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The recent appearance of high purity rare .earth , : .. r. 1 
•. · 

metals in large quantities has made available a series of . ~1 ·. H·· 

elements whose unique_, closely related physical proper.tie
1

s
2 

.. : · .... ~~- .. ·. ·:.:.:· . · 

have been comparatively 1Z;Jell documented in the solid state " .___, 

in contrast to the. dearth of information on the.ir liquid ···: <·e·. ·. A·,. ·-·: ·.: ... ·; 

properties. Sever?l general theories have been proposed . . :·_u ,...·· ·.~ :' ·. ·. i 

that furnish means of prediqting certain atomic mobility .' : : ··_. .: : ·... _, 

parameters in. liquid metals. The theories include simple · · :·.- . .. .. . 

curve fitting as well. as more fundamental . considerations .·, · ·, · ·. 

of the problem • . Since the . final arbiter for any theory is 

how well it i .s substantiated by experimental data_, the 

lanthanide metals provide uniquely attractive materials 

· .for a test of.the theories once the experimental measure­

ments are accomplished. 

As part of the Reactor Fuels Program at Mound 

Laboratory, apparatus 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 metal's are re­

ported from their melting points to 1000°C. 

Apparatus 

The viscosities of the liquid metals · lanthanum, 

cerium and praseodymium are measured in an oscillating 

cup viscosimeter by an absolute method. In this apparatu~ 

the liquid is sealed in a right-circul~r .cylindrical cup 

which is attached . to a torsion fiber so that the system . 

forms a torsion pendulum (see Figure 1) . The d~mping 

effect of the molten metal upon the normal oscillations 

of the torsion pendulum is a f~nction of the viscosity . 

of the liquid. This me~hod is advantageous because of 

the small amount· of sample required (8 . to 10 cc) _, .the · 

eas'e of remot~ operation of the apparatus in a vacumn 

system, and the containment of . the liquid metal in a 

. ~ . :·· •. 
<· 

.... · . . · 

3rd Rare Earth Conference 

Clearwater, Florida 

April 21-24, 1963 

<A <A 

cu cu 
.!:! u 
L. ·c 

0.. 0.. 

..2 ..§ 

-~ ] 

! . 
~ i . . 

u .!:! 
~ ~ 

I 
I - -·- . - -~-------=---.--~-----1 

-· - --------·-- ·-------·--
~-- -



DISCLAIMER 
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hermetically .sealedj non-reactive, tantalum crucible. With 
the liquid metal sealed in the crucible, loss o~ liquid by· · 

'vaporization and chemical reactions with atmospheric gases. 
·.·. · .. 

., 

. are prevented. . . 
. . . : . 

· .... . . .. 
The oscillating cup viscosimeter was fi~st 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 Chiong4 .: 
in 1936 for an oscillating sphere filled with a liquid. This · · 
treatment was modified to include a right circular cyl~nder 

.. 
.. • .. 

-by Hopkins and Toye5 in· 1950, and R. Roscoe0 in 1958 •. Ros- ·· ... . . . . 

. ·• ·-·: .. .... 
. ~... . . 

.... 
:; 

coe's treatment for the-calculation of the viscosity of a· · 
liquid at ·a particular t·emperature from the logarithmic 
decrement ·and period of oscillation of. the torsion pendul~m 
was used _in this inves.t.igation. A detailed description of· 
the method of. calculating the viscosity from these measure- . 
ments has been repo~ted earlie~.7,8 

.· ' . 

.. 
. ' .. . · .. . : ... 

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 :· .: ... ·~·.· · ;: · · · 
closed system in which a calibrated tantalum pycnometer '(1) ·,.·.·_. .. <. <· ., ·' 
was suspended directly above the molten metal (8) in vacuo. .· · : .. ···:... .. ~ 
The PY,Cnometer became filled when the tip of the pycno.meter · i. , ... > .. · ;: · .. ·,.· .. · < 
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 liqu~d at the testing ...... · 

;"·:. . .. .·. ·. 
temperature was calculated after the weight. of the metal · .. 
filling the known volume of the pycnometer was determine~. . ..... . : ·.: ··:·.:_-:··:':·· 

Metal Purity 

Analyses of the metals used :i:n the ·visco.sity 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) ~heFe~ore) tp spectrographic and-differ­
ential thermal analyses. The results of the spectrographic 
analysis are likewise included in Table 1. Additionally, 
differential thermal analysis of the ga~~a to delta and 
delta to liquid transformations showed the S.E.C. · 112 cerium ·· 
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e · .. · .. ·metal to be of. adequate'.purity for the ·viscosity measure-. 
ments.ll ... . : . \ . 
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Experime·ntal Procedure 
:.:<:.::<··::::: .. ~.·.:·>.:·· ... :·· 

·:'' ' '.' ·~.~ •' I • \; ' ' ' ) 4' • •. 

.' -: ....... \ :. : ·: _: .... ~ ... . . . . . . . 

A rod of the metal under investigation 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. ·Aftei' the clean metal rod was inserted .. · ... :· .. ·:::.,:.<;-;·>.;:.(.: i .. :· .. 
into a 0.585 inch I.D. tantalum cup·:, a bottom closure plug -~.·:·.·<>;·:·;::·:.·,::: .. ·:·::::.:} ... ·. 
'tvas inert gas arc· welded in pl.~ce .. 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, respectively. The system was held at each :. · ·. ·:::/.·,;··:') ... ::;:::-::.<\·.:_-.;-.-· .. _< 

. tempe-rature· for at least three· hours prior· to the viscosi~y <·: ):::.:~:~<·'\.:··<·:'· .. ·::·.:·:;·:· .. · 
· · ~easurement to .be sure the sample was at. the desired tem..; _· . .-:_ ··::_.:.;·;r_;.·:.::~.JJ:;.;:.,<::.';;·::.:::· 

perature. Th~ period· of the oscillating torsion pendulum >·:··: :·.y:.p· ... >··.·r:_·::·>'. 
was determined by ·a photo'-electrically operated clock to : ··· .. :·; ... >:.<.·.-<.: · ... ::. ~ 

