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The Estimation of Viscosity Coefficient, Self-diffusion Coefficient,
and Surface Tension of Molten Métals by the Principle of Corre-

sponding States

Synopsis:

Yoshio WASEDA and Masayasu OHTANI

The principle of corresponding states has been applied to the measurements of viscosity and self-
diffusion of molten metals using the reducing form suggested by Helfand and Rice. In the present work,
the parameters were determined by means of the pair potentials directly derived from the experimental
structural data. Viscosity coefficient (5) and self-diffusion coefficient (D) data for several molten metals
whose melting points are low were examined and the temperature dependence for molten metals are ex—
pressed by the following equations.

p=7 (V%) 23 (1-28X 10-4) X (T M)1/2/ (Mp)2/3 (Poise)

log »* (V*)2/3= (—0-1110-08) + (0°55+0:09) (1/T*)

D=D*/(V*)1/3x (1-28x 10-9) X (T /M)1/2(M/ p) /3

log D*/(V *)1/3= (—0-28+£0-03) — (0:'91+£0:°05) (1/T%)

T*=T x(071/T»)
where T, is the melting point in K, M is atomic weight, g is density (g/cm?) and 7T is the absolute tem—
perature. The simple form of surface tension (7) was also derived from the relationship between viscosity
coefficient and surface tension as follows;

= (V*)2/x (T-Tpn) 112/ (M/ p)2/3 (dyne/cm)
Using these equations and density data, it is possible to estimate the values of viscosity coefficient, self— dif-
fusion coefficient, and surface tension for any molten metals at any temperatures. The usefulness of these
eqations was demonstrated on the molten metals which have high melting points.
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Fig. 1. Pair potential ¢ (r) of molten alkali
metals?),
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Table 1. Sources of viscosity, self-diffusion and density data.

Viscosity (%)

Seif-diffusion (D)

density (p)

Na | Ewme, Granp and MitLer (1) | MEYER and NacHTrIEB (6)

Ewing, GRAND and MILLER (1)

K Ewing, Granp and MiLLer (1) | RoHLin and Lovbine (7)

Ewing, GRAND and MiLLEr (1)

Rb | Axprapk and Dosss (2)
Cs ANDRADE and Dosss (2)

Anprabe and Dosss (2)
AnDRADE and Dosss (2)

Hg Iipa (3)

BrooMmE and WaLLs (8)

Grosse (12)

Al LigL and ScHWEIGER (4)

Perzer (13)

Ga Iiba (3)

BrooME and WaLts (9)

HoatHer (14)

CARER, PAOLETTI and VICENTINI

NakajmMa (15)

In Imba (3) (10)
Tl CrawLEY (5) CrawLEY (5)
Sn Iiba (3) ((]f(‘)l;ER’ PaoLeTT1 and VICENTING | g \poppnpauM and CAHILL (16)

Pb Iiba (3)

Roruman and Harr (11)

GesHALDT (17)

Sb Imba (3)

CrawLeEY and Kirr (18)

Bi Itpa (8)

SERPAN and WITTENBENBERG (19)
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(3) T. lipa : Doctoral thesis, (1970), Tohoku University
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Fig. 2. Relationship between 7*(V*)2/3 or D*/(V*)
1/3 and 1/T* for viscosity coefficient and
self-diffusion coefficient of molten metals.
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Table 2. Comparison of calculated viscosity coefficient, self-diffusion coefficent and
surface tension values for molten simple metals with experimental data.

