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:\SSTR:\CT 

The paper discusses the status of the rare earth industry 

worldwide, including the mining of bastnasite and the manufacture 

of various rare earth chemicals, metals, and alloys. Worldwide 

reserves and current production by company location are mentioned. 

The operations of two major USA firms, Molycorp and Rhcne­
Poulenc are discussed in some detail. 

The availability, extraction and application of the rare 

ea r t h s f r om <.;once n t r a t e s , t a i I i n gs , and res i c.fu es are rev i ewe d , 

with special emphasis on the anticipated growth in cons~ption 

of neodymilill in permanent magnets is covered on a worldwide basis. 

Secondary residues, mine tailings, and red muus are covered 

in some detail. Sources of rare earth minerals, either as by­

products from residues such as red muds is compared to sources 

of rare earths from mineral concentrates such as bastnasite and 
monazite. 
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, INTRODUCTION 

China and the United States of America are self-sufficient 

in the procuction of the rare earth elements and are major exporters 

of rare earth concentrates and compcunds to the rest of the world. 

The rare earth elements, having atomic nunbers '7 through 71, 

are known as the Lanthanide Series. The light rare earth group 

are elements with atomic numbers '7 through 63, and the heavy 

rare earth group are with atomic n1.mbers 6• through 71. 

Table 1 lists the abundar.~e of .he rare earth elements compared 

to the more cannon elements based on several geological sources. 

This table indicates that a nu:::ber of the rare earth elements 

are much more carnnon on the crust of the earth compared to lead, 

molybdenum, antimony, arsenic, bismuth and others. This review 

excludes yttrhmwith atomic mmber 39, an element which is generally 

included in the literature as a rare earth element, even though 

it is not a lanthanide. 

The mo1e conmon minerals containing rare· earth elements 

are sumnarized in Table 2, with the major comnercial ones being 

monazite- which is a phosphate mineral, and bastnasite which is 

a carbonate mineral. Attempts have been made to recover rare 

eart~ elements as byproducts from the mining of pyrochlore and 

apatite, but these are not being run ccmnercially today. There 

are vast reserves of rare earths associated with phosphate rock, 

but they 3r~ not being extracted at this time. 
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In the United States the large rare earth· deposit at Mountai~ 
, 

Pass, California operated by Molybdenum Corporation of A-nerica 

(~tclycorp), allows the United States to be self-sufficie:"l!' in 

rare earths. The recovery of bastnasite as a byproduct in The 

People's Republic of China from the large iron ore deposit in 

Inner Mongolia p~rmits China to be sclf-suff icient in the production 

of th c r a re ear th e 1 eme n ts • Both the United States and China 

arc able to take care of all their domestic requiremen!s and 

export to the world market. 

RESERVES ANO ?RODUCTIOa'l 

A s urrma r y of the wo r I d r a re ea r th re s e r v e s i s 1 i s t e d in 

Table 3 and shows that China has the largest reserves of rare 

earths followed by NorL1 America, mainly the United States of 

America. In addition, other rare earths are recovere~ !rommineral 

sand mining operations in Australia, South Africa, South America, 

and other locations. 

For ever 20 years, the production of bastnasite has been 

the world's major source of rare earths. Previously the monazite 

'llineral was the principle source of rare earths·. Monazite is 

generally recovered as a byproduct mineral frocn the production 

of ilmenite, zircon, rutile, and other heavy mineral operatior\s, 

and therefore, does have some production limitations. Since 

the mo n a z i tr i s assoc i a t e d w i th tho r i u;n, u r a :i i um, and o the r 

radioactive minerals, the minin& oper.ltors ha'le sorne difficulti~s 

with envirorvnental authcrities in certain locations. 

_ ... i 
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,. 
Bastnasi te ao-1d Monazite are readily soluble in acids. The 

,. 
most corrmon acid being used today is sulfuric acid. Monazite 

i s a 1 so ! e ~ch e c w i th s o d i um h y c r o x i c! e i n a numb e r o f p 1 an t s • 

Once the rare earth elements are placed in solution, the flow 

sheets are similar. Figures 1 and 2 point out the location of 

the major bastnasite and monazite deposits in the world today. 

Except foa" the large bastnasite deposit in China, all the 

other -deposits including the bastnasite deposit in the USA and 

the monazite deposits around the world are near the coastlines, 

and are associated with beach sand type environments. 

During 1984 the lanthanides or rare earths were in abundant 

supply and it was anticipatc:d t~1~_t there would not be any shortages 

of any of the elements for the inmediate future. The mine1als 

are available, but in some instances the ;>rocessing capability 

to treat the minerals will have to be expanded to meet the projected-

world needs of the purified elements, such as neodymil.rn. Table 

4 Slnmarizes by country, the type of mineral, and current output 

o·f rare earth oxide (REO) and indicates that the world production 

is currently at about 37,000 metric tons REO per year. The main 

producers are the United States, Australia, China, India, Brazil, 

and several other countries. (1) 

The predominant source today of the rare earths is the bastnasite 

m i n e r a l w i t h mo n a z i t e s e con d • These two mine ra Is make up the 

major source of r:ire earths, with minor amounts from other minerals 

such as xenotime for yttriun as shown in Table '· Monazite mining 

t.lkes pl.ice in Florida as a byproduct of the ilmenite and zircon 
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production, while the bastnasite is the main mineral produced 
, 

in one mine in California. 'In addition to domestic production, 

the Unite:: States is currently im;::ortin& J,J~O metric tons of 

monazite t::er year from Australia, Malaysia and South Africa, 

along with various products. These products are m!schmetal, 

alloys, oxides, rare earth chlorides, and others amounting to 

another 3,300 metric tons per year. At the same time, the United 

5 ta t e s · e x p :> r t e d i n the f o rm o f con c e n t r a t e s 4 , 3 0 0 me t r i c tons 

in 1914. 

The corr:panies producing the rare earth minerals are listed 

in Table 6 with Australia the major producer of monazite. (2) 

The world's largest single producer of the rare earths is 

Molycorp a· Mountain Pass, California, under the control of Union 

Oi 1 Company. Mo!ycorp have their own mine, mill, and chemical 

processing facilities. 

