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THE VISCOSITY OF LIQUID METALS AND AN
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THEIR MELTING IleN'YS"’
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Abstract e is shown that @ sinple cmpirical relationship exists between the activation enerpy off
viscosity for Tiguid metads and their melting points. This relationship coupled with Da Andrade’s
expression for the viscosity o the hquid metal at the melting, pomi (1, )¢
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(o At.wiy 1y lig. at. volume at mp; "K)
permits us now Lo estimate the viscosity of any metal having a closepacked erystal structure, i.c., one
for which the Andrade relationship holds, atany temperature,

All available experimental dati o the viscosity of metals were used to establish the empirical
relationship shown in Fig. 2
To metals, from Liy the dighoests to L {element 103), the heaviest, represent over
30 per cent of all known clemicnts. It has been shown recently™ that their liquid
temperature range, i.c., the ranges from their respective melting points to their
critical points, are greater by far than those off v other class of substances.  As
monatomic clementiar=° o oo they are able 1o theoretical treatment
than more compie: it coccmty of the latter shows a very
great temperature dependence. Tu the case ol the metals the change is much less
dramatic.

Allavailable data on the viscosity ol metals are plotted in Fig. 1, the round points
showing the experimental range.  The experimental data for most metals were
obtained from the Liquid Metals Handbook, Edition T and 2.4 Additional data were
taken for galliom™ and tin. ™

ANDRADE'S simple formula®™ expresses the relationship between the viscosity, 1,
and 77, in "K., as lollows:

a.exp(M,[RT)or

1, |
2303.R°T

D For additional details see report of AL V. Grosse, “The Liguid Range of Metals and Some of Their Physical
Propertics at High Temperatures,” The Rescarch Institute of Temple University, September §, 1960.
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where @ is a constant (in poises) and /7, the energy of activation for viscous flow,
in calfg at. The constants a and //, {or seventeen different metals have been calculated
from all available data and are civen in Table 1. As can be scen from Fig. 1, the
experimental values of log, i aii 5l on straight lines when plotted against 1/7°,
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Fit. 1.~ Viscosity of metals,

A more accurate viscosity formuli takes cognizance of the change of density or

specific volume with temperature and is also due to ANDRADE® (loc, cit. p. 704):
.ot d L exp (efeT),
where v is the specific volume at thic temperature 7.

From the theorctical standpoint it would be simpler to discuss the viscosity of
metals at constant volume. Praciically, over any reasonable temperature range, it
would require very high pressures to keep the volume of the liquid metal constant and
thus cannot be readily realized experimentally. We will therefore restrict ourselves to
viscosity at constant pressure (i.c., I atm).
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Furthermore, since the change in density or specific volume with temperature is
comparatively small, i.c., of the order of a few per ceat, we will use ANDRADE'S
Jirst formula, which is sulliciently accurate for our purposes.

TaBLE 1.—VISCOSITY CONSTANTS, £, AND @, OF ANDRADE'S VISCOSITY EQUATION,
Yy = aexp (H,[RT) (poise) AND ‘Tiii MELTING POINT OF METALS, Ty

Wikl | T Constant I,
T (K a(poise) | (cal/gm atom)

600
1060
DAN)

Hg 234 5634 .10 ®

Cs 3017 1+138 . 10-2

Ga 303 4-359. 10 ®

Rb 3122 VRN R I 4 1230
K 337 0-659.10°% 1433
Na 371 0-787.10-% 1625
in 430 3:020.10 # 1590
Li 452 1:590. 10 * 1220
Sn 505 3843 . 108 1740
Bi 544 3-594.10 % 1770
Cd 576 4350 .10 * 2040
Pb | 601 4222103 2295
Zn 693 4085 . 10°° 2950
Sb 903 2797 . 1073 2970
Ag 1234 5750, 10-° 4690
Cu 1357 8:676 . 10°* 3680
Fe 1812 16060 . 10 # 5070
W (est.) 3650 s L1008 ~7400

Empirical relationship between the activation energy of viscosity and
the melting point of the metal
From the standpoint of inorganic chenisiry we are interested in estimating, in a
general way, the viscosity of any metal o e temperature range and finding any
kind of relationship between visce aroperties o ent.
The theory of the viscosity of T N R Y §1,
by EYRING./? EYRING'S viscosily theary o (sed v ticory of absoiute reaction
rates; his expression for 7 is: ‘