Temp. » (poise) Dx10-5 (cm2/ sec) 7 (dyne/cm)
(°C) B-G |[Thiswork| Exp. R-K |[Thiswork| Exp. F This work | Exp.
Li 180 0-0022 | 0-0059 | 0-0059 | 9-38 67 6-81 150 410 389
Na 100 0-0071 | 0-0068 | 0-0066 | 7-72 4-1 4-19 230 220 191
K 65 0-0059 | 0-0051 | 0-0051 | 6°61 3-7 4-01 150 130 101
Rb 40 0:0059 | 0-0067 | 0-0067 | 4°76 2-6 2:72 95 110 78
Zn 450 0-027 0-023 0-035 3-71 2-7 2-10 770 650 810
Cd 350 0-027 0025 0-025 2+70 2-2 2-25 540 500 560
Hg 15 0-016 0+016 0-015 1-29 1-6 1-79 170 160 480
Ga 50 0-009 0-015 0-021 1-65 2:0 1-97 160 270 735
In 160 0-026 0-021 0-017 2-92 17 2-48 450 350 560
Sn 250 0-020 0-021 0-018 2-94 2:0 3:74 360 380 575
Pb 340 0-022 0-028 0-024 2:35 1-7 2-50 330 410 480
B-G : Value calculated by the Born-Green theory, R-K : Value calculated by the Rice-Kirkwood theory.
F  :Value calculated by the Fowler theory.
Table 3. Comparison of calculated viscosity coefficient, self-diffusion coefficient and
surface tension of molten noble and transition metals with experimental data.
Temp. n (Poise) Dx10-5 (cm2/ sec) 7 (dyne/cm)
¢ Q) B -G |This work| Exp. R-K |This work | Exp. F This work | Exp.
Cu 1 100 0-041 0-044 0-038 565 3-2 4-66 1 450 1 500 1 300
Ag 1.000 0-038 0-041 0-037 4-24 2:8 3-22 1120 1080 980
Au 1 100 0-062 0-059 0-051 2'97 2-2 — 1130 1140 1130
Fe 1 600 0-043 0-046 0-046 7:01 4-3 — 2120 2 260 1840
Co 1 550 0-041 0-050 0-039 8-04 37 . 1950 1 840 1940,
Ni 1 500 0-040 0-048 0-043 7:29 4-2 — 2 060 2010 1930

B-G
F : Value calculated by the Fowler theory. .
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: Value calculated by the Born-Green theory, R-K : Value calculated by the Rice-Kirkwood theory,
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Fig. 4. Comparison of calculated viscosity coeffi-
cient for molten iron with experimen-
tal data (ref. 3). The dashed curve shows
the result of this work.
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5. L LZhboE&ER onwTi, FEL®IL X
HLETF—v 2 VERFRAVWEEBEEOHIERERENHE SN
TV HDOHRT, fHRE, BCEBRERUERRENIC
BT 2E8BIEIAVWESTHSE. FIRDOX 5SKEELMIX
Fe, Co X Ni O f&k¥F & v vl Fig. 3IeR/ LT
Sb B Bi 0 kK7 v r» i H6N5E XS5 KEN
IR 2 /2§, Fig. 1 WRLET VA ) &R/
AT v v EEER, BEMARERE 2 RTIREGR T
HLEZLEHALIPCLTWS. ZOERXY [T, V /&
EOBIREBRADO MR RT v v MTE T IGEBLE L
T Fe, Co B Ni &R 5 v v W LEELTH B . |
LEZTHIVWERDNE. ZoREXEATHIE T,
V, Cr RO Mn (2 b HIGIREEFREE [GHT 5 2 £55°T
5. LOERLDLETE, FEKIVTIRINAS
a2 FvwT Ti, V, Cr RO Mn Ol SR EDIREI >
WO L7 R, B CAEUR s X OSEEE N &
Table 4 IZRT. RBHECLEL BEOEHRIL Fe,
Co BU* Ni & LR, kLD OfEx A v 7.
Table 4 /T AFEHEEIE, Mn X Ti RS Criz &
X D REHELRBOS /NS W E WV S HERD LTI TV AR
R LAWHELTHD, 2hboeBRkDREHIRE,
HOIRB R RCEMENCET 2885252540 &
#zbhb.

4. =

(R S & R AR O FE RS B O B CHREUR I 0 B B E
KAMRREREZ TG LR, BEC S WORR TS
Z Hh 5 WE ISR AHBAR R & 5 7.

