀŝđ͕ ͘ D͘ DŝŶŝđ͕ ĨĨĞĐƚƐ ŽĨ ƐƚƌƵĐƚƵƌĂů ƌĞůĂǆĂƚŝŽŶ ŽŶ
ĨƵŶĐƚŝŽŶĂů
ƉƌŽƉĞƌƚŝĞƐ
ŽĨ
ĂŵŽƌƉŚŽƵƐ
ĂůůŽǇ
&Ğϳϯ͘ϱƵϭEďϯ^ŝϭϱ͘ϱϳ͕/ŶƚĞƌŵĞƚĂůůŝĐƐϮϭ;ϮϬϭϮͿϰϱʹϰϵ͘
,͘͘ <ŝƐƐŝŶŐĞƌ͕ ZĞĂĐƚŝŽŶ ŬŝŶĞƚŝĐƐ ŝŶ ĚŝĨĨĞƌĞŶƚŝĂů ƚŚĞƌŵĂů
ĂŶĂůǇƐŝƐ͕ŶĂů͘ŚĞŵ͘Ϯϵ;ϭϵϱϳͿϭϳϬϮʹϭϳϬϲ͘
d͘:͘KǌĂǁĂ͕<ŝŶĞƚŝĐĂŶĂůǇƐŝƐŽĨĚĞƌŝǀĂƚŝǀĞĐƵƌǀĞƐŝŶƚŚĞƌͲ
ŵĂůĂŶĂůǇƐŝƐ͕:͘dŚĞƌŵ͘ŶĂů͘Ϯϵ;ϭϵϳϬͿϯϬϭʹϯϮϰ͘

ƚĂů ĚĂƚĂ ŽďƚĂŝŶĞĚ ƵŶĚĞƌ ĂŶǇ ŚĞĂƚŝŶŐ ƉƌŽĨŝůĞ :͘ WŚǇƐ͘
ŚĞŵ͕͘ϭϬϲ;ϮϬϬϮͿϮϴϲϮʹϮϴϲϴ͘
Ϯϵ ͘'͘DŝŶŝđ͕s͘͘ůĂŐŽũĞǀŝđ͕>ũ͘͘DŝŚĂũůŽǀŝđ͕s͘Z͘ŽƐŽǀŝđ͕
͘D͘DŝŶŝđ͕<ŝŶĞƚŝĐƐĂŶĚŵĞĐŚĂŶŝƐŵŽĨƐƚƌƵĐƚƵƌĂůƚƌĂŶƐͲ
ĨŽƌŵĂƚŝŽŶƐ ŽĨ &ĞϳϱEŝϮ^ŝϴϭϯϮ ĂŵŽƌƉŚŽƵƐ ĂůůŽǇ ŝŶͲ
ĚƵĐĞĚ ďǇ ƚŚĞƌŵĂů ƚƌĞĂƚŵĞŶƚ͕ dŚĞƌŵŽĐŚŝŵ͘ ĐƚĂ ϱϭϵ
;ϮϬϭϭͿϴϯʹϴϵ͘

Ϯϲ :͘ &ůǇŶŶ͕ >͘ tĂůů͕ 'ĞŶĞƌĂů ƚƌĞĂƚŵĞŶƚ ŽĨ ƚŚĞƌŵĂů ŐƌĂǀŝͲ
ŵĞƚƌǇ ŽĨ ƉŽůǇŵĞƌƐ͕ :͘ ZĞƐ͘ EĂƚů͘ Ƶƌ͘ ^ƚĂŶĚ ^ĞĐƚ  ϳϬ
;ϭϵϲϲͿϰϴϳʹϱϮϯ͘
Ϯϳ d͘:͘ KǌĂǁĂ͕  EĞǁ ŵĞƚŚŽĚ ŽĨ ĂŶĂůǇǌŝŶŐ ƚŚĞƌŵŽŐƌĂͲ
ǀŝŵĞƚƌŝĐ ĚĂƚĂ͕ Ƶůů͘ ŚĞŵ͘ ^ŽĐ͘ :ĂƉĂŶ ϯϴ ;ϭϵϲϱͿ ϭϴϴϭʹ
ʹϭϴϴϲ͘
Ϯϴ ͘>͘ WĞƌĞǌͲDĂƋƵĞĚĂ͕ D͘:͘ ƌŝĂĚŽ͕ :͘&͘ 'ŽƚŽƌ͕ :͘ DĂůĠŬ͕
ĚǀĂŶƚĂŐĞƐ ŽĨ ĐŽŵďŝŶĞĚ ŬŝŶĞƚŝĐ ĂŶĂůǇƐŝƐ ŽĨ ĞǆƉĞƌŝŵĞŶͲ
















^hDDZz
/E&>hEK&d,ZD>dZdDEdKE^dZhdhZEWZKWZd/^K&&ĞϳϱEŝϮ^ŝϴϭϯϮDKZW,Kh^>>Kz
ƵƓĂŶD͘DŝŶŝđϭ͕sůĂĚŝŵŝƌ͘ůĂŐŽũĞǀŝđϮ͕ƌĂŐŝĐĂD͘DŝŶŝđϮ
ϭ
Ϯ

DŝůŝƚĂƌǇdĞĐŚŶŝĐĂů/ŶƐƚŝƚƵƚĞ͕ĞůŐƌĂĚĞ͕^ĞƌďŝĂ
hŶŝǀĞƌƐŝƚǇŽĨĞůŐƌĂĚĞ͕&ĂĐƵůƚǇŽĨWŚǇƐŝĐĂůŚĞŵŝƐƚƌǇ͕ĞůŐƌĂĚĞ͕^ĞƌďŝĂ

;WƌŽĨĞƐƐŝŽŶĂůƉĂƉĞƌͿ
/ƌŽŶͲďĂƐĞĚĂŵŽƌƉŚŽƵƐĂůůŽǇƐŚĂǀĞďĞĞŶĂĨŽĐƵƐŽĨĐŽŶƐŝĚĞƌĂďůĞƐĐŝĞŶƚŝĨŝĐŝŶͲ 
ƚĞƌĞƐƚ ŝŶ ƌĞĐĞŶƚ ǇĞĂƌƐ͕ ďŽƚŚ ĨƌŽŵ Ă ĨƵŶĚĂŵĞŶƚĂů ĂŶĚ ƉƌĂĐƚŝĐĂů ƉŽŝŶƚ ŽĨ ǀŝĞǁ͘ 
ĐŽŵƉƌĞŚĞŶƐŝǀĞƐƚƵĚǇŽĨ&ĞϳϱEŝϮ^ŝϴϭϯϮĂŵŽƌƉŚŽƵƐĂůůŽǇŝŶǀĞƐƚŝŐĂƚĞĚŝƚƐƚŚĞƌŵĂů
ƐƚĂďŝůŝƚǇ ĂŶĚ ƚŚĞƌŵĂůůǇ ŝŶĚƵĐĞĚ ĐŚĂŶŐĞƐ ŽĨ ƚŚĞ ĞůĞĐƚƌŝĐĂů͕ ŵĂŐŶĞƚŝĐ ĂŶĚ ŵĞĐŚĂͲ
ŶŝĐĂůƉƌŽƉĞƌƚŝĞƐĂŶĚĐŽƌƌĞůĂƚĞĚƚŚĞŵǁŝƚŚŵŝĐƌŽƐƚƌƵĐƚƵƌĂůĐŚĂŶŐĞƐ͘dŚĞĂůůŽǇǁĂƐ
ŝŶǀĞƐƚŝŐĂƚĞĚŝŶϮϱͲϭϬϬϬ°ƚĞŵƉĞƌĂƚƵƌĞƌĂŶŐĞ͘dŚĞƌŵĂůůǇŝŶĚƵĐĞĚƐƚƌƵĐƚƵƌĂůƚƌĂŶƐͲ
ĨŽƌŵĂƚŝŽŶƐ ǁĞƌĞ ŝŶǀĞƐƚŝŐĂƚĞĚ ƵƐŝŶŐ ^ ĂŶĚ ƚŚĞƌŵŽŵĂŐŶĞƚŝĐ ŵĞĂƐƵƌĞŵĞŶƚƐ͕
ƌĞǀĞĂůŝŶŐƚŚĂƚƚŚĞĂůůŽǇĞǆŚŝďŝƚƐƚŚĞƵƌŝĞƚĞŵƉĞƌĂƚƵƌĞ͕ŐůĂƐƐƚƌĂŶƐŝƚŝŽŶ͕ŵƵůƚŝͲƐƚĞƉ
ĐƌǇƐƚĂůůŝǌĂƚŝŽŶ ĂŶĚ ƌĞĐƌǇƐƚĂůůŝǌĂƚŝŽŶ͘ dŚĞ ĐƌǇƐƚĂůůŝǌĂƚŝŽŶ ŬŝŶĞƚŝĐƐ ǁĞƌĞ ĚĞƚĞƌŵŝŶĞĚ͕
ƵŶĚĞƌ ŶŽŶͲŝƐŽƚŚĞƌŵĂů ĐŽŶĚŝƚŝŽŶƐ͕ ƚŽ ŝŶĐůƵĚĞ ƚŚƌĞĞ ƉƌŽĐĞƐƐĞƐ͕ ĐŽƌƌĞƐƉŽŶĚŝŶŐ ƚŽ
ĐƌǇƐƚĂůůŝǌĂƚŝŽŶŽĨɲͲ&Ğ͕&ĞϯĂŶĚ&ĞϮƉŚĂƐĞƐ͕ƌĞƐƉĞĐƚŝǀĞůǇ͘DŝĐƌŽƐƚƌƵĐƚƵƌĂůĂŶĂůǇƐŝƐ
ƵƐŝŶŐ yZ ĂŶĚ DƂƐƐďĂƵĞƌ ƐƉĞĐƚƌŽƐĐŽƉǇ ƐƵŐŐĞƐƚƐ ƚŚĂƚ &Ğ ϯ ĂĐƚƐ ĂƐ ĂŶ ŝŶƚĞƌŵĞͲ
ĚŝĂƚĞŝŶƚŚĞĨŽƌŵĂƚŝŽŶŽĨ&ĞϮ͘dŚĞŵŝĐƌŽƐƚƌƵĐƚƵƌĞǁĂƐŝŶǀĞƐƚŝŐĂƚĞĚŽŶďŽƚŚƚŚĞ
ƐƵƌĨĂĐĞ ŽĨ ƚŚĞ ĂůůŽǇ ƌŝďďŽŶ ĂŶĚ ŽŶ ƚŚĞ ĐƌŽƐƐͲƐĞĐƚŝŽŶ͕ ƵƐŝŶŐ ^D ƚŽ ĚĞƚĞƌŵŝŶĞ
ƐƚƌƵĐƚƵƌĂů ĐŚĂŶŐĞƐ ŽĨ ƚŚĞ ĂůůŽǇ ĂĨƚĞƌ ƚŚĞƌŵĂů ƚƌĞĂƚŵĞŶƚ͘ ĚĚŝƚŝŽŶĂůůǇ͕ ƚŚĞ yZ
ƐƉĞĐƚƌĂǁĞƌĞĂŶĂůǇǌĞĚƚŽĚĞƚĞƌŵŝŶĞƚŚĞĐŚĂŶŐĞŝŶŵŝĐƌŽƐƚƌƵĐƚƵƌĂůƉĂƌĂŵĞƚĞƌƐŽĨ
ƚŚĞ ĂůůŽǇ ĐĂƵƐĞĚ ďǇ ƚŚĞ ƚŚĞƌŵĂů ƚƌĞĂƚŵĞŶƚ ĂŶĚ ƚŚĞ ƐƚƌƵĐƚƵƌĂů ƚƌĂŶƐĨŽƌŵĂƚŝŽŶƐ͘
DƂƐƐďĂƵĞƌ ƐƉĞĐƚƌŽƐĐŽƉǇ ǁĂƐ ƵƐĞĚ ƚŽ ĚĞƚĞƌŵŝŶĞ ƚŚĞ ĚŝƐƚƌŝďƵƚŝŽŶ ŽĨ ŝƌŽŶ ĂƚŽŵƐ
ďĞƚǁĞĞŶƚŚĞŝŶĚŝǀŝĚƵĂůĐƌǇƐƚĂůůŝŶĞƉŚĂƐĞƐĂŶĚƚŚĞĂŵŽƌƉŚŽƵƐŵĂƚƌŝǆ͘dŚĞĨƵŶĐƚŝŽͲ
ŶĂů ƉƌŽƉĞƌƚŝĞƐ ǁĞƌĞ ŝŶǀĞƐƚŝŐĂƚĞĚ ƵƐŝŶŐ ŵĞĂƐƵƌĞŵĞŶƚƐ ŽĨ ƚŚĞ ŵĂŐŶĞƚŝĐ ƐƵƐĐĞƉƚŝͲ
ďŝůŝƚǇ͕ ĞůĞĐƚƌŝĐĂů ƌĞƐŝƐƚŝǀŝƚǇ ĂŶĚ ŵŝĐƌŽŚĂƌĚŶĞƐƐ ĂŶĚ ƚŚĞƐĞ ƌĞƐƵůƚƐ ǁĞƌĞ ĐŽƌƌĞůĂƚĞĚ
ǁŝƚŚ ĐŚĂŶŐĞƐ ŝŶ ƚŚĞ ŵŝĐƌŽƐƚƌƵĐƚƵƌĂů ƉĂƌĂŵĞƚĞƌƐ ;ĂǀĞƌĂŐĞ ĐƌǇƐƚĂůůŝŶĞ ƐŝǌĞ͕ ŵŝĐƌŽͲ
ƐƚƌĂŝŶͿ ĂŶĚ ƚŚĞ ƉŚĂƐĞ ĐŽŵƉŽƐŝƚŝŽŶ͘ dŚĞ ŵĞĂƐƵƌĞŵĞŶƚƐ ǁĞƌĞ ƉĞƌĨŽƌŵĞĚ͕ ǁŚĞƌĞ
ƉŽƐƐŝďůĞ͕ ďŽƚŚ ĚƵƌŝŶŐ ŚĞĂƚŝŶŐ ĐǇĐůĞƐ ƚŽ ŽďƐĞƌǀĞ ƚŚĞ ĐŚĂŶŐĞ ŽĨ ƚŚĞƐĞ ƉƌŽƉĞƌƚŝĞƐ
ǁŝƚŚ ƚĞŵƉĞƌĂƚƵƌĞ͕ ĂŶĚ Ăƚ ƌŽŽŵ ƚĞŵƉĞƌĂƚƵƌĞ͕ ĂĨƚĞƌ ŝŶĚŝǀŝĚƵĂů ŚĞĂƚŝŶŐ ĐǇĐůĞƐ ƚŽ
ĚĞƚĞƌŵŝŶĞƚŚĞĐŚĂŶŐĞŝŶƉƌŽƉĞƌƚŝĞƐĐĂƵƐĞĚďǇĂŶŶĞĂůŝŶŐĂƚĚŝĨĨĞƌĞŶƚƚĞŵƉĞƌĂƚƵƌĞƐ͘
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disc (melt-spinning method). DSC measurements were performed
using DSC-50 analyzer (Shimadzu, Japan) under nitrogen atmosphere, at constant heating rates of 5, 8, 12 and 15 K min−1 , in
the temperature range from room temperature to 1023 K. Calibration of the instrument was performed, for corresponding heating
rate, prior to each of the measurements and the DSC curves shown
were obtained by deducting the baseline from the experimental
curve. Each measurement was performed twice on a new specimen.
Gaussian-Lorentzian cross-product function was used for deconvolution of a complex experimental peak. X-ray diffractometry (XRD)
was performed at room temperature, on samples that have been
annealed for 1 h at different temperatures, using X-Pert powder
diffractometer (PANalytical, Netherlands) with CoK radiation in
a Bragg-Brentano geometry at 40 kV and 30 mA. The instrument
was equipped with a secondary graphite monochromator, automatic divergence slits and a scintillation counter. Stepwise change
of diffraction angle was performed in 0.05◦ (2�) intervals with a
measuring time of 30 s/step.

a b s t r a c t
2.2. Solid-state kinetic analysis
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Fe89.8 Ni1.5 Si5.2 B3 C0.5 undergoes multi-step structural transformations under thermal treatment. Crystallization process, occurring around 810 K, was separated into two single-step processes, corresponding
to formation of -Fe(Si) and Fe2 B crystalline phases, respectively. Signiﬁcantly higher value of activation energy obtained for the ﬁrst crystallization step indicate that formation of -Fe(Si) facilitates the
subsequent formation of Fe2 B phase, by increasing in boron content of the amorphous matrix at the
crystal/amorphous interphase boundary, while -Fe(Si) crystallites probably serve as nucleation sites
for crystallization of Fe2 B phase. Narrow distribution of activation energies for both crystallization steps,
obtained using Miura–Maki method, is an indicator of very homogenous structure of as-prepared amorphous alloy. The mechanism of formation of both crystalline phases was modeled using the general
Šesták–Berggren model, and it was found that there is relatively small difference between respective
reaction mechanisms, which is expected, as both phases crystallize directly out of the amorphous matrix.

1. Introduction
Amorphous alloys, or metallic glasses, are materials with
homogenous and isotropic structure, lacking long-distance order
in atom arrangement [1,2]. Such structure leads to a speciﬁc combination of mechanical and functional properties which makes
them ideal for various applications [3–6]. Amorphous alloys are
kinetically and thermodynamically metastable and tend to stabilize through crystallization [7,8] under certain conditions, such as
exposure to high temperature and pressure, usually resulting in a
loss of favorable functional properties. On the other hand, suitable
thermal treatment of some amorphous alloys can induce formation of metastable hybrid nanocrystalline/amorphous [9] systems
with functional properties superior to those of purely amorphous
or purely crystalline materials. Therefore, precise control of crystallization process can offer means of preparation of materials with
targeted properties [10,11].
Theoretical calculations indicate that iron-based amorphous
alloys could possess greater strength, compared to other metallic glasses, and their main content, iron, is relatively cheap [12].
Examining structure of Fe–B–P based metallic glasses, formation
of bcc-Fe and boride phases was observed as a result of controlled
annealing [13]. Ab initio molecular dynamics simulations of liquid
and amorphous Fe78 Si9 B13 system [14] indicate that Fe–Si bonding
should be stronger than Fe–B bonding and that Si and B should not

form bonds to each other. This means that -Fe(Si) solid-solutionlike structure should nucleate more easily from the amorphous
matrix than Fe–B type of crystal.
Previous study of Fe75 Ni2 Si8 B13 C2 amorphous system [15]
revealed that crystallization process occurred through formation
of different phases, including -Fe(Si) phase, which appeared ﬁrst
in amorphous matrix, and more than one Fe–B phase. Further
studies of correlation of microstructure [16], magnetic properties
[17], microhardness [18] and electromotive force [19] with structural transformations induced by thermal treatment showed strong
connection between changes in microstructure and examined functional properties. Thermal stability and overall kinetic parameters
of structural transformation of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous
alloy were also examined [16]. Process of thermal stabilization
occurred through complex processes of crystallization involving
more than one individual step. These steps occurred with similar activation energies, resulting in appearance of asymmetric and
overlapping exothermic peaks on DSC curves, requiring deconvolution in order to identify individual steps. This paper deals with
detailed analysis of kinetics of individual steps of thermal stabilization and corresponding mechanisms.
2. Experimental procedure
2.1. Materials and techniques
Samples of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy were fabricated in form of a ribbon, 2 cm wide and 35 m thick, using a
standard procedure of rapid quenching of the melt on a rotating

∗ Corresponding author. Tel.: +381 11 333 6689.
E-mail address: drminic@gmail.com (D.M. Minić).
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The rate of solid-state transformation is described by equation
for a single-step process:
d˛
= k(T )f (˛)
dt

(1)

where ˛ is the conversion degree, t is the time, T is the temperature,
k(T) is the rate constant, and f(˛) is a conversion function, which
depends on the particular reaction mechanism [20]. The conversion degree ˛ at a temperature T is equal to the ratio of ST to S,
where S is the total peak area, and ST is the area between the initial
crystallization temperature and temperature T. Replacing k(T) with
Arrhenius equation gives the temperature dependence of the rate
of conversion:
d˛
= A exp
dt

 −E 
RT

f (˛)

(2)

where A is pre-exponential factor, E is activation energy, R is the gas
constant. Kinetic description of a solid state transformation usually
includes a kinetic triplet which consists of Arrhenius parameters
(activation energy and pre-exponential factor) and the conversion
function.
Constant value of activation energy can only be expected for a
single-step process and E in Eq. (2) becomes an apparent quantity
(Ea ) based on a quasi-single-step reaction. In case of non-isothermal
experiments, at a constant heating rate, Eq. (2) can be transformed
to:
ˇ

d˛
= A exp
dT

 −E 
a

RT

f (˛)

(3)

where ˇ is the heating rate, ˇ = dT/dt, and d˛/dt ≡ ˇ(d˛/dT).
Miura–Maki integral method [21–23] involves application of the
following equation:
ln



ˇ
T2



= ln

 AR 
Ea

+ 0.6075 −

Ea
RT

(4)

which allows determination of Ea at certain conversion degree
by plotting ln(ˇ/T2 ) versus 1/T at the same conversion degree.
Differentiation of ˛ versus Ea yields activation energy distribution function, f(Ea ), which, in this case, can be ﬁtted using a
Gaussian distribution. The width of the distribution indicates the
extent of differences in chemical activities of different nucleation
sites.

3. Results
3.1. Thermal stability of the alloy
Investigation of thermal stability of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy, in 298–1023 K temperature range, showed that the
alloy was thermally stable up to about 730 K when step-wise process of thermal stabilization occurred. DSC curves exhibit two
clearly separated processes of thermal stabilization of the alloy,
around 730 K and 810 K, respectively (Fig. 1a). The ﬁrst, endothermic, process corresponds to a second-order phase transition,
judging by the derivative DSC curves, and can be assigned to a
glass transition, (Fig. 1c). The second exothermic process corresponds to crystallization, and pronounced asymmetric form of this
peak indicates that the process involves more than one reaction
step. Previous study of temperature dependence of crystallite size
of -Fe and Fe2 B phases [16] showed that crystallite size of both
crystalline phases remained relatively constant after thermal treatment at temperatures up to 873 K, and increased rapidly after
annealing at higher temperatures. This indicates that, below 873 K,
nucleation processes are dominant, while at higher temperatures
crystal growth becomes the primary process. In order to examine the kinetics of the complex exothermic peak corresponding
to crystallization, the exothermic DSC peak was deconvoluted into
two peaks, each corresponding to an individual crystallization step,
(Fig. 1b). All deconvoluted peaks shift to higher temperature with
increase in heating rate, indicating thermal activation of individual
steps.
XRD diffractograms were used to identify the individual steps of
the crystallization process and assign them to individual crystalline
phases. XRD of the as-prepared alloy contain broad peaks around
57◦ and 102◦ , characteristic of short-range crystalline ordering in
the amorphous structure (Fig. 2). Using Rietveld reﬁnement, the
size of these domains of short-range ordering was estimated to
around 1.2 nm. XRD of thermally treated alloy samples shows that
crystalline -Fe(Si) ﬁrst appears around 773 K. Increase in heating
temperature leads to further stabilization through formation of a
metastable B2 Fe15 Si3 and a stable Fe2 B phases. While metastable
B2 Fe15 Si3 phase is present in small amount (less than 4 mass%) and
only in a narrow range of annealing temperatures around 813 K, stable Fe2 B phase makes up around 10 mass% of the alloy sample after
annealing at 843 K. Weight fraction of -Fe(Si) crystalline phase
increases sharply up to 923 K, while weight fraction of Fe2 B phase
exhibits slower increase in same temperature range. After thermal
treatment at higher temperatures, phase content of both phases
remains relatively constant, reaching around 20 mass% of Fe2 B and
77 mass% of -Fe(Si) after treatment at 1123 K. Small amount of
amorphous phase (3%) still remains even after thermal treatment
at 1123 K, although increase in annealing time from 1 to 7 h, at this
temperature, succeeds in converting all of the amorphous phase to
crystalline ones. Accordingly, the two individual steps of the crystallization DSC peak can be ascribed to the formation of -Fe(Si)
and Fe2 B stable crystalline phases.
Parameterization of Arrhenius equation was performed using
Kissinger’s and Ozawa’s methods [24,25], based on dependence
of peak temperature on heating rate. Obtained values of kinetic
parameters show excellent agreement between different methods, and are in agreement with previously reported values for
similar systems [26–28]. Based on the overall values of apparent activation energies, values of activation complex parameters
were determined using Eyring’s theory [29,30]. Positive values of
standard activation entropy (�S0‡ ) for all of the observed structural transformations (Table 1) indicate a decrease of short-range
ordering in activated complexes in comparison with structure of
as-prepared alloy. Considerably higher values of �S0‡ observed for
the crystallization of -Fe(Si) phase, which nucleates directly from
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Fig. 3. Dependence of Ea on ˛ calculated using different isoconversional methods for (a) ﬁrst and (b) second crystallization step.

Fig. 1. (a) Experimental DSC curves at different heating rates; (b) peak deconvolution of crystallization peak; (c) derivative DSC curve.
Table 1
Kinetic and thermodynamic parameters of individual processes determined by different methods.

Kissinger: Ea [kJ/mol]
A [min−1 ]
Ozawa: Ea [kJ/mol]
A [min−1 ]
�‡ S [J/molK]
Vyazovkin: Ea [kJ/mol]
IKP: Ea [kJ/mol]
A [min−1 ]
Position of maxima [kJ/mol]
FWHM [kJ/mol]

Step 1 – -Fe(Si)

Step 2 – Fe2 B

399 ± 6
(2.42 ± 0.04) × 1025
392 ± 2
(1.08 ± 0.01) × 1025
190 ± 3
421 ± 1
418 ± 12
(4.1 ± 0.1) × 1026
399.4 ± 0.2
7.8 ± 0.5

298 ± 11
(4.5 ± 0.2) × 1018
296 ± 11
(3.6 ± 0.1) × 1018
61 ± 3
307 ± 1
307 ± 16
(1.45 ± 0.08) × 1019
298.4 ± 0.2
1.9 ± 0.4

the amorphous matrix, indicate that the crystallization of Fe2 B is
promoted by the earlier crystallization of -Fe(Si) phase, which
probably creates favorable conditions for crystallization of Fe2 B
through expulsion of boron from crystalline -Fe(Si), increasing
its concentration in the surrounding amorphous matrix, while this
boron-enriched amorphous/crystal interphase boundary can serve
as nucleation sites for crystallization of the new crystalline phase.
3.2. Mechanism and kinetics of crystallization
In order to discuss the mechanism of crystallization of the alloy,
the effective values of Ea for different conversion degrees were

determined using isoconversional methods [24,31–33] (Fig. 3).
Activation energies remain relatively constant with respect to
conversion degree in the 0.2 ≤ ˛ ≤ 0.8 range, for both crystallization steps, suggesting that individual steps of crystallization occur
as single-step processes. Average values of kinetic parameters
obtained using different methods are in good agreement. The ﬁrst
crystallization step exhibits signiﬁcantly higher value of Ea than
the second, indicating that formation of -Fe(Si) crystalline phase
facilitates nucleation of Fe2 B phase, as described above, and, consequently, reduces the activation energy of the second crystallization
step.
Uniformity of activation centers can be investigated using
Miura–Maki integral method [21–23], which does not require
any assumptions of the functional form of f(Ea ), and yields
activation energy distributions (f(Ea )) of individual crystallization steps. Obtained diagrams exhibit symmetric form, which
can be ﬁtted well using Gaussian distribution. Very narrow distribution (full width at half-maximum (FWHM) of 7.8 kJ/mol
for step 1 and 1.9 kJ/mol for step 2) indicates that activities
of different nucleation sites in the alloy are relatively uniform, conﬁrming that the structure of as-prepared alloy is quite
homogenous. Positions of maxima of the activation energy distributions located at Ea = 399 kJ/mol for the ﬁrst crystallization
step, and at Ea = 298 kJ/mol for the second crystallization step,
are in agreement with the values obtained using other methods,
Table 1.

Fig. 2. (a) XRD spectra of alloy samples thermally treated at different temperatures; (b) Phase content of alloy samples after thermal treatment.

Values of activation energies obtained by different methods
are in very good agreement. Relatively high values of activation
energies for crystallization processes in Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy can be associated with high complexity of structural
rearrangement during the crystallization, including correlated displacement of a large number of atoms.
Determination of the kinetic triplet requires, in addition to
Arrhenius parameters, determination of the correct form of the
conversion function, which can be done utilizing model ﬁtting and
Málek’s method [34]. In model ﬁtting method, different forms of the
conversion function were examined using Coats–Redfern equation
[36]. This shows that several different conversion functions yield
high correlation coefﬁcient (>0.99), while exhibiting markedly different values of kinetic parameters (Table 2). In order to determine

which one of these is the correct form of the conversion function, Málek’s method is further applied. Using values of kinetic
parameters obtained by Coats–Redfern method, values of invariant
activation energy and invariant pre-exponential factor were determined (Table 1) based on the applicability of the compensation
effect [36].
Málek’s method involves the use of functions y(˛) and z(˛),
deﬁned as:
y(˛) =

dt

exp

E 
a

RT

= Af (˛),

z(˛) =

 d˛ 
dt

T2

(5)

where shape and position of maxima of both functions can indicate the correct form of the conversion function. It was observed
that obtained functions y(˛) and z(˛), for both crystallization steps,

Fig. 4. Curves of y(˛) and z(˛) Malek curves, for different heating rates, of individual crystallization steps.
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M. Vasić et al. / Thermochimica Acta 562 (2013) 35–41

39

Table 2
Kinetic parameters obtained by applying Coats–Redfern equation on different conversion functions, at heating rate ˇ = 15 K min−1 .

Step 1 -Fe(Si)

Step 2 Fe2 B

Kinetic model

R2

Ea [kJ/mol]

ln A/min−1

P4
P3
P2
P2/3
R1
R2
R3
F1
F3/2
F2
F3
A3/2
A2
A3
A4
D1
D2
D3
D4
B1
P4
P3
P2
P2/3
R1
R2
R3
F1
F3/2
F2
F3
A3/2
A2
A3
A4
D1
D2
D3
D4
B1

0.960
0.961
0.962
0.963
0.963
0.980
0.984
0.992
0.998
0.999
0.995
0.992
0.992
0.991
0.991
0.963
0.974
0.984
0.978
0.906
0.958
0.959
0.960
0.962
0.962
0.979
0.984
0.991
0.998
0.999
0.991
0.991
0.991
0.991
0.962
0.973
0.984
0.977
0.977
0.903

340.7
458.8
695.1
211.3
140.4
168.6
179.4
203.3
244.8
292.6
4041.2
1350.9
1009.7
668.6
498.0
2821.4
3162.7
3602.7
3307.2
3452.2
181.7
246.8
377.2
1159.1
768.1
924.0
983.7
1115.4
1344.2
1608.5
2223.9
739.0
550.8
362.6
268.5
1550.1
1738.4
1981.2
1818.1
1882.1

49.5
67.0
101.8
309.4
205.8
246.7
262.3
298.5
359.5
430.0
593.8
198.5
148.4
98.2
73.0
412.9
462.4
525.6
482.2
505.5
25.4
35.1
54.2
167.9
111.2
133.5
141.8
162.3
195.9
234.6
324.7
107.5
80.0
52.4
38.4
224.4
251.3
285.4
261.5
273.0
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where M, N and P are parameters. Šesták–Berggren model is usually
used in simpliﬁed form, using P = 0, f(˛) = ˛M (1 − ˛)N , which corresponds to autocatalytic model that has physical meaning for M ≤ 1.
/(1 − ˛max
) = M/N,
Introducing a parameter C, deﬁned as C = ˛max
y
y
parameters M and N can be determined from the slope of the
linear dependence ln[(d˛/dt) exp(Ea /RT)] = f(ln[˛C (1 − ˛)]). Afterwards, parameter M can be calculated using values of parameters
N and C. Determination of parameters M and N yields conversion
functions in form f(˛) = ˛0.98 (1−˛)1.2 for the ﬁrst crystallization step
and f(˛) = ˛(1−˛)1.3 for the second crystallization step.

the interphase boundary, which would have been ejected from Fe(Si) crystallites during their crystallization. The mechanism of
both crystallization steps was found to be best described by the
general Šesták–Berggren model, with relatively small difference
between respective reaction mechanisms. This is expected, as both
crystalline phases crystallize directly out of the amorphous matrix
and the only difference is the presence of -Fe(Si) surface in the
nucleation and growth of Fe2 B phase.

3.3. Verification of the kinetic triplet

The research has been supported by the Ministry of Science and Environmental Protection of Serbia, under the Project
172015.

Veriﬁcation of kinetic triplets of individual crystallization steps
was performed using Master plot [37] and Perez-Maqueda’s [38]
criteria. Master plot criterion is based on agreement between
experimental and theoretical curves based on the following equation:
d˛/dt
f (˛)
exp (Ea /RT )
=
f (0.5)
(d˛/dt)˛=0.5 exp (Ea /RT0.5 )

exhibit convex shape with well deﬁned maxima, suggesting applicability of JMA model, which describes a process of isothermal
crystallization with completely separate stages of nucleation and
subsequent crystal growth. For full validity of the JMA model, the
maximum of the z(˛) function, ˛max
would have to be located at
Z
˛ = 0.632 [34]. Results presented in Fig. 4 show that ˛max
are located
Z
at 0.50 ≤ ˛ ≤ 0.52, indicating that the full set of conditions of validity of the JMA model is not fulﬁlled. This is probably caused by the
fact that the processes of nucleation and crystal growth are not fully
separated. Because of the characteristic shape of the curves as well

(7)

where f(0.5) and T0.5 are the values of conversion function and
temperature at ˛ = 0.5. Values of Ea used were average values
obtained using Vyazovkin’s method. For both crystallization steps,
full accordance is observed between the experimental and theoretical master curves only for Šesták–Berggren functions for individual
crystallization steps obtained above.
Perez-Maqueda’s criterion suggests that the correct kinetic
parameters should be independent on the heating rate. For the
correct form of conversion function, plotting of points corresponding to different heating rates, using certain integral or differential
models of conversion function, should conform to linear dependence, as presented in Fig. 5, for both crystallization steps when the
previously obtained forms of Šesták–Berggren functions were used.
Additional validation of the determined kinetic triplets was
performed by comparing curves Aexp(−Ea /RT)f(˛) = f(T) calculated
using the obtained kinetic triplets with corresponding experimental ˇ(d˛/dT) = f(T) curves for each deconvoluted step. As shown in
Fig. 6, full accordance is achieved between these curves, proving
that the estimated kinetic triplets correctly describe the kinetics of
individual crystallization steps.
Fig. 5. Perez-Maqueda plots for suggested correct form of conversion function
(Šesták–Berggren).

as the fact that for both crystallization steps ˛max
are at lower ˛
y
˛max
,
Z

than
we tested applicability of the Šesták–Berggren model
[34,35] in the form:
f (˛) = ˛M (1 − ˛)N [− ln(1 − ˛)]P

Fig. 6. Comparison of experimental d˛/dt and d˛/dt calculated from the determined correct form of the conversion function.

(6)

4. Conclusion
Thermal treatment of Fe89.8 Ni1.5 Si5.2 B3 C0.5 amorphous alloy
induces structural transformations starting with glass transition
around 730 K and followed by step-wise crystallization around
810 K. Individual steps of crystallization, corresponding to formation of -Fe(Si) and Fe2 B crystalline phases, respectively, exhibit
relatively high values of activation energy, which is due to simultaneous movement of large number of atoms. This is an indication
that the domains of short-range crystalline ordering, observed in
as-prepared alloy and containing somewhere between 100 and 200
atoms, probably play an important role in the crystallization process. This is supported by narrow distribution of activation energies,
obtained using Miura–Maki method, as uniformity of nucleation
sites is indicative of highly homogenous material. High value of
entropy of activated complex for crystallization of -Fe(Si) phase
is indicative of the signiﬁcant degree of reordering required to
convert short-range crystalline ordering and amorphous structure
into -Fe(Si) crystal phase. Crystallization of Fe2 B phase exhibits
even higher uniformity of nucleation sites and much lower value
of entropy of activated complex and activation energy, indicating that it probably grows on the crystal/amorphous boundary
between -Fe(Si) phase and the amorphous matrix. Its growth
is probably promoted by the increased concentration of boron at
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M. Vasić et al. / Thermochimica Acta 562 (2013) 35–41

41

Materials Chemistry and Physics 142 (2013) 207e212
[25] T.J. Ozawa, Kinetic analysis of derivative curves in thermal analysis, J. Therm.
Anal. 2 (1970) 301.
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 Thermal treatment of Fe89.8Ni1.5Si5.2B3C0.5 alloy results in several structural transformations.
 Alloy exhibits unusually wide supercooled liquid region (75e85  C).
 Structural transformations are highly complex due to large number of atoms involved.
 Magnetic and electrical properties show dependence on microstructure.
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The inﬂuence of thermal treatment on microstructure and functional properties of Fe89.8Ni1.5Si5.2B3C0.5
amorphous alloy and their mutual correlations were studied. Structural transformations were identiﬁed
using DSC and characterized using X-ray diffraction. The alloy was found to exhibit a wide supercooled
liquid region before crystallization, while kinetic parameters of observed structural transformation
indicated high complexity of these processes, involving simultaneous movement of large groups of
atoms. Investigation of magnetic and electrical properties of the alloy showed that structural relaxation
prior to crystallization affected both magnetic susceptibility and electrical resistivity of the alloy, leading
to an increase in both, which can be correlated to a decrease in number of defects and an increase in free
volume in the alloy sample, enabling greater mobility of magnetic domain walls, but also decreasing
electron density of states at the Fermi level.
 2013 Elsevier B.V. All rights reserved.
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1. Introduction
Iron-based amorphous alloys have been, for some time, a focus
of considerable scientiﬁc interest because of their homogenous and
isotropic structure and suitable physical and mechanical properties.
Their soft magnetic properties are mainly determined by magnetoelastic and annealing-induced anisotropies [1]. The high corrosion
resistance and good mechanical properties [2], making them suitable for use in a variety of applications, such as power devices [3,4],
information handling technology, magnetic sensors [5] and
anti-theft security systems [6]. Physical properties of these
materials change signiﬁcantly with thermally induced structural
transformations, where structural relaxation at temperatures
below crystallization and following crystallization improve their
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performance [7,8] producing functional materials with targeted
properties. Addition of Nb and rare earth elements has been shown
to increase Curie temperature and improve their magnetic properties [9].
Thermodynamically meta-stable, these materials represent
excellent precursors for production of nanostructured materials
with target properties [10]. Ab initio calculations of nanoscale phase
separation in small Fe80B20 and Fe83B17 clusters [11] predict formation of different regions: Fe-pure regions, Fe-rich regions (which
contain around 9% B) and B-rich regions. Additionally, Lass et al.
[12] predict the presence of short-range ordering in Zr- and Febased binary systems and determined that predicted coordination
numbers for FeeP and FeeB alloys were in good agreement with
experimental results. It was shown that iron-based amorphous
alloys of optimized microstructure correspond to relaxed amorphous phase and that the soft magnetic properties of these alloys
can be enhanced signiﬁcantly through annealing at temperatures
before crystallization [13]. A study by Fdez-Gubieda et al. found
that behavior of Curie temperature in FeeB and FeeP alloys is
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connected with the FeeFe nearest distances, rather than the
number of FeeFe neighbors, leading to weak ferromagnetic
behavior of FeeB alloys [14].
Considering signiﬁcant technological impact of these materials,
we present a multidisciplinary investigation of structural and
functional properties of Fe89.8Ni1.5Si5.2B3C0.5 amorphous alloy in the
temperature region preceding crystallization. Our previous studies
of different aspects of structural transformations of Fe89.8Ni1.5Si5.2B3C0.5 amorphous alloy focused on thermal stability [15] and
the correlation of structural transformations during crystallization
with mechanical [16] and other functional properties [17,18]. Now
we have been studying the inﬂuence of thermal history on microstructure and functional properties of amorphous alloy
Fe89.8Ni1.5Si5.2B3C0.5.
2. Materials and methods
The ribbon shaped samples of Fe89.8Ni1.5Si5.2B3C0.5 amorphous
alloy were obtained using the standard procedure of rapid
quenching of the melt on a rotating disc (melt-spinning method).
The obtained ribbon was 2 cm wide and 35 mm thick. DSC was
obtained using SHIMADZU DSC-50 analyzer. Samples weighting
several milligrams were heated from the room temperature to
650 � C in a stream of nitrogen, ﬂowing at a rate of 20 mL min�1, at
the heating rates of 5, 8, 12 and 15 � C min�1. X-ray diffraction (XRD)
patterns were recorded using an X’Pert PROMPD diffractometer
(PANalytical) with CoKa radiation operated at 40 kVand 30 mA.
Diffraction data was collected in the range of 2q Bragg angles (15e
120� , step 0.05). The amorphous alloy ribbon samples were
annealed in a sealed and vacuumed quartz tube at different temperatures (up to 850 � C) for 60 min and then left to cool down to
room temperature prior to characterization. For quantitative analysis and determination of crystallite size from XRD spectra, TOPAS
V3 general proﬁle and structure analysis software for powder
diffraction data was used [19].
Modiﬁed Faraday method was used to investigate temperature
dependence of the relative change in magnetic susceptibility (c), in
temperature range from 25 to 560 � C, in argon atmosphere, at
magnetic ﬁelds of 8 kA m�1. Electrical resistivity (r) of the amorphous ribbon was measured using 4-point method, in the oven
under hydrogen atmosphere, to prevent oxidation during heating.
Resistivity was measured non-isothermally during heating from
25 � C to 600 � C. Magnetic susceptibility and electrical resistivity
were recorded at a heating rate of 20 � C min�1.
The overall activation energy of the glass transition and the preexponential factor, under linear heating conditions were determined from derivative DSC curve, using Kissinger’s and Ozawa’s
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peak methods, based on the dependence of exothermic peak
temperature Tc on heating rate b [20,21]. The errors were determined as a root-square deviation multiplied on Student’s coefﬁcient for the probability of 0.95.
Texture of individual crystalline phases, as a measure of preferential orientation of any particular crystalline plane with respect
to the other planes of the respective crystal phase, was determined
using the following equation [22]:

Tx ¼

1
n

I
Pn

(1)

i ¼ 1 Ii

where Tx is texture coefﬁcient, I is the intensity of an individual
reﬂection belonging to a particular crystal plane normalized against
the intensity of that same reﬂection in a reference powder sample,
and n is the total number of reﬂections of individual crystalline
phase considered. Matusita’s and Sakka’s equation [23] for kinetics
of non-isothermal crystallization process and crystal growth in
amorphous materials states that:

ln½�lnð1 � aÞ� ¼ �n ln a � 1:052m

Ea
þ const:
RT

(4)

where parameter m is determined by dimensionality of crystal
growth (m ¼ 1 means one-dimensional; m ¼ 2, two-dimensional;
m ¼ 3, three-dimensional) and parameter n depends on the nature of nucleation process.
3. Results and discussion
3.1. Thermal behavior
Annealing of amorphous alloy in wide temperature range, in
general, induces several successive or parallel structural transformation processes including structural relaxation, Curie temperature, glass transition to supercooled liquid state, single or multistep crystallization, which is sometimes followed by recrystallization. Taking into account the signiﬁcance of thermal history on
microstructure and functional properties of materials, inﬂuence of
thermal treatment on microstructure of the amorphous alloy
Fe89.8Ni1.5Si5.2B3C0.5 was studied before correlating the changes in
microstructure with changes in functional properties.
DSC thermogram of as-prepared Fe89.8Ni1.5Si5.2B3C0.5 alloy, obtained at different heating rates (Fig. 1a), shows that the amorphous
alloy is thermally stable up to about 440 � C after which it undergoes
multi-step structural transformations manifested in appearance of
two clearly observable separated processes: endothermic one in

lower temperature range (440e470 � C) and exothermic one in
higher temperature range (520e550 � C). The shapes of individual
peaks indicate the different nature of respective processes. Derivative DSC curve (Fig. 1b) indicates a second order transformation
corresponding to a glass transition in the lower temperature range,
and a ﬁrst order transformation corresponding to crystallization in
the higher temperature range. Differences in values of enthalpy for
different heating rates show that, regardless of the same initial
state, the ﬁnal state of the alloy after thermal treatment depends on
the thermal history. These values are in good agreement with the
values reported for similar processes in iron-based amorphous
alloys [24].
The glass transition is followed by an extended supercooled
liquid region before the onset of crystallization (DTc, Table 1). In
order to fully characterize thermal behavior of the alloy, the correlation between the temperatures of glass transition (Tg) and
crystallization (Tc) was determined according to Lasocka’s relation
[25] as Tc ¼ 0.92 Tg þ 126, indicating high stability of the glass state
of the alloy and high resistance of the supercooled liquid against
transformation into crystalline phases [26]. Additionally, the relations between heating rate b and Tg and Tc, respectively: Tg ¼ 14.3
ln b þ 422.81 and Tc ¼ 13.1 ln b þ 513.63, which were used to
determine the relation between Tg and Tc above, allow prediction of
respective temperatures of structural transformations for any
heating rate.
The increase of peak temperature with the increase of the
heating rate indicates that all of the observed processes belong to
thermally activated processes of Arrhenius type. Using the dependence of position of peak maxima on heating rate, kinetic parameters of glass transition were determined (Table 1). High values of
the apparent activation energy indicate primarily the high
complexity of these processes, because the transformation requires
simultaneous movement of a large number of atoms during each
elementary step of structural reorganization. The approximate
number of atoms involved in these structural transformations can
be estimated using the obtained values of enthalpy and apparent
activation energy for individual processes. This gives the number of
around 150 atoms for glass transition and 60e80 atoms for crystallization processes.
Based on kinetic parameters, using Eyring’s theory [27,28], we
determined thermodynamic activation parameters of glass transition and crystallization (Table 2). Positive values of standard acti�
vation entropy, DSz suggests that formation the activated complex
during the processes of thermal stabilization of alloy results in a
decrease of short-range ordering of amorphous matrix both before
and in the supercooled liquid region. None of the thermodynamic
parameters exhibit deviation from linear dependence with respect
to temperature, indicating that there is no change in mechanism in
the observed temperature region.
3.2. Thermally induced structural transformations of alloy
Taking into account the inﬂuence of thermal history on microstructure and functional properties of materials, inﬂuence of
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Table 2
Thermodynamic activation parameters glass transition and crystallization.
Glass transition
�

DSz

Crystallization
�

297 � 3

DGz

�

�

�

D Hz
(J mol�1 K�1) (kJ mol�1) (kJ mol�1) (J mol�1 K�1) (kJ mol�1)
107 � 1

DHz

DSz

218 � 4

198 � 9

DGz

�

(kJ mol�1)

�410.0 � 10 �571 � 40

thermal treatment on microstructure of the amorphous alloy
Fe89.8Ni1.5Si5.2B3C0.5 was studied before correlating the changes in
microstructure with changes in functional properties. The microstructure was studied using X-ray diffraction spectra (Fig. 2) of alloy
samples annealed at different temperatures. The amorphous
structure of as-prepared alloy is characterized by two broad peaks,
around 52 and 96� , respectively, which correspond to domains of
short-range crystalline ordering. The size of these domains was
estimated using Rietveld analysis to around 1.2 nm, which corresponds to a cluster of around 150 atoms, at average density of
6.6 g cm�3. Considering that the average molar mass of the alloy is
46.8 g mol�1 and using the average value of enthalpy of glass
transition of 38.2 J g�1 (or 1788 J mol�1) and the activation energy
of glass transition of 294 kJ mol�1, it can be estimated that the
number of atoms simultaneously involved in the movements during glass transition is 164, which corresponds well to the approximate number of atoms in domains of short-range ordering.
Annealing at 300 � C leads to increased disorder in the system, as
indicated by the appearance of a broad peak in 20e40� region,
which is commonly associated with disordered amorphous structure. In spite of decrease in the level of crystallinity, the size of
domains of short-range ordering remains the same. Further increase in annealing temperature to 440 � C leads to an increase in
the degree of ordering, while the onset of crystallization is detected
after annealing at 480 � C ﬁrst with crystallization of a-Fe(Si) phase
[JCPDS-PDF 06-0696].
A minor, meta-stable phase Fe15B2Si3 [JCPDS-PDF 47-1629] was
observed after treatment at 540 � C in amount of 2 mass%, but
disappeared after treatment at higher temperatures. XRD spectra of
samples treated at 570 � C and above showed formation of Fe2B
crystalline phase [JCPDS-PDF 72-1301]. a-Fe(Si) is the dominant
crystalline phase, reaching about 77 mass% after thermal treatment
at 850 � C, while Fe2B accounts for up to 20 mass%. The dependence
of average crystal size on annealing temperature (Fig. 3) shows that
the average crystal size of Fe2B remains relatively constant, going
from 570 to 590 � C, and then increased continuously after
annealing at 590 � C and higher temperatures. a-Fe(Si) crystalline
phase showed rapid growth in two regions: 590e650 � C and above
750 � C. In the regions below 590 � C and 650e750 � C, a-Fe(Si) phase
crystallite size remains relatively constant. These indicate that
nucleation is the dominant process below 590 � C for both stable
crystalline phases. After thermal treatment at 850 � C for 7 h, the
two stable phases are a-Fe(Si), with average crystalline size of
123 nm, and Fe2B, average crystalline size of 178 nm.
Texture analysis of XRD spectra indicates that the growth of
different phases occurs in different manner (Fig. 4). a-Fe(Si) phase

Table 1
Kinetic and thermodynamic parameters of glass transition and crystallization.

b (C� min�1)

Fig. 1. a) DSC curves of alloy samples at different heating rates; b) derivative DSC curve for heating rate of 8 � C min�1.

5
8
12
15

Glass transition

Crystallization

DH (J g�1)

Ea (kJ mol�1)

A (min�1)

R2

DH (J g�1)

Ea (kJ mol�1)

A (min�1)

R2

DTc (� C)

38.5
39.1
37.6
37.6

297 � 4
(Kissinger)
294 � 4
(Ozawa)

(9.8 � 0.1)1020
(Kissinger)
(6.3 � 0.1)1020
(Ozawa)

0.999
(Kissinger)
0.999
(Ozawa)

�117.1
�116.9
�97.8
�106.2

410 � 10
(Kissinger)
403 � 10
(Ozawa)

(6.1 � 0.3)1025
(Kissinger)
(2.6 � 0.1)1025
(Ozawa)

0.998
(Kissinger)
0.998
(Ozawa)

83.0
82.5
81.9
75.8
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Fig. 4. Texture analysis of samples annealed at different temperatures for (a) a-Fe(Si) and (b) Fe2B crystalline phase.

Fig. 2. XRD spectra of alloy samples annealed at different temperatures (left); XRD spectrum after annealing at 650 � C with peak assignment for individual crystalline phases (right).

shows little change in relative ratios of individual crystalline
planes, indicating that its growth occurs three-dimensionally.
Texture of Fe2B phase exhibits two distinct regions: below
650 � C where there is signiﬁcant change in texture coefﬁcients of
individual phases and above 650 � C, where texture coefﬁcients of
individual phases show consistent trends. In the ﬁrst region, the
growth appears to be, for the most part, three-dimensional, while
in the second region individual planes can be grouped together,
based on crystal geometry of Fe2B. The pair of (200) and (312)
plane indicates two-dimensional growth, as (200) is consistently
at 0.6e0.7, while (312) is at 1.3e1.5. The group of (110), (002) and
(202) plane also indicates two-dimensional growth in this region,
as the texture coefﬁcient of (202) increases, while the other two
converge around 0.8.

Crystallization process in DSC was deconvoluted into two
separate steps of crystallization of a-Fe(Si) and Fe2B phase,
respectively [29]. MatusitaeSakka method (Fig. 6) allows us to
determine dimensionality of crystal growth based on the data for
deconvoluted peaks, where parameter m corresponds to dimensionality of crystal growth.
The results of texture analysis are in general agreement with
results obtained using MatusitaeSakka method, showing different
dimensionalities of growth for a-Fe(Si) and Fe2B phases, and
change in dimensionality of growth (Fig. 5). In the stage of crystal
growth, m indicates three-dimensional growth for a-Fe(Si) and
two-dimensional growth for Fe2B phase.
3.3. Functional properties of the alloy
In order to determine the inﬂuence of structural changes on
functional properties, magnetic and electrical measurements were
conducted during successive thermal treatments of the alloy
samples up to different temperatures. Magnetic susceptibility (c,
Fig. 6), recorded during three successive thermal treatments of asprepared alloy, exhibits four regions of different behavior: ferromagnetic, relatively constant susceptibility, in the region up to
350 � C, followed by a sharp decrease approaching Curie temperature around 410 � C, paramagnetic behavior (410e475 � C) and
subsequent rise in magnetic susceptibility at temperatures above
475 � C caused by crystallization. The observed changes in the slope
of the decrease in susceptibility approaching Curie temperature
suggest the existence of two close values of Curie temperature (one
around 400 � C and the other around 410 � C), indicating that there
are at least two distinct magnetic components in the amorphous
alloy. Since Curie temperature is well below crystallization temperature, it is unlikely that this is caused by appearance of crystalline magnetic phases observed in higher temperature region
(above 475 � C).
Decrease in number of defects and increase in free volume in the
alloy sample, enabling greater mobility of magnetic domain walls
leads to an increase of around 30% in magnetic susceptibility after
heating up to 420 � C. The region of temperatures of 200e350 � C

Fig. 3. Average crystallite size and crystalline phase content in alloy samples after
annealing at different temperatures.

corresponds to stress relieving and defect elimination leading to
improved magnetic properties of amorphous material without
affecting the microstructure of the alloy. At Curie temperature,
around 410 � C, the alloy becomes paramagnetic retaining this
character until 475 � C and the onset of crystallization. Fully crystallized alloy regains ferromagnetic character, but its magnetic
susceptibility at room temperature is about 20% lower than that of
the as-prepared alloy. It increases on heating, and becomes almost
equal to that of as-prepared alloy around 180 � C, due to stress
relieving. It decreases at higher temperatures as thermal motion
works against magnetic interactions as the temperature nears Curie
temperature of crystalline phases.
In concordance with results above, four previously observed
processes can also be observed in temperature dependent electrical
resistivity (r) measurements (Fig. 7a): structural relaxation below
300 � C, Curie temperature around 410 � C, glass transition around
440 � C, and crystallization process characterized by a sharp
decrease in resistivity around 510 � C. Unlike magnetic measurements, where structural relaxation was observed indirectly through
increase of magnetic susceptibility at room temperature after
annealing, electrical resistivity exhibits a broad region of increased
resistivity from 100 to 300 � C. In order to gain further insight, the
experimental curve was corrected for thermal resistivity using

Fig. 5. MatusitaeSakka plots for individual steps of crystallization process, corresponding to crystallization of (a) a-Fe(Si) and (b) Fe2B phase.
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Fig. 7. a) Electrical resistivity (r) of the alloy during heating and resistivity curve corrected for Ohmic resistance; b) derivative electrical resistivity curve.

extrapolated Ohm law line as a baseline. A share of structural
relaxation processes, estimated this way, was about 12% of the
overall increase of resistivity, excluding thermal resistivity. Curie
temperature manifests itself as an inﬂection in the electrical resistivity curve and as a peak in derivative curve (Fig. 7b), around
400 � C, while glass transition around 440 � C leads to further increase of the electrical resistivity. The net effect of all the processes
preceding crystallization is a decrease in free electron density at the
Fermi level, caused primarily by elimination of defects. Crystallization leads to a decrease in electrical resistivity due to metallic
character of formed crystalline phases, and two clearly separated
steps of crystallization are observed in the derivative curve, corresponding to two observed stable crystalline phases. All these
results indicate that thermal motion is the primary factor in the
change in both magnetic and electric, as well as the microstructural
changes observed in the alloy in this temperature region.
4. Conclusion
Structural and functional properties of Fe89.8Ni1.5Si5.2B3C0.5
amorphous alloy were investigated in the regions preceding and
following crystallization. It was determined that the structure of asprepared alloy contains domains of short-range crystalline
ordering, estimated at around 150 atoms. Kinetic and thermodynamic parameters of both the observed glass transition and crystallization indicate that these are complex processes, involving
simultaneous movement of about 160 and 60e80 atoms, respectively, based on the determined values of apparent activation energy and enthalpy. In the temperature region prior to the onset of
crystallization the alloy exhibits structural relaxation (100e300 � C),
Curie temperatures (around 400 � C and 410 � C) and glass transition
(around 440 � C), resulting in an extended supercooled liquid region
(75e83 � C), suggesting extremely high resistance against crystallization. Annealing at temperatures below crystallization leads to
stress relieving and elimination of defects, causing changes in both
magnetic and electrical properties of the alloy. The net effect of
increase in electrical resistivity with increase in temperature is
caused by the dominance of decrease in free electron density at
Fermi level over increase in electron free path. As the alloy undergoes stabilization through crystallization and subsequent
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crystal growth, the decrease in value of magnetic susceptibility at
room temperature in fully crystallized alloy, when compared to the
as-prepared alloy, is probably a consequence of relatively small
average crystal size, due to relative prevalence of interfacial surfaces in the highly granulated porous structure.
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a b s t r a c t
Crystallization process of amorphous Fe81 B13 Si4 C2 alloy manifested as a slightly asymmetrical exothermic peak in temperature range 770–820 K of differential scanning calorimetry (DSC) curves. Complex
crystallization DSC peak was deconvoluted into three steps corresponding to formation of -Fe(Si), Fe3 B
and Fe2 B crystalline phases. Fe2 B phase is formed from the amorphous matrix, while metastable Fe3 B
decomposes, providing constituents for subsequent formation of Fe2 B phase. Examination of mechanism
and kinetics of each individual step of crystallization yielded similar values of kinetic triplets, indicating
similar crystallization mechanism for all individual phases, which was subsequently discussed using the
values of Avrami exponents of individual crystallization steps. Both the range of and changes in values of
the local Avrami exponent suggested the appearance of impingement, which precluded full applicability
of JMA equation, and mixed nucleation type with accelerating nucleation for crystallization of all phases.
Position of the transformation-rate maxima of individual crystallization steps indicates that anisotropic
growth is the prevailing type of impingement. Estimation of lifetime showed very high stability of the
alloy against crystallization at room temperature, with exponential decline in lifetime with temperature
increase.
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induced by thermal treatment [24–32]. It has been found that
heating leads to thermal stabilization through several processes,
which include stress relieving, a loss of ferromagnetic properties
and crystallization consisting of formation of different iron phases
[28]. Electrical resistivity of crystallized alloy has been reported to
be lower than electrical resistivity of the amorphous alloy, while
higher magnetic susceptibility has been reported for crystallized
alloy [29]. Study of inﬂuence of microstructural changes induced
by heating on microhardness of the amorphous alloy has revealed
that structure with short range order exhibits high microhardness,
which increases at the beginning of crystallization with appearance
of nanocomposite structure consisting of nanocrystals embedded
in an amorphous matrix, and decreases with change from nanocrystalline structure into more granulated and porous structure of fully
crystallized alloy [26]. Detailed examination of crystallization of
this alloy has shown that the alloy undergoes multi-step type of
crystallization involving two or more energetically close overlapping steps, manifested as one asymmetrical exothermic peak in
differential scanning calorimetry curves [28–32].
Structural analysis using X-ray diffraction of isothermally
treated samples at different temperatures [28] showed simultaneous appearance of two stable phases, -Fe(Si) and Fe2 B, and one
metastable phase, Fe3 B, after annealing at 773 K. Mössbauer spectra
[28] revealed that -Fe(Si) phase appeared ﬁrst in the amorphous
matrix, followed by Fe3 B and then by Fe2 B phase. Based on these
results the individual crystallization steps have been ascribed to
formation of -Fe(Si), Fe3 B and Fe2 B phase, respectively. As a part
of multidisciplinary study, crystallization kinetics has also been
investigated [33,34], but only considered the kinetics of the overall process. Therefore, in this paper, individual crystallization steps,
obtained after deconvolution of complex crystallization DSC peak,
are studied in terms of mechanism and kinetics, in order to make
some practical predictions about the thermal stability of the alloy
in a range of temperatures, which are expected to correspond to
storing and working temperatures of the alloy in practical application.
2. Experimental procedure

1. Introduction
Amorphous alloys (metallic glasses) have been a focus of considerable scientiﬁc interest in recent time due to their unique
combination of physical and chemical properties originating from
homogenous and isotropic structure lacking long distance order in
atom arrangement [1,2]. These properties include good magnetic
and electrical properties, isotropic physical and mechanical properties, high corrosion resistance, making them suitable for various
applications [3–6]. An important characteristic of amorphous alloys
is their thermodynamic and kinetic metastability, which causes
them to undergo stabilization under certain conditions, such as
high temperature, high pressure, and prolonged activity at moderate temperatures. This involves structural changes, which usually
lead to the loss of favorable properties. Thermal treatment results
in crystallization, which involves gradual structural transformation
from purely amorphous to purely crystalline structure. Materials
with metastable hybrid nanocrystalline/amorphous structure often
exhibit functional properties superior to those of completely amorphous or completely crystalline materials. Thus, precise control of

∗ Corresponding author. Tel.: +381 11 333 6689.
E-mail address: dminic@ffh.bg.ac.rs (D.M. Minić).

crystallization process can be applied to create functional materials
with targeted properties [7,8].
Iron based amorphous alloys stand out as a class of amorphous
alloys with particularly favorable magnetic properties, which can
even be enhanced after crystallization, if nanocrystalline phases are
formed [9,10]. Addition of metalloid and nonmetal amorphizers,
such as B, Si, C, P and the substitution of Fe by Co or Ni improve their
glass-forming ability [11–13], while addition of metals like Ag, Cd,
Zn can change crystallization kinetics and mechanism of crystal
growth in some metallic glass systems [14]. Ab initio molecular
dynamic simulations of liquid and amorphous Fe–Si–B system [15]
predicted formation of bonds between Fe and Si which should be
stronger than bonds formed between Fe and B, with no bonding
between Si and B, indicating that iron-silicon phases in amorphous
Fe–Si–B system would crystallize easier than iron–boron phases.
In order to fully describe solid-state processes, kinetics and
mechanism of solid-state processes have been widely examined
[16–20]. Solid-state processes are often complex processes consisting of several overlapping steps. In recent times, many authors have
applied deconvolution of complex DSC peaks to study individual
steps of complex processes [21–23].
The subject of this research is iron-based amorphous alloy
Fe81 B13 Si4 C2 . This alloy has been widely examined with respect to
magnetic, electrical and mechanical properties and their changes

http://dx.doi.org/10.1016/j.tca.2013.09.027

crystallization temperature and temperature T by the total peak
area. Rate constant k(T) can be expressed by Arrhenius equation:
d˛
= A exp
dt

 −E 
RT

f (˛)

where A is pre-exponential factor, E is activation energy, R is the
gas constant. Pre-exponential factor and activation energy are also
called Arrhenius parameters. The values of individual Arrhenius
parameters are related to each other by “compensation effect”,
which allows us to apply the method of invariant kinetic parameters to determine the overall values of E and A [35]. In this method,
different forms of the conversion function (see Supplement) are
substituted into transformation rate expression (Eq. (1)) and ﬁtted
according to certain model ﬁtting equation, such as Coats–Redfern
equation [36].
In solid-state kinetic analysis, constant value of activation
energy can only be expected for single-step process, and, based on a
quasi-single-step reaction, activation energy in previous equation
becomes an apparent quantity (Ea ). Under non-isothermal conditions, previous equation can be transformed to:
ˇ

d˛
= A exp
dT

 −E 
a

RT

f (˛)

(3)

where ˇ is constant heating rate, ˇ = dT/dt, and d˛/dt ≡ ˇ(d˛/dT).
Integral form of the reaction model g(˛) can be obtained by
integrating Eq. (3):
g(˛) =



0

˛

d˛
AEa
=
p(x)
f (˛)
Rˇ

(4)

where p(x) is the temperature integral for x = Ea /RT, which does not
have analytical solution.
For a complete kinetic description in solid-state analysis, it
is necessary to determine values of activation energy and preexponential factor and the correct form of conversion function,
which make kinetic triplet and can be used for prediction of the
process kinetics in different temperature regions [37]:
t˛ =

g(˛)
exp
A



E
RT



(5)

Amorphous alloy Fe81 B13 Si4 C2 was prepared in a form of
2 cm wide and 35 m thick ribbon using melt-spinning method
consisted of rapid cooling of the melt on rotating disk. Thermal
stability and crystallization process were examined using nonisothermal differential scanning calorimetry (DSC) method. DSC
experiments were conducted with DSC-50 analyzer (Shimadzu,
Japan), under nitrogen atmosphere with a ﬂow rate of 20 mL min−1 .
Samples weighing several milligrams were heated in the DSC cell
from room temperature to 920 K, at constant heating rates of 5, 10,
20 and 30 K min−1 .
Complex crystallization peak was deconvoluted into three single steps using Gaussian–Lorentzian cross-product function (see
Supplement). For this purpose, OriginPro 8.5 software was used.

where t˛ is the time required to reach a value of conversion degree
˛, at a desired temperature T.
Estimated lifetime of material can be deﬁned as the time when
conversion degree reaches 5% (˛ = 0.05), and this can give valuable
information about stability of a material.
During this procedure, more than one set of values of the kinetic
triplet will usually ﬁt experimental data with high correlation
coefﬁcients, which does not allow us to deﬁne the behavior of the
system unambiguously. In addition to various methods for determination of the kinetic triplets, different methods for validation of
the determined triplets also exist and should be used to insure that
established kinetic triplets are correct [38,39].

2.1. Solid-state kinetic analysis

3. Results and discussion

In solid-state kinetic analysis, the kinetics of a single-step
thermally activated transformation is usually expressed by the
equation:

3.1. Crystallization mechanism and kinetics

d˛
= k(T )f (˛)
dt

(1)

where ˛ is the conversion degree, t is the time, T is the temperature,
k(T) is the rate constant, and f(˛) is the conversion function, which
has certain form depending on the reaction mechanism [16].
For non-isothermal measurements, conversion degree at temperature T can be obtained by dividing the area between the initial

In order to gain more insight into the complex crystallization process of Fe81 B13 Si4 C2 amorphous alloy, which occurs above
770 K, deconvolution of DSC peak was performed, yielding three
well separated symmetrical peaks, each corresponding to an individual step of the crystallization process, Fig. 1a. Each of these steps
is attributed to formation of one of the three crystalline phases
formed during crystallization: the stable -Fe(Si) and Fe2 B and
metastable Fe3 B, based on our previous study of crystallization of
this alloy [27,30].
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Fig. 1. (a) Deconvolution of complex crystallization peak into three steps, (b) activation energies of individual crystallization steps at different conversion degree determined
using Vyazovkin’s isoconversional method.

Parameterization of Arrhenius equation for each individual
crystallization step was conducted based on dependence of peak
position on heating rate [40,41], as well as compensation effect
using model ﬁtting approach [35,36] (Table 1). The overall values
of the kinetic parameters obtained by different methods are in good
agreement. Narrow temperature region of the transformation coupled with very close values of Ea of individual crystallization steps is
an indication of similarity between the processes of crystallization
of individual phases. This manifests in DSC as a sharp peak with a
relatively low degree of asymmetry.
In order to investigate the mechanism of each step, the effective
values of Ea for different values of ˛ were determined using isoconversional methods, also known as model-free methods [41–45]
(Figs. 1b and S1 Supplement). Only slight variations of effective values of Ea with conversion degree (less than 5% of value of Ea ) and
the accordance between the overall values of Ea and average values of effective Ea suggest that individual steps, obtained from peak
deconvolution, correspond to single-step processes. Relatively high
values of Ea of all individual crystallization steps can be explained
by high complexity of these processes, involving cooperative movement of a large number of atoms. Using the value of enthalpy of the
process [31], the number of atoms involved in each transformation
can be estimated to 250–350.
In order to fully describe the mechanism and the kinetics of crystallization of individual phases and to predict thermal stability of
the alloy at different temperatures, it is necessary to determine, in
addition to Arrhenius’s parameters, the correct forms of the conversion function. Two equations most commonly used for description
of crystallization of amorphous alloys are Johnson–Mehl–Avrami
(JMA) and the general Šesták–Berggren equation [46,47].

JMA equation describes time dependence of conversion degree
and it is usually written in the form:
n

˛ = 1 − exp[−(kt) ]

(6)

where k is rate constant which depends on temperature and n
is Avrami exponent, which typically has values in range of 1–4
[46]. Both parameters are independent on time (t). Full validity of
this equation requires that certain conditions have been fulﬁlled:
isothermal treatment, homogeneous nucleation or heterogeneous
nucleation at randomly dispersed second-phase particles, growth
rate of new phase controlled by temperature and independent on
time, and low anisotropy of growing crystals [46]. This model can
also be valid under non-isothermal conditions if nucleation occurs
only during the early stage of transformation and becomes negligible after that. The value of n is indicative of the mechanism of
crystallization, while its change is indicative of the corresponding
change in the mechanism [48].
According to Blázquez et al. [49], local Avrami exponent can be
easily determined using equation:
d(ln[− ln(1 − ˛)])
Ea
=n 1+
RT
d(ln[(T − T0 )/ˇ])





1−

T0
T



(7)

where T0 is the temperature at the onset of crystallization.
The observed decrease of n with increase in ˛ indicates a change
in the nucleation and growth mechanisms partially caused by
occurrence of impingement which impacts the growth of nuclei
with the progress of crystallization (Fig. 2a). For non-isothermal
measurements, position of transformation-rate maxima (˛p ) gives
a direct indication of the prevailing type of impingement [50], and
the value of ˛p = 0.5, for all crystallization steps, is an indication of
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Fig. 2. Local Avrami exponent of individual crystallization steps: (a) determined under the assumption of applicability of classical JMA model; (b) determined under the
assumption of impingement caused by anisotropic growth.

anisotropic growth. In case of anisotropic growth, blocking effect
occurs earlier than in the case of isotropic growth and causes hard
impingement, which leads to deviation from classical JMA model
[51]. Values of local Avrami exponent (nimp ), under the assumption
of impingement caused by anisotropic growth, were also determined for all crystallization steps, Fig. 2b. Constant values of nimp
could only be expected either for nucleation with pre-existing
nuclei, requiring that a number of nuclei is already present at
t = 0 and that further nucleation rate is zero, or for continuous
nucleation, which includes constant nucleation rate at constant
temperature and zero nuclei at t = 0 [51]. The results show increase
in values of nimp over the entire course of crystallization for all
phases. For -Fe(Si) phase nimp grows from 2.2 to 3.9, for Fe3 B from
2.4 to 4.5, and for Fe2 B from 2.5 to 5.2, indicating mixed nucleation type for crystallization of all phases, which probably includes
increase of nucleation rates in some directions, causing anisotropy
of crystal growth and precluding the full applicability of JMA equation.
Šesták–Berggren equation [47,52], an autocatalytic model, is
useful for general description of the reaction in the solid state in
the three-parameter form:
f (˛) = ˛M (1 − ˛)N [− ln(1 − ˛)]P

(8)

where M, N and P are the kinetic parameters. Depending on combinations of M, N and P parameters, one of which is always equal
to zero, the Šesták–Berggren model can be transformed to different kinetic models suggesting a certain crystallization mechanism

[47]. For description of solid state reaction, this model is commonly
used in the simpliﬁed form (P = 0):
f (˛) = ˛M (1 − ˛)N

The location of maxima of y(˛) functions, at lower values of ˛ than
the maxima of z(˛) functions, as well as the convex shape of Málek’s
functions (Fig. 3), is an indication that the reaction mechanism corresponds to Šesták–Berggren model. It can also be observed that
there is no dependence of the reaction mechanism on the heating rate. Using parameter C, deﬁned as C = ˛max
/(1 − ˛max
) = M/N,
y
y
parameter N in Šesták–Berggren model (Eq. (9)) was determined
from the slope of ln[(d˛/dt)exp(Ea /RT)] = f(ln[˛C (1 − ˛)]), and then
parameter M was calculated using the obtained values of parameters N and C. The conversion function determined this way has the
form of ˛0.69 (1 − ˛)0.99 for the ﬁrst, ˛0.69 (1 − ˛)0.93 for the second,
and ˛0.78 (1 − ˛)0.92 for the third crystallization step.
3.2. Validation of the obtained kinetic triplets
In order to verify the obtained values of the kinetic parameters and correct form of the conversion functions, several criteria
were applied: Master plot based on comparation of experimental and theoretical curves [38] and Perez-Maqueda’s based on the
independency of a particular differential or integral model ﬁtting
equation on heating rate [39]. Application of Master plot criterion (Fig. 4a) showed full accordance between experimental and
theoretical curve for the previously determined Šesták–Berggren
conversion functions, while Perez-Maqueda’s criterion (Fig. 4b)

Table 1
Kinetic parameters of individual crystallization steps determined using Kissinger’s, Ozawa’s, IKP and isoconversional (average values) method.
Method
Overall values of Ea
Kissinger
Ozawa
IKP
Average values of effective Ea
KAS
Ortega
Vyazovkin

Step 1 (-Fe(Si))
Ea (kJ/mol)
A (min−1 )
Ea (kJ/mol)
A (min−1 )
Ea (kJ/mol)
A (min−1 )

320
(7.9
316
(5.2
335
(9.2

Ea (kJ/mol)
Ea (kJ/mol)
Ea (kJ/mol)

319 ± 10
336 ± 12
336 ± 1

±
±
±
±
±
±

10
0.4) × 1020
10
0.2) × 1020
12
0.3) × 1021

Step 2 (Fe3 B)
332
(4.07
328
(2.51
354
(1.72

±
±
±
±
±
±

5
0.08) × 1021
5
0.04) × 1021
8
0.04) × 1023

332 ± 5
355 ± 7
355 ± 1

Step 3 (Fe2 B)
336
(6.6
332
(4.0
361
(5.9

±
±
±
±
±
±

14
0.3) × 1021
13
0.2) × 1021
13
0.2) × 1023

336 ± 14
362 ± 12
362 ± 1

Fig. 3. Málek’s curves y(˛) and z(˛) at different heating rates, determined for individual crystallization steps.
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Fig. 4. Master-plot (a) and Perez-Maqueda (b) plots for crystallization of -Fe(Si) phase, for determined Šesták–Berggren conversion function, and comparison of experimental
d˛/dt with d˛/dt calculated using obtained kinetic triplet (c); for further details about other phases see Supplement.

exhibited high linearity with correlation coefﬁcients R2 > 0.995,
conﬁrming the validity of the determined conversion functions.
Finally, the validity of the obtained kinetic triplets was further tested by comparing calculated kinetic curves in the form of
(Aexp(−Ea /RT)f(˛) = f(T), with corresponding ˇ(d˛/dT) = f(T) curves
obtained after deconvolution of experimental crystallization peak.
These curves (Fig. 4c) show good agreement, conﬁrming the validity
of estimated kinetic triplets.

3.3. Estimation of lifetime
Since functional properties of amorphous alloy are determined in part by the morphology of the alloy and can be lost
as a result of stabilization of the alloy through crystallization,
the lifetime of amorphous alloy at different temperatures is an
important parameter for its practical application. Using Eq. (5)
and the previously determined kinetic triplet for the ﬁrst crystallization step, the lifetime of Fe81 B13 Si4 C2 amorphous alloy
was calculated at different temperatures in the range from room
temperature to 1073 K (Fig. 5). Considering that crystallization
process starts with appearance of -Fe(Si) phase in amorphous
matrix, lifetime estimation was conducted using the time when
conversion degree of ﬁrst crystallization step reached 0.05, and
using the kinetic parameters of -Fe(Si) phase. The results reveal
exponential decline of lifetime with temperature according to
equation t0.05 = −3.5 × 1031 + 1.3 × 1045 e(−T/12.9) , very high stability of the alloy against crystallization at room temperature
(t0.05 = 1.18 × 1035 min or 2.24 × 1029 years) and rapid decrease in

lifetime with temperature increase, with lifetime of less than 5 min
at the onset of crystallization in DSC (773 K).
4. Conclusion
Study of crystallization of amorphous Fe81 B13 Si4 C2 alloy
revealed that this process consists of several steps with similar
values of activation energy, including formation of two stable Fe(Si) and Fe2 B phases and one metastable Fe3 B from amorphous
matrix. Individual peaks obtained by deconvolution of experimental DSC peak were ascribed to crystallization of -Fe(Si), Fe3 B, and
Fe2 B phase, respectively. Direct correlation between compositional
changes of -Fe(Si) and Fe3 B phase [27], after annealing at different
temperatures, suggests that, rather than being formed from both
amorphous matrix and metastable Fe3 B, Fe2 B phase is probably
formed only from the amorphous matrix, while decomposition of
the metastable Fe3 B only provides constituent materials for formation of Fe2 B phase. Kinetic examination of individual crystallization
steps showed that formation of individual phases from amorphous
matrix was characterized by similar values of the kinetic parameters and the similar form of the conversion function, indicating
similar crystallization mechanism of individual steps involving
strong impingement effect. This impingement effect changes the
dimensionality of crystal growth, which manifests as the change in
the values of Avrami exponent for all crystalline phases, and causes
the anisotropy of crystallized alloy. Relatively high stability toward
crystallization of the alloy at room temperature was demonstrated
by very long estimated lifetime at temperatures below crystallization temperature, which decreases with increase in temperature in
accordance with equation t0.05 = −3.5 × 1031 + 1.3 × 1045 e(−T/12.9) .
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phase. The authors attribute this, in part, to the fact that amorphous/crystal interface has lower interfacial energy than crystal/
crystal interface [19] and this structure suppresses propagation of
shear bands [20] and cracks along these interfaces. Additionally,
Singh et al. found increased hardness in nanoquasicrystaleglass
composites, obtained by annealing an amorphous alloy, compared
to the original amorphous material [21].
Our study of Fe73.5Cu1Nb3Si15.5B7 amorphous alloy incorporated,
so far, the investigation of thermal stability and crystallization [22],
followed by the investigation of mechanical [23] and magnetic and
electric properties [24,25]. This work deals with crystallization
process in much more detail, focusing on description of crystallization mechanism and identiﬁcation of intermediate species
involved in the crystallization process, as well as the inﬂuence of
alloy’s chemical composition on crystallization and subsequent
crystal growth of formed crystalline phases, and structural or
morphological changes during crystallization.
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Thermally induced crystallization of Fe73.5Cu1Nb3Si15.5B7 amorphous alloy occurs in two well-separated
stages: the ﬁrst, around 475 � C, corresponds to formation of a-Fe(Si)/Fe3Si and Fe2B phases from the
amorphous matrix, while the second, around 625 � C, corresponds to formation of Fe16Nb6Si7 and Fe2Si
phases out of the already formed a-Fe(Si)/Fe3Si phase. Mössbauer spectroscopy suggests that the initial
crystallization occurs through formation of several intermediate phases leading to the formation of stable
a-Fe(Si)/Fe3Si and Fe2B phases, as well as formation of smaller amounts of Fe16Nb6Si7 phase. X-ray
diffraction (XRD) and electron microscopy suggest that the presence of Cu and Nb, as well as relatively
high Si content in the as-prepared alloy causes inhibition of crystal growth at annealing temperatures
below 625 � C, meaning that coalescence of smaller crystalline grains is the principal mechanism of
crystal growth at higher annealing temperatures. The second stage of crystallization, at higher temperatures, is characterized by appearance of Fe2Si phase and a signiﬁcant increase in phase content of
Fe16Nb6Si7 phase. Kinetic and thermodynamic parameters for individual steps of crystallization suggest
that the steps which occur in the same temperature region share some similarities in mechanism. This is
further supported by investigation of dimensionality of crystal growth of individual phases, using both
MatusitaeSakka method of analysis of DSC data and texture analysis using XRD data.

Keywords:
B. Glasses, metallic
B. Thermal stability
D. Microstructure
F. Diffraction
F. Electron microscopy, scanning

1. Introduction
Iron-based amorphous alloys have been attracting considerable
scientiﬁc interest recently. Their good soft magnetic properties are
mainly determined by magneto-elastic and annealing-induced anisotropies [1], and they also exhibit good mechanical properties, high
electrical resistivity and high corrosion resistance [2,3]. These make
them suitable for a variety of applications, such as power devices
[4,5], information handling technology [6], magnetic sensors [7] and
anti-theft security systems [8]. Since these properties are correlated
with their microstructure, investigation into their structural, magnetic and electrical properties [9e11] has been a topic of considerable interest. Following the work of Inoue [12] who produced bulk
metallic glasses in quaternary FeeBeSieNb system, interest has
been shown in derivatives of this system created by extending the
elemental scale to (Fe,Co,Ni)eNbeBeSie(Cu) systems [13]. These
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alloys are thermodynamically metastable and, on annealing, undergo stabilization through structural transformations, involving,
among others, structural relaxation and crystallization. It is also well
known that many of these systems exhibit a large supercooled liquid
region prior to the onset of crystallization [14,15]. Supercooled liquid
has high resistance to crystallization, and the size of supercooled
liquid region is an indicator of glass-forming ability of the alloy.
Fe73.5Cu1Nb3Si15.5B7 amorphous alloy and its magnetic and
electrical properties have been studied in some detail [16e21].
Allia et al. found that evolution of nanocrystalline phase in
Fe73.5Cu1Nb3Si15.5B7 amorphous alloy during isothermal measurements was proportional to the measured variations in the electrical
resistance [16]. Polak et al. proposed a mathematical model
describing changes in magnetic properties of Fe73.5Cu1Nb3Si15.5B7
amorphous alloy during structural relaxation and crystallization
[17], estimating the distribution function of the magnetization
vectors and the dimension of long-range stresses in the nanocrystalline state. A study of iron-based alloy powders [18] revealed
that hardness of the alloy is at maximum when the sample is
composed of a mixture of crystalline nanoparticles and amorphous
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Fe73.5Cu1Nb3Si15.5B7 amorphous alloy was prepared in form of
2 cm wide and 35 microns thick ribbon using the standard procedure of rapid quenching of a melt on a rotating disc (melt spinning
method). The thermal stability of the alloy was investigated by the
differential scanning calorimetry (DSC) in a nitrogen atmosphere,
using a DSC-50 analyzer (Shimadzu, Japan). In this case, samples
weighing several milligrams were heated in the DSC cell from room
temperature to 750 � C in a stream of nitrogen ﬂowing at a rate of
20 mL min�1. Measurements were carried out at constant heating
rates of 5, 8, 12 and 15 � C min�1. Calibration of the instrument was
performed for each of the four heating rates, while the DSC curves
shown here were obtained by deducting the baseline from experimental curves. The peak deconvolution was conducted using a
GaussianeLorentzian cross-product function. The deconvolution
was performed concurrently on all the heating rates to maintain
the proﬁle of individual peaks, to reﬂect the fact that respective
deconvoluted peaks represent same processes at different heating
rates. All of the theoretical peaks exhibit correlation factor R2 with
experimental peaks of over 0.993. For the purpose of microstructural analysis measurements were performed on an alloy sample
that was repeatedly annealed for 30 min at successively higher
temperatures. Annealing was followed by slow cooling to room
temperature, and all XRD measurements were done on ribbon
samples at room temperature. XRD patterns were recorded using
an X’Pert Pro MPD diffractometer from PANalytical with Co Ka radiation operated at 40 kV and 30 mA. For the routine characterization diffraction data were collected in the range of 2q Bragg
angles (15e135� , step 0.08� ). All XRD measurements were done on
solid samples in the form of a ribbon at room temperature. The
qualitative analysis of the XRD patterns was performed with the
X’Pert High Score Plus software and PDF-2 database [26,27]. For the
quantitative analysis the ICSD database was used and the Rietveld
reﬁnement using TOPAS v.3.0 general proﬁle and structure analysis
software [28] yielded the weight fraction F (wt%) and the mean
crystallite size dxRD (nm) for an identiﬁed phase [29]. The surface
morphology of the annealed sample was observed using the
scanning electron microscope (SEM) Lyra 3 XMU TESCAN. Chemical
homogeneity and composition were examined using JEOL JSM 6460
SEM with an Oxford Instruments INCA Energy analyser or Mira 3
TESCAN SEM equipped with a Bruker Company energy-dispersive
X-ray analyser (EDX). The TEM sample, for observation of internal
microstructure of the ribbon, was prepared using the FIB (Ga ions)
method (at LYRA 3 XMU FEG/SEM-FIB Tescan) to make a lamella, by
cutting perpendicular to the rolling direction and to the surface.
The size of the lamella was approximately 8 by 12 mm, and around

100 nm thick, making it transparent on the entire cross section,
allowing observation of the microstructure both near the surface
and inside of the sample.
2.1. Solid state kinetics
Kinetic studies of solid-state transformation are based on kinetic
equation for single-step process:

da
¼ kðTÞf ðaÞ
dt

where a is conversion degree, t is the time, T is the temperature,
k(T) is the temperature dependant rate constant, and f(a) is a
conversion function which depends on the particular reaction
mechanism [19].
The rate constant (k(T)) follows the Arrhenius equation, which
can be introduced to Eq. (1). Thus, the rate of conversion is given as:

 
da
�E
f ðaÞ
¼ Aexp
dt
RT

(2)

where A is pre-exponential factor, E is activation energy, R is the gas
constant. Pre-exponential factor and activation energy are the
Arrhenius parameters and these parameters, together with algebraic expression of conversion function f(a), represent a kinetic
triplet which is usually used for kinetic description of solid-state
transformations.
In solid state reactions, the constant value of activation energy
can be expected only for a single-step reaction and E in Eq. (2)
becomes an apparent quantity (Ea) based on a quasi-single-step
reaction. Under non-isothermal conditions, for measurements at
constant heating rates the Eq. (2) is often transformed to:

b



da
�Ea
¼ Aexp
f ðaÞ
dT
RT

(3)

where b is heating rate, b ¼ dT/dt, and da/dt h b(da/dT). Integration
of Eq. (3) leads to:

gðaÞ ¼

Za

da
AEa
pðxÞ
¼
f ðaÞ
Rb

(4)

0

where g(a) is the integral form of the reaction model, p(x) is the
temperature integral for x ¼ Ea/RT which does not have analytical
solution.
Thermodynamic activation parameters for individual steps of
experimental DSC peaks were calculated using Eyring’s theory
[30,31]:

A ¼

kT DSoz
e
h

(5)

oz

where DS is standard activation entropy, A is Arrhenius preexponential factor, k is Boltzmann constant, h is Planck constant
and T is temperature. Taking into account that, for solid-state reactions, Ea z DHz, where DHz is activation enthalpy:

DGoz ¼ DHoz � T DSoz

(6)

Dimensionality of crystal growth was investigated using MatusitaeSakka equation [32] for kinetics of non-isothermal crystallization process and crystal growth in amorphous materials, which
states that:

ln½ � lnð1 � aÞ� ¼ �nlna � 1:052m

Ea
þ const:
RT

(7)

where parameter m is determined by dimensionality of crystal
growth (m ¼ 1 means one-dimensional; m ¼ 2, two-dimensional;
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m ¼ 3, three-dimensional) and parameter n depends on the
nucleation process.
Texture of individual crystalline phases, as a measure of preferential orientation of any particular crystalline plane with respect
to other planes of respective crystal phase, was determined using
the following equation [33]:

Tx ¼

1
n

I
Pn

i ¼ 1 Ii

(8)

where Tx is texture coefﬁcient, I is intensity of an individual
reﬂection belonging to a particular crystal plane normalized against
the intensity of that same reﬂection in a reference powder sample,
and n is the total number of reﬂections of individual crystalline
phase considered.
3. Results and discussion
DSC scans of Fe73.5Cu1Nb3Si15.5B7 amorphous alloy show two
well-separated exothermic peaks, corresponding to different crystallization peaks. Both peaks are asymmetric, suggesting that each
of them involves more than one individual step. In order to separate
the crystallization processes into individual steps, each of the two
complex peaks was deconvoluted into two steps, each corresponding to a single-step process, as shown in Fig. 1. X-ray
diffraction (XRD) measurements of alloy samples annealed at
different temperatures (Fig. 2) indicate that the ﬁrst DSC peak
corresponds to crystallization of a-Fe(Si)/Fe3Si and Fe2B phases,
while the second DSC peak corresponds to crystallization of
Fe16Nb6Si7 and Fe2Si phases. Due to similar structures of Fe3Si and
a-Fe, where Fe3Si lattice can be created by replacing an iron atom
with a silicon atom in a-Fe lattice, resulting in overlapping peaks in
XRD, it was not possible to separate the individual contributions of
a-Fe(Si) and Fe3Si crystalline phases. However, using Mössbauer
spectroscopy, we were able to detect the difference in the local
environment around Fe atoms arising from differences in Si content
in a-Fe(Si) and Fe3Si phases.
The presence of different crystallization phases is also observed
using electron microscopy after annealing of the alloy samples. TEM
image (Fig. 3a) of a sample annealed at 750  C shows a multicomponent system with grain sizes of 10e1000 nm. Beside that
SEM images (Fig. 3bee) of samples annealed at different
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temperatures show that the grain size of the alloy sample increases
with increase in annealing temperature. The crystallites of different
phases increase in size with increase in annealing temperature and
become, in the process, mostly irregular in shape, indicating that
they were formed partly through coalescence of smaller crystallites. It can be observed that the size of the crystallites after
annealing at 600  C is relatively small (<100 nm), which is in
agreement with analysis of XRD data. In addition, as the crystallite
size increases, the porosity of the structure also increases, as indicated by the increase in size of black spots in SEM image, representing hollow sections of the sample (ﬁgures). Fig. 3f, representing
SEM of the cross-section of the alloy sample annealed at 850  C for
3 h, demonstrates the porous granular structure of a fully crystallized alloy sample.
The phase composition of samples annealed at different temperatures determined using Mössbauer spectroscopy (Table 1)
shows that crystallization is not straightforward and some crystalline phases, such as Fe2B and Fe16Nb6Si7, are detected earlier than
in XRD spectra. The absence of these phases in XRD spectra can be
explained by very small crystalline size, which makes their signal
too weak and broad to observe as a peak. The crystallization is ﬁrst
observed after annealing at 475  C, however most of the observed
phases are metastable intermediate species, which disappear on
subsequent annealing. In contrast, XRD detects only a-Fe(Si)/Fe3Si
phase. Fe2B phase is not visible in XRD until after annealing 575  C,
while Fe16Nb6Si7 and Fe2Si phases appear after annealing at 625  C.
In fact, Mössbauer spectroscopy shows that, after annealing at
475  C, Fe3B and a Fe3B/Fe2B phases are formed, which transform
completely into Fe2B after annealing at 525  C. The signal from
Fe3B/Fe2B phase is interpreted as a structure that is between Fe3B
and Fe2B, and could correspond to an intermediate of transformation of Fe3B to Fe2B. This means that Fe3B is transformed very
quickly into Fe2B, which corresponds well to the appearance of a
single step in DSC corresponding to this transformation. The
impeded crystal growth of Fe2B is probably caused by the presence
of Cu, which creates defect sites in FeeSieB amorphous matrix
which probably serve as nucleation sites for crystallization of Fe2B.
The separation of Cu from Fe in fully crystallized samples can be
observed in SEM using chemical mapping (see Supplemental).
However, since Cu does not form solid solution with Fe, it would
also act to disrupt crystalline structure of Fe2B, thus slowing down
its crystal growth and delaying its detection in XRD spectra.

