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FOREWORD
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ABSTRACT

A survey has been made of the unclassified literazture
relating to the rare earth elements, The best available dats
has been complled for the abhundance and distribution of the
elements, the methods of recovery from ores, separetion and
purification technlques, and procedures for reduction to metei.
The physical, chemical, and mechanical properties of the elements
and their important compounds are presented,
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INTRODUCTION

This report constitutes a revision of the previously made
llterature survey reported in Selection and Evaluaticn of Rare
or Unusual Metals for Appllcation to Advanced Weapons Systems
T4Z17, Since publication of that report in 1058, significant
advances have been made in rare earth metals fechnology. Scandium,
vttriuvm, and the lanthanon elements have been prepared as high
ourlity metals. Physical and mechanical properties have been in-
vestigated, and constitutional diagrams have been established for
many metals with yttrium and the lanthanons.

Frimary emphasgis in this report will be placed on the prop-
erties of the rare earth metals and their alloys. As previously
noted, however, utllization of these materials will ultimately
devend on their cost as well as on their properties. For a
betler understanding of the economic factors invelved, a prelim-
Inary discussion will be presented of sources of supply, methods
of recovery from ores, methods of separation and purification of
tne individual rare earths, and procedures for the preparation
of metals from the purified compounds., Since these processes
are based upon chemical changes, a brief discussion will also be
made of the more important chemiecal reactions and physical prop-
egrvies of the rare esarth materials.

Crne of tne most important economic consideratiom is the
rate of overall production of rare earth materials, determined
largely by demand for all types of products. Present and possible
future uses of rare earths, in both the metallic and nonmetallic
forms, will therefore also be considered.

Manuseript released by author October 1960 for publication as a WADD Technical Report.
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THE RARE EARTHS

Nomenclature and Terminology

The rare earths are defilned as the group of elements of
atomic number 57 through 71. Scandium, atomic number 21, and
yttrium, atomic number 39, have properties which are similar to
the 'rare earths, and they occur in nature together with the rare
earths. These elements are therefore generally included in the
term rare earths and will be so included in this report., For
similar reasons, thorium, atomic number G0, 1s sometimes included.
In this report, however. thorium will be omitted, except in so far
as that its properiies, especially in the metallic state, may
offer clues as to the behavior of the rare earths.

The term "earths'", when used in the strict chemical sense,
refers to oxides. Through common usage, however, 'rare eartns'
has come to have a generic sense, and is thus used to designate
the group of elements irrespective of their chemical state. For
example rare earth metals, rare earth ions, rare earth salts, or
even redundantly rare earth oxides, are commonly used terms. I¢
is further recognized that although the elements might well have
been considered rare during the early period of discovery and
chemical development, they are actually more abundant than many
more commonly avallable, and better known, elements.

The term "lanthanons' has been proposed for the elements of
atomic number 57 through 71 (517). Derived from lanthanum, the
first member of the series, the suggestion is based on the simi-
larity of the electronic structures of the rare earths to that
of the transuranium elements. The latter are commonly called
actinons after actinium, the first member of the series. Current
literature makes use of all terms, and no clear cut acceptance
has yet developed. There is considerable merit to the use of
"lanthanons", but because 'rare earths' is still the most widely
used designation and because it is of a more general nature, in-
cluding as it does scandium and yttrium, it will be most fre-
quently used in this report.

The entire rare earth series is frequently divided into
groups. The elements number 57 to 63; lanthanum, cerlum, praseo-
dymium, neodymium, promethium, samarium, and europium are called
cerium group or light rare earths. The elements 64 through 71;
gadolinium, terbiIum, dysprosium, holmium, erbium, thulium, ytter-
bium, and lutetium, and yttrium and scandium, are called yttrium
group or heavy rare earths.

WADD TR 60-864 2



The terms "cerium group" and "yttrium group" are derived
from the major element present in each group. The terms "light"
and "heavy" rare earths are based on the relative atomic weights.
Scandium, although light by virtue of its low atomiec weight,
behaves chemically more like lutetlum than any other rare earth
and is, therefore, included in the heavy group.

This division into groups is more than Jjust an arbitrary
one, The rare earths from any one natural source are usually
found as one or the other major group. Also, many chemical prop-
erties show a gradual transition through the series, A break in
these properties frequently seems to occur, however, at about
element 63 or 64, europium or gadolinium, thus emphasizing
division into two groups.

Ocecaslonally gadolinium, terbium, and dysprosium will be
referred to as a terbium group, or other groupings may be com-
bined, but these terms will not generally be used in this report.

The term "didymium" has remained in usage from carly In the
history of the rare earths when 1t was believed to be a single
element., It 1s now used primarily for the mixture of rare earths
left after cerium 1s removed from cerium group earths, Some
authors use "didymium" to identify the rare earths left after
both lanthanum and cerium are removed., This latter mixture
would contain mostly neodymium with praseodymium, samarium, and
small percentages of the other elements, This mixture wlll be
referred to in this report as "neodymium rich" or as "75% neodymium".

It may be appropriate at this point to note that pre-
cauvtions are particularly necessary with respect to interpre-
tation of the terms "eceria"' and "cerium" as used in the liter-
ature, As noted in the following section the entlre cerium
groun of elements was at one time thought to be an individual
element. Even after isolation, however, difficulties in sep-
aration and difficulties in analysis resulted in rather crude
materials beilng ldentified as pure compounds. Of equal impor-
tance has been the general laxness 1in terminology as used by
commercial suppliers of rare earth materials., Industrial mix-
tures were long identified as "ceria' compounds, and the misch-
metal obtained from such mixtures as "cerium”, More recently
these have been generally properly identified, but "cerium”
compounds ar2 still of varying purity and may typically contain
80 - 984 cerium. It may be noted that both the United States
Pharmacopeia and the Merck Index (533,856). indlcate that ceric
oxide and salts "may contain variable amounts of the other rare
earth elements",

WADD TR 60864 3



History

Discovery. The Finnish chemist, Johann Gadolin, in 1794
first discovered a new "earth" in a mineral which had been found
at Ytterby, Sweden. Three years later, Ekeberg confirmed the
discovery and suggested the name yttrla for the oxide. Both
Gadolin and Ekeberg considered yttria to be the oxide of a
single element,.

In 1803, Klaproth, and Berzelius and Hisinger, working
independently, almost simultaneously discovered an oxide resem-
bling yttria. The name ceria was proposed after the newly dis-
covered planetoid Ceres.

Various investigators soon found that the oxides were in
reality complex mixtures of many elements. The difficulties of
separation and analysis led to a long and confusing history of
discoveries, claims, and counter-claims, which did not end until
the development of the ilon-exchange method of separation, and the
discovery of promethium as a fission product, during World War
II. A brief outline of the historical development 1s given by
Hopkins (323)., Details of the discoveries, and intriguing per-
sonal notes on the discoverers, are well told by Weeks (897).

Technical Development. The development of the rare earth
industry starfed with atfempts during the nineteenth century to
produce more light from flames. Berzelius in 1825 observed that
thoria and zirconia emit an intense white light when heated in a
non-luminous flame. Many attempts to develop a workable process
were made during the next 60 years, including the use of rare
earth mixtures as the illumination bodies. This work culminated
in the discoveries of Dr, Carl Auer Von Welsbach, which were
patented in the years between 1884 and 1893, of compositions and
processes for the manufacture of gas mantles (897),

The process developed by Von Welsbach is still in use. A
woven fabric framework is impregnated with a solution of thorium
and cerium nitrates or acetates in the ratio of 99 parts thorium
to one part cerium. Upon ignition the fabric burns away, and a
coherent thoria residue 1is left which glows brightly when heated
by a flame,

The need for thorla for the gas mantle industry led to the
creation of a large monazite processing industry. Since monazite
has approximately 10 times as much rare earths as thoria, large
stockplles of rare earth concentrates soon began to accumulate.
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The second stage in the development of the rare earth indus-
try was based upon the spread of applications for the rare earth
mixtures, and a simultaneous decline of the mantle industry as
electrification developed. Uses were developed for misch metal in
pyrophoric alloys, for didymium and cerium in the glass Ilndustry,
for rare earth fluorlides as core materials 1n searchlight and arc
lamp electrodes, and for specilally prepared oxides as polishing
materials replacing rouge.

The third stage of the rare earth industry 1s the current
period since World War II. Thorium, upon capture of a neutron
may fission, or may go through a decay chain eventually belng con-
verted to Upqa, also a fissionable material., Thorium has conse-
guently been ¢lassified by the United States Atomic Energy Com-
mission as an atomic energy source material along with uranium,
Production of thorium in the United States for potential use in
atomlc energy programs increased greatly during this period.

Rare earth by-products from this thorium production were again
avallable in larger quantities than needed for current commercial
uses. Simultaneously, production of thorium from monazite was
undertaken by both India and Brazil, This further Ilncreased the
world's supply of rare earths, and created a situation of wide-
spread over supply. The most recent mineral industry survey of
the Unlted States Bureau of Mines {451) indicates that domestic
use of rare earths during 1959 was essentlally the same as for
1958, and principally for the applicatlons indicated above.
Domestic production was about 40% of estimated consumption.

Abundance and Occurrence

It has often been repeated that the "rare earths are not
rare’. Estimates of the abundance of the rare earths in the
earth's crust have been made by many geologists and geochemistis,
and an excellent summary of these estimates has been complled
by M%chael Fleischer for the United States Geological Survey
(209).

Fleischer tabulates the results of nine princlpal inves-
tigation sources as follows:

(1) Mason, Brian; 1952, Principles of Geochemistry, John
Wiley and Sons, New York.

(2) Rankama and Sahama: 1950, Geochemistry, University of
Chicago Press,

(3) Polanski; 1948, Soc. des Amis des Sci., Lettres de
Poznan, Ser, B., Vol. 9.
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(4) Anderson; 1945, Chemistry of the Earth, Royal Soc. New South
Wales, Journal and Proceedings, Vol. 76.

(5) Goldschmidt; 1937, Norske Vidensk-akad., Oslo, Mat.-Nat.
Klasse, No.l4,

56; Fersman; 1933, Quoted by Wells, 1937, USGS Bull. 878.

7} Schneiderhohn; 1934, Metallwirtschaft, Vol. 13, Page
151-7.

(8) Berg; Vorkommen Und Geochemie der Mineralischen Rohstoff,
Page 11, leipzig.

(9) Clark and Washington; 1924, USGS Professional Paper 127,
Page 1-117.

To this 1list has been added the work of: Rankama (664) angd
of Vinogradov (876).

Table I has been compiled from these references to give the
best considered percentage range for the occurrence of the rare
earths in the earth's crust. In addition, for comparative pur-
poses, Table IT indicates the occurrence of some of the more
commonly known elements in approximately the same range of abun-
dance,

It will be noted that total rare earths are about half as
abundant as carbon or chlorine, in the same range of abundance as
chromium, vanadium, or zine, and more abundant than nickel, copper
and many others. The more abundant individual elements are 1in
the same range as bromine, tin, and molybdenum; even the scarcest
are in the same range or more abundant than cadmium, mercury,
bismuth, silver, or gold.

Mineralogically, the rare earth ores almost invariably fall
into two classes, cerium and yttrium minerals.

Cerium minerals have a cerium content equal to approximately
50% of the contalned rare earths. The balance is almost entirely
the lighter rare eartns of atomic number 57 to 64. Usually two
percent or less of yttrium and two percent or less of the higher
atomic numbered earths are present.

¥Yttrium minerals contain approximately 50 to 60% yttria (of
the contained rare earths) with most of the balance being the
intermediate and higher (64-71) atomic numbered rare earths. Only
1 to 10% of the lighter rare earths including cerium will be pres-
ent.

Excellent summaries of the economic geology of the rare
earth elements have been prepared by Heinrich (296) and Whitman
(909), Particular emphasis is placed upon the chemical nature of
rare earth minerals, the relationship between the various types
of minerals and the geologic structures in which they occur, and
the problems of mining and marketing.
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Cerium Group Minerals. The cerium group ores have been of
most commerclal Importance to date, Primarily this has been due
to their greater availability and to the nature of the development
of rare earth technology based upon the rare earths avallable as
by-products of thorium production, almost all of which has been
from the mineral monazite.

Monazite. Monazite 1s a phosphate of thorium (3 to 10%)
and the 1ight rare earth elements. It forms monoclinic crystals
with a specific gravity of 5.0 to 5.5 and a hardness of about 5
(Moh's Scale). Small crystals are disseminated through many
granites and pegmatltes., Through weathering of these rocks and
subsequent placer actlon, the heavy monazite is concentrated in
stream and beach deposits together with the other heavy minerals
present. Occasionally monazite is found in velns or massive
deposits. Except as noted below, these are usually small and
cannot be operated economically (534),

Production of monazite is based upon concentration of the
heavy mineral fractions, followed by magnetic and sometimes
electrostatic separation., Since monazite ig weakly magnetic,
the strongly magnetic minerals may first be removed by a weak
magnet, and the monazite subsequently removed from non-magnetic
minerals by a strong magnet (28,115),.

Up to the time of World War II, almost all of the monazite
processed in this country was imported. The principal sources
were India and Brazil, where extensive placer deposits are located
which are rich in monazite of high thorium content. Smaller
imports were made from Korea and other parts of Asia, and from
Australia.

Since the war, both India and Brazll have placed embargoes
on the export of monazite, This has been done both to preserve
fissionable thorium for their own future energy requirements and
also in efforts to build domestic processing industries (116,

534,704),

The sudden cut-off of the major foreign sources led to an
extensive exploratory program in the United States as well as
abroad. Several large deposits were developed in the United
States, and other potential sources were indilcated.

In general, monazlte deposlits in the United States are not
rich enocugh to be worked for the one mineral alone. The monazite
is invarliably associated with other commercially marketable
minerals however, Mcnazite production is, therefore, dependent
upon the establishment of very large scale operations for the
separation of gold, ilmenite and/or rutile, garnet, zircon, and
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other minerals. Such operations are, or nave been, conducted
principally in Florida and South Carolina (450), In Idaho,

stream placer deposits were developed and operated for several
vears, but the relatively low thorium content (3 to 5%) led to
thelir abandonment in favor of other sources. These deposits
remain, however, as potentlal future sources for monazite (28,116,
789,790,826), Some foreign sources produce monazite as a
by-product of tin (cassiterite) mining (593),

Exploratory programs of the Bureau of Mines, and the pros-
pecting of individuals and firms stimulated by government purchas-
ing programs and exploration aid, have uncovered deposits of
monazite in Idaho, Florida, North and South Carolina, Georgla,
Alabama, Virginia, Montana, Wyoming, California, and Alaska.
These diliscoveries provide monazite reserves for the future, and
estimates of productive capacity range upwards from hundreds of
thousands of tons (28,43,115,116,534,535,704,789,790,826).

The major new foreign source has been developed in the Union
of South Af'rica, where monazite occurs in one of the rare massive
veln deposits which is large enough and rich enough to be worked
directly (475,593), It is believed that Australlan sources have
been developed to larger capacity, and monazite 1s also produced
in Ceylon, Indonesia, Malaya, and Korea (5393).

Bastnasite. Bastnasite, a rare earth fluocarbonate, was
discovered in the Mountain Pass area of California in 1949, It
had previously been known only as a mineralogical curiosity.
The principal deposits occur in an area 3 mlles wide by 7 miles
long, although several near-by areas covering scores of square
miles are reported to contain lesser deposits. The Sulphide
Queen body alone, owned and operated by the Molybdenum Corpo-
ration of America, is estimated to contain more than one
mlllion tons of rare earths.  This deposit is furthermore of
particular value from a processing point of view since the
mineral is largely carbonate with a minimum of fluoride, and
thus lends 1tself to simplified process procedures (13,600,
601’659)-

Bastnasite deposits have also been discovered in New
Mexico, and some of these were reported to have produced
bastnasite commercially for processing to rare earth compounds
(100),

Allanite, Allanite (orthite) is a silicate of the rare
earths with aluminum, iron, calecium, and sometimes beryllium.
Allanite occurs rather commonly and is wildely distributed in
pegmatifte bodies throughout the western United States, as well
as in many other parts of the world. It may occur as small or
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large disseminated crystals throughout the pegmatite body, or as
veins which may vary from a fraction of an inch tc several feet in
width, The rare earth content of allanites from various sources
varies from 3 to 51% by weight as oxide, but it normally is 20 to
30%. It is this relatively low oxide content and the low thorium
content (from a trace up to, perhaps, 3%) which has kept allanite
from being processed on a large scale. Should a large demand for
rare earths be created, however, the availability of very large
gquantities of allanite, which might be produced at a lower cost
per ton than monazite, might overcome some of these disadvantages

(593).

Cerite. Cerite 1s a rare earth, calcium, iron silicate. It
contains from 50% to 70% cerium group earths, and may have 5 to
10% yttrium group earths, which 1is somewhat higher than present in
monazite or bastnasite. Cerite occurs primarily in Sweden and in
a few other localities, but 1s not abundant enocugh to be consid-
ered a principal source of rare earths,

Yttrium Group Minerals, The principal source of yttrium
and the heavy rare earths In the past has been the mineral
gadolinite and the "neavy'" fractions from monazite. More recently,
large quantities have become available from xenotime and euxenite.

Gadolinite. Gadolinilte 1is a rare earth, lron, beryllium
silicate. It usually has a rare earth content of about 40% as
oxlde, Most gadolinite comes from the Scandlnavian countries.

It 1s, however, a wldespread although not very abundant component
of pegmatites, and is found in small velns, lenses, or pockets in
many states in the United States and in many foreign countries.

Xenotime. Xenotime, a phosphate of yttrium, the heavy rare
earths, and thorium, has been found to occur along with its homo-
log monazite, in the placer deposits of Florida and the Carolinas.
It is more strongly magnetic than monazlte and thus can be sep-
arated from monazite by magnetic means. Since 1ts magnetic prop-
ertles approach that of ilmenite, it will concentrate with this
fraction, but it is a poor electrical conductor and can therefore
be separated from the llmenite electrostatically (593).°

The normal proportion of occurrence varies, but ranges

from 1/2% to about 5% of the amount of monazite present. With
recent emphasis on the discovery of rare materials, and improved -
methods of detection and analysis, reports of new discoveries

of Xenotime are occurring. Offerings of multi-ton quantities
from Africa have been made. In California, recent discoveries
have indicated the potential availabllity of monazite-xenotime
mixtures in which the proportion of xenotime may be as high as

50% (676).
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Euxenlte. Euxenite 1s a complex tantalo-niobate of titanium,
the rare earths, thorium, uranium, and minor elements. The mineral
has been obtained from placer deposits in Idaho. After chemlcal
processing, the uranium concentrates were sold to the Atomic Energy
Commission. and the rare earth and niobium-tantalum fractions
became the property of the General Services Administration.

Monazite Fractions. By-products from mcnazlite processing
yleld fractions enriched in yttrium and the heavy rare earths
(Table IIT). These fractions are obtained by processing mother
liquors after separation of the cerium group as sodium double
sulfates, or from the rare earths which accompany thorium in the
initial thorium separations,.

Scandlum., Thortveitite is the only known mineral containing
any significant concentration of scandium. It is a scandium
silicate 1In which variable amounts of yttrium and rare earths,
aluminum, iron, thorium, zirconium, and alkaline earths substitute
for the scandium. Only two sources are known. Thortveitite was
originally found in a granite pegmatite in southern Norway. A
variety called befanamite is found in Madagascar.

The scandium content of these materials has been reported
to be 33 to 45%. Analysis and processing recovery in the
Research Chemicals laboratories indlcate that material presently
available is not always of such high grade.

Scandium 1s present as a minor element in many minerals
(84,353,551,705,863). The development of solvent extraction
processes for the recovery of uranium from its ores has provided
a new source for this element. Although the scandium content of
the ore is low, it gradually accumulates in the crganic solvent
and is eventually recovered as a greatly enriched concentrate.

Distribution of Individual Rare Earths in Rare Earth Con-
centrates. The avallabiIlly of any individual rare earth element
will depend upon 1ts relative concentration in the mixed oxide as
well as the avallability of the oxide concentrates., Table III
lists the relative abundancies of the elements in some typical
ores and concentrates., These values are summarized and simpli-
fied in Table IV which indicates the approximate relative per-
centages of cerium group elements and yttrium group elements
from their most probable sources.
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Summary of Production and Availability

Cerium Group Earths. Accurate production figures for
monazite are not avallable since they are classified secret under
the Atomlc Energy Act of 1946, The annual (United States) pro-
duction capacity available to the principal processors, however,
1s estimated at 20,000-25,000 tons (422,431). It is probably a
fair assumption that about 10,000 tons were processed annually
during most of the 1950 decade. The potential available supply,
as previously mentioned, is upwards of hundreds of thousands of
tons from undeveloped domestic sources alone, in addition to the
undisclosed reserves of currently operating deposits. The world's
known reserves of monazite are estimated at three million tons

(13).

Bastnasite, as indicated, is availlable in quantities upwards
of one million tons. Present mill capacity at Mountain Pass is
approximately 3,000-5,000 tons per year and can be rapidly ex-
panded (659),

Allanite and other cerium group minerals will be available in
very large, but unspecified, quantities should market conditions
warrant,

Yttrium, Scandium, and Yttrium Group Earths. If we assume
an average xenotlme concentration of 1 fo 2% in monazite deposits,
the recent annual production of yttrium and yttrium group earths
has been approximately 100-200 tons per year. The yttrium and
heavy earths from processed monazite would provide an additional
100-200 tons per year. The General Services Administration has
indicated an annual production rate of about 100 tons of rare
earth oxides from euxenite.

Thortveltite production has been difficult to establish, A
considered estimate based upon availability of material, and un-
confirmed reports, indicates approximately 20 kilograms per year
may be avallable from Norway. A reported 50 to 100 kilograms were
produced in Madagascar. The latest indications are that no more
is being produced there.

The market for yttrium and the heavy rare earths has been
very modest until perhaps the last few years. The high cost of
separation and purification has kept potential market demands
down. Even 1n this situation, new deposits have been discovered.

One of the major sources of the future, in our opinion, will

be the by-products of mineral processing for many other elements.
Yttrium and the rare earths are present as minor constituents of
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many of the principal ores of columbium, tantalum, zirconlium, and
titanium. Almost all uranium and thorium ores contain small to
moderate amounts of rare earths. References (58,122,551,641],
826,847,015,925) for example, are illustrative., Analyses are
glven indicating the presence of trace to major amounts of rare
earths and yttrium, and traces of scandium, in many uranium and
thorium ores in the United States.

Up to the present {ime, the limited market has mitigated
against any development of these sources, Recent developments,
however, have increased infterest in potentlal by-product recovery,
and as indicated above, scandium is now available as a by-product
of uranium extraction processes. If may be emphasized that con-
centration factors of 50 to 100 fold may occur merely by recovery
of major constituents, In many cases it may be possible to re-
cover rare earth concentrates, esgsentially pure, by only cne
additional processing step.

Recovery of Rare Earths from Cres

Current procedures for extraction of the mixed rare earths
from thelr ores are primarily based upon chemical cracking of the
ores and precipitation of the rare earths.

Monazite is commonly processed by one of three procedures.

1. The ground monazite is heated with a slight excess of
concentrated sulfuric acid. When the reaction mixture is poured
into an excess of water, most of the rare earths go into solution.
Thorium and some rare earihs remain undissolved and are filtered
off for further processing, The rare earths are recovered {rom
the solution by precipitation with oxalic acid or with scdium
sulfate.

2. By heating the monazife with a larger excess of sul-
furic acid, all of the rare earths and the thorium may be kept
in solution when the mix 1s added to water. Thorium, along with
yttrium and some of the neavy rare earths, 1s tThen preciplitated as
a basic compound by careful partial neutralization. The thorium
is filtered off for further processing and the cerium group rare
earths are recovered as described above,

3. Tnhne ground monazite 1s digested at elevated temperatures
with caustic scoda. An exchange occurs; producing, upon diluticn,
insoluble hydrated oxides of the rare earths in a trisodium phos-
phate sclution. The rare earths are reccvered by filtration.

AW
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Upon careful partial neutralization of the hydrates with acid,
most of the rare earths dissolve, leaving thorium and some of
the heavy rare earths as insolubles. Recovery again is as above.

Procedures for xenotime are similar to those for monazite,
except that the rare earths would not be recovered by precipi-
tation with sodium sulfate, since yttrium and the heavy rare
earth double sulfates are quife soluble.

Most of the bastinasite produced in this country is treated
by thne Molybdenum Corporation of America at its Mountain Pass
mine and mill, The ore, as mined, contailns 7 to 10% rare earth
oxlides. The ore is crushed, ground, and classified tc -100 mesh.
A flotation process floats the bastnasite and depresses gquartz,
barite, and calcite.

Separation gives a concentrate containing 63% oxide.
ILeaching with 10% hydrochloric acild dissolves the remalning
caleite gangue, yielding a concentrate containing 72% oxide.
Calcining finally yilelds an oxide concentrate containing 90%
rare earth oxides (659), The concentrates may then be further
treated with mineral acids, and the rare earths recovered as
fluorides, oxalates, or other compounds by addition of the
appropriate reagents (417),

Allanite, gadolinite. and most other rare earth silicate
eres are easlily cracked by digestlon wlith mineral acid. Nitric
or nydrochnloric is commonly used, The rare earth solution is
filtered away from the insoluble materials, and the rare earths
are usually recovered by precipitation with oxalic acid,

Euxenite, fergusonite, pyrochlere and other niobates, tanta-
lates, or titanates are generally quite resistant to attack by
the ordinary mineral acids. They may be decomposed by fusion
with potassium bisulfate. The fusion melt is digested in water
precipitating niobium, tantalum, and, depending upon conditions,
titanium as hydrous oxides. The rare earths are recovered from
the solution as oxalates. Alternatlvely, the ore may be treated
with nydroflueric acid. After digestion with water, the rare
egartns remain as insoluble fluorides, most of the other constituents
of the minerals being scluble. The rare earth fluorides are
treated witn concentrated sulfuric acid which volatilizes hydro-
Tluoric acid and leaves the rare earths as soluble sulfates.

Although thortveitite is a silicate, it is not easily
attacked by ordinary mineral acids., It may be fused with
zlkalies, the silica forming soluble silicates, and the scandium
and rare earth remaining as insoluble basic compounds. There
is danger of losing scandium, however, through the formation of
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soluble complexes. One alternative procedure is decomposition
with hydrofluoric acld, recovery of tne rare earths as fluorides,
followed by conversion to sulfates by digesfing with sulfuric
acid as descrlibed above for euxenite. The scandium and rare
earths are finally recovered by precipitation as oxalate,

Thortveitite may be treated in the dry way of heating to
1800°C with carbon to form a mixture of carbides. These may be
extracted with dilute hydrochloric acid (354) or chlorinated
directly (627,869). Spedding and co-workers (781) have treated
thortveitite with ammonium bifluoride, volatilizing the silicon
and forming crude anhydrous rare earth fluorides. These are
reduced to the metal with calecium, and subseguently dissolved
for separation and purification.

Other procedures have been proposed for the cracking of
ores, but are not used on a commercial scale at present. These
mlght prove useful, however, if other end products than those
now produced were desired. Thus, for example, the direct
chlorination of monazite has been proposed wnich would produce
rare earth chlorides directly. This might be good cracking proce-
dure 1f 1t were desired to go directly to the metal on a large
scale. Chlorination of euxenite concentrates, followed by
fractlonal distillation, effectively separates rare earth, titanium,
and nloblum plus tantalum fractions (2%8),

Similarly, the development of new separation techniques
might simplify procedures for recovery of rare earths from the
cracked ores., Thus, selection of proper solvenis for solvent
extractlon procedures might minimize the need to recover rare
earths as a group from the cracked monazite solutions, since
solvents might be selected which would selectively strip thorium,
and then individual rare earths from the cracked ore sclutions.

Blectronic Structure

All of the elements, both naturally occurring and arti-
ficlally produced, can be arranged into a periodic system. The
periodic system helped explain the properties of many little
known elements and indeed predicted that unknown elements would
exlst. When the electronic structure of the rare earths became
known, their position in the periodic table became clear. Most
of the chemical and physical properties of the rare earths find
logical explanation when viewed in the light of theilr electronic
structure.
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The periodic table is based upon the arrangement of the
elements in order of ascending atomic weight. The most common
periocdic arrangement of the elements starts with an alkali metal
as the first member of each row, and ends with a noble gas. Each
successive element represents an increase of one, in atomic number,
and a corresponding increase of one electron in the outer orbits
of the atom. The electronic structure of a noble gas represents
completed snells of electrons, an exceptionally stable arrange -
ment.

The first two rows start with lithium and sodium, and pro-
gress by the addition of successive outer electrons to neon and
argon respectively.

The third row starts with potassium and is followed by
calclum, but starting with scandium, the next element, an inner
shell of electrons is filled to form a transition series, which
lg completed after eight electrons are added at the element nickel.
The row then resumes adding outer electrons with the element
copper, and is finally completed with the krypton noble gas struc-
ture. Similarly the fourth row starts with rubidium, is followed
by strontium, and then yttrium starts a transition series which
is completed after eight electrons at palladium. The row is
eventually completed with a stable xenon structure. In both of
the above transition series the inner shell is only one or two
electrons deep, and so the addition of electrons still produces
significant changes in chemical properties,

Tne fifth row starts with cesium and is followed by barium
and lanthanum. Lanthanum staris another transition series. The
succeeding members of this series are hafnium, tantalum, tungsten,
etc. Between lanthanum and hafnium, however, an inner transition
sequence occurs. The filling of thils inner shell (under several
outer shells of electrons) constitutes the rare earth elements
starting with cerium and concluding with lutetium.

Since The electronic structure which distinguishes one
element from the other is deeply buried, and since chemical
properties are determined by the outer electronic structure, it
follows that the chemical properties of the rare earths are
generally similar.

The strictly consecutive filling of the 4f quantum state by
14 electrons in direct numerical order is still open to question.
Configurations have been proposed, for instance, in which most,
but not all, of the rare earths have no electrons 1in the 5d quantum
state and have this electron as an additional one in the 4f state,
Yost (931). Several configurations are indicated in Table V.,
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In general, however, the important consideration 1s that the
electrons are forming an inner transition sequence leading to rel-
atively small changes in cnemical properties, There are, however,
definite physical effects as well as some important chemical effects,

Oxidation States of the Rare Earths. The normal oxidation
state of rare eartns 18 the tri-positive state created by removal
of the three outer electrons. The resulting electronic configu-
ration for the ions would then favor the 4f shell filling consec-
utively from oné to fourteen, irrespective of which of the above
discussed (or possible other3 configuratlons hold for the neutral

atom,

Three electronic states among the rare earth ions are partic-
ularly stable from atomic and quantum mechanical considerations,
The first 1is the La3+'configuration which 1s the same as the ex-
tremely stable xenon configuration. The second ig the half-filled
4f configuration of Gd3+; and the third is the Lu3" configuration
which has completely filled subshells only.

Since these configurations are particularly stable, it
might be expected that adjacent elements might have some tendency
to form othner oxidatlcn states than three, and this is indeed the
case, Ehus cerium can rather easlly lose a fourtn electron to
form Ce™' which corresponds to the stable Ia3+. Praseodymium can
also form a higher oxidation state than three as the oxide,
although only the ftrivalent state is stable in agueous sclution.
Similarly terbium can exist as oxide In a higher valence state
than three, the electronic structure approaching that of gadolinium,

Europium in the divalent state will have a half-filled 4f
shell, and samarium in the divalent state aiso approcaches the
gadolinlum structure if no electrons are in the 5d orbitals as
discussed above, Ytterbium in the divalent state willl apprecach
the lutetium structure.  All three of these elements; europium,
samarium, and ytterbium, do exist as divalent ions in sclution,
and in various compounds. Archard and Tsoucaris (27) have also
reported the preparation of ytterbium monoxide. The sesquioxide
is reduced by carbon at elevated temperatures and reduced pres-
sure,

Senderoff and Mellers (735) have proposed the formation of
a reduced cerium state to account for the soluticn of cerium in
CeCl3(1lig.). Druding and Corbett have investigated the systems
neodymium and praseodymium with thelir respective chlorides and
iodides (1£8). A number of new sclid phases are reported in
which the coxldation states of necdymium and prasecdymium are
less than three.
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Color of Rare Earth Tons. The color of solutions of tri-
valent rare earth lcons {and of rare earth salts) is due to sharply
defined absorption bands in the visible portions of the spectrum.
Sharp bands are also observed in the violet and infrared regions,
and may be detected by instruments sensitive to these wavelengths,

Qualitatively, the relationship between color and electronic
structure was first pointed ocut by Main-Smith {(506) who noted that
the color of the first seven ions are similar to the last seven
in reverse order (Table VI), Electronically this means that an
lon having N electrons more than lanthanum has the same color as
one having 14-N electrons more than lanthanum. The spectrz of
divalent and quadrivalent ions, however, show broad, diffuse
absorption bands rather than sharp narrow ones, and the colors
do not match those of theilr iscelectronic trivalent ions. Yost
(931) points out that a more sophisticated analysis is necessary,
and that a detailed quantum mechanical interpretation of energy
levels must be made %o properly interpret the absorption spectra,.