The second !arrest producer of rare earths is The People's 

Republic of China at Baotou, Inner Mongolia with its byproduct 

mineral operation. The Rare Earths come from the tailings oi 

their iron ore mine, which tailings contain approximately 240,000 

tons of rare earth oxides per year. The rare earths are recovered 

in a bastnasite concentrate. In a private corrmunication at the 

Baotou laboratory, I learned that the mixture contains approximately 

JO~o as rnonazite and the other 70% as bastnasite. The Chinese 

Rare Earth Company is producin& the bastnasite and monazite mixture 

in Baot\>u, Inner Monogl ian: Autonomous Re; ion. Jn addition, China 

has a Cua!1&dong Mine in th:e Guangdong Pro~ i nee producing monaz i te 



and a high grade xenotime. There is a Guangxi Mine in the Guangxi 

I 

Province procfocing a monazite and low grade xenotime. 'Scme rare 

earth conce-::ate is recovere= frcr.1 residual clays in the Lon~nan 

Plant at Lo~&nan, Jiangxi Province. There is a similar operation 

at the Xunwa Plant at Xunwa Jiangxi Province recovering byproduct 

concentrates from their clay operations. The major source is 

the byproduct minerals from the iron ore mining operation. 

The other producers mine principlely monazite with some 

xenotime concentrates. All of these other operations produce 

the rare earths as a byproduct mineral since the main minir.g 

operation recovers ilmenite, zircon, and rutile, Z.n Australia, 

Florida USA, India, and Sri Lanka. 

Monazite and xenotime ~re recovered as byproduct minerals 

from tin operations in Malaysia, Thailand, and Indonesia. A 

small amo~nt of monazite is recovered as a byprodu~t in Zaire. 

In order to compare the different qualities of th~ bastnasite 

concentrates produced in the USA at Molycorp, and in ·china at 

Baotou, reference is made to Table 7. 
The comparison clearly 

points out the fact that the Chinese bastnasite is a byproduct 

of the iron ore mining, since it is high iron content. The 

phosphorous content indicates that somemonazite which is a phosphate 

mineral, is contain:d in the bastnasite. The lanthaniun oxide 

con tent s are qui t e s im i la r • 
There is a -:onsiderable difference 

in cerium oxide content with the Chinese C\Jncentrate being of 

higher grade. The Chinese bastnasite also contains more neodymiwn 

oxide and europiwn oxide than the US/, b3stnasite. 

.. 



OPERATl<l'l AT ~Ol.A"ITAIN PASS. CAL IFOR.'llA I USA 

The two major processors of' bastnasite concentrates and 

rnonazite c~:-.~entrates in the USA are Molycorp and Rhone-Poulenc. 

The f l ow she e t f or Mo l y co r p can be found i n F i g u re 3 • The pr\> c e s s 

consists of crushing and grinding followed by flotation to produce 

a concentrate. The concentrates are then dried, followed by 

acid leaching, washing, filtration, and calcination producing 

a high grade bastnasite concentrate. The Mountain Pass technical 

operations were discussed in detail by Dickerson. (3) 

The Mountain Pass Mine which is the largest mine in the 

world, is a carbonatite ore associated with potash-rich syenite 

and shonkini te. The orebody, known as the Sulphide Queen carbonati te, 

is a north-striking sill with a maximum width of 700 feet and 

an original surface exposure of 2,400 feet. In the area of active 

mining the sill is about 200 feet wide. The ore tylically contains 

~0% calcite, 25% barytes and/or celestite, 10% strontianite, 

12% bastnasite (the major rare earth containing mineral in the 

deposit), 1% silica, and minor amounts of other minerals. The 

average rare earth oxide content (REO) in the run of mine ore 

is .3-i0% REO. The mine is an open pit operation. The REO content 

o~ the bastnasite mined at Mountain Pass is fairly uniform, with 

on 1 y o c ca s i on a I v a r i a t i on • Ce r i 1.an, I an r ha mm p r a s e o d ym i un, and 

neodymium re?resent 95-96% of the total REO content. 

Ore is broken by drilling and blasting and it is blended 

before going to the flotation plant to give a consistent feedstock, 
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close to an average REO co:ttent of 796. About l,~00 tons of ore 

are processed each day. A total of 6 million tous of ore have 
, 

, 

been processed in the 3.5 year history of the mine. 

productio:: in recent years has been much greater than that in 

the early days of the mine. Output in 1984 was the highest ever 

recorded, and twice as much ore was mined as in the first 13 

years of operations. Reserves at the mine are sufficient for 

at least 20 years production, and there is still a significant 

content of rare earths in tailings, which could possibly be utilized 

at some time in the distant future. 

Demand for rare earths has been increasing, and in the early 

1970's Molycorp installed a new flotation plant. The old flotation 

plant was renovated in 1983, and it can be brought into service 

if back-up capacity is requireG. It can also be used for testing 

purposes, as a sort of large scale pilot plant in the development 

of improved processing methods. Ore is crushed and ground to 

m i nu s I 0 0 me sh ( 9 0% mi nu s 2 0 0 me sh ) wh i ch g i v es good J i be r a t i on 

for recovery in the flotation cells. Concentrates from the flotation 

cells typically contain about 60% REO and an enriched concentrate 

with about 70% REO is produced by acid leaching, which dissolves 

carbonate gangue. 

Alter concentration of the ore by flotation, the material 

is roasted, which drives off C.02 and con·1erts the cerium to +4 

valency. The other rare earth elements rernain in the +3 valency 

i n wh i c h t he y o cc u r i n t he o r e • The roasted concentrates are 



then leached with acid w~ich dissolves most of the material except , , 
\he ceriun. 

T h e c e r i u::n c o n c e n t :- a t e 1 e f t a f t e r t h e 1 ea ch i s t he f i r s t 

cannerci2l product from the processing of the ore. The separation 

is not complete, but ceriwn represent~ 80-9096 of the REO content 

and the concentrate is sold as-is often for further processing, 

either at Molycorp's York, Pennsylvania plant or by other C\Jlllpanies. 

The sotution obtained from the leaching of the roasted concentrate 

is then fed through the solvent extraction plant at tile site. 

The initial solvent extraction step separates the light rare 

earths (La, Nd, Pr) from the heavier rare earths (Sm, Eu, Gd). 

Some of the light rare earth products are fed through another 

solvent extraction step to adjust the amount of lanthanum and 

the product is sent to the ccmpany's plant in Louviers, Colorado 

for further processing. The rest is sold in the form of lanthanum 

hydrates, mainly for the production of fluid cracking catalysts. 

