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Yttrium or rare -earth chlorides, fluorides, bromides 

or iodides were investigated as intermediates for metal production. 

Emphasis was placed on the development of methods for pre- 

paring these halides and for refining them to a high state of 

purity. 

Rare -earth chlorides were prepared either by slow 

dehydration of hydrated salts while in contact with ammonium 

chloride, or by a more rapid technique involving the direct 

chlorination of mixtures of rare -earth oxides and carbon. In 

either case, chloride salts were purified by vacuum distillation 

or by filtration of molten salts. 

Lithium, sodium, potassium and calcium were tested as 

reductants for anhydrous halides. These metals were compared 

as reductants on the basis of operating characteristics, purity 

of metal product, and yield of product. 

Yttrium and rare -earth metals prepared in this study 

were consolidated, usually by inert -atmosphere arc melting, and 

the consolidated metals were evaluated on the basis of chemical 

analyses and mechanical workability. 

Of the many systems studied, best results were obtained 

by the lithium reduction of rare -earth chlorides in Inconel or 



molybdenum apparatus. Metal made by this procedure was freed 

of byproduct lithium chloride by vacuum distillation, and the 

rare -earth metal, which appeared as a sponge, was consolidated 

by arc -melting. 

Yttrium was prepared by this technique on a scale of 

15 pounds of metal per batch. Metal recoveries were greater 

than 95 percent and the major impurity, oxygen, was usually 

present in amounts less than 500 ppm. 

Samarium and europium cannot be prepared by reduction 

of their halide salts. These metals were produced by reduction 

of their oxides in a high vacuum employing lanthanum, cerium, 

or zirconium as reductants. Yields were usually over 90 per- 

cent during tests conducted at 900 to 1450 °C. 
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PREPARATION OF YTTRIUM AND RARE -EARTH 
METALS BY ME TALLOTHERMIC REDUCTION 

INTRODUCTION 

The group of 16 1/ elements which comprise yttrium and the 

rare earths, or lanthanides, are always found closely associated in 

nature. Chemists have long sought ways to separate these elements and 

although complex fractional precipitation techniques had been employed 

with partial success for over 150 years, only during the last 15 years 

have methods been developed for preparing individual rare -earth oxides 

in high purity form. Spedding and co- workers at Iowa State University 

(40,41) developed ion exchange techniques by which rare -earth ions 

can be selectively eluted from cation exchange resins to separate these 

elements in any required state of purity. During the last 10 years high - 

purity rare -earth oxides have become available commercially and tonnage 

quantities of yttrium oxide have been produced for government contract 

research. 

Rare -earth metals have been prepared on a gram scale by 

reduction of anhydrous halides, notably chlorides, almost as long as 

rare -earth compounds have been separated. As long ago as 1827 

Mosander prepared metallic cerium by reducing cerous chloride with 

1/ Element 61, promethium, does not exist in nature as a stable 
element. 
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potassium (36). Since that time most experimenters have employed 

metallic reduction of halide salts as a method for metal preparation 

although fused salt electrolysis has also been investigated. (1,4, 10, 12, 

15, 22, 24, 25, 26, 27, 45, 46). More recently, workers at the Ames Labor- 

atory at Iowa State University have studied the preparation of rare earth 

metals on an expanded scale by metallic reduction of anhydrous halides 

(10, 11, 38, 39). These workers have emphasized the use of fluoride 

salts as intermediate for metal production because other rare -earth 

halides are extremely hygroscopic and require specialized handling 

methods (47). 

The work upon which this report is based was undertaken to 

develop practical methods for preparing yttrium and rare earth metals. 

The object was not only to develop reduction methods that were capable 

of being expanded to plant scale operation, but to delineate methods 

that were capable of preparing metal in very high purity form. Relative- 

ly small amounts of impurities such as oxygen, nitrogen, and most of 

the transition elements will completely mask the true properties of rare - 

earth metals. Metal hardness, tensile strength, resistivity, ductility, 

workability and corrosion resistance are all dependent on the level of 

impurities in the metals. Because of the extreme sensitivity to contam- 

ination and because of the difficulty in separating these elements, 

yttrium and the rare -earth elements are practically unknown as true 
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metals. To evaluate these metals for engineering uses, it was first 

necessary to prepare them with a minimum of impurities. 

Past experience has shown that other reactive metals can be 

prepared successfully in high purity form by metallic reduction of 

anhydrous chlorides. Titanium and zirconium, like the rare earths and 

yttrium, both dissolve oxygen and nitrogen interstitially in large amounts 

rendering these metals worthless as engineering metals. It was not 

until the Kroll process (30,31,32) was developed that titanium and 

zirconium became metals of commerce. In the Kroll process, anhy- 

drous tetrachloride salts are carefully purified to remove various 

impurities, especially oxygen, and are reduced with magnesium under 

an inert atmosphere to exclude atmospheric contaminants completely. 

The ability to work with oxygen -free compounds and to exclude oxygen, 

nitrogen, and water, has been responsible for the success of the Kroll 

process for making ductile titanium and zirconium. It was felt that . 

similar techniques could be employed to prepare yttrium and the 

lanthanides although it was known that these metals were even more 

sensitive to impurities and that improved purification methods must be 

developed. 

Because of the large number of rare earth elements and the 

many possible reduction schemes involved, it was not possible to investi- 

gate all systems. Instead, lanthanides were selected for study that had 
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representative chemical and physical properties since it was surmised 

that most of the adjacent elements would have similar properties and 

unit process and operations could be translated to other elements with 

only minor modifications in procedure. Cerium and lanthanum were 

investigated because they are representative of the light rare earths. 

As metals they have the lowest melting points in the series while their 

halide salts have the highest melting points and the lowest vapor pressures. 

Gadolinium and yttrium are typical of the heavy rare -earth metals. 

They have higher melting points while their halide salts have lower 

melting points and higher vapor pressures. Europium and samarium 

were studied because they are representative of rare earths that form 

stable divalent compounds. The significance of these properties will 

become apparent in the discussion that follows. 
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THEORETICAL CONSIDERATIONS 

Free -Energy Changes 

In developing a practical method for preparing rare -earth 

metals, consideration was given to unit processes and unit operations 

that could be adapted to all, or nearly all, of the 15 metallic elements 

included in this series. It was important to select and study metallic 

reductants and halide species that could be employed for each lanthanide, 

if possible, and to develop halide salt preparative and purification 

techniques applicable to all. 

Of the 15 stable rare earths and yttrium, all form trichloride 

salts, None form lower halides with the exception of europium, 

samarium, and ytterbium. Investigators have shown that the dihalides 

of these metals are incapable of being reduced completely by alkali or 

alkaline earth metals (9,11, 42). 

The thermodynamic properties (48) of the remaining 12 

elements were studied to determine the free -energy change involved 

when their oxides, fluorides, chlorides, bromides, and iodides were 

reduced with either calcium, magnesium, sodium, potassium or lithium. 

Other metals could, of course, serve as reductants but economic con- 

siderations as well as undesirable physical properties dictated their 

exclusion from consideration. These other properties will be discussed 

in greater detail later. 



6 

Tables 1 through 10 show plots of the free -energy change 

versus temperature for the reactions of the rare earth oxides and 

halides with metallic reductants. To simplify this presentation, individ- 

ual reactions of each lanthanide or yttrium are not shown. Instead, for 

each halide or oxide and for each metallic reductant, the maximum and 

minimum free -energy change for the entire 12 elements is shown. This 

free -energy range is represented by the shaded area on each plot. 

Since reactions of interest in this investigation include only 

those which yield complete reduction of each of the 12 lanthanides and 

yttrium, reactions were considered only when the minimum negative 

free -energy change for all elements was greater than approximately 

5 kilocalories . From the graphs it can be seen that the oxides can not 

be reduced by any of the metals unless some method is employed to 

displace equilibrium. Even calcium, the most powerful reductant for 

oxides, would not be expected to be effective for any of the oxides since 

oxygen dissolves interstitially in rare earth metals, thereby lowering the 

activity. Magnesium would not be expected to be effective for any of the 

halide systems. Sodium should reduce all halides except fluorides at the 

higher temperatures. Potassium, like sodium, should be an effective 

reductant for all halides except fluorides. Calcium and lithium, the 

most powerful reductants, should reduce all rare -earth halides and would 

be the most logical reductants for study from a thermodynamic standpoint. 
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Thermodynamic information is not available for the divalent 

halides of samarium, europium and ytterbium, however, experience by 

the author as well as other investigators has indicated that metallic reduc- 

tion of these halides is not promising (9, 11, 42). 

Physical Properties of Reactants and Products 

Having established which reactions show most likelihood of 

success from the standpoint of chemical equilibrium, further considera- 

tion of the physical and chemical properties is necessary before choosing 

specific systems for investigation. Of the 4 halides, the chlorides and 

fluorides are most attractive from an economic standpoint. Also, 

bromides and iodides are more corrosive toward metallic materials of 

construction making them even less desirable. The fluorides appear 

attractive from the standpoint of plant operation because they are not 

hygroscopic and handling methods associated with their use are simpli- 

fied. However, one of the objects of this investigation was to prepare 

lanthanide and yttrium metals in as high a state of purity as practicable. 

Although fluoride salts are not hygroscopic, they also have very low 

vapor pressures and high melting points which places a severe limitation 

on the possible purification techniques which can be practiced. On the 

other hand, chlorides have relatively low melting points and exhibit an 

appreciable vapor pressure below 1100° C. Table 1 lists the melting 

and boiling points of all rare earth halides and yttrium. Also shown in 
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table 1 is the temperature necessary to yield an estimated vapor pressure 

of 2 mm Hg. Kroll (33) has shown that vacuum evaporation can be utilized 

successfully on an industrial scale for the purification of metals if the 

metal exhibits a vapor pressure of at least 1.8 mm Hg at the operating 

temperature. All of the trivalent chlorides, bromides and iodides 

exhibit a 2 mm Hg. vapor pressure at 1100° C or less. At these 

temperatures metals can be used as construction materials for distilla- 

tion retorts. 

For the above several reasons, rare earth and yttrium tri- 

chlorides appeared most attractive as intermediates for metal produc- 

tion and were investigated more thoroughly. Fluorides were investigated 

to a somewhat lesser degree and metals prepared by each method were 

compared. Bromides and iodides received much less consideration 

because it soon became evident they were less suitable as intermediates. 

In choosing metallic reductants, no overshadowing advantages 

can be attributed to any of the reductants. In the following reaction, R 

represents a rare earth, X a halogen, and M an alkaline or alkaline earth 

metal: 

RX3 +3M > R+3MX (1) 

It is obvious that in conducting this reaction it is necessary to maintain 

the rare -earth halide and reductant metal in contact with each other. 

A byproduct alkali or alkaline earth halide salt is formed in the reaction 



TABLE 1. - Rare -earth halide melting points and estimated temperatures 
for 2 mm and 760 mm Hg vapor pressure (19) 

Temperature Temperature 
Halide M. P. 2 mm Hg B. P. Halide M. P. 2 mm Hg B. P. 