Paramagnetism. The paramagnetic properties of rare earth
ions have provided important additional information towards the
elucidation of the electronic structure of the rare earths.
Calculations based upon the assumption of the filling of the
orbitals have been markedly confirmed by experimental data: Hund
€333;, Van Vleck and Frank (853}, Cabrera ElO?),Zernicke and James

933), Decker (154), Williams (192), Yost (931}, and Viekery (86i),
Selwood (730) has found that the Curie-Weiss constants of diva-
lent europous and trivalent gadolinium ions are very nearly equal,
and concludes they must have the same electronic configuration,

The magnetic properties of the rare earths have been put to
use 1n the attalnment and measurement of very low temperatures
through adiabatlc demagnetization. The method was independently
proposed by Debye (153) and by Giauque (238), Temperatures as
low as 0.09° absolute have been obtained.

lanthanide Contractlon. It might ordinarily be thought that
the addition of elecirons would increase the ionic radius. The
increased nuclear charge more than compensates for the added
electrons, however, and produces a gradual decrease in radius.
This is particularly true for the rare earths since the electrons
are added to the inner 4f shell. The contractive effect 1is
known as the "Lanthanide Contraction." It is sufficient in
magnitude (lanthanum 1.22, lutetium 0.99)(871), so that at about
the position of holmium the radius decreases to that of yitrium,
The similar radii of yttrium and members of the rare earth series
is one of the principal factors leading to similar chemical
properties. It may be pertinent to note here that the atomic
(metalliic) radius also decreases with increase in atomic number,
except for discontinuities at europium and ytterbium.
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Chemical Properties

The chemical properties of the rare earths provlide the basis
for most methods of processing and separation. They are also the
basis for methnods of producing metals, compounds, and materlals
of industrial importance. The following discussion will consider
the principal chemical properties of rare earths in sclution, and
some of the more important chemical and physical properties of the
rare earth compounds. A discussion of the properties of the
elemental metals and their alloys will be provided in the follow-
ing sections of this report.

Oxides. All of the rare earths form sesquioxides (REx0C3).
Cerium, praseodymium, and fterbium normally form higher oxides§ of
the general composition CeOp, Prg033, and ToyO7 when prepared at
elevated temperatures in the presence of sufficlent oxygen. The
oxldes are formed by combustion of the metal, or by ignition of
the oxalate, hydroxide, carbonate, sulfate, nitrate, or many other
gsalts. Cerium, praseodymium, and terbium sesqulioxides can be
formed by ignition in hydrogen or inert atmosphere, or by reduc-
tion of the higher oxides with hydrogen at high temperature, and
in the case of cerium dioxide at high pressure,

The sesquioxides are basic and tend to absorb water vapor
and COp, from the atmosphere. The order of baslclty decreases
with increasing atomic number; lanthanum sesquioxide is almost
as basic as calcium oxide, while the oxides of the heaviest rare
earths are falrly stable,

The very obvious moisture absorption of lanthanum and other
cerium group oxides had previously led to generalizatlons that
all of the rare earth oxides rapidly absorbed molsture, and that
the most likely end products were the respective hydroxides.
Iove (462), however, has determined the rate of moisture absorp-
tion of eleven rare earth oxides at varlous temperatures and
relative humidities. Marked differences were found in the rates
of absorption and in the total moisture absorbed. Complete
hydratlion occurred only for lanthanum, neodymium, samarium, and
gadolinium oxides, and for the latter three this only occurred
at elevated temperatures. Praseodymium oxide only absorbed one-
half, and dysprosium and yttrium oxides only one-third of the
theoretical amount for complete hydration; erbium, holmium,
terbium, and cerium oxides absorbed much less.

The sesquioxides dissolve easlly in the strong mineral acids.
Those of the lighter rare earths dissolve readily even in weak
acids such as acetic or formic. The heavy rare earths will
dissolve 1in these acids, but much more slowly. The higher oxildes
of praseodymium and terbium are also soluble in mineral acids,
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but dissolve more slowly than the sesquioxides. Solution 1s
aided by the presence of a reducing agent such as hydrogen per-
oxide. Ceric oxide, Ce0,, it much more stable, and if fully
ignited, is extremely di%ficult to dissolve.

Some physical properties of the oxides are tabulated in
Table VII. The crystal structures of the rare earth sesquil-
oxides have recently been redetermined by Roth and Schneider
($35). The three types originally proposed by Goldschmidt (250)
were again confirmed and careful lattice parameter measurements
were made (Table VIII).

Hydroxides. The hydroxides of all rare earths are 1lnsoluble,
and may be rormed by the addition of sodium, potasslum, or
ammonium hydroxide to rare earth soclutions., The hydroxides formed
under varying conditions of precipitatlen have been investigated
by numerous workers (216,530,547,550,900)}. 1In general, it
appears that the hydroxides precipitate as hydrated compounds
with varying amounts of water. They easlly form sols (399,545,
546), but 1f precipitated from hot, dilute solutions, a well
coagulated, easily filterable precipltate may be obtalned.

The hydroxides are one of the least soluble of rare earth
compounds. They may be formed by direct metathesis, therefore,
from other quite insoluble compounds such as oxalates, phosphates,
or double alkali sulfates. The reaction 1s a useful method of
converting these insoluble compounds into hydroxides which are
readily soluble in acilds.

The varying basicities of the elements are illustrated by
the pH at which precipitation takes place. Moeller and Kremers
(547,550) illustrate that precipitation pH's are a functlon of
the solutlon conditions. The data in Table IX indicate the grad-
ual change through the series for one particular system.

The differing pH's at which precipitation is initlated has
been the basls for much of the early work in rare earth separa-
tions and will be discussed somewhat further in the separations
section,

Cerous hydroxide in alkaline or neutral soclution is readily
oxidized by almost any oxidizing agent including air. A filtered
cerous hydroxide preclpitate will likewise be oxidized 1f exposed
to air. The resulting basic ceric compounds have properties which
are considerably different from the trivalent rare earths, and
these properties are the basis for a method of separation and
purification of cerium.
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Carbonates. Rare earth carbonates form quite readlly from
almost all salt solutions. The degree of hydration varies with
the method of preparation. Since the carbonates are easily re-
moved from solutions, and since they are a convenient form for
storage and use in industry, significant quantities are pre-
pared in this form. The chemistry of carbonate formation is
qulte complex, however, with many possibilities of complex for-
mation and double salt formation, as well as varietles of basic
compound formation (217,528,864), Quill and co-workers (701)
have extensively investigated these Systems, and particularly
the carbonates formed by the hydrolysis of the trichloro acetates,

Oxalates, Rare earths are precipitated from acid solution
by oxalate Ions. This is probably one of the most important re-
actions of rare earth ions, since it provides a convenient means
of separating the rare earths from most other elements, and since
i1t provides a convenient means of recovery of the rare earths
even from dilute solutions. The resulting oxalate precipitates
are readily filterable. They may be converted to nydroxides by
metathesis with sodium hydroxide or may be ignited directly to
the oxides.

In neutral sclution, excess alkali oxalates tend to solu-
bilize the rare earths somewhat due to the formation of complex
double oxalates {123,200), This is most pronounced for the
heaviest rare earths and has been used as a method of fraction-

ation (931).

Halides. The halides have been extensively studied, both
from a preparative and from a thermodynamic roint of view, since
they have been the most common starting materials for the prep-
aration of the metals,.

The chlorides and bromides may be prepared by the dissolution
of the oxide, carbonate, or hydroxide with the respective hydro-
chloric or hydrobromic acld, All are very soluble in water,
Evaporatlon of these solutions, cooling of a hot concentrated
solution, or addition of the halogen acid gas to a saturated solu-
tion, will yield a crystal crop which may be filtered and dried
in a vacuum or over a deslccant. Excess acid traces may be re-
moved by drying over fused KOH which will absorb acid fumes as
well as water. The result{ing salts are hydrated and usually con-
tain from 6 %o 9 molecules of water of crystallization. They are,
moreover, hygroscople and absorb molsture from the air.

For the production of high purity metals, it is necessary
that the halides have minimum oxygen content. The hydrated
chlorides or bromides as prepared above cannot be dehydrated by
simple heating in air, since decomposition occurs and oxynalildes
are formed according to the reaction:
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RECI3.6H20-> REOC1 + 2HC1 + 5H0

They may, however, be fairly completely dehydrated by slowly heat-
ing in a stream of anhydrous acid (384),.

Anhydrous chlorides may alsc be prepared directly from the
oxides by reaction wlth ammonlum chloride at elevated temperatures

(671,672).
RE,03 -+ 6NHyCl —> 2REC1l3 +3Hp0 + 6NHg

The oxides may also be heated with carbon tetrachloride
(537}, sulfur monochloride vapor (310) or other chlorinating
agents under reducing conditions.

The fluorides may simllarly be prepared by the addition of
hydrof luoric acid to a chloride or nitrate solution. The fluorides
are insoluble and precipitate initially in a gelatinous form, but
digestion at moderate temperatures helps effect coagulation. The
fluorides contain one-nalf to one molecule of water of crystalli-
zation. The fluorides can be dehydrated to an oxygen content of
one-half percent or less by slow careful heating in vacuum, in
? itre%ﬁ)of anhydrous hydrofluoric acid, or in purified helium

145,7 .

Anhydrous fluorides may also be prepared from the oxides
by heating the respective oxide with ammonium bifluoride, or by
passing anhydrous hydrofluoric acid over the oxide at elevated
temperature., Excellent summaries of methods of preparing anhy-
drous halides for metal production are presented by Love (462,
463}, Smutz, Olson, and co-workers {754) and Spedding and co-
workers (34),

Tetra- and Dihalides. Cerium tetrafluoride is the only
halide of guadrivalent cerium which is stable,

Europium, samarium, and ytterbium trihalides are reduced by
hydrogen to the dihalides at temgeratures of 270 to 560°C. At
higher temperatures (900 to 1000°C) partial reduction to the metal
may occur,

Halates, Bromates have been used for the separation of the
yttrium group elements by fractional crystallization. Along with
the chlorates and iocdates, they may be prepared by the addition
of a barium halate solutlon to a rare earth sulfate solution, re-
gsulting in the precipitation of barium sulfate and the formation
of the rare earth halate solution (282,934),
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Nitrates. Aqueous solutions of nitrates may be prepared by
dissoTIution of the oxide, hydroxide, or carbonate with nitric acid.
Hot concentrated nitric acid will also decompose oxalate compounds
to produce the nitrate. The nitrates, as the halides, are
readily recovered in crystalline form by evaporation of solutions
or cooling of saturated hot solutions.

The nitrates have played an important part in the history
of rare earth separations. The simple nitrates may be crystal-
lized from concentrated nitric acid, and have a minimum sol-
ubility at europium or gadolinium, the center of the series.
Double nitrates may be formed with many other mono or divalent
nitrates. The double ammonium nitrate RE(NO3)s3-2NHyNO3-4Ho0 has
long been used as the principal salt for the“fractiona% crystal-
lization of lanthanum and praseodymium. The double magnesium
nitrate 2RE(NO3)3-3Mg(NO3),-24H,0 has been most commonly used for
the purificatidn by frac%ional crystallization of neodymium,
samarium, europilum, and gadolinium.

Sulfates. The chemistry of the sulfates is important since
the principal processing of monazite is carried out in sulfuric
acld solutions. The sulfates generally crystallize with eight
waters of hydration. By careful heating to about 400 to 450°C
they may be dehydrated. Heating to higher temperatures causes
decomposition by loss of 803.

The hydrated sulfates are only slightly to moderately solu-
ble. The minimum solubility oecurs at europium with both the
cerium group and yttrium group sulfates being more soluble. There
1s an inverse temperature effect, the sulfates being less soluble
in hot solutions than in cold. The anhydrous sulfates as pre-
pared above - or as probably exist in the hot concentrated sul-
furic acid solution from the cracking of monazite - are consider-
ably more soluble. They do not quickly transform to the hydrated
salt, and the rare earths thus remain i1n solution long enough for
further processing.

The addition of ammonium, potassium, or most commonly sodium
sulfate will effect a group separation of the rare earths. The
cerium group rare earths form quite insoluble double salts. The
heavy rare earths may then be recovered by precipitation as
oxalate or hydrate. The change in solubility is not extremely
sharp, and there is also co-precipitation, so that the separation
is not sharp. The procedure is quite effective, however, for the
initial division of a mixture of rare earths into the two groups.
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Interoxide Compounds. The availability of pure rare earth
oxldes and IncreasSing Inferest in materials for high temperature
applications has re-focused attentlon on the preparation and
properties of ceramic type mixed oxide compounds. Titanates,
niobates, zirconates, ferrites, and similar compounds have been
prepared (222,233,234,243,380,402,572,634,673,608,718,872,
873,895,921,922), Particular interest has centered around yttrium

and gadolinium 1ron garnet structures for their ferroelectric and
magnetic properties.

Binary Metallic Compounds. Similarly, the availability of
research quantitieS of pure metals, or the techniques for pro-
ducing them, has renewed interest in the preparation and prop-
erties of compounds such as carbildes, hydrides, nitrides, sulfides,
etc. Many of these are most easily prepared from the metals them-
selves, and the unavallability of the metals in the past has
hindered their preparation and evaluvation. Selected refere~ces
discussing preparation and properties include: 174,178, 707,222,
337,338,387,408,541,640,702,773,825,874,80k4,

Compounds of the rare earths with other metals (i.e. iron,
cobalt, magnesium, etc.) will be discussed in the chapters on
alloys and constitutional diagrams.

Other Compounds. Many hundreds of other compounds of the
rare earths have been prepared, Most of these were made many
years ago in efforts to find better means of separation, some in
efforts to find commercial applications.

Since the rare earths are metals with moderately strong basic
properties, they form compounds with most anions and anionic
groups of elements. Metallo-organics may be formed as well as
strictly inorganic compounds,

Oxidized and Reduced States, Most of the chemical behavior
discussed in this section has been based on the trivalent oxidation
state of the rare earths.

Cerium, however, forms a quite stable tetravalent ion and
much of cerium chemistry 1s based upon oxidation-reduction reactions.
Cerium may be oxldized by electrolysis; by strong oxidizing agents
such as niftric acid, permanganate ilon, or peroxydisulfate in acid
solutlon; or by hydrogen peroxlde or ailr in neutral or alkaline
medla. In the tetravalent state it is a strong oxidizing agent
when in dilute acid solutions.

Europium, ytterbium, and samarium form divalent ions in

solution and divalent compounds if kept under reducing conditions.
Europium 1s the most easily reduced {zinec in hydrochloric acid
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solution, or passage through a Jones Reductor) and europous com-
pounds are the most stable. Yost (931, p. 66) reports less than 3%
oxidation of europous sulfate after four months in a corked vial.

Nuclear Properties

The nuclear properties of materials have become increasingly
important as our technology has advanced into the "atomic" age.
Any use of rare earth metals or alloys as materials of construc-
tion in or near nuclear reactors must be considered in the light
of these properties,.

Neutron Cross Section., The thermal neutron absorption cross
sections (501) ol the rare earths are indicated in Table X. Com-
plete cross section data as a function of neutron energy is re-
ported in BNL 325 (331).

Radioactive Isotopes. Certain radiocactive isotopes produced
upon irradlation of rare earths may have industrial application,
and may thus affect the economics of rare earth separations.
These will be dealt with in a subsequent chapter, but we may here
specifically mention scandium, europium, and thulium,

Effect of Irradiation Upon Structural Properties. No data
has been found relating to the effectTs of irradiation on the
mechanical properties of the rare earths.

Separation of the Rare Earth Elements

The separation of the mixed rare earths into the purified
individual elements has been one of the most challenging chemical
problems of the past hundred and fifty years. Literally hundreds
of different compounds were prepared 1n efforts to find materials
with varying properties so that separations could be effected.

Much of the presently known chemistry of the elements is based
on this early work. In this respect, it must be recognized that
much of the early work, even if performed carefully by competent
investigators, 1s erroneous. This is due to the fact that mix-
tures of elements were originally believed to be individual
elements, and that purities were difficult to determine with the
technigues then available,

The following discussion will first cover the c¢classical
methods of separation developed up to the time of World War IT.
Several powerful new tools for separation have since been developed
and will be discussed subsequently.
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General Considerations. The separation of any two or more
materials may occur by a process which is essentially complete in
one step, or by a process which is fractional in character.

A complete process might be 1llustrated by an oxidation pro-
cedure in which one component only is oxidized, and after oxidation
has properties sufficiently different from the other components so
that 1t may be removed completely. The efficlency of this type of
process is determined by the complefeness of the removal of the
oxidized component on the one hand, and the physical contamination
of the removed oxidized material on the other,

A fractional process might be illustrated by a crystallization
procedure in which one component is less soluble than the others.
When the crystallization of this component is attempted, it does
not separate completely, but 1s accompanied by other components
in a rather closely fixed ratio which 1s determlned by the par-
ticular conditions of the separation.

Another fractional process might be illustrated by a single
stage distillation in which the distillate is enriched in one
component, but in which complete separation does not occur.

Because of the close similarity of chemical and physical
properties of the rare earths, most separation processes are of
the fractional type. The processes must then be repeated until
the desired degree of separation 1s achieved.

Separation Factor. One of the most useful concepts for the
measurement of the elfiectiveness of a fractlonal process is the
separation factor. If a mixture of two materials A and B is
divided, by whatever means, into two groups, one and two; then
the concentrations of A and B in group one will be A4 and B,
respectively. The concentrations in group two will be A, and s
respectively. The ratios cof concentration in the two groups will
correspondingly be Al/B1 and /B,. The separatlion factor is now
defined as the ratio of "these Tatlios:

N
S.F :‘—;zg—

- - A
2 2

Since it is a ratio of ratics, it is a pure number and has no
units.

The significance of the separation factor may be illustrated
by two simple cases. Consider a2 solution inltially containing
50% each A and B. This solution is divided into two equal
fractions 1 and 2 in one case, and I and II in another, such that
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the final concentrations are as indicated below:

Fraction 1 2 I IT
Concentration of A 51% Log 75% 25%
Concentration of B Lo 51% 25% 75%
Separation Factor 51/49 75 /25

Calculation Ig/51 25/75
Separation Factor 1.08 9.0

Considering now the converse calculation, it is seen that a
process with a separation factor of 9.0 increases the concentration
of a 50% component to 75%. When the separation factor is 1.08,
the increase is only from 50% to 51%.

It is obvious that procedures with small separation factors
will require very many repeated operations to effect major changes
in composition. It is further obvious that if there are sixteen
components in a mixture, rather than only two, separations may
indeed have to be repeated many thousands of times to effect
purification of all components.

It may be noted that the separation factor is essentially a
mathematical concept. As such it holds for any ratios of the
relative percentages of A and B, and likewise for any ratios of
gquantities of the two resulting division groups. This is true
providing that the conditions which create a particular separa-
tion factor are not in themselves changed by the division. Such
a change 1n separatlion factor might occur at extremely low or
extremely high concentrations, or might be due to simultaneous
changes in other variables, such as acidity.

Fractlonal Crystallization. In fractional crystallization
procedures a part of Lhe salt in solution is precipitated, gen-
erally by a change in temperature or by evaporation of a sat-
urated solution. If there is a difference in the solubility of
the various components of the solution, the composition of the
crystal crop will be different from that of the original solu-
tion, the less soluble components being enriched. The more
soluble components will, of course, be simultaneously enriched
in the liquor.

Where more than two components are present, fractionatlon
is usually designed to first split the material into groups of
two or at most three components. These may then be fractionated
until material of requisite purity is obtalined at both the most
soluble and least soluble ends.
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Many salts and double salts have been used for the separation
of rare earth elements. The most commonly used are indicated in
Table XI.

Selwood (731) gives data for the separation of lanthanum and
neodymium by ammonium double nitrate crystallizations. Assumlng
the separation factor is constant between each pair of elements
from lanthanum to neodymium, the average separation factor for
adjacent elements is calculated as 1,15.

Fractional Precipitations. Fractional precipitation reactions
involve the removal of part of the rare earths from solution by
the addition of a chemical reagent to form a new, less soluble com-
pound. The rare earths remaining in solution are recovered in
some cases by further precipltation as the same compound, i1n other
cases by complete precipitation as the oxalate, hydroxide, or
other compound.

Since each preclpitation forms a new material, this process
does not lend itself to repeated operations as well as fractional
crystallization processes. Before the preciplitation can be re-
peated, the precipitate must be reconverted fo the original
solution form, Each complete cycle, involving as it does, chemical
reaction, physical separation, and chemical or other method of re-
conversion, is time consumlng and may lead to a significant loss
of valuable materlial. Only significantly higher separation fac-
tors will therefore justify fractional precipiltation over fractional
crystallization methods,

Principal Precipitation Reactions. The double sulfates are
most commonly precipitated by the slow addition of powdered
sodium sulfate to the rare earth solution. Since the method is
primarily used to separate the light from the heavy elements, a
convenlent indication of completeness of reaction is the dis-
appearance of the neodymium absorption bands.

Moeller & Kremers (548) have extended the method to in-
clude splitting of an intermediate (terbium) group, and the en-
richment of yttrium fractions.

Basicity separations have been useful for the separation of
rare earths into groups, and as an ald in the purification of
lanthanum and yttrium. Basicity changes may be effected by
several procedures (547) among the most important of which are:

1. Addition of an alkaline reagent. Sodium or potassium
hydroxide may be used, but create local excesses of hydroxyl lons.
Magneslia or other metal oxides, reactin% more slowly, are better.
The slow addition of dilute ammonia (656,677) or, to prevent ex-
cesslve dilution, introduction of an air stream containing ammonia
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vapor (312,832,806) is especlally effective.

2., Hydroiysis. Iccal excess of alkall 1s avolded by the
slow decomposition of unstabile compecunds. The pH of solutilons
may be slowly increased by neating gnlutlons containing urea
(231,7%1} or thlosulfste, Electroivsis of solutions may also be
effective (410,all, 425,554,

The oxalates show a sequence cf precipvitation starting with
europium as the least soluble element. If the rare earths are
first divided into ceriun and yttrium groups, subsequent fractional
precipitations with oxalic acid will further subdivide these groups.

Cobalticyvanides. ferrocyanides, and ferricyanides have been
used for separations, especially of yttrium and tne heavy elements
around erbiuvm. The ferricyanides [5i0) appear to ve most effectfive,.

From datz by Selweood 731, the following average separation
factors for several types of fractional precipitations have been
calculated for individual rare earth pairs between lanthanum and
rneocdymium:

Method Separaticn Factor
Sulfate 1.2
Cxalate 1.6
Basic Magnesis 1.2
Basic Urea 1.4
Alkali Carbonate 1.7
Basic Electrolytic 1.7
Basliec Ammonia 2.3

Comparison of Fractional Crystallization and Fractional
Preciplitation Methods. The principal advantages of fractiornal
crystallization methods are the fcllowing:

1. Handling processes are minimized. The material processed
is always in the same chemical form so that It is not necessary
to convert and re-convert various compounds.

2. Cost of processing 1s usually low. No chemicals are
needed for reaction purposes., most processes requiring only
heat,

3. There 1s good conservation of material. The only losses
will occur in filtratlons if they are necessary. Since the
materials filtered are soluble, they are easlily recovered. In
many cases it is possible to work so that filtration is not re-
quired at all, the ligquors being quite effectively decanted from
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the crystal crops.

The principal advantage of fractional precipitation methods
lies in the greater separation factors available. Although
generally used for group separations, two elements may be
readily purified by fractional precipitation methods. The first
is lanthanum. It is at one ~nd of the series and thus must he
separated from elements "on one side only". It is also the most
abundant element in the cerium group raw materials after cerium
is removed, and therefore needs less purification than the otner
rare earths. The second is yttrium which can be purified by a
combination of two fractional precipitation methods. This is
due to the fact that yttrium, in different sepiration procedures,
does not always fall at the same point in the rare =arth series.
Thus, wnen rare earth sodium doublie sulfates are precipitated,
yttrium behaves as though it were at about the position of
holmium., When basic prec¢ipitations are made, yttrium behaves
a8 though it were in the approximate position of neodymium or
samarium, The use of both procedures, therefore, removes the
elements {rom lanthanum to dysproslum by the first method, and
over-lappingly, suropium through lutetium by the second.

Oxidation Reactions. Tne separation of cerium from mixed
rare earcns by an oxldation procedure was reporied by Bunsen in
1853 (306), Bunsen treated an alkaline rare earth suspension with
¢hiorine. The cerlum was oxidized to the ceric state and formed
an insoluble basic oxide., Simultaneously a dilute acid solution
wasg formed which dissolved the oiner rare earths.

Almost all methods subsequently developed for the rapid
gseparation of cerium are based upon 1ts initial oxidation by
any of a number of reagents or processes., Chlorine, bromine,
lead or bismuth oxides, sodium peroxide, bromate, permanganate
and peroxydisulfate have been commonly used (203,5C4), Elec-
trolytic oxidation has been recommended by Pearce (£25), Smith
{748}, and others.

If the cerium 1g obtained as the fetravalent ion in solu-
tlion, it may be preﬁipitated at g low pH. The incipient pre-
cipitation pH of Ce~7* is 2, that of Lu3* {the lowest trivalent
rare earth} is 6.3 (547), If the cerium 1s obtalned as ceric hy-
droxide, or & hydrated ceric salt mixed with other rare earth
hydroxides, the other earths may be dissolved away by dillute
acids.

& moat important commercial method 1s descrlbed by Powell

651} in wnich the rare eartn hydroxides are exposed to alr at
100%C,  The cerous hydroxide is oxidized to ceric hydroxide which
i3 insoluble in dilute nitric acid. After a dilute acid extrac-
tiogn of the other rare earthns, the insoluble residue is then



dissolived in concentrated nitric acid from which it may be pre-
cipltated for additional purification.

Johnson and Qlson (271) have recently investigated the sep-
aration of cerium from other rare earths by ignition of the
nitrates., Close control of temperature of molten salt baths
containing mixed rare earth nitrates resulted in almost complete
separation of cerium as a hign purity oxide.

Praseodymium and terbium may be concentrated by oxidation
{electrolvtically or by chlorate{ in molten alkaline (KOH) baths
(52,511,515). The precipitated PrO, or Tbhoz is partially sep-
arated by gravity, since 1t drops to the bottom of the melt.
Further separation from the other rare earths is by treatment
with very dilute acids which dissolve away tne melt but only
attack the oxide very slowly. In contrast to ceric oxidation and
separation, praseodymium and terbium are only fracticnally en-
riched by these processes.

Reduction Reactlons,., Samarium, europium, and ytterbium may
be reduced to oxidation states lower than plus three, In lower
oxidation states chemical properties are different and the elements
may be separated from the trivalent rare earths,

Yntema (929; first separated rare earths by a reduction
method in 1930. Europous ion was formed by electrolytic reduction
at a mercury cathode. 1In the presence of dilute sulfuric acid
eurcopous sulfate precipitates and 1s separated by filtration.

As in the case of oxidation techniques, the purification of
rare earths by reduction procedures may be considered in two
steps, first the method of reduction, and second the physical
separation process,

Europium has been reduced by electrolysis {929,511,376,203
p, ©6) by amalgamated zine, or zinc dust in dilute hydrochloric
acid (47&6-480) and by sodium or other amalgams (513). The re-
duced europium may be recovered as the almost insoluble sulfate
{in dilute acid), or dichloride (in concentrated hydrochloric
acid), When reduction is by electrolysis using a mercury cathode
(481,482,604} or by sodium amalgam 1t 1s also possible to remove
the europium as the amalgam, to be subsequently recovered by
treatment with dilute hydrochloric acid.

Samarium (98,513,605} and ytterbium (376,512,483,549,655,
930} are more difficult to reduce, and the reduced lons are less
stable., Processes similar to those for europlum have been devel-
oped, however, and are effective for concentration and purification.
Onstott (606) has effected electrochemical fractionation of yttrium
and the lanthanons at a lithium amalgam cathode. Europium,
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ytterbium, and samarium are rapidly electrolyzed through reduction
to divalent states. The other rare earths are electrolyzed more
slowly.

It may be noted that both oxidation and reduction processes
are effective, not only for the purification of the particular
element concerned, but also for the purification of adjacent
elements. Thus, if during a fractional separation process a
fraction containing only thulium and ytterbium is obtained, the
removal of the ytterblum will also provide pure thulium.

Spedding and co-workers {761) have noted this effect in
another system. In their metallothermic reduction of anhydrous
trihalides to metals it was observed that samarium, eurcpium, and
ytterbium are only reduced as far as the divalent state., If,
therefore, gadollnium containing europium is reduced to metal,

a separation is effected since the europium remains in the slag.

Fusion Reactions. TFusion reactions involving the oxidation
and separation of cerium, praseodymlum, and terbium have already
been discussed.

Separations of rare earths have bteen made by partial fusion
of mixtures. The method 1s based upon the partial decomposition
of the fusion mixture, the decomposed material becoming insoluble,
The most frequently used system was the nitrate., Except for
cerium, the nitrates decompose in approximately inverse order of
atomic number, with yttrium faliing at about the position of
samarium or gadolinium. Cerium is oxidized to ceric ion which
decomposes at a much lower temperature than the other rare earth
nitrates. The decomposed nitrates form basic salts or oxides
from which the undecomposed materials may be separated by solu-
tion in water. The oxides or baslc salts may then be dissolved
in acid (152,157,514,547,864,876),

Volatilization, Distillation or volatilization processes
are excellent separation methods provided systems can be found
with satisfactory differences in vapor pressures or sublimation
rates., Several such systems have been proposed.

1. Distillation of metallo-organic compounds. The acetyl-
acetonates of the rare earths may be distilled at reduced pres-
sures. Scandium and thorium have been separated by this method

(558).

2. Sublimation of salts. Vickery (870) investigated the
geparation of rare earths by fractional volatilization of the
" chlorides, and obtained quite good results when dealing with
small quantities.
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Harrison {(757%) has determinad vapor pressures and thermo-
dynamic data for lanthanum, cerium, prassodymium, and neodymium
ehlorides, and lanthanum, cerium, n2ocymlum, and samarium bromides,
Temperature differences of zabout 20-200C were observed for the
boiling points of adlacent rare earths, and also for the temper-
atures at which the vapor pressures were 10~ 1mm.

2, Sublimation of Metals., Spedding and Daane {7€3) have
recently susgested the possibility of direct fractional vola-
ti]izatlion of the elemental metals, A synthetic mixture was
neated 1in & vacuum So that ithe vapoprs condensed in a tantalum
fractionating column., Partizl separatlions were achieved, and the
order of decreasing veclatility established {europium, ytterbium,
lutetium, thulium, holmium, dysprosium, erbium, gadolinium) for
the glements in the mixture.

Splivent Extraction. Principles. Two important considerations
are necessary ror complete understvanding and systemization of
sclvent eXxtraction systems.

The first ls the phase rule, which relates the number of
phases (P}, the number of components (N), and the number of inde-
pendent variables (F) necessary to completely define a system at
eguilibrium.

F=N-P+2

The second is the distribution law, which relates the
concentrations of various components in the varicug phases of a
system at equilibrium.

For purposes of this discussion the phase rule is of minor
importance, Complete derivations and discussions may be found
in standard texts on physical chemistry or phase rule (205,245,
‘u{)? ) -

The distribution law (also known as the partition law)
states that when a substance is distributed, under equilibrium
conditions, between two phases, the ratlio of concentrations in
the two phases will have a constant value. 1If A and Ap rep-
resent the concentrations of A in pnhase 1 and phase 2, then:

Al__

A

If, now, there are two substances, A and B, distributed, then:

A By
Ao DA B, ~ B
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We note that these two relationships may be combined:

A}_,-"'Ag Ka Al/Bl KA
= or

B,/B,  Kp ho/Br Ky

and therefore that t{he ratio of distribution constants 1lg the
separation factor,

Scivent Extraction., Separation of the Rare Earths., The
i"'irst suggestlon tnat solvent extraction might be used to sep-
arate the rare earths was gpparently made by Hopkins and Quill

““h, in 1933, although previous workers ({245,307} had noted that
cer;c and oither rare earth nitrates were extracted into ether.
Hopkins and Quill investigated the solubilities of some of the
cerivm group annydrous chlorides in arhydrcus zlcohols. The
systems were found to be markedly affected by traces of water
and by the formation of various hydrates and alcoholates, but
some separalions were obtained.