The heavy rare earths go through two further solvent extraction 

steps. The first separates an europium oxide product, and the 

second separates samarium from gadolinium. The products are 

extremely pure and-extraction plants are virtually sterile in 

their clea~liness. Terbium oxide and yttrium oxide are also 

produced. 

g 



OPERATIO'l AT FREEPORT, TEXAS, USA , 
, 

The R~one-Poulenc rare edrth process has been described 

in detail ~y Spooner (4) and Poirier (,). 

This company processes mainly monazite i, France where a 

sodi\111 hydroxide pressure leach is applied, followed by filtration, 

washing, and recovery of a mixed rare earth hydroxide. A byproduct 

sodium phosphate is recovered and sold. The mixture of rare 

earth hydroxides is processed at their plant in La Rochelle on 

the Atlantic Coast of France, and at their plant in F-eeport, 

Texas which was started in 19&1. The plant in France has more 

than 1000 mixers/settlers for soivent extraction of the rare 

earth with a capacity of 5000 tons rare earth oxides per year 

(,). The plant in Freeport, Texas with an eventual capacity 

of 4000 tons/year rare earth oxides receives the mixed rare earth 

hydroxide where it is further processed by acid leaching and 

various steps of liquid extraction. The French process is flexible 

enough to utilize all three types of rawmaterials, namely, monazite, 

bastnasite, and xenotime. The xenotime contains only 10.696 of 

the light rare earths, and &9.496 of the heavy rare earth elements. 

Th i s i s t o t a l 1 y d i f f e r e n t t ha n t he b a s t n a s i t e w h i ch no r ma 1 1 y 

contains 93 to 9996 of the light rare earth elemencs, and only 

1 to 2% of the heavy rare earth elements. 

The monazite contains about 9396 of the light rare earth 

elements broken down between 2396 La203, 46.,96 Ce02, ,.196 Pr6011, 

and' l&.lf96 Nd203. The monazite is reacted with sodhrn hydroxide 

, . .. 
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, 
to remove the non rare earth elements, and the fractio,n of rare 

earth mixt:.:res. The rare earth hydroxides are normally leached 

with nin<c acid and the solution is polished, finished, and 

sent to the liquid solvent extraction section for the production 

of the various rare earth oxides on an industrial scale. The 

flowsheet and the actual separaticn of some of the products is 

shown in Figure 4. Rhonc-P~ulenc has the capability to produce 

various rare earth prcducts up to 99.999% purity. 

The plant in France '1as a capacity of ,,000 metric tons 

per year of rare earth oxides. The plant in Freeport, Texas 

is gra~ually reaching 4000 metric ton capacity. Rhone-Poulenc 

has been heavil·r involved in the supply of samaritm for the samarilm 

cobalt permanent magnets. 

Jn the Rhone-Poulenc process, they can use hydrochloric 

acid, also sulfuric acid, but use primarily nitric acid. The 

solution of rare earth nitrate is filtered to remc,·e the insoluble 

non rare earths which are primarily silicate and phosphate and 

transported to the second phase of the process which separates 

them from the rare earth elements. 

The separation is the most complex and critical phase of 

the rare earth "rocess. Rare Earths have very similar a.tomic 

structures with completely filled external electron shel!s and 

partially filled internal 4 f shells. These similar structures 

g i v e r i s e t o s i mi I a r ch em i ca l p r op e r t i e s • H i st or i ca 1 l y , t hi s 

ma de t he s e pa r a t i on o f t he 1 n d i v i du a l r a r e ea r t h s d i f f i cu l t • 

10 



A nll'Tlber of chemical and physical properJies have been identified, 
I 

however, w!'iich can be employed in se;>aration processes for all 

or a portior. of the rare earths. Probably the most obvious approach 

is selective oxidation or reduction. Seven of the fourteen rare 

earths have dual valence states. 

Since changes in valence states are accompanied by substantial 

changes in properties, selective oxidation or reduction has pro.en 

to be ·an effective and economical technique of separation. The 

oxidation or reduction can be accomp 1 i shed thermally, elect rol yt ical 1 y 

or chemically. Today, Molycorp comnercially uses thermal oxidation 

to produce ceriun (+4) in their bastnasite mixture. The trivalent 

rare earths in the mixture are then dissolved in mineral acid 

and separated from the acid insoluble cerium (+4). Molycorp 

also corrrnercially separates europium from trivalent elements 

b: the chemical reduction and precipitation of a europhm (+2) 

sulfate salt. 

Historically, other processes have been utilized. Earlier 

this century, fractional crystallization was used. In this process 

two rare earths can be separated by multiple recrystallizations 

of suitable salt forms. The limiting factor for this technique 

i s t ha t i t t a k e s s eve r a 1 t ho u s an d s u cc e s s i v e c r y s ta I 1 i za t i on s 

to achieve 99.9% purity. Later, ion exchange separation was 

used. Effective separation of specific rare earth complexes 

on ion exchange resins is possible but must be carri<:.d out in 

a v e r y d i I u t e s y s t em • Both of these processes have proven 

11 
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uneconomical and technically restrictive for large scale, industrial 

separation and are not widely used today. 

Liquic-l iquid extraction is based on a physicoche:nica! property 

of the relative solubility of rare earth ele!":!ents in selective 

solvents. The process starts with two liquids. One is an aqueous 

solution of mixed rare earths. The second is a carefully c~osen 

water inmiscible solvent. A solven': i.s selected which has a 

greate~ affinity for or~ specific rare earth ion than the others. 

The technology for the developnent of the proper solvent is critical 

and highly proprietary. A solvent is an organic mixture containing 

an extracting agent, modifiers and the carrier. The extracting 

agent complexes with the desired rare earth ion to form a rare 

earth complex. They are typically organic phosphates, acids 

or amines and they make the desired rare earth element soluble 

in the organic phase. 

Again, the extracting agent must have a greater affini~y 

for one rare earth than others. The modifiers are ch~micals 

which prevent emulsions and a third layer from forming. Modifiers 

are also added to enhance the rate of extraction and the final 

equili~rium position. The carrier is also a critical part of 

the solvent. The carrier acts first to dilute the system to 

fac i 1 i tate good mixing with the aquel)us phase. It also helps 

keep the complexed rare earth ions in the organic phase, enhances 

the systems thermal and chemical stability and improve! the phase 

sep3ration. 