· · .· 0 .. 001 seconcl. The amplitudes o~ the oscillations, which.·.·:· ..... ·,.~~ ... ·::.::><<·~-::::~· ... :· :··; ~ 
· ·· ... · ~·:·:· .. were used to .calculate the logarithmic decrement, were · · .:, ' .. ·,··::.i,.:::··j:::':'~:._t>.·::. ::-::y. ; 

· · · ;: .·.·. · .. :· · .. measured· by a· photographic technique w~:th. a preci~ ion of :"· . .'·r;.·.:_';:_..-:·+:.):'·:::·:,:_·, :_:·.:··:· : 
.· .. ::.one part in ten thousand. 'The detailed operation of the .. ,· ·: .. ·.·~·::;·:.'.··.\::,.::_<.::: . 

. · :. \. ·. _, :· ·:: ·:· .. ··apparatus has been described. previously. 7 · · . · ... · . 
. : . ·.:.... . . ··.··' 
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The· thermal coefficients of cubical expansion for . . . · · · 
· these three liquids are 'very small for· liquid metals· and _ .. 
only slightly larger than the coefficients of cubical . expa:n- :·. · ; ·.:·_ ·· 
sion of their respective solid ?hases. ··. _ .. , ·.·· : 

.. · ... ·. · ... 

During the measureme~t. of the density of cerium, 
an indication was_ obtained that cerium expanded when it 

.. . 

. ·, , ..... ·. 
changed from liquid to solid at the melting point s-ince 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 :: ... _... ~ · · .· ·- ·: i 

and plutonium9 both of which expanded .during solidification.-·_._:··._.·: __ .-~-:-:-'.-_:.·_.( 
·Although the density of solid -cerium has never b~~n measured : .·.· ·.-_:,-:-.- · · .. ···: ( 
at the melting point, a prediction of the volume change dur- .. .- ·. '.. : 
ing melting was made when the density of the liquid at the·· · _, .. · -·.-. ·.· :_ · ... : 

. me 1 ting point, 6. 68 g /cc, obtained from Figure 3, was. com- . ·. ·.· 
pared with' an es-timated value for the solid ... The estimate' .. -.~~ .-: . . ... 
for the solid density was··m~de when the density of delta · · · · 
(BCC) cerium at 'the melting point w~s calcula-ted from :-;':_:· -.·. . 
crystallographic data and an assumed coefficient of cubical . ·_,.: ·· ··· 

. expansion, 20.4 cc/cc/°C obtain~d from lower temperature , ··: .. , .. . · ... -
1
• 

measurements of .Trompe and Foex. 12 Thi-s calculatio~ showed · · · 
that 0 .. 6 per cent expansion occurred during solidification. ·_· ;·? ... _ .'·· 

.. 
! 

. ' 
. . ~ ... ·. 

Interestingly;·. _both ;cerium an_d plutonium, which exhibit ·, .. ·· .. , . . . :·:. ·. 
volume expansion_ during solidification; have-a body-centered 
cubic high temperature structure and a lower temperature 

1

• •· · ·----~:· •• • •• • 

··· face-centered cubic structure. · ·. 

. '·. : . . 

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 measu:r:-ed 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 experime'Il.t~_l results. de_~reases rapidly· with· ._ 
temperature. 

The more rapid change in density as a 'function of .. 
temperature for lanthanum and cer'ium shoWn by the data -o~ ·. · 
Pulliam and Fitzsimmons is questionable for·two·reasons. 
Firstly, _the experimental di.ffic~~ties associated with the .. 
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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 .. ,·.· .. · ·.. . 
·. having such a. long liquid range (as indicated by thei;r _low · · ' 
. vapor pressures 14, 15) would not be expected. to ~xhibit such .... 

a rapid change in density with temperature. · · .' . 
. . . . . 

A means of theoretically predicting the change in· ........ ' .\·,' · · 
density of a liquid ·metal with temperatur~ based on the law .. ·~ · · .. ,· 
of corresponding states has been proposed by A. V. Grosse • 16 ,· .. 
Experimental liquid density data for 27 liquid metals .. ex· 
·hibit the change with temper~ture predicted 'by this appli-
cation of. the law of rectilinear· diameters .17 Good agree- · ... . 
ment is shown in the comparisons between' the theoretical . ..... ,•' ' 
(designated Grosse) and exp~rimental (designated Mound) . · · ... · .. ·. 
slopes of the density ·versus temperature curves for cer~um .. · ··.:· · · .... · · 
lanthanum and· praseod)rmium (Figures 4· and ·5). These data · ·· ... · · · . · · 
·1e~d support to the use of this method for the prediction : .. ; :: · ... 
of liquid density of other metals· which, fo~ 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
partee sufficient experimental data so that the reported · 
surface tension data could be recalculated at a·later date 
when better liquid density infor~mation were available. 
This commendable foresight made it possible to make the 
calculations of surface tension ·as shovm in Table 2. ·Here · 
again, since· experimental erro.rs loom larg~r with increas:"': 

-· . 
• ::. ~ ·, : ~ ·: •· ••• f • 
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•.' ·:: :• '·.. . . ing temperature, the da~a.nea+ the melti~g poin~s are 

probably the most accurate of the reported information. 
. . .: . :'. . ... 