Fig. 1. DSC curves at different heating rates (left) and peak deconvolution for each experimental peak observed at heating rate of 15 K min�1 (right).
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Fig. 2. X-ray diffraction spectra at different temperatures (a), peak assignment of XRD spectrum after annealing 725 � C, average crystal size of a-Fe(Si)/Fe3Si and Fe2B phases after
annealing at different temperatures.

Crystallization of a-Fe(Si)/Fe3Si phase occurs through formation of
several minor intermediates, as indicated by Mössbauer spectroscopy, including Fe(Si,B) and Fe5SiB2, which are observed after
annealing at 475 � C, along with signiﬁcant amounts of the amorphous phase. All of these initially transform mostly into Fe3Si, and
this is also supported by lattice parameters of a-Fe(Si)/Fe3Si (which
change continuously with changes in Si content in the lattice),
which correspond to those of Fe3Si phase (Table 2), meaning that
the phase content of a-Fe(Si) phase is too low to detect over the
signal of Fe3Si phase. While the parallel process of crystallization of
Fe2B has very little apparent effect on a-Fe(Si)/Fe3Si phase, the
crystallization of Fe16Nb6Si7 and Fe2Si is followed by signiﬁcant
changes in both average crystal size (Fig. 2) and lattice parameters
of a-Fe(Si)/Fe3Si phase (Table 2). This suggests that Fe2B phase
crystallizes independently of a-Fe(Si)/Fe3Si from the amorphous
matrix, while Fe16Nb6Si7 and Fe2Si crystallize out of a-Fe(Si)/Fe3Si
phase. The crystallization of minor crystalline phases (Fe16Nb6Si7
and Fe2Si) is probably caused by instability of the formed a-Fe(Si)/
Fe3Si crystal system due to relatively high Si content of the asprepared alloy (15.5 mass.% or 21.5 at.%) and the presence of Nb,
which does not form solid solutions with Fe. Change in average

crystal size of a-Fe(Si)/Fe3Si with annealing temperature shows
that it remains relatively constant until the formation of Fe16Nb6Si7
and Fe2Si occurs, suggesting that presence of Nb and high content
of Si act to destabilize a-Fe(Si)/Fe3Si lattice structure near the grain
boundaries, preventing formation of larger crystallites through
normal crystal growth. The Si content of the as-prepared alloy
means that the ratio of 2.38 Fe atoms for each Si atom is well below
3:1 stoichiometric ratio in Fe3Si. Increase in the annealing temperature leads to formation of increasing amount of Fe2B phase,
which reduces Fe-to-Si ratio even further, leading to favorable
conditions for formation of Si-rich Fe2Si phase, which has 2:1 Fe-toSi atomic ratio. The formation of Si-rich crystalline phase leads to
an increase in Fe-content of a-Fe(Si)/Fe3Si from 75% to 79.8% and
the corresponding expansion of its lattice. The parallel formation of
Fe16Nb6Si7 phase further stabilizes a-Fe(Si)/Fe3Si lattice by
removing Nb from it. This, combined with increase in annealing
temperature, allows rapid crystal growth observed at annealing
temperatures above 625 � C, which probably occurs through coalescence of smaller crystalline grains, as observed in SEM images.
Activation energy of individual steps of crystallization processes
(Fig. 4) identiﬁed in DSC was determined using Vyazovkin’s

Fig. 3. TEM image after annealing at 725 � C (a); SEM images after annealing at 600 � C (b), 700 � C (c), 800 � C (d), 900 � C (e) and SEM image of the cross-section after annealing at
850 � C for 3 h (f).
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Table 1
Phase composition of individual phases detected using Mössbauer spectroscopy (in %mass).
T (� C)

Amorph.

Fe(Si,B)

Fe3B

Fe2B/Fe3B

Fe2B

Fe3Si

Fe16Nb6Si7

FeB

a-Fe

Fe5SiB2

475
525
575
625
675
725

29.9

18.7

8.6

20.7

0.0
27.8
27.4
29.0
34.6
35.2

0.0
54.2
38.1
36.5
29.7
30.7

7.7
8.2
14.5
17.8
20.5
16.5

3.7
0.0
5.8
2.5
1.6
2.6

0.0
9.8
14.3
14.3
13.5
14.9

10.7

isoconversional method [34]. The fact that the apparent value of
activation energy of individual steps shows relatively little change
with conversion degree a (less than 10% difference over the entire
region of a) suggests that these individual steps correspond to
single-step reactions. The activation energy for formation of aFe(Si)/Fe3Si is higher by about 70 kJ/mol than the activation energy
of the subsequent step of formation of Fe2B, suggesting that formation of the latter is promoted by crystallization of a-Fe(Si)/Fe3Si,
probably due to separation of boron out of a-Fe(Si)/Fe3Si crystalline
phase and its concentration in the surrounding amorphous matrix.
While the activation energies of crystallization of a-Fe(Si)/Fe3Si and
Fe2B phases are quite different, the activation energies of formation
of Fe16Nb6Si7 and Fe2Si are very similar (around 20 kJ/mol difference), and signiﬁcantly higher than values of activation energies of
a-Fe(Si)/Fe3Si and Fe2B phases. This reinforces the indication that
Fe16Nb6Si7 and Fe2Si phases are both formed from a-Fe(Si)/Fe3Si
and in parallel.
Thermodynamic parameters of activated complex, Table 3, also
show the similarities between the steps of crystallization of a-Fe(Si)/
Fe3Si and Fe2B and of Fe16Nb6Si7 and Fe2Si. The individual steps
within each of the pairs exhibit similar values of activation entropy
and Gibbs free energy, suggesting similarities in reaction mechanism.
The values of activation entropy for Fe16Nb6Si7 and Fe2Si signiﬁcantly
higher than those for a-Fe(Si)/Fe3Si and Fe2B, which is expected
because the former crystallize out of the crystalline phase, requiring
larger degree of reorganization than the latter’s crystallization out of
Table 2
Lattice parameters of a-Fe(Si)/Fe3Si phase at different annealing temperatures.
Temperature (� C)

a (
A)

zat% Fe in lattice

475
525
575
625
675
725

5.670
5.671
5.670
5.679
5.685
5.688

75.0
75.0
75.0
75.7
78.1
79.8

the amorphous matrix. Positive values of activation entropy for all
steps of crystallization suggest that the amorphous structure has a
higher degree of local ordering that the metastable intermediary
phases formed during crystallization processes.
Dimensionality of crystal growth of individual crystalline phases
was investigated by application of MatusitaeSakka equation
(Equation (7)) to DSC data and using texture analysis of XRD data.
Matusita curves (Fig. 5) for a-Fe(Si)/Fe3Si and Fe2B phases show
that both phases exhibit similar change in dimensionality of crystal
growth, going from predominantly two-dimensional to predominantly one-dimensional growth as the crystallization reaction
progresses. This is due to impingement effect. The two minor
phases, Fe16Nb6Si7 and Fe2Si, exhibit similar trend of reduction of
dimensionality of crystal growth in the later stage of the reaction.
Fe2Si exhibits high value of m (around 3.7) at the beginning of its
crystallization, which is due to the fact that it grows on grain
boundaries of a-Fe(Si)/Fe3Si phase, which causes irregular growth
in the intergranular space. In the later stage of the reaction, its
growth is predominantly two-dimensional, which is, again, indicative of growth on grain boundaries and in conﬁned space.
Fe16Nb6Si7 initially grows three-dimensionally, and switches to a
mechanism of mixed one-dimensional and two-dimensional
growth at a very late stage of the reaction. This is probably due to
limitations of growth within conﬁned space of porous structure of
the fully crystallized alloy, where growth directions would be
determined mainly by grain boundaries of a-Fe(Si)/Fe3Si phase.

Table 3
Thermodynamic parameters of activated complex for each step of structural
transformations.
Crystal phase

DzS (J/mol K)

DzH (kJ/mol)

DzG (kJ/mol)

a-Fe(Si)/Fe3Si

115
113
204
183

335
259
491
474

242
249
294
296

Fe2B
Fe16Nb6Si7
Fe2Si

Fig. 4. Activation energies of individual steps of crystallization peaks with corresponding crystalline phases.

Fig. 5. Matusita curves for a-Fe(Si)/Fe3Si (a), Fe2B (b), Fe16Nb6Si7 (c) and Fe2Si (d) phases.

Texture analysis of XRD data (Fig. 2) only provides indication of
dimensionality of crystal growth during the later stage of crystal
growth, due to limitations of XRD and small crystalline sizes in the
initial stages of crystallization, and, therefore, can be compared to
the results of MatusitaeSakka equation only for this region. Since
the minor phases Fe16Nb6Si7 and Fe2Si only appear in XRD spectra
after annealing at 625 � C, there are not enough data points to make
conclusions about the crystal growth of these two phases. Therefore, texture analysis is conﬁned to a-Fe(Si)/Fe3Si and Fe2B crystalline phases (Fig. 6). Texture coefﬁcients for a-Fe(Si)/Fe3Si and
Fe2B phases show that their crystal growth is predominantly onedimensional, which is in agreement with results obtained from
DSC data. a-Fe(Si)/Fe3Si exhibits very little change in texture with

increase in annealing temperature, with dominance of (220) plane,
while Fe2B exhibits signiﬁcant increase in contribution of (002)
plane with increase in annealing temperature. While both are
indicative of one-dimensional growth, these highlight the difference in dynamics of crystal growth, where a-Fe(Si)/Fe3Si phase
exhibits very little change in average crystal size until the alloy is
fully crystallized, and further crystalline growth at annealing
temperatures above 625 � C probably occurs mainly through coalescence of already formed crystalline grains. On the other hand,
crystal growth of Fe2B proceeds relatively continuously (Fig. 2) and
this is reﬂected in texture analysis, with texture coefﬁcients undergoing change as the average crystal size of Fe2B increases with
increase in annealing temperature.

Fig. 6. Texture coefﬁcients of a-Fe(Si)/Fe3Si and Fe2B at different annealing temperatures.
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4. Conclusions
Crystallization of Fe73.5Cu1Nb3Si15.5B7 amorphous alloy ribbons
occurs through two well separated processes: the ﬁrst corresponding to crystallization of a-Fe(Si)/Fe3Si and Fe2B and the second corresponding to crystallization of Fe16Nb6Si7 and Fe2Si phases.
Phase analysis from Mössbauer spectroscopy reveals that the formation of a-Fe(Si)/Fe3Si and Fe2B occurs through several intermediate phases, which often exhibit mixed character in terms of
crystalline structure (like Fe3B/Fe2B) or content (like Fe(Si,B) and
Fe3SiB2) reﬂecting the transitory nature of these compounds in the
segregation of FeeSi and FeeB crystalline systems. Crystal growth
of both a-Fe(Si)/Fe3Si and Fe2B appears to be impeded by relatively
high Si content of the as-prepared alloy as well as the presence of
Nb and Cu, which disrupt Fe-based crystal lattices. Formation of
larger crystallites occurs only after the crystallization of Fe16Nb6Si7
and Fe2Si phases at higher annealing temperatures, leading to a
decrease of Si content in a-Fe(Si)/Fe3Si with corresponding changes
in lattice parameters. Crystal growth of two main crystalline phases
a-Fe(Si)/Fe3Si and Fe2B is initially two-dimensional and changes to
predominantly one-dimensional, as suggested by analysis of both
DSC and XRD data although texture analysis suggests that a-Fe(Si)/
Fe3Si crystals grow mainly through coalescence of smaller crystalline grains, while Fe2B crystals exhibit continuous growth with
increase in annealing temperature.
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 Structural relaxation homogenizes the alloy and removes crystalline clusters.
 XRD and Mössbauer spectra show different level of complexity of crystallization.
 Crystallization is complex with initial formation of metastable intermediates.
 Functional properties determined by crystallization and dominant interfaces.
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Fe73.5Cu1Nb3Si15.5B7 amorphous alloy undergoes a series of thermally induced structural transformations
in temperature region between 25 and 800  C, including structural relaxation, two Curie temperatures
and crystallization. The changes in microstructure caused by these transformations are characterized in
detail using XRD, TEM, Mössbauer spectroscopy and EDX elemental analysis. Mössbauer spectroscopy, in
particular, reveals that there is a very small degree of crystallinity in the as-prepared alloy, which is lost
during structural relaxation after annealing at temperatures below 400  C. In addition, it suggests that
crystallization of the alloy is much more complex process than suggested by XRD data, with several
metastable intermediate phases serving as precursors to crystallization of stable crystalline phases.
Magnetic, electrical and mechanical properties of the alloys are heavily inﬂuenced by the observed
structural changes, most notably during crystallization of the alloy, where formation of crystalline phases
and creation of new types of interfaces are the main factor to determine the performance of the alloy.
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1. Introduction
Iron-based amorphous alloys have recently been attracting
considerable scientiﬁc interest. Their good soft magnetic properties
are mainly determined by magneto-elastic and annealing-induced
anisotropies [1], and they are also characterized by good mechanical properties, high electrical resistivity and high corrosion resistance [2]. These properties make them suitable for use in a variety
of applications, such as power devices [3,4], information handling
technology [5], magnetic sensors [6] and anti-theft security systems [7]. This has made it necessary to investigate their structural,
magnetic and electrical properties [8e10]. Following the work of
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Inoue [11] who produced bulk metallic glasses in quaternary Fee
BeSieNb system, interest has been shown in derivatives of this
system created by extending the elemental scale to (Fe,Co,Ni)eNbe
BeSie(Cu) systems [12]. These alloys are thermodynamically metastable and, on annealing, undergo stabilization through structural
transformations, involving, among others, structural relaxation and
crystallization. It is also well known that many of these systems
exhibit a large supercooled liquid region prior to the onset of
crystallization [13,14]. Supercooled liquid has high resistance to
crystallization, and the size of supercooled liquid region is an indicator of glass-forming ability of the alloy.
Fe73.5Cu1Nb3Si15.5B7 amorphous alloy and its magnetic and
electrical properties have been studied in some detail [15e20]. Allia
et al. found that evolution of nanocrystalline phase in
Fe73.5Cu1Nb3Si15.5B7 amorphous alloy during isothermal measurements was proportional to the measured variations in the electrical

http://dx.doi.org/10.1016/j.matchemphys.2013.10.040

������ ��

242

243

V.A. Blagojevi�c et al. / Materials Chemistry and Physics 145 (2014) 12e17

resistance [15]. Polak et al. proposed a mathematical model
describing changes in magnetic properties of Fe73.5Cu1Nb3Si15.5B7
amorphous alloy during structural relaxation and crystallization
[16], estimating the distribution function of the magnetization
vectors and the dimension of long-range stresses in the nanocrystalline state. A study of iron-based alloy powders [17] revealed
that hardness of the alloy is at maximum when the sample is
composed of a mixture of crystalline nanoparticles and amorphous
phase. The authors attribute this, in part, to the fact that amorphous/crystal interface has lower interfacial energy than crystal/
crystal interface [18] and this structure suppresses propagation of
shear bands [19] and cracks along these interfaces. Additionally,
Singh et al. found increased hardness in nanoquasicrystaleglass
composites, obtained by annealing an amorphous alloy, compared
to the original amorphous material [20].
Our study of Fe73.5Cu1Nb3Si15.5B7 amorphous alloy started with
investigation of thermal stability and crystallization [21], followed
by investigation of mechanical [22] and magnetic and electric
properties [23,24]. This previous research dealt more with structural
transformations in general, without detailed characterization of
changes in microstructure of the alloy both before and after its
crystallization. In order to complement these results with correlation of structural transformations and changes in functional properties, as a part of multidisciplinary investigation of inﬂuence of
thermal treatment on Fe73.5Cu1Nb3Si15.5B7 amorphous alloy, here
we studied the dependence of the functional properties on microstructure of this alloy, with particular focus on the effect of crystallization mechanism on change in functional properties of the alloy.

13

ray analyser (EDX). The transmission electron microscopy (TEM)
sample for observation microstructure inside of the sheet was prepared using the FIB (Ga ions) method (at LYRA 3 XMU FEG/SEM-FIB
Tescan) for obtaining the lamella as the cut perpendicular to the
rolling direction and to the surface. The lamella was thick just about
100 nm and of the width and length of approximately 8 mm and
12 mm, respectively, making it transparent on the entire cross section, allowing observation of the microstructure near the surface
and inside of the sample, as well.
Thermomagnetic scan was used to study temperature induced
processes. The experiment was localized on the EG&G Vibrating
Sample Magnetometer in an evacuated furnace. In this process the
sample is heated, annealed and ﬁnally cooled in a vacuum furnace
at weak magnetic ﬁeld of 4 kA m�1 while its magnetic moment was
monitored. Both heating and cooling rates were 4 C min�1 and the
dwell time at the maximum temperature of 800 � C was 30 min.
Electrical resistivity of the amorphous ribbon was measured using
4-point method, in the oven under hydrogen atmosphere, to prevent oxidation during heating. Resistivity was measured nonisothermally during heating from 25 � C to 650 � C, and, separately,
at room temperature after successive isothermal treatments lasting
800 s at different temperatures. Vickers microhardness tests were
performed using MHT-10 (Anton Paar, Austria) microhardness
tester, with loads of 0.4 N and loading time of 10 s, with up to seven
measurements performed on each individual sample. The microhardness for each sample was calculated as the average value of
these measurements.
3. Results and discussion

2. Experimental
Fe73.5Cu1Nb3Si15.5B7 amorphous alloy was prepared in form of
ribbon, 2 cm wide and 35 microns thick, using the standard procedure of rapid quenching of a melt on a rotating disc (melt spinning
method). For the purpose of microstructural analysis measurements
were performed on an alloy sample was repeatedly thermally
treated at successively higher temperatures, for 30 min at each
temperature. All X-ray diffraction (XRD) measurements were done
on solid samples in the form of a ribbon at room temperature For the
purpose of microstructural characterization, alloy ribbon samples
were sealed in a quartz ampoule under vacuum and annealed for
30 min at different temperatures. Annealing was followed by slow
cooling to room temperature. XRD patterns were recorded using an
X’Pert Pro MPD diffractometer from PANalytical with Co Ka radiation
operated at 40 kV and 30 mA. For the routine characterization
diffraction data were collected in the range of 2q Bragg angles (15e
135� , step 0.08� ). All XRD measurements were done on solid samples
in the form of a ribbon at room temperature. The qualitative analysis
of the XRD patterns was performed with the X’Pert High Score Plus
software and PDF-2 database [25,26]. For the quantitative analysis
the ICSD database was used and the Rietveld reﬁnement using
TOPAS v.3.0 general proﬁle and structure analysis software [27]
yielded the weight fraction F (wt%) and the mean crystallite size
dxRD (nm) for an identiﬁed phase [28]. Mössbauer spectra were taken
at room temperature, using the standard transmission geometry and
a 57Co(Rh) source. The calibration was done against a-iron foil data.
For the spectra ﬁtting and decomposition, the CONFIT program
package was used [29]. The computer processing of Mössbauer
spectra, yielded intensities, I, of components, their hyperﬁne inductions, Bhf, isomer shifts, d, and quadrupole splitting, s. The surface morphology of the annealed sample was observed using the
scanning electron microscope (SEM) Lyra 3 XMU TESCAN. Chemical
homogeneity and composition were examined using JEOL JSM 6460
SEM with an Oxford Instruments INCA Energy analyser or Mira 3
TESCAN SEM equipped with a Bruker Company energy-dispersive X-

3.1. Microstructural analysis
X-ray diffraction (XRD) data of alloy samples annealed at
different temperatures (Fig. 1) show that the as-prepared alloy
exhibits broad halo peaks around 52 and 96� , indicating the presence of domains of short-range crystalline ordering. Using Rietveld
analysis, the size of these domains was estimated to around 1.2 nm.
The position of broad halo peaks corresponds to position of
diffraction peaks of a-Fe(Si) crystalline phase, suggesting that this is
the dominant character of short-range crystalline ordering. Concurrent crystallization of a-Fe(Si) and Fe3Si was ﬁrst observed after
annealing at 475 � C and these remain the only crystalline phases, in
addition to substantial amount of amorphous phase, until after

Fig. 1. XRD spectra of amorphous alloy after annealing at different temperatures.
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annealing at 575 � C, where crystallization of Fe2B phase is observed.
Due to similar structures of Fe3Si and a-Fe, where Fe3Si lattice can
be created by replacing an iron atom with a silicon atom in a-Fe
lattice, resulting in overlapping peaks in XRD, it was not possible to
separate the individual contributions of a-Fe(Si) and Fe3Si crystalline phases. Therefore, the phase content of a-Fe(Si) and Fe3Si is
shown jointly, as a sum of the two phases. Additional crystalline
phases Fe5Si3 and Fe2Nb were observed after annealing at 675 � C,
and the identiﬁcation of these phases and temperature-dependent
phase composition of the alloy are shown in Fig. 2.
Additional details on formation of different crystalline phases
during crystallization were provided by Mössbauer spectra of the
alloy annealed at different temperatures. Typical spectra, exhibiting characteristic features which can be correlated with appearance of either amorphous matrix or different crystalline phases,
are shown in Fig. 3. These spectra illustrate the different shapes of
the lines in the spectra of amorphous structure, characterized by
short-range ordering, and crystal structure, composed of individual iron containing crystalline phases, respectively. Prior to the
onset of crystallization, the alloy is composed mainly of amorphous phase, with Fe(Si,B) phase as a minor component (Table 1).
The amorphous phase exhibits broad-line components of both
high-ﬁeld and low-ﬁeld components of Mössbauer spectrum,
which is indicative of short-range crystalline ordering, while the
presence of Fe(Si,B) component, which is considerably sharper
than amorphous phase signal, is indicative of small crystalline
clusters, which are probably too small to detect in XRD. After
annealing at temperatures up to 390 � C, Fe(Si,B) component
gradually disappears during structural relaxation of the alloy
sample, most likely due size-inherent instability of crystals of such
a small size. After annealing at 425 � C, Fe(Si,B) component appears
again and in substantial amount (around 15 at.%), indicating that
nucleation of crystalline phases has begun. The spectra of crystallized alloy (annealed at temperatures above 425 � C) show the
presence of different crystalline phases, which exhibit as sharp
lines, indicating crystalline structure with well-deﬁned positions
of Fe-atoms. The ﬁnal spectrum, of a sample annealed at 725 � C,
represents fully crystallized alloy. The contents of the ironcontaining phases (at.% of iron atoms) were determined as proportional to the relative areas of the corresponding spectral
components. However, the exact quantiﬁcation of the phase contents could only be done when possible differences in values of
LambeMössbauer factors were considered. The pattern characteristics for the FeeB phases were taken from Refs. [30,31]. Some
basics about the FeeSi Mössbauer spectra ﬁtting can be found in
Ref. [32].

In addition to information pertaining amorphous structure and
structural transformations prior to crystallization, phase analysis
from Mössbauer spectra reveals much more complex picture of
crystallization of Fe73.5Cu1Nb3Si15.5B7 amorphous alloy than suggested by XRD spectra (Table 1). When it comes to crystallization of
FeeSi phases, it allows us to separate contributions of a-Fe(Si) and
Fe3Si phases, as only a part of the a-Fe(Si) solid solution contains
enough Si to build the full Fe3Si lattice. In addition, it reveals that, after
annealing at 475 � C, a-Fe(Si) and Fe3Si phases nucleate as metastable
FeeSieB systems (Fe(Si,B) and Fe5SiB2 components), rather than as
pure FeeSi systems, even though a-Fe(Si)/Fe3Si is observed in XRD in
this sample. These metastable phases disappear after annealing at
525 � C, and signals from a-Fe(Si) and Fe3Si phases are observed,
suggesting that boron is expunged from FeeSi matrix during nucleation and crystal growth. From this point on, FeeSi and FeeB systems
are completely separate. Several other crystalline components crystallize in addition to a-Fe(Si)/Fe3Si solid solution after annealing at
475 � C, including stable Fe16Nb6Si7 and metastable Fe3B. Since none of
these phases were observable in XRD, this suggests that their average
crystallite size is probably too small, indicating that these phases are
probably in early nucleation phase. Appearance of components corresponding to Fe3B phase mixed Fe2B/Fe3B phase, prior to appearance
of Fe2B phase suggests that the crystallization of Fe2B occurs with
Fe3B as an intermediate. The mixed Fe2B/Fe3B phase probably corresponds to the regions where the reaction of conversion of Fe3B to
Fe2B is underway and already partially complete. This view is reinforced by the fact that none of these components appear after the
crystallization of Fe2B phase is observed.
Component identiﬁed as Fe16Nb6Si7 can be correlated with
crystalline phase identiﬁed as Fe2Nb in XRD, due to the presence of
Si in all iron phases. This phase is observed in XRD only after
annealing at 675 � C, which coincides with a maximum in its phase
contribution. This suggests that, while this phase nucleates after
annealing at 475 � C, the fact that it contains Nb means that it is
unable to grow signiﬁcantly until high enough local concentrations
of Nb have been created by the growth of a-Fe(Si)/Fe3Si phases and
exclusion of Nb from a-Fe(Si)/Fe3Si system. Therefore, Fe16Nb6Si7
probably undergoes additional nucleation after annealing at 575 � C,
which exhibits as an increase in phase content in Table 1, and,
through subsequent crystal growth, achieves high enough crystal
size to be detected in XRD after annealing at 675 � C.
In order to obtain more detailed characterization of the ﬁnal
morphology and microstructure of crystallized alloy and formed
stable crystalline phases, TEM of alloy sample annealed at 725 � C
was used. TEM images show a fully crystallized granulated structure (Fig. 4) and presence of several crystalline phases can be

Fig. 2. Peak identiﬁcation for alloy sample after annealing at 725 � C (left) and phase composition diagram (right).
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Fig. 5. Thermomagnetic curve of the alloy on heating (solid) and cooling (dash).

Table 2
EDX elemental analysis of sample after annealing at 725 � C.

Fig. 3. Mössbauer spectra of the alloy after annealing at different temperatures.

Table 1
Phase analysis from Mössbauer spectra (results are shown as at% of Fe atoms).
T (� C)

Amorph.

Fe(Si,B)

Fe3B

Fe2B/Fe3B

Fe2B

Fe3Si

Fe16Nb6Si7

FeB

a-Fe

Fe5SiB2

25
200
275
390
425
475
525
575
625
675
725

96.5
97.9
100
100
85.1
27.5
e
e
e
e
e

3.5
2.1
0
0
14.9
17.9
e
e
e
e
e

10.1
e
e
e
e
e

24.1
e
e
e
e
e

e
21.7
22.6
24.4
32.6
31.8

e
39.7
29.5
28.9
26.3
26.1

5.2
3.8
7.1
8.9
11.5
8.9

3.9
e
4.4
1.9
1.4
2.2

e
8.4
12.9
13.2
13.9
14.8

11.4
e
e
e
e
e

detected using electron diffraction (Supplemental material). Individual grains have irregular shape with mean diameter varying
from 10 to 1000 nm. Grains of respective crystalline phases are
usually grouped in clusters, which is expected in a system where
crystallization of individual phases depends on both the local

chemical composition and the prior crystallization of other phases.
Electron diffraction of the sample indicates that Fe3Si is the dominant phase, while individual crystallites of a-Fe(Si), Fe2B and
Fe16Nb6Si7 phases were identiﬁed by electron diffraction of individual crystallites.

Fig. 4. TEM images of alloy after sintering at 725 � C.

Spot

Si (at%)

Fe (at%)

Cu (at%)

Nb (at%)

1.
2.
3.
4.
5.
6.
7.

19.7
20.8
18.3
18.2
17.0
17.5
18.5

76.7
77.9
72.6
75.4
74.4
76.8
79.7

1.4
0.9
1.2
1.3
1.4
1.5
1.8

2.2
0.4
7.9
5.2
7.2
4.1
0.0

Technical reasons prevented detection of boron in EDX
elemental analysis. EDX elemental analysis (Table 2) performed in
seven different spots on a sample annealed at 725 � C shows that the
distribution of Si in the sample is surprisingly consistent with 17e
21 at.%. It also shows separation of Nb into distinct regions, where
high content of Nb correspond to lower content of Fe, suggesting, as
expected, that Nb atoms replace Fe atoms. Content of Cu, on the
other hand, shows relatively uniform distribution with no observable dependence of Cu content on the content of other elements.
The variations in Cu content were, therefore, probably random in
nature, which is supported by the fact that no Cu-containing phase
was observed in either XRD or Mössbauer spectra.
3.2. Functional properties
Having characterized the thermally induced microstructural
changes in the alloy sample, we can consider the effect of these
changes on magnetic, electrical and mechanical properties of the
alloy. Thermomagnetic curve of the alloy sample shows appearance
of two Curie temperatures (Fig. 5). The ﬁrst one, corresponding to
the Curie temperature of the amorphous alloy is around 340 � C,

after which the alloy remains paramagnetic until around 500 � C and
the onset of crystallization. The formation of magnetic crystalline
phases leads to an increase in magnetic moment of the alloy sample,
which decreases again on reaching the second Curie temperature,
corresponding to the Curie temperature of magnetic crystalline
phases. Even though successive crystallization of several ironcontaining crystalline phases was observed in XRD and Mössbauer spectra, after annealing at temperatures between 500 and
600 � C, the behavior of thermomagnetic curve in this temperature
region, on heating, (symmetrical shape and relatively low amplitude of the peak) suggests that the main contributing phase here is
a-Fe(Si)/Fe3Si solid solution. This is probably due to relatively small
average crystalline size of other phases, which nucleate at higher
temperatures, which means that the available size of magnetic
domains would be too small to stabilize it at the relatively high
temperatures of 500e600 � C. After the dwell time of 30 min at
800 � C, the average crystalline sizes of all phases increase, resulting
in appearance of a signal around 740 � C on cooling. On further
cooling, magnetic moment exhibits signiﬁcant increase around
640 � C, which probably corresponds to the Curie temperature of
Fe3Si and a-Fe(Si) phases. Magnetic moment of fully crystallized
alloy around 100 � C is higher than the magnetic moment of amorphous alloy at the same temperature.
Electrical and mechanical properties of Fe73.5Cu1Nb3Si15.5B7
amorphous alloy are also affected by observed thermally induced
structural changes, as shown in electrical resistivity derivative and
microhardness curves shown in Fig. 6. Electrical resistivity derivative curve shows the rate of change in resistivity with temperature.
The region between 100 and 350 � C corresponds to structural
relaxation, as indicated by higher rate of resistivity increase with
temperature in this region, which is caused by decreased density of
free electrons at the Fermi level of the amorphous alloy [24], due to
elimination of defects. Microhardness of the annealed alloy increases after annealing at temperatures of 500 � C, due to the onset
of crystallization and creation of a composite of small nanocrystals
embedded in the amorphous matrix. Crystallization is observed as
an asymmetric peak around 530 � C in resistivity derivative curve,
where crystallization of metallic phases causes a large decrease in
resistivity. This is followed by an increase on further temperature
increase, due to the more pronounced effect of crystalline grain
boundaries. Microhardness in this material is determined by the
dominant type of interface: crystal/amorphous interface produces
better properties than both pure amorphous or crystal/crystal
interface [33]. Due to the fact that Fe2B and minor crystalline
phases only crystallize after annealing at temperatures of 575 � C
and higher, the nanocrystal/amorphous composite is relatively

Fig. 6. Differential curve of change in electrical resistivity with temperature (left) and change in microhardness with annealing temperature (right).

������ ��

������ ��

246

247

Thermochimica Acta 584 (2014) 1–7

V.A. Blagojevi�c et al. / Materials Chemistry and Physics 145 (2014) 12e17

stable at lower temperatures, leading to continuous increase in
microhardness up to the annealing at 600 � C. The crystallization of
Fe2B and the resulting decrease in content of amorphous phase
changes the dominant type of interface to crystal/crystal, leading to
a decrease in microhardness after annealing at temperatures above
600 � C, due to increased interfacial energy and more successful
propagation of shear bands and cracks along these interfaces.
4. Conclusion
Microstructural analysis of Fe73.5Cu1Nb3Si15.5B7 amorphous alloy
after annealing at different temperatures shows that the alloy undergoes a series of thermally induced structural transformations. A
combination of XRD measurements and Mössbauer spectroscopy
shows that crystallization of this alloy is a complex process
involving a number of metastable intermediary phases which
transform into stable crystalline phases during the early stage of
crystallization. It also shows the appearance of very small degree of
crystallinity in the as-prepared alloy, which is lost during structural
relaxation caused by annealing at temperatures below 400 � C, only
to reappear prior to crystallization, during nucleation of FeeSi based
phases. Magnetic measurements show two Curie temperatures: the
ﬁrst originating from amorphous alloy and the second originating
from magnetic crystalline phases formed during crystallization.
Mechanical properties of the alloy are improved by crystallization
through formation of a composite of nanocrystals embedded in
amorphous matrix, which exhibits exceptional microhardness.
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a b s t r a c t
Thermal stability of amorphous Fe73.5 Cu1 Nb3 Si15.5 B7 alloy and its crystallization kinetics and mechanism
have been investigated. The alloy is stable up to 748 K, after which it undergoes multi-step crystallization with formation of -Fe(Si)/Fe3 Si, Fe2 B, Fe16 Nb6 Si7 , and Fe2 Si crystalline phases. The crystallization
occurs in two distinct and well separated complex processes, each corresponding to formation of two
phases. Activation energy for the formation of the latter two phases is signiﬁcantly higher, due to their
formation out of the previously formed iron–silicon crystalline phase. By comparison of Avrami exponents of experimental system and a hypothetical system where no impingement occurs, the inﬂuence
of impingement on reaction mechanism was successfully isolated. While the reaction mechanism was
suggested as volume diffusion controlled growth of -Fe(Si) and Fe2 B phases, and interface-controlled
growth of Fe16 Nb6 Si7 and Fe2 Si phases, impingement plays an increasingly signiﬁcant role as the crystallization progresses. The determined value of kinetic triplet was used to calculate the alloy lifetime,
showing its resistance against crystallization.

1. Introduction
Amorphous alloys (metallic glasses) have been widely studied
in the last ﬁfty years due to their favorable physical, chemical
and mechanical properties which make them useful for various
applications, such as: power devices [1,2], information handling
technologies [3], magnetic sensors [4], anti-theft security systems
[5], etc. These materials are thermodynamically and kinetically
metastable and tend to transform to more stable form under certain conditions including high pressure and high temperature, or
prolonged activity at moderate temperature. Structural transformations occurring during structural stabilization process include
structural relaxation, crystallization and recrystallization, which
can result in loss of technologically favorable properties, or formation of hybrid nanocrystalline/amorphous structure with targeted
functional properties. Therefore, their region of stability, as well
as the mechanism and kinetics of structural transformation are
very important characteristics. Due to importance of crystallization kinetics for development of amorphous and nanocrystalline
materials, kinetics of crystallization of amorphous alloys has been
studied extensively [6–11].

∗ Corresponding author. Tel.: +381 11 332 2883.
E-mail address: drminic@gmail.com (D.M. Minić).

Three-dimensional atom probe analysis of various stages of
crystallization in the amorphous Fe73.5 Cu1 Nb3 Si13.5 B9 alloy [12]
revealed that Cu-clusters were formed prior to the onset of the primary crystallization and then served as heterogeneous nucleation
sites for the crystallization of the Si-enriched -Fe phase. Examination of amorphous Fe–Si–B–Nb–Cu rod alloy [13] showed multistep
crystallization process, which included precipitation of -Fe phase
in the ﬁrst step, followed by transformation of -Fe-amorphous
to multicomponent system including -Fe, Fe23 B6 , Fe2 B, Fe3 Si and
Fe2 Nb crystalline phases in the second crystallization step. Study
of amorphous-to-nanocrystalline transformation in an amorphous
system with composition Fe73.5 Cu1 Nb3 Si13.5 B9 [14] revealed slow
decrease of electrical resistivity during nanocrystallization process,
as well as changes in nanocrystallization kinetics from a JMA-like
to an essentially power-law kinetics [14], but without explanation
for such kinetic behavior.
Inﬂuence of thermally induced structural transformations on functional properties of ribbon shape amorphous
Fe73.5 Cu1 Nb3 Si15.5 B7 alloy has been a subject of intense research
in our group [15–19]. Detailed study of its crystallization revealed
multi-step process which included formation of different ironphases and resulted in changes in functional properties. A
combination of XRD and Mössbauer data showed that complex
crystallization of this alloy involved, beside formation of stable
phases, a number of metastable intermediary phases, which

http://dx.doi.org/10.1016/j.tca.2014.03.028
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were transformed into stable crystalline forms [18,19]. All these
processes were manifested as two asymmetric exothermic peaks
in DSC curves indicating multistep crystallization occurring in different temperature ranges. According to results of microstructural
analysis, individual steps of crystallization process in temperature
range 770–880 K were ascribed to formation of -Fe(Si)/Fe3 Si and
Fe2 B phase from the amorphous matrix, while the steps of crystallization process in temperature range 940–1000 K were identiﬁed
as formation of Fe16 Nb6 Si7 and Fe2 Si phases out of the already
formed -Fe(Si)/Fe3 Si phase [18]. As a part of multidisciplinary
study of Fe-based amorphous alloys, this paper represents an
expanded study of kinetics and mechanism of thermally induced
structural transformations in amorphous Fe73.5 Cu1 Nb3 Si15.5 B7
alloy.

Ribbon-shaped samples, 2.5 cm wide and 35 m thick, of amorphous Fe73.5 Cu1 Nb3 Si15.5 B7 alloy were prepared using method of
rapid cooling of the melt on a rotating disk (melt-spinning method).
During that process, one of the sides was in direct contact with
cooled rotating disk (matte side), while the other side was in inert
atmosphere (shiny side).
DSC measurements were conducted using DSC-50 analyzer (Shimadzu, Japan). Alloy samples weighing 2–4 mg were heated in the
DSC cell from room temperature to 1020 K at constant heating rates
(5, 8, 12, 15 K min−1 ) under nitrogen atmosphere, with a ﬂow rate of
20 mL min−1 . Calibration of the instrument was performed for each
heating rate. Complex crystallization peaks were deconvoluted into
several symmetric peaks using OriginPro 8.5 software applying
Gaussian Lorentzian cross-product function shown in equation:
a0
2

For kinetic description of thermally activated single-step transformation in solid-state, the following equation was used [22,23]:
d˛
= k(T )f (˛)
dt

2

1 + a3 ((x − a1 )/a2 ) exp[(1 − a3 )(1/2)((x − a1 )/a2 ) ]

(1)

where the parameter a0 is the amplitude, a1 is the center, a2 is
the width and a3 is the shape parameter (0 ≤ a3 ≤ 1). The aim of
peak deconvolution is to separate a complex process into several
individual single-step processes, with high enough level of correlation between theoretical and experimental curves. In this case,
the correlation factor R2 , between theoretical and experimental
curves, was better than 0.99 for all heating rates, while the dependence of apparent value of activation energy on conversion degree ˛
from isoconversional methods conﬁrmed that deconvoluted peaks
represent single-step processes.
X-ray diffractometry was performed using an X’Pert Pro MPD
diffractometer from PANalytical, at room temperature, on samples
which were successively annealed for 30 min at different temperatures in the range from room temperature to 998 K and then cooled
to room temperature. Co K radiation was used in a Bragg–Brentano
geometry at 40 kV and 30 mA. For analysis of XRD patterns X’Pert
High Score Plus software, PDF-2 database [20,21] and ICSD database
were used. XRD measurements were made on both matte (contact)
and shiny (free) side of the ribbon.
Morphology examination was conducted on crystalline samples, using FIB-SEM, ESEM and TEM techniques. Fast ion beam
(FIB) technique involved cross section preparation using Quanta
200 (3D device, FEI Netherlands), applying Ga-ion beam, which
was focused perpendicularly to the surface. Sample measured by
FIB-SEM technique was previously annealed at 1173 K for 60 min.
XL 30 ESEM-FEG (Environmental Scanning Microscope with Field
Emission Gun, by FEI, Netherlands) was used for ESEM studies of
crystalline sample, thermally treated at 1123 K for 60 min. Transmission electron microscopy (TEM) was carried out on sample
annealed at 998 K for 30 min, using instrument Philips CM 12 with
tungsten cathode and a 120 kV electron beam.

(2)

where t is the time, T is the temperature, k(T) is the rate constant,
˛ is the conversion degree which is, in case of non-isothermal
measurement, equal to the ratio of the area between the initial
crystallization temperature and temperature T, to the total peak
area, and f(˛) is the conversion function which can be presented in
certain mathematical form depending on the reaction mechanism
[24]. Replacement of rate constant k(T) with Arrhenius equation
yields expression for the rate of conversion in the form:

 −E 
RT

f (˛)

d˛
= A exp
dT

 −E 
a

RT

f (˛)

(4)

where ˇ is heating rate, ˇ = dT/dt, and d˛/dt ˇ(d˛/dT).
Rearrangement and integration of Eq. (4) gives integral form of
the reaction model, g(˛):
g(˛) =



0

˛

d˛
AEa
p(x)
=
f (˛)
Rˇ

Method

-Fe(Si)

Fe2 B

Kissinger, Ea (kJ/mol)
LnAb
IKP, Ea (kJ/mol)
LnAb
Ortega, Ea a (kJ/mol)

335
49
330
48
333

259
37
263
37
264

a
b

±
±
±
±
±

7
1
10
1
11

±
±
±
±
±

22
3
25
4
26

g(˛)
exp
A



E
RT



14
2
13
2
13

±
±
±
±
±

28
5
31
4
31

(5)

Fig. 1. Phase composition of alloy samples annealed at different temperatures.

crystal phase. In order to investigate mechanism and kinetics of
crystallization process in detail, each asymmetric crystallization
DSC peak was deconvoluted into two individual steps [18], each
corresponding to a single-step process (Supplement). In correlation
with phase composition diagram (Fig. 1), individual crystallization
steps of the ﬁrst exothermic DSC peak were attributed to formation
of -Fe(Si) [ICDD-PDF 00-006-0696] and Fe2 B phase [ICDD-PDF 00036-1332], respectively, while crystallization steps of the second
exothermic peak correspond to formation of Fe16 Nb6 Si7 [ICDD-PDF
00-053-0459] and Fe2 Si [ICDD-PDF 00-071-0642] phase. The phase
composition diagram shows that the crystallization of Fe2 B phase is
not as immediate and rapid as the crystallization of -Fe(Si), indicating that crystallization of Fe2 B phase could be dependent on
crystallization of -Fe(Si). X-ray diffractograms, Fig. 2, of both sides
of as-prepared alloy, as well as the samples which were successively
annealed at selected temperatures, did not reveal any difference
in terms of phase composition between the two sides of the alloy
ribbon.

Fig. 3. Activation energies of individual steps of crystallization, determined using
Ortega’s isoconversional method.

3.1. Crystallization kinetics
Parameterization of Arrhenius equation for individual crystallization steps (Table 1), from deconvoluted DSC peaks, was
conducted using several different methods [29–31]: both isoconversional and non-isoconversional. Negligible variations in the
effective values of apparent activation energy Ea,˛ with ˛ in isoconversional methods indicate that each individual deconvoluted step
represents a single-step process (Fig. 3). The approximate number
of atoms involved in each step can be calculated using the values

(6)

The time required to reach conversion degree of 5% (˛ = 0.05) is
considered as estimated lifetime of material, and can be very useful
in the investigation of stability of materials [28].
3. Results and discussion
DSC measurements on the samples of the amorphous alloy
[18] showed stepwise process of crystallization manifested by two
clearly separated asymmetric exothermic peaks in temperature
ranges from 770 to 880 K and from 940 to 1000 K, respectively,
corresponding to formation of different iron phases (Supplement).
Pronounced asymmetry of each peak indicates that these correspond to complex processes involving formation of more than one

Fig. 2. X-ray diffractograms of annealed samples at selected temperatures: 998 K (a), 898 K (b) and 948 K (c).
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Fe2 Si
474
58
494
60
495

±
±
±
±
±

Average values of Ea determined at selected values of ˛ in range 0.1–0.9.
Units of A in min−1 .

where p(x) is the temperature integral for x = Ea /RT which does not
have analytical solution.
Kinetic description of a process in solid-state requires determination of a kinetic triplet, which includes determination of values of
Arrhenius parameters and the correct form of conversion function.
Kinetic triplet can be used to predict stability and the kinetics of a process in different temperature regions. Time required to
reach a value of conversion degree ˛ at a temperature T, t˛ , can be
calculated using following equation [27]:
t˛ =

Fe16 Nb6 Si7
491
60
511
62
512

(3)

where A and E are Arrhenius parameters (A is pre-exponential factor, E is activation energy) and R is the gas constant. The values of
E and A are related to each other by “compensation effect” which
allows application of the method of invariant kinetic parameters
to get the overall values of Arrhenius parameters [25]. It includes
the utilization of different forms the conversion function, which
are introduced into certain model ﬁtting equation (for example
Coats–Redfern equation [26]) and ﬁtted.
In solid-state kinetic analysis, the value of activation energy
can be expected to be independent on temperature and conversion degree only in the case of single-step reaction. Based on a
quasi-single-step reaction, activation energy in Eq. (3) becomes an
apparent quantity (Ea ). Under non-isothermal conditions, for constant heating rate measurements, transformation of Eq. (3) yields:
ˇ

3

Table 1
Arrhenius parameters of individual crystallization steps determined using different
methods.

2.1. Solid-state kinetic analysis

d˛
= A exp
dt

2. Experimental procedure

y=
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Table 2
Positions of maxima of Málek’s functions for individual crystallization steps and the determined form of the conversion function.

˛max
y
˛max
z
f(˛)
Average number of atoms involved in cryst.

-Fe(Si)

Fe2 B

Fe16 Nb6 Si7

Fe2 Si

0.28 ± 0.01
0.50 ± 0.01
˛0.46 (1 − ˛)1.2
120 ± 10

0.28 ± 0.01
0.51 ± 0.01
˛0.51 (1 − ˛)1.3
250 ± 50

0.42 ± 0.01
0.50 ± 0.01
1.0 (1 − ˛)1.4
470 ± 30

0.36 ± 0.01
0.50 ± 0.01
0.60 (1 − ˛)1.1
2300 ± 500

of enthalpy for the respective step [32], obtained from the surface
area of deconvoluted peak in DSC, and the calculated average value
of activation energy (Table 2). This gives an indication of the relative
complexity of individual crystallization steps. While all of the steps
can be described as highly complex, involving simultaneous movement of at least 120 atoms, crystalline phases that form at higher
temperature exhibit even higher degree of complexity of crystallization. The degree of complexity of crystallization is only one of
the factors affecting the value of activation energy of the formation
of individual phases. Lower value of Ea for crystallization of Fe2 B
phase can be ascribed to favorable conditions for crystallization of
this phase, created through expulsion of boron from crystalline Fe(Si) during its formation, increasing the boron concentration in
the surrounding amorphous matrix [33]. The values of activation
energies for formation of Fe16 Nb6 Si7 and Fe2 Si phase are much
higher than Ea for the ﬁrst two crystallization steps, due to their
crystallization mechanism, which includes crystallization out of the
previously formed iron–silicon phase. Crystallization of Fe16 Nb6 Si7
phase was caused by the presence of Nb, which does not form a solid
solution with Fe, while crystallization of Fe2 Si phase was caused by
relatively high Si content of the as-prepared alloy, which destabilizes the crystalline iron–silicon system formed earlier during
crystallization [18].
Convex shape, values of ˛max
and well deﬁned maxima of Malek
y
curves of individual crystallization steps (Supplement) suggest
applicability of JMA model, which assumes crystallization involving two separated steps: nucleation and growth of formed nuclei
[34].
Taking into consideration the values of ˛max
of individual crysz
tallization steps, Table 2, the crystallization mechanism does not
exhibit the ﬁngerprint of the JMA model (˛max
= 0.632). This is
z
probably due to the fact that not all of the conditions for full
validity of JMA equation are fulﬁlled, either because nucleation
process does not occur only during the early stage of transformation or because of the presence of blocking effects in some
of the steps. In these cases, the use of Šesták–Berggren model is
recommended [35] for kinetic description of the solid-state transformation. Šesták–Berggren model is an empirically developed
autocatalytic model, deﬁned with three parameters: M, N and P,
where, through different values of these parameters, this model
can be transformed into any kinetic model applied for solid state
reaction [35]. The two parameter form of Šesták–Berggren model is
usually sufﬁcient for description of a system, with the form where
P = 0 being the most commonly used. Application of this model
allows determination of the form of conversion function corresponding to the formation of each crystalline phase, Table 2. The
form of the determined conversion functions of individual crystallization steps, with M < 1 and N > 1, can be correlated with processes
controlled by nucleation, growth of nuclei and their branching
and interaction [35]. Determination of the kinetic triplet usually
requires its validation, and there are several methods that can be
used to this end. Master plot method, in which experimental and
theoretical master curves are compared [36], and Perez-Maqueda’s
criterion, which is based on the independency of kinetic parameters on heating rate [37], conﬁrmed the validity of the kinetic
triplets for each crystallization step (Fig. 4a and c), without a change
of mechanism with increase in heating rate. Additional test of

validity of the obtained kinetic triplets of individual crystallization
steps was performed by comparing calculated kinetic curves in the
form of A exp(−Ea /RT)f(˛) = f(T), with corresponding ˇ(d˛/dT) = f(T)
curves obtained after deconvolution of experimental crystallization peaks (Fig. 4b). Since functional properties of materials are
determined by their microstructure, and can be deteriorated by
structural changes, the lifetime of the material at operating temperature represents a very important parameter for its practical
application. The value of lifetime at selected temperatures can be
determined using the obtained values of the kinetic triplet (Eq.
(6)). This shows that the alloy exhibits very high stability against
crystallization at room temperature (t0.05 = 2.2 × 1030 years), with
exponential decline of lifetime with temperature according to
equation t0.05 = −7.1 × 1029 + 1.5 × 1057 e(−T/6.1) . At the temperature
of the onset of the crystallization in DSC curve (773 K) lifetime of
less than 5 min was determined.

Fig. 4. Validation of the determined kinetic triplets: master plot method (a) and comparison of calculated kinetic curves in the form of A exp(−Ea /RT)f(˛) = f(T) with corresponding ˇ(d˛/dT) = f(T) (b) for crystallization of -Fe(Si) phase (data for other phases are presented in Supplement); application of Perez-Maqueda’s criterion to crystallization
of individual phases (c).

3.2. Crystallization mechanism
Additional information about morphology of formed crystalline
phases was obtained by electronic microscopy (TEM, FIB-SEM and
ESEM) of the surface and cross section of the annealed samples
(Fig. 5). Fully crystallized alloy structure containing several different phases was observed, with grain diameter of 10–1000 nm.
There is also evidence of merging of neighboring grains of the same
phase to create irregular micrometer sized domains. In addition, the
crystallization process created pores, several hundreds of nanometers in diameter, visible as white regions in TEM and black regions in
ESEM images. Highly irregular shape of crystalline grains can also
be attributed, in part, to impeded growth at the grain boundary
junctions of different phases (impingement effect). This is especially visible in TEM image, where secondary crystallization of dark,
oblique crystals is apparent on the grain boundary of light, rectangular crystals.
Additional information on the inﬂuence of impingement on
growth of crystalline phases was obtained using analysis of kinetic
data to determine local values of Avrami exponent, n, according to
equation [38]:
d(ln[− ln(1 − ˛)])
Ea
=n 1+
RT
d(ln[(T − T0 )/ˇ])





1−

T0
T



Fig. 5. TEM (a), ESEM (b) and FIB-SEM (c) images of crystallized samples.

where nh is the value of Avrami exponent in that hypothetical case.
Differentiation and rearrangement of the logarithmic form of Eq.
(8), assuming that nh , Ea and k are constant, lead to:
d ln xe
= nh
dT



2
Ea
+
T
RT 2



(9)

The value of transformation-rate maxima (˛p ) in the curve
d˛/dt = f(˛), for non-isothermal measurements, gives an indication
of the prevailing type of impingement [41]. The values of ˛p = 0.5
found for all crystallization steps indicate anisotropic growth for
all crystallized phases. The blocking effect of growing particles
occurs earlier than in the case of isotropic growth, causing hard
impingement and leading to deviation from the classical JMA model
[40]. In this case, the anisotropic growth is described by equation
[40]:
d˛
= (1 − ˛)�
dxe

(10)

where � is a parameter ≥1, which, under non-isothermal conditions, can be determined from the position of transformation-rate
maximum as  − (1 − ˛p )1− = 0 [41].
For ˛p = 0.5, the value of � is 2, which yields relation
xe = ˛/(1 − ˛). This allows us to determine the values of Avrami
exponent nh according to Eq. (9) for a hypothetical case where
impingement does not occur (Fig. 6b). Comparison of our experimental system with this hypothetical system where impingement
does not occur provides an opportunity to isolate the inﬂuence
of impingement during crystallization in the experimental system. The proﬁle of change of nh with ˛ suggests a particular
mechanism of nucleation and growth of nuclei. Relatively constant values of nh observed for all crystallization steps indicate
constant nucleation rate. The average values of around 2.5 for crystallization of -Fe(Si) and Fe2 B phases indicate three-dimensional
volume diffusion controlled growth. The average values of around
4.3 for crystallization of Fe16 Nb6 Si7 and Fe2 Si phases indicate threedimensional interface-controlled growth, which could be expected

(7)

where T0 is the temperature of the onset of crystallization.
The slight decrease of n with progress of reaction (increase of
˛) suggests some changes in nucleation and growth mechanism
(Fig. 6a), which can be attributed to the increasing effect of impingement with progress of crystallization [39].
Crystallization process starts with formation of nuclei, which
hypothetically can grow in an inﬁnitely large parent phase, in the
absence of other particles [40]. In that hypothetical case, the particles are characterized by extended volume, Vx , equal to the volume
of all particles at time t; and by extended volume fraction xe , equal
to the ratio of the extended volume to the sample volume. For
non-isothermal transformation, xe can be described using expression [40]:
nh

xe = knh (T 2 )



exp −

nh Ea
RT



(8)
Fig. 6. Local values of Avrami exponent, n (a) and the values of Avrami exponent for hypothetical growth of nuclei in an inﬁnitely large parent phase, nh (b).
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considering that Fe16 Nb6 Si7 and Fe2 Si phases are formed on the
surface of the previously formed -Fe(Si) grains. Comparison of
dependence of n and nh with ˛, Fig. 6, indicates that impingement
causes a downward trend in change of n with increase of ˛, becoming increasingly dominant as the reaction progresses. Its inﬂuence
becomes signiﬁcant enough to lead to change of dimensionality
of crystal growth in the later part of the reaction, as shown in
previously published results [19].

4. Conclusion
Study of thermal stability of amorphous Fe73.5 Cu1 Nb3 Si15.5 B7
alloy showed that, during successive annealing for 30 min at different temperatures, the crystallization of the alloy was ﬁrst observed
after annealing at temperature of 748 K, when multi-step crystallization process started, ultimately leading to formation of stable
iron-based crystalline phases, identiﬁed as -Fe(Si)/Fe3 Si, Fe2 B,
Fe16 Nb6 Si7 , and Fe2 Si. Copper was not found to be a constituent
of any of the crystalline phases, indicating that it is dispersed
in amorphous matrix and on inter-grain boundaries, serving as
nucleation sites for crystallization of different phases. The values
of Ea and A for crystallization of -Fe(Si) phase are in agreement
with values obtained in similar systems. Crystallization of Fe2 B
phase, however, exhibited lower value of Ea than crystallization of
iron–silicon phase, probably due to creation of favorable conditions
for its crystallization through expulsion of boron from crystalline
-Fe(Si) phase and increase of boron concentration in the surrounding amorphous matrix [33]. In addition, this value is also slightly
lower than the corresponding value of activation energy for Fe2 B
phase in previously examined systems [33,42], probably because
the presence of Cu facilitates the nucleation process. Signiﬁcantly
higher values of Ea for formation of the iron–niobium phase and
the second iron–silicon phase are probably caused by the instability of the previously formed iron–silicon phase and the presence
of Nb, which does not form a solid solution with Fe. Constant
nucleation rate was suggested for crystallization of all phases, with
volume diffusion controlled growth of -Fe(Si) and Fe2 B phases,
and interface-controlled growth of Fe16 Nb6 Si7 and Fe2 Si phases.
Impingement has a signiﬁcant inﬂuence on mechanism of individual crystallization steps, which increases with reaction progress.
The lifetime of the alloy exhibits exponential dependence with temperature, where the alloy is characterized by very high stability
against crystallization at room temperature.
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The crystallization mechanism and kinetics of Fe40Ni40P14B6 amorphous alloy were studied under nonisothermal conditions. Thermal stabilization of this alloy manifests in DSC through two complex peaks,
corresponding to crystallization and recrystallization, respectively. The complex crystallization DSC peak
was deconvoluted into individual steps corresponding to crystallization of individual phases, where the
results using both Gaussian–Lorentzian cross-product and Fraser–Suzuki function were compared. It was
determined that the values of kinetic triplets of the individual steps did not exhibit any signiﬁcant
difference, depending on the deconvolution function. Anisotropic growth was indicated to be the
prevailing type of impingement for all crystallization steps. Using the calculated values of the respective
kinetic triplets and the mechanisms determined from the value of Avrami exponent, distinct values of
activation energies for nucleation and crystal growth for crystallization of each individual phase were
calculated, showing signiﬁcantly higher values for nucleation than those for crystal growth. Alloy
samples treated non-isothermally in the DSC cell exhibit inhomogeneous surface morphology with
highly granulated structure dependent on heating rate.

Keywords:
Amorphous alloy
Crystallization
Kinetics
Deconvolution
Impingement
Surface morphology

1. Introduction
Amorphous alloys (metallic glasses) represent a class of
materials which lack long-range atom ordering, resulting in
isotropic structure and functional properties. Multi-component
iron-based amorphous alloys have shown to be particularly
interesting due to their favorable magnetic, electrical, mechanical
and chemical properties [1–6]. These properties make them
potentially useful for various applications, such as magnetic
sensors, information handling technologies, power devices, antitheft security systems [7–11]. In addition, amorphous alloys are
thermodynamically and kinetically metastable and, therefore,
prolonged use at moderate temperature, heating or exposure to
high pressure can cause structural stabilization through different
processes including structural relaxation, crystallization and
recrystallization. Microstructural changes which occur during this
stabilization process can bring about either deterioration of the

* Corresponding author. Fax: +381 11 2187 133.
E-mail address: dminic@ffh.bg.ac.rs (D.M. Mini�
c).

favorable functional properties or can even improve them, if a
structure containing nanocrystals embedded in amorphous matrix
is formed [12,13]. For future development of new materials with
targeted properties, it is necessary to understand the range of
stability, as well as mechanism and kinetics of structural transformations in amorphous alloys.
Kinetics of solid-state transformations is most commonly
studied using thermal analysis methods under isothermal or
non-isothermal conditions with constant heating rates [6,14–19].
Transformations occurring in solid-state are often multi-step
processes, followed by partially or completely overlapped thermal
effects manifested in DSC. In these cases, deconvolution of the
complex DSC curves is required to examine kinetics of individual
transformation steps. In a study of crystallization in As40Te50In10
glass, Gaussian function was used to separate overlapped DTA
peaks and determine apparent activation energy and reaction
order corresponding to the individual crystalline phases [20].
Gaussian function was also applied to deconvolute overlapped
crystallization DSC peaks of Fe80P13C7 metallic glass, in order to
deduce crystallization mechanism from the local values of Avrami
exponent [21]. By ﬁtting different mathematical functions to the
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curves corresponding to different kinetic models, Perejón et al.
suggested the use of Fraser–Suzuki function as the most
appropriate deconvolution function [22]. In addition, this function
was successfully applied to deconvolute overlapped steps in DSC or
DTG curves of some Se–Te glassy systems, coordination complexes
and lignocellulosic biomass samples [23–25].
Amorphous alloy Fe40Ni40P14B6 is potentially useful for different applications [26], and, therefore, it has been a subject of many
studies [26–37]. An examination of the structure of the alloy
sample isochronally heated at 40 K min1 up to 723 K revealed that
a completely crystalline sample contained (Fe, Ni)3(P, B) and
g-(Fe, Ni) phases [27]. Changes in the microstructure with heating
rate of non-isothermally devitriﬁed alloy were also predicted [28].
In addition, inﬂuence of pre-annealing on relaxation phenomena
has been a subject of several research papers [27,28]. Overall
crystallization kinetics was studied using isothermal and nonisothermal electrical resistivity measurements [29,30], transmission electron microscopy [31], and DSC measurements [32,33,37].
Differences in crystallization activation energies published in the
literature, ranging from 367 to 440 kJ mol1, have been attributed
to differences in the quenching rates and the presence of a variable
number of quenched-in nuclei [28]. In spite of great scientiﬁc
interest regarding crystallization process in amorphous
Fe40Ni40P14B6 alloy, there is no information about crystallization
kinetics of individual phases. Therefore, the aim of this work is to
examine mechanism and kinetics of crystallization of individual
phases in detail, which will include identiﬁcation of formed
crystalline phases at different temperatures, thermal analysis
using DSC and deconvolution of complex DSC peaks into individual
steps using different deconvolution functions, with detailed
kinetic analysis of each individual step.
2. Experimental
Preparation of amorphous Fe40Ni40P14B6 alloy samples was
conducted using melt-spinning method, which included rapid
quenching of a melt on a cold rotating disk. Obtained alloy samples
were 35 mm thick ribbons.
In order to examine phase composition of the as-prepared and
annealed alloy samples, X-ray diffractometry (XRD) was performed
at room temperature with the automatic X’Pert Pro (PANalytical)
diffractometer, in Bragg–Brentano geometry, using CoKa radiation
and beta ﬁlter in incident path. The annealing procedure included
heating of the alloy samples, sealed in a quartz ampoule, at
successively higher temperatures up to 873 K for 30 min. For
qualitative and quantitative analysis of the obtained X-ray
diffractograms, PDF-2 database, Crystallography Open Database,
X’Pert High Score Plus and MAUD software [38–41] were used.
Differential scanning calorimetry (DSC) measurements were
carried out using TG-DSC 111 from Setaram in a stream of helium,
ﬂowing at a rate of 30 cm3 min1, under non-isothermal conditions.
Curves were recorded at constant heating rates of 2, 5, 8, 11 and
14 K min1 in the temperature range from room temperature to
873 K. Surface characterization of the samples heated in a DSC cell
was performed using scanning electron microscope JEOL JSM-6390.
2.1. Solid state kinetic analysis
Rate of thermally activated single-step process occurring in the
solid state is most commonly described using the following
equation [42–44]:


da
Ea
f ðaÞ
¼ Aexp
(1)
dt
RT
where variables t and T are time and temperature, respectively, R is
the gas constant, while Ea and A are the apparent activation energy

and the pre-exponential factor, which are collectively referred to as
Arrhenius parameters and characterize the rate constant,
kðTÞ ¼ Aexpð�Ea =RTÞ. In the Eq. (1),a is the conversion degree
which, under non-isothermal conditions, can be determined
experimentally as the ratio of the area between the initial
crystallization temperature and temperature T, to the total peak
area. Mechanism of the process is described by conversion
function, f(a). Full kinetic characterization of a process means
determination of the kinetic triplet, which includes apparent
activation energy, pre-exponential factor and conversion function.
Constant values of the apparent activation energy with respect to a
and T can only be expected for the processes occurring in a single
step [44]. Under non-isothermal conditions, at constant heating
rates, b = dT/dt, Eq. (1) can be transformed to:


da
�Ea
b ¼ A exp
(2)
f ðaÞ
dT
RT
In the solid-state kinetic analysis, time dependence of the
conversion degree describing crystallization process is often
represented by JMA equation [45]:

a ¼ 1 � exp½�ðktÞn �

where k and n are time-independent parameters—the rate
constant and Avrami exponent, respectively. According to Blázquez
et al. [46], the local Avrami exponent, n, can be calculated using
following expression:



dðln½�lnð1 � aÞ�Þ
Ea
T0
(4)
¼n 1þ
1�
RT
T
dðln½ðT � T 0 Þ=b�Þ
where T0 is the temperature corresponding to the onset of
crystallization. Value of the local Avrami exponent, and the way it
changes can suggest a particular mechanism of the process.
In the hypothetical case including growth of nuclei in an
inﬁnitely large parent phase, without the inﬂuence of impingement, the particles are described by the extended volume, equal to
the volume of all particles at a time t; and by the extended volume
fraction xe, equal to the ratio of the extended volume to the sample
volume [47]. The value of Avrami exponent in that hypothetical
case, nh, can be determined by taking into account the appropriate
impingement type, assuming that nh, Ea and k are constant:


dlnxe
Ea
2
þ
¼ nh
(5)
2
dT
T
RT
and this provides more information about the transformation
mechanism. In the case of non-isothermal experiments under
constant heating rates, the position of the transformation rate
maximum (ap) gives a direct indication of the prevailing type of
impingement [48]. Accordingly, prevailing type of impingement
can be deduced by solving the appropriate equations or using
diagrams in Ref. [48].
3. Results and discussion
In order to examine thermal stability and kinetics of thermally
induced crystallization of Fe40Ni40P14B6 amorphous alloy, DSC
measurements were performed at 5 different heating rates in the
range 2–14 K min�1. It was observed that the alloy was stable up to
a temperature of around 650 K, after which it underwent stepwise
thermally activated stabilization through crystallization, Fig. 1.
Two distinct complex, poorly separated, exothermic peaks at
around 665 and 700 K, respectively, suggest that the exothermic
stabilization process consisted of at least two overlapping
processes involving more than one step.
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Fig. 1. Experimental DSC curves recorded at different heating rates.

According to XRD analysis conducted on the as-prepared and
thermally treated alloy samples, thermally induced transformation
of an amorphous into a completely crystalline sample was a
complex process involving formation of several crystalline phases,
some of which subsequently undergo recrystallization. Microstructure of the as-prepared alloy exhibits short-range atom
ordering and changes after annealing at 613 K, when some
amounts of a-(Fe, Ni) and g-(Fe, Ni) crystalline phases appeared,
Fig. 2. Beside the presence of these two crystalline phases,
annealing at 643 K yields (Fe, Ni)3 (P, B) crystalline phase, Fig. 2c.,
whose peak positions suggest that it is richer in Ni than Fe. With
further annealing at higher temperatures, recrystallization of
a-(Fe, Ni) into g-(Fe, Ni) and (Fe, Ni)3 (P, B) crystalline phases leads
to a complete disappearance of a-(Fe, Ni), Fig. 2d. The co-existence
of g-(Fe, Ni) and (Fe, Ni)3 (P, B) phases in the ﬁnal high-temperature

131

product is in accordance with Fe–Ni–P phase diagram [49].
According to XRD analysis, the ﬁrst DSC exothermic peak could be
ascribed to crystallization of a-(Fe, Ni), g-(Fe, Ni) and (Fe, Ni)3(P, B)
phases, in that order, and the second one to their recrystallization.
Study of surface morphology of the samples heated in a DSC cell at
different rates, (2, 8,11 K min1), from room temperature up to 873 K,
was performed using SEM method. All thermally treated samples
showed an inhomogeneous surface structure, Fig. 3, and their
microstructure can be correlated with the heating rate and the
duration of thermal treatment. The sample heated at 11 K min1,
exhibits inhomogeneous and granulated surface, with visible
agglomeration of grains, Fig. 3d. Sample heated at 8 K min1 shows
a highly granulated structure of asymmetric grains 400–1000 nm in
diameter, Fig. 3c. Compared to the sample heated at 11 K min1, the
grains are larger with more visible contour, which can be attributed
to longer thermal treatment time. Sample treated at the lowest
heating rate (2 K min1) exhibits a fully crystalline non-uniform
surface with grains 50–300 nm in size, Fig. 3a and b. These grains are
smaller and appear to be more symmetrical than the grains observed
at higher heating rates. This can be correlated with signiﬁcant
difference in heating rate (2 compared to 8 and 11 K min1), where
signiﬁcantly lower heating rate produces a difference in the ratio of
rates of nucleation and crystal growth compared to the higher
heating rates [28]. This results in ﬁner microstructure at lower
heating rates, with higher number of smaller grains than at the
higher heating rates. The roughness of the surface layer of the sample
treated at 2 K min1 varies, leading to variation in surface
morphology. The single layer of nanocrystals does not show any
particular superstructure, Fig. 3b, and the regions containing
multiple layers of grains exhibit a degree of assembly, where grains
connect into chains of varying length, typically of few microns in

132

M.M. Vasi�c et al. / Thermochimica Acta 614 (2015) 129–136

Fig. 3. SEM secondary electron images of the alloy samples heated at different rates up to 873 K: 2 K min1 showing regions with different morphology, (a) and (b); 8 K min1
(c); and 11 K min1 (d).

length, Fig. 3a. This suggests that the larger grains are formed
through oriented attachment of the smaller grains.
Chemical mapping of the surface performed on the sample
heated in DSC cell at 11 K min1 from room temperature up to 873 K
shows that the Ni-rich regions correspond also to Fe-poor regions
and P-rich regions, Fig. 4. The ﬂuctuations in concentration of Fe are
much smaller than those of P and Ni. This, together with peak
positions in XRD, indicates that Ni-rich regions are richer in (Fe,
Ni)3(P, B) crystalline phase, while in Fe-rich regions, g-(Fe, Ni) is the
dominant crystalline phase. The entire surface is porous, and the
difference in surface morphology of Ni-rich and Fe-rich regions is
easily observable. The regions richer in (Fe, Ni)3(P, B) phase exhibit
honeycomb structure, while in the other regions, crystalline
aggregates are formed without any particular superstructure, Fig. 4.
3.1. Peak deconvolution
As the crystallization represents a complex stepwise process, in
order to investigate the mechanism of crystallization and the
kinetics and thermodynamics of formation of each phase, complex
DSC peaks were deconvoluted using symmetric Gaussian–

Fig. 2. X-ray diffractograms of as-prepared alloy (a), and samples annealed at different temperatures: 613 K (b), 643 K (c) and 873 K (d), with peak indexing.

Fig. 4. SEM backscattered electron image of the alloy sample heated at 11 K min1
and corresponding chemical maps of Fe, Ni and P, respectively.

Lorentzian cross-product function and non-symmetric Fraser–
Suzuki function. Several deconvolution criteria were used concerning the nature of the process and the number of formed
crystalline phases. Only deconvolution with high correlation
coefﬁcient exhibiting constant values of the effective apparent
activation energy (Ea) of individual steps with the reaction
conversion degree (characteristic of single-step processes [44])
was accepted for further kinetic analysis. In addition, the
deconvolution into single-step processes and subsequent kinetic
analysis were performed under the assumption that the reaction
mechanism is independent on the heating rate. This allowed us to
investigate, in addition to the reaction mechanism of structural
transformations, the inﬂuence of the form of deconvolution
function on the calculated kinetic triplet. However, DSC curve
recorded at 2 K min1 exhibits somewhat different shape than the
curves measured at higher heating rates, indicating a different
reaction mechanism. Therefore, only DSC curves recorded at
heating rates 5–14 K min1 were deconvoluted and considered in
further kinetic analysis. Deconvolution into four steps, using either
Fraser–Suzuki or Gaussian–Lorentzian cross product function,
yielded the best results, Fig. 5. The fourth peak exhibits a typical
Lorentzian proﬁle. Therefore, Fraser–Suzuki function could not be
used to ﬁt it, and Lorentzian function was used instead.
Deconvoluted peaks obtained using two different functions
show that the positions, amplitudes and shapes of the ﬁrst three
peaks are very similar (Supplement, Table S1). Therefore, the
overall values of apparent kinetic parameters of the individual
crystallization steps are very similar, Table 1. These values of Ea are
in accordance with the overall value of crystallization Ea [37],
determined for the system with the same chemical composition.
Thermodynamic parameters of activation were calculated, for
all transformation steps, using Eyring’s equation included in the
transition state theory [50,51], Table 1. As the observed processes
occurred in the solid-state, activation enthalpy was approximated
to be D#H  Ea. Crystallization steps exhibited values of D#S and
D#G of around 410 J(mol K)1 and 180 kJ mol1, respectively.
Positive values of activation entropy obtained for all crystallization
steps originated from the reduction in the degree of short range
ordering during the formation of activated complexes.
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Fig. 5. Peak deconvolution at 8 K min1 using different functions: Gaussian–Lorentzian cross-product (a), and Fraser–Suzuki (b). Deconvolution with Fraser–Suzuki function
included ﬁtting of the ﬁrst three steps using Fraser–Suzuki function, while the fourth peak was Lorentzian function.
Table 1
Kinetic parameters for both deconvolutions determined applying Kissinger’s method [52] and thermodynamic parameters of activation for individual crystallization steps.
Peak 1: a-(Fe, Ni)

Peak 2:g-(Fe, Ni)

Peak 3: (Fe, Ni)3(P, B)

Peak 4: recrystallization

Gaussian–Lorentzian cross product

Ea
LnA

454  14
82  3

450  24
80  5

458  30
81  6

456  24
78  5

Fraser–Suzuki

Ea
LnA

447  14
81  2

449  23
80  4

446  29
79  5

458  30
79  5

414  3
178  16

405  5
175  26

413  6
177  32

396  25
181  40

Deconvolution function

D#S (J(mol K)1)
D#G (kJ mol1)

Fig. 6. Values of Ea at different a determined by using Vyazovkin’s isoconversional method, for individual crystallization steps obtained in both deconvolution cases.

The application of Ortega’s [53] and Vyazovkin’s [54,55]
isoconversional methods indicated single-step processes and
yielded similar values of the effective apparent activation energy,

for both deconvolutions, Fig. 6, Table 2. However, changes in Ea
with the conversion degree were higher in the case of deconvolution with Fraser-Suzuki function, but variations in Ea were 3–9%
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Thermally Induced Structural Transformations
of Fe40Ni40P14B6 Amorphous Alloy
MILICA M. VASIĆ, PAVLA ROUPCOVÁ, NADĚŽDA PIZÚROVÁ,
SANJA STEVANOVIĆ, VLADIMIR A. BLAGOJEVIĆ, TOMÁŠ ŽÁK,
and DRAGICA M. MINIĆ
Thermal stability and thermally induced structural transformations of Fe40Ni40P14B6 amorphous alloy were examined under non-isothermal and isothermal conditions. Formation of
metastable a-(Fe,Ni), and stable c-(Fe,Ni) and (Fe,Ni)3(P,B) crystalline phases as the main
crystallization products was observed, while the presence of small amounts of other crystalline
phases like Fe23B6 and Fe2NiB was indicated by electron diﬀraction in HRTEM. Thermomagnetic curve indicated that Fe content in diﬀerent crystalline phases is very diﬀerent, resulting
in markedly diﬀerent Curie temperatures after crystallization. Transmission electron microscopy and atomic force microscopy study suggested multiple-layered platelet-shaped morphology, both on the surface and in the bulk of the crystallized alloy sample. The thermal treatment
heating rate and maximum temperature aﬀected surface roughness and grain size
inhomogeneity.
DOI: 10.1007/s11661-015-3226-4

I.

nanocrystals embedded in amorphous matrix, which
manifests better functional properties than purely amorphous or crystalline materials.[12,13] As the detailed
knowledge of microstructure and morphology of processed amorphous alloys has an important role in creating
materials with targeted properties, these characteristics
are often included in research concerning amorphous and
nanocrystalline alloys.[14–16] Numerous studies performed on systems containing Fe, Si, B revealed a-Fe or
a-Fe(Si) as the main crystallization product, while varying
content of other crystalline phases, such as Fe2B, Fe3B or
Fe23B6, were also observed.[4,14,17] Crystal morphology
obtained by thermally induced crystallization can be
greatly inﬂuenced by the temperature and duration of
thermal treatment, like in amorphous Fe83B17 alloy,
where dendritic crystal morphology was observed after
heating at 680 K (407 C) for 1 minute, while a spherical
one was observed after heating at 580 K (307 C) for
4 hours.[18]
Amorphous alloy Fe40Ni40P14B6, also known under the
trade name Metglas 2826, has been extensively studied due
to potential application in sensors, magnetic shielding, and
high frequency cores.[19–21] Microstructural analysis of
Fe40Ni40P14B6, isochronally heated at 40 K min1 up to
723 K (450 C), showed fully crystalline sample containing
(Fe,Ni)3(P,B) and c-(Fe,Ni) phases.[22] Microstructure of
nanostructured alloy with the same chemical composition
was described as two intertwining networks with small
grains dispersed in them.[23] This alloy was also used as a
precursor for obtaining nano-ribbons of (Fe,Ni)3(P,B)
phase by selective etching with aqua regia.[24] In addition,
a study of crystallization process in Fe80xNixSi10B10
(x = 30, 35, 40, 45 at. pct) metallic glasses suggests that,
by controlling thermal treatment conditions, preferred
crystalline phases could be obtained, a + c as well as c.[25]

INTRODUCTION

SINCE their discovery, more than ﬁfty years ago,
amorphous alloys (metallic glasses) have been attracting
great scientiﬁc interest because of their favorable magnetic, electrical, mechanical and chemical properties.[1–7]
Lack of long-range atom ordering produces isotropic
structure, leading to isotropic physical and mechanical
properties. These properties, including glass forming
ability, depend mostly on its chemical composition. In
Fe-based amorphous alloys, addition of metalloid amorphizers and substitution of Fe by Co and Ni were found to
improve glass forming ability, while addition of small
amounts of rare-earth elements brings about an increase
in Curie temperature.[8–11] Amorphous alloys are thermodynamically and kinetically metastable, striving to
stabilize through diﬀerent processes at high pressure or
temperature or during prolonged use at moderate temperature. These processes include structural relaxation,
crystallization, and recrystallization and can result in
deterioration of technologically important properties, or,
on the other hand, can yield a material containing
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Bhf, isomer shifts d and quadrupole splitting r.[30]
Spectra modeling was based on these values and
literature data. Relative abundance of identiﬁed crystalline phases given in the Table I are supposed to be
proportional just to the relative areas of the corresponding spectral components, not considering any
aspects that can the particular values modify, such as
the Lamb–Mössbauer factors.
Transmission electron microscopes (TEM) Philips
CM 12 (tungsten cathode, using a 120 kV electron beam)
and JEM 2100F (Shottky cathode, using a 200 kV
electron beam) were used to study morphology of
crystallized material, after annealing at 873 K (600 C).
Chemical compositions were analysed by energy-dispersive X-ray spectroscopy (EDX), while AZtecEnergy
software was used for chemical mapping. Electron
diﬀraction patterns were simulated by JEMS software
(P. Stadelmann). Foil for TEM observation was prepared
by electrochemical treating in a TENUPOL instrument.
Surface characterization was performed on the samples heated in a DSC cell to 873 K (600 C) at diﬀerent
heating rates using atomic force microscopy (AFM)
with NanoScope III A (Veeco Digital Instruments,
USA) device. The AFM observations were carried out in
the contact mode using silicon nitride cantilevers with a
force constant 0.06 N m1. Surface roughness is calculated as root mean square average of height deviations
taken from the mean data plane. Scanning electron
microscope (SEM) JEOL JSM-6390 was used to examine the surface morphology of the alloy sample heated at
5 K min1 to 993 K (720 C).

Herein we present an investigation of structural
transformations of amorphous Fe40Ni40P14B6 alloy,
using correlation of structural characterization of
as-prepared, as well as partially crystallized alloy samples, during thermal treatment of the alloy under
non-isothermal and isothermal conditions. This
involved analysis of thermally induced changes in
microstructure and morphology, including investigation
of compositional changes of crystallized alloy depending
on temperature and duration of thermal treatment. To
this end, a combination of microscopic, structural, and
thermal analysis methods was used.

II.

EXPERIMENTAL

Samples of amorphous Fe40Ni40P14B6 alloy were
prepared in a form of a ribbon with a thickness of
35 lm and width of 2 cm, by rapid quenching of the
melt on a cold rotating disk (melt-spinning method).
Diﬀerential scanning calorimetry (DSC) data were
collected using TG-DSC 111 from Setaram, in a stream
of helium ﬂowing at a rate of 30 cm3 min1. Measurements were conducted at constant heating rate of
5 K min1 in the temperature range from room temperature up to 993 K (720 C). Thermomagnetic measurements were performed in an evacuated furnace using
EG&G Vibrating Sample Magnetometer. The experiment included heating, isothermal annealing at the
maximum temperature for 30 minutes, and cooling
under weak magnetic ﬁeld of 4 kA m1. Both heating
and cooling rates were 5 K min1.
X-ray diﬀractometry (XRD) measurements were carried out using an X’Pert Pro MPD diﬀractometer from
PANalytical with Co Ka radiation operated at 40 kV
and 30 mA. For this purpose, thermal treatment
included isothermal heating of the samples at successively increasing temperatures in the range from room
temperature to 873 K (600 C), for 30 minutes. Measurements were done after cooling to room temperature.
Before heating, the samples were sealed in a quartz
ampoule under vacuum to prevent contact with air. The
qualitative and quantitative analyses of the XRD
patterns were conducted using PDF-2 database, Crystallography Open Database, X’Pert High Score Plus and
MAUD software.[26–29] Mössbauer spectra were
recorded in the common transmission geometry, using
57
Co(Rh) source. Computer processing of them yielded
intensities I of components, their hyperﬁne inductions
Table I.

K
K
K
K
K
K

(340
(370
(400
(420
(500
(600

In order to examine the structural transformations of
the as-prepared alloy, and the alloy samples thermally
treated at selected temperatures, analysis of X-ray
diﬀraction patterns and Mössbauer spectra, in correlation with TEM and HRTEM, was performed.
XRD pattern of the as-prepared sample exhibits two
broad halo peaks at around 52.5 and 96 deg,
Figure 2(b), corresponding to short-range ordered
domains, most likely with bcc-Fe-like atomic conﬁguration. Using Scherrer equation,[31] the size of these
domains was estimated to be 1.6 ± 0.5 nm. Diﬀractograms of thermally treated samples, Figure 2(a),
showed that the alloy retained the same structure up
to annealing temperature of 613 K (340 C), when
well-formed peaks corresponding to a-(Fe,Ni) and
c-(Fe,Ni) crystalline phases emerged. Increase in the
annealing temperature to 643 K (370 C) led to crystallization of (Fe,Ni)3(P,B) phase as well. Peak positions of
(Fe,Ni)3(P,B) phase indicate that it contains higher
amount of Ni than Fe. a-(Fe,Ni) phase was the most
abundant at the onset of crystallization (60 wt. pct),
however, with the increase in thermal treatment temperature, it underwent recrystallization into c-(Fe,Ni)
and (Fe,Ni)3(P,B) phases. It completely disappeared
from the XRD patterns after annealing at 773 K
(500 C), as shown in the phase composition diagram,
Figure 3(a). Since several reﬂections of c-(Fe,Ni) and
(Fe,Ni)3(P,B) phases overlap, high correlation

RESULTS AND DISCUSSION

A. Thermal Stability
Study of thermal stability of Fe40Ni40P14B6 amorphous alloy was conducted using dynamic measurements, DSC and thermomagnetic, at a heating rate of
5 K min1. It showed that the alloy was thermally
stable up to about 653 K (380 C) when stepwise
process of thermal stabilization occurred, Figure 1. In

Phase Composition Determined from Mössbauer
Spectra (at. Percent of Fe-atoms)

Temperature
613
643
673
693
773
873

III.

B. Structural Transformations

DSC thermogram, this is manifested through a complex
exothermic event consisting of two clearly deﬁned
maxima, around 663 K and 703 K (390 C and
430 C), respectively, indicating it contains at least two
individual processes, which were attributed to crystallization and subsequent recrystallization of diﬀerent
phases. Thermomagnetic curve of the as-prepared alloy,
Figure 1, mirrors the behavior of the DSC curve in the
crystallization region. It exhibits Curie temperature
around 643 K (370 C), with complete loss of ferromagnetic properties. With further thermal treatment,
the sample exhibits clearly observable paramagnetic
region before the onset of the stepwise crystallization
process. This leads to an increase in magnetic moment
due to formation of magnetic crystalline phases, with
the two maxima corresponding to crystallization and
recrystallization process, respectively. Subsequent
decline in magnetic moment at temperatures above 753
K (480 C) is a consequence of approaching the Curie
temperature of the formed crystalline phases. After the
loss of ferromagnetic properties, the alloy remained
paramagnetic up to 1073 K (800 C). On cooling to
room temperature, the magnetic moment increased back
to the values roughly corresponding to the as-prepared
alloy in three separate and clearly deﬁned increments.
The step-wise fashion of the increase is consistent with
presence of multiple crystalline phases with diﬀerent
Fe:Ni ratios, where Fe-rich phases exhibit higher and
Ni-rich phases lower value of Curie temperature.

C)
C)
C)
C)
C)
C)

(Fe,Ni)3(P,B)

a-(Fe,Ni)

c-(Fe,Ni)

detected*
0.23
0.28
0.34
0.35
0.33

detected*
0.26
0.14

detected*
0.51
0.58
0.66
0.65
0.67

Fig. 2—XRD patterns of the alloy measured after annealing at diﬀerent temperatures (a), as-prepared sample (b) and the alloy heated at 673 K
(400 C) with peak identiﬁcation (c).

Fig. 1—DSC and thermomagnetic curves of the alloy measured at
heating rate of 5 K min1.

* Due to large error, exact values could not be determined.
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Fig. 3—Phase composition diagram of the crystalline portion of the
sample (a); average crystallite size of individual phases after annealing at diﬀerent temperatures (b).

coeﬃcients were obtained even when quantitative analyses yielded signiﬁcantly diﬀerent ratios of c-(Fe,Ni) and
(Fe,Ni)3(P,B) phases for the same XRD pattern. Therefore, summarized quantities of these two phases were
presented in Figure 3(a) instead of mass percentages of
individual phases.
Taking into account the results of XRD phase analysis,
the two maxima in the thermomagnetic curve in the
crystallization region, can be attributed to crystallization
of a-(Fe,Ni) and c-(Fe,Ni) phases and subsequent recrystallization and transformation of a- to c-(Fe,Ni), respectively. The third phase, (Fe,Ni)3(P,B), has higher
Ni-content, which results in lower Curie temperature,
below 673 K (400 C). This is visible during the cooling
cycle, where the crystallized alloy sample exhibits incremental increase in magnetic moment, the ﬁrst corresponding to the Fe-rich c-(Fe,Ni) and the second
corresponding to the Ni-rich (Fe,Ni)3(P,B) phase.
Mössbauer spectroscopy, Figure 4, applied on the
same samples as XRD, provided more details on the

distribution of Fe-atoms. Spectra of the as-prepared
amorphous alloy showed a typical shape, with two
diﬀerent basic kinds of Fe-atoms, usually labeled as low
ﬁeld (LF) and high ﬁeld (HF) component. Both these
components exhibit a distribution around the hyperﬁne
ﬁeld and an isomer shift, because the amorphous
structure does not conserve rigid interatomic distances.
No traces of any crystalline structure can be found in the
spectra of both as-prepared material and material
annealed at 473 K (200 C). After annealing at 613 K
(340 C), a-(Fe,Ni), c-(Fe,Ni), and (Fe,Ni)3(P,B) crystalline phases were observed, Table I. The surprisingly
high content of (Fe,Ni)3(P,B) component in this sample,
considering its absence in the XRD analysis, could be
explained by the high sensitivity of the Mössbauer
method, allowing detection of small groups of atoms
arranged in a particular way, while XRD requires
relatively voluminous crystals. The results of Mössbauer
spectroscopy are in agreement the XRD analysis: it
detected three crystalline phases (a-(Fe,Ni), c-(Fe,Ni),
and (Fe,Ni)3(P,B)), and conﬁrms the transformation of
a-(Fe,Ni) into c-(Fe,Ni) and (Fe,Ni)3(P,B), Figure 4,
Table I. The values in Table I. correspond to atomic pct
of Fe and represent the relative distribution of
Fe-atoms, rather than the phase content of the sample.
Thus, the results in Table I. indicate a lower fraction of
(Fe,Ni)3(P,B) than c-(Fe,Ni) phase, due to higher
content of Ni than Fe in (Fe,Ni)3(P,B) phase.
TEM image of the alloy sample thermally treated at
873 K (600 C) demonstrates polycrystalline structure,
containing more than one phase, with crystal sizes of
several tens to several hundreds of nanometers,
Figure 5. Chemical mapping, Figure 5, shows that,
while Fe and Ni are distributed relatively homogeneously, the distribution of P indicates a presence of a
crystalline phase that does not contain P. Content of
boron could not be determined by EDX. Electron
diﬀraction and Fast Fourier Transformation (FFT)
from high-resolution TEM identiﬁed two distinct crystalline phases, Figure 6: a tetragonal (Fe,Ni)3(P,B)
phase in the dark grains, with noticeable interference
fringes, similar in structure to Fe2NiP phase, and a cubic
c-(Fe,Ni) phase in the light grains. This is expected, and
in accordance with results of XRD and Mössbauer
spectroscopy, as the recrystallization process had been
completed in these samples. HRTEM images of the
same sample show it is composed of larger polycrystalline domains of a single phase, with relatively small
(tens of nm) embedded nanoparticles, Figure 6. While
these nanoparticles usually belong to the same phase,
some of them have been identiﬁed to belong to minor
phases not observed in XRD data (like Fe23B6, and
Fe2NiB). This indicates that there is signiﬁcant inhomogeneity created by successive processes of crystallization, transformation, and growth of the three main
crystalline phases.
C. Influence of Thermal Treatment on Microstructure of
Crystallized Phases
Crystallization was accompanied by changes in lattice
parameters of each individual crystalline phase,
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Fig. 4—Mössbauer spectra of the as-prepared alloy and the alloy annealed at 613 K, 643 K, and 873 K (340 C, 370 C, and 600 C).

Fig. 5—TEM image of the alloy sample thermally treated at 873 K (600 C) and corresponding chemical maps.

Figure 7, as observed in XRD patterns. Due to slightly
larger radius of Fe-atoms than Ni atoms, small increase
in lattice parameter of a-(Fe,Ni) phase, with Fe as a
major constituent and only a few percent of Ni,[32]
probably resulted from a decrease in Ni contribution to
264—VOLUME 47A, JANUARY 2016
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a-(Fe,Ni) crystalline structure and increase of Fe content. In the case of c-(Fe,Ni), at the onset of the
crystallization, its structure deviated from cubic, being
more like orthorhombic, which transformed into the
regular cubic with progress of crystallization. The lattice
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Grain size distribution in the sample treated at the
highest heating rate, 11 K min1, was the broadest,
with grains as small as 100 nm, and as big as 300 nm.
On the other hand, the majority of grains in the sample
heated at the lowest heating rate, 2 K min1, were
200–250 nm in size. Multiple layers of platelet-shaped
grains can be observed in all AFM images, with cross
section becoming more regular and square shaped as
heating rate decreases, as a result of longer thermal
treatment time. This resulted in the appearance of
platelets of irregular shape, beside the ones with
square-shaped cross section, and some spiky crystal
grains, Figures 9(d) and (e), in the sample heated at
11 K min1. Values of surface roughness (RMS) determined for individual samples on 5 lm 9 5 lm section
showed that roughness decreased with decrease in
heating rate, Figure 9(f). The inﬂuence of temperature
increase can be observed in the alloy sample treated at
5 K min1 up to 993 K (720 C), where well-formed
pyramid-shaped grains ranging from several hundred
to more than thousand nanometers in diameter can be
observed, Figure 9(a). Roughness of this sample was
95 nm, as expected, higher than surface roughness of
the samples heated up to 873 K (600 C), due to
overall larger crystal grain size.