12 
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Separation is achieved by blending the aqueous rare earth 

containing p'base with the solvent phase and then allov.·ing them 

to separate in a mixer-seyaration cell si;.:ilar to a con:inuous 

separatory funnel. The initial separation effect is slight but 

by repeating this mixing and separating operation over and over, 

the desired rare ear th ion can be separated from the other rare 

earths to a purity of 99.9%. The separated rare earths are then 

converted into water soluble nitrates and go to the finishing 

step of the process. 

The liquid-liquid extraction process for separating rare 

earths has been developed to a high degr~e of sophistication. 

With the proper design of the mixer-separator (known in the industry 

as batteries), the proper operating conditions and the proper 

choice of solvents, all the rare earth elements can be separated 

·lfia this technique. The high degree of automation, solvent recycling 

and analytical control of the liquid-liquid extraction process 

make it the most economical route to separate rare earths. At 

Rhone-Poulenc, all of the rare earths (with the exceotion of 

one small mixed rare earth chloride line· are separated into 

the individual elements with purities of ''"or higher. 

The finishing step entails convertin& the separated rare 

earth nitrates into various rawmaTerials. For rare earth permanent 

magnets, where the rare earth element must ultimately be reduced 

to metallic form, the traditional starting materials are chlorides 

13 



for electrolytic reduction and f~uorides and oxides for metalothermic 

and electrc!ytic reductions. The chlorides are produced fr~~ 

the nitrate into z carbonate or oxide and then reacting it with 

hydrochloric acid. The fluorides can be made by processes which 

are analogous to the chloride route. The oxides are produced 

by calcining any rare earth sale at about 1000 degrees C. 

Today, Rhone-Poulenc continues to use monazite with a backup 

source of a Kenyan carbonatite that runs JOCK. REO in the ore. 

They have the following heavier oxide quantities for sale annually: 

120 tons Sm203; 3., tons Eu203; '' tons Cd203; I tons Tb4<>7; 

26 tons DyiQ3; •·' tons Hoz03; 6., tons Erz03; 0.6, tons TmiQ3; 

3 tons Ybz03; 0.3 tons Luz03; 100 tons Yz03. 

One of the products from the processing of the mineral is 

the production of rare ea~th chloride. China is producing two 

grades of rare earth chloride: (l) Grade AA - a non depleted 

europium oxide, and (2) Grade A - a depleted europiun oxide. 

Reference is made to Table I which compares the rare earth chloride 

being produced in China with the rare earth chloride being produced 

in the United States by Molycorp. 

The differences in the l anthanun oxide, cer i un oxide, prasedymi un 

oxide, neodymiun oxide, should be noted. The rare earth chloride 

is shipped in solid cast form, lum;> form, flake form, and in 

the USA in solution form to the conswning plant. 

•. 
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INXJSTRIAL APPLICATIO'I OF RARE EARTHS , 
The location of the major USA com?anies processing rare 

earths into chemicals, metals, and alloys are shown in figure 

'· These firms and others are producing various products for 

application in the electronics, glass, alloys, and cer2mi cs industries 

swnnarized in Table 9. 

METALLURGY 

There are two firms in the United States, Ronson Metals 

Corporation and Reactive Metals ~Alloys Corporation, producing 

mi schme taj, f Ii nt, and s i licides. The alloy of the 1 i ght rare 

earth metals in the same ratio as the natural mineral is called 

mischmetal, and it is the main constituent of flints. Misctvnetal 

is still used today as an additive in cast iron, to achiev~ the 

nodulisation of graphite. It is also used to approve the resilience 

of steel by decreasing the sulfur content. 

Mischmetal is produced by first drying the corrmercially 

available rare earth chloride to an anhydrous rare earth chloride 

state. The hydrated rare earth chlorides contain about 30% by 

weight of water of crystallization. These chlorides are made 

by evaporating neutral rare earth chloride solutions to the point 

where the evaporated solution contains •4 to 4696 rare earth oxide. 

The boiling point of such solutions is about 13' degrees C. 

The evaporated rare earth chloride solutions are allowed to solidify 

by coo 1 i ng and then packed in steel dnms for shl pnen t to the 

consumers. It is essential that the metal producers dehydrate 

the rare earth chloride prior to electrolysis of the fused chloride. 

., 



On heating t)le, chloride, water evolvei until the water content 
, 

is diminis~.ed to a point where the mass begins to solidify. 

Heating is continued until most of the water is driven off together 

with some hydrochloric acid resulting from the hydrolysis of 

the rare earth chloride. A porous solid nearly anhydrous rare 

earth chloride is obtained. Generally the anhydrous rare earth 

chlorides will contain up to about 10% water insoluble basic 

chlorides resulting from the hydrolysis of the chloride during 

dehydration. 

To produce the mischmctal, the anhydrous chlorides are fused 

with sodiun potassiun and calciun chlorides in an iron pot which 

serves as the anode. External heat is applied until fusion occurs. 

Electrolysis with graphite anodes suspended vertically in the 

pot generates enough heat to keep the chlorides molten after 

the electrolysis starts., The temperature of the fusion during 

electrolysis is kept above the melting point of the metal which 

is about 7'0 degrees C, so that the metal collects in a pool 

at the bottom of the pot from which is may be drawn and cast 

into ingots. Electrolysis is generally done at temperatures 

of about 800 to 900 degrees C. As metal is drawn, additional 

amounts of rare earth chloride are added to the pot and electrolysis 

is continued until the melt accurrmulates sufficient impurities 

to result in a poor quality metal or lower yields. cathode current 

densities are in the range of l to • amperes per square decimeter. 

The resulting mischmetal is cast into special sizes and sent 

to the steel mills. 

. . · ..... 
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Extrusion presses ~re used to produce flints from mischmetal 

for the cigarette lighter industry. The largest use of themischmeta! 

is in the Lg::ter flints and in the steel industry for desulfurization 

of steel, anc in various a.h1ninun andmagnesiwna!loys. Mischmetal 

produced by electrolysis is g~nerally remelted with iron to produce 

an alloy containing about l0$ rare earths with the iron making 

the product resistant to low temperature oxidation. Small additions 

of magnesium and copper can also be made and the alloys then 

cast or today mostly extr"ded to form the familiar flint. 