'• I''''' • 'I': ' ,' • 

Viscosity Results 

The viscosities of molten lanthanum measured at 
13 different temperatures betw?en 931 and 1006°C, the. vis­

.. cosities of liquid cerium measured at 16 t~mperatures be-
.::.:· tween 812 and lOll °C,. anli the v.iscosi·ties of molten praseo• 

dymium metal measured at 15 temperatures 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 ~/T versus· 
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. 1/T instead of the .more conventional Log 'Tl versus 1/T since:·. ~·.f: · .... :·· ·. 
Saxton and Sherbyl8 rec·ently showed tha't the chc:Lnge in vis-:.:· i :· . · · · · ·: · 

. cosity with temperature exhibits a first order dependency .. :.·;:;:· ... · .. < : · .. 
when Log 'Tl/T versus 1/T is used. This .proposal is sub stan-.·: •· .. ·:.: · :: · .·. ·.: · · · · : 
tiated by earlier work done at Mound Lab~ratory on .mol ten: .: ·:i.·>>< ::-' ·: · · · · .·. 
bismut~, lead and ~inc ~e~als~ 8. and. 0~ liquid .piutonium an~ ........... :.:-::_··.::;· ... :··.· ... . 
pluton~um alloys .1~ The stra~ght l~nes. drawn through the · · .......... :· .· '· .... · .. ·. , 
data points in Figures· 6, 7, and ·.8· represent leas·t .squares · · ···· .. :./ ~ :·:. ·. · : .-:-:. 
fits ·of ~he data and have the· following equations: · · : .· .. ·: .) .·,.· ... · .. ::: :. ·:' .·. : · ·. 

' . . . ..... \.: j::·.· .• '. ':' .... ' . • .. ·. . ! 
.. · ... 

·where 

·La· tog ·('Tl./T. ~ ioS) ~· o·.s482s. <1ooo) - ·o·.3956:2 -:: · ... · .... :·'· .·~. \·< . .- ·::··:·.· : 
. . .... . . . T . . :::· ., '· ... :·:· .. 

.. Ce· Log. <n/T ·x 105) 

Pr'_Log (n/T x·l05) 

· · TJ =' Viscosity Coefficient (pois.e) 

·T = Temperature (°K) .• · 

0.29517 

,· ... · 

. .. 
. ·· 

,:: . . •' .. :· ,'• . i . . . . . .. ~.. ·. . .. : ··. •,'. . 
• • • ., j 

.. ;· : ': ~-· ·:<· .... -~· . .-.:.- ':·. ·. •.: : .... ' ... . 
·.:.:/,:,.: .. '::-\· . ..:~.-::::··_: .... ·::-.· ~ 

· · ··The viscosities of lanthanum, cerium and praseodymium. m~tals:<.-··<~ '\?~/::-:·::·::. >·.:·· ; 
at various temperatures as .calcul.ated .from these .straigl?-t . >·.J:.:.:<·· .... : .... · ·: . .' .·.! 

... ··· .. ::::::::::~eported in Table 4 together with the standard.· . ; .~;'L·.·:;! , 
. ' . :: .. · .. :: ., ··. ; 

. ·. .. ' . . . '. . . . ~, 

:( . been expre~:dc~:~21iJf viscosity withte~perature ~as often i, : .. · . . •.· ... , 
' ' ' I ' ' 

.. :, ·.· . 'T1 •. =.A. exp R.ET . . :: . . .... :·. ·,-.>.·:· .. :·· :,, .. ·. :;;-.. 
. . . . . ' .. '• . ' . 

·where:· A - a .constant. 

. . ,\ .... . : ... . .. . : ..... ..... ··._.:._. ... : 

. :: ~· · .. · ·. :~· .: ... ~ . . : .. ·: 
. '•' ·.·" ·.· .. · ... 

E = 
.' ," ...... ·. . . . ... ) . 

Activation energy for viscous· flow (cal/g-atom) ·· ... :· .. :::·_·:.:· ::.·.· ·· .. :·· 

·' . 

e. 

. ' ... 

R =Gas Constant. 
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temperature dependence of the viscosity coefficient of a .-. · 
. liquid metal could, theoretically, be predicted. 

. .... 
. ~: . : · .. : ..... 
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. Andrade Is ;elati.onship23 for the prediction ~f th~ ·.:.''<.~_:::; .:_.:.::_"-:··_ .. ,': .. · ·.:. n 
.viscosity of a metal at its melting point ·which has proved · · ..... · .. :. :'~:._';· .. ·: : ~-' .. · .. ::.·.·. ;·! 
rfemarhkably acc:urate24ffor many liquid mfe~als has been us~d ·. :-.- .. ·.·.·,_· ... :·_'_·~ .... _._:~.:._.·.·.;_ ... ;_··.· . .-.::.·,.·_:·: ·~ : .. ·: ; 
or t e calculation o the .vi·scosity o molten lanthanum· . . . . , . , . ::.; 

cerium and-praseodymium metals. at ·their.melting points with ·:: ·; .. '':':-/./.,..:.: . . ·_.:. ·:.< 
the good agreement shown ·in Table 5 ~ When Andra~e 's pre- · . :,·;.:·. ·· ·:/·· ..... ::- -. ··_'· . l 
dieted 11m.p .. is combin~<?- with the·E.anticipated by Grosse's .... ,._·, .... ·~·· ···:_··,.:.-.: .... · ~ 
curve, equations. expressing the. change. in vi~cosity with ·. ·: · .. _. ' .. ·· · < : ... . _.: · .. i 
temperature can be determined .. A. comparison of the theo-.: · . ·. · .. :·:: · ... :··.: · .. :.-.-, · · .. -! 
retical and experimental equations. are shown below: .: . : .··;' .. · ... :_ .. _.:.'::·_·.· , ; 

Theoretical 
Grosse22.and AndradeZ3 

La 11 = 5.714 x 10;..3 exp 3850. 
Rl'· 

Ce '11 = 5.560 x lo-3 ·exp 3550 
. RT 

Pr ii '7' 6. 243 x ·lo-3 exp 3800 
· RT 

Experimental 

.. 1 464 10-2 . . 1231 
1"\ = • x exp RT 

~:=·1.~10 .x.lo-2 ~~P 

· ii =·1.758 x 10-2 exp 

1679. 
RT 

1118" 
RT 

0 • • ••• ·::"1, v ': ~ ... ~~ •• • •• ; ..... :' : • : 

. ·~ .. ·: .... :'. :-:_. .... , :·. ' 

' : . ~ ~ ~ .. · : :· : · .. ·. . .. :: ! 