Appletor and Selwood (25) investigated the solubilities of
a number of neodymium and lanthanum salts in a wide variety of
organic solvents. A separation factor of 1.0€ was found for
lanthanum-neodymium thiocyanate in an aqueous-butyl alcohol
system, Although this separation factor is small, and for
elements which are several atomic numbers apart, it was suggested
that continuous counter-current extraction mignt be effective for
separations,

Templeton and Peterson (312,8132) studled the distribution of
cerium group rare earth nitrates between water and n-nexyl alcohol.
Separation factors of 1.29 - 1.55, depending upon experimental
conditions, were obtained for lanthanum-neodymium,

During the past ten years increasing emphasis has been
placed on the tributyl phosphate-nitric acid system for the sep-
aration of rare earths. The earliest described work is apparently
that of Warf who first observed (293}, and then investigated (892},
the extraction of ceric ion from agueous nitrate, and nitric acid
solutlons by tributyl phosphate., Petrow and co-workers (037},
and Bauer and co-workers (44,45}, have recently extended this
work, and presented data to indicate that the preparation of pure
cerium oxide by solvent extraction methods 1s competitive with the
older cnemical separations methods.

In 1952, Peppard, Faris, Gray, and Mason {[629) observed that
the extractabllity of the rare earths into tributyl phosphate from
concentrated hydrochloric or nitric acid solutions increased with
increasing atomic number, The order of extraction from dilute
(C.3N) nitric acid was reversed.

Lal
[WV]
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Salting out effects were observed for ammonium nitrate and
aluminum nitrate. Alfthough these salting agents were effective
for removing and separating the rare earths from impurities, the
most effective separations of rare earths from one another was
from the concentrated nitric acid solutions. Separation factors
for adjacent rare earths were reported to be 1.6 for 12 N. nitric
acid, and 1.9 for 15N. nitric acid, systems. These values were
determined from single stage extractions using radioactive tracers.
Iater investigatlons indicated these values were reasonable for
cerium group elements but somewhat optimistic for yttrium group
elements. The system nevertheless turned out to be an effective
one,

Peppard and co-workers subsequently continued investigations
into the separations of the rare earths, thorium, scandium, proto-
actinium, uranium, and zirconium (628,630,631,632,633), Gray and
Thompson (254) and Gray (252) have also continued this work.

Weaver and co-workers adapted the method to produce puri-
fied rare earths to bé used as a source material for isotope
separations at Oak Ridge. Weaver, Kappelmann, and Topp {896)
reported the separation of the first kilogram of gadolinium oxide
in 1952. Topp (823) reported on distribution coefficients and
the separation factor (found to be 2.8) of neodymium and samar-
ium. Topp and Weaver (824) then extended this work, determining
the effect of variables on the separation factors for samarium,
gadolinium, dysprosium, and yttrium. Their results indicated
good separations should be obtained.

Bochinski, Smutz, and Spedding (68) investigated the separa-
tion of rare earths from monazite, employing tributyl phosphate
in various concentrations. Very dilute nitric acid solutions
were used. Starting with a mixture containing essentially 75%
neodymium, 15% praseodymium, 6% samarium, and 4% gadolinium, a
division was made into an aqueous phase containing 25% praseo-
dymium, and 75% neodymium and an organic phase containing 48%
samarium and 34% gadolinium. Variables influencing mass trans-
fer were also investigated. The same authors (67), subsequently
presented a mathematical method for calculating operating con-
ditions necessary to effect a given separation.

Foos and Wilhelm (212) extended this work to investigate
the separation of yttrium and some heavy rare earths. The start-
ing materlals were concentrates from gadolinite, fergusonite,
and tailings from ion exchange separations. Single stage dis-
tribution coefficlients were determined, and a 20~stage continuous
countercurrent apparatus was used to follow up the more promising
conditions. The results from one such multistage extraction are
indicated below.
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Initial Product Percentage

Component Percentage Aqueous Organic
Prgoyq 2.0 3.4 N.D.
Nd;03 7.6 22 N.D.
Sm203 5-7 16 N.D.
Gds03 8.4 22 N.D.
Dy, 03 L.o b4 2.4
Y503 66 24 91
Total Q3.7 91.8 g93.4

Gruzensky and Engel (?62) processed a euxenite concentrate
through a six stage extraction. The solvent phase was a solution
of tri-n-butylamine in 3-methyl-2-butanone. The aqueous phase
was 8 N. HNOB. The final product contained 83% yttrium oxide com-
pared to 47%’in the starting material.

Studies of the solvent extraction of rare earths with tri-
butyl phosphate systems have recently been reported by Soviet
scientists (592,617}, Thelr results are in general agreement
with those indicated above.

Much of the above reported work was pragmatic in the sense
that systems were investigated and found to either effect separa-
tions or not. Further investigaticns of those which did work, as
the tributyl phosphate-nitric acid systems, examined the effects
of variables on the separations achieved, but very l1little was
actually known about the mechanism of transfer and the species
invelved.

McKay, Healy, Alcock, and co-workers at Harwell (6, 291,292,
494} nave recently published a series of papers describing the
results of their investigations. They found the following com-
plexes formed and involved in rare earth transfers:

HNO-= - TBP
RE2303;3'3TBP
Ce (NO3 )1, - 2TBP

Their work has materially alded in the interpretation and
understanding of the effects of acid concentration and salting
agents on mass transfer.

Ton Exchange, Principles., An lon exchange resin may be con-
gsldered to be an ionic salt iIn which one of the lons is attached
to an insoluble organic matrix. The charge on the attached ion
determines whether the resin is an anlon or cation exchanger.
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If the ion exchange resin is brought into contact with a
salt solution, the movable lon in the resin phase may be dis-
placed. In general, the following principles govern the dis-
placement.

1, An 1on of higher charge displaces an lon of lower charge.

2. For similarly charged ions, the lon with larger (non-
hydrated) radius displaces the smaller {821),

3. The displacement occurs according to the law of mass
action, thus for cation exchange:

MR + AT (aq) AR+ MT (aq)
_(aR) (M%) (aq)
SN (ag) W)

Where M is the cation originally attached to the resin,
R is the resin exchanger
A is the cation in solution
K is the equilibrium constant
( ) represents concentration

%, If the solution contains ions C which complex with one
of the ions involved in the exchange, further equilibria occur:

4"(aq) * C1(aq) = A%1(aq) k= 1) (aq)
V(A (aq) (€ (aq)
A¥(aq) *C3(aq) = AC2(aq) < = (AC2)  (aq)
___________________ M (ag) (€2 (aq)
*(aq) *Cn(aq) = "%n(aq) _ (%) (aq)
& (A7) (aq) (Ca) (aq)

and all such equllibria must be satisfied.

The above principies may be simply 1llustrated by considering
the ordinary use of ion exchange resins for water softening. Thus:

1., An ion of higher charge displaces an ion of lower charge.
In water softening, lons such as calcium or magnesium, of charge
two, will displace ions such as sodium or hydrogen, of ionic
charge one.
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2, For similarly charged lons, the ion with larger radius
displaces the smaller. Thus, ions such as potassium, of charge
one, will displace ions such as sodium, of charge one,

3. The displacement occurs according to the law of mass
action. Thus, in the regeneration of water softeners, the use
of a concentrated solution of sodium chloride produces a nigh
concentration of sodium ions which act by mass action to replace
the ions which ordinarily adhere more tightly to the resin, such
as potassium, calcium, or magnesium,

4, Although not normally a water softening practice, the
fourth principle may be observed by adding a complexing agent
such as EDTA (ethylene diamine tetraacetic acld) to the water
before passage through the resin. In this case no exchange takes
place at all, since all of the calcium and magnesium is bound
by the complex and essentially no free cations are avallable for
exchange.

Separation of Rare Earths by Ton Exchange. Conslderation of
the haSic principles governing lon exchange phencmenza as lndicated
above, indicated that good separation of the rare earth elements
would not be obtained from ordinary solutlons. This is evident
since:

{a) All of the rare earth lons are ordinarily of the same
charge (pluvs 3.

(b) Although there is a cortraction of ionic radius with
inereasing atomic number this effect 1s relatively small as com-
pared to that usual for those elements of the same charge, but
which are located one above another in the periodic table.

The successful vse of ion exchange technlgques came as a
result of the application of the important complexing phenomena
which could be produced in the solution passing through the ion-
gxchange columns. Thus, by addition of a complexing agent to
the seclution, the environment around the ion exchange particles
was drasticszlly changed, some of the rare earth ions were more
tightly complexed in solution than others. These were consequently
not as available for exchange with the lons on the resins. The
equilibria in solution became the principal determining factor
in separations, and the ion exchange resins became essentially
inert reservolrs of rare earth ions which acted as sites for re-
petitive re-equilibrations of the soclution.

Tne process as developed, and essentially as practiced
currently, 1s therefore one of loading a column of ion exchange
resin with rare earth ions. An eluting solution contalning the
complexing agent is then permitted to flow through the loaded
columns. The complexing agent strips the rare earths from the

WLDD TR 6O-864 X7



top of the column and then passes through the rest of the column.
In doing so, however, the solution equilibria are disiurbed, and
a re-equlilibration ceccurs. Those elements which tend to form
tighter complexes leave the resin and enter the solution. The
iess tightly complexed elements which have been simultaneously
released leave the solution and occupy the newly vacated sites

on the resin,

Trie sclution is now permitted to flow through a resin column
egullivrated with lons (NHy*, HY, Cu*™, ete.) which may be re-
piaced by any rare earth ion. The rare earths accordingly are re-
depesited on the new resin, but, and most important, the first
rare 2arths deposited are those which formed the most tightly
formed compiexes In scluticn, since the solution has been pref -
srentizliy enriched with them. As the process is repeated over
ard over, the situation gradualily develops wherein those elements
which Tormed the sirongest complex are now at the very leading
edge of tne rare earth band, and those which formed the weakest
complex are at the tralling edge of the band with all the others
in betwaesn,

Initially the boundaries between adjacent elements overlap
greatly, but as the process contilnues, the boundaries sharpen,
The process is continued until the desired degree of separation
has occurred,

Tre eff'luent sclution is now collected in fractions, which
theoretlically at least, contaln only separated individual ele-
ments, and these are recovered from the solution by chemical means,

Advantages and Disgdvantages. The principal advantage of ion
eXchange separation techniques as practiced today, iz the ability
to produce extremely nigh purity materials.

The disadvantages of lon exchange techniques are indicated
below,

(a) The capacity of equipment used is limited relative
to that used in most industrial cnemieal processes. An ion
exchange column is mostly filled with ion exchange resin, and
will at best (using currently available resins) contain only
about five pounds of rare earth per cubic foot,

(b) Flow rates through the columns must be slow encugh to
permit satisfactory exchange of lons between solution and resins.
In current practice this is about one linear centimeter per minute.

(¢) Currently available complexing agents have limited max-
lmum concentration ranges., The optimum concentration of rare earths
in solutlons of the most commonly used complexing agents at present
is approximately one-quarter percent.
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(d) The number of "column lengths" through which an orig-
inal column load of rare earths must be passed for good separa-
tion ranges from four to eight depending upon the degree of
geparation desired. Coupled with dilute solutions and slow
flow rates, this means a long residence period for the starting
material, a large necessary inventory of ion exchange resin, and
a large capital investment for the required equipment.

The development of lon exchange chromatography has been
carried cut in many laboratories both in the United States and
abroad. Particular reference must be made to the initial re-
ports of Tompkins, Khym, Cohn, Marinsky, Glendenin, Coryell,
Harris, Ketelle and Boyd {250,382,510,820) who made the separa-
tions on a micro and tracer scale at the Clinton National Iab-
oratories; and Spedding, Voigt, Gladrow, Sleight, Powell, Wright,
Butler, Figard, Fulmer, Gobush and Porter from Iowa State College
(770,785,786) who made the first effective macro rare earth sep-
arations. The first separation of promethium, element 61, was
made by Marinsky, Glendenin, and Coryell {510}, Simultaneous
theoretical studies of the processes were made by Boyd, Schubert,
Adamson, Bauman, Eichhorn, Myers, Tompkins, and Mayer (40,45,
89,821).

The work at Iowa State College was continued by Spedding,
Powell, Wheelwright, and co-workers, and procedures were devel-
oped for the separations of the rare earths on a multikilogram
scale {(653,768,769,771,772,778,782,783,904), Contributions to
the theory of separations were alsc made (519,652,779,780,
784,908),

Meanwhile, separations of fission products were continued
at Oak Ridge by Pressley and Rupp (661) and Brooksbank and
Ieddicotte (G7). At the University of California Radiatlon
Laboratories, studies were made and procedures developed, for
the accurate control of elution for analytic studies of radio-
actiVe rare earths (524,803). Various separations were devel-
oped at Los Alamos and Argonne National Iaboratories (126,749,
795) and in the Bureau of Mines laboratories (453).

Abroad, Vickery (868) compared various eluting agents, and
Cornish et al, and Topp reported on separations at Harwell,
England (130,822), In France, Trombe, Iorier, and co-workers
(845) reported extensively on their research. Andreeva and co-
zOﬂ%ers reported research in the Soviet Union (15,16,17,

5 -

Separations From Non-Rare Earths. The rare earths may be
separated from other elements by many processes, Basically these
may be divided into two types; first, procedures in which other
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materials are removed from the rare earth solution, and second,
procedures in which the rare earths are precipitated or other-
wise removed from solution, leaving impurities behind.

When the rare earth content of a solution is low relative to
the impurities present, 1t is generally a better procedure to re-
move the rare earths away from the impurities, providing suitable
procedures are avallable. Wnen the rare earth content is high and
only small amounts of impurities are present, it is frequently
better to remove the impurity 1f a sultable method is avallable.
The most common methods are indicated below.

Recovery of Rare Earths., The rare earths may be precipitated
from solution by a number of reagents which are qulte selectlve,

Oxalic aclid will precipitate tne rare earths from acid solu-
tion. Elements which form soluble oxalates or oxalate compleXxes
in acid solution (such as iron or titanium) are not precipltated.

Ammonla precipitation 1s effective for remcoval from soluble
hydroxides and from elements forming ammonium complexes. Sodium
hydroxide vrecipitation is likewise effective for removal from
soluble hydroxides and amphoteric elements.

Fluoride precipitation with nydrofluoric acid will remove
many soluble fluorides and complexes and also silica by volatili-
zation.

Recent developments in solvent extraction techniques have
indicated tnat it may be possible to separate the rare eartns
from almost all other catlons and most anions by extraction with
tributyl phosphate from a nitrate solution loaded with ammonium
or aluminum nitrate. The rare earths are recovered by extracting
the organic phase with water and precipitation as above {((25),

Removal of Impurities. The removal of impurities from rare
earth rich materials normally is carried out by classical sclution
chemistry.

Treatment of solutions with hydrogen sulfide is effective for
the removal of the "sulfide group'elements (arsenic, mercury, copper,
silver, antimony, bismuth, tin, cadmium, lead, zinc, c¢obalt, nickel)
since the rare earths are not precipitated from nearly neutral or
acid solutions (in alkaline solutions basic rare earth salts would
precipitate).

Treatment with sulfuric acid will precipltate barium.
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Small amounts of manganese may be removed by persulfate oxida-
tion 1in dilute sulfuric acid. The hydrolyzed manganese is then
removed by filtration.

Tantalum and niobium (and to a certain extend titanium) may
be removed by boiling dilute acid solutions. The elements hydro-
lyze and are removed by filtraticn.

Summarizing the techniques cof rare earth separation, 1t may
be first noted that the separation methods used would depend upon
the particular element or elements desired. For highest purities
ion exchange would probably be used for most elements., Combinations
of several other methods would be used for nominal purities. As
production requirements increase, the use of solvent extraction
techniques would become more important.

Methods of Analysis

General Considerations. Analysls of rare earths 1s subject to
511 of the uvsual problems of analytical chemlstry plus the specilal
problems introduced by the similarity of the elements. In general,
chemical separations are used conly for the determination of total
rare earths. With the exception of cerium, europium, and to a
iimited extent yttrium, physical methods are used for the analysis
of The individual rare earths.

Prelliminary concentration procedures may be used when the
coricentration of rare earths in a matrix is very low, Such pro-
cedures have been especially important in the analysis of reactor
materials, since some rare earths have very high neutron absorption
gross sectlions, and analysis may be necessary at levels of parts
per million or less. Thus, Hettel and Fassel (309) determine
traces of rare earths in zirconium by forming the stable fluozir-
conate ion and passing the solution through a cation exchange
column, The rare earths are retained and subsequently stripped
with hydrocnloric aecid, while the fluozirconate anions pass
through the column. Quite similarly, Feldman and Ellenburg {201)
remove microgram quantities of rare earths from thorium nitrate
or uranyl nitrate solutions onto cellulose, Peppard and co-
workers (€29) have shown that rare earths as a group may be
efficiently extracted from nitric acid solutions by tributyl phos-
pnate, especially if the solution is salted with ammonium or
zluminum nitrate. Eberle and Lerner (177) describe the concen-
tration of lanthanons in yttrium by solvent extraction.

Chemical Methods. Total rare earths are usually determined
by precipitation as oxalate or hydroxide, followed by ignition
to oxide. Standard analytical procedures are used for removal
of impurities, and the precipitation of %the rare earths will most
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usually provide an additional purification step. It is frequently
necessary to repeat the precipitation due to co-precipitation or
adgorption effects., It may be noted that although most rare
earths form sesquioxides on ignition, cerium, praseodymium, and
terbium form higher oxides.

Total rare earths may also be determined volumetrically by
titration with a complexing agent, most commonly ethylene
diammine tetraacetic acid (EDTA). Barnard, Broad, and Flaschka
(38), have excellently summarized the EDTA titration methods.

Cerium may be easlly oxidized to the quadrivalent state,
In the quadrivalent state it may be separated from rare earths by
precipitation as a basic salt or as the iodate (719). Since pre-
cipitation separations wusually redquire re-precipitation and are
time consuming, volumetric methods are preferable. Many such
have been proposed, but the easiest and best seems to be oxida-
tion Wwith ammonium persulfate followed by titration with ferrous
ion to an o-phenanthroline end point (748,911).

Eurcpium may be determined volumetrically by passing the
rare earth solution through a Jones reductor into a known excess
of standard permanganate or lodine, and titrating the excess

(b477,480).

The determination of the average atomic weight was, and
8t111 1is, useful for the determinatlion of yttrium when spectro-
graphic equipment 1is not available. If no foreign contamlnants,
scandium, or thorium are present, then the difference between
the atomic weight of yttrium - 88.92 - and the other rare earths
- 138.9 to 175.0 - is sufficlent to permit fairly good estimates
of yttrium purity. The presence of 1% of rare earths in yttrium
affects the average atomic welght by approximately 0.5 units or
0.5%. One of the simplest methods of atomlic weight determination
is calculation of the ratio of rare earth oxide to rare earth
oxalate (41,92).

Analysis by Color., Early workers in the rare earth field
did not have avallable present day analytical facilities. Much
of the progress of separations was visuvally established by changes
in the appearance of oxides or solutions.

Table VII gives the color of the oxides prepared by ignition
in air. It will be noted In particular that Prg0y37 1s black, and
that Tb OT is dark brown. The presence of these elements, par-
ticular%y in adjacent elements, is easily detected. Ilanthanum
oxide 1is white; approximately 0.01% praseodymium will produce an
off -white, gray color, 0.1%-1% will produce a definite brown
tint which becomes darker with increasing praseodymium content
untll the oxlde becomes black when over 30-40% is present.
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Pure neodymium oxide 1s 1light violet in color. The presence
of a few hundredths of one percent of praseodymium will impart
a definite gray tint which becomes brown with increased percent-
ages.

Similarly the presence of 0.01% or less of terbium will
impart a definite buff or light brown tint to gadolinium or
yttrium, which becomes darker with higher concentrations of ter-
bium,.

The colors of rare earth solutions are described in Table
VI. As fractionation proceeds, separations can frequently be
followed by visual color observations. In a few cases, visual
examination may indicate the presence of 1% or less in adjacent
elements (praseodymium in lanthanum, neodymium in samarium),
but in most cases only major changes can be observed. The
general progress of fractional separations can, however, be
nicely established, since many color differences are easlily de-
tectable.

Absorption Spectroscopy. The first instrumental approach
to rare earth analysis came through the use of absorption spectro-
scopy. Those rare earths forming colored scolutions have sharp
absorption bands which are easily visible when light from an
incandescent source is passed through the rare earth solution
and diffracted by a spectroscope (658), The width of the dark
absorption bands 1s proportional to the concentration of element
present, and if standards are set up, visual comparison of the
absorption bands will permit fairly accurate determinations.
Alternatively, the length of 1light path through the solution
may be varied to match the absorption band with that of a stand-
ard, and calculation of concentration may then be made (155,

218,928),

Visual spectroscopy is limited by the range of light
radiation visible to the eye, roughly 4,000-7,000 Angstroms.
Further difficulty may be encountered by the presence of absorp-
tion bands from different elements which are so close together
that they cannot be differentiated by eye.

Spectrophotometry. The application of instrumental measur-
ing devices reduces these difficulties. The range of wave lengths
conveniently covered is extended to 2,000-10,000 Angstroms. This
permits analysis of gadolinium, europium, and ytterbium which
have no absorption bands in the visible region, and also permits
the use of additional absorption bands of some of the colored
elements.

The use of narrow slit widths provides better resolution of
absorption bands, and minimizes interferences.
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The major advantage introduced, however, is the ability to
make quantitative measurements., Rodden (681,682) in the first
definitive works, found general accuracies of the order of 1-2%.
His work was subsequently extended by Moeller & Brantley (544)
and others (793,794,796,926) who investigated the effects of
various anions, adopted slightly varying ftechnigues or used
different instruments.

Spectrophotometric determinations are based upon the Beer-
Iambert expression:

log I,

— = kel
- c

where k is the absorption ccefficient
I, is the intensity of incident light
I is the intensity of the transmitted light
¢ is the concentration of the element {grams/liter)
1 is the light path (cm)

Provided that the Beer-Lambert law is obeyed, it may be seen
that the ratio of intensity of incident light to transmitted light,
which is the phenomenon measured, is directly proportional to the
concentration arnd the length of the light patin.

Under nominal analytic conditions, assuming a 1 cm. light
path and an observed optical density difference of 0.01 between
the intensitles of incident and transmitted light, the absorption
coefficlents permit the following levels of detection:

Praseodymium 0.1 grams/liter
Neodymium G.3
Samarium 0.5
Europium 0.5
Gadolinium 0.6
Dysprosium 0.4
Holmium 0.2
Erbium 0.4
Thulium 0.7
Ytterbium 1.0

If the solution contains 100 grams/liter of rare earth the
above values are percentages. The limits of detectlon may be
significantly lowered by increasing the light path length or
improving photometric procedure to improve the sensitivity of
detection.
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Flame Spectrophotometry. Analysis of rare earths by flame
spectrophotometry has been described by several investigators
(171,532,647)., The metnod has not as yet come into common use,
presumably because very high flame temperatures are needed to
obtain good excitation,.

Emission Spectrography. Excitation of rare earths by an arc
or spark results in a complex spectrum for most elements. Many
of the lines are sensitive and persistent, and are useful for
the detection of small percentages of rare earths.

During the period 1930-1941, Selwood (729), Bauer (46),
Hopkins et al (474), Gatterer and Junkes (220), and Lopez 'de Azcona
(460) investigated the analysis of rare earths by spectrograpnic
means. The simpler methods described lacked accuracy and repro-
ducibility. Those which were more accurate were lengthy and
time consuming.

Starting in 1948 Fassel and co-workers (195,196,198,199,396)
developed techniques which were both rapid and accurate. Analysis
is based on the use of powdered graphite as a carrier and buffer,
and the use of either the matrix rare earth, or an added rare
earth such as cerium, as an internal standard. With these methods
mcst rare earths may be determined when present at 0.01%, and some
may be determined at 0.001% or less.

It must be emphasized that in common with spectrographic
analysis generally, analysis of the rare earths is critically
dependent upon the conditions used., Variables such as the type
of diffraction apparatus, its speed and dispersion, the type
and intensity of excitation used, the form of the rare earth
{metal, oxide, salt, solution, etc.), the material and even the
shape of the electrode, the wave length reglon covered, and the
type of film and development used, all play a very important
part in the ultimate sensitivity and accuracy attainable. In
addition %o the reports by Fassel, recent techniques for the
spectrographic analysls of rare earths have been reported by
Hirt and Nachtrieb (320), Smith and Wiggens (747), Norris and
Pepper (595), Whlte and cc-workers [906), and Love (462) in the
United States, and by several workers in the Soviet Union (4,
259,427,429,740).

The principal reference source for spectral line identifi-
catlon has long been the MIT Wavelength Tables (284), With the
avallability of very high purity rare earths from ion exchange
columns, a number of errors have been found, apparently caused
by the unrecognized presence of rare earth impurities in the
materials Initially examined. Kniseley, Fassel, and Ientz (395)
have recently reported correctlons for some 290 spectral lines
in the MIT tables. Norris (594) has compiled a new wavelength
table for rare earth and assoclated elements which should also
prove valuable to the rare earth spectrographer.
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X-Ray Spectrography. Recent developments and improvements
in instrumentation have renewed interest in X{-ray spectrography
for rare earth analysis (294,472)., The method thus far shows
promise for the determination of major constituents in mixtures,
but analysis at concentrations below 1% becomes increasingly dif-
ficult.

Neutron Activation., Many of the rare earth elements, as
discussed under nuclear properties, have sizeable thermal neutron
absorption cross sections. Where applicable, neutron activation
techniques have proven successful for analysls. Two primary
variations have been used.

1. Actual cross section measurement; in which the presence
of neutron absorbing elements 1s determined by the increase in
absorption cross section.

2. Analysis by determination of the type and energy of
radiation produced after activation.

In general the neutron activation methods have the restric-
tion of needing large activatlon facilities, such as a pile,
and prolonged time intervals {from days to weeks). With such
activation periods the defection of individual rare earths in
minerals is of the order of parts per billion (917). In specific
cases, where only a limited number of known impurities might be
present, more rapid analysis is possible. Thus Jarrett and Berger
(362) give data for the radioisotopes produced in one hour by a
l1-watt reactor, which indicate that activation analysis in a
small reactor would be possibie for some rare earths; particularly
europium, dysprosium, and lutetium,

Analysis for Non-Rare Earth Contaminants. Analysis for most
other elements In rare earth materials may be performed by conven
tional methods. Chemical, spectrophotometric, and spectrographic
methods are all applicable.

Particular attentlon must be placed upon the problem of
analysis of the metals for contained gases. As in the casz of
other active metals, such as titanium and zirconium, the presence
of oxygen, nitrogen, and hydrogen materially influence the prop-
ertles of the metals. Nitrogen may be determined by standard
KJjeldahl procedures. Hydrogen may be determined by high temperature
combustion. Both of these gases and oxygen may be determined by
vacuum fusion followed by gas analysis.

Fassel (197) has recently described an emission spectrographic
method for the determination of oxygen in metals. Based upon
excitation of the metal in a molten platinum bath in an argon atmos-
phere, followed by spectrographic comparison of oxygen and argon
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emission lines, it is much more rapid than previous methods avail-
able, but requires spectrographic and auxiliary equipment.

love (462) combines portions of several methods to avoid
expensive capital equipment. The metal is melted in a platinum
bath in a graphite crucible. The liberated carbon monoxide is
oxidized by ilodine pentoxide and the equivalent iodine liberated
is titrated.

Economics

The future cost of rare earth metals for direct use or
alloying purposes will be a function of several variables:

1. Raw materials cost
2. Processing and separations cost
3. Cost of reduction to metal

All of these factors will be influenced by the general
situvation, at any time, with respect to the forces of supply and
demand. The demand for rare earth compounds or metals may be
considered in the light of present and potential future applica-
tions. At the present time the bulk of rare earth applications
is for the mixed cerium group elements.

The metals industry uses misch metal, and mixed oxides or
halides, for additions to iron, steel, stainless steel, nickel-
chromium alloys, magnesium, and to a lesser extent, other metals.
The production of lighter flints is a major use for misch metal.

The glass industry uses cerium as an absorber of ultra-
violet light, and as an oxidizing agent for ferrous iron; and
neodymium (in crude mixtures or didymium) to neutralize ferric
color. Iarge quantities of mixed oxides or ceric oxide are used
as a polishing agent for plate and optical glass, gem-stones,
etc., Didymium is used in welders' gozgles and special filters
to absorb yellow light,

Electrodes for searchlights and illuminating arc lamps are
cored and packed with rare earth compounds to increase the
brilliance and luminosity of the light.

Metallic soaps and dryers are produced for use in a number of
applications in paint, lubricating, plastic, and other industries.

The separated rare earths have found applications in a number
of fields but on a much more limited scale.
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In metallurgy, there has been some recent emphasis on the
use of separated lanthanum and cerium metals as additions to
ferrous alloys, and there is increasing interest in the use of
geparated rare earths in magnesium alloys,

The glass industry uses pure lanthanum oxide to make non-
silicate glasses, with high index of refraction and low dispersion,
for optical lenses. The light absorbing and color producing prop-
erties of cerium, praseodymium, and neodymium are used in other
special glasses,

The ceramic industry uses small quantities of rare earths
for special purpose ceramics., Ceria and some other rare earths
are used as constituents of vitreous enamels for opacifying and
color effects. Modest quantities of ceria are used in the gas
mantle industry.

In the medical field, cerium oxalate 1s used as an anti-
nausea and anti-seasickness agent. Research 1s underway with
lutetium and yttrium for cancer treatment.

In the nuclear field, pilot quantities {up to perhaps several
thousand pounds) of purified rare earths are being investigated
as neutron absorbers. Limited guantities of rare earths, par-
ticularly thullum, samarium, and europium are activated for use
as radiation sources.

In the electronics industry, small quantities are used as
getters, as constituents of thermlionic emitters, and as constit-
uents or activators for phosphors. Gadolinium and yttrium oxides
are used in the production of various types of ferrites.

A modest quantity of cerium is used as an analytical
reagent,

The sum total of all usage amounts to some several thousand
tons per year (the United States Bureau of Mines (451) estimates
the apparent consumption in 1959 at about 1,500 tons of rare
earths as oxides). Some of the applicatlons will probably never
increase to any considerable extent, but applications in some
fields of interest are still in thelr infancy, and usage may
increase tremendously.

In the metal industry, for example, it might be speculated
that definite advantage might be established for the use of rare
earths in steel. In this case, if we assume that 10% of the
steel produced would have 0.1% rare earths added, 10,000 tons of
rare earths would be needed annually. Simllar speculations
might be made for other metals.
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In the ceramic field a growing potential seems to exist for
special purpose ceramics for high temperature, and special elec-
trical, magnetic, and electronic applications (semiconductors,
masers, thermoelectric devices, etc.),

In the chemical field research is progressing, and many
possible applicatlons for rare earths as catalysts have been
oroposed in the literature and in patents. Some typical ref-
erences are 131,237,325,400,517,679,809,855 respectively.

In the nuclear field, rare earths may find several applica-
tions. Samarium, europium, and gadolinium are the best thermal
neutron absorbers, and their potential use for control materials
has been well evaluated by Anderson (14) and by Ploetz (644)
Dysprosium and erbium have atitractive resonance absorption prop-
erties (372,665), Other rare earths have low cross sections ard
may find application as part of the structural materials in
reactors, Several may be activated to form useful radiation
sources.

In addition to those uses which are indicated above, and
which are based on rare earth compounds which are now available,
whole new fields may open up as an indirect effect of metal
avalilability. Metals availability will permit the production
and potential application of many other compounds such as car-
bides, nitrides, hydrides, sulfides, etc. which were previously
unavailable.

Based on the above discussion we may reascnably assume that
production and use of rare earths will steadlly increase during
the next few decades,

At the present time mixed rare earth chlorides are selling
at approximately $0.20-0.35 per ﬁound, oxides at $0.30-2.00 per
pound, and misch metal at $3.00-4.50 per pound. Cerium and
lanthanum metals are in the $15,00-30.00 per pound range for
commercial grade materials.

Referring again to the basic variables influencing costs,
and considering them in the light of possible production rates,
it may be concluded that the cost of raw materials should not
increase, and may decrease with increased productlon. The cost
of processing and separations should definitely decrease with
increasing scales of operations, The cost of reduction to metal
may be roughly compared to that for titanium and zirconium. In
general, therefore, 1t might be concluded that the cost of the
more abundant elements in metallic form, would be in the range
of $5.00-20.00 per pound, the moderately abundant elements
would be somewhat higher, perhaps $25,00-100.00 per pound. The
cost of the scarcer rare earths 1s more difficult to evaluate,
gince in addition to the above considerations, economic factors
relating to large by-product volumes of the more abundant elements
must be considered.
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THE RARE EARTH METALS .

Introduction

The stimulus of improved methods of rare earth separation,
and the consequent production of larger quantities of pure
materials, encouraged efforts to produce the pure metals. The
rare earth compounds are difficult to reduce, and the metals
are active materials when hot. Many have very high melting
points. It 1s thus necessary to work at high temperatures 1in
vacuum or inert atmospheres and with non-reactive materials of

construction.

The following sections will discuss the preparation of the
metals and thelr properties. Most of the physical properties
(heat capacities, electrical resistivities, magnetic properties,
etc.) have been determined in efforts to obtain a better under-
standing of basic physical and quantum mechanical structures.

