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PREFACE

In the latter part of 1954, General Electric-ANPD initiated
a program directed toward the Jevelopment of_an yttrium
metal suitable for reactor applications, A éonsiderable
amount of information has now been collected pertaihing

to metal procurement, technology, and fundamental properties,

This document 1s published with the intent of providing a
single source of information for Project use, Since it is
a preliminary report, any constructive critiecisms or cor-

rections will be apprecilated.
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HISTORY AND OCCURRENCE OF YTTRIUM

In. 1794 the Finnish chemist, Johann Gadolin(l’g) found a new earth in a
mineral that had been disco#ered six years before by Arfhenius at Ytterby,
Swedéq. He obtained ‘about 38 per cent of the new oxidé-from the mineral
and‘préposed to call 1t ytterbla. He named the mineral.yttéfbite. In
1797, A. G. Ekeberg verified Gadolin's observations and proposéq_té call
the oxide yttria and the mineral yttria-stone., The name of the.mineral

was later changed fteo gadolinite in honodr of Gadolin. Both Gadoliﬁ and
Ekeberg considered the oxilde (ytpfia) to contain.only one metai. In actual
fact, this original yttria contained all the lanthanide elements as well

as yttrium,

Probably the first fairly pure ybttrium oxide wal obtained by C. G, Mosander
in 1842 who separéted the old yttria-iﬁﬁo three néw'éarths by fractional
precipitations of the oxalétes or.hydroxidps. The mbét basic fraction

ne termed,yttria, the othefs, erbia and terbia. Mosander's erbia and
terbla have been shown to be mixtures of many oxides, and:his yttria un-
doubtedly contained cqnsideréble amouﬁts of the oxides of gadolinium,

terbium, dysprosium, holmium, erbium, and perhaps other lanthanides.

As the methods of separating the,éarious lanthanides and of separating

voErium Tfrom the lanthanideS'improﬁed in selectivity the individuality

of vttrium was confirmed. As far back as 1860, N. J, Berlin gave 39,55
for the atomie welght of yttrium; Many other values have bheen given

from that timé to the present, all ranging around this figure. The

.
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. presently accepted value 1g 88.92 (on the chemical scale). The spectrum
of ‘'yttrium confirmed lts position in the periodic ftable - atomic number

39.

Many chemists in the past century and in the present one have attempted

to prepare elemental yttrium {see section on yttrium metal)., Judging

from thé physical properties (e.g. melting point and density) reported

in the past for metallle yttrium, it 1s evident that relatively pure yttrium

had not been obtained until very recently.

OCCURRENCE

Yttrium falls in sub-group III-A in the pericdic system. The other élements
in this group are scandium, the lanthanides, and actinium., The lanthanides
include the fifteen elements from lanthanum-57 to lutecium-71l. The term
"prare earth metals" 1s often used for the whole eighteen elements of the
sub-group, and even stretched to include thorium which is not a member

of the sub-group at all, in order to avoid confusion, it will not befused

here.

As was implled above in tracing the hilstory of yttrium, 1t is impossible
to discuss the occurrence or chemistry of yttrium without referénce to
the lanthanildes. From the point of view of atomic strueture, the ﬁumber
of electrons in the fourth quantum group in the lanthaniéés 1é.increasing
from 18 to 32. The fifth and sixth quantum groups remain unchanged

throughout the seriles containihg 9 and 2 electrons.respectively.

-
Ll
-

L]
-
LA L]



-

\

..

LTy
"

[T LT
-

Page O

Compare this with yttrium where the fourth quantum group contains 9 and
the fifth group 2 electrons. This similarity in the electron configura—'
tion of thé outer-most orbits is_observed in any sub-group in the pericdic
syStem, but in the case of ytfrium and the lanthanides there is ancther -
factor which places yttrlium even closer in itg chemistry to that of the

lanthanldes. It 1s the lanthanide contraction.

As the atomlc number increases through the lanthanlde series the size of

‘the trivalent ilons of the group decreases. . Goldschm%dt's(3) values for

the ionic radii are given below:

Element Tonic Radius Element - Tonie Radius
57 La © 1.22 4° 65 Tb 1.09 a°

58 Ce 1.18 | 1.07
59 Pr 1.6 - 67 Ho 1.05
60 Nd 1.15 68 Er - 1.04
61 I1 | 69 Tm 1.04
62 Sm ' 1.13 70 Yb 1,00
63 Eu 1.13 71 Lu .99
64 Ga 1.1

This contraction is accounted for as follows: The increased positive
charge on the nucleus outweighs the screening effect of the'added electrons

“in the fourth quantum group, thus the outer electrons are in a stronger

'*p051tive fleld in lutecium than in lanthanum and hence move in- smaller

orbits. The effect of thls contraction is reflected chemically in the

[T TY)
aoe
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basicity of the ions. The basicity decreases as the atomic number in-
creasesg through the group, i.e. as the ions become smaller the hydroxyl

jon ié.more tightly held to the positively charged lanthanide ion.

The lanthanlde contraction is an extremely interesting study in itfselfl,

but 1t is mentloned here only because of its relationship to yttrium.

Goldsehmit's(3) value for the ilonic radius of the yttrium trivalent ion
is 1.06 A9. Thus, besides having the same electronic configuration in
its outer orbits as dQ the lanthanices, yttrium has an lonlc size just
between dysprosium and holmium., Consider the gedchemical principle_that
ions tend to exlist in nature with other ions of épproximately the same
size, and it is no wonder that there is such & close associatlon of

yttrium with the lanthanldes, especially the heavier ones.

Yttrium and many of ﬁhe other sub-group IIT-A elements, relatively
speaking, are not rare. Goldschmlt's estimate(“) (modified by recent
data) of the concentration of yttrium.in'the earth's crust is 28 grams
per ton. Thig compares to 24 grams per ton »f nioblum a§5123 grams

per ton of cobalt. ﬁs another example, consider scandium, Goldschmidt
estimates that 5 grams per ton of the earth’s crust is scandium whereas
uranium comprises 4 grams per ton and boron 3 grams pef ton., The actual
uriavailability of the individual sub-group III-A elements gives striking

evidence for the difficulty of separating them, one from another,

Goldschmidt(5) distinguishes three classes of minerals in whiech yttrium

and the lanthanides are found: (1) minerals in which the trivalen£ lons
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~f these elements are essential constltuents, (2) minerals in which the
trivalent ions enter as subordinate constifuéﬁts and act as substltutes
for one or more of the common rock-forming eiéments, and (3)fminerals in
whlch divalent lanthanide lons act as substitutes'fOP'certain &Bimon
monovalent and divalent lons. This last class is of no importance as far
as yotrium is concerned since ytitrium does not form é divalent'ion.' The
minerals in Classes 2 and 3 are examples of lonic substitution, i.e., the
iong of yttrlum and the lanthanides replace other ions of similar size

in their cryétal lattices. In Class 2 a gréat many minerals are known
into which assemblages of y&ttrium and thé lanthanide elements.enter as
substitutes for divalent calcium, strontium or lead, e.g. caiéiteﬁwéﬁron—
tionite. apatite, fluorite, ete. Some such minerals (the apafité”family)
contain only a few tenths of a per cent of'thése elements. Some containn
up to 1% or more. Certaln minerals closely'related.to apatite, e.g.
cappelenite,.contain the phosphates and borates of yttrium and the lan-
thanides as the major constituents. Anothér mineral, yttrofluorite
(related to fluorspar) contalns up to 16 or 20% yttrium and+lanthanide

"luorides. Yttrium and the heaviest lanthanides are found in varieties

of the mineral zircon (alvite or cyrtolite).

It may be that in the fdture the minerals of Class 2 will bécome impoftantu
as sources of yttrium and/or the lanthanides, but certainly for the present
only those in Class 1 are of significance, Goldschmidt(5) lists the
following examples of Class 1 minerals: “the fluoride tysonilte, the
fluorocarbonate parisite, the silicates thalenite and gadoliniﬁe, the .

prhosphates xenotlme and monazite, and the nicbate samarskite..
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These mirerals can usually be divided into three types: (a) those in
which the cerium earth elements {(lanthanum-57 to europlum-63) are pre-
dominately concentrated as in monzalte, (b) those in which yttrium and
the yttrium earth elements (gadolinium-64 to lutecium-71) are concen-
trated as in thalenite or xenotime, and (¢} those in which the whole
lanthanide series and yttrium 1s rather evenly represented as in
certain gadolinites., All three types of Class 1 minerals are important
as sources of yttrium, 1in fact the yttrium produced tocday mainly coming
from Type B minerals and from the yttrium earth reslidues from monazite
(Type A) after thorium and most of the cerium earths have been

extracted.

In addlition to those already mentloned, there are a number of falrly
well-known yttrium and lanthanide bearing minerals of Class 1. Hopkins(2)
lists the following besides some of those given above: the niobate-
titanates euxenite, ploycrase, and fergusonite; the nlobate-tantalate-
titanate aeschenlte; the sllicates cerite and orthite; and the fluoride
yttrocerite, More recently Kremers(0) mentions the fluorocarbonate bast-
nasite as an Important Class 1 mineral of Type A. Table I lists the

more important minerals of Class 1, giving the type (A,B,C} and ﬁhe

principal locations where the mlnerals are found.

Of the minerals listed 1in Table I only monzalte, xenotime, and euxenite
are of importance for the production of yttrium at the present time,
The others are considered quite rare or distribufed in such a way that

their recovery would not be economlical. However, even today a good deal
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TABLE T

Some better known yttrium and lanthanlde bearing minerals of Class 1.

Mineral Type Location

Monagzite A South Africa, Brazil, India,
Idaho, Florida, Carolinas,
Australia, Scandinavia

Bastnaslite A New Mexico, California

" Aeschenite A USSR, Norway

Cerite A Sweden, USSR

Orthlte A-C Greenland, Scandinavia

Euxenlte ¥ | Norway, Australla, North
Carolina, Idaho

Xenotime B Brazil, Norway, South Carolina

Polycfase B Norway, Sweden, Carolinas

Fergusonite B Norway, Australia, Texas

Samarskite B ~-C USSR, North Carolina

Gadolinite B -C Norway, Sweden, Texas, Colorado

Y¥ttrocerlte C Scandinavia
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of prospecting for yttrium bearing minerals is being carrled on, parti-
cularly in the western part of the United States, and it may be that

some of these milnerals will become important.

The compcd tions of the varlous minerals are not given in Table I because
they vary cronsiderably with the origin of the ore. In general monagzite
will contain the equivalent of about 65% yttrium and lanthanide oxides,
aﬁd the equivalent of 2 to 28% thorium oxide. Of the lanthanides present
the cerium earths predominate (Type A& mlneral) accounting for about 95%

of the total equivalent yttrium and lanthanide oxidés. The equivalent
_amount of yttrium oxide in the mineral may be as much as 4%. In xeno-
time {Type B) yttrium and the ybttrium earths predominate with yttrium
comprising about 33% of the minerazli. J, F, White(7) gives an analysis

of Idaho euxenite showlng yttrium oxlide to be about 42.2% of the contailned

vttrium and lanthanide oxide.

This analysis 1ls fairly typlcal of euxenite deposits, The ytiriunm
content in the other minerals listed in Table I will not be given here,.
It will be notea, however,; that some minerals such as gadolinite vary
sufficiently in composition to fall in two types {for gadolinite, B and

C)t

J. F. White(T) has recently surveyed the domestic sources of yttrium..

The results of his survey are given in Table IT.

 Some comments may be made regarding Table II. The monazite processed by

the Lindsay Company now comes from the Unicn of South Africa. Thorium
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Source

Monagzlte

Monagzlte

Monazite

Monazlte

Euxenite

Yenotlme

TABLE I

Important Domestlc Sources of Yttrium

Logation

West Chicago,
I1linois

Pompton Plailns,
New Jersey

Baltimore,
Maryland
Summerfield,

New Jersey

St. Louls,
Migsourl

Aiken, South
Carolina

Quner

Lindsay Chemical Co.

Davison Chemical Co.

Davison Chemical Co.

GSA

GSA

Heavy Minerals, Inc.

Condition

In sludge
In sludge

In effluent
liquor

In mixed
chlorides

In sludge

Ore

Quantitiles Availlable

Approx. 5 25-30 tons

tong per year

Approx, 10

tons
Approx.
300 1bs,
per day

Approx. 30

tons
Approx.
300 1bs.
per day
Approx.
40 tons
per year

GT 28=g
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and most of the cerium earths are removed leaving a so-called yttrium con-
centrate (75 to Bl% contailned Yp03). This concentrate is now being used

in the large scale ion exchange separations of yttrium.

Provisions have been made for saving the yttrium in the effluent liquor
from the Davison Company's thorium plant in Baltimore. Also, negotiations

are 1n progress for ?rocessing of the GSA owned siudge 1In St. Louils,

It has been learned recently from representatives of Heavy Minerals, Inc.
that the ore deposits at Aiken, S.C. are sufficlient to produce 100 ftons

of xenotlme per year for at least 200 years. The present dredging facilities
limit the maximum xenotime output to about 140 tons per year. With added

equipment the yearly capacity could be lncreased greatly.

In addition to the sources listed in Table II, the yttfium bearing ores

in Brazil may become avallable therough the Davison Company. Recently .

an agréement was made between this company and Brazilian interests, Other
companles have indicated ﬁhat they have control of ore supplies. How

good these suppliés are 1is not known. Certainly it is known that many
companlies are searchlng rather intensely for yttrium bearing minerals.

It 1s indéed interesting that what was at one time considered an extremely
rare material and what was until very recently a laboratory curiosity is

now belng mined and scon will be produced In ton quantitiles.
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RECOVERY OF YTTRIUM FROM ORES AND MINERALS

TREATMENT OF ORE

The treatment given ore containing yttrium bearing minerals follows pretty
closely the routine methodc of the mining and metal refining industries.
The most extensive exﬁerience in thls field has been gained 1n the treat-
ment of monazite ores. Monazite was lmportant in the early part of thils
century because & its thorium content (gas mantles), and later for the
production of cerium, cerium earths, ‘and misch metal. The only known
deposit of massive monazite of commercial signlficance is in the Van
Rhynsdorp éistrict of the Union of South ﬂfrica. Most monazite 1is found
in placer deposits of what is called "monazite sand". Mixed with mona-
zite‘in thege sands are such minerals as ilmenite, rutile, zircon, gold,
garnet, ete, These sands are separated first by gravity devices in which
the heavier sands are concentrated, Then magnetic separatorz are used

to further concentrate the various minerals, Monazite is the least
maghetlc of the minerals in the sands and can be concentrated to 95% _

purity in this mahner.

The deposits in Aiken, S.C. now being worked by Heavy Minerals, Inc. are.
also called "monazite sand". This is a misnomer since monazite 1s not
one of the principle minerals in thils ore. This ore is mined wilth a
dredge and then separated by gravity and magnetic separators into four

principle minerals: rutile, zircon, ilmenite, and xenotime.

The speciflec treatment given to any yttrium bearing ore would, of course,
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depend on the type and condition of the ore itseif. However, since most
yttrium bearing minerals are found mixed with other minerals in the form
of sand, it 1s likely that the treatment of such depesits would follow
pretty clogely the methods descrlbed above for the concentratlon of mona-

zite and xenotime.

OPENING OF MINERALS

The_method uged for extracting yttrium and the lanthanides from minerals
depends upon the nature of the mineral itéelf, the presénce or absence
of cértain related elements and the particular purpose of the extrac-
tion, Thé following discussion from Hopkins(g), is general and not

exhaustive,

The mineral, ground to a fine powder, is first treated with acid or
fused., The ac¢id used 15 génerally HC% or HnaS0j, although HF 1s some-
times employed. _The materials used iﬁ fusion may be KHSOy, NaOH, or
HKF2. The uSe_of HF or HKFg is generally limited to cases where niobium
or tantalum are_preseﬁt. The fluorides of these elements ére soluble and
may be readily seﬁarated from the 1nsoluble ytitrium aﬁd ianthanide

fiuorides., The latter can be decomposed with HoSOy.

Such elements as copper lead; bismuth, molybdenum, etec. may be removed
from solutions of yttrium and the lanthanides by treating the latter with

hydrogen sulfide, Ytitrium and all the lanthanides may be precipitated

- from solution as oxalates, separating them from the soluble alkali metal

oxalates, For this precipitation the sclutlon should be bolling hot.

The precilpitated oxalates are filtered and thoroughly washed.
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Page 19

There are many methods of removing tacrium from yitrium and the lanthanides
(two such methods are described below) but both thorium and zirconium may
be removed by boiling the precipitated oxalates with ammonium oxalate.

Thils treatment dissolves the zirconium and most of the thorium, and repeated

treatment will dissolve all of the thorium.