A rare earth silicide is produced in a submerged arc furnace 

by direct reduction of purified bastnasite concentrates. Quartz 

iron ore, or scrap and a reductant is added to produce roughly 

an alloy one-third misctvnetal, one-third silicon, and one-third 

iron. These silicides have been used for the produc:tion of the 

high strength low alloy steels. The silicides are generally 

lower in density, have higher melting points above 2200 degrees 

Fas compared to miscf'rnetal. 

Yu and Chen compared the use of rare earths versus calciwn 

injection technology for the treating of steel.(6) The rare 

earths addition to steel and the micro alloying effect of rare 

earths as well as the role of the rare earths in thermo plasticity 

and oxidation resistance was covered with special emphasis on 

the method of addition o~ the rare earths for desulfurization 

of the steel by plunging the rare earths into the ladle. 
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GLASS IMXJSTRY 

Several of the rar~ earths have attractive colors and are 

used for g:ass coloring. Neod)·mil.ITl, praseoc!;-:-ni\.m, erbi1.JT1, and 

cerium c~mpounJs have been used for many years for artistic or 

technical glasses. The neodymillTI, erbill'n and ceriun also give 

goGd results for crystal decolorizing. The lanthanun, yttrill'n 

and gadoliniun oxides increase the refractory indexes of glasses. 

They find important applications in camera lenses which contain 

up to as much as 40% of lanthanl.ITl oxide. 

As far as glass polishing, the cerill'n oxides have replaced 

iron oxides for glass polishing. The cerillTI oxide is put into 

a slurry form and is used for tense polishing, polishing bevels 

on mirrors, and decorative glass. For example, plate glass, 

TV front plates, lenses, and precision optics all need large 

quantities of these cerium based polishing oxides. Over 10% 

of the total rare earth oxides recovered in the world are used 

in these appl~cations. 

CERAMICS 

Considerable amounts of praseodymh.m oxide are used in the 

pr:duction of a stable bright yellow pigment which is widely 

used as insoluble stain for ceramics, particularly on tiles. 

Al so t he p r a s e o d ym i um ox i de and t he z i r co n i un s i 1 i ca t e ma t ri x 

is extensively used for yellow stain in enamels. This pigment 

is stable at high temperature and has replaced a large par .. of 

the tin vanadil.ITl yellow stains. In opacification, cerium oxide 

. ::..~-:;~: 
~-,.,_ .... . 

. _,,,, .. . 
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is used for opa.cification of enamel in vessels ... by virtue of its 

high chemical resistance, ar.d is also \lsed for a.tisnc tiles. 

_ CATALYSIS 

The main application for rare earths in terms of tonnage 

is the catalytic cracking industry, mainly in the refining of 

petrole\IT\. This application conslmes about a fourth of the total 

rare earths in the form of rare earth mixtures. The most cornnon 

and large to~nagc item is the lanthanlm oxide. The oxides arc 

used in hydrogenation, dehydrogenation, and oxidation reactions. 

These catalysts give much better results than the standard silica 

all.mi na ca tal ys ts producing less coke and less of the light fractions. 

NUCLEAR Ir-DUSTRY 

Gadolinium is the element having the largest cross section 

for t'.c:rmal neutron absorption. It is used as a burnable poison 

in nuclear reactors or in reprocessing plants for nuclear fuel 

treatment. In fast neutron reactors, europiun is the most efficient 

element available at this time. 

TELEVISIOO AND CATHODE RAY PHOSPtDRS 

The rare earth elements con:inue to play an important role 

in the cathode ray tube phosphor industry, in particular colored 

televisions tubes. Europium, ceriun, turbiun, and yttril.m are 

used in these applications. Europil.rn oxide continues to be the 

main compound. It was first introduced as a color TV phosphor 

in 1964 by Sylvania, and is the source of the bright red color. 

~··. : 



Rare earth phosphors su~h as lanthanun turbiun oxybromide 
,. 

or gadoliniwm turbium oxysulfide \ave a high efficiency on the 

intensifying screens of the x-ray \t;bes. The use of the rare 

earth compounds allows the same image quality and at the sa:ne 

time decreases the x-ray exposure considerably. This is import3nt 

as it limits the damage that x- rays cause to hwnans. It al so 

allows a decrease in the silver content of film which is an important 

economic consideration in view of the varying price of silver. 

Amore detailed discussion on n\lnerous industrial applications 

of the rare earth elements can be found in tne ACS Symposiur..(7) 

Various methods of applying the rare earths have been 

patented.(3) 

Rare earths are used for various medicinal and pharmaceutical 

purposes, rubber, photography, space technology, o i 1 s and 1 ubr i cation, 

instrunentation, polymers, and other industries.(9) 

The c_nsumption of rare earths continu~s to grow each year 

in this field. The industry has evolved from the production 

of compounds and alloys of limited purity to the production today 

of high purity oxides and metals. One of the areas of expansion 

is in the field of permanent magnets. 

During the past l' years the samarilnl cobalt permanent magnets 

have grown substantially. One of the major producers of s~~aril.ITl 

oxide is Rhone-Poulenc who only sold '·' tons in 197' and it 

reached l'' tons in \973, and is considerably higher today. 

·-·~ .. ~ .. ,. 
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With their development, the magnetism was .5 to 10 times greater 
,, ,,. 

than those o! the usual magnets. 
,,. 

The recent development of the neodymium iron boron alloy 

and its tremendous growth potential deserves special attention. 

A detailed report was published on the fundamental role 

that magnetic materials play in many of the electronic and electrical 

systems used by modern society. (10) It reviews the status of 

magnetic materials in their current engineering applications 

and identifies technical issues whose resolution would !ead to 

improved performance in such applications as well as for new 

applications of the5e materials. Emphasis is placed on more 

res~arch in the areas of rare earth permanent magnets, amorphous 

magnetic materials and recording media. 

Special attention i~ placed on perm~nent magnets. The strength 

of these magnets is measured by its energy product which has 

increased more rapidly over the past decade than at any time 

in history through the introduction of rare earth - cobalt (RE-Co) 

compounds. 

Recently it has been discovered in Japan and independently 

by General Motors in the USA, that Boron helps form ternary compounds 

with iron and neodymiun which have magnetic properties superior 

even to those of RE-Co. This discovery was accidental - Boron 

was being introduced as a glass former in a rapid quench proces~. 