LaC13 852 1100 1750 PmC13 740 1050 1670 
LaBr3 883 1010 1580 PmBr3 680 960 1530 
La43 761 910 1405 PmI3 800 860 1370 
LaF3 (1430) 1600 2300 PmF3 1410 1600 2300 

CeC13 802 1090 1730 SmC12 740 1310 2030 
CeBr3 732 1010 1560 SmBr2 700 1250 1880 
CeI3 752 940 740 SmI2 (500) 1020 1580 
CeF3 1460 1600 2300 SmF2 (1380) 1700 2400 

PrC13 776 1080 1710 SmC13 678 1010 * 

PrBr3 693 990 1550 SmBr3 664 * * 

PrI3 733 870 1380 SmI3 820 * * 

PrF3 1470 1600 2300 SmF3 (1400) 1600 2300 

NdC13 760 1060 1690 EuC12 (700) 1310 2030 
NdBr3 684 970 1540 EuBr2 (650) 1250 1880 
NdI3 775 860 1370 EuI2 (500) 1020 1580 
NdF3 1410 1600 2300 EuF2 (1380) 1700 2400 



TABLE 1. - Rare -earth halide melting points and estimated temperatures 
for 2 mm and 760 mm Hg vapor pressure (19) (continued) 

Temperature Temperature 
Halide M. P. 2 mm Hg B. P. Halide M. P. 2 mm Hg B. P. 

EuC13 523 940 * HoC13 718 950 1510 
EuBr3 (700) * * HoBr3 914 940 1470 
Eu13 (900) * * HoI3 1010 880 1300 
EuF3 (1390) 1500 2300 HoF3 (1360) 1500 2200 

GdC13 609 980 1580 ErC13 774 950 1500 
GdBr3 765 930 1490 ErBr3 950 940 1400 
GdI3 926 870 1340 ErI3 1020 880 1280 
GdF3 (1380) 1500 2300 ErF3 (1350) 1500 2200 

TbC13 588 960 1550 TmC13 821 940 1490 
TbBr3 (800) 930 1490 TmBr3 (950) 930 1440 
TbI3 (950) 890 1330 Tm13 1015 840 1260 
TbF3 (1370) 1500 2300 TmF3 (1340) 1500 2200 

DyCl3 654 950 1530 YbC12 (700) 1250 1930 
DyBr3 881 940 1480 YbBr2 (650) 1140 1830 
DyI3 955 880 1320 YbI2 (500) 790 1330 
DyF3 (1360) 1500 2200 YbF2 (1380) 1600 2400 



TABLE 1. - Rare -earth halide melting points and estimated temperatures 
for 2 mm and 760 mm Hg vapor pressure (19)(continued). 

Halide 
Temperature, °C. 

M. P. 2 mm Hg -B. P. 

YbC13 854 940 * 

YbBr3 940 * * 

YbI3 (1000) * * 

YbF3 (1330) 1500 2200 

LuC13 892 950 1480 
LuBr3 (960) 920 1410 
LuI3 1045 800 1210 
LuF3 (1320) 1500 2200 

YC13 700 950 1510 
YBr3 (904) 940 1470 
YI3 1000 880 1310 
YF3 (1390) 1500 2200 

*Decomposes 
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which -- experience has shown- -must be maintained molten to sustain the 

reaction. Also, this salt must be separated from the rare -earth metal 

subsequent to the reaction by some operation such as vacuum distillation. 

In choosing a reductant, the melting points and vapor pressures 

of reactants and products must be considered. Free -energy considera- 

tions indicate that calcium should be a powerful reductant for all halides. 

However, calcium and calcium chloride both have relatively high melting 

points and low vapor pressures as indicated in table 2. To use calcium 

as a reductant, higher operating temperatures must be used than for any 

of the other reductants. The low vapor pressure of calcium chloride 

indicates that its separation from the rare -earth metal by distillation 

may be troublesome. These considerations, plus the fact that calcium 

is difficult to prepare free of oxygen and nitrogen, makes it less 

desirable as a reductant for salts other than fluorides. 

Sodium can be obtained in much higher purity than any of the 

other reductants and is currently the least costly on a mole basis. The 

most serious disadvantage to the use of sodium involves the wide differ- 

ence between the vapor pressure of sodium and its halide salts at the 

reaction temperatures. Sodium boils at 914° C while sodium chloride 

melts at 800' C. To conduct the sodium reduction of rare earth halides, 

the reaction would of necessity be carried out above 800° C. At this 

temperature sodium has an appreciable vapor pressure, as seen in table 2, 
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TABLE 2. - Fusion and vaporization temperatures of 
reductants and their halide salts, °C (19) 

Melting Vapor Pressure 
Reductant point 0.001 atm 0.1 atm 1 atm 

Ca 851 802 958 1482 
Mg 650 608 727 1126 
Na 98 432 540 914 
K 64 332 429 779 
Li 179 707 857 1367 

C aF 2 1428 1600 1810 2510 
MGF2 1263 (1440)* 1610 2230 
NaF 995 1049 1218 1704 
KF 857 869 1018 1502 
J,iF 847 1031 1189 1681 

CaC12 782 (1200) (1400) (2100) 
MgC12 714 763 910 1418 
NaC1 800 850 996 1465 
KC1 770 806 948 1410 
LiCl 614 769 991 1380 

CaBr2 760 (1120) (1300) (1800) 
MgBr2 711 (720) (860) (1200) 
NaBr 747 791 932 1392 
KBr 742 780 920 1383 
LiBr 552 733 865 1310 

Call 740 (720) (860) (1200) 
MgI2 650 (500) (700) (900) 
Nal 662 753 885 1304 
KI 682 731 869 1324 
LiBr 440 712 826 1171 

*Values in parenthesis indicate estimations. 
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and would be expected to distill from the site of the reaction making it 

difficult to maintain contact between reactants. Also, during vacuum 

distillation of the reduced rare -earth product to remove byproduct 

sodium chloride, the high vapor pressure of sodium might be expected to 

result in a reversal of the reaction causing sodium to be re- formed 

through the reduction of sodium chloride by the rare -earth metal. Sodium 

reduction of rare earth bromides and iodides should be somewhat less 

troublesome on the basis of this reasoning. 

Potassium has the same disadvantages to its use as sodium 

although it is more costly and less pure. 

Lithium appears to be the most favorable reductant from the 

standpoint of physical properties. The melting point and vapor pressure 

of lithium is nearer to the melting points and vapor pressure of its 

corresponding halide salts than are any of the other metallic reductants. 

This would be expected to give the most latitude of operation for both the 

reduction as well as subsequent purification step. Because the halides 

of lithium are lower melting and have somewhat lower vapor pressures 

than other halides under consideration, all operations associated with 

lithium reduction of rare earth halides should be less likely to result 

in corrosion of the construction materials and consequent recontamina- 

tion of the rare earth metal product. 
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The main disadvantages to the use of lithium as a reductant is 

its high cost, and the fact that it can not be obtained in a high state of 

purity, although it can be purified by a simple filtration. 

From these considerations, it was decided to investigate the 

lithium and sodium reduction of rare earth and yttrium chlorides since 

thes e reactions appeared most favorable from the standpoint of ease of 

operation and product purity. Calcium was also tested as a reductant, 

especially for rare -earth fluorides since the fluorides appeared some- 

what more difficult to reduce on a free energy basis. Magnesium was 

not tested extensively since it was found that it was incapable of reducing 

rare -earth halides, confirming thermodynamic predictions. Potassium 

was investigated to only a limited extent because of its similarity to 

sodium and because of other less desirable properties. While other 

metals could possibly serve as reductants, they were not tested, either 

because of their cost or their unfavorable physical properties as discussed 

previously. 

Purity of Reactants 

Table 3 shows the analysis of metallic reductants used in this 

investigation. Rare earth and yttrium oxides were used as starting 

materials and the purity of these oxides varied throughout the investiga- 

tion. During the early part,difficulty was encountered in obtaining rare 

earth oxides free of other rare earths and the purity of the first oxides 
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TABLE 3. - Analysis of metallic reductants, ppm 

Element Calcium 1/ Sodium 2/ Lithium 1/ 

Al 
Ba 
Be 
C 

Ca 
Cl 
Cr 
Cu 
Fe 
H 

In 
K 
Mg 
Mn 
N 
Na 
Ni 
P 
Pd 
Pb 
S 

Si 
Sn 
Sr 
Ti 
Tl 
V 

10 
N. D. 3/ 
- 
40-150 
- 
- 
N. D. 

< 10 

10-100 
- 
- 
N. D. 
100-1000 
10-100 
10-40 
N. D. 

- 
- 
- 

N.D. 
N. D. 
100-1000 
N. D. 
- 
- 
- 
N.D. 

20 

5 

2 

- 
5 

15 

10 

5 

- 
100 

2 

80 
20 

5 

- 
- 

10 
2 

10 
1 

30 
10 

2 

10 
20 
20 
10 

100-1000 
- 
- 
- 

N. D. 
0.01 

10-100 

N. D. 
- 
- 

100-1000 
1000-10,00C 

- 

100-1000 
- 

100-1000 
- 
- 

100-1000 
- 

100-1000 

1/ Semiquantitative optical spectrographic analysis 
2/ Manufacturer's analysis 
3/ Not detected 

- 
- 

- 

- 
- 
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tested were no better than 95 percent. As the study progressed, higher 

quality oxides became available. Yttrium oxide having a purity in excess 

of 99.99 percent was obtained in quantity and was tested in expanded 

scale operations. In all rare -earth oxides, the only metallic contaminant 

present in detectable amount, other than rare earths, was silicon. 

Other reagents used in this program were of commercial 

quality and were used without purification. 
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EXPERIMENTAL PROCEDURES AND RESULTS 

Preparation of Rare -Earth Fluorides by Reaction of Rare -Earth Oxides 
With Ammonium Bifluoride 

Although many investigators have prepared rare -earth metals 

either by electrolytic or metallic reduction of rare -earth halides, 

detailed information describing methods for preparing halides in pure 

anhydrous form is lacking. Also, there are many contradictions regard- 

ing the effectiveness of the various methods used to prepare rare -earth 

halides completely free of oxy- compounds. Since any oxy- compound 

present in a halide will introduce oxygen into the rare earth metal during 

the reduction process, this was one of the major problem emphasized 

during the preparation of halide compounds. 

A cursory examination was made of various methods that have 

been reported for preparing anhydrous fluorides. The method which 

appeared most attractive from the standpoint of preparing oxygen -free 

salts and the one that was selected for extensive study involved the 

direct reaction of a rare -earth oxide and ammonium bifluoride or the 

dehydration of hydrated fluorides in the presence of ammonium bifluoride. 

The use of ammonium bifluoride as a fluorinating agent was first described 

by Declory who postulated that the following reactions occur: (12) 

R203 + 4 NH4F HF > 2 RF3. NH4F + 2 NH3 + 3 H2O (2) 

RF3 NH4F > RF3 + NH4F (3) 
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To avoid the formation of oxyfluoride compounds, all of the 

H2O formed in reaction 2 must be removed before reaction 3 is initiated. 

This can be accomplished by careful heating and the application of reduced 

pressure during the decomposition reaction. In the case where hydrated 

fluorides were dehydrated, essentially the same reactions occurred 

since hydrolysis occurs during dehydration, and ammonium bifluoride 

serves as a fluorinating agent for the rare -earth oxide formed as a 

result of hydrolysis. 

Best results were obtained by the following general procedure. 

The rare -earth oxide was mixed rapidly with 50 to 120 percent excess 

ammonium bifluoride. The mixture was loaded into a nickel boat and 

then charged into the retort shown in figure 11. Since reaction 2 is exo- 

thermic and proceeds spontaneously at room temperature, rapid handling 

was necessary during mixing and loading of the charge. After the charge 

was loaded into the dehydration retort it became necessary to vent the 

ammonia and steam evolved during the reaction. The retort was heated 

to 100° C and held at this temperature for 2 to 3 hours to effect complete 

fluorination. 