More recently mechanical properties of the metals and metal alloy
systems, have been determined, particularly by Love at the Research
Chemicals Divisilon of Nuclear Corporation of America and Carlson
at Iowa State College.

Preparation of Metals

The first metals produced were yttrium by Berzelius in
1825 (60) and cerium by Mosander in 1827 (572), The metals
were obtained in poor yields by the reduction of the chlorldes
with sodium or potassium. It must be recalled that {These were
not pure rare earths since most of the elements had not yet
been identified and separated.

In 1875 Hillebrand and Norton (314) prepared lanthanum and
cerium metals by the electrolysis of fused chlorides. This
work was picked up, expanded, and improved by Muthmann and co-
workers (581-583) in 1902-1907.

These two basic methods, metallothermic reduction and elec-
trolysis of fused salt mixtures, have remained the principal,
and indeed almost the only methods for metal preparation.

Metallothermic Reductions, Reductlon with Alkali Metals.
Starting with the alforementioned work of Berzelius and Mosander,
many other investigators used sodium or potassium {¢ reduce rare
earth chlorides (385,410,413,414,56,509,910,920,938)., Invariably,
powdered metal was obtained, mixed with the alkali chloride slag.
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Because of the reactlivity of the metal, chemical separation was
virtually impossible., Klemm and Bommer in 1937 (385), however,
used the reaction to prcduce all of the rare earth metals, which
they left suspended in the salt matrix and investigated by X-ray
diffraction in the as-prepared state.

Power, Fox, and Otto (654) investigated the reduction of
lanthanum bromide and chloride by potassium vapor. Working on
a semi-micro scale, yields of approximately 99% were obtalned.

Campbell and co-workers (848-854), have produced laboratory
and pilot plant scale quantities of yttrium by reduction of the
chloride with lithium or sodium. Higher purities were obtained
than for reductions with calcium or magnesium.

Morrice and co-workers (559} report the preparation of
cerium by reduction of cerium fluoride with lithium (and added
lithium-iodine).

Reduction with Magnesium. The reduction of both oxides and
halideg by magnesium has been tried. Mahn (503) obtained dilute
solutions (K5%) of rare earths in magnesium when he reacted the
oxides with magnesium metal at 1050°C. Better success was had
by Trombe and Mahn {846) who obtained cerium, neodymium, and
gadolinium by reduction of the chloride with magnesium. A
magnesium-rare earth melt was obtained. The magnesium was re-
moved by vacuum distillation, and Trombe claimed rare earth

purities of 99.5-99,8%.

Reduction with Calclum. Reduction of oxides by calcium was
tried by Hirsch ({319) and Winckler (918), Some reduction was
obtained but a mixture was produced which could not be separated.

Reduction of the halide was effected by Moldenhauer in 1914
(552), then by Karl (377) and by Derge and Martin (157). More
recently the preparation of the rare earth metals by calcium re-
duction was undertaken on a larger scale by Spedding and co-workers
at the Institute for Atomlc Research and Department of Chemistry,
Iowa State College, Ames, Iowa.

The reductions were first carried out (787) in a steel bomb
lined with Jjolt packed (and later sintered) lime or dolomite. A
charge consisting of anhydrous rare earth chlorides and calcium
metal was heated by placing the bomb in a furnace and initiating
the reaction at 650-750°C. Once started, the reaction went to
completion in a few seconds., The temperature reached in the re-
action was not sufficient, however, to permit good separation of
slag and metal. Further heating of the bomb did not materially
improve the separation. Final success was achlieved by adding a
"pooster"” reaction which provided added heat. Several such re-
actions were tested, an lodine-calcium reaction being finally
selected.
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Clean ingots of lanthanum, cerium, praseodymium, and neodymium
were prepared by this technique. Samarium and europium could not
be reduced to metal, although a reaction (apparently reduction to
the divalent state) took place as evidenced by the heat evolved,
Yttrium metal could be produced but it was intimately mixed with
slag, not enough heat being produced to melt the metal Into an
ingot.

The metals produced were purified of calcium and magnesium
by vacuum melting and distillation of these impurities.

Part of tne magnesium lmpurity was due to attack of the
magnesia crucible by the molten rare earth metal. Spedding and
Daane {761) found that tantalum metal was much more resistant
to attack., They modified the procedure and found that the
booster charge became unnecessary. The chloride and calclum
were reacted in a tantalum crucible heated above the melting point
of the metal by an 1induction furnace while in & wvacuum or argon
atmosphere, Lanthanum, cerium, praseodymium, neodymium, and
gadolinium were prepared with 99% yields.

Preparation of yttrium and the heavier rare earths was
accomplished by changing the rare earth halide salt from chloride
to fluoride (145)., The greater stability and lesser volatility
of the calcium fluoride at high temperatures permitted carrying
the temperature as high as 1600°C. Yttrium, erbium, holmium,
dysprosium, terbium, and thulium were thus obtained as fused
metals., Izhvanov (356) describes a similar procedure for yttrium.

More recently, for large scale preparation of yttrium metal,
magnesium has been added to lower the melting point of the metal
phase, and CaCl, has been added to lower the melting point of
the slag (318)., A complete summary of the methods used for the
preparation of yttrium at Towa State University of Science and
Technology has recently been published (34).

Onstott (34) was able fo reduce samarium oxide with calcium.
Redistillation of the calcium-samarium fraction gave pure metal
in about 40% yield. Onstott (602) also prepared samarium metal
by the reaction of samarium bromide with barlum at 1650-1700°C,

Petru (638) prepared scandium metal in a molybdenum crucible
by reducing ScFx or ScCls in an argon atmogphere with calcium,
Final distillation, reporfedly at 1500—1600003 gave pure scandium.

Spedding and Daane report the preparation of scandium metal
by reduction of scandium fluoride with calcium metal in a tanta-
lum crucible (350). Zinc metal and lithium fluoride are added %o
the charge in order to reduce the melting points of the metal and
slag phases. The zinc was removed by heating In a vacuum at 1000°C,
and the resulting scandium sponge was consolldated by arc-melting.
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Reduction with Rare Earths, In all of the above described
procedures, the preparatlon of samarium, europium, and ytterbium
proved to be extremely difficult or impossible. Reduction in-
variably only went as far as the divalent state. Daane, Dennison,
and Spedding (143) provided a major breakthrough in the preparation
of these materials in 1953,

Considering that lanthanum oxide has the highest heat of
formation of the rare earth oxides, and that lanthanum metal
appeared to be the least volatile of the rare earth metals, they
concluded that the reaction:

ILa + Sm203 ‘# 13203 -+ Sm
might be driven to completion by distilling away the samarium metal.

The reactlon does indeed proceed as postulated, and good
yields of high purity samarium, europium, and ytterbium have been
prepared by this method (142,143,775)., Campbell and Block (108)
have also reduced these metal oxides with zirconium in an
analogous procedure,

Misch metal has also been used for the preparation of these
metals. Its use for the preparation of other metals would be
dependent on the purities desired, since the more volatile ele-
ments in the misch metal itself would also distill.

Electrolytic Reductions. Reduction from Molten Salts. Approx-
imately one-fourth of the rare earths sold commercially are in the
metallic state. Most of this metal 1s misch metal, a mixture con-
sisting of the rare earth elements in approximately the same rela-
tive proportions as present in cerium group rare earth minerals.

The mixed rare earth chlorides (hydrated) are charged to iron
pots and gently heated to drive off the water of hydration. A
mixture of anhydrous calcium, sodium, and potassium chlorides
(with perhaps barium chloride) is added, and the temperature is
ralsed to produce a melt. For electrolysis, an iron or carbon
rod 1s used as the anode, and the iron pot as the cathode. The
misch metal collects as a molten pool and is then cast into
plates, bars, or other shapes.

Electrolysis from molten salts has also been used to pre-
pare the individual rare earth elements of the cerium group. The
work of Hillebrand and Norton, and Muthmann, has been mentioned.
Hirsch (319) and Thompson (815) prepared cerium in the period from
1910-20. In the next decade Kremers and co-workers (410,413,414,
910) and subsequently Schumacher and co-workers (726,727) prepared
the cerium group metals using various materials for electrodes.
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Schumacher and Harris (726) also reported the reduction of the
heavy rare earths with aluminum, forming an aluminum alloy which
was not attacksd by short periods of contact with concentrated
potassium hydroxide, and which could not be separated by volatili-
zation,

In 1930 Urbain initiated a program to investigate the prop-
erties of rare earth metals. The metals were prepared by Trombe
(827,828) by electrolysis, using a rotating cathode to promote
agglomeration of metal. Paying particular attention to materials
of construction and quality of reagents, metals reported to be
99.8% pure after re-fusion in vacuum were obtained.

In subsequent work, Trombe (830,831,833) produced metallic
gadolilnium, europium, and dysprosium, and Fischer (206) produced
scandium by electrolyzing the chlorides using molten zinc or cad-
mium cathodes. The alloy formed was then heated in a vacuum and
the zinc or cadmium distilled away from the rare earfths,

Eastman and co-workers {175) prepared cerium by electrolysis
of fused LiCl-KC1l eutectic containing CeCl3 or CeFa, and CaF,-IAF
eutectic containing CeCl,. The cerium-potassium—l%thium system
gave ingot metal, the cefium-calcium-lithium melt produced finely
divided metal.

The principal sources of impuritles in massive metals pre-
pared by electrolytic reduction from molten salts are the impurities
in the starting materials, contamlnation from the atmosphere, and
reaction of the metal with container or electrode materials at
the elevated temperatures involved.

Morrice and co-workers (559,560) have recently described
work in the electrowinning of cerium as carried out at the Bureau
of Mines Reno Metallurgy Research Center. Cerium of better than
99.9% purity has been produced by careful minimization of the
sources of error described above. Anhydrous cerous fluoride is
prepared by the reaction of cerium oxide with ammonium bifluorlde.
An electrolyte phase is prepared from 73% CeF3, 15% LiF, and 12%
BaF, powders. This is vacuum dried at 280°C.” The electrolyte
is Gharged to a graphite cell and the center portion melted by
passage of an a-c¢ current through an electrode assembly. After
sufficient electrolyte has melted (the portion next to the graph-
ite remains solld as a skull) vacuum dried cerium oxide is added,
and the current changed to d-c for electrolysis. The cerium
is deposited as nodules which do not come in contact with the
graphite container since they come to rest on the solid electrolyte.
The entire electrolysis assembly is encased in an inert atmosphere
chamber to prevent atmospheric contamination,
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Reduction from Solution. The molten zinc or cadmium cathode
technique was a high temperature variation of mercury amalgam
techniques developed for preparing metal from solution. Audriethn
(with Jukkola, Meintz, and Hopkins) (29,322,374,525) electrolyzed
anhydrous chliorides in alcoholic solution. Dilute rare earth
amalgams were obtained, and the metals from them by vacuum dis-
tillation of the mercury.

McCoy (481) obtained europium and ytterbium amalgams by
electrolyzing acetate solutions containing potassium citrate as
a complexing agent. Attempts to prepare europium metal by dis-
tilling the mercury in a vacuum failed. Heating to "red heat”
§till left a europium-mercury compound. This decomposed suddenly
when heated in vacuum by an induction coil, and no metallic
europium could be recovered.

Moeller (543) has investigated the possibility of depositing
rare earths from aqueous solutions containing various complexing
agents, and from various protonic solvents. Electrolysis yvields
only very small quantities of metal at best unless a mercury
cathode is used.

Howes (329) has reported the deposition of thin films of
several rare earths onto copper, but no details are provided.

Reduction with Hydrogen. Direct reduction of the oxides or
halides to metal cannot be effected by hydrogen. The trichlorides
of samarium, europium, and ytterbium are reduced, however, to
the dichlorides, These may dissociate to the metal and the tri-
halide 1if heated above the melting point.

38mCl, —=—> 28mC1lz + Sm

The reactions are not guantitative, however, and they cannot be
combined since the hydrogen would react with the metal at elevated

temperatures.

Purification of Metals

The metals prepared as discussed in the previous section cor-
tain various impurities, the type depending on the method of prep-
aration, Many investigators have attempted purification of the
metals, and several different techniques have been successfully
applied,

Washing and Remelting. Metals prepared by electrolysis may
have inclusions of soluble halides. Significant improvement can
be effected by a rapid water wash followed by remelting under
sodium chloride or a eutectic mix,
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Remelting and Slagging. Investigators at Iowa State Uni-
versitiy of dcience and Technology (34) have reported a slagging
process for the purification of ytirium. The yttrium-magnesium
alloy is remelted under fresh yttrium flucride plus calcium
chloride eutectic. Melting 1s in a tantalum crucible, and the
mixture 1s stirred with a tantalum or titanium stirrer. The
procedure is applled to the magnesium alloy rather than to the
recovered yttrium in order to keep melting temperatures low
and thus to minimize ccntamination from the container. The
oxygen content of yttrium so treated is reported reduced from
1500-3000 ppm to 300-500 ppm.

Amalgam Formation. Some metals may be amalgamated by direct
combination with mercury. Metallic compounds such as carbides,
oxides, or unreacted halides do not amalgamate, and may then be
skimmed off. The mercury 1is subsequently distilled away from
the rare earth by heating in a vacuum. The rare earths are ob-
tained as pyrophoric powders which must be remelted in an inert
atmosphere. This fechnique has been used by Schumacher (726)
who claimed to have obtained 99.8% pure rare earths. There seems
to be some question, however, as to whether all of the mercury
can be removed, or whether a small amount remains as a high
temperature stable compound.

Vacuum Melting. Vacuum remelting of a rare earth metal, at
temperatures below 1ts volatilization point, is effective for the
removal of volatile impuritles such as caleclum or magnesium,

Distillation. Many of the rare earth metals have significant
vapor pressures at temperatures reasonably attained by induction
heating. Vacuum distilliation separates these metals {rom non-
volatile metal contaminants such as molybdenum or tantalum, and
from stable compounds such as oxildes (351,463).

Other Methods., In addition to the above methods some pro-
cedures might be appllcable to certain speclfic purifications.
Thus tantalum will ''scavange'" nitrogen from rare earth metals,
forming the extremely stable nitride {(142).

The de Boer hot wire process has been tried (213) but poor
ylelds were obtained even on a milligram scale of operations.

Yttrium zone refining investigations were reported by Huffine
(330). The reactivity of molten yttrium with container materilals
necegsitated the use of a floating zone technlgque. Although some
improvement was observed, high purity metal was not obtained.

Carbon deoxidation studies have been made by Love (464) and

by Spedding and Daane {(349), Slight reduction in oxygen content
was achieved, but carbon content, and hardness lncreased.
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Attempts to purify rare earths by electron beam melting have
also been reported (464,330). The method is only applicable to
those rare earths which have low vapor pressure at the melting
point, The concentration of volatile impurities was reduced in
these elements,

Physlcal Properties of the Rare Earth Metals

Effect of TImpuritles, The early preparations of rare earth
metals usually produced rather impure products. This was due in
part to the impurity of the starting materials and in part to
the methods used for preparation. Certaln aspects of the in-
fluence of rare earth impurities on the behavior of rare earth
oxldes have beén determined (302). In contrast, the influence
of the rare earth metals on the physical propertles of each
other has not been well defined. Only a very few of the consti-
tutional diagrams of the rare earth metals in each other have
been determined. :

Tne effect of some non-rare earth elements on the properties
of metals is better known. The influence of iron on the physical
properties of rare earths has been systematically studied by
Henry [a Blanchetals (300,302). Cerium must contailn less than 5
ppm of 1ron in order to obtain the exact magnetic moment. Never-
theless, several per cent of iron doe§ not modify the position of
the magnetic abnormalities of cerium but only the general appear
ance of the curve of susceptibility as a function of temperature.
The addition of magneslum to cerium containing traces of iron
considerably modified the observed magnetic properties. 1Iron,
initially in the form of a complex, seems %o be precipitated in
the free state when the magnesium content is high (502),

Carbon in the rare earth metals produces a carbide which
can remain in solid solution in the metal under certain condi-
tions. The magnetic properties and the coefficient of expansion
appear to be little influenced by traces of carbon. In contrast,
the mechanical properties may be notably modified.

One~tenth to one percent of silicon appears to influence the
mechanical properties, but seems to have 1lilttle influence on the
magnetic properties and the several allotropic transformations
of the rare earth metals. Silicon and iron have very low solld
solubilities in cerium. This is in agreement with the fact that the
atomic volumesof iron (7.1) and of silicon (12,04) are consid-
erably different from that of cerium (20.8).
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Systematic studies of the influence of magnesium on cerium
and gadolinium have been carried out by F, Mahn (Gaume-Mahn),
(2?1,223,22&,500,502). These show that the eXxpansion sbnormality
at low fTempersturesz, which is 2 maxXximum for the pure metals,
decreases regularly with the addition of magnesium, and disappears
when the cerium or gadolinium contains only 1% of magnesium, The
abnormal magnetic vroperties zlso disappeared for the gsme percent-
age of magnesium, 2nd were Iinfluenced to a much greater extent by
small percentages than were the expansion properties., Gadolinium
toc, has 1ts magnetic properties completely modified by additlon
of 2% wmsgnesium, The influence of calcium, though less studled
at the present time, seems to be of the same order of magnltude.
In particular, 1t appears that the allotropic transformstions
snd megnetic propertles are affected by 2 small amount of caleciunm
or magnesium, and these must then be particularly elimivated froun
the rare earth metals to obtain accurate measurements (838).

Kleber and Vickery found that the Curlie temperature of gsdo-
linium is lowered slightly by the addition of small smounts of
iron, then rapidly rzised by larger additions, Nickel and
cobalt markedly lower the Curie temperature of gadolinilum (674).

Appesrance, The rare earth elements have a metalllc appear-
ance, generally similar to iron, 35iight differences in grayness
and luster are apparent when the elements are cliosely compared,
Samarium 1s the only metal having any other color, a definite
golden tint belng evident., Some of the metals corrcde rapidly
in air (gee discusszion below), The appezrance of freshly cut
surfaces may consequently change in a short time,

Crystal Structure, Table XII gives the crystel structures,
summarized from variocus workers, of the rare earth metazls, The
greater proportion of the rare earth elements have hexagonal or
fzce centered cubic structures zt room temperature., Lanthanum,
cerium, praseodymium, and neodymium have structures related %o
hep, but due teo interlayering of hep 2nd fcee layers, the € aXis
is twice 2s long as 1is normal for hcp (776). Europium has a
body centered cubic structure (765) and ytterbium is face cen-
tered cubic, X-ray studles of samarlum indicate that if the
structure is heXagonsl 1t has layers arranged absbchcac, hence
with 2 c:a ratio 44 times normal (776). Since this 1s possible
but not very probable, a more llkely structure is the rhomblc
(Daane, et al; 139,144), The results confirm the work of
Ellinger and Zachariason (180), who predicted a rhomble struc-

ture,

Several of the rare earth metals have allotropic trans-
formations at elevated temperatures. For lanthanum, cerium,
praseodymium, neodymium, samarium and yttrium, the transformations
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are to body centered cubic structures; the ytterbium transformation
is to a hexagonal structure (493,350,351,776), Transformations
have also been detected by thermal methods in gadolinium and ter-
‘bium but the high temperature structures have not been established.

The Allotropic Transformation of Metallic Cerium. Cerium
has four different crystalline allotropes, and most of the studies
of crystallographlic transformations have been made with this metal,

As previously indicated, various Impurities can seriously
impalr the accuracy of measurement of some of these properties,
In 1934, a thermal magnetlec study of cerium containing only 0.1%
silicon and 0.1% iron, consequently quite pure, showed an anomaly
between 100° and 170°K. (62,827,829;. This anomaly was not found
again by different authors (791,862) who studied commercisl samples
of cerium of somewhat less purity. Klemm and Bommer again found
the anomaly in their general study of the pure rare earths (386),

Trombe and Foex, in 1942, established the presence of three
allotropic forms of cerium. They called the high temperature
form "gamma’, the lower temperature forms "alpha and "beta. In
pure cerium the "gamma" form had a face centered cubic structure,
the "beta" form was hexagonal close packed. 'The alpha form was
also face centered cubic (210,840). It must here be cautioned
that various investigators have used the terms alpha, beta, gamma,
and delta in the light of their own individual investigations and
that these may refer to different stTUctures in different referances.

A comparative study of pure cerium and commercial cerium
(844 ) enabled Trombe and Foex to observe the relative stabilities
of these metals. The commercial cerium contained calcium. As
noted above, calcium and magnesium are phase transformation
inhibltors, and Trombe and Foex now noted this was particularly
true for production of the "alpha' phase (see also ref. 225 ).

In 1946 Schuch & Sturdivant studied the structure of a dense form
at low temperature. X-ray studies by these authors (722) showed
that the contracted phase is face centered cubic as is the genen
atlve phase, but the lattice dimension is not more than 4,82
Angstroms, whereas it was 5.14 Angstroms in the normal form at
ordinary temperature (663), The change in volume for the con-
tracted form was 634, 1In 1949, lawson and Tang obtained complete
transformation to the dense form at ordinary temperatures, by
compressing cerium at a pressure of 15,000 atmospheres (U347,
X-ray study under pressure shows that one obtains the same crys-
talline form as at low temperatures.

The transformations in cerium are illusirated in Figures 1

and 2 (From Gschneidner (264), It may be noted in particular
that the transformation temperatures and extent of transformation

WADD TR 60-864 59



are dependant upon rate of cooling, previous thermal history
(1.e. temperature cycling effects), pressure, amount of cold
work and temperature of cold working, and the presence of im-
purities. The overall effect of these variables is essentially
to produce wide temperature ranges and hysteresis loops, and
wide variations in the rate of crystallographic transformations.

The transformation temperatures of the rare earths are in-
dicated in Table XITI. Hysteresis effects are not included,
temperatures being listed only for transformations from low tem-
perature stable forms to forms stable at higher temperatures.

Density. Densities of the metals have been calculated from
X-ray data, and are presented in Table XII. The measured den-
sities which have been experimentally determined are in good
agreement (264,675}, Europium and ytterblum, whose metallic
valency according to Pauling 1s two, have abnormally low den-
sities compared with the other rare earths whose metallic valence
is three. Samarium, which can also form bivalent salts, presents
in the metallic state a normal density for the position it
occupies in the group, and thus confirms its metallic trlvalency.

Thermal Properties. Linear Coefficient of Expansion.
CoeffIcients of expansion have been investigated by Trombe and
Foex (GW1,842,842), and Jaeger, Bottema, and Rosenbohm (358), who
were primarily interested in determining allotropic transformations.
Barson, legvold, and Spedding, (40) with larger quantities of
high purity material availlable, redetermined these coefficlents
for the same purpose. In general, it was found that the coeffi-
cients are lower than for most other metals and are not linear
except over relatively small temperature ranges. Because of the
importance of the coefficient of expansion in englneering applica-
tions, and because of the wide irregularities in the shapes of
the curves, the curves are reproduced directly (Figures 3-8).
Additionally, the coeffilcient of thermal linear expansion has
been repgrted (775) for europium between 20 and 780°C as being
26 x 107 (Oc)-l.

Melting Polint and Bolling Point. Melting point observations
were made Dy many of the investigators who worked on the prep-~
aration of pure metals. Precise measurements were difficult to
make because of the small amounts of metal available, and the
results did not always agree due to variations of purity. The
best of this early work was by Trombe (838), and by Fischer,
Brunger, and Grieneisen (200},

Spedding and his collaborators {(776) however, working with
200 to 300 gram samples carried out precise thermal analyses,
The determinations were made in a tantalum crucible and the tem-
perature was measured by a thermocouple 1In a tantalum sleeve,
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Melting points of higher melting or scarcer elements were estimated
by optical cbservations of the temperature =zt which the metal
flowed (776). The metals were heated either in a vacuum of 10

mm. or in an atmosghere of purified argon. The cooling rate was
about 109C per minute. By this method, not only the melting points
vut the high temperature traﬁsLorﬂatzon temperatures were obtaire d.

sequent measurements were revorted for hicher purity
(dic i «d}wttriq Y, terbium, dysprosium, holmium, erbium, and
{352), The melting points of yttrium and lutetium melted
a;um were approximately 30°C higher than the same metals
N Y

HeALIng and beiling points are summarized in Table XTIT
Boiling points are tax*n from published data of Daane, Snedding,
and co- workers {146,775,776,760).

Thermal Conductivity of the Rare Earths, Cnly llmited =tudies
nave been made of Lne thersal conductlivily of rare esarth metals
{1.2zvold and ubeddLng (348). The conductivitiss are gener rally
low compared to other metals. Values avzilable are summarized in
Table XV,

Thermodynamic Properties. The avallability of pure metals
nzs stimulated Investigations of their ther: cdvﬂim?“ propaerties.
Valuzs for heat capiclty 3t 09C, heat orf fus&on, heat of vapori-
zatlion, thermal conductivity and +the temperatures at which the
vapor pressures of the elementsare 1 and 0.001 wmm, are indicated
in Table IV,

bBiscirical Properties. Resistivity. The rare earth matals
are poor conductors of electricity. James, Legvold and Spedding
(250), Bridgman (94), and Spedding, Dazns, and Herrmann (766),
nave reported resistivity values for grovps of elements, Furity,
heat treatment, crystal structure, and state of strain 2ll in-
fluence the resistivity of the elements, and considerable variance
in reported results are noted in the literature. Table XV presenis
the resistlvity data reported by Bridazman along with more recent
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vained by 3pedding and co-workers (as referenced), Morrice
nas recently reported determinations of the ““‘“thWty of cerium
of various purities. Values ags low as 12 x 10°% ohm-em were
cbtained for electrorefinsd metal (559,560),

Resistance Anomalies, A study of resistance as a funciion
of temuew ture snows a number of anomalies. In the pure metals
these may be assoclated with allotropic transformations. Lanthanum,
cerium, praseodymium, and neodymium (36€0), ang gadolinium,
dysprosium, and erblum (764) have been investigated. As with
thermal expansion, the resultant plots of resistance Vs, tempera-
ture are TQDTOdUb@d directly (Figures 9-19) (764).

}_
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Brideman, working with metals prepared by Spedding and
othars, deterwmined the varlations in volume and electrical resist-~
arce under pressures up to 100,000 kg/cm”= of the following rare
eaptn metals: lantnanum, cerium, prasecdymlum, neodymium, samarium,
gadolinium, dysprosium, nolmium, erbium, thulium, ytterblum, and
Jutetium (G4}, All of these elements except ytterbium show de-
creasing resistance as pressure 1S increased, This 1s a normal
matalliic behavior. Ytterbium, however, shows an increase of
resistance by a _factor of about 12 when the pressure is increased
to 60,000 kg /em® and then an initially abrupt and subsequently
gradual decrease. Bridgman hypothesized that this abnormality of
the conductance of ytterbium corresponds with transformation into
a semi-conducting state under the influence of pressure. HS
therefore made measurements at pressures of O to 7000 kg/cm™ as
a function of temperature between 0° and 200°C. Results of
these measurements show an inversion ol the coefficient of tem-
perature resistance between 0° and 100°C.

Superconductivity, ILanthanum l1s the only rare earth found
to be Buperconductive. Originally not observed (495), superconduc-
tivity was £irst reported by Mendelssohn and Daunt (531}, and
Schoenberg (720), and subsequently by others (300,612,935,936),
The observed properties were not related, however, to the crystal
structure of the lanthanum and the values reported variled from
3.9 to 6.0°K. In 1953 Zlegler, Young, and Floyd (937) reported
that alpha- and betz-lanthanum had different transition tempera-
tures, and this was subsequently confirmed by others (11,57,
521b93?). Tne best averaged values are 4,9°K for alpha-, and
5,.9”K for beta-lanthanum.

Anderson, lLegvold, and Spedding (11), investigated the
effect of alloying lanthanum with yttrium and with lutetlum,
The superconductive transition temperature decreases for both
alloy systems with increasing alloy addition (up to 40 atomic
percent yttrium and 45 atomic percent lutetium). Composltions
containing 15 percent or more of the alloying element were re-
ported in the hexagonal lanthanum crystal state. Hein and co-
workers (295) report that lanthanum alloys containing up to
0.98% =adolinium are superconducting, but alloys containing 1%
or more gadolinium are not superconducting above 0.19K. Matthias
(520) reports that increasing percentages of both neodymium and
erbium decrease the superconducting transition temperature of
lanthanum. The decrease 1s associated with the gpins of the
solute atoms. Neodymium lowers the transition more than equal
percentages of erbium. The difference is ascribed to the effect
of the higher effective moment of erblum, contributing towards
raising the superconducting transition temperature. It may be
noted that both Hein (loc.cit.) and Matthias report rare earth
containing compositions with indicated simultaneous occurence of
superconductivity and ferromagnetism. Heat capacity measurements
by Pnillios have confirmed this phenomenon in the lanthanum-gado-

liniuvm system (639),
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Superconductivity was not detected in cerium, raseocdymium,
and neodymium down to 0.259K (251), yttrium to 0.10°K (251) and
vtterbium to 1.240K, (455},

Magnetic Properties of the Rare Earth Metals. The magnetic
propercies of materials are frequently defined by their suscep-
tibilities. Susceptibility is a measure of the change 1in magnetic
moment caused by a field (i.e. a measure of the induced moment ).
If the moment is increased, the susceptibility is positive and
the material is said to be paramagnetic. If the moment is de-
creased, the susceptibility is negative, and the material is
said to be diamagnetic.

Paramagnetic materials may be further subdivided into three
groups. The first group consists of materials obeying the Curie-
Weiss law (which relates the intensity of magnetization to the
magnetic field and the absolute tempgrature), and having low
atomic susceptibilities (2071 to 10-© cgs units). The other two
groups involve ordering of atoms., If the atomic spins are
aligned parallﬁl, The materials have very high atomic suscep-
tibilities (107 cgs units), and are known as ferromagnetic materials.
If' the spins are aligned antiparallel, the susceptibilities are
again low (approximately 103 cgs units, more or less as for
disordered atoms) and the materials are called antiferromagnetic.

All of these magnetlic properties are temperature dependent,
and a given materlal may show a transition from one behavior to
another at a certain temperature. These ifransition temperatures
are identified and defined as follows (9):

Ferromagnetic Curie Temperature. (frequently
simply "Curie Temperature™ or "Curie Point"); "the
point, as the temperature increases, at which the
transition from ferromagnetic to paramagnetic prop-
erties is complete”. (note that antiferromagnetism is
a 'paramagnetic' property, and that the transition may
therefore be from ferromagnetic to antiferromagnetic).

Antiferromagnetic Curie Temperature or Neel Tem~
perature, T"Antiferromagnetism is characterized by the
tendency of the magnetic dipoles of near-nelighboring atoms
to be arranged antiparallel, The temperature at which
the heat motions destroy the spatial arrangement is
called the antiferromagnetic Curie point or Neel point."

Paramagnetic Curie Temperature. "At temperatures
above The ferromagnetic¢ (or antiferromagnetic if
present) temperature, most paramagnetic materials obey
the Curie-Weiss ILaw, usvally written:
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X =55

C is defined as the Curie-Welss constant, T is the
absolute temperature, and © 1s defined as the para-
magnetic Curie Temperature."”

Paramagnetic Metals. All of the rare earth metals, with the
exception of scandium, yttrium, lanthanum and lutetlum are para-
magnetic within a certaln range of temperature. In addition, In
a more narrow interval within this range, most follow the Curie-
Weiss law. Generally, the best measurements on these metals
indicate that except for europium, the paramagnetic moment of
the metal is essentially the same as that of the trivalent ion.
Europium shows a moment very close to that of gadelinium, which
indicates that the metal europium mlght exist as the divalent
europium ion. Such behavior may be explained by considering
fhat the carriers of magnetic moments are found in a lower (4r)
level,

Magnetic susceptibility measurements have been made and
reported by many competent investigators. Much of this data is
in reasonably good agreement, and selection of best values is
probably academic. For some metals the values reported have
varied by a factor of two or more. The magnetic data reported
in Table XVIeare generally the most recent data reported. Based
on the availability of highest purity metals, and an increased
awareness of the importance and effects of crystal structure,
purity, work-stress condition, and thermal history, 1t is
considered probably most accurate, Readers are also referred fto
the many excellent papers by Owen, Klemm and Bommer, Henry ILa
Blanchetais, Trombe, Urbain, Welss, Neel, Iegvold, Spedding and
co-workers, and others for complete details 182,183,300,302,303,
386,435,436,586,610,776,829,834,835,836,836,857).

Metals with Weak Paramagnetism. Scandium, yttrium, lanthanum,
and 10fetium should be diamagnetic since they have no unpaired
electrons. All of these metals show weak paramagnetism, however,
which varies little with temperature. They do not follow the
Curie-Weiss ILaw (776,838).

Ferromagnetism. The magnetic properties of most of the
rare earth metals nave now been examlned to very low temperatures
(1-4°K). Saturation phenomena appear in many of the heavy metals
at temperatures below the paramagnetic region.

