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IRTRODUCTIOR

The rare esarth metals sre so similsr in electronie
structures and properties that they offer an excellent oppor-
tunity for the evaluation of existing theories of metals and
poasibly for the establishment of a more preclse explanation
for the relationship of the properties of metals and thelr
electronie structure. For example, éa the atomiec weights of
the rare earth metals incresse, there 1s & regular decrease
in the atomic volume with ghe exceptions of europium, ytter-
bium and pogsibly samesriwm, which have a very high atomic
volume in comparison to the other rare earth metels, and of
cerium, praseodymium and terblum, which have etomic volumes
lower then would be expected (1l). By confirming these
variatiana’an& comparing them with the differences of other
maaaurablsypregartisa, such as metal-metal bond strengths,
melting painﬁa and boiling polints, some correlstion of these
properties with the electroniec structure of the atoms might
be made. The present investigation of the prepsration snd
properties of the rare earth metals is the beginning of an
overall program on this subject.

Pure salts for the preparation of pure rare ssrth metels
were avallable as & result of the development of & method
for the separstion of rere esrths by others at this labora-~
tory (2). In producing metals, the metallothermie reduction



2

process, & modification of the Goldschmidt reaction (3),
was used exclusively, partly becsuss an excellent procedure
involving this principle was perfected for cerium at this
leboraetory during the warj 1t also lends 1tsgelf to the
preparation of very pure metals on a scalev&awn to 25 grams.
By controlling the purity of the resctants, metals fres of gll
other impuritlies c¢an be prepsred. This 1s not true in the
widely used mathoé for preparing rere seerth m&tal# by elec-
trolytic deposition from fused sslt bathsji In this procedure
~ only very careful control will reduce the ususl iron and
_silicoﬁ‘imparitiag to less than 0.5 per cent. Moreover, in
the electrolytic method for producing rare esrth metals, it
has been found that the difflculty of preparation of the
rare earth metals Incresses ag stomic welight inereasesgy this
phenomenon 1s correlated with the incressed volatility of
- the halide and the higher melting point of the metal. The
higher melting polnt of the metal necessitates electrolysis
et higher temperstures in order to cbtain massive metal, but
at thesse high temperatures there 1s an excessively large loss
of the halide due to its high voletility. Although this
diffieulty has been partially solved by various schemes, =
simpler procedure would involve the reduction of thé-haiids
in a refractory~lined, smesled steel tube in which the wepor
pressure of the halide would sid rather then hinder reaction.
The physiaa} properties of the more common rare earth

metals might be expected to be rather well esstablished since



their preparation in the massive state was accomplished as
sarly as 19023 however, due to the difficulty in obtaining
pure salts of even the more abundant rare earths and to the
reactivity of the metals when prepared, there is little agree-
ment on even the melting point, the property usually deter-
mined first on a metal, In & review on rare earth metals
published in 19486 {&} the melting point of cerium metal was
reported as 645°C., whereas the temperatures between 7756 and
815°C. are usually sccepted (1), It is evident thet a
further investigation of this property was in order. Since
the measurement of the density of the metal givee a gaéé in-
dicetion of its econtemination by slag ai'gas pockets, this
property was determined although the valuea In the litersture
sre in agreement. Hardness messurements were alsc taken in
conjunction with studies on the meshanieal working of the
metal.

The study of the wvapor pressure of the rare easrth metals
is of interest on a practical end & theoretical basis. Prac~
tiﬁally, the feasablility of the geparstion of the rare esrth
metals by distillation is of interest, since this procedure
could be used in conjunction with other methods to separate
some of the rars earth metals which, althaggh having alwost
identiesl chemical properties, may have slightly different
physical properties. Theoretically, the determination of the
vapor pressure is guite useful in evaluating some of the

basie eonstants of a metasl. According to the Clausius~



Clapeyron equation, the plot of the logarithm of the vapor
pressure sgainst the reciproeal of the sbsolute temperature
can be extrspolated as 8 straight line to establigh the
bolling polint; also the heat of vaporization csn be calcu-
lated from the slope. 1If k?ﬁvhe&t of fusion and the specifie
heat of the metal sre known, the heat of vesporization can
be used directly to obtaln the heat of sublimatlion which 1s
& measure of the metal-metal bond strength.

The effusion method for the measurement of vapor pres-
sures, based on the work of Rnudsen (5}, was used for the
éaterminatien of the vapor presaire of cerium metal. The
particular procedure émgleyaé wag & modifieation of that
developed by Phipps and co-workers (6) who first spplied
the use of radloactive materials to this type of problem.

In the effusion method the vapor pressures from 1075 mm. to
1072 mm. of Hg are determined. Work in this low pressure
range 1is partienlarly‘nseful for metals such as cerium whose
vapor pressures are ao low thet measurement of vapor pres-
sures from 10 to 760 mm. of Hg would require prohibitively
high temperatures.



PREPARATION OF THE RARE EARTH METALS

Introduction

The preparstion of cerium metsl was firat investigated
in this lsborstory in meeting & request for massive cerium
metal to be used for experimental purposes &t another lsbora~-
tory. The metallothermie method of preparing cerium metsl
wmu studied and & process for the reduction of ecercus ehloride
to metal was perfected {7)3 by this process approximately
1000 pounds of commercial grade metsl (95 to 97 per cent
coerium with the remaining impurities being other rare ww&wﬁu
and caleium) were produced. Some reasonsbly pure cerium
metel containing less then one per eent of Impurities wss
also prepsred and its melting peolint measured.

The metallothermie reduction of cerous chloride to metal
is & modification of the Goldschmidt reasction (3) in which
the chloride 1s reduced by calclium metal with an suxiliery
aaaauaaaa to supply additional heat. The resctions are:

2 CeCly + 3 Ca ~—> 3 CaCly + 2 Ce,

Ca + I, ~> Calg.

The reduction was effected in & bomb which consisted of a

sealed steel tube lined with a refrasctory oxide such as lime,
Ca0, or magnesis, Mg0. The reaction was Initleted by heating
the losded wamw in a furnace. 4s the calcium reacts with the

cerous chloride and the iodine, the outside of the bomb is
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Historicsl

The motallothermie method of producing metals was the
first uzed in sttempts to prepars the metals of the rare
earths, 7In 1828, Mosander (8) reduced cerous chloride by
means of sodium to obtain powdered metal badly contaminated
by sodium and sodium c¢hloride and in poor ylelds. In 1842,
Beringer (9) using the above method reported the preparation
of & grey powder of cerium which burned in e¢hlorine, bromine
and sulfur, dJde Msrignse in 1853 (10}, and Wéhler in 1867
(11) employed sodium and the other alkali‘metals with a
similer result. In 1925, Kremers (12) reported that he was
unable to prepare any metal by tha reaction ef.sedinm on
neodymium chloride, but in 1933, Zintl snd Neumayr (13) were
able to reduce cerous chloride by sodium or potassium vapors
in high vseuum at 4009%C.3 however, they did report iggomplats
reaction and cbtained a mixture of cerium metal powder and
sodiwm or potassium chloride. The last reported use of the
alkall metels to prepare the metals of the rare sarths by
reducing the anhydrous hnliééa was published Iin 1937 by Klemm
and Bommer (14). They prepared the metals of all the rare
esrths as paidara by heating the eh&aﬁiﬁes and cone of the
alkal!l metals at temperatures from 200-400°C. They claimed
partisl success in reducing even the divslent rare earths: .
gsamarium, europium and ytterblum. The powdered metal was

used as prepared, that is Intermixed with the alkeli chloride,
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oxide under en stmosphere of hydrogen and of nitrogen with
both aluminum ané esleium and obtained the hydride or nitride
of the metal. Aluminum was heated with ceriec oxlde by
Schiffer {21) to yisld a pyrophoric powder, Hirseh (22)
attempted reductions of ceric oxide with magnesium, caleium
and alumirnum and obtained pyrophorie alloys in each cases
with carbon and silicon he obtained carbide, CeC,, and the
gilicide, Ce81,, respectively. A number of pstents have
been swarded for the preparstion of ¢erium metal from the
oxide, Kuhne (23) patented the reduction of ceric oxide to
metal by the thermite process using chlorates ss "boosters",
Kﬁztl {24) was awarded a patent for the reducstion of ceriec
oxide by ecaleium, snd N. V. Philips Gloeilsmpenfabriek (25)
obtained a patent for the preparation of pyrophoriec metal by
heating ceric oxide with zirconium. However, no metal was
ever commerclally produeced by these methods and & number of
papers stating that no metal ¢ould be producsd by various
‘reactions on ceric oxide have appeared. For exemple, Molden-
hauer (15) reported that he could not prepare cerium by the
thermite reaction with aluminum, ealcium or magnesium as the
reducing agent, and Karl (16) was unable to produce metsal
from ceric oxide with either silicon carbide or magnesium

as reductants. Therefore st the present time, there appesars
to be no method of obtaining messive e&?iumznétal from the

oxldes.
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The only method by whieh rare earth metals have been
produced in quantity and of suffielent purity to merit
determining the physical properties iz by electrolytic means.
The most widely used process involves the electrolysis of
the rare earth metal from & molten salt bath of the rare
earth halide dissolved in & mixture of alkali metsl halldes.
The first to use this procedure wers Hillebrend and Norton
(26, 27), in 1875, who prepared the metalst cerium, lanthanum
and didymiwm in a ccherent form by electrolysis of the fused
ehlorides covered by & layer of ammonlium c¢hloride and hsld
in a porous cell surroundsd by a sodium chloride-potassium
chloride eutectic mixturse in a porcelaln erucible. They used
iron sheet as the anode snd iron or platinum wire as the
cathode. The method used at the present time %a essentially
the seme as that employed by the above suthors, with refine-
ments 1ln electrodes and erucible to avold eontemination.

The first to prepere massive metal were Muthmamnn snd
bis co~workers (28, 29, 30) who prepared cerium, lanthenum,
rneodymium and prasecdymium and measured the melting points.
Kremers {12, 31) has also produced & number of the rare
earths by this method and hes determined their properties.
The most recent workers in this fleld are Trombe and co~workers
(17, 32, 33) who have improved the electrolytis cells by
using molybdenum elestrodes and a weter coocled copper cru-

ciblei they reported the production of metallic cerium,
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lanthenum, neodymiwm with a purity greater than 99.5 per cent
and other rare esrth mstals slightly less pure. They were
also able to prepare samarium by electrolyszing the metal
on the e¢athode as the scadmium alloy and »m@m%&mm@«aﬁ& alloy=-
ing metal by distillation in high vacuum; ﬁmﬁa4¢«~ they
report no propertles of the metal obtalned by this procedure.
Another electrolytie method used successfully to prepare
rare earth metelz was investigsted extensively by Audrieth,
Hopkins and co~workers in 1933-35 (4, 34, 35); it consists
of electrolyzing an alecholic solution of the rare esrth
halide inteo & mercury cathode. The metal 1as recoversd from
the resulting three per cent smelgam by dlstilling the mercury
in high vacuum. According to some experiments (1) 1t is
very difficult to remove the lest traces of merecury from the
metali also it 1s 4ifficult to adept the cell to produce more
than a few grams of rare earth metals at a time. For these

reasons the method has not been generally sdopted.

Methods of Procedure
Purification of the rares eéarth salts

Cerium

The cerium galts used 1n this study wers obtained from
two sources. wwﬁ;wwwa«ww Light and Chemical Company of

West Chiesgo, Illinoils, supplied & commercial grade of cerium,
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deatroyed by dissolving in hot nitrie acid according to
the probable reactiont
0o (Cs0, )5 9Hs0 + 12HNO; —> 2 Ce(NOg)s + 60O, +

1500 + 6HOg.
This step left the cerium in the proper form for separation
of thorium by an lodate precipitetion using & modification of
the method of Meyer (36) and Speter (37) for the qusntita-
tive determination of thorium in the presence of cerium. In
ths procedure as deacrlibed by the above authars, the thorium
iodate 1s preeipitated from & & normal nitric acid solution
to effect & separation from the trivalent cerium. It has
been fauaé that; st the very high aaid‘aancentratian recom-
mmnﬁea, there is Incomplete precipitstion of the thorium.
By redueing the nitrie acid concentrstion to 0.5 to 1 normal,
the thorium 1odste precipitates completely, but carriss
alohg & small amount of cerium. Since it was desired to
insure thorium=-free cerium, sll thorium precipitations were
made from the l“narma& acid concentration. After the thor-
ium was remgvaﬁ, the excess lodle acld was destroyed by

formic acld, and the most of the iodine was diastilled.

: earths. The rare sarth
1mpuriti§a wers removed by utilizing one 6: the differences
in the chemical properties of tetravalent cerium from
those of the remsining trivelent rare earths by a method
published by Smith, Sulliven and Frank (38). The
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separation 1s sccomplished by crystallizing the salt, cerium
emmonium nitrate, from a soncentrated nitriec acid solution,
the trivalent rare earths remalning in solution.

To prepare the flltrate from the thorium removal step
for this purification, the trivslent cerium wés electrolytic~
ally oxidized to the tatravglant stats. Platinum eleetrodes
were used for the oxidationg they consisted of an anode sur-
rounded by & porous glass diaphram énd of a cathods with an
ares three times that of the ancde. Four moles of cerium
were oxidized in each run by passing nine amperes through
the solution for from 18 to 24 hours, thus supplying € to
7.5 faradays or a 50 to 88 per cent exceass of the current
reéuirué to oxidize the cerium. No snalysis was made to
check the effliclency of this oxlidatlon, but other investi-
gators (39} have shown it to be grester than 99 per cent snd
the 95 per cent yleld in erystallizstion indicated thet the
oxidation was nearly complete.

The tetravslent cerium nitrate solution was concentrated
by evaporation snd wss ﬁhen‘ﬁrwstallisaﬁ a3 coerium ammonium®
nitrate by the adﬁihiag of three moles of sammonium nitrate
to esach mole of cerium, a 50 per cent excess. The crystals
wore washed with concentrated nitric acid on a sintered glass
filter and were partially dried by drawing air through the

mass for seversl hours.
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Other rare earths

‘The rare earths, neocdymlum, praseodymium, samarium
and yttrium were obteined from another section of this labe
oratory, where they hed been separsted by elution through
an Amberlite column with citrate solution (2).

Prepsration of the snhydrous halides

After purification, the cerium salts were recoversd as
the chloride or as cerium smmonium nitrete, The nitrate wes
féanvartgd to the ghlcride by dissolving in concentrated
hydrochloriec acid, bolling until the evolution of nitrogen
tetroxide fumes cessed and repeating this process. This
treatment destroys & large proportion of the nitrate lon
present, but does not producs & nitrate-free solution. To
effect the complete conversion of nitrate to the chloride
the mixture of cerous chloride and nitrate was erystallized
by boiling off the water until the temperature reached 135°C.
and eooling while stirring. The erystalline hydrate wes
then heated under an atmosphere of dry bydrogen chloride st
reduced pressures. After the water of hydration had been
removed by slowly raising the temperature of the mixture teo
220°C., the temperatuwre was increased to 450°C. Below this
temperature any remslning nitrate will decompose té form the
oxychloride; the remaining ammonium salt will be distilled
over to the cold end of the drylng tube as ammonium chloride.
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The resulting mixture of cerous 6519?&@@ snd oxychloride was
then dlssolved by heating in concentrated hydrochlorie aclad
and the solution treated as discussed below.

The ehlorides of cerium or the oxides of the other rare
earths studied which, in contrast to cerium, are readily sol-
‘uble in aclids were dissolved in concentrated hydrochloric
geid, The solutlon was comgentrated by boiling, until the
" boiling point rose to approximately 128-130°C., at which
tempersture 1t wes cooled and erystellized to a fine péwd&r
by eontinuous stirring. The temperature required to drive
off sufficient water to permit eryatﬁllizﬁtianﬂia approxi-
mately the same for all the rare earth halldes, the velue
1isted above belng high enough to insure ecrystalllzation on
cooling in practiecally sll cages, but low enough +to avold
the formation of oxychloride by the extensive decomposition
of the hydrate. The hydrate contains seven waters of ecrystsl-
lization in the case of cerium and praseodymium and six waters
of erystallization in the case of neodymium and samarivam.

