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Tsh BUFEEE AE SR DERHEEF, BZEEBAD. % Re<1024 B, 3
BAEMEABE, HARIMAAEREREE, SEMHESTRRAERE
B4R, % Re>1024 N EAWZ RG], REEDEAZSERRE, AEEX,
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Rapid Solidification and Electrical Resistivity of
Multiphase Alloys
Abstract

The phase structure, microstructural morphology and electrical resistivity of rapidly
solidified monotectic, peritectic and eutectic alloys have been investigated by rapid
quenching method. The main results are obtained as follows.

The microstructure and phase selection, phase separation behavior and crystal
growth characteristic of Fe-Sn and Cu-Pb monotectic alloys are systematically
investigated during rapid solidification, the dynamic mechanism of monotectic
transformation has been revealed. Under rapid solidifcation conditions, the phase
separation is effectively suppressed. The homogeneous microstructure is obtained for
various monotectic alloys. For Fe-Sn monotectic alioys, larger cooling rate makes the
peritectic transformation generally taking place at elevated temperatures suppressed.
The microstructure of Fe-15.6%Sn hypomonotectic alloy consists of single-phase
a-Fe solid solution, and that of Fe-40%Sn hypomonotectic and Fe-48.8%Sn
monotectic alloy is composed of hexagonal and metastable Fe;3Sn, p-Sn and o-Fe
phase. Fe-58%Sn hypermonotectic alloy consists of metastable f-Sn. Fe; ;Sn and
FeSn; phase except for producing a few of a-Fe phase. With the increase of cooling
rate, the varety and amounts of metastable phase tends to increase. The
microstructure morphology transforms from columnar to equiaxed crystal for
monotectic and hypomonotectic alloys. The regular arranged fiber-like microstructure
is formed for hypermonotectic alloy.

For Cu-Pb monotectic alloys, due to the higher branching ability of Cu-rich phase
growing in a dendritic manner in monotectic and hypomonotectic alloys, which will
trap the Lo(Pb) droplets in the gap of dendrites and results in the formation of
interdendritic fine (Pb) phase. Thus Cu-rich phase distributes in interdendritic spacing
to a great extent. The microstructure of hypermonotectic alloy consists of irregular,
block-like Cu-rich phase and interdendritic mixture of Pb-rich phase and fine (Cu)
dendrite. With the rise of cooling rate, the grain size decreases and the microstructure
is refined. The microstructural morphology transforms from coarse dendrite to fine
equiaxed grain.

The rapid solidification behavior of Co-Cu and Fe-Cu binary alloys has been
investigatied systematically. For Co-Cu peritectic alloys, the solubility of Co in (Cu)
phase is extended from 7.46% under equilibrium condition to 20%. If Co>80%Cu, the
peritectic phase (Cu) will precipitate from undercooled melt immediately, which
results in the formation of single phase (Cu). With the increase of cooling rate, the
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microstructural morphology transforms from equiaxed to columnar structure. In the
composition range of 40~70%Cu, the phase separation is suppressed, solidification
microstructure displays obviously tow kinds of crystal zones: fine crystal zone near
wheel surface and course crystal zone in free surface. The aCo and (Cu) phase
nucleate competitively and alternatively grow in a manner of dendrite in fine crystal
zone. It leads to the mixture structure of tow phase forms. In coarse crystal zone, aCo
is the primary phase, a few of Cu-rich phase distributed in the gap of aCo dendrites,
therefore the main phase is the aCo phase in the microstructure.

The composition of Fe-Cu alloys with phase separation is in the range of
40~66.4%Cu. Due to the common action of energy and momentum transport, the
thermal boundary layer with 160~300um high and momentum boundary layer with
160~240um thickness in the bottom of puddle have formed. With the increase of Re
number, the thickness of thermal boundary layer monotonously increase. While the
thickness of momentum boundary layer slowly decreases at first, then slightly rises
and sharply decreases. If Re<1024, due to dominant momentum transport, the liquid
flow has remarkable effects on microstructure formation. The separated liquid phase
is likely to form the fiber-like microstructure. If Re>1024, since the momentum
transport has been suppressed and the energy transport get dominant, the cooling rate
of undercooled melt increases, it leads to the formation of equiaxed microstructure.

The rapid solidification and microstructural evolution of eutectic alloys have
been analyzed deeply. Under larger undercooling or cooling rate, eutectic
microstructure is characterized by anomalous eutectic. The competitive nucleation,
random branching and interaction growth between tow eutectic phase result in the
formation of anomalous eutectic. With the rise of cooling rate, eutectic microstructure
is refined markedly, its uniformity increases obviously.

The similarities and differences of monotectic, peritectic and eutectic alloys in
rapid solidification are compared. For the tow rapid solidification processes— —high
undercooling and melt quenching methods , though the high undercooling can obtain
the larger nucleation undercooling, its cooling rate is relatively low. The cooling rate
during melt quenching reaches up to 10°K/s. Moreover, the rapid solidification
behavior of three kinds of alloys is all sensitive to cooling rate. With the increase of
cooling rate, the competitive nucleation and growth tendency of multiphase alloys
increase, the microstructure is refined and its uniformity is improved. However, three
alloys exhibit different solidification characteristics: anomalous eutectic solidification
(eutectic alloy), independent nucleation and growth of peritectic phase (peritectic
alloy) and phase separation is suppressed (monotectic alloy). As compared with high
undercooling process, the melt quenching method is easy to obtain the fine and
uniform rapid solidification microstructure.

The relationships between the microstructure and resistivity of three kinds of
multiphase alloys have been studied systematically. With the rise of cooling rate, the
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number of metastable phase increases, which intensifies the scattering of free
electrons, leading to the remarkable increase of electrical resistivity. Due to the
increase of solubility, crystal defects density and dispersion degree of (Cu) phase as
well as microstructure refinement, the resistivity of Cu-Pb peritectic alloys increases
remarkably with cooling rate. The increase of cooling rate makes the amount of grain
boundary and dislocations in peritectic alloys increase, which intensifies the
scattering of free electrons, leading to the remarkable increase of electrical resistivity.
Due to the increasing of cooling rate, the solubility of solute in eutectic alloy phase
and the amount of crystal defects increase, which intensifies the scattering of free
electrons, resulting in the remarkable increase of electrical resistivity. Under the
condition that the grain boundary reflection coefficient r approaches 1, the electrical
resistivity of rapidly solidified multiphase alloys can be predicted theoretically.

Key words: Multiphase alloy; Rapid solidification; Undercooling; Cooling rate;
Microstructural morphology; Electrical resistivity
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List of symbols
Alloy composition T. Interface temperature
Atom weight T Initial temperature of roller
Heat of fusion R Radius of roller
Heat diffusion coefficient @ Rotation rate of wheel
Thermal conductivity a Velocity of roller surface
Specific heat U Velocity of flow at nozzle
Equivalent specific heat /) Vertical velocity of flow
Density vV Horizontal velocity of flow
Density coefficient of melt Q Liquid flux in nozzle
Viscosity coefficient of melt AT Temperature step
Viscosity of melt Ar Time step
Dyynamic viscosity a Thickness of atloy ribbon
Dynamic viscosity coefficient x Abscissa
Activation energy of viscosity y Y-coordinate
Temperature of melt R Gas constant
Temperature 4 Acceleration of gravity
Height of puddle P Resistivity of alloy
Width of puddle Po Intrinsic resistivity
Width of nozzle
Pressure Subscript
Atmosphere pressure L Liquid phase
Pressure at nozzle 5 Solid phase
Heat transfer coefficient r Roller
Interface temperature Top arrow  Vector
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fREER S SMEL MER. OREAURMHHEEANER, HEA
SR EMERRMA TH RN, RERE M URATORAST, WITE
B, AERERMEEFRENSHLNE, AFTRENYELEERE, &
WHET. . LIAEHTVRRAFZOEANR. 440wE. &
FHAERESESHAS . AEUNARAREETER. aTRELE G
BEATRSME, HREIEZIERYELFNELA. RELNMEE
HBENES, RESNENHTIER, FEANGEARESNERME
HIEA AN, Mg RERE & & MR R IE T BVRFERTE .

EER, REBRTHMARCENE TRRHRE: MEHR. ERMNER
REHAE=AFTARENHELTBRARERBFERTAGHABEENE
Bi#A; DRxENERSDESEEREL, THERELEKEREEROR
KuEA, 2EAMFEEE. BRRN. BRBEMNNERSRENREE
K AMEARSHERRE, FRAMGBTEENERARE. R, WG
RO B 22 18 3 7 BErER TS & S 7 SRR B i 72 1 W] RE T AR A JE A8 37 A
%K, BAERBHREEANE. MH, 45K IEEERERREEE S EH
R, AGRKENSERRES & ENYBLEEREZ MRHEXRENRE R
ARGHERT. Filt, AXRWEREESSHMAHESHYEERZEHRAE
KIFFARE —EMERE XM IENANE.
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EAREND, RERMIGGRARMIEAREREARARAZL, R,
WMk S vk S AR IF IR A R S A R A I AR AR b, W AE
ERBHEASRERENEENYELE. dTEAEARBKBHEEEREX
MW ATRAER S, SEADEZMAERERN TR, SIRRE T 24 RER
B RO TR B SE— BT LR, SInEENH. —BEHN_gHHS
RIS R4 HIE % T A b gE e,

WREHEESBEASNFRNTRE, REREE TR ARSE. BHIE.
FHAEE . FURE. RRE. SURENERESY, FRBZERAX NI HE
ERRHE, Fm, EAEHYNRRE 10~10°%Ks; BALETE 10~10°Kss: &
WILTE 10°~10'Kss %

BT A S H R T LT B REE NS NEED, B2, 8TFA
AHERT S, SR PRVTEE KR, SFAER/ER. B/EAEETR
SEHE, RAHEBE. LENEE. SERPESNEZEREZE R, MH
WEARGEE, B, EREREEHRT KERHREENSHERITE ISR
FEAEASHNERE, BT BLRARNKEHLFEHRHER, RRRYT
—RBEA HE R MTORA, ENZ A2 ERREXRED:

d, = B(dr/dt) ™ (1.2)
Kb, dl/dt RIBEHANEE, dARKNTEHRY, B m B5&5&80EX
FIEH.
1.2.2 i34 E

FiTARIBERHRLREAHT, BEUHBREREY, FHEERAHNER
RTHEVPHRREEUTHES, REAERESEEESEENDERR.
SAMRESEELTRAO¥THRE —BREBEEE, TAKEREEZENR
Fitv i KNI AR A DR ERA, B E TR PR E T R
Bz, T KKEAASHARE, NTEREA NS TEESRRAIBEFEER.
EEARBZENKHAET, FOARBEREAABERANSPER, FEEE
BB KR ARAE, BB AT AE RIS A RERE BRI E 4.
EERFBEEGT, BEFTEREHRITAE R 02KV, RIS EH4T,
BHTRABEMERT RARE, BENEZZIME, TTREERNTLA
EF. 8, THEARARBEEREAR, #F Cud5%Ge THLEESRE
0.23TK B M, BHEE Ni-75%Cu 545K 8 0.26TK fd v U9,

Fi B AE TR, —RTUEH S XERES SR KRR
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EREL DL RPEAN B BT RARERESRIZ N FRE, LR
FHRE R E A LS H RN ST EE L RHRRER.

EIH GRS AT EXBTER: BHTILE. FREERLE. B8E
ARULBEANBR LT SLERARENE,

B EZEXPREFLSRAR DT LUERBRB RS SRS
P, e U i R TR A S R W R .

1.2.3 EEIE

HEERABNYES(G N, B, BE). 88, SKENEHER
BREMRERELIERLEEENER, ATUHBEE IR R BT A EE
. i, EHEENGS, HTENEIH Stokes B RZE N ERR
. ERESERENHRTALTERY, e nfAESAEERR
BAMEARBEDS, EHTHERS THREEL. BALHP,

EEMABHEEGP, TRARER—FHERNYETE, TAHFEEF=X
EXHEY.: HEH. EHETNEAR. ERATNEER LB TRAMAE
MIHBRSFRA BN RRBEERNFEEREE, BHERASEBOFEIAR
HEEE: WEHEBTRT EHEINE Stokes B3, FHERAEEKTEFHE
G RY 85 A A BN AXMHERE, ATTREBSSA/b. RITRED
HIREE AR,

1.3 13 E4H1F

tROERE R BT, FHARMAEYERER (BAHNERE
B KF lenvs, MTTHRBEER HETEFBNRI 0. ARGEHFHA
AR, 2% Rapid Quenching)RI% T ¥ (high Undercooling)
BELUREEENFHER TN, gt kR B MEN kR, E2 %8
TR B ¥ B SR LB R ) . T RWE N R E T3 & & R i 3R
wH, EHABRANADERKLAREREERKNYELE. REEBET
R @ SR AAEAFERE N BRI EN LA 5E, REXRLH
A, AAANHEEHERMBRESR, TELEFEEM AR, (LER
TR, FRFETRERMERETHHNRE, gl AE U THIE.
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EREZEEREHT, PMUERTBERNTERRARRST 8, KEF@|
FHBRTR RS RETE, BETENTEEAEETERS. BEEESE
EEMHEA, BRAATRSS2FRLT R TFE—REFAFE—YRR[REFHE
T —REIEEEHET. YA TREFEREN, FERHEHENT
WERA R ARSI AEERN, REERRE S R EFERS KRBT,
Cahn®"), JacksonP™H1 Woodl**VE A St i ik i i B2 v 4 SE R i 43 L R B AT
T, Mo EHE Aziz SREMNBERESEEE, EFERIKAY
ik Ao,

k, +Va,/D,
szﬁﬁﬁf (1.1)
Hab gk, A EHHEFLERY, D, EAFELCHBHANERLY HERE, oA
AR TFRIEE, v hREERE. R — A, FRARSIERE o1 T k<1,
SRR AR kB RS E EEMH AT M LR, & &R RITEZERD,
B BURat. YEBEEEE Voolt, LRERIEREET 1, BRE
TEWFHRE, AMEREmITERE.
BRI AL EERIAE: (1) BRI Mg wmiT Gl s 26D
@ HhEBREFARRATHRAA RS BN FEIBRRERIR, F5&8Har
BSIREER K.
BEESHEAMEERTABEEX, FRUNERERETHT HERKX
BEEZEMH, BAREZENEE, AHESREEATERSZEEHTFE
HELNBEXEBERR, BRIERSHEBET BOEREEN,

1.3.2 SEhél{k

EREREEHT, BTREIARGEATER)IR, ERE EHREN
RERENRREKATSER, NZERLEXSREESBEHERIR, B,
BEAALEH/L, THAKRE, DEMKE.

RIFRE G NMREH LTS A RS, kRS, BREZXE. KP,
EAEERBRERN - ARERESE.

1.3.3 TF2+REIRZRY

ERARRE—CRE. EN. AOSREEMTERH B HER
HEH, BLAESAAREATETRBERTE L R EREEH. B
MRET, HREREHAUREDEEM, TWARE —EHEY THRKE
RERE. EREREAHT, BREANEETEREZIMNE, WELEREE
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AR, HRERAFTHNS, WK LKA RHTHOY
BHEMZ —.

1.3.4 JEGETSEE

HESEFRNEERRRFETR ERASHTEET UTH, F&8id82
Wseemd, BRIERFEEM, AN DuwezVEH KA B kB
T Au-Si FREELIR, BAERAHEERMBMNEET %K. Tumbull 1% 7E
1984 FEH XK ABRBBIR AL 14K/s M3 EEH T =% KR~ Pd-Ni-P
BEREREEE, Mk, FARRIREAHANEEESSERIHE RS
HRBHEZ—,

1.4 FRIEEE EHRIELE

14.1 BRESREK

BEEKR—FEINEAOREREY. HEEKS N EHEKIBHE
K. MIBOIEEAREFAHRR, BERGEKERNRS, RERHE
WK RETFIHE: FRA-BR-BR-BR-FHE.

1953 SFMR i K2 H#R Chalmers HHh A& VEE B it 3t Bk E L 18 7 [ 57
HESNFREE, RETAOREEBESHRSIAERR, FEHTELN
R AT 0SS,

G/Vz%_—l) (1.3)

BEXRMNATRESAERNAHAESHEREREANHERR. %A
BARZAEET: URD¥EFES IR, ABAEHERN, ZKRE. BR
HAYESHER.

1964 £ Mullins 1 Sekerka ¥ FiAzh h % TR TFIRE AN A THRE R
HiREtNE, BHEFRBELNLES %P,

éle:[ r Ib—%}(—m’l"—G+ch) (1.4

mG,
ER, FEBRELRHEERE, REGRNBFLIAESITAREREN.
3 VIR/PE, M-S BREFRSEAER. X VEXN, BHFAEANEE
A

D, AT,

i (15)
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M-S AERRBEHRR, AMBEERBENRECHRTREE, H2EH
BT REENEMH, K\RsH R DAL RRIE RO EE, NBREEHL
EHERT RAEREEQOMTEE ATEREREREFERKER, URE
FREEHERE T, XEBFEBHRNERGH T EEMHE.

1977 4€, Langer 1 Muller-Krumbhaar®37F Ivantsov B M0ELRE F, Wil s
RAHEREBEES T, BRETHSEENRE, ISREKPHREGLT
A XA BERMUEAREZ MEG—MagRE, BREKPBEREHER:

. 2Dd,

7
KPP, o HER, DATHERY. dHEKE, VAHRGEKHERE, L HHEA
fEHFE . o

Yoo, LK, BHoWD, WRIEFEE: Ho<o» LED, FEo
WK, REDXTEE.