The ferromagnetism of gadolinium was discovered in 1934 by
Urbain, Weiss, and Trombe (857), The Curie temperature is 289CK,
so that the transition falls in a temperature range that 1is
especially sultable for accurate measurement. For gadolinium
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the value of the magnetic moment at saturation is 263.5% cgs

anits.  JTron under the same conditions 1s 221 cgs. units. The
corresponding atomic moment for gadolinlum is 7.16 Bohr magnetons.
There 1is therefore good agreement between the measured moment

and the theoretical moment of the gadolinium ion (7 Bohr mag-
netons). The Gd'3 ion has a total moment equal to the sum of the
spins of the seven electrons present in the 4f level. Klemm

and Bommer (386) also determined the Curie point of gadolinium,
and Spedding and his collaborators have studied the complete
magnetic properties of this metal (182,435).

Thoburn, legvold, and Spedding {814) have established the
ma%netic properties of terbium. The metal is ferromagnetic below
218°K, Above tnis temperature, and up to 230°K, the metal ex-
hiblts ferromagnetlc properties in applied fields greater than
200 oersteds, but appears to be antiferromagnetic in lower fields.

In 1937, Kiemm and Bommer (386) studying a mixture of
dysprosium and potassium chloride at low temmerature, determined
the paramagnetic moment of the metal and concluded the absence
of true ferromagnetism. A detailed study of thne compact metal
made by Trombe in 1945 led to very different conclusions however,
Metallic dysprosium is paramagnetic at normal temperatures, and
ferromagnetic at very low temperatures (834,335,536,843), The
moment at low temperatures appears greater than that of gadolinium,
which itself 1s greater than that of iron. The saturation moment
at 0°K has not been unambiguously determined (133) but pre-
sumably is somewhere in the neighborhood of 273 to 295 cgs units
corresponding to between 8 and 8.7 Bohr magnetons. Behrendt,
legvold, and Spedding (55), have examined the properties of a
dysprosium single crystal., The metal is ferromagnetic below 859K,

Rhodes, Iegvold, and Spedding (0677) found that holmium is
ferromagnetic below 20°K.

Interpretation of the magnetic data for erbium has been more
difficult. Neel (586) working with the magnetic data of Klemm
and Bommer (386) had predicted a Curie point for erbium at about
LOOK., Barson's work (435) on the electrical resistivity of erbium
has shown an anomaly at about 80PK. This type of anomaly in the
electrical resistivity has been shown to be closely associated
with magnetic phenomena in gadolinium {(435,857), and dysprosium
(183,435,834), Studies by Elliott, Ilegvold, and Spedding {184)
on the magnetic properties of erbium metal, have established the
initial susceptlbility, magnetic moment, and magnetization isotherms
of erbium., One would expect an absolute zaturation moment of 9
Bohr magnetons 1f all the spin and orbital angular momentum con-
tributed to the ferromagnetism. The extrapolation, however, cor-
responds to 269 cgs units or only about 8.0 Bohr magnetons.
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Koehler and Wollan (397) examined erbium metal by neutron dif-
fraction. Magnetic transitions were reported near 80°K and near
350K, The metal was definitely ferromagnetic at 4.2°K with a
ferromagnetic moment at this temperature of 7.2 Bohr magnetons.
The electrical resigstivity vs temperature curve for erblum

shows a break at 78°K (435), Heat capaclty measurements indicate
anomalies at 19.99K, and near B84YK (744), In summary the data
indicate a probable ferromagnetic transition at about 20°K,

and an antiferromagnetic transition at about 809K,

Thulium was investigated by Rhodes, et al along with holmlum
as described above (677). The metal was considered antiferromag-
netic below 519K, but no ferromagnetic transition was found.
Davis and Bozorth, however, found thulium ferromagnetic below
220K, and antiferromagnetic from 22° to 60°K (150),

Antiferromagnetism., Of the light rare earths, antiferromag-
netism nas been observed in cerium, neodymium, and samarium by
Locke (456), and in europium by Bozorth and Van Vleck (90).

The Neel temperatures for the first three metals were very low;
12.59, 7.59, and 14.89K respectively, that for europium was
approximately 90-100°K, None of these metals showed any ferro-
magnetic properties. Among the heavy rare earths, antiferro-
magnetism has been observed in terbium, dysprosium, holmium, and
erbium. Terbium, as noted above, is antiferromagnetic at tem-
peratures between 218 and 230°K in low filelds {pelow 200 oersteds).
Dysprosium, holmium, erbium, and thulium ape antiferromagnetic

in the temperature ranges 85-1789K, 20-133°K, 20-80°K, and 22-60°K
respectively. They are ferromagnetic below the lower limit and
paramagnetlic above the upper limit.

Hall Effects. The Hall effect is 'the production of a
transvVerse potential gradlent in a material by a steady electric
current which has a component normal to a magnetic field" (9).
It is of particular importance for the evaluation of band prop-
erties, since it 1s a measure of the number and nature of charge
carriers,.

Detailed studies of the Hall effect 1n rare earth metals
have been made by Kevane (383), and Anderson (12}, with Iegvold
and Spedding. The values obtained for the Hall coefficients at
room temperature are reported in Table XV,
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The Mechanical Properties of Rare Earth Metals

At the time of publication of the previous literature survey
(461), the only data avallable concerning the mechanical prop-
erties of the pure rare earth metals were the compressibility
data of Bridgman (94) and the elastic properties as determined
from sonic velocities by Smith, Carlson, and Spedding (750).
Since that time the mechanical properties of rare earth metals
have been determined by direct measurement, principally in the
laboratories of the Research Chemicals Division of Nuclear Cor-
poration of America, Iowa State University of Science and Tech-
nology, and the General Electric Company - Aircraft Nuclear
Propulsion Department.

Most of the data obtained has been of an exploratory nature
since so little was previously known. Areas of promise have
been found, and have served as fccal points for concentration of
effort, Again it must be emphasized that the effects of impu-
rities, work induced stress, thermal history, etc., are important
for the rare earths, as indeed they are for other metals. Limited
efforts to evaluate some of these variables have been made.

The correlation of data obtained by various investigators
is complicated not only by variations in the composition and
states of the metals tested, but also by variations in the
testing techniques used., The original reports should be examined
for details of actual procedures. Further, since the units used
by various investigators may not be directly equatable, the
results compiled in this section are most frequently given in
the units as reported.

Hardness, Table XVII presents hardness data, where this
has been determined, for a number of elements under similar
conditions. It is observed that, except for ytterbium, the
heavy rare earths show higher hardness values than the light
rare earths.

The effect of cold working is to increase hardness for all
of the metals. The effect is very nearly linear with the extent
of reduction up to approximately 50% reduction for dysprosium
and erbium (464) and for yttrium (170,266,742), Hot swaging
(1000°C) does not increase the hardness of erbium or yttrium

A large number of different impurities may be present in the
metallic rare earths. The most extenslive investigations of the
effects of impurities have been lnvestigations of the relatlion-
ship between hardness and the oxygen content of yttrium. Love
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(464) reported that the hardness of a high oxygen content yttrium
decreased proportionately with the decrease in oxygen achieved

bty carbon deoxidation. Carlsen (170) found that the hardness of
arc-cast yttrium varied linearly from 57-100 BHN for 500-4000
ppm oxygen, and that the hardness of annealed yttrium changed
only slightly (from 48-53 BHN) over this same range of oxygen
contents. Simmons (742) found the same relationship for cast
yttrium, but found that the hardness was not changed by
annealing.

The hardness of gadolinium and yttrium was reported as a
function of temperature by Simmons {(742). Values for gado-
linium remalin essentilially constant from room temperature to
approximately 250°C after which they drop rapidly. The hardness
of high purity yttrium decreases almost linearly with temper-
ature (63 to 5 BHN for room temperature to 900°C), but the
presence of 0.2% oxygen plus 0.3% fluorine produces an initial
slow decrease followed by a more rapid decrease above 400°C.

The effect of heat treatment on the hardness of yttrium is
not clear. Carlson (57), reports that a specimen of yttrium
with an as-cast hardness of 51 BHN decreased to a hardness of
31 BHN after annealing at 950°C followed by slow cooling; the
same metal quenched from 950°C had a hardness of 51 BHN, un-
changed from the as-cast state,

Carlson (170} has observed that yttrium shows considerable
anisotropy of hardness with grain orientation. A single crystal
cut into a parallelepiped showed hardness values of 67, 69, 72,
86 and 89 Ry on the various faces. The impressions on some
faces were ellipsoidal, with the major axis parallel to the 001
plane of the c¢crystal, The impressions in the faces lying
parallel to the basal plane were round and smaller in diameter.
Simmons (742) reports variations of hardness up to 50% on large
columnar grains found in consumable arc-melted yttrium.

Simmons (742) reports the hardness of as-cast scandium
metal produced by reduction of scandium fluoride with lithium
was 78 BHN; that reduced with calcium was 100 BHN. Geilselman
(23), reports the hardness of arc-melted scandium as varying
between limits of 47-196 BHN. As-cast scandium increased in
hardness from 127-136 (Relchert micro-hardness, 17 grams) when
cold swaged 22%; after annealing, the hardness was still 136 (229,

Tensile Strength, ILove (462) has determined the tensile
strength of a number of rare earth metals in both the as-cast
and worked conditions, and at room and elevated temperatures.
The individual rare earths show large differences in ultimate
tenslile and yield strengths.
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The lower atomic numbered elements have ultimate tensile
strengths {as-cast) ranging from 12,000-20,000 psi. Ytirium and
the higher atomlc numbered elements (except ytterbium 10,000 psi)
have ultimate tensile strengths ranging from 25,000 to 42,000 psi.
Cold working (50% reduction in area by swaging) increased ultimate
strengths by 50-75% for most metals. The higher strength metals
showed gulite good retention of tensile properties at temperatures
up to 427°C (800°F); between 40 and 75% of the room temperature
strength being retained at this temperature. The data obtained
is summarized in Flgures 20 and 21. Subsequent analysis of
larger specimens prepared from arc-cast buttons indicated slightly
lower room temperature ultimate tensile values for dysprosium and
erbilum, and somewhat lower room temperature yield values for
vttrium, dysprosium, and erbium (#64), Again, the cold swaging
of dysprosium and erbium markedly increased both ultimate tensile
and yield strengths. Moderate Increases in strength were noted
for erblum and yttrium when hot swaged.

The room temperature tensile properties of several rare
earth metals have been reported by Savitskii (709). Values for
lanthanum and neodymium were somewhat lower, and those for
ceriun and gadolinium were slightly higher than reported by
Iove (U462,464), The value for erbium was very nearly the same.
Simmons (T42) in reporting the strength ve temperature relation-
ship for gadelinium indlcated the room temperature ultimate
tensile strength as approximately 23,000 psi in good agreement
with Love, although the room temperature yield strength was
considerably lower., Simmons also found that gadolinium de-
creased only slightly in strength with increasing temperature to
L4ooCF, and then decreased by approximately 50% at SOQCF.

Tne tensile strength of as-cast scandium was determined
at eleyated temperatures by Geiselman (230), A specimen tested
at 4259c (800°F) had an ultimate tensile strength of 32,200 psi
with a vield strength of 25,100 psi. A specimen tested at 871°%C

. (1500°F) had an ultimate tensile strength of 1780 psl with no

evidence of plastic yield. Another sample tested at room tempera-
ture had a tensile strength of 23,000 psi in the as-cast condition
and 37,000 psi after 22% reduction by cold swaglng.

Carlson (170) determined the tensile properties of yttrium
sheet; hot worked, fully annealed, and stress relieved. Ultimate
tensile values of 18,800-22,100 psi, and yield strength values
of 8,300-12,000 psi were considerably lower than those reported
for the as-cast or arc-melted metals. Both ultimate tenslle and
yield strengths increased regularly with cold working.

Carlson also determined the effects of minor additions of
impurities. At the 0.1 weight percent level, hydrogen increases,
and fluorine decreases strength somewhat; while oxygen, nitrogen,
and carbon have relatively minor effects. At somewhat higher
concentrations, (0.34 weight percent) carbon increases ultimate
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tensile and yield strengths appreclably. Small additions of
titanium, vanadium, chromium, 1iron, nickel, aluminum, and silicon
have only minor effects on the tensile and yleld strengths of

the base yttrium metals,

Elongation. Ductility, as measured by percent elongation 1is
greatér for the lower strength, low atomic numbered elements
than for the high strength elements. In general elongation in-
creases with temperature, and decreases with amount of cold work
(170,462,464,742), Carlson (170) also points out that hydrogen,
nitrogen, and oxygen, which have severe embrittling effects on
many metals, do not affect the uniform elongation of annealed
yttrium significantly in compositions containing up to several
tenths percent, It must be noted, however, (see discussion below)
that the presence of impurities does affect ductility as measured
by ease of working.

Tensile Modulus, The modulus of elasticity for the rare
earth metals 1s presented in Table XVIII as determined by
various investigators., The values of Love (464), calculated from
stress-straln measurements, are in reasonable agreement with
those of Smith (750) as determined from sonic measurements.

Tensile Fatigue Properties. Tensile fatigue properties
were determined by Love (464) for dysprosium, erblum, and
yttrium. Specimens were tested to one million cycles. The S-N
curves obtained are illustrated in Figure 22. Extrapolation of
the curves indicates the endurance limits for yttrium and erblum
to be at a stress level eguivalent to approximately 50% of the
respective ultimate tensile strengths, and the endurance limit
for dysprosium to be approximately 40% of its ultimate tensile
strength,. '

Tensile Creep Data. Simmons (742) reports tensile creep
data for yttrium metal at 590°C (1100°F). The elongation rate
under 400 psi load was 0.005%/hr. At higher stress (1000 psi)
the rate of elongation increased rapidly (0.135%/hr.), and the
specimen broke after approximately 500 hours.

Compression Properties. The compression properties re-
ported in the literature are indicated in Table XIX. Modulus
calculations from sound veloclty measurements and from high
pressure measurements are in reasonable agreement except for
samarium. ‘There is very 1little area for comparison of mechan-
ically defermined properties. Savitskii (709 determined the
ultimate and yleld properties of yttrium. The yield value for
erbium as determined by Iove (464) is in nearly the same ratio
to the ultimate value determined by Savitskil as the latter's
ratioc for yttrium.
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The compreszion modulus obtained by Love (464} for erbium
is higher thari those obtained from sonic measurements hy Smith
(750) and high pressure mezsurements by Bridgman (94}, but the
corresponding values for dysprosium are in reszsonable sgreenent,
The effects of the verious compogsitional and physicel variables
on the compression propertiez of rare earths have not been reported,

Impact Properties, Impact properties have been reported by
Love (402,404}, Although there 1s considerable varilation between
individuzl elements, all of the rare earths must be considered
noten sensitive in the cast conditlion, The Izod velues for
arc-melted yttrium and erbium are somewhat higher at 204°Cc (400°F)
than at room temperature, but the increases are not greast enough
to indicate a change from brittle t¢ ductile behavior,

Recrystallization Studies. ZLove (L464) has studied the
recrystallization of swaged yttrium and erbium, Interpretation
was based upon micrestructure examination,

Specimens of ytirium which nad been co)d worked 20% {(ares
reduction) after an Initial hot swaging of 40% (area reduction)
were annesled for four hours at temperatures of 900°C, 100000,
and 11009C, Recrystallization was essentially complete at 900°C
within four hours, Annealing at 1000°C produced a similar
structure with somewhat sharper grain definiticon., After annealing
a2t 1100°C, marked grain growth occurred.

Recrystalllzation of erblum studies were performed on metal
which had been cold swaged to 60% srea reduction after initizl
hot swaging to 40% area reduction, Annealing times were again
four hours at temperatures of 900°C, 1000°, 1100°, and 1200°C.
The structure after annealing at 900°C was that of the ccld
worked metal, After annealing at 1000°C the microstructures
still showed strong evidence of the previocus cold working, The
pregsence of a few sharp grain boundaries suggested that new grains
had been nucleated and that the recrystallization process had
begun, When the temperature was raised to 1100°C, the recrys-
tallization process went almost tc completion within the four
heours holding time, The structure consisted principally of
new, equli-axed grains,., 3Some evidence for distortion produced
by the previous working remained, principally in areas of high
impurity (oxide)} concentration, The structure resulting from
annealing at 1200°C was completely recrystallized, with sharply
defined grains 2nd eppreclable grain growth evident,

The data obtained in these studies indicated that the re-
crystallization characteristlics of yttrium and erbium are
appreciably different, Erbium recrystallizes at approximately
11009C 1in four hcurs, whereas yttrium recrystallizes at or below
800°C in the same time., Further evidence wag noted in the hot
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swaging operations which suggested 2 recrystallization tempera-
ture nesr 982°Cc (1800°F) for yttrium while this temperature produced
a "cold" worked, strain-hardened structure in erbium,

Williame and Huffine (913) report recrystallization studies
beeed on hardnegs measurements. Cold worked yttrium wag annealed
for one and for three hours a2t elevated temperatures then slow
cooled, Very little decrezse in hardness was cohserved below
540°C (1000°F), Recrystallization, as measured by decrease in
hardness to approximately the original hardness, was eggentially
complete in one hour 2t 1200°C (2200°F) or in three hours at 980°C
(1800°F), These values sre in good agreement with those reported
by Love,

Guidoboni and co-workers (266), however, slsc measuring re-
crystalliization by decresse in hsrdness, report full recrystalli-
zation of yttrium metal, cold roliled from 11-31.%%, after a
vacuun annesl for one hour between 540 and 6C0°C (1000-1100°%),

The Fabprication and Forming of Rare Harth Metsls

The avallabllity of rare earth metals as englneering
materizls has led to investigations towards determining sultzble
procedures for forming 2nd fabricating intc useful shapes, Lazlde
from lanthanum and cerium, yttrium hss been produced in greatest
guantity, znd has correspondingly been examined most completely.
A11 of the metals, however, have been worxed with to lescer ex-
tents,

General Precsutlions. The rsre eszrith metals exXhlibit varying
degrees oif atmospheric and chemical reactivity {discussed more
fully in the sectlcn: "Chemical Properties"}, Thelr affinity
for oxygen znd water vapor ls particulsrly important at the
elevated temperatures freguently needed or enccuntered in variocus
forming operations.

Some of the metals may be worked st room temperature without
excessive work hardening (note that this again may be a function
of purity), but many primary reduction procedures (rolliing,
swaging, etc.) may be best performed at elevated temperatures,

In such cases cladding cor Jjacketing procedures are desirsble,
Standard metallurgical technlques appear to be qulte adequate in
most cases, and several have been described in the literature,
Love (464), has successfully used both mild steel and stainless
steel tubling to Jjacket dysprosium, erbium, and yttrium for hot
swaging (1800%°F) operations, Brundige (99), used a double
canning technique, with the luner container of tantelum, titanium,
cr zirconium, for the hot roiling of yttrium, Ray (666) reports

WADD TR 60-8€4 72



that copper jacketed samarium, gadolinium, and dysprosium may be
extruded at temperatures of 9309, 12000, and 1200°F respectively,
but that lanthanon-copper reactions occur at higher temperatures.
Williams and Huffine (913) report extrusion of yttrium ingots
¢lad with aluminum oxide and a copper Jacket. Simmons Q7a2)

also reports successful hot extrusion of uncanned, but "Graphite
Dag" coated, yttrium. Geiselman {231) reports triple cladding
scandium with a coating of CaFo, a tantalum foil 1liner, and a
steel tube prior to hot forging. Klepfer and Snyder (388) forged
thulium in copper at 1450°F. Some reaction was noted at 1550°F,

Extension of atmospneric corrosion to a limiting situation
must conslder the pyrophoric nature of the rare earth metals
when in finely divided form. In cutting or machinlng operations
the c¢hlps should be as large as possible, and the temperature
kept as low as possible, Chips should not be allowed to collect
around machines or in exhaust ducts., Storage 1s preferably in
drums or metal containers under high flash point oil (913).

Melting. The rare earth metals may be melted in an inert
atmosphere or vacuum, utilizing standard induction or resistance
furnaces. Europium, samarium, ytterbium, and thulium are melited
at or above atmospheric pressure because of their high vapor
Pressures. Yttrium has been consolidated from compacted sponge
by consumable arc-melting. Ingots up to 7% inches in diameter
and weighing about 100 pounds have been produced, Non-consumable
arc-melting has been used to consolidate many metals, and for the
production of simple shapes, such as solid discs, bars, ete.

The use of a water cooled hearth plate permits the melting of many
metals with relatively high vapor pressures, although considerable
loss is experienced with the more volatile metals ytterbium and
samarium (575), The arc-melting of europium has not been reported,
Some rare earths may be melted in an electron beam furnace, but
Since this furnace must operate in relatively high vacuum, melt-
ing 18 inherently limited to low vapor pressure metals.

Casting. Metals melted by Induction, or in a resistance
heated furnace, may be cast in graphite or copper chill molds,
The rare earth metals will react with copper at elevated tem-
peratures so these molds must either be cooled or have suf-
ficient heat capacity to maintailn relatively moderate temper-
atures,

Cutting. Metals may be cut with mechanical or hand saws,
or by abrasive cut off wheels. Because of the heat generated
in abrasive cutting, cooling is required, and the method is
limited to those metals which do not react with the coolant
liguid.
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Work Hardening. The hardening of metals by cold working
has been dlscussed in the section: "The Mechanical Properties
of Rare Earth Metals", Work hardened metals may be softened
by anneallng, or metals may be worked above the recrystallization
temperature with large reductions and no hardening.

Extrusion, The softer metals are easily extruded at room
temperature. Thus, europlum was extruded through a 0.0625 inch
orifice at 80,000 psi (462), Bohlander (71), and Williams and
Huffine (913) report extrusion of yttrium, gadolinium, and
dysprosium by hot extrusion, Ingots of 2 to 6 inch diameter
were extruded into rods 0.6-3.625 inch diameter at temperatures
of 900-1650°F (475-900°C).

Forging. PForging is reported to refine grain size and
improve structural properties. large (6") dlameter bars may
be reduced in 1/8 inch steps at 1600°F with intermediate anneals
at the same temperatures (913). Yttrium prepared at the Bureau
of Mines, Albany, Oregon, has been hammer or ﬁressvforged
through reductions of approximately 50-60% (849).

Rolling. Rare earth metals may be easily rolled or swaged,
particularly when above the recrystallization temperature, The
degree of reduction per pass, and the total reduction between
anneals is particularly a function of the purity of the metal.
Brundige and co-workers (99) rolled 1/8 inch yttrium to 0.050
inches at 600°C; successive light passes at 200°C, with inter-
medlate high-vacuum anneals, reduced the metal to 0.002 Inches.
Guidoboni successfully cold rolled yttrium (after prior break-
down by extrusion) to 0.002 inches with reductions of 4-5% per
pass and cumulative reductions of 25-50% before anneals. The
extruded metal may also be hot rolled at 1000°F (540°C).

Campbell and co-workers (848) reduced high purity yttrium
(approximately 99.8%) from 0.165 inch to 0,004 inch sheet.
Reductions per pass were 0.003 inches to 0.005 inches and the
overall reduction was 97%. Subsequently developed techniques
(850) indicated that reductions of approximately 50% per pass
produced less work hardening than equivalent smaller reductions
per pass. Optimum resulis were obtained by flrst breaking up
the cast structure by hammer forging to about 50% reduction,
annealing at 500°C for five minutes and cold rolling (853).
Geiselman (231) reports that scandium metal which could not
be cold-rolled or swaged was successfully hot swaged 5% per
pass at 1000°C for a total reduction of 55%. Klepfer and
Snyder (388) report that after breakdown by hot forging thulium
may be successfully hot rolled (copper Jacketed), or cold rolled
after vacuum annealing.

WADD TR 60-864 Th



Swaging. Swaglng, particularly at elevated temperatures is
an effective method of reduction. Williams and Huffine (913)
report swagling yttrium down to 0.022 inch wire for a 91% reduction
in diameter. Love (462,46U4) has reported the mechanical prop-
erties of many elements both hot and cold swaged.

Machining (913), Yttrium and the rare earths (except
europlum, ytterbium, and possibly cerium) machine with approxi-
mately the same degree of ease. Yttrium is considered free
machining with but minor tendency towards galling. High speed
tool steel or carbide tipped tools may be used. 1In lathe work
and milling, a 0.010 inch minimum chip load is suggested to
minimize fire hazard. Dry cutting is preferred rather than
the use of a lubricant. For drilling, flushing with a high flash
point oil 1s advised to free chips which otherwise have a tend-
ency to pack around the drill,

Yttrium and most metals may be ground with free cutting
‘crystalon” wheels. The softer metals tend to gall. A water-
soluble or high flash point cooling oil should be used. The
metals may be sanded through successively finer grit belts,
again with liquid cooling (462,464),

Joining. Williams (913), reports a study on the inert-gas
tungsten-arc welding process for jolning yttrium to itself. The
metal melted and fused but exhibited longltudinal cracks through
the center of the weld on cooling. Iess cracking occurred when
filler metal was added during welding. Block (853) reports
successful jolning of yttrium by both inert-atmosphere tungsten-
arc welding and reslstance spot welding. Muir (575) reports
successful resistance spot welding on several rare earth metals.

The Chemical Properties of Rare Earth Metals

Atmospheric Corrosion. Based on experience with misch metal,
and to a lesser extent with cerium and lanthanum, the rare earth
metals have long been considered as subjJect to rapid atmos-
pheric attack., Iove (462) has investigated the rate of atmos-
pheric corrosion at room and elevated temperatures, and in both
dry and moist ailr, The results are presented in Table XXI. It
1s evident that the variocus rare earth metals show significant
differences in behavior.
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Oxidation at room temperature and at 9500 ig most rapid
for the light rare earths lanthanum and cerlum, followed by
praseodymium and neodymium, The effect of water vapor 1s
apparent, serving to increase the corrcslon rate by approxi-
mately an order of magnitude. It is postulated that the
effect of moisture may operate through either or both of two
mechanisms. First, the water vapor may react directly with
the metal, this rate being more rapid than oxidation, or
second, the initially formed oxide film may react with the
water vapor to form a hydroxide or basic oxide. The compound
formed would have a different crystal structure than the
oxide and a greater bulk volume. Expanding and sloughing
away from the metal, it would overcome any tendency for pro-
tective oxide film formation, and continuocusly expose fresh
metal surface for subsequent attack.

The corrosion rate of the heavy rare earth metals 1s low

at moderate temperatures, even in the presence of moisture,

The corrosion rate increases rapidly with increased tempera-
ture however; the rate for gadolinium, dysprosium, and holmium
at 600°C becoming approximately the same as that for lanthanum
and neodymium. The corrosion rate curves at 200, 400, and
600°C indicate that in many cases most of the welght gain
occurred during the first few hours of test, iIndicating the
possibility of protective fiim formation at these temperatures.

The very rapid increase in rate at elevated temperature
for praseodymium and terbium is probably due to the ability
of these metals to form oxides in more than one oxidatlon
state. The mechanism of oxidation of cerium has been found
to progress from an initlal sesquioxide formation to a final
dioxide formation:; the latter having a greater volume, falls
off and exposes fresh metal surface for oxidation.

The most unusual behavior observed was that of samarium
which showed a very low rate of corrosion even at 600°C., This
resistance to corrosion has been confirmed by Daane, (140)}who
reports +that samarium metal does not ignite completely to
oxide when heated for several hours in a furnace at 800-1000°C.

All of the metals corroding in the dry atmospheres first
lost their luster, then acquired a very thin, dark coating.
As corrosion continued, the typlcal oxide color apgeared except
for gadolinium which was yellow and cerium (at 400°C) which
formed a shiny, light-brown scale. Terbium formed tire dark
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brown oxide and praseodymium formed the black oxide (but formed
a light green product in the presence of moisture).

Metallographic examination of corroded specimens indicated
several different corrosion processes may occur. QObserved
were intergranular corrosion, attack along strain deformation
bands within crystals, attack at oxide platelet inclusions
within crystals, attack at impurity inclusions (particularly
calcium), and attack along preferred crystallographic planes.,

Carlsor and co-workers (119) have reported a study of
the high temperature oxidation of yétrium, The welght gain
was found to be very small at M5OOC, but increased rapidly
as the temperature was increased to 7OOOC. After decreasing
sligntly at 750°C, the oxidation increased to a destructive
rate at 9250C.

Evropium corrodes rapidly when exposzed to moist air,
forming a yellow compound which becomes white or standing.
The presence of moisture is appargntly necessary for this
reactlon, since metal kept at 110%C overnight acquired only
a dark coating (775).

Trne atmospheric corrosion rate for gcandium has been deter-
mined by Geiselman (229,238). The corrosion rate in air was
0.45, 7.28, and 10.1 mg/cm /2% hours at 400, 600, and 800°¢C,
respectively. The rate at 8009C in oxygen was 32.5 mg,/cm?
and in nitrogen was 3.96 mg/cme. The rate in air at 400
and 500°C is comparable to that obtained for yttrium by Love
at these temperatures. The rate at 800°C 1is censlderably lower
than that obtained for yttrium by Carlson at this temperature.

Passivation. Tove (462) reports a passivation procedure
for metallographic specimens. Polished cerium is immersed
in a 2-5% solution of nitric acid in ethanol. The dark
colored corrosion film which starts forming immediately after
polishing changes to a yellow deposit. This is removed by
swabbing with alcohol, and the process is repeated until the
yellow deposit no longer forms. A metallic luster is re-
vealed which is stable for months. Lanthanum, praseodymium,
and neodymium, passivated by the same freatment, remained
lustrous for several days,
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Reactions with Water, The rare eartn metals react with
water at varying rates. Europlum reacts violently with cold
water (775)y, liberating nydrogen and forming a compound identl-
fied as Eu(OH)2°HQO. The light rare eartn metals react slowly
Wwith water at room temperature, vigorously at elevated temper-
ature. The heavy rare earths are more stable, reacting very
slowly.

The reaction of yttrium with water at £00-800°C has been
studied at Towa State College (351), X-ray examination of
tested metal indicates the presence of yttrium hydride, YHp, as
well as yttrium oxide,

Reactions with Aclds. Dilute mineral acids dissolve all
rare earth metals readily. The metals are attacked somewhat more
slowly by concentrated sulfuric acld. Daane has recently re-
ported (352) that a mixture of equal parts of concentrated
nitric acid and 484 hydrofluoric acid attacks most rare earths
only superficially, and may be uged for removing tantalum from
these metals.

Reactions with Hydrogen. The rare earth metals combine
readily with hydrogen at eievated temperatures. Hydrogenation
of cerium has been reported even at room temperature if the
metal surface is clean (540). Pressure-temperature relation-
ships for cerium-hydrogen have recently been described by
Mikneeva (540), and for neodymium-hydrogen and dysprosium-
hydrogen by Yeamans, et al (927).

Reactions with Non-Metallic Elements., The rare earths will
react With elemental nitrogen, pnosphorus, carbon, boron, and
sulfur, and with many compounds of these elements to form the
corresponding nitrides, phosphides, carbides, borides, and sul-
fides. The preparation, structure, and properties of many of
these compounds, and including silicides, has been reviewed by
Binder ( 5}). The metals burn readily in halogen vapors above
200°C (415).

Reactions with Metals. The rare earth metals react with
many other metals to form compounds or extensive solld solutlions.
Many compounds are formed with the noble metals. (128).

Reactlions with Compounds. The rare earth metals react with
many compounds such as refractory oxlides, silicates, ete. cus-
tomarily used in high temperature work.

Summary. It is noted that the rare earth metals are in
general qugte reactive, although there are wide extremes of re-
activity in specific systems. Reactivity 1is especlally pro-
nounced at elevated temperatures. One conseguence of this
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reactivity is the lack of suitable container materials for
elevated temperature operations. Even solid metals, for example,
react with silica above 1200°C. The molten metals react to

some extent with all customarily used container materials.

Above 1500°C the most useful materials appear to be tantalum,
tungsten, and sintered beryllium oxide, with limitations imposed

not only by reactivity but by the difficulty of fabricating
these materials.
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Metallography of the Rare Earth Metals

The metallography of rare earth metals was described by
Love (462,464,465} and Iundin (469). Metallographic examlnation
is complicated by the fact that sixteen elements, with different
properties as indicated above, are subject to investigation. Ex-
tension of investigations to alloy systems may introduce further
difficulties. The general approach indicated below is described
as most sultable for a wide varlety of materilals.

Sectioning. Metals may be sectioned in an inert atmosphere,
as in a glove box. Liberal amounts of coolant {(mineral oil§ are
required to prevent overheating and excessive metal distortion.

High speed abrasive wheels may be used, but are applicable
primarily for the less reactive metals, since a water-based oil
emulsion must be used as a lubricant and coolant. Mineral oil
is too viscous and kKerosene may ignite.

The most practlcal method appears to be sectioning in alr
witn a nacksaw. The metals cut rather easily, and slow cutting,
particularly with mineral oil as lubricant, prevents excessive
overheating and metal disturbance., Liberal use of mineral oll
prevents excessive atmospheric oxidation, even for cerium and

lanthanum.