After the reaction had essentially reached equilibrium, a 

water aspirator was connected to the retort outlet and a vacuum of 

approximately 28 inches of mercury was applied to remove water and 

ammonia remaining in the charge. When the bulk of the water and 
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ammonia were evolved the outlet of the retort was reconnected to a 

mechanical vacuum pump which maintained the retort pressure below 

1 torr. The retort temperature was slowly increased in 20° C increments 

to a maximum of 500° C. Care was exercised in increasing the tempera- 

ture so that the retort pressure never exceeded 20 torr pressure. Heating 

was continued until a terminal pressure of 1 x 10 -2 torr was obtained in 

the retort. The total time required to remove completely water, excess 

ammonium bifluoride, and ammonium fluoride was between 60 and 96 

hours. To protect the vacuum system during this procedure, water was 

frozen out in a dry ice -acetone cold trap and ammonium salts were 

condensed in the nickel condenser shown in figure 11. 

Results of fluorination tests are shown in table 4. In cases 

where hydrated fluorides were dehydrated with ammonium bifluoride, 

it was not possible to calculate yields because of the presence of an 

undetermined amount of water of hydration. It was estimated that in all 

cases the conversion of oxide to fluoride was well over 99 percent. The 

losses shown in table 4 were attributable to handling losses. Nitrogen 

analyses in table 4 indicate the effectiveness of ammonium fluoride 

removal. 

Preparation of Rare -Earth Chlorides 

The most widely used method for preparing anhydrous rare - 

earth chlorides is that reported by Kleinheksel and Kremers (23). 
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TABLE 4. - Preparation of rare -earth fluorides by reaction 
of rare -earth oxides with ammonium bifluoride 

Charge R. E. fluoride yield Analysis, ppm 
Run No. Component Weight,gms grams percent C N 

Gd-9 Gd2O3 257 294 96.7 30 60 
NH4HF2 182 

GD-17 Gd2O3 500 564 98.8 400 150 
NH4HF2 354 

GD-21 Gd2O3 1880 2197 98.5 820 330 
NH4HF2 1300 

Pr-24 PrF3 . x H20 232 220 - - - 
NH4HF2 190 

La-18 LaF3 . x H20 1120 1096 - 50 30 
NH4HF2 954 

Nd-1 NdF3 . x 1120 920 897 - 80 150 
NH4HF2 845 

Y-28 Y2O3 260 334 99.4 
NH4HF2 400 

Ce-27 CeO2 273 313 100.0 - 180 
NH4HF2 400 

- 
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It involves the careful dehydration of a hydrated rare -earth chloride while 

in the presence of dry hydrogen chloride gas under reduced pressure. 

Anhydrous trichlorides have also been prepared by the method of Jantsch 

and coworkers (15,19,20,21). This method involves the careful dehydra- 

tion of the hydrated rare -earth chlorides in the presence of an excess of 

ammonium chloride in a manner similar to the dehydration of the rare - 

earth fluorides. The temperature of the rare -earth salt is increased 

gradually to liberate water while maintaining the chloride salt under a 

stream of chlorine or hydrogen chloride gas at reduced pressure. A 

completely dry method was reported by Reid, Hopkins and Audrieth (37) 

which involves the solid state reaction of a rare -earth oxide with excess 

ammonium chloride. Other methods described for preparing chlorides 

include the reaction of the oxide with thionyl chloride, the reaction of 

oxides with carbon tetrachloride, dehydrating of hydrated chloride with 

pyridinium chloride, and direct chlorination of rare earth carbides or 

rare -earth oxide -carbon mixtures with chlorine or carbon tetrachloride 

(14,18,35,43). 

Most of the methods reported in the literature for preparing 

rare -earth and yttrium chlorides were tested in this investigation. 

Chlorination tests were performed in small -scale laboratory equipment 

to evaluate the various techniques and also to provide a source of 

material for metallothermic reduction studies. Methods which were 
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selected for intensive study were those that showed promise of yielding 

a chloride more nearly free of unreacted oxide or oxychloride compounds, 

since one of the aims of this project was to prepare high -purity metals. 

At present there is no satisfactory method for determining 

the amount of oxygen in a rare earth chloride . Although water solubility 

tests have been used as a cirterion for determining the presence or 

absence of oxy- or oxychloride compounds, work by the author indicates 

that this test is unreliable, especially with respect to minor amounts of 

oxides. Analytical methods have been used to determine oxygen in halide 

salts, but the hygroscopicity of rare -earth halides and the necessity for 

handling analytical samples in air render the results doubtful. 

The effectiveness of the various techniques used to prepare 

chlorides was based upon the amount of oxygen found in metal prepared 

from the chloride. Although this procedure does not yield an exact 

measure of the oxygen content of rare -earth chlorides, it does provide 

some measure for comparing the quality of the chlorides prepared by 

different procedures. Chloride preparative methods which were selected 

for study included the following: 

Solid state reaction of rare -earth oxide with ammonium chloride 

(dry method). 

Dissolution of rare -earth oxide in hydrochloric acid followed 

by dehydration in the presence of NH4C1 and subsequent vacuum 
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dehydration (wet method). 

Direct chlorination of oxide -carbon mixtures. 

Reaction of rare -earth oxide with ammonium chloride 

In a method described by Reid and coworkers, (37) complete 

conversion of rare -earth oxide to anhydrous chloride was claimed by a 

solid state reaction of the oxide with an excess of ammonium chloride at 

190° C. Excess ammonium chloride was removed without the formation 

of oxychlorides by heating the mixture to 320° C while under vacuum. 

This technique was used in the present work to prepare anhydrous CeC13 

and GdC13 from their respective oxides. The same method was used to 

prepare a mixture of the chlorides of gadolinium, samarium, and yttrium 

from a starting material that contained approximately 68 percent Sm2O3, 

28 percent Gd2O3, and 4 percent Y2O3. 

Rare -earth oxides were mixed intimately with 65 to 100 percent 

excess NH4C1 and the mixture loaded into a flat -bottom aluminum boat. 

The mixture was heated at temperatures ranging from 160 to 170° C for 

48 to 72 hours. During heating the mixture was stirred intermittently 

until the evolution of ammonia vapors ceased. An additional amount of 

ammonium chloride equivalent to that originally used was added to the 

mixture which was then transferred rapidly to the equipment shown in 

figure 11 for final dehydration. 
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The retort, which was constructed of nickel,was 4 inches in 

diameter by 41 inches long and had a wall thickness of 3/16 inch. Like 

the experiments with fluoride salts, initial evacuation of the retort was 

accomplished by water aspiration until most of the water and ammonia 

formed in the reaction was removed. At this time the retort outlet was 

reconnected to a mechanical vacuum pump and heating continued until 

final dehydration was complete. Moisture evolved during this operation 

was trapped in a drying tower containing P2O5 or was frozen in a dry 

ice -acetone cold trap placed in series with the mechanical vacuum pump. 

The temperature of the retort was increased incrementally over 

a 24 -hour period until a maximum temperature of 330° C was reached. 

It was held at this temperature for approximately 24 hours or until 

ammonia evolution ceased. The absolute pressure in the retort ranged 

between 1 and 4 torr during dehydration. When the operation was con- 

sidered complete, the retort was cooled, backfilled with argon and the 

anhydrous rare -earth chloride transferred as rapidly as possible into 

sealed containers for storage, Amounts of rare -earth chloride prepared 

in each run varied from 200 to 650 grams and yields ranged from 92 to 

97 percent. Data covering these tests are shown in table 5. Because 

any nitrogen present in the rare -earth chloride is transferred quantita- 

tively to the rare -earth metal during reduction, it was essential that all 

traces of ammonium chloride were removed during dehydration. For this 
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TABLE 5. - Preparation of rare -earth chlorides by 
reaction of rare -earth oxides with 
ammonium chloride. 

Run RE oxide Yield Nitrogen, 
No. compound grams grams percent ppm 

G-1 Gd2O3 169 215 92 60 

G-2 Gd2O3 191 245 93 30 

G-3 Gd2O3 180 249 96 50 

Gd2O3 
GS-4 Sm2O3 500 655 97 
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reason nitrogen analyses were performed on all rare -earth chloride 

products. Analysis shown in table 5 indicates the effectiveness of ammonia 

removal. 

Dehydration of hydrated rare -earth chlorides in presence of ammonium 
chloride 

Although anhydrous rare -earth chlorides can be prepared 

by the method just described, the method is time consuming and the 

products invariably were found to contain oxy- compounds. A similar 

method, which involves the dehydration of hydrated rare -earth chlorides, 

was used to prepare anhydrous lanthanum, gadolinium, and yttrium 

chlorides. 

Hydrated rare -earth chlorides were prepared by slowly 

dissolving oxides in warm 6N hydrochloric acid. Insoluble material, 

primarily silica, was removed by decantation after which 3 to 4 moles of 

ammonium chloride per mole of rare -earth oxide were added to the 

solution. Excess water was removed by evaporation until the normal 

boiling temperature reached 130 to 135 ° C. This temperature range was 

found to be extremely critical because oxychlorides are formed if the 

temperature exceeds approximately 135 ° C. The thick, syrupy liquid 

was cooled to room temperature and allowed to solidify into a crystalline 

mixture of ammonium chloride and hydrated rare -earth chloride. The 

hydrated chloride was dehydrated, and excess NH4C1 was removed by 

sublimation in the same equipment (figure 11) used in the preceding 
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method. Most of the water was removed from the mixture by heating 

at 100 to 120° C while the retort was evacuated with a water aspirator. 

During this period the retort pressure varied between 2 and 10 torr. 

When water evolution could no longer be detected at this pressure, 

dehydration was continued by evacuating the retort with a mechanical 

pump in series with a dry ice -acetone cold trap. The retort temperature 

was increased incrementally from 120 to 350 ° C so that the retort 

pressure never exceeded 0.5 torr. Final dehydration occurred during 

this period, water being condensed in the cold trap and ammonium 

chloride in the water -cooled condenser. 

Chloride salts were prepared by this method in batches ranging 

up to 45 pounds. The level of oxygen remaining in chloride salts was 

dependent on the care employed during final dehydration. By carefully 

maintaining a low pressure in the retort, dehydration required from 4 to 

7 days depending on the size of the charge. Yttrium metal prepared from 

yttrium chloride that had been carefully dehydrated contained only 0.1% 

oxygen. Results of these tests are shown in table 6. 

Direct chlorination of rare -earth oxides 

Although methods involving direct chlorination of rare -earth 

carbides or oxide -carbon mixtures have been reported in the literature, 

(16, 17, 29) halides prepared in this way have not been used as intermedi- 

ates for metal production and the purity of these compounds has never 
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TABLE 6. - Preparation of rare -earth chlorides by dehydration 
of hydrated chlorides in the presence of ammonium 
chloride 

Run No. 
Charge RE Chloride 

Rare -Earth Weight, grams Grams Yield, percent 

Sm-Gd-1 Sm2O3 1/ 
Gd2O3 194 271 95 

La-1 La2O3 250 361 96 

La-14 LaC13. 7H2O 1480 960 98 

Gd-1 Gd2O3 200 270 97 

Gd-4 Gd2O3 200 270 97 
Y-9 Y203 1200 2010 97 
Y-2 Y2O3 12,000 20,000 97 

Y-10 Y2O3 1200 2030 98 

1/ 65% Sm2O3, 20% Gd2O3, 5% other rare earths. 
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been established. In this investigation the oxides of both cerium and 

yttrium were chlorinated with either elemental chlorine or a mixture of 

chlorine and carbon tetrachloride. 

Powdered rare -earth oxides were mixed with 10 to 15 percent 

excess carbon based on the following reaction: 

R203 + 3C + 3C12 > 2RC13 + 3C0 (4) 

A small amount of dextrin was added to this mixture to serve as a binder. 