The procedure of Kleinheksel and Kremers (40) wes used
for the preparation of the eﬁhydroua ehloride. It consists
ér passing dry hydrogen chloride gas over the heated hydrate
at reduced pressurés. The method has been reported as being
the most sstisfactory for the preparation of very pure an-
hydrous halldes (41, p. 29). The ususl procedurs used in the
drying runs consisted of slowly raising the temperature of
the hydrate from below 85°C. to sbove 400°C. while passing
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through hydrogen chloride ges at a pressurs of 5 em. of Hg.
Completely anhydrous CeCl, was obtained in 10 to 24 hoursj
the chloride hydrate wag not permitted to melt sinece this
would csuse #he formation of the oxyschloride. The salt pro-
duced 1s gquite hygrosecople and must be handled in a dry at-
mosphere. The maximum temperature required to produce an-
hydrous chlorides sccording to the above authors is 250°C.;
however, the higher temperature of 400°C. was used to insure
the sublimation of any remaining smmonium chloride. This
precaution was necessary becsuse of the large pressures that
could be generated in the reduction bomb by the gaseous by~
products of the reduction of smmonium chloride by celeium.
The anhydrous fluoride and lodlde of samarium were slso
prepared in the ettempts to obtain samarium metal. The fluo~
ride was made by passing‘éry hydrogen fluoride over samarium
oxalate Smg(Ce0y)s*10HgO at 300-325°C. for six hours. The
salt prepsred was white and relstively non~hygroseopics
anslysis indlceted that its formuls was SmF,. Anhydrous
samarium lodide was obtained by drying an intimate mixture
of smmonium igdida and the hydrated ssmarium lodide under s
stream of hydrogen lodlide according to the method of Jantsch
and Skalla (42) in a manner analogous to that used to prepare
the chloride, although at atmospherlec pressure. The gaseous
hydrogen iodide was prepared asccording to a stendard procedurs
(41, p. 159) by passing a mixture of hydrogen and iodine vapor
over platinized esbestos at 600%. The finsl temperature of
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the drying run was 500°C, to guarentee the sublimation of
the ammonium lodide pressent. This =zalt was light green in
color and was quite hygroscople.

A fourth eompound of gemarium, the dichloride, was pre-
pared for reduction attempts. This compound was synthesized
by reducling the anhydrous trichloride, prepared ss deseribed
sbove, by means of a mizxture of hydrogen end ary emmonia
- passed over the heated c¢hloride. ”?he procedure , worked out
by Jentsch, Riijping and Xunze (43), eonsisted of passing

hydﬁaggn over the @h&ﬁri&e 683 the tempersture was raised to
| 459”@.; tben to also add ammonia in the reatio of two moles
of ammonla to each mols of hydrogen as the temperature was
ralsed to 750°C. Complete resction was obtained in 15 hours.
The ammonia weas dried by passing over potassium hydroxide
and barium oxide, two very good dehydrating agenta. The
hydrogen was clesned by passing over hot ursnium mstal powder
at 600°C. At thie tempersture the uranium removes all the
nltrogen and oxygen, but permits the hydrogen to pass through
(44). By the sbove procedure 300 grams of ssmarous dichloride
was obtained In two runs. Since the dichloride melts at 740°C.,
it hed fused snd was obtained as & caked, c¢hocolate-brown mass
in the silica trays. Although the original workers reported
no reaction between the ailiea and the diechloride below 899°C.,
there was evidence of 8 slight resction in these preparations.
For thls resson the leyer of samsrous chloride in immediate

contact with the crucibls was not used. The discarded
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semarous chloride was complstely soluble in water which in-
dicates that there was littls or no silica or oxychloride in
the salt since these are both insoluble. After grinding and
screening, the samerous diehloride had the red~brown color

daaer&had in the litersture.

Reduction techkniques
Bomb and liner

The bombs were constructed from standard black steel pipe
by welding & bottom of 4 in. stesl plate on one end. The top
of the bomb was threaded to receive a standard steel or cast
iren pipe cap. Four sizes of bombs were used. The largest,
4 in. in dlameter and 24 in. long, wes utilized in the produc-
rﬁian éf comme reial grade aariam; it contained up to 1600
grams of ecerous chloride from which 900 grams of metal were
produced. The next size, constructed from 2% in. plpe, 7} in.
long, and was used for the sxperimental reductions of the
more abundant rere earthss 1t held 1850 grams of charge and
produced epproximetely 40 grams of metal. The smallest bomb
was made from 1 In. pipe, was 6 in. long and yielded 10 grams
of metal from 37 grems of charge.

Contact of the reaction mixture with the iron walls of
the boumb was prevented by s a&ao§&~s§rfa¢e& lining of & re-
fractory oxide 3/8 to 3/16 in. thick, depending on the size
of the bomb. The loose packed liners wers prepsarsd by plaecing
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a mandrel inslide the bomb and jﬁlting looge caleium oxlde
gewﬁa?, which was fine enough to pass a 230 mesh per inch
sieve, into the annuler space between the bomb wall and the
eylindrical mendrel on . mechenical Jolter. After thoroughly
packing the csleium oxide by thls means, the mandrel was
carefully removed, leaving a firm and smooth surfaced liner
{Figure 1). Although this type of container could be econom-
leally prepared and wes adequate for therrﬁ&nebian of large
emounts of eerous chloride in one charge, the porosity of

the wall produced by thlis technigue was high encugh to permit
soakings the ylelds were reduced by the resultent adherence
of the molten resetion mixture, This effect made the use of
tamped liners impractical for small scale reductiona. The
more dense cesleivm oxide or delomite (Mg0+Cad) erucibles
were not wetted as bedly by the slag and the metel, and there~-
fore permitted a better collection of the metal sfter reac-
tion. The bomb containing the sintered 1inér was prepared
for reduction by inserting the crucible and by filling the
narrow annular space between the crucible snd the bomb walls
with loose lime (Figure 2). The loose lime prevented leaks
in case the liner erscked during the resction.

The erucibles were made by Jolting the lime or dolomite
in a graphlte cruecible in s manner gimilar to that employed
in preparing the loose packed liners, and then sintering by
heating in an Induction furnace to 1857°C. Crucibles so

prepered are daha&, smooth surfsced, mechanlically strong and
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fairly resistant to thermal shock. They do sbsorb water to
gsome extent and hence must be storsd in a dry atmosphere.

A lsyer of lime or dolomite was also tamped into the 1id.
To prevent the loose material from falling into the charge,
the sintered crucible was covered with & beryllia (Be0O) 1id.
To prevent the escape of any vala;ila components of the charge
end to reduce losses by oxldatlon, the 114 was sealed by
means of plumber's sesl (litharge and glycerine, or its equi~
valent) applied to the pipe threads. The gsuccess of this
method was illustrated by the partial vasuum which was found
to be still remaining in the bomb after cooling.

Resction mixture and reduction

The reaction mixture for the preparation of rsere sarth
metal consisted of the rare earth hallde, s reductant such
as aaleiaw,.ané, in most cases, & "booster”. The prepara-
tion of the rere esrth helide was described above.

Calelum was selected as the reducing metal because of
eage in handling, good storage stability, end the high heat
of formatlon of 1its halldes. The calcium was cbtalned as
large aggregates from the Metesl Hydrides, Inc., or the Eleec~
trwmatalxnrgieal Company. It was of a very high grade of
purity eontaining less than 5 ppm. of mangsnese, less than
§ ppm. of iron snd less then 10 ppm. of aluminum. Its prin-
cipal impurity was megnesium in amounts less than two per

cent. The aggregates were reduced by a number of steps, to
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a size sultable for use in reduction. They were first broken
up by @ punch pressj the pieces were then reduced in sigze

in & hog manufsctured by Mitts and Merrill. The hog was
originally designed to pulverige wood chips for psper menu-
facture, but was also satisfectory for cutting caleium. The
eoerse calcium was cleaned by passing over s magnetic sepa-
rator and then auz”ta final size %y 2 rotary knife mill

made by the Sprout, Wasldrom & Co., Inc. This size wes auch
that the metel passed through a 10 mesh per inch screen, but
was retained on a 50 mesh per inch screen. Thls treatment
knocked off any loose caleclum oxide coating, which was dis~
carded in the "fines”, and provided a very reactive, easily
handled reductant. ‘

In the first attempts at preparation of mat#l, the reduc~
tion of cerous echloride by calcium salone was used. sin@&
Insufficlent heat was suprplied by the primary reaction, the
resction mixture was externally heated to the nscessary temp-
erature to psrmit metal and slag separation. The limited
success of this method made 1t necessary to include a aid&l
resction of ealclium and & "booster” such as iodine, sulfur,
potassium chlorate or zine chloride with the prineipel reduc~
tion reaction of cerous chloride snd calecium. These materisls
all have the property of giving up 2 large smount of hest on
reaction with calciwm with a.ysanltsﬁt‘riaa in the tempersa-

ture of the resction mixture, thereby lncressing its fluidity
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end permitting & more complete separation of the metal from
the slag. ,

For the ressons discussed sbove, the primary function
of a "booster™ is to yileld heat to the reasctionj this means
that it should react with caloium In 8 strongly exothermic
rqactiaa. Ordinarily "boosters" ere oxidigzing agents, how-
aver, compounds with a rather low heat of formation, for
example zine chloride, will slso give up & large smount of
heat when reduced by ¢aleium. The efficlency of these mater-~
lals in this respect ean be caleulated from heats of forma-
tion. A more intsngible, but very important, effect of a
"booster” is the impurity whieh 1s introduced into the reac-
tion mixture. For example, during the reduction, lodine re-
scte to form calelum lodlde which lowers the melting point
of the caleium chloride slag, and thus lowersgﬁhe temperature
required for complete separation of the metal and slagi zine
&hla?;&e vields zine whieh plloys with the metal being pro-
duced, thus lowering 1ts melting point and permitting better
sgglomeration. A third consideration in choosing a "booster™
1s that it must not econtaminate the metal. The materisls
discussed above all meet thls requirement: the lodine col-
lects in the sleg, and the zinec lg distilled out of the ingot
with the calelum excess. Finaslly, easse iln handling should
be consideredy 1t is desirable to have & msterial that can
be intimately mixed with calelum and the rere earth halide,
but will not reset until heated in the firing furnace.
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Iodine was the only oxidant which was troublesome in thie
respect; for after mixing with the reduction mixture its
vapor slowly rescted with the celeium. This resction would
reduce ylelds if the bomb were not fired within 10 minutes
after leading. )

In preparation for a reduction, s bomb was lined and
‘brought to the dry room. The charge of rare earth hallide,
calcium and "booster" was mixed in a MecLellan bateh mixer
in cases where the prepsration of the metal hes baen reduced
to a routine procedure and where large smounts of metal were
to be prepsred; otherwise it was adeguately mixed by shsking
in a more easily cleaned reagent jer. After thorough mixing,
the charge was poured intoc the bomb and tampé& in firmliys
to avoid absorbing water from the air, these operatlions were
earried out in a dry room or dry box. This precaution was
taand“to‘be unnecessary for production runs in the large 4 in.
bombs, provided that yraaaatiaﬁsvw@rs taken to 1imit the ex-
posure of the anhydrous chloride to the air.

After tamping, the charge was covered by & firmly pressed
layer of loose lime or by & refractory 1id before the lined
eap was scrawed on. Use of a 114 prevented any lime from
entering the resction mixture end inereased the yleld a few
per cent. After covering, the cap wes screwed down firmly.

To initiste reaction the loaded and sesled bomb was

heated to 650 or 750°C. in a\rasia%anaa furnace or & gas~-
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by pounding on the side of the bomb to¢ break uwp the liner

and glag and thus permit the ingot to fall out. The slag

and liner were set aside for recovery of residual rere earths
and of iodine, The metal Ingot was cleaned by chipping off
the small piaﬁaa/af elinging slag and was then washed in

water to remove the layer of caleium which sema%iﬁas aallected
on the top of the ingot. After cleaning, it wes welghed and
then stored under miﬂﬁr&i oil.

Todine was recoverad from the reaction products by pas-
sing oxygen through the erushed slag contained in a steel
bomb heated to 300°C. At this temperature, the ilodine was
displaced by oxygen and was carried out of the mixturs by
the gas stream. The iodine vapor wasgs led out of the bomb
through a steel pipe and was condensed in 2 cooled flask.

The icdine thus collected contained & small amount of water
which wes removed by fusion in a fleask fitted with & water
cooled condenser. Any lodine that was vaporized during the
fusion ecollected in the condenser, from which it was later
collected and recycled. Iodine recovered by this procedure

was gquite dry and relatively pure.

Casting materials and methods

The crude ingots of metal produced by the method described
above contain varying amounts of calclium and sdhering slag.

Much of thls contamination can be removed by leaching in
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hot water, but for production of purs metal the alloyed
calelium must be removed by distillation through casting
under & vacuum,

S8ince the rare earth metals are highly reasctive, =
number of erucibles were Investigated for reslstence to
attack by the molten metal. These included beryllia (Beo),
lime (Cad), magnesis (Mg0), the rasre earth oxides, metallic
tantelum and metellle molybdenum. The cruclbles of the re-
fractory oxldes were all prepared in the same manner. The
fine oxide was tamped iInto the annulus betwesn the graphite
sintering crucible and a cylindrical mandrel. The mandrel
was then removed and the crucible sintered by heating in san
induction furnace, The temperatures which permit strong
bonding between the refractory particles, but yet do not
permit any reduction of the oxide, are: beryllis at 2100~
2160°.5 ‘me at 1850°C.3 magnesis at 1950°C.; and the rare
earth oxides at lower temperatures. Of the sbove, the beryl-~
lila erucibles are the most resistant to thermal shoek. All
are gquite dense and have smooth wallg, slthough the magnesis
erucibles after sintering at 1960°C., have en &lmoat glazed
surface. After ainhéring, the cruecibles were cooled and
fired in a muffle furnace to 900°C. to burn out any residual
aarbeng The metal crucibles of tentalum and molybdenum
were fabricated from sheets of metal 0.7086 in. thick. These

erucibles were small, never exceeding 3/4 in. in dismeter.
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The first type tested was mede by rolling the sheet of metal
Into a pipe and erimping the félﬂaﬁ~aégaa.tagathﬁr in sn
interlocking bond. For further strength the bond was rolled
onee and cressed. The bottom was made of & small elrcular
plece with 1ts edges crimped to £it over the end of the tubs.
The two pleces were held together by firmly packing beryl-
1is powder around the cruclble. The second type tested wes
prepared by folding & long strip of the sheet, sesling the
sides by folding the edges over two or three times and then
forcing the resulting envelope into 2 roughly eylindrical
shape. In an effort to absolutely seal the edges sgainst
leaka, the folds were bonded by spotwelding.

In the purification procedure, the ingots were loaded
into a refractory crucible which was then plsced in a quartsg
sleeve with sultable Insulating material. The insulstion
consisted elther of loose packed beryllias or magnesls powder
or simply of & large berylliia erucible with no other packing.
To prevent contamination by carbon and to avold the problem
of degessing, no graphite or Norlte insulatlon was used.

A water~cooled brass 114 provided with a glass sight hole
was placed on the quartz sleeve, a seal being effected by

8 greased rubber gasket; the aystem was then evecuated to a
pressure of 10 microns of mercury. The metal wes melted
by inductlon heating, using either self-induction with neo
heating erucible or a graphlite heater which was separated
from the molten metal by the refrsctory crucible. The
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temperature was raised slowly to permit 2 slow diatillation
of caleium which will distill et 750°C. under a pressure of
190 microns of mercury. The calelum distilled quickly to
the squllibriwm eoncentration retained by the alloy at thst
tempersture and then evaporated more slowly as the tempera-
ture of the melt was ralsed, The vecuum sbove 100 microns
was maintained during the distillation,

) The 1ndn¢k1¢n furnece used for heating was s mercury
are, 20 kllowatt, 20,000 eyole oscillator groﬂnéad by the
Ajsx Electrothermie Corporation of Trenton, N. J. The temp~
erature was meagsured by means of a Leeds and Northrup
optical pyraaatar, The vacuum wag determined by s Stokes
McLeod Gauge, Flosdorf Type, manufactured by F. J. Stokes
Machine Compsny, Phlladelpbis.

Experimental Results
Reductions
Ceriwm

Results of the first studies on the preparation of cerium
metal by the metalliothermle process, made st thia labora-
tory (7), are being included in this thesis rér the s ake of
completeness.

The first small soale reductions of cerium were made by

heating an equimolar mixture of cerous chloride and calclum
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plus & 10 per cent excess of calecium in an induction furnace}
upon eompletion of the reaction, the hgeting was continued
until the bomb reached a temperature above the melting point
of the cerium,; on the assumptlon that sueh heating would
melt the metal snd slag and assure separation. It was found,
however, that the prolonged hesting produced a bolling sction
which resulted in the continued admixtwre of sglag and metsl
as well as in greater melting and penetration of the liner
by the metal, These conditions resulted 1nupaar ingots which
were highly eontaminsted with slag and lime, poorly formed
and eevarga with & tightly sdhering crust of aslag on the top
and sldes.