Fig. 6—HRTEM images of the alloy sample thermally treated at 873 K (600 C). Moiré pattern can be observed in ﬁgure (c); ﬁgures (e) and (f)
show grains (matrix) containing precipitates.

IV.

Multistep crystallization, followed by recrystallization, of Fe40Ni40P14B6 amorphous alloy in 613 K to
693 K (340 C to 420 C) temperature range leads to
formation of metastable a-(Fe,Ni) and stable c-(Fe,Ni)
and (Fe,Ni)3(P,B) crystalline phases. Pre-existing
bcc-Fe-like atomic conﬁguration of the short-range
ordering of the as-prepared alloy initially favored the
formation of a-(Fe,Ni) phase, which transformed
completely into c-(Fe,Ni) and (Fe,Ni)3(P,B) after
annealing at 773 K (500 C). This is in accordance
with phase diagrams of the systems with similar
composition.[34,35] Crystallization is preceded by the
appearance of Curie temperature of the as-prepared
alloy, while the subsequent formation of ferromagnetic
phases leads to an increase in magnetic moment of the
sample, followed by a Curie temperature of the formed
crystalline phases. In addition to these phases, electron
diﬀraction in HRTEM indicated the presence of small
nanoparticles (tens of nm) of crystalline phases like
Fe23B6 and Fe2NiB, most likely in very small amounts.
Formation of asymmetric crystals, with laminar layering of platelet-shaped crystal grains, was found both
on the surface and in the bulk of the crystallized alloy
sample, suggesting that the crystalline phases predominantly grow two dimensionally and that the crystal
growth mechanism is not aﬀected by the presence of
the free surface.

Fig. 8—SEM images of the alloy sample heated to 993 K (720 C) at
5 K min1, with lower (2300 times) and higher (10,000 times) magniﬁcation.

Fig. 7—Lattice parameters of diﬀerent crystalline phases: a-(Fe,Ni) (a), c-(Fe,Ni) (b), and (Fe,Ni)3(P,B) (c).

crystallization occurs with accumulation of P atoms at
the immediate grain boundary.[33] This allows rapid
formation of nucleation sites of (Fe,Ni)3(P,B) phase,
which is supported by Mössbauer and XRD data
indicating formation of relatively large number of nuclei
of this phase. However, under these conditions, the
nucleation and the initial growth of (Fe,Ni)3(P,B)
crystals probably deplete P at the grain boundary,
inhibiting further crystal growth of this phase. The
apparent disagreement between TEM and XRD data on
crystal size is most likely the result of lamellar layering
of crystalline grains, as indicated by the appearance of
Moiré pattern in Figure 6(c). This suggests that the
crystalline grains are asymmetric and most likely
platelet-shaped, which aﬀects the average sizes observed
in XRD patterns.[24]
SEM images of fully crystallized alloy sample heated
to 993 K (720 C) at 5 K min1 shows a surface with
large platelet-like crystals, microns in size, which create

of (Fe,Ni)3(P,B) phase expanded remarkably with
increase in the annealing temperature, Figure 7(c). The
most pronounced changes in lattice parameters of
c-(Fe,Ni) and (Fe,Ni)3(P,B) phase occurred in the
temperature region in which a-Fe phase was transformed, originating from iron enrichment and further
reorganization of the structure of both phases, including
elimination of defects.
Crystallization progress also led to an increase in
average crystallite size, Figure 3(b). a-(Fe,Ni) phase
reached the largest crystallite size of around 30 nm at
643 K (370 C), while c-(Fe,Ni) crystallite size exhibited
continuous growth to approximately 80 nm after
annealing at 873 K (600 C). On the other hand,
average crystallite size of (Fe,Ni)3(P,B) phase was
determined to be around 17 nm after heating at 643 K
(370 C) and remained relatively the same with further
annealing. This is probably caused by the fact that
segregation of P from Fe-rich phases during
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agglomerates on the surface, and these are the result of
relatively high temperature and long thermal treatment
(140 minutes), Figure 8. Crystallization and crystal
growth created numerous cracks and holes on the
surface, which can be seen more clearly in the enlarged
image.

D. Influence of Thermal Treatment on Surface
Morphology
With a view to analyzing the inﬂuence of thermal
history on the surface morphology, the samples heated
in a DSC cell at diﬀerent rates (2, 8, and 11 K min1)
to 873 K (600 C) were studied using AFM, Figure 9.
All the examined samples exhibited grain size in the
range from 50 to 300 nm, with decrease in grain size
inhomogeneity with decrease in heating rate, Figure 9.

266—VOLUME 47A, JANUARY 2016

METALLURGICAL AND MATERIALS TRANSACTIONS A

������ ��

270

CONCLUSION

������ ��

271

Thermally Induced Microstructural Transformations
of Fe72Si15B8V4Cu1 Alloy
MILICA M. VASIĆ, RADOSLAV SURLA, DUŠAN M. MINIĆ, LJUBICA RADOVIĆ,
NEBOJŠA MITROVIĆ, ALEKSA MARIČIĆ, and DRAGICA M. MINIĆ
Thermal stability, mechanism, and kinetics of thermally induced microstructural transformations and their eﬀects on magnetic permeability of Fe72Si15B8V4Cu1 alloy with combined
amorphous/nanocrystalline structure were studied. DTA curves revealed two separated
thermally activated exothermic events in the temperature ranges from 740 K to 820 K
(467 C to 547 C) and 870 K to 930 K (597 C to 657 C). Crystalline phases present in the
as-prepared and thermally treated alloy samples were identiﬁed, and their microstructural
parameters were determined using XRD, while, to gain further insight into the mechanism of
microstructural transformations, AFM and SEM–EDS analyses were performed. Deconvolution of the complex DTA peak into individual steps was conducted, and, in correlation with the
results of microstructural analysis, kinetic triplets corresponding to individual transformation
steps were determined, allowing for the estimation of the lifetimes of the alloy at diﬀerent
temperatures. Magnetic permeability measurements showed that, in spite of the inﬂuence of
microstructural transformations on magnetic properties of the alloy, the favorable magnetic
properties are retained over relatively a wide temperature range.
Fig. 9—Top view AFM images of the alloy samples heated at diﬀerent rates: 5 K min1 up to 993 K (720 C) (5 9 5 lm) (a); 2 K min1 up to 873
K (600 C) (2.5 9 2.5 lm) (b); 8 K min1 up to 873 K (600 C) (1 9 1 lm) (c); 11 K min1 up to 873 K (600 C) (2.5 9 2.5 lm) (d); 11 K min1 up
to 873 K (600 C) (30 9 30 lm) (e); RMS surface roughness of the alloy samples heated at diﬀerent rates up to 873 K (600 C) (f).
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I.

INTRODUCTION

NANOCRYSTALLINE alloys obtained from amorphous precursors have been attracting great scientiﬁc
interest in recent years due to their potential application
in diﬀerent ﬁelds, which are based on their favorable
isotropic functional properties.[1–5] Due to kinetic and
thermodynamic metastability, the amorphous materials
are prone to structural stabilization under conditions of
high temperature or pressure, or even during prolonged
use at moderate temperatures, leading to formation of
nanostructured materials with advanced mechanical and
physical properties. Constructional Al-based alloys and
magnetically soft and magnetically hard Fe-based alloys
represent important groups of nanocrystalline materials
obtained from amorphous precursors.[2] Their basic
characteristic is crystallite diameter, while the optimal
volume fraction of nanocrystals depends on the desired
application. Thus, to obtain favorable, hard magnetic
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properties, it is necessary to achieve full or almost full
crystallization, but on the other hand, the optimal soft
magnetic and mechanical properties are exhibited when
the material is in partially crystallized form, consisting
of nanocrystals embedded in amorphous matrix.[1–3]
Although nanocrystalline materials of special technological interest can be produced using various methods
and diﬀerent starting phases,[2] the production from the
amorphous precursor represents relatively simple way to
obtain materials with desired properties. For this
purpose, it is necessary to achieve fast nucleation and
slow crystal growth rate.[2] These properties can be
obtained by an appropriate choice of chemical composition of an initial alloy as well as thermal treatment
procedure. The ﬁrst nanocrystalline alloy which exhibits
soft magnetic properties, obtained by crystallization of
an amorphous alloy, was the one with chemical composition: Fe-Cu-Nb-Si-B, known under the trade name
FINEMET.[6] The presence of Cu and Nb elements has
a crucial role for creation of nanocrystalline structure.
In this case, Cu atoms form clusters which serve as
heterogeneous nucleation sites for crystallization of
a-Fe(Si) phase, leading to higher nucleation rate.[7,8]
On the other hand, Nb atoms, extruded out of the
a-Fe(Si) grains, diﬀuse very slowly to the amorphous
matrix due to the large atomic radius. In this way,
concentration-gradient layer of Nb atoms grouping
around grain hinders diﬀusion of Fe and Si atoms,
slowing down the crystal growth rate.[7,9] Partial
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nature of the processes and the number of formed
crystalline phases, correlation coeﬃcient of deconvolution, and the invariability of apparent activation energy
values with the conversion degree.[21]
Atomic force microscopy (AFM) observations of
surface morphology of the alloy samples previously
heated in a DTA cell (at 5, 10, 20 Kmin1) up to 1063 K
(790 C) were carried out by means of a NanoScope 3D
(Veeco) microscope, operated in contact mode, using
silicon nitride probes with the spring constant ranging
from 20 to 60 N/m. The measurements were conducted
under ambient conditions. Surface roughness values are
expressed as RMS surface roughness (root mean square
average of height deviations taken from the mean data
plane).
Temperature dependence of relative magnetic permeability was studied using a modiﬁed Faraday method,
with a sensitivity of the magnetic force measurements of
107 N. The measurements were carried out under an
argon atmosphere, under nonisothermal conditions
which included successive heating at 10 Kmin1 from
room temperature up to diﬀerent temperatures and
holding for 10 minutes at cutoﬀ temperatures.
X-ray diﬀractometry (XRD) was performed at room
temperature using a Rigaku SmartLab diﬀractometer
with Cu Ka radiation. For the purpose of qualitative
and quantitative analyses of the XRD patterns, MAUD
software and databases PDF-2, COD, and ICSD[22–25]
were employed. Crystalline phases found by the
analysis were detected using cards: PDF#35-0519,
PDF#75-1062, and ICSD#54786. SEM–EDS study of
the as-prepared and thermally treated alloy samples was
conducted using a SEM JEOL JSM-6610LV microscope, equipped with an energy dispersive X-ray spectrometer. Preparation of the alloy samples for XRD and
SEM–EDS analysis included isothermal annealing for
30, 60, or 180 minutes under nitrogen atmosphere, at
diﬀerent temperatures in the range from 573 K to 973 K
(300 C to 700 C), and subsequent cooling to room
temperature.

substitution of Nb with V, Mo, Ta, and W revealed that
the higher atomic radius of the substituting element
leads to lower crystal grain size.[7,10] Besides its inﬂuence
on grain size similar to that of Nb, the presence of V in
amorphous and nanocrystalline alloys has an additional
role. Namely, an advantage of the alloys containing V
instead of Nb refers to the signiﬁcantly lower evaporation temperature of V than that of Nb, which allows the
V-containing alloys to be produced using evaporation
techniques.[11] However, melt-spinning technique is
widely used to produce amorphous and nanocrystalline
Fe-Cu-V-Si-B ribbons. By this technique, Fe-Cu-V-Si-B
ribbons with nanocrystalline structure can be obtained
even without annealing process, by adding an appropriate amount of Cu.[12] Among the as-spun Fe74.5-xCuxV3
Si13.5B9 nanocrystalline ribbons, the one with x = 2.5
exhibited the largest permeability, lowest magnetostriction, and strongest magnetoimpedance.[12] A change in
sign of magnetoresistance from positive to negative was
observed with the increasing nanocrystalline/amorphous
ratio in the Fe-Cu-V-Si-B ribbon,[13] while the soft
magnetic properties of the annealed Fe-Cu-M-Si-B
(M = Cr, V, Mo, Nb, Ta, W) samples obtained by
rapid quenching were shown to depend on the annealing
temperature.[14]
Thermal stability and mechanism and kinetics of
structural transformations of amorphous and nanocrystalline alloys have been extensively studied in recent
years, due to their importance for development of new
materials with targeted properties.[15–20] In the current
study, Fe72Si15B8V4Cu1 alloy with combined amorphous/nanocrystalline structure was investigated before
and after thermal treatment, in order to reveal the
mechanism and kinetics of the thermally induced
microstructural transformations and their inﬂuence on
magnetic properties of the alloy. For this purpose,
diﬀerent characterization methods and correlation of
the obtained results were employed, including structural, microscopic, thermal analysis as well as thermomagnetic measurements.

II.

are independent of temperature and conversion degree.
In addition, constant heating rate, b, can be represented as dT/dt, and thus the Eq. [1] can be transformed into the following form:


da
�Ea
b
fðaÞ
½2�
¼ A exp
RT
dT
By rearranging and integrating the Eq. [2], integral
form of the reaction model, g(a), can be obtained:
gðaÞ ¼

Za

da
AEa
¼
pðxÞ
Rb
fðaÞ

½3�

0

where x = Ea/RT and p(x) is the temperature integral
which does not have an analytic solution. To characterize the kinetics of solid-state transformation, it is
necessary to determine kinetic triplet, which includes

apparent activation energy, pre-exponential factor, and
conversion function (kinetic model). By taking into
consideration the kinetic triplet, it is possible to predict
the lifetime of a material and the rate of a process in
diﬀerent temperature regions by means of equation[28]:
 
gðaÞ
E
exp
½4�
ta ¼
A
RT
where ta, is the time required to reach a value of
conversion degree a at a temperature T. An estimated
lifetime of a material can be calculated as the time
required to reach conversion degree of a = 0.05, and
could be regarded as a measure of thermal stability of a
material.[29] This is considered to be the main practical
goal of kinetic analysis.
Nowadays, various methods for determination of
kinetic model are available.[26,30,33,34] According to
Málek’s method,[30] functions y(a) and z(a), deﬁned as
follows, are applied:
 
 
 
da
Ea
da 2
¼ AfðaÞ; zðaÞ ¼
exp
T ½5�
yðaÞ ¼
RT
dt
dt
The curves y(a) and z(a) are generated using experimental data, and then normalized in the range from 0 to
1. Shape of the curves, as well as positions of their
maxima (amax
and amax
), could suggest applicability of
y
z
certain kinetic model for kinetic description of the
examined transformation.
Crystallization kinetics is usually described by JMA
model,[30] where the time dependence of conversion
degree can be described by the equation:
a ¼ 1 � exp½�ðktÞn �;

Fig. 1—DTA curves of Fe72Si15B8V4Cu1 alloy after baseline subtraction, recorded at diﬀerent heating rates.

½6�

where k is the rate constant and n is Avrami exponent,
both independent of time. For full applicability of this

A. Solid-State Kinetics

EXPERIMENTAL PROCEDURE

In the solid-state kinetic analysis, the following
equation is widely used to describe the rate of thermally
activated single-step transformation:


da
Ea
fðaÞ;
½1�
¼ A exp
RT
dt

Samples of the alloy with nominal composition
Fe72Si15B8V4Cu1 (at. pct) were prepared by means of
the standard procedure of rapid quenching of a melt on
a cold rotating disk (melt-spinning method). This
included induction melting of all the components in a
protective helium atmosphere. The stream of melt was
then injected onto the cold copper disk rotating at
2000 rpm, under helium atmosphere. The alloy samples
obtained under these conditions were ribbon shaped,
with an average thickness of 55 lm.
DTA curves were recorded in a stream of helium,
under nonisothermal conditions, at constant heating
rates (5, 10, 20 Kmin1), on a TA SDT 2960 instrument.
Prior to each of the measurements, the instrument was
calibrated for the corresponding heating rate. Deconvolution of the complex DTA peak was conducted
applying Gaussian–Lorentzian cross-product function.
The criteria thus taken into consideration include the

where t is the time, T is the temperature; R is the gas
constant; Ea and A are the apparent activation energy
and pre-exponential factor, respectively, also known as
Arrhenius parameters; a is the conversion degree,
equal to the ratio of the area between the initial crystallization temperature and temperature T to the total
peak area (nonisothermal conditions), while f(a) is the
conversion function (kinetic model), which depends on
the mechanism of the process.[26,27] Expression on the
right-hand side of the Eq. [1] represents the rate cona
stant, kðTÞ ¼ A expð�E
RT Þ. In the case of single-step process, it is expected that the values of activation energy
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Fig. 2—Top view AFM images of the as-prepared alloy (30 9 30 9 2 lm) (a); and the alloy sample heated at 5 Kmin�1 up to 1063 K (790 C)
(30 9 30 9 4.5 lm) (b).
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growth rate of the new phase controlled by temperature; and time-independent condition.[30] Using the
equation[31]



dðln½� lnð1 � aÞ�Þ
Ea
T0
;
½7�
1�
¼n 1þ
RT
T
dðln½ðT � T0 Þ=b�Þ
where T0 represents the onset temperature of transformation and n is local values of Avrami exponent,
determination of n can give some indication of the
mechanism of the process.
When some of the conditions for validity of kinetic
JMA model are not fully met, empirically derived
autocatalytic Šesták–Berggren model is most commonly
used instead.[32] In two-parameter form, this model can
be represented as
aM ð1 � aÞN ;

½8�

where parameters M and N can be determined from
the slope of the linear dependence:
 

ln½ðda=dtÞexpðEa =RTÞ� ¼ f ln aC ð1 � aÞ
½9�


max
¼ M=N.
and the relation C ¼ amax
y = 1 � ay
Once the kinetic triplet of the process is determined,
its validation is required. For this purpose, various
methods and criteria can be applied, such as Master
plot,[26,33] in which the curves calculated from the
experimental thermal analysis data and from the values
of kinetic triplet are compared; and Perez-Maqueda’s
criterion,[34] according to which kinetic parameters are
independent of heating rate. In addition, experimental
DSC curves can simply be compared with those simulated using the obtained kinetic triplet.

III.

microstructure of the as-prepared as well as the thermally treated alloy samples. XRD pattern of the
as-prepared alloy shows halo peak at 45 deg, compounded by sharp peaks, Figure 4, indicating that
crystalline and amorphous phases exist together in the
sample.[35] Further analysis of this XRD pattern reveals
almost equal fractions of amorphous and crystalline
materials (around 50 pct wt). The contents of individual
crystalline phases presented in Figure 5 were determined
by the quantitative analysis of the XRD data of the
as-prepared alloy and the alloy samples thermally
treated for 60 or 180 minutes. It was found that a-Fe(Si)
accounts for a major part of crystalline fraction (around
90 pct wt) in the as-prepared alloy, while small amounts
of metastable boron-containing phase, Fe23B6, can also
be observed. After annealing at 723 K (450 C), several
additional sharp peaks appeared in the XRD pattern,
corresponding to Fe2B crystalline phase which is also
present in small quantities. A higher degree of crystallinity of the alloy (determined according to procedure
in the Reference 36) was obtained by annealing at 823 K
(550 C), Table II, while the peaks of metastable Fe23B6
phase completely disappeared from the XRD patterns.
The rise in temperature of thermal treatment and the
prolonged time of the treatment yielded the phases of
a-Fe(Si) and Fe2B as the ﬁnal crystallization products,
Figure 5 and Figure S1 (Supplement), similar to other
iron-based amorphous and nanocrystalline alloys with
resembling composition.[35,37,38] It should be borne in
mind that, due to the small number of peaks of Fe23B6
and Fe2B phases and the presence of amorphous phase
in the alloy, at lower temperatures, quite high errors of
the phase contents of these two crystalline phases were
obtained.
In addition, after annealing at temperatures higher
than 823 K (550 C), an increase in the content of Si

becomes granular as a result of further growth of grains.
The grains reach diameters in the range from 200 nm to
3 lm, thereby increasing the roughness. A decrease in
heating rate, due to longer heat treatment, leads to
growth of RMS surface roughness, Table I.
Further information on the surface morphology of
the alloy was obtained using SEM–EDS technique. It
can be observed that the surface of the as-prepared alloy
is relatively uniform, with the exception of some ﬂecks
darker than their surroundings, Figure 3(a). The high
amount of oxygen detected by EDS analysis in these
ﬂecks, whereby the atomic ratio of Fe to O was found to
be around 0.60, suggests that they correspond to
corrosion products (Fe to O weight ratio in Fe2O3 is
0.67), Table IV. However, amorphous alloys are considered as relatively highly corrosion-resistant materials.
The presence of surface corrosion of the alloy exposed
to air is a consequence of the relatively high content of
crystalline Fe-phases in the as-prepared alloy, Figure 4.
The surface of the as-prepared alloy after polishing,
displayed in inset of Figure 3(a), does not show any
evidence of corrosion.
Bearing in mind the relation between the functional
properties of an alloy and its microstructure, XRD
measurements were carried out to investigate the
Table I. RMS Surface Roughness (100 3 100 lm Surface)
of the Alloy Samples Heated at Diﬀerent Rates (5 to 20
Kmin21) up to 1063 K (790 C)
Heating
Rate (Kmin1)
5
10
20

Duration of
Thermal
Treatment (min)

RMS Surface
Roughness (nm)

153.0
76.5
38.2

400
338
271

RESULTS AND DISCUSSION

A. Thermal Stability and Microstructural
Transformations Thermally Induced

Fig. 3—SEM secondary electron image of the surface of as-prepared
alloy (20009) (the surface of the as-prepared alloy after polishing is
shown in inset (5009)) (a); SEM backscattered electron images of
the polished alloy samples annealed at 573 K (300 C) for 1 h
(10009) (b), and at 973 K (700 C) for 1 h (30009) (c). EDS results
presented in Table IV correspond to the spots marked with red
crosses.

model, several conditions have to be fulﬁlled: isothermal conditions or nonisothermal conditions with
nucleation occurring only in the early stages of the
transformation; homogeneous nucleation; or heterogeneous nucleation at randomly dispersed second-phase
particles; low anisotropy of growing crystals; and

DTA curves of Fe72Si15B8V4Cu1 alloy at diﬀerent
heating rates, Figure 1, show the occurrence of stepwise
thermal stabilization process, which starts at around
740 K (467 C). This process includes two thermally
activated and completely separated exothermic events in
the temperature ranges from 740 K to 820 K (467 C to
547 C) and 870 K to 930 K (597 C to 657 C). Peak
surface increases with the increasing heating rate and
corresponds to the enthalpy of the process. In this case,
the enthalpy of the process depends on heating rate as a
consequence of the fact that the ﬁnal state of a structure
obtained by thermally induced structural transformation depends on the thermal history or, to be more
precise. on the heating rate.
AFM images of the as-prepared alloy and the alloy
samples thermally treated during DTA measurements
reveal the changes in surface morphology, resulting
from the thermally induced structural transformations
in the alloy, Figure 2. While the as-prepared alloy
exhibits relatively smooth surface morphology, the
surface of the alloy subjected to the thermal treatment
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Fig. 4—XRD patterns of the as-prepared alloy and the alloy samples annealed at diﬀerent temperatures for a speciﬁed time.
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around 1, observed for all crystal planes of a-Fe(Si)
phase, Figure 6(b), indicate no preferential orientation
of the a-Fe(Si) crystals in the as-prepared alloy. The
annealing as well as prolongation of annealing time did
not induce any signiﬁcant changes in Tx values. On the
other hand, average crystallite size of a-Fe(Si) phase, d,
determined using Williamson-Hall method,[40] increases
signiﬁcantly at temperatures higher than 823 K
(550 C), while the minimum dislocation density, q,
determined as q = 3/d2, exhibits a sharp decline,
Figure 6(c). This suggests that the crystal growth is the
main contributor to the high-temperature transformation observed on the DTA curve. Weak changes in
average crystallite size of a-Fe(Si) at lower temperatures
can be attributed to the presence of V in the alloy, which
is considered to hinder the crystal growth when present
in small quantities.[14]
SEM backscattered electron imaging of polished alloy
samples, together with EDS analysis, provides a more
detailed insight into the microstructural transformations
in the alloy, Figure 3(b) and (c). SEM backscattered
electron image of the alloy treated at 573 K (300 C), for
60 minutes, shows shadows, which represent hollows
formed by polishing, and some black spots, which
suggest the chemical composition diﬀerent from their
surroundings, Figure 3(b). EDS analysis reveals high
vanadium content in these spots (25 to 30 pct at.)
indicating the existence of V-rich phase, which most
likely corresponds to Fe2VSi solid solution, crystal
structure of which is similar to that of a-Fe(Si).[23]
However, only a small portion of the total amount of V
takes part in the formation of this phase, since the rest of
V is uniformly distributed in the bulk of the alloy, as
indicated by V content at diﬀerent spots of the bulk,
Table IV. Annealing at higher temperatures was not
shown to yield any changes in V distribution. In
addition, the alloy annealed at 973 K (700 C) for 60
minutes exhibits spots lighter than their surroundings,
Figure 3(c), in which high Cu content is observed. These
Cu-rich crystals probably correspond to the fcc e-Cu
phase, considering that Cu atoms create fcc-like clusters
prior to the onset of crystallization, Cu content of which
is much lower than the equilibrium value for the fcc
e-Cu.[8] These clusters grow fast in size, with the

dissolved in the a-Fe(Si) phase and a lattice shrinkage
are observed, Figure 6(a) and Table III.
Texture coeﬃcient, Tx, as a measure of preferential
orientation of crystal planes can be calculated from
XRD diﬀractograms using the equation[39]:
Tx ¼

I
;
n
P
1
Ii
n

½10�

i¼1

where I is the intensity of an individual reﬂection
normalized against the intensity of the same reﬂection in
a reference powder sample, and n is the total number of
reﬂections of the crystalline phase considered. Tx values

Fig. 5—Crystalline phase contents in the as-prepared and thermally
treated alloy samples.

Table II. Degrees of Crystallinity of Thermally Treated
Alloy Samples, Determined from the XRD Patterns
Annealing Temperature
and Time
723 K (450 C), 1 h
823 K (550 C), 1 h
973 K (700 C), 3 h

Degree of
Crystallinity (Pct)
42
90
100

progressive growth of Cu content during heating. In
general, the role of these clusters is to serve as
heterogeneous nucleation sites for further crystallization
of a-Fe(Si) phase, due to the good matching between (1
1 1) of fcc-Cu and (0 1 1) of bcc-Fe phase resulting in
decreased interfacial energy when the a-Fe(Si) nucleates
on the cluster surface.[8] Since Cu-rich crystals are
present only in small amounts, this phase cannot be
detected using XRD.

Faster decline in normalized magnetic permeability at
temperatures above 673 K (400 C) suggests the
approaching toward the Curie temperature of the alloy,
Figure 7(a). With the increasing crystal content in the
alloy, after each heating cycle, the temperature of the
fast decline in normalized magnetic permeability value
increases, suggesting the increasing trend of the Curie
temperature, tending to reach the Curie temperature of
bcc-Fe (1043 K (770 C)[7]).

B. Magnetic Properties

C. Mechanism and Kinetics of Microstructural
Transformations

In order to investigate the magnetic properties and
their changes inﬂuenced by thermal treatment, thermomagnetic measurements were conducted nonisothermally, including successive annealing of the alloy with
the increasing cutoﬀ temperatures. Initially and constantly decreasing trend in normalized magnetic permeability values observed with the increasing temperature
is a consequence of microstructural transformations
thermally induced in the alloy, Figure 7(a).
Although no signiﬁcant microstructural changes were
observed in the temperature range from 473 K to 573 K
(200 C to 300 C), normalized magnetic permeability
increases by around 2 pct after annealing at these
temperatures, Figure 7(b), as a result of relaxation of
the initial structure involving a decrease in the number
of defects and free volume, providing greater mobility of
magnetic domain walls.[41] The highest normalized
magnetic permeability values were observed after
annealing at temperatures ranging from 673 K to
773 K (400 C to 500 C), corresponding to the further
structural relaxation and ﬁrst crystallization step, during
which the optimal microstructure was obtained. Further
crystallite growth leads to a slight decrease in normalized magnetic permeability. However, favorable magnetic properties of the alloy are retained over a wide
temperature range.
Table III. Lattice Parameters of a-Fe(Si) Phase in the
as-Prepared and Thermally Treated Alloy Samples
Alloy Sample
As-prepared
723 K (450 C), 1 h
823 K (550 C), 1 h
973 K (700 C), 3 h

Table IV.

a-Fe(Si) Lattice Parameter (Å)
5.683
5.691
5.688
5.676

±
±
±
±

0.003
0.001
0.002
0.001

A Few Examples of the Results Obtained by EDS Analysis of the as-Prepared and Polished Thermally Treated Alloy
Samples

Sample
As-prepared
Annealed at 573 K (300 C)
Annealed at 723 K (450 C)
[38]

Spot

Fe (At. pct)

Cu (At. pct)

V (At. pct)

Si (At. pct)

O (At. pct)

bulk
ﬂeck
bulk
black spot
bulk
black spot
bulk
light spot

43.8
31.7
77.8
65.2
77.5
53.1
72.7
11.7

1.5
1.4
1.0
1.2
0.9
0.8
1.5
79.4

5.8
5.4
4.4
26.5
4.5
27.1
4.8
3.5

17.5
7.5
16.8
7.1
17.1
18.8
21.0
5.4

31.4
52.5
—
—
—
—
—
—

Fig. 6—Si content of a-Fe(Si) phase, determined from the lattice parameter using the calibration diagram
(a); and texture coeﬃcients of
a-Fe(Si) phase after annealing at diﬀerent temperatures for speciﬁed time (b); average crystallite size and minimum dislocation density of a-Fe(Si)
phase after annealing for 30 min at diﬀerent temperatures (c).

Annealed at 973 K (700C)
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Asymmetric shape of the ﬁrst DTA peak (peak 1)
indicates that the observed process contains several
single steps, which is further proven by great variation in
Ea value with the progression in the process, Figure S2
(Supplement). To study the mechanism and kinetics of
corresponding steps, the deconvolution of compounded
DTA peaks is required (presented in Figure S3a, (Supplement)). On the other hand, the second DTA peak
(peak 2) is completely symmetric, as shown by the
comparison of experimental and ﬁtted DTA curves,
Figure S3b (Supplement), indicating single-step
transformation.
The negligible variations in Ea value with conversion
degree (less than 6 pct of average Ea value for 0.2 < a <
0.8), Figure 8, and high correlation coeﬃcient
(R2 > 0.99) of deconvolution indicate the successful
separation of individual steps of the ﬁrst DTA peak.
Taking into consideration all the results presented
herein, the individual steps obtained by deconvolution
can be ascribed to the formation and growth of a-Fe(Si)
and Fe2B, respectively, in the as-prepared alloy, which
already contains a certain degree of order, including the
presence of a-Fe(Si) and Fe23B6 nanocrystals besides the
short-range ordered amorphous matrix.
The second DTA peak can be attributed to the
process of further growth of the formed crystalline
phases, including further ordering and elimination of
defects. In addition, although this DTA peak is completely symmetric, application of isoconversional methods (Vyazovkin’s[42,43]) and Ortega’s[44]) indicates
changes in the limiting step of the mechanism of the
process, Figure 8, with the growing inﬂuence of diﬀusion.[45] This could be expected considering a decrease in
the amorphous content in the alloy with the progress of
crystallization, which leads to a decrease in number of
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ad-atoms available for incorporation at the crystallite
surface.
Arrhenius parameters of the individual steps of
thermal stabilization process, determined by means of
Kissinger’s[46] and Ozawa’s[47] methods, are presented in
Table V. The determined value of apparent activation
energy of formation of a-Fe(Si) phase is lower than
those corresponding to amorphous alloys of similar
composition,[48,49] as a consequence of the presence of
considerable number of quenched-in nuclei in the
as-prepared alloy. As already published, relatively high
Ea values of individual transformation steps originate
from simultaneous correlated movements of the large
number of atoms participating in transformations.[49,50]
Detailed kinetic examination of structural transformations includes determination of conversion functions
corresponding to single-step processes. The obtained
concave shape of Málek’s functions y(a) and z(a)[30] with
clearly deﬁned maxima, for both steps of the ﬁrst DTA
peak, Figure S4 (Supplement), suggests that JMA model
could be applied for description of kinetics of individual
transformation steps. However, the positions of maxima
of z(a) functions (maxima at around a = 0.5 instead of
at a = 0.632) indicate that the conditions of validity of
JMA model are not wholly fulﬁlled. This could be
caused by nucleation process, which might be prolonged
or by the high anisotropy of growing crystals. In
addition, a downward trend of local values of Avrami
exponent with progress of the process, Figure S5 (Supplement), suggests the occurrence of impingement,[51]
which aﬀects the crystal growth during the transformations. The prevailing type of impingement deduced from
the conversion degree values at transformation rate
maxima[52] (ap = 0.5) corresponds to anisotropic
growth.
In such case, it is recommended to apply the empirical
Šesták-Berggren model.[32] Corresponding conversion
functions, determined using Eq. [9], are presented in
Table V. These conversion functions together with
Arrhenius’s parameters can be useful for predictions of
stability of the material and transformation kinetics in
diﬀerent temperature regions.

Fig. 7—Temperature dependence of normalized magnetic permeability during multiple successive heating processes (a); normalized magnetic permeability values at room temperature after successive
heating up to diﬀerent temperatures, and holding for 10 min at cutoﬀ temperatures, as a function of maximum temperature of the previous thermal treatment (b).

Fig. 8—Values of Ea at diﬀerent a determined by means of Vyazovkin’s and Ortega’s isoconversional methods, for individual transformation
steps, including formation and crystal growth of a-Fe(Si) (a) and Fe2B (b) phases, and recrystallization process (c).
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Table V. Arrhenius Parameters of Individual Transformation Steps Determined Using Kissinger’s and Ozawa’s Methods, and
Corresponding Conversion Functions
Experimental Peak 1
Method
Kissinger, Ea (kJ/mol)
Ln (A/min1)
Ozawa, Ea (kJ/mol)
Ln (A/min1)
f (a)

step 1
281 ± 1
43.0 ± 0.1
280 ± 1
42.8 ± 0.1
a0.48(1a)0.83

step 2
248 ± 4
37.3 ± 0.8
248 ± 4
37.3 ± 0.5
a0.89(1a)1.34

Fig. 9—Comparisons of experimental DTA curve in the temperature
region of the ﬁrst DTA peak and curve simulated using the obtained
kinetic triplets of individual steps of the ﬁrst DTA peak (at 10
Kmin1).

Table VI. Estimated Values of Lifetime of the Alloy Against
Microstructural Transformations at Diﬀerent Temperatures
T (K)

t0.05 (min)

298
350
450
650
750

2.7 9 1026
4.6 9 1019
1.1 9 1011
57.1
0.093

(25 C)
(77 C)
(177 C)
(377 C)
(477 C)

The validity of determined kinetic triplets, corresponding to individual transformation steps, was
checked by Master plot method.[33] Full accordance
between theoretical and experimental master curves,
Figure S6 (Supplement), suggests that the obtained
kinetic triplets correctly describe the kinetics of the
examined processes. This ﬁnding was further supported
by applying Perez-Maqueda’s criterion. According to
this criterion, the valid kinetic parameters are supposed
to be independent of heating rate, yielding linear
dependence when particular diﬀerential or integral
model-ﬁtting equations are applied to the data corresponding to diﬀerent heating rates.[34] For both steps of
the ﬁrst DTA peak, such linear dependence was
obtained, Figure S7 (Supplement). Finally, the

317 ± 10
42 ± 2
315 ± 10
42 ± 2
—

experimental DTA curve was compared with simulated
DTA curve in the temperature region of the ﬁrst DTA
peak, Figure 9. This procedure included insertion of the
determined kinetic triplets into the Eq. [2], normalization, and multiplication of the obtained curves by
amplitudes. Good accordance between the experimental
and simulated DTA curves was achieved, Figure 9,
conﬁrming the validity of determined kinetic triplets of
both steps of the ﬁrst DTA peak.
Due to the fact that kinetic triplet can be used to
determine the value of lifetime of a material as an
indicator of its thermal stability, and its importance for
technological application, the values of lifetime of the
alloy against microstructural transformations, at diﬀerent temperatures, were estimated according to Eq. [4],
Table VI. Since the a-Fe(Si) phase was the ﬁrst to be
subjected to the transformations, kinetic triplet corresponding to a-Fe(Si) was used for this purpose. In spite
of its thermodynamic metastability, high value of the
time required to reach conversion degree of a = 0.05 at
298 K (25 C) (t0.05  5.2 9 1020 years) indicates high
stability of the alloy against structural transformations
at room temperature. However, the temperature
increase leads to tremendous decline in lifetime values
obeying an exponential law, amounting to around 10 s
at 740 K (467 C) (the onset of the ﬁrst DTA peak).

IV.

CONCLUSION

Fe72Si15B8V4Cu1 alloy with combined amorphous/nanocrystalline structure undergoes thermally
induced microstructural transformations during annealing. The alloy surface morphology and roughness are
aﬀected by thermal treatment, wherein the lower heating
rate entails higher RMS surface roughness. On the other
hand, the corrosion products observed on the as-prepared alloy surface are formed due to the relatively high
content of crystalline Fe-phases in the alloy. Thermally
induced microstructural transformations in the temperature range from 740 K to 820 K (467 C to 547 C)
include the formation and growth of a-Fe(Si) and Fe2B
from the starting structure, while in the temperature
range from 870 K to 930 K (597 C to 657 C), recrystallization process occurs, during which the formed
crystalline phases grow further, with further ordering
and elimination of defects. In addition, the presence of
traces of other phases (Fe2VSi, e-Cu) was suggested by
SEM–EDS analysis. Resulting from a large number of
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atoms participating in transformations, relatively high
Ea values of individual transformation steps were
obtained, while the crystallization Ea values for a-Fe(Si)
phase, lower than those in the systems with similar
composition, are correlated with the presence of a large
number of quenched-in nuclei in the as-prepared alloy.
Sharp decline in the value of lifetime against structural
transformations is observed with thermal treatment, in
spite of alloy’s high thermal stability at room temperature. Magnetic properties of the alloy are aﬀected by
the observed microstructural transformations, while the
most pronounced change in magnetic permeability
occurs near the Curie temperature, which moves to
higher temperatures with crystallization and further
ordering in the formed crystalline phases. However, the
alloy retains its favorable magnetic properties over
relatively a wide temperature interval, allowing for its
practical application in modern technologies.
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76UHüNRYLü'0LQLü(OHFWURQpDUDPDJQHWLFrHVRQDQFHsSHFWURVFRS\pULQFLSOHV
DQGaSSOLFDWLRQRQcHUDPLFVdLVSHUVHs\VWHPV1DXND7HKQLND%H]EHGQRVW 

9 $ %ODJRMHYLü $ 0 0DULþLü % -RUGRYLü ' 0 0LQLü 6\QWKHVLV DQG
cKDUDFWHUL]DWLRQ RI cREDOW pRZGHU 6FLHQFH RI 6LQWHULQJ &XUUHQW 3UREOHPV
DQG 1HZWUHQGV6$6$%HRJUDGSS
1 2EUDGRYLü 1 /DEXV 7 6UHüNRYLü ' 0LQLü 00 5LVWLü 6\QWKHVLV DQG
cKDUDFWHUD]DWLRQ RI zLQF tLWDQDWH nDQRFU\VWDO pRZGHUV oEWDLQHG E\ mHFKDQLFDO
aFWLYDWLRQ6FLHQFHRI6LQWHULQJ  
% *DNRYLü , 3RQJUDF 6 3HWURYLü ' 0LQLü 0 7UWLFD 1DQRVHFRQG sXUIDFH
mRGLILFDWLRQ RI tLWDQLXP nLWULGH tKLQ fLOP E\ 1G<$* DQG 7($ &2 lDVHUV
0DWHULDOV6FLHQFH)RUXP  
1 2EUDGRYLü 1 /DEXV 7 6UHüNRYLü ' 0LQLü 7KH ,QIOXHQFH RI mLOOLQJ
cRQGLWLRQV RQ mHFKDQRFKHPLFDO s\QWKHVLV DQG sLQWHULQJ RI zLQF tLWDQDWH
1DQRV\VWHPV1DQRPDWHULDOV1DQRWHFKQRORJLHV    
7,YHWLü091LNROLü06ODQNDPHQDF0äLYDQRY '0LQLü301LNROLü
0 0 5LVWLü ,QIOXHQFH RI %L2 RQ mLFURVWUXFWXUH DQG eOHFWULFDO pURSHUWLHV RI
=Q26Q2cHUDPLFV6FLHQFHRI6LQWHULQJ    
0 1LQLü 6 %RãNRYLü 0 1HQDGRYLü 6 =HF . 9RLVDYOMHYLü ' 0LQLü %
0DWRYLü&HULXPR[LGHEDVHGQDQRPHWULFSRZGHUVV\QWKHVLVDQGFKDUDFWHUL]DWLRQ
6FLHQFHRI6LQWHULQJ    
7 ,YHWLü = 9XNRYLü 09 1LNROLü 9% 3DYORYLü -5 1LNROLü ' 0 0LQLü
00 5LVWLü 0RUSKRORJ\ iQYHVWLJDWLRQ RI mHFKDQLFDOO\ aFWLYDWHG =Q26Q2
s\VWHP&HUDPLFV,QWHUQDWLRQDO  



$0DULþLü06SDVRMHYLü6$UQDXW'0LQLü05LVWLü7KH(IIHFWRI6WUXFWXUDO
cKDQJHV RQ mDJQHWLF pHUPHDELOLW\ RI DPRUSKRXV pRZGHU 1L&R 6FLHQFH RI
6LQWHULQJ   



/' 5DIDLORYLü ' 0 0LQLü 'HSRVLWLRQ DQG FKDUDFDWHULVDWLRQ RI QDQRVWUXFWXUHG
QLFNHOFREDOWDOOR\V+HPLMVND,QGXVWULMD  



/ ' 5DIDLORYLü $ 0 0DULþLü : $UWQHU * ( 1DXHU ' 0 0LQLü
0RUSKRORJ\ DQG PLFURVWUXFWXUH RI aQQHDOHG 1L&R aOOR\ pRZGHUV
eOHFWURGHSRVLWHGRQcRSSHUsXEVWUDWHV6FLHQFHRI6LQWHULQJ  



/'5DIDLORYLü:$UWQHU*(1DXHU'00LQLü6WUXFWXUH0RUSKRORJ\DQG
tKHUPDOsWDELOLW\RIeOHFWURFKHPLFDOO\oEWDLQHG1L&RdHSRVWLWV7KHUPRFKLPLFD
$FWD  
12EUDGRYLü00LWULü091LNROLü'0 0LQLü10LWURYLü0 05LVWLü
,QIOXHQFHRI0J2aGGLWLRQRQWKHs\QWKHVLVDQGeOHFWULFDOpURSHUWLHVRIsLQWHUHG
zLQFtLWDQDWHcHUDPLFV-RXUQDORI$OOR\VDQG&RPSRXQGV  
03RãDUDF$'HYHþHUVNL79RONRY+XVRYLü%0DWRYLüDQG'00LQLü7KH
(IIHFW RI <2 $GGLWLRQ RQ tKHUPDO sKRFN bHKDYLRU RI mDJQHVLXP aOXPLQDWH
sSLQHO6FLHQFHRI6LQWHULQJ  
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/'5DIDLORYLü+3.DUQWKDOHU77ULãRYLü '0 0LQLü0LFURVWUXFWXUHDQG
PHFKDQLFDOSURSHUWLHVRIGLVSHUVH1L±&RDOOR\VHOHFWURGHSRVLWHGRQ&XVXEVWUDWHV
0DWHULDOV&KHPLVWU\DQG3K\VLFV  



933DYORYLü-.UVWLü0-âüHSDQRYLü-'RMþLORYLü'00LQLü-%ODQXãD6
6WHYDQRYLü 9 0LWLü 9% 3DYORYLü 6WUXFWXUDO LQYHVWLJDWLRQ RI PHFKDQLFDOO\
DFWLYDWHGQDQRFU\VWDOOLQH%D7L2SRZGHUV&HUDPLFV,QWHUQDWLRQDO  

'UDJLFD00LQLü9ODGLPLU$%ODJRMHYLü +\GURWKHUPDOV\QWKHVLVDQGFRQWUROOHG
JURZWK RI YDQDGLXP R[LGH QDQRFU\VWDOV &U\VW(QJ&RPP      

9ODGLPLU $ %ODJRMHYLü 1LQD 2EUDGRYLü 1LNROD &YMHWLüDQLQ 'UDJLFD 0 0LQLü
,QIOXHQFH RI GLPHQVLRQDOLW\ RQ SKDVH WUDQVLWLRQ LQ 92 QDQRFU\VWDOV 6FLHQFH RI
6LQWHULQJ  
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6FLHQFHRI6LQWHULQJ  
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8'.

6\QWKHVLVDQG&KDUDFWHUL]DWLRQRI=LQF7LWDQDWH1DQRFU\VWDO
3RZGHUV2EWDLQHGE\0HFKDQLFDO$FWLYDWLRQ


12EUDGRYLü1/DEXV76UHüNRYLü'0LQLü005LVWLü


,QVWLWXWHRI7HFKQLFDO6FLHQFHVRI6$6$.QH]0LKDMORYD,9%HOJUDGH6HUELD
&HQWHUIRU0XOWLGLVFLSOLQDU\6WXGLHV8QLYHUVLW\RI%HOJUDGH.QH]D9LVHVODYDD
%HOJUDGH6HUELD

)DFXOW\RI3K\VLFDO&KHPLVWU\8QLYHUVLW\RI%HOJUDGH6WXGHQWVNLWUJ%HOJUDGH
6HUELD

6HUELDQ$FDGHP\RI6FLHQFHVDQG$UWV.QH]0LKDMORYD,9%HOJUDGH6HUELD




$EVWUDFW

'HYHORSPHQW RI GLHOHFWULF PDWHULDOV IRU PLFURZDYH IUHTXHQFLHV LV LQFUHDVLQJ ZLWK
UDSLG SURJUHVV LQ PRELOH DQG VDWHOOLWH FRPPXQLFDWLRQV V\VWHPV ZKHUH ]LQF WLWDQDWHV KDYH
IRXQG DSSOLFDWLRQ GXH WR WKHLU VHPLFRQGXFWLQJ DQG GLHOHFWULF SURSHUWLHV 0HFKDQLFDO
DFWLYDWLRQE\JULQGLQJLVDZHOONQRZQPHWKRGDQGFRPPRQSDUWRIWKHSRZGHUSUHSDUDWLRQ
URXWH LQ WKH ILHOG RI FHUDPLFV 7KH DLP RI WKLV ZRUN LV LQYHVWLJDWLRQ RI WKH LQIOXHQFH RI
H[SHULPHQWDOFRQGLWLRQVIRUPHFKDQRFKHPLFDOV\QWKHVLVRI]LQFRUWKRWLWDQDWH6WDUWLQJSRZGHU
PL[WXUHVRI=Q2DQG7L2LQWKHPRODUUDWLRWKDWLVLQDFFRUGDQFHZLWKWKHVWRLFKLRPHWU\RI
]LQFWLWDQDWHVSLQHOW\SH=Q7L2ZHUHPHFKDQLFDOO\DFWLYDWHGXVLQJDKLJKHQHUJ\SODQHWDU\
EDOOPLOO7KHSURFHVVRIPHFKDQLFDODFWLYDWLRQZDVSHUIRUPHGGXULQJGLIIHUHQWWLPHLQWHUYDOV
IURPWRPLQXWHV0LFURVWUXFWXUHFKDUDFWHUL]DWLRQZDVGHWHUPLQHGE\;UD\GLIIUDFWLRQ
DQDO\VLVDQGVFDQQLQJHOHFWURQPLFURVFRS\$OVRWKHVSHFLILFVXUIDFHDUHD 66$ RISRZGHUV
VDPSOHVZDVPHDVXUHGE\DQLWURJHQJDVVRUSWLRQDQDO\]HUXVLQJWKH%(7PHWKRG7KHYHU\
ILUVW WUDFHV RI ]LQF WLWDQDWH DUH GHWHFWDEOH DIWHU RQO\  PLQXWHV RI DFWLYDWLRQ 7KH PRVW
LQWHUHVWLQJRFFXUUHQFHGXULQJWKHPHFKDQLFDOPHWKRGRIDFWLYDWLRQLVWKDWZHKDYHDQDOPRVW
SXUHSKDVHDIWHUPLQXWHV
.H\ZRUGV%DOOPLOOLQJ;53'6(0%(7VSLQHO=Q7L2



,QWURGXFWLRQ


)XQGDPHQWDOVWXGLHVFRQFHUQLQJWKHSKDVHGLDJUDPDQGFKDUDFWHUL]DWLRQRIWKH=Q2
7L2V\VWHPKDYHEHHQSXEOLVKHGVLQFHV>@7KUHHFRPSRXQGVDUHNQRZQWRH[LVWLQWKH
=Q27L2 V\VWHP =Q7L2 VSLQHO RUWKRWLWDQWH FXELF  =Q7L2 SHURYVLNWH PHWDWLWDQDWH
KH[DJRQDO  DQG =Q7L2 FXELF  <DPDJXFKL HW DO >@ FODULILHG WKDW =Q7L2 LV D ORZ
WHPSHUDWXUHIRUPRI=Q7L2RQO\ZLWKDFXELFXQLWFHOO
BBBBBBBBBBBBBBBBBBBBBBBBBBBBB




&RUUHVSRQGLQJDXWKRUQLQDR#ELEVDQXDF\X
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7KH V\VWHP VWLOO DWWUDFWV WKH DWWHQWLRQ RI UHVHDUFKHUV EHFDXVH RI LWV LPSRUWDQFH LQ
SUDFWLFDODSSOLFDWLRQV=Q27L2V\VWHPPDWHULDOVZHUHILUVWXVHGLQWKHFKHPLFDOLQGXVWU\DV
FDWDO\VWV DQG FRORXU SLJPHQWV >@ =LQF WLWDQDWHV SDUWLFXODUO\ =Q7L2 DUH QRZDGD\V
DWWUDFWLYH DV VRUEHQWV IRU UHPRYLQJ VXOIXU IURP FRDO JDVLILFDWLRQ SURGXFW JDVHV >@ ,Q
DGGLWLRQ PXFK DWWHQWLRQ KDV EHHQ SDLG WR WKHLU HOHFWULFDO SURSHUWLHV OHDGLQJ WR QXPHURXV
DSSOLFDWLRQV DV VROLG R[LGHV IXHO FHOOV 62)&V  DQG DV KLJK SHUIRUPDQFH FDWDO\VWV IRU WKH
FRPSOHWH R[LGDWLRQ RI K\GURFDUERQV RU &2 DQG 12 UHGXFWLRQ >@ 5HFHQW SURJUHVV RI
PLFURZDYHGHYLFHVLQWKHDUHDRIPRELOHWHOHSKRQHVDQGVDWHOOLWHFRPPXQLFDWLRQVEURXJKWWKH
QHHG IRU GHYHORSPHQW RI PLFURZDYH GLHOHFWULFV ZLWK ORZ GLHOHFWULF ORVV KLJK GLHOHFWULF
FRQVWDQW DQG ORZWHPSHUDWXUH FRHIILFLHQW RI UHVRQDQW IUHTXHQFLHV ,W KDV EHHQ GHPRQVWUDWHG
WKDW ]LQF WLWDQDWHV DUH JRRG GLHOHFWULF PDWHULDOV IRU PLFURZDYH GHYLFHV >@ 6R WKH\ DUH
QRZDGD\VZLGHO\DSSOLHGDVGLHOHFWULFUHVRQDWRUVDQGILOWHUV>@
,W LV ZHOO NQRZQ WKDW PDWHULDOV SURSHUWLHV GHSHQG RQV\QWKHVLVURXWHVJRYHUQHGE\
WKH V\QWKHVL]LQJ FRQGLWLRQV WKURXJK WKHLU SK\VLFDO DQG FKHPLFDO SURSHUWLHV $V D ORZ
WHPSHUDWXUH VLQWHULQJ PHWKRG LV D GHVLUDEOH ZD\ IRU REWDLQLQJ PLFURZDYH GLHOHFWULFV WKH
VLQWHULQJWHPSHUDWXUHDVWKHPDLQSDUDPHWHUFDQEHVLJQLILFDQWO\ORZHUHGZLWKRXWDGGLQJDQ\
H[WHUQDODJHQWLI]LQFWLWDQDWHLVSUHSDUHGLQDQDQRFU\VWDOOLQHIRUP0HFKDQLFDODFWLYDWLRQLVD
FRPPRQSDUWRIWKHSRZGHUSUHSDUDWLRQURXWHLQWKHILHOGRIFHUDPLFVZKHUHKLJKHQHUJ\EDOO
PLOOLQJKDVEHFRPHDFRQYHQWLRQDOPHWKRGIRUSURGXFLQJQDQRFU\VWDOOLQHPDWHULDOV
0DQ\ SXEOLFDWLRQV SRLQWHG RXW GLIIHUHQW V\QWKHVLV URXWHV IRU REWDLQLQJ =Q7L2
FXELF  FRPSRXQG EXW XQIRUWXQDWHO\ RQO\ IHZ FRQFHUQ =Q7L2 SUHSDUHG E\ PHFKDQLFDO
DFWLYDWLRQWKDWZHDUHLQWHUHVWHGLQ>@
7KH DLP RI WKH SUHVHQW SDSHU ZDV WR LQYHVWLJDWH WKH V\QWKHVLV URXWH DQG
FKDUDFWHUL]DWLRQ RI QDQRFU\VWDOOLQH IRUP =Q7L2 REWDLQHG IURP =Q27L2 DW URRP
WHPSHUDWXUHE\KLJKHQHUJ\EDOOPLOOLQJ



([SHULPHQWDOSURFHGXUHV


7KHVWDUWLQJPDWHULDOVZHUHFRPPHUFLDOO\DYDLODEOH=Q2 .HPLND=DJUHE DQG
7L2 $OIDSURGXFW9HQWURQ 7LWDQGLR[LGHDQG]LQFR[LGHKDG DVSHFLILFVXUIDFHDUHD
6 aPJDQG6 aPJUHVSHFWLYHO\$SSURSULDWHDPRXQWVRIWKHFRPSRVLWLRQDO
FRQVWLWXHQWV LQ UDWLR  PRO =Q2 DQG  PRO 7L2 WKDW FRUUHVSRQGHG WR WKH GHPDQGHG
VWRLFKLRPHWULFUDWLRZHUHZHLJKHGRXWDQGWKHSRZGHUPL[WXUHZDVDIWHUZDUGVSODFHGLQ
 FP YROXPH ]LUFRQLXP R[LGH YHVVHOV WRJHWKHU ZLWK EDOOV RI  PP LQ GLDPHWHU EDOO WR
SRZGHUPL[WXUHPDVVUDWLRZDV 7KHPL[WXUHODEHOHGDV=72ZDVQRWPHFKDQLFDOO\
DFWLYDWHG7KHSRZGHUVZHUHVXEPLWWHGWRPHFKDQRFKHPLFDOWUHDWPHQWLQDSODQHWDU\EDOOPLOO
GHYLFH )ULWVFK3XOYHULVHWWH ZLWKWKHDQJXODUVSHHGRIWKHVXSSRUWLQJGLVNVHWRQUSP
7KHWLPHRIPLOOLQJZDVYDULHGIURPPLQXWHVWRPLQXWHVDQGPL[WXUHVDVDSSURSULDWH
VDPSOHV ZHUH GHQRWHG DFFRUGLQJ WR WKH DSSOLHG WLPH RI DFWLYDWLRQ DV =72 =72
=72=72=72=72DQG=72
;UD\GLIIUDFWLRQSDWWHUQVRIWKHSRZGHUPL[WXUHVDIWHUPLOOLQJZHUHREWDLQHGXVLQJD
1RUHOLFR3KLOLSV3:GLIIUDFWRPHWHUZLWKO&X.DUDGLDWLRQDQGDVWHSWLPHVFDQPRGHRI
V
6SHFLILF VXUIDFH DUHD 66$  RI SRZGHU VDPSOHV ZDV PHDVXUHG E\ D QLWURJHQ JDV
VRUSWLRQDQDO\]HUXVLQJWKH%(7PHWKRG 0LFURPHWULFV,Q&R$6$39 
7KH PRUSKRORJ\ RI REWDLQHG SRZGHUV ZDV FKDUDFWHUL]HG XVLQJ VFDQQLQJ HOHFWURQ
PLFURVFRS\ -60-(2/N9 
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5HVXOWVDQG'LVFXVVLRQ


5HVXOWV VKRZQ LQ ILJ  DUH ;UD\ GLIIUDFWLRQ SDWWHUQV RI QRQPLOOHG DQG WKH EDOO
PLOOHG=Q2DQG7L2SRZGHUPL[WXUH=72LVWKH;UD\SDWWHUQRIWKHVWDUWLQJPL[WXUH
WKDWFRQWDLQV=Q2DQG7L2$QLQVLJQLILFDQWDPRXQWRIDUXWLOHSKDVHLVDOVRSUHVHQWLQWKH
PL[WXUHDVDFRPPRQLPSXULW\RIWKHDQDWDVHSKDVH7KHSURFHVVRIPLOOLQJLQDKLJKHQHUJ\
SODQHWDU\PLOOJDYHVHYHQVXFFHHGLQJ;UD\SDWWHUQV
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)LJ;UD\GLIIUDFWLRQSDWWHUQVRIQRQPLOOHGDQGEDOOPLOOHG=Q2DQG7L2SRZGHUPL[WXUH


$IWHU  PLQXWHV RI PHFKDQLFDO WUHDWPHQW LQWHQVLWLHV RI DOO VWDUWLQJ SKDVHV DUH
VLJQLILFDQWO\ORZHUHGZKLFKFDQEHVXEVFULEHGWRWKHSURFHVVRISDUWLFOHEUHDNLQJ,QWHQVLYH
GLVDSSHDUDQFH RI DQ RUGHUHG FU\VWDO VWUXFWXUH LV DQ LQGLFDWRU RI H[WUHPHO\ KLJK WUDQVIHU RI
PHFKDQLFDO HQHUJ\ WR WKH SRZGHU GXULQJ PHFKDQLFDO WUHDWPHQW GXH WR WKH W\SH RI SODQHWDU\
PLOOLQJ GHYLFH DQG DOVR KLJK YDOXH RI SRZGHU WR EDOOV PDVV UDWLR VXFK DV  $IWHU 
PLQXWHV RI PHFKDQLFDO WUHDWPHQW WKH LQWHQVLW\ RI =Q2 GLIIUDFWLRQ SHDNV GHFUHDVHG ZKLOH
SHDNV RI DQDWDVH 7L2 DOPRVW FRPSOHWHO\ GLVDSSHDUHG 5XWLOH GLIIUDFWLRQV DV D KLJK
WHPSHUDWXUHIRUPRI7L2VKRZVVWDELOLW\WRPHFKDQLFDOWUHDWPHQWVRZHFDQVD\WKDWDVD
UHDFWDQWUXWLOHLVµFRQVXPHG¶VORZHUWKDQDQDWDVH,QWKH=72GLIIUDFWRJUDPSDWWHUQDOO
SKDVHVDUHVWLOOSUHVHQWLQFOXGLQJILUVWWUDFHVRIDQHZSKDVH=Q7L2,QWHQVLWLHVRI=Q2DQG
7L2SHDNVDUHORZHUZKLOH=Q7L2SHDNVDUHJURZLQJ
7KH GLIIUDFWLRQ SDWWHUQ RI WKH SRZGHU DFWLYDWHG  PLQXWHV =72 VKRZV DQ
DOPRVWFOHDUH[LVWHQFHRID=Q7L2SKDVH,QWKHFRXUVHRIPLOOLQJDDVSLQHO=Q7L2 FXELF
VSDFHJURXS)GP SKDVHKDVEHHQIRUPHGZLWKLQPLQRIPLOOLQJ7KH=Q2SKDVHKDVQRW
,>FV@
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EHHQFRPSOHWHO\XWLOL]HGWRSURGXFHWKHVSLQHOSKDVHDQGWKHUHPDLQLQJDPRXQWRI=Q2FDQQRW
EHFRQYHUWHGIXUWKHUWRDVSLQHOSKDVHMXVWE\KLJKHQHUJ\EDOOPLOOLQJHYHQWKRXJKPLOOLQJLV
FRQGXFWHGIRUDPXFKORQJHUPLOOLQJWLPH
$ ZHOONQRZQ SUREOHP LQ WKH VROLGVWDWH UHDFWLRQ URXWH QDPHO\ =Q2 YRODWLOL]DWLRQ
FDQ EH DYRLGHG XVLQJ PHFKDQLFDO WUHDWPHQW +RZHYHU RYHUODSSLQJ RI PRVW LQWHQVLYH =Q2
SHDNVZLWKPRVWLQWHQVLYH=Q7L2SHDNVLVDQXQDYRLGDEOHREVWDFOHWKDWLVSUHVHQWGXULQJWKH
VSHFLILHG PHFKDQRFKHPLFDO UHDFWLRQ ZLWK WKH ;UD\ SRZGHU GLIIUDFWLRQ PHWKRG 'LIIUDFWLRQ
SDWWHUQVIRU=72DQG=72DUHYHU\VLPLODUWRWKHRQHVREWDLQHGIRU=72VLQFH
WKH\ DOOPDLQO\FRQWDLQWKH=Q7L2SKDVH'LIIUDFWLRQSHDNLQWHQVLWLHVRIVDPSOHVDFWLYDWHG
 DQG  PLQXWHV DUH SUDFWLFDOO\ LGHQWLFDO <HW LW LV REYLRXV WKDW SHDNV RI WKH VDPSOH
DFWLYDWHGPLQXWHVDUHORZHUWKDQWKHSUHYLRXVRQHV
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)LJ7KHGHSHQGHQFHRI66$YVWLPHRIPLOOLQJ

7KHVSHFLILFVXUIDFHDUHD 66$ RISRZGHUVVDPSOHVZDVPHDVXUHGE\DQLWURJHQJDV
VRUSFLRQ DQDO\]HU XVLQJ WKH %(7 PHWKRG )LJ  VKRZV WKH GHSHQGHQFH RI 66$ YV WLPH RI
PLOOLQJ,WLVREYLRXVWKDWWKHSURFHVVRIPLOOLQJFRQVLVWHGRIWKUHHSKDVHVWKHILUVWSKDVHLQ
WKHUDQJHIURPWRPLQXWHVRIDFWLYDWLRQWKHVHFRQGRQHIURPWRPLQXWHVDQGWKHWKLUG
RQHODVWVIURPWRPLQXWHV,QWKHHDUO\VWDJHRIJULQGLQJWKH66$LQFUHDVHVIURP
WRPJWKHQGHFUHDVHVUDSLGO\IURPWRPJDQGWKHQVORZO\ WLPHVVORZHU
WKDQWKHSUHYLRXVRQH GHFUHDVHVWLOOPJ,QFUHDVHLQ66$LQWKHILUVWPLQRIPHFKDQLFDO
DFWLYDWLRQ OHDGV XV WR FRQFOXGH WKDW LQ WKH HDUO\ VWDJH RI JULQGLQJ WKH SURFHVV RI SDUWLFOH
EUHDNLQJLVWDNLQJSODFH$IWHUWKDWIURPWRPLQXWHVUDSLGGHFUHDVHLQ66$LQGLFDWHVWKDW
FROGZHOGLQJ DQG DJJORPHUDWLRQ RI WKH VWDUWLQJ SRZGHUV DUH GRPLQDWLQJ SURFHVVHV GXULQJ
PHFKDQLFDO DFWLYDWLRQ 6LQFH WKH ILUVW WUDFHV RI ]LQF WLWDQDWH DUH UHSRUWHG DIWHU  PLQ RI
DFWLYDWLRQ ZH DVVXPH WKDW WKH PHFKDQRFKHPLFDO UHDFWLRQ RI REWDLQLQJ ]LQF WLWDQDWH EHJLQV
DIWHU  PLQXWHV :LWK LQFUHDVH RI PLOOLQJ WLPH VLQFH WKHUH LV QR IXUWKHU PHFKDQRFKHPLFDO
UHDFWLRQGXHWRDJJORPHUDWLRQWKHYDOXHRI66$VORZO\GHFUHDVHV
6FDQQLQJ HOHFWURQ LPDJHV RQ ILJ  LQGLFDWH D VOLJKW GLIIHUHQFH LQ VDPSOHV DFWLYDWHG

DQGPLQXWHV,UUHJXODUVKDSHGVXEPLFURQSDUWLFOHVDQGDJJORPHUDWHVZLWKDVL]H
RIDSSUR[LPDWHO\DIHZPLFURQVDUHJHQHUDOFKDUDFWHULVWLFVIRUWKHVHSRZGHUV
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=72 



=72
)LJ6FDQQLQJHOHFWURQPLFURJUDSKVRIYDULRXVDFWLYDWHGSRZGHUV

5HJDUGOHVVWRWKHSUHYLRXVFRQFOXVLRQPDGHIURPWKHDQDO\VLVEDVHGRQ;5'UHVXOWV
LQ ZKLFK LV SRLQWHG RXW WKDW XQUHDFWHG =Q2 DQG 7L2 DUH VWLOO SUHVHQW LQ =72 SRZGHUV
EHVLGHV =Q7L2 SDUWLFXODU SKDVHV FDQQRW EH GLVWLQJXLVKHG ZLWKRXW ('6 DQDO\VLV VLQFH WKH
UHFRJQLVDEOH SRO\KHGURQ VKDSH RI 7L2 SDUWLFOHV GLVDSSHDUV ZLWK PLOOLQJ 3RZGHUV DFWLYDWHG
IRU  PLQXWHV FRQWDLQ HGJH VKDSHG SDUWLFOHV LQ VL]H RI DSSUR[LPDWHO\ OHVV WKDQ RQH
PLFURPHWHU 7KH SDUWLFOH VL]H GHFUHDVHV ZLWK DQ LQFUHDVH LQ WKH PLOOLQJ WLPH 3RZGHUV
DFWLYDWHG  DQG  PLQXWHV GHILQLWHO\ FRQVLVW RI SDUWLFOHV DURXQG  PLFURPHWHUV LQ VL]H
DQG DJJORPHUDWHV RI ]LQF WLWDQDWH $JJORPHUDWLRQ LV FOHDUO\ YLVLEOH LQ WKH SRZGHU VDPSOH
DFWLYDWHGIRUPLQXWHV



&RQFOXVLRQV


3URFHVVHV FRQFHUQHG ZLWK PHFKDQLFDO WUHDWPHQW DUH KDUG WR FRPSUHKHQG VLQFH WKH
LPSDFW SURFHVV LV UHJDUGHG DV D QRQHTXLOLEULXP RQH WKRXJK WKH UHVXOWV REWDLQHG LQ RXU
LQYHVWLJDWLRQVOHDGWREHWWHUXQGHUVWDQGLQJRIWKHFRPSOH[LW\RISURFHVVHVDQGWKHPHFKDQLVPV
WDNLQJSODFHLQDSODQHWDU\PLOO7KHPLOOLQJWLPHSHULRGIRUREWDLQLQJ=Q7L2LVVRPHZKHUH
EHWZHHQDQGPLQXWHVXQGHUWKHFRQGLWLRQVXVHG7KHSHULRGRIPL[WXUHKRPRJHQLVDWLRQ
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ZLWK LQWHQVLYH SDUWLFOH EUDNLQJ FDQ EH UXGHO\ HVWLPDWHG WR EH WKH SHULRG RI WLPH IURP WKH
EHJLQQLQJXQWLOPLQXWHVRIPHFKDQLFDOWUHDWPHQW7KHPDLQFRQFOXVLRQEDVHGRQWKHDQDO\VLV
LVWKDW=Q7L2FHUDPLFVFDQEHREWDLQHGE\PHFKDQLFDODFWLYDWLRQDIWHUDFHUWDLQWLPHZLWKRXW
DGGLWLRQDOWKHUPDOWUHDWPHQW


ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɫɬɟɯɢɨɦɟɬɪɢɢ ɲɩɢɧɟɥɶɧɨɝɨ ɬɢɬɚɧɚɬɚ ɰɢɧɤɚ =Q7L2 ɩɨɞɜɟɪɝɧɭɬɵ
ɦɟɯɚɧɢɱɟɫɤɨɣ ɚɤɬɢɜɚɰɢɢ ɜ ɜɵɫɨɤɨɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɩɥɚɧɟɬɚɪɧɨɣ ɦɟɥɶɧɢɰɟ
Ɇɟɯɚɧɢɱɟɫɤɚɹ ɚɤɬɢɜɚɰɢɹ ɩɪɨɜɨɞɢɥɚɫɶ ɜ ɢɧɬɟɪɜɚɥɟ  ɦɢɧɭɬ Ɉɩɪɟɞɟɥɟɧɢɟ
ɦɢɤɪɨɫɬɪɭɤɬɭɪɵɩɪɨɜɟɞɟɧɨɦɟɬɨɞɚɦɵɞɢɮɪɚɤɰɢɢɪɟɧɬɝɟɧɨɜɫɤɢɯɥɭɱɟɣɢɫɤɚɧɢɪɭɸɳɟɣ
ɷɥɟɤɬɪɨɧɧɨɣɦɢɤɪɨɫɤɨɩɢɢɍɞɟɥɶɧɚɹɩɨɜɟɪɯɧɨɫɬɶɩɨɪɨɲɤɨɜɨɩɪɟɞɟɥɟɧɚɦɟɬɨɞɨɦȻȿɌ
ɇɚ ɧɚɱɚɥɶɧɨɣ ɫɬɚɞɢɢ ɢɡɦɟɥɶɱɟɧɢɹ ɞɨ  ɦɢɧ  ɭɞɟɥɶɧɚɹ ɩɨɜɟɪɯɧɨɫɬɶ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɚ
ɩɨɬɨɦɞɨɦɢɧɪɟɡɤɨɩɚɞɚɟɬɉɨɫɥɟɞɧɟɟɭɤɚɡɵɜɚɟɬɧɚɧɚɱɚɥɨɩɪɨɰɟɫɫɚɚɝɥɨɦɟɪɚɰɢɢ
ɱɬɨ ɭɫɬɚɧɨɜɥɟɧɨ ɢ ɋȿɆ ɦɢɤɪɨɝɪɚɮɢɹɦɢ Ɇɨɠɧɨ ɫɤɚɡɚɬɶ ɱɬɨ ɜ ɞɚɧɧɵɯ ɭɫɥɨɜɢɹɯ
ɢɡɦɟɪɟɧɢɹɮɚɡɚɬɢɬɚɧɚɬɚɰɢɧɤɚɨɛɧɚɪɭɠɟɧɚɦɢɧɨɬɧɚɱɚɥɚɢɡɦɟɥɶɱɟɧɢɹ
Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ Ɇɟɯɚɧɢɱɟɫɤɚɹ ɚɤɬɢɜɚɰɢɹ ɞɢɮɪɚɤɰɢɹ ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɥɭɱɟɣ ɋȿɆ
ȻȿɌɲɩɢɧɟɥɶ

ɋɚɞɪɠɚʁɊɚɡɜɨʁɞɢɟɥɟɤɬɪɢɱɧɢɯɦɚɬɟɪɢʁɚɥɚɤɨʁɢɫɟɤɨɪɢɫɬɟɭɦɢɤɪɨɬɚɥɚɫɧɨʁɨɛɥɚɫɬɢ
ɩɨɜɟʄɚɜɚ ɫɟ ɫɚ ɧɚɝɥɢɦ ɩɪɨɝɪɟɫɨɦ ɭ ɬɟɥɟɤɨɦɭɧɢɤɚɰɢɨɧɢɦ ɫɢɫɬɟɦɢɦɚ ɩɪɢ ɱɟɦɭ ɰɢɧɤ
ɬɢɬɚɧɚɬɧɚ ʁɟɞɢʃɟʃɚ ɧɚɥɚɡɟ ɫɜɨʁɟ ɦɟɫɬɨ ɡɚɯɜɚʂɭʁɭʄɢ ɩɨɥɭɩɪɨɜɨɞɧɢɱɤɢɦ ɢ
ɞɢɟɥɟɤɬɪɢɱɧɢɦ ɫɜɨʁɫɬɜɢɦɚ Ɇɟɯɚɧɢɱɤɚ ɚɤɬɢɜɚɰɢʁɚ ɨɫɬɜɚɪɟɧɚ ɦɥɟɜɟʃɟɦ ɩɨɡɧɚɬ ʁɟ ɢ
ɭɨɛɢɱɚʁɟɧ ɧɚɱɢɧ ɩɪɢɩɪɟɦɟ ɩɪɚɯɨɜɚ ɭ ɨɛɥɚɫɬɢ ɞɨɛɢʁɚʃɚ ɤɟɪɚɦɢɤɟ ɉɨɫɥɟɞʃɚ
ɞɨɫɬɢɝɧɭʄɚɭɨɜɨʁɨɛɥɚɫɬɢɧɚɝɥɚɲɚɜɚʁɭɭɥɨɝɭɯɟɦɢʁɫɤɟɪɟɚɤɰɢʁɟɤɨʁɚɫɟɨɞɢɝɪɚɜɚɬɨɤɨɦ
ɩɪɨɰɟɫɚɦɥɟɜɟʃɚɁɚɞɚɬɚɤɨɜɨɝɚɪɚɞɚʁɟɞɚɩɪɨɭɱɢɭɬɢɰɚʁɟɤɫɩɟɪɢɦɟɧɬɚɥɧɢɯɭɫɥɨɜɚɡɚ
ɦɟɯɚɧɨɯɟɦɢʁɫɤɭ ɫɢɧɬɟɡɭ ɰɢɧɤɨɪɬɨɬɢɬɚɧɚɬɚ ɉɨɱɟɬɧɟ ɫɦɟɲɟ ɩɪɚɯɨɜɚ =Q2 ɢ 7L2 ɭ
ɦɨɥɚɪɧɨɦ ɨɞɧɨɫɭ ɤɨʁɢ ɨɞɝɨɜɚɪɚ ɫɬɟɯɢɨɦɟɬɪɢʁɢ ɫɩɢɧɟɥɧɨɝ ɰɢɧɤɬɢɬɚɧɚɬɚ =Q7L2 ɫɭ
ɦɟɯɚɧɢɱɤɢɚɤɬɢɜɢɪɚɧɟɤɨɪɢɲʄɟʃɟɦɜɢɫɨɤɨɟɧɟɪɝɟɬɫɤɨɝɩɥɚɧɟɬɚɪɧɨɝɦɥɢɧɚɆɟɯɚɧɢɱɤɚ
ɚɤɬɢɜɚɰɢʁɚɩɨɫɦɚɬɪɚɧɚʁɟɭɪɚɡɥɢɱɢɬɢɦɜɪɟɦɟɧɫɤɢɦɢɧɬɟɪɜɚɥɢɦɚɨɞɞɨɦɢɧɭɬɚ
Ɇɢɤɪɨɫɬɪɭɤɬɭɪɧɚ ɤɚɪɚɤɬɟɪɢɡɚɰɢʁɚ ɜɪɲɟɧɚ ʁɟ ɦɟɬɨɞɨɦ ɪɟɧɞɝɟɧɫɤɟ ɞɢɮɪɚɤɰɢʁɟ ɢ
ɫɤɟɧɢɪɚʁɭʄɨɦ ɟɥɟɤɬɪɨɧɫɤɨɦ ɦɢɤɪɨɫɤɨɩɢʁɨɦ ɋɩɟɰɢɮɢɱɧɚ ɩɨɜɪɲɢɧɚ ɩɪɚɯɨɜɚ ɦɟɪɟɧɚ ʁɟ
ȻȿɌɦɟɬɨɞɨɦɍɩɨɱɟɬɧɨɦɫɬɚɞɢʁɭɦɭɦɥɟɜɟʃɚɫɩɟɰɢɮɢɱɧɚɩɨɜɪɲɢɧɚɫɟɩɨɜɟʄɚɜɚɞɨ
ɦɢɧɭɬɚɚɨɧɞɚɧɚɝɥɨɨɩɚɞɚɞɨ ɦɢɧɭɬɚɋɦɚʃɟʃɟɫɩɟɰɢɮɢɱɧɟɩɨɜɪɲɢɧɟɭɤɚɡɭʁɟɧɚ
ɩɪɨɰɟɫ ɚɝɥɨɦɟɪɚɰɢʁɟ ɤɨʁɢ ɩɨɱɢʃɟ  ɦɢɧɭɬɚ ɧɚɤɨɧ ɦɟɯɚɧɢɱɤɟ ɚɤɬɢɜɚɰɢʁɟ ɲɬɨ ʁɟ
ɩɨɬɜɪɻɟɧɨ ɢ ɋȿɆ ɦɢɤɪɨɝɪɚɮɢʁɚɦɚ ɉɪɜɢ ɬɪɚɝɨɜɢ ɰɢɧɤɨɪɬɨɬɢɬɚɧɚɬɚ ɭɨɱɟɧɢ ɫɭ ɜɟʄ
ɩɨɫɥɟɦɢɧɭɬɚɚɤɬɢɜɚɰɢʁɟɇɚʁɜɚɠɧɢʁɢɡɚɤʂɭɱɚɤʁɟɞɚɫɟɬɨɤɨɦɦɟɯɚɧɢɱɤɟɚɤɬɢɜɚɰɢʁɟ
ɫɤɨɪɨ ɱɢɫɬɚ ɰɢɧɤɬɢɬɚɧɚɬɧɚ ɮɚɡɚ ɡɚ ɩɨɫɦɚɬɪɚɧɟ ɭɫɥɨɜɟ ɦɥɟɜɟʃɚ ʁɚɜʂɚ ɧɚɤɨɧ 
ɦɢɧɭɬɚ
Ʉʂɭɱɧɟ ɪɟɱɢ ɦɟɯɚɧɢɱɤɚ ɚɤɬɢɜɚɰɢʁɚ ɪɟɧɞɝɟɧɫɤɚ ɞɢɮɪɚɤɰɢʁɚ ɋȿɆ ȻȿɌ ɫɩɢɧɟɥ
=Q7L2
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$FNQRZOHGJHPHQW



7KLV UHVHDUFK ZDV SHUIRUPHG ZLWKLQ WKH SURMHFW 1R  HQWLWOHG ³6\QWKHVLV RI
IXQFWLRQDO PDWHULDOV IURP WKH µV\QWKHVLVVWUXFWXUHSURSHUWLHVDSSOLFDWLRQ¶´ UHODWLRQVKLS
YLHZSRLQW´ ILQDQFHG E\ WKH 0LQLVWU\ IRU 6FLHQFH DQG (QYLURQPHQWDO 3URWHFWLRQ RI WKH
5HSXEOLFRI6HUELD7KHDXWKRUVZRXOGOLNHWRH[SUHVVWKHLUJUDWLWXGHWR3URI6'MXULFIRU;
UD\PHDVXUHPHQWV



5HIHUHQFHV


 )+'XOLQ'(5DVH-$P6RF  
 2<DPDJXFKL00RULPL+.DZDEDWD.6KLPL]X-$P&HUDP6RF

 F
 %/L=<XH//L-=KRX=*XL-0DWHU6FL0DWLQ(OHFWU  
 -<DQJ-+6ZLVKHU0DW&KDUDFW  
 3.*DOODJKHUHWDO0DWHU5HV%XOO  
 5-+9RRUKRHYHHWDO6FLHQFH  
 +7.LP<+.LP-'%\XQ-.RU3K\V6RF  
 +7.LP<+.LP-'%\XQ-.RU3K\V6RF  
 $*RORYHFKDQVNL+7.LP<+.LP-.RU3K\V6RF  
 +7.LP<'%\XQ<+.LP0DWHU5HV%XOO  
 +7.LP<'%\XQ<+.LP0DWHU5HV%XOO  
 .:DNLQR71LVKLNDZD<,VKLNDZD+7DPXUD%ULW&HUDP7UDQV-

 
 +0DQGDL<6DNDEH-3&DQQHULQ&HUDP7UDQV  
 %XUQ:&3RUWHULQ&HUDP7UDQV  
 +0DQGDL.:DNLQR+2NDPXUD-3&DQQHULQ&HUDP7UDQV  
 +.DJDWD7,QRXH-.DWR,.DPH\DPD7,VKL]DNLLQ&HUDP7UDQV

 
 71HJDV7<HDJDU6%HOO1&RDWV,0LQLV$P&HUDP6RF%XOO  
 6.0DQLN3%RVH6.3UDGKDQ0DWHU&KHPDQG3K\V  
 86WHLQLNH%:DOOLV&U\VW5HV7HFK  
 76UHFNRYLF1/DEXV12EUDGRYLF/M=LYNRYLF3URJLQ$GY0DWHUDQG
 3URF  





Ɋɟɡɸɦɟ ɋ ɪɟɡɤɢɦ ɩɪɨɝɪɟɫɫɨɦ ɬɟɥɟɤɨɦɦɭɧɢɤɚɰɢɨɧɧɵɯ ɫɢɫɬɟɦ ɪɚɡɪɚɛɨɬɤɚ
ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯɦɚɬɟɪɢɚɥɨɜɢɫɩɨɥɶɡɭɸɳɢɯɫɹɜɦɢɤɪɨɜɨɥɧɨɜɨɣɨɛɥɚɫɬɢɭɫɢɥɢɜɚɟɬɫɹ
ɩɪɢɱɟɦ ɨɫɨɛɨɟ ɦɟɫɬɨ ɩɪɢɧɚɞɥɟɠɢɬ ɫɨɟɞɢɧɟɧɢɹɦ ɬɢɬɚɧɚɬɚ ɰɢɧɤɚ ɛɥɚɝɨɞɚɪɹ ɢɯ
ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɦ ɢ ɦɟɯɚɧɢɱɟɫɤɢɦ ɫɜɨɣɫɬɜɚɦ Ɇɟɯɚɧɢɱɟɫɤɚɹ ɚɤɬɢɜɚɰɢɹ
ɢɡɦɟɥɶɱɟɧɢɟɦ ± ɢɡɜɟɫɬɧɵɣ ɢ ɨɛɵɱɧɵɣ ɫɩɨɫɨɛ ɩɪɢɝɨɬɨɜɥɟɧɢɹ ɩɨɪɨɲɤɨɜ ɩɪɢ ɩɨɥɭɱɟɧɢɢ
ɤɟɪɚɦɢɤɢ ɉɨɫɥɟɞɧɢɟ ɞɨɫɬɢɠɟɧɢɹ ɜ ɞɚɧɧɨɣ ɨɛɥɚɫɬɢ ɩɨɞɱɟɪɤɢɜɚɸɬ ɪɨɥɶ ɯɢɦɢɱɟɫɤɨɣ
ɪɟɚɤɰɢɢ ɩɪɨɬɟɤɚɸɳɟɣ ɜ ɯɨɞɟ ɩɪɨɰɟɫɫɚ ɢɡɦɟɥɶɱɟɧɢɹ ɐɟɥɶ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ± ɢɡɭɱɢɬɶ
ɜɥɢɹɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɭɫɥɨɜɢɣ ɞɥɹ ɦɟɯɚɧɨɯɢɦɢɱɟɫɤɨɝɨ ɫɢɧɬɟɡɚ ɨɪɬɨɬɢɬɚɧɚɬɚ
ɰɢɧɤɚ ɂɫɯɨɞɧɵɟ ɫɦɟɫɢ ɩɨɪɨɲɤɨɜ =Q2 ɢ 7L2 ɦɨɥɹɪɧɨɟ ɫɨɨɬɧɨɲɟɧɢɟ ɤɨɬɨɪɵɯ
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0DWHULDOV6FLHQFH)RUXP9RO  SS
RQOLQHDWKWWSZZZVFLHQWLILFQHW

5HFHQW'HYHORSPHQWVLQ$GYDQFHG0DWHULDOVDQG3URFHVVHV



1DQR6HFRQG6XUIDFH0RGLILFDWLRQRI7LWDQLXP1LWULGH7KLQ)LOPE\
1G<$*DQG7($&2/DVHUV
%*DNRYLüD,3RQJUDF63HWURYLü'0LQLüDQG07UWLFD


9LQþD,QVWLWXWHRI1XFOHDU6FLHQFHV32%R[%HOJUDGH6HUELD


)DFXOW\RI3K\VLFDO&KHPLVWU\8QLYHUVLW\RI%HOJUDGH6HUELD6 0
D

ELOMDJDN#YLQEJDF\X

.H\ZRUGV1G<$*ODVHU206(07($&2/DVHU7L17KLQ)LOP

$EVWUDFW,QWKLVZRUNZHLQYHVWLJDWHGWKHLQWHUDFWLRQRIQVODVHUSXOVHV 7($&2DQG1G<$* 
ZLWKDWLWDQLXPQLWULGH 7L1 WKLQILOP7KH7L1WKLQILOPRIPPWKLFNQHVVZDVGHSRVLWHGE\39'
PHWKRG RQ VLOLFRQ VXEVWUDWH 0RGLILFDWLRQ RI 7L1 ILOP ZDV LQGXFHG E\ ODVHU SXOVHV ZLWK SRZHU
GHQVLWLHVRIDERXWDQG :FP3DUWRIWKHODVHUHQHUJ\DEVRUEHGRQWKHWDUJHWVXUIDFHZDV
FRQYHUWHG LQWR WKHUPDO HQHUJ\ DQG HIIHFWV VXFK DV PHOWLQJ YDSRUL]DWLRQ DQG H[IROLDWLRQ ZHUH
REVHUYHG 1G<$* ODVHU SURGXFHG FUDWHUV ZLWK VKDUS SHULSKHU\ ZKLOH 7($ &2 ODVHU FUHDWHG
GDPDJHV ZLWK EURDG ERXQGDU\ ]RQH +\GURG\QDPLF HIIHFWV ZHUH HVSHFLDOO\ SURQRXQFHG GXULQJ
LUUDGLDWLRQZLWK7($&2ODVHU
,QWURGXFWLRQ
,QWHUDFWLRQ RI ODVHU OLJKW ZLWK PDWWHU KDV EHHQ LQYHVWLJDWHG IRU PDQ\ \HDUV >@ +RZHYHU ODVHU
EHDPLQGXFHGPRGLILFDWLRQRIVROLGPDWHULDOVLQWKHIRUPRIWKLQILOPVLVVWLOODQH[SDQGLQJILHOGLQ
IXQGDPHQWDO VFLHQFHV DV ZHOO DV LQ HQJLQHHULQJ DQG PDWHULDO SURFHVVLQJ 7LWDQLXP QLWULGH 7L1 
ILOPVSOD\DQLPSRUWDQWUROHLQZHDUUHVLVWDQFHDQGLQGHFRUDWLYHFRDWLQJDSSOLFDWLRQVDVZHOODVLQ
PLFURHOHFWURQLF DQG VHPLFRQGXFWRU PDQXIDFWXULQJ &RQYHQWLRQDO PLFURVWUXFWXULQJ RI WKLV PDWHULDO
LVH[WUHPHO\GLIILFXOWEHFDXVHRILWVKDUGQHVVDQGEULWWOHQHVV>@$SRVVLEOHVROXWLRQWRWKLVSUREOHP
LVWKHDSSOLFDWLRQRIODVHUSURFHVVLQJ>@
7KHSUHVHQWSDSHUGHDOVZLWKWKHHIIHFWVRIDSXOVHGQV1G<$*ODVHUHPLWWLQJLQWKHQHDU
,5 ȝP DQGDSXOVHGQV7($&2ODVHUHPLWWLQJLQ,5 ȝP RQWLWDQLXPQLWULGHWKLQ
ILOP GHSRVLWHG E\ 39' PHWKRG RQ VLOLFRQ VXEVWUDWH ,Q RXU SUHYLRXV ZRUN ZH KDYH DOUHDG\
LQYHVWLJDWHG ODVHULQGXFHG PRGLILFDWLRQV RI WLWDQLXP EDVHG WKLQ ILOPV GHSRVLWHG RQ VWHHO VXEVWUDWH
>@ ,Q WKLV VWXG\ E\ XVLQJ WZR GLIIHUHQW W\SHV RI ODVHUV ZH FRPSDUH WKH LQIOXHQFH RI WKH
QXPEHURIVXFFHVVLYHODVHUSXOVHVRQDEODWHGDUHDV)URPWKHVHUHVXOWVZHPD\FRQFOXGHWKDWLQWKLV
FDVH IRU PRVW SUHFLVH DQG HIIHFWLYH SURFHVVLQJ RI WKLV PDWHULDO WKH 1G<$* ODVHU RIIHUV D EHWWHU
FKRLFHRISXOVHSDUDPHWHUV
([SHULPHQWDO
6DPSOH LUUDGLDWLRQ ZDV SHUIRUPHG XVLQJ IRFXVHG ODVHU EHDPV 7KH DQJOH RI LQFLGHQFH RI WKH ODVHU
EHDPZLWKUHVSHFWWRWKHVXUIDFHSODQHZDV7KHLUUDGLDWLRQZDVFDUULHGRXWLQDLUDWPRVSKHUH
7KH XWLOL]HG H[SHULPHQWDO SDUDPHWHUV ZHUH L  QDQRVHFRQG 4 VZLWFKHG 1G<$* ODVHU DW LWV
IXQGDPHQWDO ZDYHOHQJWK  PP  SXOVH HQHUJ\  P- SXOVH GXUDWLRQ  QV  SRZHU GHQVLW\ , 
 :FP UHSHWLWLRQ UDWH +] LL  7($ &2 ODVHUZDYHOHQJWK   PP SXOVH GXUDWLRQ
):+0 LQLWLDOVSLNH QVDQGWKHWDLOGXUDWLRQRIPVSXOVHHQHUJ\P-SHDNSRZHUGHQVLW\
, :FPUHSHWLWLRQUDWH+] LLL 7L1WKLQILOPWKLFNQHVV PPGHSRVLWHGRQVLOLFRQZDIHUE\
SK\VLFDOYDSRUGHSRVLWLRQPHWKRG /DVHUEHDP GLDPHWHUVRQWKHWDUJHWVXUIDFHZHUHXS WRP
1G<$*ODVHU DQGXSWRPP 7($&2ODVHU 