The mixture was moistened and formed into nodules approximately 1/2 

inch in diameter. After drying, the nodules were charged into the vertical 

5 -inch diameter quartz chlorinator depicted in figure 12. The retort was 

sealed to exclude air and was heated to approximately 600' C by a wire 

wound resistor furnace to remove final traces of water and decompose the 

dextrin. After all volatiles were removed, chlorine, or a mixture of 

chlorine and carbon tetrachloride was passed through the charge while 

it was heated to a temperature somewhat below the melting point of the 

rare -earth chloride being formed. Temperatures ranging from 750 to 

800° C were optimum for cerium while best results were obtained at 

650° C in the case of yttrium. Higher temperatures caused the chloride to 

melt coating the unreacted particles of charge and significantly reducing 

the reaction efficiency. Table 7 shows the results of tests in which 

rare -earth chlorides were prepared by direct chlorination of rare -earth 

oxides. 
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TABLE 7. - Preparation of rare -earth chlorides by chlorination of rare -earth oxides 

Run No. 
Charge Chlorination 

time, hours 
Temperature 

°C 
Yield 

Component Weight, grams Weight, grams Percent 

Ce-3 CeO2 50 4 750 68 95 
C 8 

Ce-4 CeO2 50 4 800 69 97 
C 8 

Ce-9 CeO2 200 4 800 281 98 
C 32 

Y-C-58-17 Y203 6.95 2 600 11 92 
C 2.5 
Dextrin 0.5 

Y-C-58-20 Y203 278 15 650 380 79 
C 45 
Dextrin 28 

Y-1 Y203 1114 18 650 1540 80 
C 160 
Dextrin 100 

Y-4 Y2(C204)3 770 16 650 539 75 
Dextrin 80 

Y-7 Y2(C204)3 2000 24 575 1286 82 
Dextrin 200 
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This procedure had the advantage of being much more rapid 

than others tested for chloride preparation, requiring only approximately 

3 hours to process about 500 grams of charge. However, this method 

always yielded a product containing a significant amount of unreacted 

oxide as well as all of the unreacted carbon. Therefore, it was essential 

that chlorides made by this procedure be purif ied before being reduced to 

metal. 

Purification of Rare -Earth Chloride 

Vacuum distillation 

Rare -earth and yttrium chlorides prepared by any of the above 

methods are contaminated to some extent with oxy- compounds, and in the 

case of chlorides prepared by direct chlorination, are also contaminated 

with carbon. To obtain ultimate metal purity it was necessary to employ 

purification techniques to remove further these impurities. 

As shown in table 1, all rare -earth halides exhibit at least 

2 mm Hg. vapor pressure at temperatures below 1100° C. Pressures 

of this magnitude can be employed to obtain a satisfactory rate of mass 

transfer by distillation through the application of only a moderate 

vacuum using techniques now common to modern metallurgical practice. 

For this reason anhydrous rare -earth and yttrium chlorides usually were 

vacuum distilled before reduction. Distillation not only separated most 
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of the residual oxy- compounds, but also converted the finely powdered 

yttrium or rare -earth chloride into a dense, crystalline solid. The dense 

condensate was advantageous from a handling standpoint since it presented 

considerably less surface to the atmosphere; consequently, less hydration 

occurred during handling. 

Distillation was accomplished in the apparatus shown in figure 

13. Raw chloride salt, prepared by various techniques, was charged into 

a nickel container, which lined the lower part of the stainless steel 

retort. A dynamic vacuum was applied to the retort by an oil duffusion 

pump to maintain a pressure between 5 x 10 -4 and 5 x 10 -5 torr while the 

lower end of the retort containing the charge was heated to 800 to 1000° C. 

Over a 16 -hour period a charge of 1 kilogram of raw chloride 

was distilled and condensed on the conical nickel shield placed in the 

upper, cooler region of the retort. This section of the retort was cooled 

by a removable water jacket attached to the outside of the retort. After 

the charge was completely distilled, the vacuum valve was closed, the 

retort was backfilled with argon, the water jacket was removed, and the 

position of the furnace was raised to allow the upper section of the retort 

to be heated to melt the chloride condensate and allow it to run down into 

the molybdenum crucible position midway between the charge container 

and the condensing section. The temperature required to melt the 

condensate was dependent upon the lanthanide being purified. Using this 
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technique the purified chloride was cast directly into the crucible that 

would be used later in the reduction step. 

This procedure minimized handling of the purified chloride and 

exposed the least amount of chloride surface to the atmosphere. If the 

chloride contained an unusually large amount of impurities, it was some- 

times given a double distillation because some entra inment of solid 

particles occurred during distillation. In these cases the reduction 

crucible was not placed in the retort during the first distillation step. 

Instead, the chloride was chipped off the nickel condenser shield and 

replaced in the lower container for the second distillation step. 

Usually 90 to 95 percent of the chloride charged to the retort 

was recovered in the purified product after vacuum distillation. Rare 

earth and yttrium metal made from chloride purified in this manner 

contained in some cases less than 0.02 percent oxygen, O. 005 percent 

carbon, and 0.005 percent nitrogen. 

Filtration of molten chloride 

Although vacuum distillation was found to be an effective method 

for purifying rare -earth or yttrium chlorides, it was found to be extremely 

time consuming, especially when the chloride contained excessive amounts 

of impurities such as oxygen and carbon. Whenever a chloride was 

prepared by direct chlorination of rare -earth oxides, unreacted carbon 

was always present because it was one of the constituents of the chlorination 
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reaction and was added in excess. Also, chlorides prepared in this manner 

always contained a greater proportion of unreacted oxide than when the 

chlorides were prepared by the more time -consuming dehydration tech- 

nique. However, direct chlorination showed promise for the development 

of a more rapid chlorination technique and since vacuum distillation was 

itself time consuming, efforts were made to perfect a more rapid purifi- 

cation method. 

Since all rare -earth and yttrium chlorides melt at substantially 

lower temperatures than are required for vacuum distillation, the filtra- 

tion of molten chloride salts appeared to be an attractive method for 

removal of impurities that exist as solids in molten rare -earth chlorides 

at temperatures slightly above their melting points. Filtration was 

accomplished by allowing a molten chloride to drain through a pad of 

molybdenum wool while under an argon atmosphere. Molybdenum or 

nickel containers were used successfully to contain the molten chlorides 

without danger of contamination as long as moisture was completely 

excluded from the system. Because filtration could be conducted at 

lower temperatures than required for distillation, contamination of the 

product by the materials of construction was less severe. 

Filtration was found to be a rapid method of purification 

requiring only time enough to heat and cool the apparatus. There appears 

to be no limit to the batch size that can be processed by filtration. 
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Recoveries were equivalent to those experienced by distillation except 

that higher recoveries were obta fined when highly contaminated chlorides 

were distilled. Filtration was found to be much more effective than 

vacuum distillation for removing gross contamination because solid 

impurities tend to entrain to some extent during distillation requiring 

repeated redistillations for complete removal. However, distillation 

was more effective for removing final traces of impurities. Metal 

prepared from chloride that had been purified by molten salt filtration 

usually contained less than 500 ppm oxygen. 

Materials of Construction 

In preparing rare -earth and yttrium metal, contamination 

arising through corrosion of materials of construction is always a 

problem. Corrosion occurs either as a result of excessive operating 

temperatures or through the action of the hydrogen halide gas which is 

evolved when hydrolysis occurs as a result of moisture absorption. For 

these reasons, stress was always placed on the use of procedures which 

would minimize operating temperatures and which would exclude atmos- 

pheric moisture to the greatest degree. To test the compatibility of 

construction materials, a series of tests was performed to compare 

various metals for use as construction materials when in contact with 

molten yttrium chloride. 

A series of small metal crucibles measuring 1 inch in 
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diameter and approximately 1 1/2 inches high were constructed of the 

following: iron, nickel, Inconel, type 302 and 403 stainless steel, 

zirconium, titanium, molybdenum, and tantalum. Identical amounts of 

purified, anhydrous yttrium chloride were placed in each of these 

weighed crucibles. All crucibles were placed together in an inert 

atmosphere retort and heated while under argon to 850° C for 6 hours. 

After cooling, the crucibles were removed from the retort, the contents 

of each crucible were leached out with water, and the leached solutions 

evaporated to dryness and analyzed for metallic impurities. Results of 

these tests are shown in table 8. Of all materials tested, molybdenum, 

nickel, and Inconel were found to be the most corrosion resistant on the 

basis of the small amount of contamination in the salts leached from the 

crucibles. These tests also show that only nickel and Inconel form 

a protective coating on their surfaces as evidenced by the gain in 

crucible weight for these two specimens. Both nickel and Inconel might 

be expected to improve with service through the formation of a passive 

surface layer. 

On the basis of these tests, molybdenum was used as a reduc- 

tion crucible because of its excellent corrosion resistance and Inconel 

or nickel was used in fabricating retorts and condensers. Inconel was 

favored for construction of larger sized apparatus because of its superior 



Crucible material 

Iron 
Nickel 
Inconel 
Type 302 stainless steel 
Type 403 stainless steel 
Titanium 
Zirconium 
Tantalum 
Molybdenum 

TABLE 8. - Results of yttrium chloride corrosion tests 

Crucible weight, 
change, grams 

-0. 006 
+0. 008 
+0.002 
-0. 012 
-0. 018 
-0. 004 
-0. 026 
-0. 007 
-0. 001 

Analysis of YC13, percent 
Fe Ni Cr Ti Zr Ta Mo 

0. 040 

0. 002 
0. 010 
0. 017 

0. 010 
0. 005 
0. 002 0. 052 

0. 057 
0. 025 

0. 112 
0. 025 

0. 002 
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strength and creep resistance at elevated temperatures and because of its 

resistance to oxidizing atmospheres. 

Preparation of Yttrium Bromide and Iodide by Reaction of Yttrium 
Carbide with Hydrogen Halides 

Studies involving the preparation and purification of bromides 

and iodides were confined to the element yttrium. Rare -earth and 

yttrium bromides and iodides are more readily hydrolized than are 

chlorides. For this reason it was not possible to prepare these halides 

in pure form by the dehydration method. Although several tests were 

performed, the products generally contained excessive amounts of oxy- 

compounds and it became evident that nonaqueous method would have to 

be employed. Several nonaqueous techniques were tested, but the only 

method that proved successful involved the halogenation of yttrium 

carbide. Although bromides and iodides can be prepared by halogena- 

tion of rare -earth or yttrium metals, this approach obviously could 

not be used as a method for the production of primary metals. 

Yttrium carbide was prepared by heating a mixture of yttrium 

oxide and carbon in a carbon -arc furnace operated under reduced 

pressure. Ten to fifteen percent excess carbon and a small amount of 

dextrin, which served as a binder, was added to yttrium oxide and the 

mixture was extruded into pellets approximately 1/2 inch in diameter. 

After baking the pellets at 500° C under an inert atmosphere, they 



53 

were fed to a 3 -inch diameter graphite -lined copper crucible. A 

direct current arc between a central carbon electrode and the molten 

pool of yttrium carbide in the crucible served to provide heat to promote 

the reaction and fuse the product. Pellets were fed periodically into the 

pool of molten carbide while a reduced pressure was maintained in the 

furnace to remove carbon monoxide. A direct current of approximately 

200 amperes at 35 volts was required to obtain a carbide substantially 

free of oxygen. The initial product was usually crushed and remelted 

by the same technique to reduce the oxygen level further. After double 

melting the carbide contained approximately 0.5 percent oxygen. 