• • I ' • '·'': ' ~ I •. ·, • ·. •, 

A comparison of ~he two sets of equations indi­
.. · · . cates that the predicted value for ·E is ·abo:ut two to three 

. · · ·, ::.; :.: .. times larger than the· experimental· values for .. lanthanum, 
.... : ........ · ....... ·_::'cerium and praseodymium~ .. 

. . ,' . . . ~ .. ·::. : . . . . . . . ' 

:_ .·: .. \::.' .'.:··_:'.:'.:::. The coefficient for self diffusion in a liquid 
· · · · ··:_::_::_ ·. · metal changes: with temperature·.according to the ·relation-

·:_::·:· -:.- .. :.: · ship: 25 · ,_· · . _. . ·" 
:. 

·. _ .. . : .. . .. DL. ~ Do ex;--~- .. ;T . (2) 
. ·. :' ,. 

:' ,: . .. 
where: ·D -L = Self diffusion coefficient·· (cm~/sec) . 

= A constant · 
.· .,. 

... : .... 

· · sion and 
pendence 

: . 
'··, 

Do 

Q =Activation energy_for·self diffusio1;1 (cal/g-
atom) .· · 

Saxton and_Sherby18 have shown that_self diffu~· 
viscosity in liquid metals exhibit an interde­
best approximated by the. Su~herland~6 r_e~ationship~ .. 

·:·· . . . . 
· .. ' '• 

. . . ~· 

... : ... 
. . ·. . . ~ : . . . ' . 

'., 
.. : . ' . : ·~· : ·~ : .... ·. .·.... , .. . . . . . . 

•• J • • ••• : .::· .... 

.. · . . . .. ~ 

. .~ 

,•, ·..,·.,··. ··· . 
. ··. ~ ... ~. ~ 

. :~ .. 
. ·.· .. 
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.. 

where: 

·. ,! .. 
. • .. 

k 
DL = (i)/T)(di) 

di = Paul~ng univale-nt ion_ic diameter 

k =A consta~t (2 ~-lo- 17 ergs/°K). 
. . . 

. .. 
# ·'· 

(3).·. . . . . ' 
o I • • 

'• •' .· . 
. . . ·. · ...... ··· . : . . :. ~ 

. : ' f."~ ••. ' • • • • • 

. . . .: ; .. ~.· : . ~ 
•.. • . 

• ',•' . ' I 

.. · ... 
A comparison .of .. experimental self. diffusion data ·:,-- · ..... ·.,· ... , · .' . ·· ~ 

. · Hith calculated self diffusion values. (from viscosity data)'··:_.::{· .. <· ... _:"::.: .. ·::··~ 
. . for molten lead and zinc8· shoHed good agreement using this · :~: ·: · ·· :_ .. ·.. . . ( 

relationship. Saxton· and Sherby proposedl8 further., a meth-_·. _ ... ·_;:_;_ ... ·: :· ~ 
od for predicting self. diffusion in. liq1.1id metals. The ·. ·' <· .. : .. .. :·-~: .-··.:,'< · 
atO'fl1iC mobility of a liquid metal Has assumed tO be a func- . ·. . .. · ... 
tion of previous crystal.history, melting·point and. atomic · .-:.; .. -.. :·:--:_~_· · ,, 

· . . : .. 
. : . . : mass.· I. .: ,; 
' .......... ' : .: i 

Six metals were considered for comparison betwee~ ·.~ .. ~... .· ., 
.. ··. 

·:·the theoretic'al predictions for the self diffusion equations . . ... . .. ·.·· ; 
and the equations calculated from experimental visco'sity . .. ·,.-: ;· .-:-
data using the Sutherland relationship (equation 3) .· The · ·•.: :' ·! · •· · •• • , 

calculated self diffusion data (from vis-cosity 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 Hith the ·theoretically predicted .·.· .. · :··_:;··,·:.<·-.-... : 
. equations. The good agreement for bismuth., lead and zinc·.. . . · ·. ,. · ·. ·.··.-
between the two sets· of equations contrasts' with the lack ·, · . 

. of agreement exhibite'd by lanthanum.~ ce'rium and praseodymium.· .... :· .... : .. ·:·:- .... ··,_'_ .. 
. . ··.. . . . . 

. .. . . . .·.:·· ...... .. . . 
Both the theories ·by Grosse; and Saxton and Sherby <~" .. ··.: ~. · ·· ...... 

. :. predict much higher( a)ctivation ene_rgies· [E in equation· (1) ,_· ·:_.;·:.:_·_;'·_,_:: .. _-::._·.·: .. ··· .. :,.·· 
and Q in equation 2 ] for. the atomic mobility parameters. · .· ... : 

' . ·of viscosity and_ liquid self diffusion ·for lanthanum, ·:·.: .. ->··:: .. ~·- . . ··. · '-: 
cerium and praseodymium than were observed. experimentally~ · '·. ~· .. · ... } -.~. -~· .. 
One shortcoming ·of the experimental data is that the tern~·· .. ·.·· .... · · -:...: · ·, ..... 

·. · 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.:.. :· .. · .... _ .. ·.:< -:.>·:::.: ..... :. 
• J >:.· .. poise) and all three have long liquid ranges . as shown by .... ·. -:.':-.. : .·.:~· ..... 
· ·· ·. · their low vapor pressures., high actiVation energies for the .... · ·. · ·· · · · · 

.. atomic mobility parameters would not ~e anticipated. The· · ·· .. :··:._-. : ·. , . 
. vapor pressure term may well be: a factor for· inclusion in· . 