Mounting. Specimens may be mounted in "lucite” or "pakelite"
by cohventional methods. Room temperature setting epoxy resins
may be used if 1t is desirable fto avoid excess pressure.

Grinding. Critical care must be exerclsed in grinding due
to the rollowing factors; although the metals vary in hardness
all are quite soft, some metals are easily oxidized by air or
corroded by water or aqueous solutions, and finally, the metals
are easily disturbed mechanically to great depths. This latter
effect may not become apparent until the metal has been polished
and etched, at which time evidence of mechanical twinning may be
observed. Kerosene was found to be an adequate lubricant and
coolant. For moisture sensitive metals it may be dried over
anhydrous calcium sulfate.

Polishing. Excessive polishing was avolded because ol the
ease of Tlow under slight pressure. Several polishing opsrations
of short duration (approximately 2-3 minutes), using successively
finer abrasives, were found most satisfactory. Silicon carblde
abrasive 1s superior to alumina for rough polishing, since the
latter has a greater tendency to smear the metal. Very fine
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alumina or diamond abrasive may be used for the final polish.
Low wheel speeds (150-250 r.p.m, are preferred). Kerosene is
used as the polishing vehicle and for rinsing between polishing
steps.

Etching. Etching procedures take advantage of the rejection,
by the metals, of most impurities Iinto grain boundaries and along
preferred crystallographic planes. Alr may serve as a satisfactory
etchant for the more reactive metals, revealing details of struc-
ture as well as do conventional etching solutions.

Liquid etchants found most suitable are generally based upon
nitric or phosphoric acid solutions. The following are most
commonly used:

Nital. 1-5% solutions of nitric acid in ethyl
alcohol. The specimens are immersed, ilmmediately rinsed
wilth acetone or alcohol, and allowed to dry.

Nitric acid - Aqueous. Solutions of nitric acid,
usually about 10-50% in water, followed by distilled
water or acetone rinse.

Concentrated nitric acid. Very short time dips,
followed by a water rinse, and alternating with re-
polishing steps.

Hydrofluoric acid-nitric acid-water. A solution
containing 2.5 parts hydrofluoric acid and 12.5 parts
nitric acid in 85 parts of water. TImmersion is
followed by water rinse and drying.

Chemical polish and etch., The specimen is im-
mersed in a solution containing 15 parts phosphoric
acid, 4 parts each of sulfuric, nitric, and acetie
acids, and 0.02% "Tergitol" wetting agent. It is
then water rinsed and dried.

Nitric acid - Non-agueous, ILundin has success-
fully used a solution of 25 ml. concentrated nitric
acid with 75 ml, glycerine for most of the rare earth
metals, the yttrium-cerium system, and for yttrium
binary alloys with up to 2% of some 16 other elements.
The etchant 1s applied by swabbing the surface of the
specimen with cotton saturated with the etchant, The
etching time varies, the action being stopped after the
first dark f1ilm has been removed and the structure re-
vealed (a gold-to-green coloring will appear). The
composition too was occasionally variled slightly; an
immedlate blue coloring was found to be an indication
that the concentration of the nitric acid was too
great, and dilution was necessary.

Phosphoric Acid, Non-Aqueous. For alloX system
investigations Iundin prefers a solution of 42 ml.
phosphoric acid (85%) with 48 ml. glycerine and 11 ml.
ethylene glycol monoethyl ether. The most satisfactory
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method of employing this etchant is to apply a few drops
on the specimen surface. It is essential that the
etchant be allowed to react uniformly over the entire
specimen surface. The etchant must not be swabbed over
the surface, or the etching action will not be uniform,
causing streaking and staining. The etching action 1s
stopped after 10-12 seconds by flooding the surface
with alcohol. The depleted etchant must be completely
removed by rinsing before the specimen is drled, or
staining and streaking will invariably occur. Water
must never be used for rinsing. If the etching action
is stopped too soon, the specimen must be lightly re-
polished before the treatment is repeated.

Microscopy and Photography. Standard metallographlic pro-
cedures are used ror examination of the pollshed and etched
specimens. Illumination may be bright field or with polarized

light.
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RARE EARTH METALS SYSTEMS

Binary Constitutional Diagrams

Studies of the basic alloying behavior of some of the rare
earth metals dates back many years. Much of the early work was
with lanthanum, cerium, or praseodymium, these being most
readily available in relatively pure condition. Phase diagrams,
compound formation, and solubility data have been complled and
presented in reference form by Hansen (279), Haughton (286),
Smithells (753), love (461), and Gibson et al (240). Reference
in the subsequent text to "early" or "older" literature is
reference to work published essentially prior to 1950 and in-
cluded in these compilations.

Summary diagrams of the early work are taken from Smithells
(753) and are so referenced. In addition, references are pro-
vided to the original literature for each diagram. The more
recent dlagrams are credited directly to the respective authors.

The diagram and discussion are in alphabetical order of
the non-rare earth element. This method is arbltrary and not in
accordance with the general practice of arranging phase diagrams
in alphabetical sequence of the two elements involved. It does,
however, permit a more direct comparison of the alloying behavior
of the various rare earths with the same element. Similarly, to
rermit better comparisons, and for uniformity, the various published
diagrams have been redrawn where necessary, so that in each
case tne horizontal absclssa represents the welght percent of the
non-rare earth element (except for hydrogen and plutonium which
are given in atomic percent),

Aluminum, Phase diagrams for the systems lanthanum-aluminum,
cerium-aluminum, and praseodymium-aluminum have been establishead
(Figures 23,24,25), They are characterized by compound
formation, eutectics at either end, and mutual insolubility in the
solid state,

The diagrams are based in part on the work of Vogel. In
the cerium-aluminum system Vogel first found the compound CezAl
present (881), but later (879) reported that Ce3Al was not
present and that Cegﬂlg was (also La3zAlp and Pr3Alp ). Van Vucht
(861) reinvestigated the cerium rich end of the cerium-aluminum
system, and proposed the partial phase diagram shown in Figure 26,
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Van Vucht found the compounds Ce,Al and CeAl to be present, but
not Ce3A12. The compound Ce3A1 éxists in two allotropic modifica-
fions.

The yttrium-aluminum system, as recently established by
Iundin and Klodt (471), contains the same general features as the
light rare earth metal systems (Figure 27). Savitskii (714)
has presented a partial diagram for the aluminum rich end of the
yttrivm-aluminum system (Figure 28). He tentatively assigned
the composition Alg¥p, to the aluminum rich compound while
Iundin proposed YA?B. Savitskii reports slight solublility
(0.2-0.3%) of yttrilm in aluminum at the eutectic temperature,

Antimony. The lanthanum-antimony system has been studled and
a phase diagram presented (Figure 29 ). The lanthanum used was
reported as only 97% pure. A series of high melting point com-
pounds 1s formed. A eutectic 1s present at the lanthanum end of
the system. No solubility is reported in the solid state.

Beryllium., The yttrium-beryllium system has been studied by
Lundin and Klodt (471), and a phase diagram proposed (Figure 30).
The principal feature is the formation of a nigh melting point
compound, ¥YBej3z. Iundin and Klodt assigned approximately 192000
to the melting point, Chubb and Dickerson (125} found the
melting point to be 1600°C, Solid solubility is negligible in
the solid state.

A partial diagram of the ytterbium-beryllium system (Figure
31) has been presented by Love (463). The compound YbBe;3 is
formed. Ytterbium was found insoluble in beryllium, and it has
no effect on the beryllium *ransition temperature. Love(462)
has also found the corresponding ErBelB compound in the erbvium-
beryllium system.

Bismuth. A phase diagram for the cerium-bismuth system has
been publisnhed (Figure 32). A number of compounds are formed.
There is a eutectic at the cerium end of the system, but the
melting point of bismuth is not lowered. No solid solubility
is indicated,

Pleasance (643) has recently examined the bismuth end of
this system in greater detail (Figure 33). Positive identification
was not made, but Pleasance believes the filrst bilsmuth rich com-
pound to be Bi3zCe. Again the melting point of bismuih was un-
changed, and no solubility was detected,

Boron. A phase dlagram is reported for the yttrium-boron
system (Figure 3%) by Lundin and Klodt (471). A number of
intermetallic compounds are formed. The ¥Bp compound is con-
gruent melting at a very high temperature (2800°C). No solid
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solublillity is reported, and the yttrium transition temperature is
apparently not affected. Eutectics are formed at both ends of
the system,

Calcium., The lanthanum-calcium binary system (Figure 35 )
has beer constructed by Savitskii (712), The principal feature
cf the system is the presence of an extended liquid immiscibility
region which results 1n layered microstructures. Solid solubil-
ities at the eutectic temperature are reported not to exceed 3-5%.
The lanthanum-1% calcium alloy is reported single phase, indicating
restricted but measurable solubility of calcium in lanthanum.

Carbon. Carbildes of most of the rare earths have been pre-
pared and studied. Spedding, Gschneidner, and Daane present
crystal structure data for the RE,C compound for yttrium and the
lanthanides of atomic number 62—7§ except europium; for the ses-
quicarbides of lanthanum, cerium, prasecdymium, neodymium,
samarium, gadolinium, terbilum, dysprosium, and nolmium; and for
the dicarbides of yttrium and all of the lanthanides except eurc-
piom., The phases present at selected compositions are gilven up
to 20% carbon in the cerium-carbon system, to 7.9% carbeon in the
praseodymium-carbon system, and up to 7.7% in the neodymium-carbon
system (773).

The same authors (774) present a partial phase diagram for
the system lanthanum-carbon (Figures 36 and 37). Two compounds,
IasCq and LaC,, are present; the compound LaaC was not detected.
The ianthanum alpha-beta transformation is ndt affected, but the
beta-gamma transformation is raised slightly. The sclubility of
carbon in lanthanum is low, the maximum being about 0.4% at 875°¢C,

Chromium, All of the reported phase diagrams for rare
earth-chromium systems are of recent origin. Lundin and Klodt
(471) propose a simple eutectic system, with no compounds, for
the yttrium-chromium binary (Figure 28), The partial diagram
for the same system as presented by Love (463) is of the same
type, but includes a liquid immiscibility reglon at high temper-
atures in the chromium rich end (Figure 39), The solid solu-
bilities are low. Epstein et al (188), investigating the
solubllity of yttrium and the lanthanides in chromium and
chromium-iron alloys found the solubllity at 1260°C to te 0.1-
0.3% for dysprosium, erbium, and holmium, and 0,1% or less for
the other elements. The solubility was slightly less at room
temperature.

In the erblum-chromium system (Figure 40), the two liquid
region 1s more -extensive. Again no ccmpounds are formed,
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The cerium-chromium system (Figure 41) as proposed by
Savitskii {709) contains an extensive liquid immisclbility
region, and appreclable solid solubllity of cerium in chromium.
The soclubllity 1s not 1n agreement with the results of EBEpsteln,

Ccbalt. The cerium-cobalt phase diagram (Flgure 42) was
the only rare earth-cobalt birnary avallable for many years,
Crischley (132) made & check determlnation of this system and
cbtained results In close agreement with the published data,

More recently the phase dizgram for the gadolinium-cobalt
system (Flgure 43) was established by Vickery, et al, (674) and
partial dizgrams for the yttrium-cobzlt (Figure 44) and erblum-
cobalt (Figure U45) systems were prepared by Love (463),

A11 of the systems are charactverlized by the pregence of 2
number of incongruentiy melting compounds, £ eutectlc ls [ormed
near the rare earth end of each system with & melting point sharply
lower than that of the respective rare earth, The sclid solubil-
ities are very limlted,

Copper. Phase diagramgs for the systems lanthanum-copper
EFigure 067), cerium-copper (Figure 47), and presecdymium-copper
Pigure 48) have been previously reported, Domagala (161) has
recently published the phese diagrem for the yttrium-copper
system (Figure 49), snd Love (463) hes publlehed partial diagrams
of the rare earth ends of the yttrium- and erbium-copper systems
(Figures 50,51),

Copper forms a series of compounds with the rare earths,
Multiple eutectics are present, the first (rsre earth rich) sharply
depressing the melting point of the rare earth metal, Solubility
is very restricted.

Gold., ¢Constitutional diagrams have been established for
lanthanum, cerilum, and prasecdymium with gold (Figures 52-54).
A series of intermetazllic compounds 1s formed with mulitiple
eutectics, The melting point of the rare earth metal is sharply
depressed at the first eutectic, but the melting point of the
REAu compound 1s considerably higher than that of either constit-
uent,

Gallium, Only one diagram (Figure 55) for the praseodymium-
gallium system has been reported (336), A number of intermetallilc
compounds are formed, The compound richest in gallium, PrGa.,
has & melting point of approXimately 14759C compared with thé
melting point of gallium (30°C).

WADD TR 60-864 86



Hafnium, Iundin and Klodt (471) have determined the yttrium-
hafnium system (Figure 56). No compounds are formed. Mutual
solubilities at the eutectic temperature, although small, are
nevertheless appreciable I1n comparison with most other systems.

Hydrogen. Although the hydrides of a number of rare earths
have been studied for their chemical and physical properties, the
only phase diagram reported is for the yitrium-hydrogen system
(Figure 57) by Lundin and Blackledge (470). The stable hydrides
are YHp and YHs.

Indium. The phase diagram for the cerium-indium system
(Figure 58) was established by Vogel and Klose (888), A number
of intermetallic compounds are formed and several eutectics
are present. The addition of cerium to indium raises the liguidus
sharply to the first compound CeInB.

Iron. The only complete phase diagram for the cerium-iron
System was established by Vogel many years ago (884), A partial
phase diagram at the cerium end (Figuref%;) has been prepared by
Crltchley (132), and the partial phase diagram at the iron end
(Figures 60 and 61) has been established by Jepson and Duwez (264),
These indicate that Vogel's original phase diagram was probably
in error in several respects. Two intermetallics are present,
Jepson reporting CeFer and CeFe2 from the iron end, and Critchley
reporting CeFep from the cerium end. The solubility of iron in
cerium, and of cerium in both alpha- and gamma iron is limited.

A partial phase diagram for the system lanthanum-iron
(Figure 62) also indicates low solubility of lanthanum in iron,
and the compounds ILaFer and LaFe, (709). Daane (140), however,
has tentatively reportdd the abgsénce of compounds in the lanthanum-
iron system.

A complete diagram for the yttrium-iron system (Figure63)
has been prepared by Domagala et al {161), A number of com-
pounds are present, and several eutectics. The melting point
of the first (yttrium rich) eutectic is considerably below that
of the pure yttrium metal, A partial diagram of the iron end
(Figure 64) has also been prepared by Farkas and Bauer (194),
They report the first iron rich compounds as YFer. and YFeu,
whlle Domagala reports YFe,, and YFey. Daane (120) has reported
a tentative ldentification”of YFeg.

Kleber and Vickery (674) report the phase diagram for the
system gadolinium-iron (Figure 65), Seven compounds are reported,.
GdFe)y is congruent melting; the others decompose by peritectic
reactions.
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Iead. All of the phase diagrams of lead with rare earths
are from the older literature. High melting point compounds are
formed in the systems lanthanum-lead, cerlum-lead, and praseo-
dymium-lead (Figures 66-68), Solubility is negligible.

Magnesium. Phase dlagrams for the systems lanthanum-
magnesium, cerium-magnesium, and praseodymium-magnesium have
been established, and are presented in Figures (69-71) The
systems are characterized by the formation of a number of inter-
metallic compounds, only one of which, REMgz, 1s congruent
melting. FHutectics are formed at both ends of each system. The
transformation temperature of eacn rare earth is lowered signif-
icantly.

The solid solubility of the rare earth metals in magnesium
is quite limited. The best considered values as reported by
leontis (#443) are 0.4, 0.9, 1.0-1.5, and 1.5-2.0 welght percent
for lanthanum, cerium, praseodymium, and necdymium, respectively,
at the eutectic temperature. The solubilitles decrease with
decreasing temperature, thus rendering the alloys amenable to
precipitation hardening.

The yttrivm-magnesium system (Figure 72) has recently been
reported by Gibson and Carlson (229), A number of compounds are
again reported, all formed peritectically. Magnesium is soluble
in beta yttrium. The yttrium transition temperature 1s lowered
and the beta fleld extended,

The solubility of yttrium in magnesium is reported as 9
weight percent at the eutectic temperature, conslderably higher
than the solubilities of the light rare earths as noted above,.

Manganese. Phase dlagrams for the lanthanum-manganese and
cerium-manganese systems are presented in Flgures 73 and T4)
respectively. No compounds are formed. There is no significant
solid solubility and there 1s no effect upon the manganese
allotropic transformations.

A provisional partial diagram of the ytirium-manganese system
was recently proposed by Hellawell (297)Figure 75). The solubil-
ity of yttrium in gamma- and delta manganese is approximately
0.8 weight percent; the solubllity in alpha- and beta manganese
is very restricted. A eutectic is reported between gamma
manganese and the first compound (or yttrium), not identified
by the author.
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Molybdenum. Only one rare earth molybdenum system has been
reported, ILundin and Klodt (471) propose a simple eutectic
system for the binary, yttrium-molybdenum. No compounds are
formed, and solid solubility is very low (Figure 76).

Nickel. The lanthanum-nickel, cerium-nickel, and praseo-
dymium-nickel diagrams (Figures 7T7-79) all appear in the older
literature. They are characterized by a series of compounds
with rare earth : nickel ratios of 3:1, 1:1, 1:2, 1:3, 1:4, and
1:5.

More recently Kleber and Vickery (©74) presented the phase
diagram for the gadolinium-nickel system (Figure 8C), and
Domagala et al {(161), the diagram for the yttrium-nickel system
(Figure 81). 1In the gadolinium-nickel system, compounds in
addition to those indicated above, include the 3:2, 2:7, and
2:17 compositions. Domagala, for the yttrium system, includes
the 3:2 and 1:9 compounds, Iundin and Klodt have proposed a
system for yttrium-nickel which 1s the same in most essentials
to Domagala'ls, except that the 2:7 compound is included and
that the 2:17 compound is reported rather than the 1:9. The
compounds reported by Iundin for yttrium-nickel are therefore
the same as those indicated above for the gadoliinium system.

For all rare earths, the RENi: and RENL compounds are stable
and congruent melting. For lanthanum, cerium, and praseodymium,
the REq;Ni compounds are also reported congruent melting. All
other Tompounds are formed peritectically. Solid solubllity is
limited 1n all systems.

Niobium. Partial phase diagrams for the systems lanthanum-
niobium {Figure 82) and cerium-niobium (Figure 83) have been
constructed by Savitskii. An extensive two-liquid region exists
in both systems at high temperatures. The solid solubilities of
lanthanum and cerium in niobium arenegligible,

The complete phase diagram for the system yttrium-niobium
(Figure 84) has been determined by ILundin and Klodt (471).
Again, an extensive liquid immiscibility region occurs and solid
solubility 1s low,.

Plutonium. The cerium-plutonium system {(Figure 35) has
recently been reported by Ellinger and co-workers (179). Cerium
is soluble in delta plutonium which it stabilizes. Plutonium
is extensively soluble in (beta) cerium (defined as the room
temperature stable fce structure), and slightly soluble in gamma
cerium. Restricted solublility is indicated in alpha cerium. No
compounds are formed.
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Rare Earths. A limited number of phase diagram studies have
been made of rare earth metal systems with other rare earths. Vogel
and Xlose (888) investigated the cerium-lanthanum system. Ccmplete
solid solubllity was found between the same crystallographlc phases
of the itwo elements. The phase diagram obtained is presented in
Figure 86 to indicate the nature of the system, It must be noted
that currently acceptad translormation temperatures for lanthanum
and cerium, and the melting polnt of lanthanum, are at some variance
with the points indicated in the diagram. Recent work by Savitskii
confirms the mutual unlimited solubility of lanthanum and cerivm,
and presents details of the solidus-liquidus region (Figure Bg).

The phase diagram is reported only for temperatures above 675~C.
Savitskii reports phase transformaticns in lanthanum and cerium at
E00°C and 380°C respectively, and therefore does not indicate such
transformations in the phase diagram (Spedding and co-workerg 766)
reported the high temperature transformaticns at 864 and 730°¢
respectively).

Spedding and co-workers (351) have investigated systems of
yttrium with lanthanum, praseodymium, and neodymium. Although
complete phase diagrams have not been presented, extensive mutual
solid solubility has been reported, and a new structure of the
samarium type has been found at approximately the equiatomic
composition.

Iundin and Klodt (471) have determined the phase diagram for
the cerium-yttrium system (Figure 88), Cerium 1is extensively
soluble (approximately 50 welght percent) in alpha yttrium,., Several
percent of yttrium dissolves in gamma-cerium. A single phase region
extends between the high temperature (delta) form of cerium and the
high temperature (beta) form of yttrium. This phase dissoclates by
peritectoid and eutectoid reactions to form alpha ytirium, a gamma
phase with the samarium structure, beta cerium, and gamma cerlum,

Rnenium., Iundin and Klodt {471) report the phase diagram for
the yIfrium-rhenium system (Figure 89}, One peritectic compound,
YRe,, is formed, a eutectic 1s present at the yttrium end of the
system, and solid solublility is very low.

Silicon. A partial phase diagram (Figure 90) for the cerium-
s11icon system has been presented (91, 882). One compound, CeSi,
was ildentified. Krikorian (419) nas reported additionally the
presence of CeSiO_35, 09310.5, CeSiO_75, and CeSi, in this system.

The yttrium-silicon system (Figure 91) has been reported by
Lundir and Klodt (471). Four intermetallic compounds are
indicated. Solid solubility 1s negligible.

Silver. Lanthanum-silver, cerium-silver, and praseodymium-
silver phase diagrams have been reported (Figures 92-94), Three com-
pounds are reported in each system with multiple eutectlics present.
No solid state solubility is reported. Ferro (204 ) reported NdAg,

: NdAgg, and NdAg3 similarly present in the neodymium-silver system.
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Tentalun, The phase diserenm for “ro yririvm-tantalum system
(FiguTe S5) Taz veen astermined by Lucdin znd Kloas (471). It is
characterized bty an extensive nigh te @ture liguild Immiscibllity

,,,,,

region. No compounds sre formed and =0114 colutlllty is very low,

Thallluwm. 2~ partial phase diegram for the lanthanum-thallium
system, and complete diagrams for the cerium-thalllum, and praseo-
dymium-thallium svystens nsve been reported (Figures 96-398}, The
systems are appsrentily similar, with several compounds and one
eutectic, No solid solubpllity iz shown,

Thoriun., The cerium-thorium system hzs been investigsted
by Welrer et =21 (899), znd a simplifiied diagram was reported
(Figure 9%). Compiete solid soiution was f{ounc for the fuce
centered cuble phase, Complete mutual solublliity was also re-
ported by Van Vucht (860),

dough and Bauer (696), have reported that Shere is exfensive
s01ld solubility in the lanthanum-thorium system,

The yttrium-thorium system nas recently been lovestigated by
Eash and Carison (172). The high temperature bets yotrium and
beta thorium phases form s reglon of complete so0lid solubility.
The beta phase dissoclates eutectoldally into alpha thorium ard
alpha ytirium solid solutions., The solubllity of theriun in g lphs
yttrium, and of yttrium in alpha thorium is extensive but not
complete (Figure 100),

Tin, Phase diagrams have been reported for the lanthanum-tin,
cerium-tin, and praseodymium-tin systems (Figures 101-163). &
number of compounds are present, and multiple eutectics exlst,

Partial tentative diagrams for the yttrium-tin (Figure 104)
and ercium-tin (Figure 105) systems have been reported by Love (463),.
£ eutectic exists between the rare earth metal and the first
compound, REssSn., Solubllity is very low 1n all systems,

Litanium., The titanium end of the cerium-titanium system has
been investigated by Taylor (810) and by Savitskii and Burchanoff
(710). The phase diagranm (Figure 106) proposed by Taylor indi-
cates limited solubllity of cerium in tltanium, reaching 2 meximum
of scomewhat less than 1% at the peritectold (¢itanium transformation)
temperature, Savitskli, however, reports significantly greater solu-
0ility, reaching approximately 5% at the titanium transformation tem-
pereture, which incidentally is reported raised by some 330 to 915%,
The solublility at room temperature is reported as 2-23% (Figure 107).
Love (462) examined a 2% cerium alloy by X-ray and metzllographic
metheds, and concluded that this was above the 1limits of sclublility,
in agreement with the results of Taylor,
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temperatures near the melting points of the metals. Solid solu-
bility is very low at both ends of the diagram. A sutectic is
present near the rare earth end of each system.

The lanthanum-vanadium system (Figure 119) is reported by
Savitskii (709), and 1s essentially of the same form. A sutectic
is reported at the vanadium end of the system, and thnere appears
to be a small peritectic region at the lanthanum end.

Zinc., The lanthanum-zinc system has been investigated by
Rolla and Tandelll (€85). PFive compounds, laZn, LaZn,, laZny,
tadng, and LaZnqs were reported. Schramm (721), howeVer, reports
that the compounaq at the zinc end of the system are Laano and
LaZnyy, and Nowotny (59€) reported the crystal structure 2f a
LaZnz” compound. The location of thermal arrests as reported by
Rolla and by Schramm are also markedly different, It is therefore
difficult to construct a representative prase diazram, and none
is presented in tnis report.

ZLLcoriuw. aase dlagrams have recently been constructed for
Z¢P“Oﬂlun wWitn 5ttr¢un, and with several of ths heavy rare earth
atals.

The ytitriun-zirconium system igures 120 and 121) has been
investigated by Iundin and Klodt ’AVJj and in part by Love (k463)
Their results are in general agreement, The system is simple
euteciic with no Intermstalllc compounds. There 1s some solubil-
ity near the eutsctic tempsrature at both ends of the system.
Love indlicates thal there is several percent solubility of
Zirconium 1in yttrium at room temperature,

A tenta 1v phase diagram for the gadolinium-zirconium systen
ig given in Figure 122 after Armantrout, et al (851)., The solu-
5ility of zirconium in gadolinium is about the same as in yttrium.
The solubility of gadolinium in zirconium is somewhat greater,
however, particularly in the beta phase.

A tentatilve phase diagram for the dysprosium-zirconium
system (Figure 123) 1s reported by Armantrout, et al {550), This
system 1s agaln similar to those of yttrium-zirconium and gado-~
linlum-zirconlum except for increased solubility of dysprosium
in zircorniunm The solupllity of dysprosium in alpha zirconium at
the peritectoid is approximately 13%, in beta zirconium at the
gufectic approximately 3I0%.

“

The phase diagram for the erbium-zirconium system has also
been determined by Armantrcout, (£50) and a partial diagram at the
ervium end was estaoplished by Love (463) (Figures 124 and 125)

Tne systemn is gquite similar to those discussed above except for
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inereased solubility. The solubility of zirconium 1n erblum 1is
approximately 20% at the eutectic temperature. The solubllity
of ervium 1s approximately 30% in alpha zirconium at the
peritectolid temperature, and apparently over 60% in beta zirco-
nium at the eutectic temperature, The zirconium alpha-beta
transformation is raised by somewhat over 100°C.

Ternary Constitutional Diagrams

Only limited work has been reported on determirations of
ternary diagrams involving the rare earths.

Farkas and Bauer (10G4) studied the addition of ytirium to
iron-chromium alloys. Tentative ternary isctherms were presented
for 6000, 9000, 1100°, and 1250°C. The solubility of ytorium is
low. The first yttrium compound formed is YFer, which is present
in equilibrium with alpha ircen-chromium, Epsiegln and co-workers
( 188), investigated the solubllity of the lantharides, as well as
yttrium, in chromium and in chromium-iron ccmpositlons, The
solubility was found to be low for all rare earths 1n 21l chromlum-
iron compositions.

The ternary systems cerium-cobalt-iron and cerivm-cobalf~
plutonium have been investigated and reported by Critchley (132},
Vertical sections, iscthermal sections and liquidus surface contours
are presented.

Vogel and Klose have examined the ternary system gilver-
cerium-lanthanum (889), Continucus sclid solutions were found
between the systems silver-cerium and silver-lanthanum. The com-
pounds Ag.Ce and Ag,la were reported to have the same melting point;
as did the compounds AgoCe and Agpla. The solid solutions between
the respective compounds also had the same meliting points as the
compounds themselves,.

Murray (579) studied the effects of the addition of small
amounts of cerium to thorium-zirconium alloys. The thorium-
zirconium system contains a solid state miscibility gap. The
addition of 2 atomic percent of cerium causes the miscibility
gap to disappear and a smooth beta decomposition curve is obtained.
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Principles of Alloying Behavior as Applied to
Rare Earth Metals

The lanthanons, because of their unusual electronic structures,
have become elements of considerable interest %o investigators
working in the field of alloying behavior and the properties of
metals as related to basic physical principles., The rules of
Hume -Rothery, Raynor, Pauling, Mott, and others have been used
as guldes for the prediction of alloying behavior, and for the
selection of alloy systems to be investigated (462,463,464),
Conversely, experimentally established data on solubility, compound
formation, melting point depression, etc., have been analyzed to
establish agreement with first principles. The available phase
diagrams and miscellaneous data, unfortunately, relate to scattered
systems which were of interest to individual investigators, rather
than to comprehensive evaluations for obtaining systematic,
comparative data. Additionally, as previously noted, the accuracy
of some of this data is suspect. Nevertheless efforts at cor-
relation and evaluation have been made, notably by Gschneidner
and Waber (265),

Solid Solubllity. The solid solubility rules of Hume-Rothery
(332) wWere {ound to apply reasonably well for rare earth metals,
although most of the data available to the authors involved only
the elements lanthanum, cerium, and praseodymium, and to a lesser
extent yttrium and europium. Darken-Gurry maps, which combine
size factor and electronegativity factors for the prediction of
solid solubility were constructed for lanthanum, cerium, yttrium,
and europium.

It may be noted that Love (462,463), Armantrout {850,851),
and Lundin and Klodt (471) have since reported on zirconium systems
with gadolinium, dysprosium, erbium, and yttrium. The atomic
radius of alpha zirconium is 1.60 A®, 'The radii of gadolinium,
yttrium, dysprosium, and erbium are 1.79, 1.78, 1.77, and 1.76 A°,
respectively. Although the change in radius of the rare earths
appears to be small, the larger radii are at the limits of size
suggested by Hume-Rothery for solubility, and indeed it is found
that solublility is limited. The radius for erbium, however, is
within 10% of that for zirconium, suggesting significant solubility,
and such is the case,

Compound Formatlon., Pauling (621) has formulated concepts of
compound formation based upon bond orbital and electron availability
of the elements. The rare earths were found (265) to form com-
pounds 1n agreement with these principles.

Hypoelectronic (electron deficient) atoms do not form com-
pounds with the rare earth metals. Stable and hyperelectronic
(electron excess) atoms do form compounds., The buffer atoms
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of the 1A to 7A periodic groups do not form compounds, wnile
those of the transition and 1B to 7B groups do.

REutectic Composition and Temperature. Raynor plots (667
relating the meiting points of the {irst compound to the eutectic
temperature and to the eutectic composition were also made by
Gschneidner and Waber {265) for cerium-, lanthanum-, and praseo-
dymium rich alloys. In general, the eutectlc temperature rises,
and the eutectic composition decreases with increase of compound
melting point: in agreement with theory.

Thermodynamic Considerations. Gschneldner and Waber {(P65)
revieWed the ihermodynamlc considerations of Jones {373) and of
Betterton and Frye { 51 )} as applied to the liguidus and solidus
curves for rare earth alloy systems. The methods show promise,
but usefulness is 1limited by lack of accurate data.

Analysisg of liquid phase solutions (mutual solubility) was
based on the thermodynamic proposals of Hildebrand {312) and
Mott (B74). The Mott bonding numbers and the Hildebrand factor
as calculated by Teatum, Gschneidner, and Waber (811} were re-
ported. The authors concluded that Mott's analysis appeared
more reliable.

Haefling and Daane { 270 } have determined tne solubility
of uranium in varlous rare earths, and of the various rare eartihs
in uranium at temperatures from 1050° to 1250°9C. The solubilities
are low and an extensive immiscibility reglon exists., The authors
report that calculations according to Hildebrand's rule indicate
very high temperatures are necessary for complete gsolublility. The
solubility values for some of the rare earths do not fall iIn line
with calculations however, Ytirium and lutetium are farthest
from theoretical, and the authors ascribe their behavior as
possibly due to the fact that yttrium has no Af electrons, and
that in lutetium the 4f shell is completely filled.
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METAL ALLCY SYSTEMS CONTAINING RARE EARTHS

Introduction

The most important alloy of the rare earths 1is that of the
rare earths in each other, commercially referred to as misch
metal, cerium misch metal, or even at times, as cerium metal. A
tynplcal composition contains 45% to 50% cerium, 22% to 25% lan-
tharum, 15% to 17% neodymium, 8% to 10% other rare earths, up %o
E% of iron, 0.1% to 3% silicon, and lesser percentages of calcium,
magnesium, aluminum, oxygen, nltrogen, and carbon, The rare earih
metals, it is noted, ars present in misch metal in about the same
proportions as in the ore from which the misch metal was produced.
The melting point of this alloy 1s approximately 750°C, and it is
usually ocroducad by electrolysis of the rare earth chlorides.
Approximately one-fourth of the commercial production of rare
gartns is devoted to misch metal or misch metal alloy systems.