The energy product of these magnets are so large that they are 

expected to revolutionize the design of motors. 

21 



A permanent magnet is used to create a steady magnetic field , 
in some region of space. It produces th~ same effect as an 

electromagnet but requires no external source of power after 

its initial magnetization. The field of the permanent magnet 

may be used to exert a force on a current carrying conductor, 

to deflect a moving charged particle, to induce an electromotive 

force in a moving conductor, or to exert a force on a mag~etized 

or magnetizable body. 

The usual measure of quality for permanent magnets is the 

maximlrll energy product (BH)max, defined as the largest inscribed 

rectangle in the second quadrant ~f the hysteresis loop plotted 

as B versus H shown in Figure 6. The usual units (cgs) for (BH)max 

are megagauss-oersteds (MGOe); the Sl units are kilojoules per 

square meter (Kl/M3). Other important parameters, shown in Figure 

6, are the remanent indu-=tion Br and tt.e coercive field or coercive 

force He. 

An ideal permanent magnet has a constant magnetization equal 

to the saturation magnetization Ms in any practical applied field. 

Pure iron would have an energy product of 107 lvme if it could 

be made into an ideal permanent magnet of 100 percent density. 

Strnat et al (11) demonstrated that a series of rare earth 

- cobalt compounds made a superior magnet due to its high 

magnetization and strong uniaxial anisotropy in single domain 

particles. By about 1970 the first of these rare 'arth permanent 

magnets became corrmercial ly available in the form of smeo,. 

These materials have energy products of about 20 MCDe· 

'·· 
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During the last five years. the Japanese manufacturers have , 
used the com?ound Sm2 Co11 with energy products above 2j f.l:De , 

be~ng achic...-cc. 

The latest addition is the Fe1~ Nd2 B composition announced 

by Swnitomo Metals an~ General Motors in 1'&3. The base compound 

is tetragonal rather than hexagonal. Energy products are JO 

to '' MDe· 
The major drawback is a low curie temperature (300 degrees 

C} which causes magnetic properties to be strongly temperature 

dependent. The curie temperature can be raised by replacing 

iron with cobalt. The Sumitomo magnets are made by a process 

very similar to that used for SnCo,, so no major investment in 

new production facilities is required._ General Motors made a 

similar composition starting from a rapidly solidified ribbon 

sample. 

Figures 1 and 8 show the improvements in permanent magnet 

materials that have occurred over the last eighty years. Table 

J · : _ 's the major classes of permanent magnet material~ in comnercial 

use. 

The rare earth permanent magnet production (mainly samarilrn 

cobalt alloy} in 1982 in the non comnunist world was estimated 

at 1 million pounds with a sales value in finished magnets of 

SO million dollars per year and growing each year. The nt.mber 

of USA magnet producing companies is about l' with 9 l)f them 

major firms and the world total is about 100,. 

23 
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The large uncertainty related to cobalt prices and availability , , , 
stimulated the General Motors com;:>any to investigate the rare 

earth alloys as permanent magnet materials. Cerilnl and lanthantnl, 

although more abundant ~han praesodymiun and neodymiwn, do not 

possess the intrinsic magnetic properties neces~ary for the 

development of high coercive force. 

Scientists Coate and Herbst discovered small additions of 

Boron to a Nd-Fe alloy using rapid solidification. They discovered 

the unique crystal structure of the Nd2 Fe14 81 inter metallic 

phase res~onsible for its excellent prorerties. 

Delco Remy, one of the 14 automotive divisions of General 

Motors, has built a new 160,000 square feet factory in Anderson, 

Indiana, 30 miles northeast of Indianapolis to produce these 

magnets for motors. 

The new factory will produce three families ol magnets: 

(~) MQ-1, an epoxy bonded with energy products in the 7 to 9 

MGO; (2) MO-Ir in the 13 to l' MGO range; and (3) ~-III, an 

anisotropic material with an energy product as high as 40 ~e· 

The new plant will be in operation this year. The first 

magnets, which substantially reduce the size and weight of the 

automotive cranking motors, will be introduced in the 1986 Corvette 

and Buick Somerset car models.(12) 

Coate and Lee (13) patented the bonded neodymill'Tl boron ircn 

magnet by assigning the patent~ to General Motors Corporation 

In the USA and Europe. The magnets are made from an alloy melted 

and spun into ribbon particles. 
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Kukita (14) reported on a neomax magnet which is a sintered , , 

magnet with a tetragonal crystal structure com;>osed of Nd-Fe-B 

alloy which reached a (BH)max of up to 3-' M:D; the wor l cl record 

in comnercial production. The density of neomax is 7.4 grams/an3 

which is lower than rare earth cobalt magnets by 13%, enabling 

lighter weight applications such as new motors, office automation 

equipment, and audio equipment • 
. Batoux <l') estimated the use of Nd-Fe-B alloy in new matnets 

will increase the efficiency by ten times (BH)max and will reduce 

by ten times the volume. He further states that by 1990 the 

new Nd-Fe-B magnets will have 12% of the market and a sales vol wne 

of 200 million dollars annually. This value is based on a price 

of $' to $7 per kilogram for Nd in oxide or salt, $1' to $20 

per kilogram for Nd in alloy supplied to permanent magnet producers, 

and $60 to $85 per kilogram for the Nd-Fe-B magnets. 

Falconnet (16) reviewed neodymilm availability and markets, 

and stated the Nd high reserves can easily take care of increased 

consumption. For 1983 he reported production of 1'00 tons REO 

from bastnasite, 1700 tons REO from monazite, and 700 ton~ REO 

from rare earth chloride for a total of 3900 tons REO. Neodymiun 

nitrate or chloride in the amount of 2000 tons REO is available 

from Rhone-Poulenc, Molycorp and Treibacher. In 1933 a total 

of '20 tons of Ndz03 was consumed with 400 tons in ccrami c capacitors, 

l 0 0 ton s i n TV and g 1 as s co l or i n g , and 2 0 tons var i o us a pp l i ca t i on s • 
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St.M.AARY 

The rare earth industry continues to develop rapidly in 

the USA and it is anticipated that the consu:n?tion of rare earths 

wi 11 continue to increase with the conswnpt ion in 198' exceeding 

1984 and each year afterward even higher. The demand for rare 

earths used in permanent magnets was strong and created a temporary 

shortage of samari\l'n oxide. The newly developed neodymi\l'n magnet 

is expected to be produced at substantially larger n\l'nbers in 

the next five years. The consumption of rare earth compounds 

used in television, x-ray intensifying applications, and lighting 

phoshors will increase each year. 