MAagREsE, THUBIEAESERERMAEKERNXR.

ERESREREFET, FERRTEBRRAR. BRHELHE. T HRK
BERIRASNRECERZN R,

1987 £, Lipton. Kurz f Trivedi %2594 M-S 5 HE A Langer KK &
REBBEMHHERR Aziz XTHREREIEFBARENELERY, BYTRER
EKER, REETERAEBRERN. 31hERNHN Y EEFER, B LKT
BE, BAHTHEARFERSEKER, U ERLEREZ HNERXR,
HEAKABREENBSERRETHERE R, 7 LKT #A P, BEME
FRITA AT DA AT, T AT RITW BAT, M5 HE R W EAL
HRK, Bl

=const (1.6)

AT =AT, +AT, + AT, +AT, (L.7)

FHHEKEFHT, BRJRFETETARER:
I'/o’
R= AHP,g ~ 2n{,c°(1—kﬁ’c E (1.8)
Cn  1-(-B)L(R)
A, TATHN-GRBERE, o AE, AH LB, P M Peclet £,
Py RE Peclet 3, m FERALRHE, CohEERD, &K P.HERE, &
K PRIERS, b ATESERE, CoABEFHHRA, v vantsov BH.

LKT BARR T MERERKIFRBENBERERKR AR ERFEE
AR RIEE A & T RmE RS ERERZ MR EREXR.
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HBEKIF—FHBRAIELNERES. LREKRARHEPRNS RS
RIEENMAFEEHAPETRE. T IR ERXEEKMBAERS S,
HEEKERNEPHBARARSEESERENTERE, FikdAE.
HEEAMERLRERKER=E 2 AXRT KBS REKSE. 1966
£, Jackson F Hunt>V@ 7 T4 K AM T EEKNERER, MELR JH
A, ZEMETRBRET B 7R, BB EKERATIEBRM PN
WA, MHRBRAHIEEBAT SARBAREKEE VZRNXER

Rv=K,/K, (1.9)

AT/Vv =2k K, (1.10)

AAT =2K, (1.11)

Heh, K. K, AETH:
m .
K= 5o (1.12)
45’T?
Ki= g (1.13)

R, m=m,m, [(m, +mB), m,Bm, 555 o HHR B AKBALERE, CH
HRERKE, DAY BER, o REEHHZAMNAEE, T, 2CRRE, AH,
NERER. ZEERITHSERNEAEAT, SEREKERy RICRER
[B1E A Z BIBIHERK R WERTFFHFE - BERBERENEREET JHE
RIK RRAERA.

FEREGEEZHT, HEIAENANERNEK, AREKEELEN
K, BRFERETFE, HEXNIEREE RN EESR, J-HRYEAEEH;
CHNHARERFRY, ARG eERENTFE— MR TARAT, 4
AT> AT'BY, FRBESHARARERERILRETHTMNE R, a7 Lk
HEER— AL ERNRIER. 1987 4, Trivedi. Magnin M Kurz 7& J-H
HEMER L, 87 TETHRERKEERN TMK 84 KBREHET, TRAH:

Av=f(v,P) (1.14)
AT/\v = £,(v,P.) (1.15)
AAT = f,(v,P,) (1.16)

£ TMK #EH, HRERRBEAEEEKEEMUREAE AT WEH, TE
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HEBEY K Peclet # P=VA2D FE¥ . TMK HENH0MA — Tk E&E
SERFAREAGTHREAR, EREER “ERAAR>ARNLR” #%,

143 RECBRETHL

BREEEH—MEASHEAREERERS - EANEE. £ rEsE
SRS, SEmAETEETETEN, BEREAREE, RN, B
HERN Lrasp. BRAEGLKEASH=AHBEDY: OLARN: OBRHE
7 @QUAHEETE. FARKNNE, o pH L ZMEMAERM. J0E
Mol BRHERELAR)E, ofifl L MZAEHHAEE, Bt R FEpHPKE
VEGHTEREE. FETPERELET, SRETIRYNRET, RERE
RIBAR E B B R PAH

() BRRE

B SBTE, WA L. W4 o MRAEH B FE—A AR RFEA.
Hillert™ M i% % S Ab = MBS R K 1 RIETHE, KEM B NEKRERTHERT
BUREM o HBRBRRBESERER. Fredriksson™H1 John% A BL
Hillert B9 AR, MR RNITERT T TRMOE MR, RIMIKEM B K
KA R A KT R A RN R R FEN 68 RN HE M.

2) BRET

AREAREUMENESHRENERZIAHEE. FABHEE. &
EHERSERAMSLGHERY, MEANEEZBE, LH&RME R
%, pASEoHE L HE2SRE, TR 8 Mt EK2RRMANKRET B
178,

(3) B EEEERY

LBEGTWERRAZARAERRELTH, MWL o M B HETHME
A, TH o A 8 HMNTABHEPH BT HERER, AT
Wit p M. MERMERBZAEERRESAN, DEEESN4LK
FF., EHELAEGT, BTFEEEEARNAEKERERA, MEEKTETR
HEKEHETHMH T HEMAREERER, RHARBNSHE R EER R
FRERES. MEEEHEES, STFEREER, BEBHANEREAER
Ny, B BRAFHAAREERRT AR M4 KES . Fredrksson FHAR T
Cu-Sn F! Ag-Sn &€& pHEERENBIT Y. ELERARRENNRT, B
TEHWATELEEABLEAPLY 8, Al Scheil FEBWRHET ERAKELET B

8
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HEBEME G HORNEEMG, FELRL p HPHFISERT BRIGK
BTELRERAYEHRRITER.

BREERAF LR EARBEENFAZI, FEAERGEEATE
BB B A4, #In, Nakagawa!®)ZE € i ¥ #Z Co-Cu F1 Fe-Cu &
ERRUENERRATZAMNSENEREALTARR, HXRUETXH
M EBRESRTFHA IS BERE. XI—-HRALRIBANNEH
A SIS B RFEL AR ERH TR NES,

144, RERBEFEERRIES BT

fif & & U R B R A TRN AR ZEWR, XQ’JE/)
H 500 H-TALBRTRESSE WE=TAAe WEEBEZY. KRe
HIREMFRPEIERE, TERMAOELN. RGN KEF B ﬂﬁ%%iﬁ(\
R EHEE EERESSRT, TARBEBHNERAS, W Cu-Pb &
RIBEFHMAMBAE 2HE, APy FNEMH, In-Bi §&RMFABMLE
#H, Bi-Ga §&AFHESM. 1, Bi-Ga REAESEA LT AR, ZnPb
RAEERRIEFVEHENE. BT, ATERESSH _THEFFES—
AMERAFRRSBEAFELFOAREX, S4SRESTXREE, W
WRRKNEEZERBZARSEEREENHFERE TR L ENELM
¥, DHEHATSEAILFREEANRNE ATEEmRE 7 XRE&S
LW ERNR. Hik, ®RARRNGRESRREREREATENEAT—
R HVERE B SO TR A A E

(1) Fi% iR

HKBARAHIEDTIR Cu-37.4%Pb (k& & K5 AR E 4 R
KB, A EMER, RREEMAL, BRE Py RRTEKR: XMEAES
BE L8 Po Wi TR, RIAMLAERE Po &H. BEMITE,
R#ER WA B, ERRKOIAET, RESESREGTEREEENER
BENE  Wang " EFETIF Fe-32.1w1%Sn R & & FIRT AT h R EHEEH R
B AR R IR R v AR R A K R B R BAT T .
FHFLH Co-Cu-Fe ZAEMTRABIAAARY, HHNCHRSRHIRN
RSB RRR A EEEWEA.

Q) BABREEE
AR PR EERBIRSARA S SR AERTE. Tk ERTR6R &
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B SRS TEETE 10-50%. 3H Imperial Clevite /28] 2252 B A58 k4 & th &
fERER AL-PY BAAS €, BRTRENAEEHERSSSE N HHE RarR
), ERARERELGT, URASSHARFEER AR 25853k
ERE. A TFEGZER, P REBUEESML: HFIERRER, HRLHE
) W {R s B — SR ZE {1, L REIEETRAN BotE. A RE XA h#muistE
MARMIEAED, YRS A2 RKREBHREN, RRREREEKIN
WEEEEMH.

) EmEEE

ERREEARTHRRMUEAME, HARFHEEP). XRRARHR
RN, EMREARERERSHERD. BEA. BEREREKER
FHEE X KPEKEZHATHRSGAVNLSEEARD), Rigsg
B—MERENERTRET, RAEEEARRERERE -2 URRMELE
B PARET R M R E Y IS RN A B R E A4 K.,

(8) RBEEEASL BIFE
idE & & TG AT

wBEEPE_MBUREIHERKEXERL . B 60 ELATMEFHE
i R R AR B 8% . Sundquist ) Oriani® %58 [E % CoHye-CoF 14 fR S R
—BHERGET T RRTR. HARERKRH, ZRMGARESAEEER
BT, BE AT SRR AN, FERKHTAE A
¥, BAGRAIRSEIER SRR A FESLE . Perepezko %
¥ Ga-Bi & EA T NEAEX AT T SRR, BEREIEIAES
EEHFZRMRR: X Ga SEEMRFANSE 87a%2 A Hi—B A EHE
BAREMAMEAE, T GadBPTIHAARIEAT 87at%0, LW
JERE Ga A BXIG F AR MBI K. BRTHE X mERBENT
FUEBA T X — .

e & A5 B A

TEAENREOFRRMRERORERE, WRESSHTFRERT
BHl. FRAZRMEHFEHENRRESSNER, EOTLLEHE 20
A 60 Ff. 1967 FEFHEEABEE 6 S7FH M E#T T a4k, BEM
BEMARRE. 70 £, £E NASA BIFAAR Wit £A%GHE Skylab F
Apollo-Soyuz AR LAEK T ISb 1 Ge i FiE. TEEZH I KAT. FlajhiEe

10



b Tk K F 45

BAT(ZEEEE). FEH WM. BRAX PEMAGR YHHTRE. £2RHHEETR
Beh, Z20F 0% E bHEASE. FARZHE SR GaAs GaSb InSb.
In-Pb &%, BEERMEL Y, ERENLGT, EHERHH Stokes BHER
KEEEL®HE, TREASERSZIIME, MTKEE M5 AR
BAR. R, UFHRRERRKKBFAMNGTE, EHRERIFRMRE
EoEERREHR, XEAMNERS, REHEMSZH, TR EROEE
BHAEEEEEY,

Loherg® %t Al-ln &&#T TMENL&FTRBEFELR, £3 In 5t ALO;
IR R B R TS EH7E. Potard® MR BL, Al Xt SiC #H35 B IF
RS RET Al 4 &BALE. XHEASHTIRAmIEEER SR
HHSENEEREZ—.

BE, Gels™SHNLRRM, BEAFEENRAT, EFRAHENEZET,
Alln 5B ALERATBE. FANBLMIRRA, EUEHELHT, &
BERETIEM Marangoni BRHESHRES MM EIREARE . BERE
FERAKAEE, KOBEEREMHRFEEETRE, MT~=4% Marangoni
X, TEHEE S35 ¥, Marangoni IZ504; Stokes IEZNITHER, MAEME LY
TFTAMBLE HK . Fredriksson® 8% Fi) Bl -k #F K47 B R HIME S K43t
Zn-Bi AE&HHT THR . &I Marangoni 3 i MR EHEFNMH Stokes Xt HiE {2 &
WM IE B R Ostwald B3, M FERFHHEMELEE Ostwald 72 FEIE
B. T HXWY Stokes IB3hH Marangoni BEVEEMHE B TRE, EWESN
% F, Marangoni BFIITEARS BHIERL Stokes BHEHRE, Hitn, &
0.01°C/cm Y8 & 46 B =1 (1) Marangoni YER 8 B 7T 5 H AN A h 10 B B0 49
Stocks EEIMHLLRL, FERRMBEHER, WAl 5HE&H T REN Stocks 1B
ShAEtLHl. BUSKIKERIR, HPaERET 1987~1990 4 iEH AR E D2
Al-Pb. K Zn-Pb £&HTHMENGEFRAEM, B S - HE K
Marangoni IH EME LR E T L EZMMTEFHERE.

Fredriksson £07% Zn-Bi 4 &M EHBRERTATRYE, AHEE. F 4
BHESBRAATETEBIBREEALEFREENEN. SHE_HERSE
HEr, S"HBRHEL, RITEEmE; KAEEHT, ETREE M
MUERHOIWEFAR, MHEASES RN, /NS TR, BEATGESE
AR R AR/, BB R XS R AR ERRA, ERT
KBS MGEE AL,

IERPEAN RASSHESEIBABT S H=ANE. B, 45—
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BAAHZEATEREELTH, BiEEdEEERAMERR, RERRX
BRE - HEEBHE, FRRTHEBERNEZ LA TR ERTE DS
JFE(Ostwald #3F), BT BKKEAIRETE. B, €£RFEO, R
WA BES R T ERR., EX-0ES, HEEHANRE, BEsHk.
72U L AP B AR T 85 AL B8 A MR Marangoni AT, =, HRBET—
ERTE, FATREZENERT, EHBHFRITHARERE, FEES
RPN RERSTRAMER, VREENRHBEXSBHBENIE.
BTEZaHELEGTFEREGSABRENRZSI, ESHHRENEE
Wi b, FAGEE. AENEXOMAEFR, StENZEAREH£HXHR
RESHBMHIBHITHR, WEE NASA HELRABEEAAREESSHEE
T, RIS NBETAFE=XFIE, S TRMEmELrEaFELRER,
%F Cu-Pb. Ni-Pb 1 Fe-Sn F{R i R SNEE L AREEITHHITTEAAR,
FE— 2 MR B R T T W TR R AR, WangPVg it w % B
h A LR T, M E S £ T Marangoni B 5 B2 HMN
B

E4 Rk, BIEENRBELZFHTHRESEREIEOHR, AM
B2NRETIEREMNBESBIRFTEERM. M2 : (OBH: Q4FK
—F A 8 QYENERMTIE EE, @)MREIFIEE; (5)0stwald &
#; (6)Marangoni Z3; (NHETHEEMSAER, OFRBETIEMN K3
&

ERHARHRAFRANRREHGE R T ESOARE MR, RERG
ERKATH R RERE N FHRBE T RIFEERIS AL R,

L5 (REEEMBIRBFEEE

REZRERRNEBRERBREOVERR, HEREERR. FOKRMERY
HEOA RN EE RFURLERM, RN, RENETRERSERTNAY
BIiA. SRERMERSAD, BEEAKREURE. STRENFED
#7E, BHSRERNEHEE2IRTHN, NEEERERKRE D, BEE
BREIBAPHN, (oS RBMERSTREHIRMR PR, Kaetta
KRR R EF PR £ R R S Y BB R SR Xk

SREBROBERFACH - MSHLMFA L, FEAERTEPHETT
[TERHIR. fRAEREBRDRFRHEZRT S HER: x2umtEiE
Fhk. BMEYUE B TR AERM.
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HTEXFHEFHEAL
1.5.1 €8 W 28 i
(1) Bi/R#&S® HEBoltzmann equation)

WRSBEE S THEBIBEASE RN,
v-gradrf—%gradvf=(% i (1.18)

A, r ABFHMAE, v HERTHORE, A, r ) BFLHRE —HE
FEIH Y, B s, oad b 585HEXNEE, ged H5EEHT XN
BEE, (of/or), HEFRMEERES RN fELR, r hEEFRIEERNBR
mHE, @i MMEXEREN, REATFHEFEQNTRESREEMGE
$°

(2) Fuchs {2 (F-S model))

1938 £, Fuchs®"HMBA T RE A EBAEHIENER, FTEIT280NE
B ERE. Fuch BT, REMESEHENBETHIHSEERT REFE
A, B4, HERELETHAREGENT —MAFFM, AT ERE R
BRsmERER, ZHBRENEEENBRERAIRTHN. RAATER
WRE5EHUR %45 Boltzmann HRAE S, FSINEH R RE p 07
EHR AT AR, 18t i P AR B R B A A S R,

s 1 1Y)i-e® T’ .
p=p|1-G/12cN1-p)[ e dt (1.19)
k=all, (1.20)

127°h
P =—e2S - (1.21)

F

R, p AWHRER, o hEGRERGEELXNXRAMED, | ABT
FHEmRE, o AEEER, p VEERHARY, BER I(ERAMER 0.5%
SEFEER 0), h=1.0546x10" J.s R, e=1.602192x10"° Q HHLFHAF, S B
KER B dER.

Fuchs B EARR: AEMNFLEYERSTEIS TS ABENEE.

Fuchs At EAWTHEBEENSMEEE R TRAESANH, BRK
BRI R A MARMEKNEEL. REHEREAFNRELEYER TEEETF
HaLEMRE. FRANERET pEMHEL, BRNMRERE s LAF
B, MR OBERA Fuchs ARETHE, il 5TREB AT KT
Rl p fHERR]. EHBEHRT, REERILERERRFHNEMEIBMEE,
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T p=0(8dh): p=0.5(F &),
1.5.2 & B K R30S
(1) M-S HE (M-S model)

Mayadas'"V %5, 7£ F-S WEP, p. LIFTRHEH Lin, pBEEHE
KGR T H, BRI R 5 BE 8 25(1000A<d<10 000A). B i, Mayadas
1 Shatzkes® A%, pi BEREIEBOIR D R d TN BREA R, TMUEHT Fuchs
RT3, MASRBRSTHEWREX. BEMBERIEUTRMFRBET
BipthH:

HRBIF B E
ERAHSAHNBEEFNNRRRY, S22 2R 0B, REARFT.
Po /P, =3 l—loc+ocz—on’ln(l+—l—J 122
] g 3 2 o ( . )
a=[ridl-r) (1.23)

AF, Mo ARG SEEFEERNEFBHRE, » hEREHRYE, &
RRUETE 0~1 T0l: LW ARTFFHEME; dARKTHRT,

3
%(},<<1 H‘j-y pg /PP z1+5a ] (1.24)
4
Ho>>1 B, P /P, * 3% (1.25)

KB —Aa SREIEFE

EHERAAN . FREKETRORAENNEEANELT. a2HR
BRI,

21 cos’ ¢ ( 1) 1 - gt }-l
) =l 1.26
O P o S RILT- R sy Y
H{,$)=1+a/cosg(l-1/1*)" (1.27)
k, =all, (1.28)

R g B AT RBEE, o, i BRNE RS (RO BEEREREHET).
/o T RERRETEREE, o HHEEE, L ARRVYEEE, p ARE
REFEE, BEKO~1.