The lanthanide oontraction makes it pouitble to affect a partial separa-
tion of these elements 1n one precipitation. Usually Nh2304 or KoS0y are
employed for thls purpose. The double sulfates of sodéam or potassium

and the cerium earths are'qujte inéoluble while those”of yttrium and the
yttrium earths are qulte soluble. Sometimes a third groapVis distinguished.
. This group is comprised of europium, gadolinium. and terbium whose double
sulfateé are slightly soluble. However, in practice this group is rarely
geparated as such, It must be recognized.that the sclubility does not
differ sharply between the two (or threé) gfoups but changes gradually

as fhe atomlc number ihcreaseaziong the entire lanthanide serles (the |
solubility of yttrium is about the same as that of dysprosium). Thus,
there is an overlap of groups. and the elements near the.group divisions
will be pretty cvenly represented.ih each group. It 1s possible to obtain
the cerium earths free of yttrium and the yttrium earths by taking only

the most insoluble fraction. In so doing, much of the éeriﬁm earth

group must be left 1in solution,. Cdnversely it is possible to obtailn
~yttrium and the yttrium earths free of the cerium group, but here agaln

much of the former must bhe sacrificed in the process,

Asa specific example of.the ftreatment of a ytirium bearing mineral con-
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. gslder the opening of monazite. H. E, Kremers(B) describes two methods,
both in current usage, for extractlng thorium, the cerlum earths, and
yttrium and the yttrium earths from monazlte, In one method, monazite
is mixed with an equal amount of 98% HoS04 and some fuming sulfuric acid.
The mixture is-heated to 160°F and allowed to stand until reaction is
complete. The residue is added to cold water, dissolving yttrlum sul-
fate and the lanthanide sulfates but not thdrium which remains insoluble.
In the second method. more 95% HpSOy 1is used and no fuming sulfuric acid.
In this case, thorium will dissolve along with yttrium and the lanthanides
but may be preciplitated from solution by addlng sodium pyrophosphaté or
a base. in either case the scluticn of yttrlum and the lanthanide sul-
fates is treated wlth oxalic acid 1f all the ions are to be precipltated
together, or with NaoSO4 if a separation into the cerium and yttrium
groups 1s desired, 1In thﬁllatter cage, aboﬁt 95% of the lanthanides-in
solution will prec_ipitaté'-?-i-'fés ‘the double sulfate. This precipitate will
contain predominantly cerilum and the other cerium earths. Yttrlum and
the remaining 5% of the.lapthanides will remain in solutibﬁ.' The lén—
thanides here will be predominatly the yttrium earths with some "trailings"
from the cerium group. Yttrium and these_remaining 1anthanidés may be
precipitated as oxalates, and, if deslred, the oxalates may be fired to
give oxides. M. M. Woyski(9) of the Lindsay Chemical Company has given
the following composition.as typical of the'mixtureﬂqf oxldes prepared

in ‘this way. This mixture of oxides is called "yttrium concentrate”.
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Yttrium Oxide 81%

Terbium Oxide not analyzed
Dysprosium Oxide 9.4%
Holmium Oxide 3.9%

Erbium Oxlde 3.5%
Thulium Oxide 7%
Ytterbium Oxide 1.4%
Prazeodymium 0Oxilde ';2%
Neodymium Oxide . 3%
Samarium Oxice T%
Gadolinium Oxide | 5., 2%

Treatment quite similar fo that described above for monazite 1s given to
xenotime and other yttrium contalning minerals, In parflcular the double
sulfate preciplfation is quite standard for separating the cerium and

yttrium earth groups, and producing a form of yttrium concentrate,
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Ih the discussion of the occurrence of yttrium considerable emphasis was
giveh to the great chemicel similarity exhibited by the lanthanides and
yttrium. It was poihted out that, because_of the lanthanide contraction,
the size of the yttrium trivalent lon isfintermediate to the sizeé of the
dysprosium and holmium lons. This great similarity preclddes the use of
any simple chemical or physicai method for separating yttrium from the

| lanthanides, Any separation method must depend upon differences in proper-
ties} - The greatest difference between yttrium and the lanthanides is in
.their weights. The atomic welght of yttrium is 88.92 while the weights
of the lanthanides range from 138,92 (1anthanﬁm) to 174.99 {1lutecium),
Thié'immediatEIy suggests the usé of-the massrspectrogfaph.fof extracting
yttrium from the lanthanides, and indeed such an_extradtion Hés been
made, A émall sample of yttrium.was electromagneticéliy separated from
the contaminating lénthanides in one of the Calutron unite at the Oal:
Ridge Naticnal L&bdratofy. 'This sample 1s:.now being used as a standard
27 purlty for yttrium. This method while étraightforward[initheCry:and
practice 13, unfortunately, not suited for largé.scéle productibn of\

yterium.

The difference most ﬁsually taken:advantége of for the separation of

yftrium and the lanthanides is the'difference in the Ionic slzes. The
difference in the ionie sizes of nEighboring lanthanides 1s not great.
Hence, the differences in chemical and physical properties, ﬁhich ére

reflectlons of fthe difference 1In ion sizes, are correspondingly small.
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Consider, for example, the differences 1in the agueous solubiiitiles ol the
double sulfates, It has already been seen that the solubllity changes
gradually from one lon to the next and any single precipitation will give,
not a single element, but a complicated mixture of elements. In order

to separate a single element by sclubillity methods it is therefore

necessary to perform many fractional preciplitations or ¢rystallizations.

In fact, in any separation method based on the difference in lonic sizes,
many steps are required rfor complete separation. Methods of this kind
devised to date, other than fractional crystallization or fractional
precipltatisn, are ion-exchange and liquid-ligquid extraction. Although
ion-exchange is a continuous process and liquid-ligquid extraction is
often run ¢on a continuous basisg, 1t is well to keep 1in mind that these

methods are no less stepwise 1in nature,

What follows is a brilef description of the three primary methods of
separating ytﬁrium from the lanthanlides. Thils is not to say that one

of these methbds{ as described, represents the flnal answer. Today

this field is the subject of considerable resgearch and development, Mod-
ifications of the present methods or even entlrely new schemes may,

and probably will, come out of these efforts.

FRACTIONAL CRYSTALLIZATION AND FRACTIONAL PRECIPATION

The method of fractional crystallization for the separation of the lan-
thanides (and yttrium €rom them) is quite clearly described by Hopkins{2).
The following 1s quoted from his text:

"Its {fractional crystallization) general principle may
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be illustrated in this manner: If we have a saturated
solution of a mixture of salts of differing soclubllity
and evaporate 1/10 of the solvent 1.10 of the solute
will crystallize: the crystals willl be composed largely
of the least soluble members of the mixture, whille the
mother liguer will contain nearly all the more soluble
salts. If, now, the crystals are dissolved in enough
solvent to form = saturated sclution, then agaln partly
evaporated, a new crop of crystals is formed more nearly
pure than the first. By adding the second mother liguor
to the first and répeating the partial eﬁapgration, an-
other crop of crystals is produced. By contlnuing in |
this fashion adding the mother liguor from each fraction
to the next more soluble portion, the original mixture
may finally be separated into a series of fractions

~each one differing from its neighbor."

A number of salts have been used in the fractilonal crystallization

scheme of separation. A salt of intermediate degree of soiubiliﬁy is

most cdnvenient since 1if the salt 1s difficulfiy éoluble large volumes

Qf solvent are needed and 1f the salt 1s readily soluble high concen-
trations are necessary and difficulties are experienced 1n separating

the erystals from the mother ligquor. Some of the salts of the lanthanides
and yttrium that have been used are the double magneéium, manganese,
ammonium nitrates, the.ethyl sulfates, the double alkali metal carbonates,
the cobalti-cyanides, the oxychlorides. the oxalates, the bromates, and

the chromates. '
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Quite similar to, and usually coupled with, fractlonal crystallization

Page 25

1s the method of fractlonal predipitafion.'”If for example, a small
amount of ammonia 1s added to arsolutioh.of a mixture of the lanthanides
and yttrium, the'ﬁjdroxides of the least basic constituents will preci-
pitate., The pfecipitate can be redissolved and tﬁe process repeated in
.the same manner as that described for fractional c;ystallization yielding
a number of different fractions. Other basic materials may replace
ammonlia as the preclpitant as, for example, soda, magnesiai or urea.
There are varlatlons of the method taking advantage of the diffEfimg
basicities of thealanthaqides (and y£trium), such as modérately heating
the salts of oxyaéids forming bagic salts of differing solubiiities.
Ariothér -approach i's to carefully precipitate insoluble salts such as

the oxalates. It is sometimes possiblg, by.varying the'preciﬁitating_
conditions’, to change ‘the solubiliﬁéﬁéh&racteristics of one or more: of
the lanthanides or;jttrium. Thus-a,parpicular'sysﬁem_or combination of
" gystem can beldevised:for each of. fhe lanthanides and yttéium that

will give the most efficient separétiony"

It must be said of fractiondl{EﬁﬁgﬁiIL$2ation and ffactiohal precipita-
tion that these are in genepgl laboribus and inefficlent methods. Con-
‘sider that in the purificatioﬁaaﬂ”Qggiven element thousands of fraction-
ationé are necesséry, and that«in-every fractionation so@e materlial is
1ost; It is small wonder that before the development'of'more efficient
methods of'separation_the chemistry of yttrium and the lanthA%nides-

developed slowly.
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I0ON EXCHANGE

Before the discovery of synthetic organic ion exchangers by Adams and
Holmes(lo) in 1935, ion exchange processes were limlted to a single
major application - the softenlng of hard water. The excellent proper-
ties that these synthetic¢ resins possess, such as thelr high capacity,
thelir stability, and the rapidity and reversibility of thelr exchange
reactioﬁs, have made possible the application of the ion exchange
tecbnique to many processes both in the laboratory and in the chemiesl
Industry. The problem, faced by the Plutonium Project, of separating
fission products led to what was probably the first use of cation
exchangg for the separation of the lanthanides and yttrium, Many
deserve credit for the develbpment of this technlque, such names as

J. Schdbert, G. E. Boyd, B. H.-Ketelle, D. H. Harris, E, R. Tompkiﬁs,.
and many more are prominent in the literature on this subject. How-
ever, to F, H, Speddiﬁg and his associates at the Ames Laboratory
(Towa State College) must go the principle credit for developing the
technique to a point where it 1s applicable for the large scale pro-

- duetlon of highly pure yttrium,

Genefally speaking, the synthetic cation exchange resiné (Dowex 50,
Amberlite, etc.) are organic polymers (e.gz. phenol_formaldehyde) with
acid groups {e.g. sulfonic acid) providing negative centers. Usually
the regins are contaihed in columns. The size of the columns depends
on the scale of the separation desired. For laboratory separatiSns

the columns may be six inches in diameter by 5 or 6 reet high. For
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large scale productlon the columns may be 3C inches in dlameter by 15

feet high (more will be said of this later), Except on a very small
laboratory scale many columns are connected in series. BRBefore charglng
the columns with the mixture to be separated, the resins are put inte

the ammonium cycle, i.e. ammonium ions are abéorbed on the negatlve

sites on the resin, The affinity of cations for the exchanger increases
with the positive charge on the ion, 1.e. 3 > 2 > $l. Thus, if a
solution of lanthanide chlorides were added to the top of an lon exchange
column in the ammonium. cyele, the trivailent lanthanide ions would replace_
the aﬁmonium fons at the negative sites on the resin and ammonium éﬁloride

solution would drain from the bottom of the column,.

With cations of the same valence the affinity Tor the exchanger lncreases
with increasing basicity; To say thls ancther way: the affinltiy is

greatest for the cation with the smallest hydrated ionilc radius and

least for the cation with the greatest hydrated ionic radius. Now In

the lanthanide serles the catlions decrease in lonic radlus as one goes

from Lafdt to Luttiswhich brings about a corresponding decrease in

basicity. But as the basicity decreases the hydrated ionic radius in-
creases. Thus, with the lanthanides, Latt$, the most basic of the group

and the cation with the smallest hydrated ionic radius, is the most |

strongly absorbed by the resin, and Lutfi. the least baslc and the cation

with the largest hydratéd ionic radius. is the least strongly absorbed

by the resin. It follows then that if, for example, one were to charge

the urnrer l/lO of a column with a mixture of the lanthanide cations,
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and pass water through the column from top to bottom at a steady rate
the catlons would migrate down the column at different rates. The order
of migration would be lubtecium first, then yticooium and so on by order
.of decreasing atomic number down to lanthanum. Theoretlically, if the
column were lcng enough and if the elution (passing.of water through

the column) were carried on for a'long enough time, a separation of all

the lons in the mixture would be effected.

In practice, water 1is not used as the eluting agent for separating the
lanthanides but rather an agueous solutlon of a compiexihg cgent 1s used,
The complexing agent 1s chpsen such that those ions most strongly cohpi;xed
are theldnes least strongly absorbed by the resin. Ob#iously such a
practice greatly'increases the separation effilciency of the proceés. At
the.present timé the complexing agent most commonly used is ethylene
diamine ﬁetra-acetic acid (E.D.T.A.). The order of elution of the lan-
thanlides using thls complexing agent 1s the same as that mentioned above,
1.e. lutecium first and lanthanum last. Ytirium with this system 1s

eluted between dysprosium and terbium.

There are.many factors such as eluting rate, length of resin bed, ete.
that affect the over-all.efficieHCy of the ion exchange process, Per-
haps the best way to bring out the effect of these factors and to give
the reader an understanding of how an lon-exchange separation is"éarried
out would be to consider a specific example., What follows is a des-
cf&ption of a typical lon exchange run carrled out at the LindSay Chemi-

cal Company(g). The purpose of such a run is to obtain high purity
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yttrium. The practiées followed by the'Lindsay Company are patterned

after those of Dr. Spedding and his associates at Ames.

The ceclumns used are six inches in diémeter and the resin bed length in
each 1s five feet. The resin used 1s Dowex 50. TIifteen kilograms of
yttrium concentrate (75 to 80% Y203) are dlssolved in hydrochloric acid
and the solutlion 1s added to the columns., The solution fills five
columns and this is called one bed length, Yttrium lons and lanthanide
ions have now replaced the ammonium ions originally present on the resin.
The eluting agent used 1s ethylene diamine tetra-acetic acid (E.D.T.A.).
Ammonium hydroxide 1s added to an aquedus solution of thils material to
maintain a pH of 8. This solution is started through the first .column
and passes through all the columns in series, The sixth column in line
(the one next to the first five that were charged with yttrium concentrate)
contains cupric lons, Aa the eluting soclution pushes the charge matérial
into column six.the cunric ions are dilsplaced by yttrium and lanthanide
ions. The boundary between the charge material and the colored cupric
ions indicatés how far and how fast ﬁhe solution is moving., When first

started, the eluting rate iz one liter per minute,.

As the dharge material is_eluted:through the columns the various lons
begin.fo separate .into bands, Thé amount of overlap of these bands is
greatiy affected by the eluting rate. To cut down the cverlap the
e;uting rate is cut down to 1/5 liter per minute after the chafge
material has passed through two bed lengths. One more bed length at this

slow rate is usually all that is required to separate high purity yttrium.
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The solution from the last column is collected in twelve gallon batches.
The first lanthanide coming out will be lutecium, then lutecium will
gilve way to ytterblum with an area in between whereln both are eluted,
then ytterbium will glve way to thulium again with an overlap area.

This will continue up the serieg to dysprosium, the dysprosium=-yttrium

overlap, and then yttrium. Since yttrium is present in the charge materlal

in the highest quantity 1ts band will be long, perhaps £1lling three of
the five columns in a bed length. After the yttrium is eluted, if 1t is
desired, the remaining lanthanides can be eluted in order of decreasing
atomic number, The whole run (up to terbium) requires sixty days. The
yttrium 1s precipitated from solutlion as the oxalate which ié fired to
the oxide, A run such as.this would yield about 10-kilograms of ytitrium

oxlide,

- As was mentioned on the preceeding pages, the ion exchange column dimen-
gions for large scale production of high purlity yttrium oxlide had been
tentatively set as 30 inches in diameter and 15 feet high. Recently,
twelve columns having such dimensions were installed and placed in
operation at the Ames Laboratory. These columns were of stainless steel
construction and each contained approximately 45 cubile feet of amberlite
IR 120 resin. An example of the efflciency of large coclumn operation
can best be given by describing a typical yttrium oxide separation in
the Ames facility. Four of the columns were charged with a chloride
solution of 1040 pounds of ybtrium concentrate ottained from treatment

of 1750 pounds of Xenotime ore. This concentrate in terms of oxide con-
tains approximately 57 per cent yttrium with the remainder consisting

mainly of the heavy lanthanides. The eluting solution was E.D.T.A.
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buffered with ammonium hydroxide to a pH of 8.4 and the elution rate was
set at 5 liters per minute., This rate was not changed during the entire
process., When the lutecium band had reached the 8th column in line, the
heavy lanthanides {lutecium thru dysprosium plus some of the dysprosium-
yttrium overlap fraction) were removed to a secondary series of 6 inch
diameter exchange columns. Approxlmately 533 pounds of spectroscoplecally
pure yttrium oxide (99.95% Y203) were collected from the twelfth 3C inch
column representing a yield of about 90 per cent. The yttrium elution
band under these conditions was broad and sharply definitive at the leading
and tralling edges. Further elution rate étudies at Ames have shown

that an increase to 10 liters per minute decreases the yleld of pure
oxlide, the rate of 5 liters per minute apparently being close to an

optimum,

Large scale in exchange facilities have now been established at Michligan
Chemical Co., St. Louis, Michigan; Lincdsay Chemical Co., West Chilcagc,
I1lincis; and Dow Chemical Co., Midland, Michigan. Production_from
these sources hés not yet reached a peak rate although some 6,000
pounds of reactor grade oxide (i.e. yttrium oxide having a thermal
neutron absorption cross-section of less than 1.4 barns) was reallzed

during the period January, 1957 to May, 1957.

LIQUID-LIQUID EXTRACTION

The distributlon of solutes between two immiscible sclvents, commonly
refereed to as ligquid-liqulid extractlon, is an lmportant operation
which has applicatiocns commercially 1n both organic and imnorganic
chemistry. Extractions are generally of two types, batchwise and con-
tinuous; the continucus method having the most importance in commercial

applications. A ecntinuoum-r liguid-iiquid extraction 1s a
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chemical equilioriun process'ﬁhioh involves bringing two immisgeible sol-
~vents, one of which contains the elements to be separated, into intimate
'oontact. 'Generally, this 1is carried out in separation towers or counter-
current assemblles ihich have been.espeoially designed to provide a |
greater surface area of cohtact between the two liQuid phases, Separa-
tions then occur between two elements or groups of elements according

to the magnitude of individual distribution co-efficlents of each specile
-in the glven solvent phases.' In practice;-inorganic separations are
carried.out by opposing an aqueous solution of the inofganic.mixtnre

with 2 specific liguid organic phase or an organic: phase containing a

specific complexing agent.

_Although a comparative newcomer to the chemical proceas field, continuous
11quid liquid extraction methods have shown theilr utility in the past

in separations involving zirconiumland hafnium, columbium and tantalum,
uranium, thorium, and other actinides Since liquideliquid ope;ations
often permlt large scale production with low cost, many investigators
have considered this method as having definite potentiallties for an eco-
nomical preparation of high purity yttrium and the individual lanthanides.
The importance of this method for fractionation of the lanthanides has
been stressed in the reviews of Bock(ll), Qnill(lg), and Wylie(13).
_However, the search for systems by which total separations of yttrium

and the lanthanides could be made feavible is stil1l in it infancy.

