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Measurement of Apparent Viscosity of Ferrous and Non-ferrous
Alloys in Liquid/solid Coexisting State—Fe-C, Sn-Pb, Al-Cu and

Fe-Cr-Ni-C Alloys

Akihiko SHIBUTANI, Kazuhiko ARIHARA, and Yasushi NAKAMURA

Synopsis:

Measurement was made on viscosities of partially solidified binary alloys Fe-G (3 and 49%C), Sn-Pb
(1.0, 1.5, 5, 15, 25, and 45%Pb), and Al-Cu (4.5 and 109%Cu), and iron—base alloys (Fe-29%Cr-1.5%C,

Fe-25% Cr-20%Ni-0.4%C, and Fe-28%Cr—0.4%C).

A rotating coaxial cylinder viscometer was used.

Solid fraction was calculated for the observed temperatures with the aid of the equation proposed by Scheil.
The viscosities were found to depend on the solid fraction, the cooling rate, and the shear rate, as has been

reported by FLEMINGS.

When the calculated value of solid fraction was more than 0.6 at the eutectic temperature, the relation bet-
ween the viscosity and the solid fraction was similar to that for dispersed systems; that is, the viscosity in-
creased remarkably in the range of solid fraction over about 0.5. When the calculated solid fraction at
the eutectic temperature was less than 0.6, the viscosity rapidly increased after the temperature of alloy

reached the eutectic one.

The viscosity of the iron—base alloys was found to be affected more intensively by the cooling rate than

by the shear rate.
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Fig. 1. Experimental apparatus.
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Fig. 2. Cross-section of a stirrer and a crucible.
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Table 1. Compositions of alloys used, Co.

Binary alloy (Co<Csm)

Binary alloy (Csmu<Co<Cg)

Iron-base alloy

Composition K

T1[°C] | fs(E)| Composition

K (T [°C] | fs(E) TL[°C]

Composition

1) Al-4.59% Cu | 0.171) 651 | 0.93 1) Al-10% Cu
2) Sn-1.0% Pb | 0.068 230.7 | 0.98 [2) Sn-5 Pb
3) Sn-1.5% Pb | 0.068 230.0 | 0.97 (3) Sn-15% Pb
4) Sn-25% Pb
5) Sn-459% Pb

0.171] 631 |0.80 |1) Fe-29 1 407
0.068] 226 |0.89 | Cr-1.5% C
0.066] 212 |0.62 ||2) Fe-25% Cr-209, | 1380
0.066] 200 |0.33 |  Ni-0.49% C
0.318] 202 |0.19 [3) Fe-289 1 456

6) Fe-39 G 0.433| 1293 | 0.58 Cr-0.49, C
7) Fe-49 C 0.475| 1174 | 0.18
Fe-C Sn-Pb Pb-Sn Al1-Cu
Ty [°C] 1 536 232 327 660
T [°C] 1147 183 183 548

K : equilibrium distribution ratio

Ty ¢ melting point of solvent element
Js(E) : calculated solid fraction at Ty
Cg : eutectic composition

Cr-1.5%C : 828 SUJ-2, 3, = — 4kl ; Fe-25%
Cr-20%Ni : {8 4854 ASTM-A-297-67 (Grade
HK), ASTM-A-351-71(Grade HK 40) ; Fe-28%Cr-
0.4%C : i & &M ASTM-A-297-67 (Grade HC)) .
2-3 MEOFHE

HEOfEL, R(DEFALCGHETRD .

77'=aN(1—‘82)/4-m'2LQ ( 1)

22, ' XHEMTORE, QuEER N ikt
2, riBBE0¥R REBCIREOME) LixEes
DBEEX, B3 DERLEBEREOROLTHD. a
IFRIERETH 5.

a=1 o, R(1)RXZEFARGENCRE DD, A
4 & FAME & 2 TR LA oA 02T 5 N %2R
TRTHB. WEOHNIEIRT, EMCLIRoFER
EHTCXBLDETD. LicddioT, KEBDOX S ICK
M OB#RELER Lcsa, RN(1) oBAECIIiE
NED., ABETIE, BH»H0THITNTCa DER
DB L, aDfERFDOER LRD .
Thbb, REREET 2 BEO NERKERBREER
(JIS 500 : 3 poise, JIS 2000 : 12 poise) D ¥Ek % HIE
L. Z#0fER, a oFHESE LT 300rpm T 1.0,
500 rpm T 1.1, 700rpm T 1l.1; &7cDo7z. AME
i, cOaDEXzOFEFHA L. £ERBRO N, 9,
L, r DHICRELERTH L, ' DFEEI1T 2poise ff
3EC 1 poise, 30 poise f31C +3 poise LH b5,
2.4 FERROFA