In order to prevent this bolling action, a flux of potas~-
sium chloride was added to the reaction mixzture to permit
lower operating temperatures by lowering the melting point
of the slag and thereby allowing separation of the slag and
metal at 1@ﬂ$r temperatures. Twenty mole per cent of potag-
sium chloride, as compared to the ecalcium chloride formed,
wag added and the holding temperature reduced to sbout B850°C.
By this mesns, much cleaner metal waa obtalned in ylelds of
from 50 to 80 per cent. )

While this procedure was moderately successful, 1t
appeared that, for large production, the unnecessarily high
temperature of the post-heat was both tedious Lo maintain
and 4iffieult to control. It waes declded to obtaln the temp~-

erature necessary for melting the components of the system



by the addition of an oxidant %o supply the necessery heat.

Todine was first investigsted sz & “"booster®., Charges
of snhydrous cerous chloride snd lodine, in the ratios of
one mole of fodine per mole of cerous chloride, with a five
per cent excess of calelum were hested in 2% by 8 in. bomba
with sintered lime erucibles ss liners. Yields of 58 to 78
per cent of falrly clean cestable metal were ebtainad‘with
an average of 68 per cent for seven runs.

A study of the effect of the ratlio of lodine to cerous
chloride was then made with the results gilven in Table 1.
This method was perfected to the stage that B5 to 985 per cent
yislda were conslstently obtained with fully dried cerous
chloride, dry lodine in the ratio of 0.5 moles of lodine to
one m?la of cerous chloride, and caleivm in & five per cent
exeess, fired in sintered bomb liners, with graphite caps
over the top of the liner. The resctlon was carried out in
a2 steel bomb 4 in, in diemeter and 24 in. long. A charge of
1600 grams of cerous chloride was used, with the other com-
ponents In the ratio indicated above.

In an effort to find a substitute for the expensive,
and at that time not readily availsble iodine, other "boosters”
wsre Investigsted. Sulfur wéa tried in the range of one~half
to two moles of sulfur per mole of cerous chloride. Although
aﬂfficiagt heat was gangrateé, ez svidenced by the outside

temperature of the bomb, no separstion of the metal and slag
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TABLE 1

EFFECT OF IODINE OF THE PRODUC-
TION YIRLD OF CERIUM

, : Moles Ig Calelium Yield Yield
Charge per mole excess range average
gms. of CeCly % 3 -
150 1.0 5 456-78 65
150 0.75 19 62-65 64
300 B.75 10 T5~88 84
420 0,825 10 70-91 82

1800 0.625 5 76-91 84

1800 0.5 5 90-97 94
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occurred. Apparently the sulfldes are miscible with the
metals present.

Potassivm chlorste was next tested ss an suxiliery ox~
idant with more gatisfsctory results. The raage.$§aw 0.10
to 7.16 moles of potassiwm echlorate per mole of cerocus
chloride wes investigsted, An optimum yleld of 83 per cent
was obtalined with 0.1]1 moles of potasaium chlorate per mole
of cerous &hla#iﬁa, Even under the best conditions the use
- of potessium ehlorate did not produce cerium metel in ylaléa’
comparable te those produesd by use of iodine, neither ex-
ternelly with respect to adhering slag nor internally with
regspect to inclusions.

In view of these facts nearly all the metal produced was
prepared using the lodine "booster”. 1In a period of & year,
hearly a thousend pounds of the commerclal grade cerium was
prepared by this method and sent to other laborsatories.

In the present Investigation essentially the same ratio
of resctants used in the large scale production of cerium
was sucocessfully adopted for the productlion of very pure
cerium. However, since the smaller bomb, 2} in. in dismeter
and 12 in. long, was used, a greater heat loss from the re~
action mixture occurred and a small adjustment of the ratios
of the resctants wes necsssary to ocbtain optimum yields.

A ratioc of 0.62 moles of lodine per mole of cerous chloride

with a 10 per c¢ent excess of csleclum wes adopted for a charge
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of 312 grams of cerous chlorlde. The calelum excezs was later
inereaged to 15 per cent with an stbendant increase in yileld.

In the production of four kilogrems of cerium an aver~
sge overall yield of 90.4 per cent was obitained with ylelds
varying from 79 to 100 per cent as illustrated in Table 2.

By raising the calcium excess to 18 per cent, the yleld was
incressed to 93.8 per cent. ‘The yield was baged on the gross
welight of the ingot preduceds; however, since the ingot con-
tained approximately three per cent of calcium and magnesium
impurities, the actual yleld was lower, smounting to 87.8 per
cent for the average overall yleld and 99.8 per cent for

the reductions carried out with a 15 per cent excess of cal~
¢ium. The size of the charge in the reductlions tabulated

in Table 2 wvarled slightly becsuse of the varying capscity
of the sintered liners.

The ingots obtained wers almost invarisbly very clean
with smooth sldes and top as 1llustrated in:?ig&ra‘§.> The
cerium metal thus produced contained from 0.5 to three per
cent eslcium and 0.5 to two per cent magnesium,

The maln esuses for low ylelds were sttributed to con-
taminatlon of the cerous chloride by cerium oxy-chloride
during the drying run snd to molsture absorbed on the cal~
cium oxlde liners. As discussed previously, exﬁaﬁl&ri&a
formation was caused by melting the hydrate while removing

the water. Portions of the molten hydrate were protected
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TABLE €

RESULTS OF CERIU¥ REDUCTIONZ®

Welght of in- Calecium Yield
got produced axcess
gus., | % %
175 10 98.8
150 10 94.2
144 1o 8l.4
141 10 79.8
187 10 94.5
168 10 93.4
140 19 83.0
148 1o 83.5
148 10 B83.5
140 10 79.0
140 10 79.0
178 15 190.2
169 15 95.4
148 186 83.6
189 18 95.4
173 15 7.7
163 15 92.2
18l ‘ 15 102.1
179 16 100.7
174 18 983
175 15 98.8
164 18 92.8
140 15 79.0
153 15 86.4
148 18 102.0

Average 158 90.4

¥ potal metsl produced was 4100 grams.
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from the contact with the hydrogen chloride gas, and, as
the water was removed, this portion hed s tendeney to react
with the water forming the oxychloride and hydrogen chloride
ges by the probsable cquntiwnz _

CeCly*HeO ~> Ce0ClL + 2 HCl.
Cerium oxyehloride will not be reduced completely by the cal-
cium but will yield s mixture of oxide and metal, The re~
sulting mixture does not agglomerate well snd consequently
low yields result,

A gimilar reactlion msy occur in the bomb if the liner
and the readtents are not completely anhydrau#; however, it
1s more likely that the water wvapor will combine with the
ealeium reductant forming an oxide layer and thereby retard-
ing the slower reaction with the iodine and cerous chloride.
If the water contamination 1s high, there 1s danger of explo-
sion due to the hydrogen pressure produced in the reaction:

) HoO + Ca ~> (a0 + Hy.
Therefore, it is necessary to have completely anhydrous con-

ditions.
sodymlum o

The successful production of cerium metal by reduction
of the chlcride with 0.63 moles of ilodine per mole of cerous
ehloride, using & 10 per cent excess of calelum, Indicsated

that most of the other rare earth metals could also be pre-
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TABLE 3

RESULTS OF REODYHIUM REDUCTIONS

Welght of Impurity Welght Caleium Yield

NdCl, in Xa of ingot axcess

gus. 5 gms. % %

246 19 Pr 138.3 19 97.5
69.4 2 Pr | 32.3 10 88.8
64.5 2 Pr 31.5 19 8%

289 2 Sm 150 10 91

526 pure | 162 19 89

326 pure 182 19 97

130 purse 32 19 86
80 pure 13 19 ik

Average 91
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ssmariwm trichlorlide, the bombs wers heated to a bright red
heat by the resctlong the reaction products were completely
fused, but only the dlehloride was formed. |

Since the dlhalide was formed in esch reduction, it was
decidsd to stsrt with this materisl and cheek the results.
Samerium dichloride was prepared and the reduction attempts
were made. The results obtained are 1isted in Table 4. No
metal was found when lodine was used as a "booster™ in the
one reduction attempted. Since this resction was spproximated
by the reduction of the semarium trichloride and iodine by
ealeiuﬁ, i1f one considered the loosely held third chloerine
stom as an additional ”%eégtar”, and since the more promising
results obtained with the mixture of the dichloride end cal-
cium merited further work, no further reductions of the di-
chloride were attempted with an iodine oxidant graéaat‘ In
the reduction of samarous chloride by ealecium without an
iodine oxidant, there wes evidence of & reasction since a net-~
work of metal containing some samerium had formed in the
slag 1n some cases. The metal eould not be recovered from
the slagj 1t was difficult to bresk out since the pleces were
small, and 1t could not be clesned by washing becsuse of the
reactivity of the calelium present. Attempts to recast the
reduction products did not sccomplish separation and = casting
attempt on some of the partielly sepsrated metal fslled be~
cause of the extensive oxidation of the alloy in washing away

the unrescted samarous chloride.
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TABLE 4

RESULTS OF THE REDUCTIONS OF

SAMARIUM DICHLORIDE

Weight SmCl, to Iodine Calelum
of charge ratio excess Resgults
gns.
18 1:0.63 1o ¥o metsl formed
22.1 nong in Ketwork of metal
{small amt.)
33 none 19 Hetwork of 12 gma.
of metal
47.8 noene 10 ¥o metsl formed
33 none 10 Yo metal formed
136 none | 10 Retwork of 25 gms.
of metal
33 none 10

Ko metal formed
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TABLE &

RESULTS IN THE PREPARATION OF SAMARIUN-

ZINC ALLOYS3 BY REDUCTION

_ , Calcium Welght
‘ , excess of
balide SmCl, SmCl, SmFg 2nCl, ZnF, alloy
E8. ; ‘ gna.
15.4 1 1 20 ?
18.0 1 1 20 1
11.4 1l 23 10 6
27.4% 1 | 5 J—
22.6 1 2.5 12 2
15.0 1 1.5 5 2.5
1o 19

61.6 1 1.5

# 114 was blown off the bomb.
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| In summery, the reduction of the trihalldes by calcium
with sn lodine oxidant to ineresse the reasction tempersature
wes a failure. Judging from the appearance of the resction
products, the reduction of the flu@wida“pre@esﬁeé more
vigorously than the chloride and 1odide, but in all three
cases the éihaliéa!was obteined as the final product. The
potassium ehlorate, although supplying conslderable hest in
the resction with ecalecium, did not aild in producing metel
since only a mixture of well fused slag snd dichloride was
obtalned. Of the reduction methods for the prepsration of
samarium metal, the most successful was by using sn alloying
sgent to reduce the melting point of samarivm metael snd per-
haps to lower the reduction potential of the gamarium sslt
by solution in much the same wey that the semerium ion 1is
removed from sgeous solution by a sodium amalgem. The recovery
of a smell zmount of ssmerivm-riech alloy by use of & zine
chloride "booster" indicates that this procedure may be suc-

cegsful.

After the first sueccessiul reductions of neodymium, =
need arcse for a chesp rare earth metal to be used for testing
eruclble materials as a standin for neodymium, praseodymium,
and semarium; this was necesssary sinece erucibles thet would

not be wetted by cerium would be ercded econsiderably by
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neodymium. The possibility of producing semsrium metsl by
prepering i1t in solution in the other rare earth metals and
then perhseps distllling them out was 2lso considered.

For these reasons spd to £111 rsq&eets from other lab~
oratorles, 1850 grems of dldymlium wstalesra prepared; the
mixture contained 8) per eag@ neodymium, 10 per cent gsemarium,
elght per cent praseodymium, and ons or two per cent gadolin-
ium. The metal wes produced by the ssme ratio found success~
ful for neodymium, nemely with 0.63 moles of lodine ?sr mole
of didymium chlorlde reduced by ecalcium in 10 per cent excess.

From the results of these reductions listed in Table 6
it 1s spparent that the yields ere considersbly below those
obtained for cerium or neodymiuwn. The main cause of the de~
crease 1s attributed to the deleterious effect of the samarium
present. This is confirmed by the definite enrichment of
gsmarivm in the slag, while the samarium content dropped from
the original 10 per cent in the starting materis] té about
thres per cent in the metal. Due to the lower melting point
of the hydrated didymium chloride some trouble was encountered
in preventing the chloride frﬁ&'maiting during the first
drying runs. For this reason, §hraa to five per cent of oxy-
chloride, according to snalysis, was formed. The effect of
this contaminetion reduced the yileld in the first series of
reductions to 77.6 per cent &s compared to 83.5 per cent ob~

talined reducing cherges of oxychloride~free didymium chlorids.
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TABLE 6

RESULTS OF DIDYMIUM REDUCTIONS

Weight of  Drying Calelum Welght of Yield
PiCl, run excess ingot
gns | I ... %

69.8

65.4
276
-
318
318
518
318
1565
318
318
276
318
s
318

10 22 58

10 35 91
10 112 78.9
10 125 0.7
10 137 75.0
10 128 70.0
10 . 135 73.8
10 135 72.5
10 ) 78.7
10 156 85.3
10 147 80 .4
10 131 | 82.3
29 143 78.1
20 156 | 85.2
164 89.6
As8 67 2.8
Total 1858 » Average 77.6
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In the runs in which calcium excess was inereased to 20 per
cent, no definite increase was found that eould be aseribed

to the increased caleluwm content.

Prageodymiun

According to thermochemicel deta (45), the reduction of
praseodymium to metel should proceed vith,tha seme guccess
as in the cese of ecerium, since the hest of formation of the
chloride is 254.9 kglaﬁaieriaa,~5.$ kiloeslories less than
for eerous chloride, a factor that 1z counterbslanced by the
slightly higher melting peint of praseodymium metal. |

One reduction of praseodymium was attempted. 3avan§y—
two grams of praseodymium ehloride, containing 10 per cent
neodymivm with an iodine ”hﬁgatar” in the ratlio of 0.63 ﬁales
of 1odine per mole of echloride, was reduced by calclium in
10 per cent excess. A very clean, well ghaped ingot weighiﬁs
35.2 grams was obtsined for a yleld of 78 per cent. ?ha’
yield was slightly lower than expected, but compares with
the results obtained for cerium, namely, 76.6 to B6 per éant,
for the seme scale reduction. It is probable, ther&fers;
thet the same high ylelds as obtalned for cerlium and needy&-
ium will be obtained for prazeodymium when & charge is used
large enough to f1l1l s 2% in. bomb.
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Yebrium

Since tga heat of formetion of yttriwm chloride 1s 240
kiloealories, or 21 kiloealories below that of cerous chloride
and 6 kiloealories below thet of neodymium chleoride, the
chloride should be more readily reduced to the metal than any
of the rere earths sta&iaé; however, due to the high melting
point of the metal some difficuliy could be expected in fusing
the reaction mixturse of & reduction, and @ansequantlx in ob~
taining a good collection of matal‘

The first experimentsal r&é&etiaﬁ of yttrium ¢hlcride was
carrled out on & 70 per esnﬁ,yttrium chlorlde sample contaln-
ing 18 per cent neodymium, 10 per cent samarium, snd two per
cant gadolinium es 1mp&éiﬁies. Using & reatio of 0.63 moles
of iodine to one mole of yttrlium chloride, with s 10 per cent
excese of caleium, 58 grams of this salt were reduced to glve
29.2 grems of metal for a 79 per cent yleld. After the suc~-
ceasful preparation of metal from the rather impure yttrium
ehloride, reductions were carried out on the anhydrous chle~
riég of 90 per cent yttriwm, containing six‘per cent dyspros-
lum, two per cent gadolinium and two per cent of other rars
sarths. In two triels with the game ratio of lodine end
calcium as used in the first reduction, no massive metal was
obtained. In these latter reductions the metallie yttrium
produced by the reduction wes Intimately mixed with the slag.
Apparently there was not encugh heat generated to fuse the
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yitrium metal, although the resction proceeded vigorously

enough to permit complete slag eollssction.

Cagting

The rars earth metal produced by reduction must be recast
to remove the alloyed celclum and to eonvert the ingots into
ussble shapes. The easting can be mede under any inert at-
mosphere such as thet provided by & vacuum, an inert gas or a
flux. In the work deseribed in this thesis, sll castings
were made in a vacuum Lo permit distillation of the excess
caleium at lower taﬁperatarﬁs@ A vecuum of less than 100
mierons of Hg was mainteined for these castings to prevent
the formation of & very tenaclous oxide layer whieh formed
on the metal at higher pregsures. This oxide "gkin" prevented
the flow of the metsls at temperatures as much as 200°C.
above the melting point. The same phenomenon explains the
diffievlity in casting the rere esrth metals through small
holes or into small erucibles (less than 4 in. dismeter) of
refractory oxide. It 1s probable that & slight reaction
oecurs between the wmetal and the oxide eruecible thus produc~
ing the thin oxlde coating which prevents flow of the metal
and.hindars the complete flllling of a small crucible. The
effect of the oxlde costing was espesclally noticesble with
small pleces of metal., For example: & bar of neodymium
metal , suspended on two knife edges, was heated to 1100°C.,
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or 27 degrees sbove its melting point, before collapsing.