Any investigation of the separationo of yttrium through liquid 1iquid

extractions-naturaﬂy encompasse a study of the distribution co—eff101ents
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for 2all the lanthanides in varlious chemical extraction systems. The flrst
use of solvent extraction for lanthanide salt separations was reported

(14). They claimed a 50 per cent

in 1837 by Fischer Dietz, and Jubermann
difference in_distributiqn co—éffieients of'neighbofing lanthanides

when extracting aqueoué chloridefsolutions wlth ethers, alcchols, and
két@nes. None of thesé data has been substantiatedtby other Investi- -
_gators.' Témpleton’s(ls) resulté on aqueous solutions of rare earth chlorides

rpposed by aleohols Indicated a regular increase in extractability with

atomic number for all the lanthanides from lanthanum to samarium inclusive.

In 1952, Peppard, Foris, Gray, and Mason(l6) reported that the extractlion
of the lanthanides by tributyl phosphate (TBP) from either a hydrochloric
acid solution or from an 8.0 to'15.6 melar nitric acid solutlon increased
with increasing atomic number {This order was inverted from an extraction
system usihg‘aIO.B molar nitric acid agueous phase), Yitrium was extracted
between dysprosium and'holmium; the_position.predictéd from consideration
of atowiec radli. From this work, they concluded that increasing the nitric
agid concentration divérges the distribution ratios for aglven pair of
lanthanides and consequently the theoretical maximum separation occurs

in concentrated nitri¢ acid. However, these experiments were carried

out on tracer quantitles and dnléalt-mixtures consisting mostly of the
light lanthanides. The cOnclusionéhmay not be validjin applicationé'

‘to higher concentrations or higher yttrium oxide coneentrater.

In 1954, Foos and wilhelm(17) obtained single stage and contipuous

extraction data on yttrium coneentrates in an aquedus nitric acid selution
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opposed bﬁ tributyl'phosphate. These congentrates conslsted of yttrium
tailings from the ion exchange process and products from the treatment

of fergusonite and gadolinite ores, In each case, the mixturer #An terms
of oxide were composed of from 5C to 60 per cent jttrium and 5 to 15

per cent heavy lanthanides with the 1ight lanthaide fraction constituting
the remaining material. A number of 20 stage counter current extractions
were carried out. Eor a concentrated nitrié agid.system the organic
product phase generélly éontained yttrium and the heavy lgnthanides,
while the aqueéus product phase contained the light rare eéfth fractions
pius a small amount of yttrium and dysproslum, 1In ocne multiple stage
extraction, the organic product phase delivereéd 90 per cent of the

total yttrium which analyzed 91 per cent pure on an oxide basis. 'Single
- stage extraction data Qﬁ'tﬁe same system indicated that preferential
extraction from an aquedus system gréater"than 2,0 molar in nitric acid
increased with increasing atémic nurmber while in other nitric acid

systems yttriﬁm extracts with the lower atomlc number rare earths,

Recently Peppardcls); cf the Argonne_ﬁational Laboratory, has inveéti-
gated a varilety of chemical systems which were considered applicable

to the industrial scale isolation of high purity yttrium and the indivi-
“dual lanthanides, .In order to acquaint the:reader with the methods |
uséd by'feppard;.a summary of his.work én.the isoclation of;pure yttriﬁm

ﬁollows.

Peppard utilized the bperations of a batch counter-current extraction

assembly of seven stages in which the lower and upper phases were barren

.
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and the feed enters in the middle phase. The important quantity referred

to in extraction processes 1s the separation factor which is defined

for a binary solutlon of A and B as the rapio of the separation constants,
B = Ky/Ky

where Ky = cone, A, organic
cone, A, agueous

Peppard devised geveral chemical systems in which the K values increase
or decrease with increasing atomic number (Z) of the lanthanides. In
some systems Iinvestigated, the separation constants follow a geometrilc

progression, K = (r) PK , where r is a characteristic constant of
_ 7 -

praed S
a particular'cﬁémioal system obtalned by measurement. In other systems,
this progression was inverted; iﬁ st1ll others, the éboye'expression
holds reasonably ﬁell fdr_the high 2 members as a group or for the low
Z members as a group. In some chemical systems which Peppard investi-
gated, yttrium assumed an atomic number greater than 71 and in others
less than 57. The'simplestjsqlation should result fr&m use of such
systems where yttrium assumes the positlion of a terminal psuedo-lanthanide,. .
However, the ;_vélues for these particUlér systens were so small that'_
they were of little interest from a Separations viewpoint. 1In the most
promising systems, yttrium assames'an_atomic number in the range 61 to
70, Here,lthe possibllity exists that the heavy and llght lanthanides
could be separated as groups with one of ﬁhé resultling groups having

yttrium eitrer as a terminal element or adjacent to a terminal lanthanide.

The system found to be most prOmiSing by Peppard involved the use of

aqueoué chloride soluticns of the lanthanide mixbtures opposed by DEHI-.ICL
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(bis-2-ethyl-hexyl orthophosphoric acid equilibrated with HCL) in a carrier
~solvent of toluene. The lanthanides in this system are ordered according
to Figure 1 and ytotrlum 1s placed betweén holmium and erbium, the position
in which it fractionates. The sepération of yttrium from the lanthanides
using this system cceurs similar to that showh schematically in Figure 1,
and results indlcated that ytftrium may in 2 passes using é seven stagé
extraction assembly be satisfactorily separated from_all the lanthanides

except holmium and erbium.

A secbndary system 1is necessary in order to acéomplish the necessary de-
contamination{from holmium and erbium. At present, Peppard h:s demon-
strated that an agueous solufion of 1anthanjdcu thiccyanates (iﬂ_in
NH;CNS) opposed by-a 50 per cent solution of bis-{2-ethyl-hexyl) phenyl
phosphonate using elther héXOne or toluene as a carrier solvent will
accomplish this gseparation. In both systems, yttrium reports intoléither
the_aqueous 1qwer or.O?S:nic upper phase preferentiallﬁ”dependiﬁg on its
poslition as a terminaf}psuedb—lanthanide. All of Peppafd’s experiments
'were conducted ori a lanthanide chlorilde cbncentrate_which had’the approxi-

mate composition of the concentrate from monazite (see Page 21),

In summing up the results of past'liquid—liquid extraction studies on
the preparation of high-purity yttrium, cénsiderabie_brogress has been
made toward a fundamental.ﬁnderstanding of the distribution of yttrium
‘and the lanthanidesvin.different-sqlvent sYstems,_ In"ﬁhe light of
Peppard’s work a definite bfeakfhrough has been made toward achieving

‘high-purity yttrium OXide;by?extraétive means, and “urthermore, the
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(Feed)

La, Ce. Pr, Nd, Sm, Eu, G4, Tb, Dy, Ho, ¥, Er, T™m, Yb, Lu

PRIMARY CHEMICAL

SYSTEM
| .
Lower Phase Upper Phase
La, Ce, Pr, Nd, Pm, He, ¥, Er, Tm, ¥b, Lu
Sm, Eu, Gd, Tb, Dy, '
Ho _
_ Converzsion to
feed and.
PRIMARY-CHEMICAL
SYSTEM
I — 1
Lower Phase - Upper FPhase
.
Y, Ho, Er #r, Tm, Yb, Lu
Conversion to
feed and
SECONDARY CHEMICAL
- SYSTEM
' .LOweL Phase . - . Uper Phase
Y Ho, Er

FIGURE 1. Schematic Diagram for Partition of Yttrium
from the Lanthanides by Counter Curvent
Extraction '




Page 38
. methods which hils work suggests can conceivably be adapted for large

scale production.
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PREPARATION OF YTTRIUM METAL

Until the development of an lcn-exchange method for the sgeparation of
yvttrium from the lanthanides, pure compounds of yttrium c¢could be obtained
only by painstaking recrystalllization procedures requiring many steps.
Consequently, the number of attempts by early investigatbtors to reduce
yttrium compounds has been limited and the reduction history sketchy.
Many of these reductions were carried out on mixtures of the yttrium sub-
group_compounds and the results obtained eannotjbe éonsidered coﬁpletely
representative of yttrium reduction technology. Furthermore, the metal
products were largely 1ln elither a powder or alloy form which were diffi-
cult to melt or sinter into solid yttrium. As a result, a great deal

of confusion existed up to 1951 as fo the true melfing polnt and density
of yttrium which were reported to range from 22820F to 27320F and 3.8 g/ce
to 4.57 g/ce respectively. However, the information that ﬁas obtained 
from eérly reductlon investigations has served as a basils for the im-

proved methods now in use.

Methods which have been utilized in reducing yttrium compounds can be
classifled into two groups: (a) electrolytic reduction toe form the
metal,'alioy or an amalgam; and (b) metallothermic reduction to form
the mefal or an alloy. Both have required investigations into methods
of preparing suitable yttrium compounds, thermodynamic corisideration

of the potential reduction systems to be used, and methods of obtaining
the yttrium metal product In a pure, massive form. Probably the most

significant results and greatest degree of success has been achieved
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through uge of the metallothermlc technigue. Consequently, a great

deal of emphasis has been placed on this method in the past twe years
due to an lncreased interest in yttrium metal as a m@terial useful in
nuclear reactors. The work which has been carried out in the past on
‘both electrolytic and metallothermic reduéﬁicns will be described and

discussed separately below,

ELECTROLYTIC REDUCTIONS

Hicks(19)‘in 1818 repofted the preparation of an impure yttrium powder
by electrolysis of the fused chiorides of the yittrium sub-group. An
attempt to compact this powder by sinfering or fusion met with little
success, Hicks noted that the powder was extremely réacéive_in air and

when in contact with water.

An exteﬁsive gseries of electrolytic reduétions were carried out on
recrysﬁéllizeq anhydrous yttrium chloride and oxide by Thompson, Holten,
and Kremers(zo) in 1926. These reductions involved eiectrolysis'of (a)

a satufatéd alcoholic solution of yttrium chloride using a nickel cathode,
(p) a saturated alcoholiec solution of yttrium chloride using a meréury
pool-cathode, {c) a fused ﬁixture.of anhydroﬁs yttrium éhloride and sodium
chloride using a graphite'cathode;anode pair, and (d).a fused mixture

of yttrium oxlde and eryollte. The electrolysls performed in aleoholice
solution using a nickel cathode produced a slimy deposit believed to

be yttrium hydroxide, while the primary product from electrolysis with
the mercury pool-cathode was believed to be an amalgém of yttrium,

Attempts to distill off mercury from this amalgam resulted in the form-
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ation of a gray powder which could not be fused., Electrolysls of the

fused mixture of yttfrlum oxide and cryoclite gave back alumlnum.

The most encouraging results were obtained by Thompson froﬁ electrolysls
of the fused salt mixture at 15000F, There were indications that if a
high temperature could be maintalned in the fused salt system during
electrolysis, the metal powder=ﬁéodueed could be compacted at the graphite
cathode as 1t was formed. However, from the temperature cc;ditions
obtained_in these experiments, definite compacting or sintering of the
_metéllic deposits did not ocecur. The mqst compact product which was
collected developed a skin of oxide when attempts were made to melt 1t
after preliminary washes in water or alcohol to remove the adhering

sodium chloride, There were also some indicatlons that the yttrium

product had reacted with the graphite cathode.

Hopkins and West(el)

prépared amalgams of yttrium by twoe methods. They
electrolyzed a saturated alcoholic sclutlon of anhydrous yttrium chloride
with a mercury pool-cathode and reacted a similar solution with sogium
amalgam in a displacement type of reaction. In both cases, an amalganm
was reportedly obtained which upon degomposition gave a blggk powder,

not entirely free of mercury, -which wag difficult to melt into massive

metal.

In 1945, Trombe(22) prepared a ternary alloy of yttrium by electrolysis
of a fused salt béth consisting of yttrium chloride, sodium chloride,
me-nesium and cadmi: at 14720F, The ternary alloy of 24% .. yttrium-
20 % cadmium-56% magnesium was formed at a molten magnesium-cadmlum

cathode, This alloy was heated to'2l92°F in argon and the cadmium and
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magnesium removed. The resulting sponge-like mass of yttrium was then
melted into a block of magsive yttrium metal. Trombe reported a melting
point of 2714°F and a demsity of 4.5 g/cc on metal produced in this

manner.

(23,24)

In 1954, Moeller and Zimmerman made the observatioh that, bhecause
of the highly electropositive character of ytfrium, the electrodeposition
of this element from non-agueocus média would most probably be realized
from a highly basic solvent. Such solvents, because of thelr strong
-donor characteristics, ﬁroyide.media in which solvated electrons can
readily exlst and in which lower oxidation states are strcggly stabl-
1lized. To test their theory, Moeller and Zimmerman prepared anhydrous
yttrium acetate and electrolyzed a saturated solutlon of this compound
in'ethylenediamine at room temperature. The electrodes were bright
platinum separated by medium porosity glass discs and the current den-
sities ranged from 1.6 to 0.20 milliampere/cm2. After each electroly-
sls, the cathode was immersed 1n dry ether and the deposits removed
mechanically in a nitrogen-filled dry box. In a few Instances, water
was added ranging from one to six drops per 60 mils of solution. It

was observed that the additlion of water up to four drops facilitated

the formation of a black, lustrous deposit, but larger quantitles of
water gave pydrous yttrium'oxide. The deposits_formed in anhydrous
ethylenedlamine were smooth, metallle, éﬁd lron-gray in color. The
-products.from both methods were reported to have oxidized in air or

water, evolved hydrogen 1in aclds, and gave x-ray diffraction patterns

anasvad
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characteristic of yttrium metal. However, it was noted that the deposits
contained entrapped or absorbed organic material, and there «wwere indica-
tions that the metal could have reacted with hydrogen which may have

been evolved during the electrolysis.

It is eVident'thaﬁ one maindifficulty must be.overcome if high purity
masgsive yitrium metal.is tobe successfully prepared by electrolytic
means. This difficulty arises from the extreme reactivity of yttrlum

in a finely divided form. There are four factors which apparently must
be consldered 1f this reactivit& is %o be;@iﬁimized: (a) the electroly-
sls must be carried out in medla which is.énhydroﬂ%, can be maintained
anhydrods, and is stable at the.high temperature which mgst be utilized
to compact-the metal produdt, (b) means must be provided whereby the
metal product or alloy can be lsolated from the media éither during or
after the glectroﬁééis, (c) electrode systems must be utilized which
either do not react at all with yttrium or react to form unstable alloys,
and {d) suitable methods must be found for forming massive metal from
either allo& or. compacted deposits which do not lead to contamination

6f the metai. :Alﬁhough itlis conceivable that high purity yttrium
metal can be prbducéd econoﬁiéal;y by electrolytic means, extensive
regsearch and development work directed toward finding a suitable method'

has not been conducted recently.

METALLOTHERMIC REDUCTION

As early as 1816, Berzelius(25) deseribed the reduction of yttrium

chloride by means bf sodium and potassium. The product of his reduc -
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tion was reported to be a metal powder. WOhler(26) and Papp(27) later
claimed to have alsoc prepared a yttrium powder by this method. In eacﬁ
case, attempts were made to eliminate the chloride by-product from the
metalfpowder by ﬁashing with water or alcochol, This_generally resulted
in reaction of the metal powder and subsequent inability to fuse- it into
magsive metal, The yttrium chloride usged in these experiments undoubtedly

was a'mixture of the yitrium sub;group lanthanide chlorides.

_Thompson, Holten, and Kremers(2o) attempted to reduce recrystallized
ahhydrous yttrium chloride with sodium and calcium metal. The primary
products obtained congisted of an Intimate mixture-of-metal ?owder and
the chloride slag by-products. The metal powder 1ﬁ iﬁch mixtures_pro%ed
to he extremely reactive in air and attempts to isolate it by washing
out the slag with watér or aleohol were unsuccessful., An attempt was
made to isoclate the metal by heating the mixtqre te the melting point
of ytfrium; the separation theoretically oceurring due to differences
in the densities of liquld slag and metal, However, when one of the
mixtures was heated above 27320F, the resultant product was found to

be a hard, clinker-like mass with no distinct separation of phases.

The first successful preparation'of massive yttrium metal by direct
metallothermic means was due fto a serles Qf investigations carried
out by Spedding and co-workers in the Ames Laboratory beglinning in
1851. These investligatlons will be.described in detail in the fol-
lowing pages since the present method belng used to prbduce large

guantltles of yttrium metal stems Trom this work.
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Bomb Reduction of Yttrium Chlbrlde

Spedding, et al”*% in 1952 initiated a program of study from which they
hoped to obtain a general metallothermic method for preparing all of the
lanthanide metals plus yttrium. In studies on yttrium, they prepared
anhydrous yttrium chloride and attempted to reduce this compound with
calcium in a bomb reaction. The charge consisted of yttrium chloride,

10 per cent excess calcium and an iodine booster placed in a calcium
oxide crucible and contained ir a capped steel bomb. The bomb and
contents were heated in a gas-fired furnace maintained at 1202° to 1382°P.
Prom previous experience with the lanthanide chlorides, it has been

found that excess calcium reacted with iodine at 752°P providing sufficient
heat to complete the reduction and separate two liquid layers consisting
of a top layer of calcium chloride-calcium iodide and a bottom layer of
lanthanide metal. However, in the case of yttrium, the product was an
intimate mixture of slag and metal. Apparently there was not.enough
heat generated exothermically to reach the melting point of yttrium
during the reduction. The slag-metal mixture was heated in an inert
atmosphere to temperatures above 2732°P but excessive boiling of calcium

chloride at these temperatures again resulted in mixing of metal and slag.

Direct Melt Reduction of Anhydrous Yttrium Pluoride

Daane and Spedding”~””) in 1953 undertook a study of the reducticn of'
anhydrous yttrium fluoride by calcium metal. Thermodynamically, the
calcium-yttrium chloride and calcium-yttrium fluoride reduction systfeems
are both applicable with the chloride system holding a slight edge.

The fluoride was selected as starting material because it was found to
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be easler to prepare and less hygroscopic; making it easier to handle

in air than the chloride, Furthermore, the melting point and dengity

of’ caleium fluoride.indicated that thils material would probably provide

a more suitable slag layer {or consolidating the-metal. Daane and
Spedding prepared anhydrous yttrium fiuoride by“a method which has since
been commonly referred to as the "wet process". In this process, hydrated
yttrium fluoride (YF3-1/2H20) wasg brecipitated from a hot, concentrated
solution of hydrated yttrium trichloride (YCi3~6H20) with 40 per cent
agueous ﬁydrofluoric acid, The hydratedﬂﬁéoduct was drled partilally in
air at 392°F and then under'anhydrous_hydroflueric.acid at 5720 to 752°F,

To carry out the reduction, the fluoride was mi;ed ahhydreusly with purifie
calclum metal In a tantalum crucible. The cruclble and contents were
placed in a graphlte sueceptbr'under argon or helium and_heated by in-
duetlon, The reaction was observed to proceed quietly as the temperature
was increased to elightly above.2732°F. Upon cooling, two well-defined
layers of calcium fluoride and yﬁtrium metal were found to have fofmed |
in the top and bBottom of the crucible respectively. In reccvering the
yttrium melt, the slag layer was broken 1oose easlily, but 1t was necessary

to destroy the tantalum crucible due to the wetting action of the yttrium.