6XUIDFHPRUSKRORJ\ZDVPRQLWRUHGE\RSWLFDOPLFURVFRS\ 20 DQGE\VFDQQLQJHOHFWURQ
PLFURVFRS\ 6(0  7R HVWLPDWH WKH VL]H RI ODVHU EHDP PRGLILHG DUHDV ZH XVHG 2SWLFDO ,PDJHV
$QDO\]HU 2,$  7KH UHIOHFWLYLW\ RI 7L1 EHIRUH ODVHU LUUDGLDWLRQ ZDV PHDVXUHG E\ D
VSHFWURSKRWRPHWHU
5HVXOWVDQG'LVFXVVLRQV
7KH VXUIDFH RI GHSRVLWHG 7L1 RQ VLOLFRQ VXEVWUDWH DFWHG OLNH D PLUURU ZLWK KLJK UHIOHFWLYLW\ 5 
0HDVXUHGUHIOHFWLYLW\YDOXHVIRU7L1ILOPSULRUWRWKHODVHULUUDGLDWLRQZHUHDSSUR[LPDWHO\DW
PDQG DW PP+LJKHUUHIOHFWLYLW\RIWKHVDPSOHDWO PLQFRPSDULVRQWR
PPLPSOLHVWKDWWKHFRXSOLQJEHWZHHQODVHUUDGLDWLRQGXULQJWKHILUVWODVHUSXOVHDQGWDUJHW
ZDV EHWWHU IRU WKH ODWWHU ZDYHOHQJWK 6XFFHVVLYH LUUDGLDWLRQ RI VXUIDFH FKDQJHG 5YDOXHV IRU ERWK
ODVHU ZDYHOHQJWKV DQG LQ WKH VDPH WLPH WKH DEVRUSWLYLW\ LQFUHDVHG 7KH GHSRVLWHG HQHUJ\ RI WKH
ODVHU EHDP LV SDUWLDOO\ FRQYHUWHG LQWR WKHUPDO HQHUJ\ ZKLFK FDXVHV YDULRXV HIIHFWV VXFK DV
YDSRUL]DWLRQPHOWLQJFUDFNLQJIRUPDWLRQRIVKRFNZDYHVLQWKHYDSRUDQGVROLGSKDVHDSSHDUDQFH
RISODVPDHWF$IWHUPXOWLSXOVHLUUDGLDWLRQRIVDPSOHVWKHSKRWRQHQHUJ\WUDQVIRUPVLQWRKHDWWKDW
FDXVHV PRVW OLNHO\ WKHUPRPHFKDQLFDO DEODWLRQ PDWHULDO UHPRYDO FDXVHG E\ KLJKLQWHQVLW\ ODVHU
SXOVHV 
  $ TXDQWLWDWLYH HVWLPDWLRQ RI PRGLILHG DUHDV FDQ EH PDGH DFFRUGLQJ WR 2,$ GDWD )LJ  
,QFUHDVLQJQXPEHURIVXFFHVVLYHSXOVHV1 DWFRQVWDQWYDOXHRISXOVHHQHUJ\ FDXVHGDQLQFUHDVHLQ
VL]HRIPRGLILHGDUHDV7KLVLQFUHDVHZDVPRUHREYLRXVLQWKHFDVHRILUUDGLDWLRQE\7($&2ODVHU
WKDQ IRU 1G<$* ODVHU 7KH SUHVHQFH RI D WDLO LQ WKH WHPSRUDO VKDSH RI WKH ODVHU SXOVH >@ KDG D
GLUHFWHIIHFWRQEURDGHQLQJRIWKHKHDWDIIHFWHG]RQH


















)LJ DDQGE 7KHVL]HRIPRGLILHGDUHDVYHUVXVQXPEHURIODVHUSXOVHV1 D 1G<$*ODVHU 7(0
PRGH, :FP DQG E 7($&2ODVHU 7(0PRGH, :FP 


0RUSKRORJ\LQYHVWLJDWLRQRIFKDQJHVLQGXFHGE\1G<$*DQG7($&2ODVHUPXOWLSXOVH
LUUDGLDWLRQ ZDV FDUULHG RXW E\ 20 )LJV  DQG   0RUH GHWDLOHG DQDO\VLV FDQ EH EDVHG RQ 6(0
PLFURSKRWRJUDSK\ )LJDDQGE 
1G<$*/DVHU,QGXFHG0RUSKRORJLFDO&KDQJHV

)RU D VLQJOH SXOVH RQO\ FRUUXJDWLRQ RI 7L1 WKLQ ILOP DSSHDUHG WKHUH ZDV QR PDQLIHVWDWLRQ RI
H[IROLDWLRQRUH[SHOOHGGURSOHWV )LJ%%)LJD$ DIWHUWZRODVHUSXOVHVWKHILUVWLQGLFDWLRQ
RIH[IROLDWLRQSURFHVVHVRFFXUUHGEDVHGRQREVHUYDWLRQRIVLOLFRQVXEVWUDWHLQWKHFHQWUDO]RQH )LJ
D% DIWHUILYHSXOVHVZHUHJLVWHUHGDFRPSOHWHH[IROLDWLRQRI7L1 )LJD& HYHQPRUHGUDVWLF
PRUSKRORJLFDOFKDQJHVDQGGURSOHWIRUPDWLRQRFFXUUHGDIWHUDSSOLFDWLRQRIILIW\ODVHUSXOVHV )LJ
'DQG')LJD' 
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 )LJ1G<$*ODVHULQGXFHGPRUSKRORJ\FKDQJHVRI7L1WKLQILOPRQVLOLFRQ WKLFNQHVVȝP $QDO\VLVZDVFDUULHGRXWE\RSWLFDO


PLFURVFRS\ $ 7KHYLHZRI7L1RQVLOLFRQSULRUWRODVHUDFWLRQ %% 7L16LDIWHURQHODVHUSXOVHDFWLRQ && 7L16LDIWHUDSSO\LQJ
ODVHULPSXOVHV '' 7L16LDIWHUDSSO\LQJODVHUSXOVHV 7(0PRGH, :FP 
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)LJ D 1G<$* ODVHULQGXFHG PRUSKRORJ\ FKDQJHV RI 7L16L 6(0 PLFURJUDSKV  $ 

7L16L DIWHU RQH ODVHU SXOVH DFWLRQ %  DIWHUWZR SXOVHV DFWLRQ & DIWHU DSSO\LQJ  ODVHU

SXOVHV ' DIWHUDSSO\LQJODVHUSXOVHV 7(0PRGH, :FP 

$
$









%
%









)LJE7($&2ODVHULQGXFHGPRUSKRORJ\FKDQJHVRI7L16L6(0PLFURJUDSKV $$ 

DIWHUDFWLRQRIODVHUSXOVHV %% DIWHUODVHUSXOVHV 7(0PRGH, :FP 

7($&2ODVHULQGXFHGPRUSKRORJLFDOFKDQJHV 



5HFHQW'HYHORSPHQWVLQ$GYDQFHG0DWHULDOVDQG3URFHVVHV

VXEVWUDWHWRRNSODFH )LJ&& VLPLODUPRUSKRORJLFDOFKDQJHVLQFOXGLQJRWKHUK\GURG\QDPLF
HIIHFWVVXFKDVGURSOHWIRUPDWLRQHWFRFFXUUHGDIWHUDSSOLFDWLRQRI1 DQGODVHUSXOVHV
)LJ''DQG)LJE 
&RQFOXVLRQ
$ TXDOLWDWLYH DQG TXDQWLWDWLYH VWXG\ RI PRUSKRORJLFDO FKDQJHV RQ 7L1 WKLQ ILOP GHSRVLWHG RQ
VLOLFRQ VXEVWUDWH LQGXFHG E\ 1G<$* Ȝ   PP  DQG 7($ &2 ODVHU Ȝ   PP  SXOVHV
LUUDGLDWLRQLVSUHVHQWHG

7KHPRUSKRORJLFDOPRGLILFDWLRQVRI7L1WKLQILOPRQDTXDOLWDWLYHOHYHOFDQEHVXPPDUL]HG
DVIROORZHG L 6XUIDFHPRGLILFDWLRQZDVUHJLVWHUHGIRUERWKODVHUV LL 7KHLQLWLDO1G<$*ODVHU
SXOVH LQGXFHG FRUUXJDWLRQ LQ LUUDGLDWHG DUHD ZKLOH WKH LQLWLDO ODVHU 7($ &2 SXOVH LQGXFHG RQO\
UHIOHFWLYLW\FKDQJHV LLL 7KHH[IROLDWLRQRI7L1ILOPDSSHDUHGDIWHUWZR1G<$*ODVHUSXOVHVDQG
DIWHUILYH7($&2ODVHUSXOVHV LY $SSHDUDQFHRIK\GURG\QDPLFIHDWXUHVOLNHUHVROLGLILHGULPDQG
GURSOHWV RI WKH PDWHULDO ZHUH UHJLVWHUHG DIWHU PRUH WKDQ  DQG  VXFFHVVLYH ODVHU SXOVHV IRU WKH
1G<$*DQGWKH7($&2ODVHUUHVSHFWLYHO\ Y ,QIURQWRIVDPSOHVXUIDFHSODVPDZDVREVHUYHG
DIWHUILUVWDQGDOOVXEVHTXHQWODVHUSXOVHV
7KHGHSHQGHQFHRIWKHVL]HRIPRGLILHGDUHDYHUVXVQXPEHURIVXFFHVVLYHODVHUSXOVHVZDV
GHWHUPLQHG TXDQWLWDWLYHO\ ,W LV VKRZQ WKDW WKH EURDGHQLQJ RI PRGLILHG DUHD DV D UHVXOW RI ULVH LQ
QXPEHU RI VXFFHVVLYH SXOVHV ZDV OHVV REYLRXV LQ WKH FDVH RI 1G<$* ODVHU 1G<$* ODVHU LV D
EHWWHU FKRLFH GXH WR VKRUWHU ZDYHOHQJWK DQG VKRUW GXUDWLRQ IRU HIIHFWLYH DQG SUHFLVH PDWHULDO
SURFHVVLQJ
$FNQRZOHGJHPHQWV
7KLV UHVHDUFK ZDV VXSSRUWHG E\ WKH 0LQLVWU\ RI 6FLHQFH DQG (QYLURQPHQWDO 3URWHFWLRQ RI WKH
5HSXEOLF RI 6HUELD 7KH DXWKRUV ZLVK WR WKDQN 3URI &RVWDV )RWDNLV )257+&UHWH *UHHFH IRU
RIIHULQJXVSRVVLELOLWLHVWRXVHWKHLUHTXLSPHQWIRUWKHSXUSRVHRIWKLVLQYHVWLJDWLRQ
5HIHUHQFHV
>@ ,%R\G/DVHU3URFHVVLQJRI7KLQ)LOPVDQG0LFURVWUXFWXUH6SULQJHU6HULHVLQ0DWHULDO6FL
6SULQJHU9HUODJ 
>@ ,8UVX,0LKDLOHVFX$3URNKRURYDQG9.RQRY/DVHU+HDWLQJRI0HWDOV $FFDG565
%XFXUHVWL 
>@ -6XQGJUHQDQG++HQW]HOO-9DF6FL7HFKQRO$9RO  S
>@ '%DXHUOH/DVHU3URFHVVLQJDQG&KHPLVWU\ 6SULQJHU 
>@ -%RQVH+6WXUP'6FKPLGWDQG:.DXWHN$SSOLHG3K\VLFV$9RO  S
>@ %*DNRYLü07UWLFD71HQDGRYLüDQG%2EUDGRYLü7KLQ6ROLG)LOPV9RO  S

>@ %0 *DNRYLü =6 5LVWLü 60 3HWURYLü DQG 06 7UWLFD WK *HQHUDO &RQIHUHQFH RI WKH
%DONDQ3K\VLFDO8QLRQ±%38HOHFWURQLFYHUVLRQ ,6%1  S
>@ 0 7UWLFD % *DNRYLF /M 3HWNRYVND 9 7DUDVHQNR $ )HGHQHY ( /LSDWRY DQG 0
6KXOHSRY$SSOLHG6XUIDFH6FLHQFHV9RO  S
>@ 067UWLFD9)7DUDVHQNR%0*DNRYLü$9)HGHQHY/M73HWNRYVND%%5DGDN(,
/LSDWRYDQG0$6KXOHSRY$SSOLHG3K\VLFV$9RO  S

$IWHU DSSOLFDWLRQ RI RQH RU WZR ODVHU SXOVHV RQO\ VPDOO FUDFNLQJ RI 7L1 ILOP DQG FRORU FKDQJHV
DSSHDUHG )LJ%% DIWHUILYHSXOVHVPDQLIHVWDWLRQRIFRPSOHWHH[IROLDWLRQRI7L1DQGVLOLFRQ
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1DQRV\VWHPV1DQRPDWHULDOV1DQRWHFKQRORJLHV
ÐÏÏw


3$&6QXPEHUV



7KH,QIOXHQFHRI0LOOLQJ&RQGLWLRQVRQ0HFKDQRFKHPLFDO
6\QWKHVLVDQG6LQWHULQJRI=LQF7LWDQDWH
12EUDGRYLF1/DEXV76UHFNRYLF DQG'0LQLF 
,QVWLWXWHRI7HFKQLFDO6FLHQFHVRI6$6$
.QH]0LKDLORYD,9
%HOJUDGH6HUELDDQG0RQWHQHJUR
&HQWHUIRU0XOWLGLVFLSOLQDU\6WXGLHV
8QLYHUVLW\RI%HOJUDGH
.QH]D9LVHVODYDD
%HOJUDGH6HUELDDQG0RQWHQHJUR
)DNXOW\RI3K\VLFDO&KHPLVWU\
8QLYHUVLW\RI%HOJUDGH
6WXGHQWVNLWUJ
%HOJUDGH6HUELDDQG0RQWHQHJUR
7KH DLP RI WKLV ZRUN ZDV DQ LQYHVWLJDWLRQ RI H[SHULPHQWDO FRQGLWLRQV IRU
PHFKDQRFKHPLFDO V\QWKHVLV DQG VLQWHULQJ RI VSLQHO ]LQF WLWDQDWH =Q7L2 
6WDUWLQJ SRZGHU PL[WXUHV RI ]LQF R[LGH DQG WLWDQ GLR[LGH LQ WKH PRODU UDWLR
LQ DFFRUGDQFH ZLWK WKH VWRLFKLRPHWULFV RI VSLQHO ]LQF WLWDQDWH ZHUH PHFKDQL
FDOO\DFWLYDWHGE\JULQGLQJLQDSODQHWDU\EDOOPLOOIRUYDULRXVSHULRGVRIWLPH
LQ WKH LQWHUYDO RI  WR  PLQXWHV &KDQJHV RI SK\VLFRFKHPLFDO FKDUDFWHULV
WLFV DQG PLFURVWUXFWXUH SDUDPHWHUV LQ WKH =Q2w7L2 V\VWHP DIWHU JULQGLQJ
ZHUH IROORZHG XVLQJ VSHFLILF VXUIDFH DUHD DQDO\VLV DQG ;UD\ SRZGHU GLIIUDF
WLRQ ZKLOH WKHUPDO EHKDYLRU ZDV H[DPLQHG E\ GLIIHUHQWLDO WKHUPDO DQDO\VLV
DQG GLODWRPHWU\ 7KH EHJLQQLQJ RI ]LQF WLWDQDWH IRUPDWLRQ ZDV QRWLFHG DIWHU
 PLQXWHV RI PLOOLQJ DQG SURORQJHG PLOOLQJ OHG WR WKH IRUPDWLRQ RI VSLQHO
]LQF WLWDQDWH DV WKH PDMRU SKDVH ZLWK DQ LQVLJQLILFDQW DPRXQW RI XQUHDFWHG
]LQF R[LGH DQG WLWDQ GLR[LGH 7KH PDLQ FRQFOXVLRQV EDVHG RQ WKLV DQDO\VLV DUH
WKDW =Q7L2 FHUDPLFV FRXOG EH REWDLQHG E\ PHFKDQLFDO DFWLYDWLRQ DIWHU D FHU
WDLQ WLPH ZLWKRXW DGGLWLRQDO WKHUPDO WUHDWPHQW DQG WKDW VLQWHULQJ WHPSHUD
WXUH DV ZHOO DV WKH IRUPDWLRQ WHPSHUDWXUHV RI ]LQFWLWDQDWH DUH VLJQLILFDQWO\
ORZHUHGXVLQJPHFKDQLFDOWUHDWPHQW
¢ÌÏÉÂÄÃËÌ ÌÍÐÆÊ¾ÉÚË ÑÊÌÀÆ ÂÉÝ ÊÃÓ¾ËÌÓÊÕËÌÁÌ ÏÆËÐÃÅÑ Ð¾ ÏÍÈ¾ËËÝ
ÐÆÐ¾Ë¾ÐÑ ÔÆËÈÑ ÖÍËÃÉ =Q7L2  ÌÎÌÖÈÌÀ¾ ÏÑÊÖ ÌÈÏÆÂÑ ÔÆËÈÑ Ð¾ Â
ÌÈÏÆÂÑ ÐÆÐ¾ËÑ À ÊÌÉÚËÌÊÑ ÀÂËÌÖÃËË ÀÂÍÌÀÂËÌ ÂÌ ÏÐÃÓÌÊÃÐÎÆÕËÌÁÌ
ÐÆÐ¾Ë¾ÐÑÔÆËÈÑÖÍËÃÉÊÃÓ¾ËÕËÌ¾ÈÐÆÀÅÑÀ¾É¾ÏÝÑÍÉ¾ËÃÐ¾ÎËÌÊÑÈÑÉÚ
ÌÀÌÊÑ ÊÉÆË Ë¾ ÍÎÌÐÝÅ  ÓÀÆÉÆË ¢ÉÝ ÎÅËÆÓ ÍÎÌÊÄÈÀ Õ¾ÏÑ ÎÌÅÊÃÉÑ
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ÅÊËÆ Í¾Î¾ÊÃÐÎÀ ÏÐÎÑÈÐÑÎÆ Ð¾ ÒÅÆÈÌÓÊÕËÆÓ ÀÉ¾ÏÐÆÀÌÏÐÃÇ À ÏÆÏÐÃÊ
=Q2w7L2 ÏÍÌÏÐÃÎÁ¾ÉÆÏÚ Å¾ ÎÃÅÑÉÚÐ¾Ð¾ÊÆ ¾Ë¾ÉÅÑ ÍÆÐÌÊÌ ÍÌÀÃÎÓË ÍÌÎÌ
ÖÈÑ È¾ÎÐÆË ÎÃËÐÁÃËÀÏÚÈÌ ÂÆÒÎ¾ÈÔ ÈÎÆÀÆÓ ÂÆÉ¾ÐÌÊÃÐÎ Ð¾ ÂÆÒÃÎÃË
Ô¾ÉÚËÌÁÌ ÐÃÎÊÌÁÎ¾ÒÕËÌÁÌ ¾Ë¾ÉÅÑ ÌÕ¾ÐÌÈ ÑÐÀÌÎÃËËÝ ÔÆËÈÌÀÌÁÌ ÐÆÐ¾
ËÌÀÌÈÆÏÉÌÁÌ ÒÌÎÊÑÀ¾ËËÝ ÏÍÌÏÐÃÎÁ¾ÐÚÏÝ ÍÏÉÝ  ÓÀÆÉÆË ÊÃÓ¾ËÌ¾ÈÐÆÀ¾
ÔÇËÌÁÌ ÏÆËÐÃÅÑ ¾ ÍÌÂ¾ÉÚÖÆÇ ÎÌÅÊÃÉ ÍÎÆÅÀÌÂÆÐÚ ÂÌ ÒÌÎÊÑÀ¾ËËÝ ÐÆÐ¾Ë¾
ÐÑ ÔÆËÈÑ ÖÍËÃÉ Å ËÃÅË¾ÕËÌÜ ÈÉÚÈÏÐÜ ËÃÍÎÌÎÃ¾ÁÌÀ¾ËÌÁÌ ÌÈÏÆÂÑ ÔÆËÈÑ
Ð¾ ÂÌÈÏÆÂÑ ÐÆÐ¾ËÑ ¥¿ÉÚÖÃËËÝ Õ¾ÏÑ ÊÃÓ¾ËÌÓÊÕËÌÁÌ ÏÆËÐÃÅÑ ÏÍÎÆÝ
ÅÊÃËÖÃËËÜ ÈÉÚÈÌÏÐ ÂÌÊÖÌÈ Ð¾ ÅËÆÄÃËËÜ ÐÃÊÍÃÎ¾ÐÑÎÆ ÏÍÈ¾ËËÝ ÈÃÎ¾
ÊÈÆ=Q7L2
¦ÏÏÉÃÂÌÀ¾ËÙ ÌÍÐÆÊ¾ÉÚËÙÃ ÑÏÉÌÀÆÝ ÂÉÝ ÊÃÓ¾ËÌÓÆÊÆÕÃÏÈÌÁÌ ÏÆËÐÃÅ¾ Æ
ÏÍÃÈ¾ËÆÝ ÐÆÐ¾Ë¾Ð¾ ÔÆËÈ¾ ÖÍÆËÃÉÆ =Q7L2  ÌÎÌÖÈÌÀ¾Ý ÏÊÃÏÚ ÌÈÏÆÂ¾
ÔÆËÈ¾ Æ ÂÆÌÈÏÆÂ¾ ÐÆÐ¾Ë¾ À ÊÌÉÚËÌÊ ÌÐËÌÖÃËÆÆ ÏÌÌÐÀÃÐÏÐÀÑÜ×ÃÊÑ ÏÐÃ
ÓÆÌÊÃÐÎÆÕÃÏÈÌÊÑ ÐÆÐ¾Ë¾ÐÑ ÔÆËÈ¾ ÖÍÆËÃÉÆ ÊÃÓ¾ËÆÕÃÏÈÆ ¾ÈÐÆÀÆÅÆÎÌÀ¾
É¾ÏÚ À ÍÉ¾ËÃÐ¾ÎËÌÇ Ö¾ÎÌÀÌÇ ÊÃÉÚËÆÔÃ Ë¾ ÍÎÌÐÝÄÃËÆÆ  ÊÆËÑÐ ¢ÉÝ
Î¾ÅËÙÓÍÎÌÊÃÄÑÐÈÌÀÀÎÃÊÃËÆÍÌÊÌÉ¾ÆÅÊÃËÃËÆÝÍ¾Î¾ÊÃÐÎÌÀÏÐÎÑÈÐÑÎÙÆ
ÒÆÅÆÈÌÓÆÊÆÕÃÏÈÆÓ ÏÀÌÇÏÐÀ À ÏÆÏÐÃÊÃ =Q2w7L2 ÒÆÈÏÆÎÌÀ¾ÉÆÏÚ ÍÌ ÎÃ
ÅÑÉÚÐ¾Ð¾Ê¾Ë¾ÉÆÅ¾ÑÂÃÉÚËÌÇÍÌÀÃÎÓËÌÏÐÆÍÌÎÌÖÈ¾È¾ÎÐÆËÎÃËÐÁÃËÌÀÏÈÌÇ
ÂÆÒÎ¾ÈÔÆÆ ÈÎÆÀÙÓ ÂÆÉ¾ÐÌÊÃÐÎÆÆ Æ ÂÆÒÒÃÎÃËÔÆ¾ÉÚËÌÁÌ ÐÃÎÊÌÁÎ¾ÒÆÕÃ
ÏÈÌÁÌ ¾Ë¾ÉÆÅ¾ «¾Õ¾ÉÌ Ì¿Î¾ÅÌÀ¾ËÆÝÔÆËÈÌÀÌÁÌ ÐÆÐ¾ËÌÀÌÈÆÏÉÌÁÌ ÒÌÎÊÆÎÌ
À¾ËÆÝ Ë¾¿ÉÜÂ¾ÉÌÏÚ ÍÌÏÉÃ  ÊÆËÑÐ ÊÃÓ¾ËÌ¾ÈÐÆÀ¾ÔÆÌËËÌÁÌ ÏÆËÐÃÅ¾ ¾
Â¾ÉÚËÃÇÖÆÇ Î¾ÅÊÌÉ ÍÎÆÀÌÂÆÉ È ÒÌÎÊÆÎÌÀ¾ËÆÜ ÐÆÐ¾Ë¾Ð¾ ÔÆËÈ¾ ÖÍÆËÃÉÆ
Ï ËÃÅË¾ÕÆÐÃÉÚËÙÊ ÈÌÉÆÕÃÏÐÀÌÊ ËÃÍÎÌÎÃ¾ÁÆÎÌÀ¾ËËÌÁÌ ÌÈÏÆÂ¾ ÔÆËÈ¾ Æ ÂÆ
ÌÈÏÆÂ¾ ÐÆÐ¾Ë¾ ±ÀÃÉÆÕÃËÆÃ ÀÎÃÊÃËÆ ÊÃÓ¾ËÌÓÆÊÆÕÃÏÈÌÁÌ ÏÆËÐÃÅ¾ ÏÍÌÏÌ¿
ÏÐÀÑÃÐ ÑÊÃËÚÖÃËÆÜ ÈÌÉÆÕÃÏÐÀ¾ ÍÎÆÊÃÏÃÇ Æ ÏËÆÄÃËÆÜ ÐÃÊÍÃÎ¾ÐÑÎÙ ÏÍÃ
È¾ËÆÝÈÃÎ¾ÊÆÈÆ=Q7L2
.H\ZRUGVPLOOLQJVLQWHULQJ;UD\PHWKRGV=Q27L2V\VWHP
5HFHLYHG$SULO 



,1752'8&7,21
)XQGDPHQWDO VWXGLHV FRQFHUQLQJ WKH SKDVH GLDJUDP DQG FKDUDFWHUL]D
WLRQ RI WKH =Q2w7L2 V\VWHP KDYH EHHQ FRQGXFWHG VLQFH WKH  V >@
7KLVV\VWHPVWLOODWWUDFWVDWWHQWLRQGXHWRLWVLPSRUWDQFHLQSUDFWLFDODS
SOLFDWLRQV $OWKRXJK =Q2w7L2 V\VWHP PDWHULDOV KDYH EHHQ XVHG ZLGHO\
LQ WKH FKHPLFDO LQGXVWU\ DV FDWDO\VWV DQG SLJPHQWV DV GLHOHFWULF PDWHUL
DOVWKH\KDYHRQO\EHHQXVHGDVDFRPSRVLWLRQRIVROLGVROXWLRQV>@,WKDV
EHHQ GHPRQVWUDWHG UHFHQWO\ WKDW ]LQF WLWDQDWHV FDQ EH XVHG DV GLHOHFWULF
PDWHULDOV IRU PLFURZDYH GHYLFHV >w@ 'XH WR UHFHQW SURJUHVV RI PLFUR
ZDYH DSSOLFDWLRQV LQ WKH DUHD RI PRELOH WHOHSKRQHV DQG VDWHOOLWH FRPPX
QLFDWLRQV WKH GHYHORSPHQW RI PLFURZDYH GLHOHFWULFV KDYLQJ ORZ GLHOHF
WULF ORVV KLJK GLHOHFWULF FRQVWDQW DQG ORZWHPSHUDWXUH FRHIILFLHQW RI
UHVRQDQW IUHTXHQFLHV KDV EHHQ LQWHQVLILHG VR WKDW WKH\ FDQ EH XVHG DV GL
HOHFWULFUHVRQDWRUVDQGILOWHUV>w@
 $OVR WLWDQDWHV DQG UHODWHG PDWHULDOV DUH RI LQWHUHVW IRU FDWDO\WLF
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R[LGDWLRQ DQG UHGXFWLRQ UHDFWLRQV DVVRFLDWHG ZLWK WKH UHJXODWLRQ RI
ZDVWHJDVHPLVVLRQVIURPPRWRUYHKLFOHV>w@
 ,Q DGGLWLRQ PXFK DWWHQWLRQ KDV EHHQ SDLG WR WKHLU HOHFWULFDO SURSHU
WLHV OHDGLQJ WR ZLGH DSSOLFDWLRQV DV VROLG R[LGHV IXHO FHOOV 62)&V 
PHWDODLU EDUULHUV JDV VHQVRUV LQ PLFURHOHFWURQLFV DQG DV KLJK SHU
IRUPDQFH FDWDO\VWV IRU WKH FRPSOHWH R[LGDWLRQ RI K\GURFDUERQV RU &2
DQG12UHGXFWLRQ
 ,WLVZHOONQRZQWKDWWKHSURSHUWLHVRIPDWHULDOVGHSHQGRQWKHLUV\Q
WKHVLV SURFHVVHV DV WKHLU SK\VLFDOFKHPLFDO SURSHUWLHV DUH LQIOXHQFHG
E\ WKH V\QWKHVLV FRQGLWLRQV $V ORZWHPSHUDWXUH VLQWHULQJ LV D GHVLU
DEOH SURSHUW\ IRU PLFURZDYH GLHOHFWULFV WKH VLQWHULQJ WHPSHUDWXUH FDQ
EH ORZHUHG GRZQ IXUWKHU ZLWKRXW DGGLQJ DQ\ H[WHUQDO DJHQW LI ]LQF WL
WDQDWH LV SUHSDUHG LQ D QDQRFU\VWDOOLQH IRUP +LJKHQHUJ\ EDOO PLOOLQJ
KDV QRZ EHFRPH D FRQYHQWLRQDO PHWKRG IRU SURGXFLQJ QDQRFU\VWDOOLQH
PDWHULDOV>@
 7KUHHFRPSRXQGVDUHNQRZQWRH[LVWLQWKH=Q2w7L2V\VWHP=Q7L2
FXELF  =Q7L2 KH[DJRQDO  DQG =Q7L2 FXELF  5HFHQWO\ /L HW DO >@
UHSRUWHG WKH IRUPDWLRQ RI D QHZ =Q7L2 FXELF  SKDVH DV SUHFLSLWDWHV LQ
VLGHWKH=Q7L2PDWUL[ZLWKWKHVDPHVWUXFWXUHDQGODWWLFHSDUDPHWHURI
=Q7L2 SKDVH <DPDJXFKL HW DO >@ FODULILHG WKDW =Q7L2 LV D ORZ
WHPSHUDWXUHIRUPRI=Q7L2=Q7L2FDQEHHDVLO\SUHSDUHGE\DFRQYHQ
WLRQDO VROLGVWDWH UHDFWLRQ EHWZHHQ =Q2 DQG 7L2 =LQF WLWDQDWHV DUH
SURPLVLQJFDQGLGDWHVIRUORZWHPSHUDWXUHVLQWHULQJGLHOHFWULFVEHFDXVH
WKH\FDQEHVLQWHUHGEHORZq&ZLWKRXWVLQWHULQJDLGV
 ,Q WKLV SDSHU WKH LQIOXHQFH RI PLOOLQJ FRQGLWLRQV RQ PHFKDQRFKHPLFDO
V\QWKHVLVDQGVLQWHULQJDQGSURSHUWLHVRI]LQFWLWDQDWHZHUHLQYHVWLJDWHG
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 'LIIHUHQWLDO WKHUPDO DQDO\VLV ZDV SHUIRUPHG XVLQJ D 6KLPDG]X
'7$ GXULQJ QRQLVRWKHUPDO KHDWLQJ IURP  WR q& ZLWK D FRQ
VWDQW KHDWLQJ UDWH RI q&PLQ LQ QLWURJHQ DWPRVSKHUH DQG WKH UDWH
IORZRIPOPLQ
 5HODWLYH VKULQNDJH RI VDPSOHV REWDLQHG E\ XQLD[LDO SUHVVLQJ RI DFWL
YDWHGSRZGHUVZDVIROORZHGE\DVHQVLWLYHGLODWRPHWHU %lKU*HUÂWHEDX
*PE+ 7\S  V GXULQJ QRQLVRWKHUPDO KHDWLQJ LQ DLU XS WR q&
ZLWK D FRQVWDQW KHDWLQJ UDWH RI q&PLQ DQG K KROGLQJ DW WKH VDPH
WHPSHUDWXUH
5(68/76$1'',6&866,21
6WDUWLQJ SRZGHUV KDG WKH VSHFLILF VXUIDFH DUHD 66$  RI  =Q2  DQG
 PJ 7L2  7KH 66$ RI QRQDFWLYDWHG DQG DFWLYDWHG PL[WXUHV DUH
JLYHQLQ7DEOH
 7KH LQFUHDVH LQ VXUIDFH DUHD OHDGV XV WR FRQFOXGH WKDW WKH SURFHVV RI
SDUWLFOH EUHDNLQJ WDNHV SODFH DW WKH EHJLQQLQJ RI PLOOLQJ XQWLO  PLQ
XWHVRIDFWLYDWLRQ 
 7KH UDSLG GHFUHDVH w PLQ RI DFWLYDWLRQ  LQ WKH VXUIDFH DUHD LV DQ
LQGLFDWRU RI VHFRQGDU\ DJJORPHUDWLRQ RU FROG ZHOGLQJ >@ RI SRZGHU
PL[WXUH DQG WKH IXUWKHU GHFUHDVH w PLQ  LV GXH WR DJJORPHUD

(;3(5,0(17$/
0L[WXUHV RI =Q2  .HPLNDw=DJUHE  DQG 7L2 SRZGHUV 
$OID SURGXFW9HQWURQ  ZLWK D PRODU UDWLR RI =Q27L2  ZHUH PH
FKDQLFDOO\ DFWLYDWHG E\ JULQGLQJ LQ D SODQHWDU\ EDOO PLOO )ULWVFK 3XO
YHULVHWWH 
 7KH PLOOLQJ SURFHVV ZDV SHUIRUPHG LQ DLU GXULQJ     
DQG  PLQXWHV DW WKH EDVLF GLVF URWDWLRQ VSHHG RI  USP DQG D URWD
WLRQ VSHHG RI ERZOV RI  USP =LUFRQLXP R[LGH EDOOV DSSUR[  PP
LQ GLDPHWHU  DQG ERZOV  FP  ZHUH XVHG ZLWK D EDOO WR SRZGHU PL[
WXUH PDVV UDWLR RI  6DPSOHV ZHUH GHQRWHG DV =72 WR =72
DFFRUGLQJWRWKHPLOOLQJWLPH
 ;UD\ SRZGHU GLIIUDFWLRQ SDWWHUQV RI WKH PLOOHG SRZGHU PL[WXUHV
DQG RI VLQWHUHG VDPSOHV ZHUH REWDLQHG XVLQJ D 1RUHOLFR3KLOLSV 3:
 GLIIUDFWRPHWHU ZLWK D &X.D UDGLDWLRQ DQG D VWHS VFDQ PRGH RI
qV
 6SHFLILF VXUIDFH DUHD RI SRZGHU VDPSOHV ZDV PHDVXUHG E\ D QLWURJHQ
JDVVRUSWLRQDQDO\]HU $6$30LFURPHWULFV XVLQJWKH%(7PHWKRG


)LJ;5'SDWWHUQVRIQRQPLOOHGDQGEDOOPLOOHGSRZGHUPL[WXUHV

������
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WLRQDVWKHGRPLQDQWSURFHVVLQWKLVVWDJHRIPHFKDQLFDODFWLYDWLRQ
 ;UD\ GLIIUDFWLRQ SDWWHUQV RI QRQPLOOHG DQG EDOOPLOOHG =Q2 DQG
7L2SRZGHUPL[WXUHVDUHJLYHQLQ)LJ=72LVWKH;UD\SDWWHUQ
RI WKH VWDUWLQJ PL[WXUH FRQWDLQLQJ =Q2 DQG 7L2 $ UHODWLYHO\ VPDOO
DPRXQW RI D UXWLOH SKDVH LV SUHVHQW LQ WKH PL[WXUH WRJHWKHU ZLWK WKH
DQDWDVHPRGLILFDWLRQRI7L2 DQDWDVHUXWLOH 
 $IWHU  PLQXWHV RI PHFKDQLFDO WUHDWPHQW LQWHQVLWLHV RI DOO VWDUWLQJ
SKDVHV DUH VLJQLILFDQWO\ ORZHUHG 7KH GHFUHDVH RI FU\VWDOOLQLW\ WKDW
WDNHV SODFH LQ WKLV W\SH RI SRZGHU SURFHVVLQJ LV D FRQVHTXHQFH RI GHIHFW
IRUPDWLRQDQGGLPLQXWLRQRIFU\VWDOOLWHVL]HVFDXVLQJSHDNEURDGHQLQJ
 ,QWHQVLYH GLVDSSHDUDQFH RI D FU\VWDO VWUXFWXUH LV DQ LQGLFDWRU RI H[
WUHPHO\ KLJK WUDQVIHU RI PHFKDQLFDO HQHUJ\ WR WKH SRZGHU GXULQJ PH
FKDQLFDO WUHDWPHQW GXH WR WKH W\SH RI SODQHWDU\ PLOOLQJ GHYLFH DQG
DOVRWKHKLJKYDOXHRISRZGHUWREDOOVPDVVUDWLRVXFKDV
 7KHLQWHQVLW\RI=Q2GLIIUDFWLRQSHDNVGHFUHDVHGDIWHUPLQXWHVRI
PHFKDQLFDO WUHDWPHQW ZKLOH SHDNV RI DQDWDVH 7L2 DOPRVW FRPSOHWHO\
GLVDSSHDUHG $ ODUJHU SDUW RI DQDWDVH SKDVH LV SDUWLFLSDWLQJ LQ PHFK
DQRFKHPLFDO UHDFWLRQ DORQJ ZLWK =Q2 DQG WKH UHVW RI DQDWDVH SKDVH
GLVDSSHDUV SUREDEO\ GXH WR WKH SKDVH WUDQVIRUPDWLRQ IURP DQDWDVH WR
WKHPRVWVWDELOHIRUPRI7L2UXWLOH>@
 ,Q WKH =72 GLIIUDFWLRQ SDWWHUQ DOO SKDVHV PHQWLRQHG DERYH DUH
VWLOO SUHVHQW LQFOXGLQJ WKH ILUVW VLJQLILFDQW SHDNV RI D QHZ SKDVH x
=Q7L2 ,QWHQVLWLHV RI =Q2 DQG 7L2 SHDNV DUH ORZHU ZKLOH =Q7L2
SHDNVDUHKLJKHUZLWKLQFUHDVLQJPLOOLQJWLPHV
 7KH GLIIUDFWLRQ SDWWHUQ RI WKH SRZGHU DFWLYDWHG  PLQXWHV =72
VKRZVDOPRVWFOHDUH[LVWHQFHRID=Q7L2SKDVH
 ,Q WKHFRXUVHRIPLOOLQJDDVSLQHO =Q7L2 FXELFVSDFH JURXS)GP 
SKDVH IRUPHG DIWHU  PLQXWHV RI PLOOLQJ 7KH =Q2 SKDVH ZDV QRW FRP
SOHWHO\XWLOL]HGWRSURGXFHWKHVSLQHOSKDVHDQGWKHUHPDLQLQJDPRXQWRI
=Q2 FDQQRW EH FRQYHUWHG IXUWKHU WR D VSLQHOSKDVH MXVW E\ KLJKHQHUJ\
EDOO PLOOLQJ HYHQ WKRXJK PLOOLQJ ZDV FRQGXFWHG IRU D PXFK ORQJHU PLOO
LQJ WLPH > @ 7KH UHPDLQLQJ RI =Q2 LPSOLHV WKH UHPDLQLQJ RI 7L2
GXH WR VWRLFKLRPHWU\  DOWKRXJK SHDNV RI 7L2 ZHUHQsW GHWHFWHG .LP HW
DO > @ IRXQG WKDW =Q7L2 KDV D UXWLOH VROXELOLW\ XS WR  PROH ,Q
WKLVVROXELOLW\UHJLRQDVLQJOHSKDVHRID=Q7L2ZDVREWDLQHG
 $ ZHOONQRZQ SUREOHP LQ WKH VROLGVWDWH UHDFWLRQ URXWH QDPHO\ =Q2
YRODWLOL]DWLRQ FDQ EH DYRLGHG XVLQJ PHFKDQLFDO WUHDWPHQW <HW RYHU
ODSSLQJRIWKHPRVWLQWHQVLYH=Q2SHDNVZLWKWKHPRVWLQWHQVLYH=Q7L2
SHDNV LV DQ XQDYRLGDEOH REVWDFOH WKDW LV SUHVHQW GXULQJ PHFKDQRFKHPL
FDOUHDFWLRQFKDUDFWHUL]HGZLWKWKH;UD\SRZGHUGLIIUDFWLRQPHWKRG
 =72LVYHU\VLPLODUWRWKHRQHDFWLYDWHGPLQXWHVFRQVLGHULQJ
WKDWLWFRQVLVWHGRID]LQFWLWDQDWHSKDVH
 7KH SURFHVV RI FU\VWDOOLWH DWWULWLRQ WDNHV SODFH LQ WKH SRZGHU DFWL
YDWHGPLQXWHV
 '7$ FXUYHV RI WKH QRQDFWLYDWHG VDPSOH DQG PHFKDQLFDOO\ DFWLYDWHG
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)LJ'7$FXUYHVRISRZGHUPL[WXUHVDVDIXQFWLRQRIPLOOLQJWLPH

PL[WXUHV DUH VKRZQ LQ )LJ  7KH UHVXOWV FDQ EH GLYLGHG LQ WZR FDWHJR
ULHV 7KH ILUVW RQH LQFOXGHV WKH QRQDFWLYDWHG VDPSOH DQG VDPSOHV DFWL
YDWHG IRU   DQG  PLQXWHV 2QH FKDUDFWHULVWLF H[RSHDN LV REYLRXV
RQ WKH =72 =72 =72 DQG =72 FXUYHV DV D UHVXOW RI
WKHQXFOHDWLRQSURFHVVDQGVSLQHOIRUPDWLRQ>@
 ,W LV VHHQ WKDW '7$ FXUYHV IRU =72 =72 DQG =72 VDP
SOHV KDYH D GLIIHUHQW VKDSH LQ UHVSHFW WR SUHYHLRXV JURXS RI VDPSOHV
([RWKHUPDOHIIHFWVDUHDFRQVHTXHQFHRIWZRSURFHVVHV
 7KH ILUVW RQH LV GXH WR DUUDQJHPHQW RI WKH FU\VWDO VWUXFWXUH DQG FURVV
LQJV RI =Q2 DQG 7L2 FDWLRQV EHWZHHQ QRUPDO DQG LQYHUVH VSLQHO >@ DQG
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)LJ5HODWLYHVKULQNDJHRIVDPSOHVDVDIXQFWLRQRIWKHKHDWLQJWHPSHUDWXUH
DQGWKHPLOOLQJWLPH


)LJ;5'SDWWHUQVRI=72VDPSOHVVLQWHUHGDWq&IRUK

WKHVHFRQGRQHLVGXHWRFU\VWDOJURZWKDWKLJKHUWHPSHUDWXUHV>@
 )LJXUH  VKRZV WKH UHODWLYH VKULQNDJH RI VDPSOHV DV D IXQFWLRQ RI
WLPH GXULQJ KHDWLQJ DQG KROGLQJ DW q& IRU YDULRXV DFWLYDWHG VDP
SOHV REWDLQHG E\ WKH GLODWRPHWHU 7KXV RQH FDQ QRWLFH WKDW IRU WKH PL[
WXUHPHFKDQLFDOO\DFWLYDWHGPLQXWHVFKDUDFWHULVWLFVKULQNDJHRFFXUV
DWq&UHSUHVHQWLQJ LQWHQVLYHVLQWHULQJ $FFRUGLQJ WRWKHIDFW WKDW LQ
VDPSOHV RI WKH PL[WXUHV DFWLYDWHG IRU    DQG  PLQXWHV
VWDUWLQJFRPSRQHQWVDUHVWLOOSUHVHQW LQORZHUTXDQWLWLHV UHJDUGLQJ WKH
RQHDFWLYDWHGPLQXWHVQXFOHDWLRQLQGXFHVIRUPDWLRQRI]LQFWLWDQDWH
DV WKH GRPLQDQW SURFHVV $OVR WKH RQVHW RI VLQWHULQJ VKLIWV WR KLJKHU
WHPSHUDWXUHVIRUKLJKHUWLPHVRIDFWLYDWLRQ
 &RQWUDU\ WR WKDW WKH VROLGVWDWH UHDFWLRQ LQ WKH QRQDFWLYDWHG PL[
WXUH SURFHHGHG LQ TXLWH D GLIIHUHQW PDQQHU )LUVW LQ WKH FDVH RI WKH
QRQDFWLYDWHG VDPSOH WKH FKDUDFWHULVWLF PD[LPXP RI ]LQF WLWDQDWH
IRUPDWLRQ LV QRW REVHUYHG DQG VHFRQGO\ WKH VLQWHULQJ SURFHVV RI WKH
VWDUWLQJPL[WXUHDQWLFLSDWHGWKHVROLGVWDWHUHDFWLRQ
 )LJXUH  VKRZV WKH ;UD\ GLIIUDFWLRQ SDWWHUQV RI =72 =72
DQG=72VDPSOHVVLQWHUHGDWq&IRUKRXU
 ,W LV FOHDUO\ YLVLEOH WKDW DIWHU KHDWLQJ ZH KDYH D SXUH =Q7L2 SKDVH
ZLWK D VPDOO DPRXQW RI XQUHDFWHG =Q2 LQ DOO VDPSOHV ,W LV REYLRXV WKDW
WKH UHIOHFWLRQV DUH VKDUSHU DQG PRUH LQWHQVLYH FRPSDUHG WR WKH DFWL
YDWHG RQH VHH )LJ   GXH WR UHFU\VWDOOL]DWLRQ 5HFRYHU\ RI WKH DFWL
YDWHG PDWHULDO WKH GLVDSSHDUDQFH RI GHIHFWV DQG JUDLQ JURZWK DUH
SURFHVVHVWKDWRFFXUGXULQJVLQWHULQJ

7$%/(6SHFLILFVXUIDFHDUHDRIQRQDFWLYDWHGDQGDFWLYDWHGVDPSOHV
66$ PJ 








VDPSOH
=72
=72
=72
=72
=72
=72
=72

&21&/86,216
)RUPDWLRQ RI VSLQHO ]LQF WLWDQDWH =Q7L2  DQG WKH LQIOXHQFH RI PLOOLQJ
FRQGLWLRQV RQ WKH PHFKDQRFKHPLFDO UHDFWLRQ LQ WKH =Q27L2 V\VWHP
ZHUH LQYHVWLJDWHG ,W ZDV HVWDEOLVKHG WKDW WKH PHFKDQRFKHPLFDO UHDFWLRQ
VWDUWVDIWHUPLQXWHVLQDSODQHWDU\EDOOPLOO$IWHUPLQXWHVRIPLOOLQJ
DVSLQHOSKDVHDQGDVPDOODPRXQWRI]LQFR[LGHDUHGHWHFWHGLQWKHSRZGHU
 :LWK DSSURSULDWH WKHUPDO WUHDWPHQW WHPSHUDWXUHV RI VLQWHULQJ DQG
]LQF WLWDQDWH IRUPDWLRQ DUH ORZHU WKDQ LQ WKH FDVH ZKHQ QRQDFWLYDWHG
PL[WXUHVZHUHXVHG
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6FLHQFHRI6LQWHULQJ  



0(&+$12&+(0,&$/6<17+(6,6$1'6,17(5,1*2)=,1&7,7$1$7( 

 7KH PDLQ FRQFOXVLRQ EDVHG RQ GLODWRPHWU\ DQG ;5' DQDO\VLV LV WKDW
 PLQXWHV DFWLYDWLRQ VXFFHVVIXOO\ SURPRWHV WKH VROLGVWDWH UHDFWLRQ
DQGWKHVLQWHULQJSURFHVVLQWURGXFLQJDQGHVWDEOLVKLQJDQRSWLPDOUDWLR
EHWZHHQ PHFKDQLFDO DFWLYDWLRQ DQG WKHUPDO WUHDWPHQW IRU VLQWHULQJ
DQGV\QWKHVLVRI=Q7L2
$&.12:/('*(0(17
7KLV UHVHDUFK ZDV SHUIRUPHG ZLWKLQ WKH SURMHFW 1R  HQWLWOHG
,QYHVWLJDWDLRQ RI GHSHQGHFLHV LQ WKH V\QWKHVLVVWUXFWXUHSURSHUWLHV
WULDG IRU WKH IXQFWLRQDO PDWHULDOV ILQDQFHG E\ WKH 0LQLVWU\ IRU 6FL
HQFH DQG (QYLURQPHQWDO SURWHFWLRQ RI WKH 5HSXEOLF RI 6HUELD $XWKRUV
ZRXOGOLNH WRH[SUHVVWKHLUJUDWLWXGHWR3URI6'MXULFIRU;UD\PHDV
XUHPHQWVDQGDFDGHPLFLDQ005LVWLFIRUIUXLWIXOVXJJHVWLRQV
5()(5(1&(6
























)+'XOLQDQG'(5DVH-$P6RF  
%/L=<XH//LDQG-=KRX-0DWHU6FL  
+7.LP<+.LPDQG-'%\XQ-.RU3K\V6RF  
+7.LP<+.LPDQG-'%\XQ-.RU3K\V6RF  
$*RORYHKDQVNL+7.LP<+.LP-.RU3K\V6RF  
+7.LP<'%\XQDQG<+.LP0DWHU5HV%XOO  
+7.LP<'%\XQDQG<+.LP0DWHU5HV%XOO  
.:DNLQR71LVKLNDZD<,VKLNDZD+7DPXUD%ULW&HUDP7UDQV-
 
+0DQGDL<6DNDEH-3&DQQHU&HUDP7UDQV  
:&3RUWHU&HUDP7UDQV  
+0DQGDL.:DNLQR+2NDPXUDDQG-3&DQQHU&HUDP7UDQV  
+.DJDWD7,QRXH-.DWR,.DPH\DPDDQG7,VKL]DNL&HUDP7UDQV
  
71HJDV7<HDJDU6%HOO1&RDWVDQG,0LQLV$P&HUDP6RF%XOO  
:)/LEE\6FLHQFH  
3.*DOODJKHUHWDO0DWHU5HV%XOO  
5-+9RRUKRHYHHWDO6FLHQFH  
2<DPDJXFKL00RULPL+.DZDEDWDDQG.6KLPL]X-$P&HUDP6RF
  
&/L<%DQGR01DNDPXUD1.LPL]XNDDQG+.LWR0DWHU5HV%XOO
  
0=GXMLF+HPLQG1R  
6.0DQLN3%RVHDQG6.3UDGKDQ0DW&KHPDQG3K\V  
;3DQDQG;0D0DW/HWW  
9%5HGG\63*RHODQG310HKURWUD0DW&KHPDQG3K\V  
11LNROLF=0DULQNRYLFDQG76UHFNRYLF-0DW6FL  

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB

GRL 626,
8'.

,QIOXHQFHRI%L2RQ0LFURVWUXFWXUHDQG(OHFWULFDO3URSHUWLHV
RI=Q26Q2&HUDPLFV
7,YHWLü 091LNROLü06ODQNDPHQDF0äLYDQRY'0LQLü
301LNROLü005LVWLü


,QVWLWXWHRI7HFKQLFDO6FLHQFHVRIWKH6HUELDQ$FDGHP\RI6FLHQFHVDQG$UWV.QH]
0LKDLORYD,9%HOJUDGH6HUELD

&HQWHUIRU0XOWLGLVFLSOLQDU\6WXGLHVRIWKH8QLYHUVLW\RI%HOJUDGH.QH]D9LãHVODYD
%HOJUDGH6HUELD

)DFXOW\RI7HFKQLFDO6FLHQFHV8QLYHUVLW\RI1RYL6DG7UJ'RVLWHMD2EUDGRYLüD
1RYL6DG6HUELD

)DFXOW\RI3K\VLFDO&KHPLVWU\8QLYHUVLW\RI%HOJUDGH6WXGHQWVNLWUJ
%HOJUDGH6HUELD

6HUELDQ$FDGHP\RI6FLHQFHDQG$UWV.QH]0LKDLORYD%HOJUDGH6HUELD

$EVWUDFW 7KH HIIHFWV RI VPDOO DPRXQWV   DQG  PRO   RI ELVPXWK R[LGH RQ WKH
PLFURVWUXFWXUH DQG HOHFWULFDO SURSHUWLHV RI =Q26Q2 FHUDPLFV KDYH EHHQ VWXGLHG 6WDUWLQJ
SRZGHUVRI=Q2DQG6Q2ZHUHPL[HGLQWKHPRODUUDWLR$IWHUDGGLQJ%L2WKLVPL[WXUH
ZDV PHFKDQLFDOO\ DFWLYDWHG IRU  PLQXWHV LQ D SODQHWDU\ EDOO PLOO XQLD[LDOO\ SUHVVHG DQG
VLQWHUHGDW&IRUK7KHSKDVHFRPSRVLWLRQRIWKHVLQWHUHGVDPSOHVZDVDQDO\]HGE\;
5D\ 'LIIUDFWLRQ ;5'  DQG E\ (QHUJ\ 'LVSHUVLYH 6SHFWURPHWHU ('6  0RUSKRORJLHV ZHUH
H[DPLQHGE\6FDQQLQJ(OHFWURQ0LFURVFRS\ 6(0 $Q,PSHGDQFH*DLQ3KDVH$QDO\]HU +3
$  ZDV XVHG WR PHDVXUH WKH LPSHGDQFH VSHFWUD +] ± 0+]  DW GLIIHUHQW
WHPSHUDWXUHV 7KH HOHFWULFDO '& UHVLVWLYLW\FRQGXFWLYLW\ DW GLIIHUHQW WHPSHUDWXUHV ZDV
PHDVXUHGXVLQJD+LJK5HVLVWDQFH0HWHU +3$ 
.H\ZRUGV(OHFWULFDO3URSHUWLHV0LFURVWUXFWXUH=LQF6WDQQDWHDQG6LQWHULQJ

,QWURGXFWLRQ
,Q WKH SDVW GHFDGH LQWHQVH UHVHDUFK KDV EHHQ SHUIRUPHG RQ WKH =Q26Q2 V\VWHP
HVSHFLDOO\ UHJDUGLQJ WKH V\QWKHVLV RI ]LQF VWDQQDWH =Q6Q2  =LQF VWDQQDWH EHORQJV WR WKH
$%2VSLQHOW\SHFRPSRXQGV $ JURXS,,HJ=Q% JURXS,9HJ6Q*H >@6HYHUDO
W\SHVRIEXONDQGWKLQILOPPDWHULDOVFRQWDLQLQJSRO\FU\VWDOOLQH]LQFVWDQQDWHVZHUHREWDLQHG
DV SRWHQWLDO PDWHULDOV IRU JDV VHQVLQJ DQG GHWHFWLRQ RI PRLVWXUH DV HOHFWURGHV IRU VRODU
EDWWHULHVDQGLQWUDQVSDUHQWHOHFWURQLFV>@HWF
7KHLGHDRIGRSLQJ=Q26Q2EDVHGFHUDPLFVZLWK%L2DVDVLQWHULQJSURPRWHUOLHV
LQ WKHIDFW WKDW WKH SUHVHQFH RI %L2 FUHDWHV FRQGLWLRQV IRUOLTXLG SKDVH VLQWHULQJ %LVPXWK
R[LGHIRUPVWKH%L6Q2S\URFKORUHSKDVHZLWK6Q2DQGZLWKDGGLWLRQRI=Q2OHHGVWRWKH
IRUPDWLRQRI=Q6Q2VSLQHODQGD%L2OLTXLGSKDVHEHWZHHQDQG&DFFRUGLQJ
BBBBBBBBBBBBBBBBBBBBBBBBBBBBB

&RUUHVSRQGLQJDXWKRU WDPDUD#LWQVDQXDF\X
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7,YHWLü HWDO6FLHQFHRI6LQWHULQJ  



BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB

WRWKHIROORZLQJUHDFWLRQ>@

V7KH PLFURVWUXFWXUH RI VLQWHUHG VDPSOHV ZDV LQYHVWLJDWHG XVLQJ VFDQQLQJ HOHFWURQ
PLFURVFRS\ 6(0 ± -(2/ -60 /9  $SSURSULDWH VDPSOHV ZHUH GHQRWHG DV =62
=62 DQG =62 IRU VDPSOHV ZLWK DGGLWLRQ RI   DQG  PRODU RI %L 2
UHVSHFWLYHO\7KHUHIHUHQFHSRZGHUPL[WXUHZLWKQRDGGLWLRQRI%L2GHQRWHGDV=62ZDV
DOVRSUHSDUHGXVLQJWKHVDPHSURFHGXUH
7KHVDPSOHVXVHGIRUHOHFWULFDOFRQGXFWLYLW\PHDVXUHPHQWVZHUHSUHSDUHGLQWKHIRUP
RIDVDQGZLFKHOHFWURGHVWUXFWXUH6LOYHUFRDWLQJVZHUHXVHGDVHOHFWURGHV RKPLFFRQWDFW $Q
,PSHGDQFH*DLQ 3KDVH $QDO\]HU +3 $  ZDV XVHG WR PHDVXUH WKH LPSHGDQFH VSHFWUD
+] ± 0+]  DW GLIIHUHQW WHPSHUDWXUHV 7KH HOHFWULFDO '& UHVLVWLYLW\FRQGXFWLYLW\ DW
GLIIHUHQWWHPSHUDWXUHVZDVPHDVXUHGXVLQJD+LJK5HVLVWDQFH0HWHU +3$ 

 $ −$ &

%L6Q2=Q2     
→ =Q6Q2%L2 O 





7KLV OLTXLG SKDVHDVVLVWLQJ PHFKDQLVP LV DVVXPHG WR EH WKH PDLQ FDXVH RI
HQKDQFHPHQW RI WKH GHQVLILFDWLRQ SURFHVV LQ WKH FDVH RI VLQWHULQJ ZLWK VPDOO DGGLWLRQV RI
%L2>@7KHEDVHV\VWHPPL[WXUH =Q26Q2 JUDLQVJHWFRPSOHWHO\VXUURXQGHGE\DWKLQ
ILOP RI OLTXLG %L2 ZKLFK GLUHFWO\ LQIOXHQFH WKH GHQVLILFDWLRQ SURFHVV JUDLQ JURZWK DQG
VROLGVWDWHUHDFWLRQEHWZHHQDWWHQGDQW=Q2DQG6Q2JUDLQV
7KLV ZRUN LV DQ DWWHPSW WR FUHDWH D EHWWHU XQGHUVWDQGLQJ RI WKH PLFURVWUXFWXUDO
HYROXWLRQLQWKH=Q26Q2V\VWHPDQGFKDUDFWHUL]DWLRQRILWVHOHFWULFDOSURSHUWLHVZKHQORZ
DPRXQWVRIELVPXWKGRSDQWDUHHPSOR\HGDQGWKHVDPSOHVZHUHSUHSDUHGE\WKHPL[HGR[LGH
URXWH7KH0RWWPRGHOZDVWDNHQLQWRDFFRXQWZKLOHILWWLQJWKHH[SHULPHQWDO'&FRQGXFWLYLW\
UHVXOWV DQG LQYHVWLJDWLQJ WKH FRQGXFWLRQ PHFKDQLVP RI VLQWHUHG VDPSOHV 7KLV VWXG\ VKRXOG
OHDGWRHVWDEOLVKLQJWKHPLQLPXPGRSLQJOHYHOUHTXLUHGWRRSWLPL]HERWKWKHVLQWHULQJSURFHVV
DQGPLFURVWUXFWXUHHYROXWLRQLQ%L2GRSHG=Q26Q2FHUDPLFV

([SHULPHQWDO
&RPPHUFLDOO\ DYDLODEOH ]LQF R[LGH $OGULFK  DQG WLQ R[LGH $OGULFK  SRZGHUV ZHUH
PL[HGLQWKHPRODUUDWLR$IWHUDGGLQJGLIIHUHQWDPRXQWVRI%L2 DQGPRODU
  WKLV PL[WXUH ZDV KRPRJHQL]HG LQ DEVROXWH HWKDQRO GULHG DW & DQG PHFKDQLFDOO\
DFWLYDWHGLQDSODQHWDU\EDOOPLOO )ULWVFK3XOYHULVHWWH IRUPLQ=LUFRQLXPR[LGHJULQGLQJ
EDOOV PPLQGLDPHWHUDSSUR[ DQGYHVVHOV FP ZHUHXVHG7KHSRZGHUWREDOOVUDWLR
ZDV  DQG WKH WRWDO ZHLJKW RI WKH SRZGHU PL[WXUHV ZDV  J 7KHVH VDPSOHV ZHUH WKHQ
XQLD[LDOO\SUHVVHGXQGHU03DLQWRGLVFVZLWKDGLDPHWHURIPPDQGaPPWKLFNQHVV

5HVXOWVDQGGLVFXVVLRQ
;UD\GLIIUDFWLRQDQGGHQVLW\PLFURVWUXFWXUHGHYHORSPHQWVWXG\
7KH;UD\GLIIUDFWLRQ ;5' SDWWHUQVIRUWKHVLQWHUHGVDPSOHV )LJ SRLQWRXWWKH
H[LVWHQFH RI D WZRSKDVH V\VWHP FRPSRVHG RI =Q6Q2 DQG 6Q2 SKDVHV ;5' SHDN
LQWHQVLWLHVDQGWKHLUQXPEHU FKDQJHV LQFUHDVHGHFUHDVH  IRUVDPSOHV ZLWKDGGLWLRQ RI %L2
FRPSDUHGWRWKHSHDNVRI=Q6Q2DQG6Q2VHHQLQWKHUHIHUHQFH=62VDPSOHGLIIUDFWRJUDP
7KLVFRXOGLQGLFDWHLQLWLDODFWLRQLQWKH6Q2=Q6Q2V\VWHPZKHUH6QIURPWLQGLR[LGH
FDQVXEVWLWXWH=QVLWHVLQ=Q6Q2>@DVGHVFULEHGE\WKHIROORZLQJHTXDWLRQ

=Q 6Q2




→ 6Q =Q+ 2H 
6Q2  
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)LJ6LQWHUHGGHQVLW\DVDIXQFWLRQRIWKH%L2FRQWHQW



2 θ ( )λ &X.α
ο

)LJ;UD\GLIIUDFWLRQSDWWHUQVRIVLQWHUHGVDPSOHV
&KDUDFWHUL]DWLRQRIWKHREWDLQHGVDPSOHVDIWHUVLQWHULQJZDVFDUULHGRXWXVLQJDQ;
UD\GLIIUDFWRPHWHU 1RUHOFR3KLOLSV3: ZLWK&X.ĮUDGLDWLRQDQGDVWHSVFDQPRGHRI

)URPRXUUHVXOWVLWLVREYLRXVWKDWVPDOODGGLWLRQVRIELVPXWKR[LGHVWURQJO\SURPRWH
WKLVLRQVXEVWLWXWLRQDQGDFFHOHUDWHWKHIRUPDWLRQRID6Q2=Q6Q2VROLGVROXWLRQ+RZHYHU
WKH ;5' VWXG\ GLGQ¶W VKRZ WKH SUHVHQFH RI IUHH %L2 RU VHFRQGDU\ SHDN SKDVHV LH
IRUPDWLRQRIDQ\QHZSKDVHV7KLVLVEHFDXVHHLWKHUWKHDGGHG%L2DPRXQWVZHUHWRRVPDOO
WR EH GHWHFWHG E\ ;UD\ GLIIUDFWLRQ WHFKQLTXH RU WKH DSSOLHG VLQWHULQJ WHPSHUDWXUH UHJLPH
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BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB

&K FUHDWHGFRQGLWLRQVIRU%L2HYDSRUDWLRQ∗>@

7DE,('6PHDVXUHPHQWV DWRPLFZW 
6DPSOH
6SHFWUXP
2
=62

=62

D

=62

E

=62


=Q

6Q

7RWDO










































































)LJ6(0IUDFWXUHGVXUIDFHVRIWKH
=62VLQWHUHGVDPSOH

F

,W LV ZHOO NQRZQ WKDW ELVPXWK R[LGH LV XVHG DV DQ REOLJDWRU\ FRQVWLWXHQW LQ =Q2
FRPPHUFLDO YDULVWRUV DQG WRJHWKHU ZLWK PLQRU DGGLWLRQV RI VRPH RWKHU R[LGHV SURPRWHV WKH
GHQVLILFDWLRQSURFHVVLQIOXHQFHVWKHIRUPDWLRQRIDVSHFLILFPLFURVWUXFWXUHDQGFRQVHTXHQWO\
LPSDFWV WKH YDULVWRU UHVSRQVH >@ %\ VWXG\LQJ WKH HYROXWLRQ RIWKH VLQWHUHG GHQVLWLHV RI WKH
VDPSOHVDVDIXQFWLRQRIWKH%L2FRQWHQW )LJ WKHHIIHFWRI%L2DGGLWLRQLQHQKDQFLQJ
GHQVLILFDWLRQRI=Q26Q2FHUDPLFVZDVQRWHG$FFRUGLQJWRWKHVHUHVXOWVWKHVLQWHUHGGHQVLW\
LQFUHDVHV ZLWK LQFUHDVLQJ %L2 XS WR  PRODU  )RU KLJKHU %L2 FRQFHQWUDWLRQ
!PRODU WKHVLQWHUHGGHQVLW\UDSLGO\EUHDNVGRZQDVVKRZQLQ)LJLHLQGLFDWLQJWKH
SUHVHQFHRIDGHGHQVLILFDWLRQSKHQRPHQRQ>@6RWKHRSWLPDODPRXQWRI%L2WREHXVHG
DVDQDLGIRUHQKDQFHPHQWRIWKHGHQVLILFDWLRQSURFHVVIRUVLQWHULQJ=Q26Q2FHUDPLFVLV
PRODULQWKHWHPSHUDWXUHWLPHUHJLPHRI&K
7KHHIIHFWVRIFRPSRVLWLRQRQWKHPLFURVWUXFWXUHZDVVWXGLHGZLWK6(0DQDO\VLV )LJ D
E DQGZLWK('6DQDO\VLV )LJ F VKRZVPDUNHGSRLQWVZKHUHWKH('6PHDVXUHPHQWV
ZKHUHWDNHQ7DE, 7KHUHIHUHQFHVDPSOHKDVDUDWKHUSRURXVPLFURVWUXFWXUH )LJE ZKLFK
LVGRPLQDWHGE\VPDOOHUJUDLQVZLWKDFRPSRVLWLRQFORVHWRWKHVWRLFKLRPHWULF=Q6Q2VSLQHO
W\SHFRPSRXQG =Q2DQG6Q2 DQGZLWKODUJHUSRO\PHULFSDUWLFOHVRIDVHFRQGDU\
6Q2SKDVHLQFRUSRUDWHGLQWRWKHVSLQHOVWUXFWXUH



7KHILQDODPRXQWRIUHWDLQHG%LLVH[SHFWHGWREHPXFKVPDOOHUHVSHFLDOO\NQRZLQJWKHWHQGHQF\RI
%L2IRUHYDSRUDWLRQDERYHa&
∗

D

F

E

)LJ6(0IUDFWXUHGVXUIDFHVRIWKH=62
VLQWHUHGVDPSOH


7KH GRSHG VLQWHUHG VDPSOHV JHQHUDO PLFURVWUXFWXUH LQGLFDWHV HQKDQFHPHQW RI WKH
GHQVLILFDWLRQSURFHVVDQGSLQQLQJHIIHFWRI6Q2SDUWLFOHVFRPSDUHGWRWKHPLFURVWUXFWXUHRI
WKHUHIHUHQFH=62VLQWHUHGVDPSOH3URFHVVHVRIGHQVLILFDWLRQDQGJUDLQJURZWKDUHREYLRXVLQ
WKH=62VDPSOH )LJE 
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7,YHWLü HWDO6FLHQFHRI6LQWHULQJ  



BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB


,W LV FOHDU WKDW D VPDOO DGGLWLRQ RI %L2 WR WKH =Q26Q2 V\VWHP KDV WKH VDPH
LQIOXHQFH RQ HOHFWULFDO FKDUDFWHULVWLFV DV RQWKHUHODWLYH GHQVLW\ ZKLOHWKH WKHUPDO DFWLYDWLRQ
HQHUJ\GRHVQRWVKRZFKDQJHVZKLFKLQGLFDWHVWKHVDPHFRQGXFWLRQPHFKDQLVPLQWKHZKROH
H[DPLQHGWHPSHUDWXUHLQWHUYDO

D

E

D

E

F

)LJ6(0IUDFWXUHGVXUIDFHVRIWKH=62
VLQWHUHGVDPSOH

)LJ6(0IUDFWXUHGVXUIDFHVRIWKH=62
VLQWHUHGVDPSOH

F


(TXDOL]DWLRQRISDUWLFOHVL]HVRFFXUVLQ=62DQGWKHPRVWKRPRJHQHRXVDQGGHQVH
PLFURVWUXFWXUHLVIRUPHG )LJE )XUWKHUFU\VWDOJURZWKDQGWKHSUREOHPRIELJJHUSDUWLFOH
SDFNLQJLQWKH=62VDPSOH )LJDF FDXVHGHFUHDVHRIWKHUHODWLYHGHQVLW\ )LJ 
'&FRQGXFWLYLW\
'&FRQGXFWLYLW\ZDVDQDO\]HGXVLQJWKH$UUKHQLXVHTXDWLRQ
ı'& &H[S ǻ(N7  






ZKHUH&LVWKHSUHH[SRQHQWLDOIDFWRUǻ(LVWKHWKHUPDODFWLYDWLRQHQHUJ\7LVWKHDEVROXWH
WHPSHUDWXUH DQG N LV %ROW]PDQQ¶V FRQVWDQW )LJ  VKRZV WKH YDULDWLRQ RI '& FRQGXFWLYLW\
ı'& ZLWKUHFLSURFDOWHPSHUDWXUH 7 IRUWKHVLQWHUHGVDPSOHV7KHSORWRIORJ ı'& YHUVXV
7 LQWKHWHPSHUDWXUHUDQJH.\LHOGDVWUDLJKW>@OLQHZLWKDVORSHRI±ǻ(N7KH
DFWLYDWLRQHQHUJLHVǻ(FDOFXODWHGIURPWKHVORSHRIWKHVWUDLJKWOLQHDQGWKHSUHH[SRQHQWLDO
IDFWRUV&REWDLQHGE\H[WUDSRODWLQJWKHORJıOLQHWRWKHYDOXHFRUUHVSRQGLQJWR7 >@
DUHJLYHQLQ7DE,,
7DE,,&DOFXODWHGYDOXHVIRUǻ(DQG&IURPUHODWLRQ  
6DPSOH
ǻ( H9 
& ȍFP 
=62


=62


=62


=62




$FFRUGLQJWR)DGHOOHWDO>@WKHFDOFXODWHGYDOXHRIǻ(DORQHGRHVQRWSURYLGHDQ\
LQGLFDWLRQ RQ WKH FRQGXFWLRQ PHFKDQLVP DVSHFWV LH ZKHWKHU FRQGXFWLRQ RFFXUV LQ WKH
H[WHQGHGVWDWHVDERYHWKHPRELOLW\HGJHRUE\KRSSLQJLQWKHORFDOL]HGVWDWHV

0RWW >@ VWDWHG WKDW LI WKH YDOXH RI & LV LQ WKH UDQJH  ±  ȍFP  WKHQ
FRQGXFWLRQDSSHDUVLQWKHH[WHQGHGVWDWHVZKLOHVPDOOHUYDOXHVRI&LQGLFDWHWKHSUHVHQFHRID
ZLGHUDQJHRIORFDOL]DWLRQDQGFRQGXFWLRQE\KRSSLQJLQWKHORFDOL]HGVWDWH)LJLOOXVWUDWHV
WKHUHODWLRQEHWZHHQORJ ı'&7 DQG7,IZHDVVXPHWKDWWKHWKHUPDODFWLYDWLRQHQHUJ\LV
WHPSHUDWXUHLQGHSHQGHQW OLNH  LPSOLHV WKLVSORWVKRXOGJLYHDVWUDLJKWOLQHFRQVLVWHQWZLWK
WKH0RWWPRGHOIRUSKRQRQDVVLVWHGKRSSLQJRIVPDOOSRODURQVLQWKHDGLDEDWLFOLPLW>@
ı Y>HF F N75@H[S ZN7 









ZKHUHYLVWKHORQJLWXGLQDORSWLFDOSKRQRQIUHTXHQF\HLVWKHHOHFWULFFKDUJH5LVWKHDYHUDJH
VLWH VHSDUDWLRQ F LV WKH IUDFWLRQ RI VLWHV RFFXSLHG E\ DQ HOHFWURQ RU SRODURQ  DQG Z LV WKH
DFWLYDWLRQHQHUJ\IRU'&FRQGXFWLRQ
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7KHDFWLYDWLRQ HQHUJ\ FDOFXODWHG IURP WKH VORSH RI WKH VWUDLJKW OLQHV IURP )LJ  LV
Z   H9  H9  H9 DQG  H9 IRU =62 =62 =62 DQG =62
UHVSHFWLYHO\ DVVXPLQJ WKDW Y DQG 5 DUH FRQVWDQW ,PSHUIHFWLRQV LQ WKH LQKRPRJHQHRXV
PDWHULDOVVXFKDVWKLVFDXVHGE\WKHIOXFWXDWLRQVRIGHQVLW\DQGRUFKHPLFDOFRPSRVLWLRQFDQ
EH UHVSRQVLEOH IRU LQWHUQDOSRWHQWLDOIOXFWXDWLRQV>@DQG FRXOG LQIOXHQFH FDUULHU PRYHPHQW
DQG'&FRQGXFWLYLW\
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)LJ0HDVXUHGı'&DQGWRWDOFRQGXFWLYLW\ı Ȧ DVDIXQFWLRQRIUHFLSURFDOWHPSHUDWXUHDW
ORZHUIUHTXHQFLHVIRUD =62E =62F =62DQGG =62VDPSOHV
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)LJ  7KH UHODWLRQ EHWZHHQ ORJ ı'&7  YHUVXV UHFLSURFDO WHPSHUDWXUH 7 IRU VLQWHUHG
VDPSOHV   S T H[SHULPHQWDOUHVXOWV ʊ WKHRUHWLFDOUHVXOWVFDOFXODWHGE\(T  
(OHFWULFDO FRQGXFWLYLW\ RYHU WKH WHPSHUDWXUH UDQJH .. FKDUDFWHUL]HG E\ D
FRQVWDQW DFWLYDWLRQ HQHUJ\ DYHUDJH YDOXH aH9 VXJJHVWV WKDW DIWHU DOO WKH UHVLVWLYLW\
WHPSHUDWXUHUHODWLRQFRXOGEHGHVFULEHGE\DVLPSOHWKHUPDOO\DFWLYDWHGKRSSLQJPHFKDQLVP
ZLWKDFRQVWDQWDFWLYDWLRQHQHUJ\DVSUHGLFWHGE\HTXDWLRQ  
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)LJ0HDVXUHGı'&DQGWRWDOFRQGXFWLYLW\ı Ȧ DVDIXQFWLRQRIUHFLSURFDOWHPSHUDWXUHDW
KLJKHUIUHTXHQFLHVIRUD =62E =62F =62DQGG =62VDPSOHV
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$&FRQGXFWLYLW\
$ IUHTXHQF\GHSHQGHQW $& FRQGXFWLYLW\ ı Ȧ  REVHUYHG LQ PDQ\ DPRUSKRXV VHPL
FRQGXFWRUVDQGLVRODWRUVKDVWKHIRUP>@
ı$& Ȧ  ı Ȧ ±ı'& $Ȧ6

ZKHUHı$& Ȧ LVWKH$&FRQGXFWLYLW\ı Ȧ WKHWRWDOFRQGXFWLYLW\ı'&LVWKH'&SDUWRIWKH
WRWDOFRQGXFWLYLW\$LVDFRQVWDQWGHSHQGHQWRQWHPSHUDWXUHȦLVWKH FLUFXODU IUHTXHQF\DQG
VLVWKHH[SRQHQWJHQHUDOO\OHVVWKDQRUHTXDOWRXQLW\

&RQFOXVLRQ
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:HKDYHVWXGLHGWKHLQIOXHQFHRIDVPDOODGGLWLRQRI%L2WRWKH=Q26Q2V\VWHP
7KHUHVXOWVVWURQJO\VXJJHVWFRQVLGHULQJWKHSUHSDUDWLRQSURFHVVDQGIXUWKHUPRUHWKHDGGLWLRQ
RI %L2 WKDW 6Q2 GLG QRW IXOO\ GLVVROYH LQ WKH =Q2 FU\VWDO ODWWLFH 7KH LRQ VXEVWLWXWLRQ
SKHQRPHQRQUHLQIRUFHGE\VPDOO%L2DGGLWLRQKDSSHQLQJEHWZHHQ6QDQG=QUHVXOWVLQ
WKH IRUPDWLRQ RI D =Q26Q2 VROLG VROXWLRQ ZLWK UDWKHU OLPLWHG UHJLRQV RI SXUH =Q6Q2
$QDO\VLV RI WKH '& FRQGXFWLYLW\ VXJJHVWV FDUULHU KRSSLQJ LQ WKH ORFDOL]HG VWDWH DV WKH
GRPLQDQWFRQGXFWLRQPHFKDQLVP

$FNQRZOHGJHPHQW
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7KLVUHVHDUFKZDVSHUIRUPHGZLWKLQSURMHFWV*DQG%ILQDQFHGE\WKH
0LQLVWU\IRU6FLHQFHRIWKH5HSXEOLFRI6HUELD
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G
)LJ)UHTXHQF\GHSHQGHQFHRIWKH$&FRQGXFWLYLW\ı$& Ȧ DWGLIIHUHQWWHPSHUDWXUHVIRUD 
=62E =62F =62DQGG =62VDPSOHV
)UHTXHQF\GHSHQGDQWFRQGXFWLYLW\KDVEHHQDWWULEXWHGWRYDULRXVUHOD[DWLRQVFDXVHGE\
WKHPRWLRQRIHOHFWURQVRUDWRPVDQGKRSSLQJRUWXQQHOLQJEHWZHHQWKHHTXLOLEULXPVLWHV)LJ
 DG DQG)LJ DG VKRZWKHPHDVXUHG'&DQGWRWDOFRQGXFWLYLW\ı7 Ȧ DVDIXQFWLRQRI
UHFLSURFDO WHPSHUDWXUH DW YDULRXV IUHTXHQFLHV $W ORZHU IUHTXHQFLHV FRQGXFWLRQWHPSHUDWXUH
GHSHQGHQFHLVPRUHFKDQJHDEOHLWVYDOXHLQFUHDVHZLWKLQFUHDVHRIWHPSHUDWXUH,WLVHYLGHQWO\
WKDWWKH$&FRQGXFWLYLW\LVKLJKHUWKDQWKH'&FRQGXFWLYLW\$WKLJKHUIUHTXHQFLHV )LJ D
G YDULDWLRQRIHOHFWULFDOFRQGXFWLYLW\LVOHVVYLVLEO\EXWREYLRXVO\LQFUHDVHVZLWKWKHLQFUHDVH
RIWHPSHUDWXUH)LJ DG VKRZVWKHWRWDOFRQGXFWLYLW\ı7 Ȧ YHUVXVIUHTXHQF\I  Ȧʌ
DW GLIIHUHQW WHPSHUDWXUHV LQGLFDWLQJ D PRUH JHQWOH JURZWK RI HOHFWULFDO FRQGXFWLYLW\ YHUVXV
IUHTXHQF\DWORZHUIUHTXHQFLHV7KLVLVSDUWLFXODUO\SURQRXQFHGDWKLJKHUWHPSHUDWXUHVDQGIRU
VDPSOHV ZLWK ORZHU HOHFWULFDO FRQGXFWLYLW\ VXFK DV WKH =62 VDPSOH )RU WKH =62
VDPSOH ZLWK WKH KLJKHVW HOHFWULFDO UHVLVWLYLW\ HOHFWULFDO FRQGXFWLYLW\ LQFUHDVHV VKHHUO\ DW DOO
IUHTXHQFLHVDQGLQWKHZKROHUDQJHRIWKHREVHUYHGWHPSHUDWXUHV
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$ $ $O6KDKUDQL 6 $EERXG\ $ : %ULQNPDQ - 3K\V ' $SSO 3K\V 
 
-+<X*0&KRL6HQV$FWXDWRUV%&KHP  
- 6 :DQJ 6 6 ;LH < *DR ; 4 <DQ ' ) /LX + - <XDQ = 3 =KRX /
6RQJ/)/LX:<=KRX*:DQJ-&U\VW*URZWK  
5 6 1LUDQMDQ < . +ZDQJ ' + .LP 6 + -KXQJ - 6 &KDQJ , 6 0XOOD
0DWHU&KHP3K\V  
1'DQHX$5HþQLN6%HUQLN'.RODU-$P&HUDP6RF  
9*LO-7DUWDM&0RXUH3'XUDQ-(XU&HUDPLF6RF  
*==DQJ-):DQJ+&&KHQ:%6X&0:DQJ34L&KLQ3K\V/HWW
  
-:RQJ-$SSO3K\V  
<.DUDNDV:(/HH%ULWLVK&HUDPLF7UDQVDFWLRQ  
% %DO]HU 0 +DJHPHLVWHU 3 .RFKHU / - *DXFNOHU - $P &HUDP 6RF 
 
+60HWZDOO\3K\VLFD%  
0=RSH%'0XUDJL-.=RSH-1RQ&U\VW6ROLGV  
0)DGHO$$1LMLP+7(/6KDLU9DFXXP  
1)0RWW3KLORV0DJ  
1)0RWW-1RQ&U\VW6ROLGV  
+.DZD]RF++RVRQR7/HDQD]DZD-1RQ&U\VW6ROLGV  
0 3HLWHDGR < ,JOHVLDV - ) )HUQDQGH] - 'H )UXWRV $ & &DEDOOHUR 0DWHU
&KHP3K\V  

 
ɋɚɞɪɠɚʁ ɍ ɨɜɨɦ ɪɚɞɭ ɢɫɩɢɬɚɧ ʁɟ ɭɬɢɰɚʁ ɦɚɥɨɝ ɞɨɞɚɬɤɚ ɢɦɨɥ ɛɢɡɦɭɬ
ɨɤɫɢɞɚ %L2  ɧɚ ɦɢɤɪɨɫɬɪɭɤɬɭɪɭ ɢ ɟɥɟɤɬɪɢɱɧɚ ɫɜɨʁɫɬɜɚ ɰɢɧɤɤɚɥɚʁɨɤɫɢɞɧɟ =Q2
6Q2  ɤɟɪɚɦɢɤɟ ɉɨɥɚɡɧɢ ɩɪɚɯɨɜɢ =Q2 ɢ 6Q2 ɩɨɦɟɲɚɧɢ ɫɭ ɭ ɦɨɥɚɪɧɨɦ ɨɞɧɨɫɭ 
ɇɚɤɨɧ ɞɨɞɚɬɤɚ %L2 ɨɜɚ ɫɦɟɲɚ ʁɟ ɦɚɯɚɧɢɱɤɢ ɚɤɬɢɜɢɪɚɧɚ ɞɟɫɟɬ ɦɢɧɭɬɚ ɭ
ɩɥɚɧɟɬɚɪɧɨɦ ɦɥɢɧɭ ɫɚ ɤɭɝɥɚɦɚ ɩɪɟɫɨɜɚɧɚ ɢ ɫɢɧɬɟɪɨɜɚɧɚ ɧɚ&ɞɜɚ ɫɚɬɚ Ɏɚɡɧɢ
ɫɚɫɬɚɜ ɫɢɧɬɟɪɨɜɚɧɢɯ ɭɡɨɪɚɤɚ ɢɫɩɢɬɚɧ ʁɟ ɪɟɧɞɝɟɧɨɫɬɪɭɤɬɭɪɧɨɦ ɚɧɚɥɢɡɨɦ ;5'  ɢ
ɟɧɟɪɝɟɬɫɤɢɞɢɫɩɟɪɡɢɨɧɨɦ ɫɩɟɤɬɪɨɦɟɬɪɢʁɨɦ ('6  Ɇɢɤɪɨɫɬɪɭɤɬɭɪɟ ɫɭ ɢɫɩɢɬɚɧɟ ɧɚ
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ɫɤɟɧɢɪɚʁɭʄɟɦ ɟɥɟɤɬɪɨɧɫɤɨɦ ɦɢɤɪɨɫɤɨɩɭ 6(0 ɂɦɩɟɞɚɧɫɧɢ ɫɩɟɤɬɪɢ +]±0+] 
ɞɨɛɢʁɟɧɢ ɫɭ ɧɚ ɪɚɡɥɢɱɢɬɢɦ ɬɟɦɩɟɪɚɬɭɪɚɦɚ ɭɡ ɩɨɦɨʄ ,PSHGDQFH*DLQ 3KDVH $QDO\]HU
+3 $  ɭɪɟɻɚʁɚ (ɥɟɤɬɪɢɱɧH '& ɨɬɩɨɪɧɨɫɬɢɩɪɨɜɨɞɧɨɫɬɢ ɧɚ ɪɚɡɥɢɱɢɬɢɦ
ɬɟɦɩɟɪɚɬɭɪɚɦɚ ɢɡɦɟɪɟɧɟ ɫɭ ɩɨɦɨʄɭ+LJK5HVLVWDQFH0HWHU +3$ ɭɪɟɻɚʁɚ
Ʉʂɭɱɧɟ ɪɟɱɢ ȿɥɟɤɬɪɢɱɧɚ ɫɜɨʁɫɬɜɚ Ɇɢɤɪɨɫɬɪɭɤɬɭɪɚ ɐɢɧɤɫɬɚɧɚɬ ɋɢɧɬɟɪɨɜɚʃɟ
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GRL 6261
8'.