5\ 2
= (:7) cneoexp (1/RT)

where 0 is the distance between moloci "1 luvers und for simplicity is assumed to

= [), 7. tae aumber of

SqUAL G R Silande Delween Orystal bl 77 Al 1ihus [—/}
atoms/cm?®, i = Planck’s constant and /7, is the free energy of activation for viscous
fiow, obtained from the slope of the logarithm of experimental viscosity data against
1/ ‘

According to EYRING's views [/, is proportional to the energy of vaporization,
AUyayp. = AHyvap. — RT, since the processes are very similar, In many cases,® that is,
9 H. EYRING, J. Chem. Phys. 4, 283 (1936); sce discussion oi EYRING's theory in book by J. O. Hirscii-

FELDER, C. F. Curmiss and R. B. BIRp, Molccular Theory of Gases and Liquids, pp. 624-630. J. Wiley,

New York (1954).
% J. F. KiNcap, H. EYrRiNG and A, E. STEARN, Chem. Rev. 28, 301 (1941).
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for the “permanent’™ gases, hydrogen-banded liquids and many ordinary compounds,
11, is found to equal AU, [2:45.

The viewpoint does not hold in the case of metals,* however. A simple example of
the two low melting mctals, mercury inc gallium, but boiling far apart, illustrates this
point, as shown below:

Mclting
l point
(K)

. At np, Normal b.p.

i (Can'y :"tum) (Cal/g atom) ' ('K)
i

600 12884 | 630

Mecrcury 234
56,200 ‘ 2510

Gallium 303

|
|
1

11, for mercury and gallium ciihen from Tabie 1) and AU, for these metals are
compared in the table above.  Whocas the //'s show only a small diflerence, the
corresponding values for AU, wie Licapart; there is no simple relationship between
11, and AU, for mctals,

It was found, however, that . sanple relationship exists between 11, and the melting
point of the metal. This is shown graphically in Fig, 2, /1, increases as a monotonic
function of the melting point of the icad. All known mictals for which /7, data are
available lie on or close to the smooth curve. Low melting metals, such as mercury,
gallium or the alkali metais have low encrgies alactivation /7,, while silver, copper and
iron, melting above 1000°K, have high activation energics for viscous flow. The highest
values arc expected for the refractory metals, such as tantalum, rhenium and tungsten,

Usc of this empirical relationship thus makes it possible to estimate the change of a
metal’s viscosity with temperature.

It should be understood thit this empirical relationship represents a first approxi-
mation only. A more precise relationship will have to take into consideration the
different changes in specific volume or density with temperature for various metals.
Thus, for example, although the melting points of cesium and gallium are very close
(sce Table 1), their temperature cocliicicits o D/dr are quite different, since the eritical
temperatures™ of cesium (21507) and patiicm (76207K). are quite far apart. This
empirical relationship can be expressed algebraically. However, it would be desirable
to first obtain viscosity data on the Ligh temperature branch ol the curve, i.c., above
the melting point of iron. It woulid b particularly interesting to get viscosity data for
such high melting metals as molyldonom, tantalum and tungsten.

As has been shown also by ANpiapet™the viscosity of a liquid metal ar the
melting point, provided it has a close packed crystal structure, is given by the simple -
cxpression:

57 % 104 /(4. Ty )

ﬂm.p.(pOlSC) =< 278
Vi

* We are grateful to the reviewer for informing us thiat according to EYRINGs latest development of the
theory of signilicant liguid structurest® the viscosity of metals involves the introduction of holes of ionic size
rather than of atomic or molecular size, is in the ciase of non-metallic atoms or molecules. Thus a relationship
similar to the one expressed in this article may be expected theoretically.
W H. EyriNG and T. REE, Proc. Nat. Acad. 47. 562 (1961).
10 E,. N. DA C. ANDRADE, Phil. Mag. 17, 497-5i1 (1934).
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where A is the atomic weight and
'I‘m "

Coupled with the first mentioned /7, vs. melting point relationship, i.c., Fig. 2,
the viscosity of any metal with a close I\,r packed crystal structure cin be c.vtmmred
without any experimental viscosity meisurements by combining ANDRADI'S above

formula with the new #, vs. 7, . relodonship.

ihe iquid atomic volume at the melting point,
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FiG. 2.—11y, activation energy ol viscosity vs. Tw.p.