2 ERESOBEEEL, kORI L2 TRD
7e.

fs._:l_(TM_TL/TM_T)l/(l—k) ......... (2)
Z oG, fs BEMR, Tvw 3MEBORE, Ty 3K

Ty, : observed liquidus temperature
Tg : eutectic point
Cgy; : solubility of solute in a solid phase at Tg
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B TH B E 5 DI DWW TR ORI D S 5.
L L7ed b, ThEFflcHsl+5c LixAEoH
FIClon 0T, B bhKRERAMBoMER~ER & L
Lot X 5 EEE, fs OFERTRTR(2) L
BOTRDBHZ R Lie. FHECMFEMA LT, Ty, k0
fBixTable 1ICRLTHS.

k DER—E DRMHFIRRER £ AW LB Lt
V. REER2O R ERENT S &, Table 1 RTXS5KC
Sn-Pb, Al-Cu &4&0k OfEINSIE—E LRI HMN
9), Fe-C &4 TIZBIL L2, 2o |, Fe-C &4
(L7 ofFER) it Ty OCHRCIEE DS, L
2L, R(2) BB HTERY k OENFZEL LT
BUEMRNT B L Ch, FFEED fs OffinzEix 0.02
(fs<0.6 OHiH) OBE LA Ui, L2,
AFEOHHNTIIR (2) 220X EHP L TRDK
Ss BRCHERZED CORENRFELZT S Lk
fooiz.
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— 94 _

. Y I A I - S




I LR T 50 AR Shinhotk), —F, Co # Csu
& Ce ORIEHBRHZDOEE, Fig.4 wRTIdK
' XHDHEMEEBC IS L, o TABCHEAKTS. %
D fs OffiL 0.2~0.6 O =b, HEIKET
%, Tok 2%, Sn-45%Pb L Fe-4%C Tix fs 73 0.18
T ' OERNRZBRS. Sn-25%Pb, Fe-3%C it

FD fs OfEL 0.33, 0.58 THB. “hbod fo OfF
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© A {Sn-45%Pb | 0.49 Alloy | Q |C.R. Alloy | O |C.R.
3 A JAL-10%Cu| 0. 27 A % 200! 1. 1 7] O [Fe-3%C [500/0.88
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Fig. 4. Relation between the values of apparent § | )
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Fig. 6. Time dependence of observed viscosity after
the temperature of alloy reaches the eute-
ctic one.
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Fig. 7. Comparison of the results with that of
Jory et al.® for Sn-Pb alloys.

Sn-452%Pb, Fe-4%C oOFCrrEBREHF RS,
Tg CEEBETHETIE 9" &L, T CHFETHE
D n' 3BT 5.

Ty B|EHBD p' OFHEIZES Fig. 6 @R L TH
5. FERSRICHEEDSEIN LT 5b & i B, i)
BEWEEERTOTY, KO 10~20min @ 5’ D
Flrigenthss, DBERAEFC EFT5.

3.2 BEREEEIDLLE

Fig. 7 1© Sn-15%Pb, Sn-5%Pb D#ER &, HkDie
»1z JoLy and MEHRABIANY ¢ Sn-15%Pb DFEERM
RLTHD. B iaRBREENHELLT VXS,
BAOWOTREE (7) LB#HEE (C. R.) OfENE
LChb. 22T, BAMOTHREE (FH) 3koX
SIEHTHY.

7=(28/1—82) 2 ceernnnneeenn (3)

Jouy 5911 Sn-15%Pb o\ CHHGEE—E (Fig. 7
D4, 0.33°C/min) D & T ¢ RBATHE ' X
Wind 5z &% R Lz, KEED Sn-5%Pb oW
T AU HEA DS EHEE R BRI —E TR\
7). AEBED Sn-15%Pb w0\ T b AEEDORHEN A
b, Lnd, KERE Jouy HOFEREEZERLT
Rl 7 OB DOIEFF & 7' OXRE X LHEIEFDOIE
Fr—BLTwb X5KELrbhb. Lirl, Jouy b
13 0.33 & 25°C/min OB ORERER B UCHAE
ERmXes s, 7 FENTEEONTHEY. K
EEADOEWHIEE  (0.5~1.6°C/min) % JoLy LOfE

(0.33°C/min) X v KEVDOT, KEBROMEROFZLH:
LD, ILEBRFERIDLETHSS.

