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The recent appearance of high purity rare earth
ailable a series of

metals in large quantities has made av
elements whose unique, closely related physical properties2

have been comparatively well documented:hmthe solid state™’
in contrast to the dearth of information on their liquid
properties. Several general theories have been proposed .
that furnish means of predicting certain atomic mobility
parameters in 1iquid metals. The theories include simple
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curve fitting as well as more fundamental considerations
of the problem. . Since the. final arbiter for any theory is
how well it is substantiated by experimental data, the

lanthanide metals provide uniquely attractive materials
ce the experimental measure=

ments are accomplished.
As part of the Reactor Fuels Program at Mound

Laboratory., apparatﬁs exist for measuring viscosity co-
efficients and liquid densities for high melting point,
-highly reactive metals. The density and viscosity of
molten lanthanum, cerium and praseodymium metals are re-
ported from their melting points tO 1000°C.

Apparatus

The viscosities of the liquid metals  lanthanum,
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cerium and praseodymium are measured in an oscillating
cup viscosimeter by an absolute method. in this apparatus
the liquid is sealed in 2 right-circular.Cylindrical cup
which is attached.to a torsion fiber so that the system,
forms a torsion pendulum (see Figure 1) . The damping

Y

effect of the molten metal upon the normal oscillations
of the torsion pendulum is a function of the viscosity
of the liquid. This method is advantageous because © __Y5\¢
the small amount of sample required (8. to 10 ec), the . YN
ease of remote operation of the apparatus in a vacuum o Nl
system, and the containment of the 1liquid metal in a -§$
. < . 4. . £ Y o A
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hermetically sealed; non-reactive, tantalum crucible. With

the liquid metal sealed in the crucible, loss of liquid by-

The osc1llat1ng cup viscosimeter was flrst de-
scribed by Meyer in 1891, 3 The first .complete mathematical -
treatment offering an absolute measurement of. viscosity with
this type of apparatus was proposed by Andrade and Chiong

‘vaporization and chemical reactions with atmospherlc gases kﬁﬁ
. are prevented .

in 1936 for an oscillating sphere filled with a liquid. This

treatment was modified to include a right circular cylinder

coe's treatment for the calculation of the viscosity of a’
liquid at a particular temperature from the logarithmic
decrement -and period of oscillation of the torsion pendulum
was used in this investigation. A detailed description of

the method of calculating the viscosity from these measure- .

ments has been reported earlier.’/,8

A pycnometric method developed for the measurement

of the liquid density of active metals was described earli- ..,
er.9,10 The density apparatus (see Figure 2) .consisted of a :ifmn

closed system in which a calibrated tantalum pycnometer (1)
was suspended directly above the molten metal (8) in vacuo.

The pycnometer became filled when the tip of the pycnometer [" ?3:5:‘.
" was lowered into the melt and the system was returned to '

atmospheric pressure with dry helium. The pycnometer was

"subsequently withdrawn from .the melt and quenched to room

temperature. The density of the liquid at the testing
temperature was calculated after the weight. of the metal

" £filling the known volume of the pycnometer was determined.

- Metal Purity

Analyses of the metals used in the viscosity de-
terminations are shown in Table 1. The lanthanum and
praseodymium were described as nuclear grade materials by
the manufacturer (Lunex Company) " The cerium metal used
did not have a manufacturer's analysis accompanying it,

- and was subjected, therefore, to spectrogrdphic and differ-

ential thermal analyses. The results of the spectrographic
analysis are likewise included in Table 1. Additionally,
differential thermal analysis of the gamma to delta and

by Hopklns and Toyed in 1950, and R. Roscoe® in 1958, - Ros= .

[

delta to liquid transformations showed the S.E.C. #2 cerium .