Carbide was prepared in batches of approximately 3 kilograms 

and the recovery varied between 85 and 95 percent based on the oxide 

charged originally. Like rare -earth halides, yttrium carbide decomposes 

rapidly when it is exposed to the moist atmosphere, therefore, handling 

must be performed under atmosphere control. 

Anhydrous halides were formed by reacting yttrium carbide 

with either HI or HBr in the equipment depicted in figure 14. The 

reactor consisted of a 2 -inch diameter Vycor tube fitted with a graphite 

pedestal near the center to support the charge. An air -cooled glass 

condenser was centrally located in the upper portion of the reactor. The 

entire assembly was heated by a 2 -inch diameter wire wound resistance 

furnace. Charges of yttrium carbide consisted of screened fractions 
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ranging from . 05 to . 2 inches. The use of finer particles invariably 

resulted in channeling while larger sized fractions resulted in 

incomplete reaction. Carbide charges were reacted either with elemental 

halogens or with the hydrogen halide gases. The latter were formed by 

passing purified helium over heated iodine or bromine and passing the 

mixed gases over a platinum catalyst heated to 575 ° C. Although the 

elemental halogen could be used in these tests, best results were usually 

achieved in using the hydrogen halide gas. 

Charges of 200 to 300 grams of yttrium carbide were halogen- 

ated at 850 to 1050° C. Vapors of yttrium bromide or iodide formed in 

the reaction were swept upwards where they condensed as a white 

crystalline solid. Because of the limited size of the condenser, it was 

necessary to cool the apparatus and remove small batches (300 gram 

maximum) several times during a halogenation test. Bromination tests 

required somewhat higher operating temperatures because of the lower 

vapor pressure of yttrium bromine and its tendency to accumulate in the 

charge. Re coveries ranged as high as 78 percent during these tests. 

Table 9 shows the results of iodination and bromination tests. 

Metallic Reduction of Rare -Earth Halides 



TABLE 9. - Preparation of yttrium iodides and bromides 

Recovery 
YC2 charge, Crude trihalide Distilled trihalide Overall 

Run No. Halide grams grams percent grams percent percent 

10 YI3 239 505 53.0 1/ 364 72.0 38.0 
15 YI3 166 570 82.7 433 76.0 62.6 
16 YI3 325 1152 85.5 1060 92.0 78.5 
19 YBr3 250 516 71.0 498 96.5 68.5 
20 YBr3 195 468 81.3 440 94.0 76.0 
21 2/ YBr3 209 494 81.3 468 95.0 77.0 

1/ Insufficient time allowed for complete iodination. 
2/ Halogenation with elemental bromine. Anhydrous hydrogen halide gas used on all other preparations. 

m 
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Bomb reduction of rare -earth chlorides 

Initial reduction tests were performed in sealed reactors 

usually termed "bombs ". These tests were confined to the calcium reduc- 

tion of lanthanum and cerium chlorides. The reduction technique was 

similar to that described by McKechnie and Seybolt for the preparation 

of vanadium metal (34). 

Bomb reactors were constructed from mild steel tubing 2 3/4 

inch inside diameter by 20 inches long with a 3/8 inch wall thickness. 

Flan ges were welded to each end of the bomb and matching end -plates 

1/2 inch thick were bolted to the flanges to form end closures. The 

ends were sealed by 1/4 -inch diameter copper O -rings seated in a 

groove machined in the flanges. To protect the bomb wall from the exo- 

thermic reaction, various refractory materials were used as liners, 

including dead burned CaO, dead burned MgO and CaF2. Linings were 

prepared by forming the refractory into the form of a crucible which was 

prebaking before inserting into the bomb. A better approach involved 

ramming dry, finely divided refractory around a wooden mandrel 

positioned inside the bomb. When the mandrel was removed, a mono- 

lithic lining remained. This procedure was later simplified by spraying 

an MgO -water slurry on the inside of the bomb which had been heated to 

350 to 400° C. A small amount of sodium silicate was added to the 

slurry to aid in forming a thin liner which adhered tenaciously to the bomb. 
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Bomb charges contained 250 to 500 grams of anhydrous 

lanthanum or cerium chloride, calcium that had been ground to pass 1/4 

inch mesh, and iodine. Iodine served as a thermal booster which helped 

to promote the reaction, but also served as a fluidizer for the CaC12 slag 

which was formed in the reaction. The reaction was initiated by heating 

the bomb externally although the heat of the exothermic reaction actually 

drove the reaction to completion. In most instances the reaction was 

sustained after the bomb had been heated to 450 to 550° C. 

After the initial reaction had occurred, the bomb was post 

heated to 700 to 800° C to aid in obtaining a clean separation between 

reduced metal and slag. Results of bomb reduction tests are shown in 

table 10. In general, metal yields were low and the metal was seriously 

contaminated by oxygen which originated from the bomb linings and by 

iron from the walls of the bomb. To free the reduced metal from excess 

calcium and calcium chloride, it was necessary to heat the metal to 

approximately 1250° C in a vacuum of less than 10 -5 torr to volatilize 

impurities. Despite this treatment it was not possible to prepare pure 

lanthanum or cerium by this procedure. 

Calcium reduction of rare -earth halides 

Rare -earth fluorides were reduced to metal initially by the 

method described by Spedding and coworkers (10). It involved the calcium 

reduction of anhydrous rare -earth fluorides under an inert -gas 



TABLE 10. - Bomb reduction of lanthanum and cerium chlorides 

Charge Excess Yield 
Run No. Component Weight, grams Ca, % Grams Percent 

Ce-2B CeC13 266 20 60 39.8 
Ca 91 
I2 82 

Ce-3B CeC13 175 20 45 45. 2 

Ca 60 
I2 54 

La-4B LaC13 450 10 110 43.3 
Ca 120 
I2 174 

La-5B LaC13 510 20 140 49.0 
Ca 192 
I2 264 

Form 

metal beads 

metal regulus 
plus beads 

metal beads 

metal regulus 
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atmosphere. Reductions were performed in 2 1/2 -inch diameter by 3 to 

6 -inch high crucibles fabricated from 0. 005 inch thick molybdenum or 

tantalum sheet. Crucibles were supported on graphite or quartz pedestals 

inside 2 1/2 -inch diameter Vycor tubes or inside 3 -inch diameter ceramic 

tubes which were sealed at the top by a water -cooled vacuum closure. A 

compound mechanical vacuum pump was used to evacuate the system to 

approximately 10 -3 torr after which the system was backfilled to approx- 

imately atmospheric pressure with argon gas. Heat to initiate the reaction 

was applied to the crucible by a 6- kilowatt, high- frequency converter 

coupled to the reduction crucible by a 3 -inch diameter water -cooled 

copper coil positioned around the retort in the vicinity of the reduction 

crucible. 

Care was used to avoid excessive air exposure while the 

reduction charge was loaded and handled in the reduction assembly. 

Anhydrous rare -earth chlorides were transferred through a rubber tube 

from argon filled sealed containers directly into a closed mixing bottle. 

High -purity distilled calcium that had been chopped to approximately 

1/4 inch diameter nodules was added to the mixing bottle in an amount 

approximately 20 percent in excess over the stoichiometric requirement 

for complete reduction. After the charge was mixed it was transferred 

rapidly to the reduction crucible and the retort was evacuated and 

backfilled with argon. 
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The reaction was initiated by induction heating the reduction 

crucible. After the reaction was complete, the crucible was postheated 

for approximately 15 to 20 minutes at temperatures ranging from 1200 to 

1300° C to allow a more effective separation of the rare -earth metal from 

the calcium fluoride slag formed during the reaction. The postheat treat- 

ment also was effective in volatilizing most of the excess calcium dissolved 

in the rare -earth metal. After the retort had cooled, the crucible was 

removed, the molybdenum or tantalum reduction crucible was peeled 

away from the metal -slag mixture, and the slag was separated from the 

metal mechanically. A final postheat treatment at 800 to 1200° C in 

vacuo (10 -5 torr) was effective in removing any residual calcium or other 

volatile impurity. 

Although this apparatus was adequate for preparing small 

quantities of rare earth metals, it was not possible to reduce charges 

containing in excess of 250 grams of rare -earth fluoride. 

An improved apparatus, shown in figure 15, was constructed 

that not only allowed the preparation of larger amounts of rare -earth 

metals, but minimized the effect of atmospheric contamination. The 

apparatus consisted of a 6 -inch diameter fused quartz, closed -end 

reaction tube fitted with a water -cooled vacuum -tight closure on the open 

end. The retort was evacuated by a 4 -inch diameter oil diffusion pump 

backed by a mechanical vacuum pump which was effective in maintaining 
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a system pressure of 10 -5 torr without bake out. 

Temperature determinations were made by means of an optical 

pyrometer sighted through a sight glass located in the end closure. Heat 

was supplied to the reaction by a 30 -Kw high- frequency converter coupled 

to the reduction crucible by a 7 -inch diameter water -cooled coil. The 

amount of rare -earth metal that could be prepared in this reactor was 

further increased by adding a molybdenum feed hopper to the reduction 

crucible as shown in figure 15. The hopper was self- feeding 

and was effective in increasing the metal yield in a single run by about 

100 percent. 

Prior to the start of a reduction run, the reaction chamber, 

reduction crucible, and feed hopper were out -gased by heating to 

approximately 1200° C under vacuum (10 -5 torr). When rare earth 

fluorides were reduced in this apparatus it was found advantageous to 

add BaF2 to the rare -earth fluoride -calcium charge. Barium fluoride 

added in sufficient amount to yield a 12 1/2 percent BaF2 - CaF2 salt 

mixture produced a slag which was fluid at approximately 1150° C. This 

procedure materially improved metal yield and purity. Calcium reduc- 

tant, usually 20 percent in excess over the stoichiometric amount, was 

placed in the bottom of the reaction crucible and a mixture of rare -earth 

fluoride and barium fluoride was charged on top of the calcium and up 

into the hopper. After the retort was evacuated, the charge was outgased 
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by cautiously heating at temperatures below approximately 600° C. When 

all of the entrapped gases were removed from the powdered charge, the 

reactor was backfilled with argon and the reduction was completed by 

induction heating. The crucible was heated to between 1200 and 1350° C 

and held at this temperature for approximately 15 minutes to complete 

the reaction. Up to 1000 grams of rare -earth metal could be produced in 

a single reduction in this apparatus. 

Results of these tests are shown in table 11. Rare -earth 

metals prepared by this procedure were obtained in high yield, however, 

it was not possible to prepare metal of minimum impurity content and 

the method was not adaptable to expansion in scale of operation. Also, 

high operating temperatures required to process fluoride salts usually 

resulted in some contamination from the materials used to construct the 

crucible. 

Reduction of rare -earth chlorides 

The apparatus just described for the redo tion of rare ear th 

fluorides was also tested for the reduction of purified, rare -earth 

chlorides. However, it was unadaptable for handling these more hygro- 

scopic chlorides. Therefore, the improved apparatus shown in figure 16 

was constructed. This apparatus consisted of a stainless steel tubular 

retort closed at the top and sealed with a vacuum tight flanged closure 

near the bottom. A centrally located pedestal supported a molybdenum 
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TABLE 11. - Inert -atmosphere crucible- reduction 
of rare -earth fluorides 

Run 
No. 