(i) ®id:fRuc>wT

log p*(V *)2/3= (—0-1140-08)
+(0°55+0°09) (1/T*)
(i) BRI >wWT
log D*/(V *)1/3=(—0-28+0-03)
—(0°914+0:05) (1/T*)
—AHEROEBRFOEEORE R S 5 tHRE
7 (Poise) B UVE CkENRER D (cm?/sec) % kb 5 7= B

Tii

— 52 —



SRR & 5 1A & i O R BRER,

Ra, AR EVT SO BEER RYE M,
A Tm(K) 3 XOEE p(g/cm) ZAVTROIEL
EH L

/
p=n*(V*RAx (1:28x10-4) x (T o/ M)1/2

RCIDE

1/2 1/3
D=zw/(v*ymx(108x104)x(12) @9
P

M
T*=T x(0°71/T )
F 7o S ARBESGERC BV TRES N T W SRR T
EEIESHC BT 5 Eimdz Ay, EmEKN r(dyne/
cm) T2V T HROBHRREZEL L.
(T T )2

(N /p)3
zh 5oBEBRREAVE, EEO&EREOERDR
B BT HREGRE, B CEBRES S UERERNEE
EoDEPLERDBDZENBTES.

Zh BOBRRE ERL A SBICGER LckR, 54mB
BERIMC X HEHEE L ELOEREE XS T L5 EPD
bhi. LR IhLORERLEEBL LUCESE
BrroEfssEmEccR L, ZhbogERikc
B DR, A IR CRER N O THIER
W L7z, 7e3s Sb, Bi g KRR T v v LD EE)H
Wb B simple liquid metal K RT v v v ER
£ 5 &BRMAIC DVWTiE, AR EZIGHT 5 2 &
TERV. ThiZSEORED L OTH 5.

B D ICAFE B U R EER, EERE - 2E
RSB WEHHRAER A £L DCRBMRAES
P L EHOBEERT.

X ik

1) 7+ & 2, N. H MarcH: Liquid Metals,
(1968), p. 30, [Pergamon Press]

2) BEfgHER, KAER: BFE¢BE¥ 45, 36
(1972), p. 1016

3) HMEENS: Bk  BIFEOMKEESE, (1972)
p- 38, [HAx&MBE]

4) N. W. AsacrorT and J. LEKNER: Phys. Rev,,

r=n*(V*)2/3x1-09x

145(1966), p. 83

5) 7. W. Cuapman;: Mater. Sci. Eng., 1 (1966),
p. 65

6) A. D. PasterNak: Mater. Sci, Eng., 3 (1968),
p. 65

7) J. O. HirscHrFELDER, C. F. Curtiss and R. B.
Birp: Molecular Theory of Gases and Liquids,
(1954), p. 243 [Wiley]

8) K. S. Prrzer: J. Chem. Phys., 7(1939), p. 583

9) C. Doms: Nuovo Cimento Suppl., 9 (1958),
p- 9

10) E. Hevranp and S. 4. Rice: J. Chem. Phys.,
32(1960), p. 1642

11) P. W. BripgmaN: Physics of High Pressure,
(1949), p. 197 [G. Bell & Sons Ltd.]

12) BEBEDSF A — & — o R WETE XWX MBITIE
EL LR E 55 MIIT Pasternak (T X
2THH/ESh TV 5.

A. D. PasTErNAK: Phys. Chem. Liquids, 3
(1972), p. 4l

13) W. A. Harrison: Phys. Rev., 136(1964),
P.A 1107

14) M. Hasecawa and M. WaTase: J. Phys. Soc.
Japan, 32(1972), p. 14

15) W. M. Savu, J. H. WenLING, M. R. CORDEs
and G. D. Gaspari: Phys. Rév.,, B4 (1971),
p- 1802

16) W. E. DEmING: HFI¥RX X 5T —20%2DF
(% 0 %—%) (1950), p. 153 [HWEE]

17) M. Bor~ and H. §. Green: Proc. Roy. Soc.,
A190(1947), p. 455

18) R. H. FowLER: Proc. Roy. Soc., A159(1937),
p. 229

19) M. Samoji: Adv. Phys., 16(1967), p. 705

20) Y. Wasepa and K. Suzuxi: Phys. Stat. Sol.
(b), 57(1973), p. 351; Scripta Met., 7(1973),
p- 1157

91) BFEEL, EHSA, KGER: BREHK, 30
(1974) p.1

22) J. R. WiLLson: Met. Rev., 10 (1965), p. 381

23) T. Sarro, Y. SHiramsHI and Y. SAKUMA:
Trans. I131J, 9(1969), p. 118

— 53 —