@ —HRiFRY
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1982 £, Hoffmann #H T HLH MAEE, BT BRRTE5E&RAR
2 EMBHXR, HRERXHP,

p=Grain(VD, T=T"? (1.29)
£, p M BREEE, D HARRT, , _
THEERY. - - -

BB RAER, B RTE ! * LIJ

RN LHERBES, ME LR

™, fE A BETRE /D RES, B 1.1 Hoffian — FAMR7 & E™
¥EHSESHMEREMEERMK,  Fig.ll Schematic diagram of two fluid model
TR R JR P PEL B 1 K by Hoffman"

@) HFsE

F-S BWEE T R m P4 57 R e L R, (BEH 58 AR
BB B, Mayadas® B T RS, E%EAREFH TR LK
A& . 76 F-S Ml Mayadas B0 Rl L, WFNBBELEHELR, 46
AR, RRT LR R EEARIY,

o= pm{l—[%+%%:[l- pexg{—%d)]cxp[—-%]}-l (1.30)

RA, p YRR R EE, AHETFAHE, dAMKNEE, IFEET.
BRHHEY, RO-SAESERRENBERYEHFNESFRERKE
SR HENE RN,

153 B EENBFR~THM

EREEXH PR REFATARMNSRARLE, REUEDRTRAEFH
BT RABHNETURENHENAIRASERY, NRANESHYELR
TEEW, &SBEE4ART R,

BT HEAENRYSRABNEARTIYEY, ZRBTEIHAR
ARFBHES, HEABURER B R R SRR,

1967 42, Sandomirskii® ¥ KIFF T HEK BT RTHN. HARNRAEE
7F 5~100A (7R, R TFHRRERN, AENESE. SIS EHE
HWEEMAGARAM T ERERPHBRTRE, ZERATERTETRYT
WM, LEESTREMEEETFREIA. 1995 €, Sheng! VSR TS
£ Fuchs B HF4%—.
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TR, FREBEHERNETRAZEBT 2 HEMN: —HETRERRERE
FHERELATTE, M-S B HEERR, IR TEN SRR IRERRET
5B TR, RAESERRNET RSN, EREATRENER, RiE
RTREERNBEENM. H—HELFRRERNETHE, BHERARYE
PREZABHREIEMARLAFTRSRERTHETHE. ZEBRAIELERT
BTRITBAN, WREEREEBRERYEEEST. BXBERERDBIN
ETLAE EOAS M, RECHEBRAZHEMIRRERS GBS EEE
MRIAHRK, BUHRMEHNRTFERTRN., ARERG IR EZ
FREM FAIINE. Hik, MTREMWE, U F-S ARRMFZNBRELHEE
BRAHENSH LR, TRTEEIEATHHRMHEI T, EAAT
REETRNMEHEEFEN . REGECSEFTHEREEELANL
WK, EXALEABRNE S BERFTEISTRM.

ERAREREEHT, SEREEPEEFERE M RFHE. %8 Matthi
-essen IR, A S M BMERBETF p, REF p, THL p,  FABREF p, -
frt p, MBS p, KAREN, EERTASMBBETRTY

P=p,+Ap,, +Ap, +B8p, +Ap, +Ap,, » (1.31)

#A, ZR. AREFUREMNNAE. MHESEREHELNESBHEEER
WA, T $2ARPMBTFHFEN RGOS . 8. S48 ET TH
e, FZ TRBREERE ) R R DR ER KRS, RELENLRAER
BRI RELRE &M BERRBENREHHF, H— 5w B REM R
HHRAR.

GLETR, BREMERNESHRERENT. SEEKTH. WEER
FHNENBRARHBRECH T KENHATE, hIER. AKRSRHEL
BHHOFRIGERETHNERKE. EHTRME, RERESERT
TEERBRUBLEMNFMMR. ERFRMRELRE S SHERER B
SEHNEHEHREZRNAERR, RIERENERSYRIR MR
B

L6 AX KR Bir RIREEKIR

FXLERFFAE, FINXEMESTEBEERRITR & { &R
B TEANERST. FAREMSENIATERELR. HERNARK
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Q) EANFIRRERE G S ENREERK. HERNANARKE, Bres
S EHAHEEL HERFRT R,

() BKRHKESSRERBALBRATEE, BRAEESHANETAR,

(4 X tRE. SEMERSENIERERNE, B TRAXER
& SAZTERE M ERILEE,

() ELRFRANERHTREAESSNEREAIBNALSENER £, 2
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Table 2.1 Etching solution and its compasitions™**)

Kinds of alloys Etching solution
Fe-Sn monotectic alloys 5 g FeCl, + 100 ml HCl + 100 mi H,O
Cu-Pb monotectic atloys 5 g FeCl; + 100 ml HC1 + 100 ml H;O
Co-Cu peritectic alloys 30 ml Aqua regia + 5 g CuCl, + 30ml H,O
Fe-Cu peritectic alloys 5 g FeCl; + 100 ml HC1 + 100 ml H,O
Co-8n eutectic alloys 30 ml Aquaregia + 5 g CuCl, + 30 ml H,O
Ni-Sn eutectic alloys 5 g FeCl; + 100 ml HCI+ 100 ml H,O
EENRERMIL+.
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SB=F Fe-Sn i fi & &K SA PRE B

AELWI T Fe-15.6%Sn # Fe-40%Sn F{RE S, Fe-48.8%Sn RES
F LR Fe-58%5Sn RE S EEA S RIBEE DR DAL FSE. @i
RBRARAHNEBEEIZINEE XE, Bt oW TANEEERESHTRRS
BRORENEN. BETHMTRIES S Po-Fe HBMEKEE. BRTR
MR- TRBSEHAAS BIHFEREANTEERE. FRTTRESHS
AEBRAEZEMEXYE.

3.1 5|5

YR & E ﬁfﬁ&ﬁfﬁ[ﬁ?ﬁ./\%ﬁﬁﬂiiﬂﬁﬁ}?%“EE%%*%E%HM*—V#‘#
FXEMNBEEARRE M. BEMTREREZHYY, hESENERE
BAR S HEAPAE: R RSN AHNEA. Chardwick HERBHT
HLARASFH B Bz APXRETY: o, <oy +o,,, « BFRAERRL, L,
WA ESERME S, ZMHEEEM, ERETARUTIE, BRHR
MR RARTTHAKN JH HEERRTHISTN:; TN, L, BAEBEER
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Fig.3.2 Solidification microstructure of parent Fe-48.8%8n monotectic alloy.
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Fib Lk KB FEHT

£3.1 BRHEFTAYHEZEK
Tab.3.1 Physical parameters used in calculation

) Value
Parameters Symbol (unit)
15.6%Sn 40%Sn  48.8%Sn  58%Sn
Thermal conductivity of f ol
melt A(Wm™K™) 5432 50.98 49.49 4772

Thermal conductivity of
solid

Specific heatof melt  Cy(Fkg'K") 75065 66269 62348  576.86

MWK 7474 6786  64.80 61.16

Specificheatof solid  Cy(Jkg™K?") 66327 59042  557.94  519.33
Latent heat AHJkgY)  1.91x10° 1.58x10° 143x10° 1.26x10°

Heat transfer coefficient g (W-m?K?') 1.0x10° 1.0x10° 1.0x10° 1.0x10°

Height of puddle H(m) 1.2x10° 12x10° 12x10% 1.2x10°
Radius of roller r (m) 6x107  6x107  6x107  6x107
Width of puddle L(m) 16%10°  16x10° 1.6x10° 1.6x10°
Width of nozzle I(m) 8x10*  8x10*  sx10*  gx10*
Thermal conductivity of ool
wheel AWWmlKh 397 397 397 397
Density of wheel pukgm™)  8.96x10° 8.96x10° 8.96x10° 8.96x10°
Specific heat of wheel ¢, (0Kg"K?") 390 390 390 390

Rotationrate of wheel (rad's™  333~867 333~867 333~867 333~867
Gas constant ROK'mol™) 83144 83144 83144 83144
Acceleration of gravity ~ g(m's?) 9.8 9.8 9.8 9.8

RIT Fei3Sn H a-Fe AFEBRMMHEE. MAAHNEERKH, SE&MAELRAN
i a-Fe. Fe;3Sn. B-Sn 1 FeSn A4 . BRI a-Fe 1 Fe 3Sn 25, &% B-Sn
F1 FeSn HHFTE. B4, Fe 3Sn & FeSn BJWARAZ, B-Sn MRt FHEE Ly(Sn)
5 o-Fe HZEINABERNAMEMNFHIZERNLE R, B-Sn F FeSn HEKFHE
SEBHE . XREE, ERARERELSFT, Fe-48.8% SnifREAAE&EHEK
W42 Fe,aSn i, JF HREEFAHERHFIEK, UIRAKENE, B Sn HEEHX,
&R S FERE DA ENRE.
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Fig.3.16 Rapid solidification microstructure of Fe-58.8%8n hypermonotectic alloy.
(a) Lognitudinal section microstructure morphology; (b) amplification of figure (a); (c) cross
section microstructure morphology.
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Fig.3.18 Stream-line angle (a), shearing rate and shearing stress (b) versus the height of puddle.
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Fig.3.19 Cooling curve (a) and temperature gradient (b) versus the height of puddle.
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Fig.3.20 Forming mechanism of fibrous microstructure

46



Fib Lk K F LR

MH, BT L MERHKEEREREHRENEIL, FAETREETER
B 0~15° SR . Bk, KEWERRE &N I3 R E ML
S ETRUVGERAFFERNERZRER.

B4, BTRBESANEER., RERRE, XREREEZNINI0
SBEVER, L, WA Stokes B3)F Marangoni IE3)F 4 EHLHIZ2H, 4

PR RIEE R,

3.7 1LEEE Fe-Sn — &£ B EISE

BRI R B ANy ST R
FERMEERETRRFR, T
Ha ARt MRS &0y
BLZMRE. POEBE RS
ERRBBEAMSHEE, L
BENRERES REEK, &
T 7 2 340 751 4 B 3 72 P B A
SE, BRWERYT RESHEHN
EREFEBEBMAEH. X
BEML AR ROBEH
DRI BEEWEEIEREN
HE. TH, RERE. ®RE.
7t R R ARSI & SRR
it A EEENERTT, B
B, SR E A R AR R
AEMHBERENEERBEL
—. AEXRALAHGHEELHT
&%, EEPAT Fe-Sn S&KH
fEE, KIITHRGEHESE®R
RELZR 2 [R] fIAH X AR

3.7.1 THHEH5SSEHE
LRECME

EAHEE—ENRET,
BERANALREREREN

120

ApQ-em
3

160

120}

pQ-cm

L (2)

—&— Exp.data

e Fitt data for
bulk alloys

020 40 60 80 100
Sniwt%

80}

| (b) —®—40% Sn
—A—15.6% Sn
—¥—68% Sn
—E—85.1% Sn

20 2 26 32 %
V. /ms”

B 3.21 A& BBARBEL R AR AL
Fig.3.21 Resistivity of alloys versus chemical
composition (a) and wheel velocity (b).

47



F =¥ Fe-Snthdbo SRk #E

W, HTEMIE SR S5, B 3.21()08E V,=28n/s R ERAE K S
SRR L. WPRTLIEH, fEF Sn B, A&HEHEER
o 7E 58%Sn 4 A, HEPHRIKBE(E. BHF Sn SBHE B, HEZER
RN CRWE MR ERTE 12.76~116.8uQ-cm YEE. TR S HE-EE 2
BRI P E R MR R ERBE S Sn BHBL TR, WA 321)F FHTE
ERFT7R . ZERL-S I, 4 Fe A9 RBRAZEEN 10.1uQ-cm, 41 Sn B HRFEZ % 12.6pQ-cmi™,
HILRT R, S5PEEEASMAH, RRRE S &AaERERMELLT
BARATEMAENE. RERE S SHEEBRIUTMEENTL, EBES54S
MARKENERMEAETIER. B Sn 8K, 4ENBESETATE
7 UREHAKENMEL, KRB THESERAYES, SHEMRMNBEERK.
7E Sn HEAN S8%E, AE&PHERMEELE 5 F, MNERERMNE
{H—116.8 pQ-cm. ZEEFMXNMHRS A 545 EHRBETIEIEEWE, X
FhT7-& PR 5 (a1 e Hh 52 B Y & 4 R BE 3R 5 T R o B AH 4 B X FR] O R R SR 2R o TR,
SRELAERHENEEVER P HHRAREMAXT D, BHEETEAD.

3.72 AEEET S S ERERMER

RS —EHEAT, BARETEESMANELEEFY K. TE—HH
RF, AAEEAHRTRENKAD, MARNGRSSHNESHK B,
ATEMRAZRAET, NAMRKYES BN CHAAEEN & & B EEY
W, KEPHARRET K SEHBERRTT EBIT. ERMEHAEEHE
Ep BERE VB0 WAE 3210)FR. TR, HEAENEX, #&HEEE
WA, HEHEET, #EERESSEARERL, LESnHEEZEPIS
MR, BFWME, B AR TOMSERER, ATERES&HERNY
Ko

38 AE/NG
X304 IR BEE 41 T Fe-Sn ZTE & SRR KAT 0 HAWRASUHE
BUR BT BHLEEAT TS BioLs RR:

1. EANERE/PIERT, Fe-48.8%Sn R4 & &R E AR Ho-Fe Al
Fey 3Sn A4 R T B4R BB AN, BEHARN Ho-Fe MTERE Fer3Sn. f-Sn
K FeSny 4. PEEAHFEENMK, —~HH, URESENE, 5—FH,
BEATERES A LMK EWEER, BRSSO HRENREER.

48



Hib Lk K FHEFEAL

2. Fe-15.6%Sn T iR & & & id WA $iHa-Fe BEEARN. KEHHEE
ERARIE R T % R EMREMERNE, DB RMMERe-Fe H—EFH
#R. REAZDAEOEREASSE. BHFEEBRENEA, KEEKEER
EHtEA.

3. Fe-40%Sn V{7 & &RFRa-Fe 240, EERTEBATHHIE
% Fe;;Sn 7 p-Sn /8. BREHARABEAHWEETALIALBEREN: HRAENE
HREE. EEAHERNELR, HREEKEFRLEHEKR, BAE 83cms,
NEEHIFHFENEEEHER.

4, Fe-58%Sn il i i & & i 5% [ 20 2R eh #0 HEAR B0 AT 44K B-Sn AHFN 43 A
Hiffa-Fe HRDBESRBEMLEMARK. T4 N SEHRIE 0~15 KA.
FURARGE /D, B8, BEEZEERFET.

5. EREEREEGT, BERETR4ERo-Fet+L,—FesSny M FesSnz+
L,—Fe;Sm, B R ERAEE L 80H, MTE RN FeisSn, B-Sn g
M Mo-Fe 4, HAAEMEKETRESEEK,

6 FEH Sn B RMEMALEIE K, LESnHBFEERENK, s&MESF
HRETER UREEREL, ¥ EhRTHRAFEAYE \TFReeHE
ERRERK.

FEFENRERT:

1. e BAE, “SAEREDESBREES)SHARERKHERHE
/., IES4R, 53, 1909-1915 (2004). (SCI. EIK%)

2 E X |

[11 C.P. Wang, X.J. Liu, I, Ohnuma, R. Kainuma and K, Ishida, Science 297, 990(2002). "~
[2] X. R. Liy, C.D. Cao and B. B. Wei, Chinese Physics, 12, 1266(2003).

(31 #X#. HF. BHE. FR. SRENITIYT, YFER, 52, 448(2003).

[4] N. Wang and B, Wei, Mater. Sci. Eng. A, 348, 145(2003).

[5] M.B. Amar and E. Brener, Phys. Rev. Lett., 26, 589(1993).

[6] U. Bisang and J. H. Bilgram, Phys. Rev. E, 54, 5309(1996).

{71 W.J. Yao and B. B. Wei, Chinese Physics, 12, 1272(2003).

[8] N. Wang, J. Zhang, B.B. Wei and G.Z. Dai, Chinese Physics, 9, 532(2000).

49



# =% Fe-SnaRoL At A E

[9] N.Wang, B.Wei. Materials Science and Engineering, A345, 145 (2003).

[10] J.Aoi, M.Ishino and M. Yoshida et al. Journal of Crystal Growth, 222, 806(2001).

[11] B.Nestler, A.A. Wheeler, L. Ratke, C. Stécker. Physica D, 141, 133(2000).

[12] C. Stécker, L.Ratke. Journal of Crystal Growth, 212, 324(2000).

[13] T.B. Massalski, J.L. Murray and L.H. Bennett, Binary Alloy Phase Diagrams ASM
International, 2, 1110(1986).