&HULXP2[LGH%DVHG1DQRPHWULF3RZGHUV
6\QWKHVLVDQG&KDUDFWHUL]DWLRQ
01LQLü6%RãNRYLü01HQDGRYLü6=HF.9RLVDYOMHYLü
'0LQLü%0DWRYLü


,QVWLWXWHRI1XFOHDU6FLHQFHV³9LQþD´%HOJUDGH0DWHULDOV6FLHQFH
/DERUDWRU\6HUELD

,QVWLWXWHIRU0XOWLGLVFLSOLQDU\5HVHDUFK.QH]D9LãHVODYD%HOJUDGH6HUELD

)DFXOW\RI3K\VLFDO&KHPLVWU\8QLYHUVLW\RI%HOJUDGH6WXGHQWVNLWUJ
%HOJUDGH6HUELD

$EVWUDFW
1DQRPHWULFSRZGHUVRIVROLGVROXWLRQVRIFHULXPR[LGHZHUHREWDLQHGE\DPRGLILHG
JO\FLQH QLWUDWH SURFHGXUH 6ROLG VROXWLRQV RI WKH KRVW FRPSRXQG &H2 ZLWK RQH RU PRUH
GRSDQWVLQWKHODWWLFHZHUHV\QWKHVL]HG5DUHHDUWKFDWLRQV 5H <E*GDQG6P ZHUHDGGHG
WRFHULDLQWRWDOFRQFHQWUDWLRQRI[ WKDWZDVNHSWFRQVWDQW7KHFULWHULRQLQGRSLQJZDV
WR NHHS WKH YDOXH RI ODWWLFH SDUDPHWHU RI FHULD XQFKDQJHG 7KH ODWWLFH SDUDPHWHUV ZHUH
FDOFXODWHGE\XVLQJWKHPRGHOWKDWWDNHVLQWRDFFRXQWWKHH[LVWHQFHRIR[\JHQYDFDQFLHVLQWKH
VWUXFWXUH
.H\ZRUGV&HULD)OXRULWHVWUXFWXUH0RGLILHGJO\FLQHQLWUDWHSURFHGXUH

,QWURGXFWLRQ
6ROLGLRQLFFRQGXFWRUVZLWKWKHIOXRULWHVWUXFWXUHKDYHEHHQH[WHQVLYHO\VWXGLHGGXHWR
WKHLUDSSOLFDWLRQVDVR[\JHQVHQVRUVR[\JHQSXPSVDQGDVVROLGHOHFWURO\WHVLQVROLGR[LGH
IXHO FHOO 62)&  V\VWHPV 5DUH HDUWKGRSHG FHULD VROLG HOHFWURO\WHV DUH RI JUHDW LQWHUHVW
HVSHFLDOO\ IRUWKH DSSOLFDWLRQ LQ LQWHUPHGLDWHWHPSHUDWXUH 62)& >@ 6HYHUDOSURSHUWLHV RI
WKHVH VROLG VROXWLRQV VXFK DV LRQLF FRQGXFWLYLW\ DQG SKDVH VWDELOLW\ DUH GHSHQGHQW DPRQJ
RWKHUVDOVRRQSK\VLFDODQGFKHPLFDOFKDUDFWHULVWLFVRIWKHV\QWKHVL]HGPDWHULDOV
,Q R[\JHQLRQ FRQGXFWRUV GRSLQJ ZLWK ORZHU YDOHQF\ FDWLRQV FUHDWHV D GHILQLWH
FRQFHQWUDWLRQ RI DQLRQ YDFDQFLHV IRU FKDUJH FRPSHQVDWLRQ ZKHUHE\ JHQHUDOO\ WKH LRQLF
FRQGXFWLYLW\ LQFUHDVHV ,Q DGGLWLRQ WKH XQLW FHOO XQGHUJRHV FRQWUDFWLRQ RU H[SDQVLRQ
GHSHQGLQJ XSRQ WKH VL]H RI WKH GRSDQW FDWLRQ 7KLV YDULDWLRQ RI WKH XQLW FHOO VL]H ZLWK WKH
GRSDQWVL]HREH\V9HJDUG¶VODZLIVROLGVROXWLRQLVIRUPHG
7KHDGGLWLRQRIGRSDQWVLQWRFHULDODWWLFHLVGHVLUDEOHVLQFHLWLVNQRZQWKDWHOHFWULFDO
FRQGXFWLYLW\ LQFUHDVHV ZLWK GRSLQJ 7KH HOHFWULFDO FRQGXFWLYLW\ RI 62)& HOHFWURO\WH LV
DIIHFWHGE\LRQLFUDGLLRIGRSDQWV>@7KHFRQGXFWLYLW\LVKLJKHULIWKHPLVPDWFKLQLRQLFVL]HV
RIKRVWDQGGRSDQWFDWLRQVLVDVORZDVSRVVLEOH>@
,Q WKLV SDSHU WKH V\QWKHVLV RI FHULD EDVHG QDQRSRZGHUV FRGRSHG ZLWK WKUHH GRSDQW
FDWLRQVZDVSHUIRUPHG7KHLQWHQWLRQZDVWRV\QWKHVL]HFRGRSHGSRZGHUNHHSLQJWKHODWWLFH
SDUDPHWHU XQFKDQJHG LQ UHVSHFW WR SXUH FHULD DV PXFK DV SRVVLEOH )RU WKDW UHDVRQ ZH
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LQWURGXFHGVPDOO <E DVZHOODVODUJHFDWLRQV 6P*G LQWRWKH&H2ODWWLFHVLPXOWDQHRXVO\
6LQJOHGRSHGFHULDVROLGVROXWLRQVZHUHSUHSDUHGDVZHOOIRUFRPSDULVRQ

6\QWKHVL]HG SRZGHUV ZHUH FKDUDFWHUL]HG E\ ;5' 3KLOLSV ;¶3HUW 03'  7(0 DQG
((/6 DQDO\VHV =(,66 (0  2PHJD  $OVR WKH VSHFLILF VXUIDFH DUHD ZDV PHDVXUHG E\
%UXQDXHU(PPHW7HOOHU %(7 PHWKRGRQ0LFURPHULWLFV)ORZ6RUE,,


([SHULPHQWDO
1DQRPHWULF SRZGHUV RI VROLG VROXWLRQV RI FHULXP R[LGH ZHUH REWDLQHG E\ PRGLILHG
JO\FLQHQLWUDWHSURFHGXUH 0*13 >@5DUHHDUWKFDWLRQV 5H <E*GDQG6P ZHUHXVHG
DV GRSDQWV ZLWK WRWDO FRQFHQWUDWLRQ RI [   6WDUWLQJ FKHPLFDOV XVHG IRU WKH V\QWKHVLV RI
QDQRSRZGHUVZHUHDPLQRDFHWLFDFLGJO\FLQH )OXND FHULXPDFHWDWHDQGPHWDOQLWUDWHV &H
<E*GDQG6P SURGXFHGE\$OGULFK*O\FLQHDQGDFHWDWHVZHUHXVHGLQDVUHFHLYHGIRUP
ZKHUHDV QLWUDWHV ZHUH XVHG LQ WKH IRUP RI ZDWHU VROXWLRQV 7KH FRQFHQWUDWLRQV RI QLWUDWHV
VROXWLRQVXVHGIRUH[SHULPHQWDOZRUNDUHVKRZQLQ7DE,
7DE,&RQFHQWUDWLRQVRIQLWUDWHVROXWLRQV
1R

6DPSOH

&RQFHQWUDWLRQ
>PJPO@



&H 12  Â[+2





<E 12  Â[+2





*G 12  Â[+2





6P 12  Â[+2



&RQFHQWUDWLRQV RI QLWUDWH VROXWLRQV ZHUH GHWHUPLQHG E\ WKH ,&32(6 PHWKRG 7KH
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Abstract
Powder mixtures of zinc oxide and tin oxide in the molar ratio, ZnO:SnO2 = 2:1, were mechanically activated in a planetary ball mill in the time
intervals of 0–160 min. The adsorption–desorption isotherms, speciﬁc surface area, pore volume and pore size distribution spectra of mechanically
activated powder mixtures were established by N2 adsorption at 77 K. Microstructure analysis was performed using scanning electron microscopy
(SEM) and digital pattern recognition (DPR) microstructure quantity analysis. The phase composition of the mixed powders was determined by Xray analysis. Mechanochemical activation of the ZnO–SnO2 system resulted in ﬁne grinding of the starting particles and generation of contacts
between them, mass transfer at contacts zones and formation of Zn2SnO4 spinel, which was observed after 40 min of activation.
# 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
Keywords: A. Milling; A. Powders: solid-state reaction; D. Spinels; Microstructure analysis

1. Introduction
It is well known that materials based on the ZnO–SnO2
system are widely used for the production of humidity and
combustible gas detection sensors, coatings for the use in
photoelectrochemisty and for fabrication of electrical contacts
[1–4]. Since the wide range of applications of these materials is
markedly inﬂuenced by the morphology of the initial powders it
is very important to control the morphology, texture and
particle size distribution during the powder preparation process.
In order to obtain spinel Zn2SnO4 various processing routes,
including the conventional high temperature solid-state
reaction between ZnO and SnO2, spray pyrolysis, sol–gel
and coprecipitation method have been proposed [5–7]. The
mechanochemical processing route has been developed
recently for the production of many nano-sized oxides

* Corresponding author. Tel.: +381 11 637 367; fax: +381 11 185 263.
E-mail address: tamara@itn.sanu.ac.yu (T. Ivetić).

including some with a perovskite and spinel structure. The
advantage of this process is that the chemical reactivity of
starting materials can be signiﬁcantly improved during
mechanochemical activation, so the solid-state reaction could
be activated only due to mechanical energy instead of high
temperatures. Furthermore, as a result of physical–chemical
changes in the material, which occur as a result of
mechanochemical activation, these powders possess much
higher sinterability than those synthesized by a conventional
solid-state reaction and with most wet chemical processes.
Mechanical activation by grinding is a collection of processes
that mostly emerge in four stages: material destruction,
formation of a new surface on the material which is destroyed,
ﬁne grinding and transformation into a new material with a
completely different structure [8]. Finding the optimal
conditions in the ﬁrst stage of powder processing—preparation
of powders (in this case grinding) gives the opportunity of
shortening the sintering time needed for complete formation of
the desired compound [9]. Having all this in mind, in this article
we investigated the inﬂuence of mechanochemical activation
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on the ZnO–SnO2 system, its effect on the microstructure and
development of extensive regions of Zn2SnO4 spinel.
2. Experimental
Mixtures of zinc oxide (99.9%, Aldrich) and tin oxide (99.9%,
Aldrich) powders, molar ratio ZnO:SnO2 = 2:1, were mechanically activated in a planetary ball mill (Fritsch Pulverisette 5) in
the continuous grinding process regime, in air, and for 10–
160 min. We used zirconium oxide grinding balls (10 mm in
diameter, approximately) and bowls (500 cm3) with a ball to
powder mass ratio of 40:1. Different milled powder mixtures
were denoted according to the applied time of activation as ZSO10, ZSO-40, ZSO-80 and ZSO-160. The non-activated powder
mixture containing ZnO and SnO2 was marked as ZSO-00.
Phase analysis was carried out in an X-ray diffractometer
(Norelco-Philips PW-1050) with Cu Ka radiation at a scanning
speed of 0.028/0.4 s.
Nitrogen adsorption isotherms of mixed powders were
determined on a Sorptomatic 1990 adsorption analyzer
(Thermo Finnigan) at 196 8C. All samples were degassed
at 300 8C for 24 h prior to the measurements. Various models
and appropriate software—WinADP were used to analyze the
obtained isotherms. The change of speciﬁc surface area, SBET,
during mechanical activation was calculated according to the
Brunauer, Emmett, Teller (BET) method (Table 1) from the
linear part of the nitrogen adsorption isotherms (0.05 < p/
p0 < 0.35) [10–12]. The pore size distribution for mesopores
was calculated in the radius range from 0 to 100 nm by the
Dollimore–Heal Poresizes method from the desorption branch
of isotherm [13] while micropore volume was determined from
the Dubinin Radushkevich Line method [14]. The morphology
of obtained powders was characterized using scanning electron
microscopy (JEOL JSM-646OLV) and digital pattern recognition (DPR) microstructure quantity analysis [15] that was
performed for the obtained SEM micrographs. This method is
based on extraction of the foreground layer of a micrograph, its
grayscale segmentation, extraction of contours of the segmented object and FFT analysis of the angular distribution of
contour radii. It should be mentioned that the relative estimated
error of volume diameter distribution calculated by this method
is less than 5% for micrographs of very complex systems [16].
3. Results and discussion
Mechanochemical synthesis is a heterogeneous solid-phase
reaction in which dispersion of the components, generation of

Fig. 1. Change of the speciﬁc surface area in the range of 0–160 min of
activation.

contacts between them and mass transfer at contact zones
occurs. As a result of grinding of initial components, change of
the powder morphology, their distribution, interface interaction, as well as the change of speciﬁc surface area may appear.
Speciﬁc surface area distribution analysis showed that during
grinding of the ZnO–SnO2 system, two stages emerge (Fig. 1).
During the ﬁrst one, an increase of the speciﬁc surface area
(SBET) from 6.47 to 8.29 m2/g is observed, while during the
second one, the decrease of the SBET from 8.29 to 2.74 m2/g.
The increase of the SBET during the ﬁrst stage of ZnO–SnO2
grinding may be related to breaking of powder particles and
formation of a new surface, while cold-welding of the initial
powder mixture, which arises in the second stage of grinding,
may lead to mechanochemical reactions in the system,
formation of new phases and decrease of the SBET. These
conclusions are in accordance with the results obtained by XRD
analysis (Fig. 2). The initial powder mixture exhibits sharp
peaks of hexagonal ZnO (JCPDS PDF 36-1451) and tetragonal
SnO2 (JCPDS PDF 41-1445), while after 10 min of mechanical
treatment intensities of all starting phases were signiﬁcantly
lowered. Lowering and broadening of diffraction peaks
indicates signiﬁcant reﬁnement in crystallite size and defect
formation during the initial stage of mechanochemical
activation. Calculations of the values of mean crystallite size
and the relative lattice strain obtained from the diffraction line
broadening of the non-activated samples and the samples
activated for 10 min pointed out that the mean crystallite size of
SnO2 and ZnO phase decreased from 76 to 65 nm and from 93
to 17 nm, respectively, while the relative lattice strain of these
phases increased from 0.126 to 0.148 and from 0.076 to 0.428,

Table 1
Porous property of non-milled and milled ZnO–SnO2 powder mixtures
Sample

SBET (m2/g)

V0.99 (cm3/g)

Vmicropore (cm3/g)

Dmedian (nm)

Vcumulative (cm3/g)

ZSO-00
ZSO-10
ZSO-40
ZSO-80
ZSO-160

6.47
8.29
4.18
2.94
2.74

0.026
0.034
0.029
0.02
0.02

0.0019
0.0031
0.0014
0.0012
0.0011

26.439
22.552
52.175
79.140
67.497

0.0402
0.0458
0.0386
0.0247
0.0253

Fig. 2. XRD patterns of ZSO powder mixtures as a function of the time of
activation.

respectively. In agreement with microstructure analysis, in the
early stages of activation, continuous shearing across interfaces
of ZnO and SnO2 resulted in an increase of their interface area
and intermixing of the two components (Fig. 3). As the
activation time increased up to 40 min appearance of the spinel
zinc stannate phase (Zn2SnO4) besides the ZnO and SnO2
phases was noticed, thus indicating the beginning of mechanochemical reactions in the system. With the increase of the
activation time the intensities of ZnO and SnO2 peaks become
lower, while the Zn2SnO4 peaks become higher. Calculations of
the values of the mean crystallite size and the relative lattice
strain of Zn2SnO4 for the samples activated 80 and 160 min
pointed out an increase of the mean crystallite size of Zn2SnO4
from 14 to 29 nm as the activation time increased, while the
relative lattice strain decreased from 0.520 to 0.260. Constant
collisions and rearrangement of the powder particles provided
by mechanical impact, shock, shear, and deformation created
opportunities for two or more Zn2SnO4 nuclei to meet at
favorable positions leading to growth in crystallite size. Thus,
the growth of nanocrystallites is a result of constant collisions
and rearrangement of the nanocrystalline nuclei proceeding as
the activation time increased. After 160 min of mechanochemical activation zinc stannate as a major phase, with insigniﬁcant
amounts of unreacted ZnO and SnO2, was observed.
It should be noticed that, simultaneously with the formation
of the new Zn2SnO4 phase, secondary agglomeration occurred
as well, resulting in a continuous decrease of SBET during the
second stage of ZnO–SnO2 system grinding. This observation,
as well as the ones obtained by microstructure analysis of the
inﬂuence of the mechanochemical activation on powder
morphology evolution—SEM (Fig. 3), is also in accordance
with the results obtained by the XRD analysis.
In the case of non-activated samples we noticed that the
initial mixture consisted of two homogeneously distributed
particles types: smaller ones, with a spherical shape and
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Fig. 3. SEM micrographs of samples: (a) ZSO-00; (b) ZSO-10; (c) ZSO-160.

average size of 0.15 mm, which belong to ZnO and longer ones,
with a polygonal shape and average size of 0.25 mm, which
belong to SnO2 (Fig. 4). Activation longer than 10 min brings
about an increase in the speciﬁc surface area and chopping of
particles especially those with a spherical shape. The dominant
decrease in the number of spherical particles, after 10 min of
activation, appears primarily because they belong to the ZnO
phase that is a more than six times softer material than tin oxide
(microhardness values are 1.5 and 10 GPa for ZnO and SnO2,
respectively). For the samples activated 160 min, according to
histograms obtained by DPR analysis (Fig. 4C) four peaks at
0.15, 0.3, 0.7 and 1.2 mm were noticed. They were ascribed to
the average grain size of ZnO, SnO2 and Zn2SnO4 phase and
agglomerates, respectively.
Fragmentation and aggregation of particles, occurring
during mechanochemical synthesis, have also been observed
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4. Conclusion

Fig. 4. Digital pattern recognition (DPR) histograms for ZSO-00; ZSO-10; ZSO-160.

from the shape of the adsorption isotherms (Fig. 5). We have
noticed that all adsorption isotherms, according to the IUPAC
[12,17] classiﬁcation belong to the Type IIb, which is
commonly related to mono-multi layered adsorptions on a
clear and stable powder surface, which may exhibit fractured
particles, aggregates and macro pores or even in limited micro
pores. All isotherms have a reversible part at low relative
pressures and hysteresis loops at higher relative pressures
which is characteristic of aggregates plane particles in forming
slit shape pores [11,12]. Namely, physical adsorption is in most
cases reverse. With isothermal decrease in pressure desorption
is happening along the same isotherm. However, in very porous
adsorbents inside ﬁne pores and capillaries condensation can
occur on lower pressures than the equilibrium pressure.
Desorption is then harder and the adsorption curve shows a
hysteresis during desorption [18]. Our analysis showed that
pores with the biggest total bulk volume were determined in the
samples activated for 10 min. Decrease of the pore bulk

condition decreases the total pore volume. A lower total
porosity (volume) was observed in samples activated 80 and
160 min (0.025  0.003 cm3/g) versus other sample porosity.
Mean mesopore diameters, according to the Dollimore–Heal
method, vary from 22 nm for samples activated 10 min to
79 nm for the samples activated 80 min. The volume share of
the biggest pores (mesopores) decreased for higher activation
times so samples activated for 80 and 160 min had smaller
amount of the big pores. The increase of the activation time did
not lead to further texture development and porosity improvement. Figs. 5 and 6 shows the adsorption–desorption isotherms
and pore size distribution spectra (PSD) of the analyzed powder
mixtures. Textural properties obtained from N2 isotherms, PSD
curves and by Dubinin–Radushkevich method are summarized
in Table 1.

Fig. 5. Nitrogen adsorption–desorption isotherms of different activated powder
mixtures.

Fig. 6. Pore size distribution (PSD) spectra of different activated powder
mixtures.

In this article the inﬂuence of mechanochemical activation
on the ZnO–SnO2 system has been investigated. Mechanical
activation in the observed ZnO–SnO2 system resulted in ﬁne
grinding of the starting particles and generation of contacts
between them, mass transfer at the contact zones and synthesis
of Zn2SnO4 spinel, which was observed after 40 min of
activation. XRD and speciﬁc surface area distribution analysis
pointed out that during mechanical activation of the ZnO–SnO2
system two processes emerged. The ﬁrst one was related to
breaking of the powder particles and formation of a new surface
while the second one led to mechanochemical reactions in the
system and formation of a new phase. Fragmentation and
aggregation of the particles, which occur as a result of
mechanochemical synthesis, has been investigated by SEM,
DPR and pore morphology evolution from adsorption isotherm
analysis. As a result of this analysis it is possible to optimize the
best conditions of powder preparation prior to the sintering
process as well as to optimize the processing route for the
advanced mechanochemical synthesis of zinc-stanate spinel.
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7KH(IIHFWRI6WUXFWXUDO&KDQJHVRQ0DJQHWLF3HUPHDELOLW\RI
$PRUSKRXV3RZGHU1L&R
$0DULþLü  06SDVRMHYLü  6$UQDXW  '0LQLü  005LVWLü


7HFKQLFDO)DFXOW\ýDþDN6YHWRJ6DYHýDþDN6HUELD
)DFXOW\RI3K\VLFDO&KHPLVWU\6WXGHQWVNLWUJ%HOJUDGH6HUELD

6HUELDQ$FDGHP\RI6FLHQFHVDQG$UWV.QH]0LKDLORYD%HOJUDGH6HUELD





$EVWUDFW
7KH VWUXFWXUDO FKDQJHV RI 1L&R DPRUSKRXV SRZGHU ZHUH WHVWHG GXULQJ KHDWLQJ
7KHDOOR\ZDVREWDLQHGE\HOHFWURO\VLVIURPDPPRQLDVROXWLRQVXOIDWHRIFREDOWDQGQLFNHORQ
WKHWLWDQLXPFDWKRGH7KHGLIIHUHQWLDOVFDQQLQJFDORULPHWU\ '6& PHWKRGZDVXVHGWRGHWHFW
WKDW WKH FU\VWDOOL]DWLRQ SURFHVV RI SRZGHU RFFXUHG LQ WZR VWDJHV ZLWK FU\VWDOOL]DWLRQ SHDNV
WHPSHUDWXUHV RI WKH ILUVW VWDJH DW  . DQG RI WKH VHFRQG VWDJH DW  . 7KH HIIHFW RI
VWUXFWXUDOUHOD[DWLRQDQGFU\VWDOOL]DWLRQRISRZGHURQPDJQHWLFSURSHUWLHVZDVSUHGLFWHGE\
PHDVXUHPHQWRIWKHUHODWLYHPDJQHWLFSHUPHDELOLW\FKDQJHLQLVRWKHUPDODQGQRQLVRWKHUPDO
FRQGLWLRQV 2Q WKH EDVLV RI WKH WLPH FKDQJH RI UHODWLYH PDJQHWLF SHUPHDELOLW\ DW D GHILQHG
WHPSHUDWXUH LQ WKH WHPSHUDWXUH UDQJH RI WKH ILUVW DQG VHFRQG FU\VWDOOL]DWLRQ SHDN RQ WKH
WKHUPRJUDP WKH NLQHWLFV RI FU\VWDOOL]DWLRQ ZDV GHILQHG ,W ZDV SUHGLFWHG WKDW LQ WKH LQLWLDO
WLPH LQWHUYDO LQ WKH UDQJH RI WKH ILUVW FU\VWDOOL]DWLRQ SHDN WKH UDWH RI FU\VWDOOL]DWLRQ LV
GHWHUPLQHGE\WKHUDWHRIQXFOHDWLRQRIWKHDPRUSKRXVSDUWRIWKHSRZGHU+RZHYHULQWKH
VHFRQG WLPH LQWHUYDO WKH FU\VWDOOL]DWLRQ UDWH LV GHWHUPLQHG E\ WKH UDWH RI GLIIXVLRQ ,Q WKH
UDQJH RI WKH VHFRQG SHDN LQ WKH EHJLQQLQJ WKH UDWH RI FU\VWDO JURZWK LV GHWHUPLQHG E\
DFWLYDWLRQ HQHUJ\ RI WKH DWRP SDVV IURP VPDOOHU WR ELJJHU FU\VWDO JUDLQ ,Q VHFRQG WLPH
LQWHUYDOWKHUDWHRIFU\VWDOJUDLQJURZWKLVGHWHUPLQHGE\WKHGLIIXVLRQUDWHRIDWRPVWRWKH
ORFDWLRQRILQWHJUDWLRQLQWRELJJHUFU\VWDOJUDLQV)RUDOOSURFHVVHVZKLFKGHWHUPLQHWKHUDWH
RI FU\VWDOOL]DWLRQ LQ WHPSHUDWXUH UDQJHV RI ERWK FU\VWDOOL]DWLRQ SHDNV WKH $UUKHQLXV
WHPSHUDWXUH GHSHQGHQFH RI UDWH IRU WKRVH SURFHVVHV LV REWDLQHG 7KH UHODWLYH PDJQHWLF
SHUPHDELOLW\ RI FU\VWDOOL]HG SRZGHU DW  . LV VPDOOHU IRU DERXW   WKDQ WKH UHODWLYH
PDJQHWLF SHUPHDELOLW\ RI IUHVK SRZGHU DW URRP WHPSHUDWXUH +RZHYHU VWUXFWXUDOO\ UHOD[HG
SRZGHUDW.KDVDQDERXWODUJHUPDJQHWLFSHUPHDELOLW\WKDQWKHVDPHIUHVKSRZGHU
DWURRPWHPSHUDWXUH
.H\ZRUGV1L&R$PRUSKRXVSRZGHU0DJQHWLFSHUPHDELOLW\&U\VWDOOL]DWLRQUDWH



,QWURGXFWLRQ


$PRUSKRXV DQG QDQRVWUXFWXUDO PHWDOOLF DOOR\V DUH YHU\ LPSRUWDQW EHFDXVH RI WKHLU
VSHFLILFSURSHUWLHVIRUIXQGDPHQWDOUHVHDUFKDQGDOVRIRUDSSOLFDWLRQLQHOHFWULFDOHQJLQHHULQJ
HOHFWURQLFV DQG LQ WKH RWKHU LQGXVWU\ EUDQFKHV 7KH SRZGHUV RI WKHVH DOOR\V WKDQNV WR WKHLU
VSHFLILF VWUXFWXUH KDYHSK\VLFDOFKHPLFDOSURSHUWLHV ZKLFK DUH GLIIHUHQW IURP WKHSURSHUWLHV
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RIDOOR\VZLWKODUJHFU\VWDOJUDLQV>@$SSOLFDWLRQRIQDQRVWUXFWXUDOSRZGHUVLQPRGHUQ
WHFKQRORJ\LVHQDEOHGE\WKHLUVSHFLILFSURSHUWLHV,QWKHODVWWZHQW\\HDUVPXFKUHVHDUFKKDV
EHHQ GHYRWHG WR WKH GHWHUPLQDWLRQ RI DQ RSWLPL]HG SURFHGXUH IRU REWDLQLQJ QDQRVWUXFWXUDO
SRZGHUV ZLWK LQ DGYDQFH GHWHUPLQHG VWLSXODWHG SURSHUWLHV %\ DGHTXDWH HOHFWURFKHPLFDO
SURFHVVHV ZLWK DSSOLFDEOH VHOHFWHG NLQHWLF DQG RSHUDWLQJ SDUDPHWHUV RI HOHFWURO\VLV LW LV
SRVVLEOHWRREWDLQSRZGHUVRIPHWDOOLFDOOR\VZLWKVWLSXODWHGSK\VLFDOFKHPLFDOFKDUDFWHULVWLFV
>  @ 7KH SURSHUWLHV RI HOHFWURFKHPLFDOO\ REWDLQHG SRZGHUV DUH RIWHQ DSSUHFLDEO\
GLIIHUHQW WKDQ WKH SURSHUWLHV RI SRZGHU ZLWK WKH VDPH FKHPLFDO FRPSRVLWLRQ REWDLQHG E\
DQRWKHU PHWKRG $ VWXG\ RI VWUXFWXUDO FKDQJHV RI QDQRVWUXFWXUDO DOOR\V GXULQJ KHDWLQJ
HQDEOHVGHILQLWLRQRIWKHFRQGLWLRQVRIWKHUPDOWUHDWPHQWIRUREWDLQLQJPDWHULDOVZLWKVSHFLILF
SURSHUWLHV > @ 'XULQJ KHDWLQJ GLPHQVLRQV RI FU\VWDO JUDLQV GHQVLW\ RI FKDRWLFDOO\
DUUDQJHG GLVORFDWLRQV PLFURVWUDLQ SKDVH VWUXFWXUH DQG WKH DPRXQW RI WKH DPRUSKRXV SKDVH
FKDQJH LQ QDQRVWUXFWXUDO PDWHULDOV > @ 7KRVH FKDQJHV LQIOXHQFH WKH HOHFWULFDO
PDJQHWLFFDWDO\WLFFRUURVLRQDQGRWKHUSURSHUWLHV,QWKLVZRUNWKHKHDWLQJHIIHFWRIHOHFWUR
FKHPLFDOO\ REWDLQHG 1L&R DOOR\ IURP DPPRQLD EDWK WR WKH SURFHVV RI UHOD[DWLRQ DQG
FU\VWDOOL]DWLRQ LV H[DPLQHG LQ RUGHU WR GHWHUPLQH KRZ WKHVH SURFHVVHV DIIHFW WKH PDJQHWLF
SURSHUWLHVRIWKHVHDOOR\V



([SHULPHQWDO

1L&R DOOR\SRZGHUZDVREWDLQHGE\HOHFWURGHSRVLWLRQIURPDQDPPRQLDEDWKRQ
WKHWLWDQLXPFDWKRGHDWDGHQVLW\RIHOHFWULFFXUUHQWM P$FP>@
 7KH FU\VWDO VWUXFWXUH DQG JUDLQ VL]H RI WKH SRZGHUV ZHUH GHWHUPLQHG E\ ;UD\
GLIIUDFWLRQ ;5'  DQQDO\VLV ;5' PHDVXUHPHQWV ZHUH SHUIRUPHG RQ D 3KLOLSV 05'
GLIIUDFWRPHWHUXVLQJ&X.DUDGLDWLRQ
&U\VWDOOL]DWLRQ RI WKH SRZGHU ZDV LQYHVWLJDWHG E\ WKH GLIIHUHQWLDO VFDQQLQJ
FDORULPHWU\ '6&  PHWKRG 7KHUPRJUDPV ZHUH REWDLQHG RQ D 6KLPDG]X LQVWUXPHQW DW D
KHDWLQJUDWHRI.PLQXQGHUWKHIORZRISXUHQLWURJHQ
0HDVXUHPHQWV RI UHODWLYH PDJQHWLF SHUPHDELOLW\ ZHUH SHUIRUPHG XVLQJ D PRGLILHG
0D[ZHOOPHWKRGEDVHGRQWKHDFWLRQRIDQLQKRPRJHQHRXVILHOGRQWKHPDJQHWLFVDPSOH7KH
PDJQHWLF IRUFH PHDVXUHPHQWV ZHUH SHUIRUPHG ZLWK D VHQVLWLYLW\ RI  1 LQ DQ DUJRQ
DWPRVSKHUH



5HVXOWVDQG'LVFXVVLRQ

1L&R DOOR\ SRZGHU ZDV REWDLQHG E\ HOHFWURO\VLV IURP DQ DPPRQLD VROXWLRQ RI
VXOIDWHQLFNHODQGFREDOWRQWKHWLWDQLXPFDWKRGH;5'DQDO\VLVFRQILUPHGWKDWWKHSRZGHULV
FRPSRVHGRIDSKDVHRIVROLGVROXWLRQQLFNHODQGFREDOWZLWKQDQRFU\VWDOVRIPHGLXPYDOXH
ZLWK GLPHQVLRQV IURP  QP ZLWK D VXUIDFH FHQWHUHG FXELF ODWWLFH )&&  DQG IURP DQ
DPRUSKRXVSKDVHSRVLWLRQHGEHWZHHQWKHFU\VWDOJUDLQV7KH5LHWYHOGPHWKRG>@ZDVXVHG
WRGHWHUPLQHWKDWIUHVKSRZGHUKDVDQDPRUSKRXVVWUXFWXUHDQGWKDWKDVDFU\VWDO
VWUXFWXUH
 $ '6& WKHUPRJUDP RI IUHVK SRZGHU RI DOOR\ 1L&R LV VKRZQ RQ ILJ  7KH
REWDLQHG WKHUPRJUDP VKRZV WKDW WKH UHOHYDQW VWUXFWXUDO FKDQJHVLQ WKH SRZGHU RFFXU LQ WKH
WHPSHUDWXUH LQWHUYDO IURP  . XQWLO  . ,W LV SRVVLEOH WR QRWLFH WZR H[SUHVVHG
FU\VWDOOL]DWLRQ SHDNV ZLWK PD[LPXPV RQ  . DQG  . 7KH HQWKDOS\ RI WKH ILUVW
FU\VWDOOL]DWLRQSHDNZDVǻ+ Â-NJZKLOHWKHHQWKDOS\RIWKHVHFRQGFU\VWDOOL]DWLRQ
SHDNZDVǻ+ Â-NJ
 7KH;UD\GLIIUDFWRJUDPREWDLQHGDIWHUKHDWLQJ1L&R SRZGHUDW.VKRZVWKDW
GXULQJ KHDWLQJ FU\VWDOOL]DWLRQ RI WKH DPRUSKRXV SDUW RI WKH SRZGHU DQG JURZWK RI FU\VWDO
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IUHVK SRZGHU $IWHU WKDW WKH SRZGHU ZDV KHDWHG IRU D VHFRQG WLPH DW  . 'XULQJ WKH
VHFRQG KHDWLQJ WKH PDJQHWLF SHUPHDELOLW\GLGQRW FKDQJH UHOHYDQWO\ ILJ FXUYH E  7KLV
LQGLFDWHV WKDW GXULQJ WKH VHFRQG KHDWLQJ UHOHYDQW VWUXFWXUDO FKDQJHV LQ WKH SRZGHU GLG QRW
RFFXU
'XULQJVWUXFWXUDOUHOD[DWLRQWKHWKHUPDOHQHUJ\DQGH[WHUQDOPDJQHWLFILHOGZLWKDQ
LQWHQVLW\ RI   $P FDXVHG PRELOLW\ RI PDJQHWLF GRPDLQV ZDOOV %\ RUJDQLVLQJ WKH
VWUXFWXUHRQVKRUWGLVWDQFHVWKHDWRPVLQOLQHEHVLGHVRULHQWHGPDJQHWLFGRPDLQVFURVVDWD
VOLJKWO\ ORZHU SRWHQWLDO OHYHO DQG WKHLU PDJQHWLF PRPHQW WHQGV WR EH LQ WKH GLUHFWLRQ RI
PDJQHWLF PRPHQWV RI DWRPV LQ WKH QHDUE\ RULHQWHG GRPDLQ 7KLV OHDGV WR DQ LQFUHDVH RI
PDJQHWLFGRPDLQV7KXVWKHWHUPDOHQHUJ\DQGUHODWLYHO\ZHDNH[WHUQDOPDJQHWLFILHOGGXULQJ
VWUXFWXUDO UHOD[DWLRQ FDXVHV H[WUDFWLQJ RULHQWHG PDJQHWLF GRPDLQV ZKLFK DOVR LQFUHDVH WKH
PDJQHWLVDWLRQDQGPDJQHWLFSHUPHDELOLW\
&XUYH D  RQ ILJ  VKRZV WKH WHPSHUDWXUH GHSHQGHQFH RI WKH UHODWLYH PDJQHWLF
SHUPHDELOLW\FKDQJHGXULQJKHDWLQJIUHVKSRZGHU1L&RXQWLO.7KH&XULHWHPSHUDWXUH
RIHOHFWURFKHPLFDOO\REWDLQHGSRZGHULV.7KHUHODWLYHPDJQHWLFSHUPHDELOLW\RIIUHVK
SRZGHUGHFUHDVHVDSSUHFLDEO\ZLWKWHPSHUDWXUHLQFUHDVHLQWKHWHPSHUDWXUHLQWHUYDOIURP
.XQWLO.7KLVGHFUHDVHLVFDXVHGE\D GLVVLSDWLRQRIRULHQWDWLRQRIPDJQHWLFGRPDLQV
E\ WKH DFWLYLW\ RI WKHUPDO HQHUJ\ DQG E  VWUXFWXUDO FKDQJHV LQ WKH SRZGHU 'HFUHDVLQJ RI
PDJQHWLFSHUPHDELOLW\RIIUHVKSRZGHU FXUYHD LQWKHWHPSHUDWXUHLQWHUYDOIURP.XQWLO
 . LV FDXVHG MXVW E\ WKHUPDO HQHUJ\ ,Q WKH LQWHUYDO IURP  . XQWLO  . PDJQHWLF
SHUPHDELOLW\GHFUHDVHVEHFDXVHRIGLVVLSDWLRQRULHQWDWLRQVRIGRPDLQVE\WKHUPDOHQHUJ\DQG
E\ FU\VWDOOL]DWLRQ RI WKH DPRUSKRXV SDUW RI WKH SRZGHU 7KH LQWHQVH UHGXFWLRQ RI PDJQHWLF
SHUPHDELOLW\ IURP  . XQWLO  . LV FDXVHG E\ GLVVLSDWLRQ RULHQWDWLRQV RI GRPDLQV DQG
FUHDWLRQRIODUJHUFU\VWDOOLQHJUDLQV
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)LJ'6&WKHUPRJUDPRI1L&RSRZGHUDOOR\REWDLQHGDWM P$FP 7KHKHDWLQJ
UDWHZDV.PLQ

 7KH ;UD\ GLIIUDFWRJUDP REWDLQHG DIWHU KHDWLQJ RI WKH SRZGHU DW  . VKRZV WKDW
GXULQJKHDWLQJUHOHYDQWJURZWKRIFU\VWDOJUDLQVRFFXUHG7KHVHFRQGFU\VWDOOL]DWLRQSHDNRQ
WKHWKHUPRJUDPLVWKHFRQVHTXHQFHRIWKHJURZWKRIELJJHUFU\VWDOJUDLQVRQDFFRXQWRIWKH
VPDOOHURQHV
 6WUXFWXUDO FKDQJHV RI WKH HOHFWURFKHPLFDOO\ REWDLQHG SRZGHU GXULQJ KHDWLQJ DUH
IROORZHGE\PHDVXULQJRIUHODWLYHPDJQHWLFSHUPHDELOLW\FKDQJH)LJVKRZVWKHPDJQHWLF
SHUPHDELOLW\FKDQJHVGXULQJKHDWLQJRIIUHVKSRZGHUXQWLO. FXUYHD 
 7KHFXUYHDVKRZVWKDWPDJQHWLFSHUPHDELOLW\LQFUHDVHVDQGUHDFKDPD[LPXPDW
.GXULQJSRZGHUKHDWLQJ$IWHUKHDWLQJWKHSRZGHUZDVFRROLQJWRURRPWHPSHUDWXUH

$0DULFLFHWDO6FLHQFHRI6LQWHULQJ  
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W &


)LJ7HPSHUDWXUHGHSHQGHQFHRIUHODWLYHPDJQHWLFSHUPHDELOLW\RI1L&RSRZGHUD±
ILUVWKHDWLQJDQGE±VHFRQGKHDWLQJ7KHKHDWLQJUDWHZDV.PLQ

 'XULQJFRROLQJWKHPDJQHWLFSHUPHDELOLW\GLGQRWFKDQJH7KLVLQGLFDWHVWKDWGXULQJ
VWUXFWXUDO UHOD[DWLRQ LQ SRZGHU LUUHYHUVLEOH VWUXFWXUDO FKDQJHV RFFXUHG $IWHU VWUXFWXUDO
UHOD[DWLRQWKHFRROHGSRZGHUKDVDQDERXWKLJKHUPDJQHWLFSHUPHDELOLW\WKDQWKHVDPH

W &

)LJ5HODWLYHPDJQHWLFSHUPHDELOLW\WHPSHUDWXUHGHSHQGHQFHRISRZGHU1L&RD±ILUVW
KHDWLQJDQGE±VHFRQGKHDWLQJ7KHKHDWLQJUDWHZDV.PLQ

&XUYH E  RQ ILJ  VKRZV WKH UHODWLYH PDJQHWLF SHUPHDELOLW\ FKDQJH RI WKH VDPH
VDPSOH GXULQJ VHFRQG KHDWLQJ 'XULQJ VHFRQG KHDWLQJ XS WR  . QR VWUXFWXUDO FKDQJHV
RFFXUHG 7KXV WKH UHODWLYH PDJQHWLFSHUPHDELOLW\GLG QRW FKDQJH LQ WKH WHPSHUDWXUH LQWHUYDO
IURP  . XQWLO  . 'HFUHDVLQJ RI PDJQHWLF SHUPHDELOLW\ RI WKH FU\VWDO VDPSOH ZLWK
LQFUHDVLQJRIWHPSHUDWXUHLQWKHWHPSHUDWXUHLQWHUYDOIURP.XQWLO.ZDVFDXVHGE\
WKH FKDQJH RI LQGLYLGXDO PDJQHWLF GRPDLQ GLUHFWLRQ XQGHU WKH LQIOXHQFH RI WKHUPDO HQHUJ\
)LJVKRZVWKDWWKHPDJQHWLFSHUPHDELOLW\RIWKHFU\VWDOOLQHVDPSOHLVDERXWOHVVWKDQ
WKH PDJQHWLF SHUPHDELOLW\ RI WKH VDPH IUHVK VDPSOH 7KH PDJQHWLF SHUPHDELOLW\ RI
FU\VWDOOL]HGSRZGHULVOHVVWKDQWKHPDJQHWLFSHUPHDELOLW\RISRZGHUDQQHDOHGXSWR
. ILJ   7KH FU\VWDOOLQH SRZGHU RI HOHFWURFKHPLFDOO\ REWDLQHG DOOR\ 1L&R KDV ORZHU
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PDJQHWLFSHUPHDELOLW\WKDQWKHDQQHDOHGSRZGHUDVWKHRULHQWDWLRQRILQGLYLGXDOGRPDLQVLV
PRUH FRPSLODFHG LQ WKH FU\VWDOOLQH SRZGHU DQG WKH PRWLRQ RI RULHQWHG GRPDLQ ZDOOV LV
UHGXFHG
7KHNLQHWLFVRISRZGHUFU\VWDOOL]DWLRQLVGHWHUPLQHGE\PHDVXULQJRIWLPHFKDQJHVRI
WKHUHODWLYHPDJQHWLFSHUPHDELOLW\DWWKHGHILQHGWHPSHUDWXUHVLQWHPSHUDWXUHUDQJHVRIWKH
ILUVWDQGWKHVHFRQGH[SUHVVHGFU\VWDOOL]DWLRQSHDNRQWKHWKHUPRJUDP

)LJ  VKRZV WKDW LQ WKH LQLWLDO WLPH LQWHUYDO D OLQHDU GHSHQGHQFH H[LVWV RI WKH
ORJDULWKPRIUHODWLYHPDJQHWLFSHUPHDELOLW\OQ P W P W RQWLPH Ĳ 



$0DULFLFHWDO6FLHQFHRI6LQWHULQJ  
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,Q WKH VHFRQG WLPH LQWHUYDO ILJ   WKHUH LV D OLQHDU GHSHQGHQFH RI WKH UHODWLYH
PDJQHWLFSHUPHDELOLW\OQP W P W RQĲ7KLVLQGLFDWHVWKDWLQWKHVHFRQGWLPHLQWHUYDOLQ
ERWK WHPSHUDWXUH UDQJHV WKH UDWH RI FU\VWDOOL]DWLRQ LV GHWHUPLQHG E\ WKH UDWH RI GLIIXVLRQ
DWRPVXQWLOWKHSODFHRILQWHJUDWLRQLQFU\VWDOJUDLQV

2Q WKH EDVH RI GLDJUDPV VKRZQ RQ ILJ  DQG  D OLQHDU GHSHQGHQFH RI  WKH UDWH
FU\VWDOOL]DWLRQ ORJDULWKP RQ


LV HVWDEOLVKHG 7KLV LQGLFDWHV WKDW WKHUH LV DQ $UUKHQLXV
7

GHSHQGHQFHRIWKHQXFOHDWLRQUDWHUDWHRIWUDQVLWLRQRIDWRPVIURPVPDOOHUWRODUJHUFU\VWDOOLQH
JUDLQVDQGGLIIXVLRQUDWHRQWHPSHUDWXUH
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&RQFOXVLRQ
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.
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.
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)LJ'HSHQGHQFHRIWKHORJDULWKPRIUHODWLYHPDJQHWLFSHUPHDELOLW\OQ P W P W DVD
IXQFWLRQRIWKHWLPHGXUDWLRQRIKHDWLQJ Ĳ DWWKHWHPSHUDWXUHVƒ.ƕ.ٽ.ڇ
.ɿ. .


7KHREWDLQHGGHSHQGHQFHVVKRZQRQILJVKRZWKDWLQWKHILUVWWLPHLQWHUYDOLQWKH
WHPSHUDWXUHUDQJHRIERWKH[SUHVVHGFU\VWDOOL]DWLRQSHDNVRQWKHWKHUPRJUDPFU\VWDOOL]DWLRQ
LVDQDFWLYDWHGUHDFWLRQRIWKHILUVWRUGHU7KLVLQGLFDWHVWKDWLQWKHWHPSHUDWXUHUDQJHRIWKH
ILUVWFU\VWDOOL]DWLRQSHDNWKHUDWHRIFU\VWDOOL]DWLRQLQWKHILUVWWLPHLQWHUYDOLVGHWHUPLQHGE\
WKHUDWHRIQXFOHDWLRQEXWLQWKHWHPSHUDWXUHUDQJHRIWKHVHFRQGFU\VWDOOL]DWLRQSHDNWKHUDWH
RI FU\VWDOOL]DWLRQ LV GHWHUPLQHG E\ WKH DFWLYDWLRQ HQHUJ\ RI WUDQVIHU RI DWRPV IURP VPDOOHU
FU\VWDOJUDLQVWRODUJHUFU\VWDOJUDLQV
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5HIHUHQFHV



.



.
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.
.




%\ '6& LW LV GHPRQVWUDWHG WKDW HOHFWURFKHPLFDOO\ REWDLQHG 1L&R SRZGHU PDGH
IURPRIDPRUSKRXVSKDVHDQGRI)&&SKDVHRIVROLGVROXWLRQQLFNHODQGFREDOW
ZLWKQDQRFU\VWDODYHUDJHGLPHQVLRQIURPQPFU\VWDOOL]HVLQWZRWHPSHUDWXUHUDQJHVZLWK
FU\VWDOOL]DWLRQSHDNWHPSHUDWXUHVDW.DQGDW.

0HDVXUHPHQWVRIWKHPDJQHWLFSHUPHDELOLW\UHODWLYHFKDQJHGXULQJWLPHDWDFRQVWDQW
WHPSHUDWXUHLQWKHWHPSHUDWXUHUDQJHRIWKHILUVWFU\VWDOOL]DWLRQSHDNVKRZWKDWLQWKHLQLWLDO
WLPHLQWHUYDOWKHUDWHRIFU\VWDOOL]DWLRQLVGHWHUPLQHGE\WKHUDWHRIQXFOHDWLRQ,QWKHVHFRQG
WLPH LQWHUYDO WKH UDWH RI FU\VWDOOL]DWLRQ LV GHWHUPLQHG E\ WKH UDWH RI GLIIXVLRQ RI QLFNHO DQG
FREDOWDWRPV

,QWKHWHPSHUDWXUHUDQJHRIWKHVHFRQGFU\VWDOOL]DWLRQSHDNLQLQLWLDOWLPHWKHUDWHRI
JURZWK RI FU\VWDO JUDLQV LV GHWHUPLQHG E\ WKH DFWLYDWLRQ HQHUJ\ RI WUDQVLWLRQ DWRPV IURP
VPDOOHUWRODUJHUFU\VWDOJUDLQV,QWKHVHFRQGWLPHLQWHUYDOWKHUDWHRIJURZWKRIFU\VWDOJUDLQV
LV GHWHUPLQHG E\ WKH GLIIXVLRQ UDWH RI DWRPV WR WKH SODFH RI LQWHJUDWLRQ LQWR ODUJHU FU\VWDO
JUDLQV
%\WKHUPRPDJQHWLFPHDVXUHPHQWVLWZDVVKRZQWKDWWKHUHOD[HGSRZGHUDW.KDV
DERXW   ODUJHU PDJQHWLF SHUPHDELOLW\ WKDQ WKH VDPH IUHVK SRZGHU DW URRP WHPSHUDWXUH
+RZHYHUSRZGHU1L&RFU\VWDOOL]HGDWWKHWHPSHUDWXUHRI.KDVDERXWORZHU
PDJQHWLFSHUPHDELOLW\WKDQVWUXFWXUDOUHOD[HGSRZGHUDWURRPWHPSHUDWXUH
7KHUHVHDUFKUHVXOWVKDYHVKRZQWKDWWKHHOHFWURFKHPLFDOSURFHVVPD\SURGXFHQDQR
VWUXFWXUDO SRZGHUV ZKRVH IXQFWLRQDO SURSHUWLHV FDQ EH FKDQJHG WKURXJK WKH VLPXOWDQHRXV
HIIHFWRIWKHUPDOHQHUJ\DQGDQH[WHUQDOPDJQHWLFILHOG


















W V

)LJ  'HSHQGHQFH RI UHODWLYH PDJQHWLF SHUPHDELOLW\ P W P W  RQ Ĳ  DW WHPSHUDWXUHV ƒ

.ƕ.ٽ.ڇ.ɿ. .


 3+DDVHQ5,-RIIH$PRUSKRXV0HWDOVDQG6HPLFRQGXFWRUV3HUJDPRQ/RQGRQ
 75$QDQWKDUDPDQ7UDQV7HFK$HGHUPDQVRUI6ZLW]HUODQG
 1)0RWW ($'DYLV (OHFWURQLF 3URFHVVHV LQ 1RQ&U\VWDOOLQH 0DWHULDOV &ODUHQGRQ
3UHVV2[IRUG
 06WHHE+:DUOLPRQW5DSLGO\4XHQFKHG0HWDOV(OVHYLHU$PVWHUGDP
 /$-DNREVRQ-0F.LWWULN5DSLG6ROGLILFDWLRQ3URFHVVLQJ(OVHYLHU
 096XãLü-0DWHU6FL  
 <X$.XQLWVN\ 9,/LVRY 7/7VDUHJUDGVND\D 297XUNRY 6FLHQFH RI 6LQWHULQJ
&XUUHQW3UREOHPVDQG1HZ7UHQGV%HRJUDG  
 $0DULþLü06SDVRMHYLü/5DIDLORYLü90LORYDQRYLü/5LELü=HOHQRYLü0DWHU6FL
)RUXP  
 096XãLü$00DULþLü0DWHU&KHP3K\V  
 $00DULþLü005LVWLü6FL6LQWHU  
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 096XãLü$00DULþLü160LWURLYü6FL6LQWHU  
 $00DULþLü005LVWLü6FL6LQWHU  
 $00DULþLü096XãLü005LVWLü-6HUE&KHP6RF  
 06SDVRMHYLü$0DULþLü/5DIDLORYLü6FL6LQWHU  
 /5LELü=HOHQRYLü/5DIDLORYLü$0DULþLü06SDVRMHYLü-2SWRHOHF$GYDQ0DWHU
  
 $5'HVSLü .,3RSRY 0RGHUQ $VSHFWV RI (OHFWURFKHPLVWU\ 9RO  3OHQXP 3UHVV
1HZ<RUN
 1,EO+HOY&OLP$FWD  
 ., 3RSRY 0* 3DYORYLü (OHFWURGHSRVLWLRQ RI 0HWDO 3RZGHUV ZLWK &RQWUROOHG
3DUWLFOHV6L]HDQG0RUSKRORJ\LQ0RGHUQ$VSHFWVRI(OHFWURFKHPLVWU\%(&RQZD\
-20%RFNULV5(:KLWH(GV9RO3OHQXP1HZ<RUNSS
 0*3DYORYLü/M-3DYORYLü1'1LNROLü.,3RSRY0DWHU6FL)RUXP  

 0*3DYORYLü.,3RSRY(56WRMLOMNRYLü%XOO(OHFWURFKHP  
 0*3DYORYLü/M-3DYORYLü(5,YDQRYLü05DGPLORYLü.,3RSRY-6HUE&KHP
6RF  
 65DQGMLü$0DULþLü/5DIDLORYLü06SDVRMHYLü005LVWLü6FL6LQWHU  

 $0DULþLü06SDVRMHYLü/5LELü=HOHQRYLü-$SSO(OHFWURFKHPLQSUHVV
 +5LHWYHOG-$SSO&U\VWDORUJ  





ɋɚɞɪɠɚʁ ɂɫɩɢɬɚɧɟ ɫɭ ɫɬɪɭɤɬɭɪɧɟ ɩɪɨɦɟɧɟ ɚɦɨɪɮɧɨɝ ɩɪɚɯɚ ɥɟɝɭɪɟ 1L&R ɬɨɤɨɦ
ɡɚɝɪɟɜɚʃɚ ɉɪɚɯ ʁɟ ɞɨɛɢʁɟɧ ɟɥɟɤɬɪɨɥɢɡɨɦ ɢɡ ɚɦɨɧɢʁɚɱɧɨɝ ɪɚɫɬɜɨɪɚ ɫɭɥɮɚɬɚ ɤɨɛɚɥɬɚ ɢ
ɧɢɤɥɚ ɧɚ ɤɚɬɨɞɢ ɨɞ ɬɢɬɚɧɚ Ⱦɢɮɟɪɟɧɰɢʁɚɥɧɨɦ ɫɤɚɧɢɪɚʁɭʄɨɦ ɤɚɥɨɪɢɦɟɬɪɢʁɨɦ '6& 
ɭɬɜɪɻɟɧɨ ʁɟ ɞɚ ɫɟ ɤɪɢɫɬɚɥɢɡɚɰɢʁɚ ɩɪɚɯɚ ɨɞɜɢʁɚ ɭ ɞɜɟ ɬɟɦɟɩɟɪɚɬɭɪɫɤɟ ɨɛɥɚɫɬɢ ɫɚ
ɬɟɦɩɟɪɚɬɭɪɚɦɚ ɟɝɡɨɬɟɪɦɧɚ ɦɚɤɫɢɦɭɦɚ   Ʉ ɢ  Ʉ ȿɮɟɤɚɬ ɫɬɪɭɤɬɭɪɧɟ
ɪɟɥɚɤɫɚɰɢʁɟ ɢ ɤɪɢɫɬɚɥɢɡɚɰɢʁɟ ɩɪɚɯɚ ɧɚ ɦɚɝɧɟɬɧɚ ɫɜɨʁɫɬɜɚ ɭɫɬɚɧɨɜʂɟɧ ʁɟ ɦɟɪɟʃɟɦ
ɩɪɨɦɟɧɟ ɪɟɥɚɬɢɜɧɟ ɦɚɝɧɟɬɧɟ ɩɟɪɦɟɚɛɢɥɧɨɫɬɢ ɭ ɢɡɨɬɟɪɦɫɤɢɦ ɢ ɧɟɢɡɨɬɟɪɦɫɤɢɦ
ɭɫɥɨɜɢɦɚ ɇɚ ɨɫɧɨɜɭ ɜɪɟɦɟɧɫɤɟ ɩɪɨɦɟɧɟ ɪɟɥɚɬɢɜɧɟ ɦɚɝɧɟɬɧɟ ɩɟɪɦɟɚɛɢɥɧɨɫɬɢ ɧɚ
ɨɞɪɟɻɟɧɨʁ ɬɟɦɟɩɪɚɬɭɪɢ ɭ ɬɟɦɩɟɪɚɬɭɪɫɤɨʁ ɨɛɥɚɫɬɢ ɩɪɜɨɝ ɢ ɞɪɭɝɨɝ ɟɝɡɨɬɟɪɦɧɚ
ɦɚɤɫɢɦɭɦɚ ɧɚ ɬɟɪɦɨɝɪɚɦɭ ɨɞɪɟɻɟɧɚ ʁɟ ɤɢɧɟɬɢɤɚ ɤɪɢɫɬɥɢɡɚɰɢʁɟ ɍɫɬɚɧɨɜʂɟɧɨ ʁɟ ɞɚ ɭ
ɩɨɱɟɬɧɨɦ ɜɪɟɦɟɧɫɤɨɦ ɢɧɬɟɪɜɚɥɭ ɭ ɨɛɥɚɫɬɢ ɩɪɜɨɝ ɟɝɡɨɬɟɪɦɧɚ ɦɚɤɫɢɦɭɦɚ ɛɪɡɢɧɭ
ɤɪɢɫɬɚɥɢɡɚɰɢʁɟ ɨɞɪɟɻɭʁɟ ɛɪɢɡɧɚ ɧɭɤɥɟɚɰɢʁɟ ɚɦɨɪɮɧɨɝ ɞɟɥɚ ɩɪɚɯɚ Ɇɟɻɭɬɢɦ ɭ ɞɪɭɝɨɦ
ɜɪɟɦɟɧɫɤɨɦ ɢɧɬɟɪɜɚɥɭ ɛɪɡɢɧɭ ɤɪɢɫɬɚɥɢɡɚɰɢʁɟ ɨɞɪɟɻɭʁɟ ɛɪɡɢɧɚ ɞɢɮɭɡɢʁɟ ɍ ɨɛɥɚɫɬɢ
ɞɪɭɝɨɝ ɟɝɡɨɬɟɪɦɧɨɝ ɦɚɤɫɢɦɭɦɚ ɭ ɩɨɱɟɬɤɭ ɛɪɡɢɧɭ ɪɚɫɬɚ ɤɪɢɫɬɚɥɧɢɯ ɡɪɧɚ ɨɞɪɟɻɭʁɟ
ɟɧɟɪɝɢʁɚ ɚɤɬɢɜɚɰɢʁɟ ɩɪɟɥɚɫɤɚ ɚɬɨɦɚ ɫɚ ɦɚʃɢɯ ɧɚ ɜɟʄɚ ɤɪɢɫɬɚɥɧɚ ɡɪɧɚ ɍ ɞɪɭɝɨɦ
ɜɪɟɦɟɧɫɤɨɦ ɢɧɬɟɪɜɚɥɭ ɛɪɡɢɧɚ ɪɚɫɬɚ ɤɪɢɫɬɚɥɧɢɯ ɡɪɧɚ ɨɞɪɟɻɟɧɚ ʁɟ ɛɪɡɢɧɨɦ ɞɢɮɭɡɢʁɟ
ɚɬɨɦɚ ɞɨ ɦɟɫɬɚ ɭɝɪɚɞʃɟ ɭ ɜɟʄɚ ɤɪɢɫɬɚɥɧɚ ɡɪɧɚ Ɂɚ ɫɜɟ ɩɪɨɰɟɫɟ ɤɨʁɢ ɞɟɬɟɪɦɢɧɢɲɭ
ɛɪɡɢɧɭ ɤɪɢɫɬɚɥɢɡɚɰɢʁɟ ɭ ɬɟɦɩɟɪɚɬɭɪɫɤɢɦ ɨɛɥɚɫɬɢɦɚ ɨɛɚ ɟɝɡɨɬɟɪɦɧɚ ɦɚɤɫɢɦɭɦɚ ɧɚ
ɬɟɪɦɨɝɪɚɦɭ ɞɨɛɢʁɟɧɚ ʁɟ Ⱥɪɪɯɟɧɢɭɫɨɜɚ ɡɚɜɢɫɧɨɫɬ ɛɪɡɢɧɟ ɬɢɯ ɩɪɨɰɟɫɚ ɨɞ ɬɟɦɩɟɪɚɬɭɪɟ
Ɋɟɥɚɬɢɜɧɚ ɦɚɝɧɟɬɧɚ ɩɟɪɦɟɚɛɢɥɧɨɫɬ ɢɫɤɪɢɫɬɚɥɢɫɚɧɨɝ ɩɪɚɯɚ ɧɚ  Ʉ ʁɟ ɧɚ ɫɨɛɧɨʁ
ɬɟɦɟɩɪɚɬɭɪɢ ɡɚ ɨɤɨɦɚʃɚ ɨɞ ɪɟɥɚɬɢɜɧɟ ɦɚɝɧɟɬɧɟ ɩɟɪɦɟɚɛɢɥɧɨɫɬɢ ɫɜɟɠɟɝ ɩɪɚɯɚ
Ɇɟɻɭɬɢɦ ɩɪɚɯ ɫɬɪɭɤɬɭɪɧɨ ɪɟɥɚɤɫɢɪɚɧ ɧɚɄ ɢɦɚ ɧɚ ɫɨɛɧɨʁ ɬɟɦɩɟɪɚɬɭɪɢ ɡɚ ɨɤɨ
 ɜɟʄɭ ɦɚɝɧɟɬɧɭ ɩɟɪɦɟɚɛɢɥɨɧɨɫɬ ɨɞ ɫɜɟɠɟɝ ɩɪɚɯɚ
Ʉʂɭɱɧɟ ɪɟɱɢ 1L&R ɚɦɨɪɮɧɢ ɩɪɚɯ ɦɚɝɧɟɬɧɚ ɩɟɪɦɟɚɛɢɥɧɨɫɬ ɛɪɡɢɧɚ
ɤɪɢɫɬɚɥɢɡɚɰɢʁɟ
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3K\VLFVRI1DQRVWUXFWXUHG0DWH
ULDOV)DFXOW\RI3K\VLFV8QLYHU
VLW\RI9LHQQD$XVWULD

)DFXOW\RI3K\VLFDO&KHPLVWU\
8QLYHUVLW\RI%HOJUDGH6HUELD

1DQRVWUXFWXUHGQLFNHODQGFREDOWDOOR\GLVSHUVHGHSRVLWVZHUHREWDLQHGJDOYDQRVWDWL
FDOO\RQ&XVXEVWUDWHVIURPDPPRQLXPVXOIDWHFKORULGHHOHFWURO\WHV7KHLQIOXHQFHRI
FXUUHQW GHQVLW\ DQG WKH 1L&R UDWLR LQ WKH EDWK RQ WKH PLFURVWUXFWXUH DQG SKDVH
FRPSRVLWLRQ RI WKH 1L±&R GHSRVLWV ZHUH VWXGLHG ,W ZDV VKRZQ WKDW ERWK EDWK FRP
SRVLWLRQDQGFXUUHQWGHQVLW\LQIOXHQFHVWURQJO\WKHGHSRVLWJURZWKPHFKDQLVPDVZHOO
DVWKHGHSRVLWFRPSRVLWLRQPLFURVWUXFWXUHJUDLQVL]HDQGVXUIDFHPRUSKRORJ\:KHQ
HOHFWURGHSRVLWLRQ ZDV SHUIRUPHG DW KLJK RYHUSRWHQWLDOV IDU IURP HTXLOLEULXP FRQGL
WLRQVIDFHFHQWHUHGFXELF )&& PL[WXUHVRI1LDQG&RZHUHJHQHUDWHGZKLOHDWORZ
RYHUSRWHQWLDOV DV ZHOO DV DW KLJKHU FRQWHQW RI FREDOW LQ WKH HOHFWURO\WH KH[DJRQDO
FORVHSDFNHG +&3 &RZDVIRUPHGZLWKDORZHUUDWHRIK\GURJHQHYROXWLRQ7KHLQ
FUHDVHLQWKHFRQFHQWUDWLRQRI+&3SKDVHLQWKHQDQRFU\VWDOOLQHGHSRVLWVZDVFDXVHG
E\ LQFUHDVLQJ WKH RYHUDOO &R FRQWHQW LQ WKH PDWHULDOV SUHSDUHG DV ZHOO DV E\ GH
FUHDVLQJGHSRVLWLRQFXUUHQWGHQVLW\7KHHIIHFWVRIVWUXFWXUDOFKDQJHVRQPDJQHWLFSUR
SHUWLHVRIWKHHOHFWURFKHPLFDOO\REWDLQHGQDQRFU\VWDOOLQHGHSRVLWVZHUHVWXGLHGLQWKH
WHPSHUDWXUHLQWHUYDOIURPURRPWHPSHUDWXUHWR&,WZDVVKRZQWKDWHDFKVWDJH
RIWKHVWUXFWXUDOFKDQJHVFDXVHGFRUUHVSRQGLQJFKDQJHVLQWKHPDJQHWLFSHUPHDELOLW\
IRUWKHDOOR\VSUHSDUHG

5(9,(:3$3(5
8'&¶
'2, +(0,1'5

(OHFWURGHSRVLWHG1L±&RWKLQILOPVKDYHEHHQLQWHQ
VLYHO\ VWXGLHG GXH WR WKHLU DSSOLFDWLRQ LQ 0(06 >@
7KLQ DQG WKLFN 1L±&R ILOPV IRUP LPSRUWDQW SDUWV RI
PDJQHWLF0(06 GHYLFHV LQFOXGLQJ VHQVRUV PLFURDF
WXDWRUV RU PLFURPRWRUV EHFDXVH RI WKHLU H[FHOOHQW SK\
VLFDO SURSHUWLHV )LQH 1L &R DQG 1L±&R DOOR\ SRZGHUV
DUHUHTXLUHGIRUGHYHORSLQJPDJQHWRUHVLVWLYHVHQVRUVLQ
WKLFNILOPIRUP>@
(OHFWURGHSRVLWLRQ RI 1L±&RSRZGHUV IURP GHILQHG
VROXWLRQVRI1LSRZGHUVDVZHOODVRI&RSRZGHUVZHUH
HVWDEOLVKHGE\WKHZRUNRI&DOXVDUX>@$OPRVWDOOPH
WDOVFDQEHREWDLQHGLQSRZGHUIRUPEXWWKHPHWKRGIRU
REWDLQLQJVXFKPDWHULDOVZLOOEHGHSHQGHQWRQLQWHQGHG
SURSHUWLHV DIIHFWHG E\ WKHLU VWUXFWXUH >@ 7KH HOHFWUR
O\WLFSRZGHUSURGXFWLRQPHWKRGXVXDOO\\LHOGVDSURGXFW
RI UHTXHVWHG FKHPLFDO FRPSRVLWLRQ KLJK SXULW\ ZKLFK
FDQ EH ZHOO SUHVVHG DQG VLQWHUHG DV ZH KDYH VKRZ LQ
SUHYLRXVSDSHUV>±@
7KH HOHFWURGHSRVLWLRQ RI &R KDV EHHQ IDU OHVV VWX
GLHGFRPSDUHGWRWKH1LHOHFWURGHSRVLWLRQ>@(OHFWUR
O\WLF &R FU\VWDOOL]HV ZLWK WZR PRGLILFDWLRQV WKH +&3
VWDEOHDOORWURSLFPRGLILFDWLRQDWWHPSHUDWXUHVEHORZ
&DQGZLWKWKH)&&IRUPRIODWWLFHVWUXFWXUHVWDEOHDW
KLJKHU WHPSHUDWXUHV :LWK LQFUHDVH RI S+ WKH VWUXFWXUH
EHFRPHVFRPSOHWHO\LQWKHIRUPRIWKH+&3SKDVHDQG
GHSRVLWWH[WXUHGHSHQGVPDLQO\RQVROXWLRQS+>@ 7KH
SUHYDLOLQJRULHQWDWLRQVDQGWKHLUVWDELOLW\ZLWKUHVSHFWWR
WKH RSHUDWLYH FRQGLWLRQV DUH FKDUDFWHUL]HG LQ GHWDLOV IRU
ERWKVXOSKDWH>@DQGFKORULGHEDVHGHOHFWURO\WHV>@
&RKHQ+\DPV HW DO VKRZHG WKDW WKH VWUXFWXUH RI HOHF
WURGHSRVLWHG &R VLJQLILFDQWO\ GHSHQGV RQ WKH OHYHO RI
XVHGRYHUSRWHQWLDO>@:KHQHOHFWURGHSRVLWLRQLVSHU
IRUPHGIDUIURP HTXLOLEULXP FRQGLWLRQVLHDWDKLJKHU
RYHUSRWHQWLDOV )&& FREDOW LV GHSRVLWHG ZKLOH DW ORZHU
RYHUSRWHQWLDOV +&3 &R LV IRUPHG ZLWK D ORZHU UDWH RI
K\GURJHQHYROXWLRQ

)URPWKHHDUOLHVWSDSHUVLQWKHQDQRVWUXFWXUHGPD
WHULDO VFLHQFH >@ XQWLO QRZDGD\V DQG IURP ZLGHVSUHDG
UHVHDUFK RYHU WKH SDVW FRXSOH RI GHFDGHV QDQRVFDOHG
PDWHULDOVKDYHDWWUDFWHGDORWRIDWWHQWLRQRIVFLHQWLVWVDOO
RYHU WKH ZRUOG FRQFHUQLQJ ERWK VFLHQWLILF DV ZHOO DV
WHFKQRORJLFDO DVSHFW >±@ 1DQRVWUXFWXUHG PDWHULDOV
SURYLGH DQ H[FHOOHQW RSSRUWXQLW\ WR H[WHQG WKH XQGHU
VWDQGLQJRIWKHVWUXFWXUH±SURSHUW\UHODWLRQVLQVROLGPD
WHULDOV DQG DOVR RSHQ DQDWWUDFWLYH SRWHQWLDO IRU WHFKQR
ORJLFDODSSOLFDWLRQV>±@
0DQ\V\QWKHVLVWHFKQLTXHVIRUSURGXFWLRQRIQDQR
VWUXFWXUHGPDWHULDOVKDYHEHHQGHYHORSHGOLNHLQHUWJDV
FRQGHQVDWLRQ EDOOPLOOLQJ VHYHUH SODVWLF GHIRUPDWLRQ
FKHPLFDO YDSRU GHSRVLWLRQ DQG HOHFWURFKHPLFDO GHSRVL
WLRQ>@$OWKRXJKHOHFWURGHSRVLWLRQKDVEHHQRQHRIWKH
PHWKRGV XVLQJ ZHOONQRZQ SURFHVVHV IRU V\QWKHVL]LQJ
QDQRFU\VWDOOLQH PDWHULDOV SURSHUWLHV RI QDQRFU\VWDOOLQH
HOHFWURGHSRVLWVDUHOHVVHYDOXDWHGHVSHFLDOO\IRUWULEROR
JLFDO DSSOLFDWLRQ LQ QDQRVFDOH GHYLFHV VXFK DV PLFUR
DQGQDQRHOHFWURPHFKDQLFDOV\VWHPV 0(06DQG1(06 
7KH HOHFWURGHSRVLWLRQ WHFKQLTXH KDV VLJQLILFDQW DGYDQ
WDJHVFRPSDUHGWRRWKHUPHWKRGVIRUV\QWKHVLVRIQDQR
FU\VWDOOLQHPDWHULDOVRQHRIWKHPLVSRVVLELOLW\RISUHSD
UDWLRQRIDPRUSKRXVDOOR\V>@2WKHULPSRUWDQWDGYDQ
WDJHVDUHWKHHDV\SUHSDUDWLRQRIPDWHULDOVRIKLJKSXULW\
H[KLELWLQJGLIIHUHQWVWUXFWXUHVDQGPRUSKRORJLHVDQGWKH
SRVVLELOLW\RIFKDQJLQJWKHFRPSRVLWLRQDQGPRUSKRORJ\
ZLWKLQ DEURDG UDQJH DGMXVWLQJ RQO\ WKHGHSRVLWLRQSD
UDPHWHUV>±@

&RUUHVSRQGLQJ DXWKRU ' 0LQLü )DFXOW\ RI 3K\VLFDO &KHPLVWU\ 8QL
YHUVLW\RI%HOJUDGH6WXGHQWVNLWUJ±%HOJUDGH6HUELD
(PDLOGPLQLF#IIKEJDFUV
3DSHUUHFHLYHG2FWREHU
3DSHUDFFHSWHG2FWREHU
,QYLWHGSDSHURQWKHRFFDVLRQRIWKHWKDQQLYHUVDU\ RIWKH6RFLHW\
RI3K\VLFDO&KHPLVWVRI6HUELD
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5HFHQWO\ VHYHUDO SDSHUV KDYH EHHQ SXEOLVKHG RQ
WKHHIIHFWRIHOHFWURO\WHFRPSRVLWLRQDQGFXUUHQWGHQVLW\
RQWKHKDUGQHVVRIWKHHOHFWURGHSRVLWHGLURQJURXSILOPV
>@ DV ZHOO DV RQ WKH FKHPLFDO FRPSRVLWLRQ VWUXFWXUH
HOHFWULF DQG PDJQHWLF SURSHUWLHV DQG FRUURVLYH VWDELOLW\
RI WKLQ HOHFWURGHSRVLWHG QDQRFU\VWDOOLQH ILOP >±@
+LJKHUHOHFWULFDOUHVLVWLYLW\RIWKHHOHFWURGHSRVLWHG1L±&R
DOOR\VFDQEHDWWULEXWHGWRWKHVPDOOHUJUDLQVL]HVKLJK
GHIHFWGHQVLWLHVDQGLPSXULW\LQFRUSRUDWLRQGXULQJHOHF
WURGHSRVLWLRQ>@
$OOR\VRILURQJURXSPHWDOV)H&RDQG1LKDYHEHHQ
FRQVLGHUHG DV YHU\ JRRG PDJQHWLF PDWHULDOV >@
7KHVH DOOR\V DUH NQRZQ WRSRVVHVV PXFK EHWWHU SHUPD
QHQWPDJQHWLFSURSHUWLHVWKDQSXUHPHWDOV
,QWKHSUHVHQWSDSHUWKHFRPSRVLWLRQWKHPRUSKR
ORJ\DQGPLFURVWUXFWXUHRI1L±&RQRQFRPSDFWGHSRVLWV
JDOYDQRVWDWLFDOO\GHSRVLWHGZHUHLQYHVWLJDWHGDVZHOODV
WKHLU WKHUPDO VWDELOLW\ DQG VWUXFWXUDO WUDQVIRUPDWLRQV LQ
WKH WHPSHUDWXUH UDQJH IURP DPELHQW WR  °&>±
±@

+HPLQG D ±  

K\GURJHQ JRHV LQWR WKH EXUHWWH >@ %XUHWWH ZDV DOVR
NHSW DW WKH VDPH WHPSHUDWXUH $IWHU HDFK H[SHULPHQW
ZLWKFRQVWDQWFXUUHQWHOHFWURGHZDVWDNHQIURPWKHVR
OXWLRQ UHPDLQHG GHSRVLW ZDV UHPRYHG DQG LWV VXUIDFH
ZDVDJDLQSROLVKHGE\WKHVDPHSURFHGXUH$WHDFKDS
SOLHG FXUUHQW GHQVLW\ K\GURJHQ ZDV FROOHFWHG VWDUWLQJ
IURPDFOHDQHOHFWURGHVXUIDFHDVLWZDVLQWKHFDVHIRU
PHDVXULQJWKHSRODUL]DWLRQFXUYHV
7KH FXUUHQW IRU K\GURJHQ HYROXWLRQ ZDV REWDLQHG
XVLQJHTXDWLRQIRU)DUDGD\¶VORZDSSOLHGWRWKHSURFHVV
RIJDVHYROXWLRQ
M+ 

Q)9
=
W9Q

ZKHUH 9 LV WKH H[SHULPHQWDOO\ GHWHUPLQHG YROXPH RI
WKHK\GURJHQDWS DWP DQG7 .W íWKHWLPHRI
K\GURJHQ HYROXWLRQ XQGHU FRQVWDQW FXUUHQW 9Q í WKH
YROXPH RI WKH  PRO RI K\GURJHQ DW QRUPDO FRQGLWLRQ
GP PRO  Q íWKHQXPEHURIH[FKDQJHGHOHFWURQV
DQG )LVWKH)DUDGD\¶VFRQVWDQW
&XUUHQWHIILFLHQF\IRUWKHHOHFWURGHSRVLWLRQSURFHVV
ZDVREWDLQHGIURPWKHUHODWLRQ

(;3(5,0(17$/352&('85(6
$ GLIIHUHQWO\ FRPSRVHG 1L±&R DOOR\V ZHUH SUHSD
UHG JDOYDQRVWDWLFDOO\ IURP DPPRQLXP VXOIDWH FKORULGH
VROXWLRQV FRQWDLQLQJ GLIIHUHQW 1L&R FRQFHQWUDWLRQ
UDWLRV RI   DQG  WRWDO FRQFHQWUDWLRQV  PRO
GP± 1L62&R62 PROGP±1+&ODQGPRO
GP1+2+ DWS+LQDJODVVFHOOZLWKDYROXPHRI
GPZLWKRXWVWLUULQJWKHUPRVWDWLFDOO\FRQWUROOHGDWD
WHPSHUDWXUHRI±.&XSODWHOHWVSODFHGLQWKHFHQ
WHU RI WKH FHOO ZLWK D  FP VXUIDFH DUHD DQG  FP
WKLFNQHVVZHUHXVHGDVZRUNLQJHOHFWURGHV7LSODWHFR
YHUHG ZLWK 5X27L2  FP JHRPHWULF DUHD  SODFHG
FORVH DQG SDUDOOHO WR WKH &X SODWH ZDV XVHG DV DQRGH
'6$  7KH HOHFWURGHSRVLWLRQ RI WKH SRZGHU ZDV SHU
IRUPHG ZLWK D FRQVWDQW FXUUHQW UHJLPH LQ WKH UDQJH RI
íP$FP±>±@
3RODUL]DWLRQPHDVXUHPHQWVZHUHSHUIRUPHGXVLQJD
FRPSXWHU FRQWUROOHG HOHFWURFKHPLFDO V\VWHP 3$5 0
$ VRIWZDUH 3$5 0 YHUVLRQ   ZLWK D
VZHHS UDWH RI  P9 V± )RU WKH FRUUHFWLRQ RI WKH ,5
GURS FXUUHQW LQWHUUXSW WHFKQLTXH ZDV XVHG ZLWK D WLPH
RI FXUUHQW LQWHUUXSWLRQ RI  V 7KH FRXQWHU HOHFWURGH
3WIRLO  DQG WKH UHIHUHQFH HOHFWURGH VDWXUDWHG FDORPHO
HOHFWURGH6&( ZHUHSODFHGLQVHSDUDWHFRPSDUWPHQWV
7KH /XJJLQ FDSLOODU\ FRQQHFWLQJ WKH 6&( WR WKH HOHF
WURO\WHZDVSRVLWLRQHGDWDGLVWDQFHRIFPIURPWKH
ZRUNLQJHOHFWURGH FRSSHUURGG FP %HIRUHHDFK
H[SHULPHQWWKHZRUNLQJHOHFWURGHZDVSROLVKHGXVLQJD
ȝPDOXPLQDLPSUHJQDWHGSROLVKLQJFORWK
7KHFXUUHQWHIILFLHQF\ZDVGHWHUPLQHGDWGLIIHUHQW
FXUUHQW GHQVLWLHV E\ PHDVXULQJ WKH K\GURJHQ HYROXWLRQ
RQWKHZRUNLQJHOHFWURGH:RUNLQJHOHFWURGHZDVSODFHG
LQWKHPLGGOHRIWKHFHOOXQGHUWKHEXUHWWHZLWKWKHVXU
IDFHIDFLQJXSVRWKDWWKHZKROHDPRXQWRIWKHHYROYHG

η=

MWRW − M+
MWRW

× 

$OWHUQDWLYHO\ FXUUHQW HIILFLHQF\ ZDV GHWHUPLQHG
GLUHFWO\E\PHDVXULQJWKHPDVVRIHOHFWURGHSRVLWHG1L±&R
DOOR\ RQ WKH FDWKRGH DW GLIIHUHQW FXUUHQW GHQVLWLHV >@
7KH PDVV RI WKH FDWKRGH ZDV PHDVXUHG RQ DQDO\WLFDO
EDODQFH .HUQ   EHIRUH DQG DIWHU WKH HOHFWURGHSR
VLWLRQ SURFHVV RQ WKH FRQVWDQW FXUUHQW DW WLPH 7KHVH
UHVXOWVZHUHFRPSDUHGZLWKWKHWKHRUHWLFDORQHREWDLQHG
IURP WKH HTXDWLRQ IRU )DUDGD\¶V ORZ 7KH FXUUHQW HI
ILFLHQF\ZDVGHWHUPLQHGRQWKHEDVHRIGLIIHUHQFHRIWKH
PDVVWKHRUHWLFDOO\H[SHFWHGDQGH[SHULPHQWDOO\REWDLQHG
)RUWKHVXUIDFHPRUSKRORJ\FKDUDFWHULVDWLRQDQ;/
 (6(0)(* HQYLURQPHQWDO VFDQQLQJ HOHFWURQ PLF
URVFRSHZLWKILHOGHPLVVLRQJXQ)(,&RPSDQ\1HWKHU
ODQGV ZDVXVHG7KH'UHFRQVWUXFWLRQRIWKHVSHFLPHQ
VXUIDFHVKRZQZDVFKDUDFWHUL]HGE\VFDQQLQJHOHFWURQPLF
URVFRSH 6(0 XVLQJ0H;VRIWZDUHIURP$OLFRQD $ 
$Q DOOR\ FRPSRVLWLRQ DQDO\VLV ZDV SHUIRUPHG E\
(6(0XVLQJ(';VRIWZDUH*HQHVLV86$;UD\SRZ
GHU GLIIUDFWLRQ ;5'  DQDO\VLV ZDV FDUULHG RXW XVLQJ D
05'GLIIUDFWRPHWHU 3KLOLSV1/ ZLWK&X.ĮUDGLDWLRQ
N9P$ 6WHSVFDQPRGHZDVXWLOL]HGZLWK°
LQșSHUVVWHS7KHDQJXODUșUDQJHLQYHVWLJDWHG
ZDV ± 6WUXFWXUDO WUDQVIRUPDWLRQV RI WKH DOOR\
GHSRVLWVZHUHGHWHUPLQHGXSRQDQQHDOLQJWKHVDPSOHVDW
VHOHFWHGWHPSHUDWXUHVIRUPLQLQDQDUJRQDWPRVSKHUH
'6&PHDVXUHPHQWVZHUHSHUIRUPHGDWPJVDP
SOHVXVLQJD'6&& 1HW]VFK' LQWKHWHPSHUDWXUH
UDQJH RI  WR  & LQ DUJRQ DWPRVSKHUH ZLWK D
KHDWLQJUDWHRI.PLQ±)RUPDJQHWLFPHDVXUHPHQWV
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RI1LLQWKHHOHFWURO\WHVXJJHVWLQJWKDWDFWLYLW\IRUWKH
K\GURJHQ HYROXWLRQ UHDFWLRQ LQFUHDVHV ZLWK D GHFUHDVH
RIWKHQLFNHOFRQWHQWLQWKHGHSRVLW
7KH K\GURJHQ HYROXWLRQ GXULQJ GHSRVLWLRQ RI WKH
DOOR\V DIIHFWV WKH FXUUHQW HIILFLHQF\ GHSHQGLQJ RQ WKH
HOHFWURO\WHFRPSRVLWLRQDVZHOODVRQWKHFXUUHQWGHQVLW\
)LJXUH   ,Q WKH FXUUHQW GHQVLW\ UDQJH ZKHUH GLVSHUVH
GHSRVLWV ZHUH GHSRVLWHG WKH FXUUHQW HIILFLHQF\ GH
FUHDVHVZLWKWKHLQFUHDVLQJWKHFXUUHQWGHQVLW\DQGZLWK
WKHGHFUHDVHRIWKH1LFRQFHQWUDWLRQLQWKHHOHFWURO\WH

WKHQRQFRPSDFWGHSRVLWVZHUHSUHVVHGDW03DLQWR
PPORQJPPZLGHDQG±PPWKLFNVDPSOHV
7KHGHWHUPLQDWLRQRIWKHUHODWLYHPDJQHWLFSHUPHDELOLW\
ZDV SHUIRUPHG XVLQJ D PRGLILHG 0D[ZHOO PHWKRG
EDVHGRQWKHDFWLRQRIDQLQKRPRJHQHRXVPDJQHWLFILHOG
RQWKHVDPSOHXVLQJKRPHPDGHHTXLSPHQW>@
5(68/76$1'',6&866,21

)LJXUH  VKRZV WKH SRODUL]DWLRQ FXUYHV RI WKH &X
FDWKRGH IRU GLIIHUHQW FRPSRVLWLRQV RI WKH HOHFWURO\WH
7KH VKDSH DQG SRVLWLRQ RI WKH SRODUL]DWLRQ FXUYHV
VWURQJO\ GHSHQG RQ WKH HOHFWURO\WH FRPSRVLWLRQ 'H
FUHDVLQJWKHDPRXQWRI&RDQGLQFUHDVLQJWKHDPRXQW
RI 1L VKLIW WKH SRVLWLRQ RI FRUUHVSRQGLQJ SRODUL]DWLRQ
FXUYHV WRZDUGV QHJDWLYH YDOXHV RI SRWHQWLDOV FRUUHV
SRQGLQJ WR WKH SRWHQWLDO RI WKH 1L1L GHSRVLWLRQ RI
SXUH QLFNHO $FFRUGLQJ WR WKLV SRODUL]DWLRQ FXUYHV FXU
UHQW GHQVLWLHV RI ± P$ FP± ZHUH VHOHFWHG IRU
GHSRVLWLRQRIWKHDOOR\VH[SHFWLQJWKHIRUPDWLRQRIQRQ
FRPSDFWGHSRVLWV>@
$ GHILQHG DPRXQW RI 1L±&R DOOR\ ZDV SRVVLEOH WR
REWDLQ RQO\ DW FXUUHQW GHQVLW\ M !  P$ FP +RZ
HYHULQDOOEDWKFRPSRVLWLRQVDWFXUUHQWGHQVLWLHVM
P$ FP FRPSDFW GHSRVLWV ZHUH REWDLQHG )RU KLJKHU
FXUUHQWGHQVLWLHV !P$FP WKHGHSRVLWVZHUHLQ
WKHIRUPRISRZGHUVWKDWFRXOGEHHDVLO\UHPRYHGIURP
WKH HOHFWURGH VXUIDFH ,W VKRXOG EH PHQWLRQHG WKDW IRU
KLJKHU FXUUHQW GHQVLWLHV K\GURJHQ HYROXWLRQ ZDV TXLWH
LQWHQVLYHSURYLGLQJFRQGLWLRQVLQZKLFKVRPHDPRXQWRI
WKH SRZGHUV GURS LQWR WKH FHOO 7KH WUHQG IRU WKH K\G
URJHQ HYROXWLRQ UHDFWLRQ ZKLFK LV DFFRPSOLVKHG ZLWK
DOOR\SRZGHUGHSRVLWLRQUHDFWLRQDWWKHFXUUHQWGHQVLW\M
!P$FPLQFUHDVHVZLWKDGHFUHDVHRIWKHDPRXQW

&KHPLFDOFRPSRVLWLRQRIGHSRVLWV

7KH FRPSRVLWLRQV RI WKH DOOR\V JDOYDQRVWDWLFDOO\
GHSRVLWHGFDOFXODWHGIRUDOOR\VDPSOHVRIVXUIDFHVRI
PZLWKDQHUURURIDUHVXPPDUL]HGLQ7DEOH
$FFRUGLQJWRWKH(';UHVXOWVWKHLQFUHDVHLQFXU
UHQWGHQVLW\OHDGVWRDQLQFUHDVHRIWKH1LFRQWHQWLQWKH
GHSRVLWV $W FXUUHQW GHQVLW\ RI M   P$ FP± WKH
FRQWHQW RI FREDOW LQ WKH DOOR\V LV DOZD\V KLJKHU WKDQ LQ
WKH HOHFWURO\WH DV D FRQVHTXHQFH RI WKH ORZHU RYHUSR
WHQWLDOIRUWKH&RUHGXFWLRQFRPSDUHGWR1LDVFDQEH
VHHQDOVRIURPWKHSRODUL]DWLRQFXUYHV )LJXUHE 
7KH GHSRVLWV DOOR\V   DQG   REWDLQHG RXW RI D
 HOHFWURO\WH XVLQJ VHOHFWHG FXUUHQW GHQVLWLHV H[KLELW
GLIIHUHQW FRPSRVLWLRQV DV ZHOO DV VWUXFWXUHV ,QFUHDVLQJ
WKHFXUUHQWGHQVLW\VKLIWVWKHUDWLRRIQLFNHODQGFREDOWLQ
WKH DOOR\V FORVHU WR WKH YDOXH RI FRQFHQWUDWLRQ RI WKH
FRUUHVSRQGLQJ LRQV LQ HOHFWURO\WH 7KH SKHQRPHQRQ RI
DQRPDORXV FRGHSRVLWLRQ FKDUDFWHULVWLF IRU WKH HOHFWUR
GHSRVLWLRQ RI LURQ JURXS PHWDOV  LV YHU\ SURQRXQFHG LQ
WKH SURGXFWLRQ RI FRPSDFW GHSRVLWV +RZHYHU LQ WKH
FDVH RI QRQFRPSDFWGLVSHUVH GHSRVLWV DQRPDORXV FR
GHSRVLWLRQ LV PXFK OHVV SURQRXQFHG VR WKDW WKH FRP
SRVLWLRQ RI WKH DOOR\ SRZGHU GHSRVLWHG DW KLJK FXUUHQW


)LJXUH3RODUL]DWLRQFXUYHVDWWKH&XFDWKRGHIRUWKHGLIIHUHQWFRPSRVLWLRQVRIWKHHOHFWURO\WHD 1L&R E 1L&R 
DQGF 1L&R VZHHSUDWHP9V
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+HPLQG D ±  

)LJXUH  &XUUHQW HIILFLHQF\ RI WKH DOOR\ GHSRVLWLRQ SUR
FHVVDWD&XFDWKRGHYVWKHFXUUHQWGHQVLW\IRUGLIIHUHQW
FRPSRVLWLRQRIHOHFWURO\WHD 1L&R E 1L&R
DQGF 1L&R 










)LJXUH'6(0UHFRQVWUXFWLRQVRIWKHVXUIDFHVRI1Lí&RGHSRVLWVIURPDQHOHFWURO\WHZLWKFRQFHQWUDWLRQUDWLR1L &R  DW
GLIIHUHQWFXUUHQWGHQVLWLHVD E DQGF P$FP )LJXUHDFRUUHVSRQGVWR)LJXUHE 

UHVSHFWLYHO\ DWDFXUUHQWGHQVLW\RIM P$FP
DV ZHOO DV WKH FRUUHVSRQGLQJ ' 6(0 PLFURJUDSKV
)LJXUHPLFURJUDSKVD±F )RUFXUUHQWGHQVLWLHVLQWKH
UDQJHEHWZHHQDQGP$FP±GHSRVLWVZHUHRE
WDLQHGZLWKWKHVL]HRIDJJORPHUDWHVYDU\LQJIURPP
WRDERXWP
7KHGHSRVLWZLWKWKHKLJKHVWFRQWHQWRI1LLQWKH
HOHFWURO\WH PLFURJUDSKV D DQG D  H[KLELWV WKH FDXOL

GHQVLW\LVDOPRVWVLPLODUWRWKHFRQFHQWUDWLRQRIWKHPH
WDOLRQVLQWKHHOHFWURO\WH DOOR\ 
0RUSKRORJ\RIQDQRVWUXFWXUHGGHSRVLWVREWDLQHG
IURPEDWKRIGLIIHUHQWFRPSRVLWLRQV

)LJXUH  SUHVHQWV 6(0 PLFURJUDSKV PLFURJUDSKV
D±F  RI WKH DOOR\V HOHFWURGHSRVLWHG IURP HOHFWURO\WHV
ZLWKWKUHHGLIIHUHQW1L&RFRQFHQWUDWLRQUDWLRV 

7DEOH&KHPLFDOFRPSRVLWLRQRIWKHDOOR\V DW JDOYDQRVWDWLFDOO\GHSRVLWHGIURPHOHFWURO\WHVZLWKWKHGLIIHUHQWUDWLRVRI1L&R
DQGDWWKHGLIIHUHQWFXUUHQWGHQVLWLHV

0HWDO
1L
&R

 $OOR\ 

 $OOR\ 

1L&R
 $OOR\ 

 $OOR\ 

 $OOR\ 

±





MP$FP





















$FRQFHQWUDWLRQUDWLR1L&RRIDQGOHGWRD
VXUIDFHZLWKVLPLODUURXJKQHVVYDOXHVLQVSLWHRIGLIIHU
UHQWPRUSKRORJ\)LJXUHVDDQGFUHVSHFWLYHO\,QWKH
FDVH RI FRQFHQWUDWLRQ UDWLR 1L&R   WKH PHDQ
URXJKQHVVRIWKHGHSRVLWLVDOPRVWWLPHVKLJKHUWKDQLQ
WKHVSHFLPHQVZLWKUDWLRVRIRU$OVRWKHDFWLYH
VXUIDFHKDVDPD[LPXPDWWKHUDWLR$QLQFUHDVHLQWKH
FXUUHQWGHQVLW\UHVXOWVLQDGHFUHDVHLQURXJKQHVVVLQFH
DW KLJKHU FXUUHQW GHQVLWLHV WKH DPRXQW RI FU\VWDO QXFOHL
RQ WKH VXUIDFH LQ HQKDQFHG DQG GHQGULWLF JURZLQJ LV
UHGXFHGLQWKHLQLWLDOSHULRGRIGHSRVLWLRQ

IORZHUOLNH VWUXFWXUH FRQVLVWLQJ RI VPDOO SDUWLFOHV ZLWK
DQ DYHUDJH UDGLL   QP VXUURXQGHG ZLWK GLIIXVLRQ
]RQHVDQGWKHGHSRVLWLRQWRRNSODFHLQVSKHULFDOO\V\P
PHWULFDO ZD\ )RU WKH UDWLR RI 1L&R   PLFUR
JUDSKV E DQG E  WKH PRUSKRORJ\ RI WKH GHSRVLW LV
FKDQJHG DQG WKH SRZGHU FRQVLVWV RI SDUWLFOHV DOVR ZLWK
FDXOLIORZHU VWUXFWXUH EXW H[KLELWLQJ D GLIIHUHQW VXUIDFH
PRUSKRORJ\ EDVHG RQ SUHIHUUHG RULHQWHG SODWHOHWV )L
JXUH E  )LQDOO\ WKH SDUWLFOHV GHSRVLWHG IURP HOHFWUR
O\WH ZLWK WKH KLJKHVW FRQWHQW RI &R PLFURJUDSKV E
DQG F  VKRZ WKH SODWHOHW VWUXFWXUH DOVR ZLWK SUHIHUUHG
RULHQWDWLRQ DQG D VL]H RI WKH SODWHOHWV LQ WKHP UDQJH
&RQFOXGLQJ WKH PRUSKRORJ\ RI HOHFWURGHSRVLWHG DOOR\
GHSHQGV VWURQJO\ RI WKH HOHFWURO\WH FRPSRVLWLRQ 7KH
VXUIDFHPRUSKRORJ\RIWKHGHSRVLWVLVGHWHUPLQHGE\WKH
QDWXUHRIWKHHOHFWURFKHPLFDOO\DFWLYHLRQVRUFRPSOH[HV
DQGNLQHWLFVRIWKHHOHFWURFU\VWDOOL]DWLRQSURFHVVHV2YHU
SRWHQWLDOVRI9DUHQHHGHGIRUWKHGHSRVLWLRQRIYHU\
GLVSHUVHGHSRVLW>@
7KH ' GDWDVHW ZDV FDOFXODWHG IURP WZR VWHUHR
VFRSLFLPDJHVREWDLQHGE\WLOWLQJWKHVDPSOHVWDJHLQWKH
(6(0 DW WKH HXFHQWULF SRLQW ZLWK DQ DQJOH RI  ,W
HQDEOHVWRFDUU\RXWD'DQDO\VLVGLUHFWO\IURPWKHGL
JLWDO LPDJHV \LHOGLQJ SURILOH DQG URXJKQHVV PHDVXUH
PHQWVDQGDOVRDUHDDQDO\VLVDVZHOODVYROXPHWULFPHD
VXUHPHQWV 7KH FDOFXODWHG URXJKQHVV SDUDPHWHUV DUH
VKRZQLQ7DEOH 5D íPHDQURXJKQHVV5] íWKHGLI
IHUHQFHEHWZHHQWKHKLJKHVWDQGWKHORZHVWSRLQWLQWKH
SLFWXUHRIGHILQHGVFDQ56 íDFWLYHVXUIDFHWKHUDWLRRI
WKHUHDOVXUIDFHLQFOXGLQJWRSRJUDSK\WRDSURMHFWHGVXU
IDFHRIWKHPHDVXUHPHQWV DVTXDUHZLWKGLPHQVLRQVRI
× P 