It is anticipated that the demand for the lanthanides in 

mischmetal and ferro alloys will continue to drop in the USA 

due to the reduction in steel production from over 100 million 

tons per year to approximately 70 million tons per year in 198,. 

Demands for the rare earths in the other uses is expected to 

remain at the same levels. 

We anticipate in the United States th&oot there will be an 

average annual increase in the consumption of rare earths in 

the order of three percent per year for the remainder of this 

century. 

Rare earths used in alloys for hydrogen storage, fuel eel ls, 

and heat exchangers, and in cryogenic refrigeration will increase 

as this could be a source of high purity hydrogen and energy 

efficient heat p1.mps in the future. 

.1! ·.: . 
. .. .. , 

. -
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The United States is expected to continue to be a leader , 
, 

in technolog!cal developments, and China is expected to become 

a ma j o r sou r c e o f r a re ea r th s a s i t de v e I ops and pro c e s s e s i t s 

vast deposits. 

... ~. . 
·. 



51 ~ 5'11 60 ~ ~' b'i ~5 bf> fo1 b2 bq 70 7l 
, 

Ci 
... --l D~ Er Trr. Yb Lu' LQ Pr '. ~Jd . . c:_ r Gd ~J .. ..... _ ... ,.,._ cu I .., : : :: : ....J"· ... 

! . 

L..--_ ___......---~----r--------' .. 
I I 

Light Heavy 

THE LANTHANIDE SERIES 

--·-
' ' 



-·· ~-~~-.;.: ·-. . .. 
lare Ea~th Elements Common Elements .. , , 

A::o:!c Abun~a:-:.::e 
, 

Ator.:!:: Abunc!a:tce 
Sy:::?::c: ~:.::-:?le:- 2/}:. sv~~::! N1.::"::°::e:- 2~ 

Sc 21 s Be 4 6 

y 39 28.1 B s 3 

La SJ 18.J N 7 46.3 

Ce SB 46.1 Co 27 23 

Pr · 
. 

59 s.s Cu 29 70 

lfcl 60 23.9 Ca . 31 15 

1!lll 61 0 Ce 32 7 

Sm 62 6.5 As 33 s 
Eu 63 1.06 Br 35 1.6 

Cd 64 6.4 Mo 42 2.5 - lS 

Tb 65 0.9 Ag 47 0.1 

Dy 66 4.5 Cd 48 0.2 

Ho 67 . 1.2 Sn so 40 

Er 68 -2.s Sb 51 1 

Tm 69 0.2 1 53 0.1 

Yb 70 2.7 Pb 82 16 

Lu 71 0.8 Bi 83 0.2 

ABlNDA&'CE OF ELEME1'lTS IN IGNEOUS ROCXS OF CRUST 

OF THE EARTHS 

TABLE 1 

. 
·. 
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GADOU~ITE Be2Fe Y 2si20 lO 

CERITE CaCeSi3013 

XENOTIME YPO• 

BASTNASITE CeFC0
3 

MONAZITE (Ce,Y)PO• 

APATITE (CaCe)j (P,Si)O• iO,F) 

PYROCHLORE (NaCaCe)
2
Nh

2
o

6
F 

FERGUSONITE (Y,Ce, U, Th, Ca) (Nb, Ta, ri>o, 
SAMARSKJTE (Y ,Ce,U,Ca) (Nb, Tu

2
, Ti)

2
0 

6 

EUXENJTE (Y ,Ca,Ce,U, ThXNb, Ta, n>2o6 

ALLANJTE (Ca,Ce, Th)2 (AJ,Fe,Mn,Mg)
3
0H 

FLUOCERITE Cef.3 

MINERALS CONTAINING RARE EARTHS 

TABLE 2 

I' ' 
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,, METRIC TON REO 

China 38,000,000 

United States .5,200,000 

Brazil 73 ,000 

Canada 197 ,000 

India 2' }()() '000 

Malaysia 3.5,000 

Thailand 1,000 

Other Market Economy Countries 9.50,000 

Other Centrally Planned Economy Countries }00,000 

WORLD TOTAL lf7 ,6.56,000 

WORLD RARE EARTHS RESERVES 

TABLE 3 

.·· 



COUNTRY TYPE ORE 

USA Bastnasite 
Monazite 

Brazil Monazite 

China Bastnasite 

India . Monazite 

Australia Monazite 

Malaysia Monazite/Xenotime 

Thailand Monazite 

Market Economy 
Countries Monazite 

Centrally Planned Economy 
· Countries Monazite 

WORLD TOTAL 

1984 WORLD MINE PRODUCTION 

TABLE 4 

- .... , •-•••I 

, 

RARE EAR Tii OXIDE 
CONTENT MT 

16,lOO 
1,000 

1,000 

6,000 

2,200 

&,000 

200 

10 

170 

1,.500 

J.S,.5..50 



BASTNASITE 

MONAZITE 

OTHERS: RE CL
3 

Solutions, Concentrates, Xenotime 

TOTAL 

PRODUCION OF RARE EAR TH MINERALS 

TABLE' 

/ : I 

I ,. ' I' 

. ··---;-··-·· . 