Yields of greater than 99 per cent of theoretical were’consistently_l
obtained with tantalum contaminations reportedly runhing from 0,05 te 1.00
welght per cent and calcium contents ranged from 200 ppm to 1000 ppm.
"Metalxngraphie examination of the yttriumnjicrostructure revealed that

' there were inclusions throughout which were variable in form. and could
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have consisted of a number qf different phases. These were bhelleved to-
be primarily non-metallic in nature consisting of possibly the oxides
and/or fluorides of_calcium and yttrium (more will be said of thils later).
Ingots of metal prbduced in this manner gave comparatively low hardness
numbers ranging from 30 to 40 Rockwell A. Following a vacuum heat treat-
ment at 16529F, the hardness of these ingots characteristieally dropped
to 20 o 15 Rockwell A, |

Daane(3o) has continued his studies on thé'direct-melt'reduction method
and'is presently casting yttrium mepal’continuoﬁsly froﬁ the calcium«~
yttrium.fiuofide reaction mix by means of a tantalum crueible which
takes advantage of the density differences between the molten metal

and calcium fluorilde. This crucible hasibegn fabricated with a bottom-
duct Into which molten metal flows, sdiidiﬁﬁs and forms a plug. The |
reactibn charge of calcium and yttrium fluoride is introduced'frqm a. -
econtinuous charging device mounted over the crucible, Foilowing
accﬁmulation of metal and élag in molten laye?s,_the'plug is melted

free and yttrium cast  into. cooled copper molds.

It has been reported by Daane and others that 1t is.difficult.to east:
yttrium metal in this manner without volds being formed due to elther
.shrinkage or ”gas‘pockéting"; -To avoid this difficulty, several of
;fthe brimary castings are now welded togéther and consumably arc-melted
into larger ingots. The amount of inclusions has been lowered con-
‘siderably in recent iﬁgots prepéred by the contlinuous technique,. al-
though the tantaium and calcium contaminat;ons are éboﬁt the same as
those 1n the original-direct melt reduction producf, A summary_of
__tYpical,chemical'analyses on metél_prepared by this mchod is i&clnded'-
in Table VI. ' . | ‘
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In the reduction method described, ‘there are several factors which

detract from 1fs usefulness for eccnomical production of high purity

yttrium metal. These factors can be stated as follows:

ao

The reactivity of molten;yttrium with crucible materials
and with ;mpurit;es which may be present in the sur- |
rounding'atmosphere necessitate‘the sélection and use

of efpenéive, rgfréctory_metal crucibles and careful
control of the inert gas blanket., Metallle crucibles
must be destroyed to recover_the yttrium-melt unless
suitable production methods can be found for separating
and casting the metal independent. of the slag.

By virtue of the high melting point of yttrium,

speclal high temperature furnaceé'and equipment are
required,

The reduction involves direct contact aﬁd mixing of
calcium with yttrium fluoride which could concelvably
cause contamination of both the fluoride and the re-
sultant metal product by impurities inherent in cal-
¢cium hapdling, i.e. water, caicium oxide, ni:crogen,

¢carbon, ete,

Tests conducted on the reactivity of molten yttrium with varlious re-

fractory metal and sintered oxide crucibles have shown that the oxides

are, in general, unsultable while-tuhgsten gives the least contamina-

tion followed by fantalum and molybdenum in that order. Daane's work
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on the continuous castiﬁg methed offers a possible sclution to the prob-
lem of destruction of crucible materials, although 1t £111 has the dis-
advantage of using high temperature equipment and direct contact between
massilve calcium and yttrium fluoride duriﬁ% reduction, The purify of the
"anhydrous" yttrium fluoride prepared by both the "dry" (described .in

n

succeeding pages) and "wet" process , at this time, had DOt been questiomed,

s
From recent Investlgations, it 1s now belleved to be a major factor in
the formation of inclusions present 1n yttrium metal produced by both
the direct melt reduction method and the intermediate alloy process

described below.

Intermediate Alloy (Sponge Process) Reduection

Spedding, Carlson énd Schmidt(Bl) in 1956 undertook an lnvestigation
directed toward exploring the possibilities of developiﬁg a new metal-
_lotherﬁic technlique for preparation of yttrium at lowerltemperatures.
Their studies indicated that yttrium could be prepared at comparatively
low temperatures by formation of iIntermediate alloys of 21nc or mag~
nesium. Yttrium fluorlde was agaln chosen as the starting material

and caleium as the reducing agent. The most sultable fluoride for.
_réduction was reportedly prepared through a "dry processf (see fodﬁnote
Bottom this page) although a few reductions were made using the "wet
process” fluoride described péévibusly. A desegription of the two
methods for preparing zinc or“magnesium alloys of yttrium are discussed

in the following paragraphs,

¥In the "dry process’, a one-nalf inch thick layer of Y504 powder is
placed in monel reaction trays and heated under a stream Of anhydrous
hydrofliucric acild gas at 10670F, Fluorilde prepared by the "wet process"
is quite fluffy, having a packing dengity & 0.9 g/cc whereas the fluoride
prepared by the "dry process”" has a packing density of 1.9 g/cc
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Since a zinc intermediate alloy was used successfully in the bomb pre-
paration of thorium and zireonium metals, its possible use in prepara-
fion of yttrium wés firét investigated., It was found that zinc fluoride
added to yttrium fluoride, calciqm and ilodine served not only as a
booster but supplied zinc to form an intermediate alloy with yttrium..
Sufficient heat wag produced by the reaction of zinc fluoride and iodine
wlth calcium to melt both the gine-yttrium alloy and the slag mixture of
calecium iodide-calcium flﬁoride thus forming two molten layefs. Enough
zine fluoride and excess caleium was added to form a 80 per cent yttrium-
20 per cent zinc alloy. .Reactions were carried out in steel bombs lined
with céldium fluoride and heated by a gas-~flred furnace maintained at
12929F, When the outside of Ehe-bomb_feached approximaﬁelf 1200°F,

the charge ignited and the reactlon and layer sgparation took place.spon_
taneously. When cool, the”conteﬁts of the bomb were remb?ed.and the
liner and slag broken éway frbm the:massive zinc-Yttrium alloy. The
alioy ﬁaé crushed, ﬁlacéd in.a gsintered calcium fluqridé crucible and
‘heated stepwise in vacuo at'temperatures of 15440F, 178653; and 26020F
'réSpéctively to.remove zine, The-peéultant produqﬁjwés a sponge of

- yttrium with a zinc content averaging 0;40 per cent by .weilght.

To consolidate the sponge,-varidus'melfs were made in sintered zirconium
oxide, magnesium oxide, caléiﬁm cxlde, beryllium oxlde, and graphite
crucibles. In eadh cage exééssive contamination of the metal oceurred
from interaction of ﬁolten yttrium with the crucible materiais. How~
ever, the spbnge could be readlly arc;melted under helium or argon using |

a water-cooled, tungsten electrode; the castings being formed 1ln water-
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cooled copper molds., In this way, several ingots of metal averaging

two inches in diameter and Dur inches long were prepared,

The ytirium metal ylelds from the zine alloy process were variable,
ranging from a low of about 85 per cent to a high of about 90 per cent
of theoretical, Table Hlgives typical'results obtalined from chemlcal
analyses of the arc-melted yttrium from zinc sponge. The metal charac-
teristically was heavily contaminated by'inélusions similar in appear-
ance to those deggribed on previous pages. From the high average carbon
and nitrogen cbﬂfgﬁts observed, theée inelusions were belleved td be
pfimarily carbides, nitrides, fluorides and oxides alﬁhough no analyses
of oxygen‘wére made on this type of metal. The hardness numbers on the

as-cast metai-ranged from 30 to 35 Rockwell A,

TABLE ITI1

Typical Chemical Analyses of Arc-Melted Yttrium Sponge
' From the Zinc Alloy

Element Content, per cent by weight
c | | 0.06

N 0.06

Fe | o : 0.0k

Zn - 0.015

Ca O.CQ

cr | 0.01
e | 0.0L

S1 | 0,02
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Because of the difficultiles in removing zine, the undesirable amount of
microscopic impurities in the final metal, énd the low reduction'yields'
observed in the zlinc alloy process, an dlternate method was expldred by
Spedding, Carlson and Schmldt. They'substituted.magnesium for zinc and
”conducfed the reduction in open cruclibles under a siightly-pressurized
inert atmosphere. The charge found to be most suitable cenoisted of yttrium
_fluoride, granular calcium, magnesium turnings and a calcium chloride flux.
In the reaction, the melting point off yttrium was lowered markedly by
alloying with.magnesium and enough calCium chloride was added to form &

60 per cent CaCle—&O per cent CaFQ.ﬁlag?mikture.of low density which melted
between 1372°F and 14720F. ‘This enabled reductions to be carried out at
retort temperatures of 1742 to_1922°Fm 'The reactlon vessel was elther a
zirconium metal erucible or.a-sihtefed magnesla cruéible‘inserted into a
stainless steel retort'(seezFigufe 2) which was équippgd’with a gas-tight
head and a pressure relief valve.: Alloys were prepared'in this manner
contalining 15 per cent Mg, 17 per cent Mg, and 20 per cent Mg. These:

were actually ternary alloys since calcium was found to be presen+
ranging.from 7 to 8 per cent by welght, the amount depending on whether

10 or 20 weighﬁ per cent excess'caléium was used as a reducling agent,

Best results were obtalned through the use of a 20 ﬁer cent excess of
caleium and enough magnesium'to form either the 2C or 17 weiéht per.

cent magnesium-yttrium .alloy.

The alloys were most easlly separated and removed from the magnesia
crucibles by fr_aéture& the crueible wall, whereas alloys formed in

zirconlium me;él cruclbles required seoaration by pulverization wilth an
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FIGURE 2

SCHEMATIC DIAGRAM QrF AMES REDUCTION RETORT FOR PRODUCTION OF
YTTRIUM-MGANESIUM ALLOY

i e ].1..
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Vacuum Valve
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air hammer. Since this decreased the 1ife of the metal crucible, an
alternaté'method was investlgated. It was found that the reaction mix
could be maiﬁtained at a temperature where the alloy layer was a solid

and fhe slag layer molten. A stainless steel retort with two slde coollng
chambers was deslgned which enable separation of alloy and slag by tllting
and pauring at two different tempefatures. Observations made 6ﬁ alloys
obtained 1n this way indicated that some of the slag layer still adhered
at the alloy interface even at molten slag temperatures. The subsequent
melt and pouring operation to remove this alloy could concelvably cause

- contamination by mixing. Likewiée, the zirceconium pick-up by yttrium wag
increased by the double melt operation reaching higher than 1.5 weight

per cent at times, Recently, Carlson(32) has gone back to the method of
cooling in pléce with the modification that a tilt 1s given to €he retort
(which 1s normally upright) before solidification of the alloy layer,

This has been found to help in the subseguent recovery of the alloy from
zirconium c¢rucibles, slnce Carlson reports that only a slight tap on

the bottom of the zlrconium serves to separate the masslve alloys.

The alioys were crushed to approximately 1/2 inch'pieces_gnd heated 1n
vacuo in either magnesia or zirconlum metal crucibles to remdve magnesium
and residual calecium, The heating rate was carefully controlled and
allowed to increase'gn;dually from 1472 to 2192°F. No éintering 6r
_melting'of particles occurred during this operation and the resultant

sponge wés-easily-removed from the crucibles, Table IV glves average

results obtained in mid 1956 from the chemical analyses of 16 different
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lots of sponge prepared tharough the formation of an intermedlate alloy

of magnesium and yttrium. Yields of metal from 97-99 per cent of

theoretical were consistently obtalned by this procedure.

TABLE IV
Analysis of "Demaged" Yttrium Sponge Prepared in a Zirconlum
Crucible
Element Content, per cent by weight

‘C - 0.038 ¢ 0.007

N | 0.032 t 0.025

0 0.3 o 0.4

Fe 0.0L4 § 0.005

Mg 0.02

Ca . 0,02

Zr 1.0 + 0.35

The yttrium sponge was arc-melted by a water-cooled tungsten electrode
under a helium stmosphere producing ingots 2 incheé in diameter and

up to 8 inches in length. Table V gives an average of chemlcal analyses
of samples taken from two arc-melted ingots of yttrium prepared in this

manner.

MicrOSCOpic examinationsﬂof_the yttrium produced through the magnesium
alloy.revealed that inclusions were still.present in the microstructure
of the arc-melted metal. Filgure 3 depicts the microstructure typical

of early sponge process yttrium produced in both zlrconium and magnesia

crucibles, Visual evidence of inelusion contamination as well as
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TABLE V

Analysis of Two Arc-Melted Ingots of Yttrium from Sponge Prepared
in a Zirconium Crucible

Element Content, per cent by weight
C C.032 4 ©.009
N 0.0BQ.E 0.018
0 0.3 to 0.4
Fe 0.04 4 0.003
Ca 0.02
Mg 0.02
Zr 0.72 + 0.18

chemical analysis for cérbon, nitrogen and oxygen have indicated that
yttrium prepared in magnesia oxide crucibles contalns a greater amount

of incluslons. Several of the incluslons were removed by a mechanlcal
probe and tentatlvely fdentifried by x-ray diffraction as conslsting
primarily of yttrium oxide and some unidentified minor phases., Yttrlum
metal prepared in zirconium crucibles has had a characteristic hardness
of 30 Rockwell A which has later been observed to decrease to 17 -2C Rock-

well A upon vacuum annealing at 1652°0F,

The zirconium content 1s rather high, but Carlson(32) has demonstrated
that sponge obtained from the product of an "in place" solidification

of alloy and slag layers contalins as low as 0.5 pér cent by welght
zirconium, Apparently, the proner control of retort temperatures during
reduction and placing a 1limit on the time in which molten alloy is in
contact with the zlrconium crucible are factors in decreasing thls con-

tamination.
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Further Studies on the Sponge Process Reduction Tor ¥Yttrlum Metal

The low temperature magnesium alloy method which will be referred to as
the "sponge process’, has béen_subjected to intensive_reseafch and deve-
lopment work during late 1956 and early 1957. This was primarily due
to the need of a method for large scale production of yttrium metal.
Spedding and co-workers have devoted considerable effort in attempting
to solve problems posed by the method before a scale-up could be realized,
These problems were three-fold: |

(a) The relationship of the;purity and stability of

ybttrium fluoride and the other reactants to the

inclusions preéent in the final metal product..

(b) The relationship of unit operétions, such as
mixing, reduction, "demaging", and arc-melting

to the quantliy of inelusions,

{c) Fabrication of large retorts and equipment cap-
able of producing yttrium metal of high purity

in lots of 10C pounds or more.

- Problens posed by consideration of the inclusilons present have not been
resolved. In the first place, all of the incluslons have not been iden-
tified., A method wés devised at GR—ﬁNPD(33) whereby yttrium metal was
reactéd in a solution of bromine in anhydrous methyl alcohol giving an
insoluble residu?swhich was believed te contain most of the non-metallie
and probably some éf the metallic inclusions. X-ray diffraction patterns
of these-residues-haveﬁsﬁown a predominence of two compounds, Y203 -and

YOF,'with several minor phases'which have tentatively been assumed to
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be mixtures of calecium compounds, magnesium compounds, yttrium fluoride,
or carbide and gltride of yiftrium. The amount.of oXygen pregent in

the metal has been estimated on samples whose bromine insoluble residues
have shown a major phase of ¥503. On the aveérage, these estimated values
have been different (generally higher) when compared with oxygen values
obtained by vacuun ?usion.techniques or by a special spectrographic
method devised by ngsel(34). However, there seems to be a general
relationship between the bromine insoluble residue and the amount of

inclusions present in the yttrium mlcrostructure.

A study was made on the completeness of hydrofluorinatlon of yttrium
oxide by the "dry process'" described previously. Factors which were
studied included the effects of different firing temperatures in the
conversion of yLfrium oxaiate to yttrium oxide, and the effects of
variable times and temperatures of exposure in the hydrofluorination
process itself. Carlson(32) has reported that oxalafe ignition apparently
has no effect if carried out at temperatures at which pronounced sintering
does not occeur in the oxide. On the other hand, the tempefature, time,
and depth of oxide layer exposed'duriﬁg hydrofluorination.are'definite
factors. Conversions which were carried out at 10670F for 8 hours on

1/2 inch layers of Yp03 characteristically were 97-99 per cent complete,
ﬁpon increasing the temperature (tolll20F thru 1292°F) and time of ex-
posure during hydrofluorination, the percentage of conversion was geﬁerall
increased to 99,3 to 99.5 per cent. For example, 6ne batch of oxide

hydrofluorinated in a 1/2 inch layer at 11120F for 13 hours showed a
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99.3 per cent conversion to fluoride., However, the results were observed
fo be variable on different lots of oxlde and the calculation of per

cent converslicon are gquestionable sinee analytical methods for precise
determination of Yp)3 and/or YOF in YF3 have not been devised. Compari-
sons were also made on the_amount of inclusions present in the miero-
structure of yttrium prepared from both "wet process" and "dry process"
flucride. Here agaln, the results were variable, although comparative
differences in the amount of inclusions present were.generally very

small,

Recently analysis of oxygen in ytfrium fluoride by spectrographic
methods (see Passel(34) above) has shown a definite correlation between
the amount of oxygen in the filuoride and the resﬁltant metal., _The
analytical method involves the arcing of YF3 in a carbon cup undefTé
partial pressure of argon and comparing the intensity of the resultant
line with the pure eicited argon line, The method ié empirical since
no pure standard exists for elther yttrium or yttrium fluoride, Com-
pilation'of data by Carlson at Ames has shown that a flucride havjh;

an "intensity ratio" of 0.3 to 0.4 generally gives a metal with oxygen.

contaminatibns ranging from 1000 to 1500 ppm on subsequent reductions.