0LFURVWUXFWXUHRIWKHQDQRVWUXFWXUHG1Lí&RGHSRVLWV

7KHFU\VWDOVWUXFWXUHSDUWLFOHVKDSHDQGVL]HRIWKH
HOHFWURFKHPLFDOO\ REWDLQHG FREDOW±QLFNHO DOOR\ GHSRVLWV
FRQVLGHUDEO\GHSHQGRQFXUUHQWGHQVLW\DFFRUGLQJWRWKH
(6(0 DQDO\VLV DQG ;UD\ GLIIUDFWLRQ SDWWHUQV )LJXUH
 $YHUDJHJUDLQVL]HVDQGODWWLFHSDUDPHWHUVZHUHFDO
FXODWHGIURP WKHSHDN EURDGHQLQJXVLQJ 6FKHUUHU HTXD
WLRQZLWK5LHWYHOGUHILQHPHQWPHWKRG>@3RZGHUSDU
WLFOHV REWDLQHG ZLWK WKH JHRPHWULF VL]H YDU\LQJ IURP 
P WR DERXW  P ZHUH FRPSRVHG E\ ILQH QDQRVL]HG
FU\VWDOOLWHV VHH 7DEOH   &U\VWDO VWUXFWXUH DQG FRPSR
VLWLRQRIWKHGHSRVLWVREH\WKHSKDVHGLDJUDP>@
6(0PLFURJUDSKVRIDOOR\GHSRVLWHGIURPHOHFWUR
O\WH ZLWK FRQFHQWUDWLRQ UDWLR 1L&R   DW GLIIHUHQW
FXUUHQWGHQVLWLHVM P$FP± )LJXUHD M  
P$FP± )LJXUHE DQGM P$FP± )LJXUHF 
VKRZVLJQLILFDQW GLIIHUHQFHVLQ WKH PRUSKRORJ\ DVZHOO
DV LQ WKH SDUWLFOH VL]H 7KH LQFUHDVH RI FXUUHQW GHQVLW\
IURP M   P$ FP± WR M   P$ FP± FKDQJHV WKH

7DEOH 5RXJKQHVVSDUDPHWHUVRIDOOR\VGHSRVLWHGIURPHOHFWURO\WHVRIGLIIHUHQW1L&RFRQFHQWUDWLRQUDWLRDQGDWGLIIHUHQW
FXUUHQWGHQVLWLHV







)LJXUH6(0PLFURJUDSKVRI1L±&RGHSRVLWVREWDLQHGLQWKHJDOYDQRVWDWLFUHJLPHDWDFXUUHQWGHQVLW\RIP$FP7KHFRQ
FHQWUDWLRQUDWLR1L&RLQWKHHOHFWURO\WHZDV D  E DQG F 



$OOR\






&XUUHQWGHQVLW\P$FP±
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)LJXUH;UD\GLIIUDFWLRQSDWWHUQVRIDOOR\VDQG Į±UHIOHFWLRQVDWWULEXWHGWRWKHĮ1L İ±UHIOHFWLRQVDWWULEXWHGWRWKHİ&R
6±UHIOHFWLRQDWWULEXWHGWRWKH&XVXEVWUDWH 

PRUSKRORJ\ RI GHSRVLW IURP WKH LQODLG VWUXFWXUH WR WKH
FDXOLIORZHUOLNHVWUXFWXUHZLWKDILQHUJUDLQVL]H)XUWKHU
LQFUHDVLQJ RI FXUUHQW GHQVLW\ VKRZV QR VLJQLILFDQW
LQIOXHQFHRQSDUWLFOHVL]H
)LJXUHSUHVHQWV;UD\GLIIUDFWLRQSDWWHUQVRIWKUHH
DOOR\VHOHFWURGHSRVLWHGDWDFXUUHQWGHQVLW\RIM P$
FP±ZLWKP$KFPFRQVXPHGDQGDYHUDJHVDPSOH
WKLFNQHVVRIP7KHSKDVHFRPSRVLWLRQDQGDYH
UDJH VL]H RI FU\VWDOOLWHV IRU DOO ILYH SUHSDUHG DOOR\V DUH
VXPPDUL]HGLQ7DEOH
$VFDQEHVHHQIURPWKHSUHVHQWHGUHVXOWV )LJXUH
DQG 7DEOH   D GHSRVLW REWDLQHG IURP WKH HOHFWURO\WH
ZLWK1L&RFRQFHQWUDWLRQUDWLR DOOR\ FRQVLVWV
RI Į1L SKDVH ZLWK IDFHFHQWHUHG FXELF ODWWLFH )&&
SKDVHVSDFHJURXS)PPD c-&3'6
  7KH GLIIUDFWLRQ SHDNV RI &X ZLWK ORZ LQWHQVLW\

UHVXOW IURP WKH VXEVWUDWH PDWHULDO 7KH DYHUDJH VL]H RI
SULPDU\FU\VWDOOLWHVLQWKH)&&SKDVHZDVQP7KH
DOOR\ HOHFWURGHSRVLWHG DW WKH VDPH FXUUHQW GHQVLW\ ZLWK
WKH UDWLR 1L&R   DOOR\   FRQWDLQV WKH İ&R
SKDVHZLWKKH[DJRQDOFORVHSDFNHGODWWLFH +&3SKDVH
VSDFHJURXS3PPFD cF c-&3'6
FDUG   :LWK LQFUHDVLQJ &R FRQWHQW LQ WKH
DOOR\V 7DEOH WKHDYHUDJHVL]HRIFU\VWDOOLWHLQFUHDVHV
UDQJLQJIURPWRQPIRUWKH)&&SKDVHDQGIURP
WRQPIRUWKH+&3SKDVH7KHGLIIUDFWLRQSDWWHUQV
RI DOO WKUHH DOOR\V GHSRVLWHG DW UHODWLYHO\ ORZ FXUUHQW
GHQVLW\VKRZDVWURQJWH[WXUH
$ GHWDLOHG 5LHWYHOG DQDO\VLV UHYHDOHG WKDW 1L±&R
DOOR\VGHSRVLWHGIURPWKHHOHFWURO\WHZLWKWKH1L&R
UDWLRRIDWGLIIHUHQWFXUUHQWGHQVLWLHV DOOR\V± DUH
FRPSRVHG RI VROLG VROXWLRQV RI WKH ERWK FXELF )&&
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+HPLQG D ±  

DQGIRUPDWLRQRIWKH)&& SKDVH$WORZRYHUSRWHQWLDOV
DKLJKHUDPRXQWRI&RDVWKH+&3SKDVHLVIRUPHG

SKDVHDQGWKH+&3SKDVHGXHWRWKHPXWXDOPLVFLELOLW\
RI 1L DQG &R LQ WKH UDQJH RI FRQFHQWUDWLRQ LQ WKH RE
WDLQHGGHSRVLWV )LJXUHDQG7DEOH 7KHLQFUHDVHRI
FXUUHQW GHQVLW\ OHDG WR WKH LQFUHDVH LQ WKH FRQWHQW RI
)&&SKDVHLQVROLGVROXWLRQDVZHOODVWKHIRUPDWLRQRI
VLJQLILFDQWDPRXQWVRIDPRUSKRXVSKDVH
$QDQDO\VLVRIWKHGLIIUDFWRJUDPVRIWKHSRZGHUHG
DOOR\V HOHFWURGHSRVLWHG DW  DQG  P$ FP± DOOR\V
±  VKRZV WKDW WKH GHFUHDVH RI WKH FXUUHQW GHQVLW\ UH
VXOWV LQ SURQRXQFHG FU\VWDOOL]DWLRQ DQG DQ LQFUHDVH RI
WKH VL]H RI FU\VWDOOLWHV DV ZHOO DV KLJKHU +&3 FRQWHQW
)XUWKHUPRUH LW FDQ EH VHHQ WKDW WKH FHOO YROXPH RI WKH
DOOR\V DOOR\V ±  LQFUHDVHV VOLJKWO\ ZLWK LQFUHDVLQJ
FXUUHQWGHQVLW\$OOR\ ULFKLQ1L DQGDOOR\ ULFKLQ
&R  H[KLELW FHOO YROXPHV FRPSDUDEOH WR WKH WKHRUHWLFDO
YDOXHVRI1L c DQG&R c 
$WORZHUFXUUHQWGHQVLWLHVWKHFRQWHQWRI&RLQWKH
GHSRVLWFRQVLVWVRQO\RI+&3SKDVHZLWKLQFUHDVLQJFXU
UHQW GHQVLW\ WKH FRQWHQW RI &R GHFUHDVHV E\ DSSUR[L
PDWHO\DWEXWWKHFRQFHQWUDWLRQRIWKH+&3SKDVH
LVUHGXFHGGRZQWR%HVLGHDQDPRUSKRXVFRQWHQWRI
± WKH UHVW RI WKH &R LV IRUPLQJ D VROLG VROXWLRQ
ZLWKLQWKH1L)&&SKDVHUHVXOWLQJLQDQLQFUHDVHRIWKH
FHOO YROXPH VHH 7DEOH   ,I WKH NLQHWLFV RI WKH GHSR
VLWLRQSURFHVVLVIDVWWKHGHSRVLWFDQEHREWDLQHGDWORZ
GULYLQJIRUFH>@ZKLOHDPXFKODUJHUGULYLQJIRUFHLV
QHHGHGIRUNLQHWLFDOO\VORZSURFHVVHVVXFKDV1LDQG&R
GHSRVLWLRQUHVXOWLQJLQDQHOHFWURGHSRVLWLRQSURFHVVIDU
IURP HTXLOLEULXPFRQGLWLRQVLHDWKLJKRYHUSRWHQWLDOV

7KHUPDOVWDELOLW\RIQDQRVWUXFWXUHGGHSRVLWV

7KH WKHUPDO VWDELOLW\ RI DOOR\V SUHSDUHG DV QRQ
FRPSDFW GHSRVLWV IURP WKH HOHFWURO\WHV ZLWK FRQFHQWUD
WLRQ UDWLRV LQ WKH EDWK 1L &R     DOOR\  DQG
1L&R   DOOR\  DW M  P$ FP± ZDV FKD
UDFWHUL]HG E\ '6& DQDO\VLV WHPSHUDWXUH UDQJH IURP
URRP WHPSHUDWXUH WR  °&  DV ZHOO DV E\ ;UD\ GLI
IUDFWLRQ DQG 6(0 )RU ;UD\ GLIIUDFWLRQ DQG 6(0
PHDVXUHPHQWV WKH VDPSOHV ZHUH DQQHDOHG LQ VHDOHG
HYDFXDWHG TXDUW] WXEHV DW VHOHFWHG WHPSHUDWXUHV IRU 
PLQZDWHUTXHQFKHGDQGWKHQDQDO\]HG
6LQFHDWWKHQDQRPHWHUVFDOHWKHDWRPLFIUDFWLRQRI
LQWHUIDFLDO DWRPV LV FRPSDUDEOH WR WKDW LQ WKH SHUIHFW
FU\VWDOOLQHVWDWHWKHVWUXFWXUHRIJUDLQMRLQWVLVXQVWDEOH
DWURRPWHPSHUDWXUHDQGWHQGVWRHYROYHWRZDUGVDPRUH
RUGHUHGVWDWH%HFDXVHWKHLQWHUFU\VWDOOLQHYROXPHUHSUH
VHQWV D UHJLRQ RI VWRUHG H[FHVV HQHUJ\ ZLWK UHVSHFW WR
WKH EXON RI D JUDLQ WKHUH LV D VLJQLILFDQW GULYLQJ IRUFH
IRU JUDLQ JURZWK LQ QDQRFU\VWDOOLQH PDWHULDOV GXULQJ
KHDWLQJ7KHVWUXFWXUHRIQDQRVL]HGPHWDOVLVWKXVWKHU
PRG\QDPLFDOO\XQVWDEOHDQGVKRZVDVWURQJWHQGHQF\WR
VWUXFWXUDOFKDQJHVXQGHUDQQHDOLQJ>@RUHYHQDWURRP
WHPSHUDWXUH >@ 7KHVH FKDQJHV W\SLFDOO\ DIIHFW WKH
GHQVLW\ RI FU\VWDOOLQH GHIHFWV JUDLQ VL]H FU\VWDOORJUD
SKLFRULHQWDWLRQDQGJUDLQERXQGDU\VWUXFWXUH>@7KH
HQWKDOS\UHOHDVHGXHWRDQQHDOLQJRIWKHQDQRFU\VWDOOLQH
VWUXFWXUHFDQEHGLUHFWO\PHDVXUHGHJE\'6&>@

7DEOH 3KDVHFRPSRVLWLRQVL]HRISULPDU\FU\VWDOOLWHVDQGFHOOSDUDPHWHUVRIWKHDOOR\VHOHFWURGHSRVLWHG
$OOR\







&U\VWDOVWUXFWXUH&RQWHQW  

*UDLQVL]HQP

Dc

F c

&HOOYROXPHc

)&&
+&3
)&&
+&3
)&&
+&3
DPRUSKRXVSKDVH
)&&
+&3
DPRUSKRXVSKDVH







±


±







±


±

±

±

±

±
±

±







±


±


)LJXUH  ;UD\GLIIUDFWLRQ SDWWHUQV RI WKH DOOR\V ± Į ± UHIOHFWLRQV DWWULEXWHGWR WKHĮ1L İ± UHIOHFWLRQV DWWULEXWHG WR WKHİ&R
6 ±UHIOHFWLRQDWWULEXWHGWRWKH&X VXEVWUDWH 
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7KHWKHUPDOEHKDYLRURIWKHQRQFRPSDFWDOOR\LV
GHSLFWHGLQ'6&FXUYHV)LJXUH7KHKHDWUHOHDVHDVVR
FLDWHGZLWKVWUXFWXUDOUHOD[DWLRQLQWKHWHPSHUDWXUHUDQ
JH ± & ZDV ǻ+  ± -J DQG IRU IXUWKHU
VWUXFWXUDOWUDQVIRUPDWLRQVLQWKHWHPSHUDWXUHUDQJH±
±&UHOHDVHGKHDWZDVǻ+ ±-J
6WUXFWXUDOWUDQVIRUPDWLRQVLQ1L±&RGHSRVLWV DOOR\
 LQGXFHGE\DQQHDOLQJDWDQG&DUHFRQ
ILUPHG E\ ;5' )LJXUH   7KHVH WHPSHUDWXUHV KDYH
EHHQFKRVHDFFRUGLQJWR'6&FXUYH7KH;5'SDWWHUQV
DQG 5LHWYHOG UHILQHPHQW DQDO\VLV 7DEOH   VKRZ RQO\
JUDLQ JURZWK 1R UHIOHFWLRQV UHODWHG WR FREDOW RU QLFNHO
R[LGHV ZHUH GHWHFWDEOH $ W\SLFDO 6(0 PLFURJUDSK RI

+HPLQG D ±  
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DOOR\DIWHUDQQHDOLQJDW&LVVKRZQLQ)LJXUH
7KHFRPSRVLWLRQDVZHOODVWKHVWUXFWXUHRIWKHGHSRVLW
ZDVDWWDLQHGZLWKQRVLJQLILFDQWFKDQJHHYHQLQSDUWLFOH
VL]H
$V LQ PDQ\ VWXGLHVRQ WKH WKHUPDO VWDELOLW\ RI QD
QRFU\VWDOOLQH PDWHULDOV >@ WKH 1L±&R GLVSHUVH DOOR\
H[KLELWVDTXDVLQXFOHDWLRQJURZWKSURFHVV:KHQQDQR
FU\VWDOOLQH GHSRVLWV DUH EURXJKW WR DQ HOHYDWHG WHPSH
UDWXUH WKH QDQRPHWHUVL]HG FU\VWDOOLWHV LQ WKH GHSRVLWV
VWDUW WR JURZ LQ D UDQGRP QRQXQLIRUP ZD\ DQG VRPH
RIWKHSUHVHQWQDQRFU\VWDOOLWHVDSSHDUDVQXFOHLDQGSUH
IHUHQWLDOO\VWDUWWRJURZDWWKHH[SHQVHRIWKHVXUURXQG
LQJQDQRFU\VWDOOLQHPDWUL[:LWKLQFUHDVLQJWHPSHUDWXUH







)LJXUH6(0PLFURJUDSKVRI1L±&RGHSRVLWVRQFRSSHUVXEVWUDWHSUHSDUHGRXWRIDQHOHFWURO\WHZLWKFRQFHQWUDWLRQUDWLR1L &R 
M P$FP±XSRQDQQHDOLQJDW&D PDJQLILFDWLRQ×E PDJQLILFDWLRQ× 6(DFFHOHUDWLQJYROWDJHN9 

WKHJUDLQVEHFRPHODUJHUDQGWKHQXPEHURIGLVORFDWLRQV
GHFUHDVHVFRQVLGHUDEO\7KHODWWLFHFRQVWDQWRIWKH)&&
SKDVHLQFUHDVHVVOLJKWO\ZLWKLQFUHDVHGDQQHDOLQJWHPSH
UDWXUH UHVXOWLQJ LQ ODUJH FHOO YROXPHV FRPSDUHG WR WKH
WKHRUHWLFDO IDFH FHQWHUHG FXELF )&&  QLFNHO SUREDEO\
GXH WR WKH SUHVHQFH RI  SHUFHQWDJH RI FREDOW LQ WKH
GHSRVLW 7DEOH 
7KHWKHUPDOEHKDYLRURIWKHRI1L±&RDOOR\ HOHF
WURO\WH UDWLR 1L&R   M   P$ FP±  VKRZQ
RQ WKH '6& FXUYH )LJXUH  LV FKDUDFWHUL]HG E\ DQ
H[RWKHUPLF UHDFWLRQ LQGLFDWLQJ D VWHSZLVH SURFHVV RI
VWUXFWXUDO UHOD[DWLRQ DQG WUDQVIRUPDWLRQ RI WKH DOOR\ LQ
WKHWHPSHUDWXUHUDQJH±°&7KHILUVWH[RWKHUPLF
IHDWXUH LQ WKH WHPSHUDWXUH UDQJH ± °& FDQ EH
DWWULEXWHG WR VWUXFWXUDO UHOD[DWLRQ SURFHVV RI WKH )&&
SKDVH'XULQJJUDLQJURZWKDVWKHV\VWHP PRYHVIURP
WKH FRQGLWLRQ RI DQ DVSUHSDUHG QDQRFU\VWDOOLQH VDPSOH
RI KLJKHU H[FHVV IUHH HQHUJ\ WR WKH FRQGLWLRQ RI WKH
DQQHDOHGVDPSOHH[KLELWLQJORZHUH[FHVVRIIUHHHQHUJ\
WKHUHLVDQHQWKDOS\UHOHDVHRIǻ+ ±-J JLYLQJD


)LJXUH'6&RIWKHDOOR\KHDWLQJUDWH.PLQ

PHDVXUHRIWKHWKHUPDOVWDELOLW\RIWKHVDPSOHFRQQHFWHG
ZLWK WKH SKDVH WUDQVIRUPDWLRQ IURP +&3 WR )&&
VWUXFWXUH
7KH;5'RIWKHDOOR\DVSUHSDUHGRQWKHFRSSHU
VXEVWUDWHVKRZHGRQO\WKHUHIOHFWLRQVRID&ROLNH+&3
SDWWHUQVHH)LJXUH$FFRUGLQJWRWKH;UD\GLIIUDFWLRQ
DQDO\VLV )LJXUH GXULQJDQQHDOLQJWKHFRQFHQWUDWLRQ
RI WKH +&3 SKDVH LV FRQWLQXRXVO\ UHGXFHG DQG WKH UH
IOHFWLRQDWWULEXWHGWRWKH)&&SKDVHRI&RDSSHDUVZLWK
DFRQWHQWRI!LQWKHVDPSOH7DEOH
7KH JUDLQ VL]H RI WKH )&& SKDVH VLJQLILFDQWO\ LQ
FUHDVHVWRQPZKLOHVL]HRI+&3SKDVHGHFUHDVHVWR
QP 7DEOH $QQHDOLQJDWWHPSHUDWXUHVRIDQG
 & FDXVHG RQO\ VOLJKW GLIIHUHQFH RI JUDLQ VL]H DQG
ODWWLFH FRQVWDQW 7DEOH   +RZHYHU WKH DQQHDOLQJ DW
WHPSHUDWXUH RI  & JHQHUDWHG JUDLQ VL]H DQG ODWWLFH
FRQVWDQW FKDQJHV GXH WR WKH DXVWHQLWLF DOORWURSLF SKDVH
WUDQVIRUPDWLRQDW&DFFRUGLQJWRWKHSKDVHGLDJUDP
>@7KH+&3SKDVHLVPRUHVWDEOHSKDVHDWURRPWHP
SHUDWXUHEXWUHYHUVHWUDQVIRUPDWLRQWR)&&SKDVHDIWHU


)LJXUH;5'SDWWHUQVRIDOOR\DVSUHSDUHGDQGDQQHDOHGDW GLIIHUHQWWHPSHUDWXUHV
7DEOH3KDVHFRPSRVLWLRQDQGVL]HRIFU\VWDOOLWHVRIHOHFWURGHSRVLWHGDVZHOODVDQQHDOHGDOOR\
7UHDWPHQW
$VSUHSDUHG
$QQHDOHGDW°&
$QQHDOHGDW°&
$QQHDOHGDW°&

&U\VWDOVWUXFWXUH
)&&
)&&
)&&
)&&

*UDLQVL]HQP





/DWWLFHFRQVWDQWc





&HOOYROXPHc








)LJXUH'6&RIWKHDOOR\KHDWLQJUDWH.PLQ 
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+HPLQG D ±  
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+HPLQG D ±  








)LJXUH6(0PLFURJUDSKVRI1L±&RGHSRVLWVRQFRSSHUVXEVWUDWHSUHSDUHGRXWRIDQHOHFWURO\WHZLWKFRQFHQWUDWLRQUDWLR1L &R
M P$FP DOOR\ XSRQDQQHDOLQJDW&D PDJQLILFDWLRQ×E PDJQLILFDWLRQ× 6(DFFHOHUDWLQJYROWDJH
N9 


)LJXUH;5'SDWWHUQVRIDOOR\DVSUHSDUHGDVZHOODVDQQHDOHGDWWKHGLIIHUHQWWHPSHUDWXUHV

FRROLQJ GLG QRW RFFXU +RZHYHU WKH DXVWHQLWLF SKDVH
WUDQVIRUPDWLRQ +&3WR)&& WHPSHUDWXUHLVDIXQFWLRQ
RIKHDWLQJUDWH>@$WWKLVSRLQWLWLVDVVXPHGWKDWWKH
DOORWURSLFWUDQVIRUPDWLRQLVFRQQHFWHGZLWKJUDLQJURZWK
7KH )&& SKDVH LV UHWDLQHG XSRQ FRROLQJ WR DPELHQW
WHPSHUDWXUHDQGZLWKLQFUHDVLQJWHPSHUDWXUHWKHFRQWHQW
RI +&3 SKDVH LV UHGXFHG )XUWKHU LQYHVWLJDWLRQV RI
VWUXFWXUDO WUDQVIRUPDWLRQ LQ HOHFWURGHSRVLWHG QDQRFU\V
WDOOLQH DOOR\ VDPSOH ZLWK KLJK FRQWHQW RI &R DUH SHU
IRUPHGDFWXDOO\
$VLQWKHFDVHRIDOOR\EDVHGRQWKH'6&FXUYH
)LJXUH WKHDQDO\VLVRIVWUXFWXUDOWUDQVIRUPDWLRQVRI
1L±&R GHSRVLWV DOOR\   LQGXFHG E\ KHDWLQJ ZHUH FDU
ULHGRXWXVLQJVDPSOHVDQQHDOHGDWWHPSHUDWXUHVRI
DQG&
6(0PLFURJUDSKVRIDQQHDOHGDOOR\DUHVKRZQLQ
)LJXUH7KHSODWHOHWVWUXFWXUHLVSUHVHUYHGKRZHYHU
WKHWRSRIWKHSDUWLFOHVFRQVLVWVRIWKHSODWHOHWVZLWKUH
GXFHGVL]H$GGLWLRQDOO\VLQJOHSDUWLFOHJUDLQVDUHPXFK
EHWWHU IRUPHG LQ FRPSDULVRQ WR WKH DVSUHSDUHG VDPSOH
)LJXUH 

0DJQHWLFSURSHUWLHVRIQDQRFU\VWDOOLQHGHSRVLWV

(OHFWURGHSRVLWHGQDQRVWUXFWXUHGIHUURPDJQHWLFPD
WHULDOVVXFKDV1LDQG1L±)HDOOR\VH[KLELWGHVLUDEOHVRIW
PDJQHWLF SURSHUWLHV VXFK DV ORZ FRHUFLYLW\ LQFUHDVHG
HOHFWULFDO UHVLVWLYLW\ DQG JUDLQ VL]H LQGHSHQGHQW VDWXUD
WLRQPDJQHWL]DWLRQ>@0DJQHWLFVDWXUDWLRQRIHOHFWUR
GHSRVLWHGIHUURPDJQHWLFPDWHULDOVLVRQO\GHSHQGHQWRQ
WKHFRPSRVLWLRQ>@7KHSRWHQWLDODSSOLFDWLRQRIFREDOW
EDVHG QDQRFU\VWDOOLQH DOOR\V KDV DWWUDFWHG DWWHQWLRQ EH
FDXVHRIWKHLUKLJKHUVDWXUDWLRQPDJQHWL]DWLRQFRPSDUHG
ZLWK1LDQGSHUPDOOR\ 1L±ZW)H W\SHHOHFWURGH
SRVLWV
7KHVDPSOHVREWDLQHGDIWHUSUHVVLQJZHUHKHDWHGXS
WR°&LQDQDUJRQDWPRVSKHUHLQRUGHUWRDFKLHYHWKH
WKHUPDO VWDELOL]DWLRQ RI DOOR\ VWUXFWXUH 8SRQ DSSOLFD
WLRQ RI D ZHDN PDJQHWLF ILHOG WKH PDJQHWL]DWLRQ LQ
FUHDVHV UDSLGO\ WR D KLJK YDOXH FDOOHG WKH VDWXUDWLRQ
PDJQHWL]DWLRQ )LJXUH   ZKLFK LV LQ JHQHUDO D IXQF
WLRQRIWHPSHUDWXUH7KHUHODWLYHPDJQHWLFSHUPHDELOLW\
LQFUHDVHV LQ WKH WHPSHUDWXUH UDQJH IURP  WR  &
IRUDOOR\DQGWR&IRUDOOR\ZLWKDSHDNYDOXHDW

 DOOR\   DQG  & DOOR\   $ GHFUHDVH LQ WKH
IUHHYROXPHDGHFUHDVHLQWKHFRQWHQWPLQLPDOYDOXHRI
WKH FKDRWLFDOO\ GLVWULEXWHG GLVORFDWLRQV DQG D UHGXFWLRQ
LQ WKH FRQWHQW RI PLFURVWUDLQV WRRN SODFH LQ WKLV WHP
SHUDWXUHLQWHUYDO
7KH LQFUHDVH LQ PDJQHWLF SHUPHDELOLW\ LV D FRQVH
TXHQFHRIWKHGHVFULEHGVWUXFWXUDOFKDQJHVGXULQJKHDW
LQJ$OORIWKHVHIHDWXUHVHQVXUHJUHDWHUPRELOLW\RIWKH
PDJQHWLF GRPDLQ ZDOOV DQG WKHLU EHWWHU GLUHFWLRQDOLW\
FRQVHTXHQWO\ LQFUHDVLQJ WKH PDJQHWLF SHUPHDELOLW\ ,Q
WKH WHPSHUDWXUH UDQJH  WR  & WKH UHODWLYH PDJ
QHWLFSHUPHDELOLW\RIDOOR\GHFUHDVHVUDSLGO\UHDFKLQJ
&XULHWHPSHUDWXUHDWDSSUR[LPDWHO\&FORVHWRWKH
YDOXHRISXUH1L . >@7KHVOLJKWO\KLJKHUYDOXH
RIWKH&XULHWHPSHUDWXUHFDQEHDWWULEXWHGWRWKHFRQWHQW
RI&RLQWKHVDPSOH VHH7DEOH 7KHUHODWLYHPDJQHWLF
SHUPHDELOLW\ IRU DOOR\  GHFUHDVHV LQ WKH WHPSHUDWXUH

UDQJH RI  WR  & 7KH &XULH WHPSHUDWXUH RI WKLV
VDPSOH LV UHODWHG WR WKHUHODWLYH KLJK FRQWHQW RI 1LUH
GXFLQJWKH&XULHWHPSHUDWXUHIURPWKHYDOXHRISXUH&R
RI.>@WRWKHDFWXDORQH
&21&/86,21

7KH VWUXFWXUHV DV ZHOO DV PRUSKRORJ\ RI WKH GLV
SHUVH1L±&RDOOR\JDOYDQRVWDWLFDOO\GHSRVLWHGIURPDP
PRQLXP QLFNHO DQG FREDOW VXOIDWH VROXWLRQV RQ &X FD
WKRGHVGHSHQGRQWKHGHSRVLWLRQFXUUHQWGHQVLW\DVZHOO
DVWKHEDWKFRPSRVLWLRQ)&&SKDVHLVWKHSUHGRPLQDQW
SKDVH LQ WKH DOOR\ GHSRVLWV DW WKH 1LULFK VLGH $ GH
FUHDVH LQ WKH 1L FRQFHQWUDWLRQ LQ WKH DOOR\ GHSRVLWV
FDXVHVWKHLQFUHDVHLQWKHFRQFHQWUDWLRQRI+&3SKDVHLQ
WKHFU\VWDOOLQHSDUWRIWKHGHSRVLW$GHFUHDVHLQWKHGH
SRVLWLRQ FXUUHQW GHQVLW\ UHVXOWV LQ DQ LQFUHDVHG DPRXQW

7DEOH3KDVHFRPSRVLWLRQDQGVL]HRIFU\VWDOOLWHVRIHOHFWURGHSRVLWHGDQGDQQHDOHGDOOR\
$OOR\
$OOR\
$OOR\
$OOR\
$OOR\

DVSUHSDUHG 
DQQHDOHGDW°& 
DQQHDOHGDW°& 
DQQHDOHGDW°& 

&U\VWDOVWUXFWXUH

*UDLQVL]HQP

Dc

Fc

&HOOYROXPHc

+&3
+&3
+&3
)&&
+&3
















±











)LJXUH7HPSHUDWXUHGHSHQGHQFHRIUHODWLYHPDJQHWLFSHUPHDELOLW\RIDOOR\V
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RI WKH +&3 SKDVH LQ WKH GHSRVLW DQG WKH FU\VWDO JUDLQ
JURZWK RI )&& DQG +&3 SKDVHV +&3 SKDVH LV WKH
GRPLQDQW SKDVH LQ GHSRVLWV ZLWK D KLJKHU FRQWHQW RI
FREDOW ,QFUHDVH RI WKH GHSRVLWLRQ FXUUHQW GHQVLW\ LQ
HOHFWURO\WHV ZLWK D FRQFHQWUDWLRQ UDWLR 1L&R  
OHDGV WR D GHFUHDVH RI +&3 SKDVH FRQWHQW LQ WKH GH
SRVLWV WKH FU\VWDO JUDLQV JURZWK RI WKH )&& SKDVH DQG
WKHWUDQVIRUPDWLRQRIWKH+&3SKDVHLQWRWKH)&&SKDVH
$ VLJQLILFDQW WKHUPDO HIIHFW XSRQ KHDWLQJ RI QDQRFU\V
WDOOLQH 1L±&RDOOR\ GHSRVLWVKDVEHHQ REVHUYHG ,Q &R
ULFK VDPSOHV VWUXFWXUDO FKDQJHV GXULQJ KHDWLQJ ZHUH
DWWULEXWHG WR WKH SKDVH WUDQVIRUPDWLRQ RI +&3 WR )&&
7KHUHODWLYHPDJQHWLFSHUPHDELOLW\VWURQJO\GHSHQGVRQ
WKH1L&RUDWLRLQWKHDOOR\VVKRZLQJWKHVWURQJLQ
IOXHQFH RI D PDWHULDO ZLWK ORZ &XULH WHPSHUDWXUH 1L 
RQDPDWHULDOZLWKDKLJK&XULHWHPSHUDWXUH &R 

+HPLQG D ±  

>@ /5LELü=HOHQRYLü/5DIDLORYLü06SDVRMHYLü$0D
ULþLü3K\VLFD%  ±
>@ $9LFHQ]R 3/&DYDOORWWL (OHFWURFKLP $FWD  
±
>@ 6$UP\DQRY 69LWNRYD 6XUI 7HFKQRO    ±
±
>@ -6FR\HU5:LQDQG6XUI7HFKQRO  ±
>@ 7 &RKHQ+\DPV :' .DSODQ - <DKDORP (OHFWUR
FKHP6ROLG6WDWH/HWW  
>@ +/L)(EUDKLPL0DWHU6FL(QJ$  
>@ 6+.LP .7 $XVW 8 (UE )*RQ]DOHV * 3DOXPER
6FULSWD0DWHU  ±
>@ ( *yPH] 6 3DQp ( 9DOOpV (OHFWURFKLP $FWD 
 ±
>@ ( *yPH] 6 3DQp ; $OFREH ( 9DOOpV (OHFWURFKLP
$FWD   ±
>@ ' .LP '< 3DUN %<<RR 37$6XPRGMR 19
0\XQJ(OHFWURFKLP$FWD  ±
>@ 190\XQJ'<3DUN%<<RR37$6XPRGMR-
0DJQ0DJ0DWHU  ±
>@ ,= 5DKPDQ 09 .KDGGHP0RXVDYL $$*DQGKL
7)/\QFK0$5DKPDQ-3K\V&RQIHUHQFH6HULHV
 ±
>@ '0LQLü /' 5DIDLORYLü - :RVLN *( 1DXHU LQ
+DQGERRNRI0DWHULDOV6FLHQFH5HVHDUFK1RYD6FLHQVH
3XEOLVKHUV,QF&K
>@ 9' -RYLü 9 0DNVLPRYLü 0* 3DYORYLü 9 0DNVL
PRYLü-6ROLG6WDWH(OHFWURFKHP  ±
>@ 9' -RYLü %0 -RYLü 0* 3DYORYLü (OHFWURFKLP
$FWD   ±
>@ /'5DIDLORYLü+3.DUQWKDOHU77ULãRYLü'00L
QLü0DWHU&KHP3K\V VXEPLWWHG 
>@ /' 5DIDLORYLü : $UWQHU *( 1DXHU '0 0LQLü
7KHUPRFKLP$FWD  GRLMWFD
>@ /' 5DIDLORYLü $0 0DULþLü : $UWQHU *( 1DXHU
'00LQLü6FL6LQWHU  ±
>@ 06SDVRMHYLü$0DULþLü/5DIDLORYLü6FL6LQWHU
 ±
>@ 6 5DQÿLü $ 0DULþLü / 5DIDLORYLü 0 6SDVRMHYLü
005LVWLü6FL6LQWHU  ±
>@ /5LELü=HOHQRYLü/5DIDLORYLü06SDVRMHYLü$0D
ULþLü-2SWRHOHFWURQ$GY0DWHU  ±
>@ 5 6LPHXQRYLü 0 6SDVRMHYLü / 5DIDLORYLü $ 0DUL
þLü3URFHHGLQJVRIWKH&RQJUHVVRI3K\VLFLDQVRI6HUELD
DQG0RQWHQHJUR3HWURYDF6HUELDDQG0RQWHQHJR
SS±
>@ 06SDVRMHYLü$0DULþLü/5DIDLORYLü%-RUGRYLüWK
<XJRVODY 0DWHULDOV 5HVHDUFK 6RFLHW\ &RQIHUHQFH <8
&20$7  %RRN RI $EVWUDFWV +HUFHJ 1RYL 
S
>@ /5DIDLORYLü $0DULþLü 06SDVRMHYLü /5LELü=HOHQR
YLü 56LPHXQRYLü ;9,,, &RQJUHVV RI &KHPLVWV DQG
7HFKQRORJLVWV RI 0DFHGRQLD %RRN RI $EVWUDFWV 2KULG
0DFHGRQLDS
>@ /' 5DIDLORYLü 3 ) 5RJO '0 0LQLü + 3 .DUQ
WKDOHU)LUVW-RLQW0HWWLQJRI'UHLOlQGHUWDJXQJDQG0XO
WLQDWLRQDO &RQJUHVV RQ 0LFURVFRS\ 9RO  0DWHULDO
6FLHQFH0&*UD]$XVWULDS

$FNQRZOHGJPHQWV

7KH LQYHVWLJDWLRQ ZDV SDUWLDOO\ VXSSRUWHG E\ WKH
0LQLVWU\ RI 6FLHQFH DQG 7HFKQORJLFDO 'HYHORSPHQW RI
WKH 5HSXEOLF RI 6HUELD XQGHU WKH SURMHFW 1R 
7KHVXSSRUWE\WKH,.³([SHULPHQWDO0DWHULDOV6FLHQ
FH ± 1DQRVWUXFWXUHG 0DWHULDOV´ D FROOHJH IRU 3K' VWX
GHQWVDWWKH8QLYHUVLW\RI9LHQQDLVJUHDWO\DSSUHFLDWHG
E\/5
5()(5(1&(6
>@

+ *OHLWHU 1DQRFU\VWDOOLQH PDWHULDOV 3URJ 0DWHU
6FL  ±
>@ 53 $QGUHV 56 $YHUEDFN :/ %URZQ /( %UXV
:$*RGGDUG,,,6*.DOGRU-0DWHU5HV  
±
>@ 0$0H\HUV$0LVKUD'-%HQVRQ3URJ0DWHU6FL
  ±
>@ 8(UE1DQRVW0DWHU  ±
>@ 190\XQJ.1REH-(OHFWURFKHP6RF  
±
>@ '< 3DUN .6 3DUN -0 .R '+ &KR 6+ /LP
:< .LP %< <RR 19 0\XQJ - (OHFWURFKHP
6RF  ±
>@ $%LDQFR**XVPDQR50RQWDQDUL*0RQWHVSHUHOOL
( 7UDYHUVD 7KHUPRFKLPLFD $FWD    ±
±
>@ $ &DOXVDUX (OHFWURGHSRVLWLRQ RI 3RZGHUV IURP 6R
OXWLRQV(OVHYLHU1HZ<RUN
>@ &$&6RX]D-(0D\$70DFKDGR$/57DFKDUG
('%LGRLD6XUI&RDW7HFKQRO  ±
>@ ., 3RSRY 0* 3DYORYLü (OHFWURGHSRVLWLRQ RI PHWDO
SRZGHUVZLWKFRQWUROOHGSDUWLFOHJUDLQVL]HDQGPRUSKR
ORJ\´LQ0RGHUQ$VSHFWVRI(OHFWURFKHPLVWU\9RO
5( :KLWH %( &RQZD\ -2¶0 %RFNULV (GV  3OH
QXP3UHVV1HZ<RUN&K
>@ $ 0DULþLü 0 6SDVRMHYLü / 5DIDLORYLü 9 0LORYD
QRYLü / 5LELü=HOHQRYLü 0DW 6FL )RUXP 
 ±
>@ /5LELü=HOHQRYLü/5DIDLORYLü06SDVRMHYLü$0D
ULþLü6FL6LQWHULQJ  ±
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+HPLQG D ±  

>@ /3HUDOGR%LFHOOL%%R]]LQL&0HOH/' 8U]R,QW-
(OHFWURFKHP6FL  ±
>@ /& &KHQ ) 6SDHSHQ - $SSO 3K\V    ±
±
>@ 1 :DQJ = :DQJ .7 $XVW 8 (UE $FWD 0DWHU 
 ±
>@ * +LEEDUG . 7 $XVW * 3DOXPER 8(UE 6FULSWD
0DWHU  ±
>@ 190\XQJ'<3DUN%<<RR37$6XPRGMR-
0DJQHW0DJ0DWHU  ±
>@ * +LEEDUG . 7 $XVW * 3DOXPER 8(UE 6FULSWD
0DWHU  ±
>@ & .LWWHO ,QWURGXFWLRQ WR 6ROLG 6WDWH 3K\VLFV WK HG
:LOOH\

>@ *0 &KRZ << /L <. +ZX 0DWHU 3K\V0HFK
 ±
>@ '0 0LQLü 7KH $SSOLHG (OHFWURFKHPLVWU\ )DFXOW\ IRU
3K\VLFDO&KHPLVWU\%HOJUDGH
>@ ., 3RSRY 66 'MRNLü %1 *UJXU )XQGDPHQWDO $V
SHFWV RI (OHFWURPHWDOOXUJ\ .OXZHU $FDGHPLF 3UHVV
1HZ<RUN
>@ +5LHWYHOG-$SSO&U\VWDOORJU  ±
>@ 7% 0DVVDOVNL %LQDU\ $OOR\ 3KDVH 'LDJUDPV $60
,QWHUQDWLRQDO 0DWHULDOV 3DUN 2+ 7% 0DVVDOVNL
%LQDU\ $OOR\ 3KDVH 'LDJUDPV $60 ,QWHUQDWLRQDO
0DWHULDOV3DUN2+
>@ ) &]HUZLQVNL $ =LHOLQVND/LSLHF -$ 6]SXQDU $FWD
0DWHU  ±
>@ % %R]]LQL **LRYDQQHOOL DQG 3/ &DYDOORWWL - $SSO
(OHFWURFKHP  ±

,=92'

'(32=,&,-$,.$5$.7(5,=$&,-$1$126758.7851,+35$+29$1,.$/±.2%$/7/(*85(
/LGLMD'5DIDLORYLü'UDJLFD00LQLü


3K\VLFVRI1DQRVWUXFWXUHG0DWHULDOV)DFXOW\RI3K\VLFV8QLYHUVLW\RI9LHQQD$XVWULD
)DNXOWHW]DIL]LþNXKHPLMX8QLYHU]LWHWX%HRJUDGX6UELMD



3UHJOHGQLUDG 
1DQRVWUXNWXUQHQLNDO±NREDOWOHJXUHVXGRELMHQHJDOYDQRVWDWVNLQD&X
VXSVWUDWLPD L] DPRQLMXP VXOIDWKORULGQLK HOHNWUROLWD 3URXþDYDQL VX XWLFDM
JXVWLQH VWUXMH GHSR]LFLMH L VDVWDY HOHNWUROLWD RGQRV 1L&R  QD ID]QL
VDVWDY L PRUIRORJLMX GHSR]LWD 3RND]DQR MH GD VDVWDY NXSDWLOD L JXVWLQD
VWUXMH]QDþDMQRXWLþXQDPHKDQL]DPUDVWDRGQRVQRQDVDVWDYLPLNURVWUXN
WXUXGHSR]LWDNDRLQDYHOLþLQX]UQDLPRUIRORJLMXSRYUãLQH.DGDVHHOHN
WURGHSR]LFLMD L]YRGL QD YLVRNLP QDGQDSRQLPD GDOHNR RG UDYQRWHåQLK XV
ORYDJUDGHVHVPHãH1LL&RSRYUãLQVNLFHQWULUDQHNXEQHVWUXNWXUH )&&
GRNVHSULQLåLPQDGQDSRQLPDNDRLSULYLãLPVDGUåDMLPDNREDOWDXHOHN
WUROLWX JUDGH &R GHSR]LWL KHNVDJRQDOQH JXVWR SDNRYDQH VWUXNWXUH +&3
SUDüHQLPDORPEU]LQRPL]GYDMDQMDYRGRQLND3RUDVWNROLþLQH+&3ID]HX
QDQRNULVWDOQLP GHSR]LWLPD MH SRVOHGLFD NDNR SRUDVWD VDGUåDMD NREDOWD X
GHSR]LWXWDNRLVPDQMHQMDJXVWLQHVWUXMHGHSR]LFLMH7DNRÿHVXSURXþDYDQL
HIHNWLVWUXNWXUQLKSURPHQDQDPDJQHQWQDVYRMVWYDQDQRNULVWDOQLKSUDKRYD
HOHNWURKHPLMVNL GRELMHQLK X WHPSHUDWXUVNRP LQWHUYDOX RG VREQH WHPSHUD
WXUHGR&3RND]DQRMHGDVYDNLVWXSDQMVWUXNWXUQLKSURPHQDL]D]LYD
RGJRYDUDMXüHSURPHQHXPDJQHWQRMSHUPHDELOQRVWLGRELMHQLKOHJXUD

.OMXþQH UHþL 1DQRVWUXNWXUQL PDWHUL
MDOL • (OHNWURKHPLMVND GHSR]LFLMD •
0RUIRORJLMD•7RSORWQLWUHWPDQ
.H\ZRUGV1DQRVWUXFWXUHGPDWHULDOV
• (OHFWURFKHPLFDO GHSRVLWLRQ• 0RU
SKRORJ\•7KHUPDOWUHDWPHQW
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BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB




0RUSKRORJ\DQG0LFURVWUXFWXUHRI$QQHDOHG1L&R$OOR\
3RZGHUV(OHFWURGHSRVLWHGRQ&RSSHU6XEVWUDWHV
/'5DIDLORYLü$00DULþLü:$UWQHU*(1DXHU'00LQLü


BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB



GRL6265


8'.

/'5DIDLORYLFHWDO6FLHQFHRI6LQWHULQJ  







3K\VLFVRI1DQRVWUXFWXUHG0DWHULDOV)DFXOW\RI3K\VLFV8QLYHUVLW\RI9LHQQD
%ROW]PDQQJDVVH9LHQQD$XVWULD

7HFKQLFDO)DFXOW\ýDþDN8QLYHUVLW\LQ.UDJXMHYDF6DYH.RYDþHYLüD
ýDþDN6HUELD

&(67.RPSHWHQ]]HQWUXPIUHOHNWURFKHPLVFKH2EHUIOlFKHQWHFKQRORJLH*PE+
9LNWRU.DSODQ6WUDH$:U1HXVWDGW$XVWULD

)DFXOW\RI3K\VLFDO&KHPLVWU\8QLYHUVLW\RI%HOJUDGH6WXGHQWVNLWUJ
%HOJUDGH6HUELD



$EVWUDFW
1LFNHO DQG FREDOW DOOR\ SRZGHUV IURP WZR GLIIHUHQW HOHFWURO\WH FRPSRVLWLRQV ZHUH
REWDLQHG E\ HOHFWURGHSRVLWLRQ IURP DQ DPPRQLXP VXOIDWH VROXWLRQ 7KH VWUXFWXUH RI 1L&R
GHSRVLWV IRUPHG E\ HOHFWURGHSRVLWLRQ DW D JDOYDQRVWDWLF UHJLPH DQG WKH LQIOXHQFH RI FXUUHQW
GHQVLW\DQGWKHEDWKFRPSRVLWLRQ ZHUHVWXGLHGE\6(0'6&DQG;UD\GLIIUDFWLRQPHWKRGV,W
ZDV VKRZQ WKDW WKH PLFURVWUXFWXUH DQG PRUSKRORJ\ RI WKH SRZGHUV GHSHQGHG RQ WKH
GHSRVLWLRQ FXUUHQW GHQVLW\ DV ZHOO DV EDWK FRPSRVLWLRQ %RWK EDWK FRPSRVLWLRQ DQG FXUUHQW
GHQVLW\ DIIHFW VWURQJO\ WKH GHSRVLW JURZWK PHFKDQLVP DQG WKH GHSRVLW FRPSRVLWLRQ
PLFURVWUXFWXUH JUDLQ VL]H DQG VXUIDFH PRUSKRORJ\ ,W ZDV IRXQG WKDW WKH RYHUSRWHQWLDO
VLJQLILFDQWO\ DIIHFWV WKH VWUXFWXUH RI WKH IRUPHG GHSRVLWV :KHQ HOHFWURGHSRVLWLRQ ZDV
SHUIRUPHG IDU IURP HTXLOLEULXP FRQGLWLRQV IDFHFHQWHUHG FXELF )&& FREDOW ZDV GHSRVLWHG
ZKLOHDWORZRYHUSRWHQWLDOKH[DJRQDOFORVHSDFNHG +&3 &RZDVIRUPHGZLWKDORZHUUDWHRI
K\GURJHQHYROXWLRQ7KHLQFUHDVHRI+&3SKDVHLQWKHQDQRFU\VWDOOLQHGHSRVLWVZDVFDXVHGE\
LQFUHDVHRIWKH&RFRQWHQWLQWKHSRZGHUDVZHOOE\GHFUHDVHRIWKHGHSRVLWLRQFXUUHQWGHQVLW\
,WZDVVKRZQWKDWWKHSRZGHUVFKDQJHWKHLUVWUXFWXUHLQWKHWHPSHUDWXUHLQWHUYDOIURP&
WR&,Q&RULFKVDPSOHVVWUXFWXUDOFKDQJHVGXULQJKHDWLQJZHUHDWWULEXWHGWRWKHSKDVH
WUDQVIRUPDWLRQRI+&3WR)&&
.H\ZRUGV 1DQRVWUXFWXUHG PDWHULDO 0RUSKRORJ\ $OOR\ SRZGHU 6WUXFWXUDO WUDQVIRUPDWLRQ
0LFURVWUXFWXUH

PDWHULDOV SURSHUWLHV RI QDQRFU\VWDOOLQH HOHFWURGHSRVLWV DIWHU DQQHDOLQJ DW GLIIHUHQW
WHPSHUDWXUHV HVSHFLDOO\ LPSRUWDQW IRU WULERORJLFDO DSSOLFDWLRQ LQ QDQRVFDOH GHYLFHV VXFK DV
PLFUR DQG QDQRHOHFWURPHFKDQLFDO V\VWHPV 0(06 DQG 1(06  KDYH QRW EHHQ HYDOXDWHG
HQRXJK 7KH NQRZOHGJH RI WKH WKHUPDO VWDELOLW\ DQG VWUXFWXUDO WUDQVIRUPDWLRQV RI WKHVH
PDWHULDOVLVRIJUHDWLQWHUHVWIRUWZRLPSRUWDQWUHDVRQV>@)LUVWIRUQDQRVWUXFWXUHGPDWHULDOV
WKDW H[KLELW H[FHOOHQW PDJQHWLF DQG HOHFWULF SURSHUWLHV WKH RQVHW RI FU\VWDOOL]DWLRQ UHSUHVHQWV
WKH OLPLW ZKHQ WKHVH SURSHUWLHV EHJLQ WR GHWHULRUDWH 6HFRQG FRQWURO RI WKH FU\VWDOOL]DWLRQ
SURFHVV JLYHV XV DELOLW\ WR WDLORU WKH PLFURVWUXFWXUH WKDW SURYLGHV GHVLUHG SURSHUWLHV LQ D
QDQRFU\VWDOOLQHPDWUL[RIPDWHULDOV2QWKHRWKHUKDQGWKHDELOLW\WRSUHGLFWDQGFRQWUROWKH
FU\VWDOOL]DWLRQ SURFHVV RI QDQRVWUXFWXUHG PDWHULDOV LV YHU\ LPSRUWDQW IRU WKH SUHSDUDWLRQ DQG
SUHVHUYDWLRQRIXVHIXOPLFURVWUXFWXUHV>@
,Q WKH SUHVHQW VWXG\ WKH FRPSRVLWLRQ WKH PRUSKRORJ\ DQG PLFURVWUXFWXUH RI 1L&R
SRZGHUV JDOYDQRVWDWLFDOO\ GHSRVLWHG ZHUH LQYHVWLJDWHG DV ZHOO DV WKHLU WKHUPDO VWDELOLW\ DQG
VWUXFWXUDOWUDQVIRUPDWLRQVLQWKHWHPSHUDWXUHUDQJHIURPDPELHQWWHPSHUDWXUHWRR&



([SHULPHQWDOGHWDLOV


'HSRVLWLRQ RI 1L&R DOOR\V ZHUH FDUULHG RXW JDOYDQRVWDWLFDOO\ IURP DPPRQLXP
VXOIDWHFKORULGH VROXWLRQV DW S+  FRQWDLQLQJ GLIIHUHQW 1L&R FRQFHQWUDWLRQ UDWLRV
1L&R   DQG 1L&R   >WRWDO FRQFHQWUDWLRQ 1L62&R62  PROGP
PROGP1+&ODQGPROGP 1+2+@DWS+ LQDQJODVVFHOOZLWKDYROXPHRI
GP ZLWKRXW VWLUULQJ WKHUPRVWDWLFDOO\ FRQWUROOHG DW D WHPSHUDWXUH RI r. &X SODWHOHWV
SODFHGLQWKHFHQWHURIWKHFHOOZLWKDFPVXUIDFHDUHDDQGFPWKLFNQHVVZHUHXVHGDV
ZRUNLQJHOHFWURGHV$7LSODWHFRYHUHGZLWK5X27L2 FPJHRPHWULFDUHD SODFHGFORVH
DQG SDUDOOHO WR WKH &XSODWH ZDV XVHG DV DQ DQRGH (OHFWURGHSRVLWLRQ RI WKH SRZGHU ZDV
SHUIRUPHGZLWKDFRQVWDQWFXUUHQWUHJLPHLQWKHUDQJHRIP$FP
)RU WKH VXUIDFH PRUSKRORJ\ FKDUDFWHULVDWLRQ WKH ;/  (6(0)(* HQYLURQPHQWDO
VFDQQLQJHOHFWURQPLFURVFRSHZLWKILHOGHPLVVLRQJXQ)(,&RPSDQ\1HWKHUODQGV ZDVXVHG
)RU ' DQDO\VLV RI WKH VSHFLPHQ VXUIDFH 0H; VRIWZDUH IURP $OLFRQD $  ZDV DSSOLHG
HQDEOLQJ SURILOH DQG URXJKQHVV PHDVXUHPHQWV DQG DUHD DQDO\VLV GLUHFWO\ IURP WKH GLJLWDO
LPDJHV
$QDOOR\FRPSRVLWLRQDQDO\VLVZDVSHUIRUPHGE\(6(0XVLQJ(';VRIWZDUH*HQHVLV
86$ ;UD\SRZGHUGLIIUDFWLRQ ;5' DQDO\VLVZDVFDUULHGRXWXVLQJD05'GLIIUDFWRPHWHU
3KLOLSV1/ ZLWK&X.ĮUDGLDWLRQ N9P$ 7KHVWHSVFDQPRGHZDVLQșKROG
WLPH   V VWHS 7KH DQJXODU ș UDQJH LQYHVWLJDWHG ZDV  GHJ 6WUXFWXUDO
WUDQVIRUPDWLRQVRIWKHDOOR\SRZGHUVZHUHGHWHUPLQHGDIWHUDQQHDOLQJDWVHOHFWHGWHPSHUDWXUHV
IRUPLQXWHVLQDQDUJRQDWPRVSKHUH
'6& PHDVXUHPHQWV ZHUH SHUIRUPHG XVLQJ D '6& & 1HW]VFK '  LQ WKH
WHPSHUDWXUHUDQJHRIWR&LQDUJRQDWPRVSKHUHZLWKDKHDWLQJUDWHRI.PLQ



5HVXOWVDQGGLVFXVVLRQ





,QWURGXFWLRQ


8S WR QRZ PDQ\ V\QWKHVLV WHFKQLTXHV IRU WKH SURGXFWLRQ RI QDQRVWUXFWXUH PDWHULDOV
KDYH EHHQ GHYHORSHG LQHUW JDVFRQGHQVDWLRQ EDOOPLOOLQJ VHYHUH SODVWLF GHIRUPDWLRQ
FKHPLFDO YDSRU GHSRVLWLRQ DQG HOHFWURFKHPLFDO GHSRVLWLRQ >@ $OWKRXJK HOHFWURGHSRVLWLRQ
EHFDXVH RI LWV VLPSOLFLW\ HDV\ DSSOLFDELOLW\ DQG SRVVLELOLW\ SUHGLFWLRQ RI FKHPLFDO
FRPSRVLWLRQ KDV EHHQ RQH RI WKH PHWKRGV RIWHQ XVHG IRU V\QWKHVL]LQJ QDQRFU\VWDOOLQH
BBBBBBBBBBBBBBBBBBBBBBBBBBBBB

D


0RUSKRORJ\RIQDQRFU\VWDOOLQHGHSRVLWVREWDLQHGIURPGLIIHUHQWEDWKFRPSRVLWLRQV

)RUDOOFXUUHQWGHQVLWLHVLQWKHUDQJHEHWZHHQDQGP$FPGHSRVLWVZLWKWKH
VL]HRIDJJORPHUDWHVYDU\LQJIURPPWRDERXWPZHUHREWDLQHG)LJSUHVHQWV6(0
PLFURJUDSKV PLFURJUDSKV DE  RI WKH DOOR\V HOHFWURGHSRVLWHG RXW RI HOHFWURO\WHV ZLWK
GLIIHUHQW1L&RFRQFHQWUDWLRQUDWLRV DQGUHVSHFWLYHO\ DWWKHFXUUHQWGHQVLW\RIM 
 P$FP DV ZHOO DV WKH FRUUHVSRQGLQJ ' 6(0 PLFURJUDSKV PLFURJUDSKV LLL  7KH
GHSRVLWZLWKWKHKLJKHVWFRQWHQWRI1LLQWKHHOHFWURO\WH PLFURJUDSKVDDQGL H[KLELWVD

&RUUHVSRQGLQJDXWKRUGPLQLF#JPDLOFRP
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/'5DIDLORYLFHWDO6FLHQFHRI6LQWHULQJ  


BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB


FDXOLIORZHUOLNH VWUXFWXUH FRQVLVWLQJ RI VPDOO SDUWLFOHV ZLWK DQ DYHUDJH UDGLL  QP
VXUURXQGHGZLWKGLIIXVLRQ]RQHVZKHUHWKHGHSRVLWLRQWRRNSODFHLQDVSKHULFDOO\V\PPHWULFDO
ZD\ 7KH SDUWLFOHV GHSRVLWHG RXW RI DQ HOHFWURO\WH ZLWK WKH KLJKHVW FRQWHQW RI >&R@
PLFURJUDSKVEDQGLL VKRZVWKHSODWHOHWVWUXFWXUHZLWKSUHIHUUHGRULHQWDWLRQDQGDVL]HRI
WKHSODWHOHWVLQWKHPUDQJH

L

/'5DIDLORYLFHWDO6FLHQFHRI6LQWHULQJ  




BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB



7DE,&KHPLFDOFRPSRVLWLRQRIWKHDOOR\VJDOYDQRVWDWLFDOO\GHSRVLWHGIURPHOHFWURO\WHVZLWK
GLIIHUHQWUDWLRVRI1L&RDWFXUUHQWGHQVLW\M P$FP



5DWLRRI
M P$FP
M P$FP
1L&R
LQHOHFWURO\WH
$OOR\
$OOR\
&RQWHQWLQDOOR\
1L
&R



$W



$W




$FFRUGLQJWRWKH(';UHVXOWVWKHLQFUHDVHLQFXUUHQWGHQVLW\OHDGVWRDQLQFUHDVHRI
WKH1LFRQWHQWLQWKHGHSRVLWV$WFXUUHQWGHQVLW\RIM P$FPWKHFRQWHQWRIFREDOWLQWKH
DOOR\VLVKLJKHUWKDQLQWKHHOHFWURO\WHDVDFRQVHTXHQFHRIWKHORZHURYHUSRWHQWLDOIRUWKH
&R UHGXFWLRQ FRPSDUHG WR RQH IRU 1L ,QFUHDVLQJ WKH FXUUHQW GHQVLW\ VKLIWV WKH UDWLR RI
QLFNHODQGFREDOWLQWKHDOOR\VFORVHUWRWKHYDOXHRIFRQFHQWUDWLRQRIWKHFRUUHVSRQGLQJLRQVLQ
HOHFWURO\WH 7KH SKHQRPHQRQ RI DQRPDORXV &RGHSRVLWLRQ FKDUDFWHULVWLF IRU WKH
HOHFWURGHSRVLWLRQ RI LURQ JURXS PHWDOV  LV YHU\ SURQRXQFHG LQ WKH SURGXFWLRQ RI FRPSDFW
GHSRVLWV +RZHYHU LQ WKH FDVH RI SRZGHU GHSRVLWLRQ DQRPDORXV &RGHSRVLWLRQ LV PXFK OHVV
SURQRXQFHGVRWKDWWKHFRPSRVLWLRQRIWKHDOOR\SRZGHUGHSRVLWHGDWKLJKFXUUHQWGHQVLW\LV
DOPRVWVLPLODUWRWKHFRQFHQWUDWLRQRIWKHPHWDOLRQVLQWKHHOHFWURO\WH

F7KHUPDOVWDELOLW\RIQDQRFU\VWDOOLQHGHSRVLWV


7KH WKHUPDO VWDELOLW\ RI DOOR\V SUHSDUHG DV SRZGHU IURP RI HOHFWURO\WHV ZLWK
FRQFHQWUDWLRQ UDWLRV LQ WKH EDWK 1L&R   DOOR\  DQG 1L&R   DOOR\  DW
M P$FP ZDVFKDUDFWHUL]HGE\'6&DQDO\VLV WHPSHUDWXUHUDQJHIURPURRPWHPSHUDWXUH
WRR& ;5'DQG6(0PHWKRGV

LL 


'6& P:PJ
pH[R


$UHD-J



)LJ/HIWKDQGVLGH6(0PLFURJUDSKRI1L&RGHSRVLWVJDOYDQRVWDWLFDOO\SUHSDUHGIURPRI
HOHFWURO\WH ZLWK GLIIHUHQW 1L&R UDWLR D   DQG E   DW D FXUUHQW GHQVLW\ RI
M P$FP5LJKWKDQGVLGH LLL FRUUHVSRQGLQJ'6(0UHFRQVWUXFWLRQVRIWKHVXUIDFHRI
WKH1L&RGHSRVLWV

$VFDQEHVHHQIURPPLFURJUDSKVLQ)LJWKHVXUIDFHPRUSKRORJ\RIWKHGHSRVLWVLV
GHWHUPLQHGE\WKHQDWXUHRIWKHHOHFWURFKHPLFDOO\DFWLYHLRQVRUFRPSOH[HVDQGNLQHWLFVRIWKH
HOHFWURFU\VWDOOL]DWLRQSURFHVVHV2YHUSRWHQWLDOVRI9DUHQHHGHGIRUWKHGHSRVLWLRQRIYHU\
GLVSHUVHSRZGHU>@

E &KHPLFDOFRPSRVLWLRQRIQDQRFU\VWDOOLQHGHSRVLWV

7KHFKHPLFDOFRPSRVLWLRQVRIWKHJDOYDQRVWDWLFDOO\GHSRVLWHGDOOR\VZHUHGHWHUPLQHGIRU
DOOR\VDPSOHVRIVXUIDFHVRIPZLWKDQHUURURIDVVXPPDUL]HGLQ7DE,


$UHD-J


3HDN&



3HDN&












7HPSHUDWXUH&
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/'5DIDLORYLFHWDO6FLHQFHRI6LQWHULQJ  


BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB


/'5DIDLORYLFHWDO6FLHQFHRI6LQWHULQJ  




BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB



DWWHPSHUDWXUHVRIDQG&IRUPLQXWHV7KHVHWHPSHUDWXUHVKDYHEHHQFKRVH
DFFRUGLQJ WR '6& FXUYH 7KH ;5' SDWWHUQV RI WKH DOOR\  KHDWHG XS WR q& )LJ  DQG
5LHWYHOG UHILQHPHQW DQDO\VLV VKRZ RQO\ JUDLQ JURZWK 1R UHIOHFWLRQV UHODWHG WR FREDOW RU
QLFNHOR[LGHVZHUHGHWHFWDEOH


'6& P:PJ
pH[R




$UHD-J



$UELWUDU\LQWHQVLW\



7  &
6





7  &
6



6









T>@

)&&

)&&

)&&

)&&

$UELWUDU\LQWHQVLW\


)LJ;5'SDWWHUQVRIDOOR\DVSUHSDUHGDVZHOODVDQQHDOHGDWWKHGLIIHUHQWWHPSHUDWXUHV

7KHVDPSOHVRIDOOR\ZHUHDOVRVHDOHGLQWKHJODVVWXEHVDQGKHDWHGDWWHPSHUDWXUHV
RI   DQG & IRU  PLQXWHV 7KH ;5' RI WKH DOOR\  DVSUHSDUHG )LJ  RQ WKH
FRSSHUVXEVWUDWHVKRZHGRQO\WKHUHIOHFWLRQVRID&ROLNH+&3SDWWHUQ$FFRUGLQJWRWKH;
UD\GLIIUDFWLRQDQDO\VLVGXULQJDQQHDOLQJWKHFRQFHQWUDWLRQRIWKH+&3SKDVHLVFRQWLQXRXVO\
UHGXFHG DQG WKH UHIOHFWLRQ DWWULEXWHG WR WKH )&& SKDVH RI &R DSSHDUV 7KH DXVWHQLWLF SKDVH
WUDQVIRUPDWLRQ +&3WR)&& WHPSHUDWXUHLVDIXQFWLRQRIKHDWLQJUDWH>@$WWKLVSRLQWLWLV
DVVXPHGWKDWWKHDOORWURSLFWUDQVIRUPDWLRQLVFRQQHFWHGZLWKJUDLQJURZWK

7 &
7 &
7 &

6

6

6




























DVSUHSDUHG



T>@


)LJ;5'SDWWHUQVRIDOOR\DVSUHSDUHGDVZHOODVDQQHDOHGDWWKHGLIIHUHQWWHPSHUDWXUHV
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)LJE+HDWIORZGLIIHUHQFHRIDOOR\KHDWLQJUDWH.PLQ

7KH ILUVW KHDWLQJ UXQ RI DVSUHSDUHG VDPSOHV VKRZV D VLJQLILFDQW KHDW IORZ LQ
FRPSDULVRQ WR WKH VHFRQG KHDWLQJ UXQ PHDVXUHG DIWHU FRROLQJ WKH VDPSOH WR DPELHQW
WHPSHUDWXUH WKH KHDWLQJ UXQ ZDV UHSHDWHG WR FKHFN LI WKH SURFHVV RI WUDQVIRUPDWLRQ LV
FRPSOHWHO\ILQLVKHGDVZHOODVWRREWDLQDEDVHOLQH6XEWUDFWLQJWKH'6&FXUYHRIWKHVHFRQG
UXQIURPWKHILUVWRQHJLYHVWKHKHDWUHOHDVHG)LJVDDQGE>@
7KH WKHUPDO EHKDYLRU RI WKH SRZGHU RI DOOR\  1L&R  M P$FP  LV
GHSLFWHG LQ '6& FXUYHV )LJ D $V LQ PDQ\ VWXGLHV RQ WKH WKHUPDO VWDELOLW\ RI
QDQRFU\VWDOOLQH PDWHULDOV 1L&R DOOR\ SRZGHUV GXULQJ KHDWLQJ H[KLELW DOVR D VHULHV RI
VWUXFWXUDOWUDQVIRUPDWLRQDQGTXDVLQXFOHDWLRQJURZWKSURFHVVHV7KHKHDWUHOHDVHDVVRFLDWHG
ZLWK VWUXFWXUDO UHOD[DWLRQ LQ WKH WHPSHUDWXUH UDQJH & ZDV ǻ+   -J DQG IRU
IXUWKHU VWUXFWXUDO WUDQVIRUPDWLRQV LQ WKH WHPSHUDWXUH UDQJH & UHOHDVHG KHDW ZDV
ǻ+ -J
7KH WKHUPDO EHKDYLRU RI WKH RI 1L&R SRZGHU RI DOOR\  HOHFWURO\WH UDWLR
1L&R  M P$FP  VKRZQ RQ WKH '6& FXUYH )LJ E FKDUDFWHUL]HG E\ D EURDG
H[RWKHUPLF SHDN LQGLFDWHV D VWHSZLVH SURFHVV RI VWUXFWXUDO UHOD[DWLRQ DQG WUDQVIRUPDWLRQ RI
WKHDOOR\LQWKHWHPSHUDWXUHUDQJHR&$H[RWKHUPLFVKRXOGHULQWKHWHPSHUDWXUHUDQJH
R&FDQEHDWWULEXWHGWRWKHVWUXFWXUDOUHOD[DWLRQSURFHVV'XULQJJUDLQJURZWKDVWKH
V\VWHPPRYHVIURPWKHFRQGLWLRQRIDQDVSUHSDUHGQDQRFU\VWDOOLQHVDPSOHRIKLJKHUH[FHVV
IUHH HQHUJ\ WR WKH FRQGLWLRQ RI WKH DQQHDOHG VDPSOH H[KLELWLQJ ORZHU H[FHVV RI IUHH HQHUJ\
WKHUHLVDQHQWKDOS\UHOHDVHRIǻ+ -JJLYLQJDPHDVXUHRIWKHWKHUPDOVWDELOLW\RIWKH
VDPSOH FRQQHFWHG ZLWK WKH SKDVH WUDQVIRUPDWLRQ IURP +&3 WR )&& VWUXFWXUH :KHQ
QDQRFU\VWDOOLQH GHSRVLWV DUH EURXJKW WR DQ HOHYDWHG WHPSHUDWXUH WKH QDQRPHWHUVL]HG
FU\VWDOOLWHV LQ WKH GHSRVLWV VWDUW WR JURZ LQ D UDQGRP QRQXQLIRUP ZD\ DQG VRPH RI WKH
SUHVHQWQDQRFU\VWDOOLWHVDSSHDUDVQXFOHLDQGSUHIHUHQWLDOO\VWDUWWRJURZDWWKHH[SHQVHRIWKH
VXUURXQGLQJQDQRFU\VWDOOLQHPDWUL[
7KHDVGHSRVLWHGPLFURVWUXFWXUHRIHDFKDOOR\ZDVFKDUDFWHUL]HGIXUWKHUE\;5'DQG
6(0PHWKRGV)RUWKLVSXUSRVHWKHVDPSOHVRIDOOR\ZHUHVHDOHGLQJODVVWXEHVDQGKHDWHG
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6



7  &
6



369



/'5DIDLORYLFHWDO6FLHQFHRI6LQWHULQJ  


BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB


7KH)&&SKDVHLVUHWDLQHGXSRQFRROLQJWRDPELHQWWHPSHUDWXUHDQGZLWKLQFUHDVLQJ
WHPSHUDWXUHWKHFRQWHQWRI+&3SKDVHLVUHGXFHG)RUWKHVWXG\RIEDFNWUDQVIRUPDWLRQ)&&
WR+&3ZKLFKLVH[SHFWLQJDIWHUFRROLQJWRDPELHQWWHPSHUDWXUH +&3LVWKHUPRG\QDPLFDOO\
PRUHVWDEOHLQEXONDWURRPWHPSHUDWXUH IXUWKHULQYHVWLJDWLRQVDUHSHUIRUPHGDFWXDOO\
$ W\SLFDO 6(0 PLFURJUDSK RI DOOR\  DIWHU DQQHDOLQJ DW & LV VKRZQ LQ )LJ D
7KH FRPSRVLWLRQ DV ZHOO DV WKH VWUXFWXUH RI WKH GHSRVLW ZDV DWWDLQHG ZLWK QR VLJQLILFDQW
FKDQJHHYHQLQSDUWLFOHVL]H6(0PLFURJUDSKVRIDQQHDOHGDOOR\DUHVKRZQLQ)LJVEDQG
F7KHSODWHOHWVWUXFWXUHLVSUHVHUYHGKRZHYHUWKHWRSRIWKHSDUWLFOHVFRQVLVWVRIWKHSODWHOHWV
ZLWKUHGXFHGVL]H$GGLWLRQDOO\VLQJOHSDUWLFOHJUDLQVDUHPXFKEHWWHUIRUPHGLQFRPSDULVRQ
WRWKHDVSUHSDUHGVDPSOH )LJE 

/'5DIDLORYLFHWDO6FLHQFHRI6LQWHULQJ  




BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB



1DQRVWUXFWXUHG 0DWHULDOV´ DQG SDUWLDOO\ E\ WKH 0LQLVWU\ RI 6FLHQFH DQG (QYLURQPHQWDO
3URWHFWLRQRI6HUELD3URMHFWVDQG


5HIHUHQFHV







D

E

F

)LJ  6(0 PLFURJUDSKV RI 1L&R GHSRVLWV RQ FRSSHU VXEVWUDWH SUHSDUHG RXW RI  DQ
HOHFWURO\WHZLWKFRQFHQWUDWLRQUDWLRD 1L&R M P$FP DOOR\ DIWHUDQQHDOLQJ
DW & PDJQLILFDWLRQ [ 6( DFFHOHUDWLQJ YROWDJH N9 E  1L&R  
M P$FP DOOR\   DIWHU DQQHDOLQJ DW & PDJQLILFDWLRQ [ 6( DFFHOHUDWLQJ
YROWDJH N9  F  1L&R   M P$FP DOOR\   DIWHU DQQHDOLQJ DW &
PDJQLILFDWLRQ[ 6(DFFHOHUDWLQJYROWDJHN9 


&RQFOXVLRQ

0$0H\HUV$0LVKUD'-%HQVRQ3URJUHVVLQ0DWHULDOV6FLHQFH  
8 .|VWHU 8 +HUDOG &U\VWDOOLVDWLRQ RI 0HWDOOLF *ODVVHV LQ 7RSLFV RI $SSOLHG
3K\VLFVYRO  6SULQJHU1HZ<RUN
$+VLDR0(0F+HQU\'(/DXJKOLQ0-.UDPHU&$VKH72KNXER,(((
7UDQVDFWLRQRQ0DJQHWLFV  
., 3RSRY 6 6 'MRNLü %1 *UJXU )XQGDPHQWDO $VSHFWV RI (OHFWURPHWDOOXUJ\
.OXZHU$FDGHPLFSUHVV1HZ<RUN  86$
)20pDU%/HQN<=KDQJ$/*UHHU6FULSWD0DWHU  
*'+LEDUG.7$XVW*3DOXPER8(UE6FU0DWHU  

ɋɚɞɪɠɚʁ ɇɚɧɨɫɬɪɭɤɬɭɪɧɢ ɩɪɚɯɨɜɢ ɥɟɝɭɪɟ ɧɢɤɥɚ ɢ ɤɨɛɚɥɬɚ ɫɭ ɝɚɥɜɚɧɨɫɬɚɬɫɤɢ
ɟɥɟɤɬɪɨɞɟɩɨɧɨɜɚɧɢ ɢɡ ɚɦɨɧɢʁɚɱɧɢɯ ɫɭɥɮɚɬɧɨɯɥɨɪɢɞɧɢɯ ɪɚɫɬɜɨɪɚ ɧɚ ɛɚɤɚɪɧɢɦ
ɫɭɛɫɬɪɚɬɢɦɚ Ɇɨɪɮɨɥɨɝɢʁɚ ɞɨɛɢʁɟɧɢɯ ɢ ɨɞɝɪɟɜɚɧɢɯ 1L&R ɞɟɩɨɡɢɬɚ ʁɟ ɢɡɭɱɚɜɚɧɚ
ɩɪɢɦɟɧɨɦ 6(0 ɢ ɪɟɧɞɝɟɧɫɤɢɯ ɦɟɬɨɞɚ ɭ ɡɚɜɢɫɧɨɫɬɢ ɨɞ ɭɬɢɰɚʁɚ ɝɭɫɬɢɧɟ ɫɬɪɭʁɟ
ɞɟɩɨɡɢɰɢʁɟ ɢ ɨɞɧɨɫɚ ɤɨɧɰɟɧɬɪɚɰɢʁɚ 1L&R ɭ ɟɥɟɤɬɪɨɥɢɬɭ ɉɨɤɚɡɚɧ ʁɟ ɡɧɚɱɚʁɚɧ
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a b s t r a c t
Nanostructured nickel–cobalt alloy powder deposits were obtained electrochemically on Cu substrates in
the current density range 40–400 mA cm−2 . The inﬂuence of the current density and of the Ni2+ /Co2+ ratio
in the bath on the microstructure and phase composition of the Ni–Co deposits was studied by SEM and Xray diffraction methods. Both the bath composition and the current density strongly inﬂuence the deposit
growth mechanism as well as the deposit composition, microstructure, grain size and surface morphology.
If the concentration ratio in the electrolyte is Ni2+ /Co2+ = 4, the deposit has a cauliﬂower structure with
mean grain size of 13 nm. In contrast, the particles deposited from the electrolyte with Ni2+ /Co2+ = 0.25
show platelet structure with preferred orientations and mean grain size of 20 nm. When electrodeposition
was performed at high overpotentials, far from equilibrium conditions, face-centered cubic (FCC) solid
solutions of Ni and Co were generated while at low overpotentials, as well as at higher content of cobalt in
the electrolyte, hexagonal-close packed (HCP) Co was formed. The structure of nanocrystalline deposits
exhibits a strong tendency to structural changes under annealing. DSC of the alloy deposits shows a
stepwise process of structural changes in the temperature range from 393 to 823 K. It was found that under
annealing, HCP → FCC phase transformation occurs in nanocrystalline deposit obtained from electrolyte
with a concentration ratio Ni2+ /Co2+ = 0.25.

1. Introduction
From the earliest papers in the nanostructured material science
[1] until now, nanoscaled materials have attracted a lot of attention from scientists all over the world concerning both scientiﬁc
and technological aspects [2–4]. Many synthesis techniques for the
production of nanostructured materials have been developed, for
example, inert gas-condensation, ball-milling, severe plastic deformation, chemical vapor deposition and electrochemical deposition
[3]. Although electrodeposition is a method that uses well known
processes for synthesizing nanocrystalline materials, the properties
of the nanocrystalline electrodeposits formed by this method are
less well known, especially for tribological application in nanoscale
devices such as micro and nanoelectromechanical systems (MEMS
and NEMS) [5,6].
Electrodeposited Ni, Co and Ni–Co alloys have become an
important component in MEMS [7,8]. Reducing the grain size of
electrodeposits to the nanocrystalline regime (i.e. below 100 nm)

∗ Corresponding author. Tel.: +381 11 332 2883.
E-mail address: dminic@ffh.bg.ac.rs (D.M. Minić).

has recently received considerable interests for MEMS applications.
However, a common ﬁnding in the thermal stability studies of electrodeposited nanocrystalline Ni is the signiﬁcantly increased rate of
grain growth at relatively low temperatures [7,8]. For example, thermal exposure of 30 min at 693 K is sufﬁcient to completely consume
the as-deposited nanocrystalline matrix by abnormal grain growth
[8]. However, it is possible to design the starting nanocrystalline
microstructure – by alloying with Co [7]. Properties of nanostructured or nanocrystalline materials are signiﬁcantly affected by the
large fraction of atoms that are situated at or near an external
interface, i.e. near the surface or near the grain (or heterophase)
boundary [9].
The electrodeposition technique has signiﬁcant advantages
compared to other methods for the synthesis of nanocrystalline
materials; among the advantages is the easy preparation of materials of high purity exhibiting different structures and morphologies
and the possibility of changing the composition and morphology
within a broad range, adjusting only the deposition parameters
[10,11].
Electrodeposition of Ni–Co powders from deﬁned solutions was
established by the work of Calusaru [12]. Almost all metals can
be obtained in powder form, but the method for obtaining such

doi:10.1016/j.tca.2009.07.007

materials will depend on the intended properties and will affect the
structure of the materials [12]. The electrolytic powder production
method usually yields a product which has the desired chemical
composition and high purity and which can be well pressed and sintered as we have shown in previous papers [13–15]. Fine Ni, Co and
NiCo alloy powders are required for developing magnetoresistive
sensors in thick-ﬁlm form [16].
The electrodeposition of Co has been studied far less than Ni
electrodeposition [17]. Electrolytic Co crystallizes with two structures: HCP, the stable allotropic modiﬁcation at temperatures below
690 K, and FCC, the stable allotropic modiﬁcation at higher temperatures. With increase of pH, HCP is the only structure present and
the texture of the deposits depends mainly on solution pH [18].
The prevailing orientations and their stability with respect to the
operative conditions are characterized in detail for both sulfate [18]
and chloride based electrolytes [19]. Cohen-Hyams et al. showed
that the structure of electrodeposited Co depends signiﬁcantly
on the level of the overpotential [20]. When electrodeposition is
performed far from equilibrium conditions, i.e. at higher overpotentials, FCC Co is deposited while at lower overpotentials HCP Co
is formed with a lower rate of hydrogen evolution.
In the present paper, the composition, the morphology, and the
microstructure of Ni–Co powders galvanostatically deposited on
the Cu substrates are investigated as well as their thermal stability and structural changes in the temperature range from room
temperature to 823 K.

2. Experimental procedure
Ni–Co alloys of different chemical compositions were prepared
by electrochemical deposition from nickel and cobalt sulfate and
ammonium chloride in ammonia based electrolytes containing
Ni2+ /Co2+ concentration ratios of 4, 1 and 0.25 at pH 10 in a glass
cell with a volume of 1.0 dm3 at a temperature of 298 ± 1 K. The
total concentration of NiSO4 + CoSO4 was 0.12 mol dm−3 . Electrodeposited Cu with a 1.0 cm2 surface area and 0.2 cm thickness used
as working electrodes were placed in the center of the cell. A Ti
plate anode covered with RuO2 /TiO2 (10 cm2 geometric area) was
placed close and parallel to the Cu plate. The electrodeposition of
the powder was accomplished with a constant current in the range
40–00 mA cm−2 .
The surface morphology was analyzed with a scanning electron
microscope (SEM) with ﬁeld emission gun (XL 30 ESEM-FEG, FEI,
NL) equipped with an energy dispersive X-ray spectrometer system
(EDX) used for alloy composition analyses. The 3D reconstruction of
the specimen surface was characterized using MeX software from
Alicona (A). It enables a 3D analysis to be made directly from the
digital images, yielding proﬁle and roughness measurements and
also area analysis as well as volumetric measurements.
X-ray powder diffraction (XRD) analysis was carried out using a
MPD diffractometer (Philips) with Cu K radiation (40 kV/30 mA).
The samples were analyzed in Bragg–Brentano geometry by means
of step-scan mode in the range from 30◦ to 110◦ in 2� with a step
size of 0.03◦ and a counting time of 1.15 s/step. The XRD data were
evaluated by means of the Rietveld reﬁnement software package
TOPAS (Bruker AXS, Germany). Values of the lattice cell parameters, crystallite size and the compositions of the samples were
calculated. In addition, it was attempted to indicate values of the
microstress, but the resulting values were below the error threshold for the samples. Therefore, this parameter was not usually
reﬁned. The progress of the reﬁnement was checked by monitoring the goodness of ﬁt parameter. In order to study the structural
transformations induced by heating the samples of the alloy were
annealed in sealed evacuated quartz tubes at selected temperatures
for 30 min, water quenched and than analyzed by XRD.

������ �

372

Differential scanning calorimetry (DSC) measurements were
performed with 10 mg samples using a DSC-204 C (Netzsch, D) in
the temperature range of 298–823 K in an argon atmosphere with
a heating rate of 20 K min−1 . Two heating runs were employed to
obtain a baseline: the ﬁrst heating run was with an as-prepared
sample and the second heating run was conducted after cooling
the sample to ambient temperature [21,22].
3. Results and discussion
In our experiments it was possible to obtain a deﬁned amount of
Ni–Co alloy only at current densities >40 mA cm−2 at the working
electrode. However, in all bath compositions at current densities
<65 mA cm−2 , compact deposits were obtained. For higher current
densities (>150 mA cm−2 ), the deposits were in the form of powders
that could be easily removed from the electrode surface. It should
be mentioned that for higher current densities, hydrogen evolution
was quite intensive, providing conditions in which some amount of
the powder drops into the cell.
(a) Morphology of nanocrystalline deposits obtained from different
bath compositions
Fig. 1 presents SEM micrographs (micrographs (a)–(c)) of
the alloys, electrodeposited from electrolytes with three different Ni2+ /Co2+ concentration ratios (4, 1, 0.25, respectively)
at a current density of 65 mA cm−2 . The corresponding 3D SEM
reconstructions of the surfaces are shown in Fig. 2. The deposit
with the highest content of Ni2+ in the electrolyte (micrographs
(a)) exhibits a cauliﬂower-like structure, consisting of small particles with an average radius <500 nm, surrounded by diffusion
zones. The deposition took place in an spherically symmetrical pattern. For the ratio of Ni2+ /Co2+ = 1 (micrographs (b)), the
morphology of the deposit is different and the cauliﬂower-like
particles exhibit a platelet structure (Fig. 1(b)). Finally, the particles deposited from the electrolyte with the highest relative
content of Co2+ (micrographs (c)) show a platelet structure with
a preferred orientation and a size of the platelets in the m
range.
The quantitative 3D dataset for Fig. 2 was calculated from two
stereoscopic images obtained by tilting the sample stage in the
ESEM at the eucentric point at an angle of 5◦ . The calculated
roughness parameters are shown in Table 1.
Concentration ratios Ni2+ /Co2+ = 4 and 0.25 led to surfaces
with similar roughness values in spite of their different morphologies (Fig. 1(a) and (c)). In the case of Ni2+ /Co2+ = 1, the
roughness of the deposit is about 3 times higher than that
observed for the specimens obtained from the electrolytes with
ratios of 4 or 0.25. Also the active surface (RS) increases in comparison with the specimens with ratios of 4 or 0.25. An increase
in the current density results in a decrease in roughness since at
higher current densities the number of crystal nuclei on the surface in enhanced. The larger the nucleation rate, the smaller the
grain size is, leading to the formation of smooth deposits when
the grain size ≤10 nm (conﬁrmed by X-ray diffraction analysis).
(b) Chemical composition of nanocrystalline deposits
The chemical compositions of the galvanostatically deposited
alloys as determined by EDX analysis of alloy samples with
10 m2 surfaces with an error of ±2% are summarized in Table 2.
According to the EDX results, an increase in current density
leads to an increase in the Ni content of the deposits. At a current density of 65 mA cm−2 , the content of cobalt in the alloy is
always higher than in the electrolyte as a consequence of the
lower overpotential for the Co2+ reduction compared to Ni2+ .
The deposits (alloys 3, 4 and 5 in Table 2) obtained from an
electrolyte with a concentration ratio Ni2+ /Co2+ = 1 for selected
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Fig. 1. SEM micrographs of Ni–Co deposits galvanostatically prepared from the electrolyte with different Ni2+ /Co2+ ratios: (a) 4, (b) 1, and (c) 0.25, at a current density
65 mA cm−2 .

Ni2+ /Co2+ = 0.25 (alloy 2) consists of the -Co phase with
a hexagonal-close packed lattice (HCP phase, space group
P63/mmc, a = 2.506 Å, c = 4.069 Å, JCPDS 01-071-4239). With
increasing Co content in the alloys (Table 3), the mean grain
size increases and ranges from 13 ± 2 to 19 ± 3 nm for the FCC
phase and from 15 ± 2 nm to 20 ± 3 nm for the HCP phase. The
diffraction patterns of alloys deposited at relatively low current
density for powder formation (65 mA cm−2 ) show a strong texture. In particular, the texture for alloy 2 in planes (1 1 0 ) and
(1 0 0 ) is an indication that the majority of grains are oriented
with their close packed planes parallel to the surface, as it was
shown in the SEM micrograph (Fig. 1(c)).
A detailed Rietveld’s analysis revealed that Ni–Co alloys
deposited from an electrolyte with the ratio Ni2+ /Co2+ = 1 at
different current densities (alloys 3–5) are composed of solid
solutions of both the cubic FCC phase and the HCP phase. This
situation occurs due to the mutual miscibility of Ni and Co in
the range of concentration in the deposits (Table 2). An increase
in current density leads to an increase in the volume fraction of
the FCC phase in the solid solution as well as the formation of a
signiﬁcant percentage of an amorphous phase.
An analysis of the diffractograms of the powdered alloys
electrodeposited from the same electrolyte at different current densities, 65 mA cm−2 (alloy 3), 220 mA cm−2 (alloy 4) and
400 mA cm−2 (alloy 5), shows that the decrease of the current
density results in pronounced crystallization and an increase in
the size of crystallites as well as a higher volume fraction of the
HCP phase. Furthermore, it can be seen that the cell volume of
the alloys (alloys 3–5) increases slightly with increasing current
density. Alloy 1 (rich in Ni) and alloy 2 (rich in Co) exhibit cell

current densities exhibit different compositions as well as
structures. Increasing the current density shifts the ratio of
nickel and cobalt in the alloys closer to the value of the
concentration of the corresponding ions in electrolyte. The phenomenon of anomalous co-deposition (characteristic for the
electrodeposition of iron group metals) is very pronounced in
the production of compact deposits. However, in the case of
powder deposition, anomalous co-deposition is much less pronounced, hence the composition of the alloy powder deposited
at high current density is almost similar to the concentration of
the metal ions in the electrolyte (alloy 5).
(c) Structure of the Ni–Co nanocrystalline deposits
The crystal structure, particle shape and size of the electrochemically obtained nickel–cobalt alloy deposits depend
considerably on current density according to the SEM and Xray diffraction analysis (Fig. 3). Mean grain sizes and lattice
parameters were calculated from the peak broadening using the
Scherrer equation with the Rietveld reﬁnement method [23].
Powder particles obtained with geometric size varying from
1 m to about 10 m were composed of ﬁne nanograined crystallites (cf. Table 3). Crystal structure and composition of the
deposits obey the phase diagram [24].
As can be seen from the results (Fig. 3, Table 3), a deposit
obtained from an electrolyte with a Ni2+ /Co2+ concentration ratio of 4 (alloy 1) consists of the -Ni phase with a
face-centered cubic lattice (FCC phase, space group Fm3m,
a = 3.524 Å, JCPDS 00-004-0850). The diffraction peaks of Cu
with low intensity result from the substrate material. The
mean grain size in the FCC phase was 13 ± 2 nm. The alloy
electrodeposited at the same current density with the ratio
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Fig. 2. 3D SEM reconstructions of the surfaces of Ni–Co deposits galvanostatically prepared from the electrolyte with different Ni2+ /Co2+ ratio: (a) 4, (b) 1, and (c) 0.25, at a
current density 65 mA cm−2 .

volumes comparable to the theoretical values of Ni (43.8 Å3 )
and Co (22.1 Å3 ).
At lower current densities, the volume fraction of the Co in the
deposit exists only as a single HCP phase; whereas with increasing current density the volume fraction of Co of the HCP Co is
reduced down to 3%. Beside an amorphous content of 8–15%
(Fig. 1), the rest of the Co forms a solid solution within the Ni FCC
phase, resulting in an increase in the cell volume (see Table 3).
The amorphous phase content was estimated by determination
of the integral area of the broad diffuse diffraction halo which
cannot be assigned to distinct diffraction maxima correlated
with crystalline phases and comparing it with samples without
amorphous phase.
(d) Thermal stability of nanocrystalline deposits
The thermal stability of alloys (prepared as powders from
electrolytes with concentration ratios of for Ni2+ /Co2+ = 4 (alloy
1) and Ni2+ /Co2+ = 0.25 (alloy 2) at a current density of
Table 1
Roughness parameters of alloys deposited from electrolytes with different Ni2+ /Co2+
concentration ratios and current densities (Ra: mean roughness; Rz: difference
between the highest and the lowest point in the picture of a given scan; RS: active
surface, ratio of the real surface including topography to a projected surface of the
measurements in a rectangle with dimensions of 23 m × 15 m).