. metal to be of adequate purlty for the v15cosxty measure-.
ments. 11 3 S o o : ,
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Experlmental Procedure

_ . A rod of the metal under lnvestlgatlon was vacuum
cast in a fused, high purity magnesia crucible. The cru- .
cible was broken away from the rod and the rod was mechani-
cally cleaned to remove the oxide coat resulting from the
casting operation. After the clean metal rod was inserted .
into 2 0.585 inch I.D. tantalum cup, a bottom closure plug
/. was inert gas arc welded in place. The capsule was sus-

. pended on either a 0.005 inch diameter platinum-tungsten
alloy torsion fiber or a 0.010 inch diameter. molybdenum
torsion fiber resulting in periods of oscillation of 13 or:
2.7 seconds, respectlvely The system was held at each
_temperature for at least three hours prior to the vxscosxty
* measurement to be sure the sample was at the desired tem= :i’
. perature. The period of the oscillating torsion pendulum
: 'was determined by a photo-electrically operated clock to .~
" 0.001 second. The amplitudes of the oscillations, which.. -~
.fﬁf;were used to calculate the logarithmic decrement, were = '
... -measured by a photographlc technique with. a precision of .~
©.7 one part in ten thousand. 'The detailed operatlon of the
‘fﬁapparatus has been described prev10usly '

:Den31tv Results

; The' liquid den31t1es of lanthanum, cerium, and

;+» praseodymium were measured at: four different temperatures
-, between 951 and 1004°C, nine different temperatures between
...+ 824 and 990°C, and four different temperatures from 937 and -
- .. 1004°C, respectlvely Figure 3 is a composite graph of the_‘"
" results of these three sets of determlnatlons. ‘The lines:

' S:drawn through the data points represent least squares fits ...
-of the data. .The equations of the lines representing. the""
:,change in denszty as a functlon of temperature are.)a ;

237 % 1074 T)_}f’f ;
-2.37 x 107%.1)
?f 2 48 x 10'4 T)

wf;:Where}fi",“::? 4fDéhSity m g/cc

;?'I' = Temperature in’ °K.




The thermal coefficients of cubical expansion for i
- these three liquids are 'very small for liquid metals and T

only slightly larger than the coefficients of cubical.expap-ffrﬁff'"

sion of their respective solid phases.

During the measurement of the density of cerium,

an indication was obtained that cerium expanded when it AR

changed from llquld to solid at the melting point since two
~of the pycnometers filled at temperatures near the melting
point exhibited extrusions of cerium metal “from their ori-
fices. Similar extrusions were noted for the metals bismuth.
and pluton1um9 both of which expanded during SOlldlflCatlon..
“Although the density of solid .cerium has never been measured :

at the melting point, a prediction of the volume charge dur- fg'
ing melting was made when the density of the liquid at the
melting p01nt 6.68 g/cc, obtained from Figure 3, was. com-
pared with an estimated value for the solid. . The estimate’
for the solid density was made when the densxty of delta
(BCC) cerium at the melting point was calculated from
crystallographic data and an assumed coefficient of cubical

s

. expansion, 20.4 cc/cc/°C obtained from lower temperature ;ﬂ; gﬁ U}

measurements of Trombe and Foex. 12 This calculation showed
that 0.6 per cent expansion occurred during solidificationm.
Interestingly, both .cerium and plutonium, which exhibit

volume expansion durlng solidification; have-a body-centered {f¥ﬂ~'

cubic high temperature structure and a 1ower temperature

o face centered cubic structure.

K The liquid densities of lanthanum and cerium have
.. been estimated earlier by Pulliam and Fitzsimmons of Amesl3.
- from the shape of a drop on various ceramic substrate sur-
faces. The densities measured by both methods show good
agreement near the melting points (see Figures 4 and 5
wherein the lines representing the present work are com-
pared-with the points measured by Pulliam and Fitzsimmons).
‘The Ames data, however, exhibit much greater .changes with
temperature than do.the present work so that agreement be=-.
‘tween the two experlmental results. decreases rapldly with’

temperature.

The more rapid change in density as a function of
temperature for lanthanum and cerium shown by the data of °
Pulliam and Fitzsimmons is questionable for two reasons..
Flrstly, the experlmental dxfflcultles assocxated w1th the -




drop . shape method become more pronounced as temperature in=-

creases since reactions between the liquid metal and ceramic .