. ··an empirical expression· for predicting these· activation 
· · · e~ergies • · . . : · :• · ·· 

. : ;: . ··· .... 
. . 

. ·:·· ·.· .. ·.·. -_.:. 
... : '. ·· .. ~ ·, . . :_.. •;, 

·. ·· ... 
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. In conclusion
1 

~he measurements of the. liquid ·den-,.·:·· ... : ... ~~<,·;·::...···: .. ; ... :.·,,:·:·:' ... 
· · sities and viscosities· of the first three lan·thanide metals ;-::,:·y;::.-···<<:·:·:: (.·:·· i 

... have provided. a unique opportunity for ·a .test of some of the·: ... ::· .. :·:.::·.:F<j>>:~·.:··;:.:.:. :· i· 
· · · predicted properties of these liquids.. The low viscosit.ies, <:··.:-:,:.,:·.:.. .. ··.:).·· .:.:::· ·: 
. moderate den,sities. and long. liquid rang~ of .. tl:lese metals . ,::, :>·::· .......... .. ~ ... _i ..... <: .· ;" 

· ... 
. •. 

· mak.e them c~ndidate l:i;quids for liquid :flow studies· at very .. /: .. ·.)>?: .. :··.·.:.: :···/· ' 
high temperatures· •... The completion of these liquid proper..; .. · .. :·:·.:.<:'<~;.,. .. ·:.';::· .. · r :· 

:ties measurements ·for ·the .remaining lanthani.de ·.metals should~:; ... ::·(::::·.:.":<: .. ·: .. : .. ~·.:· .· 
be an .interesting and challenging· study . .- ... _. ·· ,:·. · ' ·. . . ,,.:. <:.>>>>.: ......... :·:. ·:.·.· .. : .. : ... ;_ 

• • •• 0 • .~ ' ••• _;_.: ... ~i.;: ... :· .. :~':·. :.:· .. : ·.· "·::. ;· 
I •, 0 

0 
'.' H :·; 0 : ,. •' 0 , "• :<• ,1::· : 

. ·. '. .. :,·-~::;·: .... ·\-:~·:·.:'<····~· ... ) .. :.:·.:.J:_..~ ; References 

'1. Spedd.ing ·F. H. and· Daane A. H. 1 Edi~ors, The Rare 
John Wiley. & ·Sons, New York 1 1961. · · 

'2." ·. Gschneide.r K .. A.·,· Rare Earth Alloys 1 D • 
· . Princeton~ 1961 • 

. · .. :· .· 

·· :.3• . Meyer o. ·E.,· Wied. Ann~ .. il~ ·1 ·.(1891). ., . : 
',• ·. ' 

... : 

. . ' . . . . . . 

<'·:·:.· .. ::·:...:·:_:·.4. · Andrade E.· N. da C., and Chiong Y. ~-~ 11 0n the Determi~~·.·:·><_i:.'::·/::{:~:;·,.;.-::-,::··~:.::·::··:·;:· .. ~ 
· ation of Viscosity ·by the o·scillation ·of. a Vessel · ·: :-:::: ..... :··;: ·:· ... _>:. ·, ·:_:·· .. ~:-·::·; 

· ··. <.·.: :··· ... ·:·.: Enclosing a Fluid: . Part I 1 
11 

.. Proc·. Phys. Soc. (London>;·.·.·';_·_.:-,>.-:·:.·~>··: .. ;: ... :·. >:·· · 
.. >.··.:··::····\:··· 48, 247•260 (19~6). . . ,.: .. ·.::·::.:.:;.,,:._·:·.·./·.·:.~::.'.':'>:' •: . ..:..:-::: 

•• • .~ ••• :, 0 

. . 
· · ; .... ·· .. 5. :. Hopkins M. R. 1 and· Toye T. C.,· "The ·Determination 

. :. · .. ·. · ·>·>.··.· . ·.··.the· Viscosity of Molten. Metais, 11 Proc. Phys. Soc. 
·· ... :.:·;····'··. ·.-.·(London), B, 63

1 
773-782 (1950) •. 

... . ·. -- . 

·: · ... ~···,:-_,_:··:. ·,_.: 6·. ,·,·Roscoe R. 
1 

11 Viscosity Determination by the Oscillating 
.<·:>·.. ·:.Vessel Method I:. Theoretical Considerations~ 11 P:roc . 

.. >. _:'· .:_ .. <· _'· ··. :_· · .· · Phys. Soc. (London) 1 1.1·, 576 -584 _(1958). · 
.· .. · ·:: 

. . · . .. ;·::.:,.- /~.:· ..... 7. W~ttenberg L. J. 1 Jones L. V. 1 and Of~...e .D. 1 The V~.s- ·· .. ..:.'·· · ::·· .. : ·:··:<· .... :.: 
.· · ;·':: '· cosity. of a. Liquid Plutonium - Iron Eutectic Alloy, 11

··. · ·.· .. :".··,. :(:;·~.-:':.·:: .. ·-..:·.·.·.=.: 
... .. · · ··:: :. Proc. of the Second International' Conference on Plu- · · · ... ,:: :<:<::: .. '' · ··.); · 

· ,.: .. ·.. t'onium Metallurgy, Grenoble, France, 19-22 ·April 1960
1 

.· .... :=· .... ~. -:·:-·::_ 

: ,, <' ~~~~~i~9m~· 671.;.683; CleaVer-Hume Pres.s Ltd., ·•·· ... ,, · < ). 
·>.<< ,:.,>·.· . ,-,. •·.' ''·· ·.; : .. ::> ··. ··:',·: .. ,>·.;, :.> I 

.. 8 •... Ofte· D.J .and Wittenberg L·. J~~· · 11Vi.sco~.ity·:of Bi.smuth/···:·.:_~;::··' ·. :·~.:>··:·_::·, ... :>_>.· . 
.. .-· ... ; ... · . Lead ·and Zinc to.l000°C,. 11 .Trans. Met •. Soc. A,I.M."E .. ,<_· .. · .. ·.:·:.:.: .. ·;,:.' ... ,.:··· · ..... · 

· · . . . (In Press). · . . .. .. ,..;:. ,: .: ·.. . :.· ."·: : .. ; ... ·· 
. .. . ' . -.. ·.·. ··.: .. ··,· ..... . , .. ·. . . . ' ; ,· 

· .... . . . . ~.:.. . .. . . . 
. ~ . . . .::.. ·~. : . 