65 mA cm−2 was characterized by DSC analysis (temperature
range from room temperature to 823 K) as well as by X-ray
diffraction and SEM methods. Because the intercrystalline volume represents a region of stored excess energy with respect
to the bulk of a grain, there is a signiﬁcant driving force for
grain growth in nanocrystalline materials during heating. The
structure of nanoscaled materials are thus thermodynamically
unstable and show a strong tendency for structural changes
under annealing [25] or even at room temperature [26]. These
changes typically affect the density of crystalline defects, grain
size, crystallographic orientation and grain boundary structure
[27]. The enthalpy release due to annealing of the nanocrystalline structure can be directly measured by DSC.

3.1. Thermal stability of alloy 1
The thermal behavior of the Ni–Co powder of electrolyte ratio
(Ni2+ /Co2+ = 4, j = 65 mA cm−2 – alloy 1) is depicted in a DSC curve,
Fig. 4. The presence of two complex shaped exothermic peaks in the
DSC curve indicates a stepwise process of the structural relaxation

Ni2+ :Co2+
concentration ratio

Current density
(mA cm−2 )

Ra (m)

Rz (m)

RS (m2 )

Table 2
Chemical composition of the Ni–Co alloy deposits galvanostatically prepared from
the electrolytes with different Ni2+ /Co2+ ratios and at different current densities.

4:1
1:1
1:1
1:1
1:4

65
65
220
400
65

1.0
3.0
1.1
1.0
0.7

4.7
13.1
5.2
6.5
4.7

1.64
1.98
1.38
1.62
1.64

Ni2+ /Co2+ ratio in the electrolyte
Current density (mA cm−2 )
Ni content in alloy (at%)
Co content in alloy (at%)
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Alloy 1

Alloy 2

Alloy 3

Alloy 4

Alloy 5

4
65
80
20

0.25
65
5.5
94.5

1
65
33
67

1
220
40
60

1
400
43
57
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Table 4
Phase composition and grain sizes of the as-deposited and annealed Ni–Co deposits (alloy 1 – prepared from the electrolyte with concentration ratio Ni2+ /Co2+ = 4 at a current
density 65 mA cm−2 ).

Fig. 3. X-ray diffraction patterns of Ni–Co deposits, experimental details as indicated
in Table 2 ( – reﬂections attributed to the FCC Ni;  – reﬂections attributed to the
HCP Co; S – reﬂection attributed to the Cu substrate).

Fig. 4. DSC of the Ni–Co powder deposit prepared from the electrolyte with concentration ratio Ni2+ /Co2+ = 4 at a current density 65 mA cm−2 (alloy 1), heating rate
20 K min−1 .

and grain growth of the alloy powder in the temperature range of
393–823 K. The heat release associated with structural relaxation
in the temperature range 393–573 K was �H = −10.4 J g−1 and for
further structural change in the temperature range 653–803 K the
associated heat release was �H = −25.8 J g−1 .
Structural changes in Ni–Co deposits (alloy 1) induced by
annealing at 523, 623 and 823 K are shown in the XRD pattern

Alloy

Crystal structure

Grain size (nm)

Lattice parameter a (Å)

Cell volume (Å3 )

Alloy 1 as-prepared at 298 K
Alloy 1 annealed at 523 K
Alloy 1 annealed at 623 K
Alloy 1 annealed at 823 K

FCC
FCC
FCC
FCC

13
20
47
57

3.5259(3)
3.5274(2)
3.5270(2)
3.5305(8)

43.833(9)
43.891(7)
43.876(6)
44.004(3)

±
±
±
±

2
3
4
6

Fig. 5. XRD patterns of as-prepared alloy 1 deposited on Cu substrates and annealed
samples at different temperatures. Experimental details are indicated in Table 2.

(Fig. 5). Rietveld reﬁnement analysis (Table 4) shows only grain
growth. No reﬂections related to cobalt or nickel oxides were
detectable.
As found in many studies on the thermal stability of nanocrystalline materials [7–9,28], the Ni–Co alloy powder exhibits a
quasi-nucleation growth-process during heating. When nanocrystalline deposits are brought to an elevated temperature, the
nanometer-sized crystallites in the deposits start to grow in a random, non-uniform way and some of the existing nanocrystallites
appear as nuclei and preferentially start to grow at the expense of
the surrounding nanocrystalline matrix. With increasing temperature, the grains become larger and the lattice parameters of the FCC
phase display only minor changes (Table 4). The pattern of the 
phase at the temperatures higher as 523 K with respect to peak position and intensity remains unchanged, but the electrodeposited Cu
substrate exhibits thermally induced restructuring, indicated by a
signiﬁcant change in the diffraction pattern (decreasing of the 1 1 1
reﬂection intensity and increasing of the 2 2 0 and 3 1 1 reﬂections).
A typical SEM micrograph of an alloy obtained upon annealing
at 823 K is shown in Fig. 6. The composition as well as the structure
of the deposit was attained with no signiﬁcant change in the particle size as compared to the SEM image of an as-deposited sample
shown in Fig. 1(a).

Fig. 6. SEM micrograph of Ni–Co deposit upon annealing at 823 K (alloy 1 prepared from the electrolyte with concentration ratio Ni2+ /Co2+ = 4 at a current density
65 mA cm−2 ; magniﬁcation 2000× (SE, accelerating voltage 10 kV).

transformation of the alloy in the temperature range 573–823 K. The
ﬁrst exothermic feature in the temperature range 553–573 K can be
attributed to structural relaxation processes of the HCP phase. During grain growth, as the system moves from the condition of an
as-deposited nanocrystalline sample of higher excess free energy
to the condition of the annealed sample exhibiting lower excess of
free energy, there is an enthalpy release of �H = −190.6 J g−1 giving
a measure of the thermal stability of the sample with respect to the
phase transformation HCP → FCC.
Structural changes in Ni–Co deposits (alloy 2) induced by
annealing at 553, 623 and 823 K are shown in the XRD pattern
(Fig. 8).

3.2. Thermal stability of alloy 2
The thermal behavior of the Ni–Co powder of alloy 2 (electrolyte ratio Ni2+ /Co2+ = 0.25, j = 65 mA cm−2 ) is depicted in a DSC
curve, Fig. 7. The presence of a broad asymmetric exothermic peak
indicates a stepwise process of the structural relaxation and phase

Table 3
Phase composition, grain size and cell parameters of the Ni–Co deposits; experimental details as indicated in Table 2.
Alloy

Crystal structure/content (%)

Grain size (nm)

Cell volume (Å3 )

Lattice parameter (Å)
a

c

Alloy 1

FCC/100

13 ± 2

3.5259(3)

Alloy 2

HCP/100

20 ± 3

2.5057(2)

4.0690(4)

22.126(4)

Alloy 3

FCC/28
HCP/72

19 ± 3
15 ± 2

3.5291(2)
2.5053(2)

4.0717(3)

43.955(4)
22.127(4)

FCC/70
HCP/22 amorphous phase/8

13 ± 2
11 ± 2

3.5296(3)
2.4987(4)

4.0767(2)

43.971(9)
22.043(8)

FCC/82
HCP/3 amorphous phase/15

11 ± 2
10 ± 2

3.5329(3)
2.4947(5)

4.1005(3)

44.096(9)
22.100(5)

Alloy 4
Alloy 5

43.833(9)

Fig. 7. DSC of the Ni–Co powder deposit prepared from the electrolyte with concentration ratio Ni2+ /Co2+ = 0.25 at a current density 65 mA cm−2 (alloy 2); heating rate
20 K min−1 .
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Fig. 8. XRD patterns of as-prepared alloy 2 deposited on Cu substrates and annealed
samples at different temperatures. Experimental details are indicated in Table 2.

The XRD of the as-deposited samples show the presence of only
the HCP phase with a mean grain size of 20 nm, Fig. 3. According
to the X-ray diffraction analysis of annealed samples, the volume
fraction of the low temperature HCP phase is continuously reduced
upon annealing.
The mean grain size of the FCC phase increases up to 50 nm,
while the mean grain size of the HCP phase decreases down to 7 nm
(Table 5). Annealing at temperatures of 553 and 623 K caused only
slight difference in grain size and lattice constant (Table 5). However, annealing at a temperature of 823 K generated grain size and
lattice constant changes due to the austenitic allotropic phase transformation (HCP → FCC). At 823 K, the high temperature phase FCC
appears, and being retained after cooling at room temperature. The
sample annealed at 823 K shows a higher value of the lattice parameter (a = 3.4567 Å). The variation is most likely related with changes
in the chemical composition (i.e. Co/Ni ratio) in the FCC phase. As
in the case of alloy 1, the electrodeposited substrate exhibits also
structural changes, especially after annealing at a temperature of
823 K the intensity of the 2 2 0 reﬂection increases signiﬁcantly,
indicating texture development.
The austenitic phase transformation temperature is a function
of heating rate [29] and in polycrystalline Co occurs at 695 K. Considering the chemical composition of an alloy with 94.5% of Co
in the nanocrystalline deposit (cf. Table 3), based on the phase
diagram [24] it can be assumed that the phase transformation
occurred at about the same temperature. DSC results conﬁrmed this
assumption since a heat released associated with a phase transformation has a maximum at 701 K. The volume fraction of the
FCC phase retained upon cooling to room temperature was over
70%.
SEM micrographs of annealed alloy 2 are shown in Fig. 9. The
platelet structure is preserved; however, the top of the particles
consists of the platelets with reduced size compared to the asdeposited sample (Fig. 1(c)).
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Table 5
Phase composition and grain sizes of the as-deposited and annealed Ni–Co deposits (alloy 2 – prepared from the electrolyte with concentration ratio Ni2+ /Co2+ = 0.25 at a
current density 65 mA cm−2 ).
Grain size (nm)

Crystal structure

a

c

Alloy 2 as-prepared at 298 K

HCP

20 ± 3

2.5057(2)

4.0690(4)

Lattice parameter (Å)

Journal of Alloys and Compounds
22.126(5)

Alloy 2 annealed at 553 K

HCP

21 ± 3

2.5071(2)

4.0706(3)

22.159(4)

Alloy 2 annealed at 623 K

HCP

19 ± 3

2.5079(2)

4.0714(4)

22.177(4)

Alloy 2 annealed at 823 K

FCC
HCP

50 ± 5
7±2

3.5467(1)
2.4790(4)

4.257(2)

44.616(7)
22.660(1)
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Fig. 9. SEM micrograph of Ni–Co deposit upon annealing at 823 K (alloy 2 prepared
from the electrolyte with concentration ratio Ni2+ /Co2+ = 0.25 at a current density
65 mA cm−2 ); magniﬁcation 2000× (SE, accelerating voltage 10 kV).

4. Conclusions
The structure and morphology of the Ni–Co alloy powders galvanostatically deposited from ammonium nickel and cobalt sulfate
solutions depend signiﬁcantly on the deposition current density as
well as the bath composition. The FCC phase is the predominant
phase in the alloy deposit obtained from the electrolytes with a
ratio Ni2+ /Co2+ = 4. An increase in the volume fraction of the HCP
phase in the nanocrystalline deposits is caused by an increase in
the Co2+ ion concentration in the bath and by a decrease of the
deposition current density, whereas an increase of the current density and a decrease of the Co2+ ion concentration in the bath yield
ﬁner grain deposits. An increase of the deposition current density
in electrolytes with a ratio Ni2+ /Co2+ = 1 leads to a decrease of the
volume fraction of the HCP phase in the obtained deposits. Under
heating, a signiﬁcant thermal effect in nanostructured Ni–Co alloy
powder deposits has been observed. On the whole, a heat release in
the deposit obtained from electrolytes with a ratio Ni2+ /Co2+ = 0.25
is caused by both, the phase transformation and grain growth. The
heat release associated with the phase transformation (HCP → FCC)
has a maximum at 701 K. Annealing at 823 K results in the appearance of the high temperature phase FCC being retained at room
temperature.
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a b s t r a c t
Starting mixtures of ZnO, TiO2 and MgO (0, 1.25 and 2.5 wt.% MgO) powders were mechanically activated
for 15 min in a planetary ball mill. The powders obtained were sintered non-isothermally to temperatures
between 800 and 1100 ◦ C and then held at those temperatures for 120 min. Analysis of the inﬂuence of
MgO addition on the synthesis of zinc–titanate ceramics showed that its addition increased slightly the
temperature at which the reaction process started, accelerated the reaction and resulted in higher sample
densities. These results were correlated with the results of structural characterization using X-ray powder
diffraction method and SEM analysis. Also, the results of electric resistivity, capacitance and loss tangent
of the sintered samples were obtained.

1. Introduction
Spinels have awakened great interest particularly in the study
of the physico-chemical properties of binary compounds and solid
solutions [1]. Much attention has been paid to the synthesis and
electrical properties of zinc titanate due to its attractive applications in microwave dielectrics [2,3]. Zinc titanate (Zn2 TiO4 ) is an
inverse spinel, which has been used as a catalyst and pigment
[4].
Phase transitions in the ZnO–TiO2 system are relatively complex,
and sensitive to the starting material, additives and the preparation process [5]. The formation temperature for each of the ZnTiO3 ,
Zn2 Ti3 O8 and Zn2 TiO4 phases was shown to vary signiﬁcantly with
the preparation method and the Zn/Ti molar ratio of the starting
materials [6–11]. A number of studies up to now have been devoted
to the preparation, compound formation, crystal structure, stability, additives, as an effective way to simplify the synthesis process
and improve the microwave dielectric properties, as well as the
electrical properties of zinc titanates [4,12–18].

∗ Corresponding author. Tel.: +381 11 20 27 203; fax: +381 11 185 263.
E-mail address: ninao@bib.sanu.ac.yu (N. Obradovic).
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In the present work, Zn2 TiO4 ceramics with MgO addition were
prepared by a solid-state reaction. MgO has been proved to be an
effective sintering aid for zinc–titanate ceramics [19]. Having in
mind recent accomplishments made in the ﬁeld of oxide addition to
the ZnO–TiO2 system, we presumed that MgO addition would form
a solid–solution (Zn, Mg)2 TiO4 and therefore stabilize the crystal structure, improve both densiﬁcation and microstructures after
the sintering process. The phase structure, microstructures along
with electrical properties as well as dilatometer investigations of
reactive sintering of zinc–titanate ceramics with MgO addition was
investigated.
2. Experimental procedure
Zinc–titanate samples with addition of MgO = 0–2.50 wt.% were prepared by
a conventional solid-state reaction method using ZnO (99.99% p.a. Aldrich), TiO2
(99.99% p.a. Aldrich) and MgO (97% p.a. Merck) powders. The starting materials
were mixed in ethanol with a magnetic whisk for 2 h in order to obtain homogeneity of the mixture and then dried at 120 ◦ C for 2 h. The powders were submitted to
mechanochemical treatment for 15 min in a planetary ball mill device (Fritch Pulverisette 5) at the angular speed of the supporting disc set on 400 rpm. Samples
were denoted according to the added oxide, ZMTO-0, ZMTO-1.25 and ZMTO-2.50.
Powders were then sieved through a 0.2 mm sieve.
X-ray diffraction patterns of powder mixtures after milling and sintering
were obtained using a Philips PW 1050 diffractometer with Cu K radiation
and a step/time scan mode of 0.05◦ /1 s. The morphology of obtained pow-
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ders was characterized using scanning electron microscopy (JSM-6460LV JEOL
25 kV).
In order to investigate the reactive sintering process the relative shrinkage of
samples was followed by a sensitive dilatometer (B hr Ger tebau GmbH Type 702 s).
Heating was carried out in air with a constant heating rate of 30 ◦ C/min, from room
temperature to 800, 900, 1000 and 1100 ◦ C followed by holding times of 2 h. The
density of specimens was calculated from precise measurements of specimen’s
diameter, thickness and mass.
The measurements of electrical resistivity, capacitance and loss tangent of samples were measured in the frequency range from 400 Hz to 4 MHz with a HIOKI
3532–50 LCR HiTESTER device at a constant voltage mode (amplitude 0.5 V of sinusoidal signal applied to the specimens). The “four-probe” conﬁguration has been
employed. The samples were prepared by painting silver electrodes on both sides
following with thermal treatment at 120 ◦ C for 2 h performed in order to improve
the paint conductivity.

3. Results and discussion
Scanning electron images presented in Fig. 1 show a signiﬁcant
difference in the starting powders. MgO powder consists of regularly shaped, spherical particles with a size of 50  approximately
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Table 1
Densities of samples before (�0 ) and after (�s ) the sintering process given in % TD

(Fig. 1(a)). The surface is eroded with irregularly shaped pores with
a size of 200–300 m (Fig. 1(b)). Compared to MgO particles, ZnO
and TiO2 particles are smaller. Scanning electron images indicated
polygonal sub-micron particles of ZnO powder (Fig. 1(c)) and spherical particles with a size of 150 nm of TiO2 powder (Fig. 1(d)). Having
in mind mechanical properties of MgO oxide [20], we presumed
that MgO particles probably served as nuclei coated with ZnO and
TiO2 particles (Fig. 1(e))
X-ray diffraction patterns of mechanically activated starting
mixtures with different amounts of MgO are presented in Fig. 2. All
three analyzed mixtures were submitted to the same milling conditions, but there are signiﬁcant differences. The mixture without
MgO addition (ZMTO-0) has broad and low intensity ZnO diffraction
peaks and very low intensing anatase (TiO2 ) peaks in agreement
with intensive disappearance of an ordered crystal structure after
mechanical activation due to the high transfer of mechanical energy
to the powder. The very ﬁrst detectable traces of Zn2 TiO4 were also
present in the ZMTO-0 mixture, as expected [11].
Fig. 2. X-ray diffraction patterns of mechanically activated starting mixtures with
different amounts of MgO.

In powders with MgO (ZMTO-1.25 and ZMTO-2.50) all peak
intensities are sharper, showing that the presence of rigid and
stable MgO particles obstructs both mechanical treatment and
mechanochemical reactions (Young modulus for MgO, ZnO and
TiO2 are 45, 108 and 116, respectively [20]). Barely visible traces
of the zinc titanate phase are also detectable in ZMTO-1.25 but not
in the ZMTO-2.50 mixture. MgO peaks were not detected.

Fig. 1. Scanning electron micrographs of (a) MgO with ampliﬁcation 1000, (b) MgO with ampliﬁcation 20,000, (c) ZnO with ampliﬁcation 10,000, (d) TiO2 with ampliﬁcation
10,000, and (e) ZMTO-1.25 with ampliﬁcation 5000.

Sample

�0 /�s (800 ◦ C)

�0 /�s (900 ◦ C)

�0 /�s (1000 ◦ C)

�0 /�s (1100 ◦ C)

ZMTO-0
ZMTO-1.25
ZMTO-2.50

67.51/70.08
64.33/68.84
62.51/65.61

67.51/70.97
64.15/70.65
62.61/67.16

67.53/80.00
64.25/77.60
62.47/78.88

67.53/90.63
64.21/90.55
62.59/89.58

Fig. 3(a) shows the relative shrinkage of samples as a function of
time during heating and 2 h holding at 800, 900, 1000 and 1100 ◦ C
for ZMTO-0 samples, obtained by dilatometer. Fig. 3(b)–(d) shows
relative shrinkage along with the derivative curves of ZMTO-0,
ZMTO-1.25 and ZMTO-2.50 sintered at 1100 ◦ C for 2 h, respectively.
Thus, one can notice that intensive sintering of mixtures sintered at
1000 and 1100 ◦ C is accompanied by characteristic shrinkage and
an expansion just before the sintering process, which is the characteristic of spinel formation at lower temperatures [17]. Contrary
to that, the solid-state reaction in the samples sintered at 800 and
900 ◦ C, preceded in a quite different manner. First, the characteristic
maximum of zinc titanate formation is not observed, and secondly
the sintering process is far away from the ﬁnal stage.
Shrinkage curves of ZMTO-1.25 and ZMTO-2.50 mixtures exhibited the same trend as ZMTO-0. Analyses of curves presented
in Fig. 3(b)–(d) indicate that MgO addition shifts the onset of
the reaction process to higher temperatures. As the inclination
of dilatometric curve is deﬁned by reaction rate, one can notice
that larger inclination indicate the faster reaction within these
powders. Hence, we assume that the MgO addition accelerates
the spinel formation. This is correlated to the fact that the thermodynamic stability of system was actually improved due to
magnesium substitution [21,22]. We concluded, also, that MgO

Fig. 3. (a) Relative shrinkage of ZMTO-0 as a function of time during heating to 800, 900, 1000 and 1100 ◦ C and 2 h holding. Relative shrinkage and derivative curve for (b)
ZMTO-0 sintered for 2 h at 1100 ◦ C, (c) ZMTO-1.25 sintered for 2 h at 1100 ◦ C, and (d) ZMTO-2.50 sintered for 2 h at 1100 ◦ C.
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Fig. 4. X-ray diffraction patterns of (a) ZMTO-0, (b) ZMTO-1.25 and (c) ZMTO-2.50
sintered at 1100 ◦ C for 2 h.

addition has no effect on sintering temperatures. The greatest
shrinkage was obtained for samples with 2.50 wt.% MgO sintered
at 1100 ◦ C as shown in Table 1, given in percentages of theoretical densities (TDZMTO-0 = 5.060 g/cm3 , TDZMTO-1.25 = 5.035 g/cm3
and TDZMTO-2.50 = 5.010 g/cm3 ), as expected [13].
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Fig. 4 shows the X-ray diffraction patterns of (a) ZMTO-0, (b)
ZMTO-1.25 and (c) ZMTO-2.50 sintered at 1100 ◦ C for 2 h. It is
clearly visible that after heating we have a pure zinc titanate
phase in sample without MgO and zinc titanate phase with a small
amount of ZnO in samples with MgO addition. All samples sintered
at 800 ◦ C (Fig. 5(a)–(c)) for 2 h contained small amounts of ZnO
and with increasing sintering temperature the ZnO concentration
decreased but was still detectable in samples sintered at 1100 ◦ C
with MgO addition. Also, the reﬂections are sharp and intensive
due to recrystallization.
Recovery of the activated material, the disappearance of defects
and grain growth are processes that occur during sintering. No
MgO phase was detected for all the samples examined. It is
important to note that the peaks of the sintered samples shifted
towards higher angles with an increase in MgO content. The aaxis of the (Zn, Mg)2 TiO4 linearly decreased as the amount of
MgO increased (a = 8.4760, 8.4709 and 8.4649 A for ZMTO-0, ZMTO1.25 and ZMTO-2.50, respectively), obeying the generally known
Vegard’s law. The decreased a-axis lattice parameters could be
explained by the difference in the ionic crystal radii of Zn2+ and
Mg2+ which are 0.74 and 0.66 A, respectively, tending to make it
easy to substitute the zinc site by a magnesium ion [21]. Consequently, one can conclude that the substituted Mg stabilizes
the crystalline structure. That statement is clearly visible while
observing the decrease in a-axis parameter and its approaching to
the value 8.4150 A observed from zinc titanate JCPDS pattern no.
86–0156.

Fig. 6. Scanning electron micrographs of (a) ZMTO-0, (b) ZMTO-1.25, and (c) ZMTO-2.50 powders sintered at 1100 ◦ C for 2 h.

Scanning electron images presented in Fig. 6 show a signiﬁcant
difference in powders sintered at 1100 ◦ C with different amount of
MgO. Evolution of microstructural constituents, grains and pores
occurs during the sintering process, where along with increasing
of both the temperature and sintering time, adequate processes of
grain growth and decreasing pore size take place. The micrograph of
ZMTO-0 indicates the presence of well-formed zinc–titanate polygonal grains approximately 700 nm in diameter. Microstructures of
ZMTO-1.25 and ZMTO-2.50 show some similarities probably due
to formation of a solid–solution [9] and more homogeneous grain
distribution compared to ZMTO-0. Observing the microstructure of
ZMTO-1.25 (Fig. 6(b)), we can conclude that the grains are smaller
and spherical, approximately 200 nm in size with a more uniform pore distribution. More pronounced densiﬁcations along with
grains that are approximately 300–400 nm in size are noticeable for
ZMTO-2.50 (Fig. 6(c)). According to our analysis the most homogenous microstructure was obtained for the sample with 2.50 wt.%
MgO sintered at 1100 ◦ C.
The results of microstructure development are in accordance
with dielectric properties of the samples. The values of density
Table 2
Relative shrinkage and electrical properties (at the 4 MHz frequency) of samples
ZMTO-0, ZMTO-1.25 and ZMTO-2.50 sintered at 1100 ◦ C for 2 h

Fig. 5. X-ray diffraction patterns of (a) ZMTO-0, (b) ZMTO-1.25, and (c) ZMTO-2.50 sintered at 800 ◦ C for 2 h.

−3

Sample

ds (%)

εr

Q

tg ı (×10

ZMTO-0
ZMTO-1.25
ZMTO-2.50

25.50
29.70
30.12

7.16
13.72
13.82

131
83.5
130

7.63
11.97
7.69

)

� (� m)
1.76
3.92
2.87

changes during the sintering process (ds , given in %), quality factor (Q), relative dielectric permittivity (εr ) and speciﬁc resistance
(�, given in � m) of samples sintered at 1100 ◦ C for 2 h are given in
Table 2.
The electrical measurements pointed out that relative dielectric
permittivity of the specimens increased with MgO addition and is
in a good agreement with literature data. It is believed that the
density play an important role in controlling dielectric loss, as has
been often found in other microwave dielectric materials [10]. The Q
value is generally affected not only by the lattice vibrational modes,
but also by the pores, the second phases, the impurities, the lattice defects, crystallizability and inner stress [23]. According to our
analysis, since a higher density or a greater shrinkage during sintering resulted in a higher dielectric permittivity owing to the lower
porosity for the ﬁxed sintering temperature and since the amount
of the secondary phase is very small, as observed from XRPD, the
effect of the poly-phase mixture on dielectric permittivity change
is less sensitive than the density effect [24]. In addition, Zn2 TiO4
doped with different amounts of Mg enhances the speciﬁc electrical resistivity. The inﬂuence of the Mg impurities is that the Mg
atoms in Zn2 TiO4 act as scattering centers [13,14].
4. Conclusions
The phase composition in ZnO–TiO2 solid solutions with the
addition of MgO = 0–2.50 wt.% along with the microstructures, electrical properties and the analyses of non-isothermal sintering was
studied. The main conclusions are:
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• MgO is a very rigid and stable oxide compared to ZnO and TiO2
that are brittle and soft with spherical particles with a size of 50 
approximately. It probably serves as nuclei coated with ZnO and
TiO2 particles, which are much smaller, and therefore its addition
obstructs both mechanical activation and the beginning of the
mechanochemical reaction.
• The reaction temperatures are shifted to higher temperatures
and the reaction of spinel formation is accelerated with MgO
addition. The thermodynamic stability of system was actually
improved due to the magnesium substitution. Also, densities of
all three mixtures increase with sintering temperatures reaching
their maximum for mixtures with MgO addition at 1100 ◦ C, as
expected.
• The sintered samples crystallized in a solid solution along with a
small amount of ZnO in doped samples. The lattice parameter of
the samples decreased with MgO content, which indicates that
MgO addition stabilizes the crystal structure of zinc titanate.
• For the activation and sintering conditions we used, a higher density and homogeneity of morphology are dominantly responsible
for the higher values of relative dielectric permittivity. Also, MgO
addition increased the relative dielectric permittivity as well as
speciﬁc resistance, as expected.
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7KH(IIHFWRI<2 $GGLWLRQRQ7KHUPDO6KRFN%HKDYLRURI
0DJQHVLXP$OXPLQDWH6SLQHO
03RãDUDF $'HYHþHUVNL79RONRY+XVRYLü%0DWRYLü
'00LQLü



,QVWLWXWHRI1XFOHDU6FLHQFH´9LQFD´0DWHULDOV6FLHQFH/DERUDWRU\%HOJUDGH6HUELD
)DFXOW\RI7HFKQRORJ\DQG0HWDOOXUJ\.DUQHJLMHYD32%%HOJUDGH6HUELD

)DFXOW\RI3K\VLFDO&KHPLVWU\8QLYHUVLW\RI%HOJUDGH6WXGHQWVNLWUJ%HOJUDGH
6HUELD


$EVWUDFW
7KHHIIHFWRI\WWULDDGGLWLYHRQWKHWKHUPDOVKRFNEHKDYLRURIPDJQHVLXPDOXPLQDWH
VSLQHOKDVEHHQLQYHVWLJDWHG$VDVWDUWLQJPDWHULDOZHXVHGVSLQHO 0J$O2 REWDLQHGE\WKH
PRGLILHGJO\FLQHQLWUDWHSURFHGXUH 0*13 6LQWHUHGSURGXFWVZHUHFKDUDFWHUL]HGLQWHUPVRI
SKDVH DQDO\VLV GHQVLWLHV WKHUPDO VKRFN PRQLWRULQJ WKH GDPDJHG VXUIDFH DUHD LQ WKH
UHIUDFWRU\ VSHFLPHQ GXULQJ WKHUPDO VKRFN DQG XOWUDVRQLF GHWHUPLQDWLRQ RI WKH '\QDPLF
<RXQJ PRGXOXV RI HODVWLFLW\  ,W ZDV IRXQG WKDW D QHZ SKDVH EHWZHHQ \WWULD DQG DOXPLQD LV
IRUPHG ZKLFK LPSURYHG WKHUPDO VKRFN SURSHUWLHV RI WKH VSLQHO UHIUDFWRULHV $OVR
GHQVLILFDWLRQRIVDPSOHVLVHQKDQFHGE\\WWULDDGGLWLRQ
.H\ZRUGV 6SLQHO<WWULD$GGLWLYH7KHUPDOVKRFN

[1] Y.-M. Chiang, D.P. Birnie III, W.D. Kingery, Physical Ceramics—Principles for
Ceramic Science and Engineering, Wiley, New York, 1997.
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7KHUHLVDQLQFUHDVLQJLQWHUHVWLQFHUDPLFPDWHULDOVZLWKLPSURYHGKLJKWHPSHUDWXUH
PHFKDQLFDO EHKDYLRU IRU VWUXFWXUDO DSSOLFDWLRQV DW KLJK WHPSHUDWXUHV>@ 6SLQHO LV D YHU\
SURPLVLQJVWUXFWXUDOPDWHULDOIRUPHFKDQLFDODQGWKHUPDODSSOLFDWLRQVEHFDXVHRILWVH[FHOOHQW
KLJKWHPSHUDWXUHSURSHUWLHVVXFKDVVWUHQJWKKDUGQHVVDQGFKHPLFDOVWDELOLW\>@+RZHYHUD
ORZWKHUPDOVKRFNUHVLVWDQFHRIVSLQHOFHUDPLFVUHPDLQVWKHOLPLWLQJIDFWRUIRULWVZLGHVSUHDG
DSSOLFDWLRQV0HFKDQLFDODQGWKHUPDOVKRFNSURSHUWLHVRIVSLQHOUHIUDFWRULHVFDQEHLPSURYHG
E\DGGLWLRQRI<2 >@+RZHYHUWKHOLWHUDWXUHGRHVQRWSURYLGHDFRPSOHWHVWXG\RIWKH
LQIOXHQFHRIWKHDGGLWLRQRI<2RQWKHUPDOVKRFNEHKDYLRURIPDJQHVLXPDOXPLQDWHVSLQHO
7KHSUHVHQWZRUNGHVFULEHVWKHHIIHFWVRIDGGLWLRQRI<2 ZW RQWKHUPDOVKRFN
EHKDYLRURIPDJQHVLXPDOXPLQDWHVSLQHODQGSRVVLELOLW\RIXVLQJDQRQGHVWUXFWLYHPHWKRGIRU
WKHUPDOVKRFNDQDO\VLV7KHVWDQGDUGODERUDWRU\SURFHGXUHZDWHUTXHQFKWHVWZDVDSSOLHGWR
GHWHUPLQH WKH WKHUPDO VWDELOLW\ EHKDYLRU RI WKH VDPSOHV 7KH WKHUPDO VKRFN UHVLVWDQFH LV
PHDVXUHG LQ WHUPV RI WKH QXPEHU RI F\FOHV WKDW D UHIUDFWRU\ PDWHULDO FDQ ZLWKVWDQG ZKHQ
VXEMHFWHGWRVXGGHQWHPSHUDWXUHFKDQJHV'HVWUXFWLRQRIWKHVDPSOHVVXUIDFHVZDVDQDO\]HG
XVLQJWKHUHVXOWVRILPDJHDQDO\VLVRIVDPSOHVEHIRUHDQGGXULQJWKHUPDOVWDELOLW\WHVWLQJ
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([SHULPHQW
 0DWHULDOV

8OWUDVRQLFGHWHUPLQDWLRQRIWKHG\QDPLF<RXQJPRGXOXVRIHODVWLFLW\

7KH VSLQHO  ZDV REWDLQHG E\ D PRGLILHG JO\FLQH QLWUDWH SURFHGXUH  0*13 7KH
JO\FLQH QLWUDWH PHWKRG *13  LV EDVHG RQ WKH H[RWKHUPDO UHGR[ UHDFWLRQ EHWZHHQ WKH IXHO
JO\FLQH DQGR[LGL]HU QLWUDWH 7KHSURFHGXUHQHHGVWREHSHUIRUPHGLQWKUHHVWDJHVZKLFK
DUHDVIROORZVGLVVROXWLRQRIPHWDOQLWUDWHVDQGJO\FLQHLQZDWHUDXWRLJQLWLRQRIWKHVROXWLRQ
DW DERXW q& WKDW DIWHUZDUGV XQGHUJRHV WKH VHOIVXVWDLQLQJ FRPEXVWLRQ JLYLQJ DVK DV D
SURGXFWDQGILQDOO\FDOFLQDWLRQRIDVKWREXUQRXWRUJDQLFFRPSRQHQWV
,QRXUZRUNWKLVPHWKRGKDVEHHQPRGLILHGE\SDUWLDOVXEVWLWXWLRQRIQLWUDWHZLWKDFHWDWHLQ
RUGHUWRDFKLHYHEHWWHUFRQWURORIWKHFRPEXVWLRQUHDFWLRQ7KHUHDFWDQWVXVHGIRUWKHV\QWKHVLV
ZHUHDPLQRDFHWLFDFLG JO\FLQH DOXPLQXPQLWUDWHDQGPDJQHVLXPDFHWDWHPL[HGDFFRUGLQJ
WRWKHIROORZLQJHTXDWLRQ
1+&+&22+ 0J &+&22  +2$O 12  +22 o0J$O2 
+2 n12 n&2 n
7KH0*13REWDLQHGVSLQHOSRZGHUZDVFDOFLQHGDW&IRUKRXUVDQGWKHQXVHG
IRUREWDLQLQJVDPSOHVZLWKDQGZWRI<2GHQRWHGDV 6< 6<6<DQG6<
UHVSHFWLYHO\ +RPRJHQL]DWLRQ RI WKH SRZGHU ZDV DFKLHYHG E\ DWWULWLRQ PLOOLQJ ZLWK $O2
EDOOVLQHWK\ODOFRKRODVPHGLDIRUKRXUV7KHJUHHQERGLHVZHUHSUHVVHGLQWRF\OLQGULFDO
SHOOHWV RI  PP LQ GLDPHWHU DQG DERXW  PP KHLJKW XVLQJ D XQLD[LDO K\GUDXOLFSUHVV DW D
FRPSDFWLRQ SUHVVXUH RI  03D DQG IROORZHG E\ LVRVWDWLF FRPSDFWLRQSUHVVXUH RI  03D
DQGVLQWHUHGLQDLUDWq&IRUKRXUV
7KH EXON GHQVLWLHV RI WKH VLQWHUHG VDPSOHV ZHUH GHWHUPLQHG E\ WKH $UFKLPHGHV
PHWKRG6WUXFWXUDODQDO\VLVZDVFDUULHGRXWE\D6LHPHQV'SRZGHUGLIIUDFWRPHWHU&X.D
UDGLDWLRQZDVXVHGLQFRQMXQFWLRQZLWKD&X.EQLFNHOILOWHU

7KHUPDOVKRFNLQYHVWLJDWLRQ

7KHWKHUPDOVWDELOLW\RIWKHUHIUDFWRULHVZDVGHWHUPLQHGH[SHULPHQWDOO\E\WKHZDWHU
TXHQFKWHVW -86%' 6DPSOHVZHUHLQWKHIRUPRIF\OLQGHUVZLWKFPLQGLDPHWHUDQG
FPKHLJKW7KHVDPSOHVZHUHGULHGDWR&XQWLOFRQVWDQWPDVVDQGWKHQWUDQVIHUUHGLQWRDQ
HOHFWULF IXUQDFH DW R& ZKHUH WKH\ ZHUH KHOG IRU  PLQXWHV 7KH VDPSOHV ZHUH WKHQ
TXHQFKHGLQZDWHUDWURRPWHPSHUDWXUHOHIWIRUPLQXWHVDQGGULHGEHIRUHUHWXUQLQJWRWKH
IXUQDFH DW R& 7KLV SURFHGXUH ZDV UHSHDWHG XQWLO IDLOXUH DQG WKH QXPEHU RI TXHQFKHV WR
IDLOXUHZDVWDNHQDVDPHDVXUHRIWKHUPDOVKRFNUHVLVWDQFH7KHIDLOXUHLVGHILQHGDFFRUGLQJWR
WKHVWDQGDUGWHVWDVGHVWUXFWLRQRIDQGPRUHSHUFHQWRIVDPSOHVVXUIDFHDUHDUHODWHGRQWKH
VDPSOHVXUIDFHEHIRUHTXHQFKLQJ7KHXVHGH[SHULPHQWDOPHWKRGZDVVLPLODUWRWKHSURFHGXUH
GHVFULEHGLQ35(5HIUDFWRU\0DWHULDOV5HFRPPHQGDWLRQV 35(53DUW 

  7KHXOWUDVRQLFSXOVHYHORFLW\WHVW 8397 ZDVXVHGIRUGHWHUPLQDWLRQRIWKHG\QDPLF
<RXQJ PRGXOXV RI HODVWLFLW\ EHIRUH TXHQFKLQJ >@  %ULHIO\ WKH SXOVHV RI ORQJLWXGLQDO
HODVWLFVWUHVVZDYHVZHUHJHQHUDWHGE\DQHOHFWURDFRXVWLFDOWUDQVGXFHUWKDWZDVKHOGLQGLUHFW
FRQWDFWZLWKWKHVXUIDFHRIWKHUHIUDFWRU\XQGHUWHVW$IWHUWUDYHOLQJWKURXJKWKHPDWHULDOWKH
SXOVHVZHUHUHFHLYHGDQGFRQYHUWHGLQWRHOHFWULFDOHQHUJ\E\DVHFRQGWUDQVGXFHU7KHSXOVH
YHORFLW\ Y ZDV FDOFXODWHG IURP WKH GLVWDQFH EHWZHHQ WKH WZR WUDQVGXFHUV DQG WKH
HOHFWURQLFDOO\PHDVXUHGWUDQVLWWLPHRIWKHSXOVHDV
/
Y PV





  
7
ZKHUH / SDWKOHQJWK P DQG7 WUDQVLWWLPH V 
%\GHWHUPLQDWLRQRIWKHEXONGHQVLW\WKH3RLVVRQ¶VUDWLRDQGXOWUDVRQLFYHORFLW\RID
UHIUDFWRU\PDWHULDOLWLVSRVVLEOHWRFDOFXODWHWKHG\QDPLFPRGXOXVRIHODVWLFLW\XVLQJWKH
HTXDWLRQJLYHQEHORZ 

 (G\Q
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ZKHUH Y LV WKH SXOVH YHORFLW\ PV  U LV WKH EXON GHQVLW\ NJP  DQG PG\Q LV WKH G\QDPLF
3RLVVRQUDWLR

0HDVXUHPHQWRIXOWUDVRQLFYHORFLW\ZDVSHUIRUPHGXVLQJWKHHTXLSPHQW2<2PRGHO
DFFRUGLQJWRWKHVWDQGDUGWHVWLQJSURFHGXUH -86'% 7KHWUDQVGXFHUVZHUH
ULJLGO\SODFHGRQWZRSDUDOOHOIDFHVRIWKHF\OLQGULFDOVDPSOHFPLQGLDPHWHUDQGFP
KHLJKWXVLQJYDVHOLQHJUHDVHDVWKHFRXSOLQJPHGLXP7KHXOWUDVRQLFYHORFLW\ZDVWKHQ
FDOFXODWHGIURPWKHVSDFLQJRIWKHWUDQVGXFHUVDQGWKHZDYHIRUPWLPHGHOD\RQWKH
RVFLOORVFRSH

5HVXOWVDQG'LVFXVVLRQ
7KHUHVXOWVRIWKHPDWHULDOGHVWUXFWLRQWHVWZHUHJLYHQDVDIXQFWLRQRIWKHQXPEHURI
TXHQFKH[SHULPHQWV6RPHSKRWRJUDSKVDUHJLYHQLQ)LJ

D  VDPSOH 6<  EHIRUH
WKHUPDOWUHDWPHQW 

E VDPSOH6< DIWHU
WKHUPDOWUHDWPHQW 

F VDPSOH6< EHIRUH
WKHUPDOWUHDWPHQW 

G VDPSOH6< DIWHU
WKHUPDOWUHDWPHQW 

0RQLWRULQJWKHGDPDJHGVXUIDFHDUHDLQDUHIUDFWRU\VSHFLPHQGXULQJ
WKHUPDOVKRFN

7KHVDPSOHVZHUHSKRWRJUDSKHGE\DGLJLWDOFDPHUDEHIRUHDQGDIWHUWKHZDWHUTXHQFK
WHVW 7KH VDPSOHV VXUIDFHV ZHUH PDUNHG E\ GLIIHUHQW FRORUV LQ RUGHU WR REWDLQ D EHWWHU
UHVROXWLRQ DQG GLIIHUHQFH LQ GDPDJHG DQG QRQGDPDJHG VXUIDFHV LQ WKH PDWHULDO $ QRQ
GDPDJHG VXUIDFH 3 ZDV FRQVLGHUHG DV DQ LGHDO VXUIDFH RI WKH VDPSOH XVLQJ WKH FRPPRQ
HTXDWLRQ 3 G S 7KHGLDPHWHUVRIWKHVDPSOHVGZHUHPHDVXUHGXVLQJWKH,PDJH3UR
3OXV SURJUDP DV ZHOO DV WKH GDPDJH RI VDPSOH VXUIDFHV >@ 7KH UHVXOWV RI WKH PDWHULDO
GHVWUXFWLRQWHVWZHUHJLYHQDVIXQFWLRQRIWKHQXPEHURITXHQFKH[SHULPHQWV

)LJ 3KRWRJUDSKVRIVDPSOHVXQGHUWKHUPDOVKRFNH[SHULPHQWZKLWHDUHDLVQRQGDPDJHG
VXUIDFHGDUNDUHDLVGDPDJHGVXUIDFH
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7KHZKLWHDUHDUHSUHVHQWVWKHGDPDJHGVXUIDFHDQGWKHGDUNDUHDLVWKHQRQGDPDJHG
VXUIDFH 6DPSOH 6< )LJG  VKRZV EHWWHU WKHUPDO VKRFN UHVLVWDQFH WKDQ VDPSOH 6<
)LJE 
;±UD\GLIIUDFWLRQSDWWHUQVRISRZGHUVFRQWDLQLQJ<2FDOFLQHGDWq&VKRZWKH
SUHVHQFHRIWZRSKDVHVVSLQHODQG<2 )LJ 7KHVDPSOHVVLQWHUHGDWq& )LJ 
VKRZSUHVHQFHRIWKHVSLQHO 0J$O2-&3'6QXPEHU <$O2 -&3'6QXPEHU
 DQGWUDFHVRI<$O2 -&3'6QXPEHU DQG0J2 -&3'6QXPEHU 

03RVDUDFHWDO6FLHQFHRI6LQWHULQJ  

7KH DGGHG <2 UHDFWV ZLWK WKH VSLQHO DQG SURGXFHV <$O2 DQG <$O2 E\
H[WUDFWLQJ$OLRQVIURPWKHVSLQHO&RQVHTXHQWO\0J$OUDWLRLQWKHVSLQHOLQFUHDVHVZLWKDQ
LQFUHDVHRIDPRXQWRI<2LHWKHVSLQHOEHFDPHHQULFKHGZLWK0JLRQV
7DE,5HODWLYHGHQVLWLHVRIVDPSOHVGRSHGZLWK<2

6DPSOH
7'

)LJ;5'SDWWHUQVRI6<DQG6<SRZGHUVEHIRUHVLQWHULQJ
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6<


6<


6<


6<


7DE , VKRZV WKH UHODWLYH GHQVLWLHV RI VDPSOHV GRSHG ZLWK <2 DQG VLQWHUHG DW
q&7KHFRPSRVLWLRQRIVDPSOHVZLWKRXWDGGLWLYHUHVXOWHGLQWKHUHODWLYHO\SRUHGHQVLW\
7'7KHSUHVHQFHRI<2HQKDQFHVWKHGHQVLILFDWLRQ6LQFH\WWULXPWDNHVWKH$OLRQ
IURP WKH VSLQHO VWUXFWXUH ZKLFK JHQHUDWHV ODWWLFH VWUDLQ DQG LPSURYHV PDVV WUDQVIHU DQG
GHQVLILFDWLRQ :H IRXQG WKDW WKH RSWLPDO FRQFHQWUDWLRQ RI DGGLWLYH ZDV   LQ FXUUHQW
H[SHULPHQWDOFRQGLWLRQ

<$O2SRVVHVVHVEHWWHUWKHUPDOVKRFNUHVLVWDQFHWKDQWKHVSLQHO'XHWRWKHWKHUPDO
H[SDQVLRQPLVPDWFKEHWZHHQWKHVSLQHO [R& >@ DQG <$O2 [q& >@
VLJQLILFDQW OHYHO RI PLFURFUDFNV ZHUH LQGXFHG LQ VSLQHO ERGLHV 'XULQJ WKH WKHUPDO F\FOLF
WUHDWPHQWRIWKHVDPSOHWKHVHPLFURFUDFNVUHGXFHGVWUHVVFRQFHQWUDWLRQDWJUDLQERXQGDULHV
:LWK DQ LQFUHDVH LQ WKH PLFURFUDFN GHQVLW\ DIWHU WKH WKHUPDO VKRFN WKH FUDFN LQWHUDFWLRQ
HIIHFWV EHFDPH PRUH LPSRUWDQW 7KH KLJK WKHUPDO VKRFN UHVLVWDQFH ZDV DWWULEXWHG WR WKH
LQWHUOLQNLQJ RI KLJK OHYHO RI SUHH[LVWLQJ PLFURFUDFNLQJ RFFXUULQJ LQ WKH VSLQHO PDWHULDOV
>@7KHEHVWWKHUPDOVKRFNUHVLVWDQFHZDVREWDLQHGIRU6<VDPSOHV)LJ

7KH SKDVH FRPSRVLWLRQV RI WKH VLQWHUHG VDPSOHV GHWHUPLQHG IURP WKH ;5' SDWWHUQV
SUHVHQWHGLQ)LJDUHDVIROORZV
6<VDPSOHVKRZVWKHSUHVHQFHRIVSLQHODQGWUDFHVRI<$O2
6<VDPSOHVKRZVWKHSUHVHQFHRIVSLQHO<$O2DQGWUDFHVRI<$O2
6<VDPSOHVKRZVWKHSUHVHQFHRIVSLQHO<$O2<$O2DQG0J2

)LJ1XPEHURITXHQFKHVWRIDLOXUHYV<2FRQWHQW

7KH UHVXOWV JLYHQ DW WKH )LJ  VKRZHG WKDW GXULQJ TXHQFKLQJ WKH GDPDJH WR WKH
RULJLQDOVXUIDFHGLGQRWH[FHHG,WLVHYLGHQWWKDWWKHVXUIDFHGDPDJHWUHQGLVWKHKLJKHVW
IRUVDPSOH6<DQGLQFUHDVHVZLWKWKHQXPEHURIF\FOHVRIWKHWKHUPDOWUHDWPHQW
)LJ;5'SDWWHUQVRIVDPSOHVVLQWHUHGDWR&
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&RQFOXVLRQV








/HYHORIVXUIDFHGDPDJH 



5     



7KHUHVXOWVRIWKHWKHUPDOVKRFNLQYHVWLJDWLRQVKRZHGWKDWLQFUHDVHRIWKHDPRXQWRI
<2DGGLWLYHVLJQLILFDQWO\LQIOXHQFHGWKHGHQVLWLHVDVZHOODVWKHWKHUPDOVKRFNUHVLVWDQFHRI
VSLQHO <WWULD UHDFWV ZLWK VSLQHO IRUPLQJ WKH QHZ SKDVH <$O2  ZLWK WKH ORZHU WKHUPDO
H[SDQVLRQFRHIILFLHQWFRPSDUHGZLWKWKHVSLQHODQGWKXVFDXVHVWKHUHVLGXDOVWUHVVHVZKLFKLV
EHQHILFLDOIRUWKHWKHUPDOF\FOLQJ7KHPD[LPXPQXPEHURITXHQFKHVEHIRUHIDLOXUHLQWHUPV
RIKLJKUHVLVWDQFHWRWKHUPDOVKRFNZDVIRXQGWREHRI\WWULDDGGLWLYH

$FNQRZOHGJHPHQW




5    


7KH 0LQLVWU\ RI 6FLHQFH DQG (QYLURQPHQW RI 6HUELD DV SDUW RI SURMHFW 2, 
ILQDQFHGWKLVUHVHDUFK



5HIHUHQFHV


5     





               

1 X P E H UR IF \F OH V  1

)LJ/HYHORIVXUIDFHGDPDJHYVQXPEHURIF\FOHV

7KHIRUPDWLRQRIFUDFNVGHFUHDVHGWKHYHORFLW\RIXOWUDVRQLFSXOVHVWUDYHOLQJWKURXJK
WKHUHIUDFWRU\EHFDXVHRIWKHLUGHSHQGHQFHRQWKHGHQVLW\DQGHODVWLFSURSHUWLHVRIPDWHULDOV
'HFUHDVLQJ RI WKH <RXQJ¶V PRGXOXV RFFXUUHG EHFDXVH RI WKH KLJK OHYHOV RI SUHIRUPHG
WKHUPDOH[SDQVLRQPLVPDWFKPLFURFUDFNVDOUHDG\SUHVHQWLQWKHVWUXFWXUH


















)LJ'\QDPLF<RXQJPRGXOXVRIHODVWLFLW\YV<2FRQWHQW EHIRUHTXHQFKLQJ 

&3DFXUDULX,/D]DX=(FVHGL-(XU&HUDP6RF  
5.3DWL33UDPDQLN-$P&HUDP6RF  
0$6DLQ]$'0D]]RQL()$JOLHWWL0DWHU&KHP3K\V  
+&SDUN<%/HH.'2K)/5LOH\-0DWHU6FL/HWW  
'M7 -DQDFNRYLF .HUDPLFNL PDWHULMDOL X VLVWHPX $O20J26L2 'HR  6SLQHO
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a b s t r a c t
The nickel and cobalt disperse alloy deposits of ﬁve different compositions were obtained by electrodeposition on Cu substrates in the galvanostatic regime from an ammonium sulfate-chloride solution.
The effect of cathodic current density and Ni2+ /Co2+ ions concentration ratio in the electrolyte on the
composition, microstructure, morphology and mechanical properties of Ni–Co alloys were investigated.
Conditions for formation of nanostrustured disperse deposits and surface roughness was determined by
3D SEM reconstruction of the specimen surface. It was established that formation of the disperse deposits
with highly developed structures is favored from bath with equal Ni2+ /Co2+ ions concentration ratio in
the electrolyte. Cathodic polarization diagrams determined for all investigated alloys have shown shift
of the cathodic potential for alloy deposition to the more negative values with increasing Ni2+ /Co2+ ions
concentration ratio in the electrolyte. An increase of in the cobalt content in the alloy was observed
with decreasing the current density and increasing of the Co2+ ions concentration ratio in the bath. X-ray
analyses of nanocrystalline Ni–Co deposits show formation of a single phase face-centered cubic (FCC), a
single phase hexagonal-close packed (HCP) and mixture of FCC solid solutions and HCP phase depending
on the current density applied and electrolyte composition. The increase of HCP phase content in the
nanocrystalline deposits appears as a result of both, the increase in Co2+ ions concentration in the bath
and decrease of deposition current density. The mechanical properties of nanocrystalline deposits have
shown increase of the hardness with increasing Ni content in the alloy. The cross-section of the samples
electrodeposited on Cu substrates from electrolytes with equal ion metal concentration at lower current
density values revealed the beginning of a dendrite structure formation.
.

1. Introduction
The recent interest in the electrodeposition of iron-group metals (Ni, Co and Fe) and their alloys is due to their unique magnetic
and thermophysical properties [1,2]. Electrodeposition is a process
which is capable for depositing nanocrystalline metals and alloys
[3] onto recessed and non-uniform surfaces, and therefore has
found a role in microelectromechanical systems (MEMS) [2,4–7].
The hardness and strength of the electrolytic deposits are better than alloys prepared by conventional metallurgical processes
[2]. One of the most important aspects of electrodeposition process is possibility for production of nanocrystalline materials which
exhibit unique properties compared to the microcrystalline counterparts [3].
A metal powder represents a loose deposit which can spontaneously fall off from the electrode or can be removed by tapping or

∗ Corresponding author.
E-mail addresses: dminic@ffh.bg.ac.rs, dminic2003@yahoo.com (D.M. Minić).

by other similar way [8–10]. The electrodeposition of the powders
from the solutions, established by the work of Calusaru [11] possesses signiﬁcant advantages over other methods for synthesis of
nanocrystalline materials [3]. This method usually yields products
of requested chemical composition and high purity, which can be
well pressed and sintered [12–14]. The effect of operating conditions, electrolyte composition, temperature and pH on the Ni–Co
composition and properties of obtained deposits are widely investigated [15–18]. On the other hand, electrodeposition at very high
current density and high overpotential is only investigated for the
case of the obtaining of powders [19–21].
However, electrochemical synthesis of disperse deposits on
the substrate is insufﬁciently investigated [8]. Investigations of
such Cu deposits formed at high current densities characterized
by open and very porous structures with extremely high surface
areas were initiated recently [22]. It has been stated that the open
and porous structures of copper deposits obtained at high current
densities were ideally suited for use as electrodes in electrochemical devices such as fuel cells, batteries and chemical sensors [22],
while the extremely high surface area is relevant for evaluating
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some electrochemical reactions [23]. Surface microstructure plays
a crucial role in application such as a magnetic storage, printing
devices and all other similar technological procedures, but correlation between surface morphology and roughness structure with
deposition parameters is still open topic [24]. Three-dimensional
(3D) characterization seems more adapted for applied research.
Therefore, the aim of this study is investigation of the inﬂuence
of deposition current density on microstructure of disperse Ni–Co
deposits and correlation between electrolysis conditions for formation of such rough deposits on the substrates with morphology,
surface roughness and mechanical properties.
2. Experimental
The deposits were obtained in an open glass electrochemical cell with a volume of 1 dm3 , thermostatically controlled at a temperature of 298 K. A Ti-plate
covered with RuO2 /TiO2 (10 cm2 geometric area), placed close and parallel to the
Cu plate, was used as an anode (DSA). The solutions were made from analytical
grade chemicals and triple distilled water. The alloys were electrodeposited from
mixed ammonium sulfate-chloride solutions of different Ni2+ /Co2+ ions concentration ratios of 0.25, 0.5, 1, 2 and 4 (total concentration of NiSO4 + CoSO4 was
0.12 mol dm−3) using 0.5 mol dm−3 NH4 Cl and 3.5 mol dm−3 NH4 OH as a buffering
agent and a supporting electrolyte at pH 10. The electrodeposition was performed
with a constant current regime ranging from 65 to 400 mA cm−2 . The deposition
time was adjusted to the same quantity of electricity (43 mA cm−2 ).
Polarization diagrams were recorded with the three-compartment standard
electrochemical cell at a temperature of 298 K. The platinum foil counter electrode
and the reference–saturated calomel electrode (SCE) were placed at separate compartments, connected to the working electrode by a Luggin capillary positioned at a
distance of 0.2 cm from the working electrode surface. The working electrode was a
copper electrode rod (d = 0.4 cm). Before each experiment the working electrode surface was polished using 0.05 m alumina impregnated polishing cloths. The Ni–Co
alloys were electrodeposited with same quantity of electricity (43 mAh cm−2 ).
Polarization measurements were performed by a computer controlled electrochemical system (PAR M 273A) using the corrosion software (PAR M352/252, version
2.01) with a sweep rate of 1 mV s−1 . To obtain polarization curves corrected for the
IR drop, current interrupt technique was used with the time of current interruption
being 0.5 s.
The current efﬁciency of alloy deposits was determined at different current densities by measuring the mass of the deposit on the copper cathode which was used
as a working electrode.
Surface morphology was examined using an XL 30 ESEM-FEG (environmental
scanning electron microscope with ﬁeld emission gun, FEI Company, NL). The 3D
reconstruction of the specimen surface was characterized by SEM using MeX software from Alicona (A). It enables to carry out a 3D analysis directly from the digital
images yielding proﬁle and roughness measurements and also area analysis as well
as volumetric measurements. An alloy composition analysis was performed by ESEM
using the energy dispersive X-ray spectrometry (EDX) software Genesis (USA). Xray powder diffraction (XRD) analysis was carried out using a MPD diffractometer
(Philips, NL) with CuK radiation (40 kV/30 mA). Step scan mode was utilized with
0.03◦ in 2� per 1.15 s step.
The micro-hardness of the deposits was determined using a Vickers microhardness indenter with a load of 50 N. Cross-sections of the Ni–Co samples deposited
on the Cu substrates were performed for indentation measurements. The ﬁnal value
quoted for the hardness of the deposits was the average of 10 measurements. Optical micrographs of the sample cross-sections were obtained by optical microscope
Olympus SZX 12 (JP).

Fig. 1. Polarization curves for the cathodic process of Ni–Co deposition on copper cathode for different composition of the electrolyte: (�) Ni2+ /Co2+ = 0.25; (♦)
Ni2+ /Co2+ = 0.5; (�) Ni2+ /Co2+ = 1, (�) Ni2+ /Co2+ = 2 and (�) Ni2+ /Co2+ = 4, corrected
for IR drop. Scan rate 1 mV −1 .

pensable because the galvanostatic deposition for production of
disperse deposits is performed at high current densities using small
ion metal concentration), the Ni–Co electrodeposition at overpotentials higher than – 1.2 V is characterized by sharp increase
of the current density where disperse deposits with high developed structures are formed. Formation of the disperse deposits is
dependant on hydrogen evolution since at current density higher
than 200 mA cm−2 , the current efﬁciency is less than 50% (Fig. 2)
for all investigated electrolyte compositions. Hydrogen provides
some additional stirring effect and enhances formation of disperse
deposits with more developed structures.
The hydrogen evolution during the deposition of the alloys
diminishes the current efﬁciency, depending on the electrolyte
composition as well as on the current density. These results are
in agreement with polarization measurements where alloys with
less nickel content have lower hydrogen overpotential and consequently a lower current efﬁciency. In the current density range,
where the disperse deposits were obtained, the current efﬁciency
decreases with the increase of the current density and with the
decrease of the Ni2+ concentration in the electrolyte.

3. Results and discussion
3.1. Current efficiency
Fig. 1 shows the polarization curves for different compositions of
the electrolyte performed on a Cu cathode. The shape and position
of the polarization curves strongly depend on the electrolyte composition. A decrease in the content of Co2+ as well as an increase in
the content of Ni2+ shifts the position of the corresponding polarization curves towards negative values of the potentials corresponding
to the potential of the Ni/Ni2+ deposition of pure nickel.
Metal and alloy deposition of the iron group from aqueous
solutions, is accompanied by a concurrent hydrogen evolution reaction [25] which signiﬁcantly affects the shape of the polarization
curve and the morphology of the obtained deposits. According to
the polarization diagrams, corrected for IR drop (which is indis-

Fig. 2. Current efﬁciency of the Ni–Co deposition process for the different current
densities and compositions of the electrolyte: (�) Ni2+ /Co2+ = 0.25; (�) Ni2+ /Co2+ = 1
and (�) Ni2+ /Co2+ = 4.
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Table 1
Phase composition, grain size and cell parameters of the electrodeposited alloys.
Ni2+ /Co2+ /current density
2+

2+

Ni /Co = 0.25/ 65 mA cm
Ni2+ /Co2+ = 0.5 65 mA cm−2
Ni2+ /Co2+ = 1/ 65 mA cm−2
Ni2+ /Co2+ = 1/ 220 mA cm−2
Ni2+ /Co2+ = 1/ 400 mA cm−2
Ni2+ /Co2+ = 2 65 mA cm−2
Ni2+ /Co2+ = 0.25/ 65 mA cm−2
−2

Crystal structure/concentration (%)

Grain size (nm)

a (Å)

c (Å)

Cell volume (Å3 )

HCP/100
FCC/27 HCP/73
FCC/28 HCP/72
FCC/71 HCP/21 amorphous phase/8
FCC/82 HCP/3 amorphous phase/15
FCC/87 HCP/13
FCC/100

20
11/9
19/15
13/11
11/10
14/5
13

2.506
3.533/2.505
3.529/2.505
3.530/2.499
3.533/2.495
3.528/2.480
3.526

4.069
4.076
4.072
4.077
4.100
4.057

22.126
44.114/22.153
43.955/22.127
43.971/22.043
44.096/22.100
43.901/21.610
43.833

Fig. 5. X-ray diffraction patterns of alloys deposited from the electrolyte with different Ni2+ /Co2+ concentration ratio: (a) 0.25, (b) 0.5, (c) 1, (d) 2 and e) 4 at a current
density 65 mA cm−2 (-reﬂections attributed to the -Ni; -reﬂections attributed
to the -Co; S-reﬂection attributed to the Cu substrate).
Fig. 3. Dependence of the alloy composition on Ni2+ /Co2+ ratio in the electrolyte at
a current density 65 mA cm−2 .

3.2. Composition of the Ni–Co alloys
In order to deﬁne the inﬂuence of the electrolyte concentration on composition of the obtained disperse Ni–Co deposits, the
electrodeposition from ﬁve electrolytes of different compositions
at current density of 65 mA cm−2 was performed. The chemical
composition of the alloys galvanostatically deposited was determined for alloy samples as an average of 3 measurements with
surfaces of 10 m2 with an error of ±2%. Afterwards, current densities of 220 and 400 mA cm−2 were selected to deﬁne the effect of
the current density on deposit composition for a chosen electrolyte
composition.
According to the EDX analysis, the electrolyte composition
(Ni2+ /Co2+ ions ratio) as well as the current density, affects the composition of the electrodeposited alloys remarkably, Figs. 3 and 4.

However, the percentage of Ni in the deposit, especially for the
deposit obtained from the electrolyte with [Ni2+ ]/[Co2+ ] = 0.25 was
lower than in the electrolyte solution, Fig. 3. This indicates that the
electrochemical alloying leads to an increase in the reaction rate of
Co at relatively low current density of j = 65 mA cm−2 resulting in
the higher content of cobalt in the alloy than in the electrolyte. Such
behavior is in accordance with the term “anomalous co-deposition”
as introduced by Brenner [25] which refers to the preferential deposition of the less noble metal, i.e. Co. Besides, with the increase of
the Ni2+ concentration in the electrolyte, the Ni content in the alloys
almost reaches its content in the electrolyte.
The difference between the electrolyte composition and the
deposit composition (Fig. 4) is much less pronounced at high current density, i.e. j = 400 mA cm−2 . The composition of the obtained
deposit is almost similar to the concentration of the metal ions
in the electrolyte. In this case, the composition of the deposits is
dependent on the current density, indicating that an increase of
the current density is accompanied by a decrease of the cobalt content in the deposit. An increase of the current density leads to an
increase of the overpotential which is combined by an increase of
the activation of the electrode reaction. This results in an increase
of the nickel content in the deposits.
3.3. Microstructure of deposits-Inﬂuence of chemical composition
of the electrolyte on microstructure

Fig. 4. Dependence of the alloy composition on current density from an electrolyte
with concentration ratio Ni2+ /Co2+ = 1.

Fig. 5 shows a series of XRD patterns for all ﬁve alloys electrodeposited from different bath compositions at a selected current
density of j = 65 mA cm−2 with same quantity of electricity and with
an average sample thickness of (25 ± 5) m.
The X-ray analysis of the deposits shows the presence of solid
solutions of Ni and Co with a structure which changes progressively
with the change of their chemical composition depending on the
used electrolyte. For the lowest content of Ni, a single phase deposit
involves the hexagonal close-packed (HCP) phase also known as phase (Fig. 5a). With the increase of nickel content in the deposit
ranging to 30–40 at%, the mixture of face centered cubic (FCC) also
known as -phase and the HCP phase was found (Fig. 5b–d). With
the further increase of Ni content in Ni deposit, only a single FCC
phase is observed (Fig. 5e). The noticed diffraction peaks of Cu with
low intensity belong to the substrate material. Deposits rich in Co
and deposits rich in Ni (Fig. 5a and e) exhibit cell volumes comparable to the theoretical values of Co (22.1 Å3 ) and Ni (43.8 Å3 ), cf.

Fig. 6. SEM micrographs of Ni–Co deposits obtained at a current density 65 mA cm−2 from an electrolyte with different Ni2+ /Co2+ concentration ratio: (a) 0.25, (b) 0.5, (c) 1,
(d) 2 and (e) 4.
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Fig. 8. Evolution of the FCC phase content in deposits as a function of current density
from an electrolyte with concentration ratio Ni2+ /Co2+ = 1.
Fig. 7. X-ray diffraction patterns of alloys deposited from an electrolyte with
concentration ratio Ni2+ /Co2+ = 1 at different current densities: (a) 65 mA cm−2 ,
(b) 220 mA cm−2 and (c) 400 mA cm−2 (-reﬂections attributed to the -Ni; reﬂections attributed to the -Co; S-reﬂection attributed to the Cu-substrate).

Table 1.
The morphology of all Ni–Co deposits strongly depended on the
chemical composition of the alloy deposit, i.e. the chemical composition of the electrolyte, Fig. 6. For the chosen current density of
65 mA cm−2 particles with a size varying from 5 to about 50 m
composed of ﬁne nanosized crystallites of different morphology
were obtained.
The morphology of the alloy deposited from electrolyte with the
highest concentration of [Co2+ ] ions in the electrolyte, at current
density of 65 mA cm−2 is shown in Fig. 6a. This deposit possesses
the platelet structure.
For the concentration ratio [Ni2+ ]/[Co2+ ] = 1 in the electrolyte,
the morphology of the deposit is slightly changed and consists of
cauliﬂower particles exhibiting a surface morphology based on preferred oriented platelets (Fig. 6c). Fig. 6b and d show enhanced
dendritic growth with more disperse deposits obtained from the
baths with the concentration ratio [Ni2+ ]/[Co2+ ] = 0.5 and 2, respectively. At one and the same current density of 65 mA cm−2 , more
developed structures are formed leading an increase of the mean
surface roughness. Finally, the particles deposited from the electrolyte with the highest content of Ni show cauliﬂower structure,
Fig. 6e. The morphology of the deposits is similar to the morphology of the pure Ni obtained from the Wath’s bath without addition
of a surfactant substance [8,20].
The SEM micrographs show that the surface morphology of the
deposit is determined by the nature of the electrochemically active
ions or complexes and the kinetics of the electrocrystallization process.
3.4. Phase analysis of deposits-Inﬂuence of current density on
microstructure
A detailed Rietveld’s analysis revealed that the phase composition of the deposited Ni–Co solid solutions depends on the
composition of the electrolyte bath as well as on the applied current density (Fig. 7). Rietveld’s reﬁnement procedure [26] is able
to simulate the XRD pattern from given starting parameters. The
purpose of this simulation is therefore to reﬁne individual parameters, e.g. phase content, grain size, and crystal lattice parameters,
to obtain a good ﬁt. For this purpose Rietveld’s reﬁnement program
TOPAS V3.0 (Bruker AXS GmbH, Germany) was used [27]. The quality of the reﬁnement progress was controlled by monitoring the ﬁt
parameter Rwp , the goodness of ﬁt (GOF), and the Durbin–Watson

factor.
The deposits obtained from an electrolyte with a equal ion metal
concentration ratio, [Ni2+ ]/[Co2+ ] = 1, have shown the formation of
a mixture of both phases, HCP and FCC. The formation of solid solutions is a consequence of the mutual miscibility of Ni and Co in the
range of concentration in the obtained deposits (Table 1) which is in
accordance to the phase diagram [28]. The decrease of the current
density results in pronounced crystallization and an increase of the
size of crystallites as well as a higher HCP content in the alloys. Evolution of the FCC phase content from the same bath was achieved
by the increase of current density (Fig. 8).
If the kinetics of the deposition process is fast, a disperse deposit
can be obtained at low driving force, while a much larger driving
force is needed for kinetically slow processes such as Ni and Co
deposition [8] resulting in an electrodeposition process far from
equilibrium conditions, i.e. at high overpotentials, and in the formation of the FCC phase. At low overpotentials, a higher amount of
Co as the HCP phase is formed.
3.5. Grain size of Ni–Co alloy deposits
The electrolyte composition and the current density have a
great effect on the grain size of the deposits. Average grain sizes
were calculated from the peak broadening from XRD according to
the Scherrer equation with the Rietveld reﬁnement method [26].
Obtained alloy deposits were composed of ﬁne nanosized crystallites (cf. Table 1).
The alloy electrodeposited at selected current density of
65 mA cm−2 from the electrolyte with the ratio [Ni2+ ]/[Co2+ ] = 0.25
(Fig. 5a), contains the -Co phase with hexagonal close-packed
lattice and with an average grain size of 20 ± 2 nm. The average
grain size in the deposits consisting single FCC phase was 13 ± 2 nm
(Fig. 5e). In general, deposits with ﬁner grain sizes are obtained with
increasing [Ni2+ ] concentrations in the electrolyte. With increasing
Co content in the alloys (Table 1) the average size of crystallite
increases ranging from 13 to 19 nm for the FCC phase and from 15
to 20 nm for the HCP phase. The mixture of two phases leads to a
further grain size reﬁnement of deposits.
A reduction of the grain size was also achieved by an increase
of the current density. Increasing the current density leads to the
increase of the overpotential, and therefore increases the nucleus
formation probability resulting in smaller critical radii and the
number of atoms constituting the nucleus. Hence, the increase
of current density decreases the grain size of the Ni–Co deposits
(Table 1). The formation of electrochemical deposits from electrolytes with a higher [Ni2+ ]/[Co2+ ] ratio is accompanied by higher
overpotential values, therefore deposit with ﬁner grains is formed

Fig. 9. 3D SEM reconstruction of the surfaces of Ni–Co deposits obtained at a current density 65 mA cm−2 from the electrolyte with different Ni2+ /Co2+ concentration ratios:
(a) 0.25; (b) 1 and (c) 4.

from a bath containing a higher Ni2+ ions concentration (Table 1.).
For the deposition of more disperse deposits composed from ﬁne
nanosized crystallites, the use of the overpotentials higher than
1.3 V are requested, speciﬁcally in the case of the deposits obtained
from electrolyte with concentration ratio [Ni2+ ]/[Co2+ ] > 0.5.

enhanced. The larger the nucleation rate, the more homogenous
is the grain size distribution leading to the formation of smoother
deposits (see also, Fig. 6a and e). 3D SEM reconstruction experimental results conﬁrmed the beginning of disperse deposits formation
in galvanostatic deposition using current density, j ≥ 65 mA cm−2 .

3.6. Surface roughness of Ni–Co alloy deposits
3.7. Mechanical properties of Ni–Co deposits
The 3D dataset was deduced from two stereoscopic images
obtained by tilting the sample stage in the ESEM at the eucentric point with an angle of 5◦ , Fig. 9a–c. The calculated roughness
parameters are shown in Table 2.
The concentration ratios [Ni2+ ]/[Co2+ ] = 0.25 and 4 corresponding to a single-phase systems, led to a surface with similar mean
roughness values in spite of different morphology, (Fig. 6a and e),
respectively. In the case of a ions concentration [Ni2+ ]/[Co2+ ] = 1,
involving more than one phase, the Ra values are almost 3 times
higher, and the active surface increases in comparison to the specimens with ratios of 0.25 and 4. An increase in the current density
results in a decrease in the mean roughness (Table 2), since at higher
current densities the amount of crystal nuclei on the surface is

Nanoindentation test were performed to investigate the
mechanical properties of the deposited samples. A load of 50 N
was applied on the cross-section of the samples (deposits on copper substrate). The low applied load is needed to make penetration
depths small enough to avoid the inﬂuence of the substrate on
the hardness measurements. The nanoindentation test demonstrated that nanocrystalline deposits have a higher hardness with
an increase of the Ni content in the sample (Fig. 10). The hardness
of the Ni–Co alloys deposited from the same bath composition but
at different current densities shows a reduction of the hardness,
not as signiﬁcant as in the case of the hardness measured on the
samples prepared from the different bath compositions.

Table 2
Roughness parameters of alloys deposited from electrolytes of different Ni2+ /Co2+ concentration ratio and at different current densities.
Ni2+ /Co2+ concentration ratio

Current densities (mA cm−2 )

Ra (m)

Rz (m)

RS

0.25
0.5
1
1
1
2
4

65
65
65
220
400
65
65

0.7
1.3
3.0
1.1
1.0
2.1
1.0

4.7
5.2
13.1
5.2
6.5
9.2
4.7

1.64
1.34
1.98
1.38
1.62
1.37
1.64

Ra, mean roughness, Rz, the difference between the highest and the lowest point in the picture of deﬁned scan, RS, active surface, the ratio of the real surface including
topography to a projected surface of the measurements (a square with dimensions of 23 m × 15 m).
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grain size, the formation of the deposits with a very disperse dendritic structure has a decisive inﬂuence on the measurements.
4. Conclusions

Fig. 10. Hardness of Ni–Co deposits as a function of current density and electrolyte
composition: (�) concentration ratio Ni2+ /Co2+ = 1 at different current densities, ()
different concentration ratio Ni2+ /Co2+ at a current density 65 mA cm−2 .

In contrast to some authors [29], the hardness is increased with
an increase of the Ni content in the deposits. According to the optical micrographs of the cross-sections of the deposits obtained on
the Cu substrate presented in Fig. 11, two possible reasons can
cause such behavior. One is the grain size and the second is porosity inside the deposit with high Co content (Fig. 11a). The release
of hydrogen in the layer surrounding the electrode also affects the
properties of the obtained deposits, causing the formation of craters
in the deposit (Fig. 11c). The deposit obtained form the electrolyte
with the highest concentration of Ni2+ are compact (Fig. 11c), while
the deposits obtained at the same current density from the bath
with the concentration ratio Ni2+ /Co2+ = 1 show a dendritic structure (Fig. 11b). It should be indicated that when the grain size is
smaller than 10 nm, the grain reﬁnement may cause softening of
the nanocrystalline metals. In these measurements, differences in
the grain size have not been so signiﬁcant, but they still affect the
large difference in the hardness value (Fig. 12).
The hardness measurements performed on the Ni–Co
deposits obtained from an electrolyte with a concentration

Fig. 12. Effect of the grain size on nanohardness of Ni–Co deposits performed
from an electrolyte with different Ni2+ /Co2+ concentration ratio (d, average value
of grains).

The microstructure as well as the morphology of the Ni–Co alloy
deposits electrochemically obtained from an ammonium sulfatechloride solution depends on the deposition current density and the
bath composition. With a decrease in the deposition current density the volume fraction of the HCP phase in the deposits increases
accompanied by the crystal grain growth. The increase of HCP
phase content in the nanocrystalline deposits appears as a result
of both an increase in the Co2+ ions concentration in the bath and
a decrease of the deposition current density. The increase of the
current density and the decrease of the Co2+ ions concentration in
the bath results in ﬁner grain deposits. Surface morphology and
mean roughness of the deposits depend on the concentration ratio
in electrolyte; in the case of equal ions concentration of Ni2+ /Co2+
in the electrolyte, the mean roughness of the deposit is the highest. It is possible to achieve variety of microstructural properties by
choosing the current density or the electrolyte composition appropriately.
Acknowledgments
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ratio
at different current densities have shown a
reduction of hardness. The explanation can be attributed to the
fact that at higher current densities a more disperse deposit with
porous structure and very high surface area is formed. Nanohardness of deposits decreases with increasing current density since
evolution of the dendritic structure occurred during deposition at
higher current densities.
The grain size is the main parameter inﬂuencing the grain
boundary hardening. Based on the Hall–Petch relationship,
nanocrystalline material is expected to exhibit higher strength than
their microcrystalline counterparts [30]. In the present study, the
nanograin size did not affect the softening of the deposits formed
from electrolytes with equal ion compositions, Ni2+ /Co2+ = 1 at different current densities, considering grain sizes of the deposits
were in the range of 10 nm. Although the more dendritic deposits
performed at higher current densities, are characterized by a reduce
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Abstract
In this article, in order to obtain tetragonal nanocrystalline BaTiO3, structural investigations of mechanically activated BaTiO3 powder have
been performed. A mercury porosimetry analysis and scanning electron microscopy method have been applied for determination of the speciﬁc
pore volume, porosity and microstructure morphology of the samples. The lattice vibration spectra of nonactivated and activated powders, their
phase composition, lattice microstrains and the mean size of coherently diffracting domains were examined by Raman spectroscopy and the X-ray
powder diffraction method. The average crystal structure of obtained nanocrystalline powders, estimated from X-ray diffraction data, gave
evidence of retained, but slightly sustained tetragonality of powders, even for particles as small as 30 nm. Raman spectroscopy also gave clear
evidence for local tetragonal symmetries, in particular through the presence of a band at 307 cm1.
# 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
Keywords: Nanocrystalline BaTiO3; Mechanical activation; X-ray diffraction; Raman spectroscopy

1. Introduction
It is well known that advances in microelectronics and
communication industries have led to substantial miniaturization of many electronic devices such as multilayer ceramic
capacitors (MLCC), while the performance requirements have
increased [1]. During MLCC production process, a mixture of
ceramic powder and binder solution is formed into green
ceramic sheets by tape casting. Therefore, miniaturization
requires smaller and more uniform powder particle sizes of
many electroceramic materials [2]. For BaTiO3 ceramics,
which can be applied not only in ceramic capacitors, but also in
self-controlled heaters, communication ﬁlters and nonvolatile

* Corresponding author.
E-mail address: vppavlovic@sbb.rs (V.P. Pavlović).

memories, a narrow powder particle size distribution and high
tetragonality is required. Unfortunately, most methods for the
production of BaTiO3 ﬁne powders, such as the conventional
solid state reaction method, alkoxide-hydroxide route, solvothermal process, hydrothermal methods, etc., are unsuccessful in preparing BaTiO3 nanopowder with a tetragonal phase. It
has been established that, depending on the processing route
which has been used, size effects and the formation of lattice
OH groups, associated with strains and defects, are factors
which stabilize the metastable cubic structure in BaTiO3 [3,4].
As a result, formation of tetragonal BaTiO3 nanopowder is
suspended. Recently, Park et al. [5] reported that nanograined
BaTiO3 ceramics prepared from noncoated BaTiO3 nanopowders showed a mixed state of cubic and tetragonal phases. Their
results indicate not only the possibility of tetragonal BaTiO3
nanopowder formation, but also emphasize that developing of a
low temperature synthesis procedure directly resulting in the
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formation of tetragonal BaTiO3 nanopowders is of extreme
interest.
In order to produce nanocrystalline powders and improve
the ﬁnal properties of electroceramics, in recent years,
among the other methods, high energy mechanical activation
has been employed [6]. Several investigations have been
carried out in order to obtain BaTiO3 by mechanically
activating the reactants [7,8]. BaTiO3 resulted from milling
of BaO + TiO2 in a ball mill during 100 h [9], however high
temperature treatments were needed to preserve BaO in the
pure state, prior to the milling. Also, the milling in a
planetary mill of Ba(OH)28H2O + TiO2 resulted in a BaTiO3
powder which had poor crystallinity, so an annealing
treatment was necessary [10]. Unfortunately, all these
synthesis procedures failed to create BaTiO3 powder with
a tetragonal structure. Although production of nanocrystalline powders by mechanical activation can be done not only
by mechanochemical processes, but also by activation of a
single phase powder (by controlling the balance point
between fracturing and cold welding) [11], no systematic
investigation of single phase BaTiO3 mechanical activation
has been performed yet. These investigations are very
important since mechanical activation of initial powder
change its structure and reactivity and enable obtaining
ceramics with improved ﬁnal properties. Therefore, in order
to investigate the possibility of obtaining tetragonal
nanocrystalline BaTiO3, structural investigations of mechanically activated BaTiO3 powder have been presented in this
article.
2. Experimental procedure
As the starting material, a high purity commercial BaTiO3
powder (Aldrich, 99.9% purity, mean grain size < 2 mm) was
used. Mechanical activation was carried out in a planetary-ball
mill (Fritsch Pulverissete 5) for 10, 20, 40 and 60 min in an
agate jar with 8 mm in diameter agate balls. The ball/sample
mass ratio was 20:1 while the tray and vial rotation speeds were
317 and 396 rpm, respectively.
The inﬂuence of mechanical activation on the change of the
specimen’s bulk density, speciﬁc pore volume and total
porosity, have been performed using the mercury porosimetry
analysis. Bulk density (rbl) and speciﬁc pore volume (Vsp) of all
samples were estimated with a Carlo Erba Porosimeter 2000
using the Milestone 100 Software System. This type of highpressure mercury intrusion porosimeter operates up to
207 MPa, enabling determination of the total pore volume of
all pores greater than 7.5 nm in diameter. The total porosity of
the sample (P) was determined as a product of Vsp and rbl.
The microstructure morphology of nonactivated and
activated samples has been investigated using scanning electron
microscopy (JEOL-JSM-T20).
X-ray powder diffraction patterns of the initial and activated
powders were obtained in Bragg-Brentano geometry, on a
Philips PW-1010 powder diffractometer, using Ni-ﬁltered Cu
Ka radiation. The diffracted intensities were collected in a step
scan mode 0.028/12 s, over the 2u angular range 10–1208.

Structural reﬁnements were carried out using the Rietveld
method and the Koalariet-Xﬁt computer program with
algorithms described by Coelho and Cheary [12].
Room temperature Raman spectra of the initial and activated
samples were obtained in the spectral range from 200 to
1000 cm�1, in the backscattering geometry, by a Micro Raman
Chromex 2000, using the 532 nm line of a Nd:YAG laser. The
spectral resolution was 1 cm�1. The laser output power was
50 mW and the laser beam was focused to a spot size of 5 mm at
the sample surface.
3. Results and discussion
In general, during mechanical activation the introduction of
mechanical energy may cause numerous processes such as a
reﬁnement in crystallite size, creation and movement of
structural defects, activation of phonons, amorphisation of the
crystalline phase, phase transformations, order–disorder transitions and chemical reactions [13]. Although during the
formation of mechanically activated nanocrystalline powders,
in a size reduction process, powder particles break in
dependence on the applied stress and material properties, the
production of nanoparticles does not only depend on particle
comminution, but also on the capability of stabilization of
broken fragments and their rheology [14]. When powder
particles are subjected to a mechanical stress which exceeds
their strength, the formation of cracks is initiated. As the cracks
propagate, the stored strain energy releases, leading eventually
to particle fracture. In the case when the strength of the material
is exceeded locally, especially for particles of irregular shape,
the erosion of the particle surface, accompanied with the rise of
the strain and defect concentration, may occur [15]. As a result,
the change of the powder particle morphology and powder
porosity (which is manifested by interparticle voids and pores
within individual particles) emerges. Those changes can be
analyzed by measuring speciﬁc pore volume, bulk density,
speciﬁc surface area and total porosity.
Our investigations showed that mechanical activation
caused a signiﬁcant decrease of speciﬁc pore volume (Vsp)
and total porosity (P) for the activation time up to 20 min,
especially for the ﬁrst 10 min (Fig. 1a and b). Further increase
of the activation time has not led to a signiﬁcant change of Vsp
and P. On the other hand, the maximum values of bulk density
(rbl) were obtained for activation up to 10 min, after which the
decrease of rbl has been noticed. However, the bulk density
values of the activated samples still remained signiﬁcantly
above the value of the nonactivated one, even for the longest
time of activation. Considering the change in porosity, it is clear
that a pore system reduction, which is caused by the fraction of
particles during activation and expressed through the drop of
Vsp, is a dominant phenomena for the activation up to 10 min.
Namely, the calculated value of relative decrease of Vsp during
the ﬁrst 10 min of the activation was 35.4%, while the relative
increase of rbl was just 14.6%. Therefore, the total porosity of
the samples signiﬁcantly decreased in comparison with the
nonactivated material. Mechanical activation also caused the
change of the speciﬁc surface from 2.42 m2/g for the
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Fig. 3. The structural reﬁnement patterns of nonactivated and activated BaTiO3
using X-ray powder diffraction data based on the tetragonal phase.

Fig. 1. (a) Speciﬁc volume and bulk densities of mechanically activated
BaTiO3. (b) Total porosity of mechanically activated BaTiO3.

Our X-ray analysis indicated that mechanical activation, in
spite of powder particle diminution, did not change the
tetragonal structure of the initial powder into the cubic one
(Fig. 3) [JCPDS Card No. 5-626]. The increase in structural
disorder during activation resulted only in a decrease of the
integral intensity of XRD reﬂections and broadening of
diffraction proﬁles (Fig. 4). This can be attributed to
destabilization of the crystalline phase, reﬁnement in particle
and crystallite sizes and generation of stress ﬁelds. It should be
noticed that destabilization of the crystalline phase is thought to
occur by the accumulation of structural defects such as
vacancies, dislocations, grain boundaries and it may lead to the
formation of amorphous domains for increased activation time.
Although the mechanism of amorphization by mechanical
activation is not clearly understood, it seems to follow the
sequence [19]: ordered phase ! disordered phase ! ﬁnegrained (nanocrystalline) phase ! amorphous phase.
Since signiﬁcant peak broadening, which is characteristic
for the formation of amorphous domains, did not occurred in
our diffraction patterns, we have concluded that in our case the
activation time required for amorphization has not been
reached, that is mechanical activation of BaTiO3 powder up to
60 min resulted only in the formation of a nanocrystalline
BaTiO3 phase. In order to obtain the crystallite size and

(111)
60 min

40 min

Intensity [arb.un.]

nonactivated samples, up to 4.49, 4.07, 4.06 and 4.02 for the
samples activated for 10, 20, 40 and 60 min. The change of the
speciﬁc surface and a decrease of the bulk densities of the
samples activated for more than 10 min can be attributed to
powder particle aglomeration, which is a consequence of an
increase of the particle surface energy during comminution of
the initial powder particles. It should be noticed that the
tendency of agglomeration, considerably inﬂuences the
sintering and ﬁnal properties of BaTiO3 ceramics. According
to our previous investigations [16] a densiﬁcation rate curve for
mechanically activated BaTiO3 samples can be divided into
three process. The ﬁrst process is attributed to intraagglomerate particle sintering, the second one to sintering of
grains between agglomerates, while the third one can be
attributed to agglomerate sintering. As a result, mechanical
activation change the microstructure of sintered material and
signiﬁcantly affects ﬁnal electrical properties of BaTiO3
ceramics [17].
The results obtained from mercury porosimetry analysis are
in accordance with the results obtained by SEM (Fig. 2).
According to them, mechanical activation has led to the
formation of new surfaces and comminution of the initial
powder particles. It should be noticed that during the formation
of new surfaces, excess of the energy in the surface occurs,
which together with particle diminution may inﬂuence the
producing and properties of the nanocrystalline material [18].