‘substrate accelerate with temperature. Secondly, .two metals,.fﬂi-

having such a long liquid range (as indicated by their low"

_vapor pressures 4,15 ) would not be expected to exhlblt such

a rapid change in densxty w1th temperature.

A means of theoretlcally predicting the change ih 'ff~

density of a liquid metal with temperature based on the law -
of corresponding states has been proposed by A.V. Grosse.
Experimental liquid density data for 27 liquid metals .ex-

‘hibit the change with temperature predicted by this appli- -

cation of the law of rectilinear diameters.t’/ Good agree=
ment is Shown in the comparisons between the theoretical

(designated Grosse) and experimental (designated Mound) -
slopes of the density versus temperature curves for cerium,
lanthanum and praseodymium (Figures 4-and '5). These data

"lend support to the use of this method for the prediction

of liquid density of other metals- which, for one reason or

.another, have not been experimentally measured.

Pulliam and Fitzsimmons also measured the surface
tension of lanthanum and cerium in their drop shape experi=-
ments. Recognizing the sources of error inherent in the
density measurements by the drop shape method, they re-
portec sufficient experimental data so that the réported -
surface tension data could be recalculated at a- later date -
when better liquid density iInformation were available. .
This commendable foresight made it possible to make the
calculations of surface tension as shown in Table 2. Here
again, since experimental errors loom larger with increas-' .
ing temperature, the data near the melting points are
probably the most accurate of the reported information.

VlSCOSltV Results

\

The viscosities of molten lanthanum measured at

13 different temperatures between 931 and 1006°C, the vis-
.. cosities of liquid cerium measured at 16 temperatures be-
. tween 812 and 1011°C,. and the viscosities of molten praseo-

dymium metal measured at 15 temperaturés between 936 and
1009°C are listed in Table 3 and plotted in Figures 6, 7,
and 8, respectively. The viscosities of lanthanum, cerium
and praseodymium are plotted as the logarithm n/T versus

[
-




. 1/T instead of the.more conventionalALog n versus 1/T since: i i
Saxton and Sherby18 recently showed that the change in vis=-. . .""

'c051ty with temperature exhibits a first order dependency

when Log n/T versus 1/T is used. This proposal is SUbStan';;uﬁfjfffJ: '

. tiated by earlier work done at Mound Laboratory on molten:

bismuth, lead and Slnc metals,8 and on liquid.plutonium andk#ifﬂf

plutonium alloys. The straight lines drawn through the

.. data points in Figures 6, 7, and -8 represent least squares j";; .;h. o
- fits of the data and have the follow1ng equatxons.- ;_1.ﬂ;5;:$;ft;-”'

\

o 84828 (1000) - o 39562

Il

' La Log (ﬂ/T X 105)

1

- Ce~Log.<n/T-x~105> 0.88379 <1°°°) - 0.39272-.

!

Pr Log (n/T x 105) = 0.79714 61%99) - 0.29517 ..

‘where . ;'W'n = Viscosity Coefficient (poise)

- T = Temperature (°K).
" “The viscosities of lanthanum, cerium and praseodymiumimetalsj}
at various temperatures as calculated from these stralght :
- lines are. reported in Table & together w1th the standard
~dev1atlons. . - -

‘ .Dlscu331on

The change in v13cosxty w1th ‘temperature has often {ﬁ_ff:ﬁo5'¢:

-“been expressed as: 1 - o A

nmaen
""where:-.'VA'=‘a?constaﬁt‘
| E = Activation energy'for*viscoquflow (cal/g-atom)f;;
R = Gas Cohstant. “

A, V Grosse has proposed an empirical relatlonshlp22 be-
tween the activation:energy for viscous flow (E in Equation 17*
1) and melting point (T m.p. ). In this proposal Log E plotted
as a function of Log T, for 17 metals results in a smooth ..
curve. Accordlngly, oncg the meltmng poxnt is known, the




temperature dependence of the viscosity coefficient of a -
1liquid metal could, theoretically, be predicted. - :