...... . . · ...... ., . '• ·: : ... · .. 
. .. ·: .. 

· .. 



•. 

·e 

. . . 

9. 

. . .. · 
. ...... ; 

i; 
I 

.. -: ·: .. 

.• t •.' 

; ·: . ·: .. 
Serpan C. Z., and Wittenberg L. J., "The Density of 
Liquid Plutonium. Metal, 11 Trans. Met~ Soc;· A. I. M. E;, 
221, 1017-1020 (1961)." 

=·: ·: ... 
i '•. . ;· 

• . • ..... t . :' •. : ~ .' ' : ~-.. • • ; • 

10. 

. 11.· 

12. 

13. 

. . . } 

Jones L.· V., Ofte D., Rohr W. G., and Wittenberg L. ·J.
1 

··:-:·:.;,:·'.>.·.,· .. ::I 
"The Viscosity and Density of. ·Molten Plutonium Metal .-:. : : ... · ;.:\·· . .. ·.·: · 1 

'and a Plutonium- Cerium-Cobalt Eutectic Alloy; 11 Trans.· ...... :< .. ·. ·· : ·· l 
ASM, .2..2_,. 819-825 (1962). ..:· .. :'.:.:: .. :··....... ·. · [ 

Selle J. E . ., Etter D. E • ., Rhinehammer ·T. ·B., 
graphic and Differential Thermal· Analysi.s of 

·Purity of.'Cerium," (In. Press). 

"Metallo-! .. :.:·.:·:;.:.:.: .... : ·:. · ... ·. 

the 
. ·.,; .. .-· .. :. : 

. . : 

Trombe F • 1 ·and:: Foex M . ., ·Ann. de Chim.' 1 19, 417 -445 
(1944)~ 

... •, 

,\·. ·.:. ::.-· .. ·:·:.·· ... · 
.. ·.; .. . . : 

.. • f 

i 
• I 

:ll : _:. . ... ~ • : . . . • . • .. . : 

. ·:.·:. ~-••. ! ... , ...... ; 

. .. ·. ... .. ·.i 
. .. .... ·_; __ : :' ·::. ·:.. . . : 

I : • • I 
·., .... : ';.. . i 

Pulliam G·. R.,· and Fitzsimmons E. S., "Reactions of . '· .... ·<:.·:!· .. ·: ... ::· ... .. :' 1 

Cerium and Lanthanum with Ceramic Oxides," Report of ·.·' ....... ·. · ··::· ... · ·. '· · i 

the U. ·s. Atomic Energy Commission,. ISC - ·659 (1955). :· . · .· _.:•<"_.<:.;:· :· · >' · .~ 
• I o o ' ': ' • I ', :.. - ~ o .. 0 ·: o o o • 

.. .'14. ·. Ahmann D. H., "Metallurgy o:t the Rare Earths with 
Particular Emphasis on Cerium,". Report.of the .U. S. · 
Ato~ic Energy Commission, AECD-3205 (1950). · 

•• .:: '0 '·J:,:' ·· ... : 

': . • . .' ~: i·; ··.\: . ... ·,: .. 

. 15. 

'16 .• 

Daane A. H., "The Vapor ·Pressures of.Lanthanum and 
Praseodymium,"'Report of the·u. s.· Atomic Energy 
Commission., AECD-3209 (1950). 

Grosse 
and an 
Inorg. 

A. V., '"The Temperature Range o{ Liquid Metals· 
Estimate of Their Critical Constants,." J. 
Nuc 1. Chern., 22,· 23-31 (:1.961) .· 

:----- . ' ; 

.. •' .... · ..... ; : . ..... . 

"' ·~ ..... : .. : ·. :. :. . .. . ~· . 
. . · 17. McGonigal' P· .. J., "A Generalized Relation Between 

. . . ; .... . 
.. .·:' '• . ::. ·: .. 
. ... =~-::::. ·. .:.':. · .. 

18. 

. 19 ~ 

..... Reduced Density and Temperature for Liquids with 
Special Reference to Liq~id Metals., 11 J. Phy·s. Chern.,.·'· 

. 66, 1686 -1689 (1962) . . - . I· 

... :: ~·:~·. · ... ·; . . . : ·• . : 

·.· .·.·.:;./ . 
. . . . . . . . 
. ·. ,•. :·;· .. •.'':. :.· .. 

·. ·· .. : . 

. · Saxton H. J· • ., ·and. Sherby 0. · D.·, "Viscosity and Atomic:·.:. · . ·. ·: · · 
·.Mobility .in··tiquid Metals.," Trans. ASM, 55, 826-843 :.-· ... : . . ·: .. ··. ·· · ... 

(1962). . . . .. .. 
,·.-. ." • ........... . 

Jones·· L.V •. 1 Ofte D. 1 Rohr W. 9., Wittenberg L.· J., 
"Discussions:.~" Trans. ASM, ,21, 1110 ~ 1111 (1962) • 

. . . . · ...... . . · ....... 
·, .. . . . . : :~ ~ .. 

. . . . . . . 

.. .. . . . ··. 

. . . .~ . : •.: . 
.......... ' -:;i 

.... 

. .. ... 



20. 

. 21 .. · 

'22. 

24., 
. li 

I~ 

· .. 
'•. 

Andrade E:;. ·N'. da C •. , !'A Theory of 
tpe Viscosity of 

(1934). 