HHIBWx, Al-Cu Rizo\WC Cu oiins &
KEENHEMT 5 s LT\ 5., RERIEEL FEOME
FERLTWS (Fig. 3,481R).

3.3 £ =

Ss@>0.6 D4, EHEN 0.5 R Eicins &,
AT ORENEMERL /8B & L30T, L OBEH
¥, 3T SeENcER BY AR LTON5 X5, KT
MO EZTINT BT okBr b, HBETA
bhr—cthE & L TEPCHBEcx 5. BN
Fien &, MTRCHEENEL, bEHERT DA
DEFRL, HBENGL k5. BHEENLAE L k5
& WTFFEIEE () T3EINLhE k5
EIXZDAREL /e, RV EENIHNTS. KERO
BRS, INTCZoL S BB cERNCHNATsZ &
MNTES.

AERTH ORI OEBERERIT, fo@ <0.6 0
HRILFEECEE L Th bR ORE 2 208 B
THZETHS. (Fe-3%C » X 5 IHMRERERIT
BHOLBERENEM LU TCH A6 550, ZLEHEE
BT TRB D, FROSSRED—BEENER T
WhHltdbEELZ bivd). HERE Co Mo BEf
Ais <, LS5 Sn-38.1%Pb (FE&gES) 1©DoW\T
—BIREL D, Thick s LRBREEIER, &
DRHEDEDBEIIT A HIiaas, 10min F#BE
FEICHE OEITZE LT 5. Z DB HIRERDORE
Bidindsdbniabhs.

HAREREDECEMEE ORI, ERMCIIBRE
LTWwigh., BROXRCZEL, BT —EBERFLT
W EMD, LMBEMECOMVERE LTkOB
RBOLT B *.

P—-Hexzmng{t—g =mHpy

Aot refswf(G), (4)

THTE
oo C, P AJ), Hex : iEE, m: §&0E, Hp:
WakE, f§: RAEEIEDEOREMEER, Cp: HEk,
(dT/dt) T-Tg : AHBEFEBEMOGHEE, =1/

* HEEE (Te) HifORNEZ2EALSD. —EOBSAANN, P, wH

UTROBIZRD L5125,
pd!:medT——mHmdfs+Hexdt

—%, KZLHOR(2) I HROBERE2ES.
dfs=—e fedT

Z OBERBIORRATS. 12170, fs=fom &L
P_Hex:m(ap'f'sHme(E))(dT/dt)

Rk, LREERIE UIROBIN 25HHT 5.
P_Hex=mHm(de (E)/dt)

H,y OERZBE—ELAES. LD T, Lo2KX2H#Madb

3 &, ALOR(HHBB/ENS.
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Fig. 8. Experimental result for the iron base alloy.

—kE) (TL—Tg)), ¢t :BHTHS. R (4) 1% Hex, Hp,
Co B—EBELHELTKRD T3S, Hy, Cp OEEOHE
EEERALTAfE/dt RD B L, KEBROHH I
0.04~0.005(1/min) BE OfEic /e 5. Fig. 6 2R L7
Sn-45%Pb, Fe-4%C = o\ CEMAMIICTRT &, o
B @ EA % LT BFR (%) 10 poise) T REMHRIL,
H4A 0.44,0. 26 (HE BRI R) LA IR D,
L7ch2T, FifEo ER B BEAZR RN OZ Tk
A TE . MOWELEETALENSS. O Lo
DORBEME L LG, WFREmAAERICE D &, 8ok
FRAENPFEZELLTVHE L0, FANAOKE 218
REEICEDEZ BRD. OB L CAER» St
FBRE Tz L cEiouna, R X v BB mEenT
BhBENETHAS.
34 ZHARBEETOKR