The relationshipﬁof unit opérations to the amount of inclusions preszent
in the metal has been studied by analysls of products formed during
successive stages of the reduction. Control of the purlty of reactants
has mainly involved preparation of distilled éalcium, vacuum-driled

calcium ch]éride, and hlgh purity magnesium for use 1in the reduction

-
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mixture. The mixing of reactants has been carried out 1n a mixing drum
which is provided with an 1lnert atmosphere, Transfers are accomplished

by means of polyethylene funnels and bags.

The bromine insoluble residue in the sponge has been observed to thange
during the "demaging"step, this change, in most cases, being an increase.
It is probable that this is largely due to a concentration of'ﬁon-metallié
and/or metallic impurities which were originally present in the alloy.
Carlson(32) has investigated the possibility of lowering thp_calcium

and magnesium content in the sponge by exposing the alloy deJIOngér”
periods of time at slightly higher temperatures quping'the "demaging”
step. Initial reiplts on these tesats Qé#e indlcated that calcium and
magnesium contaminatlions can be 1owered somewhat during th;gﬁstep‘of

the sponge process.

Changes in .total amount of inclusions 1in yttrium during the arc-meltiag
operation.haé been varisble, sometimes showing an increase and sometlmes
a decrease, In order to bring about further lowering of the caicium
magnesium content 1n the end metal, the Ames Laboratory is now arc-
melting large yttrium ingots under a vacuum in the final fabrication

step with some degree of success (see Table VI).

The fabricatlion of equipment suitable for preparing sponge yttrium in
large lots has been accomplished for the most part. Spedding and co-
workers now have a retort and gas-fired furnace wlth zirconium crucible
accessories capable of reducing up to 100 pounds of yitrlum fluorlde

at one time, In addition, two consumable arc-melting units are_being

used to process pressed yttrium sponge electrodes 1nto ingot form.
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Several large batches of yttrium sponge have been prepared ai the Ames
Laboratory and arc-melted ingots fabricated ranging up to 20 Inches in
length and 4 to 6 inches in diameter. The averaged chemical analyses
of sixteen 4 inech ingots and ten 6 inch ingots received at GE-ANPD
from Ames during the period January 1, 1957 to July 15, 1957 are glven
- in Table VI, Included are anaiyses on 5 ingots of metal also produced
at Ames bﬁt by.the direct melt reduction process. Similar analytical
data 1s given for comparison on.all metal received at GE~ANPD-during
1956. Figure 4 is a photograph of one of the 4 inch diameter ingots

with its typical microstructure.

By comparison, the recent metalhas been of éomewhat higher degree of
purlty than earlier ytfrlum ingeots. Calcium and magnesium contents

are lower esgpecially in the vacuum arc-melted ingots although oxygen
contents remain high. Some arc-melted ingots of yttrium metal have

shown segregation of Impurlties in the top and bottom sectlons, al-
though thils segregatlon has not been uniform with respeet to any one
particular contaminator. On the other haﬁd, severai largé ingots have
been prepared with little or no segregation. Iﬁ is evident that more
work is needed particularily with regard to elimination of or minimizing
the oxygen, carbon, nitrogen; and metallic 1mpurifies in sponge process

yttrium metal,

The relative merits of the sponge process and the direct melt reduc -
tion process are about the same if one considers the fact that neither
has produced an end yttrium metal product which was completely free of
inelusions. Perhaps this 1s not surprrising since both processes use the

same startling materlal and reducing agenﬁ and both have involved direct

intimate contact between calclum and yttrium fluoride during reduction.
However, the sponge process hag achleved some measure of respect in that
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Element

o 2

Br insol
2!
(w/o)

Calo

Mg
Fe
Ho
Zr (w/o)
Ta (w/o)

TABLE VI

Averaged Chemlcal Analyses of Ames Yttrium Ingots

(Analyzing Sites: Ames Laboratory and GE-ANPD)
Content; ppm or weight per cent (w/o)
Sponge Process, 2 Sponge Process, 3 Sponge Process,u Direct MeltS
1956 4 in, P.D., 1957 6 in. ).D., 1957 Process, 1957
Ames - GE Ameg GE Ames GE Ames GE
322 217 150 122 216 145 117 116
345 330 360 140 330 300 427 356
——- 1,270 - 82 — 160 —— 260
- 4,000 -— 3,445 - 4,550 -~ 2,775
1,845 --—- 2,160 -—— 2,847 —— 1,604 -
1.57 3.50 0.74 1.23 0.64 2,02 1.40 1.43
582 578 460 304 15 5 438 500
530 875 433 287 30 23 — _—
226 363 173 270 191 540 213 200
——— -— - 105 -— 109 ~—— 118
1.01 1.0 c.74 1.0-0.5 0.98 0.66 ——- —-
-— -—- - ——— - ~—— 0.84 0.50

See Page 65

for description of superscripts 1 thru 10
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1. Data shown represents an average of all results on Ingots in a group irrespectlve

of whether analyses were made at the top or bottom posltions.
2., Averaged from 27 arc-melted ingots totaling 200 pounds.

3. Averaged from 20*arc-melted ingots totaling 550 pounds.

eod 4, Averaged from 10 vacuum arc-melted ingots totaling 433 pounds. .
- 5. Averaged from 7O ingots totallng 127 pounds, arc-melted from primary castings e
RIRI() prepared in tantalum. e
LM | P
“c:() 6. Nitrogen by micro-Kjeldahl. 3;5
s 7. Nitrogen by vacuum fusion. ;“ﬁ
e 8. Oxygen by vacuum fusion, JRosey

9. Oxygen by spectroscopic method (see reference 34 )

10, Calclum, magnesium, iron, silica, tantalum, and zlrconium determined spectro-

scopicaily.
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it hhs lent itself admirably to large scale production methods.and has,
in fact, already provided a significant amount Qf yittrium in massive
form with a much cleaner microstructure. It is suspected that consider-
ably more work is s£11l1 needed on both the sponge and diredt_melt reduc -

tlon process before a strictly high purity yttrium metal 1s realiilzed,

- METALLOTHERMIC REDUCTIONS WITH LITHIUM

Several reductlons of yttrium fluoride have been carrlied out at GE-ANPD
since early in 1955. Lithium was found to be sultable for direct melt
reduction of the fluoride since lithium fluoride provided a good slag
layer for consolidating yttrium melts, The reductions were generally
conducted 1ﬁ tantalum and molybdenum crucibles under an atmosphere of

argon or helium., However, the ylelds were 4ow unless a considerable

excess of lithium was used., It was also noted that metal formed by lithium
reduction of the fluoride has still contained microsqopic inecluslons

similar to those described previously.

A considerable amount of work 1s presently going on at GE;ANPD in per-
fecting a method which involves introducing 1ithium vapor tb molten yttrium
fluoride in an evacuated steel bomb at elevated temperatufes. There have
been indications that it may be.pdséible to form a sintered yittrium metal
matrix at some tgmperature below.the melting point of yttrium and the
molten lithium fluoride slag at least partially geparated frpm the matrix.

by gravity.

Studies at General Electric on the problem of preparing anhydrous yttrium

flucride suitable for-féduction have resulted in the preparation of a
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fluoride product which has a measured melting point ranging between 2110
and 2120°F. It was prepared by introducing anhydrous hydrofluorle acid
gas to hydrated yttrium fluoride at temperatures from 2200 to 22500F

and subjecting the molten fluorlde to electrolysis with a carbon elec-
trode to remove oxygen. The cooling curves of this material character-
istically shoﬁed another arrest at 1860 to 1890°F which could indicate
elther a so0lid state transformation of YF3 or the presence of Impurities.
A series of melting polint determinations are being conducted on fluorilde
prepared in this manner to ascertain the effect of extended electroly-
8ls and exposure to anhydrous hydrofluoric acld gas at molten fluoride
temperatures. In this way, 1t is hoped that the stability, and ulti-~
mately the purlty of the final product can be deduced. Yttrium fluoriie
prepared by this method could conceivably be obtained in a high state

of purlty and, because 1t 1s molten, c¢ould be cast into varlous forms

for subsequent reductions with a minimum of atmospheric contaminatlon,
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PROPERTIES OF YTTRIUM METAL

Introduction

Interest in the properties of ytitrium has largely been generated by its
potential application as a basic moderator material in nuclear reacﬁors.
Prior to 1955 yttrium metal was in limited supply and property data
scarce, With the development of reduction methods in 1956 whereby
yttrium gould be obtained in fairly large amounts, General Electric-
ANPD initiated a program to obtaln information on a fairly comprehen-
sive scale. As a conseqgquence, most of the data on yttrium presented

in the following pages were determined within the past yéar,

It should be emphasgized that property measurements were carried out
almoét exelugively oﬁ yttrium metal produced either by fhe sponge precess
or direct melt reduction method. As stated iIn the previous section on
reductions, the metal which has been prepared by these méthods can not

pe considered as strictly "high purity" since it contains varylng

amounts of non—metallic and metalliec Impurities. The propertles which
were determined, vhile representative of yttrium metal, may in some

cases be subject to re-evaluation when high purity metal becomes avall-

able,

In preparing this section on thé properties of yttrium, the primary pur-
pose has been to present to the reader a summary of its physical, chemi -
cal, mechaniecal, and nuclear properties which have been determiﬁed. For
the sake of completeness, a general discussibn has been included of the
analytical and metallographlc methods employed at General Electric-ANPD
for quality control of the metal, 1ts reactivity with other metals and

alloys and its known bhiologlcal effects.
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Pryslcal and Chemical Properties

Yttrium 1s one of the transition elements and it occupies a position
in Group III-A of the perlodic table, It 1s a light, sllvery metal
possessing one of the lowest denslitlies of the metals In the subgroup,
surpassed in this respect only by scandium., In order of ascending
densltles, yttrium ranks approximately 1lth among the common metals.
Arc-melted yttrium is comparatively soft (60-70 Brinell), similar

to 1ron, and about twice as hard as magnesium, Upon arc-melting
both the lanthanide mefals and yttrium characteristically crystal-
lize wilith milcrostructures possessling large, coarse gralns. Yttrium
has a high melting point similar to iron and 1s the third highest in
the lanthanide series, both lutecium and thullum exhibiting higher
melting points. Its vapor pressure is low by comparison with the

lanthanide metals, being similar to lanthanum and cerium,

The physlcal constants measured for yttrium metal and 1ts chemical
behaviour in varlous environments are given in Tables VII and VIII,
respectlvely. . The singular hexagonal close-packed structure of
yttrium has heen confirmed to the melting point bf'both high tempera-
ture x-ray diffraction and high speed thermél analyslis studies,
A gserutiny of crystallographic data serves to illustrate the similarity
of ytirium with the lanthanlide mefals and especially with

those from gadolinium through erbium, For example, the mole

atomic volumes, metallie radii, and axlal ratios (i.e., cu/ao)
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. deftermined for a serles of comparable lanthanides and yttrium are as

follows: (35)

Element Structure Cp/2, IMole ?Zﬁ3§01. MetallicRRadii
La _ hep 1.613 22,54 1.8852
Pr hep 1.612 20.818 1.8363
Ne hep 1.613  20.590 1.8290
ad hep 1.590  19.941 1.8180
Tb hep 1.581 ©19.258 1.8005
Dy hep 1.573  18.989 1.7952
Ho : hep 1,576 18.745 1.7887
Er hep 1.570 18.458 1.7794
™  hep  1.570  18.131 1,7688
Lu hep 1.585 17.768 1.7516
Y ~ hep 1.571 ©19.886 1.8237

While yttrium has measured values for thermal expansion and thermal con-
ductlivity whilich are of the same order as zirconium metal, it differs frgm
zirconium in one important respect. This difference is in the positivék
temperature coefficient of thermal conductivity which 1t has been ob-
served to possess; a characteristic which yttrium shar:s with aluminum,
brass, and various amorphous non-metallic splids. The electrical resis-
tivity of yttrium is approximately 40 times that of copper at room temp-
erafdre, the resistivity increasihg almost linearly wilith Increasing

temperature.
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Like the lanthanldes, yttrium is a moderate reducing agent although 1t
is much more stable, in general, in dry alr. The purity of yttrium
metal is belleved to have congslderable effect on its chemlical reactivity
particularly in corrosive or reactlve enviromments., Pointling up this
fact are the results 1n Table IX 1n which the static air oxldation resis-
tance was observed to be much better on a vacuum arc-melted yttrium metal
with lower Impurlty content. Likewlse, the progress curves in hydridhg
yttrium shown in Figure 11 imply higher hydrogen contents wlth increaslng
purity of samples of metal produced from 1954 thru 1956.

Yttrium reacts with carbon tetrachloride decomposing it.(35) The latter
is therefore not sultable for extinguishing yttrium metal fires, The
metal reportedly reacts with boilling sulphur(35) to form the sesqulsul-
flde and forms silicldes, carbldes, phosphides, arsenides, and antimonldes
bj dipgct union.(35) An outstanding feature of the chemistry of yttrium
is 1ts reaction to take up hydrogen and form a solld, metallie hydride
whose composition is temperature and hydrogen pressure dependent. It
forms one of the most stable of the known metallic hydrides and, as such,

~-has considerable potentlal In nuclear applicatlons,
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Physical

Property
Crystal Structure

Denslty, Crystal
Denslty, arc-melfed
from sponge, average¥*
Melting Point, tentative
Boiling Polnt, estlimated

Vapor Pressure

Heat of Fusion, estimated

Heat of Vaporlzation
Estimated

Caleulated

Heat Capaclty, estimaied
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TABLE VIT

Constants of Yttrium Metal

Value (s)

Hexagonal close-packed

A
o}

3.6474 + 0,0007 A

c 5.7306 ¢ 0.0008 %

o

4 472 gms, per em3
279.2 1bs, per ft3

4,47 } 0.01 gms. per cm3

2822 - 2826°F
S84 0CF

0.0l mm, Hg (27329F)
0.0001 mm. Hg {2480°F)

4.1 X cal per mole

o4 K cal per mole
80 K cal per mole

6.01 cal/mole - °F (0°C)

Page T2

Reference

(36)

(36)

(36)
(37)

(36)

*Average of measured denslty values cbserved on a series of yttrium

ingots as receilved,
at TOOF.

FTOEE T T B T

Densitles determined by displacement in toluene
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TABLE VII
Physical Constants of Yttrium Metal
(Continued)
Property Value (s) Reference
Tonization Potentials 6.377 volts (YI) (39)
12.333 volts (YII)
Free Energy Function, 37.371 cal/deg-mole {298°K) {38)
Gaseous = (F° - HO)/T
40,284 cal/deg-mole (5000K)
44 221 cal /deg-mole (1000°K)
48,015 cal/deg-mole (2000°K)
Thermal Conductivity 6.9 &+ 0.2 BTU/hr-rt-F° (8000F) See Filg. 7

5.95 %+ 0.3 BTU/hr-rt-F° (2120F)
7.25 4 0.3 BTU/hr-£t-F° (800°F)

11.06 { 0.5 BTU/hr-ft-Fo (18320F)

Average Coefficient, 7.02 x 10~6 per °F (70-2000°F)  See Fig. 8
Linear Thermal Expansion

Electrical Resistivity 69 + 3x 106 ohm-cms (70°F) See Fig., 9

Wave Lengths of Charac-
teristic X-rays

K Series Alpha 1 0.82879 % (44)-
Alpha 2 0.83300 %
Beta 1 0.74068 &
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TABLE VII

Physical Constants of Yitrlum Metal
(Continued) '

Property Value gs} Reference

Wave L.engths of Charac-
teristic X-~rays

I, Series Alpha 1 6.4497 A
Alpha 2 6.4555 &
Beta 1 6.,2117 g

Heat of Combusfion, A E

or _ ! 0. - 1 pE:0C i
Heat of Formatlon, Y503, 455.45 + 0.54 K cal/mole (25°C) (45)

A Hf
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Figure 7. Thermal Conductivity of Yttrium Metal as Function of Temperature
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Hydrochloric, sulfuriec or
nitric acids '

Hydreofluoric acld, aqgeous

Water

Cuplce Sulfate, ageous
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TABLE VIIZI
Chemical Properties of Yitrium Metal
Behaviour

Cold, dilute or concentrated: massive
metal reacts readlly with evolution of
hydrogen and formation of salt with

anion of acid.

Slight reaction between massive yttrium
and 47-10 welght per cent aqueous hydro-
fluoric 1In the cold. Reaction occurs

at very slow rate,

Rapid reaction and oxidation of finely
divided yttrium in boiling water. Con-
siderable etching and oxidation of sur-
face of massive yttrium affzr 5 hours

exposure to boiling water,

Solid yttrium reacts in the cold with
a 5 to 10 per cent cupric sulfate
solutions in water. Some evolution of
hydrogen, Copper 1s plated on a plat-
inum electrode 1f it iz externally
connected with an yttrium rod in the

game solution.

-
v
aved
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TABLE VIII
Chemical Properties of Yttrium Metal
(Continued)
Cnvironment _ Behaviour

Molten zine chloride Rapid depogltion of zinc on surface of
| massive ytirium when dipped into molten
salt.
Magnesium oxide, calelum oxlde, Partial reduction of the oxldes by
beryllium oxide, aluminum axide
yttrium at temperatures above 2000°F,

Order of decreasing reactlivity 1ls appar-

ently Alno05 > BeO > Mg0 > CaO.