Tne largsst use of rare earth alloys is in sparking flints
{or lignters. The flint materlial is an alloy of the rare sarth
miscn metal and 18% to 30% of iron. It may contaln small amounis
of zinc, aluminum, magnesium, caleium, and silicon., These alloys,
of course, are pyrovhoric,

Metallurglcally, rare earth alloys are frequently used as re-
firirg and cleaning agents. In steel, as deoxidizers, they are
added as ferro-cerium or misch mnetal. The addition of 0.2% to
hot snort, high alloy stainless austenitic steels relieves the
nhot shortness condition, The addition of 0.75% of misch metal to
cast ‘ron produces nodular graphitic cast iron, which in some cases
ftas replaced cast steel parts. Misch metal is added to aluminum
and magnesium alloys to provide sirength at high temperature. In
alrcraft applications, for example, 2% to 6% of misch metal may
be added to magnesium used for structural applications; or 0.3%
misch metal may be added to secondary aluminum for pistons for
internal combustion engines., Misch metal is also used in nickel
alloys for high temperature oxidatlon resistance, in copper alloys
as a hardening agent, in rectifiers, and as getters in vacuum tubes,
Tha application of rare earths to iron, steel, aluminum, and mag -
nesiun will be discussed in detail,

General reviews of the industrial uses of rare earth metals
have been prepared by Trombe (5628,837) , Charrin (120,121},
Vlasov and Kogan (877) , Kiicker and Gammill {(389) , Savitskii
(715), Howes (329}, Nijnawan (591), and Prochovnik (662),
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Historical

Rare earth alloys were first produced Iin attempts to prepare
rare earth metals by reduction of their oxides with magnesium or
aluminum., Matignon (518) produced alloys (or compounds) of
aluminum and cerium, or magnesium and cerium, in his attempts to
reduce ceric oxide with aluminum or magnesium metal. Winckler
(918)attempted to reduce cerium oxide with magnesium, and instead
produced a pyrophoric alloy of cerium and magnesium, Schiffer
(717 )working in Muthmann's laboratory attempted to reduce cerium
oxide with metallic aluminum and instead produced an alloy of
cerium and aluminum.

Muthmann and Beck (580) undertook the first major study of
the alloys of the rare earths, The salts were prepared by the
Welsbach method of fractional crystallization; the metals were
prepared by electrolysis. Cerium, lanthanum, praseodymium, and a
number of other rare earth metals in various states of purlty were
produced., Muthmann found many intermetallic compounds between
cerium and aluminum, and identified CeAlyj.

The American study of the rare earths was begun by Dr., Alcan
Hirseh (319), Dr. Hirsch prepared quantities of pure metallic
cerium, and studied the alloys of cerium with silver, gold, plat-
inum, copper, tin, antimony, arsenic, carbon, silicon, sulfur,
selenium, tellurium, lead, calclum, sodium, aluminum, zinc, cad-
mium, chromium, manganese, iron, nickel, tungsten, mercury, and
magnesium,

The electrical conductivity of misch metal was investigated
by Mclennan, Howlett, and Wilhelm (496). According to these
authors, misch metal gave no indication of becoming super-conducting
at low temperature. This is in contrast with the results obtained
with pure lanthanum, although the addition of other rare earths
to lanthanum has been shown to lower the super-conducting transi-
tion temperature (36).

Patents have been granted for the production of misch metal
(392,808), In general these patents are based upon the fusion
electrolysis of rare earth salts (usually the halide), or the
alkali metal reduction of the halide. Patents have also been
granted for the casting of misch metal (95,96) and for the extru-
sion forming of cerium-iron alloy flints (102,248), Patents have
also been granted for improvements to misch metal by heat treat-
ment or chemical means (103,247),
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Iron Alloys Containing Rare Earths

Rare earths have long been used as deoxidizers in the manu-
facture of cast lron. The earliest reference is the work of Damiens
in 1913 (147). In 1919 Moldenke (553) reported the use of cerium
bearing misch metal in cast iron, and in 1920 the trade journal
Iron Age (19) reported the use of misch metal as a scavenger or

eoxldizer in cast iron, DBecause of the availability of more eco-
nomical deoxidizers, misch metal was never widely used in the pro-
duction of cast iron. A great deal of experimental work was done
in the ensuing years however (42,124,257,268,209,405,423,788,799,
805), During this period of investigation, it became apparent
that the rare earths added were more than mere deoxlidizers. That
is to say, the properties of the cast iron produced were different
from the properties of cast iron produced using the other types of
deoxidizers which were available (42,47,00,173,562,563,5064,542),
The essence of this work is that the addition of up to 2% of misch
metal, along with silicon, magnesium, and aluminum, desulfurizes,
and increases the tensile strength, bending strength, and Brinell
hardness of cast iron.

Nodular Cast Iron. In 1948, Morrogh reported the production
of nodular graphitic structures in cast iron by the addition of
cerium (561,565). The effect of the nodular graphitic structure
on the vroperties of cast iron 1s much more pronounced than changes
merely due to a lowering (scavenging) of the sulfur content. A
number of simultaneous conditions which must be met in order to
produce the nodular structure are indicated. These are quite
¢ritical, and it is not surprising that nodular cast irons had
not been produced before, It should be noted again that Morrogh
refers to cerium additions and has produced some laboratory scale
melts with pure cerium,

After Morroghts announcement of the production of nodular
graphitic structures in cast iron by the addition of cerium, con-
siderable work was begun in widely separated laboratories through-
out the world (158,190,252,272,321,344,507,619,804), The effect
of pure cerium alloy additions, 1n contrast to misch metal additions,
on graphitic formation iIn alloy cast irons was investigated by
E. A. Rowe and H. A, Johnson (697). The cerium used was 92.6%
cerium, 1.1% iron and the balance other rare earth metals. Cerium
alone tended to produce oriented graphite and nad a chilling effect.
Desulfurization was not as complete as reported with misch metal.
Nodular structures were obtained, but at the expense of modify-
ing the acicular pearlite matrix. Best results were obtained
with 0,04% to 0.05% of cerium and 1% to 1.2% ferrosilicon.

In commercial production, the cerium additions have generally
been made as cerium bearing mlsch metal. These cast irons prossess
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properties intermediate between gray and malleable cast iron.
Properties are developed 1n the as-cast state by addition to the
melt of controlled amounts of misch metal and a ladle graphitizer.
There 1is no necessity for applylng any heat treatment subsequent
to the solidification of the castings (626).

The producticn of nodular graphite by the use of cerium or
misch metal only 1s difficult, and as indicated above critically
dependent upon a number of proceasing variables. Subsequent work
was therefore undertaken to determine the effects of the other
additives on the production of nodular graphitic cast iron.

Bogan (70) refers to the basic use of magnesium in nodular
graphitic cast iron. Traces of titanium, bismuth, lead, antimony,
aluminum, arsenic, and tin inhibit graphitization. But cerium,
fogether with magnesium, overcomes the inhibition. Morrogh also
investigated the influence of some of the residual elements in
magnesium treated nodular cast iren (566), The cerium addition
is wvaluable to neutralize some of the residual elements. Other
elements which cause graphlte to preciplitate in a ncdular form
include boron, potassium, sodium, lithium, calcium, and barium

(542).

Research by Lowhie {151)indicated that 0.05% cerium makes
the magnesium addition more effective in producing nodular cast
iron. This is in agreement with some of the previous work on the
subject as regards neutrallzation of various impurities present
in cast iron by cerium, so that the magnesium can produce the
spheroidal graphltic structure required 1n ncodular cast iron. The
addition of misch metal or ferrocerium to cast ilrcens has alisc been
studied by Shkolnikov, et al (739). Ferrocerium plus magnesium
was the preferred additive. Patents covering the use of magnesium
and cerium together, for producing nodular cast iron, include
those to Morrogh (571), Barnes and Danhm {3¢), and Steven and
Lamb (762).

A high strength iron has been reported by Estes and 3chindwind
(189}, A cast iron was produced using calcium carbide as a carbur-
izing agent, and rare earth cxides. The properties produced were
between those of gray iron and nodular iron. Otoya and co-workers
(608,609), also describe the production of an improved hypoeutectic
cast iron contalning calcium and cerium. A process for the pro-
duction of nodular cast iron using magnesium c¢hips, calcium car-
bide, and rare earths has been patented by Spangler and Estes (75G),

Snyder and Slowinski prepared nodular cast iron welding rods
by the addition of sodium and cerium to cast iron (755),

Kusikawa effected spheroidization of graphite in cast iron

by diffusion of misch metal in the solid state at elevated temper-
atures (428},
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Kol (398) found that the addition of misch metal to cast
iron increased the surface tension of the molten metal by about
50%. The increase in surface tension was accompanied by the for-
mation oi spheroidal graphite. These changes were attributed to
the decrease in sulfur content of the cast iron from 0.03% to
0.01% which was Dbrought about by the addition of the misch metal
(227,379). It seems unlikely, however, that the decrease of
sulfur content alone would effect such changes.

Hillerton and Lindblom have suggested a theory for the growth
of graphite nodules (315), This theory suggests that the growth o
such nodules 1s by means of screw dislocations generated by the
inclusion of foreign atoms in the graphite lattices, It therefore
implies a uniform distribution of the nodulizing agents in each
graphite nodule,

Steel. The effect of rare earth additions to steel is sub-
Ject to considerable controversy. Many lnvestigators have reported
dramatic improvement of propertles, others have found no improve-
ment or actual impairment of properties. Steels are complex alloys
containing a large number of alloy and impurity elements. Thelr
properties are further markedly affected by heat treatment and
processing variables, Even the order of addition of ingredients
to the melt may influence the final composition or properties of
the metal. Thus, Bolkcom and Knapp (75) found that additions
of rare earths are most effective when made after the oxygen con-
tent has been reduced to less than 0.007%, and further, that addi-
tions are more effective if made in the form of specified master
alloys, than if made as rare earth metal directly (74,76). In
consideration of the large number of experimental variables
possible, it is perhaps not surprising that all results have not
been in complete agreement.

Reviews of the uses’of rare earths in steel processing have
been presented by "Steel” Magazine (22,23).

One of the first important investigations of the effect of
rare earihs on the properties of steel was by Nekryvtyi (587). Aan
alloy of ‘eerium and the other metals of the rare earth group’
(apparently misch metal), containing 51% of cerium, was added %o
steel in gquantities of 0.5% to 2%, The fluidity of the melt in-
creased up to additions of 0.75% of the rare earth alloy; beyond
this, fluldity decreased. The carbon, silicon, manganese, and
phosphorus were reportedly not affected by the addition of 2% of
cerium, Thls research thus established the first of the basic
reasons for rare earth additions to steel--increased melt fluid-
%gy.) Thig effect was also investigated and confirmed by Pigott

42y.
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A second basic consideration for the addition of rare earths
to steel was investigated by Post, Schoffstall, and Beaver (0649,
650) and Berry, et al {59). The rare earths improve the forge-
ability of stalnless steels, Some stalnless steels which were
desirable from a corrosion standpoint were not commercially avail-
able because they could not be hot forged. Additions of rare
earths remedied this so that they could be produced on a commer-
cial scale. In addition, where nickel is added to improve the
ot workability, the rare earths allow a reduction in the quantity
of nickel required, Recent British Patents (281,159), cover the
use of rare earths to iImprove rupture strength and forgeability
of stainless steels, and rare earth additions to welding rods for
stainless steels.

Knapp and Bolkcom investigated the properties of rare earth
additions to ferrous metals (394). The rare earth alloy used was
a lanthanum rich misch metal in additions of 0.04 to 0.3%. It
improved properties of stainless, tool, alloy, and electrogrzde
steels, The rare earths were belleved fto work by complexing the
nonmetallics carbon, oxygen, sulfur, nitrogen, hydrogen, etc.,
to a stable refractory form. It was reported that the transition
temperatures were lowered, the hardness and impact strengths were
increased, and ductilities were improved. The fluidity of the
melts Increased, and less grain coarsening occurred, Others re-
porting improved properties in steels as a result of rare earth
additions include Lomas (459) Willners (914) and Lilliequist
and Mickelson (452) who reported the results of a systematic
survey which revealed that tne addition of rare earths tec cast
steels had a beneficial effect on almost all the properties, and
in no case was any detrimental effect noted. Improvements were
found in ductillity, impact strength, inclusions, hot tears, fluid-
ity, sulfur reduction, porosity, weldability, and feedability.
The addition alloys investigated contain various percentages of
the rare earths and are known commercially as '"Lanceramps”. Other
workers reporting improvedgqualities for steel include Post and
Beaver (648) who reported on the use of rare earth metals in
gstainless steel production. :

The addition of cerium and lanthanum overcomes hot shortness
In steel alloys containing chromium, molybdenum, tungsten, nickel,
and copper. Misch metal 1s added in various amounts from 0.02%
to 0.18%, depending upon the kind and amount of alloying constit-
uent present (616). '

Hurlich (334) observed that the addition of two pounds of
rare earth metals per ton of low alloy boron treated steel in-
creased ductility and toughness. Boni and Buffum (80), noted
that the addition of rare earths caused an increase in the impact
gtrength of two experimental gun steels at the ftransition temper-
ature. The effect was greatest on specimens with a bainite-
martensite structure. Reed (670) found that the impact resistance
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f homogeneous armor steel plate was iImproved by rare earth metal
additions, and that its weldabllity was improved by rare earth
oxide additlions. Recent patents have been granted for rare earth
modified alloy steels with improved low temperature impact strength

(75,538).

Wells and co-workers (901), on the other hand, made a statis-
tical evaluation of the toughness of ordnance steels as deoxidized
by varicus technigues including rare eartan additions, and concluded
that the effect of rare eartns was not f{irmly determined, Stiles
and Pierson, investigating the effects of rare earth and of boron
additions to 18 medium carbon steels, repcrted no significant
effect on impact properties from such addlitions (797). Gerken (235)
reported further that lanthanum additlons to manganese-molybdenum
armor steels increased notch sensitivity.

Grain refinement 1s frequently claimed for rare earth addi-
tions to steels. U.S. Patent No. 2,683,661 was granted to Tisdale
and Tisdale (818)covering the production of iron or low alloy or
carbon steels ftreated with a composltion containing rare earih
metals, e.g. misch metal, for the production of fine grained
iron and steel. An Austrian patent was granted to Bonler and
Company A&.-G. (72) for grain refinement in the casting of high-
melting metals. The effect of a 3% addition of an alloy contain-
ing lanthanum and cerium is covered.

In stainless steels, however, Gautschi and Langenberg report
inccnsistent resuvlts. Lantnanum had a grain refining effect in
3C 1lb, ingots, but results with 200 lb. ingots were not consistent
(228).

DeMastry and co-workers (156), added yttrium to 55Fe-22Ni-
17Cr-3Mo-1Nb and 36Fe-38N1-18Cr-3Mo-2Nb-1Al alloys, and found
essentially no effect on fabricabllity by small additions (up to
1-1/2% to the first, up to 1/2% to the second). The ductility at
elevated temperatures of the fabricable alloys was slightly increas-
ed,.

One of the important effectsof rare earth additicns to sieel
is control of sulfur impurity. It is not yet completely clear
whether this is accomplished through actual removal of sulfur, or
through 1ts effective removal by the formation of stable compounds.

Tageev and Smirnov (807) report the formation of high melting
point sulfide constituents which aided in the prevention of segre-
gation during solidification. Singleton (743) reported that sul-
fides stay in the ingot as inclusions (while oxides slag off), and
Knapp and Bolkcom, as previously Indicated (394) believe the
sulfides ares complexed to a stable form,.

Gautschi and Langenberg, however, found that rare earth
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additions lowered the sulfur content of stainless steels when the
original sulfur exceeded 0.015 per cent {228), Endebrock and co-
workers found the sulfur content of stainless steel was reduced
from 500 ppm to less than 80 ppm by yttrium (187). Russell (699)
reported that additions of rare earth metals, either in the ladle
or in the mold, effectively reduced the sulfur content of the
steels to which they were added, Impreovements in hot workabllity
and surface condition were ascribed to an increase 1n the manganese
to sulfur ratio. Mention has already been made (loc.cit.} that
Tisdale believes the sulfur content to be lowered., Various addi-
tional reports have been made (21,50,418,4322,670,916) but a
definitive answer is not yet apparent.

Improvement by the addition of rare earth oxides, rather than
metal, has also been reported (22,122,299,357,393,635,726,203).
Patents have been issued to Tisdale and Tisdale (©17,819) covering
the addition of C.05 to 0.25% of rare earth sllicides or oxides,
but especially the latter, to steels and stainless steels. Sulfur
content was reduced, and a fine grained as-cast structure was
obtained. The use of master alloys for the intrcductlon of rare
earths ( 74 ),and rare earths plus boron (7¢), has been previously
noted.

The effect ¢f rare earth additions on the corrosion properiles
of steels has not been extensively investigated. Beaver and
Lamphier (51) discuss a new rare earth containing alloy "Carpenter
20", an austenitic stainless steel, whose mechanlcal properties,
hot working qualities, and corrosion resistance are improved.
Wright, Block, and Kato (923) modified type 304 stainless steel
by arc-melting with up to 43% gadolinium. Alloys to 25% were
homogeneous, workable, and showed good corrosion resistance Iin
hot water and steam.

Collins (127 reported that the elevated temperature oxida-
tion resistance of iron - 30% chromium alloys is remarksbly im-
proved by low yttrium additions. One percent of yttriuwi 1s equiv-
alent in effectiveness to 5% of aluminum, and additiconally produces
a fine grained structure. The coxide coating which forms on a 25%
chromium, 3% aluminum, 1% yttrium alloy is hard and enamel-like,
in contrast to the flaky scale which normally forms on the ytirium
free alloy.

Dubinin (169) reported improved heat resistance for steel
after surface alloying with cerium,

The physical properties of iron alloys are alsc changed Dy
the addition of rare earths. Savitskii (709} comments on shifts
in magnetic properties of iron-aluminum alloys. Iron alloys con-
taining nickel, aluminum, and rare earths have been described by
Glaser (244) as having improved magnetic properties.
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As has been noted, work on stainless steels, and steels in
general, has primarily Iinvolved additions of rare earths as misch
metal or mixed oxides., Ianthanum and cerium metals of various
degreee of commercial purity have been used to a lesser extent,
and a few investigations have been made with yttrium. There is
no agreement as to wnhich additive or method of addition is best;
different investigators claiming various degrees of success or
failure for their particular experiments. Little comparative
woerk (for various rare earths) has been done, and almost all of
this involves only lanthanum, cerium or the mixed metals. The
previous discussion of elemental properties, however, has indi-
cated that the individual rare earths are not only dissimilar
but have propertiles considerably different from those cof misch
metal,

Magnesium Base Rare Earth Alloys

The addition of rare earths to magnesium produces alloys with
improved creep resistance and strength propertles at elevated
temperatures., Altnough experimental evidence indicates that
vitrium and individual elements other than lanthanum or cerium may
be the most effective additions, economic considerations have thus
far llmited usage to misch metal and didymium. A number of alloys
have been developed and are in commercial production.

T™ie gzrowth of magneslum-rare earth alloys paralleled the ip-
est in lighter-than-air craft in Germany prior to World War II.

ter

The earliest recorded reference to such alloys is a British patent
lssued to I. G. Farbin Industries (340}, Austrian (408) and French
(2432} patents were issued a2t about the same time.

Tha binary alloys of magnesium with aluminum, zinc, calcium,
cerium, cadmium, and manzansse were reviewed by Dumas and Rochaert
{I707. The constitution, structure, and propertles of these
alloys; and the mechanical properties of twelve French alloys of
magneslum in the sand-cast, chill-cast, and forged extruded states
ars tabulated. Tugaskov discussed the influence of alloying ele-
ments on aluminum and magnesium alloys (468}, Beck edited a com-
prenensive volume outlining the development of rare earth and zlr-
coniu? c?ntaining wrought magnesium alloys in Germany from 1926-
1035 (H3).

Haughton and Schofield, in a series of researches on the
alloys of magneslum, investigated the constitution of the magne-
slum rich alloys of magnesium and cerium (289), They used pure
cerium and pure magnesium, and their results are incorporated in
the sectlon of this report concerned with the phase diagrams of
tre rare earths, In 1939, Haughton and Prytherch reported on
duropean developments in wrought magnesium alloys (287). McDonald
(452) reported on the effect of varicus additions in magnesium
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alloys. Magneslium-cerium alloys were also investigated by the
following researchers: Neklyudor (586), Pogodin (646), Mikheeva
(539), and Bohme and Choulant (73), Some of these magnesium-ceriun
alloys nave been extensively studied and the recrystallization

and hardness diagrams have been constructed.

Ieontis (437,438,446) has investigated different rare earth
alloying agents in conJunction with magnesium. Neodymium (75%
neodymium, balance other rare earths) has a relatively high solu-
bility and lanthanum and cerium have relatively low solubility in
magnesium., Better mechanical properties were obtained with the
neodymium rare earth addition. Cerium and lanthanum are apparently
less desirable because of their low solubilify in magnesium, which
increases greatly the amount of intermetallic compound present.
Ieontis has summarized the effect of the various lignt rare earths
on the yield strength of cast magnesium alloys containing 6% of
rare earth metals (443). The results are presented in Table XXII.

The work of McDonald (484,485) also suggests that thorium or
neodymium gives better physical properties than misch metal.
Iucien and Tetart, however, recommend rather specific lanthanum-
didymium ratios for optimum properties (466}, Mellor and Ridley
(529) indicate that cerlum may be used as an alloying agent if
manganese 1s added. The manganese apparently restrains the
coarsening of the MgoCe intermetallic compound which then remalns
as a fine precipitate. Good creep resistance 1s reported.

The yttrium-magnesium alloy system has been studied by Gibson
and Carlson (239) . The resuliting phase diagram is presenfed I1n
the previous section of this report (Figure72). Yttrium shows
appreciable solubility in magnesium, The solubllity is temperature
dependent, and with the existence of intermetallic compounds in
the system, there 1ls good potential for the development of age
hardening alloys., Although commercial magnesium alloys have not
been announced, Implications of actlive research are found in the
literature (443,709).

The mechanism by which the rare earths increase the high tem-
perature properties of magnesium is discussed by Patten (618),
Grube (260%, Leontis (438), Van Ewyk (193), McDonald (485), and
Roberts (680). The rare earths are bellieved %o impart high creep
resistance at room and elevated temperatures by an especially potent
precipitation hardening process, locally at the grain boundaries,
and also generally within the grains. The primary effect of the
graln boundary preclpitate is the blocking of the cyclic grain
boundary deformation which is characteristic of unalloyed magnesium,

The effect of zirconium on the solidification crystallization

of magnesium alloys has been investigated. Zirconium is added to
the cast alloys as a grain refiner to prevent the formation of the
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rather large gralns which are common in cast magnesium alloys (577).
While sand-cast, binary magnesium-cerium alloys containing approx-
imately 3% rare earths {added as misch metal) possess good strength
and resist creep at elevated temperatures, their mechanical proper-
ties at ordinary temperatures are poor. The addition of 0.5% of
zirconlum gilves these alloys mechanical properties at room temper-
atures comparable to usuval casting alloys, but still prossessing a
high order of resistance to creep at elevated temperature. Other
researchers on this type of alloy include: Sauerwald (706,707),
Sully (802}, and Ball (31). Pashak and Leontis (615) have recent-
ly noted that in contrast to the significant improvement ocbserved
in cast properties, zirconium additions to magnesium-rare earth
alloys have little effect on the properties of extrusions,.

Substantial additions of zinc can be made to magnesium-misch
metal and magnesium-misch metal-zirconium alloys without markedly
affecting either room or elévated temperature strength properties
(557, 445, 443, 589), The addition of zinc improves general
foundry characteristics, and simplifies heat treatment procedures.
It renders castings free of microporosity, and strength properties
are malntained over longer periods of exposure at elevated temper-
atures {443). Ieontls and co-workers {440, 443, 615) point out,
however, that the addition of zinc to magneslum-didymium-zirconium
alloys are in general detrimental, due to the suppression of the
normal high response of these alloys to solution heat treatment
plus precipitation hardening.

Payne and Balley (623) and l[eontls (442) have found that
magnesium-didymium-zirconium alloys containing 1-3.5% silver ex-
hibit an exceptlonal combination of properties, both in cast and
wrought forms. Commercial alloys have been developed in both the
United States and Great Britain.

The commerclal develcpment of magnesium alloys containing
rare earth metals became active after about 1948, A large number
of articles appeared during the following decade covering tech-
nigques used, and properties obtalned, in relatively large scale
commercial use (18,20,101,105,148,163,176,192,215,258,260,261,
273,403,439, 444 K45 LB6,48T,488,497,508,523,529,557,618,62L,
680,687,688, 741,800,875 ).

The importance of these alloys in milifary applications is
reflected in the number of service sponsored research programs in-
volving these materials. Among others, reference is made to the
technical reports of Park and Wyman (611), Pashak (614), Baker
( 30 ), and Johnson and Masteller (369), and to a number of more
gecegt6§eports in the technical literature (18,202,406,440,588,

23,810),

A large number of patents have been issued covering composi-
tlons intended primarily for elevated temperature applications
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and improved corrosion resistance. Referenced are the following:
2,?,8,32,5&,165,186,2&1,242,246,285,288,311,341,342,365,366,367,
368,381,&&7,4&8,466,&67,490,491,498,499,505,556,567,568,569,570,
576,659,663,708,756,757,758,907,908.

The composition of commercial alloys as produced in the United
States and Great Britain is given in Table XXII¥, Extensive compi-
lations of mechanical properties have been derived, and much infor-
mation is provided in the following references: ©0G,166,443,753.

Recent reviews and summaries of the nature of magnesium-rare
earth alloys, their metallography, heat treatment, properties and
applications are given by Stonebrook (798), Emley (185), and
Leontis (&41,443),

Aluminum Base Rare Earth Alloys

The effect of rare earth additions to aluminum and aluminum
base alloys has not been well established. Results reported by
a numnber of investigators, almost all of whom used cerium as the
alloying rare earth, are inconclusive or contradilctory.

Schulte (723,724) investigated the effect of cerium on the
properties of aluminum and light metal alloys. Some strengthening
was observad, and was ascribed to the removal of impurity iron by
scavenging. Kroll (420) reported on the effect of yttrium in
aluminum aliloys. While the yttrium addition somewhat increased
the hardness of certain alloys, and maintained a higher level of
hardness over the temperature range to 300°F, the effect was not
imoressive. Bosshard {86) found that cerium had no appreciable
effect on the elecirical, chemical, or mechanlcal properties of
aluminum or az2luminum-maghesium alloys, but had a deleterious
effect on the properties of some of the other aluminum alloys.
Savitskii (709) contrariwise, reports that rare earths improve
electrical and thermal conductivity of aluminum alloys. Petri
{636) reporied that the additvion of cerium increased the tendency
for stress corroslion. Bauklon and Redjall (48) indicated that the
addition of cerium noticeably increased the solubllity of hydrogen
in aluminum. Bowen and Bernstein (87) found that cerium had
little effect on the grain size of cast aluminum-copper alloy.
Kubicheck and Mal'tsev reported that lanthanum and cerium did not
affect the surface tension of an aluminum - 10% magnesium alloy
(425), Gaume-Mann and Cohen (226) found that lanthanum im-
proves strength, elongation characteristilcs and rupture resistance
of aluminum,.

Despite the lack of agreement among researchers, cerium has
been, and is being, used as a component of alloys for aluminum
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pistgns. A number of patents nave been %ranted for this purpose
(8116?383 321""9;?5?4 337555?856?);:'; 7@0,7“45,7& ) »

Titanium Base Rare Earth Alloys

The titanium metal industry has developed primarily in the
period since World War II., Investigations into titanium-rare
earth systems, contingent upon the preliminary development of
titanium metallurgy, has largely occurred only during the past
decade,

One of the first investigations is described in a patent
issued in 1950 to Kroll for the preparation of titanium-rare earth
alloys (421), Rare earth chlerides are added to titanium chloride
and the two are simultaneously reduced by molten magnesium.

The effect of rare earth additions on the mechanical proper-
ties of titanium has not been well established. As for other
vase metals previously reported, some investigators indicate im-
proved properties, others report adversely affected properties.

Titanium-gadolinium alloys were investigated by Ogden and
Jaffee (599). Gadolinium was added as Gdp0z. Two alloy series
were prepared, one of 0.6% gadolinium and ohe of 5.2% gadolinium.
The 5.2% gadolinium alloy showed an ultimate tensile strength of
74,000 psi compared with 43,000 psi for pure titanium. The 0.6%
gadolinium alloy was intermediate. Other properties were influ-
enced in a similar manner. The matrix was equiaxed alpha with 3
second phase in the graln boundaries and within the grains. This
was thought to be Gd203 which had not decomposed on melting.

The weork of Ogden and Jaffee was reported in 1950, For a
number of years thereafter 1little investigation occurred in this
field. The recent availability of rare earth metals, and increas-
ed interest in materials for use at elevated temperatures spurred
resumption of research,.

Titanium-cerium alloys were investigated by Antes and Edelman
(24), The effect of cerium additions on the grain size and mechan-
ical properties of cast Ti-6A1-4V was studied, Two heat treatments
were used. Cerium up to 0.42% was added and was found to decrease
strength and ductility due to the cerium-rich phase in the grain
boundaries., Grain size was reduced, but no benefit from the re-
duction was apparent.

The tensile properties of commercially pure titanium were

found to be essentially urnaffected by small alloylng additlons of
lanthanum, gadolinium, yttrium, or erbium {463), Wright and

WADD TR 60-864 109



co-workers {923) prepared titanium-gadolinium alloys and found
good corrosion resistance in not water and steam.

Hiltz (317) investigated the precipitation hardening systems
titanivn-silver~-cerium, titanium-copper-cerium, and titanium-
silicon-cerium. All showed appreciable response 10 age hardening.
Hot shortness was evidenced in the silver alloy, 2and there was no
alleviation of the c¢cnaracteristic rapid aging and coveraging cycle
of the binary silver alloy. The copper alloy, nowever, showed
pronounced precipitation hardening and a slow overaging reaction.
The alloy was considered promising for potential commercial appli-
cation.

Davies (149) investigated the effects of ternary additions
on lattice parameters ir, the gamma phase of the titanium-aluminum
alloy system. Substitution of yttrium for part of tne aluminum
reduces the ¢/a ratio, and 1t appears to approacnh 1.00 at between
3 and 5.5% ytirium substitution.

Jaffee and co-workers (359) investigated titanilum-tln matrix
alloys with a number of ternary element additlons. Cerium was
found to be a compound former, and compositions containing 0.1-3%
were pvatented.

Several studies were made of internally oxidized systemns.
Dhosi (160) studied the high temperature properties of titanium-
copper-cerium alloys, modified with zirconium and tantalum, and
internally oxidized. Both aging and internal oxidation improved
stress rupture properties, but the effects were not additive.
Hiltz, and Hiltz and Grant (316,318) studied the high temperature
properties of internally oxidized titanium-cerium alloys. In-
creases 1in strength over pure titanium were noted,

An important consideration in alloying studles with titanium
is the possible presence of impurlty elements and the scavenglng
effect of the rare earth metals. Bare and Carlson (37) have
shown that yttrium, added to sponge titanium, lowers the hardness;
possibly by oxygen gettering. Wnen yttrium was added to crystal
bar titanium of low oxygen ‘content, however, the hardness was in-
creased, which was attributed to possible solid solution hardening
or second phase formation. The observation by Savitskii that the
welding of titanium is improved by rare earth additilons (709 may
also be attributable to the scavenging of impurities, Love (462)
investigated the addition of rare earths to electrorefined titani-
umn, a grade intermedlate In quality between sponge and crystal
bar grades, Essentially no change was found in hardness cr
tensile properties by the addition of up to 1% of lanthanum,
gadolinlum, erbium, or yttrium,
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Heat Resistant and Refractory Allovs

Rare earths have been added to a2 number of heat resistant
and refractory alloys., Again, conf'licting reports of the effect
of these additions have appeared in the literature. Since the
principal interest in heat resistant zand refractory elements is
in phenomgzna at elevated temperatures, thermal factors are of
particular importance in test methodology. Atmospheric corrosion
properties of alloys at elevated temperatures have also been
investigated.

26,327) investigated the effects of
added rare earth elements on the oxidation of nickel and nickel-
chromium alloys, and found that the addition of less than 0.01%
cerium gives a tenfold increase in the 1ife of nickel-chromium
electrical resistance wire operated beiween 1150° and 1200°cC,
Small additions of calcivm behave similarly, but not nearly as
well., The effect was believed to be due to formation of a strong-
ly adherent oxide layer, the surface of the alloy tnus being pro-
tected by a gas impermeable film consisting essentlally of one

or more of the oxides of the rare earth elements {33), Collins
(127}, however, reports that the elevated temperature oxidation
resistance of "Inconel" and "Nichrome V' are not measurably im-
proved by rare earth additions. A number of patents have been
granted for heat resistant alloys containing rare earth metals _
{(271,304,307,308,378,457,458,554,555,624,806). A Russian patent
(5) has been granted for a similar alloy protecting exhaust valves
of aircraft engines.