Crucible charge 
Excess 
reductant, 
percent 

Metal Yield 
Component Grams Grams Percent 

102 CeF3 350 20 230 93 
BaF2 42 
Ca 127 

103 YF3 50 23 26 86 
Ca 25 

73 GdF3 363 18 262 99 
BaF2 45 
Ca 120 

75 GdF3 805 5 545 92 
BaF2 85 
Ca 232 

78 LaF3 454 10 307 96 
BaF2 54 
Ca 153 

79 LaC13 1594 18 885 96 
Ca 460 

84 PrF3 56 6 39 97 
BaF2 10 
Ca 18 

86 NdF3 56 20 38 95 
BaF2 8 

Ca 20 

94 CeF3 30 26 18.5 87 
Li 4 
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reduction crucible near the top of the retort. A bell -shaped resistance 

heated furnace was lowered over the top of the retort to supply heat to 

the reaction. The lower section of the retort was water -cooled and 

heat -loss to the water -cooled section was minimized by a series of 

radiation shields attached to the central pedestal. The retort was 

connected to an oil diffusion pump in series with a mechanical vacuum 

pump and could be evacuated to an absolute pressure of 10 -4 to 10 -5 torr. 

Two sizes of reduction retorts were employed in this investi- 

gation. A 5 -inch diameter retort was used in the majority of tests to 

process approximately 300 grams of rare -earth metal. A 12 -inch 

diameter apparatus was also constructed in which single batches of metal 

ranging up to approximately 15 pounds were made. 

Lithium was used as a reductant in this apparatus because of 

its more desirable properties. Metallic lithium was usually purified by 

filtering the molten metal through a porous nickel plate. Insoluble 

impurities, generally carbon and lithium oxide, were retained on the 

filter. When higher purity lithium became available commercially it 

was used without purification, however, the thin, discolored outer layer 

of metal was usually peeled from the surface manually with a knife. 

Because both lithium and rare -earth chlorides are reactive with atmos- 

pheric moisture, all handling operations insofar as practicable were 

performed in an inert atmosphere glove box, When this method of 
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handling was not practicable, the reactants were transferred as rapidly 

as possible to minimize exposure to the atmosphere. 

Generally, the purified rare -earth chloride was cast directly 

into the reduction crucible in the apparatus described previously and 

shown in figure 13. A quantity of lithium, usually 15 to 20 percent over 

the stoichiometric amount, was added to the molybdenum crucible con- 

taining rare -earth chloride. The loaded crucible was transferred as 

rapidly as possible into the stainless steel vacuum retort shown in 

figure 16. After the retort was evacuated to approximately 10 -4 torr 

and was backfilled with argon, the upper section of the retort containing 

the crucible was heated to 850° C for approximately 1 hour to complete 

the reaction. At this point the retort was evacuated and heating was 

continued at 900° C for approximately 16 hours to vaporize excess lithium 

and byproduct lithium chloride allowing the rare -earth metal to remain in 

the crucible. 

When using the larger sized apparatus, proportionately 

longer operating times and somewhat higher temperatures were required 

because of the larger temperature gradients. In operating the larger 

apparatus it was expedient to cool the retort after the reaction was 

complete and to invert the reaction crucible before starting the distilla- 

tion cycle used to remove excess lithium and lithium chloride. After 

the retort was again evacuated and heated to approximately 950° C, the 
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the bulk of the excess lithium and lithium chloride melted from the 

crucible and was caught in a stainless steel container placed near the 

bottom of the retort. Not only did this procedure minimize the time 

required to complete a distillation cycle (24 hours), but it aided in wash- 

ing contaminants such as oxides away from the sponge as the lithium 

chlorides melted from the crucible. 

Results of tests in both large and small apparatus are shown 

in table 12. In all cases very high yields were obtained. Metal made by 

lithium reduction in this type apparatus required minimum operating 

temperatures and also contained the minimum level of impurities. The 

method of operation was adaptable to expansion to many time s the size 

employed in this investigation. One of the outstanding features of this 

method of reduction is that the rare -earth metal is recovered as a sponge 

which remains unmelted throughout the process. Since the sponge 

remains a solid, there is little tendency for it to corrode the metal 

reduction crucible. Also, the solid sponge does not dissolve the metal 

reductant making the vacuum purification step a considerably more 

effective operation. 

Sodium reduction tests were performed only with yttrium 

trichloride and were conducted in the apparatus shown in figure 17. 

It consisted of a 5 -inch diameter type 316 stainless steel retort closed 

at the bottom. The retort was closed at the top by a water -cooled, 
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TABLE 12. - Inert -atmosphere crucible- reduction of 
rare earth and yttrium chlorides 

Run Charge 
Excess 
reductant, Metal Yield 

No. Component Weight, grams percent grams percent 

8 GdC13 102 23 59 97 
Ca 29 

16 GdC13 73 23 43.5 99 
Ca 21 

22 GdC13 250 21 142 96 
Ca 69.6 

125 DyC13 233 15 140 99 
Li 20.7 

145 YC13 658 12 298 100 
Li 80 

157 YC13 5810 20 2630 99 
Li 750 

160 YC13 16,560 16 7415 98 
Li 2400 

189 CeC13 559 36 317 100 
Li 62 

190 CeC13 432 31 249 100 
Li 48 

192 CeC13 506 20 277 97 
Li 51 

Ca 1 
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O -ring sealed flange assembly which was also connected to an oil 

diffusion pump in series with a mechanical vacuum pump. Initially, 

sodium reductions were conducted in much the same manner described 

for lithium reductions. Sodium was charged into a molybdenum crucible 

and purified yttrium chloride was placed on top of the sodium. The 

loaded crucible was placed in the retort and the retort was sealed and 

heated to approximately 850° C to promote the reaction. However, it 

was found, that the bulk of the sodium vaporized from the crucible and 

condensed in the upper, cooler portion of the retort, resulting in very 

low yttrium yields. Attempts to baffle the retort and reflux the sodium 

were also unsuccessful. 

Best results were obtained by modifying the interior compo- 

nents of the crucible as depicted in figure 17. Purified yttrium chloride 

was charged into a molybdenum crucible which was placed at the bottom 

of the retort and molten sodium was cast in a steel container which was 

supported midway in the crucible as shown. Stainless steel baffles were 

placed between the two containers to minimize heat transfer. To start 

the reaction the retort was evacuated and backfilled with argon to 1 or 

2 psi above atmospheric pressure. The lower section of the retort was 

heated to 850° C to melt the yttrium chloride, and the section of the 

retort containing the sodium was heated to a temperature sufficient to 

vaporize the sodium at a controlled rate. The steel cover shown 
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surrounding the sodium vessel served to deflect the vapors downward 

into the reduction crucible where they reacted with molten yttrium chloride. 

This procedure corresponds in principle to the Kroll process for produc- 

ing zirconium. It has the advantage of combining a distillation- purifica- 

tion of sodium with a means for controlling the reaction. 

After the reaction was complete, the byproduct sodium 

chloride and excess sodium could not be separated from the yttrium by 

the usual vacuum distillation. This procedure, as predicted, let to a 

reverse reaction in which yttrium reduced sodium chloride forming 

volatile sodium which condensed in the cooler part of the retort causing 

the reverse reaction to continue. Instead, the retort was cooled and 

opened and the crucible was transferred to the apparatus shown in 

figure 16 which was employed for lithium reduction. The crucible 

containing the reaction products was placed in the retort in an inverted 

position and, after evacuation, the retort was heated to 850 to 900° C. 

The bulk of the sodium chloride and excess sodium drained from the 

crucible as liquids while the last traces of sodium and sodium chloride 

which coated the yttrium were removed from the metal sponge by 

vacuum distillation. Although some reverse reaction occurred during 

the final distillation, recoveries were usually in the range of 75 to 85 

percent. 

Table 13 shows the results of typical sodium reduction tests. 
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TABLE 13. - Sodium reduction of yttrium chloride 

Run 
No. 

Charge 
Excess 
reductant, 
percent 

Metal Yield 
Component Weight, grams Weight, grams Percent 

144 YC13 523 72 202 85 
Na 315 

154 YC13 642 80 220 75 

Na 400 

155 YC13 346 136 131 83 
Na 287 
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Although yttrium made by sodium reduction was of comparable quality 

to metal prepared by lithium reduction, the lower y ields made this 

method of operation less desirable. 

Potassium was used as a reductant in a few tests using the 

apparatus and procedure just described for sodium. The quality of 

yttrium prepared by potassium reduction was acceptable, although the 

problems associated with sodium reduction were even more acute in the 

case of potassium. Metal recoveries were much lower and the problems 

associated with handling pyrophoric potassium, which was always 

present throughout the retort when it was opened, made potassium a 

highly undesirable reductant. 

Reduction of yttrium bromides and iodides 

Lithium and sodium were the only reductants tested for the 

reduction of yttrium bromides and iodides. Equipment employed in 

these tests was the same as that used for lithium and sodium reduction 

of rare earth chlorides (figures 16 and 17), however, considerably 

smaller batches were prepared. Results of reduction tests are shown 

in table 14. 

Because yttrium bromide and iodide melt considerably higher 

than yttrium chloride, which is characteristic of the heavy -rare earths, 

somewhat higher operating temperatures were necessary. Higher 

temperatures plus the greater tendency for these halides to hydrolize 



TABLE 14. - Metallic reduction of yttrium bromides and iodides 

Run No. 
Charge, Excess reductant, 

percent 
Yield 

Yttrium Halide grams Reductant grams Grams Percent 

166 YI3 186 Li 14 66 35 99 
168 YI3 163 Li 10 41 30 97 
169 YI3 253 Na 44 18 48 100 
170 YI3 234 Na 59 70 42 95 
174 YBr3 139 Na 32 10 25 65 
175 YBr3 218 Li 15 15 58 98 
183 YBr3 235 Na 70 40 47 70 

184 YBr3 236 Na 75 50 51 80 
187 YBr3 106 Li 8 20 27 95 
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always resulted in considerably more contamination in yttrium metal 

prepared from bromides and iodides. However, sodium was a more 

effective reductant for yttrium bromide or iodide than it was for 

yttrium chloride. The larger negative free energy change associated 

with the sodium reduction of bromides or iodides (20 - 30 Kcal greater) 

minimized the problem of back reaction during the high vacuum 

distillation step employed to separate excess reductant and byproduct 

salt. This was especially true in tests involving yttrium iodide in 

which case metal recoveries ranging from 95 to 100 percent were 

achieved by sodium reduction. However, the problems associated 

with the preparation and handling of rare earth iodides and bromides 

makes them undesirable as intermediates for metal production. 

Metallic Reduction of Samarium and Europium Oxides in Vacuo 

Samarium, ytterbium, and europium form stable divalent 

chlorides which can not be reduced completely by active metal reductants. 

The only successful method for preparing these rare -earth metals 

involves the reduction of their oxides under high vacuum by a method 

first described by Daane and coworkers, (9, 11, 42). Procedures used 

in this investigation for reducing samarium and europium were similar 

to those used in the silicothermic process for the production of magnesium 

in which magnesium oxide is reduced with silicon metal while under high 

vacuum. Even though magnesium oxide has a much greater negati ve 
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free energy than the equivalent amount of silicon dioxide, the reaction 

can be made to proceed in the direction of magnesium production by the 

application of high vacuum which causes a displacement of equilibrium 

and the continuous removal of magnesium by volatilization from the site 

of the reaction. Using much the same techniques, rare -earth oxides can 

be reduced by several metals even though the free energy change for the 

reaction involves a large positive value. The main criteria for a success- 

ful process are that the rare -earth metal being prepared has an appreci- 

able vapor pressure while all other components of the reaction possess 

negligible vapor pressures at the reaction temperature. Both samarium 

and europium fill these requirements since each element has a measur- 

able vapor pressure at elevated temperature while their oxides do not. 

The only other requirement is that the reductant metal and its oxide also 

must have negligible vapor pressures. 