Graphite Forms carbldes with Yttrium at molten
metal temperatures (2800°%). Some in-
dications of reactions at lower tempera-
tures,
Static Air Oxidation Lower. impurity contents increases.the
(Figure 10, Tables IX and X) |
static ailr oxlidation resistivy of
yttrium (See Tables). In general, the
surface of massive yttrium blackens to
800°F. At higher temperatures pronounced
oxide layers fdrm and destructive oxlda-
tion apparently proceeds largely through

intragranular penetration.
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TABLE VIII

Chemlcal Properties of ¥Yttrium Metal

{Continued)

Environment

Nitrogen, gaseous

Hrdrogen |
(Bicure 11)

Behaviour

No apparent reactlion with nigrogen gas
at temperatures below 1400°F. At higﬁer
temperatures nitrogen is occluded,

minor phases of yttrium nltride having
been identified in the metal & 1800 -
22000F,

Yttrium can be hydrided at temperatures
as low as 1000°F and as high as 27000F
in 15 psl hydrogen to produce solid,
hydricded bodies possessipg metallle
characteristies. .Hydrogen compésitfbn
depends on equilibrium conditions of
temperature and hydrogen pressure

during formatlen,
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TABLE IX

Cne Hundred Hour Static Air Oxldation of Yﬁtrium Meta1(46)

Welght Gain of Sample per %nit Surface
Area, mgms. per inch

Temperature, °F Yttrium XC-100% Oremet Yttrium, XC-109%
Room Temperature ¢ | 0
300 1.6
600 0.8
700 7.0
800 o 30,2
900 126.5 |
1000 352.5 200 (120 hours)
1200 ' 500 (powdered)

¥Yttrium XC~100 was prepared by the sponge process and arc~mei€ed’twice
under an inert atmosphere., Oremet yttrium XC-109 was prepared.simi~
larily wilth ﬁhe exception'that the metal 1ingot was double are—meited
under vacuum-at the Oregon Metallurgidal Corporation, Albany, Qreson,

The chemlcal analyses of the two arec:

Oxygen L Calceium Magnesium

XC-100 2900-3200  100~500 100-500
XC =109 2800 10-50 10-50



TABLE X
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Static Adr Oxidation of Yttrium at 14OO°F(Q6)

Time, hrs. Yttrium Specimen*
1 XC-100
XC-109
) - XC-100
XC-109
3 XC-100
XC-109
L XC-100
XC-LOG
5  XC-100
XC-109

Wt. Gain OFISample per

Averapge
Unit Surface Area, mgms Oxide Layer,
' per in< ' mils
100 8.4
28.3 ——
315.2 26
329;5 28,5
k.9 -
458,2 50
562.9 {powdered) R
125 10-15

*¥ttrium specimens ag designated are described in footnote to Table IX,
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Reactivity of ¥ttrium Metal with Other Metals and Alloys

The oxidation resistance of yttrium metal {(or metallic hydrided yttrium)
is such that some sort of a cladding material is ﬁéeded if these mateprlals
are to be useful as hich temperature components. Ofdinarily, cladding
must form a good, butnot excessive, diffusion or reaction bond with the
substrate metal, and In most cases should exhiblt adequate strength and
good heat transfer characteristics. In order to determine what metals

or alloys are most likely to form a useful c¢lad, it is first necessary to
study the basic reactivity or diffusion characteristics. For this reason,
a seriles of such tests were conducted at General Electric—ANPD(AT) on
solid yttrium with several other metals or alloys which were potentially
éither hydrogen barrier or oxidation resistant clad materials. The manner
in which these tests were conducted and the results which have thus far

been obtaineﬁ are described in the following paragraphs.

For the purpose of the tests, rods of yttrium approximately 1/8 inch in
dlameter were press fitted into blind-end capsules of various metals and
alloys and end-plugs of the outer material press fitted and welded on
top of the yttrium, The'speciméns were then heated for 100 hours {or
less) at a number of temperatures either in air or under an inert atmos-=
phere., They were then cooled £o room temperature, cross-sectioned, and
pclished for micfoscopic examlnation of the Iinterfaces. For low melting
metals or alloys, reaétivity tests were conducted either by lmmersion

of yttrium in molten test material or by melting the material in yttrium
crucibles. The results are given in Table XI. From these results it is

apparent that there is only slight interaction or diffusion between

ELEL L)
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ytitrium and tantalum, molybdenum, titanium, and columbium up bto 2200°F.
The stainless steels, nickel, palladium, Nichrome V, lead, and aluminum
show degrees of diffusion, interaction, and actual alloying at tempera-
tures rangling from 12000F to 1800CF, It 1ls further evident that nickel,
nickel-=base cor iron-base alloys are extremely reactive with solid yttrium.
Forlexample, Figure 12 is a photograph of the cross-section of a Nichrome
ytErium couple which shows extensive diffusion of an element or elements
from the Nichrome to form a low-melting phase in the center of the yttriun
specimen. Also considering the original diameter and series of diffusion
or reaction zones which are present, the yttrium specimen had lost.its

original Integrity.

Molybdenum, tantalum, columbium and titanium may be considered as metal-
lurgicaliy stable for cladding applications. 1In order to form a bond
with yttrium, these materlials can probably be used if cladding is carriled
out at elevated temperatures and/or pressure exerted elther by worklng

or applying hydrostatic methods. The interface of a molybdenum and
yEtrium couple at 22000F is also shown 1n Figure 12 indicating no

extensive diffusion or reaction,

An interesting side-light of thils work was reallzed when it was found
that there was no interaction between uranium and yttrium at molten
vranium temperature. Alsc, the copper-yttrium couple surprisingly
showed little or no interaction at temperatures to 1300°9F ' when

exposed for a shert length of time,

.
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TABLE XT

Solid State Interaction of Yitrium Metal With
Other Metals and Alloys

KEY: A - None Detected; B - Slight; € -~ Marked Diffusion Areas;

D - Exﬁénsive Interaction

- Test Temperature Time Extent of Interaction
Material O Hrs. at Interface
Molybdenum 1500 100 A

2000 100 A

2200 100 ' _ A
Columbium 1500 100 A

2200 . 100 A
Titanium 1500 100 | A

| 2200 100 A

Tantalum : 1500 100 A

2200 100 A
Zirconium 1500 100 A

2200 100 - B
Type LLE Stainless 1500 100 B
Steel

1800 100 : c
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TABLE XI

So0lid State Int~=raction of Yttrium Metal With
Other Metals and Alloys

(Continued)

Test Temperature - - Time Extent of Interaction
Material OF Hrs, at Interface
Nickel 1500 100 C

' 1800 100 D
Palladium 1800 100 C
Nichrome V¥ 1800 75 D
Uranium Molten U ——- A
Copper, Annealed - 1300 ' 2 A
Chromium . 2200 100 B
Aluminum 1800 2 D
Lead 1800 2 ' D

*30% Nickel-20% Chromium, trade name for alloy prepared by the
Driver-Harris Company, Harrlson, New Jersey
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As polished, bright light, Nichrome
(outer) - yttrium (inner) inter-
action couple, 1800°F for 100 hours

n <

As polished, bright light,
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Mechanical Properties of VYttrium Metal

Studies on the mechanical properties of vttrium metal at General Electric-
ANPD were undertaken;in late 1956. Prior to that time sufficient quan-
titlies of ytirium had ﬁbt been available for fabricating the large variety
df tést-specimens requifed,ﬁéSpecially for tests of a destructive nature.
Consequently, the amount of  information of this nature on yttrium is
limited and has dealt almost entirely with the tensile properties and -
hardness’’ Some data has been collected pertainihg.-te. the dynamic modulus
of elasticity,'creep'and impact strength characte?isti@s ofspoﬁgpprocess

yvitrium,

In most cases, the geﬁeral'iﬁabiiity'ﬁf-the direct melt or sponge process
yttrium to lend itself to cold rql%iﬁg;éf flats and rounds and the limited
'suﬁﬁly of large metal ingoté hés méde it neéessary Yo use test specimens
which héd been mach;ﬁed frbm;hgt extruded or rblled'yttrium rods. These
rods, in the extruded or rolled state, contained small grains which were
elongated and aligned charagteristidally along the longitudinal lehgth of
the bars, -Aé these graiﬁs grew-in Size and became more randomly oriented
at temperatures as low as 12000F, the hot'tensile and elasﬁ&c:properﬁies
were customarily determined on- specimens which had beegﬁéﬁ%en a ﬁrelimihar

stress-relieve anneal at 1800°F,

The results of tensile, hardriess;~Blasticity, creep, and impact tests at
rcom temperature and at elé@éﬁ@ﬁwﬁgﬁperatgrgs are given 1n Table -XII and
Pigures 13, 14, and 15. To discuss the mechanical characteristics of

yttrium at thls time from AvEilable data would probablv be MEEL” inoppor-
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tune, However, a general opinion can be expressed that yttrium metal

has mechmnical properties guite similar tozirconium and, considering the
fizld of metals in geheral, has comparatlively low strength characteris-
tics. The effects of incluslions and metal purlty are not completely
understood and.probably wlll not be until a pure metal reference standgrd

is obhtalned,

Ty
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TABLE XII
Some Mechanical Properties of Yttrium Metal
Property Value (s) Reference
Tensile Strength, TS 39,400 psi (70°R) See Fig. 13
3,300 psi (180C0°F)
Yteld Strength, 31,200 psi (70OF) See Fig., 13
C.2%, ¥S
2,500 psi (1800°F)
Elongation, per cent, 5% (70°F) ' See Fig. 13
EL
22% (1800°F)
Impact Strength, 3-4 £t pound (70°F, arc-melted)
Charpy
Creep, per cent 4,8% (1100°F, 400 psi, 1000 hours) {(49)
6.3% (1100°F, 1000 psi, ruptured at
388 hoursg
Dynamic Modulus of 9 x 106 psi (T0°F) See Fig. 14

Elasticity, E

5 x 100 psi (1700°F)

Hardness, Room. Temp. 20-25 Rockwell A {arc-melted) See Fig. 15
35-U45 Rockwell A (extruded @ 1400°F)

10-15 Rockwell A {extruded, annealed
' @ 1800°F)
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Nuclear Characterlstics of Yttrium

~MNatural yttrium 1s reportedly composed of 100 per cent Y~89(52) and its
major artificial radio-isotopes with mode of decay are glven 1n Table

XIIT,

Up until early 1956, very littie information was available on the neutron
cross-—3ections: of yttfium. The lack of data was la¥gely due to the general
unavailability of high purity yttrium compounds, Seren, Friedlander, and

Turke1(53) found a pile activation cross<section of 1.25 ¢ 0.20 barns. In-

.....

urements of Pomenange(sﬁ) and Benoist, Kowarski,
and Netter(D5) gave values of 1.38 : 0,14 barns and 1.25 # 0.20 barns res-

pectively.

Since yttrium-89 is a fifty-neutron nuclide and as such should be expected
- £0o have a low thermal neutron cross-sectlion, the early values gfeater than
one barn have been viewed wlth some doubt. 1In 1956,.Lyon(56) at the Ogk
Ridge National Laboratory determinéd the activation cross—sectioﬁ of high
purity yttrium oxide using cobalt.aé a fﬁux monltor, The oxlde which he _
used hed beenlprepared-carefully by ;on,exchange and wag guoted as being
speciroscopically pure, but the spectrographic limits the1 obtaihable were
rather high on some of the high cross~secfion lanthanides which could have
been present. The thermal values obtainea by Lyon were averaged at 1.26

$ .08 varns aftef a thermalizing correction factor was appliéd to the

pile activation cross-sections. Hryder(57) at the Knolls'ﬁibmic Pover
Laboratory similarily has reported values of 1.26 % O.OSJEérns-oh yttirium .

oxide using'the activation technique but with a phosphorus monitor,
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TABLE XTIII
Major Artificial Radio-Isofopes of ¥Yttrium
Isotope Half-Life Mode of Decay and Radlation* Energies, mev
Y 86 15 h a7 1.80, 1.2
¥
Y 87 14 h IT
80 n K 2 0.7
X 0.48
(0.39 short-
lived daughter)
Y 88 105 d K AT 0.83
¥ 1.85, 0.91
Y 89 16 s CIT 0.91
Y 90 64 h B8~ 2.27
."'e'-, 1.7
Y 91 50 m IT 3 0.55, e~
58 4 /3 1,54
X 1.19
Y g2 3.5 h é?“ 3.60, 2.7, 1.3
X 0.94, .21, 2.4
Y 93 10 b A- 3.1
e C.7
Y o4 ' 17 m - 5.4
e
* /37 = positive beta particle

2

negative beta particle

K = electron capture

gamma ray
e~ = internal conversion electron

isomeric transition

H
H
]
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General Electric-ANPD 1nitiated a program late in 1955 whose ultimate

goal was the determination of fthe true thermal neutron absorption cross-
sectlion of yttrium with an aim of establlishing a standard of purity for
yttrium in reactor applications., To do thls a sample of high purity
yttrium oxide obtained initlally from an ion exchange separatlion was
further purified by magnetic separatgon of the chlofide in the Calutron

at Oak Rldge National Laboratory. Approximately 38 grams of oxide was
obtained in this way. Emisslion spectrographle analyses of this oxide

were carried out at Oak Ridge, GE-ANPD, and the MNatlional Spectrographic
Laboratory with the result that no major impurities were detected. At
this time, spectrographic limits had been lowered considerably on some

of the troublesome high cross-sectlon lanthanlides, i.e. Dy-1 ppm, Sm~

50 ppm, Gd-10 ppm, et¢. Samples of thls oxide were measured as a function
of a gold standard in the plle oscillator assembly located in the X-10
pile at Oak Ridge. The average thermal value foundfwas 1.25 ¢+ 0,05 barns..
Lyons(56) determined thermal values of 1.25 and 1.21 barns on the same
material by pile activation using a éobalt and inaganese monltor. Neutfron
total crosé—sections ar2 also belng determined onICalutron oxide at the

Materials Testing Reactor (MTR) in Idaho.

Samples of high purlty yttrium metal have also been used to ascertain the
neutron total cross-section of yttrium ag a function of a sgpectrum of
neutron energies at Oak Ridge. Recently, Gibbons(58) bbtaiﬁed preliminary
neutron total cfoss4section data on high purity yttrium metal over a range
of neutron energies frém 1 kev to 22 kev. The results are shown Iin Flgure

16 giving a rough idea of the %total cross-section plcture. The metal
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originally had a thermal neutron absorption cross-section of 1.33 + 0.02
barng. Glbbons stated that the point scatter was due priﬂcipally to

counting statistics and his methods are still under development.

An Interesting correlation betﬁéen the lanthanide impurities and absorp-
tion cross-section of yttrium was made by Magee(59). He caleculated the
effect of lanthanide contamination on the apparent cross-section of
yotrium oxide, His results are shown graphically in'Figure-IT. By way

of explaining the use of these plots, consider an yttrium oxlde containing
10 ppm gadolinium oxide ( Gd = 38,000 barns). Using appropriate multi-
plicative factors, this much gadolinium increases the measured cross-

section of yttrium oxide by approximately 0.29 barns,.

The effectiveness of ion-ekchange separation in removing troublesome
high cross-section 1anthan1des.can best be seen by a scrutiny of the
¢rogs-section data in‘Table XIV. Measured,pille oscillator values for
metai productlon ingots prepared during the period January, 1957 thru
June, 1957 are given. Although the precision'of measurement is only
about 15 per ceﬁt, the absorption cross-~sectlon values are encouragingly

low on the majority of the Ingots.




Line Equations: 6.;—— 6y = (k) (ppm, RE,03)

Element k Element k Element k
Er 9.81 x 1072 Sm 3.55 x 1073 Yo  2.07 x 107
Tm 5.90 x 1075 Eu  2.95 x 1073 Pr  0.769 x 1072
Dy 6.65 x 1074 - 6d °  2.87 x 10 La 0.618 x 107>
Ho 3.85 x 107 Tb 2.72 x 1072
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TABLE XIV

Measured Thermal Neutron Absorption Cross-Sections on
Ames Yttrium Produced Durlng the Filrst Half of 1957*

Ingot No.

XC-107
XC-108
XC-109
XC-109
XC-110
XC-110
XC-111
XC-111
XC-113
XC-113
XC-114
XC-114
XC-117
XC-117
XC-118
XC-119
XC-119
XC-121
XC-121
Xc-122
XC-122

Top
Top
Bottom
Top
Bottom
Top
Bottom
Top
Top
Bottom
Top
Bottom
Bottom
Top
Top
Bottom
Top
Bottom
Top
Bottom

Sponge Process Metal

Cross-Section, Ingot No. Cross-Section,
barns barns
1.69 XC-123 Top 1.23
1.70 XC-=123 Bottom 1.30
1.38 XC-124 Top 1.23
1.51 . XC-124 Bottom 1.23
1.29 XC-125 Top 1.30
1.33 : - XC-125 Bottom 1.24
1.41 ' XC~126 Bottom 1.20
1.33 XC-126 Top 1,32
1.30 XC-127 Top 1.23
1.27 - XC-127 Bottom 1.36
1.44 XC~128 Top 1.21
1.39 XC-128 Bottom 1.23
1.39 XC~129 Top (1.12)
1.38 XC-129 Bottom 1.29
1.35 XC-132 Top 1.32%*
1.38 XC-132 Bottom 1.31
1.33 XC-135 Top 1.30%*
1.30 XC-135 Bottom 1.32
1.29 XC~139 Top 1.21 %%
1.33 XC-139 Bottom 1.23

(1.01)

Direct Melt Reductilion Metal

Ingot No. _ Cross-Section, barns
DX-5 Top 1.29 (+ 15%

DX-5 Bottom o (1.12)(F 15%

DX-6 Top 1.39 (& 15%

DX-6 Bottom 1.38 (} 15%
DX-T7TA Top 1.23

DX-7A Bottom 1,27

DX-7B Top 1.21

DX-7B Bottom 1.24

*Cross-Sections measured by plle oscillator as function of a gold
. standard at Oak Ridge National Laboratory.

#%6 inch diameter ingots produced by vacuum arc-melt.
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Analytical Methods for Yttrium Metal and Yétrium Oxlde

Analytical methods have been devised wﬁich are suitable for determlning a
variety of impurities 1In both yttrium oxide and metal. Procedures presently
belng used at GE-ANPD to perform analyses for several contaminators are

described below,

Carbon in Yttrilum Metal(so)

Carbon can be most readily determined by direct combustion, The technlique
involves fluxing a one gram sample of the metal with granular tin in an
oxygen ctmosphere at 2400°F. The carbon is converted to carbon dioxide
which 1s absorbed in ascarite and the gain in weight noted. The accuracy

nf the method 1s + 0.0005 per cent darbon.

Nitrogen in Yttrium Metal (61)

Nitrogen can be determined by both vacuum fuslon and a micro-Kjeldahl
technique, The vacuum fusion technique will be described separately as an

analytical method for both nitrogen and oxygen.