The constant @ in ANDRADE'S simple or [irst formula (see p. 333) can
expressed in terms of his above 1, , formula.

The constant
~ 5 710 1. /(A lu l‘)
S 7 R} R
since at the melting point

=q.cexp(l l,,/l{ s Tygipds

.

where the symbols have been defined previously.

To illustrate how these procedures can be used to arrive at an estimated v:scosnly
value we take the specific example of liquid uranium, plutoniun and thorium, since no
experimental data are available on their viscositics.

11
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s=uranium, the stable modilication of the clenment at high temperatures, is body-
centred cubic with a space lattice corsiant — 3-48 A at 785°C.1Y "This corresponds to
a density — 18-78 glem® at 785'C. At the melting point ol U, - 1133 |2 2°C ot
1406°K,00 the density of the solid - 1839 glem?, based on a linear cocllicient of
thermal expansion —= 1192 2 10 7 K. Asswming, as is true for a number ol metals, a
volume increase on fusion == | 2-5 per cent, the density of liguid uranium, at the
melting point, should equal: 1792 glem®, or have V, = 13-28 cm?/g atom,
ANDRADE'S formula for o at the me.c iz point (see p. 333) applies to uranium, since
itis body-centred cubic and leads 1o e vt

57 % 10 4. /(23807 . 1406)
7/1:1.]). o 1328‘

= 5:86 < 10 * poise

= 5:86 centipoise at 1406”K.

The interpolated activation encrgy, /1, for a metal meiting at 1406"K., from Fig. 2,
- 4300 cal/g atoms. Thus the viscosity ol liquid uranium, 1,

i, - . exp (4300/RT).
At the melting point or 14067K.
Yo o SBO 210 E aexp (1300/1-99 . 1400)
and thus the constant « for uranium,
a == 12:62 X 10 poise.
The final Andrade equation becomes:
Ha = 12:62 50 10 3 exp (4300/RT) poises.

s-plutonium, the high temperature modilication, at 500"C., is body-centred
cubic.! The same is truet™ for thorium. Thus the ANbDRADE relationship (see
p. 336) applies to both metals.

TABLE 2.— PHYSICAL CONSTANIS OF LIQUID URANIUM, PLUTONIUM AND THORIUM''®!

| ) Y H,

|

-
feal/g atom), | (centipoise)
lrom Fig. 2. i atmp. at 2000°K.

A Tm.]). Dhlu. ntan.p.
('K) (zlem?) 1ot

= g | MESRPECR Ny = i e - ik
u 238 | 1400 17:92 (est) | 1328 4300 | 588
Pa | 239 | 9127 | 1663000 14-36 3200 4-51
Th | 232 | 2020 10-79 (est.) 21-55 5300 5:04

Un g Katz and E. Rasinowiivcen, National Nuclear Energy Series, The Chemistry of Uranium, Div.
Vill, Vol. 5, pp. 133-152. McGraw-Hill, New York (1951).

aw See J. ). KAtz and G. T. StasorG, The Chemistry of Actinide Elements. J. Wiley, New York (1957).

(9) C, [, OLsen, T. A. SANDERNAW and C. C. Fhirrick, Report LA-2358 (1959); in contrast to most other
metals plutonium contracts on melting.

a4 J 3 Katz and G. T. SEABORG, The Chemistry of Actinide Elements, pp. 266-267. J. Wiley, New York
(1957).

o) 11 Katz and G. T. SEABORG, The Chemistry of Actinide Elements, pp. 28, 29 and 30. J. Wiley, New
York (1957).
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Using the same procedure as for uranium and from the data given in Table 2, the
simple ANDRADE equation for plutonium is:
e = 172 ¢ 107, exp 3200/ RT') poise
and for thorium:
gy, o 13046 0 10 %L exp (5300/RT) poise

Thus it is expected that the viscosity of plutonium at 2000"K. ~ 1-72 centipoise
(sce Table 2) is slightly less than that of water at 0°C. (5 — 1-79 centipoise.)
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