. . ' ... . . .. . . · ·, 

....... .... ··.·: 

·.].·· · ... ·. ·.:· :• ·. :. · . 
. ,;, . ;· .. · 

. '· 

... Liquids," .. Phil· .. Mag., .. l7·, 497-511 and 698-732 . <' ~ '. " .. :; . · .. 

Ewell R. H·., and Eyring H., "Theory of the Viscosity ·:~,_;·_ .. ·· · · ·· 
of Liquids. as a .·Function of Teniperature and .l'res.sure·, '' ,.:··'•.:/.:·.:<·;. ·· ".:•. 
J. Chern. Phys.; · l,i. ·726-736 (1937) ... · · · .. :,:,.-... ;(. · .... ·. ···:. 

Grosse A. V ., "The Viscosity of Liquid Metals ,;nd an . ··.:::{}\·:,:: :. 
Empirical ·Relationship Between Their Activat:l.on Energy·.:._:-;·~:,· .. ·./·:·.':.:.·~_:-._.:<< 
of Viscosity and Their. Melting Points," J. Inorg. NucL.'··· ;:-.:.::-:-~:··.:·: .. ·:: .. ··:=· 
Chern .. , ,ll .. · ·333-339 (1961). · · · ·.·:.·.·.::.;-. .. /::._;(.::· .· ... • ::· :_:,.·.::: ,. .. ·' 

i9- 20.1 . . , ... :· .... ;':. -:'. '" .. ·.· .. :: ..._ : :.: .~> ::·,\·:; .. :-~:·( .. ;;.·":::.: •' Andrade· E.N. da C., Viscosity and Piasticity, 
Chemical Publishing Co., ·New York (1951). 

MacKenz:i.e J. n .. , and Hillig W. B., "Self Diffusi·on ot'· 
. Liquids at the Free·zing Point, II .;=;J...:·~C:;.;;.h;;,;;e;.;;m;.;..•:....,.;P;;..;h;.;.y~s.;.. J .llJ . '•. 
1259 (1~58). 

.· . . .. ~::: .... ·.: ;. . . ' .. 
" .... : . .'. :: _::. ~ .·.:. •'. · .. 
.:: ,._. .. ·,; 

,;o o :•::\ 'I ...... 

: .. · ·.. . . . . '· . .· . . . . ) ~ .. : .,· ;• ·~ ,· .. . 
. :·, .. : .. : ·.: ; ~:: ...... :: '· .. :· :' · .. . 

... · 25 .'. Jost W. ,· Diffusion in Solids, 
Press· Inc ;.

1
' New York (1952) · .• 

Liquids; ·Gases 1 Academ~c 

Diffusion '·' ·: . I ,.. 

·! 

.. ·.: :- .. 26 
. . ... . . ~ 

Sutherland W .·,·:"Relation of· Visco~ity· .to 
Phil._. Mag.;· 2~.,?.~1. ·(1905) •·· .. · ·.;:·:'::·_> •• o. ".·· 

... · 
::. ·: .. ·····:. 

·., ........ . 
\ · .. : : . . ::. 

o'o It' 

. · .. : .. 

.. ·; 

··.· 
,# ,; 

:·. 

..... 
0 •• ••••• 

.. . :··: ·. •. ·. 
. ,' ... 
.:: . 

.. _ _,.·:···· 

.. :·. 

','• 

· .... · 

.e 

··::··. 

· .. :· 

'•. ·'· 
·, ·:' ·; ~~ .~ . ··. . · .. :,·. 

·:::- ...... · 

i 
-!;" 

:.• ... ·· .•; · ... >. 
. -~·. 

.. ::·· 
·::. 

. ! . 
... ''· ... 

:-. 

.:··: 

·.: 

· .. ! .• :~. . ;•,: 

:: ··'' 

. . ,•. ·.·. 
::·.·· 

.. 

.. :,··,· ... 
. • ~ !'· 

:.·.· 

0 • .: • ~ ..... • .. 

: ,·: ,:,, 

. .. 
.... ; .. 

· .. · . 

. . ·.· . 

:1'•· 

... 

. ,;•' 

. ' 

'···· . ..... ,(·:·. 

1'',1 

o,' • 

... 

. i.' 

-. . . ~. ·.' ... 
~). 

. -:~ · ....... :. ; . 

_:) : ... ~ ~·: . . ·':-'·.·. 
. .' .. ··: · .. ' 

. ; .. · .. ·· .. 

. . 
::.•, 

. ·' ·. 

.. ·, 

··,: 

: :{· 
·,-· ....... : :: 

.... 
. :·. .·· .. 

;;o:'• ; .. 

·.· .. 

.:··. . .... 
; ~;·,:' 

. ··. :· · ... 

·.'· ... 

.. 
'• 

. ~ . 

.· . .. 
• ..... :0 
··:.: 

. ·: 

:' .:. 

.. ·. 

• 0 :· 

·.'. 

•• 'o 

·',, . ~ .. : 

-. ----·-·"·· .: .... 

... ; 
: .. 
.: . . ··; ..... 

. ..... .-:·;:· ... ,, . •o: .•. · . 

. '· 

.. :- .. ··· 
·:··.·· .·:: ;., 

·.·.,.·: ... 

. ..... ·. 
; . .· ... :: ~- i 

:~. ;:: 
.: . 

·. ~ . 



l' 

· ·Table .1· 

· .. ;·. 

. ' 

·.·; ·" .: •. · ... ·i .. .. 

'• ·. 

SPECTOGRAPHIC ANALYSIS .:.::i:;,.. ·.: .. -'. :--':. ... · . . . . ·. . 

·, 

....... ·. 