Fig. 8 3RE DAL DL OREE O BIEREEH
ANLTH5. Bl (To—-T) ©, BHEE—ETH5
2 DR HERR A% ORI % 3. Fe-28%Cr-0.4%C »
PR THR D E, WMEO LRIRERORA I L4
HEE OB (1.1354.25°C/min) DD H AT 5 h
TREVIOSRADIS. Tiobb, BHEZENNIGE
BbhsmEflcIcedmultErid GloEssy
T 5 LERECHEENZ ERT2). AR,
Fe-25%Cr-20%Ni-0.4%C (HK-40) 1= 5\ T % b
5. Fe-3%C TILHHAFEEOEEI K - LT, T
Tz Fig. 5 TiRLA. AKREB®T Fe-2~3%Si-3~

3.8%C R OWTHHENIEEELYREL T2, Fh
CXd&, MofEiSmin e k8 LT\ 5.
(FRHEREE 1.2~4.3°C/min, ¥ AMEERSE) . o0 X 5
CHERIIGHEEOREN ML SIEL bR, %
REEEDOVAF + A5 VI ERTBES, 2o DSH
HECHBIEMZ D 2 EXBED | 5 7 A 2B CEE
RAFEibz ENTFRIRS.

4. %

B - WM T sl) 289 X OJES& & DKtk 1c
DUTER L. BOhAERIIKkDOLEE Y THS.

1) Zasr oM FLEMiNGs HLARE LT 5 =,
IR, BHEER IR ANEECKET 5.

2) HHE LOBEMERIEHBRET0.6 X2 28B4
s EMER & 2o OREE OBIRIL R DBIRICER]
T5. Tihebb, EHEEMN0.5 %81 28K CcanFo
FEHERE L Hhn3 5.

3) ARG 5 5 E EOBEMEK 0.6 LT o
BETIL, 200 OERES OB EH 3R B HE
L Th bEECEm+ 5.

1) BESDHZNT OREEL, CAMEEL b H5%H
HEECIOTHEHSFEINS.

X [

1) D. B. SPENCER, R. MEHRABIAN, and M. C.
Fremings: Met. Trans., 3 (1972), p. 1925

2) M. C. FLemings and R. MEHRABIAN: Trans.
AFS, 81 (1973), p. 81

3) R. G. Rk, 4. Vracunos, K. P. Young,
N. Matsumoro, and R. MEHRABIAN: Trans.
AFS, 83 (1975), p. 25

4) P. A. JoLy and R. MEuraBIAN: J. Mat. Sci.,
11 (1976), p. 1393; R. MEHRABIAN and M.
C. FLemings: New Trends in Materials Proc-
essing, (1975), p. 98 [American Society for
Metals, Ohio]

5) E. F. Fascerta, R. G. Riex, R. MEHRABIAN,
and M. C. FLeminGs: Trans. AFS, 82 (1974),
p. 95

6) J. M. OBrLak and W. H. Ranp: Met. Trans.,
7B (1976), p. 699

7) J. M. OBLAk and W. H. Ranp: Met. Trans.,
78 (1976), p. 705

8) R. MEHRABIAN, R. G. Riek, and M. C. FLg-
MINGS: Met. Trans., 5 (1974), p. 1899

9) M. C. FLemines, T. Z. Katramis, jE450HE:
gk & 4§, 64 (1978), S16

10) TR, WEAFLE: £EHE, 24(1972),
p- 61

1) &k, MMREHE, BA=5: &, 46
(1974), p. 36

T

— 97 —



1556 #% & &

% 66 4 (1980) #10%

12) PRLEEAER, FIHFEF—, ERALER AREZ:

4, 47(1975), p. 485

13) AR, EEEs, MmUEKS: $4, 50
(1978), p. 8

14) T)IEE, =3 BEAEBEYAE, 42
(1978), 1023

15) H#EHF—, KOE=, EBEEZ, mLEKRR:
g4, 48(1976), p. 211

16) ARB=, MLUEAR: BR&BEEEE, 43
(1979), p. 140

17) E. ScuEwL: Z. Metallk, 34 (1942), p. 70 N
18) W. G. Prann: Trans. AIME, 194 (1952), p. 747 ;
19) M. Hansen: Constitution of Binary Alloys, ]
(1958), [McGraw-Hill Book Co., Inc., New 2
York] |

20) M EF: §k 24, 53 (1967), p. 1586 4
R

]

4

é

4

#»

!

>

§

-

%

ﬁ

_. 98 —