Recasting of the ingots produced by reduction has been
quite successful in removing esleium. In many ceses the cal~-
cium content c¢an be reduced to N.2 per cent by haatigg the
metal to 1000°C.3 however, & much higher temperature, 1300-
1400°C,, 1s required to remove the last traces. The results
| in ealeium removal have been rather irregular, appsrently de~
pending on the history of the metsl ingot, the size of the
casting snd the vaecuum g&%aiaad during the decontemination
run. As a genersl rule, practlcally all the caleium can be
removed from eeriug ingots yeighing 1&5& than 100 grams by
heating to 1250°C.3 however, 1f a essting of 1000 grama is
heated to this temperature, 0.1 to 0.2 per cent calelum still
ramainQ»

A number of refractory oxides were tested for resistance
to attack by the molten rare esrth metals at the temparatnras
required to remove caelcium. It had been reported (1) thet
the oxldes of aluminum, beryllium, zirconium, and thorium as
well as quartz are strongly attscked by the rers earth metsls
at the zemparaturaa necessary for melting the metrnly only
magneslum oxide and fluorite (CeP,) of the refractory salts
and molybdenum snd tungsten of the refractory motals wors |
found to be resligtant to attaak by the rare sarth metals. Of
those listed ss beling attacked, only beryllis was reﬁhaekﬁé
because of the excellent results obtalned in work in this
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leboratory with similer metalas., MNagnesium oxide, calclium
oxide, snd several rare sarth oxides were slso invaatigateﬁ
as crucible materiasls, since, If reasction occurred, only
oxygen would be introduced ss a new contaminant. Fluorite
was not taste@?b&aa&ag of its low melting point (lﬁ@%“ﬁ.).
The refractory metals, molybdenum and tantalum were also
‘uged ss crucible materials,

Considersble variation in results was found in studying
the resistasnce of the refractory oxides to attack by the
molten metels. For example, in & test run cerium metsal was
heated to 1250°C. in a calcium oxids cruelble without wetting
the walls, but in a large ecasting the metal extensively wetted
the walls and soaked Into the cruclble at 1159°C. This ir-
regularity 1s sxglaigsd on the bsgls that the oxlde coating
on the metal prevented any ua§ting of the walls when the
weight of the metal was small, but was ineffective when s
larger amount of metal was usaé.” It 1s aviﬁeﬁt'that gpecific
exsmples are somewhat mislesding, although the general trend
can be observead.

Both cerium and neodymium were melted in beryllia cruc-
ibles with the following results: ecerium heated to 1090°C.
dlssolved less then 490 ppm. of beryllium, while the caleium
and magnesium content was reduced to 0.2 per cent for both
metalsj at 1250°C., the cerium extensively attacked the crue~
ivle, HNeodymlum could be hested to 900°C. without any ex=~



tensive plckup of berylliium, but st 1150°%. 0.4 per cent
beryllium wass introduced.

Celcium oxide wss somewhat more steble in the presence
of molten rare earth metals than was beryllis. Cerium could
be heated to 1150°C. without rescting with the crucible, but
- sbove this temperature an sgitation of the metal was observed
and later correlated with the following resctiont

2 Ce + 30a0 ~> Cea0, + 5Ca

The calcium metsl formed by the reduction of the oxide by
| eorium Immediately distilled and caused an spparent boilling

of the metel. By casting 300 grams of cerium in csleium oxide
at 1150°C., the residual calelum was reduced to 0.1 or 0.2
per cent, and the magneslium wes removed to smounts less than
0.0256 per cent, the lower limit of anslysis. A essting of

one kilogram of cerium is illustrated in Figure 4. Didymium
and neodymium sttacked calelum oxide eruclbles at 1000°C.
Below this temperature the caleium oxide eppeared to be falrly
stable to these metalsj howsver, under these conditions one
per cent celcium and 0.5 @ér cent magnesium remained in

these rare esrths af%arf$a3§ing, |

The magnesia eruclbles, as previously noted, are the
most resistant to attack by the lighter rare earth metals
particularly in the case of neodymium and prasecdymiwm.
Didymiuvm, neodymium, praseodymium, and yttrium can be heated
at 1150°C. in this type crucible without wetting the crucible

walls. The residual celcium and magnesium contents sre listed
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in Table 7. The lowsr temperatures were used for praseodym~
1um and yttrium because an sgitstion of the neodymium metal
was obgserved at 1200°C. Since this effect has previously in-
dicated attack of the crucible by the resction,

2Nd + 3Mgd ~> NWd,045 + 3 Mg ,
a lower casting temperature was used to insure against loss
of the more scarce metals. The very high caleium content of
the yttrium is not too surprising since the metal was not
heated to 1ts reported melting pointi however, this alloy
was molten at temperatures above 900°. ‘The results 1in
Tsble 7 were obtained for 30 gram samples, o a higher temp~
erature would be required to obtain an equivaslent purity on
larger ssmples., Thig fact 1s aptly 1llustrated by a casting
experiment in whiech 350 grems of neodymium metal were hested
to 1200°C. in magnesie but still contained one-hsalf per cent
caleium and one per cent magnesium.

The rare earth oxldes had been used as refractories in
other laboratories (34). They were considered because the
very tenaclous oxide costings on molten metsl suggested a
very low solubility of the oxide in the metal. This fact was
confirmed by trecer studies in the case of lanthanum oxide
in lanthanum st temperatures up to 1200°C. by another member
of this laboratory (46}; however, by metsllogrephic tech-
nigques it was shown that at 1450°C. there waé conglderable

solution of the oxide in the lanthanum. Seversl didymium
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TABLE 7

IMPURITIES EEMAINING AFTER CASTING
IN MAGEESIA CRUCIBLES

Metal ‘?-a&ngr&tnrea Caleium Megnesium

ce 1200 - 12850 { 0.05 0.025 - 0.25
D1 1150 - 1200 0.13 < n.025

Na 1200 - 1250 < 0.05 < 0.025

Pr 1125 0.13 < 0.025

Y 1125 2.1 0.25 = N.50
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oxide erugiblsa wore prﬁparaﬁ'ané geversl castings of didymium
 were made, but since the metal wetted the ecrucible consider-
ably, it followed that aﬁly oxlde of the ssme purity as the
metal could be used if the tedious separation grﬁeaéﬁras of
the rare earths were to be avoided. For these reasons cruc-
ibles of rare earth oxldes were not further investigated.
Since the rare earth metals appear to sttaeck all the re-
fractory oxides to some extent, the refractory metals, tanta~
Jum andé molybdenum, were tested. Crucibles were fabricasted
from sheets of metal 0.005 in. thleck. The castings were all
carried out on & small seale to conserve crucible material
end metal. The first castings were made in the "stove pipe™
crucibles, which 414 not leek up to 1350°C. Above this temp-
- erature the metal leaked through the cracks and reacted with
the beryllis paeking. The envelope type erucibles were
tight up to 1490°C., but at this temperature or sbove, the
rare sarth metal, which wetted both molybdenum or tantalum,
seeped through the folded edges 2nd sosked into the insula-
tianf By spot welding the sides of the envelope type cruce-
ible, a8 tantalum crucible sufficiently tight to hold cerium
metal at 1700°C. was obtained. Even at this high temperature
no tantalum could be detectsd in the cerium by chemicel or
spectroscopie analysls. Didymium was hested in tantalum to
1350°C. and in molybdenum to 1350°C.3 no contemination by the
eruaibls‘mat&rialywaa detected by speetroscople methods in

alther case.



A summary of the temperatures at which the various re-
fractories studied are stable to the rare earth metals is
given in Table 8.

Heny of the temperatures are based on experiments which
showed that a slight reaction between the metal end the ecruc~
ible occurred one hundred degrees above the temperature 1£gted;
it is sssumed that by lowering the temperature this am@nnt;
reaction will become negligible. The estimates are based on
the behavior of molten didymium or neodymium on the refrac-
tory materisl, since 211 the rare earth metals studied, with
the exception of cerlum, appesr to have about the same resc-

tivity.



TABLE 8

TEMPERATURES AT WHICH REFRACTORIES ARE
STABLE TO RARE EARTH HETALS

(Pemp. in °C.)

Rare
Hetals Be® Cal MgoO earth Ta Ho
— oxide

Ce 1000 1159 1200 1200% 31700 D1400
D1 goos  9nox 1200 1200 1350  D1350
Na 900%  9n0x 1175  1200% 1350 > 1350%
Pr 900%  9an® 1175  1200%  D1380s  D1350%
Y (708)  --= ——— 1175 — —— -

& ,
Estimated.
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Of %these the melting point and the density measurements
will be reviewed completely., The hardness vealues which e¢an
be compared with those obtained in this investigation will
also be reported, Unfortunately, in the early work hardness
wag measured by such qualitative or srbitrary scales as the
Moh scale and the seleroscope hardness test which osn not be
compared to our measurements.
The melting point of cerium as determined by a number

of investigators is given in Table 9 with the llsted im-
purities. The low temperatures obtained in the early work
can be explained on the basis of iron contsminstion sinee
iron forms & guﬁaatia with eerium, at a concentration of 4.5
per cent iron, with a malting point of 633 - 640°C. Consider-
ing the metals of 99 per cent purlity, there 1s falr sgreement
in the melting polnts reported. The data of Billy and Trombe
are considered by some amuthorities (1) to be the most satis-
factory of those listed. The analysis of the metal in this
case is the only complete one reported with the maximum 1limit
of Impurities listed. One difficulty with this messgurement
is that the melting point was determined by supporting a
cerium wire as the Jjunction betwsen the two wires of a

platinum-90 per cent platinum 10 per cent rhodium thermo=-
ecoupls. The tempersture was recorded when the wire melted.
Since even a slight oxide coabing could prevent the molten

metal from parting et temperatures as much as 20 degrees



TABLE ¢

MELTING POINT OF CERIUM AS REPORTED
BY VARIOUS INVESTIGATORS

Welting

pciﬁt Cerium rmpugétiss» Author

622 ? Muthmenn and

Weiss (30)

835 93.6 4.5 Fe Hirseh (22)

720 86.7 0.5 Fe Hanaman (47)
2.5 other rare earths

775 95.6 no Pr, Nd Vogel (48)
4.3 other rare sarths

815 5 99.8 - 99.9 0.98 s1 Billy snd
.08 Fe i ‘ Trombe (49)

778 99.8 -~ 99.9 traces of ¢, §1, Fe Mazza (50)

77 98 - 99 f.14 Fe Rolla and
N.14 Mg others {(51)

780 99,3 D.15 Ca ?Qtﬂf‘aﬁﬂ,
.12 C Lyon and

0.4 other rare earths

Keller (52)
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sbove the melting point, considersbls error could be intro~
duced by having a slight contamination in the atmosphere for
the experiment.

Densitiea reported for cerium are listed in Table 10,
The density calculated from crystal structure is inecluded for
purpeaea”er comparison., Of th&ﬁéanaitias determined experi-
mentally, the results of Trombe, on cerium metal prepared by
electrolysis (density ﬁ:?s) and remelted to remove alkalil im-
purities (density 6.89), appear to be the most nesrly correct.

Althaugh neodymium has been prepsred by a number of in-
vestigators, its melting point has been reported only by
Muthmann and Welss (30) in 1904. The melting point of 840 ¥
10°C. which they reported was determined using e platinmm -
90 per cent platinum 10 per cent rhodium thermocouple, whose
electromotive forcee was measured on & millivolitmeter. The
inaccursey in éeaéing the”millivelﬁmater introduced the poa~
sible error of 10 degrees, since the melting point was ob~
tained by observing the temperature st the moment a welghted
rod suspended In a bar of the metal ssnk into the bar, as
the metsl melted. No analysis of the neodymium metal was
glven.

The density of neodymium has been measured by several
Investigators and 1s glven, together with listed impurities,
in Teble 11. Two of these densitles, those by Muthmann and
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TABLE 10

DENSITY OF CERIUM AS REPORTED
BY VARIQUS INVESTIGATORS

9908 - 99'9

Density Cerium Impurities Investigstor
gn.fec. _ i "
6.810% No other rare sarths Klemm and
Bommer (14)
8.73 Mo analysls glven Hillebrand
and Norton (26)
T.04 No anslysis given Muthmann and
welss (30)
8,92 93.8 4.5 Pe Hirseh (22}
2.8 other rare sarths
6.81 94 0.8 81 Blitz and
N.7 Fe Pleper (53)
N.3 Al
6.77 99 EKremers and
Beuker (31)
6.734¢ 94.9 4.2 other rare sarths Sleverts snd
0.35 Fe Gotta (54)
0.27 81
6.75  99.8 - 99.9 0.05 Fe Billy snd
0.08 31 Trombe {49)
6.789 99.8 -~ 99.9 0.05 Fe Trombe (55)
0.08 51
6.78 Treces of C, 851, Fe Magzza (50)

¥ caleulated from erystallographie data.



DENSITY OF NEODYM
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TABLE 11

IUM METAL AS REPORTED

BY OTHER INVESTIGATORS

Density Neodymium Impurities Author
gm./cc, % !
6,9908% Ho other rare Klemm end Bommer (14)
earths .
6.956 No analysis given Muthmann and Welss (30)
7.05 No snalysis given Kremers (12)
0.02 Fe

* Caleulated from crystallogrephie data.
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by Trombe, approach the calenlated density. However, the
enalysis shows that no metsl of high purity has yet been
prepared. ,

The hardness values for cerium and necdymium reported
on & scale that 1s comparasble to those obtsined on the in-
struments available at this laboratory are given in Table 12.
?hﬁ?adia general agreement that cerium 1a a soft malleable
metal, giightlf barder than lead, but soft enough to eut with
a8 knife, and that neodymium is somewhat harder than cerium,
and aaﬁp&r&s approximstely to that éf brags.

Ko investigation of the vapor pressure of cerium or of
any of ths rare a&rﬁh‘mﬂtéla'has been reported. The bolling
polint of 1400°. that ig frequently listed for cerium is
baged on en estimate by Mott (57) who caleulated the boiling
point using the observation that the ratio of the absoclute
bolling temperature to the absolute freeszing temperature of
most elements 1s approximately 1.8. Moreover, 840°C. was
used in the caleulation ss the melting point of ceriumg
since it is now known thet the melting point of cerium metal
is 790°C., the higher bolling point of 1650°C. would result
from the formuls. The above relation gives approximate agree-
ment for several elements but cannot bs considered ss glving
even an estimate of the bolling point in many cases; for
example, it is In error by 850°C. by predicting the boiling
point of aluminum at 1490°C.
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TABLE 12

BRINELL HARDNESS VALUES REPORTED FOR
CERIUM AND NEODYMIUM

Element Hardness Investigator
Brinell scale® , ,
Ce 28 ¥. Hanaman {47)
21 Kremers and Beuker (31)
42,5 Billy and Trombe (49)
Rd 70 | Eremers (12)

60 Trombe (56)

. “
800 kg. load, 10 mm. standard steel ball.



Density

The density of cast cerium and neodymium metal was deter-
mined by measuring the loss in weight of the metal on immer~
sion in e¢arbon tetreechloride at a known tsmperﬁtur@. The
specifie gravity of the carbon tetraschloride was measured by
welighing in a pyenometer. Water could not be used for the
density determination becsuse its lmmedlate, although slow,
reaction with cerium produced gas bubbles on the surface of
the metal and conssquently caused erratiec results.

The density of cast cerlium metal contalning 0.2 per can?
calcium, as determined on turnings snd pleces of csst metal,
has a density of 6.739 ¥ 0.003 grams per cuble centimeter at
£4°C. A portion o this metal was receast in magnesla at
1100°C. The density of the resulting metal, now containing
0.1 per cent calcium, was increased to 6.747 I 0.003 grems
per cuble centimeter at 23°C4 this value 1is 0.04 grams per
cuble centimeter below the density csleulsted from erystal-
lographic date es shown in Teble 10. The lower density found
for the cerium produced by the metallothermiec process is
caused by the resldusl calelum remaining in the metsl and by
the small smount of oxide contamination Introduced in casting.

Feodymium metal, containing one-half per cent caleium

and one per cent magnesium, has & density of 6.999 grams per
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made by Brodie (58)3 1t must be emphasigzed that these con-
verslons are approximate since & eonversion curve must be
found by empirical measurement for each different metal.

The hsrdness velues, determined by the various proced-
ures, are ligted in Table 13, By comparison with Table 12,
it is apparent that the hardness values of the two metals
tested sre somewhat less than those previously reyarteﬂ.,
S8ince the other metals were all prepsred by electrolysis,
their géaaﬁ&r hardness could be attributed to the siliesa
contemination that usuelly oceurs in that preparation.