[14] Smithells, in: Smithells Metals Reference Book, 14, 6(1984).

[15] Yamamoto, J.Phys.Soc.Jpn, 21 1058(1966).

[16] Az%F0, #AMEE, AAH, HFHEA PRI MR, 1998.

[17] W.Kurz and D. J. Fisher, Fundamentals of Solidification, 3rd ed, Trans. Tech.Publication,
Switzerland, 1989.

(18] B3, B44 BETRHERME, 1994,

[19] C.Stécker, L.Ratke J Cryst Growth, 203 582(1999).

[20] G. Reiss, J. Vancea and H. Hoffmann, Phys. Rev. Lett., 56, 2100 (1986).

{211 G.J. Gurp, .J Appl. Phys., 46, 1922 (1975).

[22] A.F. Mayadas and M. Shatzkes. Physical Review B, 1, 1382 (1970).

50



H TR FHEFERIL
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BT AN RIS TS R EINA BTN B3 AR S EALAR
REEmE, EEYa9RESEUER %Y.
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Fig.4.2 BSE Photos of rapid solidification microstructure of Cu-10%Pb hypomanotectic alloy
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DR RERELEY, BREKE Fig.4.3 Relation of growth between (Pb) and
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(a) D=400 p=

4.4 BETABLBEHT Cu-10% Pb TRA L SHATA RERBER
(a) D=400 pm, HAB(Cu)k&; (b) D=60 pum, (Cu) FFHh.
Fig.4.4 Microstructure of high undercooled Cu-10% Pb hypomonotectic alloy under
drop-tube no-container condition, (a) D=400 pm, coarse (Cu) dendrite; (b) D=60 pum,
equiaxed (Cu) dendrite,
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Fig.4.5 SEM photos of rapid solidification microstructure of Cu-37.4%Pb monotectic alloy
(a) Whole microstructural morphology; (b) enlarged view of interface between Il and III
zones; () enlarged view of 1 zone; (d) enlarged view of Il zone.

SEM TRWME, MFAMEIREE, WE 4.600)7R. B Pb HREE Cu P
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Fig.4.6 Growth morphology of equiaxed grain in free surface zone,
(a) Radicalized growth, (b) enlarged view of A zone
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47 BELEBLEFET Cu314%Ph RS SEIARIREAS:
(2) D=700 pum, & FMMREM; (b) D=500 pm, IHEIIRH S HIENMERM.
Fig.4.7 Rapid solidification microstructure of Cu-37.4% Pb monotectic alloy under
drop-tube no-container condition, (a) D=700 pm, multiple monotectic cell; (b)
D=500 pum, single monotectic cell showing homogenous microstructure,
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BEA K. CoBRERELEKIRES, SREHRE, BE P LARCER
H, BRI MEE. EERENE—FTH, LML T Cu ft iR
& BEETEYH, L RBFHETRAN Cu EFM LyS(CuRE IR, Ly/S
(Cu)FFEHZEHRE T BAP)RMEEFE. RIE Jackson!" M8 A REAERN A H
BEZENEAE LIHRRTILE x HXRR:
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Hr b KFEHEFERL

AF L (1~ %)+ xInx+ (- %)l - %) @.1)

NKT,
AH, (7
- el 4,2

“ kT, (7) @

Rh, AF, HEWRFEAA B hgeeik, N AFBMETEH, K ARRELER
B, T HERBEA, AH, B 1 AMETHELE, p AREETFRME, yAhE
i ETFHREAMASE. Ra B REER, EEBATRAEERN: Fo>5 YR
BER, EERAERAEN: a=2-5 WY RREAESHLEES, B~
ZREAHFRNRE. Cufl Pb H4REHRF Y 13.02K)/mol i 4.81K)/mol,
¥ 155y B 4 1356.4K F0 600.4K 8. 3+ BB BiA5 Co F1 Pb Fafi 4 34 0.58 #10.48,
Bla<2?, Ly/S(Cu)RENZREMRE. A0, LRAREAINEACHEHTFE
REHAE, BELRMNELAANE, RELE LyS FHE S 7 e R .
XUHEASRERELET, RE€(Cu). POFBMREEMMEL BETR
YR E L EEAEE, BFESRIMENK, EANAHNEETREOER
5, LyS(Cu)RHERE PP EHAEENFE. BN FHAEDELEENE Pb
AR EEE, HREFRUSERREAP)E.

43.4 Cu-64%Pb BRASEMNBLEES

& 4.8 % Cu-64%Pb T RGEEEE V=20m/s FRIPEGBEAR. E 48N
ESUAMBARE. NEFTUEH, #4858 +495, XREVENE
MiGtr. B 480)RE&HTFHRARKRBHARR . B 480 EBARN =HE
HKER., Bh2ARKAE Cuig, BEAANBARRYIMHTE&d, HE
FRADRBNGAEE, HAREENERGEKBEAE Pb . 255 SEM BEER
B, BREKEHEPOEMESEPHCOBRAR, WE 48dFR. ERE
H R, B PbHAELME, H/R(CuE RS MEE.

7EBSRE Cu M, RERBHDE Po HNEAE. XiEHTABAHERSE
ETREr FWEREBASE, AT XENE Culill. ERENRRER
R, ¥ cuE+# P RAST HUIRBGENE PbBEAT £, AMKRE
BBAEHE. R, B CuKEARE Cu REFMENHNER, RE—ER
RHNENEY, SAHNREE, HEESBEE TR, KARFRMARIFE
MR E Cuil. R, TRESEFE Cu HAE P AR SEHREAS
SHEEHENER.

MEFEAE V=36m/s B, B Cu ERERANERR, HEASHESHE
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#w& CuPbladbtHtdREAAEET

L S0nm
E "Ili.-

Roller side

4.8 Cu-64%Pb it R E EREREWHRAR —REFH (V=20m/s)
Flg 4.8 SEM photos of rapide solidification microstructure of Cu-64%Pb

hypermonotectic alloy at ¥=20m/s.
(a) Whole microstructural morphology; (b) enlarged view of (a); (c) enlarged view of
roller side; (@) enlarged view of (b).

4.8 PHELKE P HAE Cu HKFEHEESY, WHE 49 FiR. B 498 &
EEFAMBEMALATS. B 49000 E 4.9@F ALK REHEKX. MEHT
BLEH, REESAREREIEPHESREBMIENG, B5SHLNE
R EMARTSHAN.

FEERENH— P AE V=52nvs i, BIERE Cu HBEEERL, FA
EE Cu LK BHMIRG, SAENIHESEHE Po 4, WE 4.10 Fix.
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Heb, B 410N ESEBHBAER, B 4.100)% 8 4.10)HRHEKRE R
BAMIEREEAETF(CoB SN BERAEX. FE, LE@biMafRdan
BREM Cu ARAMEKRSTH AT BIE.

- - 1 VA il LT
& 4.9 Cu-64%Pb it & & S HUE G E MM A RV =36m/s)
Fig.4.9 Microstructural morphology of rapidly solidified Cu-64%Pb hypermonotectic
alloy at ¥;=36m/s.
(a) Whele microstructural morphology; (b) enlarged view of (a).

ol - S

-l

o .

o Pb=rich

Roller side

H 4.10 POEREE Cu-64%Pb iR HA L MARFEE(V~52m/s)
Fig.4.10 Microstructural morphology of rapidly solidified Cu-64%Pb hypermonotectic
alloy at ¥=52m/s.

(a) Whole microstructural morphology; (b) enlarged view of (2).
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FvwE CuPbipdhdteibeid BBALKE

EEAPERELMG T, KW HEETERMING T L ®waMEE. K
KAAEEFLRE, SmRAEEREEHENERMET, §&HAR TS, BE
AHEERHWK, 2&HAREAN, E P HASHEBEHNS, B Cu ifEEd
THRUE LRI ERER.

B 4.11 REE LREBH Cu-64%Pb BREBSSETAREREALS A
N, BF&4mPo S EEE, WS TFHARSSOER S, BiTEEIREP
RAESESIIRTEMNERRBT, BRTREHAR, WE 411 R, B 4115
MERHE R D=450um, ER=Z7HAR. B 4.1100)5 MAEBTER D=400
um, FE BB E SR 4 4R PR R B4 T R 4 B 2 5.07x10°KSs D 6.79x10%K s,
A ESHA 100K f 107K, EEERSARERBEEHT, RERSEET
REABRKHEETAE, BHTEEMAHEED, BERBHIHRHEERW
REHR. 5, AHEERHARZETABREIENEFHEEE.

B 411 BELEBLEENT Cu-64%Pb L REESEMMBAR
(@ ZEERAAR: (b) BERZAR
Fig.4.11 Microstructure of Cu-64%Pb hypermonotectic alloy under drop-tube no-container
condition, (a) triple-layer core microstructure; (b) two-layer core microstructure.

4.4 Cu-Pb R &r & & IREHEE 2h 11 LS

EREAHEMHT, BITF&ECu AP HIFHERK, BEIBPEHE
BH) Stokes BIHEEM Cu-Pb RBESETETENZWNHIT. R, ERAHK
HEEFGT, REENHNIERKAREE, Cu-10%Pb TR, Cu-37.4%Pb
i & &R Cu-64%Pb iR E S SR\ THOFRNEHAR. ZEESXHS
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SREATHBBA TR AT B NERT (7 =-dTld) 5 & E£HNEH
ZEBRTEBER, A RE R H R, Navier-Stokes FEEHESEHRIBRE, X
BAEENEEHNDDERET TERS. SIBREMAEREHEETE
FEIM T

Navier-Stokes H1# %
¥ o v vy, 43)
a . o
oU U _ U .
o UGt g VOV “4)
ERETER
ou ov
BAENEFERAES A
ar or ar T o'T
-5;'+UE+VE_G[&T+_6—};TJ 4.6)
—‘E+V27-'—=a(ﬂ+-az—TJ 4.7
o ox &' &

RATH Tt B R R UL 30 18). Bt RV 2 EFIAR 4.1,
R Cu FI Po MBS BB ATI K. HERBMN Cu-Pb S EFH AR
w412 Frm. ANBFIUEY, RESSERELEATES, BEEEELR
SRIT R, STHEKEREER

GRERTHRARETS, H25 N
B, SHEMREAHEEAR a0 - - -64%Ph
th, ¥ RBEEHRREBER " T, =1228K

2, BERSE Co RIOREBAHE 0]
%, BARETEPREAEHE <
WG, AR A I A () FIHE

R 1] (o) B R ST 4B, BER

B (o) B 25ps. HE, K
ARsa&mnnEgEsre 1
BRAE R 2 B ER.

#, Cu-86%Pb &4 /L EAREE R

1100

. X B 4.12Cu-Pb &£ M IR
RER, KR AR ERUELT Fig 4.12 Cooling curves of Cu-Pb alloys
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Fw¥ CuPbBRosniid REMREE

4.1 BRWHEFHE Cu-Pb &S %

Tab.4.1 Physical parameters of Cu-Pb alloys used in calculation

Physical parameters Symt-)ols Values
Cunit) 10%Pb  37.4%Pb  64%Pb
Thermal conductivity of melt  A/(Wm'K') 16129 143.47 114.54
Thermal conductivity of solid ~ 4,(Wm™K?') 23662 209.32 164.96
Specific heat of melt kg K 4837 441,92 374.03
Specific heat of solid CsUkg K 46242 42332 359.79
Latent heat AH(Jkg™ 1.97x10° 1.72x10°  1.32x10°
Heat transfer coefficient o (Wm™>K')  1.0x10° 1.0x10° 1.0x10°
Height of puddle H(m) rox10®  1ox10®  1.0x10°
Radius of roller r (m) 6x107 6x107 6x107
Width of puddle L(m) 1.6x107 1.6x107 1.6x10°
Width of nozzle I (m) 8x10™ gx10™ 8x10™
Thermal conductivity of wheel A{ W-m™K™) 397 397 397
Density of wheel pulkgm?)  896x10°  8.96x10°  8.96x10°
Specific heat of wheel Co(JKg' K" 390 390 390
Rotation rate of wheel w(tad's’)  333~867  333~867  333~867
Gas constant ROK'mol™y 83144 8.3144 83144
Acceleration of gravity g(m's?) 9.8 9.8 9.8

64

2631
D&, =03+432¢7°

RErisdh, MHEANBEHRETHANERBETRENREESEFHTA.
BT EIRE A HEELE 6x10%~1.4x10'K/s T H . L E S T A B LE &4 T W
RSB MW HIEEX 10100 B L.

44.1 AHERTRELRERHETW

AHEEN RS SREREARNEWRERNE 4.13 fin. EEAEN
WK, —FHE, RRRTHER ), BEAHASEAN; B—HE RAERS
e A R A 4 /N S R . B, Cu-10%Pb W R4 &/ X485 (Cu)#l,
SHSEE Pb AT CuB AR TLE. SREBE(CoSEBR TR HER
BRERBRE:
4.8)



bk K FHE R

HFF Cu-37.4%Pb fRZ &4,
FAHERK, 2REEETEN
L, WA REHEEI, AR
E Pb #H195] 245 T-(Cu)tl & I E BR
ZH . 3 Cu-64%Pb H Cu-86 %Pb
BREEETS, AT LASER,
BEHEREEI TN G &, —
SEHEK(Cu) LA MR SR E S
M FEo)yEEP, IR EELEHTH

Dium

WM. L BERARER N o6 o8 10 12
HEFERT, CubsBEERk. THO'Ks
LTREBHMBALRAEESD B413 ANEENREERE Co-Pb A SHR
(Co)M R R~ e Beskin, HpEW REMRRLR T HY A

BB ER A Fig 4.13 Effects of cooling rate on

o . 2 microstructure morphology and grain size of

Dy =5.6=-58T +1.6I".  (49) rapidly solidified Cu-Pb alloys
EE A3 F, FRESEME

ARENBPRTHARNBZURAEE. AEMBAEIGBENEEERY

K, BHTFEADIHEMEEEAR.
4.4.2 WERAEN W 5HLY R HxHE

WE TR B RE S SMBETANAREATEES®. HEE
tus BHE, REZEEERAD. FARIMRSREEAAR. K4, HE2A
mxtdRASEARERNEBR RS EE., FHTFHE-BERZNLE, LTFFE
HEIBHEIREES S, K —BREEDRAD, LEAFEREETHRATGER
L . 7 L BMWEAKRR, EHENE Swkes E31 RIEEHKESIEN
Morangoni EFIEWF L MEREERIES, AMSHEEHERRIT. AT,
Y nBEE TR, B LBREAOMEENSIEERK, REMRSERE
B8] 4 L #0785 81 Ly MECIF= A XA E . XERE S REZE S F RN
RSB, RENSTREMRAGREEHARRERE. 55 E R AT
Pt iR BHE T EF AR R+ EERER.

HEE B 1D SR HERE KB RRA—BN. BRI RENHEM
ZERt (A B 2R B BRI 4.14 iR, BHEERN A ESA AR E.
e gk (] I () 0 B [ B (R IR R 2 ME S . 1y finono I 1s BEVA T 7 1
KRR HNA:
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t, =56+71877, 4.10)
¢t =49.3-257T +587*, 4.11)
b =242+924e"™, 4.12)

Cu-Pb (W& &M TRFREEREND, EAE—EHRHRTRERLEND
R PR B R AR 4 B R 1] . B XHR RS @B L A RERE, TR
KAEE B E AR E, RESRBLRITHREREREA.

4.4.3 BB WER
BRI REEEHERAR 6

RABAKBENLE, By | e
FRAS SORDEH, TEARE 4ol S

RRAENARERAE  EREE |

SAES, R TRAATERE 9| \‘kﬂ
MESNARRRERIEARS 2
MWD R E B CuosnPy | \'m:fi:iw
I 4R B VAR B 34 T 0 (8471 807
WHEERR. Cu-64%Pb T MEEE

B 58 BK 3 A 30 3 e X A Y I T T
TR 160pm 4. Xk Fe-Sn it T10'Kis
5 e U1 0 AR 31 R X B B 4.14 BEHER FRA N
Bk MELBBER, CoRIB  Fig4.14 Solidification time versus cooling rate
#1ER AR, AERT AR R -
FREE. M2 Cu-Pb BEMARELEET Fe-Sn S4MASER, EHHEH
RAGH M A AT AR AR L2304, HIS TERsixEEas
A mER. B CuPb fifd. TRIAEGSERASREEE TEDREK
A LR BB E AR, WREEIRL A B BHFRRK).

A5, WHRRADEEKX, GENEE, RANEZIEEENES
BIEER, BT L, MHEY Stokes B3I/ Marangoni EZ1% 48 4 BHUEIZ F)H
&, BEAAYIHRE.

4.44 B WmEEEHB REH

HFPERELET, BFHHELIDMETAZ EH, FEBHRE
FE TL RGBT E Trono BRSP4 —EHRE, 53 N H SIREAE
BE T AREESE Toomer & 4.15 PEREFT. TLH T om ZHETF M,
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FHib Tk K FH-EFa8

EHREEMEE—EEENER,
MRS CadClm, ATIERES
coAVE R

4 Co<Cln B, fREAESHIHE
AEUMECHEREKD ETER
it ERFHBEKIEF, BTFHR/ER
HAMERE S, & Pb MR
FEb KRR, S5&REERE
brimea B AR, E Pb MUATH AR
RERBHIE, £R L #¥. BT %
CoiRRE, COMERBBRER g, s opsommpmnneon
HEPRE LN RE AT, Fig.4.15 Thermodynamics analysis of liquid
EPhiBAM L AR NEZRTE phase separation for monotectic alloys.
SREIEHILT, WA
ASHAT; M2 (Cu)l, MEERHERE, BARSEHE—FHAT L, WARNES)
B, WTUREITRASENRE. B, TRESE, HAURNSTHRR
RUEEREATEAEMBAAIRAR, RESRBHITBHEGLSMEN.
ERHTRARENERER, TRESSMEFSANE . QEEERE s
M HNERMEEER RS SRBESERE L,

H CoCln i, BENTHBEBABESEN Tnow ZEHEEBLFHA
FNRERS. RS, L BANEERTRREE, HEKEERT D TRER
B, RESREFHESE. MEPHERX, LBERRES, BWHSEHER
BEXK. RESCLREREBFABEARKEREUT, L, BEHEEL, KX
BAT @R, —B LiEE REWEREZZEORE—RATEHTE.
HTERAREXE LNER, EREETEEMBETEEIEETLHR
ARRERERREHELELP, MEIMESSHBERIBUEE"ETRE
BEZ.