. · .. '.·.La (a) ;·. ·:: ... ·· 
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..... ND·· .... · 
., 

ND ·· ... •, 

ND·.·· ··:: · 
... : .. ' .. ND . . :··. . Nickel 
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Sodium· . · <· 

··Barium 
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N2 
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cm·IPARISON OF LIQUID imNsrriES. 
AS DETERNINED- ;BY THE.PYCNOHETRIC AND DROP SHAPE HETHODS ., 
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._;:. 0:: 
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: · .... 
. , . -... ' ·.·'· 

(Rec~lctll~tion of Pulliam and Fitzsirrunons
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Surface Tens~ion Data Using_ Hound Densiti~s) . 
. ~::· ·. ·_. :· ·. : ' .. ::. ..::· .. : .. 
.·:.,.·: ~- ·.- .. :_..-~~=~-:- .:--.-...... . 

.·-.· 
·.: 

.. ··· .. · ... 
. __ _;_,...... ~-. . . ' .. .\ ·. . 

_:..... . ...... · . ~.-: ... -: .'·:·>·.:~·~:. 
.·.· .. ··.:--:-: ·.. ·•··.· ,.:, 

·Temperature-::: .. :--.-~_<-·> . Lanth~u1um ··. '. 

: .. · .. -. .· 
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•. 

900 .... 

950 

1000 

:.1100 

1200. 

__ Density 
. __ig/c9. 

:Aines Hound ---· 
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5.630' 5.910 
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Lanthanum 

Temperatu~e. . ·oc 
·.... . 

1.006·: .. ·. 
. · .. · 

998 ·. . 
994'.: 

_· 994'. 

'990_. 

-966 ..... 
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· Viscosity 
Centipoise · 

.2. 606 ' 

2:540 .· . 
1.829' 

2.065 

2.649 
2.808 

. . . . 
961 

·960· 

~959 

.. · . . . 
.2. 215 

- .. 

2.759 
.. · 2.831 

-- 94 9 ' :· 
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.94.4 

·942' 
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· .. 
2.103 
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MEASURED VISCOSITY COEFFICIENTS :: ! 
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·~·· .· .. . . . . 
-.· .. ·•· .-.· ... 

Cerium·:·. Praseodyml.um-. .• . . . .. ·:· "' .... \ 

... _Temperature .. oc. . 

.- 10i1 

. 1004 
-1001 

966. 
965· 

. 954 

909 
903 

902 

900 .• ; 

858. 

858 
8-53 ·. 

853 
822. 

812. 
. . --- .. ·:·:~ ··:-:. 

. .. · .. 
..... ,. 

.. _.·: 

.. '· .... 

Viscosity · 
·Centipoise 

2.827 

.. 2. 542 
- 2;478 

2.655 
2.201 . 
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3. 27 5: 

3.. 339 . 
2. 944 .. · 
2. 616' .. 
2 .526···_.' .· 

·Temperature 
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.. . . . .: .. · 

. ;.1?.09:.·-· ·.,.--:-. 
'1007 
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·. 994 
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. .... 
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.. . · . . .: :·;)<' ~ill~U\RYOF C~CU:::::(:) ~ISCOS~i~ DATA·, ...... ···.··.···· ... 

:"' . :_ . · .. 

-.: ... ·. 
· .. · : __ ._. _.-

Lan-thanum ~---
Cerium'::_ .. :-- --~: 

. . 

Pras·eodyrnium. : ·= · ·.-. . .. :·. . . -~- .. ' ... \ -. . .. 

.. . .. · .. Viscosity 
Vis~osity --. .. ·: ..... 
Centipoise .- ._.. '-~ .. ·. · 

. .. 
-~ Tempe.rature 

oc 

Viscosity 
Centipoise 
±· 0.341 (~ 

Temperature· . oc . 
· Centipo\se · 

)± 0. 304 ~b)_ ... 
Temperature 

oc . ± 0.270(b)_:· . .- ·. . ·'. 
. ' : · ..... ·_: -.... _ .. --~-:-. ;, 

::::: ·.·.; ' l':t~I"; I 1006 

. 990 

9.60 

942 
. ··- .· 

93!: 

930 ·. -. 

· .. -· 

2.369 ._-_ 

2.384 
~--. ·. 

-2.417 

2.451 

.•2 .452 .· 

'lOll 

965 

900 

853 

812 

804 

1009 

-2.594' 995 

2.-69.2 955 
2 .. 774 · .. : :·.· _:·_ ·-: 

... -:.: .. :_ ·_ · ... ; 
.: .. · 
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--:···· 

2. 7.78 ... 944 2.787 . . . . . ·. . ·:·: .· . ~-.. :-··- ·... . .. 

. : .: : ::~· "''' .. · ... · ..• •··.·· ..• : .:::::::· ~-. ·.·.· ... ·•. ;}~: :~: ":·:< ··.······.;···;:;;::·,f:· 
.. ·.• '· -.. . . . . : ..... ·.-.-: . ,·.·, .·:.·.-.:.' ... 

(a) .Viscosities are calculated from a line d·escribiilg the teast squares. fit of i:he• 
experimental data on· a plot ·of Log. ry'T v·ersus 1/T. . . ... . . · · · · · 

.. · :. 

.. · .. -.· -. 
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PHYSICAL PROPERTIES OF 1--iOJ..TEN LAN'l'i·J.ANUHJ CERIUM 
AND PRASEODYHIUi:·l Ar( THEIR MELTING POINTS 
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"He tal 

Bi 

Pb 

Zn . 

La 

· .. ·· .. · ··:. 

EXPERHrENTAL (FROH VISCOSITY DATA) SELF DIFFUSION EXPRESSIONS [: ' 

·.: .- I . COHPARED HITH THEORETICAL PREDICTIONS 

. . 

Pauling Univalent 
Ionic Diameter 

108 . . em x 

. 1.96· 

.2~12 

. . . .. ·• ·.... . :~ 

·. 1 .• 76 . 

. ·2.78 .. 
- • :. '.: • • 0 • ••• : • 

Solid 
.. Crystal 
Structure 

Rhombohedral 

FCC 
. :· · . 

HCP· 

Self Diffusion 
Express ton, DL·. 
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