The different hardnesses of the eerium reduction ingot
are of interest. Two different layers are visible in a
cross section of the reduction ingot. The top layer contains
more caleciuvm, sbout thres per cent, and is reletively hardg
the bottom layer contains less esleium and is considersbly
softer. On the basis of this difference which could have
been csused by the formstion of an intermetallic compound,
the preparation of cerium-cealcium alloys was attempted. No
alloys could be prepared and, according to x~-ray snalyais,
no compound was formed between the two metalsj therefore
the greater hardness of the upper laysr is probably due to
1nt1mataly mixed calelum that was entrapped by the metal as
the ingot froze.



TABLE 13

HARDNESS VALUES FOR CERIUM ARND NEODYMIUM

Knoop | Diamond  Brinell
hardness Roekwell H pyrsmid bardness
number hardness  herdness scale#s

Ce~Ca ; Pop - 96 88 ca, 88
ingot ) Bottom - 59 46 ea, 46
Ce 28 39 -— ca. 19

Raé 47 80 - ca, 33

® | ’
800 kg. load, 10 mm. stendard steel ball.
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General charscteristics

The general charscteristics of ecerium wmetsl prepared
by the metallothermie reduction method are almost ldentical
with the deseriptions published previocusly {(1). Fresh cut
cerium hes a silver~gray color that ternishes lmmediately in
air., The metal will oxidize slowly in eir and econsequently
must be stored under minersl oil in closed bottles. This
reactivity was quite appsrent in the easting expsfimsntg dig~
cussed earliery In the resctlon with erucible materisls, the
oxide produced was included in the metsl &s thin shells.
These oxlde inclusions have & considerable effect on the
mechanical properties. For exsmple, wetal which has besn
heated without resction with the crucible can be cold rolled
into thin sheets with little tesring or oracking; howsver,
1f smuech oxide 1s introduced during the purification ersting,
~the metal loses its melleability snd will ereck slightly and
tear on as little as a 20 per cent reduction by c¢old rolling.
A similar effect 1s observed in cutting ceriwm metal. If
the metal is free from Inclusions, 1t esn be turned or sawed
without burningj however, 1f, as ls generally the case, the
metal does contsain @xiéa; the heat or sparks caused by these
inelusions will ignite the cuttings. For thls reeson, most
of the pure semples of cerlum prepsred by casting at high
tenperastures are inferior in mechanlcel properties to metal
prepared by electrolysis where it is not necessary to distill
impurities.
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Certain differences between neodymium metsl and cerium
metal are pertinent to this discussion. Although when molten,
neoﬁym;am attacks most oxides 2t a lower temperature than
eerium, 1% is more stable in air. The silver-white color
does not tarnish quiekly, and all samples of the metal can
be cut without burning. No tests of the mechanleal properties

of neodymivm were made.

The melting points of cerium and neodymium were deter-
mined by mesns of thermal analysis. The temperaturs was
meagured by a chromel-slumel thermocouple, callibrated before
end after the melting point messurement by the freeszing points
of the three gtandards, aluminum, sllver and the copper=

silver eutectic mixture.

Apparatus

The reslistance furnace used to p?eviés eontrolled heat-
ing and eocoling rates was 24 in. high, 14 in. in overall
dismeter with a heating element 4 in. in inside dismeter, as
i1lustrated in FPigure 5. The heating element consisted of
¥o. 12 ¢hromel resistance wire imbedded in Sillimenite, an
sgluminum silicete cement, and was capsble of producing temp-
eratures up to 1070°C. Four snd one-half inches of Dicalite,
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& commercisl insulstor composed of dlatomaceous earth, reduced
the heat loss through the walls of the lurnace sufficlently
to provide very slow cooling rastes. The outside shell of the
furnace consisted of a sheet iron eylinder inserted into
grooves of cut transite which served as the furnace ends.

The furnace had a maximum hesting and cooling rste of
three degress a minute in the tempersture reglon of the melt-
ing points of the metals studled. Both rates could be varied
by eltering the amount of electrical current passing into
the furnace. In practice, heating and cooling rates from
three degrees to one-half dagraa per minute were used. The
thermal gradlent of the center a£ the furnace, the region
In which the semples were placed, was low. When the baffles
were inserted to reduce redistlion losses, there was a one or
two degree tempersture variation in the center € in. of the
heating element.

The samples were heated in an evacuated quartz envelope.
As 1llustrated in Figure 8, the ssmple was placed inside =
laéger erucible, above which was & seriles of baffles prepared
from refractory oxides. The extra ﬁr%eiblé and the baffles
were designed to reduce the heet loss by redistion up the
quartz tube, and thersby to assist in obteining an even heat
© loss in all directions from the metel ssmple. The guarts
tube was gesled by waxing on a water c¢ooled brass 1id which

contained the vascuum and thsrmocouple outlets.
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The thermocouple was inserted into the furnsce through
the 1id by mesns of a sliding vacuum seal which eonsisted
of two concentric pleces of glsss tubings the outeside tube
wag waxed into the 1id and wes sesled to the longer inside
plece by a plece of rubber tubing hesvily greased with
Celvacene vacuum gresse, This sliding sesal permitted quiek
and certain adjustment of the thermocouple. The thermocouple
pessed down through the baffles and into the semple; it was
protected from the msltén metal by & thin protection tube
of beryllla or magnesla, which wae prepared in the seme manner
as the erueclbles discussed earlisr. Beryllis was used as
the protection tube for the first malting point determina-
tion of cerium becsuse at the low temperatures attsined no
detectable amounts of beryllium dilasolved in molten cerium.

The thermocouples were prepared from chromel P and
alumel No. 18 geuge wire manufectured by the Hoskins Manufaec~
turing Company of Detroit, Michigsn. The hot junction was
made by welding the two wires in an oxy-scetylene flame. The
cold Junction was obtained by immersing the connections with
the potentlometer leads in separate dry mercury baths econ-
tained in test tubes which were suspended in an 1ce bath.
The mercury served as @ heat exehange medium betwesen the cold
Junetion and the bath. |

Calibrastion of the thermocouples was made agginst the
freezing points of the three standards, aluminum, silver,
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and the copper-silver sutectic mixture. These metals were
contained in graphite crucibles, spproximating the shape

and dimensions recommended by the Bureau of Standards (59)
for the determinstion of the melting polnts, as shown in
Figure 6. The standards were 4 cm. in dlameter, B em. long
snd were contsined in & erucible 4% om. in outside diametsr
and 12 em, bigh, Oxidation was eoliminsbted by spresading loose
grephite over the standard sample and by fitting the crueible
with a tight graphite 1id,

The electromotive force generated by the thermocouple
wes messured on a Leeds & Northrup Portsble Preclsion poten~
tiometer. The voltage of a standard cell included in the
potentiometer was corrected against that of a eallbrated
standard cell manufactured by The BEppley Laboratory of New
Port, Rhode Island. Time intervals were determined by
means of an electrie timer.

The wvecuwun attained during these runs varled from § to
200 microns of Hg. In the first runs, an oil d4iffusion
pump, Model MC 275, manufactured by the Distillation Products
Company, was a;aﬁ, backed by a Cenco Hyvse 20 mechanliesl
pump. However, the vsescuvum obtained during éhs rUns was
aypraximstely the same whether or not the diffusion pump was
employed, and for this reason the mechanicsl pump was used
alone in later runs. )

In émgsrmin&tians 1 snd 2 on cerium, the sample used was

8 eylinder, & em. in dismeter, 6 om. high, with the thermo-



8
Py

FTigure 6., Crucible Tecommended by the Bureau
of #tendasrds for the Dstermination
of the Melting Point of Aluminum.
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couple inserted 4 em. into the ssmple to a point somewhat
below the center of the msss &s illustrated in Figure 7a.
The eruciblas used were calelum oxide and the thermoecouple
protection tubes were beryllia. In the third measurement
of melting point, an attempt was made to approximate the
ideal conditions recommended by the Bureau of Standsrds for
the determination of melting points. In this case, the
semple was 3 cm. in dlsmeter, 15 cm. tall, with the thermo~
couple inserted 9 or 10 em. into the sample (Figure 7b).

In each case, the samples welighed more than a kilogram.

A 350 grem cylinder, 3 em. in dlameter and & em. high,
was used to determine the melting point of neodymium. The
thermocouple was Ingerted 4.2 em. Into the Hillet or 1.8 cm.
above the bottom. The erucible &nﬁ‘grstactian tube were

prepared from magnesis,

Procedure

The first step adopted for the determination of the
melting peint of the rare earth metals was 2 preliminery
calibration of the chromel-alumel thermocouple by the deter-
mination of the melting polnt of the copper-silver eutectic.
This precaution was Lsken to detect any variation in the
electromotive force of the thermocouple that might be esused

by econtsmination of the couple by possible vaspors rising
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the upper limit of an srrest found 1n a gcooling curve weas
established by extrapoleting the curve beyond the tempersture
of the brekk, extending the flat?egt portion of the break to
intersect the extrapolated curve, and taking the point of
intersection as the wupper limlit of the srrest. Two or three
measurements of the tamgarazure of the thermal arrest were
made for eech gample, ineluding the standard calibration
metals. There was usuvally no change detected betwsen the
mezsursments, except in the case of the cerium-calelum slloy
where the temperature changed slightly with each run because
of loss of csleium by evsporation. '

After the melting g@iﬁt measurement , the thermocouple
was calibrated in 2 similar menner against the freeuling
points of the three stardard samples, aluminum, silver and
the copper~silver eutsctlic mixture, which sre 660.1, 960.5,
and 778.8°. respectively. |

The temperaturs correction of the thermocouple was cal=-
culated by meens of difference curves. A typlecal exsemple
as used in Run 1 for cerium 1s 1llustrated in Table 14. The
differences are then gi@%te& ageinst the observed electro-
motive foree ss shown in Figure 8. The electromotive force
correction for & particular resding can be read from the graph
with an acecurscy of 1°C. B# this means the tempsratures of

the thermal srrests were ealculated.



TABLE 14

DATA FOR THE CONSTRUCTION OF 4
TYPTCAL DIFFERENCE CURYVE

Temperature Obaerved Emf values Difference
emf from table (AE = E - Bg)

°c E{mv) E¢ (mv) mv

0 .0 . a 0
660.1 27.33 27.45 -0.12
778.8 52.20 32,42 -0.22
960.5 39.40 39.80 -0.40
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DIFFERENCE CURVE

AE Y
bev) \
-0.4 <
25 30 35 40 4S5
OBSERVED Ewmi (mv)

Tifference Curve for the Correction of Chromsl-

slimel Thermocouple used in Run 1 for the
Determination of the Melting Point of Cerium.

Figure B.
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Results and disecussion

The temperature limits of the thermal arrests aas deter~
mined in #h&s iavsa%igatiaﬁ ere listed in Table 18, The
temperatures ars sversges of Ltwo or more meassursments.

From these date, the melting point of cerium metal for
these runs was 788, 796 snd 790°C, with a second arrest st
709, 705, and 693°C. respectively. In view of the fact
thet the effect of residusl caleium snd megnesium would tend
to lower the melting point a few degrees, as 1llustrated by
the cerium-magnesium system worked out by Vogel (60), the
melting point of cerium is taken to be 793 I 5°. The solid
transformation is evidently affected by impurities more than
1a the melting point and is taken to be Y03 % 10°C. A closer
correlation between the smount of impurities and the melting
point or transformstion temperatures iz not possible because
of the limits of asccuraecy of the caleium and magnesium
enalysis. The melting point ss determined by thls work 1s
18 degrees above the T75°C, found by Magza (50) on cerium of
equivalent purity, and 22 degrees below thst reported by
Billy and Trombe (4%9). The tempersture of the solld trans-
formation agrees within the l1limit of error with one of ths
three high temperature trensformations found In cerium by
Loriers (61) using heating snd cooling curves. Besldes the
transformation at 710°C., Loriers found others at 740°C. and
at 640°. in 99.6 per cent cerium containing 0.0995 to 0.03
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TABLE 15

MELTING POINTS OF CERIUM AND NEODYMIUM

Metal Run Impurities _ Melting point
ggﬁ %% i&agiwﬁ Cooling H
Ce 1 0.2 0.02 788 788 09 709
0.1 0.2 790796 797-7968 TN1-T6 T06-T04
0.1 0.2 799% 792-~789 - 686~690
Ce~Ca-Ng 2. 2o 779-788 792-789 not de- 613-608
tected

505-507 494-493
Ed 0.5 1.  802-831 8l9-804

* ssmple superhested each time.



psr cent Iron with the remainder of the contamination being
ailicon. ‘?hé transformation which he reports at 740°C.
could not be detected and only & very slight inflection in
the heating curve could be found at 640°C., the other re-
ported transformation.

In the cerium-masgnesium~csleium slloy, the melting
point 1s sbout the same as the pure metal, nemely 789°%.,
but the solid transformetion st 703°C. had completely dis~
sppeared. Instesd & very small arrest at 610°C. and & larger
break st 497°C. were found. Compsring these results with
those of Vogel (89) for the cerium-magnesium syastem, a very
good correlation between the arrests of the cerium-magnesium-
caleium elloy and those of a dilute magnesium alloy are
found. The first srrest at 610°C. corresponds roughly to the
eutectic temperature of 632°C. of a cerium~rich magnesium
alloy, and the second arrest st 497°C. agrees exactly with
the solid transformation at 497°C. of the magnesium alloy.
?bgel reported a iiq&idﬂa temperature of 710%. for a two
per cent magnesium in eerium slloy, while & liguidus at 788°C.
wag found in the ecerium~two per cent magnesium—-two per cent
calelum alloy. Whether thls means that calelum raises the
ligquidus, or whether there was less magnesium than the anal~
yeis indicated 1s not certaing however, since the cerium
used by him contsined 6.5 per cent of other rare esrths, hia

date in the ecerlium~-rich alloys may be in error,



The melting point errest of necdymium was very gradusl,
ag is 1llustrated by the temperature reange of 21 degrees.
For this resson the melting polint is rather 4ifficult to
locate, but is considered to be 820 % 10°C. ¥No aaiid trang-
formations were detected, Since the smmple contained one
per cent magnesium, 1t 1=z probsble thet this smount of im~
purity will inerease the melting range in the same manner
as cobeserved for cerium. As discussed pravisusly, the excess
magnesium was not removed by heating to 1200°C., the limit n’
of gtability of the magnesis toward molten neodymium.

HMethod and theory

The method used in the determination of the vapor pres-
gure of cerium wgs suggested by a publiestion on the measure~
ment of the vapor pressure of radlosctive wmetals and thelr
compounds by Phipps, Seifert, Simpson and thelr co-workers
{(6). Their paper outlined a procedure for determining wepor
pressures st temperstures considersbly above 1000°C, for
metals gﬁat did not alloy with taahal&g. Ag discussed pre=
viously, it has been found that cerium, dldymium and probably
the other rare earths do not slloy with tantslum and con-
seguently could be studlied by the method. ?ha apparatus
employed 1in this investigation was considerably modifled



g1

from thet described by the above authors and resembles more
closely the less elaborate units used by Rudberg (62) and
others (63, 64). By reducing the complexity of the apparstus,
some loss in convenlence and versatility and a small increase
in error were Incurredj however, the unit thereby obtalned

was much simpler to construect, easier to maintain, and did
not require as mueh expensive asuxlliary equipment.

The vepor pressures of cerium presented in thia thesis
were determined by the method of molecular effusion, in which
radlosctive cerium wes vaporized from & e¢rucible through a
small orificej s portion of the molecular besm produced wag
condensed on the target. From the rate of aeeumulat;an of
the metal on the target, the geometry of the asystem, the
temperature of the oven a&nd the molecular weight of the vapor
molecule, the vapor pressure may be caleulated.

The basic assumption in thls method 1s that the mole-
cules offuse through the orifice and travel out into the
chamber in a predictesble manner. This means thet while the
motion of the wvapor molecules in the crucible is chaotic,
only those molecules having a definite vﬁleaihy~ﬁirect1an
pass through the sperture until they hit the walls. The
" motion of the molecules outside the crucible is no longer
chaotic. According to the findinge of various Investiga-
tors {(65), the effusion will be accomplished (&) if the

mean free path of the melecules in the crucible is grester



92

than three times the dlemebter of the orifice, (b) if the
mesn free path of the molecules in the chamber outside the
erucible 1s greater then the distance to be traversed by the
-ﬁaleaule bsfore resching the target, and (¢) if the moleecules
striking the walls are not reflected. These and other sup~-
plementsry conditions will be considered in detail after the
derivation below.