Cobalt based alloys have been investigated by Breen and Lane
(93) and Plerce and Lucas (660). Rare earths were added as misch
metal, The rate of oxidation was decreased materially in the
region of 950°C. Rupture strength was increased with all additions
tested, and the minimum creep rate was lowered by a large (2%)
addition of the rare earths. McAndrew and Levinson (U72) studied
wrought cobalt alloys with cerium and misch metal additions to
promote hot forgeability. A cobalt alloy containing 6% tantalum
and O0.4% cerium showed high strength properties, but the rare
earths did not improve oxidation resistance of the compositions
studied,

The effect of rare earth additions to chromium and chromium
alloy systems has recently been investigated in some detail,
Smith and Seybolt (751) found that cerium was effective in lower-
ing the bend transitlion temperature of as-cast chromium. The
benefits were attributed to the action of cerium in removing
nltrogen. Abrahamson and Grant found that cerium also lowered
the transition temperature of commercial electrolytic chromium
(1 ). Further studies of the transition temperature and
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mechanism at the Massachusetts Institute of Technology involved
vttrium and cerium as addition agents (449), and Metcalfl and
co-workers studled the effect of cerium additions on the ductility
of chromium {536). Fountain and Lamont (2i%) found miscn metal
to be an effective deoxidizer in high chromium-iron alloys. Tuae
improved oxidation resistance of high chromium steels has been
previously discussed.

The ductility of vanadium is markedly improved by the addil-
tion of yttrium or the rare earths (127,401,463,711,733).

The ductility and workability of niobium, and of tantalum,
is improved by arc-melting these metals with rare earth additlons.
A niobium-5% cerium alloy was found to be considerably stronger
than commercial niobium (711,733}.

Rare earth additions are effective in improving the ductility
of molybdenum (732), although Klodt and co-workers report varying
results with different individual rare earths, and with varyilng
percentage additions {390,391,711).

Improved ductility has been reported (598) for tungsten with
rare earth additions, although again Klodt reports no improvement
with additions of yttrium or lutetium.

A number of patents have been issued for hard or wear-resisting

alloys containing rare earths in tantalum, niobium, tungsten,
molybdenum, and other matrix elements (129,191,409,678,716).

Miscellaneous Alloys Containing Rare Earths

Zirconium, with rare earth additions, has been examined by
several research groups, generally with particular emphasis on
applicability to nuclear reactor systems. Anderson and CO-Workers
(10) reported the study of about 25 zirconium rich systems, one of
which was the zirconium-cerium sysiem, with respect to fabrication
and mechanical and physical property determinations, Preliminary
results were reported, but no conclusions were drawn. Armantrout
and co~-workers examinad zircconium and zircalloy - 2 compositions
with minor additions of dysprosium and erbium (848,854), Uard-
ness values were unchanged or raised slightly. The alloys were
found to be attacked by steam at elevated temperatures (to about
370°C) much more rapidly than were the base metals. Ray (6066)
reporits that the yield strangth of heat treated and guenched
zirconlum contalning 1% dysprosium 1s significantly increased, but
that other properties are essentlally unchanged.

Hausneyr and Pinte have investigated powder metallurgical
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techniques for incorporation of gadolinium containing compounds
in beryllium (290). Beryllium compacts containing 10% gadolinlun
carbide were hot pressed at 6C0° to 6509C and 25 tons per square
incn, Sound compacts were obtained naving densities within about
1% of theoretical and uniform microstructures, The alloys wsre
reported to have good hot water corrosion resistance,

Seybolt alloyed boron with yttrium and with cerium. No appre-
clabie duectility was imparted to ihe base mstal and ail of the
alloys were brittle (737).

A number of patents have been issved for miscellaneous allioys
containing rare earth metals, and their use as pyrophoric mater-
ials, getters, electron emitters, solders, etc, (104,255,293,uga,
590,597,734,855,939),
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TABIE T

NATURAL ABUNDANCE IN THE EARTH'S CRUST CF THE RARE EARTH
ELEMENTS. BEST ESTIMATED VALUES

IN ORDER COF INCREASING IN DECREASING CRDER
ATOMIC NUMBER OF ABUNDANCE
Abundance Abundance
Element (ppm) Element (ppm)
Scandium 10 Cerium 46
Yttrium 28 Yttrium 28
Lanthanum 18 Neodymium 24
Cerium S Lanthanum 18
Praseodymium 5.5 Scandium 10
Neodymium 24 Samarium 6.5
Samarium 6.5 Gadolinium 6.4
Europium C.5 Prageodymium 5.5
Gadolinium 6.4 Dysprosium 5.0
Terbium 0.9 Erbium 4.0
Dysprosium 5.0 Ytterbium 2.7
Holmium 1.2 Holmium 1.2
Erbium L.,o Terbium 0.9
Thulium 0.4 Iutetium 0.8
Ytterbium 2.7 Europium .5
Lutetium 0.8 Thulium 0.4
Total 160
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TABIE II

NATUNAL ABUNDAMCE OF SOME CCMMON ELEMENTS

Abundance
Eloment _ﬂﬂ_
Zaroon 320
Cniorine 310
Grionlanm 220
Cnromiunm 200
Vonadium 150
Zinc 130
Nickel 80
Copper 70
Tungsten 60
Bromine 30
Tin 4o
Molybdenum 15
Beryllium 6
Mercury 1
Cadmium 0.3
Silver 0.1
Bismuth Q.1
Gold 0.005
Platinum 0.005
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TABLE IV

APPROXIMATE RELATIVE PERCENTAGES OF RARE EARTH ELEMENTS
FROM THEIR MOST PROBABLE SOQOURCES

CERTUM GROUP YTTRIUM GROUP
Lanthanum 25 Yttrium 60
Cerium 50 Samarium 5
Praseodymium 5 Europlum Trace
Neodymium 15 Gadolinium 8
Samarium 2 Terbium 0.5
Europilum Trace Dysprosium T
Gadolinium 1 Holmium 1
Yttrium 1 Erbium 5

Thulium 0.5
Ytterbium L
Lutetium 0.5
(Cerium Group) Balance
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TARIE VIT

PHYSTICAL PROPERTIES OF RARE EARTH CXIDES

Melting Sp.Ht,
Density  Point Index of 0-1000°¢
Cxide*  Color (gm/cc) (°c)  Refraction (cal/gm/°C)
80233 White 2.856
Y203 White 5.037 1.91% 0.13
LajO3 White 6.51 2300
0802 White or
Lt.Yellow > 2600
?TGOll Rlack
Kds O, It.Blue 7.24 2270
Smgoﬁ V.Lt. )
> Yellow 7.095 2350 1.82 0.09
EU203 V.Lt.Pink T.300 2050
Gd,0,  Wnite 7.608 2350 1.82 0.08
Te,.C Dark
s Brown
Dy203 White 8.177 2340
H0203 It .Yellow &.404
LPQOB Pink-Red 8.650
ngoﬁ V.1, N
= Green £2.830
1,05 Wnite G.225
Lupoa Wnite 9,425

* Slable form as produced by high temperature ignition of
oxalate in air.
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TABLE VIII

UNIT-CELL DIMENSIONS OF RARE EARTH SESQUIOXIDES

Lanthanum

Cerium(z)

Praseocdymium

NeodymiUm(3)

Samarium
Europlum
Gadolinium
Terbium
Dysprosium
Holmium
Erbium
Thulium
Yitterblum
Lutetium
Yttrium

Scandium(

8

(1)

4)

Roth and Schnelder
Zachariasen (932).
Calculated by Roth

and Ray (738).

()

WADD TR 60-864

Donnay and Nowackil

nggggzal Mogozggiic chggi
a c a b c 3 a
3.93 6.12
3.88 6.06
3.85 6.00
3.82 5.98 14.35 3.666 8.99 100.34° 11.080
14,16 3.621 8,84 100.05°  10.934
14,06 3.601 8.80 100.15°  10.860
3.76 5.89 14,06 3.572 8.75 100.10° 10.8122
10.729
10.6647
10,6065
10.5473
10.4866
10.4334
10,3907
10.6021
9.81
(695) except as noted.
and Schneider from data by Shafer
(162).
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TABIE X

NEUTRON ABSORPTICN CROSS SECTIONS OF THE RARE EARTHS

Thermal Neutron

Element Cross Section (Barns)
Scandium 2k
Yttrium 1.27
Lanthanum 8.9
Cerium 0.7
Prasecdymiunm 11.2
Neodymium L6
Samarium 5:500
Europium 4,600
Gadolinium 46,000
Terbium hh
Dysprosium 1,100
Holmium 64
Erbium 166
Thulium 118
Ytterbium 36
Lutetium 108
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TABLE XTI

PRINCIPAL COMPOUNDS USED FOR THE PURIFICATION CF VARIOUS
RARE EARTHS BY FRACTIONAL CRYSTALLIZATION

Element Method Element Method
Lanthanum 1, 2 Dysprosium &4, 5, 7, 8
Cerium 1, 2 Holmium 4, 5, 7, 8
Praseodymium 1, 2, 3 Erbium 4, 5, 7
Neodymium 2, 3 Thulium L, 5
Samarium 2, 6 Ytterbium L, 5, 6
Europium 2, 6 Intetium h, 5, 6
Gadolinium 2, 4, 6, 7 Yitrium 4, 6
Terbium 4, 5, 6, 7 Scandium 5

Methods
Double ammonium nitrate
Double magnesium nitrate

Double manganese nitrate

+*

Bromate
Ammonium double oxalate
Nitrate

Dimethyl phosphate

o N N U E W N

Ethyl sulfate

WADD TR 60-864 153



TABLE XIT
CRYSTAL STRUCTURE OF RARE EARTH METALS

Atomlce

Atomic

Volume
(cc)

Radlus
(A°)

a,(A°) ¢y A0)

Lattice Constants

Denzslty
(gm/cc)

Crystal
Structure

Element
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Element

Scendium
Yttrium
Lanthanun
alpha-bets
beta-gamma
Cerium
alpha-gamma
beta-gamma
gamma-delta
Praseodymium
Neodymium
Samarium
Europium

Gadolinium

Terbium

Dysprosium
Holmium
Erbium
Thulium
Ytterbium

Tutetium

THERMALL PROPERTIES

TEBLE XIII

OF REZRE EARTH METALS

Transition Meltin%

Temperature ©C Point ¢
1539 (767)

1490 {172) 1509 2597)*
1540 (597 )**
920 {77¢)

310 (40)

86L4 5766)
804 (776)

-103 493,7223

90 (493,722

730 (766)

792 (766) 919 (270)

862 (766) 1019 (370)

917 (T64) 1072 (777)
826 (775)

1264 (347) 1312 (351)

1317  (776) 1356 £352)*
1355 (352)**
1407 (352)
1461 (352)
1497 (352)
1545 (352)

798 (764) 824  (776)
1652 5351;*
1680 352 ) %%

* Distilled Metal

* %
X

WADD TR 60-864

Metal melted in tantalum
Czlculated from referenced data
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Boilin%
Point *C
2730 (767)
3030 (776)
3470 (146)
3470 (146)
3020 (776)
31830 {776)
1620 (776)
1489 (775)
2730 (776)
2530 (776)
2320 (776)
2330 (776}
2630 (776)
1720  (760)%*x

1530 (776€)
1930 (776)



TABLE XIV

THERMODYNAMIC PROPERTIES OF RARE EARTH METALS

¢ ..09C AH Fusion AH Vaporization
Element Cal/ﬁole/deg. Xcal/mole Kcal/mole
Scandium 6.01 (764) 3.8 776) 78.6 TET Y E¥*%
Yetrium 6.01 (76h 4.1 776) 80 776)
Lanthanum 6.65 T6L 2.4 776 93.8 146 )
Cerium &.37 777 1ok {777 92,0 (146}
Prasecdymium £.38 350) 1,65 350 79.5 }383
Necdymium 6.5 (777) 1.70 (777) 70.6 370
Samerium 6.27 (777)* 2,60 (777) L6 7763
Eurcpium 6.00 (764) 2.5 776% ho,1 TT5 %%
Gadolinium 11,20 257 ) 3.7 776 T3 776)
Terbium 7.08 (363 3.9 7763 70 776)
Dysprosium 6£.72 (256 L.,1 776 67 776)
Holmium 6.45 (236 4,1 776§ 67 776)
Erbium 6,66 {744 n.1 776 67 764)
Thulium 6,45 (764 4.4 776% 57 .4 TEO Y ¥xx
Ytterbium 6.00 (764 2.2 776 40 776)
Tutetium 6.45 (764) h.6  (776) 59 776)
Vanor Pressures
Element Reference 1 mm,Hg 10"3mm.Hg
Scandium 767 ) 1797°C# 12470C*
Lanthanum 138,763) 2331 1535
Cerium 3) 1748 1321
Praseodymium 138,763) 1850 1275
Neodymium 763) 1767 1193
Buroplum 775 ~ HI0% ~ 530%
Dysprosiunm 763 1463 1005
Thuliiun 760 ~ 1100% ~ [70*
Thermal Co%ductivity 289¢C
cal/em®/em/sec/OC
Yetrium 348) 0,035
Lanthanum 348) c,032
Cerium 348 0,026
Praseodymium 348 0,028
N-odymium 348) 0,031
Gadolinium 348) 0.021
Dysprosium 348) 0,024
Erbium 248) 0,023
* Calculated
*# £t 25%C
*Hx Ht, of Sublimation

WADD TR 6C-864
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TABLE XV

ELECTRICAL PROPERTIES OF RARE EARTH METALS

Specific Coefficient Hall Coefficient
Resistance of Resistance at 2590
at 25°¢C 6 0-25°¢ Volt . cm
Element ohm-cm x 10 ©°c-1 x 103 Amp . oer
Scandium 618 (231) 2.82 (231)
Yttrium
Polycrystalline 57 (275) 2.71  (94) -0.77 (383)
along c axis 35 {275)
along basal plane 72 (275)
Lanthanum 57 (766) 2.18  (94) -0.8  (383)
Cerium 75 (766) 0.87 (94) 1.8  (383)
Praseodymium 68 (766) 1.71  (94) .71 (383)
Neodymium 64 (766) 1.64 {94) 0.97 (383)
Samarium 88 (94} 1.48  (94) -0.2 (12)
Europium 90 (134)
81 (775) b
Gadolinium 140.5 (9k) 1.76  {9k) -4, 48" (383)
Dysproslium
Polycrystalline 57 (275) 1.19  (94) -2.7 (383)
18.2° from c axis 35 (275)
uz° from c axts 72 (275)
Holmium 87 (ol) 1.71  (94)
Erbium 107 (9k) 2.01 (94) -0.34  (383)
Thulium 79 {ok) 1.95 (94) -1.8 (383)
Ytterblum 29 (134) 1.30 (94) 3.8 (283)
Lutetium 79 (94 ) 2,40 (94) -C.54 (383}

Average value along zone refined bar at 22°¢.

The magnitude of the Hall coefflcient of gadolinium

increases rapldly as the temperature is lowered near to

the Ferromagnetic Curie temperature,

-24 at 8COC and -120 at 29°¢C,

350°C,

WADD TR 60~

864
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The value -4.,48 1is for

It is approximately
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TABLE XVI (cont.)

THE MAGNETIC PROPERTIES OF RARE EARTH METALS

Ferromagnetic Neel Paramagnetic
Curie Temp. temp. Curie temp,

Element Ref. oK OK 6{°K)
Scandium 355 None None
Yttrium 78 None None
Lanthanum 456 None None
Cerium 456 12.5 -38
Praseodymium 456 None None 0
Neodymium 456 7.5 4,3
Samarium 456 14,89
Europium 90 None? 90-100 88
Gadolinium 776 289 302
Terbium 814 218P 230 237
Dysprosium 55 84 178 157
Holmium 677 20 133 87
Erbiun 776 207 802 40
Thulium 150 22 60 20
Ytterbium 455 None None
Lutetiunm 776 None None

a. Bczorth and Van Vleck (90) report that europium
is not ferromagnetic at low temperatures, but has
an anomalously high susceptibility,

b. Terbium is ferromagnetic below 218°K. It is anti-

ferromagnetic from 218-230°K, but becomes ferromagnetic
in this region in an applied field >200 oe,

WADD TR 60-864 159



TABLE XVII

THE HARDNESS OF RARE EARTH METALS

Daane Love Love Simmons
Reference (141) (462) (46L) (742)
Condition a b e d e £ g h i 3
Units BHN BHN  BHN BHN VHN VHN Rg Rg BHN  BHN
Lanthanum 37 37 51 150
Cerium 24 31 L8
Praseodymlum 37 43 76 e} 65
Nebdymium 35 83 76 27 Wy
Somarium L2 Ly 64
Foroplum 17 )
cadolinium 52 57 66 97
Perblum 88 L6 69 39
Dysprosium 55 42 3 117 61 ol 5 36
Holmium U9 Y2 90 76 93
Erbium 60 ny 127 161 T4 96 8% 109
Paulium 5% 48 79 10
Ytterblum 21 35 L5
Lutetium 118 7T 91 114
Yterium 105 140 81 61 108
Scandium g5(1)
a. As-cast
b. Distilled and cast
c. Distilled and arc-melted
d., Annealed
e, As-cast
f. Swaged, 50% reductlon in area
g. Arc-melted :
h. Arc-melted and cold swaged, 50% reduction in area
{. As-cast
j. "cold worked"
(1) Hardness Ry scale, Daane (767

WADD TR 60-864 160



TABLE XVIII

YOUNG 'S MODULUS

RERE EARTH METALS

Modulus, psi

OF ELASTICITY FOR

X 10'6

Condltion a b
reference (750) h4o2)

corium g.62 17
“enthenunm 5.57 10~11
Cerium 4,25 6
“razecdymnium 5.1l T-14
Neodymium 5.50

L.95
8,16
8.324
9.15

Samsriun
Godolinium
Terbium
Dysoros Lum

8-14

10-14

Holmium Q.73 11
Hrbiun 10,6 16

2.58

Yit.ertium

Modulus Values for Yttrium izﬂglg

“reparation Modulur, pal

(464 )

1-9

7T-9
6-10

x 10

8.6-10,2
905"1105
16-19

gre-melted
Ge-caat
as-cast end cold rolled 20%

a, Casleulsted from measured sonic velocitles in
b, Meszured from stress-=trsin relationsnis on
¢. HMessured from stress-strsin relationship on

Fea sonance method

WADD TR 60-864 161
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TABLE XIX

COMPRESSTON PROPERTIES CF RARE EARTH METALS

Compression

Ultimate Yield

Compression Strength Modulus of

Strength  0.2% 0ffset Compressio

psi psi psi x 10 7

Condition a b ] d e
Reference (709) (464 ). 750 (gh) (U464)
Yttrium 113,800 24,2008 6.8
Ianthanumn 31,200 4,38 3.6
Cerium 42,600 2.87 3.0
Praseodymium 46,900 4,33 3.8
Neodymium 35,500 4,72 4.7
Samariun 5.56 4.1 p
Europium 2.03
Gadolinium 5.64 5.7
Terbium 5.80
Dysprosium 5.94 5.5 6.7
Holmium 18,400 6.64 5.7
Erbium 6.74 5.7 12,0
Thulium 110,100 20,300 5.5
Ytterbium 1.99 1.9
Lutetium 6.2

Determined on as-cast metal

a.

b. Determined on arc-melted metal

c. adiabatic data from sound velocity measurements on as-cast metal
d. Isothermal data from high pressure measuremenis on as-cast metal
e. ‘Measured from stress-strain relationship on arc-cast metal

f. Reference 27753

g. Reference (709) percent offset not stated

WADD TR 60-864 162



TABLE XX

NOCTCHED BAR IMPACT PRCPERTIES CF CAST

RARE EARTH METALS

Izod Impact {Inch Pounds)

As-Cast (462) Arc-Cast (464)

Room Room
Temperature Temperature 2049C (400°7)

Yttrium 18 13 21
Lanthanum 54

Cerium 26

Pragseodymium 57

Neodymium 100

Samarium 6

Gadolinium 16

Tercium 38

Dysprosium 20 27 27
Holmium 86 '

Erbium 14 20 26
Ytterbium 64 _

WADD TR 60-864L 163



TABLIL XXTI

THE CORROSION RATES OF RARE EARTH METALS IN AIR

(Mgm/dmg/day)
Temperature 35°¢ 95°¢ 200°c  400°C  600°C
Relative
Humidity 1% 5% 1% 75%
Lanthanum 80 950 510 21,000 30 3,200 13,000
Cerium 200, 000
Praseodymium 8 76 900 5,500 80 38,000 130,000
Neodymium 2 7 60 2,000 70 380 4,800
Samarium 0 0 0 100 15 17 35
Gadolinium 1 2 0 35 0 210 16,000
Terbium 0 0 0] 0 1,600 40,000
Dysprosium 0 0 0 43 350 6,600
Holmium 1 1 i 11 110 5,400
Erbium 1 1 0 10 Qo 720G
Yiterbium 170
Yttrium 1 1 2 9 4 Lo 1,900

WADD TR 60-864 164



TABLE XXII

THE COMPARATIVE EFFECT OF RARE EARTH METALS ON
TYE YIELD STRENGTH OF MAGNESIUM ALLOYS (443)

Tensile Yield Strength of Cast
Magnesium Alloys Containing 0%
Rare Earth Metals (1000 psi)

Temperature 7OCF LOOCR 500CF
Condition F ™"  T6 T6 T6
Magnesium~ILanthanum 14 11 11 7.5 4.5
Magnesium-Cerium 15 12 15 11 T
Magnesium~Praseodymiumd 18 15 11
Magnesium-NeodymiumP 18 15 21 20 14

F As Fabricated
T}  Solution Heat Treated
T6 Solution Heat Treated plus Artificilally Aged

Plus Lanthanum
b 75% Neodymium, balance principally praseodymium and
other rare earths

o)
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TABIE XXIII

THE COMPOSITION CF COMMERCIAL MAGNESIUM-

Cast Alloys
American British

EX 414
MC7Z,
FK 30A
EZ 334
ZRE 1
ZRE 0
ZE 41a
RZ 5
EK 31XA
QE 2242

Wrought Alloys

ZE 41XA
EX 31XA
ZE 10A

a. Contains 2.5% silver

WADD TR 60-864

RARE EARTH ALICYS

Nominal Composition (%)
Mischmetal Didymium Zinc Zirconium
4.0 0.6
300 Oo6
3.0 0.3
3.0 2.7 0.7
2.7 2.2 0.5
2.7 0.5 0.6
1.2 4.2 0.7
1.2 4,0 C.7

3.0 C.6

2.0 0.7
0.6 4.25 0.55

3.0 : 0.6
0.17 1.25
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o _ }
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@
=
Alpha Cerium,
fce

Flgure 1, Schematic Diagram Showing the Behavior of Cerium
Upon Cooling. After Gschneldner (264),
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Tigure 23, Lanthanum-Aluminum Constitutional Diagram (753).
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Flgure 24, Cerium-Alumlinum Constitutionazl Diagram (753).
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Figure 26, Cerium-Aluminum Partial Constitutional Diagram,
Van Vucht (861),
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Figure 27. Yttrium-Aluminum Constltutional Diagram,
Lundin and Klodt (471).
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Figure 28, Yttrium-Aluminum Partial Constitutional Dlagram,
Savitskii (714).
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Figure 29, %ggg?anum-Antimony Constitutional Dilagram (753).
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Figure 30, Yttrium-Beryllium Constitutional Diagram,
Lundin and Klodt (471),
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Figure 31. Ytterbium-Beryllium Partlal Constitutional Diagram,
Love (463),
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Figure 32. Cerium-Bismuth Constltutional Dlagram (753).
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Figure 33, Cerium-Bismuth Partial Constitutional Diagram,
Pleasance (643).
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Figure 24, Ytirium-Boron Constitutional Diagrem, Lundin
and Klodé (471),
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Lanthanum-Calcium Constituticnal Dilagram,
Savitskii (712).

Figure 36.
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1100
1000 |-
900 F

§Q§T\ ////;///’gﬂ,_,__
300Lf L S

700}/

!
600

500}F

400 1 1 1 ] ! L ] ! i
La 0.8 1.6 2.4 3.2 4.0

Wt% C

Figure 37. Lanthanum-Carbon Partial Constitutional Diagram,
Spedding, Gschneidner, and Daane (774).
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Figure 38, Yttrium-Chromium Constitutional Diagram,
Lundin and Klodt (471},
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Figure 39. Yttrium-Chromium Tentative Partial Constitutional
Diagram, Love (463).
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Figure 40, Erbium-Chromium Tentative Partial Constitutional
Diagram, Love (463).
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igure 41, Cerium-Chromium Partisl Constitutional Diagram,
Savitskii (709),
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Flgure 42, Cerium-Cobalt Constitutional Diagram (752).
(219,878).
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Figure 43. Gadolinium-Cobalt Constitutional Dlagram,
' Vickery (674).
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Figure L4, Yttrium-Cobalt Partial Constitutional Dlagram,
Love (463},
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Figure 45, Erbium-Cobalt Partial Constitutional Diagram,
Love (U463},
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Figure 46, Lanthanum-Copper Constitutional Diagram {753},
(110,596,879,886), (753)
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Tigure 47. Cerium-Copper Constitutional Diagram (753).
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Figure 48, ?raiioa;mium—Copper constisutional Disgraw (753).
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Figure 49, vYttrium-Copper Cornstitutional Diagram, Domagals,
Rausch, and Levinson (161),
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Figure 50, VYtirium-Copper Pertial Constituticnal Diagream,.
Love (4£3),
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Figure 51, Erblum-Copper Partial Constitutional Diagram,
Love (463),
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Figure 52. Lanthanum-Gold Constitutional Diagram (753).
(64,110).
WEDD TR L0-20A 197



Figure 53,

wa

Figure 54,

[\

i

Ch

1600 20 40

1400

1200

1000

800 -

600 j\\\\\\\///

4oo

Cephu|

Cefu
L Celuo

200 ' i 1 1
Ce 20 40

60

Wt% Au

(879,886).

o At%
< I

| Celuq

Cerium-Gold Constitutional Diagram (753).

1600 2? P

T

1400

1200 d
’

1000
/

800 = S /

600 e

4oo

1
Profu

200 1 1 !

Prius

Priu=

g
3
ny
O
=
& E

(690,879,886).

0-HANL 183

80 Lu

Praseodymium-Gold Constltutional Diagram (7532).
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Figure 55. ?raseodymium-&allium Constitutional Diagram (753),
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Figure 56, Yttrium-Hafnium Constitutional Diagram,
Lundin and Klodt (471).

WiDD TR 60-304 104



oC 0 2.0 3.0
1400 115 'c 3[-
1200
YHy
1000} P
800F i Pressure
! >1 Atm
600 xY | XY + Hy
!
400'- I ] \
[ ! \
200 = ﬂ
SIS
O 1 1 1 1 i 1 1 1 1
Y 20 40 60 80 H

At% H

Figure 57, Yttrium-Hydrogen Constitutional Diagram, Lundin
and Blackledge (470).
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Figure 58, Cerium-Indium Constitutional Diagram (753),
(888),
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Figure 59, Cerium-Iron Partial Constitutional Dlagram,
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Figure 60, Cerium-Iron Partial Constifutlonal Diagram

Jepson and Duwez (364),
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Figure 61, Cerium-Iron Partial Constitutional Diagram,
Jepson and Duwez (364),
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Figure 62, Lanthanum-Iron Partial Constituticnal Diagram,
Savitskii (709).
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Figure 63, Yttrium-Iron Constitutional Dlagram, Domagala,
Reusch, and Levinson (161},
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Tigure 64, Yttrium-Iron Tentative Partisl Constitutlcnai
Diagram, Farkar and Bauer (194),
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ILanthanum-Lead Constitutlonal Diagram (752).

Figure 66,
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Figure 67. Cerium-Lead Partial Constitutional Diagram (753).
(879,880,886,938).
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Figure 68, Praseodymium-Lead Constitutional Diagram (752).
(691,879,886),
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Figure 69. Lanthanum-Magnesium Constitutional Diagram (279).
(432,446,886,887,898,101)
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Figure 70. Cerium-Magnesium Constitutional Diagram (279).
(164,289,k43,500,504,883,887,898).
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Figure 71, Prasecdymium-Masgnesium Constitutional Uisgram
(279). (112,886,887),
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Figure 72, Yttrium-Magnesium Cconstitutional Jiszvrss,
Cicsor nnd Carlzon {2337,
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Flgure 73. Lanthanum-Manganese Constitutional Diagram (279).
(654,736).
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Figure 74, <Cerium-Manganese Constitutional Diagram (279).
(325,684),
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Figure 75. Yt{trium-Mangaenese Partial Constitutional
Diagram, Hellawell (297),
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Figure 76, Yttrium-Molybdenum Constitutional Diagram.
Lundin and Klodt (471).
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Figure 77, ILanthenum-Nickel Constitutional Diagram (753).
(596,878,924),
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Filgure 78, Cerlum-Nickel Constitutional Diagram (753 ).
(219,596,878).
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Figure 79. Praseodymium-Nickel Constitutional Diagram
(753). (878).
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Figure 80, Gadolinlum-Nickel Constitutlional Diagram.
Vickery (674).
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Figure 81, Yttrium-Nickel Constitutional Diagram,

Domagala, Rausch, and Levinson (161),
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Figure 82, Lanthanum-Niobium Partial Consitutional Disgram,

Savltskii, Terekhova, and Burov (
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Figure 86. Cerium-Lanthanum Constitutional Diagram.
Vogel and Klose (888),
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rigure 87, Cerium-Lanthanum Constitutional Diagram,
Savitskil and Terekhova (712).
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Figure 91, Yttrium-3ilicon Constitutional Diagram,
Lundin and Klodt (471).
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Figure 92, Leanthanum-Silver Constitutlonal Diagram (752).
(111,596,689,725,879,886,898).
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Figure 93. Cerium-Silver Constitutional Dlagram (753).
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Figure 94, Praseodymium-Silver Constitutional Diagram (753).
(113).
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Figure 95, Yttrium-Tantalum Constitutionzl Diagram,
Lundin and Klodt (#71),
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Flgure 96, Lanthanum-Thellium Partial Constitutionail
Diagram (753)- (8?9)886)0
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Figure 97. Cerium-Thallium Constitutional Diagram (753),
(379,886).
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Pigure 98, Praseodymium-Thallium Consvitusicnal Disgranm (753),
(879,28€).
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Figure 99, Cerium-Thorlium Constitutional Diagram,
Weiner, Freeth, and Raynor (899),
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Figure 100, Yttrium-Thorium Constitutional Dilagram,
Eash and Carlson (172),.
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Figure 105, Erbium-Tin Partlal Constitutional Diagram,
Love (463),
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Figure 106, Cerium-Titanium Partial Constitutional Diagram.
Taylor 10?.
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Figure 108. Lanthanum-Titanium Partisl Constitutional
Diagram, Savitskii? and Burchenoff {(710).
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Yetrium-Titanium Constitutional Diagram,
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Flgure 111, Yttrium-Titanium Partial Constitutional
Diagram, Love (463},
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Figure 112, Erbium-Titanium Partial Constitutional
Diagram, Love (463),

WADD TR 60-864 222



1800r

1600

1400

’
4

1200

Y/
-

1000

e len Bl S =

800

™

600

400 L 1 1 { 1 1 | 1 1

Gd 20 Lo 60 80 71
Wt® Ti

Filgure 113, Gadolinium-Titanium Constitutional Diagram,
Armantrout (852),
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Figure 114, Yttrium-Tungsten Constitutional Diagram
Lundin and Klodt (471).
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Figure 115, Rare Farth-Vanadium Generalized Constitytional
ingran, Komjethy, Read, and Hostoker (401},
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Figure 116, Yttrium-Vanadium Constitutional Diagram.
Love (L483),
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Flgure 119, Lanthanum-Vanadium Constitutionsl Diagram,
Savitskii (709),
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Figure 120, Yttrium-Zirconium Constitutional Diagram
Lundin and Klodt (471),
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Figure 122, Gadolinium-Zirconium Tentative Constitutional
Diagram,
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Flgure 123, Dysprosium-Zirconium Tentative Constitutionzl
Diagram. Armantrout (550),
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Figure 124, Erbium-Zirconlum Tentative Constitutional
Diagram, Armantrout (850),

U0

WLDD TR E0-884 2P



o¢

2000
1800
1600} - prad
T
1400 7 ~fC
Fd \'\,
1200 < Er ockr + FZr
10001 — e e e
800F & Fr 4+ < Zr
600 ¢ L 1 L 1 1 1 L L I
Er 10 20 20 40 50
Wt% Zr \
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