Of the many possible metals that might be used for reducing 

samarium or europium oxide the following were tested: lanthanum, 

cerium, zirconium, and aluminum. It was anticipated that best results 

would be obtained from the use of reductants forming very stable oxides 

and ones that could be obtained in relatively pure form. Metallic redue- 

tants used in this investigation were procured or refined to a high state 

of purity since many of the impurities in the reductants were also 

transferred to the rare -earth product. This is true of both volatile 
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impurities such as calcium and nonvolatile contaminants such as carbon 

which might react to form volatile products. Lanthanum and cerium 

prepared in tests described earlier were remelted under vacuum to 

volatilize any traces of excess calcium which might be present. 

Commercial aluminum powder was used as- received, and Kroll process 

zirconium sponge was crushed to form powder. Both of these commercial 

metals were of 99.5 percent or higher purity. 

The apparatus used for vacuum reduction tests is shown in 

figure 18. It consisted of a 5 -inch inside diameter type 310 stainless 

steel retort closed at one end and fitted at the other with a water -cooled, 

O -ring sealed flange. The flanged end of the retort was water -cooled 

to serve as a condensing se ction, while the closed end of the retort was 

heated by a high -temperature resistance furnace capable of heating to 

1350° C. The retort was evacuated by an oil diffusion pump in series 

with a mechanical vacuum pump. 

Charges of samarium or europium oxides were mixed with 

metal reductants and compressed dry into pellets. Reductants were 

freshly prepared in as finely divided state as practical either as powder 

or as fine lathe turnings. Pelletized charges were placed inside a closed - 

end molybdenum thimble which in turn was placed inside the vacuum 

retort. Absorbed gases were removed from the charge and the interior 

surfaces of the retort by heating and evacuating the retort over night at 
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200° C. Following this treatment the furnace was gradually heated to the 

operating temperature while the absolute pressure was maintained 

below 2 x 10 -2 torr. Pressures at the completion of the run were 

approximately 5 x 10 -4 torr. Radiation shields placed between the 

charge and the condenser served to prevent heat transfer and allowed the 

metal to be deposited in a more compact zone inside the molybdenum 

condenser. 

The condensed metal appeared as a bright crystalline deposit 

inside the tapered condenser that had been fitted over the open end of 

the molybdenum thimble. When cool, the condenser was transferred to 

an inert atmosphere handling chamber for removal of the deposit. The 

small end of the condenser was fitted into an expendable tantalum 

crucible fabricated from 0.005 -inch sheet. The entire assembly was 

heated under argon causing the deposit to melt from the condenser 

surface and collect in the tantalum crucible. Subsequently, the crucible 

was peeled from the cast metal ingot inside an argon -filled handling 

chamber. 

Results of these tests are listed in table 15 which show the 

effect of time and temperature on metal yield. Generally aluminum 

was unsatisfactory as a reductant because it volatilized to some degree 

at the operating temperature (1050° C) and contaminated the product. 

Lanthanum or cerium were effective reductants for either samarium or 



TABLE 15. - Metallic reduction of samarium and europium oxides 

Excess Maximum Time at 
Run Weight, reductant, operating maximum Yield 
No. Charge grams percent temp. , °C temp. , hrs grams percent 

1 Sm2O3 (85 %) 12. 0 1000 1/6 6. 0 68 
La 10.0 25 

2 Sm2O3 (99 %) 34. 9 1200 1 22. 5 75 

Ce 38.9 0 

3 Sm2O3 (95%) 332 1030 1 192. 0 67 
La 335 35 

4 Sm2O3 (85%) 67. 3 1450 1 37. 0 81 
Zr 49.0 100 

5 Eu03 41.0 1050 4 32.1 91 
La 42.0 30 

6 Eu2O3 60.0 900 16 48.3 93.5 
La 72.0 50 

7 Eu2O3 63.0 1200 11/2 53.9 99.0 
La 63.0 25 
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europium. Europium could be prepared in high yield by operating at 

temperatures as low as 900° C for relatively long periods of time as 

shown in run No. 6. These results indicate that processes based on the 

use of lanthanum or cerium as reductants could be conducted in the 

same type equipment now being used for the silicothermic reduction of 

magnesium. 

Zirconium was not as effective a reductant as either cerium 

or lanthanum in this apparatus, probably because it remained solid 

at the reaction temperature causing the reaction to be controlled by 

solid -state diffusion. However, because of the extremely low vapor 

pressure of zirconium, it could be used effectively at much higher 

temperatures than could either lanthanum or cerium. 

Zirconium was tested as a reductant for samarium oxide in 

the high temperature vacuum furnace shown in figure 19. The operating 

procedures used in this furnace were identical to those described 

previously except that the components were mounted in a vertical 

position. Heat was supplied internally by a hollow, split -graphite 

resistor mounted inside the furnace. Radiation shields, not shown in 

figure 19, minimized heat loss to the water -cooled vacuum shell. The 

furnace was evacuated and operated in the same manner described 

previously for the lower temperature apparatus. Run No. 4 in table 15 

indicates that metal yields over 80 percent were achieved by zirconium 
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reduction at 1450° C. 

Consolidation of Rare Earth Metals by Arc -Melting 

The most effective procedures tested for preparing rare -earth 

and yttrium metals (lithium and sodium reduction) yielded a metal product 

in the form of a sponge or crystalline deposit which was not completely 

homogeneous. Impurities tended to segregate at the bottom or sides of the 

crucible or on the top surface of the sponge. This provided a means for 

upgrading the bulk of the metal product by selective segregation in a 

manner that is normally used in preparing titanium or zirconium sponge 

by the Kroll process. To obtain a uniform product either for analysis 

or for fabrication of these metals, it was necessary to consolidate the 

products by melting. Best results were obtained when the rare -earth 

metals were melted by inert atmosphere arc melting in a water -cooled 

crucible in a manner usually employed for melting reactive metals such 

as molybdenum or zirconium. 

Large sized ingots were prepared by mechanically compacting 

the metal sponge into square bars which could be melted as a consumable 

electrode into a water -cooled crucible. Smaller amounts of sponge and 

sponge samples intended for analyses were prepared by melting 35 to 

50 gram button size ingots in a shallow, water -cooled, copper hearth 

using a nonconsumable tungsten electrode. In either case the melting 

furnace was first evacuated to remove adsorbed gases after which the 
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metals were melted under a reduced pressure of argon by the application 

of a direct current between the electrode and the molten pool of metal in 

the water -cooled crucible. Some purification always occurred during 

arc melting because traces of the more volatile metals such as lithium, 

magnesium, sodium, potassium, or calcium were volatilized at the high 

temperature occurring in the metallic arc and were separated from the 

metal being melted because of the reduced pressure in the furnace. 

Impurity Analysis of Rare Earth and Yttrium Metal 

Samples for analyses were taken by collecting drill shavings 

from several places in an arc -melted button. For vacuum fusion 

analysis and metallographic evaluation solid samples were cut from the 

button with a hack saw. Metallic impurities were determined in rare - 

earth metals by semiquantitative spectrographic analysis. A narrow - 

slit, high -resolution spectrograph recorded the ultraviolet spectrum. 

Interpretation was by visual comparison with standard photographic 

plates prepared from a set of addition standard. In the case of yttrium, 

the precision of determination was within ± 20 percent in the range 

reported. Individual standards were not prepared for other rare earths 

and the precision was variable. When more precise determinations 

were required they were obtained by standard wet chemical methods. 

Oxygen was determined by vacuum fusion analysis employing 

a nickel bath operated at 1550 to 1600° C. Analyses were also obtained 
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by the inert gas fusion method employing a nickel bath at approximately 

2400 to 2500° C. In general the methods were comparable, although 

slightly higher values were noted by the latter procedure. The precision 

was within ± 20 percent below 300 ppm and increased with oxygen levels 

to a standard deviation of 11 percent at 1000 ppm. 

Nitrogen was determined by a modified Kjeldahl analysis. 

The procedure was precise to within ± 10 percent below 100 ppm 

nitrogen. Carbon analyses were made by conduct ometric determination. 

Precision in this instance was within ±5 percent below 200 ppm. 

Tables 16 through 20 show representative analyses of rare - 

earth and yttrium metals prepared in this investigation. Table 16 lists 

analyses of metal prepared by calcium bomb reduction of rare -earth 

chlorides. These metals all contain considerable metallic contamination 

which originated from corrosion of the bomb during the high temperature 

uncontrolled reaction. Oxygen analyses were not performed on these 

metals but the extent of oxygen contamination was deduced from metallo- 

graphic examination to be excessive. 

Table 17 lists analyses of metal prepared by calcium reduction 

of rare -earth fluorides and chlorides. It was possible to prepare metal 

having a relatively low oxygen level by calcium reduction, however, the 

nitrogen level was invariably higher than in metal prepared from other 

reductants. Also, these analyses show very high levels of calcium, iron, 



TABLE 16. - Semiquantitative spectrographic analysis of rare -earth metals 
prepared by bomb reduction, percent 

Run No. Al Ag B Ca Cu Fe 

Ce-3B 

La-5B 

Run No. 

- 

0.01 

Mg 

- 0. 1 

- 

0.0001- 
0. 001 

Mn 

0. 001 
0.01 

0. 001 
0. 01 

Ni 

- 

- 

0. 0001 - 
0.001 

0. 001 - 
0. 01 

Pb 

0. 001 - 
0.01 

0. - 
0. 01 

Si 

0. 01 

0. 01 

Sn 

- 0. 1 

- 0.1 

Ce-3B 

La-5B 

0. 001 

0.001 

- 0. 01 

-0.01 

0. 001 - 
0. 01 

0.01 -0.1 

- 

0.01 -0.1 

- 

0.01 -0.1 

0. 1 - 1. 0 

0.001-0.1 0.01 -0.1 

- 



TABLE 17 - Chemical and semiquantitative spectrographic analysis of 
rare -earth metals prepared by calcium reduction 

Run 
No. Metal 

Spectrographic Analysis 1/ 
Mo Ni Si 

Chemical Analysis, ppm. 
Al Ca Fe Li Mg C N O H 

8 Gd E D D G E E E E - 80 
16 Gd F F D G E F E E - 110 - - 
22 Gd F D D G D E E E - 130 - - 
73 Gd E G E G E E D E 170 270 195 75 
75 Gd E G D G E E E D 680 350 360 95 
78 La E G D G F E E D 140 270 - - 
79 La E D E G E E D E 135 250 - - 
84 Pr E D E G E E E D - 148 - - 
86 Nd E D D G E E E D - 198 
94 Ce E G F G E E E E 850 790 

102 Ce E ND E G ND ND E E 130 210 
103 Y F E F G F F E E 210 510 950 130 

1/ Key D = .1 - 1. 0 percent 
E = 0. 01 - 0. 10 percent 
F = . 001 - 0.01 percent 
G = c0. 00. percent 
ND = not detected 

- - 
- - 
- - 

- - 



TABLE 18. - Chemical and semiquantitative spectrographic analysis of rare -earth metals 
prepared by lithium and sodium reduction of anhydrous chlorides, ppm. 