The rete of effusion is readily casleulated by equations
based on the kinetic theory. The number of molecules effus-
ing per second into an evacusbted space through an aperture,
8, 1s simply the number of moles, g, of molecules which
strikes that ares of the containing wall per second:

(1) g=24nca
in whieh n is the number of moles of gas per cublec centimeter
end ¢ 1s the mean velocity. This equation assumes (a) that
all the molecules striking the ares will pass through the
orifice and (b) that the uniferm distribution of the mole~
cules &nﬁ~£h¢ir veloeity diraatiang are not disturbed by the
act of effusion. 1In condition (2), since the intensity of
the be&m~pﬁ$aing through the orifice is decreasszed 32 per cent
if the thickness of the sdge 1s equal to the dismeter (66),
the raetioc of the thickness of the edge of the orifice to
the dismeter is importent. The condition necessary for
stringent fulfillment of reguiremsnt (b) is that the aper~
ture dimensions shall be small in comparison with the mean

free path of the molecules in the source. If this condition
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i3 not fulfilled, there will be & tendeney to have eloud
formastion outside the orifice. Substituting P/RT for n,
as cbtained from the perfect gas law which holds for the low

pressures and high temperstures used, end in- for &, as
ecsleuleted from the kinetle theory, equetion (1) besomes:
| (2) Q= pa/ VETT

In which p 1g the pressure i;; egs units, ¥ is the molecular
weight of the wvapor m&i&eu}a,‘g,is the gas constant and 7
is the absolute éemparatnrsg

The varistion of Q with the change in direction of the
solid angle was first proven experimentelly by Enudsen (5)
and is given in the law of cosines: ‘

(3) 4aqQ =(Q/jy)cos & 400

which simply states that the intensity (moles per second per
unit éelid sngle) of vapor besm in an increment of solid
angle varies in proportion to the cosine of the angle with
the normal to the orifice. An illustration of this relation
is shown by Figure 9 1n which the intensity of the beam in
eny direction 1g proportionel to the distance from the orifice
to the tangent clrecle. Eqaatiga {3) will bold only if the
orifice is thin edged, that ia, i1f the thickness of the
orifice edge is amall compered to the dismeter of the orifice.
The dotted line in Pigure 9 1llustretes the distribution 1if
e canal-~like orifice is used.

To find & relation representing the rate of collection
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of the vapor on the target, the differential equation is In-
tegrated over the solid angle of the besm subtended by the
collimator. Substituting for 4 and integrsting, the fol=-

lowing equation is obtalined:
e‘x

(4) ﬁwj 2Q cos © sin e de
0

= Q sin® 8y
in whkich K represents the moles per gecond passing through
the collimator. Evaluating sin 8; in terms of the dlstance,
éa, of the orifice to the collimator and of redlus, L2, of
the collimetor and subatituting for Q from equetion (2) the
relation becomess:

VETERT (4% + %)

The smount of materisl condensed per second on the foll

¢en 8lso be evaluated from the activity of the sample by the
relations

(6) w¥= &
60T 8 ¥

in which ¢ is the counts per minute of the sample, 1 is the

exposure time in minutes, 8§ le the apparent specific sctivity
of the sctive cerium metal determined on & known weight of
cerium in the same manner 8s the semple and ¥ is the molecular
welight. | |
Equating equations {8} and {6) and solving for p, the
following equation ls obtslned with the pressure expressed in

dynes per sguare c¢entimester:
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(") P(aynes/em.2) = —-E "‘ = (1 + %% &\ [

Converting p to units of mm. of ﬁg, the working equation (8)

resultsas

(8) P(mm, Hg) ““§"§“‘ (1 + P2/ royiee = 15'3'?\%

Eveluating the csnatanta, and caleulating the term, (1 +
/°%/ag},,uhiﬁh is equal to 1.002 within 0.03 per cent since
the ratia_@fgg? to g? is spproximately constant 1n sll the

runs made, equation (8) reduces to:
(9) P(mﬂ Hg) “*-EMW 7.726 x 10~3

whieh 1g the standerd equation used in all the galeulations
on the data cbtained for cerium,

The assumptions made in deriving the above eguation are
listed below:

{a) The mean free path of the molecules in the crucible
is greater than 3 times the dismeter of the orifilce.

{b) The meen fres path of the molecules in the chamber
outside the crucible is greater than the distanece to be
traversed by the molecule before reaching the target.

{¢) The vepor molecules are condensed by the walls.

(d) The orifice ig thin edged; that 1s, 1ts depth is
negligibly small compsred with 1ts smallest diameter.

(e} The effective evaporating surface is large compared

to the mrea of the orifice.
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(f) Thers is no appreciable reaction between the cerium
and the tentalum erucible. |

(g) The temperaturs of the crueible 1s even throughout.

{h)}) Every vapor molecule arriving st the target is
eondensed.

{1) The moleculer walght of the vapor i1s known.

¥Finally, to agree with the assumptlions made concerning
the geometry of the sppsratus:

(J) The orifice and collimator are both ¢ircular.

{x) TTha plane of the ecllimator 1s parallel to the
plane of the orifice, the circles being co-axial.

(1) The aﬁaun% of the material on the target can be
determined by counting methods.

These conditiona appear to set up & stringent mode of
procedure , but in practice msny of the faectors are not too
eritiesl or can be approasched quite closely. Each of the
conditions wiil be consldered in detail and an attempt will
be made to evaluate the errors occssloned by fallure to com~
pletely f111 the requirements.

{a)} If the mean free path of the wvapor molecules in
the crucible is greater then the dlameter of the orifice,
there will be o qﬁ§31~hyﬁ?eéynamia flow at the aperture and
8 turbulent gas jet Instead of & molecular ray is produced.
Apparently collisions of a fraction of the effusing molecules

in or immediately in front of the orifice has the sffect of
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damming them up just outside the erucible to form & wapor
eloud. This eauses s lessening of Intenslity and s weskening
of the beam. According to Knsuer and Stern (67) this effect
is very minute for )\) 6r (A 1s the mean free path of atoms
in = gas) 1f thelir work on slits can be extrapolated to e
eireulsr orifice. A rough expression for the mean free path
in mercury vapor is: |

(10) )\(mm.; 6.9 x 10 @%%imﬁ’ Hg)

If the mean free path of ecerium vepor is spproximately that
afvmarenry, and sssuming that the work by Kneuer and Stern
is applicable, the aperture slze used in these experiments
was always lese then one~half the maximum size allowed.

{b) The mean free path of cerium vapor maintainsd st a
pressure of 2 x 10°5 mm. of Hg is one meter (equation 19).
This is more than 10 times the orifice-collimator ﬁisﬁanea,
80 no arravvsbauié be introduced. | |

(¢) As a check against reflection of vapor molecules
from the walles, every fifth foil was left unexposed to be
used as a blank. These blanks had an aversage activity of
five counts per minute or about three per cent of the sctiv~
ity on the folls. The average of these blanks was used to
correct the readingsj o an error of & 3 per cent could be
introduced from this factor. |

(d) If the orifice 1s not thin edged, but instead 1s

8 short cireular cansl, the distribution of the effusing



particles no longer obeys the cosine law, For example, the
dotted line in Figure ¢ 1s an illustration of the decresse

in intensity if the thickness of the orifice equals twice the
radius es calculated by Clausing (68). In the cerium studies
the ratio between the orifice edge and the diameter was less
than 1 to 193 according to Cleusing's findinga (66) this
would reduce the bheam Intensity less than five per cent as
compared to the 32 per cent reduction for 2 1 to 1 ratio.
From Flgure 9, the intensity loss is greatest at large values
of the angle 8, so it 1s appsrent that & small solid angle
subtended will reduce the error assoclated with this effect.
In the work done on cerium, the half angle ©; is never laerger
than 2.5 degrees; it follows that the error due to orifice
depth is less than one per cent.

{e) I the effective evaporsting surface la small com=-
pared to the area of the oriflce, unsaturstion exiasts in the
erucible and the pressure messured would naﬁ be the eqﬁilibr&um
vapor pressure. According to Fﬁasar»{és}, the effective
evaporating surface should be at least ten times ;hat of the
orifice. In work with molten metals 1t sesms best to meke
this ares ratio 1 to 100 to compensate for any oxide coating
floating on the sgurface. In this iﬁ?&s%igﬁblﬁ§,~ﬁhé ratio
of the orifice area to the area of the bottom of the eruclbls
was grester than 1 tavlﬁﬂg also, since cerlum wets tantalum,

the erucible material, it has a tendency to e¢ereep, thus eilding
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in obtaining a large clean metel gurface. However, since the
first exposures (to be discussed in the results) indicate
temporary unsaturation, this error 1s sssumed to be % § per
cent. '

(f) ¥No evidence of cerium slloying with tantalum wes
faun& by chemical or spectrographic analysis, or by‘visual
or microscopic examination. A plece of cerium hested to &
meximum of 1709, and held sbove 1500°C. for 30 minutes had
not éiasalveﬁ any tentalum secording to chemical and spectro-
graphice anslysls., Metallogrsphlc examination of a gcerium-
tantalum interfsce showed no evidence of alloying between the
two metals, and no change In the surfece of & tantalum
erucible was caused by cerium at 1450°C,

{g} An attempt was made to obtain & uniform temperature
throughout the crucible by placing it ingide a cvilaé}tangsten
heater sxtending 2% cm. above and below the erucible and sur-
~§nunéing the heater by & reflector. The walls of the erucible
were made 8s massive 2s possible to sssist in decreasing
heat gradientaj however, this correction was limited by the
size of the tantalum basr availsble. Since the vapor pressure
is determined by the c¢oldest wall temperature, the tempera-
ture was measured at the coldest point by placing the thermo-
couple in & well extending deep in%a the bage of the crucible
within 1 mm. of the charge and falrly near the supporting

stem which acted az 8 heat leak. The tempersture read is
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believed to give a very good representation of the tempera-
ture of the charge.

A possible error of one~half per cent in the tempera~
ture recorded may have been introduced dus to the gradient
between the bottom end top of the eruecible, sssuming a
~ gradient of 20°C. st & temperature of 1500°C.

(h) Since ecerium is extremely non volatile at room temp-
erature, 1t ls ressonsble to mssume that it would condense
en-we%sr*aaalaé“targsta, aayeeially‘ainee the reflection for
the glass walls, which were at 400°C., is so low. Since it
is = well known fact that condensation of metal atoms 1s more
esslly sccomplished on metal surfaces, metal targets of
sluminum were used to condense the cerium beam.

In experiments where condensation is known to be incom-
plete {69), it has besn found that the fraction étieking de~
pends upon the intensity of the besm of vapor molscules.

In the meagurements on cerium, the intenslity of the beam
varied by a fsctor of 103, If incomplete condensation did
ocecur, the marked change in the amount of condensstion should
produce s non-linear plot of log P sgeinst 1/T. No such
effect was observed.

{1} The cerium vapor is sssumed to be monatomic, an
agsumption which is in agreement with observaetions on all but
the alkaell metals (70). Moreover, any association of cerium

atoms would probably show up &8s & non-linear effect in the
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log P versus 1/T plots. This non-linearity was not observed.
The work of King (71) who cbtained the atomie spectra of
cerium by vaporlsing cerium in an eleoctric furnsce at temp-
eratures of from 2000 to 3500°C,, also gives earrﬁbargtivs
evidence in favor of this sgsumption, since he reports no
band spectra whieh would Indleste assocclation of the cerium
atoms 1nto molecules. While the temperatures used were some-
- what sbove those used 1n the vapor preassure maaaér@mant, it
does glve svidence that cerium vapor 1s not assocliated at
this higher temperaturse.

(j) The eollimator was round within 0.5 per cent, while
the orifice wss round within one per cent. Any possible
error wag minimized by taking an aversge dismeter.

(k) Sigae the cosine 1s a glowly werying function at
small engles, a slight misalignment or non-parallelism of the
orifiea”and the collimator would ceuse only small arféra;
however, there will be an error due to the variation of the
erucible position on the tungsten support. This error is
eatimeted at two per cent.

The errors enumerated above due to fallure to meet the
ideal eonditlons, will all saffect the accuracy of the &b~
scluts valus of the wvapor pressure, but only a few will
affect the slope of the plot of log P against 1/7 and con-
sequently the ecaleulated value of the he#t of wvaporization.
These errors will be discussed further with the presentation
of data.
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Apparatus

Effusion vessel

Tantalum wag chosen ag the material for the effuaion
vessel primarily becsuse tests showed it tob e highly resist-
ant to alloying with serium, Other propertles which favored
its use are 1ts high melting point, its reasonably good
machinability and 1ts property of adhering strongly to itself
et 8 tantalum~tantalum interface when hested in & wvacuum.

Due to this property of cohesion, & threaded-lid gesket clo-
sure was lmpractical since the threads froze on the first
run {6}; instead, s tapered 1id pressure closure was neces-
sary, the cohesion preventing any leakage.

Among other factors that were considered in designing
the erucible was the depirebllity of uniform temperature
distribution. This suggestsed the use of massive crucibles;
however, since the only tentalum avallabls was 1 in. red,
the erucibles were necessarily rather thin walled, having a
thickness of 5/5& in. The wetting and consequent spresding
of cerium on tantalum was qulte useful in causing & large
surface area of cleasn metaly however, this also caused fallure
in two runs becsuse of geepage of ths cerium through a slight
leak in the pressurs closure. The fact that tentalum cen be
spotwelded quite readily under scerbon tetrschloride permitted
the easy attachment of an aeccurstely prepsred orifice.
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In the design of the srucible one of the primary econ-
giderations was in obtaining an orifice approximeting the
idesl @snﬁitiaga. Fellswing the procedurs of Phlpps and his
co~workers (6), a disec of tantalum 0.005 in. thiek and the
same dismeter as the eruclble, was dimpled at 1ts exsct center
by pressure with a honed polnt of a short plece of tool steel.
The dimple was ground off on & plece of Bshr-Manning Polish~
ing Paper, Grit Wo. 3/0. In this menner an approximately
round hole with very thin edges was obtalned. The hole was
then burnlshed by & tapsered tungsten point which hsd been
formed by hesting and pertially dissolving on sodium nitrite.
The grinding and burnishing were repested until a round hole
of the proper size was obtained. To measure the diameter of
the hole, the drum of a Bausch & Lomb serew micrometer eye-
piagé wag oallbrated agalnst a Bausch & Lomb standerd 10 mm.
micrometer secele having 0.1 and 0.01 mm. divisions; the number
of revolutions of the drum regquired for the traversal of m
diameter was then determined for each of at lesst four dis-
meters of the hole. Unlezs these wvalues agreed within one
per cent the disc was rejected,

The effusion vesszel or erucible wes made of tantalum rod
# in. in dismeter. It wes spproximately 3/4 in. high with

& bottom 1/4 in. in thicknesa. The crucible was supported

by a 0.060 in. tungsten wire whieh fit snugly in a hole in
the bottom of the erucible, as shown in Pigure 10. The
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tungsten wire held the c¢rucible quite firmly end showed no
glgns of sagging or bending when hested. The crucible was
¢logsed by = 114 having a male 4 or § degree teper.

The thermocouple was Inserted into & well drilled 1In the
bottom of the erucible end fastened by means of a tentalum
wedge which was forced through a hole in the slde of the
well to push the thermocouple firmly against the opposite wall.
The thermocouple wires were 1nau1ate& by mesns of thin,
single~holed poreelaln insulators capable of withstanding s
temperaturs of 1800°C, The junction was protected against
contact with tantalum by a small plece of platinum foll. The
thermocouple used was platinum -~ 87 per cent platinum 13 per

cent rhodiumj the sisze of wire used wes B & S geuge No. 24.
Heating element snd radiastion shield

The heating element was a helix prepared by winding
0.032 in. tungsten wire on a threaded brass mandrel, with
both at a red hest., The spiral formed was 2% in. high, 9/16
in. in disweter with approximately sixteen regulerly spaced
turns to the inch. The leed wires were reinforced by 0.040
in. tungsten wire firmly attached by wrapping with 0.095 in.
tungsten or 0.019 in. molybdenum wira.‘ The leads wers welded
to a short length of 0.062 ine. nickel wire which in turn was
welded to the 0.060 in. tungsten wire passing through the

glass. The short length of nickel wire gave a messure of
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plisbility to the leads and alded iIn aligning the heating
unit. Before installation the tungsten spirel was snnealed
by heating to & temperature grester than 1000°C. on 8 beryl-
1ia form. A progressive segging of the colls of the heating
element was noted as the coll was maintained at high temp-
eratures, To gvei& getting up any thermsl gradients due to
uneven heating, the coll was replaced after esch run.