MR, KMHEASE, REFENEESMUEH, RN ™REHIEE
TRETIE] fL O R 5 BT 18] fiono 0 S00 GRS 6 ) /s RIS} TRV AE L 53 SR 1B IR AR
HAFKREHR, TREADERZAERENRBEIETANFR. Bk, &
B HEREE NGBS E, KBHIRRBLASANEETH.

Hoh, WARS R B R UMM DS, WHTHTR, Cu-Pb
MERCSERBHETREZT, NFERREFEGEN A —RASERFF

z—
[,

ATH

T

ATL

LrS seperaton! Liguid phase seperation
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Frad Cu-Pb a4 o bk st B LUK E

. X KFERNT BRNEHESEOIS, BZEREIE. H5T84H
ST, B BETAKIREE, L MER, MZiERTEENERER,
WX R A BB IREREAAROEANEEE.

4.5 YR ERE Cu-Pb RES S EEESH

451 Pb S EXMEEHAENEMN

—RIERT, ELEEBESHEN, ¥RAZHEY, BERETFEL,
fEa] 52 08 &8 A s R 2,
(4.13)

o, wEER.

p= 4.14)

nez'c(sp)
AP, m AEREBTHR, ¢ HETET, o) BT L BT EE,
E#BKEREX, n hBEEFHEE.

Co ZERNRAMRPET ik, BMNETH A 4s BFHIE 114, 3748
WEIK 4s ¥R, SNEBTEMH 3% PoEXTRAHERETF IV %,
RIE d REBRHEN, 6p BRE2MET, BIEBTFLEHN 6560

Cu. Pb A BTELOMFEN, BRECIINASTSEOIFEN. 3t
Cu BT E, BMNERRE—IETF, MEIMEFRE—ANEF. HEEE
#ha, MENMRRERY a4, FUNMRTEENY 40°, BREER ks ~1.560/a.
LRI TER, Ll Cu b5, LBAPLE, —HE, CutIBB R RAD
., T Pb BT d KBRS BB S MR d B8 s 8%, Rk, Pb AT
ETRES, METFHEANJEZENLEEKX, #SEFEEYERD, TS5 CuE
THARKERFEEHFEERRK. F—FE, CuEFEBEL P HD, &
B EEEER, b RN SB ()M BRIFRE, N, &M CuPb34HmE
BN, Bk, Bk E, 440 EXEPY EFSRNNSTHE.

T, EEREELMGT, BEEM CuflPb JLEEARME. £ 600CTF Pb
FECo)FHIEFER KN 029%, CuFEE@H)FHEBEY AT 0.07%. FEHi, 4
ABFREF, PoIHCuRENEHEEEMIETEE,

ERAREGELAHT, —JHE, Pb ECO)EREKDNERERLYE,
Bk 4%; F—HE, & CuifE P HKEZHM, RANE, dHERER
BFMERAN BB TFHRGEREENR, ¢ohEEN k. B 41605
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15| @) (»)
® Expdata ® Expdata
— Fitt.dala Fitt.data

p=?.186+1.256e" ™
®

P=3.8740.15C,

o 5 T r 7] 2 3 ) 2 m
Pb/at% Vjms”
4.16 HR#EEE Cu-Pb RES SN BIHEM P S NEEH BT,

Fig.4.16 Resistivities of rapidiy solidified Cu-64% Pb monotectic alloys versus
) concentration of lead (a) and wheel velocity (b).

& Vi=20m/s IR RR Bl W R &5 S 0 PR BE P A B NR R NEHETLIE
H, FE% P SRAEA, SSHEEEAE. S&HEMEE) 5P RETEE G

Z BB R B R
p=3.97+0.15C, (4.15)

sEbr b, 3 Tk B REBRHESBEH Cu-Pb BEESEN 5, & &R ER(Cv)
e A FI(PO) R AFEHPHER MM E R, 46 Cu FIREBHZ(LA 1.678u0-cm, T4l Pb
IR 20.684pQml'®, Hk, BEH Po ST EMM, SBFERBRAE.

452 BHEESSEHBAEZFNXERE

LRIEMPREREE Cu-64%Pb R & &7 FRE T 69 pE 2 0 E
416, MEFATLAE N, MERENER, SEBEESRA®N. 444
PiEpSIRE V. Z M ERBEHXR:

p=7.20+1.26¢""" 4.16)

EEEFHYT, KM T(CoBAAERR Pb RAELSHERR LA
MR BIRERPo)AE, AREL RS ST ERERD A HI(PORS R IR
S, MamETFRAGHMER. BERENER, AR, RERAKEIH
b, (POYEECHREHNHNBRLEHIBEMGEL, BERERESETHR
SHREBME . R, S RENERIENNB N H BARERESEEHHRE
R, AL METFERERENRE, FHRS RBSURXNOBERE. &
AUHEHENEE MRS S5SRATREFERNORD, FREZE S S0
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#WE Cu-Pbiaddbtihid RAALRET

REEEEEK,

4.6 EENE

B X e TR A B A PEERE Cu-10%Pb W RS &+ Cu-37.4%Pb
MBS EM Cu-64%Pb TRESSWALTEA. WHS BT AR EE K45,
REUTHALR:

I, ZRGVRABERAHRERE TEF, REFTAREEETURBR
KOS, (i AR SR R E AR BN . TS RE R E S A2 604 40
EEMIE 10°K/s, KO EEETHROOME T LBROEE. KR
B, 2 RERZE LRT A RERE EASRBHORBNRAREAR.

2, Cu-10%Pb WREBAEM Cu-374%Pb HKBEESEEREZE LIRS, ¥
Cu HUERFRESABEEFREEK, Coti@IHE R, BE Pb 1
L HEaE P, BAMLEMEE, BERERRAREDMEb)E. £%
BRI FET, HBEAEX, BREE, EPbHIEMGT(Co iR,
MERALRELZEFHT, PbECHTHBBREHET K, &P HRSHT
CoEPRAXIFTFHERA.

3. XF Cu-64%Pb i {wiEE, TRATRERE &M THARSBERKE
B EZBHNH, RERBAAETAWMBALRE Co MK 5 AFHE Pb
I MICOR RFHREWAR. ARA /. B5, L REEER, £=4%
HENERmYT. MERERIARELE TR, BHESESIRTERNER
Wty, RTRHAR.

4. BAMELHRREZEHANRTFEARNAEE. B CutHUERY
AEGHBETREEK. BEEANERNEKR, SRRSTHER, SEA
REEAL, RAEREHERNBEREHADMISHRZEE.

5. WEE xR AS EREASNERRAREYW. RELHER,
FIEBE LR R EHSPMERALE, RAYSRARBLAANEEY
&,

6. HEEAHERLEA, DEEE. CHENFRERRRMLREEER
FEET| RABHRIES, REAE CuPb MBS BMAREERK.

70



BT XK FHLZERL

FEABRERT:

1. BmeE, WA, BA%FT Co-PoRASSMMASEFRT, ARME
HR, S,

8% XMW

(11 A.Wawro, J.Phys.: Condens.Matter, S, 8391(1993).

{2] 1.J. Hoyt, J.W. Garvin, E.B. Webb, M. Asta, Mater.Sci.Eng., 11, 287(2003).

[3]1 S.J.Battersby, J.R. Waldram, .J. Phys.F: Met.Phys., 14, L109(1984).

[4] M.Gijs, C.V. Haesendonck, Y. Bruynseraede, G. Deuischer, J.Phys.F. Met.Phys., 14,
1217(1984).

[5] T.Ohashi, Y. Tanaka, Maferials Transactions, iTM, 32, 587(1991).

[6] C.P.Wang, X.J. Liu, I. Ohnuma, R, Kainuma, K. Ishida, Science, , 297, 990(2002).

[T J. Aoi, M. Ishino, M. Yoshida, H. Fukunaga, H. Nakae, Jowrnal of Crystal Growth, 222,
806(2001).

[8) C. Sticker, L. Ratke, Journal of crystal growth, 212, 324(2000).

[91 B. Wei, M. Herlach, Materials Science and Engineering, A173; 357(1993).

[10] M.B. Amar, E. Brener, Phys. Rev. Lett., 71, 589(1993).

[11] U. Bisang, J.H. Bilgram, Phys. Rev. E,, 54, 5309(1996).

[12] W.J. Yao, B.B. Wei, Chinese Physics, 12, 1272(2003).

[13] N. Wang, J. Zhang, B.B. Wei, G.Z. Dai, Chinese Physics, 9, 532(2000).

(14] E¥gil, @R, AR, ALER, 48,2505(2003).

{15} T.B. Massalski, J.L, Murray and L.H. Bennett, In: Binary Alloy Phase Diagrams ASM
International, 2, 1110(1986).

[16] AR, FLEIWAFFLEwIL, 2004,

[17] B. Chalmers, Principles of solidification, 1964.

[18) Smithells, In: Smithells Metals Reference Book, 14: 6(1984),

[19] BFE, BRI, HFHEK, 53, 19092004).

[20] B TR, A HZES T TAkR¥ MR, 2002.

71



FE¥ oAb REAAL G EHN

FHE SHE SR TIEEE RIS

EBRRT Cox%Cu(x=40, 50. 60. 70, 80. 90)F) Fe-y%Cu(=40. 50.
6mﬂ€ﬁ%ﬁ%@ﬁﬁﬁ@ﬁﬁ%ﬁﬂﬁﬁﬁ%ﬁﬁ;METﬁEﬁ@éﬁm
REZE: BT Co-Cu BRASBRMARNETHEE Fe-Cu 8RS MM
ﬁﬁ%ﬁﬁ:EMT%ﬁmﬁ‘m&%ﬁ,EW&WW@H%%S%@%E%Z
B 8 A EBE R

5.1 RIEEEE Co-Cu BRE LRSS
51.18|5F

A S BB R AN AR 8 S S D e, BB R SRS B
ZHEAN. BR, BTFREHKE. £, BRSLARIRGZM,
Co-Cu & EEREMBIRF LR EMBSHME Y, 24T ETERESR
KRBRAMANEE, LAREUEREE, ATERBNSRRSELE, B
KBRS St PR A HR ) B W RE 3 20 18 U RS 54 . B S5 S0 400 SR RS S O R 2
LRI IREEWBUEEENTL. TH, BERA. 6. SRAREERS
MNESHBBERETEDENER, El, Co-Cu 4484 ETERELE
REF R TR AR SRR SR RRENTIEE, AT, WF
Co-Cu &S BER BERAT A . SR KN BG4 55 B 24 .2 18] F0AT e 1
VYR Z RGBT

FELBFAT Co-Cu AL BN RBEET HAALUSIE, WE Tz
RE S EHIHEE, HRAESHEM Navier-Stokes HRITES, HE 4Bk
WHRRIAT T BRI, HX S SMASTUE . BB AR R A X
BT TR FT .

5.12 BERNRIEE

Co-Cu SR TAFAMNARLETNEER. ZFACRATARR A B
5.1 B EFEREEHT, RAH Co=13.6-95.3%Cu MRAS SLE
B ESEANBAA PRI aCo B, HBERE 1385K B, FIRBES oCo K
EREHE, B L+aCo—~(Cu). BB AHHSH 92.54%Cu. EH, C292.54%Cu
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B & &K T2 B (Cu) ) B2 A0 B S 15
A, Cr=13.6~92.54%Cu & &
LEBAE aCo A MCu)FEH
BHBEHES: C<13.6%Cu K&
£ TG B A 2 A aCo. YRR
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B 80% W% A LL(Cu)h EARAT R EE R AR X — LR BIE L Kiement!
SERTIRIER Co ZE(COFTBRAREBEH 14%EFHH 6%. [AREEEERARE
EETRT CoE(Co)FHERE. BEH CuFBIEK, oCo AT BRI,
B EHLE T o VR G R AR (Cu) BV A L.

Bl 5.2 Bi/R XRD ST @ RO R U, TEARIEEEE ST, KIS HHEZE M aCo
IR 2% R HIH 2L aCo—eCo ZHHE], M LIRS A aCo H—ERBHE
&

514 AEERPBISHE

AHRZER WA SR EE ARAEE R EEY IR LM, BT 3 mE
AT AR KA. B T HRANERSHE MHEENE, SHE SR,
Navier-Stokes HREFNEE TR S, STHESENBRE BN NERF (7=
-dTian#AT T BiditE. shESmAAREH IBFEEXDTH,

Navier-Stokes 52

oV ov oV

v v vy, (.1)
a oy ox
U _aU _aU , _
E+U3‘]}~+V?ax__g+V(T)VU. (5.2)
EETTRE
ou ov
7@‘;4——5;-—0. (5.3)
fEERIE AR R TR AN
2 2
a—T+U£+Va—T=a(2+?—fJ (5.4)
a e o oy
or .0 aT 9T
-5}-+V§—o{¥+ ay:J (5.5)

BB TENTREFRRAERIRR22]. BRiERAYHSEFINE
5.1. IHRBH] Co-90%Cu A& M AR WA 53 Fin. B, HREEGE
BEFakAERRTR, #TNERFENEETE. BETFEERROTRAHEHA
REBRZMREE K RIRES RBAZ 0. XRHERAYCRRE L4
T, SRS HERBR, RESRITERYEHAERKEE LEET Cu
\EURE, TIRESIRESHBE. BEENERE, [ 30ps. REAHAE
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#5.1 Bt ERAYTEER
Tab. 5.1 Physical parameters used in calculation

Parameters Symbol (unit) Value
C=70%  Ci=80%  Ci=90%
Thermal conductivity of melt A (W-m™K™) 125.9 138.91 152.14
Thermal conductivity of solid ~ A(W-m™K™) 197.0 212.40 228.07
Specific heat of melt CLxg' K" 525.17 515.29 505.23
Specific heat of solid Cs(Jkg'K™h 603.22 560.55 517.15
Latent heat AHKJ-mol™ 13.68 13.55 13.29
Heat transfer coefficient a(Wm?K?  1ox10®  10x10°  1.0x10°
Height of puddle H(m) 1.0x10%  1.0x10®  1.0x10°
Radius of roller r (m) 6x102 6x10* 6x102
Width of puddle L(m) 1.6x10°  1.6x10?  1.6x10?
Width of nozzle I(m) 8x10* 8x10™ 8x10*
Thermal conductivity of wheel A W-m™-K?) 397 397 397
Density of wheel pulkg-m™) 896x10°  8.96x10°  8.96x10°
Specific heat of wheel CW(J-Kg"-K") 390 390 390
Rotation rate of wheel w (rad-s™) 333-867  333~867  333~867
Gas constant RU-K-mol™) 8.3144 83144 83144
Acceleration of gravity g(m-s?) 9.8 9.8 9.8
AHELEREMK, mE 54 B
w. HEBHPIAHNEERE 5.6~ 1650
9.7%10°K/s TaE. HEAHIHEE
EERBHEREREEEET b -N----------- Lo
BIHERT 226, BT « Nucleation begin  sqiiicotion end
FHeERE STHRREMRT ¢ jasof = ===~ ey T,m138ex
EZFREL.
5.1.5 R ES & HIHRHE T e
‘ﬁE 0 1.() 2.0 30 40
YoM Co-Cu & & AHE Hhs
&l 5.3 Co-90%Cu & &M H ik

BFRRMARRS: HERENE Fig 5.3 Cooling curve of Co-90%Cu alloy
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Fig.5.4 Relationships between microstructure morphologies and
roller velocities for Co-90%Cu alloy.

M. WES4RLLEY, BEHEADERNEA, Co-90%Cu4SHARTAH
HRRSHE MRS BFOER TR, X RHA 3R RREK
TR, BEERMHRES XRD Bl S K NATH RS & R IFHX
MR, XL 5.2 PEREHATFHETLAEH, Co-90%Cu &41(200)FHEHE
MIHBREHERTAI)ATMATHBE, (200)R 5NN F(CuMKERELY
FAI<001>f (7. BTHRSEREFEENERRE. T Co-80%Cu Fl Co-70%Cu
BEMUNDABMTHBEDNRTQRIATE, RBE-HESHBEREKER
58, FRARMEEKEHYE, EHiiR SIS ErREaR.

EEXEREHT, CudBE 40~70%EEE, Co-Cud4HImigs E2a|
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AR E BT, BELEREF oCo
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LR, —EHENE Cu AT
oCo B @I Tat, Ll aCo
FHAMPEREE AN, WHE 5.5, b
FiR. B GKZMFERZHS
FE(H), XEBXZ [EHREFAHR
HEX . 7SR ER,
THEMZELERES. NREMR
MR EMIEEEKNS
H.

S2I0 W 5 B R RLR T RE AT A
A AR I B 5.6 Bion. AT WL, BE
HAE MK Cu S BHIRA, B
A B, HOERE. &
B —ERERT, AR XE
FEE#R, BIRTHERA.
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Fig.5.5 Rapid solidification microstructure of
Co-60%Cn alloy.