The mlcro-Kjeldahl methed involves the solution of a one gram sample of
metal in 1:1 hydrochloric acid. This solution is made basic with scdium
hydroxide and the liberated ammonla absorbed in a two per cent boric aecld
solution. Titrations of ammonium ion are then carried out with 0.1 N

sulfuric acid. The accuracy of the method is f 0,005 per cent nitrogen;

Vacuum Fusion for Oxygen and Nitrogen in ¥Yttrium Metal(Gg?

A 0.2 gram sample of metal is placed in a graphite cruciblg which resides

in a platinum bath under vacuum and maintalned at 195COCi Carbon dioxide

ELLLLJ
XE11]
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(plus CO) and nitrogen are evolved and pumnéd into a sample measuring
volume, Carbon monoxide 1s converted to COé'by passage through a copper
oxide trap., Carbon dioxide isfrozen out in a bulb immersed in liquid
nitrogen and the gas pressure measured. The two measured readings give
the amounts of oxygen and nitrogen present. The method was found to have

an accuracy of { 5 per gent relative to the sample,

Bromine Insoluble Residue in Ybtrium Metal(03)

Cne gram of metal 1s placed in 125 mils of anhydrous methandél. Ten alls

of bromine is added in 2 mll portions to the mixture wlithout stirring,
allowing the solution to clear.between each additlon. A slight excess

of bromine should be left in the bottom.of the solution after the reactlon
ceases., Dilute with 100 mils of anﬂydrous methanol and filte; the solutilon
through a Selos crucible (series #3000 XF). The insoluble material 1s
washed with five 20 mil portions of anhydrous methanol and then dried at

110°C for 30 minutes.

- Lanthanide and Other Impurities in ¥Ytifrium Oxids by'Emission Spectrograph(6!
Small amounts of lanthanide elements and other impurities can be ﬁetermined_
by.emission spectrographic technigue., A 20 mgm, sample l1s placed:in a
graphite crater—typé electrode and excited in a sustalned AC are at 17 bto
18 amperes. The photographié plates are developed and the line intensities
measured on a comparétive densitometer. Thé following emission limits have

been set:
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lement Limit, ppm : Element Limit, ppm
Gd 10 Ca 1
Sm 50 Cr 1
Eu ' 1 . Ni 0.1
Dy 1 Bi 1
L 1 Al C.1
B 10 Ti 1
81 10 Be 0.1
Hg 10 - Zr 5
Co 50 _ | Mo | 0.5
Ta 5 Nb . | 5
As 100 Na 1.00
Sn . | 1 | Cu’ | 10
Mg - 1 | L1 1

- ¥Yitrium Oxide in Mixture with Lanthanide Oxides by X-Ray Fluofescence(65)
The x-ray fluoresecence techniqﬁe Involves mixing the REpO3 with SrClp x

6 Hy0 to alktenuate KB x-rays, cold pressing thils into a pellet (20,000
psij, and measuring the x-ray fluorescence of the pellet. A Strontium
line is used as an internal staﬁdard. The accuracy of the method was
found to be f 0.25 per cent yttrium oxide. Principél 1ntérfering elements

are uranium, columbium, molybdenum, and thorium,

Metallographic_ Technigues for ¥Yttrium Metal

The methods of mounting, polishing, and etching yttrium metal specimens

at General EEectric—ANPD(66) for microstructure exam nation are deséribed
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separately below.

MOUNT ING

Yttrium metal specimens may be rough cut from ingots by the most
appropriate method. If by machine saw, water or mineral oil may
he used as a lubricant-coolant although it may then be necessary
to saw at a slow speed to mimimlize heating and subsequent oxida-
tlon., The specimens are generally sectioned for mounting using
standard cut-off wheelg, taking necessary precautions so that the
specimen does not become overheated, The sectloned pleces are

. then mounted 1n bakellte for ease of handling in polishing.

POLISHING

The rough polishing of yttrlum 1s accomplished by using a sééies
of 80, 280, 400, and 600 grit papers. It apparently makes 1itt1e:'
difference in the end pélish whether a 1ubricant-codlant 1s used
during grinding; the only critical limitatlions being that the

specimen should not be allowed to overheat on dry grinding.

Two procedures are used for the final polishing depending upon
whether the specimen is to be examined under a bright-field illu-

mination or polarlzed light. The best procedure for polishing
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POLISHING
Teontinuea)

for bright field illumination is to polish with a 3, 1, and
1/2 micron diamond paste using a Mira Qloth. For polarized
light, the specimen is polished wlth ﬂinde A using a rilllard
cloth and then with Linde B using a Gamal Cloth. A blue tint
develops on the surface of specimens during polishing which
is apparently dependent on heating during grinding. Thié
tint should be kept at a minimum so that there will be a

neglible effect when examining under polarized light.
ETCHING

There have been a large number of etchants Ilnvestigated to
try and find a satisfactory one for the metal. Among these
have been concentrated nitrilc-acld and vacuum-cathodilc etch
neilther of which was entlrely satisfactory. The most simﬁie
to prepare and hest etchant encountered to date is a "swab"
eteh with a solution congisting of 10 parts lactic acid, 10
parts ethyl aleohol, and 1 part phbsphoric acid.
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Tox&city of ¥Yttrium and Hazards in Handling

Mosﬁ of the previous toxiceclogical studles on yttrium and yttrium com-
pounds have dealt with the radicactive fission product, YF91, The small
amount of iInformatiocn that has been obtained by various Iinvestligators on
the bilological effects of natural yttrium and its conpounds has indiééted
that yttrium is not an industrial polson. It must be stated, however,
that most of this information has been obtained by means‘of oral or sub-
cutaneous introducfion of yttrium compounds to-eiperimental énimals.

Practically no studles have been carried out of an Inhalative néture.

As far as hazards involved in handling or storing yttfium are concerned,
there have been indicatlions that flnely divided vitrium powder or turnings
are pyrophoric, produclng an intense heat and'a bright glare when ignited.
This ignition can occuf readily 1f the dry metal 1s sawed or turned in a
lathe in such a manner as to produce sparking. Common practice during
metal working operatlons is to isolate any fine yttrium particles prodaced
under excess water., At GE-ANPD, most of the machining of yttz‘ium is done
dry because of c¢chance contamination from lubricants; Under these con-
ditions, a slow cutting speed and a minimum chip load of OFOlO per

“revolution or greater 1s used.

Y-91i, one of the-comméh radiocactive flssion products, 18 a pure beta
emitter with an energy of 1.5 mev and a half-life of 57 days*., Studies
of the retention of this isotope by rats were made by Dobson, et al

and Hamilton{67). Their studies indicated that radio—yftrium was essen-
£ially not absorbed fbllowing oral administration, but intraperitoneal

*Measurements on Y-91 at the Argonne National Laboratory have indicated
that the half-life is more nearly 58 days.
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injection resulted in refention of ytitrium to substantial amounts in the
‘bone marrow, liver and Spleen; By far the highest percentage of yttrium
injected was localized in the vicinity of the bone marrow {approximately

60%) from which natural eliminafion was very slow.

Schubert(68)'iHVQStigated'the effect of zirconium citrate injections on
the elimination of ¥Y-01 and Pu-239. He found that 1f injections of citrat
were made early followlng intraperitoneal introduction of'thé isotopes,
the amount of Pu and Y deposited in the skeleton of rats was remarkedly
reduced, However, the lsotopic content in 1iver-and_spleen was seemingly
not affected. Cohn, ot a1(69) reported that administration of Na-EDTA
(Sodium salt of ethylenediamine tetra acetic acid) aﬁd Ca-EDTA salts res-
pectively resulted in a similar decrease in the skeletal content of Y-9l.
Moreover, these salts-gave evidende that radio-yttrium which had bscéﬁeh
more fifmly fixed in the bone could also be eliminated due to a solvent

action of the organic anion grouping.

Liscoe,_gk_glﬁ?o) determined that radio-yttrium given orally to raﬁs_
resided longer in the colon than in any other portion of the 1ntesfina1
tract, In order %o étudy the damage caused in thils region, two groups

of rats were given feedings ranging from 1,0 to 31.2 me of ¥-91. Thirty-
three animals were given a single feeding of 1.0 to 6.9 me. Four died
with adenocarcinomé of the colen while several exhibited.acute and chronic
ulceration of the colon. Three groups of anlmals were fed 31,20, 15.60,
and 4.68 me of ¥-01 respectively accumalative over a period of three

menths, Six of the eight'animals in thehigher dosagé levels died with




carcinoma of the colon in 304 to 548 days following the first feeding,
At The lowerllevel; eevefal animals dispiayed superflcial ulcerative

lesions of the-colon.

A study was carried out on the toxicity of yttrium oxlde, chloride and

(71). .These workers administered the individual

nitrate by Cochran, et al
eoﬁpounds hoth crally and by intraperitoneal injectioh to rats. The
compounds exhitite. low absorption and toxicity when administered orally
and a relatively low intraperitoneal toxicity. On the basis of yttrium
content, the insoluble oxide was less than half as toxic as the chlori-se

or nitrate,

Due to the scarcity of information, rather low.exposure 1imitc have arbit-
rarily been set on airborne yttrlium and'yttrium compounds at the'present
time. Some of the inhalation l1imits on more commonly handled compounds
.'are giveﬁ in Table XV. As knowledge increases on the toxicity character-
~1stics of ybttrium, these tentative limits will most cartainly be readjustéd

to more -accurate values.

TABLE XV

Tentative Fxposureé Limits on Alrborne Yttrium and
Yttrium Compounds

‘Material : Maximﬁm AllQWable'Congﬁntration, mgm/cu meter
Yetrium | | 5 o
Yttrium Oxide | .5

Yttrium Fluoride - 1

Yttrium Chloride, Nitrate | RV
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PROCESSING AND FABRICATION OF YTTRIUM METAL

Introduction

Thls gection has been ineluded for the purpdse of discussing the proce-
dures which have been utlilized 1n processing the yttrium metal reduc-
tion product and in fabrication of yttrium metal shapes.' By way of
explanation, the term "processing" encompazses the arc-melting, casting,
or melting techniques used to form solild metal ingots, while the term
"fabrication" means the machining, extrusion, rolling or swaging
operations which are necessary in forming various yttrlum shapes. All
of the procedures which have been formulated origlnate from studies
eitﬁer at General Electric-ANPD or at other laboratories conducting
such lnvestlgations under the direction of General Electrle. It shoﬁld
be emphasized that the processing or fabrication techniques which have
~been found to be most sultable for sponge process &ttrium may not be
completely representative of the methods necessary for a "high purity"

vttrium which has a minimum of inclusions.

The method used with'most success in forming ytirium ingots of maximum
purity and massive integrity has been consumable arc-melts of sponge
electrodes under a high vacuum. Howewer, the workability of yttrium
in general has been poor except at elevated temperatures. Metal
forming studies since 1954 have indicated only a gradual improvement
in the room temperature ductility and workability, this lmprovement

believed primarily to be due to a gradual increase 1n metal purlty.
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Processing of the Yitrium Metal Reduction Products

Farly in the yﬁtrium progran, it wag evident that ingots or billets of
vyttrium prepared by an "in place” melt sometimes contalned voids orinci-
rally in the center and top. ILikewlse, the yttrium Ingots prepared by
drip or pour casting of molten yttrium from tantalum or molybdenum cru-
¢ibles into cooled copper molds either in ajﬁecuum or an inert atmos-
phere generally contained voids; There was eieo some contamination of
the yttrium coatings by the crucible materials partlicularily 1n\the casge

of molybdenum,

With the development of theISponge_redﬁctioo method, studies on forming
solid_yttriumjingots from the eponge by non-consumable are-melting'and
by "in place" melting under vacuum or inert atmosphere indicated_thet the
arc-melting techricue was the most satisfactory. PFor comparative pur-

| poses, Figure {8 shows a series of x-ray;pictures taken on yttrium in-
gots prepared by the different melting procedures. In_these rhotographs,

voids are shown as light-colored areas.

The arcwmelting technique was further refined at the Ames Laboratory by
employling a consumable method of melting. Since’ the sponge lends i?gelf
readily to cold- pressing operations, electrodes approximately l—l/& inch ‘
rovare and 12 imches long ‘are fabricated in suitable dies. The general
practice is to weld three of these electrodes together with a Short

plece of scrap yttrium metal oh'one'end as an'adaptor Tungstensorews

are then used to attach the a&th r to the copper aro—electrode "Thé

resulting electrode is‘then melted'consumably under-argon to either 3
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or 4 inch diameter ingots. These ingofts are then welded together into

larger electrodes and arc-melted agaln into larger diameter ingots.

Recently, the final arc-melting on large 6 inch diameter ingots has been
conducted in a vacuum with some success in lowering the calcium and
magnesium content (see Table VI)}, However, the oxygen content con-~
tinues to be high and variable., Some of the Ames ingots were double
arc-melted in a vacuum at the Oregon Metallurgilcal Corporation, Albany,
Oregon(Te). The resultant metal was reportedly very soft but would
ﬁot extrude cold. Calcium.apd magnesium contents were down hbut the
oxygen content increased slightly 1n nearly every melt attempted.

More comprehenslve studles are now underway at GE-ANPD, Oregon Metal -
lurgical, and the Ames Laboratory on the suitarllity of vacuum arc-
melting as a process step for gaining ductile, high purity yttrium

in ingot form,

Fabrication of Yttrium Metal

Machining
Machine shop operatlons (turning, milling, grinding) at General Electric-

aNPD{73) indicate that yttrium metal free machines similarily to cast
iroa, Experience has shown the minimum feed to be a Q.OlO inch c¢hip

per revolution, If the feed iIs less, or if the cutting tool is dull,
there is a tendency for the chips to catch flire. For machlne cutting,

the surface speed can be in the order of 150-200 feet per minute for
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tool steel and 500-700 feet per minute for carbide tool, No uviusual
problems have been encountered in milling, shaplhg or zrinding the metal.
However, as mentloned 1n the section ¢n toxicity, yttrium turninge or
chips appear to be more pyrophorie than zirconium and large gquantities

should not be allowed to accumulate.

Extruslion, Rollling or Swagling

-Considerable success has been achieved in forming ytériﬁm dee.of-vafioua
diameters by a combination of extrusgion, rolling or ewaging operations

In general, extrusions have been carried out on arc-melted yttrlum metal
ingots heated to various temperatures This nece851tated either cladding
the yttrium ingot 1n copper. or heating it in an inert atmosphere and ex-
posing 1t for short working timee : Likewise, extruded yttrium rods have
been hot rolled to various diameters both w1th and without an excernal
protective cladding Some cold swaging of extruded rods has been attempte«
with partial sucoess although attempts to form ytErium flats by both hot
and cold,rolling:have in general been unsuccessful Excessive work-
hardeﬁihgfgenerallyloccurs during eold operations whioh resultsdin dis—
’1ntegration of the yttrium piece “mefore appreciable reduction can be

'realized
Extru81ons at Elevated Temperatures

A number_of hot extrusions have been performed-on;eyeamelted'yttrium in-
gots from.the sponge process. The ingots werglofuvérious diameters and
lengths and were usually clad with a layer of-aluminum oxide and copper
prior to heating for extrusion. Yttrium rods have been successfully

extruded ranging from 0.6 inches to 2 inches in diameter at temperatures
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1050 to 14500F., The ease with which yttrium extrudes apparently depends
on its chemical purlity and the amount of reduction required, Extrusion

constants ﬁhich were calculated from the extruslon data taken during

- several extrusions of ytifrium at Nuclear Metals, Inc., Cambridge, Massa-

chusetts(Th) are shown in Table XVI. The constants are irregular but
indicate that yttrium has hot extrusion characteristics similar to

zirconlum. The changes in the grain structure of arc-melted yttrium

by hot extrusion at 1H00°F are shown in Figure 19, From a scrutiny of

the microstructure of the extruded rod it 1s difficult to tell whether
recrystallization of yttfium has commenced under the high temperature
conditions of the extrusion operation, although the grain structure of

the original arc-melted material has most certainly been destroyed.

More wlll be mentioned of the recrystalllzatlion characteristics of

yttrium In a succeeding paragraph.

Hot -Rolllng of Extruded Yttrlum Rods

Several extruded rods of yttrium have been successfully hot-rolled, un-
clad to smaller diameters at 1300 to 1400°F. This temperature range
was selected because good working results are obtalned with a minimum
of oxidation to the metal. Nevertheless, the working times are neces-
sarily as short as possible, since a heavy oxlde coat is formed. The
actual procedurs followed was to heat the extruded rod under an inert
atmosphere, roll for twe to three passes, heat agaln in an inert atmos-
phere, and roll gsome more, repeailng this process until the deslred
reduction was achleved. Several rods have been produced in this
manner, the greatest reduction 1n cross-sectional area belng approxi-

mately 90 per cent.
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TABLE XVI
Extrusion of Yttrium Metall
Billet Diameter, inches Preheat Reduction Ram Speed Extrusion®
No. Ingot Liner Die Temp., in/min Constant,
OF pal

ANP-4 2 2,06 0.60 1200 11.5% 52 39,500
ANP-5 3,45 3,6 2,10 1400 3 X 35 57 , 000
ANP-6 2.60 2.8 0,60 10403 22 X 60 36,000
ANP-12 3.4 3.6  1.67 1400 4.7 X 35 46,000
ANP-13 3.4 3.6  0.64 1650 32 X 35 36,500
ANP-14 3.87 4.6 1.19 1350 15 X 35 54,000

1. Extrusions Qarried out on yttrium ingots coated with A1203 and clad
with 16 gauge copper. All extrusions resulted in good rod except
ANP-13, which had a rought surface and some interactlion wlth copper
clad.

2. Calculated from extruslion data by following formula:

Extrusion Constant = extrusion force/(liner area)(logg reduc-

tion)

3., This ingot was extruded unclad.
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Cold IFlat Rolling, Rod Rolling, and Swaging of Extruded Ytirium

A study was recently made at General Electric-ANPD{75) on the maximum
reduction possible on extruded yittrium by c¢old working, To .carry out
the testing, a one inch diameter rod of extruded metal (Ames sponge
process metal, XC-104) was sectioned and then machined into flats and
rods., The test pieces were all annealed to a constant minlimum hardness

number before workling.

Yttrium rodé were rolled an@ mraged parallel to the direction of

extrusion and the Rockwell A hardness of the surface {longitudinal)

and center (transverse) measured as a functlon of per cent reduction

in rod diameter, The results of the rod roll and swage are shown in

Tablc XVII and indicate that quroximately three times more reduction is
possible by swaging on this_particular'metal. Yttrium XC 104 is more

or less represgptative of the sronge metal produced at the Ames Laboratory
but for convenlence the chemical analyses of this metal 1is included in

Table XVII.