. Andrade's relationshipzs’forjthe prediction of the ':gf‘ﬁffﬂkf"

.viscosity of a metal at its melting point which has proved

. remarkably accurate24 for many liquid metals has been used .Lf

for the calculation of the viscosity of molten lanthanum

cerium and praseodymium metals at their.melting points with

the good agreement shown in Table 5. When Andrade's pre-

dicted ™m.p. is combined with the E anticipated by‘Grosse's:"f”

curve, equations. expressing the change. in viscosity with

temperature can be determined. A comparison of the theo-;;]?fﬁ;ﬁ

retical and experlmental equatlons are shown below

. Theoretical - T o :'Ex erimental
Grossel?l and Andrade23 : ' P C
La n=5.714 x 1073 exp 330 n- 16k x 107 enp L
Ce n=5.560 x 1073 exp 3550  m'='1.310 x 10-% exp 1879
. RT Co , . RT
118

-l

Pr M = 6,243 x.10"3 exP.QQQQ "7n =1.758 X‘lO"2 exp lﬁi—‘, ;TQ

- A comparison of the two sets of equations indi-
. cates that the predicted value for E is -about twd to three
" times larger than the experimental values for lanthanum,

“~5;3fcer1um and praseodymlum.

'The coefficient for self diffusion in a liquid :

S metalzghanges with temperature according to the relatlon-
TRECR : Shlp < ) e

D = Do exp = é%— @
s7f:where¥- DL # Self dlfqulon coeff;czent (cmz/sec)
| 4 DO = A constant '
Q = Actlvatlon energy for- self d1ffusmon (cal/g- ifﬂ

atom) .

_ Saxton and_Sherby18 have shown thet.self diffu--
“"sion and viscosity in liquid metals exhibit an interde-

pendence best approximated by the SutherlandZ6 relationship;




L
= GIDED
where: di = Pauling univalent ionic diameter
k = A constaht (2 x 1017 ergs/°K).

A comparlson of. experimental self dlfoSlOn data
.w1th calculated self dlffgSlon values (from viscosity data) -
for molten lead and zinc® showed good agreement using this

‘relationship. Saxton and Sherby proposedl 18 further, a meth-*f'jgt"

od for predicting self diffusion in liquid metals. The
atomic moblllty of a llqu1d metal was assumed to be a func-
tion of previous crystal hlstory, melting point and. atomlc
mass.’ . ‘ , -

)

Six metals were considered for comparison between

and the equations calculated from experimental viscosity
data using the Sutherland relationship (equatlon 3). The
calculated self diffusion data (from viscosity data) were
"plotted as Log D versus 1/T. The equations for these
"straight lines (obtained by a least squares fit of the data)
- are compared in Table 6 with the -theoretically predicted

"‘equations. The good agreement for bismuth, lead and zinc:

between the two sets of equations contrasts with the lack

- of agreement exhibited by lanthanum, cerium and praseodymium.. .. : | .

Both the theories by Grosse, and Sixton and Sherby

l'ftQ predict much higher activation energies [E in equation (1)

‘and Q in equation (2)] for .the atomic mobility parameters
-of viscosity and liquid self diffusion for lanthanum,

. cerium and praseodymlum than were observed experlmentally

One shortcoming of the experimental data is that the tem--
- perature ranges of the present investigations are small.’

. Nevertheless, since the viscosities of these molten metals.
at their melting points are low (approximately.three centi-

1:i;np015e) and all three have long liquid ranges ‘as shown by .. = ./
 their low vapor pressures, high activation energies for the :

atomic mobility parameters would not be anticipated. The’
' vapor pressure term may well be’ a factor for inclusion in-
“an emplrlcal express;on for predicting these activation i

- energies. -

R

W

" .the theoretical predictions for the self diffusion equations . -

@
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~'-'predlcted properties of these lquIdS. The low v1scosities,-

' ties measurements for the. remaining lanthanzde metals should:

. - In conclusion, the measurements of the liquid'den--
-sities and viscosities of the first three lanthanide metals:
. have provided a unique opportunity for a test of some of the*

moderate densities dnd long liquid range of these metals
- make them candidate liquids for liquid flow studies- at very
hlgH temperatures. 'The completion of these liquid proper-

be an. lnterestlng and challenging- study.'ﬁfT2~ v A
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Magnesium - .
Aluminum 7fi‘”3“’57
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. “Niobium ./
. Sodium | i
© Lithium

" Barium
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CTitanium .