10 60
5.6 &RHLR T BEAEAE S AL
Fig.5.6 Variation of grain size with cooling rate
and composition of alloy.

k. BIRA Scherrer 2 AN @R HATH IR

W = fcosb,,

iz (5.6)

P, EAER, MEBER0.9; 1=1.5406A HEH, pHEFEE, GufrH
fi. HEBRERE, EHENNRTBELEE. S4EH 9x10°Ks i,
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H(CHMABAIDATS LRI AN RRANDHHA 14om (80%Cu)Fl

30nm (70%Cu), S5LR{EHFS.

5.1.6 HRiEEE Co-Cu € RS &Ry
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FiR. Cu AR B Sk, BB THEK
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)
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Fig.5.7 Resistivity versus composition of alloy
() and resistivity versus cooling rate (b).

FIEFRUEREETMEKR. RIESRME F-s BPIm i,

BHNETEERRANER LHELSZIHS XESBS 5 RRNE RS
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SHEREREHANFERENBERER RN Bk, SHUEREE S &
ABHERAEWES&RERMNESERER.

A AR (BFREMI RS M8 T8 0L & EEN EEETH
Mayadas Fl Shatzkes™ & tH 4 % 577 5 PH ZZ A R (M-S BRI R R

1 1 1
polpg=3|:§—-2—a+az—a’|n(l+EJ:| (58)

a=lrld(-r) (5.9)

(7l B % F8 P REL 3R T A5 0 2 A T e B3R o T 8 LAY Fuchis 212K 4
w4

ofi

» B

1 6 cos’ @
Pe=1—- (- dof dt ——— (5.10)

j {p, 7k, p, H*(1,6)
H(t,0)=1+a/cos8(-1/2)" (5.11)
k,=all, (5.12)

XA, o Hlp ARAESEFERHEERNSEREHEE, RRAKIHEEN EH
45 Cu 4k Co MEH P ATR, 25128 dooovwcn=3.17uQ-cm,  ousovncy)
=2.69uQ-cm, pyooncyy=2.19n-cm, G I0RBp=py: p HEREEE RS
A¥, T HEE, po0, B 10°~10% r Y RAVHES, BHEIEE 0~1
EE; LhABRTEHEHE, B 4503270, o M 4 4B A ESEEREEMRRF
BIR~T Hob, RBRT dWEXCh: HeREA—KHERE, FHEARNER.
HHEE, ZRRsE&ERNENRTER—HESR, XEH T AR -THEE
ERZLBESENRL. XRMEHEERSEERNRNRTHBRENTHLXR
A

a=37.88-V +0.007877, (5.13)

d, =7.35~0.28V, +0.0029V?, (5.14)
d,, =0.65+20.15¢%% (5.15)

d,, =14.27-0.35V, +0.0018V2, (5.16)

AP, dis dson doo 23 FH Co-70%Cu. Co-80%H Co-90%Cu & &HRANERE.

HEE(5.8)(5.16)A N & & B RBT T HISTH, BIKEEENES7b)
Fim. WHEREN, T M-S EE, HBEZEMARMNTRE I8, L r
=0.996~0.999 R ERHHESTUEFEGRF. RE Fuchs HEBERTRA
B BZEN R R TEEREOHHNELERN, HTRENERELELWMS,
A p M r MAEE, MESHEEEEWIHHEMEN, HEESEHEER
WEK, Ht, ZEEAE TR ERE A & HER KT,
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MEEHALTE AR, LE5.7(0b), XFENHE, BEFF LR RHS
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RIEGERD THRE. BRRE. FERENEKPEERRNEY, B
H—EME M. BT ETERSLRRARANANEE, LIRE
RESEK, ANTREBSERAKELATFRNE EMEMBEWE L2
ft. RS PUEREIED, R0 P B 2 AR B 5 TR E
RMEHZR, HEENREEKTY. HMERREARARE=EREENEW,
DRIk, SR\ TR GUHUET FUI S & SR 7E B RS AGR T S 2 o OV 01T S T 41 400
EMERF —EMERE N,

FIARFEBAS R AR R HEIL, B RE 2N %M T Fe-Cu
BEESRENERHRES, R8T IXBER/AREROBTSYE,
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TR RIS

80



b Lk K S F 4R

5.2.2 AT HIEE

Fe-Cu B &&&AEHM A
5.8 iR, ERBAHNENGT. &
SR THEMATERTFEL
MRS SBREITETEE R ER
HAERR, HRARERWITR
EHIEEEHALR, MmEmREEny
BLERRE. ATHEARAHRER
Fe-Cu B4 &6 EAREEELT
AFALUFER ST & HEERE
FIERRE, EafARIEREN
AR E & S BAT A AR
FRMENEE. KLEET =/
AHREMLM Fe-40 %Cu. Fe-50

1800 40% C 50%[ Cugo% Cu
1700 A S S
- ~
/
LAl N
v 1600} d ety
= we 4 .
Liquid phase
1500 seperation
+Fe+l
1400 1360 k
l\a.z%Cu Fohcu) 95 9(2;:)_
1300 L Lt ' .
0 20 40 60 80 100
Fe Cuiwt% Cu

58 A& EAE PR ED
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HERRFE. A THRA Fe-Cu BREE
B AR tRIE R E HLE, 18 RR HIE
FBAR 3 5 S AT AR AR,
A4 Navier-Stokes HF2. HEL&EH
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Fe-50%Cu @A &/ HRE
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Fig.5.9 Temperature field of puddle at
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#52 ERTHFAYESH
Tab.5.2 Physical parameters used in calculation

Parameters Symbol (unit) Value
Thermal conductivity of melt A(Wm'K™) 96.15
Thermal conductivity of solid A(W-m'K") 93.39
Specific heat of melt ) -kg'l-K']) 654.41
Specific heat of solid Cs(Jkg' K™ 652.29
Latent heat AHOKg" 2.87x10*
Heat transfer coefficient . (W-mZK™") 1.0x10°
Height of puddle H(m) 1.0x10°
Radius of roller r(m) 6x107
Width of puddle L(m) 1.6x10?
Width of nozzle I(m) gx104
Thermal conductivity of wheel AL WK 397
Density of wheel Pulkgm™) 8.96x10°
Specific heat of wheel CoJKg' K 390
Rotation rate of wheel o (rads™) 333~867
Gas constant R(UK*-mol™) 8.3144
Acceleration of gravity E(m-s'z) 9.8

FE75 Ty B 7 e EE R A MBERE, TSR EMAIRAKEH M 77 )
HHBRERHAREE,

EREBEAR, BT CuBRENRERS, BitEREELB TR,
FERR R BEA 160~300um FTHARSW X .. KLk LR ELES R EEBERN
POURE. MERARM LY, BEEEE, ZXBETHHANTE, hER
P B 1) AR I VT AR T I
5.2. 4 BEEE IR PAEETHITH
5.2. 4.1 HEAEES

B 5.10 AP RARR RS B 5.10(2)% x FEEES, B 5.100)
Ry FRAREES. MB 5.10@)0T LEH, 38 ERE 87K 75bE 5 Y
BB, MIBE A M B KHE S2ovs BHEF om/s. BESKFEBRKBK,
HREBERERK, 7 04-0.6mm LXFB AR, RETARE, 7EH
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5.2.4.3 HBHEREMARBIH
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AFEEH RFEEBECLE 5.10). (b)), Bitb, KEH RMOBHERE RS 2
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Fig.5.11 Shearing stress of liquid phase flow versus height of puddle (a), and thickness
of boundary layer and cooling rate versus Reynolds number of liquid phase flow.
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BEHBEEEAR, AMEBHNBLRAEEEMEA. FE, BHE Re WX,
RS/ BTN 1 FE R A B AL O 45 um T R A BEAMISUE, I B IR A LE
¥R, XER Re<1024 N BHRERETWE/DPERA.

5 BAREARRE, # B2 EENIBE Re H AT X S B H 21 n f##.
BE, EXBHAEASBRARBERER) M AMFRN, 575%H% 04555 Pr=yoXkH
FRARBRIT. HF, yAIBREESBRNEDNNE, o AT HRAEK. HHEA
FFWELEQ.0~2.0)x10° m¥/s 6, 0~2.0x10° m¥s, W Pr=0.05~0.075. BIHAT
M, RARBHEEERTHEAREZERE, X5 5.1100)FHEREE—B.
TE, B Re MMHK, AHEELEREM K. HHEZETHE Re BT
XRK

T =(1.3+0.0083Re)x 10° (5.18)

AT, BEBAMER BRI F EEEM Re B AT EEH XMW T ERE.

4 Re<1024 B, 3 BAEME A0, BHRSIRABHE B ¥E; WX Re>1024
i, REAEIEL TR, BASSHANEEEEMR, EBMIZRM
o
5.2.5 MRk Fe-Cu B RS S MELERETHE

EFERE AT, SFEEEEEREAL L TREMNTAEEFTHyFe
B, ZHEIE-—EHEIEERE 136K IE. Bz REGRRNETERE
2R, WEIEEP, HTREREXEBRAN Fe-Cu 88448, BoHLET
AR HNESEREERAEELTIRES, EXSRERBIBERZ, mE
5.8 Fi. BRBENREBEIBENIEFRE To. LHEUZERTHAI KRS
AR, HEiak H,

W(l-2n,) x[]_cz{l_z(l_%)z}] (5.19)

-~ Riodl=n,/m]

KA, WHERAE, RASBEER WR=3930, n, AEHMRTFAE, o, hEE
B 0.089. HITREBMSBHTREMR D, X IK EH, IRBEHEARESSHE
FE Fe I L HEAE Cu i [ . 5RMENESESSHEARML, XhhEEHMAE
WA S BRTET AT ER AR OFE# A FREMR ERERFEXE
AT E P AT A S R AABSG TR ), OB LRERE & S5 R
ITHERMETTRRIT AL, THENDOEI L E & AR RBI L ISIE .

ERARERERGET, 3ABANREE R RERZIRT T REgET
BERE RN R LRE AR RE. Bk, EERIFOERE, 253 Fe-40%
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TR B AR KRN R i T A HR & M4 R AR, %X B2 24pm. B 5.12(b)
AR V=52m/s RTEIEEIAR, BiESHEINEHE, Re=1072. ZEBEMNAEH
H2 AW T A REEAN, KEEA 14um. EFERAKOFEN, BE
HAUB /PR FIRE A BEERENE K, SEMSTH, FEME
BTEAD, AERRKEEFEER N FEREAR R R T RER% 4
P AREEANEY, REREALSFTREREHNER. R, £245 0GR
BEdES, SHBEEEERERESE, B LoL+L,, BHKE Fe 1E CuRe
B BEMMHERRERSENAERT, REBRERE S EOERTR,
MR AMERR I E MR, RS, TRRERRERS, SHEBERE, 8
PRIEREE F R AR AR, XFRENSE Fe-Sn it wi&SrBENLHS
+a MLl 2 Re<1024 &, FHBEWERENERR, STREISBRE NI %
REBE AR, T2 Re>1024 i, MAEHIERBEINR, HbREA X RHA,

e T o g T SR 0L w0
i () B «* W\ Free surface g
o o R e S (TR

Fiber-like zone

4 k |'.';pr'; ;'

Bl 5.13 BREEEE Fe-50%Cu A& MARLSE
Fig.5.13 Rapid solidification microstructure of Fe-50%Cu alloy
(a) Vi=20m/s; (b) ¥=52m/s.

86



Bt Lk K ZH-ERE©BL

BARREIZ B, BEARRBEXEE, FERFERYE, ANERDNE
REARAENFHRAR. ARARENMRAANFIR T 3R BARRER
BHEE. KRARSHRMERAT REFN—BtkE.

5.2.5. 2 Fe-60%Cu BREEHENHET
B 5.13 2 Fe-60%Cu & & R A PEREARTEH . MEFWLUEL,
ERAREGESRPE&RKETHASERR, T1BA RSN NEREEZNF
KA BAR. BERE(EFHYA, AEREXETH, A4HEBTEE.
Fe-60%Cu & &tRE B E AR &S Fe-50%Cu &7 HHRMMEH.

i@ T::’ @EHEE !T'.L::EE.;: ) ) S “ "’" ‘Em'ef_uia:.
& '.‘:'-' *u : : “J r

i@**..{ *&-. -

E 5.13 ﬁeizﬁl Fe-60%Cu & ﬁméﬂ%{%
Fig.5.13 Rapid solidification microstructure of Fe-60%Cu alloy
(a) ¥=20m/s; (b) ¥=52m/s.

5.2.5. 3Fe-40%Cu Bl @& & RIRIBREALNFHE

B 5.14 4 Fe-40%Cu & & R4 BN RERE AR . NPT LIE H, Fe-40%
Cu 54T 5 Fe-50%Cu M Fe-60%Cu & &BRAFRNALR K. BFRA
HENAE 5.12 FE 5.13 PHAFHREZRAN, W2 82 HyFe HEF AR
(Cu AR BREAR . TR, Fe-40%Cu &&7EETBRPHREEHEMEM
SERE. XiRBAEASRERELET, HES Cu B/, BEREXIHE
FETMK, RENGFERAES> B, BhTyFe T HiMm 2EHM K,
Mo EZBE, GEIRE “E¥K” VIERETRH#T, RERERT Fe
HE&EAHTFERAOCHAALN. HITR, Co<40%Cu i Fe-Cu 58 EEX ER
RAEBHS>ERS . T LMEFRENNK, BEAR SRR R/ DIEHEHE
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5.14 {RIEEEE Fe-40%Cu A& RMALRES
Fig.5.14 Rapid solidification microstructure of Fe-40%Cu alloy
(a) V=20m/s; (b) ¥=52m/s.

%,

B LR RS Fe-Cu & & FRERE AL TR, ERERBFHT, &
B AR HEERRT &M SR, TR ST 1 R0 A% 8
e REEREBMS BRERT A XBRHLRAA.

Fe-40%Cu. Fe-50%Cu ! Fe-60%Cu(i B4 ¥)& & ¥t MLt R F 2 Bk 4+
4354 Fe-36.8at%Cu. Fe-46.8at%Cu # Fe-56.8at%Cu. 9, Fe-40%Cu & &89
A BEER TS SR SRE, REHRL “IEFR” 5144 &5 e a4
HUNHEAE; T Fe-50%Cu 1 Fe-60%Cu & &M E BT SR FOERD A,
BECEBSHAYRETHEARADE, BRTAERAR. HiEFeCud&
4 B IX 18 A SR F A UK A A e SRR BARAE, AT EARESD, ZE SRR &1

» AL REBMANBERIRSTEERSE, Y7 40~66.4%Cu 2 [8), &DTIX
B2 EEAENLTFRETEMBRNRENERSEE.

5.2.6 R EH Fe-Cu 8 5 & &K

POEBEE] Fe-Cu &7 HEBBER A WEILME 5.15 fras. AEF
aUEH, —H, ERE-ENELT, BE CoSBRNEX, SEHBHEER
AR, Cu BREPE, Cu FEBAOMRBATRESEBHERKED. H—F
B, FEALEMRSALZRFT, BEREMEX, &S aEEgR. —&AN,

88



Fb Lk k FHEEEBL

P B KR (LE 2 @ R -
EK, MEGREAADESL B —tome’
(BFHE). MZBREHHYN .,

HEEEPRE. M. TREE
RABREHENE, HBE5RE0
B B FHESERES, Biie 20}
HAESHAENBEMK. A,

SRR, B|EE 20-52m/s \‘\'.
M, Fe-40%Cu. Fe-50%Cu
Fe-60%Cu & & v BH 2 fT 118 4 51
% 8.13pQkcm, 5.54uQ-cm 1 3.87
puQdem. Fe-50%Cu H1 Fe-60%Cu B 5.15 BEFMLEZER S Fe-Cu B R EEH
EERETFENEHNERE, , ERm

b, REBEERET, WHNE P
BAENBERH, WARTEEX, FHENER, BA>BE—CRE LBE
TEE&HANTHRNE; 56, BAGRBEED, 4 BRAETET AR Ex
WRERBWEH BN S LR & &M e, NERKEE LR T RIER
B & & kMR, XL ER AR RIS B Fe-50%Cu R Fe-60%Cu &
& 1B P ZREIRE BT H MR T IRAR S B B Fe-40%Cu &5 &M UR, BpiZ
REREEE.

53 KRG

% Co-Cu. Fe-Cu &S EMBARBERETH. ALURFLRE BHEEMHT
TEBRMBRHA, BUWTHASER:

1. EAAREREAHT, KA HEEAF Co ZE(Cu)H P HIEE E M
AT R 7.46%5 BH| 20%. % Cu FB KT 80%Bt, L+aCo—(Cu)B Mm%
THE, (Coff A A B BEEREITH, A LI(Cu)N EMAMRERE AL,
HATREN AFEH: ERENSHE. B ENER, REEKNTREER.

2. Cu B BE 40~70%EEN, Co-Cu &AL BN, &% HN
BREASFAEI AN ERX , ERAEXKABdmE X AR XK EAHEEX,
aCo MCOHESEY, UHREFRTEEK, aCo HBHEAAE, H/HI(Cu)

P P‘Qcm

18F

B w0 % 8
Cu, Wt

aF
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FHBB AT FaCo MEAKZ P . HMEXaCo HFEM, —ERME Cu S
i FaCo BAKRIAL, M LlaCo X EMMREREAR. REEFTHRYE
REHaCo MFRAWHRBZ MG, BEFRMLBAoCo H—ERHI
Zi.