I 

I I I 

MT REO 1984 

22,300 

12,000 

2,2.50 

.: 
.. ... __ __.... •• ·-1 ... 
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REO MT/YEAR 

,..USTRALIA 

Allied Eneabba Ltd Monazite 3,•oo 
Associated ~Unerals Monazite 2,.500 
Cable Sand~P~ Ltd Monazite 

, 
200 

W estralian Sa:'lds Monazite 1,.500 
Rutile and Zircon Mines 

(Newcastle) LTD Monazite 400 

BRAZIL 

Nudebras de Monazita 
e Associados Ltda Monazite - 1,100 

INDIA 

Indian ~are Earths Ltd Monazite 2,000 
Kerala Minerals &: Metals Ltd Monazite 200 

INDONESIA 

PT Tambang Tunah Monazite/Xenotime 8.5 

MALAYSIA 

Beh Minerals Sdn Monazite 180 
Xenotime 10 

Sidor Malaya Tm 
Semdoroam Berhad Monazite 10 

THAILAND 

Various Tin Mining Companies Monazite 80 

THE PEOPLE'S REPUBLIC OF CHINA 

Various Bastnasite 6,000 

USA 

Molycorp Bastnasite 16,300 
Associated Minerals Ltd. Monazite 1,000 
Humphreys Mining Monazite 0 

ZAIRE 

Sominki Monazite If 0 

MAJOR RARE EAR nl MINERAL PRODUCERS 

TABLE 6 

_:.~~-~~-:;£~;~{;~.~-. 
.. ~· •,1 •• 
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OiEMICAL A"W.YSIS Of BASTNA.SITE a::l'CEi.~TES 

Molybden~ Corpora~ion 
of hnerica. USA 

La203 - 29.0 % 

Ce02 - IJ4.0 % 

Pr6011 - •.O % 

Nd203 - 10.0 % 

Sm203 - O.l % 

Eu203 - 0.11 % 

Gd203 - 0.1.5 % 

Tb•07 
Dy203 
Ho203 0.12 % 
Er203 
Tm203 

Yb203 - O .01 % 

Lu203 - 0.01 % 

Th02 - 0., % 

Y203 0.1 % 

Bao 3.3 % 

Fe 0., % 

p 0.62 CJ6 

s 0.9, % 

Si02 3.0 CJ6 

Cao 2 .2 % 

f 1 % 

H20 0., % 

TABLE 1 

The China Rare Earth Company 
Baotou, Inner Mongolia. China 

27.0 CJ. 

,o.o % 

,.o % 

1,.0 " 

1.1 " 

0.17" 

o.• " 

1.0 " 

0.30 % 

0.1.5 - 0.22 % 

0.3 % 

0.1.5 - 0.22 " 

,.0 - 7.0 " 
3 ' " 

0.1, % 

o.• " 
1.1 % 

,.o - 7.0 CJ6 

1.0 % 



Specification 

RARE EARTH OILOO.IDE 
(Lanthanide Chloride) 

China 

Grade M Grade A 

USA 

REO lfl. 00%(mi n) 
lf7.00%(typical) 

If l. 00%(mi n) lf6. 00%(mi n) 

La203/REO 
Ce02/REO 
Pr6011/REO 
Nd203/REO 
Sm203/REO 
Fe203 
Th02 
Bao. 
CaO 
S04 

27.00%(approx) 
l0.00% • 
,.00% • 

ll.00% • 
1.00% • 

.07% • 

.03% • 
o.& " • 
3.0 % " 
0.1 % II 

.01% II 

.17% II 

lf7.00%(typical) 

27.00%(approx) 1'-16% 
,0.00% • 22-23% 

,.00% • 1.7% 
1,.00% • ,.3% 

1.00% " 
.07% • .02% 
.03% • 

0.1 % • 
3.0 % • 3.0% 
0.1 % • 

.01% • 

.0,% .. P04 
Eu203/REO 
Radioactivity 1 x 10-3 microcuries/gram.max. 
Na20 0.,% 

Packaging: In steel drll'Tls of 200 kgs net each. 

Physical 
Description: Solid Cast or llnlp form available. 

Origin: Inner Mongolia, The People's 

' 
' .. ' 

Republic of China 

TABLE & 

.. • 

Flake or 
Sol id Cast 

Molycorp 



INDUSTRY 

A. Electronics 

SmiQ3; Nd 

8. Glass 

La2<)3; Ce02, NdiQ3 
CeO, and other rare earths 

C. Alloys and Ceramics 

La, Ce, Pr, NeodyrniU'Tl 
(mi sclmetal) 

APPLICATIOO 

Color television and 
mercury vapour lighting 

Phosphors for x-ray screens, 
and low pressure mercury lamps 
(fluorescent tubes) 

Permanent magnets 

Melt additions 
Polishing 

Flints, steel and cast iron 

Ceramic pigments 

Ceramic opacif iers 

VARIOUS APPLICATIOOS OF RARE EARTHS 
IN ELECTRONICS, GLASS, ALLOYS AN:> CERNdICS 

TABLE 9 

~1.tiif.'.;. 
··~"··' .: .. · ~·. 
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.--------

T12es Introduced Use Use Trend , , 
Martensitic 1820 - 1930 Smal I Declining 

steels 

Alnico alloys 1930s Large Declining 

Rernal loy 1930s Very Slroel l l Replaced by 
(Fe-Co-Mo) Fe-Cr-Co 

... 
PtCo 1930s Very small Fast 

declining 

Cunife, Cunico 1930s Small Declining 

Vicalloy 191f0s Very smal 1 Steady 

ESD Fe-Co 19,0s Small Steady 

Fer rites 19,0s Large Fast 
(oxides) growing 

RE-Co a!loys 1970s Small Fast 
growing 

Fe-Cr-Co alloys 1979 Medi llll, Modest 
replacing growth 
Alnico '• 
Cunife 

Mn-Al-C alloy 1979 Smal 1, Steady, 
replacing stable 
some Alnicos 

Fe-Nd-B 1983 Currently Rapid growth 
Very small expected 

HISTORY Of VARIOUS ALLOYS IN PERMANENT MAGNETS 

TABLE 10 

. ·:~ ~ ' 
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LOCATION OF' 'IORLD BASTNASITE DEPOSITS 

FIGURE I 

.- .. ...;·,, .,, .,. . 
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LOCATION OF \\ORLD ~ITE DEPOSITS 

FIGURE 2 
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Holr1Nlenu. Corporation of Aaedca 
I. Hountatn Paaa, California 
2. Louvier•, Colorado 

-.. · 3. Vaahlngton, Pennsylvania 
·· ' 4. York, Pennsylvania 

a .... ~ch Ch .. tcala Company 
S. Phaentx, Arizona 

• 2 

Mine, Mill 
Cheaiicals 
Metals, Alloy• 
Metals, Alloy a 

C011pounda & Metal• 

lthoae-Poulenc Inc. - Cheaitcala Dtvtaion 

•. 

6. Freeport, Texaa Che11ical1 

loaeoa Metal• Corporation 
1. Newark, New Jeraey Mtachlletal, Flint 

' 

Reactive Metal• & Alloy1 Corpor..!'J:~ 
8. Weat Pittabur1. PennaylvoniA 
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