Flat yttrium specimens from chloA were cold rolled both cgross and with
the extruded metal grain.. The Bockwell A hardness for each method was
measured as a function of per ¢ent reduction in thickness. The results
of this study are shown in Table XVIII, It 1is evident that on thils par-
tiecular yttrium metal the highest per cent reduction is achieved by

flat rolling in a directlon parallel with the e uded.metal.grains.

The recovery of cold worked yttrium metal by anneallng was investigated

LLE L L LS
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TABLE XVII

Maximum Reductlon and Hardness Relatlonships 1n
Cold Rod-Rollling and Swaglng of Extruded Yttrlum*

Page 122

analyses for XC-104 were:

Rod-Rolling
Initial Final Reduction Total Hardness
Pass Diasmeter, Diameter, Reduction Rockwell A
inches inches _
Transverse Long.
1 0.925 0.915 1.08 1.08 20 25
2 0.915 0.878 4.00 5.08 26 27
3 0.878 0.845 3.75 8.83 28 30
4 0.845 0,824 2.48 11.31 29 =31
5 0.824 0.810 1.69 13.00 30 35
6 0.810 0.783 2.09 15.09 31 42
: (Cracked)
7 0.783 0.762 2.66 17.75 32 39
(Cracked)
Swaging
1 0.92% -0.900 2.78 2.78 24 32
2 0.900 - o.gzo 3.33 6.11 28 36
3 0°818 0.840 3.45 9.56 31 37
4 0.840 0.810 3.57 -1%.13 3 'yl
5 0.810 0.783 3.33 16,46 3 ko
6 0.783 0.753 3.84 - 20,30 37 Ly
g 0.753 0.736 2.25 22.55 3 41
0.736 0.722 1.90 23.45 3 h2
9 0.722 0.697 3.46. 26.01 38 43
10 0.697 0.661 3.32 32.23 39 43
1l 0.611 0.647 2.26 34.49 40 by
12 0.647 0.630 2.78 37.27 42 by
13 0.630 0.596 5.39 3.66 43 Ly
14 0.596 0.563 5.53 49.19 v 45
15 0,563 0.535 4,97 54,16 46 47
(Cracked)
#*Rod specimens for ¢old work from 1 inch dlameter extrusion of Ames
ingot XC-104, annealed to constant hardness at 1800-2000°F. GE-ANPD

C - 210 ppm; N - 400 ppm; Fe - 360 ppm;
Zr - 1.1%; Ca - 500 ppm; Mg - 500 ppm; and 0 - 3000 ppm.
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Maximum Reduction and Hardness Relationships in
Cold Flat Rolling of Extruded Y{trlum*

Longitudlinal Flat-Roll#**

*e Cold rolled in direction of extrusion
*%##%  (Cold rolled across extrusion grains

Inltial Final Reduction Total Hardness
Pass Thickness, Thickness ' Reduction Rockwell A
inches ' Inches
1 0.500 0.482 3.6 3.6 27
2 0.482 0.470 2.4 6.0 33
3 0.470 0.458 2.5 8.5 35
L 0.458 0,445 2.8 11.3 37
5 0.445 0.433 2.6 13.9 37
6 0.433 0,420 3.0 16.9 29
7 0.420 0.409 2.5 19.4 42
8 0.409 0.397 2.9 22.3 42
9 0.397 0.386 2.7 25.0 hy
10 0.386 0.375 2.8 27.8 45
(Sli%ht Crack)
11 0.375 0,364 2.9 30.7 6
(Cracked)
Cross Flat-Roll*#**
1 0.500 0.482 3.0 3.0 32
2 0,482 0.473 1.1 4.1 35
3 0.473 0.458 3.1 7.2 37
4 0.458 0,448 2.1 9.3 39
5 0.448 0.432 3.6 12.9 41
6 0.432 0,424 1.8 14,7 ho
7 0,424 0.408 3.7 18.4 b3
8 0.408 0.401 1.7 20.1 45
: (Cracked)
* 1/2 inch specimens cut from center of 1 inch extrusion, XC-104
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on specimens cut from the longitudinal flat rolled test piece, The hard-
rness variations were measured on both quenched and 510w~cooled specimens
annealed at various temperatures and times. The ré;ults are shown in
Figure 20 It is evident that recrystallization and recovery Iln this
cold-worked ¥ttrium is negligible at temperatures below 1000°F, most
efficient amnealing being at 2200°F for one hour and at 1800°F for three
hours, Of Importance, 1s the apparent constancy of a higher hardnessl
number in cold-worked yttrium which is quenched from annealing fempera-
tures of 1400°F and above. The miérostructure of these gquenched speci-
meng have not yet been examined but the results intimate that micro-
scopic impurities may be stablilized within the metal gralns by guenching
at these temperatures, Previous obgervations indﬁloW—cooled yttrium

has revealed that Impurltie: customarily preclpltate aiong the graln

boundaries,

' Reerystallizatlon Temperature Studles on Yttrium

A serics of extruded yttrium rod specimens (extrdded at 1U4000F) were
heated at varicus temperatures for 24 hours in an_attempt to detefmine

the recrystallization temperature of yttrium metal. The results of a
microstructure study of these speclmens are shown in Figure p»j. There

is a good deal of uncertalnty in selecting a recrystallization tempera-
ture from these #tudlies since the hof extruded metal may already have
started to recrystalllize during cboling from the extrusion operatidn.
However, frcm the hardness relationships thained in annéaling cold-
worked yttrium {see previous ~=ction on Cold-Flat Rolling) and the micro-
structure evidence in Figuie Qi, it is probable that the recrystallization

temperature of yttrium is probcbly between 1000° and 1200°F.
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50

Cold Worked Hardness

e emmiviia. A — — m——— A VAN Vp— — —
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/

0F Slow-Cooled
(1 hour)
T T T T T ™ Slow-Cooled
Initial Annealed Hardness {3 hours)
20 } i i i J
1200 1600 2000 2400

Annealing Temperature, ©F

Figure 20 Hardness Variations in Cold-Worked Yttrium as a Function
Of Temperature, Time and Method of Cooling






Etich, Extrude
at.1800%F .

" Vacuum Cathodic ftch, Extruded’
after 24 hours at- 21000F, dark
e me inetusions Tk

| Figure 21 Contimued




e aae
- [

L]

*
LLLELL}
..
adtbi s
LA LR LE ]

L]
(X 2]
adtnn

Page 128
REFERENCES

1. J. W, Mellor, A Comprehensive Treatise on Inorganic and Theoretl-

cal Chemistry, Longmans, Green & Company, London, New York, Toronto,

Vol. 5, pp. 496, f£. (1946)

2, B. 8, Hopkins, Chapters in the Chemlstry of the Less Familiar

Elements, Stipes Publishing Company, Champaign, Iil., Vol. 1,
Chapter 6. (1939)

3. N. V. Sidgwick, The Chemical Elements and Their Compounds, Claren-

don Press, Oxford, Vol. 1, p. 446, (1950)

4, B, Mason, Principles of Geochemistry, John Wiley & Sons, Inc.,

New York or Chapman & Hall Limited, London, p. 4#1. (1952)

5. V. M. Goldschmidt, Geochemigtry, edited by Alex Muir, Clarendon

Press, Oxford, pp. 34, ff. (1954)

6. H. E, Kremers, Encyclopedia of Chemical Technology, edited by

R, E. Kirk and D, F. Othmer, The Interscience Encyclopedla, Inc.,

Vol. 2, p. 506. (1953)

7. J. F. White, "Procurement of Yttrium", Topical Report # 1,
DC 56“4"360 (1956)

8. H. E. Kremers, Encyclopedia of Chemical Technology, edited by

R. E. Kirk and D. F. Othmer, The Interscience Fnecyclopedia, Inc.,
Vol. 3, p. 638. (1953)

haw
LLJ
XL T
(TR T
XL Y]
ahe
.-
»
XILY]
LA LT}



9.

10,

11,

12,

13..

14,

15.

16,

17.

18,

19.

20.

[ IELE]
LI RLE]
*

»
LA T LR ]

Page 129

M. M. Woyskl, Lindsay Chemlcal Co., Chicago, Ill., private

communication,

B. A, Adams and E. L. Holmes, J. Soc. Chem. Ind., 54, 11. (1935)

V. Boeck, Angew. Chem., 62, 375. (1950)

L. L. Quill, Record Chem. Progress, 11, 151. (1950)

A, Wylie, Roy. Australian Chem. Inst. J. Proc., 17, 377. (1950)

W, Fischer, W, Dietz, and 0. Jubermann, Naturwlssenschaften,

25, 348. (1937)

C. C. Templeton, J. Am. Chem. Soc., 71, 2187. {1949)

D. F. Peppard, J, P. Foris, P, R, Gray, and G, W, Mason, J. Phys.

Chem., 57, 294. (1953)

R. A, Foos and H, A. Wilhelm, "Separation of Yttrium and some Rare
Earths by Liquid-Liquid Extraction", ISC-695, uncld., (July, 1954)

D. F. Peppard, "Isolation of Pure Scandium, Yttrium, Lanthanides
{III) and Actinides (III) by Liquid-Liquid Extraction - Preliminary
Report™, ANL-JRG-125, clsfd. (June 18, 1956)

Hieks, J., Am. Chem. Soc., 40, 1619. (1918)

A, P, Thompson, W. B, Holton, and H. C. Kremers, Trans. Am.

Electrochem, Soc., 49, 277 (1926, ibid 47, 345, 353, 365). (1925)




21.

22.

23.

24,
25,
26,

27,

28.

29.

30.

31°

32.

33.

Page 130
D. H. West and B. S. Hopkins, J. Am, Chem, Soc., 57, 2185. (1935)
F. Trombe and F. Mahn, "Eléctrolytic and Thermic Dissociaticn

Preparation of Mg-Cd-Pr, Mg~Cd-Sm, and Mg-Cd-Y Alloys", Compt.
Rend., 220, 778. (1945)

T, Moeller and P, A, Zimmerman, Sclence, 120, 539. (1954)

T, Moeller and P. A, Zimmerman, J. Am. Chem. Soc., 75, 3940, (1953)
Berzelius, Pogg. Annal., 4, 117, (1825)
Wohler, Pogg. Annal., 13, 577. (1828)

0. Papp, Annalen der Chemie, 131, 179. (1864)

F. H. Spedding, H. Wilhelm, W, H, Keeler, D. H. Ahmann, A, H, Daane,

E, C, Hach, and R, P, Eriecson, Ind. Eng. Chem., 44, 553-6. (1952)

A, H. Daane and F, H. Spedding, J. Electrochem, Soc., 100, 442.4,
(1953)

A, H, Daane, Ames Laboratory, Iowa State College,

F. H. Spedding, N. O. Carlson, and F. A. Schmidt, ISC-744. (July
17, 1956)

N. 0, Carlson, Ames Laboratory, Iowm.State College,

R. A, Dunleavy, "Determination of Bromine Insoluble Residue",

DC 56-6-51, General Electric-ANPD. {June 8, 1956,




34,

35,

36.

37.

38,

33.

Lo.

4y,

4o,

Page 131

V. J. Passel, Spectrochimica Acto, Vol. 8, pp. 201-217. (1956)

Rare Metals Handbook, pp. 329, Edited by Clifford A. Hampel,

Reinhold Publishing Corporation, New York. (1954)

K. W. Hermann, A, H, Daane and F, H. Spedding, ISC-702, Ames Labor-
atory, Towa State College. (1955)

F. H. Spedding and A, H, Daane, Progress in Nuclear Energy, Vol.
1, Series 5, pp. 413-432. (1956)

A, H. Daane, Ames Laboratory, Iowa State College, (February, 1957)

Katz and Margrove, J. Chem. Phys., 23, 983 (1955). Compiled from

data on atomlc energy levels by C. E, Moore, Atomic Energy Levels,

National Bureau of Standards, Circular 467, Vol. 1 (1949) and Vol.
2 (1952).

M., A, Catalan and F, B, Rico, Apales. Real., Soc. eapan, fis y quem,

484, 328. (1952)

"Report on Physical, Chemical and Metallurgical Properties of
Special Metal and Hydrided Specilal Metal”, DC 56-11-38, General
Electric-ANPD, (November, 1956)

Data compiled for Applied Metallurgical Research Unit, GE-ANPD at
Battelle Memorial Institute. (April 11, 1957)

bData compiled for Applied Metallurgical Research Unlt, GE-ANFPD at
Battelle Memorilal Institute. (August 15, 1956) See reference 40,



43.

uh,

1'1'50

46,

}'I'To

48,

kg,

50.

b1,

L]
Ll
-
3

-
LT LT ]

Page 132

Data compiled by Applied Metallurgical Research Unlt, GE-ANFD.
(1956-1957)

"Structure of Metals'", C., S. Barrett, McGraw-Hill Book Co., Inc.,

(1952). "Constante Selectiones", Longueurs D'Onde Des Emlssione X
et des Dlscontlnultes, D'Absorptlon X, Y. Cauchols, H. Hulubel,

Hermann and Co., Paris, 1947,

E. J. Huber, E. L. Head and C. F. Holley, J. Phys. Chem,, Vol, 61,

No. 4, April, 1957.

"Applied Metallurgical Research, Quarterly Engineering Report",
DC 57-6-157, pp. 37. (June 26, 1957)

"Materials Development Task Report", GE-ANPD, DC %6-9-G, Sept. 1956.
See also PREDC-166 & 130.

"Applled Metallurgical Research Quarterly Progress Report", PREDC-
166 - (_Ma.rCh, 1957)

Data compiled by the Applied Metalliurgical Research Unlt, GE-ANPD.
(July, 1957) See also DC 57-6-157, June 26, 1957.

Data compiled at the Battelle Memorial Institute for the Applied
Metallurgical Research Unit, GE-ANPD, See also DC 57-6-157, June
26, 1957,

Average hot hardness data complled at the Battelle Memorial Institute
for the Applied Metallurgical Research Unit during 1956-1957.  See
also DC 56-11-38, November, 1956,



52,

53.
54,

55.

56.

57.

58.

59.

60.

61

Page 133

"Chart of the Nuclides", Krpolls Atomic Power Laboratory, General
Electric Co., Fifth Edition, April, 1956,

Seren, Friedlander, and Turkel, Phys. Rev., 72, 888. (1947)

Pomerance, Phys. Rev,, 83, 641, (1951)

Benolst, Kowarski, and Netter, J. Phy. et le Radium, 12, 584, (1951)

W, S, Lyon, Communication of data to General Electric-ANPD, Cak
Ridge National Laboratory, March, 1956,

Hryder, see correspondence W, S. Lyons, ORNL, to V, P, Calkins,

GE-ANPD.

January 30, 1956 -~ "Pile Neutron Cross Section For the Reaction
¥89 (l’lﬂ_,K) Y9o"

March 26, 1956 - “PilevNEutron Cross Section for the Reaction
Y89 (nh.y¥) Y90 - Measurements on Fourth

Ultra Pure Y203 Sample"

J. H., Gibbons, 0ak Ridge Natlonal Laboratory, Communication of
preliminary data to GE-ANPD, December, 1956,

C. B, Magee, DC 56-4-112, GE-ANPD, March, 1956.

Analytical Chemilstry Unit Method Manual, Analytical Chemistry,
GE-ANPD, "Determination of Carbon", QC-F20, March 21, 1957.

Analytical Chemistry Unit Method Manual, Analytical Chemistry,
GE-ANPD, "Determination of Nitrogen", QC-F19, March 20, 1957.

UNCLASSIFIED




62.

63.

64,

65,

66.

67.

- 68,

UCLASHFD

Page 134

Analytical Chemistry Method Manual, Analytical Chemistry, GE-~ANFD,
"Determination of Gaseous Impurities by Vacuum Fusion", QC-55,
March 21, 1957.

Analytical Chemistry Method Manual, Analytical Chemistry, GE-ANPD,
"Determination of Bromine Insoluble Residue in Special Metal",
QC-52, March 21, 1957.

Analytlcal Chemistry Method Manual, Analytical Chemistry, GE-ANPD,
"Emission Spectrographic Determination of Impurities in Special
oxide n ) ES ""7 » MﬂrCh 27 » 1957 [

M. J. Stanley, "X-Ray Fluorescence Technique For Assay of Special
Metal Oxide", GE-ANPD, DCL 57-5-54, May 8, 1957.

W, Filer, Metallography and X-Ray Diffraction Unit, GE-ANPD,

August, 1957,

E. L. Dobson, J. W. Gofman, H. B, Jones, L, S. Kelley, and L. J.

Walker, "Studles with Colliods Containing Radio-isotopes of Yttrium,

Zirconium, Columbium, and Lanthanum", University of California

Radiation Laboratory, AECD-2055, June, (1948)
J. G. Hamilton, 1bid, AECD-2012, May. (1948)

J. Schubert, "A S8tudy of the Treatment of Plutonium and Radio-

Yttrium Polsloning by Zirconium Citrate", Argonne National Labora-
tory, AECD-2358, October., (1948)
{INCLASSIFIED

e



69.

70,

TL.

72.
73.

T4,

75.

Page 135

3. H, Cohn, J, K, Gong, and M, C, Flshler, Nucleonics, Vol, II,
No. 1, 56-61. (1953)

H, Liscoe, A. M, Brues, M, P. Finkel, and W. Grundhauer, Communica-
tion from Metallurgical Laboratory, Unlversity of Chicago, and the

Argonne National Laboratory.

K. W, Cochran, J., Doull, M, Magur, and X, P, DuBois, "Acute Toxicity

of Zirconium, Columbium, Strontium, Lanthanum, Cesium, Tantalum,

and Yttriumﬂ: Ind. EXE_, and Occup_. Med., Vol, I’ Page 637. (1950)

D, L, Henry, Moderator Development Unit, GE-ANPD,
E. Ragland, Speclal Metals, GE-ANPD, March, 1957.

D, Krashes, "Interim Report on Development of Moderator Rods for
GE-ANPD", Nuclear Metals, Inc,, Cambridge, Massachusetts, Cct.
1956=-June, 1957.

Applied Metallurgical Research Quarterly Engineering Report, DC 57-
6-157, June 26, 1957.