3. EEWENMK, SSARBEML BR. UHESEERHEEENME,
X EHETHEMEREE S2EEREERK. YEARN R o1 0,
KA M-S BRI AR E SHREE Co-Cu A&/ H B454.

4. ERAREGBRRZMET, Fe-Cu & &ML RS W FEFRANE
BRI, MHSREMDKATSREEEEUALEE. RAESLTT.
BEZLMHASNEES, FRELD 180um LRERBIEMKDRFF: KE
VIR K, T % T A M SR R S B, BB 7E x0.6mm IS TRE.
R R B3 T B MR R P BT A RN FE .

5. EREE, AT E 160 ~300um MAZREHN 160~240pm KIS RT
FE. EETHERNEK, RAARERRANK, MHELIREEFELEERK
MNEHEEF, Bz 2R, BERFIAEEREENEX. FEAHNEE
Bl Re BIEL MK,

6. WMEBFIBMEREHERERNER, ERERESEFHATS
BFRBLHR. L Re<1024 B, SHBERMIERBR, BHRASNTERNHR
BMLBEE, FEBEE TR ERERAR: MY Re>1024 5B IR
RENG, BAFERAEEYE, SHEEK, AERBYIY/NEHBAEH,

7. ERRRERERHET, Fe-Cu &R ERBIENRNEERSE, 4
E 40~66.4%Cu Z 8] . 53 B AR AT BT AR R B R IR B B8 B ) L R st
BN, WOERKRRE R/ THERE A & Rk E.
MRAS BN S HHEYRAERE.

FERRERT:

1. R, HAG, REEE Co-Cu BRESMEHE, WIBLRE, 547,
2005. (SCI ¥%)

2. e, RET, BAEN, REEHREFE Fe-Cu R4 SBETREMN
ERNAE, ERE, CRR.
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FNE HRSENRERE AR S

BT A Ni-x%Sn(x=28, 30, 32.5)f1 Co-»%Sn(y=20, 34.2)=& R REE
RIEAEE, 3BT Ni-32.5%Sn #1 Co-34.2%Sn Fit 5 & & MELIFEFITANY
FRNEENSG. EAEERESERARMEI L, RIS T HNSHFIEHD
EisEaEtz B niExng, USRS RE —1, £ M-S BB
BAMREEES S B ST

6.1 31

St RBEESHRETEEREFHNEENESERRDEREK, RANEE,
MR E. BEAGRE K ESRRNHA. APEREEET, STEFHER
FFaFHEAHMAL, B — KRS AREE K. HREEM m T BihREK.
BERE LT, BT SR ED AR BRI E. SRR FENEK
FEAMI A I BRI AR B H B RIS T . TSP E & E &
T, BABFREREREITE, BIEESERNES, NTSREEAREH
REBEBWIT, B, ERIAEHT, MEIAENYK, BEAROM
W E AR R EARUERETY, BARATERSSBREBRAMNAHE
£, LHREREER, NTIRBHLEME. WIFEE /T A%RETE R E
BigH. BEEGLMARNEROAEHLARSIRESDELZERATH.
FRIRELE . BiME. BRARRTAREFNASRMERATEENER2), Rk, %t
HREERERAAAERRBENA LSRN RAFTEENEREN.E
EXAEBLTRFANIAT Ni-Sn. Co-Sn £ FE5 &M BAHRERBETHREA
KRB, WETEEFTHEEE, FE5E&KmTITA, A8KERRERS
AHERZ RMAXIERTTHERER.

6.2 Ni-Sn & & BRI & El4F{E

Ni-Sn Zt&4AAE MM mE 6.1 Frr, B, LREHEE 1403K,
H B FRAH 32.5%n, E€REFSHETHEKEE 19.3-37.8%Sn T,

EVEREAHT, FAKTEENEREHFAEER. MTHESS,
LESNBHEE R EIEETHAREN, HoSKE Lo>o-Ni+p-Ni;Sn 3t R
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1700 ¢ .
L
28%Sn
1600 30%Sn
« 32.5%Sn
1500 |
= 1474K8
1400 a-Ni 7,=1403K 143K
K v _ .
coupled eutectic zon ! LPaT=22K N Sry
- AT=57.K - -
1300 } a-Ni+Ni Sn | \~ 4 T=79K
| _ . . . 29,1%Sn\1\: ; : :?}3%&1 .
0 10 20 30 40
Ni Sniwt% Ni,Sn

6.1 Ni-Sn & &HHE RILEILER
Fig.6.1 Phase diagram and coupled eutectic zone of Ni-Sn alloy

2, £RAFEOILGEH PN BHEERANFEHKB-NiLSn & ERLEY.
FRFEDFREK, BRAANEFRESAR. HTELETEE, BEEHED
WEREEBAHLRERN, FAEATABEFR UM EaN G, EEEENHE
—S T REEEIKHEE, LTFHARBRFORXBEARERD, BikEsS
EHLR B, JEEIALRERN, BRAMATHERMRELRES
L—NisSn+a-Ni, ERMAUAEHIEHE. HAREY dHAMo-NI A5G IiE
ERXBEEAM. AT, ERERZEXGET, ERENZSEERBME, £EK
FEWEBEEE, BFIBEFRERTAINAARENEEFTL,

6.2.1 *RELXBRHERERKIINZESF

FAFEEEEMT, BHEEKEEMIA&GNTILERHERKNER,
BEXSERERBEORSXEAWTRE, KRETIBHIHEILE K (coupled
eutectic zone). fEMB/ NIV EFE, WRAHREHEGEKERCKDREIL
fa A KAHLR (TMK) R 354 X HEAT BE R TR

B LKT/BCT tREHEEKBRATH, RBEFHERATDHYE, HELK
ER V., KRTRERE R A EAT ZAEENT kR,

AT =AT_ +AT, +AT, + AT, ©.1)
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- /¢’
R YA ()7 (€2
C t

A TN )

AP, AT, HRNEARE, AT HPTARE, AT, h#ELRE, AT A H%EE
¥/, TH Gibbs-Thomson &%, o MIEURH, AH RIELBEH, P AERK
Peclet #, P B Peclet #, m FEMHAZRHE, COHEERHS LA PH
R, &K PHRY, K A VFESRRE, Cu B ENRA, Ivh Ivantsov B,
B RER W3 % CHR[14-15].

BREFE R A FH S, TMK S REREME TR EKHER
V. BEHREEEARLS A EAT Z AR,

AV =a"10Q" (6.3)

P |
AT = ma 4 — L 6.4
ma g @) (64)

KA, PAWR Peclet 3, o' W EBMELH. TERRLEHE. BRSERYEM
PR EXNESR, QA EREFEIEE. FAERER P RBFEXNRE,
BLAF 7 N ICHR[17).

FIE LKT #A8/ TMK #EI% Ni-Sn &3t RLER T TRISHE.
WEP AR SEIIAE 6.1, R4 Ni # Sn sl ams. w88
F# Ni-Sn 43 RERME 6.1 PRIFZXFiR. TUEH, HEREH
RS LR EHREM. &
LPEREEG T, Ni-Sn &€& 5
RAEFGIAEERIBRATER
7 29.1~33.3%8Sn 2 [8]. 5t F 3t
MEE, REXREERNEE -
FRRA 1324K, MPHITAE E
B OTK. T2, 4EAE T o
ATST9K B, St @B A A K -
WAL LS, BEEEARL g
HEAR, '

6.2 HEKEEHNEHR 0
e BEREI A BB AR, o
AVE S, BEEFTARENEL, 6.2 G R H (8 FERET B B0 AL
3t HKEFHEEA, ME Fig.6.2 Eutectic growth velocity and lamellar spacing
K EBE BB . 25 A versus cooling rate

03

Eutectic growth velocity

— = Lameliar spacing

-
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£6.1 BiitE A Ni-32.5%Sn X8 &S24

Tab.6.1 Physical parameters of Ni-32.5%Sn eutectic alloy used in calculation

Physical parameters Symbol (unit) Values
Alloy composition Co(wt%%s) 325
Eutectic temperature T.(K) 1403
Latent of heat AH(J-mol™) 14419.1
Specific heat of melt CL(@mol K™ 35.1
Specific heat of solid Cs(Jmol™ K™ 34.14
Equilibrium liquidus slope myo(K-(wt%)™) -14.27
Equilibrium liquidus slope m (K- (wt%)™) 13.05
Thermal diffusion coefficient of meit ay(m>s™h 1.05x10”
Diffusion coefficient Dy(m*s™) 6.05x10"exp(-21094/RT)
Characteristic length of diffusion am) 4.96x10°™"°
Gibbis-Tomson coefficient Iy (K'm) 2.88x107
Gibbis-Tomson coefficient I3 (Km) 3.02x107
Surface tension of liquid o phase oi(im?) 042
Surface tension of liquid a phase ap(Jm?) 0.35
Solute partition coefficient of o phase kex 0.61
Solute partition coefficient of B phase ke 0.31
Sound velocity Vo(m-s™) 3000
Heat conductivity of melt A(W-m' K7 43.07
Heat conductivity of solid As(W-m™ KT 56.81
Density of melt AKgm?) 7720.05
Density of solid As(Kg-m?) 8592.36

70K B, BAEEETRE. XHEE, YENRERDEIE—EREN, &
TRAMBEHIRZER, RABREAENSEN TR EH— S KM,

6.2.2 Ni-28%Sn #0 Ni-30%Sn i R4 & iE B E A ELA T

Ni-28%Sn H Ni-30%Sn PR ESE&HAEHFEE. REFRHSSHRS
S5REMSTa8E, BR, RIELRIEREKSNHLHH, Ni-30%Sn TILE
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B TERERRN, ERANTAET, SHBEERE T REEASTM
HREAR. T Ni-28%Sn THEEEMAFHEEXRZH, EETRLAER
H R A B KA .

B 6.3(a) Ni-28%Sn TH B EMIEREHA. BhRABMveRELL
&9 NizSn, BEEMN o-Ni B E. APALUEH, AP FESBHARETE
o-Ni fi¥, EDRHARKSFHSSE. ENEMHAR, REIMEIEREHN.
B o-Ni 1 NisSn #ARKA DEARNFE R, EREAARA /D, TERRE
Sk, B HEARATHEK, EAEELENEES. TR, AHEENEX
AMIAT A RAR, TEBRFEMEREEAL. B 6.3(b)A Ni-30%Sn It
mEERBEEEMNBEREE. T8, ERLRERERST, Ni-30%Sn E3tH
BFEHRTEHHAMNEZAR., ATFAHNERGEEE B HEH A& T
A, BEBEEEAMEASRAS AN ERH—EFELESE. Ni-28%Sn
FINi-30%Sn W RS SREGE AR EARES LKT A TMK Bib &R

W, i
‘Fa

W,
fl:ﬂ

=
v §

6.3 Ni-28%Sn Fl Ni-30%Sn W3t &4 & AR ERE A SR
Fig.6.3 Rapid solidification microstructures of hypoeutectic alloys.
{a) Ni-28%5Sn hypoeutectic alloy; (b) Ni-28%S5n hypoeutectic alloy.

6.2.3 Ni-32.5%Sn £ RS € RFEEEHLSET N

6.23.1 REREHRSEMELEN

EEMREHNARESEREE LRATESNAHNRR MBS
BT HR A RER], TR1E Ni-32.5%Sn G E SR HEE. FHERNR
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HZ IR, E 64 BiR. TILEH, MEREHENBR, FHEEERD, B
HEZZBHEK. HEBNEESE TG HEREG.1~7.9)x10°K/s TEH

10

[ ]
__ Vi=52mis 1200} 0 aNi
®  (NiSn)
L LI
T(f) R 5. -
Loop i 1
= ' ! '
-~ ' ! '
' : ¥
| |
t [] M L ] o &
| 1 :
2 i 1 i L s 2 2
12 16 20 24 26 32 30 45 80 75 90
dium 20/(°)
B64 AHMBELESEHIENXR B 6.5 A&/ XRD STl
Fig.6.4 Cooling rate versus thickness of alloy Fig.6.5 XRD spectrum of rapidly solidified
ribbon Ni-32.5%Sn eutectic alloy

B 6.5 HPE AR Ni-32.5%Sn L4 & & M XRD 48, BHRHH AT
N EFI NizSn FIE L E#Ma-Ni (T8 IE, BF oNi PEBTETE
RBE KA Sn FE-FTFo-Ni KRB EHEEM K. M J EHEKa-Ni 828 ER
#9% 3.615A, M4 Ni f @B EH Y 3.524A. 3 H Sn Fo-Ni FHEBERL,
MTfEa-Ni @EF=EHE, EEREPRA Da-NI HETHERE—ERENE
. ZRB, EEAREEEEET, oNi EKEFERR, BE/RAEIGHE
FRRFHT ®ZHE, #REEUNEE, ATOERT BN oNi f
NisSn €& ALAWERIREREEAR. XRD 44 RERE, BFERE
BE&MHT, Ni-32.5%Sn 3t FALHTILL NiySn =4,

6.2.3.2 RIBAB LR S EMARYE

6.6 HENHEBREZMT Ni-32.5%Sn X RESEHEARTE., BFEE
#% NisSn £EEMLAY, BEMNo-Ni BEE. B 6.6 b REHS TR
5510 3.1x10°K/s 7 6.7x10°K/s. WEI R T 41, ZERW BB £ 4T, Ni-32.5%
Sn R EEHHT EWOFANFERALA. B 6.6()F, NizSn HEAHEKX, A
EEREEFRENHN —EMH R, oNi 273 E. TiE 6.6(b)% # NisSn 48
MBS /DR NS R NS E. BEANERNMK, REEET RS,
AN GBAREEML, BARAGHEAHRAAPISHEEE.
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EATI T
!.‘ ¥ Free surface

¢ R A

(F LA | DA AN A 2 V¥

SR X RA SRS

P 7 e ey
B 6.6 Ni-32.5%5n 3t R-& SR ERRE HHARAR

Fig.6.6 Rapid solidification microstructure of Ni-32.5%Sn eutectic alloy.
{a) Vi=20m/s; (b) ¥,=36m/s
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T = (D) (©5)
Ipk ATT?
6
(D(TNsD): dT (6'6)
(T, D)=L, ~T,) + [+ 260, ~TJATT;
L,
16n6’, T* (D)
W(T,, D)= ——s-t ST 6.
B D)= = A ©7
1%, .
~pCD? '

Hi, WHEERBEEEERE: T, AGERBNEE: TLABHEERE: T, A

99



FAE ARSEHRERBAEEME
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B2 3K(6.5)~(6.8), B KA R E R T NS % R BV (T, DY(Tn AT
M In®(Tn, DYSHERE InZERRBXRR, TREBRHEEIAEAT 5%
WER D ZEMAHXE. BH7E TELES % HEETH Newtonian HHI%
Hiikl!,

d_ 6k
ME_QQD
R, pa HIBFHRIEE, Co HIALH, h HBERRYE, T ARBHOEE,
T AMESARRRE, D ABHENER, FeHXER, AR NS% R
[19]. BB EHEBR Ni-32.5%Sn HBESBEHNETAENANRESKHE
BZ AR ME 6.7 iR NPTTLLE N, A BRI 058 5% FE i B 12 1 18
K2R PES, B, BEFERNYX, S4B/ BESEHSHEWN,
SR B B P 2R U L TR . TOASE AR (L 2B A B R B M E
£ANF 100pm B, BERHERM KA HNERE2RE/D: YRHELKAT 100um
B, BHEERTUETFE. BELREMF TR THEBE 60~1000um FH.
ZLEWMR, X FERBE 100pm LT R/ E RS 0E R R 2T REARE
4k, M FERKAKTF 100um

@G- =le+a@-DT-T) ©69)

O 908 775 K ot 4 B SR R AL W
WHOREZLEN AEE.
HERERW, MATARE

31~400K 8 [H, BAWAFE 30 o
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Fig.6.7 Undercooling and cooling rate versus
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% 6.2 HEBEE ST Ni-32.5%Sn LRSS HA HNEENITA R
Tab.6.2 Cooling rate and undercooling of Ni-32.5%Sn eutectic alloy during rapid solidification

Kinds of specimen Sitz;c(lr;‘liae:;e:{e;/'pior Undercooling, AT/K  Cooling rate, T Kst

D20 - >10°

20<D<57 - 10°~10°

Droplet 57<D<200 0.297, 10*~10*

200<D<300 0.17T, 10°~10*
D>300 0.13T, <10°
Alloy ribbon d<40 - >10°

SR ERTFHERENER.

6242 FIRFHTERESEWENES

6.8 AEETLEBEHEEMT Ni-32.5%Sn £ B4 &FITHRERZEHR.
Bk 400 NizSn £ RALEY, BEMNe-Ni BiFE. B 6.8 NHBEER
BARBREREAR. NEPTALIEE, REARGHREIEREAR, £
mAERE, FEEFANMILRAR, ALTFARANIERDZIER NisSn FRHE
K. ZAARRNEROINE, EXFRUNERLH. ATLEH, BREGHE
FEFHXRHRNIE RS, AN NizSn SR SMU R ERRE, 2798,
BATANEA KR, BRI R, B REMEKEMNBROERRE mIERY

6.8 HEEFBLB LM T Ni-32.5%Sn R & ENEKER
Fig.6.8 Microstructure of Ni-32.5%Sn eutectic alloy under drop-tube no-container condition.
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o-Ni HEFTF NisSn MERRR. SEFERHEN, 546HRSWEAHN
RBARE, WE 6.8, XiERILIAE, PBEETARRSHERNRL, It
BESHERRAANAMNRHEE, XA SETRES TR AR
BLEGTREBHIAREEE .