The peflector was made from 0,005 in. tantalum gheet
rolled into a eylinder 5 in. long and 1 3/4 In. in dlemeter.
The meeting edges were corimped together and spotweldsd. Two
nickel supports wers spot welded to the slides. A removable
11d of tantelum sheet with a hole of approximstely the same
size sa the c¢rucible togsther with s bottom shleld with holes
cut for the support and the electricel leads were slso used
to reduce radistion lesses and to assist in reducing any

possible thermal gradient.
shutt

The shutter consisted of s portion of glasa tubing of
the proper gize to fit the inalde curveature of ths 6) mm,
tube contalning the slide. The shutter wes attached by glsass
rod to a seeled glass tube contalining a plece of mild steel.
It was operated by a permanent magnet outslide the vacuum end
~could be opened or closed in less than two seconds. No
guldes were required, nor was there any tendency to wander

or rotate when the shutter was opened or closed.
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Collimator

The collimator wss prepsred from flat rolled brass stock
14 in, wide and 3/8 in. thick. The collimstor hole was cut
with a8 45 degree taper Iin the wslls. The unit was held
firmly against the urdersgide of the water cooled slide support.

Collsctor

Flat rolled brass stock of the seme kind as used to make
the collimator was employed in fabricating the target holder.
The slide holder was 24 in., long with twenty 3/4 in. holes
drilled t@raugh at equally spaced imt#rvaln‘” A shoulder sround
each hole, to provide a seat for each target, was cut by a
flat-cubting 1 in. drill. A wineh operated from outside the
vacvum through & greased standard taper jJoint was used to
pull the sliﬁe‘by means of & No, 34 B & S gauge chromel wire.
While the motion of the slide could not be reversed, it could
be easlly and accurately stopped at a given mark.

The tergets were 1 in. dlses cut from aluminum sheet
0.010 in. thieck which fitted into the recesses of the slide

holder desecribed sbove.

Vacuum apperatus

The apparatus used in the measurement of the vapor pres=-
sure of cerium 1g 1llustrated in Figure 1ll. The gystem wes

evacuated snd the vscuum maintained by a glass three-stage
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fractionating ofl pump, Type GF2SW manufsctured by Distil-
lation Products, Inc. The diffusion pump had a rated ecapscity
of 25 liters per second at 1&“5 mn. of pressure and hed an
ultimate vacuum of § x 10~8 mm, at 25°C. A Weleh DuoSesl
mechanical pump was used as & backing pump. Vacuums of 10~
mm, of Hg or better wers ocbtained after outgeassing. The
operating range was below 2 x 19°% mm. of Hg except at the
very beginning of each run. Vacuum measurements werse made
with an lonizetion gsuge, Type 507, menufactured by the
Hatlonel Research Corporation. A thermocouple vacuum geuge
also made by this company was &aed}ta meagure the vacuum down
to the working pressures of the lonlzation gauge. The gsuges
were gesled into the system at a point between the trap and
the gystem.

The apparatus itself consisted of two arms to contain
the collector, shﬁtﬁer, collimator and cooling unit, snd of
&  shorter verticsl barrel contsining the furnace as shown
in Pigure 1l. No guldes were necessary in the outside srms
becauss some part of the slide slways rested on the water-
cooled support and prevented rotation. Lateral displacement
was avolded by having 8 close fit betwesen the sglide and the
containing arma.

The furnace, consisting of crucible, heating element and
reflector was aupperﬁsﬂ’by five 0.060 in. tungsten wires thet

were seeled into a post extending up into the verticel barrel.
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A press seal of pyrex to the five tungsten wireas, covered at
the interface with 2 thin leyer of uranlium glsss, gave &
sturdy, vacuum bight seal that did not erack in four months

of continuous use, The Inside of the post was open to the
stmosphere and eontained the electricsal leads and the thermo-
eouple ovtlet, The post wag gsealed into the sgystem by means
of & lapped standard taper $ 55/80 joint. The joint was

waxed shut with Pysesl or Aplezon wax. Some trouble was en-
countered due to softening of the wax when the furnace was

at high temperatures. This difficulty was corrected by attach~-
ing copper cooling fins around the taper and ecooling with a
gtrong blast of alr. The outlet of the thermocouple consisted
of a glass tube sealed into the center post and extending
down{ﬁhafaenter of the post Into an ice bath. The thermo-
couple voltage was brought out through two 0.049 in. tungsten
wires sealed in the tip. The thermocouple was attached to

the tungsten by small bress e¢lips which fit snugly over the
tungsten wire. The entire junction was kept at 0°C. to avoid
any electromotlive forece effects due to contset of the differ-

ent metals.

Auxilisry eguipment

The suxiliery Instruments and apparatus may be claassiflied
according to use: (&) for regulating the hesting current,
{(b) for temperatwe meagsurement, (¢} for messurement of

vacuum, {d) for messurement of distances, (e} for measurement
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effective helight of the erucible was obtained by measuring
the overall helght of the ¢rucible by means of s micrometer
and subiracting the depth of the support hole.

& Gelger-Muller counter tube with & miea window produced
by the Vietoreen Instrument Company of Cleveland, Ohio, wasa
used for the measurement of the radioactivity of the targets.
The window hed 8 thieknesa of & mg. per square om. The
pulses were smplified and eounted by & Geiger-Muller Secaler
{scals of 64) menufactured by the Instruments Development

Laboretory.

Procedurs
Preperation of radloactive gerium metal

The active cerium was prepared by irredisting 1.2 grams
of eeriuwv@atal in the Oak Ridge resctor. The metal was
quite pure, containing less than 0.1 psr cent calcium and
less than 0,085 per cent magnesium. The radiosctive cerium
ﬁas.praduﬁaé by neutron bombardment according to the follow-

ing nuclear resctiona (72):

Ccel40 gg,a'}a@eléel R Pridl (gtable)
g% w 82G

rald? 143 143 - waldS

ce ingxzése Pr a8 Hd**“({stabls)
t% T i

The energles of the radioasctive disintegrations are

given in Table 16. From the table, the praseocdymium sctiv-
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TABLE 186

ERERGIES OF RADIOACTIVE DISIRTEGRATIONS

OF THE ISO0TOPES FORMED

Isotope Helf 1ife
3

g~

mev

1.4
mev

Ratio of
sotivities (73)

Cel4l 29d
Cel4dd 33h
prl43 13.5d

0,856
1.03
1 iG'

0.2

none

m;
12
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ity 1s seen to be about & per cent of that of the long lived
cerium isotope at the time the cerium 1s removed from the
resctor. It can be shown by gglaulatians on the basls of
half-lives that after 120 days, the time the fiﬁ&l count was
made this sectivity had decayed to 0.3 per cent of that of
the long~-lived cerium isotope. The low activity of the
praseodymium isotope in the eariam:aaa confirmed by & care-
ful determiration of the specifiec activity of the cerium.
The active sample was allowed to decay for 120 days be~
fore meking the final count of the targets for the calculs-
tion of the vapor pressure. The specifiec actlivity of the
radloactive cerium was determined at this time both from
samples atlll contalning the residual preaseodymium sctivity
and from praseodymium~free samples. %Two ssmples containing
the residusl prsseocdymium activity were used: the first was
welghed as metal and then dissclved in dilute nitric acid
and diluted to a known eoncentrationy the second was welghed
ag ceric oxide {(Ce0,) which was dissolved in s hydrochloric~
hydrolodic scid mixture end then dilunted to & known volume.
Three separatse ssmples of praseodymium~free ¢erium were pre-
pared by three successive lodate preeiyihatiena of the
tetravelent cerium ion. According to Boldridge snd Hume (74),
who adapted thils sepsrstion for tracer work, these precipl-
tations remove 92 per cent of the activity due to trivalent
rare earths. After the purification e¢ycle, these samples

were preclplitated as the oxalste and in one cass weighed as
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(1.0, Cee{Cp0¢)s*9Ha0), and in the other cases converted to
the oxlde for welghing. These samples were dlssolved as
oxides in s hydrochloric~hydroiodle scid mixture and diluted
to known concentrations.

Aliquots from the gtaaéar&\aalatiana of the samples were
teken with & mleropipet, snd transferred to the aluminum
targets, rinsing the plpet three times after esch transfer.
The sliquot and washings were evaporated to dryness. There
was & slight earrasién of the sluminum by the weakly-acid
corium solutioni however, the sctivity of & semple prepared
in this manner did not differ apprecisbly from the asctivity
of & sample avayerat&é to dryness on aluminum whieh had been
protected by a thin zepon film. The sgtandard samples so
prepared were counted in the seme way as the targets from the
vapor pressure messurement. Of the five samples prepared,
&n agreement within 2 per cent was obtained for the specific
sctivity of cerium. This egreswent indicates that by decay~-
ing through nine half-lives the praseodymium ectivity was
reduced to negligible ammnhks. )

For purposes of comparison, 8 stsndard comparison sample
was counted with the targets obtained in each run. The de~
crease In asctivity of this sample wss used to esleulate the
decrease in the specific activity of the cerium. Use of
this standard also corrected for sny variation in the counting

rate of the Instrument.
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methods

Manipulative

The entire setup was degassed before each run to reduce
the possibility of oxidizing the resctive cerium by gases
" diffusing from the crucible, heating element and shield. The
erucible and 114 were first clesned by bolling in aqua regis
for several hours, and then rinsed carefully with water and
acetone, The thermocouple was then attached and the erucible
was mounted on the tungsten support. To prevent adhesion of
the 11id to the erueible, it was supported by & cone of molyb~-
denum sheet or by tungsten wlres slipped over the edge of the
erucible. The 11d of the reflecting shield was then plsced
in position, the furnace unlt ingerted into the apparatus
and the standard taper waxed shut. The targets and slide
holder were also loaded before degassing. These were first
cleaned and then washed in distilled water, bengene snd
scetone, The gresse free gsllde wes then placed in the appa-
ratus. |

After aqaaﬂmwwﬁm»‘www heating element was heated to
spproximately 1000°C. and the entire unit excepting the waxed
joints was torehed. The furnsce was then held sbove 1000°C,
overnight. The temperature of the erucible was then ralged
to 1400°C. snd held until the pressure dropped to 2 x 10-% mm.
of Hg. The apparatus was allowed to e¢ool and the vacuum
wag broken by nitrogen dried by a long column of Drierlte.

The furnsce was removed by melting the wax seal, &nd placed
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but in & few minutes wae at 3 x 1%“5‘ §m. of Hg. After the
first exposure the vacuum wes below 2 x 1075, when the
tempersture became constent, uwsuslly in five minutes 1if the
temperature c¢hange wes smsll, the timer was started and the
shutter cpened. The btemperature fluctusted as much as

20 degrees during the long sxposures, although for short ex~
posures 1t held constant within several degrees. The varia-
tion was corrected for by taking regulsr temperature readings
end averaging them. Wheﬁ the exposure was complate, the
timer was shut off and the shutter elosed. The slide was
moved to a new position, the temperature changed snd the pro-
cess repeated. Three of the targets spasced at regular inter-
vals were not exposed for use as blanks.

3tandsrd ecounting procedurs was followed with respect
to corrections for background and for counter resolution loss.
Esach expaaﬁra waas counted until 10,000 counts head been re-
corded.

The thermocouple was calibrated by thermel analysis
ageinst the melting points of copper, silver and nickel. The
copper and silver were melted in a tantalum erucible under
the same conditlions used in determining the wvapor prsssure.
It has been reported (75) that silver does not alloy with
tentalum, and thers also was no indicatlion of alloying with
coppery however, a gold standard melted in the ssme menner

gave definiﬁé indications of dissolving tantalum and con-
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gequently the arrests for this sample were dlscounted although
they fell on the difference line within the experimental error.
A beryllia crucible wes used for the melting point determinae~
tion of nickel} the therméeeﬁyla was thrust down into the
metal & short distance té agsure good thermal contaet. By
experimentally determining the power settings ?aquirsd to per-
mit the metals to just melt snd to just freege, the furnsce
temperature could be adjusted so as to obtailn arrests of 10
minutes in dursation. The correction of the tbﬁrmceaupls is
listed in Table 17 and the true temperature ls obtained from
the difference curve, Figure 12, plotted from these data.

Results

Meagurement of the vapor pressure of cerium metal was
attempted on six samples from & 1.2 gram plece of cerium
which had been cast in a caleium oxide crucible, recast in a
tantalum erucible and swaged into a 3/8 in. rodj the cerium
had been irradiated in the Oak Ridge plle for 30 days. The
amount of ﬁerigm uged in eseh run smounted to spproximately
100 milligrams, the exact weights were: (1) 0.110 grams,
{(2) 0.1545 grams, (3) 0.1855 grams, (4) 0.0877 grams,

(5) .0905 grems, and (6} 0.125 grams. The samples were cut
from the rod by 2z palr of side-cutters} they were single
pisces, but wlth small surfsce cracks due to the swsging

operation. The semples were cleaned by scraping with a sharp
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TABLE 17

DATA FOR CONSTRUCTION OF

Element Melting point Melting point Tempersature
actual ahsargg@ - gorrection

°c . c . °c
- 0 0 0
Ag 960.5 955 5.5
Auw 1063 1657 7.0
Cu 1083 1073 10
N1 1454 1443 11

* , ,
Sample alloyed with ecrucible.
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Figure 12. Differsnce Curve for the Correction of the Platinum~
87 per cent Platipum 13 per cent Rhodium Thermo-
couple.
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knife until the entire surface of the pellet was the sllivery
gray color of fresh cut ceriumj they were washed in banxana
to remove any oxide dust and the sample was then placed in
& desiccator from which it was loaded into a crucible within
an hour after clesning.

In the vapor pressure mesgurements made, samples (3},
(4), and (5) yielded values thet were in essentisl agreement
with esch other. &amgkes (1) and {8) showed vapor pressures
that were at first of tﬁa”samg order of magnitude as thoge of
samples {3), (4), and (5), but which decreased very qulckly
to & negligible valwue. In both of these determinations, the
vasuum had bagn partially destroyed by minute lesks which
had developed, and the sample had been slowly oxidized. The
run with sample (2) gave vapor pressure values which ineressed
regularly with the temperature but which were greater by =
factor of two than those obtained for later runs. At the
close of the run it was observed that a large smount of the
sample had lesked, by ceplllsry action, through the pressure
closure between the 1id and crucible and had thereby increased
the area of the wapor sourece arnd consequently, the apparent
pressure.

The deta and caleulations for the s¥Rteen exposures
made in Run A on sample (3) are given In Taeble 11. The
orifice dlemeter, 2r, was 7.0786 em., the collimator dismeter,
2L, was 0.7938 em,, and the orifice~collimator distance, 4,
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TABLE 18

THE VAPOR PRESSURE OF CERIUM METAL
RUN &

T~ Exposure Counts ~ Tempera- VApDOT pressure Reclprocel
Target tine per min. ture 10 P temperature
T{min.) c T°K. *%810 “mm.  1/p x 10t

, ; VT on . -5
% WR

A8 76 B58.5 1623 2.369 6.161
A% &0 1167.9 1650 3.793 6.062
A8 30 653.1 1875 3.845 5.870
A9 20 564.2 1694 3.952 5.903
A1l 15 §53.8 1711 £.079 5.845
Al2 60 771.3 1855 3.614 8.042
Al3 75 626.2 1636 3.423 8.11¢
Al4 1o 588.8 1899 S3.287 6.254
Alb 1609 316.3 1897 4.994 - 64341

Hg) = Q—;’,i 7.97 x 1076

Als 126 26.1 1494 5.81 6.603
Agw 120 28.3 1539 5.87 6.497
AZ® 150 40.9 1557 5.93 6.423
Adw 100 43.4 1582 4.14 6.321
A7 120 146.4 1544 (. 582 6.477
Al8 120 7.1 1511 . 400 8.618
Al9 123 42.6 1473 £.037 6.789
AZo - 150 7.6 1453 B.747 6.882

* omitted from caleulation of least square line.
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end of the vepor pressure seale, and held there for the firsat
exposure., By this meamns, the adsorbed vspors on the furnace,
erucible and cerlum slowly diffused out of the materials

- without incressing the pressure In the apparatus sufficlently
to cause oxlidation of the eerlium. After the first sxposure,
exposure temperstures were increaged in steps of 55 degress
until the maximum temperature was attained. Exposures were
then made at temperature intervals down to the originsl
starting temperature. At least twice during each run, the
sample was permitted to return to room temperaturs.