Fig. 2. (a) Microstructure of nonactivated BaTiO3. (b) Microstructure of
BaTiO3 activated for 40 min.
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36
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Fig. 4. Broadening of XRD proﬁle of (1 1 1) reﬂection in nonactivated and
activated BaTiO3.

microstrain of the nonactivated and activated samples, the
Rietveld method has been applied. This method is based on the
whole proﬁle ﬁtting methodology and all reﬂections can be
analyzed with sufﬁcient accuracy [17]. During the analysis, the
process of successive proﬁle reﬁnement was applied, until
convergence was reached [20]. Obtained values of Rwp
(weighted residual factor) varied from 9.8% (for the
nonactivated samples) to 12.6% (for samples activated for
60 min). The reﬁnement showed that as a result of mechanical
activation tetragonal nanocrystalline BaTiO3 is formed. It was
observed that mechanical activation led to a signiﬁcant
decrease of the mean crystallite size from 150 nm for the
nonactivated samples, down to 45 nm, 39 nm, 34.5 nm and
30.5 nm, for samples activated for 10, 20, 40 and 60 min,
respectively. At the same time, the generation of stress ﬁelds at
the particle edge caused increase of the sample microstrains
from 0.1 for the nonactivated samples up to 0.47, 0.61, 0.7 and
0.74 for the samples activated for 10, 20, 40 and 60 min.
According to our previous investigations, the formation of
uncompensated stress during mechanical activation can
inﬂuence the tetragonal distortion, thus leading to modiﬁcation
of the phase transition temperature and electrical properties of
the sintered material [19]. Furthermore, numerous authors have
established that with decreasing of the crystallite size the
tetragonal distortion of the unit cell of BaTiO3, which is a
precondition for the presence of ferroelectricity, alters over the
pseudocubic to cubic, and ﬁnally disappears below a certain
critical size value [21–28]. The possible responsible mechanism for this phenomenon is still under controversial discussion.
Arlt et al. proposed that a pseudocubic, paraelectric modiﬁcation of BaTiO3 is stabilized through internal stresses, which
arise from mechanical constraints at the boundaries, while Frey
et al. [22] suggested the so-called ‘‘brick wall model’’,
assuming that the ceramic grains consist of a tetragonal
ferroelectric core, which is surrounded by a thin layer of a cubic
phase, with a substantially lower dielectric constant. It is
important to notice that the critical crystallite value, which
enables stabilization of the room temperature cubic structure,
depends on the powder preparation method and usually ranges
from 20 to 100 nm [23–26]. Our investigations showed that the
applied mechanical activation can lead to the formation of
nanocrystalline BaTiO3 powder with a tetragonal structure,
even for particles as small as 30 nm. Since the formation of
micrometer powder particles with a tetragonal structure, as well
as cubic nanocrystalline powder particles, are not convenient
for application in multilayer ceramic capacitors production,
direct generation of nanocrystalline, tetragonal BaTiO3 is of
considerable interest [29].
The results of the X-ray analysis are in accordance with
those obtained by Raman spectroscopy measurements. Raman
spectroscopy has been employed to determine the lattice
vibrational spectra of nc-BaTiO3 powders. It is well known that
symmetry-group analysis in cubic BaTiO3 predicts no Raman
active modes, while in tetragonal BaTiO3 (space group P4mm)
it predicts eight optical Raman active modes: 4 modes of E
symmetry, 3 modes of A1 symmetry and one mode of B1
symmetry [1,24,30–33]. Each of these modes splits into
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presented. It was noticed that mechanical activation caused the
decrease of the speciﬁc pore volume and total porosity,
especially for the ﬁrst 10 min of activation. Microstructural
investigations showed that such activation has led to the
creation of new surfaces and comminution of the initial powder
particles. As a result, the formation of nanocrystalline BaTiO3
powder has been enabled. The Rietveld method has been
applied to analyze X-ray diffraction patterns in order to
determine the crystallite size and microstrains of the
nonactivated and activated samples. The reﬁnement pointed
out that mechanical activation led to the decrease of the mean
crystallites size from 150 nm down to 30.5 nm, while the
microstrains increased from 2% up to 14.8%. The average
crystal structure of the obtained nanocrystalline powders,
estimated from X-ray diffraction data, gave evidence of a
retained, but slightly suppressed tetragonality of powders, even
for particles as small as 30 nm. Raman spectroscopy also
gave clear evidence for local tetragonal symmetries, in
particular through the presence of the band at 307 cm1.
The inﬂuence of mechanical activation on lattice vibrational
spectra was expressed primarily through broadening and
gradual decrease of the Raman peaks intensity.
Acknowledgements

Fig. 5. Micro-Raman spectra of nonactivated and activated BaTiO3.

transverse (TO) and longitudinal (LO) optical components, due
to long-range electrostatic forces associated with lattice
ionicity [24,30,32]. The number of Raman peaks in experimentally obtained unpolarized spectrum of polycrystalline
samples is commonly less than the number of theoretically
derived modes, not only because of great overlapping of A1 and
E modes, as well as B1 and E modes, which frequencies are very
close to one another, but also due to the existence of a coupledmode interaction and overdamped character of the lowest
optical E mode (E(TO1) soft mode).
In our investigations, four Raman peaks have been recorded
and assigned to more than one phonon mode of tetragonal
BaTiO3, as presented in Fig. 5. According to literature data
[30,34] Raman peaks were interpreted as follows: the broad
peak centered around 270 cm1 as a A1(TO2) mode, a sharp
peak at 307 cm1 as B1 + E(LO2) + E(TO3), an asymmetric
broad peak at 520 cm1 as A1(TO3) + E(TO4) and a broad
weak peak at 720 cm1 as a sum of A1(LO3) and E(LO4)
modes. The observed spectrum of the nonactivated sample
agrees well with the powder Raman spectrum reported by
Hoshina et al. [26], Cho et al. [32] and Naik et al. [35], as well
as with those reported for some polycrystalline BaTiO3 samples
[30] and microcrystalline ceramics [36,37].
Our measurements show that as the applied activation time
increases, the Raman modes become broader and gradually lose
their intensity (Fig. 5). Such behavior of optical phonon modes is
a consequence of a decrease in the observed particle and
crystallite size, but also indicates a rise of lattice deformation,
defect number and disorder in the longer mechanically activated
powders. The estimated values of Raman-peak positions are

displayed as a function of the activation time, in Fig. 6. As it can
be seen, activation induced a shift to upper frequency for Raman
peaks around 260 cm1 and 520 cm1, particularly in comparison with the nonactivated sample. These results are in good
agreement with investigations which pointed out that two
asymmetric broad A1(TO) modes, at 260 cm1 and 520 cm1,
are sensitive to structure defects [38]. Although as-read data
indicate that the Raman peak at 720 cm1 also seems to be
skewed toward the high frequency side, the accuracy of this data
is reduced due to the overdamped and weak proﬁle of that peak in
the activated samples. The observed blue shift of the A1 modes
can be related to the increase in tensile stress [39] introduced by
mechanical activation. The peak at 307 cm1, which appears
sharp in the nonactivated sample, exhibits distinct broadening
(Fig. 5), but no signiﬁcant frequency shift, as the activation time
increases (Fig. 6). Many investigations pointed out that the peak
at 307 cm1 is speciﬁc for tetragonal BaTiO3, since it disappears
above the Curie temperature (Tc) where the structure becomes
cubic [27,28,32]. On the contrary, the persistence of Raman
bands around 260 cm1 and 520 cm1 well beyond Tc has been
reported [27,31,35], although this is not expected from the
symmetry group theoretical selection rules. Since the Raman
peak around 720 cm1 has also been reported as observed only
below the phase-transition temperature [27,31,33], the broadening accompanied by a drop in the intensity of Raman peaks
around 307 cm1 and 720 cm1 suggest that the tetragonal
structure might be slightly suppressed in activated powders [32].
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Hydrothermal synthesis and controlled growth of
vanadium oxide nanocrystals3
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Dragica M. Minića and Vladimir A. Blagojević*b
0-, 1- and 2-dimensional nanocrystals of different vanadium oxides were synthesized using hydrothermal
reaction of commercial bulk monoclinic VO2 and V2O3 precursor, which, depending on reaction conditions,
produced nanoparticles, nanoribbons and nanosheets of different vanadium oxides. Addition of acetone
was used to direct growth and produce two-dimensional nanosheets, whose aspect ratio depends on
acetone-to-precursor concentration, while addition of different alcohols as ligands successfully controlled
the nanoribbon size. Variation of pH also changes the product dimensionality, allowing production of
nanosheets at pH , 3, nanoribbons at 3 , pH , 7 and, through inhibition of reaction, nanoparticles at
high pH. Products of different morphology exhibit systematic increase in unit cell volume with decrease in
thickness of nanocrystals. The reaction occurs with VO2+ ion as the primary reactant, requiring only a
source of VO2+ ions, and not necessarily crystalline VO2(M), allowing use of other precursors, like VOSO4.
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Calculations indicate that nanoribbon formation is primarily caused by differences in relative stability of
individual crystal planes of VO2. Addition of different amounts of hydrogen peroxide changes the

hydrothermal oxidation of V(OH)2NH2.24,25 Significant depression of phase transition temperatures in VO2(M) nanostructured thin films have been observed in the diameter range of
20–40 nm,26,27 therefore, there is a strong motivation to
develop controlled synthesis of nanocrystals with dimensions
in this range or below. In addition, since doping of VO2(M) has
become the main method of depressing the phase transition
temperature, flexibility and ability to easily introduce doping
agents into the reaction is preferable.
Here we present full development of hydrothermal synthesis of VO2(M) nanocrystals through hydrothermal reaction of
bulk VO2 powder, where it is shown that precise manipulation
of size and shape of VO2(M) nanocrystals can be achieved
through simple changes in reaction conditions and addition of
relatively small concentrations of ligand molecules. In addition, a full mechanism of the hydrothermal reaction is
explained, showing that the real reactant is VO2+ ion in water
solution, allowing for the use of other precursors, like VOSO4,
producing nanocrystals that have a smaller diameter and
higher aspect ratio than any previously published, while
allowing an astonishing level of control over the product
shape and morphology. We will also show that this reaction is
not limited to just VO2, but can be extended to other vanadium
oxides, opening up a multitude of possibilities with respect to
manipulating the composition of these nanocrystals.

oxidation state of vanadium to produce V3O7 and V2O5, without affecting the product morphology, while
DOI: 10.1039/c3ce40830b

use of bulk V2O3 as a precursor leads to the formation of V2O3 nanoribbons, nanoleaves and nanoparticles

www.rsc.org/crystengcomm

with similar mechanisms of size and shape control.

Introduction
Macroscopic manifestations of electronic and lattice instabilities in rutile VO2 during metal–insulator transition are
remarkable in magnitude: changes in electrical conductivity
and optical transmittance of up to 5 orders of magnitude at
temperatures relatively close to room temperature (67 uC in the
bulk).1 This is also accompanied by changes in magnetic
susceptibility, specific heat and Seebeck coefficient.2 Since its
discovery,3 this phenomenon has attracted attention by
experimentalists and theorists alike with debate over the
microscopic mechanism of this phase transition. In addition,
structurally and compositionally more complex systems
exhibiting similar strong electronic correlations have been
discovered, making VO2 a model system for these systems.4–6
On its own, VO2 is important for the many potential
applications of its near-room-temperature phase transition,
due to its tunability with doping, strain and scaling to finite
size,7 including ‘‘smart windows’’,8 Mott field effect transistor9
and a variety of optoelectronic applications.10,11 It is this last
aspect that has driven the effort to produce nanostructures of
VO2 and to achieve as much control as possible of their size
a
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Belgrade, Serbia. E-mail: dminc@ffh.bg.ac.rs
b
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Experimental

and morphology. In addition, nanosized materials offer the
opportunity to study VO2 phase transition in a single-domain
material, as opposed to a many-domain composition of a
typical macro- or micro-sized material.12
There have been many strategies employed to produce VO2
nanostructures including sol–gel synthesis,13 controlled oxidation and sputtering,14 physical vapor transport,15,16 ion
implantation,17,18 hydrothermal syntheses19–21 and thermolysis.22 Guiton et al. produced VO2 nanobeams on Si3N4
substrate by self-catalyzed vapor transport of granular VO2(M)
precursor in a tube furnace.16 Recently, hydrothermal processes have been employed with great success for fabrication
of highly pure single-crystal nanostructures of VO2(M) with
compositional control, reproducible shape and tunable morphology. Hydrothermal reduction of V2O5 by small aliphatic
alcohols and ketones, where the V2O5 layered structure is
intercalated by reducing agent’s molecules, produces VO2(M)
sheets, which can be doped by Mo or W by inclusion of their
precursors in the reaction solution.23 Whittaker and coworkers have utilized bulk V2O4 powder in a hydrothermal
reaction with structure-directing molecules to produce nanobelts 50–300 nm in diameter with lengths of 10–30 mm,
suggesting that the formation mechanism included hydration,
cleavage and exfoliation of bulk precursor.21 More importantly, they observed no significant nanostructure formation at
reaction times of less than 48 h. Wu and coworkers recently
synthesized VO2(M) by direct combustion of VO(acac)2 and

CrystEngComm, 2013, 15, 6617–6624 | 6617

Hydrothermal treatment of commercial VO2 powder was
conducted under different experimental conditions (different
pH, reaction time and temperature) to determine the optimal
conditions for synthesis of different VO2(M) nanocrystals. In
addition, different ligand molecules (methanol, ethanol,
1-propanol, 2-propanol, acetone, ethylene glycol, ethylene
diamine, propionic acid, succinic acid and EDTA) were added
to the reaction mixture. In a ligand-free reaction, 150 mg of
VO2 (or 1.8 mmol) rutile powder (Aldrich, 99.99%, 325 mesh)
and 15 ml of deionized water (Nanopure, pH = 6) were placed
in an autoclave, under a nitrogen or argon atmosphere, heated
to temperatures of 210 uC for a period between 2 and 72 h. The
resulting precipitate was washed with deionized water and
acetone and dried at ambient temperature. All the products
were kept and handled in an inert atmosphere where possible,
as they oxidize on the surface in the presence of oxygen.
However, the reaction can successfully be conducted in air,
resulting in VO2(M) nanocrystals, except they will have
oxidized on the surface. For reactions with growth-directing
ligands, set amounts of ligands (details given in discussion
below) were added to the mixture of deionized water and solid
VO2 precursor in the autoclave and then heated as described
above.
X-ray diffraction measurements were performed on an Inel
X-ray diffractometer with scintillating gas detector in a range
of 2h of 15–90u. TEM images were obtained using Philips 430
transmission electron microscope (TEM) with 200 kV accel-
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eration voltage. Microstrain was calculated using the
Williamson–Hall method.28 The texture of individual crystalline phases, as a measure of preferential orientation of any
particular crystalline plane with respect to other planes of the
respective crystal phase, was determined using the following
equation:29
Tc ~

(1)

where Tc is the texture coefficient, I is the intensity of an
individual reflection belonging to a particular crystal plane
normalized against the intensity of that same reflection in a
reference powder sample, and n is the total number of
reflections of individual crystalline phases considered.
Periodical 2-D calculation on VO2(M) surfaces were performed using ABINIT 6.12 code,30,31 using local density
approximation (LDA) with CA-PZ functional.32,33 Vacuum slabs
of VO2(M) surfaces, corresponding to (100), (011), (0-11), (110),
(01-1) and (-201) planes, were cleaved from a 2 6 2 6 2
supercell. The relative stability of individual planes was
estimated by calculating energies required to remove one
two-coordinate oxygen atom from the surface layer of
respective vacuum slabs relative to the calculated energy of
the same process on (-201) plane. Adsorption energies of
different ligand molecules were calculated on the same
vacuum slabs, using simulated annealing on GROMACS.34,35
Calculations were performed starting with a single molecule
on the surface and then adding additional molecules until a
full monolayer was achieved. The results are presented as
average energy per molecule of a full monolayer.

Results and discussion
Hydrothermal recrystallization to form VO2 nanoribbons
Using X-ray diffraction (XRD), it was established that the
product of hydrothermal reaction of VO2 powder was M1
monoclinic VO2 phase [JCPDS 43-1051], the same as the initial
powder (Fig. 1). Additional XRD spectra for solid precursor and
products under different reaction conditions can be found in
the ESI.3 Through variation of the temperature of hydrother-

Fig. 1 XRD spectra of rutile VO2 nanoribbons (left: no ligand, 4 h at 210 uC,
right: 2-propanol, 1 : 5 molar ratio, 3 h at 210 uC, ground into powder).
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Fig. 2 Comparison of TEM images of products of ligand-free reactions with solid
VO2 precursor (left) and with VOSO4 as a precursor at different pH (middle and
right).

Fig. 3 Changes in texture and microstrain of VO2 nanoribbon samples with
increase in reaction time.

mal treatment, without ligand, it was established that the
optimal reaction temperature is 210 uC with an optimal
reaction time of 4 h. The resulting nanoribbons were 30–60
nm in diameter with a yield of over 90% (Fig. 2). A higher
temperature of hydrothermal treatment (up to 240 uC) resulted
in broader diameter size distribution of the nanoribbons. A
lower temperature of hydrothermal treatment resulted in
much longer reaction times, wider diameter distribution of the
nanoribbons and lower yield.
In order to achieve yield comparable to the reaction of 4 h at
210 uC, it took 6 h at 180 uC, and 24 h at 150 uC. However, the
nanoribbon diameter distribution of 50–150 nm was broader
than in reaction at 210 uC. Treatment at 120 uC yielded
nanoribbons after 216 h, but the yield was much lower, less
than 40%, and their length was greatly reduced to less than
100 mm. At temperatures below 100 uC, no reaction was
observed. Minimum observed reaction time at optimal
temperature of 210 uC, where nanoribbons were found in the
sample was 2 h, while further increase in duration of
hydrothermal treatment increased the yield.
Addition of EDTA was found to inhibit the reaction
completely and result in a dark-blue solution of vanadyl–
EDTA complex,36 suggesting that VO2 dissolves to produce
VO2+ ion. In order to prove that VO2+, rather than solid VO2, is
the reactant, VOSO4, which dissolves in water to form VO2+
and SO422, was utilized as a precursor, and it produced
nanoribbons at pH = 4 and nanosheets at pH = 2 (Fig. 2),
proving that solid crystalline VO2 serves merely as the source
of VO2+ ions and that the reaction is really crystallization of
VO2 from VO2+ in water solution, rather than real recrystallization, because crystalline VO2 is neither necessary for the

reaction nor does it determine the structure of the reaction
product. VO2 crystallizes into the VO2(R) phase, probably due
to its high thermodynamic stability. Reaction from VOSO4 is
less practical than the one from VO2, because the solubility
limit of VOSO4 in water means that only relatively small
amounts of product can be produced, and the pH of this
solution is around 4, leaving very little room for manipulation.
It is, however, superior to VO2 reaction in terms of product
homogeneity. 2-Dimensional periodic calculations on VO2(M)
surfaces were used to determine why VO2 forms ribbon-shaped
nanocrystals in water, without any ligand. They show that the
relative stability of different crystal planes is as follows: (011)
. (110) . (01-1) . (100) . (-201) (Table 1). This corresponds
well to the observed intensities in XRD spectra (Fig. 1) and the
shape of nanoribbons, where (-201) plane forms the apex,
while (011) and (01-1) form the sides, suggesting that ribbonshaped growth of crystalline VO2(M) is driven primarily by
relatively large differences in stability of respective crystal
planes.
Reaction times of 4–12 h at 210 uC showed no change
regarding the size and diameter of the nanoribbons, while
longer reaction times showed slight deterioration of the
nanoribbons. Fig. 3 demonstrates, using texture coefficients
calculated from XRD spectra, the progression ligand-free
reaction with time. (011) plane is dominant, representing the
larger sides of the nanoribbons, and it reaches a maximum
after around 6 h of reaction. This is due to a combination of
nanoribbon growth and oriented bundling along the long axis,
in order to reduce strain (Fig. 3 right). The decrease in texture
coefficient of the (011) plane suggests that nanoribbons
continue to grow, probably through oriented attachment along
the longitudinal axis, indicating that nanoribbons with larger
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Fig. 4 TEM images of VO2 nanocrystals synthesized at different pH (reaction
with 30 ml of 2-propanol, 2 h at 210 uC).

diameters could be obtained through longer reaction times.
Microstrain of nanoribbons shows a decrease with increase in
reaction time, due to oriented bundling of nanoribbons.
Control of product dimensionality using pH
Hydrothermal reaction of VO2 powder produces different
product morphology depending on pH of the reaction
solution. Transformation into nanoribbons occurs in the 3–6
pH range, large two-dimensional structures crystallize at pH ,
3, while reaction becomes inhibited at pH . 6 and can be used
to produce nanoparticles (Fig. 4). Vanadium(IV) in water
solution forms stable VO2+ ion at pH , 3, while gray solid
precipitate of VO2?H2O at 3 , pH , 6, followed by clear brown
solution of VO(OH)32 at pH above 6.37,38 However, VO2+ ion

CrystEngComm
can be formed at higher pH than 3 (e.g. by dissolution of
VOSO4 in water) if there is a lack of OH2 ions to react with and
form VO2?H2O, and it is metastable in this pH region,
oxidizing to VO2+ over a period of 6–12 h. With addition of
base, at any pH . 3, VO2+ will form VO2?H2O precipitate. The
reaction mechanism requires VO2 to dissolve in water to form
VO2+ ion, which then reforms into VO2(M) nanocrystals.
Formation of nanosheets at lower pH can be explained by
increased solubility of VO2 due to stability of VO2+ ion at pH ,
3, resulting in a higher equilibrium concentration of VO2+ ions
in the solution, which favors faster multidimensional over
one-dimensional growth. At pH . 6, the formation of
nanoribbons is inhibited due to the fact that vanadium will
readily form VO(OH)32 as the most stable species at this pH,
consuming OH2 in the process and reducing pH.
Thus, reaction only occurs once OH2 ions are consumed
and pH reduced to around 6, significantly increasing the
induction time of the reaction. The fact that the reaction
cannot occur at pH . 6 makes it possible to obtain relatively
small nanoparticles of VO2(M) in a high pH solution, by
running the reaction to dissolve VO2(M) solid precursor and
convert it to VO(OH)32, resulting in decrease in particle size of
the initial powder. After two hours of treatment at 210 uC,
nanoparticles 10–30 nm in diameter can be obtained. Due to
consumption of OH2 ions by the reaction, pH will decrease
steadily as VO2 dissolves, however, transformation to nanoribbons will not occur as long as the pH remains above 6 during
the reaction. Therefore, it is imperative to start with a high
enough pH. After the reaction is complete, VO(OH)32 can
simply be washed away, leaving only VO2(M) nanoparticles.
Control of product dimensionality using ligands
Addition of ethanol, methanol, 2-propanol, 1-propanol and
acetone as ligand molecules was found to change the shape
and size of the product, allowing significant degree of control

Table 1 Calculated adsorption energies per molecule of different ligand molecules on different VO2(M) crystal planes, compared with stability of these planes relative
to (-201) plane

Plane

Rel. stability (kJ mol21)

Water (kJ mol21)

Ethanol (kJ mol21)

1-Propanol (kJ mol21)

2-Propanol (kJ mol21)

Acetone (kJ mol21)

(100)
(110)
(011)
(0-11)
(01-1)
(-201)

273.0
2134.2
2163.1
2122.2
2123.1
0.0

7.5
7.4
7.3
7.3
7.3
7.4

10.3
10.2
9.7
9.7
9.6
10.4

12.5
12.3
11.4
11.4
11.4
12.0

12.1
12.0
11.3
11.3
11.2
11.8

9.4
9.2
9.1
8.6
8.9
9.6

CrystEngComm, 2013, 15, 6617–6624 | 6619

Fig. 5 TEM images of VO2 nanoribbons (a: no ligand, 4 h; b: 2-propanol, 1 : 5 molar ratio, 2 h; c: ethanol; d: 2-propanol, 1.3 : 1 molar ratio, 3 h; e: acetone, 1 : 5
molar ratio, 3 h; f: acetone, 1.3 : 1 molar ratio, 3 h).

6620 | CrystEngComm, 2013, 15, 6617–6624

������ � 1

������ �

408

409

View Article Online

CrystEngComm
over product morphology (Fig. 5). 2-Propanol, at 1 : 5 molar
ratio to VO2 precursor (30 ml per 100 mg of precursor), was
found to decrease the diameter of the nanoribbons to 15–40
nm, without any observable decrease in nanoribbon length. At
1.3 : 1 molar ratio (200 ml per 100 mg), addition of 2-propanol
resulted in sheets around 200 nm wide and 10–20 nm thick
and addition of acetone in 1 : 5 molar ratio (30 ml per 100 mg)
had the same effect. Higher concentration of acetone (1.3 : 1
molar ratio, 200 ml per 100 mg) produced even larger sheets,
which exhibit a strong tendency to roll-up. Additionally, the
optimal reaction time was shortened to 3 h for reactions with
both 2-propanol and acetone. This is probably a consequence
of decreased diameter and thickness of the resulting nanoribbons and nanosheets. Addition of methanol and ethanol to
the reaction mixture was found to cause formation of long
VO2(M) ribbons about 200 nm in diameter, which are
composed of self-assembled smaller nanoribbons (5–10 nm
in diameter).
Addition of 1-propanol has an effect very similar to the
addition of 2-propanol, except that it forms only nanoribbons,
even at higher concentrations, while ethylene glycol, ethylene
diamine, propionic acid and succinic acid were found to have
no observable effect on either size or shape of the product. As
stated above EDTA formed a dark-blue solution of its vanadyl
complex.
In order to gain further insight into the effect of different
ligand molecules on shape and size of VO2(M) nanocrystals,
adsorption energies of ligands used were calculated on
different crystal planes of VO2(M) using the unit cell
parameters obtained from experimental XRD data (Table 1).
These show that, surprisingly, 1-propanol, binds the
strongest to VO2 surfaces, while acetone, which shows the
largest effect in directing growth into two-dimensional
structures, exhibits the smallest adsorption energy of the
ligand molecules used in the experiments. Differences in
calculated adsorption energies on individual crystal planes are
relatively small for all ligands used (less than 10%), especially
when compared to differences in relative stabilities of
respective planes. This means that while these ligands might
be able to control nanocrystal size, it is unlikely that the
difference in their adsorption on different surface planes of
VO2 nanocrystals would be sufficient to change dimensionality
of product. Two-dimensional crystal growth, achieved by
addition of acetone, is probably caused by donor–acceptor
bonding of LO group in acetone to vanadium on the surface,
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rather than simple adsorption. The similar effect observed by
additions higher concentrations of 2-propanol and small
concentrations of acetone in creating two-dimensional structures suggests that a portion of 2-propanol is oxidized to
acetone during the reaction.39,40 This is supported by the fact
that the same concentration of 1-propanol does not produce
nanosheets, but nanoribbons, the same as the reaction with
lower ligand concentration. Vanadium oxide is well known for
catalyzing oxidation reactions of organic molecules, therefore,
it is likely that it performs the same role here.41
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Table 2 Unit cell parameters of VOx nanocrystals synthesized using different reactionsa

Ligand

Product

t (h)

a (Å)

b (Å)

c (Å)

None
2-Propanol, 30 ml
2-Propanol, 200 ml
Acetone, 200 ml
Ethanol, 200 ml
H2O2, 20 ml
H2O2, 80 ml

VO2(M)
VO2(M)
VO2(M)
VO2(M)
VO2(M)
V3O7(T)
V2O5(O)

6
3
3
3
3
7
7

5.747 ¡ 0.001
5.735 ¡ 0.001
5.759 ¡ 0.001
5.805 ¡ 0.001
5.813 ¡ 0.001
14.726 ¡ 0.002
11.447 ¡ 0.003

4.521 ¡ 0.001
4.529 ¡ 0.001
4.509 ¡ 0.001
4.502 ¡ 0.001
4.504 ¡ 0.001
14.511 ¡ 0.001
4.288 ¡ 0.001

5.348
5.371
5.376
5.362
5.361
3.697
3.353

a

a (u)
¡
¡
¡
¡
¡
¡
¡

0.001
0.001
0.001
0.001
0.001
0.001
0.001

89.9
90.0
89.9
89.8
89.8
89.7
90

¡
¡
¡
¡
¡
¡

0.1
0.1
0.1
0.1
0.1
0.1

b (u)

c (u)

123.0 ¡ 0.1
122.8 ¡ 0.1
122.3 ¡ 0.1
121.9 ¡ 0.1
121.8 ¡ 0.1
91.8 ¡ 0.1
90

90.0
89.8
90.6
90.8
90.8
90.8
90

V (%)
¡
¡
¡
¡
¡
¡

0.1
0.1
0.1
0.1
0.1
0.1

99.2
99.8
100.5
101.3
101.6
108.1
91.8

t is reaction time and V is unit cell volume relative to the respective reference systems.

Control of vanadium oxidation state in the product
Addition of hydrogen peroxide in different concentrations to
the reaction was found to allow manipulation of oxidation
state of vanadium in the vanadium oxide product, while
retaining nanoribbon shape and size (Fig. 6). Addition of 20 ml
of H2O2 per 100 mg of VO2 precursor formed V3O7 [JCPDS 71159], while 80 ml of H2O2 per 100 mg of precursor resulted in
formation of V2O5 [JCPDS 77-2418]. TEM images show that the
product of these reactions is in the shape of nanoribbons,
meaning that the morphology of the product was not affected
by the addition of the oxidizing agent and change in the
chemical composition of the product.
Using Rietveld analysis of the XRD data, the unit cell of the
VO2 nanocrystals was identified to be similar to the structure
of monoclinic rutile VO2 phase [JCPDS 43-1051]. The unit cell
is slightly deformed from monoclinic, probably due to its
small size, and the extent of this deformation is dependent on
size and shape of nanocrystals, as shown in Table 2. Unit cell
volume in nanoribbons synthesized without ligand is smaller
than that of macroscopic monoclinic VO2 powder, although
the volume increases with a decrease in size. Reaction with
ethanol, which produces the smallest nanoribbons, exhibits
the highest unit cell volume, probably due to their very small
size. The gradual shift in product dimensionality from
nanoribbons to large nanosheets shows a corresponding
increase in unit cell volume, suggesting that the deformation
of the unit cell is primarily determined by the thickness of
individual nanoribbons and nanosheets (nanosheets are
generally thinner, as observed in TEM images), rather than
the total volume of the crystal.
The product of both hydrogen peroxide oxidation reactions
exhibits a distorted unit cell, compared to the reference bulk
powder, with a very large difference (around 8%) in unit cell
volumes of respective bulk unit cell and unit cell of

Fig. 7 TEM images of V2O3 nanocrystals: 2 h at 210 uC with 50 ml (a, b), 100 ml (c) and 500 ml (d) of 2-propanol; 1 h at 210 uC with 30 ml of 2-propanol (e–g).

nanoribbons obtained by hydrothermal oxidation of VO2
(Table 2). While V3O7 exhibits an expanded lattice, the lattice
of V2O5 is contracted compared to the orthorhombic lattice of
bulk material, and, while the lattice of V3O7 exhibits a loss of
symmetry, similar to the lattice of VO2, V2O5 retains
orthorhombic symmetry. This could suggest the presence of
excess oxygen atoms in V3O7 and oxygen vacancies in V2O5,
indicating that these reactions could be fine-tuned by
adjusting the initial concentrations of hydrogen peroxide.
Use of bulk V2O3 as a precursor allows the synthesis of V2O3
nanoribbons and nanoleaves, while an increase in 2-propanol
concentration reduces the dimensionality of the product to
nanorods and nanoparticles (Fig. 7). Longer reaction time
leads to an increase in thickness of nanoribbons from around
10 nm for 1 h to around 30 nm for 2 h. Nanoparticles obtained
at the highest concentration of 2-propanol are 20–50 nm in
diameter.
Since the size of some of the nanocrystals is much larger
than the crystal size of initial precursor powder, this suggests
that this is a rapid recrystallization reaction, rather than
simple cleaving or exfoliation of the bulk crystal material.

Fig. 6 XRD spectra and TEM images of products of reactions with different concentrations of H2O2.
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Conclusions
Hydrothermal reaction of commercial bulk VO2 powder allows
formation of a full range of VO2 nanocrystals, 0-, 1- and
2-dimensional, with excellent control over dimensionality and
size of the product using ligands and pH of reaction solution.
The reaction occurs with VO2+ ion, created by dissolution of
bulk VO2 powder, as the reactant, and it does not require the
presence of crystalline VO2, as the reaction can also be
performed with VOSO4 as a precursor. pH controls the product
shape through increased solubility of VO2 at pH , 3 and
inhibition of reaction through reaction of VO2+ with OH2 at
pH . 6. While different alcohols act as ligands and control the
size of VO2 nanoribbons, lack of significant difference in
calculated adsorption energies of individual ligands on
different VO2 crystal surfaces suggests that the LO group of
acetone creates a donor–acceptor bond with vanadium on the
surface and controls the product dimensionality. Addition of
different amounts of hydrogen peroxide allows conversion of
the product to V3O7 or V2O5 without change to its morphology.
Change of precursor to bulk V2O3 yields nanocrystals of V2O3,
suggesting that the versatility of this reaction might extend
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beyond vanadium oxide and offer a universal route of
synthesizing nanocrystals of different oxides with limited
water solubility. The advantages of this reaction over other
recently published procedures13–25 are that it is a very simple
procedure, performed in mild conditions, has significantly
shorter reaction times than other hydrothermal reactions (3–6
h, compared to 1.5–7 days), uses only solid precursor, water
and a very small amount of growth directing ligand, resulting
in a very clean product with easily disposable waste, while the
process is easily scalable, has very high yield (close to 100%)
and can easily be modified to include doping agents. At the
same time, it offers an excellent degree of control over size and
shape of the product. The length of the nanoribbons obtained
in this synthesis is in hundreds of microns, at least ten times
longer than in any other report. In addition, the application of
a similar procedure to synthesise other vanadium oxide
suggests the possibility of a broader applicability in the
synthesis of transition metal oxide nanomaterials.
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6WUXFWXUDO SKDVH WUDQVLWLRQ ZKLFK DFFRPSDQLHV PHWDOLQVXODWRU WUDQVLWLRQ LQ 92
RFFXUV ZLWK WUDQVIRUPDWLRQ IURP WHWUDJRQDO UXWLOH 3PQ  WR PRQRFOLQLF 0 SKDVH 3F 
>@ /DWHQW KHDW RI WKLV ILUVWRUGHU WUDQVLWLRQ LV DURXQG  N-PRO 7HWUDJRQDO VWUXFWXUH
FRQWDLQVHTXLGLVWDQWYDQDGLXPDWRPV ZLWKLQWHUDWRPLFGLVWDQFHRIǖ ZKLOHPRQRFOLQLF
VWUXFWXUHFRQWDLQVGLVWLQFWSDLUVRIYDQDGLXPDWRPV LQWHUDWRPLFGLVWDQFHǖ VHSDUDWHGE\
ǖ 5HFHQW VWXGLHV KDYH VKRZQ WKDW WKLV SKDVH WUDQVLWLRQ H[KLELWV VL]H GHSHQGHQFH LQ
QDQRFU\VWDOOLQH 92 >@ LQGLFDWLQJ WKDW WKH WHPSHUDWXUH RI SKDVH WUDQVLWLRQ GHSHQGV RQ WKH
VL]H RI WKH VPDOOHVW GLPHQVLRQ RI WKH QDQRFU\VWDO +HUH ZH SUHVHQW D VWXG\ RI WKH HIIHFW RI
GLPHQVLRQDOLW\RI92QDQRFU\VWDOVRQVWUXFWXUDOSKDVHWUDQVLWLRQWHPSHUDWXUHDQGNLQHWLFV



([SHULPHQWDO



$EVWUDFW
+\GURWKHUPDOO\ V\QWKHVL]HG RQHGLPHQVLRQDO DQG WZRGLPHQVLRQDO QDQRFU\VWDOV RI
92 XQGHUJR SKDVH WUDQVLWLRQ DURXQG R& ZKHUH WHPSHUDWXUH DQG PHFKDQLVP RI SKDVH
WUDQVLWLRQ DUH GHSHQGHQW RQ GLPHQVLRQDOLW\ RI QDQRFU\VWDOV %RWK QDQRFU\VWDOOLQH VDPSOHV
H[KLELW GHSUHVVLRQ RI SKDVH WUDQVLWLRQ WHPSHUDWXUH FRPSDUHG WR WKH EXON PDWHULDO WKH
PDJQLWXGH RI ZKLFK GHSHQGV RQ WKH GLPHQVLRQDOLW\ RI WKH QDQRFU\VWDO 2QHGLPHQVLRQDO
QDQRULEERQV H[KLELW ORZHU SKDVH WUDQVLWLRQ WHPSHUDWXUH DQG KLJKHU YDOXHV RI DSSDUHQW
DFWLYDWLRQ HQHUJ\ WKDQ WZRGLPHQVLRQDO QDQRVKHHWV 7KH SKDVH WUDQVLWLRQ H[KLELWV DV D
FRPSOH[SURFHVVZLWKVRPHZKDWORZHUYDOXHRIHQWKDOS\WKDQWKHSKDVHWUDQVLWLRQLQWKHEXON
SUREDEO\ GXH WR KLJKHU SURSRUWLRQ RI VXUIDFH DWRPV LQ WKH QDQRFU\VWDOV +LJK YDOXHV RI
DSSDUHQW DFWLYDWLRQ HQHUJ\ LQGLFDWH WKDW LQGLYLGXDO VWHSV RI WKH SKDVH WUDQVLWLRQ LQYROYH
VLPXOWDQHRXV PRYHPHQW RI ODUJH JURXSV RI DWRPV DV H[SHFWHG IRU VLQJOHGRPDLQ
QDQRFU\VWDOOLQHPDWHULDOV
.H\ZRUGV1DQRFU\VWDOV9DQDGLXPR[LGH3KDVHWUDQVLWLRQ6L]HHIIHFWV



6\QWKHVLV RI 92 QDQRFU\VWDOV ZDV SHUIRUPHG XVLQJ SUHYLRXVO\ GHYHORSHG
K\GURWKHUPDO UHDFWLRQ >@ WR REWDLQ QDQRULEERQV DQG QDQRVKHHWV RI 92 7KH DVSUHSDUHG
VDPSOHVZHUHZDVKHGZLWKGLVWLOOHGZDWHUDQGDFHWRQHDQGGULHGILUVWDWURRPWHPSHUDWXUHIRU
KDQGWKHQYDFXXPGULHGDWR&IRUK
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FRUUHVSRQGLQJ KHDWLQJ UDWH SULRU WR HDFK RI WKH PHDVXUHPHQWV DQG WKH '6& FXUYHV VKRZQ
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WHPSHUDWXUHV ZLWK LQFUHDVH LQ KHDWLQJ UDWH LQGLFDWLQJ D WKHUPDOO\ DFWLYDWHG SURFHVV ǻ+ RQ
KHDWLQJLV-JZKLFKLVHTXLYDOHQWWRN-PRORI92ZKLFKVRPHZKDWORZHUWKDQ
SUHYLRXVO\UHSRUWHGODWHQWKHDWIRUDPDFURVFRSLFV\VWHP N-PRO HYHQZKHQWDNLQJLQWR
DFFRXQWWKDWODWHQWKHDWDOVRLQFOXGHVFRQWULEXWLRQIURP HQWURS\FKDQJH7KLVLVH[SHFWHGDV
QDQRFU\VWDOOLQHV\VWHPVKDYHVLJQLILFDQWO\KLJKHUVXUIDFHWRYROXPHUDWLRZKLFKUHGXFHVWKH
HQHUJ\ UHTXLUHG IRU VWUXFWXUDO WUDQVIRUPDWLRQ GXH WR KLJKHU SURSRUWLRQ RI VXUIDFH DWRPV
ZKLFK H[SHULHQFH OHVV FRQVWUDLQWV WKDQ DWRPV LQ WKH EXON UHTXLULQJ OHVV HQHUJ\ WR FKDQJH
SRVLWLRQLQWKHODWWLFH




'7$ PHDVXUHPHQWV )LJ   VKRZ D SHDN DURXQG R& ZKLFK VKLIWV WR KLJKHU
WHPSHUDWXUHV ZLWK LQFUHDVH LQ KHDWLQJ UDWH LQGLFDWLQJ D WKHUPDOO\ DFWLYDWHG SURFHVV 7KH
DV\PPHWU\RIWKHSHDNLQFUHDVHVZLWKLQFUHDVHLQKHDWLQJUDWH±DWKHDWLQJUDWHRIR&PLQWKH
SHDNLVUHODWLYHO\V\PPHWULFDQGH[KLELWVLQFUHDVHVDV\PPHWU\RQWKHULJKWKDOIZLWKLQFUHDVH
LQKHDWLQJUDWHVXJJHVWLQJDFRPSOH[SURFHVVFRQWDLQLQJVHYHUDOLQGLYLGXDOVWHSV2QHRIWKH
SURFHVVHV WKDW LV SUHVHQW EHVLGH SKDVH WUDQVLWLRQ LV DGVRUSWLRQGHVRUSWLRQ RI QLWURJHQ IURP
92VXUIDFH7KLVSURFHVVZDVIRXQGWREHFRQWLQXRXVRYHUWKHHQWLUHWHPSHUDWXUHUHJLRQRI
'7$ PHDVXUHPHQWV ZLWKRXW DQ\ GLVFRQWLQXLW\ DURXQG WKH SKDVH WUDQVLWLRQ WHPSHUDWXUH
+RZHYHULWVH[DFWHIIHFWDQGFRQWULEXWLRQLVVWLOOXQFOHDU


)LJ'7$RI92QDQRULEERQV OHIW DQGQDQRVKHHWV ULJKW 

9$%ODJRMHYLüHWDO6FLHQFHRI6LQWHULQJ  





)LJ'6&RI92QDQRULEERQV OHIW DQGQDQRVKHHWV ULJKW 

%RWK '7$ DQG '6& PHDVXUHPHQWV VKRZ WKDW WKH SKDVH WUDQVLWLRQ RFFXUV DW KLJKHU
WHPSHUDWXUH IRU QDQRVKHHWV WKDQ LW GRHV IRU QDQRULEERQV ZLWK WKH GLIIHUHQFH LQ SKDVH
WUDQVLWLRQ WHPSHUDWXUHV RI DURXQG R& 7DE ,  7KH GLIIHUHQFH EHWZHHQ QDQRULEERQV DQG
QDQRVKHHWV LV LQGLFDWLYH RI WKHLU GLIIHUHQW PRUSKRORJ\ DQG LW VKRZV WKDW VLQFH WKH SKDVH
WUDQVLWLRQWHPSHUDWXUHVLQQDQRVKHHWVDUHFORVHUWRWKHYDOXHLQEXONPDWHULDO R& UHGXFHG
VL]H OHDGV WR GHSUHVVLRQ RI SKDVH WUDQVLWLRQ WHPSHUDWXUH +RZHYHU VLQFH QDQRULEERQ VL]H LV
RQO\ QP RQ WKH VKRUWHVW GLPHQVLRQ WKLV DOVR LQGLFDWHV WKDW WKH GHSUHVVLRQ RI SKDVH
WUDQVLWLRQ WHPSHUDWXUH LQ GLPHQVLRQDO RU GLPHQVLRQDO 92 QDQRVWUXFWXUHV WKDW FDQ EH
DFKLHYHG LQ SXUH 92 LV UHODWLYHO\ PDUJLQDO DQG PXFK VPDOOHU WKDQ DQ\WKLQJ QHHGHG IRU
SUDFWLFDODSSOLFDWLRQ

7DE,'6&DQG'7$SHDNSRVLWLRQVDQGGLIIHUHQFHLQSKDVHWUDQVLWLRQWHPSHUDWXUHVEHWZHHQ
QDQRULEERQVDQGQDQRVKHHWV
'6&
'7$
'6&
'7$
ȕ
GLIIHUHQFH
GLIIHUHQFH
QDQRULEERQV QDQRVKHHWV R
QDQRULEERQV QDQRVKHHWV R
R
&PLQ  R
&
&
R
R
R
&
&
&
&






















,Q RUGHU WR LQYHVWLJDWH WKH NLQHWLFV RI SKDVH WUDQVLWLRQ LQ 92 QDQRVWUXFWXUHV WKH
HIIHFWLYH YDOXHV RI (D IRU GLIIHUHQW FRQYHUVLRQ GHJUHHV ZHUH GHWHUPLQHG XVLQJ )O\QQ:DOO
2]DZD DQG .LVVLQJHU$NDKLUD6XQRVH LVRFRQYHUVLRQDO PHWKRGV >@ XVLQJ '7$
PHDVXUHPHQWV7KHFRQYHUVLRQGHJUHHRIUHDFWLRQĮDWWHPSHUDWXUH7LVHTXDOWRWKHUDWLRRI
67WR6ZKHUH6LVWKHWRWDOSHDNDUHD DQG67LVWKHDUHDEHWZHHQWKHLQLWLDOFU\VWDOOL]DWLRQ
WHPSHUDWXUH DQG WHPSHUDWXUH 7 7KH GHSHQGHQFH RI Į RQ WHPSHUDWXUH VKRZV WKDW DW KHDWLQJ
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UDWHRI R&PLQWKHUHDFWLRQKDVDFRPSOHWHO\GLIIHUHQWPHFKDQLVP )LJ 7KHUHIRUHRQO\
WKH PHDVXUHPHQWV DW KHDWLQJ UDWHV   DQG  R&PLQ ZHUH WDNHQ LQWR FRQVLGHUDWLRQ IRU
FDOFXODWLRQRINLQHWLFSDUDPHWHUV
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&RQFOXVLRQV


+\GURWKHUPDOO\V\QWKHVL]HGQDQRFU\VWDOVRI92XQGHUJRVWUXFWXUDOSKDVHWUDQVLWLRQ
DURXQG R&7KHSKDVHWUDQVLWLRQPHFKDQLVPVKRZVVRPHGHSHQGHQFHRQKHDWLQJUDWHDQG
WKH HQWKDOS\ RI SKDVH WUDQVLWLRQ LV VRPHZKDW ORZHU WKDQ LQ WKHEXON SUREDEO\ GXH WR PXFK
KLJKHUSURSRUWLRQRIVXUIDFHDWRPVLQWKHQDQRFU\VWDOV$QDO\VLVRIWKHNLQHWLFVRIWKHSURFHVV
VKRZVWKDWLWLVDFRPSOH[SURFHVVLQYROYLQJVHYHUDOLQGLYLGXDOVLQJOHVWHSSURFHVVHVZKLFK
H[KLELW DSSDUHQW DFWLYDWLRQ HQHUJLHV RI  N-PRO 0RUSKRORJ\ RI QDQRFU\VWDOV KDV
VLJQLILFDQW HIIHFW RQ WKH SURFHVV RI VWUXFWXUDO SKDVH WUDQVLWLRQ GLPHQVLRQDO QDQRVKHHWV
H[KLELW KLJKHU SKDVH WUDQVLWLRQ WHPSHUDWXUH DQG ORZHU YDOXHV RI DSSDUHQW DFWLYDWLRQ HQHUJ\
$OWKRXJK QDQRFU\VWDOV RI 92 H[KLELW GHSUHVVLRQ RI SKDVH WUDQVLWLRQ WHPSHUDWXUH LWV
PDJQLWXGHLVWRRORZWREHRIDQ\SUDFWLFDOLPSRUWDQFHIRUSRVVLEOHDSSOLFDWLRQ



$FNQRZOHGJPHQWV


)LJ'HSHQGHQFHRIFRQYHUVLRQGHJUHHĮRQWHPSHUDWXUHIRU'7$RIQDQRULEERQV OHIW DQG
QDQRVKHHWV ULJKW 

'HSHQGHQFH RI HIIHFWLYH DFWLYDWLRQ HQHUJ\ RQ Į IRU QDQRULEERQ DQG QDQRVKHHW
VDPSOHVVKRZVWKDWWKHVWUXFWXUDOSKDVHWUDQVLWLRQRI92LVDFRPSOH[SURFHVVFRQWDLQLQJDW
OHDVWWZRVHSDUDWHVLQJOHVWHSSURFHVVHV )LJ ,WZDVQRWSRVVLEOHWRGHFRQYROXWHWKHGDWDWR
LVRODWHLQGLYLGXDOVLQJOHVWHSSURFHVVHV7KHLQLWLDOSDUWRIWKHUHDFWLRQH[KLELWVPXFKKLJKHU
DFWLYDWLRQHQHUJ\WKDQWKHILQDOSDUWDQGWKHQDQRULEERQVH[KLELWERWKKLJKHUDFWLYDWLRQHQHUJ\
DQGVRPHZKDWGLIIHUHQWPHFKDQLVPWKDQWKHQDQRVKHHWV7KHYDOXHVRIDFWLYDWLRQHQHUJLHVIRU
ERWK VDPSOHV DUH KLJK  DQG  N-PRO UHVSHWLYHO\  LQGLFDWLQJ KLJK FRPSOH[LW\ RI WKH
SURFHVVLQYROYLQJVLPXOWDQHRXVPRYHPHQWRIODUJHQXPEHURIDWRPV,IWKHFDOFXODWHGYDOXH
RIǻ+RIWKHSKDVHWUDQVLWLRQRIN-PROLVXVHGWRFDOFXODWHWKHDSSUR[LPDWHQXPEHURI
92 XQLWV LQYROYHG LQ HOHPHQWDU\ VWHS RI SKDVH WUDQVIRUPDWLRQ E\ GLYLGLQJ WKH DFWLYDWLRQ
HQHUJ\ ZLWK LW LW FDQ EH HVWLPDWHG WKDW DW OHDVW VHYHUDO KXQGUHG DWRPV DUH LQYROYHG LQ HDFK
HOHPHQWDU\VWHSRISKDVHWUDQVIRUPDWLRQ6LQFHQDQRFU\VWDOVUHSUHVHQWVLQJOHGRPDLQFU\VWDOV
WKLV KLJK OHYHO RI FRPSOH[LW\ LV H[SHFWHG DV WKH HQWLUH GRPDLQ ZRXOG XQGHUJR VWUXFWXUDO
WUDQVIRUPDWLRQVLPXOWDQHRXVO\


7KLV ZRUN ZDV VXSSRUWHG LQ SDUW E\ WKH 0LQLVWU\ RI 6FLHQFH DQG (QYLURQPHQWDO
3URWHFWLRQRI6HUELDXQGHUWKHIROORZLQJ3URMHFWDQG



5HIHUHQFHV




















)LJ'HSHQGHQFHRIDSSDUHQWDFWLYDWLRQHQHUJ\(DRQĮXVLQJLVRFRQYHUVLRQDOPHWKRGVIRU
92QDQRULEERQV OHIW DQGQDQRVKHHWV ULJKW 



0RWW1)0HWDO,QVXODWRU7UDQVLWLRQVQGHG&5&3UHVV%RFD5DWRQ)/
%HUJOXQG&1*XJJHQKHLP+-3K\V5HY±
0RULQ)-3K\V5HY/HWW
<DPDXFKL7,VREH08HGD<6ROLG6WDWH6FL±
4D]LOEDVK 0 0 %UHKP 0 &KDH %* +R 3& $QGUHHY * 2 .LP %-
<XQ6-%DODWVN\$90DSOH0%.HLOPDQQ)6FLHQFH±

:X-*X4*XLWRQ%6/HRQ12X\DQJ/3DUN+1DQR/HWW
<LQ'1LDQNDQ;=KDQJ-=KHQJ;-3K\V'$SSO3K\V±

0DQQLQJ 7 ' 3DUNLQ , 3HPEOH 0 ( 6KHHO ' 9HUQDUGRX ' &KHP 0DWHU
±
&KXGQRYVNL\ ) /XU\L 6 6SLYDN % ,Q )XWXUH 7UHQGV LQ 0LFURHOHFWURQLFV 7KH
1DQR0LOOHQLXP=DVODYVN\$(G:LOH\,QWHUVFLHQFH1HZ <RUNSS

/HH & ( $WNLQV 5 $ *LOHU : 1 7D\ORU + ) $SSO 2SW   ±

/HH0-3DUN<6XK'6/HH(+6HR6.LP'&-XQJ5.DQJ%
6$KQ6(/HH&%$GY0DWHU±
)UHQ]HO $ 4D]LOEDVK 0 0 %UHKP 0 &KDH %* .LP %- .LP +7
%DODWVN\ $ 9 .HLOPDQQ ) %DVRY ' 1 3K\V 5HY %   ±

*RRGHQRXJK-%-6ROLG6WDWH&KHP±
:KLWWDNHU/-D\H&)X=)LVFKHU'$%DQHUMHH6-$P&KHP6RF
±
0LQLü'0%ODJRMHYLü9$&U\VW(QJ&RPPLQSUHVV
*XLWRQ % 6 *X 4 3ULHWR $ / *XGLNVHQ 0 6 3DUN + - $P &KHP 6RF
±
+( .LVVLQJHU 5HDFWLRQ NLQHWLFV LQ GLIIHUHQWLDO WKHUPDO DQDO\VLV $QDO &KHP 
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 -)O\QQ/:DOO-5HV1DWO%XU6WDQG6HFW$  
 7-2]DZD%XOO&KHP6RF-DSDQ  
 7 $NDKLUD 7 6XQRVH 7UDQV  -RLQW &RQYHQWLRQ RI )RXU (OHFWULFDO ,QVWLWXWHV
3DSHU1R5HV5HSRUW&KLED,QVW7HFKQRO1R  

9 Hydrogels



ɋɚɞɪɠɚʁ ȳɟɞɧɢɞɢɦɟɧɡɢɨɧɚɥɧɢ ɢ ɞɜɨɞɢɦɟɧɡɢɨɧɚɥɧɢ ɧɚɧɨɤɪɢɫɬɚɥɢ ɜɚɧɚɞɢʁɭɦɞɢɨɤɫɢɞɚ
ɫɢɧɬɟɬɢɫɚɧɢ ɫɭ ɯɢɞɪɨɬɟɪɦɚɥɧɢɦ ɩɪɨɰɟɫɨɦ ɢ ɢɫɩɨʂɚɜɚʁɭ ɮɚɡɧɢ ɩɪɟɥɚɡ ɨɤɨ ɨɋ
Ɍɟɦɩɟɪɚɬɭɪɚ ɢ ɦɟɯɚɧɢɡɚɦ ɮɚɡɧɨɝ ɩɪɟɥɚɡɚ ɩɨɤɚɡɭʁɭ ɡɚɜɢɫɧɨɫɬ ɨɞ ɞɢɦɟɧɡɢɨɧɚɥɧɨɫɬɢ
ɧɚɧɨɤɪɢɫɬɚɥɚ Ɉɛɚ ɧɚɧɨɤɪɢɫɬɚɥɧɚ ɭɡɨɪɤɚ ɩɨɤɚɡɭʁɭ ɧɢɠɭ ɬɟɦɩɟɪɚɬɭɪɭ ɮɚɡɧɨɝ ɩɪɟɥɚɡɚ
ɭ ɨɞɧɨɫɭ ɧɚ ɦɚɤɪɨɦɚɬɟɪɢʁɚɥ ɢ ɪɚɡɥɢɤɚ ɭ ɬɟɦɩɟɪɚɬɭɪɢ ɮɚɡɧɨɝ ɩɪɟɥɚɡɚ ɡɚɜɢɫɢ ɨɞ
ɞɢɦɟɧɡɢɨɧɚɥɧɨɫɬɢ ɧɚɧɨɤɪɢɫɬɚɥɚ ȳɟɞɧɨɞɢɦɟɧɡɢɨɧɚɥɧɟ ɧɚɧɨɬɪɚɤɟ ɢɫɩɨʂɚɜɚʁɭ ɧɢɠɭ
ɬɟɦɩɟɪɚɬɭɪɭ ɢ ɜɢɲɭ ɟɧɟɪɝɢʁɭ ɚɤɬɢɜɚɰɢʁɟ ɮɚɡɧɨɝ ɩɪɟɥɚɡɚ ɭ ɨɞɧɨɫɭ ɧɚ ɞɜɨɞɢɦɟɧɡɢɨɧɚɥɧɟ
ɧɚɧɨɥɢɫɬɢʄɟ Ɏɚɡɧɢ ɩɪɟɥɚɡ ɭ ɧɚɧɨɤɪɢɫɬɚɥɭ ɢɫɩɨʂɚɜɚ ɫɟ ɤɚɨ ɫɥɨɠɟɧɢ ɩɪɨɰɟɫ ɫɚ ɧɟɲɬɨ
ɧɢɠɨɦ ɜɪɟɞɧɨɲʄɭ ɟɧɬɚɥɩɢʁɟ ɨɞ ɮɚɡɧɨɝ ɩɪɟɥɚɡɚ ɭ ɧɚɧɨɦɚɬɟɪɢʁɚɥɭ ɲɬɨ ʁɟ ɜɟɪɨɜɚɬɧɨ
ɩɨɫɥɟɞɢɰɚ ɡɧɚɱɚʁɧɨ ɜɟʄɟɝ ɭɞɟɥɚ ɩɨɜɪɲɢɧɫɤɢɯ ɚɬɨɦɚ ɭ ɧɚɧɨɦɚɬɟɪɢʁɚɥɭ ȼɢɫɨɤɟ
ɜɪɟɞɧɨɫɬɢ ɟɧɟɪɝɢʁɟ ɚɤɬɢɜɚɰɢɟ ɮɚɡɧɨɝ ɩɪɟɥɚɡɚ ɭɤɚɡɭʁɭ ɧɚ ɜɢɫɨɤ ɫɬɟɩɟɧ ɫɥɨɠɟɧɨɫɬɢ
ɩɪɨɰɟɫɚ ɢ ɭɱɟɲʄɟ ɜɟɥɢɤɨɝ ɛɪɨʁ ɚɬɨɦɚ ɭ ɫɜɚɤɨɦ ɩɨʁɟɞɢɧɚɱɧɨɦ ɤɨɪɚɤɭ ɮɚɡɧɟ
ɬɪɚɧɫɮɨɪɦɚɰɢʁɟ Ɉɜɨ ʁɟ ɨɱɟɤɢɜɚɧɨ ɩɨɲɬɨ ɫɭ ɧɚɧɨɦɚɬɟɪɢʁɚɥɢ ɫɚɫɬɚɜʂɟɧɢ ɨɞ ɫɚɦɨ
ʁɟɞɧɨɝ ɞɨɦɟɧɚ
Ʉʂɭɱɧɟ ɪɟɱɢ ɇɚɧɨɤɪɢɫɬɚɥ ɜɚɧɚɞɢʁɭɦɨɤɫɢɞ ɮɚɡɧɢ ɩɪɟɥɚɡ ɭɬɢɰɚʁ ɜɟɥɢɱɢɧɟ ɤɪɢɫɬɚɥɚ


% $GQDÿHYLü % -DQNRYLü /M .RODU$QLü ' 0LQLü 1RUPDOL]HG :HLEXOO
dLVWULEXWLRQ fXQFWLRQ IRU mRGHOLQJ WKH kLQHWLFV RI QRQiVRWKHUPDO dHK\GUDWLRQ RI
eTXLOLEULXPsZROHQpRO\ DFU\OLFDFLG K\GURJHO&KHPLFDO(QJLQHHULQJ-RXUQDO
 
% -DQNRYLü % $GQDÿHYLü - -RYDQRYLü ' 0LQLü  /M .RODU$QLü
7KHUPRJUDYLPHWULF aQDO\VLV RI sXSHUDEVRUELQJ pRO\DFU\OLF h\GURJHO 0DWHULDOV
6FLHQFH)RUXP  

9$QDOyWics


0 ĈXULþLü - -RUJRYLü.UHP]HU 7 %RMRYLü ' 0LQLü 2GUHÿLYDQMH VWLSVH X
NRQ]HUYLVDQLPNUDVWDYFLPDLSULPHQDSURSLVDRNYDOLWHWXSURL]YRGD7HKQRORJLMDYRüD
LSRYUüD  
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Thermogravimetric Analysis of Superabsorbing Polyacrylic Hydrogel
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at a gas flow rate of 10 ml/min. The experiments were carried out at heating rates of 5, 10 and
20oC/min from ambient temperature to 350oC.
Results and Discussion
The obtained thermogravimetric curves of the dehydration of the equilibrated swollen superabsorbing cross-linked poly(acrylic acid) hydrogel in original form and expressed as a function of
degree of dehydration (α) versus time, obtained at different heating rates (5, 10 and 20 oC/min) are
presented in Figs. 1 and 2, respectively.
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Keywords: Activation Energy, Thermogravimetric Analysis, Weibull Distribution Function.

Abstract. The thermogravimetric analysis of superabsorbing polyacrylic hydrogel dehydration,
performed under non-isothermal conditions at different heating rates was discussed. Particularly,
the influence of the heating rate on the obtained results is given in detail. For this purpose the
Weibull distribution function was applied. The thermogravimetric curve when the heating rate tends
to zero was evaluated. The activation energy E = 63 kJ/mol, pre-exponential factor A = 2.97 × 108
min−1, and rate constant k = 2.76 × 10−3 min−1 were determined on the basis of this curve.
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Fig. 1 Thermogravimetric curves of the
equilibrated swollen super-absorbing
cross-linked
poly(acrylic
acid)
hydrogel at different heating rates.
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Introduction
Super-absorbing cross-linked poly(acrylic acid) hydrogel, obtained by simultaneous radical
polymerization of acrylic acid and cross-linking of the formed poly(acrylic acid) [1], swollen in
water until saturation was analyzed thermogravimetrically. The thermogravimetric analysis was
performed under non-isothermal conditions at different heating rates [1].
By analyzing the obtained thermogravimetric results for the dehydration of superabsorbing
cross-linked poly(acrylic acid) hydrogel, we found that the mentioned non-equilibrium system
depended on the heating rate at the considered conditions. The heating rate is the control parameter
leading the considered system to dynamic states far from thermodynamic equilibrium. Thus, beside
the physicochemical processes and corresponding values that should be examined, the additional
effect of the heating rate is present. Consequently, the results obtained by different
thermogravimetric curves are difficult to compare. Particularly, the problem appears when we want
to calculate, for example, the activation energy of the process considered, using thermogravimetric
curves obtained at various heating rates. Therefore, our intention was to determine a
thermogravimetric curve independent of the heating rate that could be examined as the one obtained
under isothermal conditions.
Experimental
The experimental procedure is given in detail in reference [1]. Briefly, the super-absorbing crosslinked poly(acrylic acid) hydrogel was prepared by simultaneous radical polymerization of acrylic
acid and cross-linking of the formed poly(acrylic acid) in nitrogen atmosphere at 80oC, using
initiators. The obtained hydrogel was cut into smaller pieces and dried in an air oven at 105 oC to
constant mass. Then, the pieces were immersed in a doubly distilled water bath at 25±0.1oC until
saturation. Such equilibrium swollen poly(acrylic acid) hydrogel was analyzed
thermogravimetrically.
The TG curves were recorded by a DuPont thermogravimetric analyzer TGA model 9510.
These analyses were performed with 25-30 mg samples in platinum pans under nitrogen atmosphere
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Fig. 2 Thermogravimetric curves of the
equilibrated swollen super-absorbing
cross-linked poly(acrylic acid) hydrogel
in the form of α versus time, at the
following heating rates: 5 (Ŷ), 10 (Ɣ)
and 20 (Ÿ) oC/min. The corresponding
thermogravimetric curve when the
heating rate tends to zero is denoted by
circles (ż).
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The degree of dehydration α is the ratio of the loss of the mass of water at time t due to
dehydration (difference between the mass of the sample at the beginning and at time t) to the total
mass of water (difference between the mass of the sample at the beginning and at the end of the
process).
Under the considered conditions, the shape of the thermogravimetric curves is, obviously, a
function of applied heating rates. Therefore, for kinetic consideration of the analyzed process,
particularly for the determination of the activation energy (E) and pre-exponential factor (A), we
chose to use methods by which the mentioned values could be calculated from every curve
separately. For this purpose we applied the Coats-Redfern [2], Van-Krevelen [3,4] and HorowitzMetzger [5] methods. Since the results were similar, we decided to analyze in the following only the
values obtained by the Coats-Redfern method. Thus we obtained that the equation:
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§ ln (1 − α ) ·
AR E
−
ln ¨ −
¸ = ln
2
T
vh E RT
©
¹

(1)

was valid in the considered case. The values of α corresponding to the linear domain of equation
(1), the activation energy E and the pre-exponential factor A determined by analyzing the relation
between ln ( − ln (1 − α ) / T 2 ) and 1/ T are shown in Table 1.

Table 1 The values of α corresponding to the linear domain of equation (1), the
activation energy E and the pre-exponential factor A of the dehydration of the
superabsorbing poly(acrylic acid) hydrogel determined by the Coats-Redfern method at
various heating rates vh .

vh
0

( C/min)
5
10
20

&XUUHQW5HVHDUFKLQ$GYDQFHG0DWHULDOVDQG3URFHVVHV

Linear
domain of Į

A (min− 1)

ln A

E (kJ/mol)

0.15-0.99
0.13-0.99
0.02-0.99

8.14 × 106
2.63 × 105
4.55 × 104

15.91
12.48
10.72

53.1
43.5
38.6

Accordingly, the degree of dehydration (Į) of the studied hydrogel as a function of reaction
time ( t ) of a given TG curve at the selected heating rate can be described by the following
equation:
ª § t − γ ·β º
α ( t ) = 1 − exp « − ¨
¸ »
«¬ © η ¹ »¼

(3)

were there are three parameters: β, η and γ, where β is the shape parameter, η is the scalar and γ is
the location parameter [11,12]. If γ is equal to zero, which is very often, and also in the case
considered, equation (3) can be linearized by a double logarithmic. The dependence of
ln ( − ln (1 − α ) ) versus ln t for the dehydration of water from superabsorbing poly(acrylic acid)

hydrogel is presented in Fig. 4. Having successful linearity in the considered domain of α, the
parameters β and η were easily determined. The obtained values are shown in Table 2.

1

(2)

ln A = a + bE = −3.06 + 0.357 E

were a and b are constants depending on the reaction system.
In order to avoid the influence of the heating rate on the parameters E and A, we decided to
determine a thermogravimetric curve independent of the heating rate. Thus, for the quantification of
the influence of the heating rate on the form of the thermogravimetric curves, their general
linearization was desirable. For this purpose, any appropriate mathematical function could be used.
Having positive experience in similar cases with probability functions [9,10], we decided to apply
the Weibull-distribution function.

-1

-1
-2
-3
-4
0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

ln t

The obtained values of parameters β and η are also functions of the heating rate vh . The
dependence of β and η on vh can be described by the relations:

β = β o + c exp ¨ −

15

ln A (min )

versus ln t for the dehydration of water
from superabsorbing poly(acrylic acid)
hydrogel at different heating rates: 5 (Ŷ),
10 (Ɣ) and 20 (Ÿ) oC/min. The
corresponding curve when the heating rate
tends to zero is denoted by empty circles
(ż).

§ vh ·
¸
© d ¹
§ v ·
η = ηo + f exp ¨ − h ¸
© g¹

16

Fig. 3 The compensation effect for the
thermal dehydration of water from
superabsorbing poly(acrylic acid) hydrogel

0

Fig. 4 The dependence of ln ( − ln (1 − α ) )

ln(-ln(1-α))

The increase of the heating rate of the system leads to decreasing values of the activation
energy and pre-exponential factor. The change of the logarithmic values of the pre-exponential
factors with activation energy (compensation effect) [6,7,8] (Fig. 3) can be described by an equation
in the form of:

14
13
12

(4)
(5)

where β0 = 2.57, c = 1.44, d = 11.44 oC/min, η0 = 5.27 min, f = 22.82 min and g = 5.86 oC/min.

11
10
38 40 42 44 46 48 50 52 54

E (kJ/mol)
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Table 3 Dehydration rate constants of the hydrogel for different heating rates

Table 2 The linear domain of equation (3), the parameters β and η of the Weibull
distribution function with γ equal to zero, obtained for the dehydration of water from
superabsorbing poly(acrylic acid) hydrogel at different heating rates. The corresponding
values when the heating rate tends to zero are also given.
vh
0

( C/min)
tends to 0
5
10
20

Į

β

Ș (min)

0.02-0.90
0.02-0.93
0.02-0.93
0.03-0.92

4.01
3.50
3.17
2.82

28.09
14.99
9.41
6.02

&XUUHQW5HVHDUFKLQ$GYDQFHG0DWHULDOVDQG3URFHVVHV

vh
0

( C/min)
tends to 0
5
10
20

k
(×
× 10 −3min −1)
2.76
4.10
6.34
7.95

Conclusion

By means of the obtained values for β and η when vh tends to zero (Table 2) and equation
(3) when parameter γ is equal to zero, the corresponding thermogravimetric curve was calculated
(Figs 2 and 4). However, this curve ought to be examined as the dehydration curve under infinitely
slow heating-isothermal conditions. Since, in the case considered, the initial temperature is 25 oC,
the isothermal process will be at this temperature. Thus, we can now apply any selected method for
analyzing the obtained curve and calculate the corresponding rate constant. In order to determine
the activation energy and Arrhenius factor, at least two such curves must be found. That means that
we need at least two series of thermogravimetric measurements at different initial temperatures. As
we analyzed the system only at one initial temperature, we should use an empirically determined
relation between the parameter η and the activation energy for different heating rates, Fig.5.

The thermogravimetric analysis of superabsorbing poly(acrylic acid) hydrogel dehydration,
performed under non-isothermal conditions at three different heating rates was performed. The
corresponding curve when the heating rate is infinitesimally slow or when vh tends to zero, was
determined. For this purpose the Weibull distribution function was used. On the basis of this curve
the activation energy E = 63 kJ/mol, pre-exponential factor, A = 2.97 × 108 min−1, and rate constant
k = 2.76 × 10−3 min−1, were determined, Table 3.
Acknowledgement

The investigation was partially supported by the Ministry of Science and Environmental Protection
of the Republic of Serbia, under the Project 1448.
References

J. Jovanoviü, B. Adnaÿeviü, S. Ostojiü, M. Kiüanoviü, Mater. Sci. Forum, Vol. 453-454
(2004), p. 543.
[2] A.W. Coats, J.P. Redfern, Nature, Vol. 201 (1964), p. 68.
[3] D.W. Van Krevelen, C. Van Herden, F.J. Huntjens, Fuel, Vol. 30 (1951), p. 253.
[4] D.W. Van Krevelen, P.J. Hoftyzen, Properties of Polymers, 2nd Ed. Amsterdam: Elsevier
Scientific Publishing, (1980), p. 447.
[5] H.H. Horowitz, G. Metzger, Anal. Chem., Vol. 35 (1963), p. 1464.
[6] A.K. Galwey, M.E. Brown, Thermochim. Acta, Vol. 300 (1997), p. 107.
[7] S. Vyazovkin, W. Linert, Chemical Physics, Vol. 193 (1995), p. 109.
[8] S. Vyazovkin, C.A. Wight, Thermochim. Acta, Vol. 340-341 (1999), p. 53.
[9] Lj. Kolar-Aniü, S. Veljkoviü, S. Kapor, B. Dubljeviü, J. Chem. Phys, Vol. 63 (1975), p. 663.
[10] Lj. Kolar-Aniü, S. Veljkoviü, J. Chem. Phys, Vol. 63 (1975), p. 669.
[11] W. Weibull, J. Appl. Mech., Vol.18 (1951), p. 293.
[12] J.N. Gibra, Probability and Statistical Inferences for Scientists and Engineers, Prentice-Hall,
Englewood Cliffs, NJ, 1973.
[1]

3.6

ln η (min)

3.2

Fig. 5 The linear dependence of ln
Ș versus the activation energy E at
different heating rates

2.8
2.4
2.0
1.6
35

40

45

50

55

60

65

E (kJ/mol)

In the considered case, this equation has the following form:
ln η = −0.522 + 0.061E

(6)

By introducing the value of parameter η for infinitely slow heating, η 0 = 28.09 min , the
activation energy E = 63 kJ/mol, pre-exponential factor, A = 2.97 × 108 min−1, and the rate constant
k = 2.76 × 10−3 min−1, were determined, Table 3.
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Normalized Weibull distribution function for modelling
the kinetics of non-isothermal dehydration of equilibrium
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Abstract
The possibility of applying the normalized Weibull distribution function of reaction times (WDt), for kinetic description of the non-isothermal
dehydration of equilibrium swollen poly(acrylic acid) hydrogel, was investigated. It was found, that the dehydration conversion curves at different
heating rates, may be successfully described by the Weibull distribution function of reaction times, in wide range of the degree of conversion
(α = 0.12–0.93). Also, it was found, that the increasing of heating rate leads to the exponentially increasing of Weibull distribution parameters
(scalar (η) and shape (β) parameters). The procedure for kinetics parameters determination of hydrogel dehydration process and determination of
the density distribution function of activation energies, based on the known normalized Weibull distribution of reaction times was exhibited. The
obtained values of kinetics parameters calculated by the procedure mentioned above are in agreement with values of kinetics parameters, obtained
using the stationary point (SP) and isoconversional methods.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Weibull distribution function; Non-isothermal dehydration; Kinetics; Density distribution function; Poly(acrylic acid) hydrogel

using the procedure based on the simultaneous radical polymerization of acrylic acid and cross-linking of the formed
poly(acrylic acid), according to general procedure described in
previous work [13]. For that process, acrylic acid monomer,
initiators Na2 S2 O8 , Na2 S2 O5 , H2 O and cross-linking agent
N,N� -methylenebisacrylamide (NMBA) were used. Equilibrium
swelling degree (SDeq ) of the used hydrogel in distilled water
at 25 ◦ C was 8500%, determined by standard method based on
weight difference of dry and swollen sample [2].
2.2. Thermogravimetric measurements
Thermogravimetric curves were recorded by a Du Pont
thermogravimetric analyzer TGA model 9510. These analyses were performed with 25 ± 1 mg samples of equilibrium
swollen hydrogel in platinum pans under nitrogen atmosphere
at a gas ﬂow rate of 10 ml min−1 . Experiments were performed
at heating rates of 5, 10 and 20 K min−1 , from ambient temperature to 623 K. The degree of the dehydration is expressed
as:
α=

m0 − m
m0 − mf

(1)

where m0 , m, mf refer to the initial, actual and ﬁnal mass of the
sample.
3. Methods for determination of kinetics parameters of
the process
3.1. Stationary point (SP) method

1. Introduction
Hydrogels may be conveniently described as hydrophilic
polymers that are swollen by, but not dissolved in water. They
are three-dimensional cross-linked polymeric structures that are
able to swell in the aqueous environment. Due to characteristic
properties such as swellability in water, hydrophilicity, biocompatibility, and lack of toxicity, hydrogels have been utilized in a
wide range of biological, medical and pharmaceutical applications [1].
The most important properties of hydrogels are their swelling
capacity and swelling behavior, their mechanical properties and
also dehydration behavior. These properties will be affected on
usability of hydrogels in various applications. Although, the
swelling behavior, swelling kinetics and mechanical properties
of various types of hydrogels are extensively studied [2–12], but
there are no available apparent investigations concerning on the
kinetics and mechanism of hydrogel dehydration.

In the paper of Jovanović et al. [13], applying the nonisothermal Friedman isoconversional method (FR method) [14]
to the poly(acrylic acid) hydrogel dehydration, it was established that the activation energy of the dehydration process
depends on the degree of dehydration (α) and vary within the
range from 98.2 to 11.2 kJ mol−1 . On the contrary to that,
Janković et al. [15] determined the single value of the apparent activation energy (Ea ) and pre-exponential factor (A), which
depended only on the heating rate (Ea = 38.6–59.7 kJ mol−1 and
A = 4.55 × 104 –7.47 × 107 min−1 ), applying different kinetic
methods such as Kissinger [16], Coats–Redfern [17], vanKrevelen et al. [18] and Horowitz–Metzger [19].
The possibility of applying the Weibull distribution function
(WDf) for description of non-isothermal conversion curves, and
determination of the kinetics parameters of dehydration process
of poly(acrylic acid) hydrogel were investigated in this paper.
2. Experimental
2.1. Materials and methods

∗

Super-absorbing cross-linked poly(acrylic acid) hydrogel,
which has been applied for this investigation was synthesized

Corresponding author. Tel.: +381 11 187 133; fax: +381 11 187 133.
E-mail address: bora@ffh.bg.ac.yu (B. Adnad̄ević).
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In the heterogeneous chemical reaction kinetics, function
dα/dt = f(T) (where dα/dt is the velocity of process and T is
the absolute temperature), which have zero-initial velocity can
be observed as functions with local maximum. This maximum
appears in the so called stationary point: S[(dα/dt)max , Tmax ]
(Tmax is the temperature at the maximal velocity of process
(dα/dt)max ), where (d2 α/dt2 ) = 0 [20]. Consequently, stationary
point is deﬁned as a point in which the reaction system, under
given conditions, have maximal reaction velocity. In that case,
the following equation is valid:
 
dα
= k(T, pj )f (αmax ),
(2)
dt max
where (dα/dt)max is maximal velocity of considered reaction or
process, k(T, pj ) the temperature and partial pressure dependent rate constant, f(αmax ) a function of reaction mechanism at
αmax value, αmax the degree of conversion at T = Tmax , and pj
denotes the partial pressure of the gaseous products. For nonisothermal conditions, when the temperature varies with time
with a constant heating rate vh = dT/dt, Eq. (2) can be written
in the form:
   
dα
= k(T, pj )f (αmax ).
(3)
vh
dT max

If Arrhenius dependence of [k(T, pj )] on temperature is supposed, Eq. (3) can be transformed in the following form:


   
Ea
dα
(4)
f (αmax )
= A exp −
vh
dT max
RTmax
where Ea is the apparent activation energy of the overall process,
whereas A and R are the pre-exponential factor and gas constant,
respectively. Since the logarithmic form of Eq. (4) is
   
dα
Ea
= ln[Af (α)max ] −
ln vh
,
(5)
dT max
RTmax
and from the slope of the dependence between ln[vh (dα/dT )max ]
and 1/Tmax , it is possible to determine the value of the apparent activation energy Ea of the investigated process. However,
method of the stationary point does not enable directly calculation of the pre-exponential factor (A). The value of the
pre-exponential factor (A) can be determined only in the case
when the exact mathematical form of the function f(αmax ) is
known [20]. Furthermore, by this method we obviously can
obtain only one activation energy, the one that can be calculated
comparing the (dα/dt)max at different temperatures and which
corresponds to αmax (the degree of conversion at T = Tmax ).
3.2. Friedman (FR) method
The differential isoconversional method suggested by Friedman [14] is based on the general kinetic equation in following
form:


dα
Ea
vh
= A exp −
f (α).
(6)
dT
RT
where dα/dT is the rate of process at any α, and f(α) is the
differential conversion function (reaction model). This method
is based on Eq. (6) in logarithmic form and leads to:
   
dα
Ea,α
= ln[Aα f (α)i ] −
(7)
ln vh,i
dT α,i
RTα,i
where subscripts i and α designates a given value of heating
rate and the degree of conversion,
respectively. For α = const.,

the plot ln vh,i (dα/dT )α,i versus (1/Tα,i ) should be a straight
line whose slope can be used to evaluate the apparent activation
energy. By this method, as well as by the previous one, the value
of the pre-exponential factor (A) can be determined only in the
case when the exact mathematical form of the function f(α) is
known. However, here, on the contrary to the previous method,
we can get different values of activation energies for a process
depending on α.
4. Results and discussion
The experimentally obtained conversion curves at different heating rates for dehydration process of poly(acrylic acid)
hydrogel are given in Fig. 1.
All the conversion (α–T) curves are asymmetric. Values of the
initial temperature (Ti ), the inﬂection temperature (Tp ), the ﬁnal
temperature (Tf ) and total mass loss (�mf or mf ) of the sample,
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Table 2
Values of Tmax (Fig. 2) and corresponding kinetics parameters obtained by
stationary point (SP) method, at different heating rates for dehydration of
poly(acrylic acid) hydrogel

Fig. 1. The conversion (α–T) curves of non-isothermal dehydration of
poly(acrylic acid) hydrogel at different heating rates (5, 10 and 20 K min−1 )
(from right to left).
Table 1
Values of Ti , Tp , Tf and �mf for dehydration of equilibrated poly(acrylic acid)
hydrogel determined by thermogravimetric analysis at different heating rates
vh (K min−1 )

Ti (K)

Tp (K)

Tf (K)

�mf (%)

5
10
20

333
328
323

402
383
363

523
463
433

1.75
1.75
1.75

from conversion curves at various heating rates are presented in
Table 1.
Increasing of heating rate leads to the decrease of all characteristic temperature values on the obtained conversion curves,
but total mass loss of the samples is independent from the heating
rates.
The differential conversion curves of hydrogel dehydration,
obtained from the experimental α–T curves at different heating
rates are shown in Fig. 2.

vh (K min−1 )

Tmax (K)

Ea (kJ mol−1 )

ln[Af(αmax )], A (min−1 )

5
10
20

402
383
363

39.5

10.75

The values of temperature Tmax , at which the velocity of
dehydration has the maximal value ((dα/dT)max ) (Fig. 2) and
the values of kinetics parameters, Ea and ln[Af(αmax )], obtained
by stationary point (SP) method, are shown in Table 2.
Assuming that the reaction times of dehydration process are
randomly distributed by the laws of Weibull distribution function, and assuming that the value of Weibull distribution function
of reaction times is proportional to the degree of conversion (α),
it can be written:
 
 
t−γ β
α(t) = F = 1 − exp −
,
(8)
η
where F is the cumulative Weibull distribution function, t the
time, whereas β, η and γ are the shape, scalar and location
parameters, respectively. The location parameter γ is often equal
to zero. The fact that in such cases, time evolution of the process
follows any probability function is ascribed to the nonuniform
distribution of the free energies of active centers at the interface
where considered reaction take place [21–24].
Moreover, in the thermogravimetry there is functional relation between the time (t) and temperature (T) deﬁned by the
selected form of the heating rate. If this relation is linear, as it is
in the case considered here,
t=

T − T0
,
vh

(9)

where T0 is the temperature of the system at the beginning of
the process and vh is the heating rate, the time dependent degree
of conversion, α(t), can be written as a function of temperature
such that
 
 
T − T 0 − vh γ β
α(T ) = 1 − exp −
.
(10)
vh η
The last equation is applied for the analysis of the considered
results, where α(t) is the degree of conversion of the studied
hydrogel dehydration process at a given heating rate and the
relation between time and temperature is linear. We found that
the location parameter γ is equal to zero in all three cases. Using
linear form of Eq. (10), given by the relation:

 

1
T − T0
(11)
ln[− ln(1 − α(T ))] = β ln
+ β ln
η
vh

Fig. 2. The differential conversion (dα/dT − T) curves of non-isothermal dehydration of poly(acrylic acid) hydrogel at different heating rates.

We obtained the results presented in Fig. 3 and in Table 3. The
approximately linear relationship is satisﬁed in relative wide
domain of the degree of conversion (in all three cases R2 is
higher than 0.9980).

Fig. 3. The dependence of ln[−ln(1 − α(T))] vs. ln[(T − T0 )/vh ] for dehydration of poly(acrylic acid) hydrogel at different heating rates: 5 K min−1 (),
10 K min−1 () and 20 K min−1 ().

Obviously, the Weibull distribution function can be applied
for the analysis of the considered conversion curves (Fig. 1)
in the wide domain of the degree of conversion. The obtained
values of the parameters β and η increase with increasing of the
heating rate vh by the following empirical relations:
β = A + B evh /θ

(12)

vh /φ

(13)

η=C+D e

where A, B, C, D, θ and φ are corresponding ﬁtting constants necessary to describe the relationships between mentioned
parameters and heating rate. The constants A and B are dimensionless as it is the parameter β; C and D have dimensions
of the parameter η, whereas θ and φ have dimensions of
the heating rate (K min−1 ). In the considered case: A = 3.176,
B = 0.133, θ = 15.512 K min−1 , C = 32.610 min, D = 30.629 min,
φ = 36.622 K min−1 .
If the temperature dependence of the degree of conversion is
well described by Eq. (10) with γ = 0, then corresponding rate
of dehydration can be given by ﬁrst derivative of this function
with respect to temperature. Thus, we can write
 


 
dα
β T − T0 β−1
T − T0 β
=
exp −
.
(14)
dT
vh η
vh η
vh η
Since time and temperature are directly correlated by Eq. (9),
the kinetic Eq. (14) is used for description of the process of
dehydration of poly(acrylic acid) hydrogel (Fig. 4).
Table 3
The linear domains of α (�α) and the parameters β and η of the Weibull distribution function with  equal to zero, obtained for the dehydration of poly(acrylic
acid) hydrogel at different heating rates with corresponding values of R2

Fig. 4. The differential conversion ((dα/dT)W − T) curves of non-isothermal
dehydration of poly(acrylic acid) hydrogel at different heating rates, based on
the Weibull distribution function (WDf) with parameters in Table 3.

We can see that the maximum of the curve, (dα/dT)max ,
depends of the heating rate, vh . The value of Tmax , obtained
when the ﬁrst derivative of Eq. (14) is equal to zero, is given by
the relation


β − 1 1/β
+ T0
(15)
Tmax = vh η
β
The corresponding value of (dα/dT)max is given by the expression


 

 
β β − 1 β−1/β
(β − 1)
dα
=
exp −
(16)
dT max
vh η
β
β
The values for Tmax and (dα/dT)max depend on heating rate since
β and η are functions of them (Table 4).
It is obvious that the values for Tmax are equal to the corresponding ones for temperatures of inﬂection points, Tp , given in
Table 1, what would be if the experimental points are well ﬁtted
by the Weibull distribution function.
Since we have shown above that the experimentally obtained
conversion curves are well ﬁtted by the Weibull distribution
function, we can also calculate the activation energies at different values for α, where α is taken from the mentioned function.
For this purpose, we apply the Friedman’s method (Eq. (7)).
The isoconversion lines obtained by the Friedman’s method at
different values of the degree of conversion, α, where α is in
the interval 0.05 ≤ α ≤ 0.98, are given in Fig. 5. Also, in the
same ﬁgure, the symbols designate the values of corresponding
magnitudes on the left-hand and right-hand sides of Friedman’s
equation (Eq. (7)), at three different heating rates.
Table 4
Values of Tmax and (dα/dT)max obtained by using the Eqs. (15) and (16) for
dehydration of poly(acrylic acid) hydrogel at different heating rates

vh (K min−1 )

�α

R2

β

η (min)

vh (K min−1 )

Tmax (K)

(dα/dT)max (K−1 )

5
10
20

0.15–0.93
0.12–0.93
0.13–0.92

0.9981
0.9987
0.9989

3.36
3.43
3.66

5.89
9.30
14.87

5
10
20

402
383
363

0.0109
0.0141
0.0187
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Table 5
The inﬂuence of heating rate on the values of ﬁtting coefﬁcients a, b and ϕ, for
dehydration process of poly(acrylic acid) hydrogel

Fig. 5. The dependence of ln[vh,i (dα/dT )α,i ] vs. (1/Tα,i ) at the different values
of α, for dehydration of poly(acrylic acid) hydrogel (solid lines are linear ﬁtting
corresponding to different α).

Figs. 6 and 7 show the calculated changes of Ea and ln[Aα f(α)]
values with the degree of conversion (α), for dehydration of
poly(acrylic acid) hydrogel dehydration. Also, in the same ﬁgures, the symbols designate corresponding values of activation
energies and intercepts, which were calculated from the Friedman’s equation.
The analysis of curves Ea versus α and ln[Aα f(α)] versus
α shows two regions of the characteristic changes of Ea and
ln[Aα f(α)] with α. In the ﬁrst region (α ≤ 0.3), Friedman’s
method shows a rapid drop in Ea and ln[Aα f(α)] values, but in
the second region (α ≥ 0.3), the values of Ea and ln[Aα f(α)] were
followed by a steady slow drop. Analyzing their mutual interdependence at the same degree of conversion, we have found the
following linear relation, which is satisﬁed for every α:
ln[Aα f (α)] = −4.141 + 0.383Eα .

(17)

Using Eq. (9), we can now obtain the time dependent relation
for activation energies (Fig. 8). The numerically ﬁtted relation

Fig. 6. The activation energy (Ea ) plotted as a function of the degree of conversion (α), for dehydration process of poly(acrylic acid) hydrogel (solid line
represent the B-Spline curve which shows the trends of activation energy values
(symbols) with progress of α, calculated by Friedman method).

Fig. 7. Isoconversional logarithmic intercepts (Eq. (7)) plotted as a function
of the degree of dehydration (α), for dehydration process of poly(acrylic acid)
hydrogel (solid line represent the B-Spline curve which shows the trends of logarithmic intercept values (symbols) with progress of α, calculated by Friedman
method).

between activation energy and the time is given by the expression
Ea = ϕ ln

b
t−a

(18)

where a, b and ϕ are the ﬁtting coefﬁcients. The coefﬁcients a and
b must have the dimensions of time, whereas ϕ has the dimension
of energy. The ﬁtting coefﬁcient ϕ corresponds to the threshold
activation energy value for the investigated dehydration process
(Table 5), until the coefﬁcients a and b (in Eq. (18)) represents
the “solid” constants and they do not have any physical meaning.
The inﬂuence of heating rate (vh ) on the values of ﬁtting
coefﬁcients a, b and ϕ is shown in Table 5.
The values of ﬁtting coefﬁcients, a and b, increase with the
increasing of heating rate of the system. On the other hand, the
value of ﬁtting coefﬁcients ϕ, decrease with increasing of heating
rate.

Fig. 8. Time dependent evolution of the effective activation energies (Ea ) during
the thermogravimetric analysis of the dehydration process of poly(acrylic acid)
hydrogel (solid line represent the B-Spline curve which shows the trends of
activation energy values (symbols) with progress of reaction times at different
constant values of α).

vh (K min−1 )

a (min)

b (min)

ϕ (kJ mol−1 )

5
10
20

1.3201
3.0216
5.6272

23.1358
41.6306
65.0901

15.2388
13.0422
12.5823

The time dependence of activation energies can appear in very
complex reaction systems or in a simple system where there is an
energy distribution of active centers. In the last case we have the
sum of the parallel reactions that differ only in activation energies and consequently in corresponding rate constants [25–32].
There effective value of α must depend on time or temperature
(Eq. (9)) in a complex manner. Such dependence between α
and temperature is already given by Eq. (14). Our next aim is to
obtain dα/dEa . Therefore, we need to write Eq. (14) in a function
of time
   
 
dα
β t β−1
t β
,
(19)
=
exp −
dt
η η
η
and ﬁnd dα/dEa using following relation:


dα
dα  dt 
.
=
×
dEa
dt
dEa 

From Eq. (18) we can easily obtain that


Ea
t = a + b exp −
,
ϕ
and |dt/dEa | equal to




 dt  b
Ea
=

exp
−
.
 dE  ϕ
ϕ
a

Fig. 9. The inﬂuence of heating rate on the shape of density distribution function
of activation energies (g(Ea ) was calculated from Eq. (23)), for dehydration
process of poly(acrylic acid) hydrogel.

Table 6
The inﬂuence of heating rate (vh ) on the basic characteristics of the density
distribution function of activation energies, g(Ea ), for dehydration process of
poly(acrylic acid) hydrogel
vh
(K min−1 )

Ea,max
(kJ mol−1 )

g(Ea )max
(mol kJ−1 )

g(Ea )HW
(mol kJ−1 )

Shape
factor,
SF

Half-wide,
HW
(kJ mol−1 )

5
10
20

23.9
23.9
23.9

0.0630
0.0659
0.0673

0.0425
0.0429
0.0435

0.7222
0.7222
0.7222

9.3
9.3
9.3

(20)

(21)

(22)

The distribution function g(Ea ) = dα/dEa is now given in the
form:



bβ
a + b exp(−Ea /ϕ) β−1
Ea
g(Ea ) =
exp −
ϕη
ϕ
η
 
 
a + b exp(−Ea /ϕ) β
.
(23)
× exp −
η

The inﬂuence of heating rate on the shape of density distribution
function of activation energies is shown in Fig. 9.
The basic characteristics of the density distribution function
of activation energies—Ea,max : the value of activation energy at
the maximal value of distribution function, g(Ea )max : the maximal value of density distribution function, g(Ea )HW : the value
of density distribution function on the half-wide, SF: shape factor or factor of asymmetry, and HW: half-wide of the density
distribution function, at different heating rates, are presented in
Table 6.
From results in Table 6 and Fig. 9, the following facts existed:
(a) the density distribution function of activation energies is independent from the heating rate of the system, and (b) because

of that, this function is eigen characteristic of the investigated
system.
The dependence of the kinetics parameters from the degree
of conversion (α) was a natural consequence of existing the distribution of activation energies, which leads to the accidental
distribution of reaction times and characteristical kinetics of the
investigated process.
The changes of Tmax , (dα/dT)max and β, η, and ϕ parameters
with heating rate, are consequences of different thermal activation of the considered system, which appeared because of the
different heating rates.
5. Conclusions
The conversion curves of non-isothermal dehydration of
poly(acrylic acid) hydrogel are ﬁtted by the Weibull probability
distribution function of reaction times (WDt), in wide range of
the degree of conversion (α = 0.12–0.93).
The values of Weibull distribution parameters (β and η)
increase exponentially with increasing of the heating rate of
the system. Knowing the Weibull distribution function of reaction times, it is possible to determine the kinetics parameters
of the investigated process and density distribution function of
activation energies, g(Ea ).
The kinetical complexity of the non-isothermal dehydration
of poly(acrylic acid) hydrogel is a consequence of energetical
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heterogenity of the desorption centers of the poly(acrylic acid)
hydrogel.
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[5] E. Karadağ, D. Saraydin, Turk. J. Chem. 26 (2002) 863.
[6] P.M. de la Torre, S. Torrado, S. Torrado, Biomaterials 24 (2003) 1459.
[7] N. Gundogan, D. Melekaslan, O. Okay, Macromolecules 35 (2002)
5616.
[8] O. Okay, S. Durmaz, Polymer 43 (2002) 1215.
[9] C. Sayil, O. Okay, Polymer 42 (2001) 7639.
[10] E.C. Muniz, G. Geuskens, Macromolecules 34 (2001) 4480.
[11] M. Ilavsky, G. Mamytbekov, Z. Sedlakova, L. Hanykova, K. Dusek, Polym.
Bull. 46 (2001) 99.

17

[12] M. Rubinstein, R.H. Colby, A. Dobrynin, J.F. Joanny, Macromolecules 29
(1996) 398.
–
[13] J. Jovanović, B. Adnadević,
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