EEELEBLBEHST, EE&MBBRTIRFATMOBEER, B
BRERHITAE, R, ZEHERE BRI S, WHEREMER, Nk
BRIV HEE., Filt, T4 FRRNERRHAE SYERET A MAR R
BRI EEYESE.

ERBRBARERELHT, §&BFEETSEmANRENTHERIHR
REAHE . KSR A HEREMRER RS K ERRAAREERIIENE
B iR T IR A Ni-32.5%Sn 3 B & & £ % HIERIHTE 10°Ks BE,
T 7% & O R A R AN F 10°K/s. B, BB LRrh, REEAEZ XN
MTHRASTERARUILR, TTRREHNME AT RNERTRERA AR
MUK RAN. ETEESFHEHRHEEKR, HPRARNLRAREEHL,
B R ST HOK R, T ERF PO NIE S R T HEMK R, BE& 4
MARELEEN FHHEARH ML,

6.2.5 AFLM B AT BHLE

EREREEXGT, E&BEFLTERSE, XEFEYLERANNIE
Mo ¥ Ni-32.5%Sn 3L @S EME, NisSn MR MATEA. NisSn HMEHEZES
B, BFEAEXR, B/ EHEE, SMEEKTAERSE, HHaehma,
EAABAFEFEURETRAREEK. ATEERFHNREEKEE, &4
ARTAEET REZ EMEREKAER, BE—EHMENIY. FFERES)
NEBRRAFER S RAGME, WEHE. MENERE, HRT RESEE
KA R, BV RSEMEE, XMBTEKT BN, ER5cHBENS
B REEKFFR, oNi ERRUERG@RPRERE, HEKEFRR,
HRERBELFSH, RESPFEKFEAMEASAFARNRE. T, FHk
FABEAL A B R R B R R A K ITHE T B A A K BT 6 0 (B R T YR FE R
BE&M, BEB-MHEURSEKTRATHBRATMIHEHFREEK, §
PEMAFRFFERTE. FHEFHE. BHIIRITEA KL RERR
TARUICRFERT. ZXFBHLBHLEI AT 64 38 50 R 45 1M = 4 25 13k
HAASFRNETREFITENRT, ALRistRsk.

MIEBFAHA S HRRNRRRE, AN EERRIEST, HERE
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BISENT AR E KRR L TR, B
6.9 & Ni-32.5%Sn tHEEEBRE PR
THRERE FE R AR AL F s . NPT LA
% i, Ni;Sn #H B F MEREKES, a-Ni
EISCREE, BRI EHTHEE
AU K T FER . EAR
R 2T AR 5 AR BB A K B0
¥, R T HERHEEREESEKTE
o, BT REMREE GRS R ERE
HmEAE, EREENER T RERR
Whs, FERARMBR Bk &l TIF
¥ 5| RS B A AR AL B R T ARG
BHRA. ELRERANARRT, B Fig.6.9 Irregular eutectic of Ni-32.5%Sn

ARNFRFRNGE BER L, TES eutectic alloy under drop-tube conditions.

BEBEAE S A R R, SR ESHA

BN R RN EFFHRESE, WH 6.8 R. IR ERANEERANE
OLF, PRUEMEKSHER, BERERERS, FHEREBHUAR
MR ATR, EXOTSESANERT, HHESEE. BHISEAXE
KRB BRI RESAZENS], R BRI RS AR RIS R
AN BB R EZ BT,

6.2.6 1RIFEE Ni-32.5%Sn £ RS S H B4

6.10 A HRIERRRE Ni-32.5%Sn It GEASHEEp BRE V HRULXR.
PEEREE K, AeHEERREMA, REMEAE 18.2~35.6u0-cm T, X%
BIEAZRBHBEZESHEL BHARHTERAD

‘ p =14.46 +1.80e°"% . (6.10)
R EEATE R LR TREGBEASNAHEAEH. BEA
6.6 FIRERETHME, —HH, BEREMER, KEAREEAL, HF
WL, BE-wEAeERY, ESHPHRTES MR LTEGDES, X¥E
B2 5N FRRAEEREK ATFSSHBREEEERK; 5—FH@, &
R EFRB IR N ER A RS S, R Matthiessen A %%,
FERBIRETFURENNAS . MEFRAEREHSFaHEM K. EZRT,
AE&MBEEETURERN:

BESPHARMLRAA
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Fig.6.10 Resistivity of alloy versus rofler velocity
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1B E TS 1588K B, Co-20
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f, EREREERaC HE
P B 51.3wt%. AbTH 5 181 B
BT RAEEE 1385 K FR4SLR
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HR ., Co-34.2%Sn &4 N2HE
BERRAEHRIERAR., £H1G
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Fig.6.11 The left part of Co-Sn phase diagram.

The alloy compositions investigated in this work
are marked by arrows.
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Fig.6.12 Rapid solidification microstructures of Co-20%Sn hypoeutectic alloy at
different wheel velocities
B KaCo, KEABMEN yCosSn. ¥4 aCo HEHRAFTREK, vCosSn 4
MG B 6.12()RHE A 20m/s FRFEREAR. BF, FHFAREEES
RARSAHEARK: LEAEAFHER(] K). PEERGKE (IX) f18
HEAXEFHAR (TK) . | R&EAGEZRBABRARERRR, BEEKX,
BREAR S DOEHEARE. | XKEZELMA TR, FEFREN
) LB RRIRERE, aCo BEKERLUE RAEKMA KRR HHE.
BT [ KA X&EZHEREZW, NIXNERMERARSS, BERERTPHEH
b, BERSHIEaCo HAMAEKA REFHEMENNE, BEASCEAHN
S0l 0L, B 6.120)HE V=36 nvs FREES . NEFTUEH, SH#
EXF K, MERBXAESH D L V=52ms FERBRTLHEE, aCo HE
T A AMEHRAR, WHE 6.12007. =ANBXKNER D BERENTL
BEHRWE 6.13 Fir.
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Fig.6.13 Thickness of crystal zone versus
= wheel velocity
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Fig.6.14 Rapid solidification microstructures of Co0-34.2%Sn eutectic alloy at
various wheel velocities

6.3.3 AHERMIBICHE

A WHLANERAAREES S ENANERTIHEX B ERAYHE
BRRE 6.3. WHRBORHERT (T =-dT/d)FEEERBAXRME 6.15 BT
7o O] W, BEE TR AKX, AHE R, LR B b 84 1 15 (3.0~5.0)
X10°K/s . XEPAHNEEEEWASALHARTNEEYE &4,
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* 6.3 BigiHHATH Co-Sn 58U ¥
Tab.6.3 Physical parameters of Co-Sn alloys used in calculation

Physical parameters Symbol (unit) Values
Co0-20%Sn Co-34.2%8Sn
Thermal conductivity of melt A (W-m™K™) 53.76 51.78
Thermal conductivity of solid ~ A(W-m™K™") 76.19 74.47
Specific heat of melt CLlkg' K™ 551.78 518.62
Specific heat of solid Cs(lkg'Xh 814.22 755.22
Latent heat AH(Jkg) 2.4x10° 2.2x10°
Heat transfer coefficient a(W-m2K") 1.0x10° 1.0x10°
Height of puddle H(m) 1.2x107 1.2x10°
Radius of roller r(m) 6x10? 6x107
Width of puddle L(m) 1.6x10° 1.6x10°
Width of nozzle I(m) 8x10™ 8x10*
Thermal conductivity of wheel A W-m™'-K™") 397 397
Density of wheel pulkgm’™) 8.96x10° 8.96x10°
Specific heat of wheel Cu(Kg'Kh 390 390
Rotation rate of wheel @ (rad-s") 333~867 333~867
Gas constant R(K " -mol™) 8.3144 8.3144
Acceleration of gravity g(m-s'z) 9.8 9.8

6.3.4 ToZFfoCo BREIEEMIRILITH

FEREZEEET, BEEKEERER, BB 0ATEERT B2 20HE,
BREEANEE, NIRRT RESANEEE, B2 X EX TS .
e FMRE &£ TRBERIARY b BREAEMERERy ZFRXRN

241

m=m{l+{k, -kfil-(/k)}0-%) 6.12)
k=(k +V/IVY1+V V) (6.13)
k=C,/C, (6.14)

AF, m W FEBARHE, m AETFEBRHEKIMAE, L ATERRIERY,
kRIS ER R BRY, VAEKER, Va=Dyag BT TUEE, a kR EE,
B 3A, DoAY HURE, B 5x10° m’fs, CsH CL 4B ABMBRBAAIRS. ]
BHERANFER, S—ERI}NESFFEH ZEAPEE A EMET A
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Mayadas 1 Shatzkes™ $2 i i & 7t
B PH AR R (M-S )RR
p.,/p,=3[%—?12—o:+a’ —a’lr{1+%)] (6.16)
a=Ilr/dl-r) 6.17)

AP, o hEEEHRER, HhhBRTFPFHAHE, r IERAEHRY, d HE
HRSH(TRAE). ERBIENELEAIHABEEN 0 EDF0 10.22 70 15.05
nQcm, SERTHBENRLERY o
d=0.16+4.88e 058 (6.18)
B FIA SLERGRD Co-Sn & &K H T 19 5 HIRSUE, AL Co BIRK) 1h=365
APIEUE, BEARANGIDR, HEE6.16). (6.18)RA NS EBHEEHTERMEE.
HEBINAR r ETHEEBWHE 6.17 fim. AERTLEL, @HEENR
REHAETHBE, X r=0992 HERUTHMAESTHNEVA BRI, XiiHE
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¥rol.
B o/ —o P EE A E R EHTRE, R r -1(8 0.992)

B, I {7 336~420A o[, BVERHEA LEESHE.
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R BRI ST, BB AR P AT G =4 & R B ARG PE I AL . BRI
F. FHith, SRR &S00 P R AR _E R SRR A SR 2 5 B B ik B 5]
R ERMEREMEZ M BT HT r WRELF LSS R T B R R &
SHEEEMENEH. ALETRINHRZSHRAGENSSHERERNER
ATER, A AENENK 2 H, N M-S SR PG E & &6 R R
ITHERTH,

BEEWENEX, &R . ESRESBHENE, o8 haTFHBEHER
W5k, NRSEMENBEEK.

6.4 RE/NGE

XfNi-Sn 1 Co-Sn Zn A& RFGZERFEMH LRGSR EH R RHEBU
THRLER:

1. Ni-Sn && K3t RILEK B GEH>ERIEAFEE. oFHRERD,
FAKRIERE T RRA 1324K, HNAIGFEAER 79K, Ni-Sn &&REHRRIE
A A KB R4 V6 Bl 7E 29.1~33.3%Sn 2 [,

2, ERMEWESAHEET, HHARSEYR. BISBRTELKER
FAS AR E G B3 1 L, 0 R Bt 4 P 3 R 0 T 7 A SR U o 1) S 4 3
BERMEEZ .

3. ERAHERELAMNT, Ni-32.5%Sn fl Co-34.2%Sn StBE&RABT
EWPAAMLRAR. EEA T, HBASHERL, BEEEFEHFR
KBS HRERR.

4. Co-20%Sn Y& &V EaCo HNERK K EWAETL 08Uk, &
WET, GE&FHTHREER—EBMERaCo BiR. BESENBK, R
MBI DB THK, FHHARLEREERLIFHTNL, UREBAET
F& R LA 1553 48 /N o Co 5 3 T L (6] 2346 B yCoaSn #1441 MO B 4R

5. BEERERER, &5t (S RAREEENE, XEdE TR
fERIHER, NTSBHBSSHHENEER K. YRRAKYER —1 0, #
A M-S BRI GE&aREERE & SH B S5,
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ALELHR MR BRALBEHAARBNEHESSRERALARS
B BH A IE B Xt e A B SiRE R AR R E S Rtz R, BEILT
FEER:

1. Fe-Sn R F A EMBEEMALRERE:

ERERELEET, BEBETRED o-Fet+1,—FesSn; M FesSn;+L,—
FesSn, A FFEMRATERE LB IME], Fe-15.6%Sn T Rds& S it mAIfEH
a-Fe EHEAEAR, ARHEUERENIFIE. Fe-40%Sn TR Fe-48.8%Sn
e E &R EHKa-Fe 25, ERATRAEAH BESEHNTIEE FersSn M
B-Sn, #EAAERHEBEENSELEH: HRABHNEHMEE. Fe-58%Sn I {H
BEI nﬁﬂ“%ﬁiﬂﬁm [3 Sn. Fe| 3Sn ﬂ] FCSﬂz*E ﬁxﬂuiﬁ—/\UE)\UﬁFﬁWﬁéﬁ'{k
TSI, AEM K FETRANENEEBTINE, RELREER L, Rk
AR EnEHEEE.

2. Cu-Pb {B @A G & MY RF B EHFE:

sk TiRBESSESSREREIREY, § Cuf(CollB&TRETA
BAEPRELERK, (CoFEIHEENRE, BE Pb i L HEARLT, &EHFY
BdE A4 /NBIE Pb #E(Pb). B Pb ARZERKEE LA T(CukERan . BEEA
MERMIEK, B BEERKEE LR, REHRSEAL, ErbfAD
HEBYS, RERSOEXRRAANIEHERE. dREES AR
FESRRE Cu HRHTHBEKE Po AINA DK (Cu)B REHR-EWAHL,
ARG/ 335, R=EHBHEWRT.

3, BRSSREREHRAKKARE:

XF Co-Cu BREE, AMAWIHEEMN Co FE(CwHTHE B BN &4
TH 7.46%F B E| 20%. % CuZ B AT 80%BF, L+aCo—(Cu)f BETHIMEI,
(Cuff NP EEE T H, ERU(CY)N EHMREEEAR. BAE
A, REERKNTRETEEE, ARESHERARNSHAET. Co 8 EE
40~70%FE RN, SE&MNBASEENHR, REAR/AY IRITER: BEHAER
MEadEHEK. fFEXaCo MCy)FEEE, UEEFTATEEK, KBEE
AEHNHARSARBRE FaCo AFAEREHE, —EBNE Cu 207 FaCo
HaMREFLE, BRlaCo hEMEPRERZEASR,
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Tk Lk Xk FHE ST

XF Fe-Cu BREE, a&REMMIBRRITCEEE, A 40-66.4%
Z (8. TR ER R AR FER, WEIBHEE T & 160~300 pm
AR EM 160~240um MZHBILFE. BETHEHRNEK, RARERER
AEX, MHBIRAEREERESREMREMAEHA, BZEBRD. X
Re<1024 Bf, BhEMHMIEARR, BAARSIHARMEEEREE, 2HBHES
TFRBAERREEAR. 4 Re>1024 W BAEMZEMEG, EBEHIERAEE
W5g, AEMK, BEERBHSAMEHRHAR.

4. £RESHIMEREANME RTFTRN LR ARG

ERRPREREZAHT, HEGSHERT 2BHTRMIERAR. EXH
WA ERADERT, HEEEMNBAREH LN RN R ARE. B FB.
BB EE K SBARUK SR . BESENEX, KEAREER
o, BERTRET RSB RER.

5. G, ERNARSHTRXATHESEREREN M EMEERE.

FEFTEA SR AFRIEEER &P, REREAB AR LIRBR KR
WA R, BEREANAHEZANE . MBARERRATENANELERL
10°K/s, =HAEMNAHERY+HEE. BHESDEROEK, HEEENE
FRAMEKEHMR, REAARDEMRNL, HOHRS. BERERAL: &
ARNFE R E S B RIS AL R B R RS S PR E bR v
RELGETEZERBARA D BHYHFBEMPEREAA.

6. HHSEMNRELAEELSRBERY EMHAXRE:

% T Fe-Sn mBEREE, HES Sn BARHARYK, TRHEENE,
Xt B B TFBAHEAER, SSEEERENA. T Cu-Pb MEREE, B
FE P BIIEAAHERNEK, hEEE. PORFBEHERALESHE
BRIEERTIBNEAEES, ASNEHEZERK. HTARRESE, AU
RHEAERT. AESREREHREE, X EHETOBSIEALS. 44
AR 2R MM KB, NTEEE, BEAENYX, &&APHE
BEHANEEREHBES, X EORFRBHERARE, ATSHBHEERN
EEER. HEREHRY r—1 0, OMER M-S B RERESHES0E
FEEHTEBRHHE.
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AR SRR OO SRBOEF TR, JLER, BT
KBRS RO SR EF AL R RHR SRR Y
T ) B TR MR 2 5 T P VI 5, M RHE 3 BUB BORMBF T A2 B
M. R XHIRRR, BEE SIS 5K, SRRk
REM A RIS R TR, MO XERLIF, R SRR R A
FREBA.

AAERFL IR, BT T UKL BB S LR BT WL, Y
WP, BIRFEBIL. XIPREEE. B EML. B AL, BEERL,
FEMLE, REFETE, EHMETE, JEFHTENTETELESY
KATPHERSERY. U i R R

BSAIL TR ENAYEANEE Q. FHBHEK RS, PER
HE. TAREM. XEPHE. FEEITHEEEEZITH AN,

B (FFEBARY REHMK, AREBET XEME#RE B8 R n—
PR TR BT REKFIK B ERER P RBAERE N FRL S ERMET
ERMMEMIT®R, R HFRTEG.

BT EE T AR KEERAR. MRERREKEE RAE. KEEH
R B H BT R E B2 A BUTH fEF R ORI,

BUWBRNEZATREANER. BE—HEXRDBERHRELNZRER
K.

A HHEFR ARBERESQFFATTEME KXW E (50121101, 50395105
M 50271058) DLEREXLRFEEESIE (71044) HI¥BL, EBUHE.
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