Run R.E. Reduc- Spectrographic 1/ Chemical 
No. Metal tant Al Ca Fe Li Mg Mo Na Ni Si CN O H 

120 Y Li F F F G F E E E D 220 50 950 103 
141 Y Na 80 <10 200 <1 <10 <50 10 100 300 130 <50 220 100 
145 Y Li 80 <40 100 <1 70 30 70 70 200 140 60 210 - 

154 Y Na 30 <10 200 <1 <10 62 100 200 10 120 60 125 50 
157 Y Li 50 <10 100 1 8 <50 8 50 <10 50 <40 190 33 
160 Y Li <10 <10 50 <1 < 5 <50 10 30 <10 40 <10 255 24 

162 Y Li <10 <10 75 2 40 <50 15 10 <10 200 50 255 - 
163 Y Li <10 <10 <50 <1 <5 <50 4 30 <10 90 60 450 - 
189 Ce Li E - E - - F - E E 250 70 525 - 

190 Ce Li F - F - - ND - E F 430 30 275 - 
192 Ce Li E 40 300 40 - - - 66 20 520 10 40 - 

1 /Key D = 1000 - 10,000 
E = 100 - 1,000 
F = 10 - 100 
G = 1 - 10 
ND = not detected 



TABLE 19. - Chemical and semiquantitative spectrographic analysis of yttrium metal 
prepared from yttrium bromides and iodides 

Run Yttrium Reduct- Analysis, ppm 
No. halide ant O N C Al Na Li Fe Cr Ni Si Mo 

166 Y13 Li 2,450 100 620 <10 61 <1 60 <100 800 80 <50 

168 Y13 Li 6,150 50 690 <10 <4 1 <50 <100 800 80 <50 

170 YI3 Na 3,100 50 480 <10 4 <1 <50 <100 800 60 <50 

175 YBr3 Li 1,550 480 370 20 15 <1 200 <100 100 300 500 
187 YBr3 Li 1,250 180 240 <10 40 <1 100 <100 1000 10 100 
183 YBr3 Na 2,000 150 850 <10 <4 <1 50 <100 1000 10 <50 

184 YBr3 Na 1,750 180 710 <10 <4 <1 50 <100 1000 <50 <50 

185 YBr3 Ca - - - 10 40 <1 100 <100 1000 50 50 



TABLE 20. - Chemical and semiquantitative spectrographic analysis 
of samarium and europium metal, percent 1/ 

Run 
No. Metal Analysis Al B C Ca Ce Eu Fe Mg Mn Mo Na N Pb Si Sm 

2 Sm Spec. F ND ND 0.4 ND D F E ND D E D 99.5 
Chem. 0.02 0.012 

3 Sm Spec. ND F E ND 2.0 F E F D ND E ND 97.9 
0.071 0.04 0.053 0.004 

7 Eu Spec. F ND E ND 99 F E F ND ND ND F ND 
Chem. 0.047 0.06 2/ 

1/ D = 0. 1 to 1 percent 
E = 0. 01 to 0.1 percent 
F = 0.001 to 0.01 percent 
ND = not detected 

2/ Total combined Ca + Mg 
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and in some cases silicon, which resulted from corrosion of the construc- 

tion materials owing to the high operating temperatures required during 

calcium reduction. The high calcium level was a result of the relatively 

low vapor pressure of calcium which made vacuum distillation less 

effective. 

Table 18 lists analyses of metal prepared by lithium and sodium 

reduction. Metal prepared in these tests usually contained considerably 

lower levels of both metallic and interstitial impurities. The low inter- 

stitial impurity level was a result of the higher purity of the metallic 

reductants. The low metallic impurity level was a result of using pure 

reductants as well as lower processing temperatures which in turn 

minimized corrosion of all materials of construction. Metal prepared 

in these tests was always recovered as a sponge product rather than 

molten metal as in the case of calcium reduction. There are many 

advantages to recovering metals as sponge. Because of the cellular 

sponge structure, the separation of byproduct chloride salts is much 

more effective owing to the large metal surface exposed. Solid sponge 

does not corrode the metal reduction crucible in the manner that molten 

rare -earth metals do. Also, sponge can be readily removed from the 

reduction crucible allowing the crucible to be used repeatedly instead 

of relying upon expendible crucible materials. Finally, the sponge can 

be segregated and the sponge upgraded by rejecting the more 
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contaminated portion. 

Table 18 also illustrates how increasing the scale of operation 

affects the purity of the metal products. In runs 160, 162, and 163 

metal was prepared in approximately 15 pound batches. In general 

metallic impurities in these products are at a lower level than in metal 

prepared in smaller scale tests where the ratio of rare -earth metal 

volume to the surface of the processing equipment is much lower. 

Table 19 lists the analyses of yttrium prepared from yttrium 

iodide and yttrium bromide. The high level of oxygen in these samples 

is indicative of the greater tendency for these halides to react with and 

absorb atmospheric moisture. This also leads to increased corrosion 

and contamination by metallic impurities. 

Table 20 lists analyses of samarium and europium metal 

prepared by reduction of their oxides in high vacuum. More volatile 

impurities would be expected to concentrate in these metal products. 

This is illustrated by the analysis of metal prepared in run 2 which 

contains a relatively high level of cerium which originated from the 

metallic reductant. 

Rare -earth metals were often examined metallographically to 

determine the effect of impurities on metal structure. Figure 20 shows 

the microstructures of 4 samples of metal prepared in this investigation. 

Metals shown for runs 75, 102, and 103 were prepared by reduction of 
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rare -earth fluorides. These photomicrographs illustrate the higher 

level of impurities within the grains and at the grain boundaries of 

metal prepared from fluorides. Second phase material shown is generally 

oxide, nitride, or carbide. For comparison, yttrium metal prepared 

in run 145 is shown. The high -purity of this metal is evidenced by the 

lack of second phase material within the grains or at the grain boundaries. 

The series of parallel lines oriented within each grain are twin lines 

which develop during cutting and polishing of specimens. Twinning is 

characteristic of very high -purity metal and does not represent impurities. 

Mechanical Working of Rare -Earth Metals 

As a further aid in evaluating the quality of metals made in 

this investigation, specimens were frequently subjected to mechanical 

working tests. Sections of ingots or arc -melted buttons were worked 

cold either by hammer forging or by cold rolling. Generally, high - 

purity metals could be worked successfully by cold -rolling without 

intermediate annealing even to reductions of over 98 percent before 

slight edge cracking occurred. However, these metals would break -up 

completely during initial cold work if they contained only moderate 

amounts of impurities, such as oxygen, nitrogen or certain metals such 

as iron, nickel, tungsten, and molybdenum. Although it was not possible 

to correlate the effect of individual impurities with the working 

properties of metals, it was determined that yttrium which contained 
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approximately 700 ppm or less oxygen generally could be cold -worked 

successfully without failure. Cerium appeared to be slightly more 

susceptible to the effect of impurities than yttrium. 

In addition to forging and rolling tests, high -purity metals were 

extruded or swaged into rods by cold working. Even though high -purity 

metals could be worked by these various techniques, cold working 

hardened the metals severely and cold ductility could not be restored 

without annealing. 

Corrosion data were not obtained on these metals but it was 

observed that metals made by reduction of fluorides generally corroded 

rapidly when exposed to moist air. In contrast, high -purity metals 

prepared by lithium or sodium reduction of rare -earth chlorides did 

not tarnish even when exposed to moist air for several months. 

Contrary to what has been generally believed concerning 

rare -earth and yttrium metals, their true properties should not exclude 

them from consideration as engineering materials, and if the metals 

are prepared in a high enough state of purity, they can be fabricated 

by existing techniques and will withstand normal environments without 

protective coatings. 
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CONCLUSIONS 

Various metallothermic reactions have been investigated as 

methods for the production of yttrium and the rare -earth metals. A 

comparison has been made of processes and techniques which should be 

adaptable to scale -up for plant -type operation and the quality of metals 

prepared by the various methods has been evaluated. Although each of 

the 16 elements were not examined in this study, at least two representa- 

tive elements in each of the three major categories were investigated 

(light, heavy, and divalent rare earths). The major findings are 

summarized as follows: 

Rare -earth fluorides can be prepared by reaction of a rare - 

earth oxide with ammonium bifluoride or by dehydration of hydrated 

rare -earth fluorides in the presence of ammonium bifluoride; however, 

this procedure requires an extended time of operation (60 -90 hours) to 

approach complete conversion. Fluoride salts have the advantage of 

being almost inert to moisture which simplifies handling measures, but 

because fluorides are the most refractory of the halides, they cannot 

be purified by techniques such as distillation. The high melting tempera- 

tures of fluorides require correspondingly high operating temperatures 

for reduction to metal - -a fact which always leads to higher levels of 

impurities in the resulting rare -earth metal. 
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Rare -earth chlorides are hydgroscopic. This necessitates 

special handling measures to prevent the introduction of oxygen into 

metal made from chlorides, but the lower melting and boiling tempera- 

tures of chlorides allows the use of purification techniques which result 

in salts of higher purity than those prepared from the corresponding 

fluorides. Because of more favorable physical properties, chlorides 

are more adaptable to use in large scale operations and in the prepara- 

tion of the highest purity metal products. 

High -purity rare -earth chlorides can be prepared by the 

dehydration of hydrated salts in the presence of ammonium chloride in a 

method analogous to the preparation of rare -earth fluorides. This 

procedure, like the fluoride, requires an extended time of operation 

making it undesirable from a production standpoint. Rare -earth chloride 

salts can be prepared rapidly and in large quantity by the direct reaction 

of chlorine with a rare -earth oxide in the presence of carbon, although 

salts made in this manner are less pure. 

Distillation is the most effective method for removing 

impurities from rare -earth chlorides subsequent to reduction to metal. 

Extended operating cycles and the necessity for repeated distillations 

to remove high -level impurities makes distillation unattractive. Molten - 

salt filtration of rare -earth chlorides is a rapid purification technique 

which is adaptable to plant operation and which is highly effective for 
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gross contamination. Although filtration is slightly less effective than 

distillation for low -level impurities, it is adequate for producing metal 

containing less than 500 ppm oxygen. 

Lithium appears to be the optimum reductant for rare -earth 

halides despite its higher cost. Rare -earth metals prepared by lithium 

reduction are of highest quality and are obtained in highest yield. Sodium 

reductions also yield high -quality metal, but sodium reductions are 

more troublesome and result in appreciably lower metal recoveries. 

Calcium is the least attractive reductant, requiring higher operating 

temperatures and yielding correspondingly greater levels of impurities 

in the metallic products. 

Rare -earth metals recovered as a sponge product are always 

of higher quality than corresponding metals recovered as fused metal or 

alloy. Sponge is easier to handle, requires less time to separate by- 

product alkali -halide salts, and permits reduction crucibles to be reused 

repeatedly. 

Rare -earth bromides and iodides do not appear attractive as 

intermediates for metal production. They are difficult to prepare in pure 

form, and yield impure products when reduced to metal. 

Samarium and europium, which cannot be converted to metal 

from their halide salts, can be prepared in high yield b y direct reduction 

of their oxides with an active metal under high vacuum. Lanthanum and 
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cerium are effective reductants for samarium and europium at moderate 

temperatures (900 - 1250° C). Zirconium is effective only at high 

temperature (1450 °C). 

If yttrium or rare -earth metals are prepared in a state of high 

purity, they can be cold- worked mechanically by forging, rolling, swaging, 

or extruding. The worked metal, after annealing, remains ductile. 

High -purity metals appear to be non -corrosive in moist air. When they 

become contaminated with interstitial impurities or several of the 

transition metals, they lose ductility rapidly and are subject to atmos- 

pheric corrosion. 

A preferred process for preparing rare -earth or yttrium 

metals, on the basis of this investigation, would involve the following 

sequence of steps: 

1. Prepare rare -earth chloride by direct chlorination of 

rare -earth oxide -carbon mixtures. 

2. Purify crude oxide from step one by molten salt filtration. 

3. If highest purity product is required, purify chloride salt 

further by vacuum distillation. 

4. Reduce purified rare -earth chloride with lithium followed 

by vacuum distillation of byproducts. 

5. Consolidate rare -earth metal sponge by consumable - 

electrode arc melting. 
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