‘Cobalt .

.. Zinc .
. Tin
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E Cadmium "

‘ ?a.ND - Not Detectable ‘ , S
(a) Manufacturer s. Analyszs -ALunex Company.%.}»"'
(b) Cerlum SEC #2 - Mound Analysxs o ‘
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"Tegperatﬁfe.. B Lanthanum - ",jg}le”“a - Cerium’i i

oS T Den31ty -: Surface Ten51on 1ff Don31Ly . Surface Ten31on iﬂ}fiy
S (gl (dyne/cm) o _(glee) . (dyné/cm)

'.‘Ames.. Mound Ames Récalculated' Anes Mound Ames_ Recalculatedfﬁ

§ f,}éOQ['?-i“”‘f},fzfi_”,:f . 6.612 6.659 . 680 686 s

950 m‘yf5-3?6f“_5 95° 1,_710 e

1100 ;-5.630::'5,910L ﬁ{§48;,_,‘f:681 IR

12000 5.486 5.888 630 . 664 -




Lanthanum

Temperatuﬁe. "Viscosityfs_.”Temperaturé

llgont

°Cc___ - Centipoise - _°c

Cerium’ -

s

MEASURED VISCOSITY COEFFICIENTS ~— . . = & .

Praseodymium. - =

Viscosity '
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Centipoise -~ * '

Centipoise °C.
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NN NNNN NN

R

o 2.827 Y

103 - . 900. .

812,

L L120090 T 3,021 ot
5621007 e a1 UL
478 . 1004 69 L
655 995 .96 i
201 - 994 43T
752, 989 .83
183, - 969 78
393 . i962 79 L
766 L RT9EL N 316
L2750 L 956 e 37 e
w0 ess T sl
Ohty o T 952 T 25
616 .. o 9%k4 97
5267 . . 936 ) .52

JOF LT e |

NN NN WWNTW N NN NN NN
LN N W WL NIWIN NN N NN NN




'SUMMARY OF caLcuLATED () VISCOSITY DATA.
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Lo Vi$do$ity- ; S . S TR
-~ Temperxrature ~Centipoise - Temperature'_.~Centipo%a§;  Temperature Centipoise "= .7 T

Seg - x0.3610) ¢ °C_ © g 0.304

' 006 0 23690 10 2,536 1009 L e
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S IR + 0;270(b),75_}{ij“
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(é)'.Viscosities are calculated from a line desdribiﬁg~the'léast'équares;fitlpf tﬁez'ff;,fﬁ,“ifff

experimental data on a plot of Log. WT versus 1/T.

(b) ‘Obtained by standard deviation analyéean£'experimental data.’}
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‘ Table sg,i;,_;ng

LXPERIMENTAL (FROW VISCOSLTY DATA) SELP DIFkUSION EhPRLSSIONS
_ COMPARED WITH 1HEORLTICAL PREDTCllth '

‘Pauling Univalent '3011d - Self'niffusion" " Self Diffusion -
o ~ Ionic Diameter = Crystal . Expression, D ) Expression, %
Metal Cem x 108 7 Structure 'EXperimental(a) '.7 TheoxeLlcal(
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: t:Cé.: ;f?;f2{$4’fiLTﬁi:A '1 BCCJ:.:4.11.945fXLiQf4iexp RT ' 91 x 10"4 exp “RT

- B T ST (Y ki
cPr 236 0 -0 BCC . 1.673 x 107* exp RT S,

: 10"4 exp RT
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: (b) Sa\ton and Shcrby17 Theoreulcal Predlctlons
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