The low results can be iagiaally explained by the as-
sumption that & slight axiég layer, probsbly from oxlide en~
trapped in the gwaggd metal, had collected on the surface
of the molten mstal, thereby producing unssturstion of cerium
vapor In the crucible as discussed in assumption (e). If
this reasoning 1s sccepted, the rather regulsr increase of
the apparent vapor pressure with tempe rature would be ex=-
plained, for if the unsatursting condition remains, the pres~
sure will inecresse in proportion to the temperature. Also,
since 1t 1s known that the solubility of the oxldes of the
rare esr tha in metel, ms judged from lanthanum, incresses
markedly sbove 1200°C., the solution of the oxide layer and
gubsequent removal of the unsaturating influence would account
for the sudden dissppearance of this effect, since a clean
metel surface would then be exposed for evaporation. On these

bases, the four ssmples were rejected.

I
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Since & slight emount of oxide i1s assumed to be in the
ecerium, the vapor pressure of a dilute solution of eerous
oxide in cerium has been messured, but this pressure should
ggree within a few per ecent with the wepor pressure of pﬁré
cerium,

| From a least squeres line computed for Run A on sample
{3) the fallawinganﬁﬁtian 1s obtained relsting the pressure

and the temperatures

(12)  logyy Prpy, mg) = - 2o+ 11.25

from which the heat af vaporization is evaluated at 1035.3
kilocalories per mole, end from which the bolling point at
atmospheric pressure is 2699°K.

The results of thig first run sre comparsble with those
obtained in Runs B and ¢, but the actual vspor pressure
measured 1s slightly higher. This 1s attributed to a very
slight leek In the pressure closure, as evidenced by a small
smount of cerium metsl in & seversl millimeter length of
the crevice formed between 11d and erucible. This area was
not directly exposed to the ecollimator, so the effeect should
hsve besn very small.

The results of Run B are inecluded in Table 19 for the
ﬁgggéen exposures made. In this run the orifice~gollimator
distance was B.76 e¢m., the orifice diemeter was 0.0775 em.,

and the collimstor dismeter was 0.7938 e¢m. At the time of
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TABLE 19

THE VAPOR PRESSURE OF CERIUM METAL

RUN B
' Exposure Counts Tempera~- Vapor pressure Resiprocal
Target time ~ per min. ture 1 , temperature
ZYlmin.) ¢ 7K. 0810 Pmm. 17 x 1074
Plmm. Hg) = G"? 7.61 x 1076
B6 75 1077, 1644 Z.646 8.082
BY 50 743,86 1663 3.664 6.012
B8 30 463.5 1877 5.682 5.963
B9 20 365.0 18694 % 757 5.903
Bll 15 323.3 1702 831 5.875
B12 19 346.2 1712 2.037 5.841
B13 60 554.5 1655 3.456 - 6.042
Bl4 75 306.0 1623 3.097 6.161
B15 100 155.9 1581 f.674 6.325
P(mm. Hg) = "'rﬂ 7.94 x 10~6
Bl . 120 20.% 1481 5.719 6,844
B2# 120 16.7 1807 5,631 8.636
Ba® 120 45.5 1569 f.078 8.373
B4# 100 69.4 1607 4,344 6.223
B17 125 96.1 1552 Z.382 6.443
B18 125 78.0 1531 4,288 8.531
B19 120 57.4 1520 4,17 8.579

B2N 150 43.5 1487 T.048 8.725

* Omitted in ealculstion of least asguare line.
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TABLE 20

THE VAPOR PRESSURE OF CEKIUM METAL

ROUN €
B ﬁ?g@aurs Counts f&m@er&~“§kpﬁrvprsasuré Heciprocal
Target time per min. ture temperature
‘r{min'} c T°K. 10810 Pum, 1/7 x 104
P woy = CYE 5 o -6
{mm, Hg) = 7.51 x 10
c1 150 8.7 1433 F.218 6.978
ces 125 4.6 1499 B.029 6.871
c13 120 178.9 1588 £.648 6.378
c14 120 231.7 1591 Z.762 6.285
17 120 67.4 1532 Z.218 6.527
cen 120 120.4 1546 4,47 6.468
¥ - ey 75 x 106
P(am. Hg) = T 7.6 x 10~
ot 120 17.5 1563 B.650 6.398
C4n 100 27.0 1598 B.922 8.258
ce# 76 52.5 1642 4.336 6.090
c7 30 283.3 1886 Z.477 5.931
c8 15 296.4 1706 F.80 5.862
c9 10 214.5 1712 %.838 5.841
CVYTF -
Plam. Hg) = --—-.‘-,{,:s‘m x 10~6
€11 52 434.7 1657 . 439 6.035
c12 100 4486.9 1618 .161 6.180
cie 230 27.0 1459 5.559 6.854

c1i8 120 37,9 1514 5.994 6.805

¥ omitted in caleulation of least sguﬁre line.
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from which, the heat of vaporization is 108.9 } 1.7 kilo-
calories per mole. The boiling peoint st atmospherie pressure
is found to be at 2759 ¥ 59°K.

Combining the results of Runs B and C, which are the tﬁa
snaeaaafui‘éxpariments, the least squares line of the wvapor
pressure ss determined in this Investigation was caleculated,

with the result listed below:

(15) ~ + 11,58 ¥ n.27

from which the heat of wvaporization is 107.7 ¥ 2.0 kilo-
calories per mole snd the bolling tempersture at stmospherie
pressure 1s 2600 * 0°K, The probable errors sre calculated
from the least squares method, A plot of the points obtalned
in Puns » and ¢ compared %a the least squares line is given
in Figure 13. The points, not used in the esloulation, were
ineluded for purposes of comparison.

Discusslion of errors

In considering the errors in measuring the vapor pres~
sure of cerium, 1t is convenient to rearrange the components
of equation (8) and to consider them under the types of errors
they might introduce. In wqu&tiaﬁ,(s%)

(8h) ?{m* Bg) = [g;}."@] [ '

204

+ 2 2/a8)

P2

IV 4
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the truly statistical errors are asgembled in the first group,
the errors dﬁ% to variations in the geometry whieh contri-
bute 8 aanstang error to P for esch run are aantaiﬁeﬁ_in the
middle portlion, snd the errors in the constants are grouped
in the last section. BSince ths resulis of two runs were used,
8 more or leass statlstiesl varlation due to all thess factors
will oecur.

Errors of a statistlical nature enter Ilnto the first
terms of equation (81), namely ¢, I, and T. Considering
the high and low reglons of vapor pressure, st 1700 and 1500°K.
exposures of 15 and 120 minutes respectively were used. The
error due to opening the shutter 1s ¥ 0.03 minutes, and to
closing the shutter is % 0.03 minutes. Teking the probable
error in T as the root mean squere of these errors, the
error is ¥ 0.042 minutes. Then &t 1700°K., the srror intro-
duced to T is % 0.3 per cent and 1500°K., % 0.05 per cent
which introduces an error to P of the same magnitude. The
error in messuring T 1s assumed to be ¥ 3°, which would in-
troduce an error in T of % 0,18 per cent at 1790°K. =snd ¥ 0.2
per cent at 1500°K. The uncertainty in C 1is determined by
(a},tha statistleal flueﬁﬂm@iﬁﬂ in ecunting which, for
10,000 counts, is 1 per cent (b) the uncertainty in counting
time, which was negligible for the reasonsbly long counts
required, (¢) the uncertainty in resolutional losses, wiich

is else slight in the eounting range used, and (d) the uncer-
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expension afhtungatan as 4.4 x 10™6 per degree C. st all
temperatures, the increase in length of the support would
be 0,92 om, for an average correction in length of + 0.16
per aenﬁ. Taking 6.5 x 19~6 per degree C. at all tempera~
tures for the coefficient of expension for the tantalum
erucible, the correction would be + N.18 per cent. Combining
the errors, a total correction of - 0.34 per cent in the
collimator-orifice dilastance or a correction of ~ 0.7 per
cent in the pressure 1s obtained. 1In caleulating the error
in P from the change in radius, r, of the orifice, the cor-
rection to the radius is ~ 0.08 per cent which gives a cor-
rection to the pressure of =~ 0.2 per cent.

Considering the inherent errors, the value of R and M
are known with much gresater accuracy than that of the experi-
ment. Of course M wes obtained by assuming the vapor tobe
mono~-atomic, but this is not likely to introduce an error for
the reassons discussed in assumption (i). In the determine~-
tion of §, the specific sctivity of the cerium used, the
highest accuracy which ean be expected by teking 10,000 counts
1s a ¥ 1 per cent statistical mccursey and m ¥ 1 per cent
geometrical accursey by exsct centering of the folls. It isa
probable that, while a ¥ 2 per cent reproducibillity was ob-
served in comparing the counts of the comparison standard of
cerium, a maximum sccurscy of ¥ 3 per cent is the best that

can be e¢lsimed in thls standerd. This introduces an equal
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uncertainty in P.

Other errors that were discussed in the assumptions
are those due to a wvariation in the paaitian“af the crucible
which mey introduce an error of ¥ 2 per cent, and those due
to unsaturetion efffects which were estimated st %t 5 per
cent, and finally those that might be cauged by the eorrec~
tion of background counts on the bleanks which were % 3 per
cent, |

The treatment sbove also does not include the error
introduced to P by the variation of 1/T, for in that treat-
ment it was mssumed that there was no error in the measure-
ment of 1/T. However, since the probable error in T was
% 3 degrees or about a ¥ 0.2 per cent varlation in the value
of T, it ean be shown from equation 15 that the corregpond-
ing error reflected in P 1s ¥ 7 per cent.

A summaery of the errors ls given in Table 21 and indi-
cstes B maximum uncertainty of ¥ 28 per cent in the deter-
mination of the vapor pressures. The root mean sguare aver-
age of the errors in Table 21, which would give the most
probable error if all the errors were statistical in nature,
is £ 11 per cent. From the least squares treatment which
gave equation 15, 1t cen be shown from the eanéisteney of
the measurements that the probable error of s single value
of P 1s ¥ 15 per cent. The difference between the predicted

and the amectual error csn be explalined on the baesis that some
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TABLE 21
SUMMARY OF EREORS IN THE VAPOR
Pﬁ.ﬁ?yﬁﬁ&g MEASUREMENTS
Quantity Probable
Nature of error whose error error in
is involved P
— ¥
Inherent 8 s
Systemsatic |
(a) In measurements | a2 + g
r2 1
ke to.e
{b) In neglect of changes caused ae + N7
by hesating
r? - 0.15
r= negligible
{¢) Verlation of orifice position T2
Btatiszticsal T +n.2
P to.2
4
Other errors
Unsaturstion *s5
Varistion of background 3
In temperature measurement 1/t ty
Maximum total error t 28
Root mean square error *

11
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of the errors are gystematic iIn nature and vary only between
the two runs and that the predicted probsble error 1s slightly

larger than % 11 per eent.



139

SUMMARY AND CONCLUSIONS

The productlion of the light rare earth metals, neodym~-
iuwm and praseodymium, was found to be posslible by the metal~
lothermie method first perfected for the preparatlion of
cerium at thls lasboratory. The mebtals were formed by the re-
duction of the anhydrous trichlorides of the rare earths by
calelum in 10% excess with a "booster"” of iodine in the ratio
of 03,63 moles to one mole of the chleridej the ilodine pro-
vided the excess heat required to completely melt the reac-
tion products and thereby to permit the metsl to separsate,
The reductions were carried out in 2 steel bomb lined with
é sintered lime crueibls. Four kllograms of pure cerium metel
and 1.8 kilograms of dldymium metal (80% Nd, 10% Sm, 8¢ Pr,
and 2% other rsre earths) were also prepsred by this method.
Tre reduction method for the prepsration of these metals was
completely reliable with no failures in e&ny reduction attempt.
An average of the apparent ylelds obtained for each of these
metels 1s: 90.4 per cent for ceriumi 91 per cent for neodyme
iumy 76 per cent for praseodymium (on small scale where yields
are low)j and 83.5 psr cent for dldymium. The ingot metal
produced in the reductlion 1s well formed, with smooth sides
and top, and free of occluded slsg. Impuritlss introduced
are magnesium and caleium which were removed by vacuum dis~

tillation.
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An ingot of impure yttriuwm (7% Y,HI&% X4, }0% Sm, and
2% GA&) was prepered by the seme processj however, the pro-
cedure did nat”yisld getai wgth the chloride of more pure
yttrium (90% ¥, 2% cd, 6% Dy, end 1.5¢ Sm). The failure 1s
attributed to the high melting paiat of yttrium which pra-~
vented the fusion and, consequently, the collection of the
metal.

An extrapolation of thls method to the preparation of
samarium metal from the hallde was unsuccessful. No metal
eould be obtained by reduction of the trichloride, tri~
fluoride, or trilodide of samarium by eslecium, with either
iodine or potassium chlorate as "boosters”. A small amount
of metal was prepsared as 8 ealcium alloy by the reduction
of semerium dlchloride by calelum; however, it could not be
recoversd for recesting. A zine alloy of samarium was pro-
duced snd separated In low ylelds by the reduction of the
ssmarivm trichloride or trifluorlde by caleium with zine
chloride ss & "booster". Ten grams of this slloy were re-
moved from the slag snd recast to give 2 grams of a gamarium-
rich metal containing greater than 50 per cent ssmarium.
The preparstion of n&marigm metal by the metsllothermie
process was not perfected, but proof waas establighed that
metal could be obtalned by use of an alloying sgent. |

In studies on the purification of the ﬁﬁtais, corium,

neodymium, praseodymium, and didymium, considerable 4if~-
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ferences were found batwaen'the reactivity on ceramie cruc~
ibles of molten cerium mgtal and that of the other metals
investligated., Neodymium, praseodymium and didymium stteck
refractory oxides at temperatures more than 100 degrees be~
low the tempersture at which the same oxide 1z stable to
molten cerium, In sgreement with published work it was found
that magnesium oxide was the most satisfactory refractory
oxide for cesting the rarﬁ earth metals. Beryllium oxide

wag attacked by cerium at 1070°%C.3 calcium oxide was stable
to cerium at 1150°C,, but was bsdly eroded at 100N°C. by the
other three metals studied. The refractory oxide most suited
for purification distillations is magnesium oxide which is
stable in the presence of the rare earth metels up to 1200°C.
By heating neodymium and cerium in megnesla, the caleium
content wes reduced to 0,05 per cent and the magnesium ean?
tent to lessz than N.025 per cent for ngedymium anﬁ N85 to
0.025 per cent for asrium.‘ The metals, molybdenum and tanta-
lum, were lnvestigated as crucible materisls, and found to

be insoluble in the rare sarth metals. Cerlum waes hested to
1700°C. in tentslum with no solution of tantslum snd to
1400°C. 1n molybdenum with no molybderum contamination. These
metals are apparently very resistant to alloying with the
rere esrths. Tanteslum crucibles were not used for the puri-
ficatlon of cerium becsuse of the limited amount of crucible

material available, but they wers superior to any of the
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oxide refractorles on the basls of the small scale castings
made .

The denslity of cerium metal containing 0.1 per cent cal-
clum 1s 6,747 grems per cuble centimeter at 23°C., which
is 0404 grams per cuble centimeter lesg than the theoretical
density of pure ceriumj; 1ts hardness on the Knoop Hardness
Sesle is 25 which corresponds roughly to 19 on the Brinell
Hardness Scale, While the hardness 1is slightly less than
that found by others (Tsble 10), the workability of the metal
appears to be less, It can be ¢old rolled in the Impure
state (0.2% Ca, and 0.2% ﬁg},~bnt when more of the impuri-
ties are removed the malleability decreases. The difference
1s sttributed to oxide impurity introduced by reaction with
the cruecible.

Neodymium metsl with 0.5 per cent caleium and one per
cent magnesium has density of 8.999 which is equal to the
theoretical density reported for pure neodymium (14). This
result indicates that the theoretieal density may be low,
since the impurities in the neodymium should reduce its
density considerably. The hardness of neodymium 1s 47 on
the Knoop Seale which 1s approximately 33 on the Brinell
Hardness Scale.

The melting points of cerium and neodymium metal were
determined. .Cerium,contalning 0.1 to 0.2 per cent calcium
and 7.05 to 0.2 per cent magnesium, melted at 793 ¥ 5°C.
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with a solid transformation at 703 ¥ 10°C. A melting point
of 8§20 ¥ 10°C. was found for neodymium metsl containing
N.5 per cent calecium and one per cent magnesium.

The vapor pressure of cerium metal, from 1075 to 10~%2
mu, of Hg, was determined in the tempersture range from 1460
to 1720°K. by & modification of the effusion method in which
the smount of metal condensed was measured by use of redio-
active c¢orium tracer. The vapor pressure was caleculated
from the temperature of the ssmple, the geometry of the system
snd the quantity of metal~aaﬁﬂensed. The relstion between

the pressures snd temperature was found to be:

| - —_83,400 t 440 P
leglg P{mm. Hg) T + 11.58 < 0.27.
From this equation, the heat of vaporization 1s 107.7 % 2.0
kilocelorles and the bolling point at atmospheric pressure

is 2690 .o T0°K.
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